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Executive Summary

This report documents the results of a Federal Aviation Administration (FAA) Air
Terminal Business study to create and demonstrate a comprehensive economic evaluation
method for terminal air traffic management technologies. To demonstrate the differences
from more standard methods and benefits of disaggregate cost-accounting, the study focused
on the Integrated Terminal Weather System (ITWS) as a sample technology and its benefits

to the reporting airlines at Newark Airport.

Approach

After developing aframework of matrices that would be used to evaluate the specific
benefits and costs to the corresponding stakeholder, the study focused on the benefits of
ITWSto airlines as there are many different preferences among the airlines and the benefits
of ITWS can be readily demonstrated. Two states of the system were considered: normal and
degraded operations. Normal operations serve as the basis for scheduling. Degraded
operations occur because there is bad weather or some part of the system has failed,
preventing full utilization of the capacity. ITWS is atechnology designed to improve safety
but also to bring degraded operations closer to normal operations.

A simulation was created based on information gathered from a2001 MIT Lincoln
Laboratory study. Four situations were evaluated: May 24", 1999 as it occurred (degraded
operations with ITWS), asimulation removing the benefits of ITWS on May 24™, 1999,
normal operations on June 1, 1999 and degraded operations on June 13, 1998 before ITWS
had been deployed at Newark Airport. Airline Service Quality Performance data was used to

model the benefits, which limits the data to those airlines who are required to report their



information. By considering the type of aircraft, carrier and length of flight, delay was
calculated as specifically as possible. Using tail numbers of all aircraft, arrival delays were
calculated for inbound flights. This method excluded the upstream ground delay and the

delay for departures excluded the upstream delay of the corresponding arriving flight.

Key Results

The incidence of benefits and impacts of both degraded operations and the technology
designed to lessen the impacts of degraded operations varied by carrier and length of the
flight. The carriers did not benefit uniformly or even in a discernable pattern. The effects of
degradation are most influenced by the carrier’s own cost function and schedule as it related
to the start and duration of the degradation. Therefore, the carrier’ s response is akey
component to understanding the impacts of a technology designed to lessen the impacts of
bad weather.

The airline response, while difficult to model explicitly, isimplicitly revealed by their
actions under constraint. When possible, airlines reorder their flights to minimize their costs.
Different carriers have different cost functions and therefore different optimization strategies.
These different cost functions are the result of different fleet mixes, contract costs, aircraft
utilization, plane loads, and hubbing strategies. Using just the known fleet mixes and the
reported costs from Aviation Daily, we found significant differences in the costs per minute
among the airlines. Air carriers pad their schedul es (creating buffers) to increase on-time
performance, but each carrier has a different buffer and a different manner for paying their
crew in relation to this buffer. Accounting for the buffer changes not only the value of the

impacts of both the degradation and the technology but aso the business strategy.



Where the delay happens (at the gate, in the air, or taxiing) and its duration has a
distinct impact on the costs/savings of delay. Delays are more likely to be taken in the air by
short haul flights on poor weather days. However, air delay is more likely in general under
normal operations than when there is degradation. This happens because the system responds
to capacity degradation to limit the likelihood of airborne delay.

There is asignificant amount of reordering that occurs to optimize the airlines
profits. However, as the degradation increases the system seemsto be driven to First In, First
Out (FIFO) asthereisless room to maneuver and more flights are being cancelled. Similarly,
under normal operations there is a maximum deviation from FIFO because thereisalimit to

the benefit from reordering.

Conclusion

This framework reveals more information about the stakeholder’ s motivation
associated with atechnology. While the study has focused on ITWS, the framework could be
applied to any air traffic management technology. Understanding the stakeholder’ s response
and evaluation of atechnology can be used for effective pricing schemes which would allow
for faster implementation of economically beneficial technologies. Redistribution of benefits
would be possibleif the appropriate mechanisms were in place to allow a direct transfer. In
the short run, it is more likely that a pricing scheme to be administered by the FAA isan
appropriate solution for the future inequities that this framework could reveal. The current
system of charging equally assumes a set equal incidence of benefits; to achieve Pareto
efficiency, prices should reflect the true distributed nature of the benefits. Changing pricing

schemes will be difficult asthere is astrong inertiain the system especially by those who are



benefiting from the current standards. Being cognizant of the differential impacts may allow
the FAA to understand the consequences of the new technologies and change its negotiation

practices.
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Introduction

The implementation of large-scal e transportation system improvements resultsin a
complex web of costs and benefits that impact many distinct user groups differently.
Government agencies responsible for such programs often use cost-benefit analysis to select
among alternative investments. In most cases, this anaysis does not account for the
differential incidence of costs and benefits. The result is that programs that are feasible in
terms of cost-benefit analysis may fail to be implemented because of political opposition by
one or more of the impacted groups. Failure to take a full accounting of the distributional
effects in cost-benefit analysis can result in lost opportunities to implement programs that are
potentially efficient economically, after adequate distributional adjustments are made to
alleviate imbalances in the incidence of costs and benefits.

The FAA manages a complex program of research and development projects that are
intended to increase the capacity and efficiency of the National Airspace System (NAS).
These programs are described in the FAA’s Operational Evolution Plan (OEP), which isthe
FAA’srolling ten-year plan to increase the capacity and efficiency of the National Airspace
System (NAS). The OEP contains a complex set of multiple and sometimes competing
technology programs. The following is a sampling of the initiatives in the OEP:

New runways

New and overlay area navigation (RNAV) routes, Required Navigation Performance

(RNP) procedures, and four-corner-post airspace redesigns

Traffic Management Advisor (TMA)

User Request Evaluation Tool (URET)

Controller Pilot Data Link Communications (CPDLC)

Precision Runway Monitor (PRM)

Integrated Terminal Weather System (ITWYS)

Collaborative Convective Forecast Product (CCFP)
Collaborative Decision Making Network (CDMNet)
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As has been pointed out in previous studies, one of the problems in implementing
such programs s that there often has been too much focus on technology solutions and not
enough focus on economic viability of the transitions to new and enhanced technol ogies
(Allen, 1997). In addition, there has frequently been alack of understanding of airline
response to excessive delays in the National Airspace System, and the benefit mechanisms
are often unclear to the various stakeholders (who will receive benefits, when, and at what
rate?). What is needed is a comprehensive framework for defining and evaluating both the
technological and economic viability of proposed aviation system enhancements.

This study deals with evaluating the impact of investment in the specific case of air
traffic management technologies. Air traffic management investments have often suffered
from the af orementioned problem and many programs that are otherwise cost-beneficia have
failed to be implemented due to opposition by one stakeholder group or another. Such
opposition might have been mitigated if distributional effects were adequately considered in
the cost-benefit analysis. Technologies that are aimed at enhancing air traffic flow often
impact one subset of flights and airlines more than another, e.g. long-haul or short-haul,
hubbed or non-hubbed, etc.

An example of atechnology which has not been implemented according to schedule
is controller-pilot Data Link air traffic control (ATC) communications that will streamline
communications and lower the probability of error and reduce the time that pilots have to
spend communicating with controllers. This technology had predecessors even in the 1970’s,
but in 1991, the first study of the benefits of this technology came out. More studies have
followed and in 1996, it was planned to have in-flight Data Link ATC services begin in

1998-1999 for domestic flights. Currently, there are only Data Link capabilities at the Miami
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airport and only afew aircraft are equipped to use Data Link though studies have repeatedly
demonstrated the benefits of this technology.

For example, air traffic controllers may oppose a technology that has net social
benefits because it increases controller workload. If the passengers and airlines that benefit
from decreased delay could reimburse the controllers for their extraworkload, then the
controllers might not oppose the new system. In other words a major barrier to
implementation can be overcome by instituting re-distribution mechanisms that aim to make
economically efficient investments also Pareto efficient. [See Appendix A for materia on
Pareto theories.] Creating a redistribution mechanism that allows the partiesto price the
value of atechnology and then share the benefits is not unheard of. It often occurs at union
labor negotiations but sometimes at the expense of lockouts and work slowdowns that force
the issue by a show of power. By using aframework that makes costs and benefits more
transparent, these negotiations, which are used find an acceptable solution to al (Pareto
efficient), may happen at lesser expense.

When new technologies are implemented, their costs are not charged to the airlines
according to how they each benefit, thereby creating an environment in which one group of
airlinesislikely to oppose an investment while another is supportive of it. The current
method of supporting new technologiesis through the Airport and Airway Trust Fund, which
islargely supported by a 10% flat ticket tax on ticket purchases. There are other fees such as
fuel taxes, and different taxes for general aviation flights and commercial flights. There are
discussions of changing the ticket tax system to be based on the distance between the origin

and final destination regardless of the intervening stops. Thiswould directly benefit any
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airlines using hubbing as the miles that their passengers fly would be under-taxed because
they would fly more than the distance between the origin and final destination.

The research reported in this paper illustrates the wide variation in impacts among
airlines and flight types from a weather prediction technology, the Integrated Terminal
Wesather System, ITWS, that is being implemented at some airportsin the U.S. A conceptual
framework is presented within which it is possible to take account of possible variation.
Knowing this variation, future researchers will be able to seek re-distribution mechanisms
that could lead to a more equitable distribution of costs and benefits. In the context of air
traffic management technol ogy, these mechanisms can take on a variety of forms.
Differential access priorities to systems, differential pricing and taxation schemes are key
factors that influence the decisions of system users, such as different types of airlines.
Differential subsidies, wage rates and work rules are key factors that influence the decisions

of suppliers, such astraffic controller or flight crews.

Benefit-Cost Analysis

Benefit-cost analysis can be applied to investmentsin airport and airway facilities and
technol ogies made using public funds. The standard for conducting benefit-cost analysesis
the Federal Aviation Administration’s (FAA) Airport Benefit-Cost Analysis Guidance (BCA
Guidance). A basic premise of benefit-cost analysisisthat all societal benefits and costs
directly attributable to a project must be considered and evaluated regardless of who receives
the benefits or who incurs the costs. According to the Federal Aviation Administration’s

(FAA) Airport Benefit-Cost Analysis Guidance:
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“Such benefits may include benefits realized in the form of monetary gains

(e.0., lower operating costs), reductions in non-monetary resources (e.g.,

personal travel time), or mitigation of environmental impacts.”

Private sector investments are usually subjected to afinancial analysis. Inafinancia
analysis, the affordability of the project to the investing party is the primary concern. A
financial analysisis often not considered appropriate for publicly financed aviation projects
because it does not measure full costs and benefits of a project to the genera public, as
evidenced by the following factors (FAA, 1999):
Producers may create benefits (e.g., jobs) for other members of the economy without
being able to obtain payment for these benefits, or losses (e.g., aircraft noise exposure)
without having to pay full compensation for the losses.
Benefitsin terms of reduced passenger time or improved air safety may be difficult to
recover through higher airfares and airport fees.
Providers of aviation services (FAA and airports) are essentially monopolies, and users of
such services do not have reasonable aternatives if these providers decide to increase
their feesto cover a project®cost.
Notwithstanding that a project may have substantial net socia benefits, some users may
not be able to afford it. For example, an airline may have severe short-term financial
problems that would cause it to reject any project with future benefits that would increase
current costs, particularly during periods of economic instability.
Because of these factors, investors of public funds generally insist that a benefit-cost analysis
include afull and objective accounting of all aviation system user benefits and costs.

The FAA’s BCA Guidance aso includes a section on microeconomics linking the net
benefits of a project and demand for the project. In principle, investmentsin aviation
capacity enhancements that are intended to reduce delay per aircraft operation and passenger
could in turn permit a higher volume of air service to be provided at the same total price, or
(alternatively) alower total price per passenger for the same traffic level. Thisconcept is
illustrated in Figure 1, which shows the intersection of the supply curve S and the demand

curve D (point "a") representing the equilibrium demand for and supply of air services at a

given point in time under two supply conditions representing an investment that resultsin a
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shift from Sto S'. Benefits from such an investment are assessed by cal culating the consumer

surplus that results from this shift, shown in the figure as area C.

S '
Price
(Fare+
Value of Time
P
C c
p* b
d
P D
S g
0 Q o

Passengers

Figure 1. Consumer Surplus
Source: FAA Airport Benefit-Cost Analysis Guidance, December 15, 1999

Consumer surplus assumes rational economic behavior by airlines and their passengers, as

follows:

Air carriers will pass on net operating cost savings to their passengersin the form of
lower fares and passengers also will realize benefits in the form of reduced travel times.
The air transportation “supply” curveis upward sloping because, under congested
conditions, the total price of air traffic service increases rapidly as the number of
operations increases. As the number of planesin the air increases, the complexity of
maintaining saf ety increases requiring better equipment and more controllers.

The “demand” curve for airline services is downward sloping because more air
transportation service is demanded when the total price (fares/travel times) islower than
when it is higher.

The net benefits generated by an investment could induce an increase in demand for
the airport®capacity, which could affect the net benefits of the project. InFigurel, a

reduction in the total price of air travel (adding capacity at an airport allows more economies
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of scale at the airport level) would shift the air travel supply curve from Sto SOThiswould
induce a consumer response increasing demand for air travel services by passengers from Q
to Q*, creating a new supply-demand equilibrium at point "c". The BCA Guidance argues
that the assumption that airport activity would remain unchanged in response to an
investment could lead to an overestimation of future total passenger delay savings equal to
the difference between the area P-a-d-P@nd the area P-a-c-P* in Figure 1. Nevertheless, the
foregoing “induced-demand” effect israrely actually used in benefit-cost analysis because:
Aircraft delay costs are generally arelatively small fraction of the airlines' total cost of
operation.
Demand is normally forecasted to increase due to a multitude of other economic and
competitive factors that probably greatly outweigh the potential demand changes due to
the estimated delay reduction’ s effect on the price that airlines charge their customers.
The FAA and airlines normally justify the project based on the savings in delay cost
paying for the cost of the project and justifying any associated investments by the airlines
in equipment and facilities; so, there probably would not be much net savings left to pass
along to the airline’ s customers.

Benefit-cost analysis, as described in the foregoing paragraphs, is probably most
appropriate for use as a screening mechanism for determining whether projects pass abasic
test of economic justification from a public investment standpoint. Such economic
justification, however, does not ensure that the project will have public or private support or

that the project is affordable or can be financed. Thisiswhy many benefit-cost analyses often

fall far short of making a business case to the users of the system.

Considering the State of the Art

Cost-benefit analysis of air traffic management investments by government agencies
in the U.S. often requires atotal net social benefit evaluation. Costs and benefits are

aggregated to derive arelatively simple set of final conclusions about the value of a project.
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However, cost benefit analysis as practiced by agencies such as the Federal Aviation
Administration (FAA, 1999) does not insure equity, Pareto efficiency, and much less
guarantees political consensus. Technology and policy choices are often made in the political
arena and may come at the will of a powerful person or group. Negative effects on a subset
of stakeholders can be outweighed by benefits to a majority in some cost-benefit analyses.
Standard cost-benefit analysis has been expanded in an attempt to capture
environmental effects and the value placed on access by different agents. It also triesto
reconcile varying opportunity costs across income levels with aview toward equity. In
aviation, the newest guidelines call for categorizing delay by where it occurs and to account
for the effects of induced demand from better service (FAA, 1999). However, attention to the
distributional impacts among the multitude of agentsinvolved in air traffic management
remains inadequate. In evaluating the cost of air traffic delay, adistinction is sometimes
made between low-cost and full-cost carriers and two different multipliers are used to
convert delay to monetary cost. But little work can be found in which attention is paid to the
following three important issues in aviation cost-benefit analysis: 1) Aggregate delay is not
shared equally among the players. Most aviation cost-benefit analysis hinges on how the
change will effect delay (normally, the single largest benefit of atechnology) and most use
gueuing theory to calcul ate the savings; 2) While carriers may be categorized into low-cost or
high-cost, these categories do not capture the cost differences of varying fleet mixes,
operating costs, flight types, and business strategies relating to schedule; and 3) There may
be incentives to deviate from First In-First Out practices in managing traffic queues, which
may skew delay to certain flights and passengers. Examples would be reordering the planes

to prevent triggering reportable delay; maximizing runway usage; and prioritizing connecting
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flights or flights with higher passenger loads. A far more detailed queuing and delay analysis
needs to be integrated into cost-benefit methods in order to address issues of thistype. This

paper presents an attempt at doing this.

Conceptua Framework

Conceptually one can aim to calculate impacts of a project on a group of agentsin
such away asto retain knowledge of individual preferences. If aproject produces net social
benefits to al, then with such knowledge one can invoke a compensation criterion to
approach a Pareto efficient solution to the problem of differential impacts. Arguments for
public investment are based on the idea that the funded project will have positive
externalities that could not be internalized to trigger private expense. We are focusing on
negative externalities that may prevent a project from being approved. With strong property
rights and clear endowments, taxing structures imposed by the government are not needed to
reach a Pareto optimum (Page, 1973). However, by aggregating the detailed impacts, one
cannot reveal these externalities (or, more correctly, hidden effects), and one loses the
information needed to avoid the taxing intervention. If there were perfect information and
ways for each stakeholder to trade effortlessly with the others, then a pricing mechanism of
these technol ogies would not be needed. Given that this does not occur, we need the
conceptual framework to reveal as much information as possible to drive down the costs of

imperfect information while setting up the knowledge base for future pricing.
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Conceptual Model

We consider a system with many stakeholders, or agentsi/ | and a project whose
impacts are measured by j/ J metrics representing different measures of performance (cost,
delay, etc.) We define a matrix

M = {m;}

where my; represents the impact of the i"™ measure of performance on agent j. We
next define matrix, U = {u;;} representing the valuation of metric i by agent j. This can be
obtained from a study of the utility structure of agent j and, given sufficient knowledge about
the behavior of the agent can be measured by j™ the compensating variations that would
result from changes in the value of metric i. By combining the impact matrix M with the
valuation matrix U we can obtain an effects, or evaluation, matrix E = {e;},

E=M-U,

which represents the agent-specific utility changes due to the project in question. E can form
abasis for defining redistribution mechanisms (pricing, taxes, etc.) that are necessary to
ensure a Pareto efficient solution and to correct any inequities that may result from the
implementation of the project.

The impact matrix, M, (measuring how a project or a policy affects each agent)
requires adetailed model or simulation of the system operating under the project in question.
Considerable capabilities exist in the current state of the art for detailed simulations of
aviation systems. Many of their results however are aggregated prior to applying them to cost
benefit analysis. This aggregation usually takes the form of aweighted average delay cost

over the mix of airlines and aircraft types.
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The Valuation Matrix, U, can be measured by observing agent behavior in order to
understand how the different metrics are valued. Ultimately, it is a mechanism for converting
as many of the metrics as possible to monetary terms. For example, if a particular airline
prefersto incur additional fuel consumption in order to reduce flight delays (e.g. leaving the
origin athough there may be en route or terminal delays at the destination), then that should
be reflected in that airline’ sinternal cost structure. Airlines might prefer to incur additional
delays at its hub to capture and maintain a greater market share. Airport hubbing may provide
additional benefits with the greater ability to reorder flights to optimize the airline' s profit
(minimize the effects of delay). If agroup of passengers prefer reliability (reduced
cancellations and fewer late flights) to flexibility (more flight options) then that should be
reflected in their demand function. The Effect Matrix, E, can ultimately be obtained from the
dot product of the two, if everything iswell behaved and measured by the right scale. From
the Effect Matrix, we obtain the total effect of a project or policy on each agent, which can

serve as the basis for creating a cost reallocation strategy.

Investment in Air Traffic Management Technology

We apply the conceptual framework articulated above to investment analysis of
technologies that enhance air traffic efficiency in the terminal airspace. To do thisafew
words on how improvements arise and are perceived by usersin that environment arein
order. Improvements in the terminal airspace can occur in two operating modes: normal
operations and degraded operations. The conceptual model captures the differences in how
technol ogies impact the system under both modes. Technologies designed to improve

degraded operations are designed to restore the system to normal operations, whereas those
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aimed at enhancing normal operations expand the capacity of the system even when it
operates at peak performance. Because airlines tend to schedul e operations according to the
capacity during normal modes (although controllers assert that at certain airports, like La
Guardiaand Chicago O’ Hare, airlines schedule over the capacity of the airport), certain
aircraft delays under normal operations are accepted as a cost of doing business. Changes to
the normal operations can influence capacity and/or efficiency, and certain improvements
that increase capacity under the normal mode may actually increase the differences between
normal-operations capacity and degraded-operations capacity, further exacerbating the
impact of degraded operations.

The construction of an additional runway would be a capacity change under normal
operations. An efficiency change would be reducing the required separation between
airplanes during take-off and landing alowing more operations per hour under good visua
flight rules. In this case, if the separations under poor weather/visibility conditions (degraded
operations) remained the same, the impacts of degraded operations would be greater as the
departure/arrival demand would be higher because of the additional operations allowed by
the greater efficiency under normal operations.

Degraded operations occur when one or more el ements operate at |ess-than-normal
operational capability or with one or more restrictions due to weather or equipment outages.
The technologies that influence the degraded mode try to reduce the differences between the
normal and degraded capacities so that, in a perfect world, the minimum would be no
disruption and the system would always be in “normal mode’ regardless of the weather or
equipment outages that would reduce capacity. Many capacity enhancement programs are

designed to reduce the severity and/or duration of the degraded operations mode.
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Accounting for the state of the system sets the stage for understanding how
stakeholders will react to the technology and gives a common basis for the comparison of
aternative ATC system enhancements. Knowing how atechnology will affect the state of
the system also facilitates the identification of similar, potentialy overlapping or competing

technologies or projects.

Key Metricsfor Analysis

Efficiency: Because the system has been defined in terms of normal and degraded
modes, the impacts of atechnology such as weather prediction could depend on mode. An
airline that has five flights aday at a given airport will view increased efficiency differently
than one with 50 flights. An airline operating a major connecting hub will view increased
efficiency differently than a point-to-point airline with no connecting flights at the airport in
guestion. Efficiency, as well asthe loss of efficiency due to mode degradation can be
affected by atechnology, but the economic impacts of various technologies can vary widely
depending on the nature of the operations involved. As uncertainty relates to a specific
technology or technologies, cost-effectiveness can be determined by comparing the cost
associated with reducing the uncertainty with the savings associated with the reduction in
inefficiency.

Under normal operations, there is inherent uncertainty because of imperfect
information. A classic example is reducing uncertainty as measured by on-time arriva
performance by adding extratime, a‘buffer,” to the flight times between airports; this
increases the likelihood of an on-time arrival but introduces inefficiency into the system with

underutilized aircraft and crew during normal operations. Technology changes to normal
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operations seek to increase knowledge and reduce the uncertainty and thus decrease the
inefficiency of the system.

Delay: Thisisan important metric of system performance and one that plays a central
rolein cost-benefit analysis. As mentioned earlier, most applications include fairly highly
aggregated measures of delay that mask variations among agents and the real economic cost
of delay. Aggregate delay analysis misses important distributional effects of a technology,
especially when it shifts where delay occurs and how the delay burden is distributed. An
important feature of delay analysis as applied in this model is the inclusion of a schedule
buffer. The buffer, results from the practice of what is called schedule padding, which
airlines use in order to maintain on-time performance while absorbing expected delays.
Excessive buffer time leads to inefficiencies, especialy when airlines pay crew costs for the
entire scheduled time even if a plane arrives early. Insufficient buffer time, on the other hand,
causes on-time performance to decline, adversely affecting an airline’s competitiveness
position.

Table 1: Calculationsfor Delay to Operators by Carrier and Aircraft
from Aviation Daily

On ground — On Ground - Airborne Delay
engines of f engines on
" . .
Lessthan buffer None Direct Maintenance Direct ma ntepance +
Fud/QOil
More than buffer** Craw costs Direct Maintenance Direct maintenance +
+ Crew costs Fuel/Oil + Crew costs

* |f the airborne time is less than the planned OAG flight schedule (minus buffer, taxi in/out times),
then saved delay is multiplied by the crew costs to counterbalance the cost of the delay taken on the
ground.

** |f the delay is more than the connection time, an administrative cost is added per connecting
passenger
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Table 1 shows the categories of delay per flight and the method for calculating the
cost of each type of delay. The distinction between elements of delay is critical for proper
costing. For example, when aflight arrives before its scheduled arrival time, the crew’ s labor
cost is not affected. However, the flight, possibly delayed an amount less than the buffer
built into the schedule, may have incurred some extra flight time, and thereby extrafuel and
mai ntenance costs but not crew costs. In such a case only the second element would enter

into the costing of this‘delay’.

Case Study: Performance Enhancement Technology, ITws

The case study presented here deals with the evaluation of the impact of Integrated
Terminal Weather Service, ITWS. Thistechnology provides a weather preview and real-time
capability that allows pilots and traffic controllers to manage traffic more effectively during
convective weather eventsin the terminal airspace and provide for greater travel safety. ITWS
has been deployed at a number of airportsin the U.S. and is under consideration for wider
deployment in the US National Airspace System. The focus of this study is on one class of
metrics representing elements of delay and on a group of agents representing different
airlines, aircraft types, and type of flights (long haul vs. short haul).

A recent study by the MIT Lincoln Labs (2001) uses an anal ytical demand-capacity
model to estimate the delay reduction that can be achieved from deploying ITWS. The study
estimates the results for a variety of capacity constraints that the technology mitigates. Using
aspecific day, May 24, 1999, the MIT study calculates the total delay savings (both
passenger and airline) by having an additional five departures an hour for ten hours to be

approximately $2 million (the dollar sign is enough) over that twenty-four hour period. The
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study uses block hour values for cost of delay calculated by using queuing theory and,
because of the analytical nature of the model, aggregates the totals for al agents. Many other
studies have used more differentiated costs, such as airborne, ground and gate delay, but they
have not taken it to the individual carrier and aircraft level.

In an attempt to obtain a more comprehensive estimate of the benefits of the M
matrix for ITWS, we have used data for this day from the Airline Service Quality
Performance', ASQP, database and mode! the total delay value for the day with and without
ITWS. Beyond the method by which delay values are calculated, the analysis here also deals
with how delay values could be affected by the state of the system. Additionally, increasesin
the efficiency of the system during degraded operations could lead to secondary benefits such
as the reduction of buffers. With shorter buffers, there could be more efficient fleet utilization
and possibly more operations or less waste by increasing the utilization of previously

underused equipment during normal operations.

Methodology for An Analytica Example

On May 24, 1999, ITWS was used to mitigate the impacts of amajor storm at the
Newark Airport, EWR. Measuring the delay reduction due to ITWS requires estimating what
the day would have been like without it. Using the time history of each individual aircraft
that operated at EWR that day, one can trace the aircraft’ s progress and measure delay
incurred at various stages in the operation as the aircraft departed its upstream station, arrived

at EWR, and eventually departed EWR to its downstream station. Using the Lincoln Lab

! The ASQP database is available from the FAA and tracks the domestic flights of the ‘reporting’ airlines with
regard to the scheduled times and the actual times that the flight flew. ‘Reporting’ airlines have achieved an
annual revenue of over a benchmark; this benchmark does change. Most notably in the summer of 2004 JetBlue
will become a ‘reporting’ airline because it will have reached alarge enough size.
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simulation results that indicate aloss of five aircraft departure slots per hour in the absence of
ITWS, departure delays are estimated by shifting the departure curve as one would shift the
deterministic queuing model.

Because this analysis focuses on Newark departures and Newark was experiencing
heavy delays, all extradelay (due to the lack of ITWS) is assumed to be incurred on the
ground at Newark. Using the tail number of each aircraft in the system on the case study day,
the progress of each aircraft is traced through the day. These data are available from the ASQP
data (http://www.apo.faa.gov) for a sample of reporting airlines covering about 90% of all air
traffic in the US. [Please see Appendix B for adescription of the data used in this study.] On
May 24, 1999, Newark had 625 scheduled departures and 619 scheduled arrivals, which
includes scheduled international flights that are not reported in the ASQP database. There
were 90 cancelled departures, 77 cancelled arrivals, and 164 diverted flights. For our
anaysis, we eiminated flights that were diverted because we could not determine when they
landed at Newark Airport and flights without atail number because we needed to match
outbound flights to their inbound counterparts. Therefore, 274 departures (approximately
51% of the actual departures) and 249 arrivals (approximately 46% of the actua arrivals)

were used in the analysis.

Smulating the Effects of May 24, 1999 Without ITWS

To simulate the effect of the assumed capacity reduction of five fewer departures per
hour (in the absence of ITWS), we first uncouple the departing flight from its respective
departure time. Then, each actual wheels-off timeis considered a“dlot”, and five slots are

removed randomly from each hour. Each departing flight is delayed by assigning it a
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departure slot from the remaining slots. After the storm is over, new departure slots are
created to clear the queue of remaining departures as would happen after capacity is restored.
Asasimplifying assumption, flights are kept in the same sequence that they departed as
indicated by their wheels-off times on May 24", 1999 regardless of the scheduled departure
times. Nine departures were added throughout the 21:00 hour where other departures were
not scheduled. Similarly, fifteen departures in the 22:00 hour, twenty-four flightsin the 23:00
hour, and two flights after midnight were added.

While adding these departures, we considered the departure capacity of Newark
which iswhy only nine flights were added in the 21:00 hour, as the airport may be less
efficient after amajor disruption has ended. Total delays were then estimated for departing
flights and the resulting delays were categorized according to the delay categories found in
Table 1 for the origina day and the simulation. The difference between the two serves as our
one-day estimate of the delay benefit associated with ITWS, which will then be weighted to
reflect that thisis a sample of the flights served on this day. June 13, 1998 (a storm day
before ITWS was deployed at Newark Airport) serves as a reference point for this study for

conclusions on the benefits of ITWS and the value of thisframework.

Correcting for Arrival Delay to Departures

To illustrate the queuing analysis we look at the departure process from EWR on two
days, June 1, 1999 and May 24, 1999. The first was a date with good weather and visual
conditions throughout, and the second was a day with severe convective weather storms and
significantly reduced airport and airspace capacity. Three variables are defined for the

purpose of this queuing analysis:
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1. Anaircraft’ s place in the departure queue NEWDEP is defined by:
NEWDEP = max. { (ASQPARR+30) ; OAGDEP}
where ASQPARR is the actual arrival time of the aircraft, and OAGDEP is the
scheduled departure (pushback) time. By adding 30 minutes to the first term we
represent an aircraft place in the departure queue either by its scheduled departure
time, or if it arrives late, by the arrival time plus a 30-minute turn-around time.

2. Anaircraft’s actua pushback time, ASQPDEP.

3. Anaircraft’s actual wheels-off time, WHOFF.

For each of the two days in the sample, two queuing diagrams are compared. Oneis based on
the cumulative counts of the relevant variables, and gives the average delays and queuing
behavior of the system as awhole, without regard to actual delay of individual aircraft. Such
a cumulative queuing model describes a system in FIFO. The other diagram traces the history
of individua aircraft and thus shows the actual delays experienced by individual aircraft. The
difference between this pair of queuing diagrams describes the extent to which the system

deviates from the FIFO regime.

Results of the Newark Case Study

In the analytical example, we find adirect benefit of 1ITWS of $266,459 in departure
delay savingsto the ASQP reporting airlines on May 24, 1999, from five AM when the first
plane begins the departure sequence until the queue clears sometime shortly after midnight.
While this would only represent approximately 50% of the benefit, this value is significantly
less than $996,912 of airline benefit obtained by the 2001 study. The main source of
difference is the disaggregation (one word!) of delays and the introduction of schedule
buffers that airlines use to absorb expected delays without affecting flight schedules. In the
anaysis presented here, delays are calculated separately for each airline based on that

airline’ s operating costs for each aircraft type. Delays are also differentiated according the six
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kinds of delay described in Key Metrics. Thus, cost per minute of delay depends on whether
it occurs while the aircraft isin the air, parked, or taxiing on the ground. In Table 2, the delay
cost in minutes and dollarsis shown for each airline. From this table, we can see that there
seem to be clusters (around 45, around 68, and around 75) of delay savings per flight in
minutes due to ITWS. However, when they are trandlated into dollar values, some dispersion

occurs because of the different operating costs of the carriers and the fleet mixes.

Differential Incidence of Departure Delay Cost

Figures 2 and 3 show these queuing diagrams for June 1, 1999. As can be seen in Fig.
2, thisday has very little delay in the system, except for a period in the afternoon when the
rate of aircraft push-backs (ASQPDEP) exceeds the runway capacity (WHOFF), and the taxi-out
gueues build up. This day represents the ideal normal operations as most airports experience
small amounts of peak afternoon delay due to the over-scheduling of runway capacity and
dlight delays from other airports propagating through the airspace system. The horizontal
distance between the OAGDEP curve and the ASQPDEP curve represents departure delay in
leaving the gate (or on-time departure performance). The horizontal distance between the
ASQPDEP and the WHOFF curves represents the total actual taxi-out time, which includes
departure queuing delay.

The aircraft specific queuing diagram in Fig. 3 shows very little reordering of aircraft
and close similarity to the FIFO regime. Visually, there would be reordering when a flight
with an earlier NEWDEP has a WHOFF time after another flight with alater NEWDEP or
when the lines are between NEWDEP and WHOFF created ajagged pattern instead to

smooth curves.
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Figure 2: Newark ASQP Cumulative Departure Count Curves, June 1, 1999
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Figure 3: Newark ASQP Individual Departureson June 1, 1999 showing expected departuretime
(NEWDEP), actual push-back from the gate (ASQPDEP), and take-off (WHOFF).

Sequenced by scheduled departur e time accounting for arrival delay (NEWDEP). Each row isa separate
flight and the times associated with itstime on the ground at Newark Airport on June 1, 1999.
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Figure 4: Newark ASQP Cumulative Departure Count Curves, May 24, 1999
The pictureis quite different when looking at April 24, 1999, a day with a significant

loss of capacity due to weather, shown in Figs. 4 and 5. Figure 4 shows the aggregate delay
values and the evolution of queue lengths with no distinction among aircraft, or under the
hypothetical condition of afirst-in-first-out regime. This diagram shows the extent of delays
on that particular day, when as mentioned earlier, severe weather conditions were
encountered. Delays on the order of two hours or more are clearly visible in the diagram.
Figure 4 shows us what the standard approach to delay cal culation would reveal, but as
Figure 5 will show, these flights have been reordered so that the actual curves are not as
smooth or equally distributed to the flights as the cumulative count curves would appear. The
comparison of these two graphs demonstrates the need for the disaggregated cost accounting

to reflect that the delay does not occur equally among the flights.
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Figure5: Newark ASQP Departure Delay (flight specific) on May 24, 1999
Sequenced by scheduled departuretime (NEWDEP).

But what is perhaps more interesting is the actual history of individua aircraft as
shown in Fig. 5 where significant departures from FIFO are evident, and where many aircraft
were taken out of their order in the service queue both in departure from the gate (ASQPDEP),
and in actual whedls-off (WHOFF). Thisis evident as the green dots (WHOFF) do not occur in
the same pattern as Figure 4 which is the FIFO condition. Looking more closely at this graph,
flights take-off before other flights even though they pushed back later. Recall that ITWS was
in operation on that day and it is reasonable to assume that traffic controllers, or airline
dispatchers would have taken considerable liberties with the FIFO regime in order to use the
technology to its fullest potential and get as many flights out as possible during the period of
severe capacity degradation.

Table 2 shows the numerical differential impact of delay on airlines. For example, US

Airways experienced the highest per minute cost at Newark with 1ITws and in the simulation



34

on May 24, 1999 than any other carrier. This seemsto be a function of its operating costs and
where the delay occurred rather than the amount of actual delay experienced. Theinitid
“endowments’ of delay can be tied back to the Pareto framework to determine whether the
technol ogy implementation would meet the Pareto criterion or whether some compensation
to that airline would be called for, at |east in theory.

ITWS has varying effects on the airlines at Newark due to the number of flights that
the airline had, their operating costs, and the time of day of their flights. Continental, the
largest operator at Newark, benefits the most in total delay and total dollars. American
benefits the most per flight in minutes and in dollars. TWA saves the least per flight basis but
also has the least cost per flight on May 24™, 1999 and in the simulation. Whileit is clear that
al carriers benefit from the deployment of ITwS at Newark, there is no reason why all
carriers should be willing to pay for it equally. It is far from obvious that the current scheme
for paying for such investment, namely ticket taxes, is an economically efficient pricing
scheme.

ITWS, as most technologies supported by the FAA, was funded through the FAA
Trust Fund. Thetrust fund revenue is largely from aten percent ticket tax on passenger
tickets sold in the United States. As different carriers have different prices for their seats,
passengers traveling the same route and even on the same plane are paying different amounts
for the air traffic control servicesthat their flight uses. However, the FAA desires to move to
a performance based system where there would be presumably more user fees more similar
to pricing structures found in other countries. The Trust Fund would provide money for
research and development but the technol ogies that would be implemented would

theoretically have to provide a business case.



Table2: Costs of Delay to Reporting (ASQP) Airlinesat Newark Airport on May 24, 1999

[ American Continental Delta  America West Northwest TWA*  United Airlines US Airways

Aggregate Cost of Delay

In Minutes
With ITWS 1,988 16,167 1,844 588 1,039 257 1,955 475
Without ITWS 3,820 29,126 2,748 1,191 1,633 592 3,900 763
Savings from ITWS 1,832 12,959 904 603 594 335 1,945 288
In Dollars
With ITWS $33,583 $ 209,061 $27,264 $ 7,724 $ 8816 $ 1674 $ 26,550 $ 9,923
Without ITWS $69,266 $ 376,459 $41,162 $ 13,644 $15,150 $ 4,247 $ 55,420 $ 15,706
Savings from ITWS $35,683 $ 167,398 $13,898 $ 5920 $ 6,334 $ 2573 $ 28,870 $ 5,783

Cost of Delay per Flight

In Minutes
With ITWS 80 95 97 74 87 51 70 68
Without ITWS 153 171 145 149 136 118 139 109
Savings from ITWS 73 76 48 75 49 67 69 41

In Dollars
With ITWS $ 1343 $ 1230 $ 1435 $ 965 $ 73 $ 335 % 948 $ 1,418
Without ITWS $ 2771 $ 2214 $ 2,166 $ 1,705 $ 1262 $ 849 $ 1979 $ 2,244
Savings from ITWS $ 1,428 $ 984 $ 731 % 740 $ 527 $ 514 % 1,031 $ 826

Per Minute Costs

$ per minute w/ $ 1679 $ 1295 $ 1479 $ 1304 $ 845 $ 657 % 1354 $ 20.85
$ per minute w/o $ 1811 $ 1295 $ 1494 $ 1144 $ 928 $ 7.19 % 1424 $ 2059
savingsin$permin $ 1956 $ 1295 $ 1523 $ 987 $ 1076 $ 767 $ 1494 $ 20.15

* TWA merged with American Airlines after this date.



Table 3:Cost of Delay to Reporting Airlinesat Newark Airport on June 13, 1998

Aggregate Cost of Delay American Continental Delta America West Northwest TWA United Airlines US Airways
In Minutes
Without ITWS 1,866 17,748 1,558 1,115 829 414 2,595 834
In Dollars
Without ITWS $ 36,851 $ 260,442 $ 25,205 $ 17,217 $ 11,958 $ 5,213 $ 44,056 $ 15,823
Cost of Delay per Flight
In Minutes
Without ITWS 85 121 82 223 83 104 100 119
In Dollars
Without ITWS ¢ 1675 $ 1772 $ 1327 % 3443 $ 1,196 $ 1,303 $ 1694 $ 2,260
Per Minute Cost
$perminute  $ 1971 $ 1464 $ 16.18 $ 1544 $ 1441 $ 1253 $ 16.94 $ 18.99

Table4: Cost of Delay to Reporting Airlinesat Newark Airport on June 1, 1999

Aggregate Cost of Delay American Continental Delta  America West Northwest TWA United Airlines US Airways
In Minutes
With ITWS 762 2,976 478 242 1,755 253 589 147
In Dollars
With ITWS  $ 15,285 $ 44,219 $ 3,632 $ 3,207 $ 15,031 $ 2,749 $ 5,996 $ 1,892
Cost of Delay per Flight
In Minutes
With ITWS 30 14 15 27 110 51 20 10
In Dollars
With ITWS  $ 611 $ 208 $ 117 $ 356 $ 939 $ 550 $ 200 $ 126
Per Minute Cost
$perminute $ 2037 $ 1486 $ 780 $ 1319 $ 854 $ 1078 $ 10.00 $ 12.60

Seven departures were removed from this delay calculation because they had ground delays of over 150 minutes on a good weather day. Either the flight had
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mechanical problems or had a ground delay due to inclement weather at the destination, neither of which isafunction of how the Newark Airport is functioning.
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ITWS was deployed at Newark Airport in Fall 1998 and June 13, 1998 was chosen
for a comparison because the schedul es were expected to be similar given the approximate
one-year time difference between the dates and the heavy storm activity. There were
originaly 522 scheduled departures and 517 scheduled arrivals. Fifty-one departures and
fifty-three arrivals were cancelled. There were 91 reported diversions in the ASQP database
and 240 departures are used for our analysis. Although no two storms are the same, we can

evaluate how the airlines were affected under this storm without the benefit of ITWS.

Figure 6: ASQP Cumulative Count Departure Curvesat Newark Airport for June 13, 1998

From Figure 6, we can see that the growth of delay follows a similar pattern to Figure

4. Therefore, while direct comparisons for the benefit of ITWS cannot be determined,
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looking at June 13, 1998 does provide an important insight into endowment of delay with the
ITWS intervention. Table 3 is the breakdown of delay costs for June 13, 1998 for the
reporting airlines at Newark Airport. For some carriers, per minute costs are higher in 1998
while for othersthey are lower. We would expect the 1998 costs to be higher as better
weather prediction (the implementation of ITWS) would allow carriers to be more efficient
and lower their per minute delay costs.

Table 4 shows the value of delays during a good day. The most notable differenceis
the magnitude of the delays and their total value which is substantially less than on the poor
weather day (Table 2). The per minute delay costs are lower compared to May 24™, 1999 for
United, US Airways, Deltaand America West. Lower per-minute delay costs are expected as
shorter delays will not trigger the higher costs of having to pay the crew as most of the delay
will occur within the buffer. The per-minute costs of Northwest are within $0.09 for May
24™ 1999 and June 1%, 1999. Because Northwest Airlines has relatively few departures from
Newark Airport, Northwest experienced delay in basically the same manner.

American, Continental, and TWA all had a higher per-minute cost on June 1%, 1999
which isthe day with less delay. Two possible reasons for this are that due to the large
number of flights, American and Continental are more inclined to have more delay asthe
afternoon queue will more adversely affect them than a carrier with fewer flights and that the
delay at the destination (Chicago or Ohio) may be adversely affecting these carriers when the
other carriers do not share these troubled destinations. TWA had such alow per-minute cost
under storm situation on May 24™, 1999 because of its schedule relative to the storm, which
may have made TWA appear to be abnormally low. Therefore, this may be a more accurate

representation of the per-minute cost of delay.
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Figures 7 and 8 illustrate the differential incidence of delay and delay cost among the
different carriers. Fig. 7 shows the average delay in minutes per flight on May 24™, 1999 asiit
occurred, the simulation of May 24™, 1999 without ITWS and June 13, 1998 as it happened.
Fig. 8 shows the same results in dollars per flight. Not only do the airlines accrue different
savings from the implementation of the technology, but they aso incur different monetary
costs and hence cost savings. Depending on the types of flights and types of aircraft, and the
nature of their schedules, airlinesincur different monetary costs for the same number of
minutes of delay. It is clear that they should be willing to pay differently to use the
technology, both in total, and on a per unit of delay basis.

The datafrom June 13, 1998 imply that the simulation probably overestimates the
delay to the system if ITWS had not been in place on May 24", 1999. This is expected
because we know that as the queue builds there would be more diversions and cancellations
which would be dropped from the delay calculations. This report does not include the value
of not canceling flights asit is outside the current scope. A queue with an additional fifty
flights would encourage cancellations which would bring the delays (in minutes and dollars)

per flight down.

Differential Incidence of Arrival Delay Cost

We created anew variable, NEWARR?, to represent the arrival rate to the terminal
airspace which is approximately twenty minutes from arrival at the destination gate if thereis
no delay accounting for any departure or en route delay at the origin airport. Thisvariableis
used in graphsto visually assess the differences in the demand and service of air traffic

control.

2 Please see Appendix B for details on the creation of this variable.
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Figure 9: Newark Airport Cumulative Arrival Curveson May 24™, 1999

Figure 10: Newark Airport Individual Arriving Flights on May 24", 1999

OAGARR isthe scheduled arrival time, WHON isthe actual landing time, NEWARR isthe time entering
the Tracon queue and ASQPARR isthe arrival time at the gate. Flights are sequenced by NEWARR.
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While there was much arrival delay on May 24™, 1999, aimost all of it was
attributable to delay taken on the ground. If there were large delays taken through circling or
by slowing down on en route, we would see alarge separation (more than 20 minutes)
between the NEWARR and ASQPARR curvesin Figure 9. Figure 10 Confirmsthis
conclusion as we see that only afew planes have their ASQPARR diamond farther from the
NEWARR upside down triangle. For the most part, the points are very close to each other,
signaling that there is very little delay taken in the air at the destination, which isthe most

wasteful form of delay with regard to fuel burn and emissions.

Figure 11: Newark Airport Cumulative Arrival Curveson June 1, 1999
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Figure 12: Newark Airport Individual Flight Arrivalson June 1, 1999

On this day with little delay, individual flights experienced some upstream delay (where they were held
for some reasons at the origin airport); these flights have an OAGARR well before the WHON and
ASQPARR. If wezoomed in on thisgraph we would find that several planeslanded (marked by WHON)
beforetheir scheduled arrival time (OAGARR). Flights are sequenced by NEWARR.

Figures 11 and 12 are the respective aggregate curves and flight specific arrivals for
normal operations at Newark Airport. Thereisvery little delay taken in the air which
minimizes costs as air delay is the most expensive form of delay. The band between
NEWARR and ASQPARR in Figure 12 is alittle larger than in Figure 10 to reflect that
under normal operations, there is no ground delay program® which would manage the flow
into an airport and prevent airborne delays and there may be asmall delay if too many planes

arrive at once.

% In degraded operations due to severe weather, the FAA administers a program to prevent excessive delaysin
the air by preventing airplanes from taking off until the destination airport will have capacity for the plane when
it arrives. This system favors long-haul flights because they are able to take-off before the programis
implemented because they have alonger flying time. However, this may also mean more circling at the
destination as there is now reduced capacity.



Methods of Equity and the Initial Delay Endowments

In addition to possibly yielding different benefits to different users, atechnology can
create inequity by altering the initial delay endowment as represented by the departure from
the FIFO regime that it can cause in aqueuing system. This arisesin cases where
technologies aimed at optimizing the overall operation of the system ater theinitia order of
arrivals at a service queue (e.g. atake-off or alanding). In the case of weather mitigation,
preview capabilities of weather related closures of certain parts of the airspace may cause the
controllers to process some aircraft ahead of others, or airline dispatchers to send some
flights ahead of others.

One way to capture these equity implicationsisto look at the degree to which the
gueue regime adheres to the first-in-first-out (FIFO) principle. By observing the history of
each aircraft in the system, we are able measure departure from FIFO and use that to quantify
the degree to which delays are allocated differentially among flights. Different flights
experienced very different delays on May 24, 1999. A metric that measures departure from
FIFO can be use to quantify the equity implications of the traffic management schemein
effect. Understanding the reasons behind these differences will help understand the
distribution of impacts among different flights, and the extent to which these differences are
impacted by the operational behavior of different airlinesin managing their traffic under
degraded capacity modes.

In order to quantify this departure from the system’sinitial endowment of delay as
represented by the schedule we measure the departure from FIFO in the queuing system. A
convenient measure of this departure can be derived from the fact that as some flights are

advanced ahead of others in the queue the total delay is not altered but itsincidenceis altered
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such that the advanced aircraft saves an amount of delay that is equal to that lost by the
aircraft that is skipped. This means that when comparing FIFO and any other scheme that
serves the same total number of aircraft the total and the average delay are the same, FIFO
will have the minimum variance of delay. This property is used to characterize a queuing
schemei on the basis of the following variance ratio, R;, defined as follows:

R = s%/s%
where s? isthe delay variancein systemi and s isthe delay variance in the equivalent
FIFO system. A larger value of R represents a queuing system with more deviation from the
FIFO regime and a saving of delay to some aircraft at the expense of othersin the same

gueuing system.
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Figure 13: Efficiency and Queue Disr uption — R-values for Newark Airport Departures, May 24™, 1999

The points from left to right are from June 1%, 1999, May 24", 1999, June 13", 1998 and the May 24",
1999 simulation without I TWS.
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The values of the queuing equity indices, R, are calculated for the systems displayed
in Figures 2 through 6 representing normal and degraded operations with ITws technology in
effect. To further differentiate the equity index among types of flights, it is calculated
separately for short haul flights (flights shorter than 2 hours) and long haul flights. Figure 13
shows the R-values for Newark for these flights calculated for the cases with high delays and
no ITWS intervention, and lower delays with ITWS intervention. It is notable that the delay
reduction attributabl e to the technology is accompanied with increased departure from the
FIFO queuing regime, which means at a price in terms of equity among types of flights.
Although thereis alimit to reordering as there is less delay (and reason to reorder) in the
system under normal operations, thereis still substantial departure from FIFO as airlines
adjust their schedules to maximize on-time performance. These results, together with those
shown in the previous section, illustrate the differential impact of this technology on airlines

and on flight types. [Please see Appendix C for tables used to calculate the R-values.]

Pricing and Redistribution

Thisframework is designed to aid the implementation of an efficient pricing scheme
that will allow for air traffic management technol ogies to be implemented in afaster
timeframe. To understand how this framework may be used, we have discussed our thoughts
on pricing and reallocation schemes. Reallocation is necessary in two situations. cost
recovery and finding a Pareto efficient solution to atechnology change. The resultsin the
previous section illustrate the importance of an airline' s cost structureto its value of a
technology and consequently to its willingness to pay for it.

If the technology is priced correctly, it may provide for some cost recovery while

providing a Pareto efficient solution. Given an investment decision in air traffic management,
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the aim is to determine an efficient pricing mechanism for Air Traffic Services (ATS) that
maximizes net social benefits. This generally means maximizing the sum of consumer and
producer surplus and results in a pricing mechanism that is based on the marginal cost
responsibility of each user group. Such a scheme will work when marginal costs are above
average costs.

However, ATS services generally belong to the category of public facilities with
significant economies of scale, falling average costs, and with marginal costs that are bel ow
average costs. In such systems, the marginal-cost pricing scheme is generally revenue
negative. Therefore, a pricing mechanism, such as Ramsey pricing must be sought that would
recover costs and allocate prices efficiently. Under Ramsey pricing, prices are determined on
the basis of maximizing net social benefit, but they are subject to the constraint that they
must cover total costs. In particular, adjustments must be made in the form of marginal cost
surcharges that are inversely proportional to the price elasticity of the demand by the various
user groups (GRA, 1997).

In the case of atechnology like ITWS, the measurable benefit isin terms of the delay
savings. In the first part of the study we obtain the costs of different blocks of delay and use
them as abasis for evaluating benefits to different users. On the basis of that evaluation, one
could suggest fees or charging schedules for different users and equipage levels. This does
not mean that ITWS is equitable as our results shows a broad variety of benefits based on the

airline and that significant reordering at the flight level does occur.
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INVESTMENT DECISION FRAMEWORK

Pricing may be atool for redistribution that aims to balance the incidence of costs and
of benefits among the different users of asystem. Given an investment decision in air traffic
management, the aim is to determine an efficient pricing mechanism for Air Traffic Services
(ATS) to maximize net social benefits. This generally means maximizing the sum of
consumer and producer surplus and results in a pricing mechanism that is based on the
marginal cost responsibility of each user group. Such a scheme will only work when
marginal costs are above average costs.

However, ATS services generally belong to the category of public facilities with
significant economies of scale, falling average costs, and with marginal costs that are bel ow
average costs. In such systems, the marginal-cost pricing scheme is generally revenue
negative. Therefore, a pricing mechanism, such as Ramsey pricing must be sought that would
recover costs and allocate prices efficiently. Under Ramsey pricing, prices are determined on
the basis of maximizing net social benefit, but they are subject to the constraint that they
must cover total costs. In particular, adjustments must be made in the form of marginal cost
surcharges that are inversely proportional to the price elasticity of the demand by the various
user groups®. Ramsey pricing for air traffic management services has been explored in the
Cost Allocation Study of Federal Aviation Administration (FAA) Financia Y ear 1995 costs.

The case of ATS s further complicated because, given the important safety
externalitiesinvolved, it is essential that all users take advantage of the service. But given the

users vastly differing economies, it can be argued that some degree of cross-subsidization is

4 GRA, 1997.
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justified, which means that some user groups may be subsidized by others if such group
cannot economically bear their share of the cost. A good example of such asubsidy isthe
amount paid by genera aviation (GA) for ATS. By some estimates, GA currently pays 3% of
the user taxes while using 20% of all en route ATC services and 59% of all control tower and
approach control (TRACON) services.”

The Current Financing System

Appropriations authorized from AATF meet the obligations for Airport Improvement
Grants, facilities, equipment, research, engineering, development, and part of operations. The
Bureau of Transportation Statistics' Office of Airline Information is also supported with
AATF funds as authorized in AIR-21. The scope of this project concerns with the financial

support that ATC operations, facilities and equipment receive from the AATF.

5 Poole, Accessed in November 2003.
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Figure 14: Financial Flowsin National Airspace System

Fifty percent of the expenditure of AATF istowards FAA operations, or operations of
the ATC System. Of the remaining, 23% is spent on facilities and equipment, and 24% on
grantsin aid for airports. Of the sources of input towards the Trust Fund, the passenger ticket
tax contributes 46% followed by the passenger flight segment tax, which contributes 15%.
The Domestic Passenger Ticket Tax has decreased from 10% to 7.5% of the ticket fare
amount over the last seven years. Correspondingly, the Passenger Flight Segment tax has
increased from $1.00 per segment to $3.00 per segment. These two taxes that contribute the
most towards the AATF, are paid by the passengers. The remaining taxes are paid by the
airlinesto the FAA. It is not only the commercia airlines, but the other users of ATC too,

that pay taxes that contribute towards the Trust Fund. In the case of general aviation (GA) for
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instance, while no ticket taxes are paid, they pay a higher amount on the fuel tax, @19.3cents
per gallon of gasoline and 21.8 cents per gallon of jet fuel. Thisis high compared to the
commercial fuel tax of 4.3 cents per gallon.

To summarize this discussion, we see that ATC in the USis funded through a
government controlled Trust Fund. It isformed of aviation taxes, the primary of which isthe
passenger ticket tax. The ticket tax is a percentage of the fare paid. Therefore the total

collections of ticket tax may be considered a percentage of the revenue generated.

A Comparison of ATS Pricing Schemes

In this section we compare the pricing schemes used in some countries, such as
Canada and New Zealand with the US system of charging for ATS services viaticket taxes
and segment fees. We evaluate these pricing schemes based on two factors. First, we will
determine the extent to which each of these schemes recovers costs. Thereafter, we will
weigh the benefits the users derive from the service against the price they pay for it, to assess
the acceptability of the pricing mechanism to users.

There are two principal differences between pricing of ATC servicesin United States
and in Canada. Thefirst of these is organizational. The US system of pricing is through taxes
that are al collected in acommon Trust Fund maintained by the FAA. Appropriations from
the Trust Fund are authorized for operations and capital expenditure of ATC, Airport
Improvement Grants, Research, Engineering & Development, Facilities and Equipment, and
part of FAA operations. In the Canadian system, user fees are collected by a non-profit,
private corporation. These fees go into providing Air Navigation Services (ANS) only.

Moreover, location-specific charges may be levied to pay for anew technology installed.®

5 NAV CANADA, 2003.
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The second differenceis in the charging principle. Canada follows the guidelines of
International Air Transport Association (IATA) for providing ANS services. These
guidelines, followed by a number of countries worldwide, use weight-based pricing. For
example, inthe IATA scheme, the terminal charges are proportional to the square root of the
maximum take off weight (MTOW), and the en route charges are proportional to the distance
flown as well as the square root of the MTOW. In contrast, the US system of taxes is based
on a percentage of fare (ticket taxes), plus aflat rate for each segment flown (segment tax).

A criticism of weight based charging principles is that two aircraft of different
weights need the same amount of air traffic control (ATC) services. So, in principle, it would
seem inequitable to the heavier aircraft to pay extrafor the same service. However, the
argument in favor of the weight-based chargesisthat they reflect demand, in terms of the
number of passengers using the service. It may then be argued that the ticket tax system
probably reflects demand more closely, sinceit is dependent both on the number of
passengers and their ticket fares, i.e. the value of the journey to them. However, it is
difficult to isolate ATS and determine its value to the passenger as distinct from the value of
the entire journey.

In the case of atechnology like ITWS, the measurable benefit isin terms of the delay
savings. In the first part of the study we obtain the costs of different blocks of delay and use
them as abasis for evaluating benefits to different users. On the basis of that evaluation, one
could suggest fees or charging schedules for different users and also an organizationa set up.
The question is should the technology be funded from a common pool of taxes, or should

facilities at specific locations be given specia authority to charge for the services asin the
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case of the Passenger Facility Charges or Nav Canada’ s charges for Airport Surface
Detection Equipment.”

Another desirable feature of a pricing schemeisthat it should provide incentivesto
users to equip their aircraft with the required avionics to achieve the benefits of the new
technology. One such pricing schemeisthat NAV Canada charges lower prices for data-link
equipped aircraft. In particular, its International Communication Services Chargeis $46.33
per flight, except that for aflight providing position reports via datalink, the charge is $23.43
per flight.2

Pricing Complicates Equity

Given that each actor will have a different business strategy and as demonstrated
above will have different benefits from the implementation of atechnology, the current
pricing system of ticket taxes and weight-based landing fees can exacerbate the problem or
in certain cases, mitigate previous inequities. The concept of user feesis not anew ideafor
the FAA. In fact, there has been considerable effort to bring the current system toward afee-
for-service performance based organization. However, some of these efforts have been
stymied both political and legal action. A demonstration of the corrective powers of pricing
combined with technology change may help to shift the system away from some of itsinertia
or at least better reveal the effects of the current policy. Under the current system, it is
completely possible that one stakeholder may be receiving the lion’s share of the benefit
while paying relatively very little. Moving forward the FAA needsto evaluate its pricing for
elements that are public goods (possibly safety technologies or capacity increases) and what

should be user based (maybe delay reduction or priority enhancement technologies).

"NAV CANADA, 2003.
8 NAV CANADA, 2003.



Conclusions and Possible Applications

This paper proposes an investment analysis framework that reveals possible Pareto
efficient solutions by considering the distributional aspects of benefits and costs. With
information about the initial endowments of different agents, the analysis can reveal how a
technology can affect the stakeholders individually by using metrics that are specific to
different agents (stakeholders). The case study applied to ITwS technology focuses on the
distribution of delay impacts among agents (here airlines and flight types) and focuses on the
departure process at Newark during degraded operations. While the numerical values of the
benefit are smaller than in the MIT study, we measure the benefit to each individual airline
which allows the policy maker to see why America West may berelatively indifferent to the
technology while American and Continental are clamoring for its implementation.

Other enhancements to the model that are underway include a more thorough analysis
of buffers that are used to make the schedule robust to minor, expected delays. Additionally,
we can move from using general averages of buffers, taxi times, and costs to user-specific
functions that will model “reality” even more closely. This current study has ignored the
impacts of this technology on passengers. As previously discussed, passengers pay an
additional ten percent of the cost of their tickets to the FAA Trust Fund. With the number of
seats and carrier of each flight, extrapolations as the value of the technology to the
passengers on different flights becomes possible with some assumptions about |oad factor.
With an additional assumption about price, the equity of paying for ITWS through the Trust

Fund can be evaluated.
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The framework demonstrated in this study is designed to be generic. In particular, air
traffic controllers have mentioned that this framework would be appropriate for studying the
benefit of combining displays in the control rooms. As new technologies are developed, the
inventors tend to place them on a separate display. The number of monitors in the control
rooms have grown, making it difficult to utilize all the technologies. What would be the
benefit of not a new technology, but of spending money to integrate technologies so that they
seamlessly displayed all their information on a single monitor? This study would be
grappling with capturing the efficiency benefits as well as determining the appropriate price

and method of payment for this change.

Integrating UC Berkeley Research on Economic Measures with Virginia Tech
Research on Modeling

The Queuing Flow model (created by Virginia Tech) takes as input atable of arrival
and departure demands by fix for a given timeinterval, which can be of any arbitrary length
(e.g., 5 minutes, 15 minutes, 1 hour). The runway capacities are defined by “ Pareto”
frontiers, from which one can obtain the maximum-throughput capacity for a particular
runway use and weather condition and for a given split between arrivals and departures (i.e.,
the percent arrivals) in the same way as in the FAA Runway Capacity Model (RCM).
Examples of Pareto frontiers for the top 30 U.S. airports can be seen in the Airport Capacity
Benchmark Report 2001. Aircraft delays are estimated using a micro-queuing model that
compares arrival and departure demands in each interval with the corresponding capacitiesin
that interval, and carries forward any unmet (or “carry-over”) demand into subsequent
periods, thereby measuring any queue buildup and the corresponding “aggregate” aircraft

delays, much like one would obtain from cumulative curves of demand and service rates.
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APPENDIX A: Pareto Efficiency

Pareto efficiency is achieved when no agent can be better off without harming
another agent. In this case study, we refer to allocations that have not achieved this Pareto
efficiency. By facilitating trading amongst the agents, we argue that the system could slowly
move closer to an equilibrium that is aso Pareto efficient. Note that Pareto efficient solutions
can be highly inequitable, for example, when one party has all the benefit and has no need to

trade with the other agents. A Pareto framework is designed to seek a Pareto equilibrium.

Example: The FAA has approved a new technology that would reduce the required
separations between airplanes while en route. Studies on this technology have calculated the
benefits of the technology to be $10 million to the airlines, but it also increase the workload
of the air traffic controllers significantly since they will have to monitor many more planesin
the sky at the sametime. The air traffic controllers object to the technology as it unfairly
burdens them with more work and stress than previously agreed. Possible solutions that could
be Pareto efficiency are: for the airlines to pay the air traffic controllers more for their time,
to hire more air traffic controllers to keep the same level of workload, or to invest in other
new technologies that ease the workload with the same number of controllers. The airlines
would have to weigh their value of the technology to determine how much of the benefit that
they would be willing to share with the air traffic controllers.

If neither the airlines nor air traffic controllers opposed the technology, then it would
be implemented because there was a net positive benefit to society. Y et, equity and efficiency
concerns come into play when the involved parties have the power to object to changes. If a
party bears a burden disproportionate to its individual benefits, it will object to the new
technology even though society, as awhole, may benefit. In the past, good technol ogies have
languished because implementation processes for innovations has lacked a framework to

discuss the re-distributive transfers or benefit sharing that receive the benefits and ones that

must bear costs or increased workloads.



APPENDIX B: Datafor Anaysis

The Airline Service Quality Performance (AsQpP) data compares the actual flight
progress of individua flights of the reporting airlines with the Official Airline Guide (OAG)
schedule. The Bureau of Transportation Statistics uses this information to create on-time
performance measures. The ten airlines who reported in 1999 are Alaska, America West,
American, Continental, Delta, Northwest, Southwest, TWA, United and US Airways. Each
flight segment represents arow in the database so flights that continue with the same flight

number are reported as an arrival in one row and as a departure in another row.

Key Variables From the Data Set
CARRIER: the reporting carrier of the flight using atwo letter code
AA — American
AS—Alaska
HP — America West
CO - Continental
DL —Ddta
NW — Northwest
WN — Southwest
TW -TWA
UA — United Airlines
US—-USAirways

ORG: three letter code for the airport where this flight segment originated

DES: three letter code for the airport where this flight terminated (or was scheduled to
terminate)

TAILNO: apha-numeric string uniquely identifying each aircraft in the national airspace.
This code can be used to look-up the aircraft make and model. This data can have an
“UNKNOWN?” value when the tail number is missing. Also, there have been reported
problems with the reliability of thisinformation. The tail numbers facilitate the tracing of
flights (and their propagating delay) across the day.

FLTNO: the carrier’ s flight number for the flight segment

YY: theyear

58
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MM: the month
DD: the day
DOW: the day of the week

OAGDEP: the scheduled pushback time of this flight segment (when the flight would leave
the gate) according to the OAG schedule; thisis reported in local time where 645 is 6:45 AM
and 1853 is 6:53 PM. Corrections for time zones and daylight savings policies (since our
work is focused on the summer) are needed.

CRSDEP: the recorded scheduled departure timein local time; often the same as OAGDEP.

ASQPDEP: the actual pushback time of this flight segment recorded in local time with the
same reporting scheme for the time. The same corrections are required. “0” if the flight was
cancelled.

OAGARR: the scheduled push-in time of this flight segment (when the flight would arrive at
the destination gate) according to the OAG schedule; thisis reported in local time as the
other times and requires corrections.

ASQPARR: the actual push-in time of this flight segment recorded in local time and
requiring corrections. “0” if the flight was cancelled or diverted.

CRSARR: the recorded scheduled arrival timein local time; often the same as OAGARR.

OAGG2G: scheduled time between pushback at the origin and push-in at the destination
recorded in minutes

ASQPG2G: actual time between pushback at the origin and push-in at the destination
recorded in minutes

ACTDEPDL: actual gate delay (ASQPDEP-OAGDEP) reported in the database

WHOFF: actual time when the flight took off (Wheels Off) at the origin recorded in local
time with the same issues as other times

WHON: actua time when the flight landed (Wheels On) at the scheduled destination
(diversions have avalue of 0) recorded in local time and requiring corrections for time zones
and daylight savings

TAXIOUT: the actua time that flight spent on the ground after pushing back but before
taking off recorded in minutes

TAXIIN: the actual time that flight spent on the ground after landing but before pushing in at
the destination gate
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AIRBORNE: actual time (in minutes) spent in the air

Created Variables

NEWDEP — it is the maximum of the scheduled departure time (OAGDEP) and the actual
arrival time of the previous flight that utilized the aircraft plus thirty minutes to alow for
turn-around time

NEWARR - this represents the arrival demand to the Tracon services and is calculated as the
maximum of the scheduled arrival time minus twenty minutes (an assumed five minute taxi
time plus fifteen minutes from arrival at the Tracon to landing) and the scheduled arrival time
plus real ground delay (accounting for the buffer) minus twenty minutes.

Corrections
All planesthat did not have atail number were dropped from the dataset for two

reasons. we wanted to be able to follow a single aircraft through its arriving at an airport to
its departure (which is used in creating NEWARR) and we wanted to know how delay varied
across aircraft. In particular, we expected to see different levels of delay to short and long
haul flights but also larger planes may have lower delay levels because carriers change their
internal order to prioritize the flights with more passengers.

In the ASQP database, there are flights with an ASQPARR of 0. In some cases, the
flights was cancelled as it has no flight times or actual departure times (ASQPDEP). In other
cases, most of the information is present but not all of it, including the WHON and
ASQPARR times. After discussions with other users of this database, we have assumed that
these flights were diverted to another airport. In al casesis ASQPARR equals zero, then the
flight has been dropped from the dataset.

In afew cases, al the information of the flight has been present except for the
OAGDEP and OAGARR times. For the most part, the column CRSDEP and CRSARR isa
duplicate of the respective schedule column. In the cases where OAGDEP and OAGARR

were missing, | have replaced them with the values from CRSDEP and CRSARR.
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Asthe timesin the ASQP database are reported in local times, | had to correct each
airport so that the times would be consistent as they were tracked from origin to destination.
In particular as the case study dates were all in the summer, | had to correct for Daylight
Savings as appropriate because some places do not follow Daylight Savings, of which

Phoenix and Honolulu are just two examples.

Cost Information

In order to disaggregate the costs as much as possible, cost information was based on
carrier and aircraft make and model. The information was gathered from Aviation Daily for
the summer of 2001. The crew costs, fuel/oil, and direct maintenance costs were gathered to
represent the marginal costs of flying for the different delay types. Because our research is
1999 instead of 2001, in afew cases, the airlines were not flying the same the aircraft in both
time periods. In these cases, (where the aircraft type is known) we used the average of the
known costs for those aircraft. When the aircraft is unknown, the costs are assumed to be the

average of the known costs for the appropriate carrier.



APPENDIX C: R-Values

Table5: Mean and Variance of Departure Delay Relative to the Schedule and Accounting for Arrival
Delay for May 24™, 1999 and the simulation

Newark Airport - May 24, 1999

All Departures

Departure Delay* Departure Delay w/ Arrival

With ITWS Delay of Previous Flight
Flight by flight  FIFO  Flight by flight FIFO

Mean 105.09 105.09 91.19 91.19
Variance 5420.70 2170.10 4747.60 1812.00
Std Dev 73.63 46.58 68.90 42.57
R 2.50 2.62

Without ITWS
Mean 176.12 176.12 162.21 162.21
Variance 12717.00 9559.10 11261.00 8446.80
Std Dev 112.77 97.77 106.12 91.91
R 1.33 1.33

Short Haul Departures
With ITWS

Departure Delay w/ Arrival

D ture Del : )
eparture Lelay Delay of Previous Flight

Flight by flight FIFO Flight by flight FIFO
Mean 102.71 102.71 83.48 83.48
Variance 5815.80 3431.70 4378.90 2571.00
Std Dev 76.26 58.58 66.17 50.71
R 1.69 1.70

Without ITWS

Mean 166.43 166.43 147.21 147.21
Variance 15753.00 13177.00 12878.00 10989.00
Std Dev 125.51 114.79 113.48 104.83
R 1.20 1.17

Long Haul Departures
With ITWS

Departure Delay w/ Arrival

D ture Del . .
eparture Lelay Delay of Previous Flight

Flight by flight FIFO Flight by flight FIFO
Mean 106.32 106.32 95.149 95.149
Variance 5244.4 1948.8 4915.9 1644.1
Std Dev 72.418 44,145 70.113 40.548
R 2.69 2.99
Without ITWS

Mean 181.09 181.09 169.92 169.92
Variance 11162 7995.2 10321 7248.2
Std Dev 105.650 89.416 101.592 85.136
R 1.40 1.42

R is the ratio of the variances
* Relative to the Schedule



Table 6: Mean and Variance of Departure Delay Relative to the Schedule and Accounting for Arrival

Delay for June 1%, 1999

Newark Airport - June 1, 1999

All Departures Departure Delay*

Departure Delay w/ Arrival
Delay of Previous Flight

Flight by flight  FIFO Flight by flight FIFO
Mean 29.21 29.21 27.80 27.80
Variance 689.91 321.31 609.96 307.02
Std Dev 26.27 17.93 24.70 17.52
R 2.15 1.99
Short Haul Departures
Mean 24.48 24.48 23.21 23.21
Variance 582.63 341.77 554.33 322.71
Std Dev 24.14 18.49 23.54 17.96
R 1.70 1.72
Long Haul Departures
Mean 32.28 32.28 30.79 30.79
Variance 738.91 348.72 626.35 338.46
Std Dev 27.18 18.67 25.03 18.40
R 2.12 1.85

Table 7: Mean and Variance of Departure Delay Relative to the Schedule and Accounting for Arrival

Delay for June 13", 1999

Newark Airport - June 13, 1998

All Departures Departure Delay*

Departure Delay w/ Arrival

Without ITWS Delay of Previous Flight
Flight by flight  FIFO Flight by flight FIFO

Mean 129.82 129.82 112.06 112.06
Variance 8981.40 4505.70 6867.90 3262.70
Std Dev 94.77 67.12 82.87 57.12
R 1.99 2.10

Short Haul Departures

Without ITWS
Mean 137.53 137.53 113.07 113.07
Variance 10557.00 6154.50 7928.00 4586.70
Std Dev 102.75 78.45 89.04 67.73
R 1.72 1.73

Long Haul Departures

Without ITWS
Mean 126.65 126.65 111.64 111.64
Variance 8356.40 4413.70 6475.20 3215.70
Std Dev 91.41 66.44 80.47 56.71
R 1.89 2.01
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