Alternative Architectures for
Distributed Cooperative Problem-Solving
in the National Airspace System

Philip J. Smith*, Charles Billings*,
C. Elaine McCoy, ** and Judith Orasanu®**

9 lth! Systems ngmlrm kratory

Institute for Er onormcs




Table of Contents

Acknowledgements 3
Executive Summary 4
Abstract 7
Introduction 8
Alternative Architectures for Distributed Problem-Solving 9

A Model of Aviation System Ma

en actions 10
A Problem-Driven Approagh to Stlldying rnatrchitectures 10
' 11

Overview of Pa

Case Study 1: The s of Control vs. the Locus of Da
IntroductionsT Task decompesii 13
Details of the Sce

ystem Architectures ’
e Scengal

Case Study 4: a 1 Resource Broker

Case Study 5: Shifting us 0'0
to Match the Locus of Da 34
Overall Summary 36

References 38



Acknowledgements

This work was funded under the Advanced Aviation Transportation Technologies program at
NASA Ames Research Center. Special thanks are given to Roger Beatty (American Airlines),
Steve Caisse (Delta Airlines), Carla Beck (Southwest Airlines), Loraine Sandusky (Continental
Airlines), Bill Leber (Northwest Airlines), John Moffatt (Delta Airlines), Charlie Bailey (ZNY),
Bill Klare (ZNY), Ed Corcoran (ATCSCC), Andy Archutt (ATCSCC), Mark Klopfenstein
(Metron), Joe Jezerinac (AMT Systems Engineering), Larry Cole (FAA), Jim Wetherly and
Steve Alvania (FAA).




Executive Summary

This paper deals with human performance in a distributed work environment. Specifically, it
explores the impact of alternative system architectures on performance in the National Aviation
System (NAS). These alternative architectures are discussed in terms of their impact on the
performances of the people working within the system, and are defined in terms of the way the
system is decomposed into subtasks, and in terms of the locus of control and access to relevant
knowledge and data.

The fundamental premise is that the tion_of the NAS requires some type of task

decomposition in order to avoi cessife cogn o ity for any one person. To deal

with the realities of hu limi S, a posillon stgategy typically is designed to
I e d is

produce “good” rath ¢ perfo d on an independence
assumption: If each persomor subsystem performs its indepgllent task well, the combined
effects on overall system Performance willdhgsgee d. Since few systems are fully decomposable
into a set of completely indepg ge the NAS is no exception to this
limitation), there is also ases where interactions among

: able performance, they will
either be mandated p on an ad hoc basis at the
initiative of some sy, e ~ are presented to explore

s because of a system

arch ) do tch the

locus o (cher). Tw . Shifting
the locus of,data (f i i i i eath esigning
intelli y) to alert dﬂpatchers when some “sj ant” chan curs in a
flight, t 1 hat their ?‘ttention is focused on thi ) %
g

Three cauti , if the y of providing
the person to all gglevant'@@ta is carried to
its extreme for Onfronted wi that has far too

much complexity. Thu ust carefl K and choose th re this solution is
applied. Second, if th t W a may be less inclined
e

Creaais given more global
to contact dispatch, th uci c ivelies et®provided by the redundant
evaluation of a flight by both pi d tCler

A third caution is that, if a technological “intelligent “agent” is provided to help ensure that
important interactions occur between the flight crew and their dispatcher when a “significant”
change occurs, so that the flight crew has the benefit of the data and knowledge available to the
dispatcher, overreliance may result. The dispatcher may become too reliant on the technology
and as a result, if the designers haven’t anticipated or correctly dealt with all possible situations
that can arise, a critical interaction may not occur. (This is especially of concern for situations
where it is the lack of a response or action by the flight crew that is the critical event to be
detected.)




Case Study 1 thus provides cautions for system designers to consider, rather than answers.
Alternative solutions must be evaluated on a case-by-case basis in terms of the existing tradeoffs.
Case Study 1 does suggest, however, that implementation of several complementary solutions,
thus providing a kind of redundancy, may be a desirable design approach.

Case Study 2 focuses on the locus of control in pre-flight planning. Over the past several years,
the FAA has moved first from a system architecture based on management by control to one
based on management by permission, and then to one based on management by exception. Each

of these architectures has its own poteatial s ths and weaknesses. Management by

permission under the original cooggiinate tion te am, for instance, left the locus of

control with FAA traffige mana bulinduc@@™interaglfons ween traffic managers and
h

Airline Operations Ce (0) airlin straiits an rities were considered in
the decision making, an hat knowledge about traffic co ints was disseminated from
FAA traffic managers to dffline dispatchess

€Ce

. ican Route Program, has resulted
ut these are |

hey could have been because
direct access to important,
indirect access though
that the solution to this
permission paradigm.
Rather, there is a gement by permission
paradigm. into a ‘ ¢ this can be achieved
thro use 0 : ion§ luati and the
Collabo i 11SS€ C traints to
AOCs an ective use
of thi ] u,f i nning by

dispatc
very be%l if knowledge
ent therggare cled@fly cases where
t coor inNir traffic flows.
equest by airline A “ofve us the data and
knowledge we need a us solve the problems gursClve having FAA traffic
managers intervene.” Stu 1S in jve s are in competition with
each other, there will be situati W “"\ bysdirective” by a neutral referee will
still be necessary. In short, Case Stud omts t need to consider a hybrid environment
in which, to deal with concerns with safety, overall system efficiency and equitable treatment

across system users, different architectures must be interwoven to get the best of each for
appropriate situations.

Management by exception,
in some significant benefi
the new locus of contrg
relevant knowledge
interactions with FA
problem for pre-

airlines, b

Case Stud
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Case Study 3 also points out that the details of the implementation of “management by directive”
by a referee are important. As an illustration, the principle of control at the least restrictive level
possible (thus giving the airlines as much flexibility as possible) is discussed in the context of
slot-substitution when there is a restricted arrival rate for an airport. By allowing each airline to



determine which of its flights to use in filling a limited number of arrival slots (when FAA traffic
managers have determined that the arrival rate for an airport needs to be restricted due to
weather or some other problem) both system capacity constraints and airline business concerns
are accommodated.

Case Study 4 further explores this theme that a neutral referee is sometimes needed. In Case
Study 4, though, the emphasis is on avoiding unnecessary waste of resources (such as unused
arrival slots at an airport). The enhanced Ground Delay Program, developed cooperatively by
FAA and airline staff as part of the Collaborative Decision Making program, is used to illustrate

this point.
er b es th houglitheregare situations where a neutral
ith titive stsgof the es, there are also many

scenarios where FAA traffic@hanagers or controllers are in a pogfion to actively help an airline,
because they have better*access to the uelens eal-time data or knowledge needed to deal
effectively with the situation. 'Lk an architecture where the locus of
control is shifted from the A@ s, along with the communication
of information about the g

Case Study 5 ends the
referee is needed to
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Abstract

The air traffic management system in the United States is an example of a distributed problem-
solving system (Davis and Smith 1983; Durfee, Lesser and Corkill, 1989; Fleishman, and
Zacarro, 1992; Layton, Smith and McCoy 1994; Orasanu and Salas 1993; Rasmussen, Brehmen,
and Leplat 1991; Robertson, Zachery, and Black, 1990). It has elements of both cooperative and
competitive problem-solving. This system includes complex organizations such as Airline
Operations Centers (AOCs), the FAA Air Traffic Control Systems Command Center
(ATCSCC), and traffic management units (TMUs) at enroute centers and TRACONSs, all of

which have a major focus on strategic d It also includes individuals concerned
more with tactical decisions (suc air Fc ers ilots).
The architecture for thi over the distribution of tasks

and control authority in ordg#*to keep cognltlve complex1ty m eable for any one individual
operator, and to provide f€dundancy ) ameand technological) to serve as a safety net to
catch the slips or mistakes that ag ight make. Currently, major changes
are being considered for thig ect to the locus of control, in an
effort to improve efficiep
some of these changes
alternative approache




Introduction

Most complex system designs rely upon simplifications that allow the system to perform
adequately, without trying to determine and implement "optimal" solutions. One common
approach is to decompose the task of managing the overall system into subtasks, and to then
assign those subtasks to separate individuals. The hope is that there is sufficient independence
among these subtasks so that when each subtask alone is performed well, the combined effects
produce good performance for the system as a whole. Furthermore, because few systems are
actually decomposable into fully independent subtasks, it is also hoped that the operators

responsible for particular subtasks will i t with one another as needed either because this
interaction is procedurally mand or b se t ci t it 1S necessary to do so on an ad
10n.

hoc basis in order to fin acce ’

ent Air Traffic Management (ATM)
architecture" is differentiated in
system in order to support
successful completion : e architectures, these case
studies look at dif] S s, Smith, McCoy and
Orasanu, 1999). Tk i and weaknesses of each

Alternative Architectures f@F Distributed Problem-Solving

This report uses a number of
system to discuss alternatiyg

The primar i 888 i S ' isi ing requires effective
acce I anged cabC]] ropriate
strategy istrib < articular

architecture s effe is the cognitive €omplexity of the task perfi f a task
requir e than one person can reasonably acc or infegra order to
perfor ask requirés access to more data pershtend to or
process effe must somehow be distrib ib ay involve

off-loading
decision int

deco e some global

@ |

A second factor'1s the ress assoclate completing t . ‘Generally speaking,
coordination and com t10 ong people consume tigae' ome task or decision
must be completed rapt and tri 0 rRto complete that task or to
arrive at a decision requires i 10 al oo¥much time or attention, then that

architecture may not be acceptable.

A third factor is the mental model that each individual develops about the other participants in
the system (Orasanu, 1991). This mental model influences what assumptions are made
regarding “what the other guy is doing.” This in turn affects decisions about when it is
necessary to interact with “the other guy.”

From a system design perspective, concerns over cognitive complexity, time stress and mental
models suggest that at least the following questions must be addressed:



1. Is the complexity of a task sufficiently simple so that a single unaided person can be
competent to complete it? (Note that the answer to this question requires a realistic view of the
availability of resources to select and train a person to the required level of competence, and to
retain that person for the job.)

2. Even if this single unaided person is competent, is he or she susceptible to slips? Or is the
task being performed inherently susceptible to slips?

3. If the pool of individuals competent to rm this task is too small, can some of the work be
assigned to designers and imple ers (Bllders hn ies) who are competent to develop
an

effective cognitive tools tgsaid h e
dknenters likely to make?

gen an operator and a designer (as
be distributed for other people to
hey have developed)?

4. Even if they are compete hat slips are these designers an

5. As an alternative or complg
mediated by some piece of tg
perform directly (rather th

an sone o
some piece of techn(

6. If the work is dis
reduce the cognitiy
mistakes or omissi

be distributed in order to
ty nets" to catch slips,
stem performance?

plexity for any one individual, providé
d achieve a uniformly desirable level of o

7.1t ecessary interactions

amo ‘ i ) , i ple sks in a

timely ?

A Mo iati :

In orderto dgtgmmine tf e Olving inmntext, or to
agle d ] i AL ne the that participate

ationshipg among@®hem. In terms

ine and FA izations will be

of the focus of

discussed.
From airlines these gro re:$ s“ I Q “ '
* Pilots and other TITZht berMBponsible for individual flights:

* Dispatchers (within Airline Operation Centers), who are jointly responsible with
flight crews for flight safety (Airline Dispatchers Federation and Seagull
Technology, Inc., 1995); Lacher and Klein, 1993)

* Airline Operations Centers (AOC) personnel responsible for air
traffic control liaison on a daily operational level. This role is typically
assigned an Air Traffic Control Coordinator (ATCC) or Chief Dispatcher within
an AOC.
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From the Federal Aviation Administration (FAA) Air Traffic Services:

¢ Air Traffic Control System Command Center ( ATCSCC) personnel, who have
primary responsibility for ensuring a safe and efficient flow of air traffic
through the system. They have primary responsibility for national strategic air
traffic management;

* Traffic Management Unit (TMU) personnel at enroute Air Route Traffic
Control Centers (ARTCCs) and TRACON:Ss;

e Air Traffic Controllers (ATC) in these enroute Centers and in Terminal Area
Traffic Control and Airp nt cilities. These people are responsible for

tactical air trafficg@ontro
and con as @€en a ally hierarchical system

listed above, aided by a variety ypes of automation, most of
ard trans i ving data within the system. The aviation
ination and communication nodes
Iso distributed throughout the
he persons and technologies
s shown in Figure 1.

Until recently, air tra
involving the human opera
which have been oriente
system is very broadly distrib
throughout the nation, an
national airspace. The
involved in the manag

odel of the relationshi
aviation operations m

. ; o
Human Strategic & Tactical ...Aided by ...Supported by
Decision Makers in the ATM... Technology Tools... Information & Data
( \
. Databases:
W | strategic | goce >aTCC Airport conditions
Management A A y Weather data
- Voice lines | _—1 User Objectives
e N\ & o Airspace constraints
. . V . V . System constraints
{|Coordination TMU  Dispatch (-f Information P —
_ A A Databases:
Policies
Tactical V V ™ k/ Computers Procedures
actica . Traffic ts
Mana ement ATC 9 Pllots A;‘Sp;cgl coovlfg:lrz?nts
\_ g J Contingencies

-

ional process.

Figure 1. A co 0 aditional air traffic ma
Recent developments in the ainggra cIgen ang 1 licies have resulted in many
changes in the strictly hierarchical'rel 1 h the left in Figure 1 (Smith, Billings, et

al., 1997). These developments, and their effects (both desired and unwanted) are the topics
considered in this paper. We have used the construct shown here to illustrate some of the
changes that have taken place.

A Problem-Driven Approach to Studying Alternative Architectures

To gain insights into the answers to the questions posed above, we have examined a collection of
case studies representing different types of situations that have arisen in the ATM system
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(Wickens, Mavor and McGee, 1997). In each of these case studies, concerns about distributed
problem-solving are identified. Then alternative approaches for overcoming these problems are
presented and evaluated.

All of the alternatives considered here revolve around the classical approach to dealing with
cognitive complexity: Decompose the overall task into a set of subtasks that are nearly
independent, meaning that if each subtask is completed well by itself, then overall system
performance will usually be good. Then add to the system some means for ensuring interactions
among system components for those exceptional situations in which independent performance is

not sufficient.
e apNSFimEg %}mﬁ)rmance fall into several

1. Decompose the task ifnto a differe
control is allocated to different ing

Abstractly, these altern
categories:

s, redefining the way responsibility and

2. Shift the locus of kng
person with responsibi
access to the data);

and data to match the C gus of control (requiring the

ary knowledge and direct

3. Shift control to 1

4. Leay kno S SO QIa partig 1si #8iributed among several

peop
certain

Overview of P

In this paper, a numbe es are presented and

ase i \ c’erstand the impact of
alternative architecture erf nc Q
Case Study 1 involves a scenario deali higEob hat arose when a tactical decision was

made by a flight crew and a controller, when neither of them had the necessary data to make an
appropriate decision. In that scenario, a serious safety hazard arose because the people making
the decision did not access the relevant data when deciding how to act. Two complementary
solutions are suggested, one shifting the locus of data to give the flight crew direct access to
additional data, the other using an intelligent alerting function to help ensure that the person with
control (the pilot) interacts with the person who has access to the relevant data (the dispatcher).
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Case Study 2 presents a scenario that is similar at a conceptual level, in that there is a mismatch
between the locus of control and the locus of knowledge and data. Case Study 2 deals with
strategic decisions, though, and the result of the mismatch is a decrease in efficiency rather than
a potential safety concern. Partial solutions to this problem with strategic decisions include:

1. Providing better post-operations evaluation tools to determine where strategic plans have not
been working, and then supporting synchronous or asynchronous information exchange
between AOCs and traffic managers to discuss these problems. In this way, they can share
their knowledge about what has been causing inefficiencies and how to reduce them (thus

disseminating knowledge from the traffiegnanagers to dispatchers and vice versa);

2. For relatively staticyg@nstrai roviling &to nstragts that are known to traffic
managers so that di S cess to th wigllge (a e versa);

3. For dynamic situatioflS, providing
collaboration between trafficg

ow more efficient and effective real-time

due to air traffic constraints,
b a flight by assessing the
light crew) from a set of

4. In those situations
giving the traffic g
situation as it de
alternative optig

5. Finding some deal with.

Thus? i c . IiiaalOt alw ssary to
support time C < i e perfo ce of the
person in C ! eal-t 1ronment,

m T the fact,
ilar future

jon a
ancéll
ons that"McrglSe capacity,

S and how M be fairly and
ocuses on thaw , In a competitive

environment there are ions e a neutral referee is
wasting of resources in a competitive

Case Study 4 deals with the is }ﬁwli ‘ g
environment. The FAA’s enhanced layMR#®gram is cited as an example of how to

approach this.

ementary) so]ﬁion may be to provide §
relevant knowledge and improve

Case Study 5 further explores the issues surrounding control and access to knowledge and data.
The scenario discussed in Case Study 5, however, looks at another type of solution: Instead of
shifting data to the person who has control in the current architecture, shift control to the person
who already has access to the relevant data. The differentiating feature supporting this
alternative solution or architecture is the timing involved. In this scenario, because the decision
must be made close to the scheduled departure time for a flight, and because it isn't known until
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that time which flight(s) will be involved, it may make more sense to empower the traffic
manager with the authority to make the decision (having informed the traffic manager of any
relevant airline constraints and priorities before that point in time).

Each of these case studies is considered in detail in the following sections.
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Case Study 1: The Locus of Control vs. the Locus of Data
Introduction: Task decomposition

As a specific example of task decomposition in the current National Airspace System (NAS),
consider the following scenario. In order to reduce cognitive complexity, the overall task of
selecting safe routes of flight and of operating these flights is currently decomposed in such a
way that each of the participants (the flight crew, controllers, dispatchers, traffic managers, etc.)
has only partial information. In particular, within the current ATM system, tactical decisions are

made by flight crews and controllers ut s havmg the information necessary to
develop the same "big pictureigabou elopments that is available to
dispatchers and traffic gers.

Because this distribution ta 1s not always adequate contr S sometimes request reroutes
for flights which do not™ave suffici : e proposed reroute. Similarly, flight crews
sometimes fail to contact their dis ere it would have been helpful to do
so, because they have madg inportance of the knowledge or
data which is available the current distribution of
information and resp and safe operation, it is
susceptible to occasi hat the other person has
already considered ular change in route is
"significant" enou 'bigger picture". This
issue is illustrated

1 (Smith,
he airplane was traversing the Florida a line of
pa Bay arf,'a southeastward down tg rdale area.
as required to prov1de the pi nformation
regarding . elt potentially
route weather

jeopardize [ d n th
conditions, and aircraft d'rewond Beach and
then down the st co lorlda 1nto VITar east, ahead of the

weather. The Capta1 ith the reroute and c ksonville Air Route
Traffic Control Center
aircraft made a turn to the eas

Su' @ réfoute was approved. The
to
Coast (Figure 2).

The airline

mond Beach on the Florida East
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When the airplane was handed off from the controlling Center sector to the next sector, the
receiving sector advised the Captain that, because of heavy traffic along the east coast of Florida,
they would not be able to accommodate the reroute and that the aircraft would have to return to
its originally filed route of flight along the west coast of Florida. The aircraft made a fairly
abrupt turn back to the southwest, got offshore along the west coast of Florida and proceeded
south toward the Ft. Myers area. Furthermore, the aircraft was slowed to 180 knots due to
traffic, increasing its fuel burn.

At that time, the line of thunderstorms was sinking to the southeast, moving down toward

Miami/Ft. Lauderdale/Sarasota/Ft. Myer S aircraft arrived in that vicinity and was
preparing to turn to the east for jg#& app to 1, ing to the east, the weather came
wn @Wl1ami
her

across the Miami airportgand sh eratighs . a result, the aircraft entered
airborne holding and en n ATC that continued into
the future. Thus, the cre s faced with uncertainty as to w the weather would clear and
they would be released to'Proceed into Migiad

It was not until this time th contd

. aft's dispatcher and advised the
dispatcher that the rerouj upon had bee¥

by an ATC sector, that the
that they had encountered

was holding with

What _complicatec i ) 8012 . Pa0@erdale and West Palm
Beaclt [ is ai I nusable
[ ¢ weathe g ed south

of its inten orized to
use th hey were

now lo sirable options in terms of availab The flight
crew finally epﬁ through the line of th w@lither passed
south of : e going through

the line of

It is important to"underst
about 30 other flights t1
previous rerouting acti e

his attention.

t the dispa King this partic
e felt that this airplan

elst"ene

Important Features Illustrated by the Scenario

i hnas responsible for
g8 sitliat been resolved by his
ofher situations that required

This scenario provides an example of one of the ways in which the air traffic management
system has been decomposed into subtasks to reduce the cognitive complexity for individuals, as
illustrated in Figure 3. As implied by this figure, it is assumed that the airline dispatchers and
FAA traffic managers complete the strategic planning for a flight (resulting in a filed route that
has been approved by the FAA). This flight plan is passed on to the flight crew and to a series of
air traffic controllers, who then make tactical decisions to modify the plan if something
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unexpected arises. The dispatcher still has responsibility for monitoring the flight, and FAA
traffic managers still have responsibility for monitoring the traffic flow of which the flight is a
part. Because of workload, however, this monitoring is often done at a more global level, with
the dispatcher or traffic managers asking themselves whether something new has arisen that they
need to respond to, rather than continuously monitoring each individual flight in detail in the
fashion that a controller does.

In this particular situation, nothing new arose at a global level (the weather, in fact, did
develop as predicted by the dispatcher), so it is easy to understand why the dispatcher did
monitor the flight more closely. (As far as
18 knew, he had alerted the flight
andiid solygion to the problem had been
ed @ut, so was no need to continue

Original flight plan, and <€
initial reroute suggested .
by dispatcher, were in Information Flow among

accordance with a strategic ATM Decision Makers
view of the situation.

- N . . q
Strategic | gceds ATCC dealing with ﬂl'ght unless there was some

Original reroute was Management | - A ected change in the weather.)

appropriate, but dispatch

was not told by pilotsina |~ Y y )

timely fashion that reroute ||Coordination | TMU Dispatch 9 il

had later been rejected by [ \_ , /i% scenario 1llustrates one

i S Y ) s of such a decomposition:

ATC was unable to accom- MTaCtlcal ATC——>Pi 'ots Of the system in terms Of

modate dispatcher plan and |\’ anagement ) y

was unaware that its plan
would cause problems for
the aircraft in question.

ontrol differs from the
s of the distribution of
Results: Dispatch was o] interaCtiOﬂS between
problem could have been a was put inanunienables | COPONe will sometimes be

position by ATC, but was 4 P .
recovered from problem b interaction 1S not
then a

adv

Figure n lo sequence with no ' articular
feedback i to dispatch. case, the locus with the
/ flight crew a hile the

t of the

Implications for ! ystem

One response to such a em e tQtry elistribution of data so that
the locus of control matches t S t or @&ample, in the current system, the
flight crew (in cooperation with the € 11 e authority to make tactical decisions.

These tactical decisions sometimes have significant strategic implications (as in this case), which
implies that appropriate data regarding the strategic implications needs to somehow be
considered.

Solution 1: Changing the Locus of Data. One solution, therefore, would be to provide the flight
crew with access to all of the relevant data so that the locus of control and the locus of data
coincided. In this specific case, the relevant data consists of a "big picture" view of the current
and forecast weather. (In addition, knowledge of the legal alternates for the flight was needed.
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The flight crew had this information). Providing such knowledge to the flight crew might in fact
be a viable solution for this particular problem. Given access to such data, the flight crew would
likely have reviewed the weather in south Florida themselves before accepting the second
reroute from ATC.

As a solution to this specific scenario, this is an approach that likely would have improved
performance. As a more general solution, however, this approach introduces some major
concerns. If, for every scenario where there is a mismatch between the locus of control and the
locus of data and knowledge, we simply shift the locus of data and knowledge to the person in
control, we would likely produce a situa

i he e cognitive complexity becomes too great

for that individual, who now d h to a integrating all of the data and
ibl@Scen that d amise. We could also create a

ipS or m S, enct}ided by redundancy (i.e.,

knowledge relevant to of th
situation where the pr
multiple persons monito particular flight), would be reducgll as there would be no forcing
function to assure that one othe i operator was giving the flight careful
jons state that a dispatcher and pilot
e dispatcher be notified if a

consideration. (This latter con
share joint responsibility
"significant" deviation ft

Thus, there are non-
try to improve the
all of the control t erly resided across several people, and is
and knowledge re cnlacged.span of contrg hese iss
after another type

ether it is appropriate to
hat one person now has
ccess to all of the data
1 be discussed further

j gents to
ternative
Information Flow among i urre system
ATM Decision Makers ) it rms ocation of
mmd be to

f Strategic | o> ATCC ] i W(“i between the
Management | - A and dispafeher on those
( y % N necessary (but
e (Coordination [THIU - Dispatch ithout requiri stalit interactions when
;guf:églll;giz:;t T v they w n ). One approach to
agent detects this ATC——>Pilots ] [np s would be 1mpr0ved
pregleaggpath, g @making the pilot the intelligent
o responsible  for triggering an

interaction). A second approach would be

to make a designer the intelligent agent,

(see Figure 4) developing technology to

detect situations where an interaction

between the flight crew and the dispatcher is

needed. Both approaches merit serious

consideration, since both the pilot and the
designer are human and susceptible to error.

\Management

~./” Intelligent agent to
i @ger interactions

Figure 4. Linear sequence  with
technological trigger to alert the responsible
dispatcher if a significant change has
occurred.
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Evaluation of Alternative Solutions: Solution 1 above focuses on changing the system’s
architecture, shifting the locus of data to match the locus of control. Solution 2 maintains the
current system decomposition, but provides a means for helping to ensure that interactions
between different system components (such as pilots and dispatchers) occur on those occasions
when they are needed. Other than the issue of cost, Solution 1 has significant merit for this
particular problem, and for the general case where pilots are confronted with tactical decisions
involving weather that may have strategic impact.

dispatchers when they d
the safety nets. If Solu

There are, however, some possible drawb o) jion 1. Given what we know of human
performance, if the flight crews haghsuch ther , th ight be less likely to confer with
ided to S ch , thus g@ducingthe effectiveness of one of
i mplemented$this Would ensure that dispatch
became involved when a"siglificant" change arose, thus leavin y one “weak link™ in the
safety net: the designer. if the designendids@iadequately develop the algorithm for
detecting a "significant" change g liant on such alerts to draw
attention to specific flights, exist (Guerlain, Smith, et al.,
1999; Smith, McCoy, and n, 1993; Smith, McCoy and
Layton, 1997). (This ig bt crew has failed to take a

necessary action, as i ect the absence of a
needed change in t

is scenario from the
at solutions might be
ths and
an ATC

Finally, it is wo

perspective of FARR
avai hin
weakne re. [
personnel there
Case S he

Introducti

~

Historically, tra manageme nder the ¢ the FAA, with
traffic managerSTat vari ilities makKmgrdecisions about w%
flights scheduled by t ines recent years, howeve h

r ib1

0

ould be flown by
on giving the airlines e

increasing emphasis

1 t the airlines have better

information about the costs at I) ‘ ion and should therefore be in a
position to make better decisions abou comom alternative flight plans (Smith, McCoy,

Orasanu, et al., 1995). In essence this shifts the task decompositions as, under such changes,
airline dispatchers must consider a much larger set of factors if in fact they are to improve
system performance. Issues surrounding such a shift are discussed here in terms of alternative
system architectures that can be used to accomplish such major changes in the ATM system.

Alternative System Architectures
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Alternative architectures for the air traffic management (ATM) system that change the
decomposition of tasks for flight planning can be grouped into three categories (Sheridan, 1987;
1992; Smith, et al., 1997; Smith, McCoy, Orasanu, Billings et al., 1997):

1. Management by directive (where FAA traffic managers simply inform an airline regarding
the route that can be used by a particular flight) (see Figure 5); this is the classical case shown in

Figure 1;

2. Management by permission (where a default ﬂight plan is assigned by the FAA, which can be

revised if the Airline Operations Center alternative and receives permission from
FAA traffic management staff) (s ?
3. Management by exc% Afrline ente’simply file the flight plan

that it desires for a given (see Figure 7).

Details of the Scenarios

Over the past several ATM system has bet pe from a system in which
management by directj i G d pr flight planning toward a

. . ' ! . .
Management by jon: , with a shift from
management by , 10 y . isory Circular 90-91

esta routes for
flights i : 2
could se a teletype to the

e ‘ wan airline
: Center
(ATC alternative route for a particular flight. 3 C would
then m' e checking with traffic managers at w air route
traffic centers 2 ed on tyéir input, would approve
This new i iti
for example,

that 75% of the
13,396,510 Ibs. of fuel

Air Traffic Contra

I;AA'S

es and the One airline,
quests for -pr. erred routes and
yrovals resul mated savings of

ere approv

Thus, this shift toward b S a means to improve their
efficiency by giving them a ro th could request more economical
flight plans for their aircraft. It still 1€ th locus of control with FAA traffic managers,
however, as TMUs had to individually approve each requested alternative route. These
approvals were given based on considerations of safety (avoiding excessive complexity and
traffic bottlenecks), overall efficiency and equitable treatment of different airlines and system
users in traffic flows. Thus, this shift left the basic task decomposition the same, but provided a

procedure for increasing the relevance and frequency of interactions between traffic managers
and dispatchers.
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This new architecture, based on management by permission, caused routine interactions to occur
between airline ATC Coordinators, ATCSCC traffic specialists and TMU staff (see Figures 5
and 6), giving each group a broader understanding of the factors considered by the other group,
resulting in more effective and efficient interactions (which occurred only when the normal task
decomposition was inadequate and there was a need for interactions between the two groups in
order to determine the best solution). Put in more general terms, there was no real shift in the
locus of control, but there was a new mechanism which allowed airlines to better inform FAA
traffic managers of their preferences (resulting in better decisions, from the airlines’ viewpoints).
A side effect was the dissemination of knowledge from FAA traffic managers to the airline ATC
coordinators (allowing them to become ient because over time they increased their
knowledge about what alternativ times of day).

Information Flow among
ATM Decision Makers:
Management by permission
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7\
ATM elements of the ( . X%
system provide direction Strategic /SCC -ATCC
to system users at a Management A A
strategic and tactical
level. ( \ \
Coordinatio] TMU | Dispatch
\ A A J

( Tactical y Y
E\Aanagement \QTC Pilots )

)

Management
. J

( Strategic SCC (*; ATCC
/1 A

( V ‘ \
Coordination Tl\l/[U A Dispatch
\. A J

~\

-
Tactical
Management

\.

ATC——>Pilots

ment b t by Per
y
t by Permiss‘z?l: The primary weakne 1S para as that it
uiring extra staffing to support the al in ), and was
xces;fvely conservative at fj terms proval of
a result, the traffic t systevved further in

usi hitecture".
&management by

permission" architectur ived limitations were

sufficient to motivate " @revise g a exception". This new
program, initially known as th d ti NRP) and now referred to as
the North American Route Pro i ; , allowed the airlines, subject to

certain constraints, to simply file the routes that they preferred for particular flights. FAA traffic
managers would then monitor conditions, watching for situations (such as severe weather) when
the program had to be canceled temporarily in particular portions of the country. Tactical
changes could also be initiated by FAA air traffic controllers (as well as by pilots with the
concurrence of the responsible air traffic controllers) after the flight was enroute. Unlike the
earlier shift to "management by permission", this architectural change significantly altered the
allocation of control, requiring dispatchers to consider factors (such as the prediction of air
traffic bottlenecks) that in the past had been handled largely by FAA traffic managers, if the
dispatchers wanted to file effective routes.
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Cincinnati frequently ha oy ATC to deal with crossing
traffic:

"It happens to us all the time. We file the flights at 35 or 39 [altitudes of 35,000 or
39,000 feet] and they're held at 23, 25 and 27. They don't tell us ahead of time that it's
going to happen."

A second example of how traffic bottlenecks can affect NRP flights was provided by a traffic
manager:
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"Quite often ... 8-10 extra aircraft are on this northern route to DFW [from Southern
California to Dallas flying north of White Sands (restricted airspace) into the northwest
cornerpost at the Dallas-Fort Worth airport] during the noon [local time] arrival rush.
This causes a sector saturation problem in ZFW Sectors 93 and 47 [two Dallas-Fort
Worth air traffic control center sectors]. To relieve this volume problem, the ZFW
TMU [Fort Worth Center Traffic Management Unit] moves 5 aircraft back to the south
route [south of White Sands] via CME.TQA.AQN.DFW [a sequence of navigational
fixes into the southwest cornerpost of the Dallas-Fort Worth terminal area]. This
longer route of flight, plus the fact that DFW is in a south flow (meaning these flights
will spend more time flying below 1 fee 11 reduce fuel savings or negate them
altogether for this bank of flights."

i
ge at traffic eane ing which impacted the
g questions about the effectiveng8 of this new decomposition of

ts into th o follow-up studies were conducted. These

Thus, anecdotal evide
efficiency of NRP flightS;t
tasks. To gain further in
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s were from takeoff to

es ogrefermd
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dy dur ime period
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earlier, it seemg C actua vings for some
dictions d1d ot take into account w outings that might

n.

flights, since thé"Ccomput
occur as a result of fili leneck while enroute.
Consequently, we also are

te and then encounteri a
i it col
To ensure adequate statistical power, flights at least 20 instances were considered.

There were 267 such flights. A statistical analysis indicated that 94, or 35%, of these flights
routinely burned more fuel than predicted (P<0.05). Of these 94, 21% routinely burned more
extra fuel than was supposed to be saved by flying the NRP route instead of the FAA preferred
route. The flight from DFW (Dallas-Fort Worth) to SNA (Orange County, CA) at 1645 UTC
(flying an MDS80), for instance, on average burned 1013 Ibs. of fuel more than predicted. As a
result that flight, which on average was supposed to save 759 Ibs. of fuel compared to the FAA
preferred route (a predicted 4% savings), actually burned 254 lbs. more than the prediction for
the FAA preferred route (a 1.3% loss).

edicted vs. Actual Fuel'@

dn on FAA preferred routes and also wi
the following disg , a "flight" is defined to be a p

The avelidge predicted fuel saving
otalpredicted savings was
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These data also indicated that the city pair that most often had flights with regular problems was
LAX to DFW. Seventeen of those flights routinely burned more fuel than predicted.

Implications: At a minimum, these data indicate that there was some sort of a problem associated
with 35% of the flights filed by this airline under the NRP during this time period. One
possibility would be an underlying inaccuracy in the prediction model for one or more of these
flights, over and above any new problems introduced by use of the expanded NRP. If, however,
we assume that the prediction model provides unbiased estimates (after discounting any new

problems introduced by use of the exp N then these data indicate that the actual
benefits in terms of fuel consumpjgen fr e th were less than predicted by this

airline.
Follow-On Study 2: iled Observational Study of LA% Flights. As mentioned
above, the city pair that®most often_cneommigsed problems was LAX-DFW. We therefore

to collect more refined data on the
o better quantify the impact of

decided to study data from this,g
nature of the problems with
these problems.

Methods: Four stude
June 22, 1996 to A

sity collected data from
AX to DFW. Flights
00, 1415, 1445, 1515,

3, 1996 on the performances of flight
ture times (Ptimes) were studi€

Results:
rerouti

1. A

2. While that
saturation prob

to be a sector
that point as it

nroute,
m th ey or Falls

. that there i

ol sectors when the eaches
approaches the northw e into DFW;
3. To deal with that problem, Shthl,va southerly routes that are flying to
the northwest cornerpost are rerouted ofWh nds to the FAA preferred route so that
they will approach DFW via the southwest cornerpost.
The discussion below provides details on this problem.

Equipment Number Route Flown
Ptime Type Observed Pref Route NRP-No Swap NRP-Swap
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1400 DC10 41 44% 17% 39%
1415 B767 42 48% 19% 33%
1445 MD2&0 36 50% 44% 6%
1515 MD3&0 41 51% 39% 10%
1810 DC10 29 38% 52% 10%

Table 1. Percentage of Flights Flying the FAA Preferred Route (Pref Route) and NRP
Routes with or without Cornerpost Swaps. (Ptime is Universal Coordinated Time or UTC).

Cornerpost Swapping: Table 1 indicates eq
e

with which the cornerpost swap occurred
for the different flights that we rve e in this swap usually occurs before
White Sands, not as the flights a rod@ning 1rpo egesults indicate that the flights
that arrive at DFW for n ights that rri int around noon local time,

and that have schedule rture times or Ptimes of 1400 1415 UTC) are particularly
affected. 33-39% of the ts during thatstimaesperiod fell into that category and were rerouted
south of White Sands to the FAA

Table 2. ected ' ] at were
Rerou the ; SavingStare the %
reducti rease , : at day.)

Impact of
NRP flight

rerouted south

% . < P flight was actually

Sands. S d e _burn e fuel than was

predicted if they"had bee on the FAA crred route. On a example, it cost an
e
st
05)

savings for the

9,
additional 1502 1bs. o achegime the flight at 1400 ted to the southwest
a

cornerpost. A statisti i t e ucls consumptions for these
flights was significant (p< Pt v Z angl 1370.

Case Study 2: Discussion and Conclusions

These discussions of the evolution of the National Route Program, discussing three different
architectures (management by control, by permission or by exception), provide an important
context in which to consider issues concerning the locus of control and access to the knowledge
and data necessary to make the best use of this control. Under control by direction, where FAA

traffic managers independently assigned routes for flights, the criticism was that the traffic
managers had control, but didn't have the data and knowledge necessary to pick the best routes
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from the airlines' business perspectives (while still ensuring safety), and did not have the
motivation or mechanism to routinely interact with the people who had this additional data and
knowledge (airline dispatchers). With control by permission, interactions between the traffic
managers and dispatchers were induced, thus helping to ensure that the person with control (the
traffic manager) was given access to the relevant data and knowledge (by airline dispatchers).
This occurred at a cost in terms of additional labor, however, and was also criticized as
sometimes resulting in decisions that were too conservative.

Finally, Case Study 2 discussed control by exception. While in general this shift in architecture

appears to have resulted in significant ov ue ings, these were less than they might have
been because the shift in controlsfrom BAA tr m s to airline dispatchers was not
matched by either a shi the 1 f an wledg® abousair traffic constraints (so that
the dispatchers had dir SS a an led@e), no it accompanied by a shift

in interactions or communlt n patterns so that the dispatchergiould make use of the data and

knowledge available to FAA traffic manag

Thus, in both Case Study
gives one person or group

l"l

, , that if the system architecture
but that person or grou

* Does not have the ng
* Does not initiate ag ACti i < this data or knowledge;
y

Alternati
disc

Solution 1._Chang
Soluti i

Study 1) can result.

sses of solutions were

=

For the™mo , howeVer, necessary
solutions es are\complex and
variable.

One solution w et n to a manageme iem® This, however, is
expensive in that it re siggaficant extra staffing for hethShe nd the airlines when
applied to routine pre- pla g I is icdtion that either the FAA or
the airlines would prefer such g rtl . 1S, however, an approach that is
being explored for dealing with less fr de®isi ch as selecting SWAP (Severe Weather
Avoidance Program) routes during severe weather events, in the sense that ATCSCC tele-

conferences with AOC staff to discuss possible SWAP routes are essentially an opportunity for
the airlines to request and recommend certain routes, with FAA making the ultimate decision.

Dy permission

A second solution would be to identify what was successful about management by permission in
the original coordinated NRP, and to look for ways to incorporate those features into the current
management by exception paradigm in place with NRP. In particular, those successful features
included:
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1. The dissemination of knowledge from traffic managers to airline AOCs;

2. The use of a single point of contact (ATC coordinators) at each airline to handle most of the
interactions with ATCSCC specialists and traffic managers at ARTCC and TRACON TMUs;

3. Allowing FAA traffic managers to play the role of a neutral referee when there was some

significant air traffic constraint requiring some type of management of flights through that
airspace;

4. Streamlining the process OVl tim rred routes that were routinely
requested and appr at1c proy@l, without requiring lengthy
consultation betwe ia ts an nage e affected Centers.

Below, methods for inco

ating some.Q es into NRP are discussed.

The Dissemination of Kno ig/ine AOCs. Under the original
in the system, or “tribal
ith traffic managers in an
ted of information about

e cases about potential

knowledge”, because
effort to get approva

On-preferred routes. This
ks in the system routinely arose, and

abou ] ‘ eond, e WA ractions
that led S 5 real-time

interaction uld
occurring
seMiinating this

ﬂlght planning

1. Dev of post- O}feratlons analysis tool th
patterns i neclgs) and displays them tQ
knowl

(dispat

2 Developme at provide AOC

of "syn commumcat
staff with a rich en 1ch to interact with t n order to learn more
about the bottlene out potential solutions.
(Asynchronous tools may j reduce the need for costly and

sometimes difficult to arrange real

3. Design of a procedure under which specific staff at AOCs and at the FAA have responsibility
for reviewing the results of the analysis, for interacting with each other, and for
communicating what they have learned to the responsible dispatch staff at the airlines. (As
discussed above, experience from the original coordinated NRP suggests that specific
individuals need to be assigned these roles as a routine part of their jobs.)
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to depart at 1115 Z. E articular flight, there were 218ms the month of April
1998. The routes flo acleli Qi € h@wn in Figure 8a, while the
route filed is light. (For all 214 c e by the airline.) On average,
the actual air fuel burn during w h the Uncorrected estimate and the actual

air time was on average 25% more than the uncorrected estimate.

A major factor contributing to this extra air fuel burn and air time was airborne holding. As
Figure 8b indicates, this was happening 43% of the time.
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provide rich, efficient e ANT, for instance, AOC
staff can interact asynchronou 1

e
viewing POET (or any other compute$ weather data). They can then annotate
this with text, graphics and voice (similar to what can be done using powerpoint, but with a

much simpler interface because the tool is tailored for this specific use), as shown in Figure 10.
C-SLANT then combines with this a feature found in tools like LOTUS Screencam, allowing the
user to move the mouse pointer around the screen to focus attention on the relevant details while
a voice annotation is being produced, and having both the voice and pointing recorded for
replay. The resultant series of annotated slides can then be emailed to another person. (Another
feature of this particular application is that a file that might be 75-100 megs in size if produced
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using LOTUS Screencam is only 1-5 megs if produced using C-SLANT, thus making email a
practical vehicle for communication.)

The intended use for this application, then, would be for an AOC staff member to create an
annotated slideshow for a sequence of POET screens, raising questions that he would like a
traffic manager to address in order to help him understand the problem better and to identify
potential solutions. This slideshow would be emailed to the FAA contact, who could add
additional annotations to the slide show, answering the questions posed. This response would
then be emailed back to the AOC.
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In short, this process using POET and C-SLANT offers a mechanism for approximating (and
possibly even improving upon) the dissemination of knowledge about air traffic constraints to
AOC:s that occurred under the old coordinated NRP. (Ultimately, to use this knowledge most
effectively and to avoid excessive cognitive demands, the dispatchers may have to be given
better flight planning tools that incorporate consideration of the air traffic constraints that have
been identified.)
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Allowing FAA Traffic Managers to Play the Role of a Neutral Referee. To the extent that,
collectively, the airlines use this knowledge about air traffic constraints to find routings that
avoid creating bottlenecks, there would be no need for intervention by traffic managers. Many
airline dispatchers espouse this approach, saying: “Let us try to resolve the problems by
ourselves before having traffic managers impose a solution.” On the one hand, there are recent
examples, such as the collaborative process that is now part of the enhanced ground delay
program, that indicate that the airlines can cooperatively react to situations and resolve certain
air traffic congestion problems. On the other hand, it is clear that because this is a competitive
environment, there will be times where a neutral referee is needed in order to maintain efficient

traffic flows, assure safety and maintain jtable tment of all airspace users. Thus, the first
step may be to give dispatchers kno et ee der to adjust their routings to be
more effective. The s d st ul fo A traflic magagers to intervene when the
airlines can’t cooperati d eptable t flows. Thi nd approach is discussed

more in Case Study 3.

Short-Term vs. Long-Term Solutj ave, the discussion focuses on the use
of tools like POET, C-SLA ¢ \ make better use of the existing
capacity. It should be ng C pnsideration for the long-term
is to use such tools to i existing constraints, and to
then find ways to inc
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safety. In contrast, Ca; dy ich is discussed belo

a competitive environ . h it ol \%
airlines compete with one anot

A simple illustration of the issues associated with this competition is provided by surface
movement at major airports during winter weather (Obradovich, Smith, et al., 1998). Without
some sort of coordination or refereeing of the airlines, significant inefficiencies can result.
Consider the case where, due to heavy snow, an airport is down to one runway during a
departure push. If departures are handled on a first come, first serve basis, then each airline
tends to feel compelled to deice its aircraft and get them into the queue for takeoff as quickly as
possible. When all of the airlines do this, however, the net result can be long lines, which in turn
may result in delaying some aircraft sufficiently long so that they need to be deiced a second
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time. The cost of deicing a second time is sizeable ($1200-$1500 per plane). Equally important,
if it is a priority flight for the airline that needs a second deicing, that flight now may be delayed
much longer than desired.

An even more striking example of this type of situation arises when NRP flights are filed across
the traffic flows for arrivals and departures into an airport. An illustration is provided by
crossing traffic in ZNY airspace from HNK flying westbound across J-95/36/223 (departure
routes) and J-584/146 (arrival routes). The traffic on these routes is either climbing or
descending, and the additional crossing traffic introduced into these sectors adds an increased

level of complexity. One such aircraft wj crossing route introduced at an inappropriate time
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When considering solutions, however, it is important not to fixate on one solution. To deal with
departure delays due to the crossing traffic from NRP flights, for instance, it might be possible to
at least partially solve the problem through the use of lower altitude departures (as discussed

later in Case Study 5). Furthermore, in the long run it might be possible to increase capacity by
changes in sectorization procedures or some other modification of the way the airspace is used.
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It should also be noted that refereeing can be imposed either statically (restricting the airlines
from filing NRP flights through departure flows at busy times of day) or dynamically (allowing
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the airlines to file the NRP flights, but giving FAA traffic managers the authority to reroute NRP
flights in those cases where it is clear they will actually interfere significantly with departures).
This latter solution is discussed further in Case Study 5 in the discussion of low altitude
departures, where control is shifted from an AOC to a traffic manager in order to allow decisions
to be made in a more timely, context-sensitive fashion. Along with that shift in control,
however, is the communication to the traffic manager of the airline’s constraints and priorities
for the traffic manager’s consideration in making the decision.

It should be noted that another important decision in terms of how to implement some type of
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In particular, even though a given airline may have been assigned an arrival slot at the affected
airport in some 15 minute window, that airline may not be able to use that slot (because of
cancellations, delays due to mechanicals, etc.). Under such circumstances, rather than waste that
“resource” (since the slot will be lost once the time period is over), the CDM group has
developed a computer algorithm called “compression” that checks to see whether some other
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airline has a delayed flight that could be moved up into the unfilled slot. When this occurs, the
overall system is more efficient, since capacity is used to the fullest extent possible and the
airline with the flight that is moved up to the unfilled slot benefits because the delay for that
flight is reduced. The airline that gives up the slot couldn’t have used it anyway, but as an extra
incentive, that airline is now traded the slot that belonged to the flight that was moved up.
Because that slot is later in time, it may be that the airline can in fact use its new, later slot to
reduce delay for one of its other flights.
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Case Study 5: Shifting the Locus of Control and Knowledge to Match the Locus of Data

Case Studies 3 and 4 focused on the role of the FAA as a neutral referee. In many cases,
however, it is possible for traffic managers or controllers to work cooperatively with airline staff
to assist them in better achieving their goals. This occurs, for instance, when a dispatcher calls a
TMU and asks if the landing for an overseas arrival can be expedited as it otherwise may have to
divert to another airport for refueling.

Case Study 5 explores this cooperative role of the FAA in more detail, looking at two recent
cases where it has been expanded. Spec y, two examples contrast with the solutions
explored in Case Studies 1 and 2 jaathe s
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may be necessary. This advisory goes to ATCSCC, to the affected surrounding Centers and
TRACON, and to the Airline AOCs, and is updated if conditions change;
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2. Upon receipt of the advisory, air carriers can inform ATCSCC that one or more of their
flights should not be requested to use the LAADR procedure on that day (because of fuel



37

requirements or other aircraft limitations). Based on this request, those flights are not be
considered by the TMU; if required, they are given ground holds instead of low-altitude
departures.

3. All other flights for the participating airlines that are departing the New York area during the
time specified in the LAADRing advisory are fueled so that they can fly at either their
normal (preferred) cruise altitude or at the lower LAADR altitude (typically FL220) The
flight planned is filed with the preferred cruise altitude, but the pilots are informed that the
flight may be asked by the controllers to fly at the lower LAADR altitude. (The pilots are

route, as this can cause excessive radio
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the locus of control (selecting the altitudes for certain flights) from the AOCs to traffic
managers, as the traffic managers are in the best position to make the real-time decisions. It does
so, however, in a manner that allows the AOCs to place certain constraints on the process

(namely, they can exempt flights from the process when this is necessary or desirable for
economic or safety reasons).
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In, summary, this is a significant architectural change: As with the expanded NRP, which gave
the airlines more control over pre-flight planning because they had the knowledge and data about
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the costs associated with different flight plans, in this case control is also being shifted. It is
being shifted from the AOCs to FAA traffic managers (see Figure 11), however, because the
TMUs have the real time data and knowledge to make the appropriate tactical adjustments (with
the concurrence of flight crews and controllers). In essence, AOCs are giving the traffic
managers a number of options that are acceptable for particular flights, and indicating their
priorities for these options.
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We have made the point in this paper that solutions to the cooperative work problem will not
come without costs to the various participants. Our fundamental premise is that the operation of
the National Airspace System requires some sort of task decomposition that distributes the work
in order to avoid excessive cognitive complexity for any one operator in the system. In this
time-paced system, workload becomes an important variable. Excessive workload not only
imposes costs upon operators, it also increases the likelihood of errors which can compromise
system safety, and it potentially also decreases efficiency.

make the effective deci
communication of rele
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Overall Summary
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It should be pointed out, however, that insufficient workload may also pose problems by failing
to keep operators sufficiently involved in the management task to be able to make good
decisions when they are called upon to do so. As the NAS becomes more heavily automated,
this may become a real danger. If controllers, in particular, become primarily monitors of a
largely automated system, they are unlikely to be adequately involved in the management task
and thus less likely to retain the acute awareness of the traffic situation required to detect
problems when they are still easily manageable (Smith, Woods, Billings, et al., 1999; Smith,
Woods, McCoy, et al., 1998; Wickens, Mavor and McGee, 1997). This is another cost, of a

different type, but it can also compromis ty ecrease system efficiency (Billings, 1997,
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cooperatively in the interests of maximum system throughput. Case Studies 3 and 4 both
illustrate the need either for cooperative effort by system users, or for an unbiased manager or
“referee” to allocate limited resources in the interests of overall efficiency for all users. A
critical question thus becomes how to establish rules and procedures to induce effective
voluntary cooperation and coordination when it is needed to deal with either safety or system
efficiency concerns, or how to provide refereeing to try to enforce necessary behaviors. Thus,
while it is clear that airline users wish to have as much control as possible over NAS decisions
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and actions (RTCA, 1995), it is not a trivial matter to design and implement the necessary
conditions to maximize such opportunities for the airlines.

Finally, these case studies indicate clearly the necessity of shifting access to data and knowledge
from their present locations to the new loci of control in the system to minimize the real-time
interactions that must take place, and to present that information in ways that support decision
making under a variety of circumstances. Such new systems will not be cheap, but they will be
vitally necessary adjuncts to the more distributed control that has been requested by users. A
concomitant requirement is that the system be designed so that, in those cases where the data or
knowledge necessary to make a dec151 tly available to the decision-maker, some

mechanism is in place to initiate effe cc these data and knowledge.
efer

, Inc. (1995) Airline Operational
greement 93-CRDA-0034,

Airline Dispatchers Federdtion and Seag
Control Overview. Cooperative k
Washington, D.C.

Billings, C. (1997). ion: entered Approach.
Mahwah, NJ: Erlba

Carlson, L., Rhode
Controllers' Work
96W! , Mc

Davis,
Artificial

im, Adv. ry Cirétilar 90-91,

Federal Aviation Adm ). National Route PV#AA Order 7110.128,

Free Flight, ATM 100, UVS
Fleishman, E.A. and Zacarro, S.J nomy of team performance functions.

In R.W. Swezey and E. Salas (eds.), Teams: The1r Training and Performance. Norwood, NJ:
Ablex.

Guerlain, S., Smith, P.J., Obradovich, J., Heintz, Rudmann, S., Strohm, P. Smith, J.W ., Svirbely,
J. and Sachs, L. (1999). Interactive Critiquing as a Form of Decision Support: An Empirical
Evaluation. Human Factors, 41, 72-89.

Hopkin, V.D. (1995). Human Factors in Air Traffic Control. New York: Taylor-Francis.




41

Kerns, K, Smith, P.J., McCoy, C.E. and Orasanu, J. (1999). Ergonomic issues in air traffic
management. In W. Marras and W. Karwowski (eds.). Handbook of Industrial Ergonomics.
CRC Press, 1979-2003.

Lacher, A. and Klein, G. (1993). Air Carrier Operations and Collaborative Decision-Making
Study, MTR 93W0000244, The MITRE Corporation, McLean VA.

Layton, C., Smith, P. J., and McCoy, E. (1994). Design of a cooperative problem-solving

system for enroute flight planning: Ane ation. Human Factors, 36, 94-119.
g 1ng ., McCoy, E. and
m-solving challen vement of aircraft on the
v 4

man Factors and Ergonomics So 2™ Annual Meeting, 57-

Obradovich, J.H., Smit
Woods, D. (1998). C
ground. Proceedings of t
61.

Orasanu, J. (1991). Shared
McDonald and Fuller (eg
285.

mance. In Johnson,
ield, VT: Avebury, 255-

onments. In G.A.
ing in Action: Models

(1993). Team decision- malzlng in complé
derwood and C.E. Zsambok (eds.), Decisiot

Orasanu, J. and Sa
Klein, J. Orasanu,
and Methods. No

Rasm
Cogniti

Robe
Norwo

Sheridan, T. (1987). Su
New York: Wiley.

Sheridan, T. (1992). Telerobo
MA: MIT Press.

S@pervisory Control. Cambridge,

Smith, P.J., Billings, C., Woods, D., McCoy, C.E., Sarter, N., Denning, R. and Dekker, S.
(1997). Can automation enable a cooperative future ATM system? Proceedings of the 1997
Aviation Psychology Symposium, 1481-1485.

Smith, P.J., Caisse, S., Beck, C., Denning, R., Obradovich, J. Heintz, McCoy, C.E. and Orasanu,
J. (1998). Using critical incidents to understand the interactions of airline dispatchers with the



42

traffic management system. Proceedings of the 1998 Annual Symposium on Human Interaction
with Complex Systems, March 22-25, Dayton OH, 48-62.

Smith, P.J., McCoy, E., Denning, R. and Obradovich, J. Heintz (1997). Cooperative problem-
solving in the air traffic management system. Proceedings of the 1997 Annual Meeting of the
IEEE Society for Systems, Man and Cybernetics. October 12-15, Orlando, FL, 3137-3141.

Smith, P. J., McCoy, E., and Layton, C. (1993). Design induced error in flight planning.
Proceedings of the 1993 Annual Meeting of the Human Factors Society, 1091-1095.

the 1 Mee

Smith, P.J., McCoy, E. and Laytg . g the design of cooperative problem-
solving systems: The effectg nance: actions on Systems, Man and

rative problem-solving
f the IEEE Society for

Horn, A. (1997).
Interactions of Air.

Smith, P
and
comme

Man and

. (1999).
ement
d Human

wand Dekker, S.
em designs. ATC

Smith, P.J., Woods, D. oy, B1lhngs C Sarter
(1998). Using forecast
Quarterly, 6, 71-86.

Wambsganss, M.C. (1997). Collaborative Traffic Flow Management. Washington, D.C.:
Metron.

Wickens, C., Mavor, A. and McGee, J. (1997). Flight to the Future: Human Factors in Air
Traffic Control. Washington, D.C.: National Academy Press.




