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Field of the Invention

The present invention relates to route planners, and in particular a four-

20  dimensional route planner.

Background of the Invention

For safety and efficiency reasons, aircraft routing is commonly along
predetermined air routes or great circle routes. Predetermined air routes are often
25  aligned with ground-based navigational aids. In some cases, air routes circumvent
geographical regions. Great circle routes, on the other hand, promise shorter flight
distances.
Weather affects both the efficiency and the safety of a particular flight.
Aircraft efficiency improves with favorable winds. In suitable tailwinds, ground
30  speed increases and fuel consumption drops. Reduced fuel consumption often
means that additional revenue-generating payload can be carried. Increased ground

speed means that flight times are reduced resulting in operational cost savings.
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of wind currents. Such routing usually fails to consider the vertical dimension of

hazard areas and the time varying nature of the hazard areas, thus leading to less

desirable routes. There exists a need for a system that addresses these shortcomings.

20 Summary of the Invention

A route planner uses a dynamic programming(DP) recursive algorithm to
determine a lateral and vertical path. A cost function consisting of fuel, time, hazard
costs, and overflight fees is minimized. Hazard areas are described by polygons
having top and bottom altitudes. In one embodiment, the hazard areas are given a

25  course and velocity, and thus move with time.

The route planner determines a course by moving from node to node in a
grid of nodes established about an origin and destination. A local step cost is added
to the accumulated cost to the next node. The transition step to the node which
results in the lowest accumulated cost to the node is retained which results in finding

30 the lowest cost route from the origin to the destination. When hazard areas are
encountered, movement to new nodes is explored in multiple vertical paths in an
attempt to find low cost transitions which do not pass through the hazard . If the

step passes through a hazard the incremental hazard cost is added to the



30 the I owest cost route fromthe origin to the destination. Wen hazard
areas are encountered, novenent to new nodes is explored in nultiple
vertical wets2isnzan attenpt to find | ow cost transiti on®CEHISON2904 not
pass through the hazard . If the step pasSes through a hazard the
incremental hazard cost is added to the WO 03/025507 PCT/ US02/ 29474 -3
accunul ated cost. In further enbodi nents, the route pl anner attelgﬁés to
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Figure 1 is a hubipke dhtigpant efdiag pouits wiihtdesirakdrrivili tgnesespacifisd foreaniput er
screen shot of a user interface for the route optimzer of Figure 1. 10
Figure 3A is aeisiRiP@Aowi ng a three di nensional representation of hazardous
weat her bySa pol ygon having a top and bottom height. Figure 3B is a plot
showi ng thé top and bottom hei ghts of the polygon of Figure 3A Figure 4
is a plot showi ng weat her havi Brief Desoriptiomofithe Deawtings). 15 Figure 5 is a

conput er screen shot of NCAR graded data showing hazard regions defined
wi th pol ygon bBigHEsat i es. 15/ 98%&18@3?%(%6?11%‘5@“5ﬁﬁn5i onal graphical
representati OEP rdPW t 0508l BBt} R crebh §hdt @R A tulerQhtefabOfor BiRYoRle cPtigRzdrbfa
hazard area. Figure 6B is at di mensi onal graphical representation of how
to determine the 20 |enbigwreol. a horizontal step in an hazard area. Figure

7 1is a representati of.a fljght .path over country boundari '
entrance atd el nt 518 z‘:pla{f%gwﬁg%&éeep&g}egg{)?%ﬁg%fz Segpagﬁogﬁ?gﬁé?%dr?gg on a
great circle plane. FigugRa@ér bypa polgsaPhiviad a topRindseabatiedthiof a region of

convergence for trajectory , .
Figure 3B is a plot showing the top and bottom heights of the polygon of Figure

3A.
Figure 4 is a plot showing weather having a course and direction.
15 Figure 5 is a computer screen shot of NCAR graded data showing hazard

regions defined with polygon boundaries.
Figure 6A is a three dimensional graphical representation of how to determine

the length of a horizontal step in a hazard area.

Figure 6B is a two dimensional graphical representation of how to determine the
20 length of a horizontal step in an hazard area.
Figure 7 is a representation of a flight path over country boundaries having

entrance and exit points.
Figure 8 is a projection of a step distance on a great circle plane.
Figure 9A is a graphical representation of a region of convergence for trajectory
25 iterations.
Figure 9B is a graphical representation of a region of convergence for trajectory
iterations.
Figure 10 A is a representation of a three dimensional grid of nodes used by the
route optimizer.
30 Figure 10B is a graphical representation of lateral steps to be explored from a
given node.
Figure 10C  is a graphical representation of vertical steps to be explored from a

given node.



25 iterations. Figure 9B is a graphical representation of a region of
convergence for trajectory iterations. Figure 10 Ais a representation of
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hazard, country overfli ghtathees and wind fields. Detailed Description of
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Figure 14 is a three dimensional representation of a geometry for route

planning showing a hazard, country overflight fees and wind fields.

Detailed Description of the Invention

15 In the following description, reference is made to the accompanying
drawings that form a part hereof, and in which is shown by way of illustration
specific embodiments in which the invention may be practiced. These embodiments
are described in sufficient detail to enable those skilled in the art to practice the
invention, and it is to be understood that other embodiments may be utilized and that

20 structural, logical and electrical changes may be made without departing from the
scope of the present invention. The following description is, therefore, not to be
taken in a limited sense, and the scope of the present invention is defined by the
appended claims.

Software for the system is stored on computer readable medium. In one

25  embodiment the software is stored on secondary storage, such as a disk drive and
loaded into main memory and cache of the computer as needed. The software is
written in the form of modules that generally provide a single function or subsets of
related functions. However, in various embodiments, the software comprises a
single module or many modules, and there is no requirement that functions be

30 grouped together. Hardware and/or firmware is used to implement the invention in
further embodiments. The software may implement the functions, or simply

facilitate the performance of the function by a human by providing menu driven



scope of the present invention. The follow ng description is, therefore,
not to be taken in a limted sense, and the scope of the present invention
i s defi newotwp/oz3se7 appended clainms. Software for the systegmitsozeared on
computer readable medium In one 25 enbodTent the software is stored on
secondary storage, such as a disk drive and |oaded into nmain nenory and
cache of the conputer as needed. The software is itten _in the form of
modul es t hat g@ﬁrémmr%heéwwésa RIONiGIRE nfrmation tothe sytiendaer Gfabase at ed
functi ons. o in various enbodi nents, the software conprises a
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Rout e optim z@tmnaﬁp@natmmemddltld?ummsiwn@]sl{we @iptlml@frf SN 09/239i84édfiled t he

route optim sent invention. The ro lOﬂ nsi sts
of a lateral é)ﬂ‘ %rgn&%éa@séfgtn?@é? SPHC ASSEISC Ay rpéf’S%B Hli)ﬁ % Te ec?m ned
largely in acgafidpaReiytificddSomati ®fcRRBbé Eatids@tichinidflited foRRSI onal Route
Optimzer", SN 09/223 46, filed "Decenber 31, 199 assigned to the sane
assi gnee as th@npngw@nﬁwmgﬁﬂﬁﬁaﬂwgﬁ%oﬁﬂmn which is hereby i ncor porated by

reference for its achi.n L a i rsive
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t hree di nensi on hazard areas are resented a ﬁ ol g(h]g% havi n g a_hei ght
and, whi ch mye}ﬂfp%t@a?\?é’ob@loﬁ%h%‘ﬁin&% eight Fde VI, n% VelRCHE PR ti ons

section is fi r&&ctﬁ(g ‘Kdnlg@ql fol l owed by an overview of the route 15
optim zer froma hi vel . Next, representations of hazard areas are

defined, followed }bsieﬁmtlblhmecd@t mlfirstq:egsadcﬂ fiofldvead hyeant dvsaview od theaoiiteont al
pat hs are 1gal cul at ed,

optimizer from a high level. Next, representations of hazard areas are defined,
followed by further detail regarding how vertical and horizontal paths are calculated,

taking such hazard areas into account.

Definitions:
20 CL - coefficient of lift
Cq - coefficient of drag
CI - cost index
CF - cost function
D - drag
25 Dy - great circle distance flown
FFR - fuel flow rate
h - altitude
h(ko) - altitude from previous grid point
Bupper -
30 hyower -
L - lift
M - Mach number

MTOW - maximum take off weight



taki ng such hazard areas into account. Definitions: 20 CL - coefficient of
lift Cd - coefficient of drag Cl - cost index CF - cost function D -
drag 25 Dyoos/ogiseat circle distance flown FFR - fuel fl owCraise2/bw474
altitude h(ko) - altitude from previous-gr@d-point hupper 30 hiower - L -
lift M- Mach nunmber MIOW - maxi mum take of f wei ght WO 03/ 025507
PCT/ US02/ 29474 -6- nf - mass of fuel sos - speed of sound V - ground
speed Va - air speed 5 VW- W%ﬁd%@@éd W- weight W - weight of fuel R -
charge for overfli %% RTA - &1&6% M’Erre of arrival 10 Sa - aerodynanic
I'S

reference area S - rclength ance traveled T - Unit rate in
overflight fees - ground speed
Va - air speed
5 Vi - wind speed
W - weight
Wrs - weight of fuel
R - charge for overflight
RTA - required time of arrival
10 Sa - aerodynamic reference area
S - arclength distance traveled
T - Unit rate in overflight fees
AS - step in arclength distance traveled
0 - longitude
15 0 - latitude
T - throttle
\j - direction of great circle for overflight fees

The route solver, represented generally at 110 in Figure 1, computes a four-
20  dimensional (three positions and time) route that minimizes a composite cost
function consisting of fuel, time, hazard costs, and overflight fees, and meets
required times of arrival (RTA’s). Route solver 110 is hosted in a digital computer
with a video monitor in one embodiment. A processor receives wind and
temperature information 115 such as from NWS Global GRIB Data, which provides
25  the solver with representations of winds aloft and temperature. Weather information
is received at 120, and is representative of convective currents, turbulence, icing, etc.
This information is also provided from an outside source, and may be input by a user
of the solver via an interface 125, used by pilots, and/or dispatchers.
The processing element are: Pilot or dispatcher Interface 120; World Map
30  Generation 130; Cost Function Determination 135; Weather Hazards Generation
120; Wind generation 115; Aircraft Cruise Performance - Fuel Flow Rate, Speed
and Altitude 140; Overflight fees 145; and Four Dimensional Route Solver 150.



AS - step in arclength distance traveled O - longitude 15 0 - latitude |IC
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operator, pil di spatcher”can interact with the route solver throu h 5
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Figure 2. ng%gﬁer at &rﬂY Wzﬂl t 7 ?hhgggerg glvi%Ws%es%'lslfe%lhﬁﬁngdglﬁﬂHbﬁ 6 atl rre Of

arrival s, hazar s severe
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ona world mp 0o tries w overlays o fields, and hazards.
Hazards are The operator can enter a city pair, hazards, hazard welghtmgs and required

15  time of arrival. After computing the horizontal route is displayed over the word map.
The vertical route with the hazards overlain is also displayed. A window containing
the performance results of fuel time average speed and cost can be selected. The

operator can affect the route by changing the hazard weightings.
20 1.2 Route Determination Method

The routes are computed using a dynamic programming (DP) method. In DP
a search is conducted over a grid to find the path that minimizes a cost function.
The cost function includes fuel, time, hazard costs, and overflight costs. The total

25  cost is the sum of incremental costs which are

ACost = ACOStfuel + ,ACOSttime + ChA COS thazard T+ Acos toverﬂight

Following is a description of each term in the cost function.
Hazard Costs- Hazards are severe weather, volcanic ash, special use
30 airspace, and politically sensitive regions. All of the hazard costs are determined in a
similar manner. The hazard representation is three dimensional as shown in Figure
3A which shows a perspective view of the hazard representation. Figure 3B shows

the height of the hazard representation, as having a top height and a bottom height.



shown as pol ygons, and are | abeled. Two hazards in Figure 2 are | abel ed 4*
and 5*. Their heights are shown in |ower franme below the world view The
oper at or wan3@piser a city pair, hazards, hazard wei ghti ng®eCTarsd2/eequi r ed
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Followi ng i's a description of each terntin the cost function. Hazard Costs-
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Figure 3B shows the height of the hazard representation, as having a top
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range of t I'xed course and speed

starting from sonmeTkE{LaRINGE: biseomssts b vemicts ¢llihe pdlygdhepswdatdiese, cost s
represent the danger of flying through severe weaci her 5 regi %n . The
weat her hazar dbe tps 2edbetjerns obde region. GBA Hiscassrated dangar eoste W anbeng.

The weat her reqi ented as pol ygons whi ch encl ose the severe
weat her regi gl%'eg%ﬁ%]%%%mpfgﬁfﬁ'gure 5. The polygon is shown as a double |ine

surroundi ng whit e Shpimzes] avsisclepardeon theliderderr vest of theqiattidulargaddangd Bteur ns  of
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horizontal step in the hazard is shown in Figures 6A and 6B.

To compute the distance it is assumed that the region is a convex polygon
with points specified in a counterclockwise order. The steps are as follows.
For each polygon segment determine d

V=DiX Pi+1
d:vop

20

For each polygon segment, define dnext, deurrent corresponding to Prext,Peurrent.

If dpext, deurrent < O => then segment is outside, so quit

25 else, if dnext < O, dcurrent > O => then C]j.p Pnext

elSC, if dnext > O, dcun-ent < 0 => then Clip Pcun‘ent

Where the clip function for prex: is

_ dpext ®*Peurrent T dcurrent ® Prext
Pe= d d
30 next T Qcurrent

Prext clipped = Pe



10 operator of the system or automatically generated from weat her
informati on. The hazard data base consists of the vertices of the polygon,
speed, cowpl8/02550he tops and bottons of the region, and tReTassved4at ed
danger costs, which can be user entered—i%h—Figure 2. The hazard costs
depend on the danger cost of the particular cell and the 15 distance
travel ed during the step. The nethod of determning the |ength of the

hori zontal st epnderihe it segarat issracessod a2aing qagh palygpn.dheingmsection ¢dspat e t he
di stance it is,assuned that the reqion is a _convex polygon wth points
specified in altBoEar &t @fﬁf@%u%Féhﬁseg¥ﬁga§teps are as follows. For each
pol ygon segnment determine d 20 v = pix pi+l d=vp For each pol ygon
segnment, define dnext, dcurrent corresponding to Pnext,Pcurrent If dnext,
deurrent < 0 => thenssegltppt, &@&Hﬁ%&%@ cligiRa U Hne:d BligdkS e Poirfentdfgpsd) < O,
dcurrent > 0 => then cli'p Pnex el se, if dnext > 0, dcurrent < O => then
Clip Pcurrgnt Wiere the clip function for Pnext is Pe ' Pcurrent +
dcurrent ' Pnext e 30 ldnext +dcurrent Pnext clipped = Pe WD) 03/025507
PCT/ US02/ 2947 4The lgizaroeost isscalediwith skayistin of the distenceds te hegand{46: Bedhe step
pol ygon, the intersection (As,) of the polygon and the original route
segment is Asfhng§Hz§} clipped - P current clipped) (Pnext clipped - P
current clipped) 5 The hazard cost is scaled with the ratio of the

di stance in the hazard (As, ) to the step distance (As) costhazard = s
COst hazard(4,0 h, t)

AS1
COSthazard = —AS—COS thazard ($,6,h,t)

10
Fuel and Time Costs - Fuel and time costs are determined from aircraft optimal
cruise performance conditions. There are two different types of cruise performance.
If there are no hazard areas, the cruise altitude and speed are free to be chosen to
optimize the cruise cost function. If there are hazard areas, the cruise altitude may be
15  specified, e.g., the top or bottom altitude of the hazard areas. Thus, there are two
possible cruise solution types: 1) unconstrained cruise - the altitude is free to be
chosen, and 2) constrained altitude cruise - the altitude is specified.
In cruise, the cost integral (C) in minimized.

dmf

+CI i)ds
ds Vv

Sf
C= f(
0
20  Clis the ratio of cost of time (in monetary units) to the cost of fuel (in monetary

units). More emphasis can be put on time by increasing the cost index(CI). For a

small arclength step AS, the fuel, time and cost increments are

AFuel = T2 As
ds
1
At =—AS
vV

ACostg = AFuel + CIAt

25
Traditionally, the fuel/time cost are combined into a single cost function (CF).



10 Fuel and Tine Costs - Fuel and time costs are determ ned fromaircraft
optimal cruise performance conditions. There are two different types of
crui se pewbesnoeisee. |f there are no hazard areas, the cr@csasat/edsraude and
speed are free to be chosen to optinize-flRe—cruise cost function. If there
are hazard areas, the cruise altitude nmay be 15 specified, e.g., the top or
bottomaltitude of the hazard areas. Thus, there are two possible cruise
solution types: 1) (_:__dﬂﬂ%ﬂ'&ilned cruise - the altitude is free to be
chosen, and 2) consirained/ altitude cruise - the altitude is specified. In
cruise, the cost integral (C in mnimzed. S C¢(dnf + C 1 )ds =f 0 ds
v 20 O is thdheatio of cost of time (in nonetary units) to the cost of
fuel (in nonetary HQ!)&SQCFM”G enphasi s can be put on tine by increasing
the cost index(Cl). For a small arclength step AS, the fuel, tinme and cost
increments are AFuel = dnf AS ds At AS V ACostft = AFuel + CTAt 25

Traditionally, the fuel/tinme cost e conmbined into a single cqst .f tion
(CF). WD 03/ 025507 EldiDs SBUSE e?foirﬁﬁmcéﬁoﬂ‘%ﬁﬁha@ Ptﬁ'c?}np‘%ﬁ‘gﬁy as%’f"%%? CFAs
5 The fuel/ti NBafifitkS@r RS foh SRIHRA SO IusEA tA16s RILufeHIILiaE: Patainbrs:

aircraft
weight, cost index , wind speed and altitude. The two types of cruise models are:

Unconstrained Altitude Cruise - Altitude Not Specified

ACost = CF(W,CLV,,)As

h cruise = h(W, CI’ Vw )
10 V =CFE(W,CLV,)
dwe _ 9 woeLv,)
ds ds

Constrained Altitude Cruise - Altitude Specified

ACost =CF(W,CLV,,, h)As
B e =h ‘

V =CEF(W,CLV,,h)

dw,

= gvE(W,CI,VW .h)
ds ds

15 When the aircraft is in a free cruise the unconstrained altitude solution is
used. When the aircraft is forced to fly at an altitude above or below the free cruise
altitude the constrained altitude solution is used. The above models are typical of
those used in flight management systems.

Overflight Fees - In general overflight fees depend on weight, distance

20 traveled and rate (cost per distance). The overflight fees are computed differently for

each country. Some fee types are a fixed rate, a function of weight, and a function of

weight, distance, and rate. Following are some formulas used:

Formula #1 ( Burocontrol Countries and others)



manuf acturer and then supplied to the user in tables as a function of the
paraneters: weight, cost index, w nd speed and altitude. The two types of
crui se nowelog/oarser Unconstrained Altitude Cruise - AtitudeTNsv2/8pecified
ACost. = CF(W d, V,,, )As hcruise =ttW =€, vw) 10 V=CR(W O, V,,
) dwf =dw) f (W C, VWWds ds Constrained Altitude Cruise - Altitude
Specified ACost ft = CF(W d, V,, h)As h cruise = h V=C(Wd,V,,,,h
dwf _ dwf (W d, h) Wds ds 15 When the aircraft is in a free cruise
the Unconstrained akfi FH?& @ ution is used. Wien the aircraft is forced
to fly at an altitude above or below the free cruise altitude the
constrained altitudehes®l ution is used. The above nodels are typical of
those used in flight rranagenent systens. Overflight Fees - In general
overflight fees depemdhdigewei ght, di stance 20 travel ed and rate (cost per
di stance). The overfLight fees are computed differently for each country.
Sonme fee types are a fixed rate, a function of weight, and a function of
wei ght, di §tance, a]);%d—rgeaicirﬁkaldi@wcngloavme sonme formul as used: Fornula #1

f/\/EgBOC\(,)\E; gl Count rg gsme?xqglu?r}tgl?g gi)f ngh?%??n nFl)gtl-ljc oSrQSZ/ 29474 -11- R=Thge

Formula #2 ( ASECNA Countries)
10 R = unit rate x coefficient (determined from Table 1)

Table 1 - Coefficient Table

Distance in

kilometers
Weight 0-750 750-2000 2000-3500 Over 3500
Metric Tons
14-20 1 5 12 20
20-50 1.2 6 14.4 24
50-90 1.4 7 16.8 28
90-140 1.6 8 19.2 32
140-200 1.8 9 21.6 36
200-270 2.0 10 24 40
270-350 2.15 10.75 25.8 43
350-440 2.3 11.5 27.6 46
440-540 245 12.25 29.4 49
540-650 2.6 13 31.2 52

15
The distance may be the actual distance flown, or the great circle distance between

the entrance point and the in country destination airport, or exit point, or the great



R =charge T =Unit rate 5 Dgc = great circle distance fl own W maxi num
take off weight (MTON in netric tons Formula #2 (ASECNA Countries) 10 R
= unit raweogozBefficient (determ ned from Table 1) Tabl e PCTAIS@ueS4F4 ci ent
Table Distance in kiloneters Weight 0=75—750-2000 2000- 3500 Over 3500
Metric Tons 14-20 1 5 12 20 20-50 1.2 6 14.4 24 50-90 1.4 7 16.8 28
90-140 1.6 8 19.2 32 140-200 1.8 9 21.6 36 ,200-270 2.0 1Q 24 4&1 270- 350
2.15 10. 75 25cBcladlistyme baippep the incognipy ORSINEIPAY @GNS AP BIABIpoiBisThY 4 49

540-650 2.6 1%it‘§e%1§ce§n%twé‘e§1 tﬂ@ﬁi{gﬁ!ﬂ% @%ﬁgﬁl@ﬁﬁ t?ce gxteQFciﬁ:Té S¥andl S5BOGE iof | own,

or the great circ I'stance ween e entrdnce point and the in country
destination aifige¢ v, The cexitty tamindhcy iothetpoditicaldatindiby,0B¢ 6850 ght

PCT/ US02/ 29474 -12 circle distance b tvve,enwége in country origin airport
and country e@ﬁorfﬁ%tFQﬂRegFﬁ‘é(FIBi)’fqré‘rCé?H@ AOPRELAD: he di stance travel ed and
the great gircle distance is shown in Figure 7. The country boundary is
the political boundary, the ATC Flight Information Region (FIR), or a
conbi nation of bot Mo compute the great circle distance, the projection of the step distance (AS)

on the plane of the great circle defined by the country entrance and departure point is
used (see Figure 8). The normal to the plane containing the entrance point (Re) and
the departure point (Rq) is
10
R.xR
o= ___e _d
|ReX Rd |
The components of n in the earth-centered coordinate system are rotated to
the coordinate system at the current point with the x axis pointing out from the earth.

15
n® =T(¢,0)n®

Next the projection of n on the local vertical at the current point R, (117 ), is

determined by setting the vertical component of nat R to zero.

20

The projection of AS is then

A§p = A§Xﬁ1

25



5 To conpute the great circle distance, the projection of the step distance
(AS) on the plane of the great circle defined by the country entrance and
depart ur ewpeBq2ssis used (see Figure 8). The normal to thecplesne2uent ai ni ng
the entrance point (Re) and the depart‘mé point (Rd) is 10 Rex Rd Ti= |
Rex Rd | The conponents of n in the earth-centered coordinate systemare
rotated to the coordinate system at the current poipt with the x axis

poi nting out from tUieiceiart erations age reqtires tOS)OH@UtQRD ight ¢SSP RGEEE] on of n
on the local verfig %ct&ll§ tHReer g‘zﬂ Er@ﬂ:tdﬂ&)ﬂc@t g’thé fﬁ'st ft%au&'?td‘ﬁﬁﬁg E}Fedruﬁ)fhéet ti ng

the vertical conponent zero. ny+nz “ny ny d
nlz d The projagclhgh 1s)ﬁseé$or ﬂletdh'mncekﬁféad%xhelgréﬁ cmm$tm537so on the

overf i ght  codts IR hECoR NG T BPARGe PRO B AP B AL 20 fce.
the first ktenplhQndpihd@uhle GillibidiBent iterations, the country entrance and
departure points from the previous pass are used in the computation of the great
circle distance.
To aid in convergence of the iteration process, after the first iteration, the
region of search for the route is limited to a region around the previous route as
10  shown in Figure 9A and Figure 9B.
The following equations are used to determine if the point is in the region.

The distance between the entrance point and the departure point in earth coordinates

is

ARpx =Rgx —Rex
15 Apr =Rgy —Rey
Asz =Rg; ~Reg

The relative distance in the local vertical frame is

ARy =cos$cosOAR ¢y +cosdsin OAR oy +5in AR ¢,
ARy =sin AR ¢y +C0sOAR ¢y
AR, =—sinpcosOAR o —coshsin OAR ¢y +COSOAR ¢,
20
The angle between the local vertical frame and a frame with the y axis along

the great circle is

-1,AR,
y=tan~! (En2)
ARy

25 The search region is defined by



arc length is used for the distance instead of the great circle distance.
Al'so on the first iteration the country entrance and departure points are
conput ed WD oBlessend of 5 the run during the retrace. On sROTAFOBLH474
iterations, the country entrance and depdfture points fromthe previous
pass are used in the conputation of the great circle distance. To aid in
convergence of the iteration process, after the first iteration, the

regi on of search foymihece #SinyiAR 1 gdkt 0 a regi on around t he previ ous
route as 10 shown jn Fi 9A and Figure 9B. The follow ng equations are
used to deternine ifM%he point is in the region. The distance between the
entrance point and kkdO8eparture point in earth coordinates is ORpx = Rdx
- Rex 15 L.Rpy = RdY -Rey ARpz =Rdz -Rez The rel ative di e in the

| ocal vertical frar?ﬂlei@mmnm@ﬁg@mfﬁelaﬂv%B%Slﬁo%lni”Fa@KRdz"}? FEARES L\R
y =sin OAR e 01nt ?ﬁh%l? .. =- S8i n0cosOAReX - cosOsi nOARey +cosOARez 20
The angl e bet oca vertlcal frame and a frame with the y axis
along the great mm%g:us yHRan-1( z) Y 25 The search region is defined
by WO 03/025507 PCT/ U 2/ 28474 -14 Ymax = cos QARy +si nWAR, +2k Zmax =
500nm k =100nm The 8B mo it sRef the current relative position, neasured
fromthe entrance ARy, =R, ~Re,

5

The components of the current relative position (AR,) in the local vertical

frame are:

AR py =c08OCcoSBAR ey +co8 OSinOAR pey +SINOAR e,
AR py =8inBAR ey +cO8 0AR ey

AR, =—sin¢cos OAR ;e —cos ¢sinOAR poy +CcOS QAR e,

10

The current relative position is the rotated frame is:

y =CosWAR ¢ +sinYAR
z=-SinYAR g +COSYAR

15 The z boundary point at y is:

zq =423 2[(y + )2y (y + )]

max

7y =+ 2 [(y 1)y (y+K)]

max

The following equations are used to determine if the point (y,z) is inside the

20  search region.



point, in the earth frane is: ARpx = Rpx -Rex ARpy = RpY -Rey ARpz =Rpz
-Rez 5 The conponents of the current relative position (ARp) in the |ocal
verti cal wobroanessar e: ARPX = cos cos OAR pex + cos sin OQARPEEWUSHER2NIOGARpez
AR py = sin OAR pex + cos OAR pey ARpz = 15sinOcosOARpeX - cos 4' sin OAR
pey +cos\?\2§gez 10 The current relative positionis the rotated frane is:
y = COS y +sinWARpz z = - sin + cos WARpz 15 The z boundar
point at y is: z1 ﬂf@(%ﬁn&ﬂfbéii@)’)lk?@lmﬁ(‘hﬁlﬁﬁona‘%ﬁix z1 =+4(znax )2{(y¥k)2
+Ym(Y+k)] Ymax The fol | ow nQSequatl ons are used to determne if the point
(y,z) is inside the 26fse®5ehir egi i (sf 2MPsD310255¢ 7~ REK/ fggop/ 29474 - 15 i f
(z <zl and z > z2)then i nsféle t he region and if (sf > 1) sf =1. sf
:_scale factor sf =1.cisAsfsdesifsegiontlsinde of region then sf =10 end The
di stance used in the oyperfihight fee conputation is the scale factor tines

end

The distance used in the overflight fee computation is the scale factor times
the step distance

5 d=sf AS

Thus there is a large penalty for being outside the region.

1.2 Four Dimensional(4-D) Dynamic Programming Route Solver

10 The following is a description of the four-dimensional (latitude, longitude,
altitude, and time) route solver. First the three-dimensional dynamic programming
route solver is described, then, the Multiple Point Required Time of Arrival (RTA)
function is described.

In a dynamic programming (DP) method a 3-D grid search is conducted to

15  minimize a cost function. The DP solution equations consist of a set of state
transition equation and a recursion equation for minimizing the costs. The general

form of the DP equations are:

State Transitions

20
9k+1 = Gk + A0
b1 = +AD
hk+1 = hk + Ah
Recursive Cost
25 Ci+1 (Xk+l) = A(pminAh[Ci (Xk) + ACi,i+1 (Xk+1 » Xk A(l), AB,Ah)]

Xk = (O, P hy)



the step distance 5 d = sf AS Thus there is a large penalty for being
outside the region. 1.2 Four Dinensional (4-D) Dynam c Progranmm ng Route

Sol ver 10w®twe/023shT owi ng is a description of the four-di nereirasat/2qrat it ude,
| ongi tude, altitude, and tine) route sot &r— First the three-dinmensional
dynam c progranm ng route solver is described, then, the Miltiple Point
Required Tine of Arrival (RTA) function is described. In a dynamc
progranm ng (DP) nedhd8:4h 3ceigls d search is conducted to 15 minimize a

cost function. The DP sol ution equations consist. of .a.set of .
transition equati mﬂADgﬁ%CP%at?egbiﬂaE‘i%dﬁu Btﬂ'ilegmorfz(?flt PSS 7 ﬁé&%pgg/ s. The
general  for meafi i 8D PAY JEHRABxY @ redicdlthe MirARidf cBslatid®. ek+1= ek +AO
k+1 =Ck+Al  hk+1 =hk+Ah Recursive Cost 25 G + gxk+l) =m

n

[ Gi (xk) +AG , i + ( xk-Thexkmpoiation sta)th at thi origingadardhit thedesizaimstisallows

PCT/ US02/ 29474, - 16-. AO0,.. AQ . Ah =cant ral fi r l.§ used in
the horizo talthea%zgl,d 188%&%‘% Pegﬁc’pgg%%@ ??/rg’a%slélatﬁ%uﬁ@é thgé;guﬁ%ga{i%gp é\?g'rt I cal
axis to reducgiirifg Bumberighi alépdilowsahé fralculhiien oPMpubwe daring tiightdeaust he
origin and ends at the destination this allows 5 the hazard |ocation to be

propagat ed f orthestaieicanditipes insiudiperrrigiot 580%hd speed. Starting at the
orioin also oLl e s sonbeulhl o8 ol LB ANt GSuelpan Uk gipdssaiee
and transiti orsowi PEBighes e 0Bh@0Qnhd 10DI Wiriimeed destination points are

10  contained within the three dimensional grid in Figure 10A. In Figure 10B, eleven
potential lateral steps are shown. In further embodiment, fewer or more potential
steps may be explored, even directions away from the destination. As indicated, the
distance of each step depends on the grid point being moved to. In Figure 10C, five
different vertical steps from a node are shown. Fewer or may be explored. Figure

15 10D is a graphical representation of a combination of horizontal or lateral and
vertical steps.

An illustration of the DP process is shown in Figures 11 and 12. In Figure
11 the first and second stages of the process in the horizontal axis are shown. In this
example, for each entry heading direction, there are nine heading exit directions. For

20  each horizontal transition, a number of vertical transitions are examined, as shown in
Figure 12. The vertical transitions are not pre-determined, as is the case for the
horizontal transitions, but depend on the location and number of hazard cells. That
is, the vertical search adapts itself to the situation before it. This adaptive search
approach reduces the number of calculations that must be performed.

25 The vertical transition altitudes are different for different configurations of
overlapping hazards. The altitude assignment depends on the location of the
unconstrained cruise altitude with respect to the multiple hazard cells. First the
location of the unconstrained cruise altitude is found, then depending on its location,
the other transition altitudes, are assigned to the tops and bottoms of hazard cells. In

30 the example shown in Figure 12, the unconstrained cruise altitude is between the
weather cells. In this case, the cruise altitude is assigned altitude h(1), the top of
cell(1) is assigned altitude h(2), and the bottom of cell(2) is assigned h(3).



shown in Figure 10A, 10B, 10C and 10D. Origin and destination points are 10
contained within the three dinensional grid in Figure 10A. In Figure | OB,

el even poDanw2#wb7 | ateral steps are shown. In further enbaedirmsar/294f€wer or
nore potential steps may be explored, evéA—directions away fromthe
destination. As indicated, the distance of each step depends on the grid
point being noved to. In Figure IOC, five different vertical ps froma

I t
node are shown. FeWisr thrcumight sep Biein@pagnakiansitionrestiy E})Wu@dgfl?ghi cal
[ epresent ati on, liigy ngéﬁ@ég%gést 0P AthéloyBifibRELAbn AR hal kbGial

steps. An illustration o rocess 1s shown"in Figures 11 an . In
Figure 11 thehdhazatd i8pdssee clandeistmthestepf To detepnime ébihe ivartichktrdnsitionont al

axis are shown. In this exanple, for each entry. headin irecti.o t here
are nine headiPA¥eRiIPUEH WERDFoH4S datefmi ; ‘géi’ﬁfer%‘r‘qt% ‘?’R”_S?“ g’reéﬁé?rfiicgl;lus, a

nunber of wergical., tfaR™ ]%](BiﬁﬂfsAﬁregarﬁg@@f BRthol@SISNR fob twEhaidke 12. The
vertical transitions are not pre-determned, as is the case for the

hori zont al t r apsfigiratiens ibshowiepdriguer 3twnd RigaeildB. dhgradadehowt ahazar d
cells. That is, the _vertical. search adapts itself to the situati before
it. This adaptapeition fogha ng G%Q?FPGF é%&_@ie_ ESity Wﬁ%‘gﬁ' %gurgasll?’?gﬁ%gfylggkﬁes t hat
must be perf orfRdiioR Bethten b bbB# ndthigWehthbiQ Bnd@ivhbleti®s patheddds hbwdresnt f or
different configurations of overlapping hazards. The altitude assi gnnent

depends on thevdagdeati on of the unconstrained cruise altitude with respect

to the nultiple hazgr ells.. Eir . ' :rahned
crui se al tlbt ude i sZﬁ’f&ﬂg?w{%elﬂglag%%ﬁ%&%%l%%%ﬁ% éﬁ%}(s)gé? }%&o‘l‘@%ﬁ%%ﬁ){sﬂfgr@
transition al tdpp&cﬁﬂ,loﬁéﬁalﬁﬁﬁlb@ﬂﬁﬁhsttbr {heepicepsowticthd ptetvions abiftudecrasdrat! | s.
In 30 the exanple shown in Figure 12, the unconstrained cruise altitude is

between the étherasid paint and plfo theiupperand lowarebqungds & thy $nace AP hessi gned

altitude h(1), IS i : i h(2), and the
bott om of cel |C{‘Iéé)g§fi éoq%sag‘} S%Iglghh‘?gh.ehv%eg%}‘%gg 6534@&#%%02/29474 -17 For

the current step the increnental transition cost is conputed. The
transition _cost includes the.cqst of fuel, ti overflight fees, and the
hazard codf ifd) PHyQSAHE éngfﬁagﬁa(gﬁ?%%ﬁ gﬁ%)t he step. To determine if
the vertical transition passes through weather, it is determned if a hole

exi sts between the hazard cells o
i = altitude being transition to (i=1,jvievels)

If h(kq ) <hypper (i) and hikg ) > hiower (1), then a hole exists

holeg;,e =hypper (@) - hiower )
20 b) Previous Altitude Not in Weather ( See Figure 13B)

if (hyppero < Dupper (i))then
holepigh = huppero
else
holey;gh =hypper (1)
endif

if (hiower0 < hiower (1))then
holejoy = howero

else

holejoy =higwer (1)
endif



5 between the two points. An exanple of the hole calculation for tw hazard
configurations is shown in Figure 13A and Figure 13B. Figure 13A shows a
transi ti owofisonssar node in weather to a node not in weat helPCTRiSgu2®74 3B
shows the transition between two poi nts Hbt—in weather, and wherein the
path does not cross weather. 10 The followi ng logic determnes if a hole
exists and the hole size. First the upper and |ower altitude bounds for

t he space around the previous altitude are stored at the grid point, and
al so the upper andhg wer_}p_ou_nﬂs for the space around the current point are
conputed. Then, the tof[owfhg %S computed. 15 a) Previous Altitude in
Weather ( See Figure 13A) i = altitude being transition to (i=1,jvlevels)

I f h(k0) < hup)per (i) .and h(kO0) > hiower (i), then a hole exists holesize
= hupper (1) ©) HIYdFILALC20 b) Previous Altitude Not in Weather ( See
Figure 13E§ i f (hupper0O < hupper (i)) then hol ehigh = hupper0 else

hol ehi gh = hupper (1) endif if (hlowerO < hlower (i))then holelow =

hl ower 0 el se hol elifofholesh) »WeO0L(. i) theneridilé eXA@s 03/ 025507 PCT/ US02/ 29474 - 18-
holhe|5| ze = Phl gh - hlow c) Hole Existence 5 if (holesize > 1000ft. ) then
a hole exists '

If the hole exists, then the transition does not pass through the weather. The

transition costs then

10
(Afuel + CIAY) Bree :if transitioning tounconstrained cruiseand nohazard is encountered
AC Afuel + CIAt)hfm +AChyearg  3if transitioning tounconstrained cruiseand ahazard is encountered
- Afuel + CIAL) hypecied «if transitioning toconstrained cruiseand nohazard is encountered
Afuel + CIAL) hypapea ACpgeara if transitioning toconstrained cruiseand ahazard is encountered
Finally the total accumulated cost is computed from the cost recursion
formula
15 Clipsip-kp) =Clig,jo-ko)+AC

If the point has been reached before the previous cost is compared to the
current cost. If the total current cost is lower than the total cost stored at the node,
then, the new cost, the direction of entry, altitude, weight, time, hypper » and hower are
stored at the grid location ip,jp.kp. The altitude grid point location (kp )

20  cooresponding to the transition altitudes, is

) hk)
k.. =integer v
p ger ( AR

+.5)

where
k,= vertical transition number ( ky=1,3 for illustration in Figure 12)

25 The quantities stored at each grid point are:



If the hole exists, then the transition does not pass through the weat her.
The transition costs then 10 (Ofuel +CvM ) hfree ;if transitioning

t ounconstwa@ionm®esser ui se and no hazard is encountered 4f uelP€TIUSHY/ bdsee
+1C/,aza,.d ;if transitioning tounconstTal®ed cruiseand a hazard is
encountered AC Cfuel +C Q) hspeC.fed if transitioning to constrained

crui seand no hazard is encountered Afuel +Cl Dt)hspeffed +LCJ, aza,.d ;if
transitioning toconstrai G@bdplh;@@gﬁioﬂa#@)é is encountered Finally the

total accunul ated cost is, coppyted fir gmdhe c@sthdecursion formula 15
Clip, jp,kp) = C(i0, jO,IE%)?g%%PSPhé’gpoi nt "has Been reached before the

ip;e?/ioagf ;:ﬁst ![ﬁ c?n{)alr ewzhrt_oerm{ygirecg&lr(i@m,kgbst(ljip~11fothe total current cost
: _ an e total cost stor at the,.na then, the new cost, the
direction of entry, alti V@8 (i h?,_“feﬂ%g(,loﬁﬁ r—A,]V?and bl ower are stored

at the grid location ipj@mk@.,iThe ) timéile, ap)dApoi nt |ocation (k 20

cooresponding to the transi tf(g ?fl)ti tud(g(g?oig kp =i nteger(h(kV) E )5) wher e

k,,= vertical transiti onhﬁﬁpln*pé?p)ffk(b"vi, 3 for illustration in Figure 12) 25

The quantities stored aty,eac -%%l’ghpghnt ey WO 03/ 025507 PCT/ US02/ 29474
0

-19 C(ip,jp,kp) = C(iO,jO‘}H?@)IP r 8EYyIT P, jp, kp) =entry -direction

vert_entrydirection(ip, hpykd.7p-Xp)=kQweMkight (1 p, jp, kp) =
wei ght (1 0,jo, kO)-Aw time(ip, jp,kp) = tine(i0, jO,k0) -At h(ip,jp,kp) =
h(kv) hupper (ip, jp,kp) = hupper (kv ) hlower(ip,jp,kp) = hlower(kv) Note

that even though t q@otgltﬁa{tteggnethgﬁélgtﬂe%ltﬂﬁ'(?enélji(?ﬁqlugﬁ)[iz%d RYRERLb ofHiSEEET ©
levels, the actual altitude (e.g., the unconstrained cruise altitude) is known more
5  accurately because it is stored at the discrete location and can be retrieved.

The multiple RTA (required time of arrival) function plans trajectories that
meet a time of arrival at multiple points along the trajectory. The Multiple RTA’s
approach is a sequential approach. First a trajectory that meets the time of arrival at
the first city is computed. Next the trajectory meeting the time of arrival to each

10  subsequent city or location is determined. The RTA at each point is achieved by
trajectory iterations between current point and the next point. On the first iteration a
cost index is selected. After the first trajectory is computed the time of arrival error
is computed and the cost index is changed with the time of arrival error and the
trajectory recomputed.

15

CI;, =CI; + KAT;

After achieving the desired time of arrival at the next point the process is

repeated for each subsequent point. The initial conditions for weight and time for the
20  start of the next sequence are the weight and time at the end of the previous process.
The sequential data is summed to determine the fuel usage and average speeds.

The RTA Window function determines the earliest and latest possible time of
arrival. The earliest time of arrival trajectory is determined by setting CI=Clpax. The
latest time of arrival is determined by setting CI to the maximum endurance value

25  (Clmin). The flight is computed with this setting and then an extension to the flight is

simulated until the remaining fuel reaches the reserve level. This extended cruise



| evel s, the actual altitude (e.g., the unconstrained cruise altitude) is
known nore 5 accurately because it is stored at the discrete |ocation and
can be rewpiodwesso7 The nultiple RTA (required tinme of arri weaTjusburewrs on
plans trajectories that neet a tine of a@dval at nultiple points along
the trajectory. The Multiple RTA's approach is a sequential approach.
First a trajectory that neets the tinme of arrival at the first city is
conmput ed. Nextestiftatesithy Biet e tine daat mguidRe yseddn 6?10@?‘11& RAtern f auQther igpte
subsequent ci té/xté%{si({norﬁ%éuggk is determ ned. The RTA at each point is

achi eved by tfajectory iterations between current point and the next
point. On the first iteration a cost index is selected. After the first
trajectory is conputed the time of arriyal ,error is conputed and the cost
index is changed with the tinme of arri WY and the trajectory
reconput ed.s 15 G i+ ddd sotvdPlbviddstflai@ Uil BishAteh 64 Eﬁgtsttb ABlpGhem
arrival at the next point the process is repeated for each subsequent

poi nt. The i niplaakowtendi génerd when plwingigtflightd the préot oo dispeieherxanégt@rt of t he

next sequence are the weight and ti t. the end of . the preyio [ OCESS.
The sequenti al %WIP%%%%%@ Ovt’fé'ﬁglﬁifﬁeé’ ?Wégg%?é‘fd Ii?gle%lg Sgcn S;é\%/‘éggge
speeds. The RTHMhOde¥TeUAGH, it@BulatS LAl Nese)! fiRcRBidd #SbacRNtbitatieath aassi bl e

time of arrival. The earliest time of arrival trajectory is determned by
setting Cl =Cl , emwiconsatally and peliticahy sesitiye tegions.ihedapiienrablgnyly idestiafedy i

to the maxjrum endur ance val ' T haht. i ith this
setting ana't h]éiﬁﬂgweggt E%rstfegﬁﬁeﬁ%ﬁt@h&%ﬁna{ﬂ% IHse ib(rgﬁg}l rg%%c]lﬁ %#F%Sﬁfgd
remai ni ng f uel plogiashea nidiefly asendabbevel beldwhazaektegiad crui se WO 03/ 025507

PCT/ US02/ 29474 -20 estimates the fuel and tine %jhat \{vou,l d be used in a
hol di ng pattern or RAvehaie fperd bat sskyrsicon masm elhe foLRRg dHErsrEoal: The

route sol ver provi dgﬁdi@%ﬂle%ﬁéoﬁhf%%ﬂﬁsi di spatchers or pilots to help them

plan routes. In genera ghts the pilot or dispatcher wants
to minimzing fuel ; Meetetimedr tver windbghtr nfiiemsize fight imeazar d r egi ons such
as severe 15 - Avoid severe weather regions

- Avoid other hazard regions such as special use airspace, volcanic ash,

environmentally sensitive regions

- Avoid politically sensitive regions

- Reroute in flight to a nearest or desirable airport in the cases of non-normal

20 events

The inclusion of hazard cost in the cost function guarantees a solution even
if the extent of the hazard is across the entire search area. By starting at the origin
and proceeding to the destination, hazard positions can be projected forward in time

25  to provide a better solution.



weat her (convection, turbulence, and icing), special use airspace, volcanic
ash and environnentally and politically sensitive regions. The routing
probl em iwoioBlessbT ated 10 in Figure 14. For best fuel andPCirmsopznior mance
the best route may follow wind profiles—&idmay fly around, above or bel ow
hazard regi ons. Routes are found that satisfy one or nore of the follow ng
di verse goals: - Mnimze the anount of fuel - Meet a tine or time w ndow
or mnimze flight tine 15 - Avoid seveeRigat her regions - Avoid other
hazard regi ons, such j Lr I , inmonment al |y
sensitive r egislc')ns A %?/%iﬁc%ie%foﬁ?#%@flg ?/ ri@%@%ﬁ%{ggﬁgg %n@a[a dlsgtr%ghﬁitog in flight
to a nearest QfonffeBingable airport in the cases of non-normal 20 events The

i nclusion of hazard cost in the cost function 8 arantb(zes a s?Ithi n even
if the extent of tHEeHERE ¥ the orgipodeteriring ppylfiRle Seasthlpsegments fEmdhe, ¢ ng

at the origin edi 1 Lef, hazard positions can be
proj ect ed or wa fog&”t?(?c%eaq tf%er%d;of;eggl%/%ilblgrkg I'ltntelgf sol ution. WD 03/ 025507
PCT/ US02/ 29474 - 2lvar@hgiaititude as fwettimdofghred dimeensionahrppresewatiensindthaeasd an
origin and a destination conprising: beginning at the origin, determning
mul tiple feasi®Bf® segments fromthe 5 origin to a node at the end of each
feasi bl e segnent; Vi?éré(ﬂi\%gy alibinkeR fafhé sbamneits 8dndihe hBiG@ao CrdmRNBLRIPN
representations of hazar areas; iteratively determ ning further segnents
from t he nodessegmentdlisbatwben the erigneapdabe dgstintiiomyerdeen the origin and the

oot ot I o e CuGhEhT T St PRI BEN ook el MR ResliRicH9hll O
least cost.
2. The method of claim 1 wherein an hazard area is represented by a polygon

having vertices in a lateral plane and a height.

15

3. The method of claim 2 wherein the hazard area is represented by multiple

polygons having different heights.

4. The method of claim 2 wherein the hazard area is associated with a velocity

20  vector.

5. The method of claim 1 wherein the hazard areas are selected from the group
consisting of weather hazards, volcanic ash, special use airspace and politically
sensitive regions.

25
6. The method of claim 1 wherein the hazard area is moved in accordance with

a velocity vector during determination of the segment path.

7. A method of determining a route, comprising:
30 receiving an origin node;
receiving a destination node, the destination node located a distance from the
origin node;

creating a grid comprising the origin node, the destination node, and a



2. The nethod of claiml1l wherein an hazard area is represented by a pol ygon
havi ng vertices in a |lateral plane and a height. 15 3. The nethod of claim
2 wher ei rwOha/obzsaard area is represented by nultiple pol pgonsohzoarng
different heights. 4. The nmethod of clarmsswherein the hazard area is
associated wwth a velocity 20 vector. 5. The nethod of claim 1l wherein the

hazard areas are selected fromthe group consisting of ,\Aga'g her hazards,
vol cani ¢ ash, Islp@élitsapf@g@u@iWP&@éclameﬁtﬁwxngiacpévqaytY%f ¥%e regions. 25
6. he method of cl &l ko MBSHELL [\EaiAEANS u @il Biol RN ahdeficpBfANCE
with a velocity vector auei ng determ nation of the segnent path. 7. A
met hod of det eplaianitygf én foatetvdesonpri sing: 30 receiving an origin node;

receiving a destination node, the destinati.gn n&de I.oc?a.}tlﬁd a di st ance from
the origin node: cy@sngipe altifideds adwgntionoh rehemensigRa NagYa argapetn

destinations node, ag ec@iﬁ Visﬁf%e@%ﬁ?&d%s RGH M@%ﬂrl 9 O en 1@de RbABs Ahk kitbsef o N

rout e nodes, each node ng a plurality of altitudes; determning the
cost to transihddeshtang e ldes totalatoson trapsition fidmethe lrigin 1tdde to Blewdestinatipnof en
route nodes; varying the altitude as a function of three dinensional hazard
areas; and 5 s®%®cting a subset of nodes fromthe plurality of en route
nodes, the subset of nodes having the |east total cost to transition from
the origin node to the destination node. 8. The nethod of claim7 wherein
recei ving an o8i gi nThodethodmfclased weeinveesiving an gHZIBIOZRE SOMBPEES d%5H B ed

" S0 e BB AL S5 B0 R D g RSP looe v o
comprises receiving a destination node expressed in global coordinates, and further
comprising:

transforming the global coordinates of the origin node into a coordinate
system wherein the origin lies on an equator; and
15 transforming the global coordinates of the destination node into a coordinate

system wherein the destination lies on the equator.

9. The method of claim 7 wherein determining the cost to transition comprises
evaluating a cost function, the cost function comprising a factor for fuel.

20
10.  The method of claim 7 wherein determining the cost to transition comprises
evaluating a cost function, the cost function comprising a factor selected from the

group of time, overflight fees, and hazard costs.

25 11.  The method of claim 7 wherein selecting a subset of nodes from the plurality
of en route nodes comprises iteratively calculating the cost to transition from each

node to each of a plurality of subsequent nodes.

12. A method of selecting a lateral and vertical route, comprising:
30 receiving an origin node;
receiving a destination node, the destination node remote from the origin
node;

defining a plurality of paths, each path originating at the origin node and



conprising: transformng the global coordinates of the origin node into a
coordinate systemwherein the origin lies on an equator; and 15

t ransf or nwog@3somsoyl obal coordi nates of the gesti nati on No®ETIUSOZ 2% 74

coordi nate system wherein the destination<Pies on the equator. 9. The

met hod of claim7 wherein determining the cost to transition conprises

eval uating a cqst .functi the cost function conprising a factor for fuel.
20 10 The met HERRIBRIE 4 d°siRei@aodadba ity iv Ag obh8r L i q Ardiodesn
conprises eval uati ngfidifpOfbreliHREhédite nbi& eﬁQ%yiﬁ%;‘é]ﬁidd@é‘in%%ﬁkéfo%z%ds
factor selected fromthe " group of tine, overflight fees, and hazard costs.
25 11. The et weichareslesingd withHetewal andsedrivenl idimensiangbset of nodes fromthe

plurality of en rou nodes conpri.ses iteratively cal cylati.ng the cost to
transition from each&e%%n&em?rg p@ﬂgﬁm gt ffW?eéinie&ﬂ?yeo@%g%g?a&ﬁ}@ﬂym%@es. 12.
A nmet hod of 5selggiiery a | ateral and vertical route, conprising: 30
receiving an origin node; receiving a_destination node, the destination
node renote from t heletarmining theg@st asgreigted withdrageusing saely olbthe phwrality of aethspat h
originating at a{ﬂﬁe origin node and WD 03/ 025507 -23- PCT/ US02/ 29474

term nating at e destination node and traversing one or nore internedi ate
nodes; defini ng nor eclentisg thegadi watvadeiesatprvdetatiigedadost fudelésn. i n response to
hazards which are defined with lateral and vertical dinensions; defining
nore paths utilizing the internediate nodes defined at varying 5

al titudes; jdet gum ni ; i 4t I a6 he
plurality (%fd pgt3hs; ﬂ%n%&gg(%gﬁ%l?%g?ﬁ%g%ggﬁéﬂn&%égg%laﬁ{st?lbggatg prelgiﬁeste %r m ned
cost function. definib3.a pihelitreofiodroédiateaodesl2 wherein defining a plurality
of paths conprises defining a plurality of internedi ate nodes.

14.  The method of claim 12 wherein selecting the path that satisfies a

predetermined cost function comprises selecting the path having the least cost of

15  arriving at the destination node.

15.  The method of claim 12 wherein selecting the path that satisfies a
predetermined cost function comprises selecting the path that satisfies a required

time of arrival at the destination node.

20
16.  The method of claim 12 wherein selecting the path that satisfies a
predetermined cost function comprises selecting the path that satisfies a required
time of arrival at the destination node, wherein satisfaction of the required time of
arrival comprises iteratively adjusting the cost function.

25

17. A method of determining a route between an origin and a destination for a
vehicle taking into account variables as it moves along the route, the method
comprising:
establishing a plurality of nodes in a three dimensional grid encompassing
30 the origin and destination;
beginning at the origin node, determining costs of moving the vehicle to
multiple nodes proximate to the origin node;

from each of the multiple nodes, determining transition costs of moving to



14. The method of claim 12 wherein selecting the path that satisfies a
predeterm ned cost function conprises selecting the path having the | east
cost of WwWboatweisoi ng at the destination node. 15. The net ircd/ush2/2942é m 12
wherein selecting the path that satisfies2¢ —predeternned cost function
conprises selecting the path that satisfies a required time of arrival at
t he destination node. 20 16. The nethod of claim 12 wherein selecting the
path that satiSithesmyltinly pefles @ aifvnetion 85 theriaHablesn conpri ses sel ecting the

path that satisfi esvﬁg?g%hgggu%%ﬁsg{o el dYAbn@dnal sza%glteidg%hpn node,

wherein satisfaction time of arrival conprises iteratively
adj usting the cost fepesitdignetenining fitheetdsedrath thiten@iestnémate aultpit eoltes ween
an origin and a destinatjon for a vehicle taking into account variables as
it noves al ongbtieen Gigraiin 3¢ the fadiatihnpri sing: establishing a plurality
of nodes inya three dinensional grid enconpassing 30 the origin and
destination; beginning at the origin node, determ ning costs of noving the
vehicle to nuls.i pl Eheodémdmf clime/ent durttre indudjng traddeg thertotal et froof thehe

mul tiple nodes, .determ ning transitian costs of mnovi to WD .03/ 025507
PCT/ UB02/ 2047 40£15.40 P dve Rfes fon Wik A ges s deierified Hom ArmeYIRES YA abl es:
varying altitude in response to three dinmensional hazard areas; and

repeatedly determning further costs fromthe nodes to create nmultiple
routes bet weeh9.t heThe ingthedaf ¢laihd Scad dfimhearivfudiag 1@eatimeethadelsEringtior PAi m

17 and further including tracking the tatal t Lal ach
ol The nodt ] atshimtoRlo H et B 9wl P@?%S&’f%?%l&??&ﬁ% Biad oS0
met hod of cl ai {9 d&hame nbas tshess thacthe gievibus epabddsng reluh tehedari nat i on of

20. A system for determining a route between an origin and a destination, the
system comprising:
15 means for determining multiple feasible segments beginning from the origin
to a node at the end of each feasible segment;
means for varying altitude as a function of three dimensional representations
of hazard areas;
means for iteratively determining further segments from the nodes to create
20  multiple segment paths between the origin and the destination; and

means for determining the segment path between the origin and destination

having the least cost.

21.  The system of claim 20 wherein an hazard area is represented by a polygon

25  having vertices in a lateral plane and a height.

22.  The system of claim 21 wherein the hazard area is represented by multiple

polygons having different heights.

30 23. - The system of claim 21 wherein the hazard area is associated with a velocity

vector.

24.  The system of claim 20 wherein the hazard areas are selected from the group



10 costs to nove to further nodes froma node previously reached only if
the total cost to reach the node is less than the previous total cost to
reach t hewpmd®2s5580. A system for determ ni a rout e bet ween/Ea2/omrgi n and
a destination, the systemconprising: 15 fgans for determning multiple
feasi bl e segnments beginning fromthe origin to a node at the end of each
feasi bl e segnent ; .neans. for. varyin titude as.a function of thre

di mensi onal reﬁlpggétmga(?fi%?%herg@%ﬁg%% yr &, ;SP?Fé@ﬁgse el e @‘F‘i\?‘?lgé’laﬁy
determ ni ng fursehgiveegimpts fromthe nodes to create 20 nultiple segnent
pat hs between the origin and the destination; and nmeans for determ ning the
segnent path between the origin and destination having the |east cost. 21.

The system of ai m ei,.an zard area is represented b ol y.gon
25 havi ng vert es 1A NEEG AR ARG R SR RS R ER e o
21 wherein fhe ahatsi veceadisng @pégseithiile 8ghichppgh. pol ygons havi ng
different heights. 30 23. The system of claim?21 wherein the hazard area is
associated with a velocity vector. 24. The system of claim20 wherein the
hazard areas arZ%_sellgﬁﬁ?Q lfaiéx?épc‘b I'igi'ilgUp WO 03/ 025507 -25- PCT/ US02/ 29474
consi sting of weat her azar s, votcanPc ash, special use airspace and
politically sensitiawsoddgimpismeing dheusjstagordhmaed dewidide Wherigbmtal figh;
hazard area is nmoved in_accordance with 5 a velocity vector during

det ermi nati on of thé&™® HEPlERLingRn adapiylgomihanseleteamins g wriiep! Pathmodul e
i mpl ement i a - ' j ' £ Z0f -

Todul & 1 Dl oot R L R s L b el P P e oy or ol By P havih,
that is adj ust éeb pabledtoonalhtikiear d areas represented by horizontal pol ygons
having top and bottom altitudes.



