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With the introduction of the Federal Aviation Administration’s Advanced Technology
and QOceanic Procedures system at the Qaklznd Ocennic Center, a level of automation now
exists in the oceanic environmment to potentially begin actommodating increased user
prefecred rouling requesis,  This paper presenis the results of an initial feasibility
assessment which examines the potential benefits of {ransitioning from the fixed Central
East Pacific routes to user preferred routes. As a surrogate for the actual user-provided
routing requests, a minimum-travel-time, wind-optimal dynamic programming algorithm
was developed and nfilized in this paper. After first desexibing the characteristics (o.2. ,
origin airport, destination airpart, vertical distribution and t%mporal distribution} of the
westhound flights ufilizing the Central East Pacific routes on Dec, 14-16 and 19-20, the
results of both a flight-plan-based simulation and a wind-optimal-based simulation are
presented. Whereas the lateral and longitudinal distribution of the azireraft trajectories in
these two simulations varied dramatically, the number of simulated first-loss-oi- separatmn
events remained relatively constapt. One area of condern that was uncavered in this initial .
analysxs was a potential workload issue associated with the redistribution of traffic in the
oceanic sectors due to the prevailing wind patterns.

I Introduction

he Oakland Oceamic Flight Information Region (FIR) (or Center), which is shown in Fig. 1, contrels
. approximately 21.3 million square miles of airspace and borders the Anchorage FIR to the North, the Tokyo
FIR to the East, the Aukland FIR to the South, and the coastline of the contignous United States on the West[1]. In
contrast, the twenty Air Route Traffic Control Centers {ARTCCS) in the contiguous U.S. encompass roughly 3
million square miles. Despite the vast amount of airspace controlled by this Center, flights, for the most part, are
required to fly along fixed route structures and adhere to Jateral separation standards that extend up to 100 nmj,
longitudinal sepaxatmn standards extending up to 15 minutes, and vertical separation standards of 1000 ft [2]. These
stringent scparation standards are required because of the limited surveillance capabilities in the ocean and the
FAA’s legacy Oceanic Display and Planning System (ODAPS). It is worth noting that both the lateral and
longitudinal separation standards can be significantly reduced for Automatic Dependent Surveiilance — Contract
(ADS-C) equipped flights that are operating in reglons of the Pacific that are designated for Required Navigation
Performance {RNF) [2].
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Figure 1. Qakland Oceanic Center Display Including Sector Boundaries and Coastal Map

With the introduction of the FAA’s new Advanced Technologies & Oceanic Procedures (ATOP) at Oakland
Center in 2005, increased route flexibility and reduced separation standards can potentially niow be accommodated.
Some of the major ATOP innovations leading to this incroased flexibility are (1) fully intograted flight- and radar-
data-processing capabilities, (2) conflict-detection capabilities, and (3) satellife data-link communication and
surveillance capabilities [3]. This paper presents the results of an initial study, which examiines the potential benefits
and consequences of allowing user-preferred routing in place of the fixed Central East Pacific (CEP) routes.

The CEP routes shown in Fig. 2 connect the west coast of the United States to Hawail. The alphanumeric
designators for these seven routes are R463, R464, R465, R585, R576, and R577. Sectors OC-3 and OC-4 in the
Oakland Oceanic FIR handles traffic along these routes. Routes R464 and R576 are used exclusively for westbound
traffic, while routes R465, R585, and R577 are used exclusively for sastbound traffic, Routes R463 and R578 can
accommodate bi-directional traffic. The RNP for alrcraft flying on the CEP routes is 10, or RNP-10, which implies
that the total horizoutal position error of the aircraft cannot exceed 10 nmi for more than 95% of the flight time [2],
[4}. These flights can be identified by the “/R™ equipment suffix appearing in their International Civil Aviation
Organization (JCAQO) flight plans. [5]. Based onthe required equipage level for flights operating on the CEP routes,
the lateral separation standards are 50 nooi, the lougitudinal separation standards vary between 5 and 10 minutes, and
the vertical separetion standards are 1000 Rt

To our knowledge, this is the first study designed to explore the benefits of transitioning from the fixed CEP-
based route structure to a more flexible user-preferred routing structure. Though the flight routing application in this
study is believed to be unique, the general area of flight plan routing and flight path design has a long history [§].
Recent advances in this area [nchude the conflict-free, wind optimal routing work that was introduced in Ref. 7, the
dynamic network flow rerouting approach introduced in Ref. 8, and the fleet assignment and routing approach
introduced in Ref. 9. A comptehensive summary of many of the earliest flight routing techniques can be foued in
Ref. 10.
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Figure 2. Central East Pacific (CEP) Routes

The rest of this paper is organized as follows. Section (X describes the wind~optimal routing methodology that
was adopted for this paper. The unmodified characteristics of the CEP routes are described in Section IIT and the
modeling rosults are presented in Section IV. Finally Section V section ends with some conclusions.

II. Modeling Methodology

As previously mentioned, the FAA’s new ATOP system offers an unprecedented level of automation in
comparison to the legacy DDAPS system that it replaced, With this new system, it is now conceivable to transition
from the fixed CEP route structure in the Pacific to a set of routes that accommodate the airline user’s preferences.
To begin understanding the potential implications of this transition, a minimum-travel-time, wind-optimal dynamic
programming algorithm was developed to simulate possible user route preferences. Though the business models,
schedules, -and aerodypamic performance characteristics (¢.x., engine type, weight, ete.) of the alroraft in the
airline’s fleet will uliimately govern the design of the optimal trajectories each aitline wishes to fly, 2 simple
minimum-time wind-optimal model, as adopted in this study, should initially suffice to understand this change in
routing philosophy.

For the purpose of this study, the pasmon of an aircraft along a minimum-time wind-optimal route &t stage e+ 7
can ba related to the position at stage £ via the following equation:

Xy =X + 14, )

Here u, is the decision vatiable at stage £ For the purpose of this study, wind optimal routes are calculated on a
grid composad of latitude and longitude valuss that encompass the region of airspace in which each analyzed aircraft
travels, Though the grid is individually tailored for each flight, the grid is roughly bounded between the
20°N latitude to the south, 40°N latituds to the north, 156°W longitude to the west, and 120°W longitude to
the east. This grid is sufficient for most flights that either depart or arrive at the west coast of the United Stales. For
flights departing or amriving at in-land airports, such as Chicago O"Hare International Airport, the grid is increased
accordingly.

The stages, k, within our problem formulation refer to the available longitudinal values; the states x, refer to the
latitude values; and the decision variables, 2, , are the changes in the latitude values that are permitted at each stage
k. The bounds on the decision variables and the states are

}"min,k 5 X = /‘“max,k 7—)
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u, €U, where U,= {uk]-—S U, = 5} ' €y

Additional bounds are applied to x; at the first and last stages to ensure the route starts and ends at the entry and exit
points of the CEP routes into the Oakland Qceapic FIR.~ This additional constraint is applied to enforee any
procedural constraints that might apply as an aircraft transitions to/from a U. 3. Air Route Traffic Control Center
(ARTCC) and the oceanic environment.

Using the prineiple of optimality, the minimum cost function at stage &, /(x,%), can be calculated from the
minimum cost fimetion at stage &+1, I(x, + u,,k + 1) using the following expression [11]:

Kz,k) = ‘leeitrri{C(xk,uk,k) + I, + w, k + 1)} for k€ {0,1,...,N -1} | @)

Here C(x,,1,,k) is the cost associated with transitioning from state X, to X, using the decision variable i, at
stage £ For our study, the cost is equal to the amount of time required for an afrcraft to fly from the current
state, X, , to the next state, X, ,,. The detajls of the cost function caleulations are provided in Appendix A, The
sequence of controls (Le. My, M,..., Uy ) resulting from the solution of Eq. 5 for 0=k 2V ~] is used to
construct the minimum-time, wind-optimal routes between the origin and destination airport for each flight. For all
routes generated using Eq. 4, the minimum cost function at k=¥ (i.e. J(x,N)) has been set to zero.

To illustrate the use of this algorithm, wind optimal trajectorics for the westbound aircreft that were nomjnally
flying on the CEP routes are presented in the fourth section of this papet.

III. Unmodxﬁad F!ow Charactenstms

The primary purpose of this section is to describe the dats sources used in this study and to familiarize the reader
with the nominal characteristics {e.g., numbsr of aircrafi, vertical distribution, ete. ) of the westbound traffic flying
along the CEP routes. Afreraft flight plans, flight plan amendments, departutre titnes, artival times, and position
reports were obtained from an Alrcraft Simarion Display to Industry (ASDI) deta feed [12], [13] for Dec, 14-16 and
19-20 of 2005, . For reference, Dec. 14" is a Wednesday and Dec. 20% 552 Tuesday. To filter the westbound CEP
route traffic from the national data mosaic provided by the ASDI data feed, only flights that explicitly contained
R463, Rd64, R576, and R578 in either a flight plan or flight plan amendment message were retained for further
processing. The resulting aircraft counts for this five-day period are shown in Fig. 3. A total of 325 westbound
flights were analyzed during this time period. The average daily fraffic count was 65 and the standard deviation was
4.6.
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Figure 3. Westbound Traffic Counts on the CEP Routes

To assess the vertical distribution of the westbound flights, the actual flight level (FL) of each aireraft as it

crossed 140° west longitude, which is roughly halfway between Hawaii and the U.S. mainland, was recorded and
the results are displayed in the-leftmost image in Fig. 4. As can be seen from this figure, the most predominartly
used flight level was F1340 {or 34,000 ff), and approximately 73% of the sircraft were between FL320 and FL360.

The rightmost image in Fig. 4 depiets the temporal distribution of the westbound flights at 140° west longitude.
As can be seen from this figure, the largest concentration of flights cross this longitude at roughly 19:00 UTC, which
corresponds to a west-coast departure time of approximately 16:30 UTC {or 8:30 PST). The traffic count
distribution on zach of the analyzed days shows little variation, but slightly more aireraft were observed to cross this

longitude at 6:00 UTC and 21:00 UTC on 12/19/05, which is a Monday.
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Figure 4. Vertical (left) and Temporal (right) Distribution of the West-Bourd thhts at 140 degrees West
Longitude

The leftmost image in Fig. 5 depicts the departure airport usage statistics for the westhound CEP flights, while
the rightmost image shows the corresponding destinetion sirport statistics. For the departuro statistics, only the op
15 sirports-are illustrated, although fhghts were observed to depart from 40 arrpcrts during the five-day period”
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analyzed in this study. Roughly 42% of all westbound flights departed from Los Angeles International Airport,
KIAX, and San Francisco International Ajrport, KSFO. The names associated with the remaining departure sirport
acronyms in Fig. 5 follow: Chicago O’Hare (KORD), McCarran Intl. (KLAS), Phoenix Sky Harbor Intl. (KPHX),
John Wayne Airport (KSNA), Dallas/Fort Worth Intl. (KDFW), Metropolitan Qakland Intl. (ROAXK), San Diego
Tnal. (KSAN), Memphis Intl. (KMEM), Ontario Intl. (KONT), Seattle-Tacoma Intl. (KSTA), Norman Y. Mineta San
Jose Intl. (KSIC), Portland Intl. (KPDX), and Sacramento Intl. (KSM¥).

The arrival airport statistics that are shown in the rightryost image in Fig. 5, illustrate that approximately 60% of
aJl flights destined for Hawaii landed at Honclulu Imtl. Ajrport (PENL). In contrast, only one flight was observed to
attive at Lanal {PHNY) and Hilo (PHTO) during the same period. Of the remaining flights, 24% landed at Kahnlui
(PHOG), 11% landed at Kona/Keahole Kailua (PHKO), and 4% landed at Lihue/Kauai Island (PHLI).
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Figure 3. Top Origin and Destination Airports for the Westbound Flights

The distribution of the flights amongst the available westbound CEP routes is shown i Fig. 6. As shown by this
figure, flights traveled predominately along R464 and R576, which are both undirectional routes. Significantly, less
traffic was observed along R463 and R578, which are bi-directional routes. The control of flights along these routes
was distributed roughly evenly between Qakland Oceanic Sectors 3 and 4. As jllustrated by Fig. X, traffic on R463
and R464 is controlled by Sector 3, while traffic an R576 and R578 is controlled by Sector 4.
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Figure 6. Westhannd CEF Route Usage Statistics
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IV. Modified Flow Characteristics

The results from an initial set of sivwdations that were designed to access the potential benefits and
consequences of allowing fights to deviste from the fixed CEP route structure in favor of user-preferred routes are
presented in this section. Using the ASDI data files for Dec. 1416 and 19-20 of 20035, two sets of simulations were
run in the Future ATM Concepts Evaluation Tool (FACET) [14]. In the first set of simulations, flights were allowed
to fly along their filed flight plans, as specified in the ASDI files, while in the second set of simulations a wind
optimal trajectory was calcuwlated for each flight using the methodology cutlined in Section i1, For both sets of
sitmulations, only airoraft that filed flight plavs on one of the four westbound (i.e. R463, R464, R576, and R378)
CEP routes were retained from the original ASDI files.

The magnitude and direction of the winds in the Pacific Ocean that wers used to simulate the trajectory of the
aircraft on both the original flight plan route and the wind optimal route wers obtained from the Global Forecast
Systern (GF5) Atmospheric Model |13] that js produced by the National Oceanic and Atmospheric Administration
(NOAA). For reference, GES is a global atmospheric model with a horizontal resolution of approximately-0.5° x
0.5° latitude/longitude and an unequally spaced vertical resolution starting at 1000 mb (surface) and extending up to
100 mb. Updates to the GFS model are available every six hours and forecasts are available up to 16 days into the
future, As an example of the wind data used in the simulation, the wind magnitude contours at 250 mb, which
roughly {ncludes the altitudes between 31,000 ft and 36,000 ft, are shown in Fig. 7. For reference, the Hawaiizn
Islands are shown at the bottom left of this figure and the west coast of the United States is shown on the right side
of this image. A region of very strong, easterly winds (>120 knots) is designated by the magenta polygon in the

center of this figure and lies directly above two of the westbound CEP routes (R576 and R378}.

v

Figure 7. Wind contours at 250 mb in the Central East Pacific

The ajrcraft position (latitude and longitude) histories for the flight plan-and wind optimal based simulations
that were run using the ASDI data for Dec. 14, 2005 are displayed in Fig. 8. The lefimost itnage in this figure
depicts the westbound position histories for sircraft on the CEP-based flight plan routes, and the rightmost image
depicts the position histories for the flights on wind-optimal routes. Only minor deviations in the magnitude and
direction of the wind-field were observed m the Central East Pacific on Dec. 14, 2005, so only a single-GFS file
(0:00 UTC, zero-hour forecast file) was used to generate these results. The most striking feature differentiating
these two ltnages is the tremendous latitudinal and longitudinal dispersion of the airoraft position histories resulting
from the wind-optimal routing simulation. Not only are the histories dispersed but, with only one exception, the
routes have all been shifted north because of the strong easterly winds present in Sector 3, see Fig. 8. When
generating the wind optitnal foutes, each aircraft has been allowed to fly a wind optimal trajectory from the origin
airport to the destipation airport. 4lernative wind optimal sirategies to be explored in the final draft of this paper
include the following: '

I Fixed routing in the ARTCC airspace and wind optimal routing only in the oceanic environment
2. Wind gptimal routing along a fixed number (e.g. 2-3) of dynamically generated routes .

‘T .
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Figure 8. Flight Plzn and Wind Optimal Reutes for Westbound Flights

au

The sector counts as a function of time for Oakland Oceanic Sectors 3 and 4 are shown in Fig. 9 for both the
CEP-based and wind-optimal routing simulations. The thick red and blue curves in this figure comespond to the
CEP-based routing simulations, while the thin red and blue curves correspond to the wind optimal routing
simulation. As can be seen from this figure, the impact of transitioning to wind optimal routes results in a decrease
in the pesk aircraft count in Sector 3 from eleven fo one, and an increase in the peak aircraft count in Sectot 4 from
18 to 27, From. a sontroller werkload perspective, the 50% increase in the peak traffic count n.Sector 4 is-a bit-
disconcerting. To accommodate the changes i the traffic patterns that could potentially be associated with adopting
user preferred ftrajectories, resource scheduling algorithms [16] or dymamic re-sectorization [17] may prove
beneficial. Both these areas of work will be explored in more detall in funyre studies.
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Figure 9. Aircraft Counts in Oakland Sectors 3 and 4 with wind optimal and CEP routing

Changes in the traffic patterns in the Central East Pacific can not only increase the workload of a controljer, but
also can give rise to an increase in the pumber of possible losses of separation. Using FACET, the simulated
trajectories for all westhound flights were examined for possible losses of separation on both the nominal CEP-
based flight plan routes and the wmd-optunal routes. Losses of separation were identified under. two. different.
sepavation criteria: {1) 30 nmii lateral spacing, 30 ami longltudmal spacing, a.nd 100(} pid vertmﬂl spam z and {2} 50.
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o lateral spacing, 50 nmi longitudinal spacing and 1000 ft vertical spacing. For the remainder of this section, the
first of these two separation standards will be referred to the “30/30" separation standard and the luter of these two
will be referred to as the “50/50” separation standard, Roth of these separation standards are technicatly less
restrictive than the standards that currently exist for flights on the CEP routes, though the 50/50 separation standards
are achievable with the eutrent ATOP system and the 30/30 separation standards are proposed reductions in the
- separation standards [2]-[3]. The geographical location of each unique, first-loss~-of-separation event is depicted in
Fig. 10. The lefimost image in this figure depicts these events with the 30/30 separation standards, while the
righttaust image depicts these events with the 50/50 separation standards. Red circles are used to denote the CEP-
based routing first-loss-of-separation events and blue squares are used for the wind-optimal events. Under both
separation scenarios, the wind-optimal routing changes the location and frequency of the potential first-loss-of-
separation events. The most striking feature to note regarding the location of the eévents is the large number of
events that oscur immediately upon entering the Qakland Oceanic Center. This would sesm to indicate that
additional departure constraints are required for each flight to ensurs that the separation standards are met prior to
passing control of flights from the domestic Centers to Oskland Oceanic. In addition, more first-Joss-oftseparation
events are observed in Oalkland Oceanic Sectors 4 and 7 under the wind-optimal routing scenario than the CEP-
based routing scenario. This behavior i to be expected glven the lack of structure and the numerous converging
flight paths that are observed in Fig. 8 for the flights on wind-optimal routes.

In regatds to the frequency of first-loss-of-separation events, the 30/30 scenarios yielded five events under the
CEP-based routing simulation and four events for the wind-optimal routing simulation. As would be oxpecled, the
numbert of first-loss-of-separation events increased under the 50/50 scenario, yielding six events for the CEP-based
routing simulation and 12 events for the wind-optimal routing simnulation.
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Figure 10, First-Loss-of-Separation Locations for Wind Optimal and CEP routing using 30/30 (left) and
5U/50 (right) latitudinal/longitudinal separation standards

In the final draft of this manuscript, the sector count and first loss of separation anolyses conducted for the
westhound flights on Dec. 14, 2005 will be expanded to include the traffic from Dec. 15, 16, 19, and 20. In addition,
the eastbound flights will alsv be examined. Additlonal metrics 1o be examined in the final draft include changes in
travel tite and distance.

V. Canclusion

With the introduction of the FAA’s new ATOP system at Oakland Center, increased route flexibility and redused
sepatation standards can potentially now be accommodated. The results of an initial study that were designed to (1)
understand the characteristics of traffic on the westbound CEP routes and (2) to assess the feasibility of transitioning
from the CEP routes to user-preferred ones were presented. To accomplish the first of these two tasks, the ASDI
data for Dec. 14-16 and 19-20 was used to examine the following: otigin and destination of flights on the CER.
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routes, usage of each route, vertical distribution of traffic on all routes, and the temporal distribution of flights on the
routas.

As a surrogate for the user-preferred routss, a dynamic programming based methodology was presented and used
to calculate wind optimal trajectories for the westbound flights that originally flew on CEP routes.’ The sector
counts for Oakland Oceanic Sectors 3 and 4 and the Jocation of the simulated first Toss of separation events were
compared for flights on both the wind optimal routes and the nominal CEP-based flight plan routes. Though the
lateral and longitudina} distribution of flights was observed to change dramatically with the wind optimal routing the
number ol first-loss-of-separation events was nor observed 10 change significantly.

Appendix A

For the current study, the cost associated with transitioning from an initial state, X, to a final state, X, is
equal to the travel time between these two states. If the initial latitude/longitude position is denoted by (Ai,'f:i) and

the final position is denoted by (A4,,7 f) then the cost/travel time s given by [18]

Claxpuuk)=t=dlv, X
where

d=R_,* cos"[sin A;vsin A, +cos(z, - T,)* cos A, - cos l&f] X)
and

V= 1/;2:2 + 3° )
Hers K

ary 13 the radius of the Earth, which is taken to be 3,444.046647 nm, and the horizonutal components of the
velocity are denoted by X and y. These veloeity components are calculated from the horizontal velocity of the
aircraft, vy, the horizontal component of the wind velocity, w,, the aireraft’s commanded heading, X oo » 20 the
horizontal wind direction, ¥, using the following expressions:

X =V, "COSX m + W, CO8 X, X3
and
Y=V, S0 K o — W - SIRX, 09}

The ajrcraft’s command heading, X, is related the course angle for great circle navigation via the following
expression:

Xeom = Koo =St ((w, /) sin, - e ) )
where

sin{z, —7.)  cos A
Koo = tan™ Ay <) L 20

sinA, - cosA; ~sinA,; - cos A, - cos(A, - 4,)
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