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Cost Analysis of the Departure–En Route Merge Problem
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The technical challenges associated with mergingdeparture aircraft ontotheir � led routes in a congestedairspace
environment is discussed. A cost assessment of merge strategies that are based on four-dimensional � ight manage-
ment principles and con� ict detection and resolution is given. Several merge con� icts are studied and a cost for
each resolution is computed. In addition, the effects of uncertainties on the cost are assessed. In general, altitude
hold for a departure aircraft is a less expensive resolution strategy than vectoring.

Introduction

T HE FederalAviation Administration(FAA) has forecastedthat
the numberof commercialair carrier and commuter � ightswill

continue to increaseyearly.Unless there are changesmade to the air
traf� c control system, the increase in traf� c will result in substantial
delays. As a result, the FAA is undertaking a modernization of the
air traf� c control system. This effort includes a hardware upgrade
of the existing air traf� c computer system and the development of
software tools to complementthe air traf� c controller’s expertskills.
The software tools are intended to enhance the air traf� c controller’s
situational awareness and to provide decision support aids for tac-
tical and strategic decisions. The Center terminal radar approach
control (TRACON) Automation System (CTAS), which is being
developedat NASA Ames Research Center in cooperationwith the
FAA, is one example of a set of software tools intended to enhance
the air traf� c controller’s ability to schedule and control air traf� c
through accurate trajectory predictions, scheduling algorithms, and
traf� c forecasts.1,2 Concurrently, Eurocontrol, a multinational con-
sortium of western European countries, is developinga modernized
air traf� c control system to be used throughout western Europe.
These tools are intended to assist controllers with the management
of air traf� c in all phases of � ight.

Historically, the emphasis of air traf� c control research has been
placed on solvingproblems regarding the handling of arrival traf� c,
as thishas been theprimary sourceof delayandcongestion.More re-
cently, the emphasis has moved toward con� ict detection and other
concepts related to free � ight. Free � ight is an advanced concept
whereby individual aircraft select, and are permitted to � y, optimal
trajectories. It is foreseen that the job of the air traf� c controller
may become more passive, requiring intervention only when con-
� icts arise.Con� ict resolutionand detectionstrategieshavebeen the
subject of much research.3 ¡ 5 In the United States the development
of con� ict probe tools has occurred independentlyat the Center for
Advanced Aviation Systems Development (CAASD) and NASA
Ames Research Center.

The foundationon which all decision support tools are built is an
ability to accurately predict a given aircraft’s state in the near fu-
ture. The necessityof trajectorypredictionin a time-basedair traf� c
control system due to the presenceof aircraftwith and without four-
dimensional � ight management systems has been discussed.6 Ac-
curate four-dimensionaltrajectoriesenable potential con� icts to be
more reliably predicted. As a result the separation between aircraft
can be maintained. Four-dimensional guidance and fuel-optimal

Received 2 March 1999; revision received 30 July 1999; accepted for
publication 7 August 1999. Presented as Paper 99-4297 at the AIAA Guid-
ance, Navigation,and ControlConference, Portland,OR, 9–11 August 1999.
Copyright c° 1999by Michael A. Bolenderand G. L. Slater. Publishedby the
American Institute of Aeronautics and Astronautics, Inc., with permission.

¤ Ph.D. Candidate, Department of Aerospace Engineering and Engineer-
ing Mechanics.

†Professor and Department Head, Department of Aerospace Engineering
and Engineering Mechanics.

� ight trajectory algorithms have been under development since the
mid 1970s.7 These efforts have focused on using onboard � ight
management systems to control arrival time through the use of a
cost index.8,9

The goalof thecurrentresearchis to studythe costsofmergingde-
partureswith en route aircraft.This researchapplies the conceptsof
con� ict probingand trial planning to the problemof determining the
optimal trajectorythatwill merge an aircraft from its departureroute
onto the initial en route segment. The effect of trajectory prediction
accuracyon the timing and implementationof the merge is also con-
sidered.Software was developedto analyzeseveraldifferentscenar-
ios. For each case, a set of resolution trajectoriesare generated,and
a cost is determined relative to an undelayed,nominal trajectory.

Problem Statement
Prior to departure, all commercial � ights � le intended routes of

� ight from their departure airport to their destination airport. For
� ights that originate at the larger hub airports, part of the � led route
may include a route segment from the airport to the � rst leg of the
en route portion of the route. These segments are called standard
instrument departure (SID) routes. SID routes are used as the pri-
mary routes out of the terminal area airspace. There are two types
of SIDs, pilot nav and radar. If a pilot nav SID is � led, the pilot is
responsiblefornavigationalong the route.RadarSIDs are a seriesof
vectors given by the controller to the pilot to merge the aircraft into
the overhead traf� c. It is along the departure route that the aircraft
climbs to altitude and, at the controller’s discretion, is given one
or more advisories on merging into the overhead traf� c. However,
observation has shown that the departure routes are not necessarily
followed.10 Reasons for this include the � ling of new � ight plans
once aloft, vectoring to provide in-trail separation between depar-
tures and/or en route aircraft, or expediting the aircraft’s transition
to the en route part of the route.

The problemof merging departuresinto the en route traf� c is best
described as the resolution of con� icts between departure aircraft
and aircraft that are cruising at altitude. The intent of this paper is
to analyze strategies that will help the air traf� c controller resolve
con� icts as they pertain to departures. In our analysis of the depar-
ture merge problem, con� icts are referred to as either a crossing
con� ict or a merge con� ict. The resolution chosen by the controller
is dependent on the type of con� ict being resolved. In both cases
a con� ict between two aircraft occurs when horizontal and vertical
separation are simultaneously less than the legal minimum separa-
tions. A crossing con� ict is a con� ict where aircraft are on paths
that intersect only at a single point. A merge con� ict occurs when
two aircraft trajectories merge onto a common route segment, and
a con� ict occurs at or near the merge point.

There are some characteristics that are unique to the departure
merge problem. The most obvious is the initial speed difference in
the aircraft.Because departures are climbing to altitude, their initial
speed is much lower than the speed of the aircraft that are already
at altitude.The initial altitude separationis also unique to this prob-
lem. Speed changes along the climb trajectory and the time needed
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to reach altitude make it dif� cult for controllers to estimate the air-
craft’s top of climb; therefore, current con� ict resolution strategies
tend to be very conservative. As a result, the controller is more
likely to utilize altitude separation to ensure that there is not a con-
� ict. Finally, for most merge trajectories, the aircraft tend to be at
nearly the same heading. The small difference in headings means
that the duration of the con� ict may be several minutes long.

The primary function of a merge tool will be to give recommen-
dations to the controller for cost ef� cient and con� ict-free climb
trajectories.It is desired to resolve con� icts as early as possible,but,
practically, the accuracyof the predicted trajectoriesdetermines the
optimal time to resolve the con� ict. In the � eld implementation,the
merge tool software will compute a four-dimensionaltrajectory for
each aircraft. The trajectories are then compared for con� icts. If a
con� ict is predicted, the controller is alerted. Action may be taken
on initial noti� cation of the con� ict, but also may be delayed at the
controller’s discretion.The controllercan choose any of the follow-
ing resolutions:a temporary altitude restriction (a T altitude), a trial
planning vector, a speed change, or a new routing. If a T altitude
is chosen, the controller selects the new altitude, and the controller
is given the length of time that the departure needs to spend at that
altitude to resolve the con� ict. Likewise, if a vector is given to the
departure, the turn back point is computed. Speed control is also an
option, but for reasons given in the following section, we envision
this is not a preferred resolution strategy. In any case, the controller
should be able to see estimatesof the positionand time when the air-
craft climbs through a given altitude. It is believed that this may be
used to help with deciding on the appropriate resolution maneuver.

The motivation for this analysis is the proposed development of
a departure merge tool. Our discussions with air traf� c controllers
indicate that the task associatedwith merging departures is dif� cult.
Controllerswill try to avoida merge unless it is dictatedby the traf� c
situation. This research assumes that given the proper information
and tools, departure aircraft can be successfully merged onto busy
routes. The analysis that follows investigates scenarios likely to be
encountered by controllers working departure sectors in the center
airspace. Because individual sectors can be subjected to periods
of congestion due to short term increases in traf� c volume, it is
appropriate to investigate ways of climbing departures to altitude
alongcon� ict-free,minimum cost trajectories.However, this cannot
be accomplishedunless a study is conductedthat looks at the impact
of a set of resolutiontechniquesand the cost passed on to the airline.
At a minimum, it is also necessary to qualitativelyassess the effects
of these resolutions on controller workload. In the sections that
follow, resolutions as applied to merge and crossing con� icts are
evaluated.

Resolution Techniques
Several resolution techniquesare available to resolve both cross-

ing and merge con� icts. There are four primary typesof resolutions:
1) Applying of speed changes or restrictions during the climb, 2)
vectoring the departure aircraft, 3) holding the departure at some
intermediate altitude until the con� ict has passed, and 4) clearing
the departure direct to an alternate waypoint along the route.

Speed Control

One way to resolve a con� ict is by increasing or decreasing the
speed of one or more aircraft. The use of speed control has been
demonstrated in the Descent Advisor as a means to provide sepa-
ration between aircraft merging at a TRACON cornerpost.11,12 An
algorithm to determine a calibrated airspeed (CAS) given a desired
crossing time is presentedby Czerlitzkiand Kohrs13 based on an av-
eragewind speedover the length of the trajectory, the averageclimb
rate, the current average CAS, the distance to � y, the current time
prediction, and the required time at the control point. Also, Adam
and Kohrs14 give a three-stepalgorithmto determine a descentCAS
based on predicted times and required times at two points along
the trajectory. However, our analysis shows that speed control is
not an ef� cient means to increase spacing due to limitations on the
climb performance of the aircraft. Speed control is used, however,
to maintain spacing within a stream of aircraft.

Most climb trajectories consist of an initial constant CAS seg-
ment that transitions to a constant Mach segment when the Mach
number rises to a value determined by the climb aircraft’s aerody-
namic characteristics.To adjust the aircraft arrival time we vary the
climb CAS while holding the nominal climb Mach constant. As an
example, consider a 737-400 with an initial weight of 110,000 lb,
an initial altitude of 13,000 ft, and a � nal altitude of 33,000 ft. The
nominal climb pro� le is comprised of a 280-kn constant CAS seg-
ment followed by a constant Mach climb segment at 0.72M. By
varying the initial climb CAS from 250 to 310 kn (while holding
climb and cruise Mach � xed at 0.72M) it can be shown that for a
200-n mile long trajectory, the aircraft can be expedited by 28 s by
increasing the CAS to 310 kn or delayed by 48 s by decreasing the
CAS to 250 kn. Alternately, a 757 is a larger aircraft that typically
� ies faster and higher than the 737. The nominal climb pro� le for
the 757 is to � y a constant CAS segment at 300 kn, followed by
a constant Mach segment at 0.80M. With the same initial altitude
and speed as before, an initial weight of 210,000 lb, a cruise Mach
of 0.82, and a � nal altitude of 37,000 ft, the 757 can be delayed by
61s or expedited 28 s. Note that the range of times available due
to speed control will be a function of the cruise altitude and the
length of the route segment. Most climb sectors are probably not of
adequate length to allow speed control alone to be used for con� ict
resolution.

Vectoring

Vectoring the departure is another option to increase separation
between aircraft. To compute an appropriate path to resolve a con-
� ict, it is necessary to determinewhether the con� icting aircraftwill
be merging or if the � ight paths are only crossing. The reason this
is necessary is that the vectoring pro� le is different depending on
which case is being considered.Zhao and Schultz15 studiedoptimal
con� ict resolutiontrajectoriesfor the deterministiccase for cruising
aircraftand showed that the optimalresolutionto the merge problem
was to turn the slower aircraft away from the other and then turn
it back. For the crossing con� ict, the aircraft are turned toward one
another. This prevents a con� ict between the same aircraft from oc-
curring fartherdownstreamfor some crossingangles.For a crossing
con� ict, Paielli and Erzberger3 determine a resolution trajectory by
turning one aircraft toward the other (which remains straight and
level) until the postresolutioncon� ict probability is less than some
acceptable upper bound.

To computea vectorto merge, it is assumed that the departurewill
merge with the en route traf� c at the transition � x. The predicted
separation and the required separation are then used to determine
a trajectory that will deliver the departure at the � x such that it is
a speci� ed distance in-trail to the other aircraft. Based on current
practice we assume that the aircraft will make only a 15-deg turn
away from the nominal route. Depending on the separationneeded,
the turn back may require a heading change on the order of 45 deg.
The purpose of this procedure is to lengthen the departure’s trajec-
tory while maintaining the nominal climb pro� le. Alternately, if the
aircraft are simply crossing paths, the initial turn is computed such
that the departure aircraft passes behind the en route aircraft. The
departure then returns to its nominal trajectory at the � rst waypoint
downstream from the transition � x.

Altitude Hold

Holding an aircraft at a temporary, or T, altitude is probably the
easiest way to resolve either type of con� ict. The use of a T altitude
is a convenient solution for both the pilot and controller. For the
controller,holdingat an intermediatealtitude requiresno predictive
insight because the climb can be resumed at an arbitrary time in
the future once the con� ict has been safely resolved. For the pilot,
no vectoring off of the nominal route is required, so workload is
minimal. Separation is achieved because at a � xed CAS, the true
airspeeds are different at different altitudes (the speed differences
are about 7 kn per 1000 ft of altitude separation for the same CAS).
Note that the altitude can be considered a form of speed control,
althoughfroma pilot and controllerperspective,no speedadvisories
are given or received.
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Observationhas shown that T altitudes are already used a signif-
icant amount of the time by the lower-altitude sector controllers. A
majority of these restrictions are likely due to airspace ownership
and workload issues rather than con� ict problems. The removal of
the altituderestrictionis highlydependenton the time that the sector
handoff is accepted. Therefore, accurate predictionscould possibly
assist controllers in accepting a handoff sooner because it would be
known if a con� ict is present in the next sector.

Clear Direct to Next Waypoint

Clearing an aircraft direct to its next waypoint or using a parallel
offset route is often used as a means to resolve a merge. There are
several cases where this is advantageous.Often two aircraft share a
planned route for some short segment before diverging to different
destinations. In this case, the most convenient solution, if allowed,
is to clear the climbing aircraft to an alternate � x, hence eliminating
the con� ict. This helps the controller because the controller does
not have to monitor when to turn the aircraft back to complete the
merge. Instead a single clearance is given and the controller’s atten-
tion can be directed to other situations that may be more complex.
Another reason for clearing an aircraft direct is to separate aircraft
with dissimilar speeds. Given a stream of departures coming from
an airport, it is likely that they will notbe groupedby aircrafttype. In
fact, there may be a string of slower aircraft ahead of a faster one. In
this case, the controllermay clear the faster aircraft direct, based on
its route and current heading. Tests conductedon the CTAS con� ict
probe in Denver center show that there were an increased number
of aircraft being cleared direct to their next waypoints as a result of
the con� ict probe’s predictions.16

Cost Analysis
In this section,we seek to analyze the relativemeritsof thevarious

con� ict resolutionstrategiesthrougha quantitativecost comparison.
In doing this, we examine the change in direct operatingcost (DOC)
with respect to some nominal trajectory. Throughout the literature,
the operating cost is de� ned to be the sum of the fuel and time
costs. This formulation of the DOC is the classical cost function
associatedwith four-dimensionaltrajectoryoptimizationproblems.
In reality, additional terms may be present to representmaintenance
costs, lease payments, or depreciation,17 although time and fuel
costs are the two largest contributions to the direct operating cost.
It is reasonable to assume that the change in direct operatingcost of
some trajectory with respect of a nominal trajectory is given by

D DOC = ct D T + c f D W f (1)

where D DOC is thechangein thedirectoperatingcostof theaircraft,
ct is the time cost factor measured in dollars per minute, D T is the
time difference in minutes required to � y the trajectories, c f is the
fuel cost in dollars per pound, and D W f is the difference in fuel
burn measured in pounds.

First, we consider what happens when vectoring is used. The
purposeof vectoring is to haveone aircraft � y an additionaldistance
by turning it away from the nominal route. This directly translates
into an additionaltime to � y D T . For an aircraft that is climbing, this
additional time would occur at altitude as long as the nominal climb
schedule is not altered. If this is the case, then we can assume that
the fuel � ow ÇW f is constantover the cruise segment. The difference
in fuel burn for the two trajectories is D W f = ÇW f D T . Equation 1
then becomes

D DOC = (ct + c f
ÇW f ) D T (2)

The increase in cost is then directly proportional to the increase in
time that the vector maneuver needs to absorb. For representative
numbers considerct = $8.33/min,c f =$0.19/lb. A typical fuel � ow
for a 737-400 at FL330 i.e., altitude =33,000 ft is ÇW f = 85 lb/min;
therefore, a delay of 1 min will yield a cost increase of $24.74. On
the other hand, a 757 at FL370 has an averagefuel � ow of ÇW f = 125
lb/min, yielding a cost of $32.50 for 1 min of delay.

As a second case, we consider what happens when the departure
aircraft is held at an altitude that is lower than the cruise altitude

Fig. 1 Hold time to achieve 1-n mile separation (737).

Fig. 2 D cost to achieve 1-n mile separation (737).

for some period of time. This maneuver is more complex to analyze
due to the fact that true air speed (TAS) is a function of altitude
and CAS or Mach number. Consider the 737 and 757 examples. In
each case, the time and cost to obtain 1-n mile separation will be
computed for a range of valid hold altitudes where the con� icting
aircraft is � ying at cruise altitude at a speci� ed Mach number.

For the � rst case the 737-400 is to � y an optimal climb schedule
[280 kn CAS (KCAS)/0.72M], and then cruise at FL330 at 0.72M.
Figure 1 shows hold time as a functionof hold altitudeand the cruise
aircraft’s Mach number. The minimum hold times for the 737 are
at FL230. Note that at FL290, there is no solution if the cruise air-
craft is slower than 0.74M. The peak on this curve occurs because
at 280 KCAS and FL290, the TAS is the nearly same for an aircraft
at FL330 and 0.74M. In this case the hold time approaches in� nity
because the two aircraft are at the same ground speed. Using pre-
viously cited values for ct and c f , the costs associated with these
hold times are shown in Fig. 2. The minimum cost is to hold at
FL290 when the en route aircraft is 0.745M or faster. This shows
almost no cost increaseover the nominal trajectory.This is because,
for our aerodynamic model, the economy speci� c range (de� ned
as the speci� c range optimized for the cost parameters chosen) at
these two points in the aircraft’s envelope are nearly the same. If
the en route aircraft is slower than 0.745M, then one of the lower
altitudes may be selected, although it will be at a higher cost than if
the aircraft were holding at FL290.

The comparable times to hold for the 757 are shown in Fig. 3.
For aircraft that are cruising at 0.782M or less, the minimum time



26 BOLENDER AND SLATER

Fig. 3 Hold time to achieve 1-n mile separation (757).

Fig. 4 D cost to achieve 1-n mile separation (757).

to hold is at FL330. This corresponds to the 757 passing in front of
the cruising aircraft. However, if the en route aircraft is faster than
0.782M, the minimum hold times occur at FL250. At this altitude,
the 757 is slower than the en route aircraft; therefore, the en route
aircraft passes in front. These altitudes are what would be expected
in terms of minimizing the time to hold. At FL330, when the 757
is passing the en route aircraft, this represents the largest speed
difference. The same is true at FL250 when the cruise aircraft is
passing the 757; the speed difference is maximized, hence, the hold
time is minimized. The costs that correspond to the hold times are
shown in Fig. 4. Figure 4 shows that the minimum cost hold altitude
is FL330 if the cruiseaircraft is at 0.8M or slower.This is despite the
hold times conceivably being longer than for lower hold altitudes.
The higher speed and the improvedfuel burnof the aircraftat FL330
results in a higher cost savings. If the en route aircraft is cruising
faster than 0.8M, then the minimum cost strategyis to hold at FL250
and to let the en route aircraft pull ahead.

For this calculation, we are assuming a zero wind. If there is
a difference in wind speeds between the hold and desired cruise
altitudes then the effect of the wind will be to change the relative
ground speed of the two aircraft and, hence, to change the hold time
and possibly the optimal strategy to minimize cost. Also, it should
be realizedthat thecon� ict predictionhorizonwill ultimatelydecide
the hold altitude. If accurate time predictions are not possible, the
departureaircraftmay have alreadypassed through the optimalhold
altitude before the con� ict is detected. Then it will have to hold at
another altitude that is not optimal.

What we have shown is that in terms of cost, altitude hold is gen-
erally going to be better than vectoring.This is especially true when

there are largedifferencesin trueairspeedbetween the departureair-
craft and the en route aircraft. The advantages to doing an altitude
hold are that it is simple and cost effective, and the controller can
use the speed differencesof the aircraft to obtain a favorable in-trail
sequence, that is, the controller can put a slower aircraft behind a
faster aircraft. On the other hand, vectoring may be preferable if the
true airspeedsof the two aircraft are close, or if the controllerwants
the two aircraft in-trail at some speci� ed point.

Results
This section presents the results of a cost study of the resolutions

discussed for a particular encounter geometry and location. Several
scenarios are analyzed that are believed to be typical situations that
controllers in every center see on a daily basis. The metric used
to quantify each trajectory is the change in direct operating cost
[Eq. (1)] with respect to a nominal cost for an undelayed trajectory
to a � xedpoint.For thecasesstudiedhere, thevalueof c f is $1.25/gal
or $0.19/lb and the value of ct is $8.33/min or $0.14/s. These values
were selected for the cost coef� cientsbecauseit is believedthat they
represent typical values.

Figure 5 shows the airspace under consideration for this study.
This particular set of routes is based upon the Denver PLAINS
SID. We believe that this airspace is representativeof the departure
merge problemin general.Several jetways intersectat the Goodland
(GLD) intersection including a major east-west jetway (J80), and
so merging and crossing aircraft in this area are common. For our
study, only aircraft constrained to their routes were considered.

Merge Con� icts

This section focuses on the accurate delivery of a departure air-
craft such that it is merged to � y in-trail with one or more en route
aircraft. It is assumed that the en route aircraft are established east-
boundon a jetway and will remain so untilwell past the merge point.
The departure aircraft is assumed to follow the same jetway east-
bound after joining the jetway at the GLD VORTAC. It is assumed
that the trajectory predictions are exact. A quantitative discussion
of the effects of trajectorypredictionerrors on the advisorydecision
follows in the next section.

We present several cases where a departure aircraft, assumed to
be either a 737-400or a 757-200,has departedDenver International
Airport (DEN). The departure aircraft is initially at an altitude of
12,900 ft with a true airspeed of 325 kn, and a heading of 108 deg
measured positive clockwise from north. The 737 has a � led cruise
altitude of 33,000 ft and a cruise Mach of 0.72 (418 KTAS), which
representsthe cruiseMach optimizedfor the costparameters that we
have chosen. The initial aircraft weight is assumed to be 110,000 lb
and will � y the following climb pro� le: a constant 280 KCAS until
the aircraft reaches 0.72 Mach. The 757 has a � led cruise altitudeof
37,000 ft and a cruise Mach number equal to 0.8 (459 KTAS). This
is the optimum Mach for our cost parameters and cruise altitude.
The initial weight of the 757 is 200,000 lb. The initial positionsand
true airspeedsof the en route aircraft are selected to create a con� ict
between the departureand the en route traf� c. The goal is to � nd the
most costef� cientmerge trajectories.Accurateperformancemodels
of the 737-400 and the 757-200 are used to determine the time and
fuel burn. The performancemodels used in this analysiswere taken
directly from the CTAS aircraft performance data. Winds were not
modeled.

737 Example, En Route Aircraft Flying In-Trail: Case 1. The � rst
case is characterizedby two aircraft � ying in-trail at cruise altitude
with a separationof 10 n mile and a common true airspeedof 468 kn.
It is predicted that the departure aircraft (A in Fig. 5) will arrive at
GLD in 17.7 min and that the en routeaircraft(B and C)will arriveat
GLD in 16.6 and17.9min, respectively.Minimumseparationoccurs
in 11.5 and19 min, respectively.Two differentresolutionmaneuvers
are examined.These are altitudehold andpath stretch.Speed control
is not used because it does not provide enough variation in the
arrival time to allow the departure to achieve separation. It was
assumed that the en route aircraft, because they were � ying in-trail
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with identical speeds, could not be separated. Costs for the two
resolutions as compared to an undelayed trajectory are shown in
Table 1. Holding the departure aircraft for 28 min at FL290 gave
the necessary separation to place aircraft A behind aircraft C. This
is the least expensive of the two resolutions for this case. For the
altitudehold the slight cost increasecan be attributed to the fact that
only 29 lb of extra fuel is used. This is offset by the fact that the time
cost is negativedue to the higher true airspeedwhen the aircraft is at
FL290. Vectoring the aircraft is the more expensive maneuver due
to contributions from the extra time needed to merge the aircraft
and the extra fuel burned during this time. This trajectorydelays the
arrival of the departure at the merge point by approximately 1 min.
To � y this extra distance, it takes approximately83 lb of fuel, and so
the fuel cost as compared to the altitude hold is more than doubled.
Unlike the altitude hold, both the increase in the time and the fuel
used directly increase the cost.

737 Example, Single En Route Aircraft: Case 2. The second case
considers a situation where there is a single en route aircraft that is
in con� ict with the departure. The departure (aircraft A) arrives at
GLD before the en route aircraft (aircraft B), but is almost 30 kn
slower. The arrival times at GLD are separated by about 10 s. The
cost analysis is shown in Table 1. The situationis resolvedby putting
A behind B to prevent B from being held up. The amount of delay
necessaryexplains the increase in cost over the examples discussed.
The most practical solution is to take aircraft A off of its nominal
route and place it on a route parallel to its � led route to let B pass.
Selection of this route will directly in� uence the cost of the trajec-
tory. The cost of offsetting the route is a $12.80 decrease over the
nominal, undelayed trajectory. Note that the cost of this trajectory
may increase at some point downstream if the aircraft is returned

Table 1 737 cost comparison

Case Altitude hold Vector Reroute

1 $5.49 24.04 ——
2 $4.35 22.29 ¡ 12.80
3 $0.13 6.34 ——

Fig. 5 Path stretch resolution for 737 case 1.

to its nominal route. In fact, this parallel offset route may be used
in any of the merge cases because we are discussing a � xed set of
initial conditions for the 737 aircraft in all cases, and it represents
a simple and viable solution in the eyes of a controller. Practically,
this option is frequentlyused to allow one of the con� icting aircraft
to proceed directly to a waypoint that is further along the route.

Case 3. The third case involvesa situationwhere there is a con� ict
present, but the resolution will only require a fraction of the sepa-
ration needed for the previous examples. In this case the departure
arrives at GLD in 17.73 min, and the en route aircraft in 17.03 min.
Therefore, we expect to see a lower cost penalty associatedwith the
vectoringmaneuver as compared to the previouscases. If the depar-
ture aircraft is held at FL290 for 13 min, this results in a $0.13 cost
increase due to a 12-lb increase in fuel and a 16-s decrease in the
time to � y. On the other hand, the vector maneuver (Table 1) is only
a $6.34 increase. This is much lower than the previous situations
where the increases were on the order of $22. This shows that for
the 737 to merge with faster traf� c, it is more bene� cial to employ
an altitude hold restriction.

757 Example: Case 1. The � rst case involves a 757 departing
DEN and an aircraft cruising at FL370 and 463 KTAS. Because the
757 is to cruise at a slower speed, it should be positioned in-trail of
the cruising aircraft. The en route aircraft crosses GLD in 16.2 min
and the 757 in 16.5 min. Altitude hold was applied by clearing
the aircraft to FL250. This altitude was chosen because the speed
differencebetween the en route aircraftand the 757 was 32 KTAS. If
FL330 had been chosen, the 757 and the en route aircraftwould have
been at nearly the same true airspeed.As a result, the aircraft would
not have separated, thereby permitting the 757 to resume its climb
to FL370. The aircraft remained at FL250 for 6 min and the cost of
the trajectory increased by $19.53. The incremental fuel burn was
82 lb and the delay was about 27 s. On the other hand, the vectoring
maneuver resulted in a cost of $13.80. The 757 used 52 lb of fuel
and was delayed by 26 s. The cost increments are shown in Table 2.

Case 2. For the second case the en route aircraft is at a speed of
448 KTAS, which is 10 KTAS slower than the 757 at cruise altitude.
The en route aircraft is predicted to arrive at GLD in 17.1 min.
Application of the altitude hold maneuver at FL330 for 12 min
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Table 2 757 cost comparison

Case Altitude hold Vector Reroute

1 $19.53 13.80 ——
2 $8.76 35.22a ¡ 12.36
aWith a 10-kn speed reduction at cruise altitude.

resulted in a cost increase of $8.76. The aircraft burned 53 lb of
fuel, but arrived at the trajectory end point 10 s before the nominal
trajectory. A vector maneuver will be unacceptable because of the
speed advantage over the en route aircraft at altitude. This speed
difference would result in the 757 overtaking the en route aircraft
shortlyafter reachingits cruisealtitude.If the cruise speedof the 757
is adjusted to that of the en route aircraft, the cost increase will be
$35.22. As an alternate option, the controllermay decide to reroute
the departure to avoid a speed adjustment. The cost increment to
reroute is a $12.36 improvementover the nominal trajectory.Table 2
shows the cost comparison.

Effects of Uncertainties on Cost
The analysis presented in the preceding section showed the costs

of various resolutionmaneuvers for a con� ict that was about 15 min
into the future. These costs establish a baseline of what would be
possible under an ideal situation where aircraft trajectories could
be computed exactly. The effect of uncertainty on the trajectory is
to transform the con� ict resolution problem from a deterministic
problemto a stochasticone. Therefore, the uncertaintyin an aircraft
trajectory needs to be consideredwhen determining con� icts. If the
uncertainties in the predicted trajectories are known, an estimate of
the con� ict probabilitybetweena pair of aircraftcan be determined.3

The probability estimation algorithm developed by Paielli and
Erzberger3 assumes that prediction errors are normally distributed
with zero mean. The along-track rms error and the cross-track rms
errors are parameters for the estimation algorithm and determine
the covariance. To compute con� ict probabilities for our analysis,
the algorithm developed by Paielli and Erzberger3 is followed.

A merge trajectory is usually characterized by small encounter
angles between the aircraft. One important conclusion reached by
Paielli and Erzberger3 is that there appears to be a cross correlation
of the position errors for two aircraft in cruise on nearly identi-
cal headings. The cross correlation of errors is a result of the two
aircraft being affected by a common (and uncertain) wind compo-
nent. The effect of the cross correlation is to reduce the error in the
position difference as compared to an individual aircraft’s position
error. It is not known whether a merge con� ict between a climbing
aircraft and an aircraft in cruise would have such a cross correla-
tion due to differences in winds aloft at the two altitudes and the
speed of the aircraft. There is probably little cross correlationwhen
the aircraft are separated by large altitudes (greater than 10,000 ft);
however, as the departure aircraft approaches its cruise altitude, the
errors probably become more correlated. We will assume that the
position errors are uncorrelated throughout the encounter. Figure 6
shows the con� ict probability between a departure and an aircraft
at cruise altitude. In Fig. 6 it is assumed that the along-track error
grows at rate of 45 kn over the entiredeparturetrajectory.This value
of the along-track rms error represents the accuracy of the current
departure trajectory prediction capability.10 The along-track error
growth rate for the aircraft in cruise is 15 kn. Each aircraft has a
constant cross-trackerror of 1 n mile. The ground tracks intersect at
an angle of 15 deg. The departure’s initial conditions are 13,000 ft
and 280 KCAS. The aircraft climbs according to a 280 KCAS/0.74
Mach climb schedule, and has a cruise Mach of 0.74 at FL330. The
cruise aircraft is at FL330 at 0.78M. Each curve corresponds to a
minimum predicted separation. It is assumed that the con� ict oc-
curs at a � xed point that occurs a short distance after the departure
aircraft reaches cruise altitude. The vertical uncertainty is not con-
sidered because the con� ict occurs at the cruise altitude. Figure 6
shows that the con� ict probability increases rapidly as the aircraft
approach minimum separation. For a predicted minimum separa-

Fig. 6 Con� ict probabilitybetween a departure and en route aircraft.

Fig. 7 Con� ict alert time (Pc = 0.80) as function of error rate.

tion of 0 n mile, the con� ict probability reaches 0.8 approximately
5 min before the con� ict. Operationally,if the con� ict probability is
larger than 0.8, it is likely that the con� ict will occur and controller
intervention is necessary. (Data available online at http://www.atm-
seminar-97.eurocontrol.fr/erzberge.htm.)

Figure 7 shows the effects of improving the departure trajectory
predictionon decision time. The decision time is de� ned as the time
remaining to minimum separation when a controller will initiate a
resolution maneuver. Figure 7 shows, as a function of along-track
growth rate, the time that the con� ict probability reaches a value
of 0.8 for a predicted separation of 0 n mile. This time will also
be used as the decision time. For the current capability of 45-kn
rms along-track error, the decision time is 5 min. This improves to
approximately 11 min for an along track error of 15 kn.

For a given merge con� ict, the resolution cost is invariant with
respect to decision time. This can be seen as follows. Consider
a vector maneuver to resolve a projected con� ict at cruise altitude.
With a � xedclimbpro� le, thedepartureaircraftwill requirethe same
amount of delay independent of when the maneuver is initiated.
What will differ with decision time is only the size and location
of the initial and � nal turns. The cost however will stay the same.
Similarly, for an altitudeholdresolution,thecostis invariantuntilwe
pass though the desired hold altitude. If the decision time is short
and the climbing aircraft has passed the “optimal” hold altitude
before the resolution is initiated, then the cost and hold time will be
increased.
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Conclusions
A quantitative analysis for the problem of merging departures

into the en route airspacehas been addressed.Maneuvercosts when
the departure aircraft is approximately 15 min from the merge are
evaluated as this represents the ideal capability of a future air traf-
� c control automation system. Of the two most common means of
achievingseparation,altitudehold appears to be more cost effective
than vectoring. Initiatingaltitudehold is simple, but long hold times
may be required to achieve suf� cient separation before the aircraft
is able to resume its climb to altitude.Vectoringis more complicated
because a turn-backpoint has to be determined.Although vectoring
costs more, it may be a desirable solution if the merge is required to
occur due to traf� c constraints.Speed control alone is generally not
a viable method of increasing separation because the initial speed
differencebetween the en route aircraft and the departure aircraft is
so large, and the length of the departure route is insuf� cient to allow
a small speed difference to have a major effect on separation.How-
ever, speed control is viable if only small changes are required or
for maintaining separation within an en route stream or a departure
stream.

Rerouting the aircraft was also brie� y addressed. This option
avoids the merge altogether by establishing the departure on a new
route. Rerouting can be used in lieu of vectoring and altitude hold
anytime,but is particularlyusefulwhenspeeddifferencesmay result
in a loss of in-trail separationafter the merge (assuming no en route
speed adjustments). Cost savings may be signi� cant depending on
the route chosen.

The effects of improving the trajectory prediction are also dis-
cussed. It is shown that with current capabilities a con� ict between
a departure and an en route aircraft cannot be accurately predicted
until5 min prior to the time ofminimumseparation.We showthat for
merge con� icts, the cost change is invariantwith respect to decision
time. Improving the prediction capability will allow the controller
to know whether a con� ict is likely so that a resolution may be
attempted earlier. Also, by improving the prediction capability the
controller may be able to rule out anticipated future con� icts and
can eliminate unnecessary altitude holds or vectors.

Acknowledgments
This researchwas supportedbyNASA Ames GrantNGT-2-52205

and Cooperative Agreement NCC-2-950.

References
1Denery, D., and Erzberger, H., “The Center-TRACON Automation Sys-

tem: Simulation and Field Testing,” NASA TM-110366, Aug. 1995.

2Erzberger, H., “Design Principles and Algorithms for Automated Air
Traf� c Management,” AGARD LS-200 Knowledge-Based Functions in
Aerospace Systems, 1995, pp. 7-1–7-31.

3Paielli, R., and Erzberger, H., “Con� ict Probability Estimation for Free
Flight,”Journal of Guidance, Control, and Dynamics, Vol. 20, No. 3, 1997,
pp. 588–596.

4Brudnicki, D., McFarland, A., and Schultheis, S., “Con� ict Probe Ben-
e� ts to Controllers and Users,” TR MP96W0000194,MITRE Corp./Center
for Advanced Aviation Systems Development, McLean, VA, Aug.
1996.

5Kerns, K., and McFarland, A., “Con� ict Probe Operational Evaluation
and Bene� ts Analysis,” TR MP98W0000239, MITRE Corp./ Center for
Advanced Aviation Systems Development, McLean, VA, Nov. 1998.

6Tobias, L., Erzberger, H., Lee, H., and O’Brien, P., “Mixing Four-
Dimensional Equipped and Unequipped Aircraft in the Terminal Area,”
Journal of Guidance, Control, and Dynamics, Vol. 8, No. 3, 1985, pp. 296–

303.
7Liden, S., “Practical Considerations in Optimal Flight Management

Computations,” Journal of Guidance, Control, and Dynamics, Vol. 9, No. 4,
1986, pp. 427–432.

8Burrows, J., “Fuel Optimal Aircraft Trajecctories with Fixed Arrival
Times,” Journal of Guidance, Control, and Dynamics, Vol. 6, No. 1, 1983,
pp. 14–19.

9Sorensen, J., and Waters, H., “Airborne Method to Minimize Fuel with
Fixed Time-of-Arrival Constraints,” Journal of Guidance and Control,
Vol. 4, No. 3, 1981, pp. 348, 349.

10Lambrecht, M., Departure Trajectory Modeling for Air Traf� c Con-
trol Automation Tools, M.S. Thesis, Dept. of Aerospace Engineering and
Engineering Mechanics, Univ. of Cincinnati, Cincinnati, OH, 1998.

11Williams, D., and Green, S., “Airborne Four-Dimensional Flight
Management in a Time-Based Air Traf� c Control Environment,” NASA
TM-4249, March 1991.

12Green, S., den Braven, W., and Williams, D., “Development and Evalu-
ation of a Pro� le Negotiation Process for Integrating Aircraft and Air Traf� c
Control Automation,” NASA TM-4360, April 1993.

13Czerlitzki, B., and Kohrs, R., “4D Flight Management-Planning Func-
tions to Comply with Time Constraints,” Zeitschrift für Flugwissenschaften,
Vol. 18, No. 1, 1994, pp. 40–47.

14Adam, V., and Kohrs, R., “On Board Planning of 4D Trajecto-
ries,” AGARD Air Vehicle Mission Control and Management # 504, 1994,
pp. 16-1–16-12.

15Zhao, Y., and Schultz, R., “Deterministic Resolution of Two Aircraft in
Free Flight,” Proceedings of the AIAA Guidance, Navigation, and Control
Conference, AIAA, Reston, VA, Aug. 1997, pp. 469–478.

16McNally, B., Bach, R., and Chan, W., “Field Test Evaluation of the
CTAS Con� ict Prediction and Trial Planning Capability,” Proceedings of
the AIAA Guidance, Navigation, and Control Conference, AIAA, Reston,
VA, Aug. 1998, pp. 1686–1697.

17Padilla, C., Optimizing Jet Transport Ef� ciency, McGraw Hill, New
York, 1996, pp. 153–162.


