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SECTION 1
INTRODUCTION

1.1 BACKGROUND

Advanced Concepts for Automated Ea Route Alr Traffic Control (AERA), a research and
development program sponsored by the Federal Aviation Administration’s (FAA's)
Research and Development Service, examined the feasibility of applying a high level of
automation o integrating aircraft separation assurance and traffic flow management into an
air raffic management system for the year 2010 and beyond. As part of this work, a new
concept of human operations and procedures was developed, which was embodied in the
role of a raffic manager. The subsequent re-allocation of roles and responsibilites resulted
in a proposed evolution of the human role From air traffic control w.management of air
traffic flows and of airspace resources. Advanced AERA Concepts described not simply an
increase in the use of automation beyond that of AERA Services, but hypothesized
significant qualitative changes in the basic human role in the air waffic management system
of the future.

1.2 PURPOSE

The purpose of this report is 1o document a theoretical foundation upon which further
research can be based that analyzes a human air traffic management role in a highly
automated air raffic management system. The described role is sufficiently different from
any of those in today’s system that such research will be needed in order to establish human
resource requirements for arcas such as operational procedures, training, performance
evaluation, and staff selection.

Hypotheses are presented regarding the core operational and behavioral tsks of such a
traffic manager. In addition, relevant psychological theories and frameworks are presented
o provide a foundation for applying the associated psychological research paradigms.
Based on these presentations, an outline of areas requiring further research is presented, and
a research approach for examining these arcas is proposed.

1.3 AUDIENCE AND SCOFPE
This report is aimed at two audiences: those interested in possible fomre human resource

requirements for air gaffic management, and those interested in human [actors issves
regarding the introducton of higher levels of automation in this Held.



This report deals only with theories and implied research regarding the core air traffic
management tasks of a theoretical wraffic manager. Descriptions of the communication and
coordination tasks of such 2 manager have not yet been developed.

1.4 CONTENTS AND ORGANIZATION

Section 2 presents the theoretical foundation and a narrative operational description of the
core operations hypothesized for a raffic manager, summarizing the interaction of the
manager with objects in their domain (such as displays).

Section 3 translates this description into an outline of specific task behaviors, specifying the
kinds of actions being taken by the manager (such as assessment, evaluarion, or
comparison).

In section 4, hypotheses regarding the human cognitive processes underlying these actions
and interactions are deseribed. They provide a foundation for understanding the relevant
human capacities in the proposed air traffic management environment, and for studying
these capacities using relevant psychological research paradigms,

The theoretical descriptions presented in sections 2—4 provide a structure not only for
detailing what is known, but complementarily, they indicare where further research is
required to complete an understanding of 2 human role in air raffic management

Section 5 presents an annotated list of questions outlining these areas for further research.

Finally, section & preseats a research approach for addressing the questions raised.



SECTION 2

THEORETICAL FOUNDATIONS AND AN OPERATIONAL DESCRIPTION
OF A TRAFFIC MANAGER'S ROLE

The theoretical foundations and the operational description in this section have been
presented with additional detail in previous publications. A narrative description of a
traffic manager's role! in Advanced AERA Concepts is presented in Advanced AERA
Capabilities, a High Level Descriprion [1]. In addidon, An Evolution of the Human Role in
the En Route Air Traffic Management System [2] provides further details regarding the the
current concepts of the human-computer interface and includes a detailed description of the
theoretical principles that guided the development of the Airspace Manager's role.

2.1 THEORETICAL FOUNDATIONS

The theorerical foundations presented in this section shaped the development of the
description of the waffic manager's role in 2.3. The first three subsections present design
principles regarding the role of the human in any highly automated control system. The
fourth subsection presents a thecorctical perspective on the nature of managing air traffic.

2.1.1 Holistic System Design

The principle of holistic system design postulates that task allocation o the human and the
automation should be based on overall system performance rather than the performance of
any individual task. Central to this principle is that to maintain overall efficiency, the tasks
allocated to the human need to be coherent, and performed on a regular basis at an
appropriate level of complexity.

The reason for emphasizing this principle is that, in the past, attempts to incorporate
automation into cxisting sysicms were often piccemeal; the human's tasks were gradually
turned over to the automation as computers became more sophisticated. The human tasks
that remained were often incoberent, and performed on an irmegular basis at a high level of
complexity. [t has been found that roles such as these result in low job satisfaction, low
sell-confidence, high tension, a sense of futlity [6], and consequently relatively low sysiem
performance.

Hypuﬂinﬁn:nll}r, some tasks allocated to the tmffic manager could be pm'l'nmlmb]r the
autemation in many instances, but would require human intervention in others. With
respect 10 the holistic design principle, this type of task may need to be performed by the

I Thisis Ill: r-ui: of the Airspace Manager in Advanced AERA Concepts,



human on a regular basis instead of on such an occasional basis depending on the task
environment. An example of the application of this holistic principal is illustrated in

figure 1. The lefi-hand graph illustrates a task allocation where the auiomation might be
able to plan an air raffic management strategy to resolve some complex airspace situations,
but the complexity of other sitzadons may be beyond its planning ability and require
human intervention. In the hypothetical 1ask environment illustrated, the imegulanty of the
human involvement in planning reduces the human's situational awareness and
consequently the overall system efficiency. In such a task environment, the homan should
be allocated a role in all strategy planning instances, thereby improving sitvational
awareness and consequently overall sysiem efficiency. This is dlustrated in the right-hand
graph in figure 1. The automation's role in strategy planning should then be o provide
support for the human manager.

2.1.2 Minimize the Consequences of Human Error

This principle postulates that to take full advantage of human abilities, imeractive sysiems
should not be designed 1o eliminate human error, but instead to minimize the consequences
of human error in order t0 maintain safery and overall system efficiency. According to
Rouse [7], eliminating human error using proceduralization, interlocks, and other means,
would probably alse inhibit human innovation. Instead the system should be designed to
facilitate the innovation, adaptability, and flexibility that human information processing
brings o 2 sysiem, and then minimize the consequence of any occasional ingppropriate
innovation, making it non-safety eritical,

El Automation [] Human

Calculate 4| Calculate
: Situatonal Awareness [T ] Siuatonal Awareness

80% System Efficiency

- T0% System Efticiency

Figure 1. A Hypothetical Hlustration of Overall System Efficiency Under
Alternative Task Allocations



For example, the consequences of human error could be minimized for a traffic manager in
two ways. First, by designing the human-computer interface 1o provide both feedback and
other aids that lead the traffic manager W avoid errors, or otherwise 1o detect errors quickly
and 1o reverse them when possible. Second, o deal with those simations when reversal is
not possible, the position of the raffic manager's role within the organization is designed
such that the consequences of their actions cannot jeopardize safery. The nawmre of such a
role will be further explained in 2.3,

213 Supervisory Relationship of the Human Over the Automation
This principle postulates an interactive relationship between the human and the automation,

which is modeled after the human relationship between a supervisor and a subordinatie.
This relatonship is illustrated in figure 2.
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Figure 1. Supervisory Conirol

The dashed lines in these diagrams indicate indirect contral. Thus, the left-hand
diagram ilustrates a siluation where the gutomation must seek authorization from the
operdior before acting, In contrast, the right-hard diagram illistrates a situation
wihere the amomation can act independently on poals ser by the supervisor; however,
the supervisor doer arsess the automation’ s performance and can iRervens [0 fet Rew
Foais or constraints when needed. Both typer of supervisory conirol will be
incorporated in the rraffic manager’s role,



In the literature [5], the relationship has been called supervisory control, and it specifies
five roles for the human operator:

» Planning what 1o do and how 1o do it applying human judgment, innovation, and
creativity

= Directing the automation to implement what was planned through seming goals,
parameters, and constraints for the automated control algonthms

= Assessing the performance of the automation in real dme to ensure that the
directions actually achicve planned effects without failure or ermor

* Intervening to change the goals, parameters, of constraints when desired effects are
no longer occurting

= Learning from experience the effects of their goal, parameter, and constraint
settings in order 1o improve future job performance

214 Hierarchical Nature of Managing Air Traffic

In addition to the three general human-computer system design principles presented above,
also important to the system design is a fundamental understanding of the environment to
be controlled. This subsection presents a theoretical foundaton for that understanding,

The primary hypothesis is that the management of the air traffic environment can be
decomposed into a hierarchy of management domains based on the quality of information
at different levels of aggregation as illustrated in figure 3, Based on the work of Simon [3],
this hypothesis postulates that information regarding air traffic can be partiioned into a
hierarchy of quality domains, The information at higher levels in the hicrarchy is
composed of summary patterns of data from lower levels. These summary pattemns of data
are predictable over a longer time period than are the individual lower level data points
from which the paiterns are created. The other postulate of this hypothesis is that, based on
social scientific theories of organizational structure [4], the air raffic management system
should be organized hierarchically to take advantage of the air traffic environment's
informational storucture.

In addition, the actions taken at each scale in the management hierarchy should be
appropriate for the available information. For example, strategic air wraffic managsment
functions (figure 3, middle level) would detect regions of complex interaction berween
different traffic flows, and act 1o simplify those interactions by re-routing or consicaining
whole flows. However, the information available at this level of aggregation could not be
used 10 assure the separation of individual aircraft, and need not be, because the
organization handles that at the tactical flight specific level (figure 3, bottom level). At the
tactical flight specific level in the hierarchy, the rajectory-level information available



National
Traffic Management
Scale

Strategic
Alr Traffic Management
Scale

Tactical
Flight-Specific
Scale

Figure 3. The Hierarchical Nature of Air Traffic

At the lowest [evel of aggregaion, based or aircraf? rrajectory information, acrical
fuighr-specific scale functions (such as separation assurance ) direct and coordinate
individual aircraft, Al the next higher level of agprepation, based on aggregate
airspace characteristc measures, the strategic air rraffic management function
manages local flows by directing and coovdinating the flight-specific furctions below.
At the highest level of agpregarion, baced on a daily, weekly, or seavonal averape of
airgpace characieristics, a naional raffic management function provides the
orpanizaiona and operaionad siruciures and constraints within which the lower

management scaler operate.

would be used for the flight specific functions to assure individual aircraft separarion.
However, the information ar this level would be insufficient for flow management. At the
national traffic management level, decisions would be made regarding the national
structure and organization of the air raffic management system within which the lower
levels operate, but information at this highest level would not suppon immediate responses
to strategic flow management or tactical flight specific situations.



From the above discussion, it follows that flight-specific level actions taken in isolazion
would not take into account the consequences of these actions on aggregate waffic flows.
Theoretically, such isolated acdons could, therefore, result in overall system performance
degradation that in turn will reduce the accommodation of collective user preferences?.
Furthermore, it is theoretically possible that strategic wraffic management actions could
reduce the complexity of aircraft interactions and subsequently reduce the need for flight-
specific maneuvering. The implication of these considerations is that the flight-specific
functions should operate within the flow constraints set by the strategic air waffic
management functions ahove them in the hierarchy.

215 Summary

The: theoretical foundation presented in 2.1.1-2.1.4 is summarized below, and provides the
basis for the description of the traffic manager's role presented in 2.3

1. The traffic manager's role should be designed in a holistic fashion, keeping it both
coherent and at the appropriate level of complexiry.

2. The consequences of human error should be minimized by providing the wraffic
manager with planning 100ls and feedback. In additon, the role should be designed
such that errors made by the traffic manager cannot result in safery violations.

3. The waffic manager should be a "supervisory control” role in planning strategics to
resolve air traffic sinsations, providing the computer with directions regarding
constraints to achieve those resolulions, assessing airspace complexity, and
intervening to change goals or constrainis. The autornation does what it does best:
it manipulaies very large amounts of data and provides appropriale feedback w the
traffic manager.

4. The air waffic management should be organized in a hierarchical fashion to march
the hicrarchical informadonal structure of the air raffic environment it manages.

22 THE TASK ENVIRONMENT

As illustrated in figure 3 and described in 2.1.4, the hierarchical organizational concept
defines a strategic air traffic management function that will act to prevent the occurmence of
air raffic situatons that lead to system performance degradation. Such situations would
consist of the interrelationships between various sets of aircraft and berween aircraft and
airspace. An example of an aircrafi-aircraft sitnation would be the crossing of two streams
I The level of accommodation would be the sum of user satisfaction with the system in
enabling users 1o meet their objectives regarding such things as delay, fuel bumn, eic.




of aircrafi?. An example of an aircraft-girspace situation would be 4 single arrival stream
encountering severe weather at an arrival fix,

At any given point in time, the primary activitics of the air raffic management funcoon
will be to predict, analyze, and plan actions to prevent the development of such air maffic
situations that may occur one-half to two hours in the furure. The current concept is that
human abilities will be required for at least some portion of these activities, some of the
time: human pattern recognition for recognizing situations requiring action; creativity for
developing management stratcgics, and judgment for evaluating aliemative sirategics.
However, as described in 2.1.1, establishing a viable human role and an efficient system
overall may require allocating to the human more than merely those tasks that require
human involvement and that can not be automaied.

In addition to thess primary activites, others may also require human action, such as
communicating with aircraft that are not equipped for direct data communication (datalink},
or personally consulting with pilots in emergencies. These tasks are also curmently
conceived as belonging to the waffic manager; however, the details of these additional
activitics were not developed for this report and are left for future studics.

Extrapolating from what is known about the nature of the air raffic patterns to be managed,
and applying the theoretical foundations presented in 2.1, a description of a human-
computer system for strategic air wraffic management was developed by the Advanced
AERA Concepts program [1, 2]. What follows presents that description.

2.2.1 An Air Traffic Situation Problem Scenario

It was proposed, in 2.1.4, that air traffic situations will arise whene without strategic air
wraffic management, actions that are taken by Might-specific functions (such as separation
assurance) will result in sysiem inefficiencies and, therefore, reduce the accommaodation of
collective user preferences. A description was developed using one such hypothetical air
traffic situation as a focus scenario for the manager's actions.

The hypothetical example of such an air wraffic situation (that has also been described in
previous reports [1, 2]} is when two streams of traffic cross that will lead 10 a congested
situation in the 50 nautical mile square region of the airspace that serrounds their
intersection. The complexity of this situation is predicted to be significant 6 minutes in
the future,

3 A smeam could be defined, for example, by a destination airport that is common to a set
of aircraft.



An examination of how such a simation appears and would be handied at the tactical flight-
specific management scale and then the strategic air waffic management scale will illustrate
the value congeived 1o be added by the srategic air traffic management.

At the tactical flight-specific management scale, the stream pattern of such a situation 15 not
apparent (as illustrated in the bottom panel of figure 3). Therefore, the flight-specific
functions (such as separation assurance) would attempt to weave the individual aircraft in
the situation through the congested airspace unaware that this congestion is the result of the
intersection of rwo streams. At the flight-specific scale the available options to reduce the
congestion are also oriented around individual aircraft such as putting aircrafi in holding
patierns.

However, at the strategic air traffic management scale, the aggregation of flight-specific
data makes the stream pattern apparent (as illuswated in the middle panel of figure 3), and
stream oriented options become available, For example, a traffic management sirategy
could be implemented that would separate the two streams by altitude &nd subsequently
reduce the interaction of individual aircraft. Theoretically, such a maffic management
strategy could better accommodate collective user preferences and system efficiency by
reducing inefficient Mlight-specific scale actions (such as holds) that would impeds forward
progress by awrcraft.

The human role described in 2.3 is conceived as providing the core planning ability to this
strategic air raffic management function, with the awtomation providing supporting tools.

2.3 THE HUMAN ROLE

It is postulated thar the raffic manager will interact with 2 compuier system capable of
presenting them with a number of displays which will provide different perspectives on the
state of the airspace ar present and projections of the future, and will aid in the planning and
evaluation of air raffic managemen: sraegies. The manager will use these displays to
develop strategies to enhance the efficiency of maffic flow, to prevent air traffic siluations
that degrade the performance of the flight-specific functions (such as, those siluations that
may lead to excessive holds), and generally to improve the accommaodation of collecave
user preferences. Fundamentally, the raffic manapger's task is problem solving and their
actions follow the basic problem solving model: identification, analysis, planning,
implementation, and evaluation.

10



2.3.1 ldentificalion

Identification is seen as involving the manager's use of a nomber of graphic depictions of
measures of airspace characteristics®, such as those depicted in figures 4 and 5.

Such depictions would allow the raffic manager to identify combinations of airspace
characteristics which are judged 10 be similar to those that have been found to be associared
with system performance degradation, in accord with their arsessment role in Supervisory
Control. It is expected that the subtlety and pattern complexity of these combinations will
sometimes requére human judgment and panem recognition capabilities to identify them.
Therefore, in accord with holistic system design, the manager would be regularly involved
in this identification process to maintain their situational awareness and, therefore, the
efficiency of the management process.

Summary data for situations under observation could be maintained on a Slma.nnn Status
Display such as illustrated in figure 6.

such a situation status display would provide the traffic manager with a high-level view of
the status of all the sitvations and allows him or her to plan the order of required action.

The identfication and addition of a situation to the situation status display could be
initiated by a number of sources:

+  The automation could identify regions of the airspace where it determines
conditions are similar to past cases and, therefore, warrant the raffic manager's
further attention.

» The raffic manager could define regions 10 be racked via the summary data on the
situation starus display.

« (xkher facilities could define a region their Jocal information indicates may lead 1o
situations in the manager's facility that need attention.

When the automation adds a new situation, it could highlight this change to draw the
manager's aftenfion 1o the situation. However, this action would not be reated as an alert,
rather the waffic manager could inspect the display to assess the siluaton's development.

In this way, in accord with holistic system design and supervisory control, the maffic
manager could maintain a regular, coherent assessment and control process rather than
responding to crincal alerts.

4 These airspace characteristic measures are described in more detail in Advanced AERA
Capabilities: A High Level Description |1].
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Figure 4. An Aircraft Counts View

Different types of graphics would be used to depict the current situation as well as
projected future situations. This figure shows one possible type of graphic: a density
map of aircraft. This display shows the density cells that are 50 nmi across. The
outline of entire region encompassed by the control facility is indicated.
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Figure 5. An Interaction View

This is an alternative view of an air traffic situation. This figure illustrates a projection
of the airspace. In this view the level of interaction between aircraft is graphically
visualized. Contiguous areas of red indicate areas where there is a high probability of
aircraft in conflict.
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Figure 6. Situation Status Display

In the upper right-hand corner of this display, there is a list of the potential situations
that have been identified. Each of these situations is located on the map with a colored
circle; the color of the circle indicates the overall situation complexity. The situation
that is highlighted in the list is identified on the map with a cross hair. The graphical
display to the left of the map shows the level of six airspace parameters or

"characteristics” over the next two hours,

as they apply to the highlighted situation.

17






232 Analysis

Given the situations posted on the situation display, the traffic manager could determine the
need for action by examining such factors as the number of aircrafl involved and graphs of
the expected duration and severty of the situation, which would be indicative of the
likelihood of the sitsation and its criticality,

Situations that warrant strategic management could be analyzed in more detail again by
using graphic displays like those in figure 7, which could be manipulated to 15olate
patterns of aircraft such as streams, sets, or fronts; and to provide information on the
geometric distribution of the aircraft, and on the context of the situation,

In addition, the automation could be used to remieve similar past cases for the manager and
display comparisons with the current situation in terms of the airspace characteristic
measures (as illusrated in figure 8). This would allow the raffic manager w judge which
case 1s the most relevant to the current situation. The assumption is that past similar cases
would have successful raffic management strategies associated with them, which could
serve as models that the traffic manager could modify to fit the carrent circumstances. In
this way the amomation would supplement the general human expen process of bringing
past experiences to bear on present problems.

The automation could use pattern matching algonithms to retrieve the similar cases, but the
raffic manager would use judgment and pattern recognition to determine which 18 most
relevant, This is in accord with the supervisory control principle of making the roles
complimeniary but aot overlapping.

The implementation of the case-judgement task described above also illustrates the
application of the holistic design principle. That principle would be violated if, instead,
this task was primarily allocated to the automation, but the human needed to occasionally
intervene. Such an allocation would require that different procedures be employed for
situations where the automation coold determine the most relevant cases versus those
where it could not. For example, when the automation could make the determination, it
would need to explain its judgment to the affic manager in order to prepare the manager
for planning strategies; when the automation could not make the determination, procedures
for eliciting human judgment would be needed. Allocating this task to the antomation
would, therefore, likely lead to procedural inconsistency. Because of the resulting
irregularity of the human task, such an allocation would likely redoce sitoational
awareness, and subsequenily reduce overall system efficiency.

On the other hand, the proposed task allocation of case-judgment to the human also
illustrates the principle of minimizing the consequences of human error.  First, none of the
possible actions taken by the maffic manager can lead to jeopardizing safety: selecting the
wrong case could lead to a less efficient but not an unsafe management strategy. Second,
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Figure 7. Display to Anélyze Potential Situations and Strategies

This is an example of a display that could be used for two types of tasks: to identify the
nature of a potential situation, and to evaluate possible strategies for resolving that
situation. The graphical representations shown by this tool reflect the airspace
characteristic measures of a region of interest. The display at the far left shows the
same summary display of airspace characteristic measures as shown in the Situation
Status Display. Each of these measures could be shown in further detail in other
displays.
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Figure 8. Planning Display Window to Compare Previous Situations

This is an example of a graphic visualization that could be used to compare the current
situation with past similar situations. In this figure, the traffic manager would be
presented with three previous situations that are overall the most similar to the current
situation. There are six graphs, each of which represents the correlation between the
current situation and the past cases for a specific airspace characteristic measure over
time.

23






the automarion support makes such an error less likely becanse of the aids it provides in
focusing the manager's choices on only the most similar cases and in the graphic
visualization provided to help clarify the comparison.

2.33 Planning

The automation would provide the raffic manager with the ATM strategies associated with
the past relevant cases that were retrieved during the analysis phase. Most often, the traffic
manager would choose to modify these sorategies to fit the cumrent situation. This planning
approach is consistent with the general human expert process of problem solving.
Alternatively, a new strategy coukd be developed if no past one 1s judged to be relevant
enough. Figure 9 illustrates a possible display for planning that provides instantaneous

feedback as modifications are made and thus conforms to the principle of minimizing the
consequences of of human emors.

A currently unresolved issue is the exact nature of the strategies needed to manage the
flows of waffic at this management scale. Figure 9 illusrates one concept which is that a
strategy would be a combination of flow instructions, each one specifying a flight
instrucnion or constraint and the set of applicable aircraft. Another concept has been that
strategies would take the form of constrained airspace. Similar o restricted airspaces,
applicable aircraft would not be allowed 1o fly through a given constrained airspace. The
planning process would result in the definition of consmrained airspace maps (including start
and stop times for cach constrained airspace) and establishing the sets of aircraft associated
with each map.

2.3.4 Implementation

The implementation process 15 conceived of as largely the task of the automaton. Once a
strategy has been defined in the planning process, the astomation could translate it into the
appropriate communications to the mctical flight-specific scale management (such as
controllers). Actions at the flight-specific scale would then operate within the constraints
set by the strategy and communicate any resulting flight changes that are needed to
individual aircrafi.

A currently unresolved issue is coordination with other managers and facilities. One
concept is that, at this management scale, coordination could largely be part of the
automated communication. The automation would post the strategies to a shared computer
data area, called a black board. Through their computer interface, other managers (even at
other facilities) would be made aware of all applicable strategies on the black board and,
therefore, take them into account in their own analysis and planning processes.
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Figure 9. Planning Display Window to Create or Modify a Strategy

The “Strategy Detail” window on the left would allow the traffic manager to create a
new strategy or modify the detailed parameters from a past strategy 1o fit the current
situation. The “Resulting Delays” window on the right illustrates one use of feedback,
and shows a histogram of the airborne and ground delays incurred by the strategy
being developed;, this histogram would be updated as the strategy parameters are
modified.
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2.3.5 Ewvaluation

It is postulated that the waffic manager's judgment will be required 1w evaluaic past cases
and, therefore, to maintain the case darabase used in analysis and planning. For example,
judgment will be needed in determining the boundaries of a past air maffic simation: when
did it start and end, what were the geographic boundaries, and what were the different sets
of aircrafi involved. Judgment will alzo be needed to determine the signature
characteristics of the siruation by which it can be identfied and retrieved for future use.
Concepts for the human-computer interface for this task have not yet been defined.
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SECTION 3
BEHAVIORAL TASK ANALYSIS OUTLINE

The behavioral task analysis outline presented in this section is based on previously
published reports [1, 2] as well as the description presented in section 2. Table 1 presents
the behavioral task analysis which is the core of this analysis. Sections 3.1-3.5 provide
additional explanation for the tasks listed in cach of the five major groupings in table 1.

The purpose of this behavioral sk analysis is to specify the kinds of actions taken by a
traffic manager. A number of key actions can be seen throughout the task analysis and are
defined below.

Assess: to gather information

Evaluate: to note the similaritics between measurements and some standard
Compare: tonote the similarities between one set of measurements and another
Determine: 1o establish the valve of 8 measurement

Orther terms are cither self-explanatory or will be further explained in sections 3.1-3.5.

Table 1 presents a logical isting of the tasks, but it is not a step-by-step portrayal of the
role: the sequence of tasks may not be representative, no decision points (if-then-else) are
depicted, no cycles (do-while, do-unnl) are depicted. The basic actions have been grouped
together based on the steps in the problem-solving model: idendfication, analysis,
planning, implementation, and evaluations. This model's applicability was noted in
section 2. Within these groupings, tasks are listed in Jogical subgroups.

In addiron, alf of the tasks in table 1 are envisioned as taking place in a time-critical
environment and are responses o frequently occurring predictions of air raffic situations,
except for Evaluarion (item 5).

3.1 IDENTIFICATION TASKSS

The current concsp! is that the traffic managers will have graphic tools, such as those
Ulustrated in section 2, that will allow them to assess (1.1.1) depictions of projected future

3 As will be established in section 4, the apparent sequential ordering of these sieps is
psychologically iznuous. However, grouping the behavioral 1asks in this manner is a
convenient way for organizing this information.

6 [n sections 3.1-3.5, the parenthetical numbers refer to tasks in table 1.

3l



Table 1. Behavioral Task Description of the Airspace Manager's Role

1 [dentification
1.1 Assess andd Evalmic the Visualization of Air Traffic

1.1.1  Assess current depictions of Muture interactions between aircrall patternsfsels in the airspace

1.1.2 Evaluate cuwrent depictions of fuhurs interactions bepaesn aircraft panema'sets depicted as
ifi kb amspace

1.13 Assess alternative depictions of fumure interacuons between aircrafl patems/sels

1.14 Compare fulure interactions berween alternative definitons of aircrafi pattemgy/sets

1.2 Observe changes made by automation 10 posted sitostions
1  Analysis
L1  Determing Meed for Action on Mewest Posted Sitation(s)

211  Assess and evaluate degree and certainty of complexity
2111  Evaluate lop-level pater of displayed predicied A Traffic characteristcs
MBSEEUTES
2.1.1.2  Assess predicted certainty of complex Adr Traffic siuation ocourmenee
ZL12Z1  Assess predicted number of aircraft involved
210122 Assess predicied duration of complex sination
2.1.1.3  Evaluate predicied cenainty of complex Alr Traffic silualion occurrence
212 Assess, dewcrmine, and evaluate critcality of siiuation
2121 Determing base-line accommodstion of collective user-preferences (based on no
conflicts)
2122 Compare base-line with projecied accommodation of collective user-preferences
if situation is passed unresolved o fight-specific functons
2123 Estimaw analysig/planning time
2.1.24 Estimate resclution lezd-time
2125 Delermine Gme i action
2126 Determine criticality baved oo results of 2.1.2.2 and 2,1.2.5

2.7  Prioritize Sinatons for Action Based on Determined MNeed for Action
2.3 Evaluate Complex Shustions m Detail

231 Evaluaee Air Traflic Characterdsue Measures in more detail
23,11  Evalupie size of effecied space(s) over ime from each characienislic measune
VIEW
23.1.2 Evaluate shape of cifecied space(s) over time from cach chamcteristic measure
viow
23.13  Evaluste movemen of effected space(s) over time from cach characieristc
MCASUTE VIEW
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Table 1. Behavioral Task Description of the Airspace Manager's Role (Continued)

232 Evalume relevance of provious cases reimeved by aulomation
2321  Evalaale correlations betwesn Adr Tralfie characteristics for previous cases and
those for the curreni siluagon
2322  Apply weightings w characieristics o determine most nelevant case(s)

Planning

31

32

34

35

36

Determine if Swategy Constramts Aszociaied with Similar Previous Cases Yield Relevant Planning
Infermation for Current Case

312 Compare relevant consoraings in offect ouside of the ACF boundarics
3.1.3 Compare relevant constraings in effect ingide of the ACF boandaries

Delimit Mew Groupings of Adrcraft if Needad

321  Adr Traffic patems
322 BSews

Determine Satisfaciory Modificatkons o Constrainls fro Strategy(s) Associated with Previous
Similar Cases

331 Modify size, shape, location, and start/siop times of constrained arspace and setefpattemns
of aircralt associated with constrained airspace

332 Assess change in cost resulting from modifications

Detormine Satisfaciory Constraine of New Straiegyis)

34.1 Define size, shape, location, and startfstop times of constrained airspace and setsfpattams of
aircraft associated with constrained airspace

342  Asspsy cost resulting from definitions

Compare Predicted Ouicomes of Altermative Stralegics

351 Compare cwtcome air traffic characieristic megsures
3152 Compare outcome accommaodation of collective user-prefercnees

Select Strategy for Implementation Based on Multiple Objective-Multiple Criteria Model(s)

Implement Strategy

4.1

Indicaie Selection 1o Awomation
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Table 1. Behavioral Task Description of the Airspace Manager's Role (Concluded)

£  Evalstion
5.1 Select Resolved, Past, Caseds) for Retmewal
5.2 Define Key Characienstics

5321 Define signainne characienstcs
522 Definc significant poinis in time

53 Determine Effectivensss of Associated Soalcgy

5.3.1 Dewermine effectiveness from collactive-nser accommodation
332 Dewrmin: effectiveness regarding system costs

5.4 Classify Case

55 Cross-Reference Case

air traffic patterns and sets. Evalvation (1.1.2) would entail comparing observed pattemns in
a given depiction with some standard(s) that are indicative of air traffic situations that lead
to system performance degradation. Maiches with these standands would identify the
projected affic situation as requiring further attention. The traffic manager would also be
able 1o compare (1,1.4) traffic patterns of aliemative depictions (1.1.3) to determine which
depiction is most useful.

In addition, the automation may detect through its assessment of air raffic patterns that a
probable air maffic situation exists and post this information for the traffic manager o
observe (1.2). The automation may also post siteations flagged by other ATM facilitics
that they have determined warrani observation.

3.2 ANALYSIS TASKS

Once situations have been identified (1) as potential air traffic situations, and the need for
action has been determined for each (2.1), then the traffic manager will need to 1o
prioritize (2.2) those situations for action. Once prioritized, the wop priority situation will
need o be further analyzed (2.3) in prepamation of strategy planning (3).

Certain information will be readily available on displays like the Simarion Stats Display
illustrated in section 2, and, ther=fore, can be evaluated (2.1.1.1) without further



assessment. Other information will need to be assessed by accessing additional screens of
information (2.1.1.2). (ther information may require addidonal actions by the raffic
manager (like the definition of input parameters) to be determined (2.1.2.1). Finally, some
informaton wills the raffic manger 1o use the automation to develop statistical estimations
{2.1.23).

Evaluation or comparison can be a parametric comparison between numbers (2.1.1.3,
2.1.2.2), but many of the forms of evaloation currently conceived in Advanced AERA
Concepts of the maffic manager's role are more morphological in character involving the
comparison of patterns (2.1.1.1, 2.3.1) and requiring visual processing.

3.3 PLANNING TASKS

The curment conception of the planning process o develop ATM srategics is case-onented;
many of the actions involve the retrieval of previously defined strategies that are associated
with relevani past cases (3.1), the madification of those strategies to Ft the current simation
(3.2, 3.3), and the comparison of those modified sirategies (3.5). This case-orientation
contrasts with the creative actions required for enumeration of new strategies for situations,
although these latter activities are also included (3.4).

Cumrent concepls suggest the use of some method to take into account the multiple-
objectives of all those involved in the simation (such as, decreasing aircraft interacton and
decreasing delay) and to take into account their multiple evaluative criteria (such as, those
of the pilot and those of the ATM system) in the selecton process (3.6). However, specihic
methods have not vet been defined.

34 IMPLEMENTATION TASKS

Actual implementation of an air traffic strategy is currently conceived as handled by the
automation. With the specifications of the altcrnative air traffic smategies having been
capiured during the planning step, the raffic manager merely needs o indicate which of
these air traffic strategies o implement (4.1).

3.5 EVALUATION TASKS

These tasks are not event-driven and are not ime crigcal. [Itis currently conceived that the

wraffic manager will engage in evaluatdon activities when not required to attend to predicted
air raffic sitnations. These too are computer supported [asks.
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In some cases, defining key characteristics (5.2) could be an enumerative activity requiring
the cstablishment of new characteristics by which to retrieve the case being evaluated. For
other cases, it will involve selection from a list of pre-defined chamacteristics.

It may be that the timing partern of event occurrences in a complex situation will be crucial
to indexing it for retrieval. If so, then task 5.2.2 may require the pattern recognition/visual
judgment of the traffic manager to define the edges (start/stop times) of these occumences.

As did the selection of a stragy (3.6), determining the effectiveness of a strategy (5.3) will
be a multiple objective—multiple criteria determination process.

Both classifying and cross-referencing cases are enumerative types of activities requiring
judgment and creativiry.

3.6 CONCLUSIONS

The behavioral tasks outlined in tahle 1 primarily involve cognitive behaviors as opposed
to observable motor behaviors. In addition, a significant portion of these tasks involve
visual/spatial evaluation of patiern-shapes, as opposed o the evaluating lists of wonds or
numbers. Others of these tasks involve the enumeration of alternatives. Both the
visual/spatial processing of patterns and enumeration are human judgment tasks,

The cognitive judgment nature of these tasks means that the major human factors issues
relevant o the traffic manager's role involve the nature of the mental processes required 1o
perform these tasks. Section 4 describes a framework for and models of these mental
ProCesses.
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SECTION 4

APPLICABLE COGNITIVE PSYCHOLOGY
FRAMEWORKS AND THEORIES

From the operational and behavioral descriptions of the traffic manager’s role in sections 2
and 3, a number of factors can be discerned that indicate applicable cognitive psychological
frameworks and theories. These frameworks and theories in tum reveal the issues
deseribed in section 5 and provide the conceptual structures for empirical research that 15
putlined in section 6 to address those issues. The following factors are apparent from the
previous descriptions, and the relevant links to the psychological literature ane in bold-

typeface.

The core function of the raffic manager is problem solving to prevent predicied air
wraffic situations that may lead to performance degradation. Their actions follow the
basic problem solving model: identification, analysis, planning, implementation,
evaluation.

The problem-solving environment is event-driven. The characteristics of the
identified predicted air traffic situations determine the actions of the traffic
manager.

Visual/spatial cognitive processes are used throughout the waffic manager's tasks.
The current design of the displays for this task is a result of this factor not a cause.
For example, the current conception of airspace complexity is that it can best be
described by a patiem of airspace characicristic measures that can not be linearly
combined and that are comelated. The graphic iconic display of this panern
illustrated in figure 4 on the Simaoon Stams Display is a recognition of this
conception

The problem-solving environment is probabilistic; meaning that the future state of
the environment cannot be perfectly predicted and therefore invalves decision-
making under uncertainty. The resolution actions of the traffic manager must
preceds the actual occurrence of the problem and, therefore, they must react to the
statistical prediction of such problem's future occurrence. Subsequently, evaluation
of the success or failure of the implementation of a resolution strategy is
problematic: if the action is successful then no air waffic siteation will occur, on the
other hand, even without the strategy, simply by chance, a situation may still not
have ocourred. Therefore, even after the fact, it is not possible to establish whether
the action was actually nesded. However, failure to act when needed will be readily
identifiable after the fact, because an air traffic sitvation will indeed occur.
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* The problem solving environment involves multiple objectives and multiple
criteria requiring decision-making under complexity. For example, the raffic
manager may be rying (o fulfill the multiple objectives of decreasing the interaction
of streams of aircraft and concurrently decreasing the collective delay of aircraft. In
meeting such objectives the traffic manager may be also rying to meet multiple
eriteria of the pilot, the airline, the passengers, and the ATM system.

+ Even though the problems 1o be resolved are in the future, actions must be taken in
the present {or near future). Sets and patterns of aircrafi managed by the maffic
manager are likely to respond slowly to ATM strategies. Therefore, these siralegies
must be implemented with eaough lead-time to be effective. The leagth of lead-
time and analysis/planning-time will determine how soon action must begin, For
example, if a problem is predicted to commence &0 minutes in the future, and the
required lead-time is 50 minutes, and the analysis/planning takes 10 minutes, then
action must begin immediately,

Therefore, even though the problems to be resolved are in the future, actions may
need to be taken in quick succession. IF air raffic problems occur frequently, then
50 will the problem predictions to which the raffic manager will be responding.
Subsequently, given this fact and that actions must be taken in the present, it is
possible that the traflic manager will need to be continwously responding.

Section 4.1 presents a general cognitive Framework which provides a structure for
describing problem-solving cognitive activities, Section 4.2 presents a model which
addresses the event-driven visual/spatial aspect of the air raffic manager's task.
Section 4.3 presents an overview of findings in the psychological literature regarding
human decision making in complex and probabilistic environments,

4.1 A GENERAL COGNITIVE FRAMEWORK

This framework is provided by John Anderson's theory of cognitive architecture, ACT*[8).
ACT stands for Adaptive Control of Thought and is a production-sysiem theory of
cognition. Anderson, states that "no other psychological theorics have been as precise and
detailed in their modeling of cognitive tasks" as production-system theorics.

These theories propose that human cognition can be deseribed in terms of a set of
conditton-acton pairs called productions. The condition specifies some pattern of data, and
if elements in the working environment match these patterns then the action specified in the
production can be taken. This construction is similar 1o the general catepory of parrern-
directed systems in computer science which include knowledye-based, expert, and case-
based systems.
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The constructs of ACT* coincide with the maffic manager's domain in a number of ways.
First, the emphasis on pattern matching in the ACT* framework coincides with the
visual/spatial nature of the tasks described in section 3. Second, the condition-action
foundation of production-system theories like ACT* provides these theories with an event-
driven perspective which coincides with the event-driven real-time problem-solving nature
noted in section 2.3.

Beyond these direct connections with the traffic manager's domain ACT™ is claimed o be
capable of modeling all cognitive activity and provides a detailed architectural structure for
examining such actvity.

The major structural components of the ACT* framework diagrammed in figure 10 are
three memories: declarative, production, and working.

» Declaraiive memory contains a network structure of cognitive units. These units
can be propositions (traflic is dense), strings (AALI23, DAL456), or spatial images
{contiguous red area surrounded by Blug). In cach case a cognitive unit encodss a
set of elements in a particular relationship.

APPLIGATION

DECLARATIVE Q PRODUCTION
MEMORY MEMORY

STORAGE MATCH

RETRIEVAL ECUTION

WORKING
MEMORY

ENCODING FPERFORMAMNCES

QUTSIDE WORLD

Figure 10. A General Diagram of Anderson's ACT Cognitive Architecture
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*  Production memory contains the set of condition-action pairs which define
procedural knowledge (if congestion exists and crossing streams are involved, then
Siraiifly one stream by alrinude),

»  Working memory contains the information that the cogaitive system can currendy
access.

Almost all processcs in the gencral ACT* framework invalve working memory.
*  Encoding deposits information regarding the outside world into working memaory.
+  Maiching compares data in working memory with the conditions of productions.
= Execution deposits the actions of maiched productions into working memaory.

*  Siorage can create permanent cognitive units in declarative memory from the data
in working memory.

* Rerrieval brings information from declarative memory into working memaory.
+  Performance converts commands in working memory into behavior.

The applicartion process, which is the process where new productions are learned from
studying the history of application of existing productions, is the only process that does not

involve working memaory.

Of all the cognitive processes n the ACT* framework, marching is key to the production
system architeciure because it 15 claimed that pattern matching underlies all varieties of
cognition, providing its data-driven qualiry.

A complete description of the maffic manager's role in terms of ACT* model is beyond the
scope of the present paper. Such work is the equivalent of creating an expert system fo
perform the raffic manaper's task. Not only is this a large underaking, but current
knowledge is not complewe enough for such an undertaking, as is owtlined in section 5.
However, this framework provides useful constructs for discussing the human factors
issucs that need 1© he addressed.

For example, the memory soucture defines that parameters regarding three types of
required information must be determined:

= Static data, like the location of airspace resources, that are stored in declarative
MEmory.



= Dynamic data, like interrelatdonships between the current patierns of maffic, stored
in working memory.

s  Procedural data, like what actions to take when certain interrelationships are
observed in the location of certain airspace resources, stored in production memory.

This memory structure also implies that the capacities of these memories relative (o the
informational requirements of the environment is significant for human performance and
defining the level of automated support required.

Additional 1ssues maised by this framework are discussed in section 3.

With ACT* providing a general cognitive framework, insights into the applicaton of this
framewark to the raffic manager's domain come from additional work in cognitive
psychology described in sections 4.2 and 4.3,

4.2 VISUAL/SPATIAL COGNITIVE PROCESSES

The exploration cycle model of Ulric Neisser [9] specifically addresses the event-driven
visual/spatial aspect of the traffic manager's task domain. Figure 11 illustrates the
framework of this cycle of exploration and information perception.

Neisser makes clear that copniton, perception, and what is being perceived are inssparable.
‘The inner ring in the diagram represents the local perceptual cycle. In this cycle, at each
moment, people rely on past knowledge in constmucting anticipations of what will be
perceived. These anticipations also will enable & person to (in ACT* terms) encode the
perception when it becomes available. 1n addition, in order to make this information
available, performance of behavior (in ACT* ierms) can also be directed by these
anticipations. The outcome of the performance of this behavior is the encoding of
information which in torm modifies the knowledge that is relied on for the construction of
anticipations. Thus modified, this knowledge directs the construction of new anticipations
for further exploration, and the knowledge structure becomes ready for more information.

This cycle is embedded within the more global exploration cycle that is accurring in
pa.mll:l. and which is represented by the darker gray areas outside the circle in figure 11.

It is critical 1o Neisser's construction that the processes of anticipation, encoding, and
performance of exploration are not sequental. Even the term cycle implies more order than
the mental oscillations between processes that is envisioned by Neisser,

Neisser [9] illustrates the interaction of cognition, perception, and environment in a
description of playing the game of chess. Master chess players succeed because they
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Directs

Figure 11. Neisser's Exploration Cycle

perceive aspects of the position of pieces that escape a lesser player. Stroctural aspects of
the relationships between the posidons of some pieces constrain for the master the locations
of other pieces. It has been estimated that chess masters have a vocabulary of piece
constellations about as large as most people's verbal vocabulary. The information from the
chessboard not only directs the masters next moves but also where they move their eyes. A
master quite literally sees a chess position more comprehensively than a novice or non-
player. Clearly, the information that specifies the next proper move is availabie in the light
sampled by a baby as by a master, but only the master is equipped to pick it up.
Furthermore, these piece constellations and the rules of chess do not control a masters
perception; they make incisive perception possible by giving them something to perceive.
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Such an interpretation suggests that the chess player is neither totally free to
look and move where he chooses nor entirely at the mercy of his
environment. The control of eve movements and all adaptive behavior is
only comprehensible as an interaction [9],

Applying the exploration cycle concepts to the current concept of the raffic manager's role,
suggests that several visual vocabularies will need to be acquired:

«  Patterns of sct-interactions, which are formed by mapping sets of aircraft in the
AITspace.

=  Patterns that are indicative of air raffic siruations that lead to system performance
degradations, and the associated patterns of values of airspace characteristic
measures.

«  Patterns that indicate the type of ATM strategy to be employed, which are formed
by the mapping of individual characteristics across the airspace over tme.

This exploration cycle model emphasizes that a significant element in determining the
human requirements for the traffic manager's role is a comparison between the
informartional character of the airspace management environment and the traffic manager's
cognitive capacities for such visual vocabularies. Specific research questions regarcing this
arca arc outlined in section 5.

43 COGNITIVE PROCESSES IN COMPLEX PROBABILISTIC
ENYIROMMENTS

Substantial deficiencies have been found regarding human decision-making in a complex
probabilistic environment such as that defined for the raffic manager. These deficiencies
have implications for the type of computer-aiding and feedback needed to minimize the
consequences of human error in this type of ATM. Klein [10] presents an extensive review
of the relevant research that is summarized below:

*  People often fail to correctly take into account the statistical notions of randomness,
variance, and variability. For example, people not only fail 10 understand the
relationship between sample sizes and variance, but often believe conversely that
smaller samples have less variance and are hence more reliable. This phenomenon
could manifest itself in ATM in the overvaluing of successful, but not extensively
used strategies, or the premature abandoning of unsuccessful, but otherwise cormect

stralegies.
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= People frequently do not appropriately revise predictions in light of new
information. They ofien fail 1o take into account baseline probabilites, or
overvalue intitively persuasive but statistically insignificant information. In the
ATM tasks this could lead ro the selection of a strategy based on intuitive but
irrelevant air maffic situation characieristics, such as focusing on the destination of a
traffic stream instead of the actual patterns of traffic.

« Intuitive analyses lead people to misconceive concepts regarding probability and
make people insensitive o such concepts. An example is the "gambler's fallacy™
where after observing a long run of red on a roulette wheel, most people believe that
black is now due. When the environment is complex enough or the cues are subtle
enough, statistical experts will make the same types of predictable errors as non-
experts. For example, after secing predictions of inclement weather fail a number
of imes, a taffic manager may overvalue the probability of the next prediction that
is now due 0 be realized.

*  People heuristically simplify probabilistic complex problems and in doing so
eliminate or misconstrue significant details. They also show hewristic biases in
evaluating outcomes. This has implications for the design of displays w help make
air raffic situations comprehensible and o make significant details salient

* The probabilistic nature of an environment can prevent people from ever
understanding the functional relationship berween factors in the environment. This
happens because the factors noted above prevent people from appropriately
interpreting the meaning of outcomes in complex probabilistic environments. This
leads to the development of superstitions (the atrributing causal effects w irrelevant
coincidences).

Research conducted by Klein [10] showed that, in sech environments, people prefer
courses of action that agree with their inmition, even when their intuition is demonsirably
wrong. The research also showed that people’s confidence in a problem analysis is most
greatly effected by whether the course of action recommended by the analysis is intuitively
agreeable as opposed to whether the analysis is complex. Furthermore, it appeared that if
an intuitive course of action is not explicitly challenged in a complex problem situation,
then that course of action 15 readily accepted even when it is simplistic and normatively
WIOng.



SECTION 5
RESEARCH QUESTIONS

The operational and behavioral descriptions, and the subsequent cognitive psychology
frameworks and theories provide conceptual seructures not only for detailing what we do
know, but complementarily, for indicating where further reseanch is required to complete
our understanding of the human role in a more highly automated system.

The current conception of the primary human role in a highly automated ATM syswem that
is described in previous sections can be summarized as a problem-solving task regarding
the planning of ATM strategies that will prevent the occurrence of predicted air traffic
situations, and subsequently prevent sysiem performance degradation. This conception has
been hased on & hypothetical scenario and theories regarding the airspace environment.
The actual informational requirements of such an environment in comparison with the
cognitive capacities of people aided by antomation needs o be more concretely,
empirically established.

Questions remain regarding the level and type of automation needed for the ATM, what the
nature of the human interaction with that automation will be, and at the base of all these
considerations are questions regarding the match between the informational characteristics
of the environment and human information processing capacitics. Answers o these
questions are essential to answering human resource questions regarding such areas as staff
selection, training, and procedures.

Section 5.1 presents research questions regarding the information requirements of the
environment. Secton 5.2 presents research questions reganding human cognitive capacities
and the human-computer interface. Section 5.3 presents a summary of the issues raised.
5.1 ENVIRONMENTAL INFORMATION REQUIREMENTS

5.1.1 The Nature of Events in the Environment

What types of air traffic simations yield occurrences of system pecformance degradation?

The strategic ATM role that is postulated in this report assumes the existence of
such air raffic sinsations. This is implied by the hypothesized hierarchical nature of
air traffic.

Furthermore, from an operational perspective, the answer to this question is

fundamental and will determine the nature of the strategic ATM role. Obviously, if
there are no realistic air raffic situagons which yield degraded performance, and,
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therefore, in which strategic management could improve system performance, then
the current comception of the role of strategic ATM and the human role in that
management needs w be changed.

Currently, the nature of performance degrading air maffic sitwations has been
qualitatively described, as in this report and others [1, 2], However, empirical data
does not exist reganding either the acmal existence of such sitations in the air
traffic environment {such as performance degrading crossing flows), or their effect
if they do exist (such as weather). Research is needed to determine if under
circumsiances that are representative of the future air traffic environment, there will
be air traffic situations where the tactical actions of flight specific scale functions
{such as separation assurance) result in occurrences of less satisfactory
accommodation of collective user-preferences than when such functions are
supported by more strategic ATM of those siluations.

Assuming that management srategies may be related 1o the nature of the such air
traffic situations, answers to the following questions would also be important:

= Are there common flight-specific characteristics in such simations?
= Are there particular patterns of traffic that yvield such sitations?
= Can classes of thess situations be established?
What 15 the pattern of occurrence of system performance degradation?
The frequency of these occurrences in comparison with the system capacity w0
manage them has significant implications for the hypothesized operational design of

strategic ATM functions.

Regarding overall system design, the frequency of these occurrences has the
following implications:

* At alow level of frequency, it may not be cost-effective to develop a system
o handle essentally non-safety related situations. [f unsatisfactory
accommodation of collective user preferences occurs only rarely, 1s this
unsatisfactory overall?

¢ At 3 moderate level of frequency, it seems appropriate to apply the current
problem-solving design concept that is described in this report.

* Atahigh level of frequency, a dynamic control approach may be more
appropriate than the problem-solving approach described in this report. Ina



dynamic control approach, waffic managers and automation would
continually adjust airspace consiraints in order to kecp the patiern of valocs
of airspace characteristic measures within established boundaries.

Regarding the human-computer interface:

= Atalow level of frequency, interface design issues arise, in terms of the
ACT* framework, regarding maintzining the strength of cognitive elements
in declarative memory, of productdons in production-memaory, and of
clements in working memory (situational awareness).

» At ahigh level of frequency, cognitive issues arise regarding the capacities
of cognitive processes, and in Neisser's terms the capaciry of the perceptual
cycle for interacting with the automation. The resolution of such cognitive
issues may raisc operational issues regarding procedures for distributing
workload across staff and subsequently procedures for coordination.

The above considerations make it clear that the answer to this question has
significant implicatons for overall system design and for human resource
requirements for such areas as staff selection, training, and procedures.

512 The Complex Nature of the Environment

Are there characteristic airspace conditions that are indicative of the occurrence of system

performance degradaton?

An analogy can be drawn with meteorology. Questions 1.1 and 1.2 analogously
ask, "Do thunderstorms occur?” and "What is the pattern of their occurrence?” The
current guestion is analogously asking "What are the weather conditions
surroanding thunderstorms at the ume of their occurrence?™

The current six hypothesized airspace charactzristic measurgs described in An
Evelution of the Human Role in the En Rowte Air Traffic Management System [2]
need 1o be tested for diagnosticity againgt realistic circumstances. If inadequate,
then additional or substitute measures nead to be devised.

The number of measures needed, and the manner in which they must be combined
have significant implications for operational design and its relation o the elements
of cognitive capacity of a human traffic manager as described in ACT*.

What are the characteristics for discriminating between different classes of complex ATM
situations?
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Assuming different classes of situations can be identified, is there sufficient
informarion in the surrounding conditions o predict which class will occur based on
airspace characteristic measures? Given the problem-solving focus of the ATM
task, different classes may require different traffic management strategies.
Determining which solution strategy is appropriate may need to be done with some
lead-time to allow for effective implementation.

The number and interrelationship of characieristics for class prediction would have
significant implications for operational design in relation to the cognitive capacities
of the human traffic manager.

What is the number of different classes of complex situations?

This wo has implications for operational design, given its relationship 1o the raffic
manager's memory and processing capacities.

What is the nature of the ATM strategies needed to resolve traffic situations which lead 1o
occurrences of system performance degradation”

Given that an ATM strategy is a set of flow instructions:
* How many instructions will be necessary to implement effective strategies?
* How complex (or detailed) will the applicability criteria need to be?
=  How complex will the constraints need to be?

» To what degree will the instructons in the set differ from each other in
applicability criteria and consmraints?

*  How complex will the paticm of start and stop times be for the sct of
instructions.

Answers 10 these guestions will help determine whether enough lead-time can be
provided o allow for effective management of the air traffic. Other pars of this
determination are the responsiveness of the environment to changes in constraints,
and the time requirements for predicting performance degradation occurrences.

In relation 1o the waffic manager's cognitive capacities, operational design will be
significantly affected by how complex the strategics must be and the form they take.
Strategy complexity and form will also affect planning time.



5.1.3 The Probabilistic Nature of the Environment

{iiven that indicatve characteristic conditions can be determined, are there predictive
conditons? What amount of lead-time can be given?

Using the weather analogy, "Are there conditions in advance of the thunderstorm
which will indicate that one is likely to form™" and "How far in advance can such
predictions be made?"

Building on this analogy, it will also need to be determined if there is a relationship
between this lead time and the type of the situation to be predicted, as is the case for
storms. Furthermore, will conditions that predict a situation appear suddenly, or
will they gradually build?

The answer 10 this question is part of determining whether enough lead-time can he
provided o allow for effective regulation of the air maffic. The responsiveness of
the environment o changes in constraints and the planning time requirements of the
traffic manager are other parts of this determination. These parts are addressed
below in this section and in 5.2.2,

Once again, the level of complexity of making predictions interacts with the
cognitive capacities of the human traffic manager and will affect the operational
design of the human mle,

In addition to the above considerations, the distribution pattern of the occurrence of
these air raffic situations may be relevant 1o their predictability. Extrapolating
from recent work on self-similar fractal patterns in other dynamically controlled
systems suggests that, in this ATM system, the Jonger time-scale patem of these air
traffic situations may resemble pavems of related events at shorner ime-scales
rather than a random distribution.

How uncertain are the predicted air traffic patterns and sers in the airspace?

If these patterns and seis are not stable across the half-hour o two-hour imeframe
established as the domain for strategic ATM, then management of these objects
within that timeframe cannot be maintained. More stable objects will need 1o be
devised or the strategic management concept re-evaluated.

What are the response characteristics of the air traffic patterns o changes in ATM
strategies?

The medium of contral of the ATM system over air traffic 15 communication with
mdividual flights. The response of these flights o direction from the system has a
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degree of uncertainty, and the relation of an individual flight o a given patern of
traffic is probabilistic. Therefore, control of air raffic pattems is through an
uncertain chain of events and this probabilistic namre will effect how guickly and
predictably changes can be made.

The quickness of response is significant for lead-time requirements.

The predictability of changes bas significant implications for the overall
management concept. The functional relationship between changes in constraints
and degree of response is significant to the manageability of the the system. For
example, if this funcion is chaotic in narure, then strategic management may not be
wviable.

Furthermore, given the probabilistic relatonship berween srategies and air wraffic
responses it may be difficult o determine when further fine tuning of management
strategics at the strategic ATM scale is no longer beneficial.

The interaction between response quickness and response predictability also has
significant implications. If the speed of response is slow, then it will be difficult to
determine in a timely fashion the actual effects of srategies. Given that the patierns
being managed are statistical projections then the precision of predictions based on
these statistics needs o be determined. This has implications for planning time
regarding being able w determine when sufficient planning has been accomplished.

Given this probabilistic environment, how can the performance of the affic manager be
evaluated?

Giaven the probabilistic nature of the environment, the success or failure of specific
management actions can be merely a result of chance in any single instance. This
has implications for providing the traffic manager with adequate feedback w
minimize the consequences of errors and o provide psychological closure
(addressed below).

5.2 HUMAN COGNITIVE CAPACITIES AND THE HUMAN-COMPUTER
INTERFACE
Of all the strategic ATM tasks, which tasks must be performed by people?
This is of course the fundamental human resource question. In accord with the
holistic design principal (section 2.1.1), the traffic manager’s tasks should be

coherent, and performed on a regular hasis at an appropriate level of complexity,
To achieve this, first, tasks reguiring human performance must be delermined.
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Such requirements may be based on operational necessity, but also may be based on
organizational or political needs. Next, 1o achieve overall system efficiency, and on
the basis of achieving coherence, regular performance, and appropriate rask
complexity, it must be determined what addirional wasks must be allocated w the
traffic manager and designed for human performance.

Specific questions in the following subsections, amtempt 1o answer this general
fundamental question.

5.2.1 Managing Events

The following two questions assume that human abilities are required for the problem-
solving tasks of air traffic management.

If the frequency of complex air waffic situations are low, what automated support will be
required to maintain simarional awareness? :

In accord with the psychological literature regarding memory, ACT* predicts that
unused cognitve units in declaratve memory, and unused productions in
production memory will decrease in activation strength and hence take longer o
retrieve when needed, In addition, the environment will need 1o be sampled 1w
encode information into working memory. Neisser's mode] suggests that the
efficiency of this encoding will also be diminished because (in ACT* terms) of the
reduced activation strength of the prodoctions guiding the sampling behavior.
Ciiven this forgeming curve some manner of automated support will be required 1o
maintain situational awareness.

If the frequency of complex air traffic sitvations is high, what automated seppost will
facilitate the quick disposition of sitnations?

Thizs question can not be answered in isolation, but rather its answer will be shaped
by the answers to additional questions below.

522 Managing Complexity

Droes it require human abilities 1o discemn the pattern of characteristics that differentiate air
traffic situations that lead to system performance degradaton?

Even with powerful aulomation tools, some pattern recognition tasks still require
unique human pattern recognition abilities and judgment. Today examples includs
finger print identification, connected speech recognition, and judging the goodness
of photo enhancement. The answer 1o this question will determing whether this sk
operationally reguires haman involvement.
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How can the characteristics be displayed to facilitate human discrimination berween
different classes of ATM simatons? How can planning information be displayed wo
facilitate human development of complex ATM strategics and 0 evaluate them under
multiple objective and multiple criteria?

The graphic visvalization can provide powerful tools for reasoning about
quantitative information |Tufie, 11]. Human understanding of such complex areas
as chaos theory has recently been greatly facilitated by the advent of computer
visualization. Empirical research is needed to determine the most useful
representations of air traffic data, especially given the known difficulties people
have regarding decision-making under uncertainty and complexity (see section 4.3).
In addition, data needs to be collected on analysis and planning time requirements
w0 determine operational feasibility given planning time requirements.

In a future air traffic environment, what will be the group dynamics of a traffic
management team in coping with complex air traffic situations?

The organizational solution to dealing with an overload of complexity is to
decompose the environment into manageable units, and diswribute the load. If
complexity of the environment leads 10 decomposing problems, how will this be
accomplished? How will tasks be allocated among people? How will the actons of
these people be coordinated?

5.3 Managing Under Uncertainiy

How can psychological closure be provided to the maffic manager regarding the
development and implementation of ATM strategies in a probabilistic environmem?

If the speed of response is slow, then it will be difficull 1o determing in a tdmely
fashion the actual effects of strategies. This has implications for being able to
determine when sufficient planning has been accomplished. It also has implications
for providing performance feedback to the raffic manager because the value of
immediate outcomes is problematic.

How do you provide useful performance feedback to a traffic manager in a probabilistic
environment”

The key to improving performance on any task is the availability of relevant
feedback. The ACT* application process where new productions are learned,
assumes the availability of an outcome history of old productions. However, ina
probabilisdc environment, individual outcomes do not provide unequivocal
feedback on management storategies: good srategies can have bad results by
chance, and conversely bad strategies can have good resulis.
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53 SUMMARY

Regarding the specific nature of the task environment and the raffic manager's cognitive
capacities, the preceding sections raise many questions that must be answered to complete
an understanding of the human resources requirements for operational procedures, staff
selection, training, and performance evaluation, Section 6 provides a research plan for
answering these questions.
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SECTION &
RESEARCH PLAN

A detailed research plan is beyond the scope of this report. However, gencral approaches
clnhcspnmﬁud. Scction 6.1 describes two methods for analyzing human factor
requirements. Section 6.2 outlines the steps of a progressive rescarch plan.

6.1 TWOMETHODS FOR ANALYZING HUMAN FACTOR REQUIREMENTS
6.1.1 Strategic Job Analysis

Strategic job analysis is one method that has been described [12] for analyzing the task
environment and human capacities needed for jobs that are likely 1o change as a result of
increasing automation. The process involves assessing current jobs and then conducting
interviews with subject matter experts to identify significant areas of change. Existing task
t;;'rmml:nl and human capacity descriptions can then be revised to reflect these future
changes.

This approach is not applicable to analyzing the traffic manager role that is described in the
present report for two ressons,

First, the qualitative differences betwesn the current concepts of the wraffic manaper's role
and current roles in ATC suggest that extrapolation from current roles is not useful. The
general types of actvities of the traffic manager are performed today. However, in today's
organizational structure, and with today's tools, the performance of these activities is
largely reactive, too late, o flight specific, and, therefore, involves moving aircraft
unnecessarily, With the organizational structure and tools for the traffic manager described
in this repart, the performance of these activities becomes proactive, predictive, and deals
with aggregate objects that are not aircraft. These differences severely limit the relevance
of past ATC experience to the traffic manager's role.

Second, as indicated in the previous section, our carrent conception of the meffic manager's
role is sill oo incomplete in many respects. For example, we do not know how the
aggregaie objects will be defined or behave, and past expericnee is not applicable. Even if
there were relevant current roles in ATC, not enough is known about future changes 1o the
system to allow the proper identification of significant areas of change, nor to subsequently
revise the descriptions of current tasks and human capacitics.
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6.1.2 Simulation

A second methad is to develop computer-based simulations which embody the known
factors of the environment, human capacities, and the human-computer interface, and will
enable the analysis of the complex interaction between these factors.

For a simple example, a simulation could be developed to examine only environmental
factors. Such a simulaton would embaody:

+ Flight schedules based on today's distribution of deparures and arrivals but with
increased numbers of flights o reflect the currently projected increase

#  User-preferred direct trajectorics

Flight rajectories would then be simulated based on these schedoles and u!.er-pmfmnnes.
and then the resulting traffic patterns could be evaluated.

This approach could also be applied to examining in isolation relevant human capacities.
This would allow for testing such capacities even before complete details were known
about the airspace environment. For example, a supervisory control simulation has
previously been developed that analyzed workload and performance [13]. The simulation
allowed for human interaction with abstract tasks that embodied the fundamental
characteristics of the supervisory control environment. It also allowed for the manipulation
of these characteristics (such as the number of discrete tasks, and their frequency) and
subsequent analysis of the effect of this manipulation on performance and workload.

The research questions specified in section 5 seem most amenable 10 this general computer-
based simulation approach. Section 6.2 describes a research plan that progresses from
establishing fundamental knowledge in a relatively controlled environment to providing
operational knowledge in an environment with a high degree of fidelity to the real-world.

6.2 PROGRESSIVE RESEARCH PLAN

6.2.1 Control vs. Fidelity

There is a tradeolT between the fidelity of the research environment to the real-world and
the degree of experimental control that can be established. There are costs and benefits for

establishing environmental fidelity and for experimental control. The following sections
describe a progressive research plan that atempes to exact the greatest benefit for the cost at

each step.

=1



[t is axiomatic that the real-world is extremely complex. It is also axiomatic that the
scientific method requires control over all but experimental factors of interest so that the
causes of experimental outcomes can be clearly established. There is then a technical
conflict between establishing necessary scientific control and establishing real-world
fidelity.

Ome approach to resolving this conflict has been to develop a progressive research plan.
Such a plan seeks to first establish fundamental knowledge under rigorously controlled
environments. Establishing such knowledge then allows for the progressive introduction of
greater real-world fidelity and complexity into subsequent research experiments while
maintaining a clear cause-cffect relationship through the insights provided by the prior
research in more controlled environments.

Such a progressive plan also has a cost benefit. Developing environments with high real-
waorld fidelity is relatively expensive. A progressive approach limits up-front expenditures
until better informartion is available o indicate the feasibility of the research direction.

The human factor areas requiring further research lend themselves to such an approach.
This is indicated by the range of questions in section 5 which go from fundamental {do
ATM sirategies improve efficiency in 5.1.1) to operational (how should airspace
characteristics be displayed in 5.2.2).

6.2.2 General Proposal

It is clear from section 5 that before human resource guestdons reganding areas such as
staffing selection, training, and procedures can be addressed, more fundamental questions
must be answered regarding the informational namre of the task environment and the
cognitive capacities of the raffic manager.

Regarding the primary nature of the task environment, a simulation should be developed o
establish the nature of air traffic patierns in the 2010 timeframe.

Graphic visualizations can then be developed to characterize the patierns established in the
first simulation. These visualizations may not only aid in the research analysis of the traffic
patierns, but can also serve as a basis for operational waffic manager displays.

Onee the namre -of the air wraffic patterns has been established, then the nature of complex
air traffic situations in the environment can be analvzed, in terms of the complexity and
probabilistic nature of the environment

In parallel with this work would be the development of visual representations of the
predictive characteristics of airspace situations.
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Having established these environmental foundations, then the fundamental human resource
question can be answered: "which tasks must be performed by people? Once the core
tasks are established, the supporting tasks can also be defined.

After defining the human tasks in the ATM function, issues regarding human cognitive
capacities neexd to be resolved: how fast, how much, what complexity can a human handle.
For control purposes, this may best be done by abstracting the significant features from the
operational tasks for evaluation in a simulated environment. The fidelity of this
environment to the real-world could then be progressively increased. Increasing fidelity
may include expanding the environment to examine group dynamics.

Finally, the ATM functions human operational environment will need 10 be combined with
the simulated airspace environment and the flight specific functions into a high fidelity
operational test environment for final simulation testing.

623 Follow-On

Based on the general research approach, research questions, and descriptions provided in

this report, 2 detailed research plan should be established for completing a human factor
analysis of the raffic manager's role.
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