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Problem of Aircraft Flows Merging
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Canaiin 2

B nacrositee Bpems Bo3ayinbie cyna (BC) aBmKyTes 1o crenuaibHbIM TPAccaM, COCTOAIINM U3 KOPUIOPOB
B FOpHSOHTaHbHOﬁ IIJIOCKOCTHU M SIII€JIOHOB B BepTHKa.HbHOfI. TpaCCbI l\lOFYT pa3BeTB.HHTbC§I NI COCANHATHCHA.
B Touke coemmuennst Tpacc BO3ZHHKaeT 3ajada 6e3omacHoro camsHust nmorokoB BC. OcHOBHBIM TpeOOBAHHEM B
9TOH 3aja4e BBICTYIAeT Haan4dne 6€301IaCHOI0 BPEMEHHOIO MHTePBaJIa MeXKJIy COCeTHUMHI CYyaMi B OY€peIn.

Slide 2

At the present time, aircraft move along special routes. The routes can split or join. At the route junction
points, a problem of aircraft flows merging appears. Such a problem is very important especially near airport
zones where the air-traffic is very dense. The main demand for the resultant aircraft queue is the presence of a
minimal safe time interval between arrival instants of neighbor aircraft at the merge point.



Standard Delay Scheme
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Canaiig 3

CymecTByeT JiBa OCHOBHBIX HMHCTPYMEHTa M3MeHeHusi MoMeHTa npuObitug BC B TOUKY C/IHSIHUSI: pPeryJin-
POBKa CKOPOCTH M HMCIIOJIb30BaHUE CXeM 3aJIep:KKHU. [Ipn mpoeKTupoBaHUM BO3IYITHBIX TPACC UCIOJb3YIOT TPU
OCHOBHBIX THUII& CXEM 3aJICPXKKMU.

[lepBblit T — cTaHJapTHasd cxeMa 3aJepxKKu. Takas cxema pacroJiaraercst BJIOJIb OCHOBHOTO MapIIpyTa
JIBU2KEHUs Ha TOM K€ WJIA JIPYTOM SIIeIOHe OTHOCUTETHHO OCHOBHOT'O MaplIpyTa JBuKeHud. [ig peanunsanun
zajgepxkku BC BeImoJiHAET B 381aHHO# TOUKe pa3BopoT Ha 180°, 1BUKeTCss B 0OpaTHOM HAIIPaBIEHUN TpebyeMoe
BpeMsi, 3aT€M CHOBA BBIIOJHAET pa3BopoT Ha 180° m mpojosrKaeT JABUXKEHUE B TOUKY CJAUSHUSA 110 OCHOBHOMY
MapIIPYTy JABUKEHUsI WU IapaJLieJlbHO eMy, HO Ha Jpyroil BbicoTe. JlaHHBIH TUII cXeM 3a/IepXKKU UMeeT OCO-
OEHHOCTh — MUHUMAaJIbHAS BEJIUINHA 3aJeP:KKH PaBHAETCs] BPeMeHH IOJHOTO pasBoporta BC, uro cocrasisier
pUMepPHO 4 MUHYTHI.

Slide 3

There are two main ways to change the aircraft arrival instant. The first one is the speed control. Another
one is usage of delay schemes (holding areas). Three main types of delay schemes are used in aircraft routes
development.

The first type is a standard delay scheme. Such a type of delay schemes is usually located along the main
route of an aircraft on the same or another echelon relative to the flight level of the main route. To realize
the assigned delay, the aircraft performs a U-turn, moves in the opposite direction during the required time,
then again performs a U-turn, and moves to the merge point along the main route or parallelly to it, but at a
different flight level. Such a type of delay schemes has a minimal delay value equal to the full turn time of the
aircraft. It usually equals approxmately 4 minutes.



Point-Merge Delay Scheme
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Canaiin 4

Cuaerytoruit TUIl CXeMbI 38/IEPKKHU — BeepHas cxema 3ajiepkku. s peanuzanuu 3aj1ep:xkku BC oTkiionser-
Cd OT OCHOBHOI'O MapIIPyTa ABUZKEHUHA, BBIIIOJHAA PA3BOPOT, 3aTEM JIBUKETCA 110 Jyre OKPYZKHOCTH C IIEHTPOM
B TOUKe ciinsinusi. Peasm3oBaB Tpebyemyro Besmanny 3a/1ep:kku, BC BBITIOIHSIET PA3BOPOT U JIBUKETCS B TOUKY
cusausd. JIaHHBIN THIT cXeM 3a/1epyKKHI MTO3BOJISIET JIOCTATOYHO T'MOKO BBITIOJIHATEH OTKJIOHEHNS] OT HOMUHAJTBLHOTO
MOMEHTa PUOLITHS, TAK KAK BeePHbIE CXeMbl HE UMEIOT MUHUMAJILHONW BEJIUYUHDBI 38/I€PAKKH.

Slide 4

The next type of delays schemes is the point-merge delay scheme. To realize the assigned delay an aircraft
deviates from the main route performing a turn and moves along an arc with the center at the merge point.
After reaching the assigned delay, the aircraft performs a turn and moves to the merge point. Such a type of
delay schemes allows one to perform delays flexibly since it has no a minimal delay value.



“Trombone™-Type Delay Scheme

DAVLII A

Problem Formulation 5
[ ]




Canaiing 5

Tpernit Tun cxeM 3aJIEPKKU — CXeMa 3aJePXKKU THUIIA «TPOMOOH». /laHHBIN Buj sB/sieTCs KOMOUHAIMEH
JIBYX TPEJbLIYINX TUIIOB. AHAJOTUYHO <«BEepy», «TPOMOOH» HE MMeeT MUHUMAJIHHOW BEJIMYMHBI 33/ICPIKKU.
Jlns peausarun 3a1ep2kKu BC BBITIO/IHSIET Pa3BOPOT U ABUTAETCS OT OCHOBHOTO MAPIIPYTa JBUKEHUSI 110 TLIeTy
tpombona. lasee B 3aiannoit Touke BC BBITIOIHSET €IE 0/INH PA3BOPOT U JIBUTACTCS 110 MAPAJIICTBHOMY ILIETY
K OCHOBHOMY MapiipyTy asuzkenus. [locsie Boiosnenust pazsopora BC Bo3Bparaercss Ha OCHOBHOW MapIIpyT
neukenus. [Ipu nHeobxomumoct BC MOKeT BBITIOJIHUTE PA3BOPOT B JIIOOOM MeCTe JAHHOMN CXeMbI U ITPOJIOJIZKUTH
JBUKEHUE B TOUKY CJIMSHUS, He BO3BPaIllasCh HA OCHOBHOI MapIIPyT JIBUKEHUS.

Slide 5

The third type of the delay schemes is the “trombone”-type delay scheme. Such a type of delay schemes is a
combination of two previous. Same as the point-merge scheme, it has no a minimal delay value. To realize the
assigned delay an aircraft perform a turn and moves away from the main route along a leg of the “trombone”.
Then at a prescribed point it performs a U-turn and moves along the other parallel leg of the “trombone” to
the main route. The second leg is located on the lower flight level than the main route and the first leg of the
“trombone”. Further, after performing a turn, the aircraft returns to the main route. If it is necessary, the
aircraft may perform a turn anywhere in this trajectory and move to the merge point without returning to the
main route.



Formalization of Problem

o {ttomlN is the ascending ordered collection of nominal
instants of aircraft arrivals at the merging point;

@ {1om ¢, € [thom _ gace gnom | ydec) i the interval of
possible variation of the resultant arrival instant.
Now, it is assumed that all aircraft have the same
variation time values ¢3¢, ¢dec;

o 758 is the minimal safe time interval between each two
neighbor aircraft in the resultant queue.

The aim of the work is to suggest some criteria corresponding
to technical engineering demands of air traffic control
dispatchers.

Problem Formulation 6
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Canaiig 6

B kauecTBe BXOJHBIX JAHHLIX B 3aja4e GesonacHoro caugnus norokos BC ucnosbsyercs nabop {trom Y,
HOMUHAJIBHBIX MOMeHTOB 1pubbiTus BC B Touky ciusanus. Kaxkoe cy/HO UMeeT, IOTEHIINAIBHO, CBOU MaKCU-
MaJIbHble BEeJIMIUHBI YCKOPEHUd t2°° 1 3aJ1epKKH £5°°, KOTOpble ONpeIe/ISioT HHTepBasl [tHom — tacce gnom 4 pdec]
BO3MOXKHOT'O BapbHPOBaHUsA MOMeHTa IpudbITHs 310oro BC B TOUKy ciauanusa. OHM 3aBHCAT OT KOHMUIYDAIIH
Tpacc, tuna BC, 3amaca TomsmBa, IIOJIOXKEHUS CyJHA Ha Tpacce M JIpyrux QaxkTopos. B nacrodmuil MOMeHT
HOJpa3yMeBaeTCs, YTO TH BeJIMYNHBI paBHEBL I Bcex BC B odepesnn, To ecThb t7°° =t n tf}ec =tdec § =1, N.

Mezxay nmapamu cocepnux BC ¢ mnjekcamu ¢, j B odepeJ 00s13aTeIbHO JIOJIZKEH HAJIMYECTBOBATH MHUHU-
MaJIBHEIT 6E30TIacHBIi BpeMeHHOi naTepBas 754 KoTopEIil, BOOOIIE roBOps, 3aBUCAT OT IAPAMETPOB i-T0 U j-TO
cysioB. OIHAKO B MOJIE/IMPOBAHIN HCIIOJIb30BAJICA HHTEPBAJ 0€30IIaCHOCTH, €INHBII JJI BCEX CYJOB.

[enpio mannoit paboTel ABJgEeTCA pa3paboTKa U UCCCI0BAHIEe KPUTEPUEB ONTUMAIBLHOCTH (DOPMUPOBAHUS
6e3onacuoit ouepeau BC, cOOTBETCTBYIONNX T€M MJIN UHBIM MHKEHEPHBIM TPEOOBAHUAM JUCIETYEPOB yIIPaBJIe-
HIsI BO3/LyIIHBIM jiBuzkenneM (YB/I).

Slide 6

The main part of the input data is the ascending ordered collection {t?™}¥  of the nominal instants of
aircraft arrivals to the merge point. Also, each aircraft has, potentially, its own time values of maximum
acceleration t2° and deceleration t°°, which define the variation interval [thom — ¢acc ¢nom 4 gdec] of the arrival
instant of the aircraft. These values and t9°° depend on the aircraft routes configuration, aircraft type, fuel
remaining, position of the aircraft on its route, and other factors. At this time, it is assumed that these values
are equal for all aircraft, that is 2 = ¢3¢ and t{*¢ = ¢4 j =1 N.

Between pairs of neighbor aircraft with indices ¢ and j in the merged queue, there must be a minimal safe
time interval 7% which, generally speaking, depends on the parameters of the ith and jth aircraft. However,
in the conducted experiments the same value of the safety interval has been used for all aircraft.

The aim of the work is to suggest some optimization criteria corresponding to technical engineering demands
of air traffic control managers.

acc
ti



Formalization of Problem

Thus, an optimizational problem arises:

P({t:} 4"} = 3 f(, °) — min

under constraints:

ti c [tr?om . taCC, tglom T tdec], tz > O7
V1<i, j< N (t; >t; =t; —t; > 7).

What are the penalty functions f(¢;,t}o™)?

1
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Canaiin 7

Takum o6pa3oM, BOZHHKAET ONTUMHU3AIMOHHAs 3ajada. OUTUMU3AIUN IIO/JIEZKUT 1eJIEBOIl MUHUMU3UDPYeE-
mblit dynknnonan F({t;}, {t!°™}), npeacrasisgembiii B Buge cyMMbr f(;, t7°™) byHKIMOHATIOB ONTHMATBHOCTH
Ha3HavYeHns HOBBIX MoMeHTOB npubbiTusg BC. Kpome Toro, Ha dhopMupyembrii HaO0p MOMEHTOB IPUOBITHST MMe-
I0TCst OTPAaHUYIeHUs: HOBbIH MOMeHT Ipu6bITHs i-ro BC J0/I7KeH HAXOUTHCs B HHTepBajie [thom — ¢ace ghom 4 gdec)
BO3MOYKHOI'O BapbHPOBaHUs MOMeHTa HpuObITUsa. Kpome Toro, cumraercs, 4TO KaKJbIil HOBBII MOMEHT IIPU-
OBITUST — HEOTPUIATESbHOE YUCIO0. TaKyKe MMEIOTCH OI'DAHUYEHUs], CBA3AHHBIE C BBIJIEPKUBAHUEM 3aJIaHHON

safe

BeJIMYUHBL 754 nHTepBasa 6E301aCHOCTH MEXK/Ly HapaMu COCEIHUX CYJIOB.
(-4 nom
Pacemorpum BapuanTst dyakumit f(;, 7).

Slide 7

Thus, an optimization problem arises. There is a functional F({t;}, {t?*™}) to be minimized in the form
of a sum of penalty functions f(t;,t?°™) of each aircraft for deviations from the nominal arrival instants. Also
there is a number of constraints connected with the variation interval and the safety interval. Namely, the new
arrival instant of aircraft ¢; has to belong to its variation interval [thom — gace gnom 4 gdec] "and it is non-negative
value. The main constraint is the presence of the minimal safe time interval 75 between each pair of neighbor
aircraft.

What are the penalty functions f(¢;, t}°™)?



Piecewise-Linear Criteria




Canaiig 8

HepBaﬂ qaCTb ,ZLaHHOﬁ pa6OTbI IIOCBAIICHA PAaCCMOTPEHUIO BBIITYKJIBIX KyCO‘IHO—J’II/IHGIU/IHI)IX KpUTEpUues.

Slide 8

The first part of the work is dedicated to study of convex piecewise-linear criteria.



N

F({ti}v {t?om}) = Z (t; — /™) — min

1=1

The sense of the criterion is to pass an aircraft through the
merge point as early as possible.

The order of the resultant instants is the same as of the
nominal ones.

Maybe, this criterion isn't too interesting from the practical

point of view, but it allows to check whether a solution
exists or not.

Piecewise-Linear Criteria 9
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Canaiig 9

[lepBblit KyCcOUHO-TMHEHHBIN KPUTEPHUil MpejiokeH B Buje cymMmbl oTkjoHeHnit BC or mx HOMUHAJIBHBIX
MOMEHTOB HpI/I6bITI/I§I B TOYKY CJIMAHUA. B JaHHOM KpUTEepUU HOMHHAJIbHbIE MOMEHTDI HpI/I6bITI/IH ABJIAOTCA
KOHCTaHTaMM M HE BJIMAIOT Ha MUHUMHU3AIIUIO KpUTCPUAI. TaKI/IM o6pa30M, HeO6XOﬂI/IMO MHHUMHU3UPOBaATDHL Cy1\/lMy
HOBBIX MOMEHTOB ITPHUOLITHSI.

CMBbIC/T JIAHHOIO KPUTEPHUsS — MPOUTH TOUYKY CJIMSTHUS MAaKCUMaJbHO paHblie. /s MUHEMU3AIUN JTaHHOTO
KPHUTEPHUsT UCIOTIB3YETCsI «KaIHbIN» AJTOPUTM.

ABTOpamMu J0Ka3aHO yTBEPKJIEHUE, UTO JIJIsi JAHHOTO Kpurepus nopsgok BC Ha onruMma/ibHOM pereHnn
COBIIAAAET C UCXOMHBIM HopsiakoM BC.

Bo3MOXKHO TaHHBIH KPUTEPHUil HE TaK MHTEPECEH ¢ MPAKTHIECKON TOYKHU 3PEHMsI, OHAKO OH ITO3BOJISIET IIPO-
BEPUTH CYIIECTBOBAHUE XOTH KAKOTO-HUOYIb PEIeHns [IJIsl JAHHOI'O HabOpa HOMUHAIBHBIX MOMEHTOB ITPUOBITHSI.

Slide 9

The first piecewise-linear criterion is presented in the form of a sum of deviations of actual aircraft arrival
instants from the nominal ones. Here, the nominal arrival instants are constants and do not affect the minimum
point of the function to be minimized. Therefore, one has to minimize the sum of the new arrival instants.

The sense of the criterion is to pass an aircraft through the merge point as early as possible. The “greedy”
algorithm is applied for minimization of the criterion.

The authors have proved a statement that the order of the resultant instants is the same as of the nominal
ones.

Maybe, this criterion is not too interesting from the practical point of view, but it allows one to check
whether a solution exists or not.



Simulations of Criterion 1

t177" = 299.92 sec 57" = 462.96 sec 537" = 531.84 sec
t1 = 0 sec to = 120 sec t3 = 240 sec

120 240 360 480 600 720 840 960 1080 12

3¢ = 360 sec, 19 = 840 sec, 7% = 120 sec
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Caaiing 10

PaccmoTpum ipocreiinuit MmojieibubI ipuMep. VIMeroTest Tpu cyiHa ¢ HOMIHAIbHBIMI MOMEHTAME TPUOBITHS
1o = 299.92 ¢, t5°™ = 462.96 c, t5°" = 531.84 c. MakcuMasibHBIE BeJIMYNHBI YyCKOPEHUA U 3aJleP:KKu 1% u
tde¢ papubr 360 ¢ u 840 c, cooTBeTcTBeHHO. Bemmunua 7€ pHTepBasa 6e30macHocTH B POPMUPYEMOH Odepe I
pasHa 120 c.

JmarpamMma cocTOUT U3 JIByX dacreil. Bepxusas dacTb nzodpazkaer paclosioyKeHne HOMUHAJILHBIX MOMEHTOB
npubsiTusg BC na Bpemennoii mkase. [{Bera o3nadaior morok, koropomy npuHaiexkut BC: 3e1€HbIM 1IBETOM
00O3HaYEH IEepPBbIil TTOTOK, (PUOJIETOBBIM I[BETOM 0003Ha4YeH BTOPOI morok. Hrkugaa dacThb jgumarpaMMbl n300-
paXkaeT pacIojioyKeHrne HOBBIX MOMEHTOB HPHUOBITHS Ha BpeMeHHON mikase. 3 aumarpammbr BugHO, ato BC
MTOJTy YU/IM MaKCUMAJIbHO paHHue MOMeHTHI t; = 0 ¢, to = 120 ¢, t3 = 240 ¢ npuObITHA B TOUYKY CJIMTHUSI.

Slide 10

Let us consider a small model example of three aircraft with nominal arrival instants ¢]°™ = 299.92 sec,
5™ = 462.96 sec, t5°™ = 531.84 sec. The values of maximum acceleration and deceleration are t* = 360 sec
and = 840 sec, respectively. The value of the safety interval 75 is equal to 120 sec.

The resultant diagram is presented on the slide. The diagram consists of two parts. The upper part shows
the arrangement of the nominal arrival instants of the aircraft on a timeline. The colors mean the corresponding
aircraft flow to be merged: the green one is the first flow, the purple one is the second flow. The lower part
of the diagram shows the arrangement of the obtained arrival instants on the timeline. One can see that the
aircraft have obtained the earliest possible arrival instants t; = 0 sec, to = 120 sec, t3 = 240 sec at the merge
point.

tdec



N

F({ti}a {tgom}) = Z t; — 7™ — min

1=1

The sense of the criterion is to pass an aircraft through the
merge point as close to the nominal instant as possible.

The order of the resultant instants is the same as of the
nominal ones.

Piecewise-Linear Criteria 11
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Caaiig 11

Cremyromuit KpuTepuii MpeacTaBIeH B BUIE CyMMbI aOCOJTIOTHBIX 3HAYEHUI OTKJIOHEHUN HA3HAYAEMBIX MO-
MEHTOB IPHUOBITHS OT HOMUHAJbHBIX MOMEHTOB. CMBIC JAHHOIO KPUTEPHUS — HPONTH TOUYKY CAUSHUSA, HE OT-
KJIOHSISICh, TI0 BOBMOYKHOCTHU, OT HOMHHAJIBHOI'O MOMEHTa ITPUOBITHSI.

st TaHHOTO KpUTepHs aBTOPAMHU TaKrKe JIOKA3aHO yTBep:KjeHne, uTo mopsagaok BC Ha onTuMaabHOM pe-
IIEHUU COBIAJIAET C UCXOMHBIM Topsiikom BC.

Slide 11

The next criterion is presented as a sum of absolute values of deviations of the assigned instants from the
nominal arrival instants. The sense of the criterion is that the aircraft should pass the merge point as close to
the nominal instant as possible.

The authors have proved a statement that the order of the resultant instants is the same as of the nominal
ones.
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Caaiin 12

Ha ciaiine m3o6paxén rpaduk dyukmun f(t;, /") mrpada 3a OTKIOHEHNE HA3HAYCHHOIO MOMEHTa IIPU-
opiTuss BC B TOUKy ciamsHUsS OT HOMHHAJILHOTO. 110 ropm3oHTa/m pacrosaraercss BpeMeHHAsT OCh OTKJIOHEHUSI
HA3HAYEHHOI'O MOMEHTa OT HOMHHAJLHOTO, 110 BEPTUKAIN pacrosaraercst BejmanHa mrpada f(;, 7). [Tynk-
TUPHBIMU JINHUSIMU OOO3HAYEH MHTepBas [tfo™ — ¢2¢ thom 4 tdec] BO3MOKHOT'O BapbUPOBaHUS MOMEHTA t; IIPU-

oortuga BC.

Slide 12

A graph of the penalty function f(¢;, ™) for the deviation of the assigned arrival instant from the nom-

inal one for the first criterion is on the slide. The horizontal axis is the time deviation, the vertical axis is
the value of the penalty function f(t;,t?°™). The dashed lines mean the boundaries of the variation interval

[thom _ gace ynom 4 gdec] of the possible aircraft arrival.



F({th {tmy) = ST K - (1 — #9™) = min,

1=1
K+, t; > trom
K=" h7h
{K, t, < t?om;

The sense of the criterion is that acceleration and deceleration
are estimated differently.
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Caaiin 13

Tperuii Kpurepuii O3BOJISET IIyTEM BLIOOpa 3HAUYEHUIT BecoBBIX Koadgdunuentos K~ n K1 mrpadosars 3a
yckopenne u 3a7epxkky BC mo-pasnomy.

Slide 13

By choosing the values of the coefficients K~ and K™, the third criterion allows to penalize acceleration and
deceleration in different ways.
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Canaiig 14

Ha craiine n3o6pazxén rpaduk dyuxiwn f(;, t7°™) mrpada 3a 0OTKIOHEHHE HOBOIO MOoMeHTa TpuObITHa BC

B TOUKY CJUSHUS OT HOMUHAJBHOIO B ciIydae, koria yckopenne BC mrpadyercs MeHbie, 4eM ero 3a/iepKKa.

Slide 14

A graph of the penalty function f(¢;,¢*™) for the second criterion is on the slide. This is the case when an

acceleration of an aircraft is cheaper than its deceleration.
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The sense of the criterion is that delay by velocity and delay
by schemes are estimated differently.
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Caaiin 15

Cremytomuit KpuTepuii Mo3BoJjIsieT 1mo-pasunomMy mrpadosars BC 3a 3a1epKKy peryanpoBKOil CKOPOCTH U C
HCIOJIB30BaHIeM cxeM 3aJ1epxkkn. Ha craiie mpecrasien rpadbuk dyuxiwm f(t;, t1°™). Beamauna ¢ va rpaduke
0603HAYAET MOMEHT MePeKJII0OUeHNs TUIA 3a/1epKKH (¢ 3ameienns BC perynmmpoBKoil CKOpocTr Ha 3aMe/[IeHne
C UCIOJIb30BaHUeM cxeM 3ajep:kkn). Hempepbirocts dyukimum f(t;, 1) B Touke tI°™ + § mojpasyMeBaeTcst
JIJIsI BOBMOYKHOCTH CBeJIEHUsI JIAHHON 3a/a49M K 3ajlade JTUHEHHOTro TPpOrpaMMUPOBAHM.

Slide 15

The next criterion allows to penalize in different ways the delays provided by speed control and by usage
of the delay schemes. A graph of the penalty function f(¢;, £°™) is on the slide. The value § means the value
of the deviation when the delay mode switches from speed deceleration to deceleration by delay schemes. The
continuity of the function f(¢;, ™) at the point t}°™ + § is questionable, but it is assumed, because it is
necessary to pass to a linear programming problem.



On the basis of the values 6, K=, K", K, one can compute
coefficients a, b, ¢, d of the following representation of
the penalty function:

f(t, t7°") = alt; — ™| + b

1

ti — (2" + 6)| + ct; + d.

The quantity d is a constant, so, does not affect the minimum
points and can be omitted:

Fta, 70™) = alt; — 7] + b|t; — (7™ 4 0)| + ct.

1
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Caaiin 16

Boibpas sesmuunnt §, K~ K7, K3 u nonpasymesas nenpepbisrocThb dbyukimu f(t;, 19°™) B Touke 1™ + §,
MOKHO BBIYHCJINTH KO3(DdUueHTol a, b, ¢, d n moJyduThb cjejyrollee npejacrapieHne pyHKIUU mrpada ajst
kaxxtoro BC. Koncranta d MoxKeTr OBITH OIyIieHa, TaK KaK He BJIMAET Ha MUHUMHU3AINO (PyHKIIHOHAIA.

Slide 16

On the basis of the values §, K—, K", KJ and continuity of the function f(¢;, ™) at the point 1™ + §,

one can compute coefficients a, b, ¢, d and obtain the following representation of the penalty function f(t;, t}™)

for each aircraft. The coefficient d is a constant, so it can be omitted since it does not affect the minimization
of the functional f(¢;, /™).

(2



Piecewise-Linear Criteria

All three criteria give linear programming problems
and have been solved by simplex method.

Piecewise-Linear Criteria 17
[ ]




Caaiing 17

Bee 3ajaun ¢ BBITYKJIBIME KYCOYHO-JIMHEHHBIMU KPUTEPUSIMU CBOJATCS K 3aJad9aM JIMHEHHOTO MPOTrpaM-
MUPOBaHUA U permaioTcd 3OPEKTUBHO ¢ TTOMOIIbI0 cooTBeTcTByIomniero JIII-pemarens. B mannoit padore mig
MUHUMM3AIUN KYCOIHO-IMHEHHBIX KPUTEPUEB B BUJIE CYMM aOCOJIOTHBIX BEJIUYIUH HUCIOJIb30BAJICS CHUMILIEKC-
METO/T.
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All criteria mentioned above can be reduced to a linear programming problem (LP) and solved by the
corresponding LP-solver. In this work, the simplex-method has been applied.



Non-Linear Criteria
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Crenyiomast 9acTb pabOThI MOCBSIIEHA MUHUMUBAINYA HEJIMHEHHBIX KpuTepueB. OTHAKO ONTUMU3AIUs HEJTU-
HEHHBIX (DYHKIIMOHAJIOB ¢ OFPAHUYEHUSIMU JIOBOJIBHO CJIOYKHA, MMOITOMY HEOOXOJMMO CBECTH 33Jady K 3ajiade
6e3yCcJIOBHOI HEJTMHEHHON ONTUMU3AINN.
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The next part of the work studies nonlinear criteria. However, constrained nonlinear optimization is very
difficult. Therefore, one needs to pass to an unconstrained nonlinear minimization problem.



Unconstraint Minimization Problem

Strict constraints connected to the variation interval of
the arrival instant:

—a - In(t; — 2" + %), —a - In(—t; — 2" + 19°);

The functional for the unconditional minimization:

N

F=F({t}. (") —a- 3 (In(t = 6" 4+ 02)+

=1

+ In(—t; — 7™ + tdec)) +1

Non-Linear Criteria 19
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[Ipu TakoMm 1epexoje K MUHUMU3UPYeMOMY (DYyHKITMOHAJY JT00aBJIAIOTCH JIOTAPUMPMUIECKUE CIaraeMble BUIa
—a-In(t; —tRom +¢2C) u — - In(—t; — 10 +19°). Kazk10e u3 Hux umeer 1o/t orapudpMoM 0J[HO U3 OrpaHnyYeHHii-
HEPABEHCTB MCXOJIHON 3aja4u. BecoBoit KO3PUIMEHT v ONMUCHIBAET HCECMKOCMSH OTPAHUYIEHUI: YeM MeHbIIe
BeJIMYUMHA 9TOro KoaduimenTa, TemM OJMKe K I'DAHUIE OrPAHMYEHN HAUMHAETCA OBICTPHIA pocT Jiorapudma
u TeM OJiMzKe K IPaHuIle OIPDAHMYEHUI MOYKET NMPUOIMKATLCH TeKylasd ToukKa. B obsacTdax, rje orpaHnyeHus
He BBIIOJTHAIOTCS, JiorapudMbl He orpejiesieHbl. COOTBETCTBEHHO, TEKYIas TOYKA B UTEPAIMOHHOM AJITOPUTME
MUHUMW3AIUN B [IPUHIIAIIE HE MOYKET IMOKUIATH 00/IaCTh, 33/[aBAEMYI0 OTPAHUICHUSIMU.

Cnaraemoe [ ¢BsiI3aHO C BBIIEpKUBaHUEM WHTepBasia Oe3onacHocTu Mexk 1y BC B odepennm m MoxkeT OBbITH
peayIm30BaHO IBYMS CIIOCOOAMU.
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To do this, some logarithmic terms —a - In(t; — 7™ + t°) and —a - In(—¢; — t7°™ + ¢1°°) are added to the
functional to be minimized. Each of them has inside one of the inequality constraint of the original problem.
The weight coefficient o describes the strictness of the new constraints: the less the coefficient is, the closer to
the original constraint boundary is the area where the logarithm starts to grow fast. Therefore, the closer to
the boundary of constraints the current point can go up in the iterative minimization algorithm. In the areas,
where the original constraints are violated, the logarithmic terms are undefined. So, the current point in essence
cannot leave the domain defined by the constraints.

The term [ is connected with maintaining the safety interval between aircraft arrival instants. T'wo different
techniques are used to represent the term 1.



Soft Constraints for Variation Interval

ACHZ)

As the initial point for the minimization algorithm, the
collection of nominal instants is taken.

Non-Linear Criteria 20
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[TepBorit criocod — 310 Tak Ha3biBaeMble MAkue orpanndenus. Ciaaraemoe [ mipejictaBisger coboit byHKIHIO,
KOTOpas olpejiesieHa BHe 00/1acTH, 3a/1aHHo orpanntdeHusMu. OHa MO3BOJIsIET TOYKE OBITh B 00/IACTH, TJIe Orpa-
HUYCHUS HE BBIMOJTHAIOTCH, U BBITAJIKUBACT €€ U3 3TOH 3allpeménnoil o01acTu, He JaBagd 1oajaTh ooparHo. B
9TOM CjIydae HabOp HOMUHAJIBHBIX MOMEHTOB HpuObITHs BC B TOUKY CugHUS MOXKET OBITh B3AT B KadeCTBE
HAYAJILHON TOYKHU aJIrOPUTMa MUHUMUBAIMH [1€JI€BOT0 (DYHKITMOHAJIA.
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The first technique is so called soft constraints. The term [ is represented as a function, which is defined
outside the domain defined by the constraints. It allows the point to be in the prohibited area. This function
“pushes” the point out of the prohibited area and prevents it from getting back. When using this technique,
the collection of nominal arrival instants can be taken as the starting point of the algorithm for minimizing the
objective functional.



Strict Constraints for Variation Interval

Vi=1,N —a-In((t;—t;)*— (7)?).

© To obtain the initial point for the minimization algorithm,
the greedy algorithm is used. If the greedy algorithm was
unsuccessful to process all aircraft or some of the
resultant instants coincide with the corresponding right
boundary "™ + ¢9¢¢  then no internal point exists, and
further computations ceases.

@ Otherwise, the initial point for the minimization algorithm
is taken as the result of the greedy algorithm slightly slid
apart (to obey all constraints strictly).

Non-Linear Criteria 21
ooe



Caaiig 21

Hpyroit cnocob peaausanuu cjaaraeMoro I — B BUAE HCECMKUT OIPAHMYCHHIL, TO €CTh ¢ HOMOMILIO CYMMBI II0
BeeM napam unjekcos 1 < i < j < N jorapudbmos —a - In ((¢; — t;)% — (75%)?). Pasnocts MOMEHTOB HpUOLITHS
B no10orapudMIIecKOM BBIPAsKCHHN BO3BEJIeHa B KBaJpaT, MOTOMY YTO B OOIIEM CIydae HeT IapaHTHH TOTO,
9TO MCXOHBIH mopsiiok BC Oymer coxpanéx.

2Kécmxue orpanndenus He noszposaior BC napymars TpeboBanus 6e301aCHOCTH, TAK KAK B COOTBETCTBYIO-
mUX 00JIaCTIX He olpeje/eHbl jJorapudMbl. I1osToMy HaAGOp HOMUHAILHBIX MOMeHTOB npubbitusg BC B TOUKy
CJIMAHKA, BOOOIE TOBOPS, He MOJOMAET /I MCHOIL30BAHUS B KQ4eCTBE CTAPTOBOI TOYKHU JJI aJIFOPUTMA, MU-
HUMU3AIUK, TaK KaK B UCXOJIHON 0Yepeji NPUCYTCTBYIOT HAPYIIeHns 6e301acHOCTH (ec/u Obl UX He ObLIO, TO U
38,1241 OBl He CyIIeCTBOBAJIO).

CraproBas TOYKa s aJfOPUTMa MUHAMU3AIMK BLIOMpaercsa ciaeayiommM obpasom. Crepsa 3alycKaercs
JKaJHBII aJI'OPUTM U IIPOBEpSeTCs HAJIMYHE ero pelleHud. Fciiu pelrenus »KaIHOoro aJroOpuTMa He CYIIeCTBYeT,
TO JIJIsl JAHHOTO HAa0Opa HOMHHAJILHBIX MOMEHTOB NpubbiTus BC B TOYKY C/IMSHHUA U COOTBETCTBYIONMX OI'pa-
HUYEHUIT BOOOIIEe He CYIIeCTBYeT PelleHus 3aaul II0CTPOeHUsI HOBOIO pacinucanud. JIpyroil BapuaHT: pelreHue
JKaJIHOTO aJrOPUTMa CYIIECTBYET, HO IPUCYTCTBYET TaKas MaKCHMAaJIbHO IUIoTHasg noarpynmna BC, aro kpaiinue
BC B Heil HAXOJATCsI B TOYHOCTH HA TPAHUIAX CBOMX MHTEPBAJIOB BapbupoBanus (nepsoe BC Ha jieBoil rpanu-
1e, T0CjIe/IHee Ha MpaBoii). B aToMm ciydae i JaHHON 3891 HET WHOIO PelleHusi KPOMe PEIIeHUs YKATHOIO
aJaropuTMa. B 00oux ciydasx JajbHeilmnas paboTa aaropuTMa OCTAHAB/IABACTC.

Ecnu «IJIOTHBIX» TPy CyJ0B HET, TO pellleHHe »KaJHOI'0 aJrOPUTMAa MOKET OLITH MCIIOJIL30BAHO B Kave-
CTBE CTAPTOBOI TOUKY JIJIsT AJITOPUTMa MUHUMUSAINY [EIeBOro (DYHKIMOHAA, (110C/1e HEOOIBION «Pas3IBUKKN»
CYJIOB, YTOOBI YCIOBHsI Ha WHTEPBaJ OE30MACHOCTH TaPAHTUPOBAHHO BBINOJIHSIINCH CTPOTO).
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(continued in the next page)



The second technique to implement the term [ is to represent it as strict constraints, that is as a sum over
all pairs of indices 1 < i < j < N of the logarithms —a - In ((¢; — ;)* — (75%)?). The difference between the
arrival instants in sub-logarithmic terms is squared, since, generally speaking, there is no guarantee that the
initial order of the aircraft arrivals will be kept.

The strict constraints do not allow the point to violate the constraints, since outside the allowed area the
logarithms are not defined. So, the collection of nominal arrival instants, generally speaking, are not suitable as
the start point for the minimization algorithm, since there are safety violations (if the safety intervals are not
violated, then the problem just does not exist).

To obtain the initial point, the greedy method is started. If the algorithm is not successful, then there is no
solution at all. Another situation: the algorithm gives a solution, but there is a subgroup of aircraft so dense
that there are exactly safe intervals between aircraft in it (that is, the first aircraft is on the left boundary of
its variation interval and the last aircraft is on the right boundary of its variation interval). In both cases the
procedure is ceased. However, in the latter case one can optimize aircraft outside of such a group.

Finally, if the greedy algorithm gives some result and there are no dense subgroups of aircraft, then this
solution is taken as the initial point for the minimization algorithm (after a light slide apart of the aircraft to
obey strictly the inequalities for the safety intervals).



Quadratic Criterion

The simplest non-linear criterion:

N

F(‘{ti}v {tyom» = Z(tz — ™))% 3 min

=1

The sense of the criterion is that large deviations are punished
more severe.

The order of the resultant instants is the same as of the
nominal ones.

Non-Linear Criteria 22
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ABTopamu ObLIT pacCMOTPEH IPOCTEHINI HEeJTMHEHHBI KPUTEPUii B BUJIE CYMMbI KBaIPATOB OTKJIOHEHUIT Ha~
3HAYEHHBIX MOMEHTOB MPUOBITHS OT HOMUHAJIBHBIX MOMEHTOB. CMBIC/T IAHHOTO KPUTEPHUS B TOM, UTO B OTJININE
OT CYMMBI MOJTyJIeil OTKJIOHEHHI OO/IbINNE OTKIOHEHUS MTPadyIOTCa KBQJIPATHIHO CUJIHHEE.

ABTopamMn J10Ka3aHo yTBepKeHue, 4to mopsgok BC Ha ONTHMAaIbHOM PEIIEHHN COBIAJAET C MCXOTHBIM
nopsiyiokom BC B ouepesi.
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The simplest nonlinear criterion in the form of a sum of squared deviations has been studied. The sense of
the criterion is that large deviations are punished more severe in comparison with the sum of absolute values of
the deviations.

The authors have proved a statement that the order of the resultant instants is the same as of the nominal
ones.



Minimization Algorithms

@ Specific linear-quadratic algorithms

@ Steepest descent algorithm
The problem with ravines exists.

@ Hooke— Jeeves direct search algorithm

@ Newton algorithm

It searches minimum of convex functions, however, soft

constraints are concave. In this domain, the gradient
method works.
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Jlns periennst MOJIYIeHHON 3aJiady OE€3yCJIOBHON MUHUMUBAIUN HEJTMHEHHBIX KPUTEPUEB HCIIOJIb30BaJINCDH
CIeIYIOIINEe TPUOIUKEHHBIE METO/IBI:

® KOHKPETHBIE METOJbI JIUHENHO-KBaIPATUIHOI'O IIPOIPAMMUPOBAHNSI;
Orako, eciin 6epércs KpuTepuii, OTIUIHBIN OT KBAIPATUTIHOIO, 3TU METO/IbI IIePEeCTAI0T PaboTaTh.

® METOJ/ HAUCKOPEHUIIEro CILyCKa;
g jaHHOTO METO/a, KaK M JIJId BCErOo ceMeiCcTBa I'PaJUEHTHBIX METOJOB, CYIIECTBYET IPob/IeMa ¢ CyIie-
CTBEHHO# «OBPasKUCTOCTBIO» MUHUMHU3UPYEMON (DYHKITUN.

e Meros HeroToHa;

JlaHHBI METO/I UIeT MUHUMYM BBIITYKJI0M (DYHKIIUU, OJHAKO MATKHE OI'PAHUICHUS HE SBJIAIOTCH BBIITYKJIbI-
Mu. BHyTpu 3anperHoit 06/1acTH, T/ie BBITYKJIOCTh (PYHKIIHOHAIA HAPYIIAETCs, 3aIIyCKAJICS METO/I IPaIneHTHOTO
CITYCKA.

® MeTOJT TPAMOTo noncka Xyka — /Ikusca.
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The following optimization methods have been applied for the reduced unconstrained nonlinear problems:

e specific linear-quadratic algorithms;
However, if a new criterion is taken, which is not quadratic, then these methods cease to work.

e the steepest descent algorithm;

For this method, as for the other methods of gradient family, there is a problem with “ravines” of the function
to be minimized.

e the Newton method;

It searches minimum of convex functions, however, the soft constraints are not convex. In the prohibited
domain, where the convexity of the functional is violated, the gradient method is applied.

e the Hooke — Jeeves direct search method.



«Ravineness» of Penalty Functions

Non-Linear Criteria
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3/1€eCh HOSICHEHSIETCsI IPUUINHA BO3HUKHOBEHHS «OBPArOB» Y MHHIMHU3HPYEMOil QYHKIUN. DJIIHUICHL CXeMa-
THYHO [OKA3BIBAIOT JIMHUU YPOBHsI ocHOBHOrO Kpurepus F({t;},{t}°™}). llBeTHOIl IPAMOYTOILHUK IPEICTAB-
JIACT JINHUK YPOBHS CYMMBI OCHOBHOTO KPUTEPHS U JCECMKUL OTPAHUICHAI B BHJIEC JIOTapH@MOB, CBA3AHHBIX C
BBLIEPKIBAHIEM HHTepBasa Oe3omacHocTH. eM TeMHee IBET STOrO HMPSMOYTOILHUKA, T€M MEHbINE Be/HTIHHA
CyMMAapHOro (pyHKI[HOHAJIA.

IIpu npub/iyKeHnH TOYKU K JIMHIN OrPaHUYeHuil (IPAHUIA IPSIMOYTOIbHIKA) JIOrapudM CTPEMUTCS K +00.
Ecin yanarbest oT JIMHAM OrpaHUYEHHi, TO HAYMHAET PACTH 3HadeHue ocHoBHOro kpurepus F'({t;}, {t8°™}).
Takum 06pa3oM, PSIOM C JIMHIEH OrpaHMYeHuil IPUCYTCTBYET OBpAr, Y3KHil B MOIEPETHOM HALPABICHUN I I10-
JIOTHil B IIPOIOIBHOM HalpaByieHnn. Takne oBparu B ONTUMU3UPYeMOit (DYHKIUH SBIIAIOTCS GOJIBIION TPOOIeMOit
ISl METOZIOB OLTHMU3AIIALL.
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Here, there is a try to explain the problem of “ravines” appearance. The ellipses schematically represent
the level lines of the main criterion F'({¢;}, {t}°™}). The colored rectangle shows levels of the sum of the main
criterion and logarithm of a strict constraint connected to the safety interval between aircraft. The darker the
color of this rectangle is, the smaller the value of the total functional is.

When approaching the line of the constraint, the logarithm tends to +00. When going away from the line,
the main criterion F'({¢;}, {t?°™}) grows. Thus, near the line, one has a ravine, which is very narrow in the cross
direction and mildly sloping along the line. Such a ravine is a very hard problem for the minimization methods.



Simulations of Quadratic Criterion

Soft constraints. Hooke — Jeeves direct search algorithm:

t107" = 299.92 sec 57" = 462.96 sec 37" = 531.84 sec
t1 = 299.92 sec to = 436.93 sec t3 = H57.87 sec

120 240 360 480 600 720 8B40 960 1080 1

3¢ = 360 sec, t9°¢ = 840 sec, 7% = 120 sec

Non-Linear Criteria 25
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Paccmorpum mpocTeitiuii MoJIe/IbHBIN TpUMEP pUMeHeHUsT MeTojia XyKa — J[2KuBca K MUHUMU3AIUA KBa/l-
pPATUYHOTO KpUTepHs B ciaydae Markux orpanmdenuii. /lan wabop m3 tpéx BC ¢ HOMUHAIBHBIME MOMEHTaAMU
npubsiTug t7°" = 299.92 ¢, 5" = 462.96 c, t5°™ = 531.84 c. MakcumaJIbHBIE BEJIMIUHB! YCKOPEHUS U 33/ 1€ PKKH
t2¢ i1 e pagmbr 360 ¢ 1 840 ¢, cooTBecTBeHHO. Bemmmunua 7€ pHTepBasa 6€30IIACHOCTH B ONTHMU3NPYEMOii OUe-
pesn pasaa 120 c. BC nostyun/iu cireiyonie MOMEHTDBI TPUOBITHSA B TOUKY ciausinusd t, = 299.92 ¢, to = 436.93 c,
t3 = 557.87 c. IlopsimoK BO3AYIIHBIX CYI0B ObLIT COXPAHEH, PelleHrne MOXKHO CIUTATh OJTU3KUM K OITUMAJILHOMY.
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Let us consider a small model example of three aircraft with the nominal arrival instants ¢7°" = 299.92 sec,
5™ = 462.96 sec, t5°™ = 531.84 sec and application of the direct search Hooke — Jeeves method for minimization
of the quadratic criterion in the case of the soft constraints. The maximum values of acceleration and deceleration
are t*° = 360 sec and t9° = 840 sec, respectively. The values 752 of the safety interval is equal to 120 sec.
The aircraft have obtained the following arrival instants: t; = 299.92 sec, t, = 436.93 sec, t3 = 557.87 sec. The
initial aircraft order has been kept. The solution can be considered close to the optimal one.



Simulations of Quadratic Criterion

Soft constraints. Newton algorithm:

t107" = 299.92 sec 57" = 462.96 sec 37" = 531.84 sec
t1 = 299.92 sec to = 436.93 sec t3 = H57.87 sec

120 240 360 480 600 720 8B40 960 1080 1

3¢ = 360 sec, t9°¢ = 840 sec, 7% = 120 sec
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CuoBa paccMoTpuM 3TOT ke npuMep u3 Tpéx BC ¢ nommunaabHbiMu MOMeHTaMu npubbiTug t1°™ = 299.92 c,
5™ = 462.96 c, t3°™ = 531.84 c. OnHaKo B 3TOM cilydae JjIsi MUHIMU3AINN KBaJIPATHYHOIO KPUTEPUS C MT-
KUMU OTPpaHUYIEHUSIME UCIIOJIb30BasIcd MeTo i HhioTona. MakcuMa ibHbIe BEJTUYINHBI YCKOPEHUS W 33/ IePXKKH 14
u t9° pasubl 360 ¢ n 840 c, coorBercTBeHHO. Besmmunna 75 pHTepBasa 6€30IaCHOCTH B ONTHMHU3NPYEMOil ode-
pesan pasua 120 ¢. B pesynbrare BC nosyuniin MmomenTsl npubbitus t1 = 299.92 ¢, to = 436.93 ¢, t3 = 557.87 c.

HOpH,ZLOK BO3AYIIIHbBIX CYyI0B ObLI COXpZLHéH7 pemenne MO2KHO CHUTATb OJIN3KIM K OIITUMAJIbHOMY.
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Let us consider the same example of three aircraft with the nominal arrival instants ¢7°™ = 299.92 sec,
5™ = 462.96 sec, t5°™ = 531.84 sec and application of the Newton method for minimization of the quadratic cri-
terion in the case of the soft constraints. The maximum values of acceleration and deceleration are t**° = 360 sec
and ¢ = 840 sec, respectively. The values 75 of the safety interval is equal to 120 sec. The aircraft have
obtained the following arrival instants ¢; = 299.92 sec, t, = 436.93 sec, t3 = 557.87 sec. The initial order of the
instants has been saved. The solution can be considered as close to optimal.



Simulations of Quadratic Criterion

In the case of strict constraints, the gradient methods
(gradient descent and Newton's method) have significant
problems with ravines. The Hooke — Jeeves method gives more
or less acceptable results.

In the case of soft constraints, all methods work acceptable.
However, a problem arises when there are several (greater than
3) aircraft with the same nominal arriving time.

Non-Linear Criteria 27
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B citygae KEéCcTKUX OrpaHUYeHUI TPAIHEHTHBIE METO/IbI (METO/IbI HAUCKOPEHIIero ciycka u Mero HeioroHa)
UMEIOT 3HAYUTEIbHBIE POOIEMBI C OBPaYKUCTOCTHI0O MUHIMU3UpyeMoit hyHkiuu. Mero mpamoro moncka Xyka —
Jl>xxuBca maéT 6ojiee WM MeHee IMpUeM/IeMble Pe3yJIbTaThI.

B caygae Msarkux orpaHmdeHmit Bce MeTobl paboraior mnpuemsemo. OHAKO BO3ZHHKaeT Mpobsema, KOT/Ia
reckosibko BC (3 1 6osiee) nMeOT OIMHAKOBBIC HOMUHAJIBHBIE MOMEHTBI [TPUOBITHSL.
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In the case of the strict constraints, the gradient methods (the steepest descent method and the Newton
method) have significant problems with ravines of the function to be minimized. The direct search Hooke — Jeeves
method gives more or less admissible results.

In the case of the soft constraints, all methods work quite well. However, a problem with coinciding nominal
arrival instants (3 or more) appears.



Criterion with Constraint on Minimal Deviation

A f(tiv t?om)

>

|
| t; — 1o

n 0

This penalty function has two minima: one near the nominal
instant, and the other is near ¢}°™ £ 9, where ¢ is the minimal

technically acceptable deviation.
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Wnest caeayromnero Kpurepust COCTOUT B TOM, 9TOOBI M30€KaTh OTHOCUTEIbHO MAJIEHBKIX HETEXHOJIOTMIHBIX
orkoHeHnt BC 0T ¢BOEro HOMMHAJIBHONO MOMEHTa HPUOBITHS B TOYKY ciusHusi. Ha rpadure mnpepcrapieH
BHJI, TaKOi pyHKIUU mrpada. Y Heé aBa MUHUMYMa: OJUH OKOJIO HOMUHAJHLHOIO MOMEHTA MPUOBITU, JIPYTOi
HAXOJIUTCA B TouKe 19" £ J, e § 3apaHee 33/laHHAs BeJIMINHA MUHUMAIBHON BapHaliil MOMEHTa TPUOBITHSI.
Benuunna 1 o3navgaeT MakCUMaIbHYIO BEJIMUNHY OTKJIOHEHHS, KOTOPYIO MOXKeT noJsrydars BC B mporecce Bbrauc-
JIEHWI, HO peaJim3aliieii KOTOPOil B IPoIecce MoJIéTa MOKeT mpeHedperarh. B MoieimpoBaHiy HCIIOIb30BAJINCH
snavenus n =3 cu d = 30 c.
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The idea of the next criterion is to avoid relatively small and technologically unfeasible deviations of aircraft
from their nominal arrival instants at the merge point. A graph of the corresponding penalty function f(¢;, t#°™)
is on the slide. It has two minima: one is near the nominal arrival instant and the other is at the point ¢}™ 4+ ¢
where 0 is a predetermined value of the minimal technically admissible deviation. The value  means a deviation
value, which an aircraft can obtain during computations, but which can be neglected during the flight. In the
conducted experiments the values n = 3 sec and ¢ = 30 sec have been tested.



Simulations of Criterion with Constraint on

Minimal Deviation

In the case of strict constraints, all methods have problems
with falling into the ravine near instance ¢; = ¢7°™, since the
ravine as quite narrow and the initial point is far from it. The
final point is either far from the global minimum, or connected
with local minima at the points ™ =+ 4.

In the case of soft constraints, additionally to the mentioned
problem, the problem with coinciding nominal arriving times
exists.

At this time, the authors have no any acceptable results for
non-linear criteria. Possibly, some specific methods for
constrained problems should be involved.
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B cayuae k€cTKUX OrpaHHYEHHIT BCe METO/IbI He O IaIl B OBpArl MUHIMU3UPYEMBIX (PYHKINI OKOJIO t; =
o™ Tak KaK 9TU OBPArW JOCTATOYHO Y3KHe, a HadaJbHas TOUKa (pe3ysabTaT yKaJHOTO aJrOPUTMA) HAXOUTCS
JlaJleKo oT HuX. MeToapl ocTanaB/IMBaIACh B TOYKE, KOTOpad OO JajeKa OT IVI00aIbHOIO MUHHMYyMa, Jmbo
CBSI3aHA C JIOKAJIbHBIM MHUHUMYMOM B TOuKe t}o™ &£ 4.

B macrosmiee BpeMs y aBTOPOB He UMeETCsA KAKUX JINO0 IPHEMJIEMbIX IIPOIE/yp MIHUMU3AINN HEJINHEHHbBIX
KpuTepueB. Bo3aMoxKHO 3Ta mpobiieMa pa3pelnTcs ¢ UCIOJIb30BAHIEM CHENN(UIHBIX METOI0B JIjIs HeJIMHEeHHON
OIITUMU3aIIUN C O'PaHUYICHUAMU.
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In the case of the strict constraints, all applied methods have missed the ravines of the minimized functions
near the points t; = t}°™, since this ravines are quite narrow and the start point (the result of the greedy
algorithm) is located far from them. The methods have stopped at a point, which is either far from the global
minimum, or related to the local minimum at the point ¢;°™ + 4.

So far, the authors have no any stable and admissible procedures for nonlinear optimization of the suggested
criteria. Possibly, this problem will be solved by using specific methods for nonlinear constrained optimization
problems.
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O

Several piecewise-linear criteria are studied. Exact
solutions by means of simplex method have been
obtained.

For non-linear criteria, soft and strict constraints
corresponding to the variation interval have been
suggested.

Gradient and direct search methods have been applied for
solving non-linear variants.

The simplest quadratic criterion and a criterion with
constraint on the minimal deviation have been considered
(more or less successfully).

Disappointing result for non-linear criteria have been
obtained.
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Conclusion

Aims for the future work:

To involve another, more delicate methods for constrained
non-linear optimization problems.

To take into account aircraft types. (In progress.)

To consider individual variation intervals for each aircraft.
(In progress.)

To take into account the priority of aircraft: some of
them can not be variated.

To decrease the number of aircraft with variated arrival
Instant.
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Thank you for your attention!




