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1. Introduction

There are various semi-autonomous systems, where
computers control the processes based on directives
given by human operators. The configuration of such
human-machine systems is called human supervisory
control [1]. Why are these systems semi-autonomous,
rather than being fully automated? A most obvious
reason is that we cannot foresee in the design phase all
possible events that may happen during the expected
lifetime of the systems. In early days of automation,
designers tried to replace human operators by machines
for higher efficiency or reliability. However, they
realized that human operators have to be within the
system to deal with situations that the designers did not
anticipate. In other words, operators are requested to
complete the system design [2].

For semi-autonomous systems, it is important to
determine what humans do and what machines do.
Function allocation refers to design decisions that
determine which functions are to be performed by
humans and which are to be performed by machines.
Various strategies for function allocation have already
been proposed. Rouse [3] classified traditional function
allocation strategies into three types. The first category is
termed comparison allocation, or, MABA-MABA (what
“men are better at” and what “machines are better at”)
approach. The strategies of this type compare relative
capabilities of humans versus machines for each function,
and they allocate the function to the most capable agent.
The second type is called leftover allocation. The
strategies of this type allocate to machines every
function that can be automated, and thus human
operators are assigned the leftover functions to which no
automation technologies are available. The third type is
economic allocation that tries to find an allocation
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ensuring economical efficiency. Even when some
technology is available to automate a function, if
automating the function is not cost-effective, the
function is assigned to the operator. The traditional
strategies described above consider “who does what.”
Such design decisions yield function allocations that are
static: viz., once a function is allocated to an agent, the
agent is responsible for the function at all times.

Humans may not be very happy with static function
allocation. Suppose design decisions are made by using
either the leftover or the economic allocation strategy.
The strategies do not reflect human characteristics or
viewpoints, and treat humans as if they were machine
elements. The resulting function allocation may be
elusive for operators. Operators may also have to adapt
to machines unwillingly. Readers may have seen such
technology-centered automation in Charlie Chaplin’s
Modern Times. The comparison allocation seems to be
nicer for the operators than either the economic or
leftover allocations. Even when the operators are
allocated only functions in which people surpass
machines, the superiority may not hold at all times and
on every occasion. For example, operators may get tired
after long hours of operations, or they may find it
difficult to perform the functions under time pressure.

The above discussions imply that “who does what”
decisions are not sufficient, but “who does what and
when” considerations are needed, which implies that
function allocation must be dynamic. A scheme that
modifies function allocation dynamically depending on
situations is called an adaptive function allocation.
Suppose that a human and a computer are to perform
assigned functions for some period of time. The
operating environment may change as time goes by, or
performance of the human may degrade gradually as a
result of psychological or physiological reasons. If the



Adaptive Automation for Comfort and Safety

total performance or safety is to be strictly maintained, it
may be wise to reallocate functions between the human
and the computer. The adaptive function allocation
assumes criteria to determine whether functions have to
be reallocated, how, and when. The criteria reflect
various factors, such as changes in the operating
environment, loads or demands to operators, and
performance of operators. The automation that operates
under an adaptive function allocation is called adaptive
automation [4-6].

This paper discusses how adaptive automation is
useful either in peacetime or in emergency, how it can be
implemented, what technologies may be necessary to
solve problems that humans often encounter while
coping with smart machines.

2. Adaptive automation
2.1. Sharing and trading of control

Function allocation between human and machines
can be described more precisely when sharing and
trading of control are distinguished.

Sharing of control means that the human and the
computer work together simultaneously to achieve a
single function [1]. Three types of sharing are
distinguishable. The first type is extension, in which the
computer may help the human so that his/her capability
may be extended (e.g., the power steering or the power
braking of an automobile), or in which the human
extends the computer’s capability (e.g., pilots in some
types of aircraft may add control force when the
maneuver by the autopilot was not perceived
satisfactory).

The second type is relief, where the computer helps
the human so that his/her burden may be reduced. A
lane-keeping support system for an automobile is a good
example. The system detects lane boundaries on the road,
and generates torque to assist the driver’s steering action
for keeping the host vehicle approximately on the center
of the lane.

The third type is partitioning, in which a required
function is divided into portions so that the human and
the computer may deal with mutually complementary
parts. A car driver may want to be responsible only for
steering by letting the computer control the speed.

Trading of control means that either one of the
human or the computer is responsible for a function, and
an active agent changes alternately from time to time [1].
Suppose a man, who has been driving his car felt
fatigued on his feet, activated the adaptive cruise control
(ACC) system. At that time point, he traded the speed
control function to the automation. Some time later, he
may refresh himself and may want to seize back the
speed control task by deactivating the ACC system. In

this way, the speed control function can be traded
occasionally between the driver and the ACC system.

2.3. Automation Invocation Strategies

In adaptive automation, functions can be reallocated
to humans and machines in response to changes in
situations or human performance. Three classes may be
distinguished for automation invocation strategies that
determine reallocation of functions: (a) critical-event
strategies, (b) measurement-based strategies, and (c)
model-based strategies [4, 6].

Critical-event strategies change function allocations
when specific events (called critical events) occur in the
human-machine system. It is assumed that human
workload may become unacceptably high when the
critical events occur. If the critical events did not occur
during the system operation, allocation of functions
would not be altered.

Measurement-based strategies dynamically adjust
function allocation by evaluating moment-to-moment
workload. It is necessary to develop custom tailored
algorithms if the system is to be compatible with
individual operators [5]. Individual differences in human
operator capabilities will also influence the response to
multiple task demands.

Modeling-based strategies utilize some theoretical
models, such as operator performance models, to
estimate current and predicted operator state and to infer
whether workload is excessive or not. The models are
often categorized into three groups: Intent inferencing
models, mathematical models, and resource models.

Among the three classes, the critical-event and the
measurement-based strategies are useful for real-world
applications, including advanced automobiles.

2.4. May automation invocation be automated?

Who is supposed to make decisions concerning when
and how function allocation must be altered? The human
operator, or machine intelligence? Note here that the
automation invocation strategies can be expressed in
terms of production rules: For instance, a particular
critical-event strategy may be represented as: “If
critical-event E is detected, then function F must be
handed over to the automation, if the function was dealt
with by the human at that time point.” Once the
production rules are given, it is basically possible for the
computer to implement adaptive function allocation
without any help from the human operator. However, for
some reasons, the reality is not so simple.

One apparent reason is reliability. Suppose we have
developed an automated alert system that can detect
critical events. In cases of aviation, the ground proximity
warning system (GPWS) is a typical example for such an
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automated alert system (Figure 1). Though reliability of
the GPWS is high, it sometimes produces nuisance or
false alerts. If the computer performed an automatic
collision avoidance maneuver based on an inappropriate
alert, inconvenience may be caused. Presently, the
GPWS is not given authority to compel pilots to obey its
alerts.

Whoop, Whoop,
Pull Up

Terrain, Terrain

Figure 1. GPWS alert messages

A second reason is the human-centered automation.
Human-centered automation has been sought for
realizing an environment in which humans and machines
can work cooperatively in more sound and comfortable
manners [7-9]. The idea is popular in various application
areas, and thus there are now ten different meanings of
human-centered automation [10]. A common claim
among those arguments is that, “the human must be at
the locus of control,” or, “the human must be maintained
as the final authority over the automation” [7, 9].

Then, do we assume that the human operator bears
the final decision authority at all times and for every
occasion? The reality is not so simple, again. Rouse
[11] says, “when an aid is most needed, it is likely that
humans will have few resources to devote to interacting
with the aid.” Let us take, as an example, the traffic alert
and collision avoidance system (TCAS) for aircraft.
When a mid-air collision is anticipated, the TCAS gives
pilots a resolution advisory, such as “Climb, Climb”
(Figure 2).

Climb, Climb

Intruder

-

TCAS aircraft

Figure 2. TCAS resolution advisory

However, pilots may disregard a resolution advisory
when they are definitely sure that it is wrong. Recall the
mid air crash on July 1, 2002, in which two
TCAS-equipped aircraft collided over south Germany
[12, 13]. When a conflict developed between two
TCAS-equipped aircraft, the two TCASs communicate
each other to determine which aircraft should climb and
which should descend. In the above case, one of the
aircraft descended according to the TCAS resolution
advisory, and the other aircraft descended, too, even
though its TCAS told the pilot to climb. If the TCAS
were given a bit more authority over the pilots, the mid
air collision might have been avoided.

We have to ask ourselves the following question: Do
we claim that, “human must be maintained as the final
authority over the automation at all times and on every
occasion”? Operating environments change with time,
and it may not be easy for humans to make a correct
decision in a changed environment, especially when
available time or information is limited. We may reach a
different answer depending on what kind of human we
assume as an operator of the system, and what kind of
situations the operator may be faced with.

Let us investigate in the next section the authority
issue by distinguishing between a professional operator
who is a well-trained expert of the system, and a
non-professional operator whose main job is something
other than to operate the system.

3. Authority in decision and action
3.1. Cases of professional operators

If an operator is a professional expert, it can be
assumed that he or she has received thorough training to
operate the system.

Example 1. A controlled flight into terrain (CFIT)
accident of a Boeing 757 aircraft occurred in 1995 near
Cali, Colombia. The original plan of the southbound
night flight to Cali was to fly to the point locating 8
nautical miles south of the airport, and then make a
U-turn for the northbound landing on Runway 1. The
flight was far behind schedule. When the Cali approach
controller offered a straight-in landing to Runway 19,
the pilots accepted to make up for lost time. Since their
altitude was too high for the new flight path, the pilots
extended the speed brakes to expedite the descent.
Meanwhile, the pilots became unaware where they were
flying, because they supplied an inappropriate command
to the flight management computer based on their
misunderstanding of a clearance issued by the Cali
approach controller. After a couple of unnecessary turns,
the aircraft flew into a mountainous area unintentionally.
The aircraft was still descending. When the GPWS
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issued a “Pull Up” warning, the pilot responded to it
aggressively by pulling up his control column and
applying the maximum thrust. However, the pilot failed
to stow the speed brakes, and the aircraft crashed into a
mountain; for further detail, see, e.g., [14].

The CFIT accident could have been avoided if there
had been an automatic mechanism to retract the speed
brake if it had not yet been stowed when the maximum
thrust was applied. It is almost impossible to imagine a
situation where one would apply the speed brake and
maximum thrust at the same time. When automation
detects such a contradiction, it seems reasonable to
allow the automation to adjust the configuration
automatically so that the new configuration may fit well
to the human’s latest intention. The human may not have
enough time to do several things, including detecting and
recovering their own errors.

3.2. Cases of non-professional operators

Highly intelligent cars are now under development in
some countries. These vehicles are equipped with
various sensors, such as ones to detect obstacles much
earlier than a human driver can.

Example 2. Suppose a person is driving fast with such a
smart car on a dark night. Suppose the computer in the
car gives the driver an alert, saying “Slow down. An
obstacle is ahead.” Even if the driver wants to figure out
why the alert was issued, that may not be possible. The
driver cannot see the obstacle even when it really exists
because it is invisible to him or her at a range when the
sensor can detect it. What should the driver do in this
situation? Some drivers may slow down immediately to
avoid a possible hazard. Some may postpone a hazard
avoidance action until they identify the obstacle.
Drivers’ responses will depend on how great a value
they put on safety, and how great is their trust in the
automated warning system. For drivers who postpone
their decisions, little time may be left for them to avoid
the obstacle.

If the driver keeps going without taking any action to
avoid the hazard, how should the automation behave?
(Figure 3.) Is not it permissible for the automation to
decrease the speed automatically if the driver takes no
action for several seconds after the alert was issued?
The automatic deceleration may produce time for the
driver to avoid a collision with the obstacle. Accepting
such a safety related automatic action as being
reasonable implies that we give final authority to the
automation in this situation.

Suppose an automatic action can never be acceptable.

What do we do? Do we train every driver to respect the

automated alerts? Do we prepare SOP (Standard
Operating Procedures) and request drivers to follow the
SOP? It would be unrealistic to train perfectly all
non-professional car drivers in the world. It would then
be hard to believe that car safety is ensured when the
final authority is given only to the driver at all times and
on every occasion.

1 see nothing.
Is there really an
obstacle?
False alarm?

Watch out !
Obstacle ahead !

Figure 3. Poorly responding driver

3.3. Situation-adaptive autonomy

The above discussions lead to the argument, “the
automation may be given the right to take an automatic
action for maintaining system safety, even when a
directive may not have been given explicitly by the
operator at that time, if the he/she approved beforehand
such automatic life-saving actions in emergency.

It is sometimes useful to use a scale for the level of
automation (LOA) when we discuss the issue of
authority. Table 1 gives the scale suggested by Sheridan
[1], in which the LOA ranges from no automation to
complete automation. It is easy to see that, up to level 5,
the human has the ultimate authority over the automation.
At level 6 or higher, however, the human may not be
maintained as the final authority. For instance, the
computer seizes authority at level 6 to execute an
automatic action without any directive by the human.

Table 1. Levels of automation [1]

1. The computer offers no assistance, human must do it all.

2. The computer offers a complete set of action alternatives, and
8 narrows the selection down to a few, or

4. suggests one, and

5 executes that suggestion if the human approves, or

6 allows the human a restricted time to veto before

automatic execution, or

7. executes automatically, then necessarily informs humans,
8. informs him after execution only if he asks,
9. informs him after execution if it, the computer, decides to.

10. The computer decides everything and acts autonomously,
ignoring the human.
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Inagaki [15-17] has proposed the concept of
situation-adaptive autonomy in which final authority
may be traded dynamically between humans and
automation in a context-specific manner. Based on a
probabilistic model, it has been proven that the LOA
may be altered dynamically depending on the situation
encountered, and LOA at level 6 or higher may be
adopted when judged to be necessary to attain system
safety. The results imply that the conventional
human-centered automation principle is not always right
from the viewpoint of system safety.

Example 3. Suppose an engine fails while an aircraft is
making its takeoff roll. The pilot must decide whether to
continue the climb-out (Go) or to abort the takeoff (No
Go). The standard decision rule upon an engine failure
is stated as follows: (a) Reject the takeoff, if the aircraft
speed is below V1, and (b) continue the takeoff, if V1 has
already been achieved. The critical speed V1 is called
the “takeoff decision speed” at which the pilot must
apply the first retarding means in case of No Go. Inagaki
(2000a) proved that the Go/No Go decision should be
neither fully automated nor left always to a human. More
concretely, (a) the human pilot must be in authority when
the aircraft speed is far below V1; (b) the computer must
be in authority if the aircraft is almost at V1 and if there
is a possibility that the human pilot may hesitate to make
decisions when he or she fails to decide whether the
engine is faulty or not; and (c) when the aircraft speed is
between (a) and (b), the selection of the agent in charge
depends on the situation.

The following is an example of the situation-adaptive
autonomy in aviation.

Example 4. When a collision against the terrain is
anticipated, the automatic ground collision avoidance
system (Auto-GCAS) gives a “pull-up” warning. If the
pilot takes a collision avoidance maneuver aggressively,
then the Auto-GCAS does not step in any further (i.e., the
LOA stays at level 4). If the pilot does not respond to the
warning, the Auto-GCAS takes control back from the
pilot and executes an automatic collision avoidance
action, in which the LOA goes up to level 6 [18].

The situation-adaptive autonomy example can be
found also in automobile.

Example 5. The forward collision damage mitigating
braking system [19] for advanced safety vehicles (ASV)
firstly gives the driver an alert when a collision against a
forward obstacle is anticipated, in which the LOA is at
level 4. If the system determines that the collision is
imminent, it controls the braking system autonomously to
avoid or mitigate the collision damage. The LOA of the

system can thus go up to level 7.

The Auto-GCAS and the forward collision damage
mitigating braking system adopt critical-event strategies
for automation invocation. If it is possible to define a
critical event and if technology is available to detect the
event, adaptive automation can be constructed easily
with the use of critical-event strategies.

4. Benefits and costs of adaptive automation
4.1. Safety and workload control

Benefits of adaptive automation for automobiles are
almost apparent. In peacetime, the adaptive automation
can yield comfort to the driver by regulating workload so
that it may neither be too high nor too low. The workload
management can contribute to human error prevention,
maintenance of situation awareness, and improvement of
vigilance. In emergency, autonomous safety control
action can save drivers when they are late in responding
to the situation encountered under extreme time stress
and pressure.

4.2. Psychological effects

Adaptive automation might bring costs as well as
benefits, especially when the automation is reliable and
highly autonomous. Even in conventional automation, it
is well recognized that operators are likely to suffer from
the out of the control loop phenomena, which lead to
degradation of manual skill, vigilance decrements, and
loss of situation awareness for the required tasks [5,
20-24]. When the automation or the system is perceived
as being highly reliable, complacency may arise [25, 26],
where complacency refers to the self-satisfaction that
may result in nonvigilance based on an unjustified
assumption of satisfactory system state. On the other
hand, operators may feel distrust of the automation if
they fail to understand what it is doing, why it is doing
that, or what it will do next.

If adaptive automation was not carefully designed, it
may not be free from similar costs of today’s automation,
because adaptive automation is much smarter and more
sophisticated than conventional automation.

4.3. Conflict between humans and machines

Conflict between intentions of the human and the
computer would be one of potential concerns in adaptive
automation. Such conflicts have already been observed
in conventional automation. The conflicts may be
classified into two types. The first type refers to the case
in which the human and the computer have “similar” but
different intentions. The following is such an example.
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Example 6. An Airbus 320 aircraft crashed in 1991
near Strasbourg, France. The pilots had an intention to
make an approach using a flight path angle mode of —3.3
degrees. However the computer, which was the active
agent for flying at that time moment, was given a
command to create an intention to make an approach by
using a vertical speed mode of —3,300 feet per minute. If
the pilots had carefully interpreted various clues given in
their primary flight displays, they could have noticed
that, although the aircraft was descending, the vertical
flight path was quite different from the one that they had
planned [7, 27].

The second type refers to the case in which the
human and the computer have completely conflicting
intentions, which is seen in the following example.

Example 7. An Airbus 300-600R aircraft crashed at
Nagoya in 1994. At some point during the final approach,
the pilot gave unintentionally a Go-Around directive to
the computer. The computer started its pitch-up
maneuver. However, the pilot decided to descend for
landing. The pilot knew that the autopilot was in the
Go-Around mode, but he did not follow an appropriate
procedure to cancel the mode. The goals of the pilot and
the computer were thus quite conflicting. The computer
was ordered by the pilot to go around, and it tried to
achieve the go-around at any cost. To the computer; the
pilot’s input force to descend was a disturbance that
must be cancelled out by applying a stronger control to
the stabilizer for ascending. From the viewpoint of the
pilot, the aircraft did not descend smoothly, and he
applied a stronger control input to the elevator. The
aircraft was subject to completely contradictory controls
by the two agents with opposite intentions. It finally
stalled and crashed [28).

4.4. Automation surprises
Lee and Moray [29] distinguished between four

dimensions of trust: (a) foundation, which represents the
“fundamental assumption of natural and social order that

makes the other levels of trust possible,” (b)
performance, which rests on the “expectation of
consistent, stable, and desirable performance or
behavior,” (c) process, which depends on “an
understanding  of the underlying qualities or

characteristics that govern behavior,” and (d) purpose,
which rests on the “underlying motives or intents.”

For most technological artefacts, the first dimension
does mnot yield serious problems. The technological
systems usually satisfy also requirements for the fourth
dimension of trust. For instance, it is apparent for what
purpose the GPWS has been designed. It is also the case
for adaptive automation. Operators would understand the

designer’s motives to help users either in peacetime or in
emergency by changing function allocation suitably to
the situation encountered.

Respecting the second and the third dimensions of
trust is not very straightforward. Because adaptive
automation is designed to change function allocations in
a context-dependent manner, its behavior can be obscure.
Human’s understanding of the automation invocation
algorithms may be imperfect, if the algorithm is very
“sophisticated” or complicated.

Suppose there are two conditions, A and A*, that
differ only slightly. What happens if the operator thought
that condition A had been met, whereas it was condition
A* that had become actually true and the automation
invocation algorithm detected it? The operator would be
confused or surprised when he or she saw that the
automation did not behave as he or she expected.

The phenomena in which operators are surprised by
the behavior of the automation are called automation
surprises [30, 31]. The surprised operators often ask
questions such as, what the automation is doing now,
why it did that, or what is it going to do next.

Example 8. An Airbus 330 aircraft crashed at Toulouse
in 1994. The accident occurred in a test flight for
investigating performance of the autopilot during an
engine-out go-around. The pilot commanded the
autopilot on at 6 seconds after takeoff. The goal of the
autopilot was to climb to the 2,000 feet altitude that had
already been set. The autopilot calculated at which point
it had to activate the altitude acquisition transition
(ALTSTAR) mode to achieve a smooth level-off. The
calculation was done while both engines were operating
perfectly and the aircraft was climbing at the vertical
speed of 6,000 feet/min. Eight seconds after takeoff, the
left engine was reduced to idle, to simulate an engine
failure. At the same time, the autopilot activated the
ALTSTAR mode, but the pilots did not realize the mode
change. Under the simulated engine failure condition,
the aircraft could climb only at 2,000 feet/min. To
achieve the already calculated climb rate (6,000
feet/min), the autopilot continued pitching the aircraft up.
Although the pilots realized that something was wrong,
they could not understand what the autopilot was doing,
and why. Since there was no pitch limit in the ALTSTAR
mode, the pitch angle reached 31.6 degrees. At that stage,
the captain disconnected the autopilot. It was too late,
however, to regain control of the aircraft [28].

5. Thought experiment

Suppose we are requested to design human-computer
interaction for a lane-keeping support system. Our goal
is to develop an adaptive automation that can alter, when
appropriate, an agent in charge of the lane-keeping task
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from a human driver to the computer, or vice versa.
Suppose our lane-keeping support system can detect lane
boundaries on the road and can generate torque to keep
the host vehicle approximately on the center of the lane,
although the system is basically designed to “assist”
driver’s steering maneuver.

Assume also that the lane-keeping support system
must be designed so that it can return the responsibility
of steering task to the driver, when the system
determines that the driver is not involved with the
steering task appropriately. Driver’s inactive steering can
suggest that he/she may be complacent, overly reliant on
the automation, or may be simply drowsy, in which
his/her situation awareness may be poor. Increasing the
driver’s involvement with the steering task by returning
its responsibility to the driver would be useful in
improving his/her situation awareness or vigilance. The
adaptive automation that we are discussing now trades
control based on a measurement-based strategy.

Now, let us imagine a situation in which a man is
driving by letting the lane-keeping support system at
work. Suppose the computer for the system determines,
by monitoring moment-to-moment steering torque, that
the driver has not been actively involved with steering
task for a while. What should the computer say to the
driver in the situation? (Figure 4)

He is not
actively
involved with
steering.

Figure 4. What should the computer say to
the poorly involving driver?

There are several alternatives to the computer’s
message (or action) in the above situation. The simplest
alternative would be that the computer tells the driver,
“You seem to be bored.” However, the driver may not
respond at all, if he/she disagrees with the diagnosis, or
if he/she even failed to catch the message due to
drowsiness.

The second alternative would be that the computer
gives an offer more explicitly, by saying, “Shall I let you
drive yourself?” If the driver did not reply, the computer
cannot do anything further, and the lane-keeping task
still has to be performed by the automation.

The third alternative may be that the computer gives
a stronger message, such as, “I will hand over control to
you in a few seconds.” In this case, the driver is given
the right to invoke a veto. If the driver was too slow to
respond to the message within allowed time, the
computer puts the lane-keeping support system into its
standby state. Then the driver has to take over control
even if he/she did not to do so.

The fourth alternative may be that the computer
gives the following message after it deactivated the
lane-keeping support system: “I have just handed over
control to you.” In this case, the driver may be upset if
he/she was not ready to take over control from the
automation.

The most extreme case may be that the computer
hands over control to the driver silently. In other words,
the computer tells nothing to the driver, even though it
has already put the lane-keeping support system into its
standby state. Suppose the car approaches to a lane
boundary some time later. The driver may expect that the
lane-keeping support system shall steer the wheel
appropriately, because he/she believes that the
automation is still in its active mode. The driver shall be
surprised to see that the lane boundary is approaching
contrary to expectations.

The readers may have already noticed that the
discussion given above is related to the LOA. The point
is that the LOA that the designer wanted to achieve may
not be achieved properly if careful considerations have
not been given. In designing human-machine systems, it
is important to predict how the design may affect
humans and change their behaviors [32]. Designers may
have to revise the design based on such considerations.

6. Avoiding costs of adaptive automation
6.1. Human interface

Many incidents and accidents in highly automated
aircraft show that even well trained operators can fail to
understand the intention or behavior of the automation
[14, 33, 34]. Automobile is an application area to which
adaptive automation concept is going to be applied more
extensively. More precisely, adaptive automation
concepts have already been implemented on some smart
cars, such as the ASV. Note here again that adaptive
automation does aim at semi-autonomous system in
which humans and machines cooperate harmoniously,
rather than a fully autonomous system that are controlled
solely by the computer. In such semi-autonomous
systems, human interface must be designed carefully to
let operators know what the automation is doing now,
why it did that, or what is it going to do next.

It would not be sensible to assume that every car
driver has deep understanding on the functions and
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control logic of the automation on his or her car. Inagaki
and Kunioka [35] have investigated driver interactions
with a low-speed range ACC system. By distinguishing
two types of control strategies for the case in which the
ACC system loses sight of a target vehicle to follow,
they have conducted experiments with a PC-based
driving simulator, where no information was displayed
regarding the state of the ACC system. In other words,
subjects were requested to judge, decide, and act based
solely on their mental models. It has been shown that,
even with some training or experience in driving with
the simulator, loss of mode awareness and automation
surprises did happen. Some phenomena related to
over-trust and lack of trust in automation were also
observed in the same experiment. The results shown the
need for a good human interface as a measure to
complement or externalize mental models.

6.2. Intent recognition

Semi-autonomous systems controlled by computers
under human supervision are neatly represented by a
human supervisory control model [1]. The model
distinguishes the following four units: (a) human
supervisor, (b) human-interactive computer (HIC), (c)
task-interactive computers (TIC), and (d) technical
process to be controlled (Figure 5). The human
supervisor decides what to do and issues commands to
the HIC that has capability to communicate with the
human supervisor. The HIC interprets directives given
by the human supervisor, provides him/her with system
state information in an integrated form, and gives
decision aids or alert messages when appropriate. Upon
receiving a supervisor’s directive, the HIC issues
necessary commands to at least one TIC. The TIC then
performs feedback control by use of its actuators and
Sensors.

Task Interactive
Computers

Human
Supervisor

HIC

Human Interactive
Computer

Controlled
Process

Figure 5. Human supervisory control

We have seen in previous Examples that safety of
human-machine systems may be degraded when humans
failed to understand the intent of automation, or when
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humans and automation have different goals. The
examples show that, although each TIC may have a local
picture, TICs may not have a whole picture of the overall
system.

In the crash of Airbus A300-600R at Nagoya, the
TIC focused its attention only on accomplishment of
pitch-up maneuver that had been ordered by the pilot.
The TIC had intelligence, sensors and actuators that
were enough for performing the task. They were not
sufficient enough, however, to distinguish between a
disturbance to be compensated and an intentional control
applied by the human pilot. The above accident suggests
the following types of intelligence may be needed for
each TIC: (a) intelligence to notice and investigate the
possibility that some agent other than itself may be
applying a control input to the system, (b) intelligence to
identify at which point its own control conflicts with that
of others, (c) intelligence to evaluate the outcome of the
conflict and predict what may happen if the conflict
continues to exist, and finally, (d) intelligence to decide
what action may be taken to resolve the conflict [36].

In the crash of B757 aircraft near Cali, there was no
conflict between pilots and automation until a ground
proximity warning was issued. An unacceptable conflict
emerged when the pilot pulled up his control column,
without stowing the speed brakes. Detection of the
conflict may not be difficult for the TIC controlling the
speed brakes, if input command sequences to all TICs
are available with time stamps. Suppose the TIC
controlling the speed brakes noticed that an input
command had been sent to one of TICs to advance the
thrust, and that the command was still valid. Based on
the assumption that no passenger aircraft needs an
acrobatic maneuver in which a full thrust and the speed
brakes are applied at the same time, it would be possible
for the TIC to judge that the pilot does not need the
speed brakes any longer.

7. Concluding remarks: Toward sensible
adaptive automation

Design aspects for sensible adaptive automation are
summarized in Table 2.

The first aspect can be regarded as physical
collaboration between humans and machines. Required
automation differs, depending on the type of
collaboration. For instance, in case of trading, the
automation must be designed so that it can replace the
human completely. In case of extension or relief, we
need a mechanism to add control force on the other
agent’s force.

The second aspect requires analyses on the
following: (a) availability of a clear definition on the
critical event, (b) availability of methods to measure
indices precisely without placing a heavy burden on the
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operators, and (c) availability and precision of
performance models for a wide variety of operators.

The third aspect deals with mental collaboration
between operators and the automation. The aspect is
closely related to the principle of human-centered
automation. However, as has been argued several times,
it is not wise to assume that human operators must be
maintained as the final authority at all times and for
every occasion.

Table 2. Design aspects of adaptive
automation [4]

1. Sharing control or trading control
(1) Sharing control
(i) Extension, (ii) Relief, (iii) Partition
(2) Trading control
2. Automation invocation
(1) Critical-event strategies
(2) Measurement-based strategies
(3) Model-based strategies
3. Decision authority
(1) The human is maintained as the final authority
at all times and for every occasion
(2) Either the human or the automation may have
the final authority, depending on the situation

Adaptive function allocation offers more flexible
design decisions than static function allocation. This
very flexibility, however, may bring operators various
inconveniences or undesired results when the adaptive
automation is put into use. Before implementing design
ideas, designers are requested to analyze possible
consequences of design decisions (including design of
authority) not only qualitatively but also quantitatively
with various methods, such as mathematical modeling,
computer simulations, and cognitive experiments [4].
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