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The basic objective of arrival sequencing and scheduling in air traf� c control automation is to match traf� c de-
mand and airport capacity while minimizingdelays. The principle underlying practical sequencing and scheduling
algorithms currently in use is referred to as � rst-come-� rst-served (FCFS). Although this principle generates fair
schedules when delays must be absorbed, it does not take into account airline priorities among individual � ights.
The development of new scheduling techniques that consider priorities expressed by air carriers will reduce the
economic impact of air traf� c management (ATM) restrictions on the airlines. This will also lead to increased
airline economic ef� ciency by affording airlines greater control over their individual arrival banks of aircraft.
NASA is exploring the possibility of allowing airlines to express relative arrival priorities to ATM through the
development of new sequencing and scheduling algorithms that take into account airline preferences. A method
of scheduling a bank of arrival aircraft according to a preferred order of arrival instead of according to an FCFS
sequence based on estimated time of arrival at the runway is investigated. Fast-time simulation is used to evaluate
this scheduling method in terms of the algorithm’s ability to produce a preferred order of arrival and in terms
of its ability to minimize delays (scheduling ef� ciency). Results show that compared with FCFS scheduling, the
alternative scheduling method is often successful in reducing deviations from the preferred bank arrival order
while causing little or no increase in delays that must be absorbed.

Introduction

T HE continued growth of air traf� c within the United States,
combined with the use of hub and spoke operationsby air car-

riers, has led to increased congestion and delays in the terminal
airspace surrounding the nation’s busier airports. The problem of
congestion is exacerbated at hub airports, where air carriers sched-
ule large numbers of � ights to arrive and depart within a short time
period. To air carriers, hubbing makes good economic and compet-
itive sense.1 At the same time, however, hubbing operations often
lead to overcapacityperiods and precipitatedelays that can directly
impact the economic ef� ciency of an air carrier’s � ight operations.
To ensure that the safe capacity of the terminal area is not exceeded,
air traf� c management (ATM) often places restrictions on arriv-
ing � ights that are transitioning from en route airspace to terminal
airspace. The constraint of arrival traf� c is commonly referred to
as arrival � ow management and includes techniques such as time-
based metering, vectoring, and the imposition of ground delays or
miles-in-trailrestrictions.Arrival � ow management is typicallyper-
formed without consideration for the relative priority that airlines
may place on individual � ights, based on factors such as crew criti-
cality, passenger connectivity, critical turnaround times, gate avail-
ability, on-time performance,fuel status, or runway preference.The
development of new arrival � ow management techniques that con-
sider priorities expressed by air carriers will allow airlines to have
greater control over individual arrival banks. This will lead to in-
creasedairlineeconomicef� ciency and reduce the economic impact
of ATM restrictions on the airlines.

Air traf� c control automation tools are being used in arrival
� ow management to enable collaboration between air carriers and
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ATM and to assist controllers in ef� ciently matching traf� c demand
and airport capacity. The self-managed arrival resequencing tool
(SMART) allows air carriers to affect arrival demand through self-
imposed ground delays or through company speed control.2 The
collaborative decision making program’s � ight schedule monitor
allows air carriers and ATM to use more ef� ciently available ar-
rival slots during Federal Aviation Administration- (FAA) imposed
ground delay programs.3 NASA and the FAA have designed and
developed a suite of software decision support tools (DSTs) to im-
prove the ef� ciency of high-density airspace.4 Collectively known
as the Center-TRACON Automation System (CTAS), these tools
use sequencingand schedulingalgorithms to automaticallyplan the
most ef� cient landingorder and landing times for arriving aircraft.5

Operational evaluationof the CTAS tools has shown them to be ef-
fective in improving airport throughput and reducing delays while
maintaining controller workload at a reasonable level.6

One of the CTAS tools, the traf� c management advisor (TMA), is
currentlybeingusedat theFortWorthAirRouteTraf� cControlCen-
ter to performarrival� ow managementof traf� c into the Dallas/Fort
Worth airport (DFW). The TMA is a time-based planning tool that
assists traf� c management coordinators and Center controllers in
ef� ciently balancing arrival demand with airport capacity.6 The pri-
mary algorithm in the TMA is a real-time scheduler that generates
ef� cient landing sequences and landing times for arrivals within
about 200 n mile from touchdown.7 Aircraft are scheduled so that
they arrivein a � rst-come-� rst-served(FCFS)orderbasedonanesti-
mated time of arrival (ETA) at the runway.AlthoughFCFS schedul-
ing establishes a fair order based on estimated times of arrival, it
does not take into account individual airline priorities among in-
coming � ights. As part of its collaborativearrival planning research
and developmentprogram, NASA Ames Research Center is explor-
ing the possibility of allowing airlines to express relative arrival
priorities to ATM through the development of new CTAS sequenc-
ing and scheduling algorithms that take into account airline arrival
preferences.8

Priority-Scheduling
For most airlines, the schedule that is determined internally by

the airline to satisfy its business and economicobjectives is an ideal
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schedule. This schedule is ideal in the sense that the everyday reali-
ties of operating an airline and interactingwith the various elements
of the National Airspace System (NAS) largely preclude this ideal
schedule from ever being achieved. Because of the uncertainties
throughout both the airline (equipment breakdowns, maintenance
problems, personnel shortages) and the NAS (weather, ground de-
lays, ATM restrictions), aircraft often arrive in the terminal airspace
in an order that does not match the ideal order of the airline sched-
ule. Current arrival � ow management using FCFS sequencing and
schedulingalgorithmswill likely result in aircraftarrivingat the run-
ways in an order that does not match the preferred arrival order.The
ability to specify the preferred arrival order within the air carrier’s
own arrival bank is useful for maximizing bank integrity and mini-
mizing bank time, that is, the exchangeof passengers/cargo, and air-
craft servicing.9 It is important to distinguishbetween “scheduling”
or “schedule” in the context of airline operations, and “scheduling”
or “schedule” in the context of air traf� c control automation. The
former refers to the daily scheduled times of departure and arrival
that an airlinedeterminesfor all of its � ights,whereasthe latter refers
to the process of automaticallychoosing 1) the order or sequence in
which the aircraftshould land or cross a particular� x and 2) the time
that each aircraft in the sequence should pass over a speci� ed � x.7

Earlier studies have shown that scheduling aircraft according to
an FCFS sequencebasedon ETA at the runway producesa schedule
that is considered to be both fair to air carriers and that is ef� cient
in terms of minimizing delays.5 These studies also have shown that
the resulting scheduled arrival sequence at the runway will, for the
most part, match the FCFS sequence that is input to the scheduling
algorithm. Because the scheduling algorithm attempts to preserve
the input sequence, specifying a preferred sequence will result in a
schedule that closely approximates the preferred arrival order. The
concept of “priority scheduling” is then de� ned as the scheduling
of a bank of arrival aircraft according to a preferred order of arrival.

Scope
The purpose of the present study is to examine a CTAS-derived

priority-schedulingtechnique in terms of the algorithm’s ability to
produce a speci� ed order of arrival and in terms of its ability to
minimize delays. The study is not presented as an operational con-
cept and is not intended to determine the operational viability of
the scheduling technique.The output of the simulation is used only
to compare the effectiveness and ef� ciency of the priority and the
FCFS scheduling techniques. This is a crucial step in the deter-
mination of operational viability for any CTAS-derived scheduling
technique; a signi� cant loss in scheduling ef� ciency would render
the technique operationally infeasible.

Fast-Time Simulation
A fast-time simulation originally developed for statistical eval-

uation of CTAS sequencing and scheduling algorithms has been
modi� ed for use in this investigation.8,10 In contrast to real-time
simulationor � eld tests,which would require on the orderof 90 min
to examine a single traf� c rush period, the fast-time simulation al-
lows examination of large numbers of statistically similar rush pe-
riods in a matter of minutes. For each simulated traf� c situation, the
deviation of a designated bank’s scheduled arrival order from the
preferred arrival order can be determined. The impact of priority
scheduling on delays is also determined by comparing delays for
priority scheduling and FCFS scheduling.The fast-time simulation
comprises three major components: an airport model, a statistical
model of the arrival traf� c � ow, and the scheduler.

Airport Model
The arrival airspaceat DFW is divided into Center and TRACON

regions, with the TRACON encompassing the airspace within ap-
proximately40 n mile of the airport.Arrival traf� c is merged at four
waypoints on the Center-TRACON boundary,which correspond to
the four primary arrival directions. These waypoints are referred
to as feeder gates because during heavy traf� c periods aircraft are
funneled through these gates as a means of controlling or metering
the � ow rate into the terminal area.7 Traf� c � owing to each gate
is separated into two independent streams that are vertically sepa-

rated by 2000 ft at the feeder gate. This allows jet and turboprop
aircraft, which have signi� cantly different airspeed ranges, to cross
the feeder gates independentlyand avoid con� icts due to overtakes
near the gates.

The airport is modeled accordingto the landingpracticesat DFW
with four feeder gates and three runways available for landing. The
runwaysare consideredto be independentso thatno stagger require-
ments are necessary for scheduling. The airport model comprises
the minimum � ight times from each feeder gate to all landing run-
ways for each independentstream.These TRACON transitiontimes
were obtainedfromananalysisusing theminimum� ight times mea-
sured for several traf� c samples.11 The TRACON transition times
vary with feeder gate, aircraft type, runway assignment,and airport
con� guration. The airport model contains transition times for both
airport con� gurations at DFW: north � ow, with arrival traf� c arriv-
ing/departing in a northerly direction, and south � ow, with traf� c
arriving/departing in a southerly direction. Note that since the data
used in this simulation were collected, a fourth arrival runway has
been added at DFW. However, the three-runway model and traf� c
data are suf� cient for purposes of this investigation.

Traf� c Model
The traf� c model is basedonactual traf� c data recordedduringsix

rush periods at DFW. Although the traf� c data were recorded over
a span of several months, the mix of aircraft type remained nearly
constant for each traf� c sample. The data were recorded during the
“noon balloon”, a daily arrival rush lasting approximately 90 min.
The noon balloon was chosen as the basis for the traf� c model
becauseduring this arrivalrushdemandexceedsairportcapacityand
air traf� c managers impose time-basedmeteringrestrictionsthrough
CTAS sequencingand schedulingalgorithms.Data recordedduring
the six rush periods include the aircraft type, aircraft identi� cation,
arrival stream, and the ETA at the feeder gate (ETAFG). The average
of theseETA for the six rushes is takenas the nominalETAFG . Errors
in aircraft time of arrival in Center airspace are modeled by adding
an approximately Gaussian distribution to the nominal ETA at the
feeder gate. The maximum range of the variation in the ETAFG is
speci� ed as an input to the simulationand is referredto as the Center
arrival error.

Bank De� nition
Although an actual arrivalbank of aircraft for an airline may con-

sist of between 30 and 50 aircraft, in this study it is assumed that a
bank comprises a single group of up to 20 aircraft belonging to one
airline and its subsidiary carrier. With a majority of the � ights in
the traf� c model belongingto American Airlines (AAL) and Amer-
ican Eagle (EGF), these � ights are used to form arrival banks. The
bank is not a contiguous set of aircraft because aircraft belonging
to other airlines are interspersed among the bank aircraft, as would
be the case in a real traf� c situation. The bank of aircraft is de-
� ned by specifying the � rst member of the bank and the number of
aircraft belonging to the bank. For the purposes of this simulation,
we assume that the preferred order of arrival at the runway equals
the order of arrival based on the minimum ETA at the runway with
no Center arrival error. Each of the bank aircraft is assigned a pri-
ority ranking that is simply equal to the preferred order of arrival
for the aircraft within the bank. The minimum ETA at the runway
(ETARWY ) is calculated by adding the TRACON transition times
for each of the three runways to the nominal ETAFG and selecting
the minimum of the three resulting values. This ETARWY represents
the earliest possible time of arrival for an aircraft provided that the
aircraft could � y to the runway with no delay.

For example, consider the list of aircraft shown in Table 1, which
represents a portion of a single arrival rush where AAL1150 has
been designated as the lead aircraft in the bank, and the number of
aircraft in the bankhas been speci� ed as � ve. The number in the � rst
column represents the sequence number or position of the aircraft
within the arrival rush when the aircraft are time ordered according
to increasing ETARWY . Each arrival rush or traf� c sample consists
of 108 aircraft. In the example in Table 1, the aircraft belonging to
the de� ned bank range from the 57th aircraft to the 65th aircraft
in the arrival rush (AAL1554). The resulting bank aircraft are de-
noted by bold text for purposes of illustration.This example shows
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Table 1 Bank de� nition and preferred arrival order

Sequence Aircraft ETARWY ,
number identi� cation s Priority

54 DAL910 3000 ——
55 DAL428 3034 ——
56 UAL359 3036 ——
57 AAL1150 3060 1
58 EGF628 3116 2
59 DAL1086 3120 ——
60 ASE924 3123 ——
61 DAL2062 3180 ——
62 AAL1934 3240 3
63 AAL1428 3285 4
64 DAL1670 3300 ——
65 AAL1554 3345 5
66 AAL410 3376 ——
67 DAL756 3531 ——
68 DAL431 3546 ——

Table 2 Actual arrival order (Center arrival
error = § 5 min)

Sequence Aircraft ETARWY ,
number identi� cation s Priority

54 DAL428 2972 ——
55 AAL1150 3007 1
56 DAL1670 3086 ——
57 EGF006 3089 ——
58 DAL834 3146 ——
59 DAL2062 3206 ——
60 UAL359 3206 ——
61 ASE924 3212 ——
62 AAL1428 3212 4
63 AAL1934 3266 3
64 AAL1554 3272 5
65 EGF628 3300 2
66 AAL410 3326 ——
67 DAL431 3441 ——
68 DAL756 3624 ——

that aircraft belonging to other airlines are interspersed among the
arrival aircraft that comprise the bank.The second column is the air-
craft identi� er and the third column is each aircraft’s corresponding
minimum ETARWY . The fourth column shows the priority ranking
assigned to each of the aircraft belonging to the bank based on this
preferred order of arrival.

The actual order of arrival for aircraft in a traf� c rush period is
modeled by adding the Center arrival error to the nominal ETAFG.
The Center arrival error represents the uncertainties in the NAS
that cause the same � ight to arrive in Center airspace at different
timesondifferentdays.Because theminimumETARWY is calculated
by adding a TRACON transition time to the ETAFG, the minimum
ETARWY will also vary. As a result,when the aircraft are orderedac-
cording to increasingETARWY , the actual order for the bank aircraft
will differ from the preferred arrival order. In addition, the number
of aircraft interspersed among the arrival bank may vary because
the variation in arrival time is modeled for all aircraft in the traf� c
rush, not only those belonging to the speci� ed bank. Table 2 shows
the resulting estimated arrival order for the speci� ed bank when a
Center arrival error having a range of up to §5 min is added to the
traf� c sample.

FCFS Scheduling
The FCFS scheduler is intended to approximate the sequencing

and schedulingalgorithmspresentlyused in CTAS at the Fort Worth
Center. A detailed description of the actual scheduling algorithm
can be found in Ref. 7. Aircraft are sequenced and scheduled to be
FCFS at both the feeder gates and runways while meeting feeder
gate and runway threshold separationconstraints.Because schedul-
ing is done in time rather than distance, the prescribed minimum
separation criteria are translated into minimum time separations at
both the feeder gates and the runway threshold. For aircraft cross-
ing the feeder gate, the minimum in-trail separationrequirement for
aircraft is 5 n mile, which is translated to a 60-s time separation for

Table 3 FCFS sequence and resulting schedule
(Center arrival error = § 5 min)

Priority sequence Resulting schedule

Sequence Aircraft ETARWY , Aircraft STARWY ,
number identi� cation s identi� cation s

54 DAL428 2972 DAL428 3483
55 AAL1150 (1) 3007 AAL1150 (1) 3507
56 DAL1670 3086 DAL1670 3540
57 EGF006 3089 EGF006 3593
58 DAL834 3146 DAL834 3601
59 DAL2062 3206 DAL2062 3627
60 UAL359 3206 UAL359 3695
61 ASE924 3212 ASE924 3737
62 AAL1428 (4) 3212 AAL1934 (3) 3768
63 AAL1934 (3) 3266 AAL1428 (4) 3789
64 AAL1554 (5) 3272 AAL1554 (5) 3843
65 EGF638 (2) 3300 EGF628 (2) 3895
66 AAL410 3326 DAL431 3952
67 DAL431 3441 AAL410 3953
68 DAL756 3624 DAL756 4005

purposes of this simulation. The separation criteria at the runway
threshold are a function of both aircraft weight class and landing
order as determined by the FAA’s wake vortex safety rules. Air-
port acceptance rate (AAR) is taken into consideration by limiting
the number of aircraft that are allowed to enter the TRACON in
sliding 10-min intervals,and the schedulerbalances � ights between
runways to minimize overall delay.

The FCFS sequenceis establishedby time orderingarrival aircraft
according to increasing ETARWY . Beginning with the � rst aircraft
in the sequence, each aircraft is tentatively scheduled to each of the
three runways, while it is ensured that the prescribedminimum time
separationbetween aircraft at the runway thresholds is met for each
subsequentaircraft.The runway that results in the earliest scheduled
time of arrival for the aircraft at the runway (STARWY ) is then cho-
sen as the landing runway. Scheduling to the runway automatically
provides the correct amount of traf� c to load the runways equally
when traf� c is heavy (runway balancing), and directs aircraft to the
closest available runway. The STA at the feeder gate (STAFG) is
determined by subtracting the sum of the TRACON transition time
and any TRACON delay from the previously calculated STARWY .
Finally, if STAFG for two � ights are less than the required60 s apart,
the scheduled times will be altered to meet the required separation
at the feeder gate.

Table 3 shows the resulting order of arrival when the aircraft are
scheduled according to an FCFS sequence. The priority ranking of
each bank aircraft is shown in parenthesis following the aircraft
identi� er. The second and third columns in Table 3 show the FCFS
sequencethat is input to the scheduler,with the aircraft time ordered
according to increasing ETARWY . The fourth and � fth columns are
the resulting schedule, with aircraft time ordered according to in-
creasing STARWY . Note that the resulting scheduledorder of arrival
at the runway does not preciselymatch the FCFS sequencebased on
ETARWY that is input to the scheduler. Because the schedule must
meet in-trail separation criteria at both the feeder gate and the run-
way threshold, and the separation criteria at the runway threshold
are a function of aircraft weight class and landing order, the FCFS
sequence may not be preserved at the runway. Among the aircraft
belonging to the designated bank, � ights AAL1934 and AAL1428
have shifted positions from the sequence that is input to the sched-
uler (as have aircraft DAL431 and AAL410, which do not belong
to the designated bank). In this case, the position shift has resulted
in a scheduled sequence that does more closely match the ideal or
desiredorder of arrival than does the input FCFS sequencebased on
ETARWY . However, it is purely fortuitous that the resulting sched-
ule more closely matches the preferred order, and depending on
the magnitude of the Center arrival error, the scheduled order may
actually deviate further from the preferred order.

Priority Scheduling
The priority-scheduling algorithm is identical to the FCFS al-

gorithm with one exception: instead of time ordering the aircraft
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Table 4 Priority sequence and resulting schedule
(Center arrival error = § 5 min)

Priority sequence Resulting schedule

Sequence Aircraft ETARWY , Aircraft STARWY ,
number identi� cation s identi� cation s

54 DAL428 2972 DAL428 3483
55 AAL1150 (1) 3007 AAL1150 (1) 3507
56 DAL1670 3086 DAL1670 3540
57 EGF006 3089 EGF006 3593
58 DAL834 3146 DAL834 3601
59 DAL2062 3206 DAL2062 3627
60 UAL359 3206 UAL359 3695
61 ASE924 3212 ASE924 3737
62 EGF628 (2) 3300 AAL1934 (3) 3782
63 AAL1934 (3) 3266 EGF628 (2) 3789
64 AAL1428 (4) 3212 AAL1428 (4) 3843
65 AAL1554 (5) 3272 AAL1554 (5) 3895
66 AAL410 3326 DAL431 3952
67 DAL431 3441 AAL410 3953
68 DAL756 3624 DAL756 4005

according to increasingETARWY prior to scheduling, the arrival air-
craft belongingto the designatedbankare orderedaccordingto their
priority ranking,which establishesthe bank aircraft in the preferred
arrival order. Note that only the aircraft belonging to the bank are
reordered according to their priority ranking and that other aircraft
in the traf� c sample are still sequenced in an FCFS order based on
ETARWY . By reordering only the bank aircraft and scheduling the
remaining aircraft according to an FCFS sequence, the impact of
the reorderingon schedulingef� ciency is minimized.Table 4 shows
the resulting order of arrival when the bank aircraft are scheduled
accordingto the preferredsequenceof arrival. The second and third
columns show the priority sequence that is input to the scheduler,
with the bankaircraftorderedaccordingto theirpriorityrankingand
the remainingaircrafttime orderedaccordingto increasingETARWY .
The fourth and � fth columns show the resulting schedule time or-
deredaccordingto STARWY . As was the case with FCFS scheduling,
the resulting order of arrival does not match the sequence that was
input to the scheduler because the schedule must meet separation
criteria at the runway threshold that are a function of aircraft weight
class and landingorder.Althoughthe resultingscheduledbankorder
does not precisely match the preferred order, it does indeed match
more closely the preferred bank order than does the FCFS schedule
shown in Table 3.

Order Deviation
The purpose of this study is to compare the performance of the

FCFS and priority-schedulingalgorithms in terms of their ability to
produce a preferred order of arrival while minimizing delays. The
performance of the priority-scheduling algorithm is not measured
in absolute terms, but is measured relative to the performance of
the FCFS algorithm, which is considered to be a baseline. For this
study, the primary measure of the effectiveness of the algorithm
is its ability to produce a preferred order of arrival. To quantify the
effectivenessof the priority-schedulingmethod relative to the FCFS
method, we need a measure of how closely the scheduled order of
arrival for a designated bank matches the preferred arrival order.
We � rst de� ne a position shift (PS) for an aircraft as the difference
between the aircraft position in the preferred bank order and the
sequence number in the scheduled bank order as

PS = NPreferred ¡ NScheduled

where N is the sequence number of the aircraft within the bank.
Table 5 illustrates the calculationof the PS for each of the aircraft

in the bank de� ned in Table 1. The position shift of each aircraft is
calculatedfor both FCFS scheduling(Table 3) and priority schedul-
ing (Table 4). Note that a positive PS indicates that an aircraft is
scheduled ahead of its preferred position in the bank, and a nega-
tive position shift indicates that an aircraft is scheduled behind its
preferred position in the bank. For example, the sequence number
of � ight EGF628 in the preferred order of arrival is 2, whereas its

Table 5 Calculation of position shift for a bank of aircraft

Position Position
Sequence shift for shift for
number Preferred FCFS FCFS Priority priority
in bank order schedule schedule schedule schedule

1 AAL1150 AAL1150 0 AAL1150 0
2 EGF628 AAL1934 ¡ 3 AAL1934 ¡ 1
3 AAL1934 AAL1428 1 EGF628 1
4 AAL1428 AAL1554 1 AAL1428 0
5 AAL1554 EGF628 1 AAL1554 0

sequencenumber in the FCFS scheduleis 5 and its sequencenumber
in the priority schedule is 3. This results in a PS of ¡ 3 for the FCFS
schedule and ¡ 1 for the priority schedule and re� ects that EGF628
is scheduled three slots behind its preferred position in the bank
using FCFS scheduling, and one slot behind the preferred position
using priority scheduling.

Because we are interested in how closely the overall bank order
matches the preferred order, we want a single measure that will
indicate the deviation from the preferred order for a bank of any
length. We then de� ne the order deviation (OD) for a bank as the
algebraic sum of the absolutevalue of the PS for each aircraft in the
bank divided by the number of aircraft in the bank:

OD =

P
no. of bank aircraft j PSj

no. of bankaircraft

It can be seen from this de� nition that if the OD for a bank of air-
craft equals zero, then the scheduled bank order is the same as the
preferred bank order. More importantly, the larger the value of the
OD, the further the scheduledbankorderdeviatesfrom the preferred
order. This will allow us to easily compare the relative effectiveness
of the FCFS and priority-schedulingmethods in producing the pre-
ferred order of arrival. Note that the OD measures are used only
to indicate the performance of the priority-scheduling algorithm
relative to the FCFS algorithm.To determine the operationalsignif-
icance of OD, further studies would have to be performed that, for
example, would investigate and quantify the relationship between
OD and Center arrival error and determinewhat magnitudeof OD is
consideredto be operationallysigni� cant to an air carrier. However,
given the importance of arrival order to airline economic ef� ciency,
a measure such as OD can provide a basis for determining the oper-
ational viabilityof the priority-schedulingalgorithmand is a critical
topic for further work.

The order deviationsfor each schedulingmethod using the exam-
ple in Table 5 are calculated here. Because the priority-scheduling
scheme results in the designatedbank arriving in an order that more
closely matches the preferred arrival order, the OD for the priority
scheduled bank is smaller than that for the FCFS scheduled bank:

ODFCFS = ( j 0 j + j ¡ 3 j + j 1j + j 1 j + j 1 j ) /5 = 1.2

ODPriority = ( j 0 j + j ¡ 1 j + j 1j + j 0 j + j 0 j ) /5 = 0.4

To investigate the statistical performance of the two scheduling
methods, a large number of traf� c samples are generated for a spec-
i� ed bank. To compare the effectiveness of FCFS scheduling and
priority scheduling for a large number of traf� c samples, we de� ne
the averageOD as the sum of the ODs for each traf� c sampledivided
by the number of traf� c samples:

ODAverage =

P
no. of traf� c samples OD

no. of traf� c samples

Simulation Inputs/Outputs
Inputs to the fast-time simulation include the aircraft identi� er

of the lead aircraft in the bank, the size of the bank, the number of
traf� c samples, the range in Center arrival error, the airport con� g-
uration, and the airport acceptance rate. To determine the statistical
performanceof the FCFS algorithmand the priority algorithm,500
traf� c samples are generated for each designated bank. Each traf� c
sample comprises 108 jet and turboprop aircraft, 72 of which are
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AAL or EGF � ights. In this simulation the modeled airport con� g-
uration is south � ow for DFW. Because the traf� c model is limited
to a single arrival rush period, and because of the manner in which
a bank is de� ned, banks cannot be formed at or near the end of the
arrival rush period. For example, if the bank length is speci� ed as
20 and the designated lead aircraft is the 100th aircraft in the arrival
rush, no bank will be formed because there are not enough aircraft
following the lead aircraft to form a bank. Although we attempt to
formbanksacross the entire rangeof the traf� c rush period, this can-
not be done for the reasons just outlined.The output of the fast-time
simulation includesthe averageOD as well as histogramsof the PSs
for each bank of aircraft. Total delays and histograms of individual
delays for all aircraft in the traf� c rush are generatedas well. Results
can then be compared for the FCFS scheduling algorithm and the
priority-schedulingalgorithm.

Results and Discussion
The primary measure of the effectiveness of the priority-

scheduling algorithm is the closeness of the match between the
scheduledorderof arrival and the preferredorderof arrival.Figure 1
is a plot of the averageorder deviationfor a bank size of 20, a range
in Center arrival errors of §5 min, and an AAR of 96 aircraft/h. For
a designated bank whose lead aircraft has a nominal ETAFG given
on the x axis, a corresponding pair of ordinates shows the average
OD for the bank using FCFS scheduling and priority scheduling.
Figure 1 con� rms that the priority-scheduling algorithm substan-
tially reduces the average OD from that of the FCFS-scheduling
algorithm. Note, however, that although the OD for each bank is
less using the priority-schedulingalgorithm, the OD is still nonzero
for each bank. In other words, although the resulting bank order
using priority scheduling matches much more closely the preferred
order than does the FCFS order, the scheduled bank order does not
preciselymatch the preferredorder.Becausethe schedulemust meet
in-trailseparationcriteriaat the runway thresholdand the separation
criteria are a function of both weight class and landing order, the
preferred order of arrival is not always preserved at the runway.

Figure 1 shows the resultingOD for banksof aircraftbeginningat
different points in the arrival rush. The average order deviation for
the FCFS algorithm� rst increasesand then decreasesas the ETAFG

of the lead aircraft in the bank increases.The change in average OD
for the FCFS schedule is due to changing traf� c densityand mixture
in the arrival rush. As the traf� c density increases (ETA are more
closely spaced), a given arrival error will cause larger position shifts
within a bankand thus largerODs. By the same token, the traf� c mix
impacts the OD because if non-AAL/EGF � ights are interspersed
among the bank aircraft, the aircraft comprising the bank will be
spaced farther apart. Then, for a given arrival error, the OD for the
bank will be smaller because the aircraft are not as closely spaced.
The average OD for the priority-scheduling algorithm also varies
with traf� c density and mixture and is most effective in a region
where somenon-AAL/EGF aircraftare interspersedamong thebank
aircraft.

Fig. 1 Average order deviation (Center arrival error = § 5 min).

The effectsofAAR, bank size, and Center arrival error on the suc-
cess of the priority-schedulingalgorithmare also examined.For the
sake of brevity, no plots are shown, but important results are sum-
marized here. Results show that for a given Center arrival error and
bank size, the priority OD tends to decrease with decreasing AAR,
meaning that the priority-schedulingalgorithmis more effective for
a more restrictive AAR. This is actually a characteristic of both
the priority scheduler and the FCFS scheduler, and it can be shown
that, for a lower AAR, either scheduler is better able to preserve
the order in which the aircraft are scheduled. Lowering the AAR
effectively reduces the airport capacity (because demand remains
constant), requiring that the STAs be spaced farther apart. Because
the STAs must be spaced farther apart, differences in crossing times
or separationcriteriaare less likely to cause the resultingorder to de-
viate from the order in which the aircraft are scheduled. Therefore,
the resulting schedule for either algorithm will more closely match
the sequence in which the aircraft are scheduled.Results also show
that increasing the size of the bank of aircraft does not signi� cantly
impact the effectiveness of the scheduling algorithm. However, in-
creasing the magnitude of the Center arrival error for a given bank
size and AAR does lead to a decrease in the effectiveness of the
priority-schedulingalgorithm.

For purposes of illustration, Fig. 2 is a histogram of the position
shifts for the bank whose lead aircraft has the earliestETAFG shown
in Fig. 1. This histogram, along with the pair of correspondingOD
values in Fig. 1, demonstrate the relationship between average OD
and theclosenessof thematchbetweenthe scheduledbankorderand
the preferredarrival order.Priority scheduling reduces the spread of
the position shifts for the designated bank of aircraft. In this case,
aircraft belonging to the designated bank are scheduled in the pre-
ferred position (position shift =0) approximately 60% of the time
using priority scheduling.Using FCFS scheduling,bank aircraft are
scheduledin the preferred position only about 25% of the time. The
increasein the numberof aircraft scheduledin the preferredposition
leads to a decrease in average OD for the bank.

The ef� ciency of the priority-scheduling algorithm is not mea-
sured in absolute terms, but is measured relative to the ef� ciency
of the FCFS algorithm, which is considered to be a baseline. The
change in averagedelayper aircraftwhen priorityschedulingis used
instead of FCFS scheduling can be measured as

D Delay = ( DelayPriority ¡ DelayFCFS

DelayFCFS

´
£ 100%

Figure 3 is a plot of the change in the average delay per aircraft for
all aircraft in an arrival rush. For each designatedarrival bankwhose
order deviation is shown in Fig. 1, a correspondingpair of points in
Fig. 3 shows the change in average delay for the AAL/EGF aircraft
in the arrival rush and for the non-AAL/EGF (others) aircraft in the
arrival rush. Figure 3 shows that the change in delays due to priority
scheduling varies with the position of the bank in the arrival rush
and that the greatest delay increaseoccurs for a bank that starts near
the beginningof the arrival rush. This is attributable to the changing
traf� c densityand traf� c mixture in the arrival rush and to all aircraft

Fig. 2 Histogram of position shifts (Center arrival error = § 5 min).
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Fig. 3 Change in average delays per aircraft (Center arrival error =
§ 5 min).

following the bank lead aircraft potentially being impacted by the
reordering of the bank aircraft before scheduling. Because a larger
numberof aircraftmay be impactedby the reordering, the aggregate
increase in delays will be greater for a bank that begins earlier in
the arrival rush. The average delay increase then diminishes as the
ETAFG of the lead bank aircraft increases, and priority scheduling
in some instances actually results in a slight decrease in average
delayper aircraft.The priority-schedulingalgorithmhas the smallest
impact on scheduling ef� ciency in regions where arrivals are not
closely spaced and banks have non-AAL/EGF � ights interspersed
among the bank aircraft.

A scheduling method that takes into account user preferences
would ideally have no impact on scheduling ef� ciency when com-
pared with FCFS scheduling.Figure 3 shows that for certain traf� c
conditions, the priority-schedulingmethod results in little or no de-
crease in scheduling ef� ciency; 18 of 25 banks scheduled had less
than a 5% increase in average per aircraft delay. Although this sim-
ulation does not provide any informationabout the controllerwork-
load, it can be reasonably assumed that an increase in scheduled
delays exceeding a certain threshold (when compared with FCFS
scheduling) would be unacceptable to air traf� c controllersbecause
of the likely adverse effect on controller workload. Similarly, air-
lines would likely � nd an increase in scheduled delays exceeding
a certain threshold (when compared with FCFS scheduling) to be
unacceptable from the standpoint of increased cost. The amount of
delay increase acceptable to controllers and airlines would have to
be determinedbeforea priority-schedulingmethod could be consid-
ered practicable.However, because the simulation results show that
the priority-scheduling technique can in some instances equal the
ef� ciency of the FCFS scheduler, the present simulation provides
initial insight into the ef� ciency of priority schedulingand indicates
that the technique warrants further investigation.

Any type of scheme that allows the introduction of user pref-
erences into the arrival � ow management process must ultimately
be fair to all air carriers. In light of this, we are particularly in-
terested in determining whether the priority scheduling of � ights
belonging to the airline whose � ights are reordered disproportion-
ately impacts the scheduled delays of aircraft belonging to other
airlines. Examination of the delay increases for AAL/EGF � ights
in Fig. 3 shows that, for most of the banks, the delay increase for
AAL/EGF � ights in the arrival rush is greater than the delay in-
crease for the non-AAL/EGF aircraft. In practice, an airline may be
willing to accept increased delays on some � ights if the early ar-
rival of other � ights can be achieved through reordering.Reordering
only the aircraft belonging to the designated bank and scheduling
all other aircraft according to an FCFS sequence minimizes the im-
pact of reordering on both aircraft belonging to other airlines and
on overall scheduling ef� ciency.

The effects of AAR, bank size, and Center arrival error on the
change in scheduleddelays are also examined.For a given bank size
and Center arrival error, when priority scheduling is used instead of
FCFS scheduling, the change in average delay per aircraft tends to
increase as AAR is increased. Results are similar to those seen in
Fig. 3 with the greatest change in delay occurring for banks that
begin early in the arrival rush and the change in delays decreasing
for banks that are positioned later in the arrival rush. Increasing the
magnitudeof the Center arrival error for a given bank size and AAR
substantially increases the change in delays for banks of aircraft ar-
riving early in the rush period, while not signi� cantly impacting the
change in delay for banks arriving later in the traf� c period. Finally,
results show that the change in delays due to priority scheduling
is largely unaffected by an increase or decrease in the size of the
arrival bank.

Conclusions
This paper investigates a method of scheduling a bank of arrival

aircraftaccordingto a preferredorderof arrival insteadof according
to an FCFS sequence based on ETA at the runway. Fast-time simu-
lation is used to evaluate the performanceof the priority-scheduling
method in terms of the algorithm’s ability to producea preferred or-
der of arrival and in terms of its ability to minimize delays (schedul-
ing ef� ciency). The output of the simulation is used to compare the
performance of the priority-scheduling technique and the current
CTAS FCFS scheduling technique. Although the determination of
the operationalfeasibilityof the priority-schedulingtechniqueis be-
yond the scope of this paper, examination of scheduling ef� ciency
is a crucial step in the determination of the operational viability of
any CTAS-derived scheduling technique. Results show that com-
pared with the FCFS algorithm, the priority-schedulingalgorithm,
for certain traf� c conditions,produces a schedule that more closely
matches a preferred order of arrival while nearly equaling the ef� -
ciency of the FCFS schedule, indicating that the method certainly
warrants further investigation.
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