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AIICTPAKT

lloBTOpNHMBHTE, a HCTO Taka u HCTIOBTOPJIMBUTE 3ayLIyBamha HA aBTOMATHIITATA
CTaHyBaaT OMNIITA KAPaKTEPUCTHUKA KOja BOMM IO JOUHE®kA, HaMaleHa 0e30eIHOCT BO
coobpakajot, 3ronemena [TOTPOIIYBayKa HA IOPUBO M CEPHO3HO aepo 3araJgyBarbe.
Taksure 3anymysama ja OIPaHHYyBaatT MpOIycHATa MOK HA aBTOIATOT BO BPEMETO 01

ACHOT KOra aBTONaTOT HAJMHOTY Ce KODHCTH, T.e. 3a BpEME Ha BpPBHHUOT yac. Opa

SAVIIYBAKE CTaHyBa yIITe MOKPUTHYHO BO CIyYanTe Ha HETIOBTOPJIMBH 3aIyIyBambA.
I'pazemero Ha mnoBeke apTOmaTHINTA IOBTOPHO OH BOJEIO0 KOH TOA MATHATA
HHQpaCcTpyKTypa 1a ocTaHe HEHCKkopucTeHa. Ho, Bp3 coobpakajHroT Tok Ha aBTONaTOT
MOXC IIO3HTHBHO [1a Ce€ BJIHMjae cO MOMOII Ha OpOjHH HMHTEIHreHTHH TPaHCIIOPTHHU
TexHUKH. Bo Taa cMmucna, opaa AOKTOpCKa AMCepTalivja NMPUIAOHECYBA BO HACOKA HA
HOLONHYBarke€ Ha enHa OWTHA pa3sHWHA BO HAIIHOT cooOpakaeH cucTeMm, a Toa e
SIIYMYBameTO HA MH)OPMATHYKUTE TEXHOJIOTHH BO COO0paKajHHOT CHCTEM, TOTOYHO,
=0 TOMOLI Ha METOJOJIOTHH O MH(pOPMATHUKHTE TEXHOJIOTHH, OJHOCHO BEIITAYKATA
HHETEIMICHIH]a Ce H3BEJe HAYYHO TEMETHO HCTPaXyBare 3a pa3Boj Ha cTpaTeruja 3a
SOHTPOJIa HA NPHCTAN KOH aBTONAT U YIIPaBYBaIbe CO cooOpaKajHu KOpUIOpH.

[Ipumepn Ha cucremu 3a KOHTPOJIa Ha MPHCTANl HAa aBTOMAT MMa rojeM 6poj.

AJMHEA e npeara koHTpoiHa CTpaTerHja Ha JIOKAJIHO HHBO KOja ce Oasupa Bp3
~¥PCKTHAa TpHMEHA Ha KIlaCHYHATa TeopHja Ha YIpaByBame CO IIOBpaTHa BpPCKa.
Ocranatute Hamopu BKIIydyBaaT ICHETHYKH (a3u MNPUCTAN, BEIITAYKH HEBPOHCKH
WPSEH H IBCHUBOBCKHM IIPHCTAIl 3a KOHTPOJIa HA ABTOMAT.

Cure nocera mocroeuxn AJITOPHTMH 33 KOHTPOJIA HA IPHCTAIl Ha aBTOMAT, HaKO
SSF0BapaaT Ha cooOpakajHHTe MOTpebH, He ce PAIHO allaTUBHH Ha IIPOMEHATa Ha
J=OBHTE Ha OJIBHBAa€ Ha cOOOpakajor.

Hajronemnor 6poj on mpumeneTnte crctemu 3a KOHTpOJIa Ha MpUCTall Ha
SSTONAT CC OZl THNOT Ha JIOKAIHH DETyIaTOPH W HH eneH O HHB HE € BUCTHHCKH
SSSITHBCH. ,, ANaNTHBEH", BO OBOj KOHTEKCT U CIIPOTHBHO Ha ONIITOTO HEIOpa3Oupame
& JWTeparypata, 3HauYM IIOBeKe OJ TOa Ja 1aBa OArOBOp Ha co00pakajoT BO peanHo

wec. Toa 3HauM Jieka KOHTPOJIHATA MOJHTHKA CaMaTa C€ MEHYBA KakO OJroBop Ha

~HHIC BO HHXEPEHTHHTE CHCTEMCKH KapakTepucTuku. Co apyru 300pOBH, CO Hex

- A1alITHBCH, CHCTEMOT MOpa J1a OHIE cTocOBeH CaMHOT [TOCTOJaHO Ja Y4H.
80 oBaa jucepraumja ce oTHe HYCKOp HaTaMy H Ce€ KOPHCTH aJalTHBHA

TOIHEA cTpaTeryja Kaje 1ITO HE MOCTOH IIPETXOAHO JEPHUHUPAHO HUBO HA I'YCTHHA
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#a coolOpakaj wro Tpeba ma ce oApKyBa, TYKY camara KOHTPOJIHA CTpaTeruja y4u Kako
44 TO MHHMMH3HpA BKYIHOTO BpeMe IIOMHHATO BO CHCTEMOT. YINTe MOBEKe, caMuTe
areHTH TIOCTOJaHO Y4YaT M Ce aJanTHpaaT Ha MPOMEHHTE BO OKOJHHATA cropen
noTpedure.

[IPEIMETOT HA HUCTPAXVYBAILE Ha oBaa AOKTOpCKa Oucepraiija €
HCTpaikkyBalbe H NPOCKTHpPame€ Ha CTpaTerdja 3a ONTHMAJHA AJANTHBHA
CBETJIOCHA CHIHA/IHA KOHTPOJ/Ia HA NIPHCTAN HA ABTOMNAT.

TEOPETCKA IEJ e Bp3 ocHOBa Ha [IPOCKTHpaHa ONTHMaJIHA ajaliTUBHA
CTpaTerija 3a KOHTPOJAa Ha IIPHCTAall Ha aBTOMAT 1a CE TOCTHIHE HaMaJ/IyBame Ha
BKYNHOTO BpeMe Ha NaTyBame Ha KOPHIOPOT.

I''IABHATA XWIIOTE3A e: konrpoaara 3a NPHCTAII HA AaBTONAT,
KOPDHCTEJKM TeXHHKA HAa BemITAaYKa HHTEJHTeHIHja, MOKe Na Omae meJoCHO
#1aNTHBHA ONTHMAJHA KOHTPOJIHA CTPATErHja €O 3aTBOPEHA jaMKa KOJamiTo ro
MHHHMH3HPA BKYITHOTO BPeMe Ha NaTyBakbe HA KOPHIOPOT.

Co mem nma ce mokaxke rIJaBHATa XHIIOTE3a, KOpPHCTEHa € TeopHjaTa Ha
48TOMATCKO ymnpaByBaibe. MeTomojorujaTa 3a nmpuMeHa Ha ONTHMAIHA KOHTPOJA €
TCXHHKaTa Ha BEIITa4YKa MHTEIUICHIM]a, NMO3HAaTa KaKo MPHUHYJHO yUeme CO IoBeke
areHTH. Ce Kopucth Q - yueme anroputMor. CIIpoBeaeHo e HAYYHO HUCTPaKyBamke CO
nomom Ha VISSIM  MHKpOCHMYNaTopoT, NpH INTO Ce KOPHCTEIIe JTHUPEKTHO
AporpamMupame Ha (YHKIMH BO CHMYJIATOPOT, CO LEJN Ja Ce NMPHMEHH TEXHHKATa Ha
OPHHYJIHO YYEHE CO II0OBEKE areHTH.

Bo 3aBuCHOCT 05 mapameTpuTe Ha OIBHMBAamE Ha coo0paKajoT, INoCTaBEeHHTE
HCKOJIKY CIEHapHja 3a TECTHpPame Ha KOHTPOJIHATA CTpaTeTHja ce MOJEEHH BO IBe
$azu:

- pBa (aza — KOOpJMHUPAHA KOHTPONIA Kajle Mepemara Ha [IapaMeTpUTe ce Ha
H37€30T O aBTONATOT, CO NMO03HaTa nmobapyeayka Ha coobpakaj

- BTOpa (pasa — KOOpIHHHPaHA KOHTPOJIA Kale MEPErmaTa Ce HU3BOIHO O CEKO]
JpHCTAll Ha aBTONIATOT, CO HEMo3HaTa nobapysayka Ha coobpakaj.

Co men z1a ce oleHn H3BOMIHBOCTA HA MPe/IOKEHATA CTpaTeruja 3a ONTHMAaIHA
“JallTHBHA KOOPAWHHPAaHa KOHTPOJIA Ha IIPUCTAIl HA aBTOIAT, PE3YJITATHTE OJ] AreHTHTE
¥OH ydar C€ CIIOPCICHH CO pe3ynTaTUTe O ClydajoT 6e3 kowmpoaa u co AJTHHEA
¥osmponama, Xoja IpeTcTaByBa HAIMUPOKO NPHMEHYBAaHA KOHTPOJIHA CTpaTeruja Koja

©€ KOPHCTH KaKo perymiaTop.
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Pesynrature noGuenn on CUMYJallMuTe 0O€3 KOpHCTEeHe Ha KOHTpoJIa Ha
[IPHCTAIl c€ H30paHW Kako OCHOBeH CITy4aj ¥ OCTAaHATHUTE Pe3YJITATH Ce IPOTIICHYBAaT BO

OZHOC Ha Hero. Tecrupamero ce H3BCIlyBa TIOCIIE OBOJNIEH Opoj Ha HTEpAIHH CO

KOH aBTONAT KOPHCTH T.H. IPUCTAN Ha Tabena Ha NperiieNyBame,

Co Tecrupamero Bo npBata ¢asza (koopauHHpaHa KOHTpOJIa Ha TMpPUCTAI,
MCPEBa Ha M371€30T O KOPHIOPOT, MO3HATA nmobapyBauka Ha coobpakaj), 3abenexanu
CC 3allTeTH BO BPEMETO Ha MATYBAmbe (mo 14.5%), Hamanysame Ha JOIHEHETO (26 %),
AaMallyBar€ Ha CPEIHOTO BpeMe Ha MHpPYBambe 10 Bo3HyI0 (37 %), HamanyBame Ha
CPEAHHOT OpOj Ha 3acTaHyBama 10 BO3MJIO (35 %) u 3ronemyBame Ha OpojoT Ha Bo3ua
KOH u31€rysaar ox Mpesxara (14 %).

MefyToa, ce yTBpAH 1meka BAaKBHOT HAa9MH Ha NpHMEHAa Ha KOHTPOJIHATA
cTparervja Oapa nmononarorpajHa ¢asa Ha yueme Ha areHTHTE, IITO ja IpaBH
CTpaTerrjaTta HeIOBOJIHO e(hHKacHa.

3apanu Toa, ce npemuHa Ha HPHMEHA Ha 10Kanusupana konmpona na npucman
ROH demonamom, Kale IapaMeTpHTe Ha OJBUBAILE Ha coo0pakajoT ce MepeHH Ha
[7IaBHHOT TOK Ha aBTONATOT HU3BOIHO O CEKOJ mpHcTal (BTopa ¢asa Ha TeCTHpame).

Bo TtexoT Ha oBaa (asa ¥3BPIICHH Ce 1Ba BHJA TecTupame: 1. TecTHpame co
H0/aTolK Kane HeMa cooOpakajHO 3anymyBame, 2. TCCTHPAkE CO IMOAATOLH Kaje
fIOCTOH COOOpaKajHO 3aayINyBame Ha Kopugopor. TectupameTro Bo oBaa daza e
H3BPIICHO BP3 HEMO3HATa obapyBauka Ha coobpakaj.

1. [Ipu Tectupamero co HONaTOM Kame Hema coobpakajHO 3amymyBame, ce
3abenexyBa neka:

- JHAYUTENHH MoAOOpyBama uMa Kaj NOIHEHEeTo (HaManyBame 3a 30%), Ha
CPCIHOTO BpEME€ Ha MHUPYBAaM€ 110 BO3ZHIIO (78%) wm Ha cpemmuoT Opoj Ha
3acTanyBarma 1o Bo3uio (80%) mro MOKa)XXyBa NeKa coobpakajoT ce o1BUBA
[IOrjIaTko 0€3 MHOTyY 3acTomu.

- TOCJIC MOM0ITrOTPajHO MaTyBarse, HaMallyBamhEeTO HA BPEMETO HA NATYBAE H
AOLUHCHETO € eBHACHTHO, H TO4, 3HAYMTEHA pasjiika uMa mocie efeH yac
MaTyBame;

- HO, BpEMETO Ha maTyBame (HaMaJIeHO 3a 3.29%), 6pojoT Ha BO3MIA KOMIITO
H3JICTYBaaT O KOPHAOPOT (3rojieMeH 3a 3%) u Op3uHara Ha HaTyBALE

(3ronemena 3a 0.33 %) uMaart maJo nojgobpysame.
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- Ce 3abenexyBpa nexa crparerujara TH CjeIy IPOMEHHTE BO rapaMeTpHTE Ha
co00pakajoT BO peasHoO BpeMe, 0COOEHO TpH MpEeMUHYBamke 0] cocTojba Ha
3ayIIyBamke KOH HOPMAJIHO OJIBHBamke Ha COO0OpaKkajor.

Co nmomomr va AJIMHEA ce no6usaar PE3ynTaTH KOWIITO 3a HCTUTE MEPKH Ha
SOHKaCHOCT €€ CIIMYHHM H HEIITO MOJ00pH Of pe3yITaTHTe MOOMEHH CO ITOMOII HA
¥OHTpOJIaTa cO mpeor crparerijara. Toa ce o6jacHyBa co (akTOT MITO HAa KOPHIOPOT
H< TIOCTOH TIOBTOPJIMBO 3a/lyllyBame, IITO ja IPaBH NpPeIOr cTpaTerkjaTa uH(epHopHa
npen AJIMHEA.

Ho, pesynrarture no6uenn co AJIMHEA He ce MHOTY BETYBauykd BO IOIJIET HA

SAIITCIHTE BO BPEMETO Ha NaTyBamwe, Op3MHAaTa Ha nmaTryBame H OpojoT Ha BO3MJIa KOU
H#37€ryBaat ol KOpUIOpOT (BaxkHO 3apanu (akror mro 3a AJIMHEA crpaternjara ce
H3BPLICHH HaroJyBama Ha IapaMETPUTE 3a KOHKPETHHMOT aBTOMAT M COOABETHATA
cooOpakajHa mobOapyBayka, JofieKa 3a IMpeIoXKeHara cTpaTerija 3a KOOpAWHHpaHA
¥OHTpPOJIa, TECTHPARLETO € M3BPIICHO Bp3 HEMO3HaTa cooOpakajHa mobapysauka). Toa
3HaYM JIeKa M 3a Clly4aj KaJe He MOCTOM coo0paKkajHO 3aiyllyBame, NpeaIoKeHara
CTpaTerHja MOXe Jia ce IIPUMEHH, CO TOa IUTO IIPETXO/AHO MPBO OH Ce H3BPIIMIO YUEHE
co ciryHa nobapyBauka Ha coobpakaj.

=.  Bo Texor Ha Bropara ¢a3sa (co momarou Kaje MocTon coobpakajHo 331y LIyBambe

Ha KOPHJOPOT), CTPaTernjaTa Koja KOpucTu Q-yueme NoKaKa HCKIYUHTETHO

I00pH pe3yJITAaTH moc/ie pelaTHBHO Maj 6poj mrepammn (oxoay 1500) Bp3

Hemo3HaTa nodapysayka Ha coodpaKkaj:

- HamanyBame Ha Bpemero Ha matyBame (15%), Ha momHemero (26%), Ha
CPEHOTO BpeMe Ha MHUpyBame Mo Bo3miIo (38%), Ha cpenuuor Gpoj Ha
3acTaHyBama 1o BO3WIO (35%), sroneMyBame Ha OpOjOT Ha BO3UJIA KOH
u3erysaar oA Mpexara (10%), na Opsunara Ha nartyBame (9.85%)
Ilonobpysarmara ce peyncy IBOJHO IOTOJIEMH CIIOPEAEHH CO HCTHTE MEPKH Ha
eukacHocT co npuMena Ha AJIMHEA (8.41%, 13%, 20%, 19%, 6.22%,
3.55%, coonBeTHO).

Crparernjata no6po ce mpuiaroagyBa Ha YC/JI0BHTe HA OJBHBAbE HA
£000paKajoT, 0IHOCHO € aJaNTHBHA H BO PEaJHO BpPeMe 0AroBapa Ha MoTpeduTe Ha
£000paKajoT, O WITO ce MOTBPAYBAa H INIABHATA XHIIOTe3a HA MCTPAKYBAMH-ETO HA

0Baa I0OKTOPCKa JHcepTanHja.
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Hajronemo monoGpyBame mMa Kaj ciydyajor Ha mpuMeHa Ha KOHTpOJIa Kaj
cooOpakajHa mobapyBayka Koja He IIpeIU3BHKYBa cooOpakajHO 3agymryBame (3a
SPEAHOTO BPEME Ha MUPYBak:€/BO3UIIO U 3a CPEAHHOT Gpoj Ha 3aCTaHyBama/BO3UIIO)

Bo mornen Ha cute Mepku Ha eduxacHoCT Ha cTpaTerujara, Haj100pH pe3yTaTu
HOCTHIHYBa KOHTPOJIHATA CTpaTerHja Kora ce MpUMEHyBa Kaj Hemos3Hara mobapysauka
#a coobpakaj Koja mpeu3BHKYBa cooOpakajHo 3afyuryBame. Co Toa ce JoKaxkyBa JeKa
APCIVIOKCHATA CTpAaTerHja € H3BOJJIMBA 32 KOOPJWHMpPaHa KOHTPOJA Ha IIPHCTAITHTE
EOH aBTONATOT, KOja € ONTHMAaJIHA, aJanTHBHA H oAroBapa Ha moOapyBaykaTa BO
DEATHO BpeMe.,

IIpn TecTupameTo co momarouM Kame MOCTOH coo0pakajHO 3aayIIyBame Ha
¥OPHIIOPOT, cTpaTernjata Koja KopucTH Q-y4eme MOKaka HMCKJIYYHTETHO n00pu

PE3YJITATH, TOCA€ pEJaTHBHO Maj 0poj Ha HMTepamMu W Toa Bp3 Hemo3HATA

nodapyBayka Ha coo0pakaj, mrTo ja JoKaxyBa HEJ3MHATA H3BOMJIHMBOCT H

edHKACHOCT.

Koopauarpanara KOHTpona co MOMOLI Ha NPEIOT CTpaTerujara e nmoaobpa
01 AJIMHEA Bo mornien Ha CpeHOTO BpeMe Ha MUPYBAE:€ [0 BOSHIIO M CPEHUOT Opoj
H4 3aCTaHyBara 110 BO3WJIO BO TEKOT Ha HaOJbYIyBaHHOT MEPHOJI, IUTO € MOoKa3aTesl Ha
HOTJaTKOTO OJABHMBaHk:€ Ha cooOpakajor, 0e3 MHOrY NpEeKHMHH BO CMHCJIA Ha
»TPrau-3acranu®. Toa ucrTo Taka noBexyBa 70 MOMasa MOTPOMYBAYKA HA TOPHBO
Ka] ceKoe BO3WJIO, KAKO H IOMAaJ0 3arayBalmeé HAa BO3AYXOT M BOONINTO HA
AHBOTHATA Cpe/IHHA.

VMajku Tv MpenBHA pe3ynTaTHTE Of TeCTHpamaTa Ha MOJIETIOT Ha [1peaIor-
cTparterdjara, MOXE Ja Ce 3aKIy4d JeKa ONTHMAJIHATA A allTHBHA KOOpIAUHUpAHA
¥OHTpOJIa Ha NPHCTAll KOH aBTONAT € MOTOJHAa 3a CIPOBEIyBake HA KOOPAMHHpAHA
EOHTpOJIA HA ITPHCTAIL.

Co oBaa jucepranmja ce OTBOpaaT IMMPOKH MOXKHOCTH 3 [IpUMEHa Ha
TEXHHKaTa Ha IPHHYAHO YYCHE BO cooOpakajHaTa KOHTpOJIA.

Hexoun of cneanure yekopH BO HaydHHTE HCTpaKyBama OJ OBaa 00/acT OH
SHIC KOOpAMHHMpaHa KOHTPONA MPH HEMNOBTOPIMBH 3a1yINyBama, KOHTpOJIa 3a
CBCTIOCHATA CHTHAH3allMja HA KPCTOCHHMIHMTE, HCIHTYBalme Ha e(UKACHOCTA Ha
MOZEJIOT IOCJ/Ie TPUMEHATa Ha TEPEH.

JIokTopckaTa aucepTanuja Npukaxka IpUMEHa Ha KOHTPO/IHA CTpaTeruja BO
PEATHO BPEME YHja CAMHCTBEHOCT Ce MOTBPAYBA CO HEKONKY (aKTH: 3a KpeHpameTo Ha

MOZCNOT Ha CTpaTerdjata He e NOTpeGEH MOJEN Ha OKOJMHATA, cTparerujara e
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SUCTHHCKA aNanTHBHA, HE € MOTPEOHO HAAINIENYBabe, HE € MOTPEOHO IPeIBHIYBARKE
%2 coctojbara Ha cooOpakajoT, a eTHOCTABHOCTA Ha OBO]j IIPHCTAII € BO TOA IITO TOj € BO
MoEHOCT na u3depe Hajoobpa onTHMaTHAa KOHTPONA CaMo Bp3 OCHOBa Ha TEKOBHATa
©ocToj6a Ha coobpakajoT M TEKOBHHTE YCIIOBH 32 KOHTpPOJIA, CTpaTerujata Moxe ma
fS¥Ie NpUMEHeTa BO peaHo Bpeme, Ounejku Mopenotr He Oapa HM3BpINyBame Ha

SHMYJIALHCKH YEKOPH, HIIH U3BPLIYBakhe Ha IPECMETKH 3a BpEME Ha IIPUMEHATA.
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ABSTRACT

Recurrent as well as non-recurrent motorway congestions are becoming common
characteristic that leads to delays, lowered traffic safety, increased fuel
consumption and serious air pollution. Such congestions limit motorway
throughput at the times when we need it the most, during the rush hour. This
congestion becomes much more critical in the case with non-recurrent congestions.
Building new motorways will leave motorway infrastructure unused. But, traffic
flow can be positively influenced by numerous intelligent transportation systems
(ITS) — techniques. Taking this into account, this doctoral dissertation contributes
i direction of fulfilling an important gap in our traffic system, i.e. including
mmformatics in the traffic system, or exactly, with information technology
methodologies, i.e. artificial intelligence to perform scientific research for
developing a strategy for motorway access control and corridor traffic
management.

Examples of motorway access control systems are numerous. ALINEA is the first
control strategy on a local level that is based on direct implementation of classical
control theory with feedback. Other efforts include genetic fuzzy approach,

artificial neural networks and two level motorway ramp metering approach.

All existing algorithms for motorway ramp metering, although traffic responsive,
are not truly adaptive to traffic parameter changes. Most of the implemented
systems for motorway ramp metering are of local regulator type and none of them
= truly adaptive. Adaptive in this context is opposite of the common

musunderstanding in the literature. It means more than giving an answer to the

ic in real time. The meaning is that the control policy changes itself as an
snswer to the inherent systems characteristics. In other words, in order to be

=daptive, the system should be capable of continuous learning.

©fus dissertation is an attempt to go a step further and to use an adaptive control

sirategy where there is not predefined level of traffic density that needs to be

maintained and the strategy itself learns how to minimize total travel time spend in
- “he system. Further, the agents continuously learn by themselves and adapt to the

smvironment changes according to the needs.
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The research issue of this doctoral dissertation is to research, and to design a
strategy for optimal adaptive traffic signal control of the motorway access. Based
on the designed optimal adaptive strategy for motorway access the theoretical goal

is to minimize the total travel time on the corridor.

Main hypothesis that was set is that motorway access control can be completely
adaptive optimal closed loop control strategy, which minimizes total travel time on

the corridor.

In order to prove the main hypothesis, theory of automatic control is used.
Methodology for implementing the optimal control is artificial intelligence
technique, known as reinforcement learning with multi agents. Q-learning
algorithm is used. Scientific research is conducted with VISSIM microsimulator,
with direct programming of the functions in the simulator in order to implement

the technique of reinforcement learning with multi agents.

According to the traffic parameters, few scenarios in order to test the control

sirategy are divided into two phases:

- first phase — coordinated control where parameters’ measurements are taken
at the motorway exit, with known traffic demand on the main line,

- Second phase — coordinated control where measurements are taken
downstream from the each motorway ramp, with unknown traffic demand on
the main line.

in order to estimate the feasibility of the suggested strategy for optimal adaptive

coordinated control of the motorway entry ramp, the results from the agents that

‘earn are compared to the results from the case without control and with the case

with ALINEA control, which is widely implemented control strategy used as

regulator.

1he results gained from the simulations without using control are taken as the base

case and the rest results compared to it are estimated. Testing is conducted after

sufficient number of iterations with different numbers of states and after Q-values

gonvergence.
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Strategy for optimal adaptive coordinated motorway ramp metering uses so-called
look up table.

With the first phase testing (coordinated motorway ramp metering, measurements
at the exit of the corridor, traffic demand known) improvements are as follows:
savings in travel time (up to 14.50%), decreased delay (26%), decreased average
stop time per vehicle (37%), decreased average number of stops per vehicle (35%)

and increased number of vehicles exiting the network (14%).

However, it was evident that this type of control strategy implementation needs
longer phase of learning for the agents, which makes the strategy not enough
efficient.

Therefore, localized motorway entry access was implemented, where traffic
parameters are measured on the mainline downstream of the each ramp (second
phase of the testing). During this phase two types of testing are performed: 1.
Testing when no traffic congestion, 2. Testing when traffic congestion on the

corridor. Traffic demand is unknown.

I. After the testing with data when no traffic congestion, it was noticeable that:

- There are significant improvements regarding delay (lowered for 30%),
average stop time per vehicle (lowered for 78%) and average number of stops
per vehicle (lowered for 80%), which shows that traffic flow is smooth.

- After longer traveling, travel time and delay decrease is evident, and there is
a significant difference after one hour of travel.

- But, travel time (lowered for 3.29%), number of vehicles exiting the corridor
(increased for 3%) and speed (increased for 0.33 %) have very little

- impsonenvenble that the strategy follows traffic parameters changes in real
time, especially during the transition from the state of congestion to the
normal state.

The results from implementation of ALINEA for the same effectiveness measures

are similar to the corresponding results gained with the suggested control strategy.

That could be explained with the fact that there is no recurrent congestion on the

corridor, which makes the strategy inferior compared to ALINEA.
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Regarding travel time saving, increasing the speed and number of vehicles exiting
the corridor the results gained with ALINEA are not very promising (important
because for the ALINEA strategy there are some parameters calibrations that
need to be made for the particular motorway and the corresponding traffic
demand, while for the suggested strategy for coordinated control, testing is
performed on unknown traffic demand). Therefore, in the case where there is no

traffic congestion, suggested strategy could be implemented with learning

performed with similar traffic demand prior to the implementation.

2. During the second test phase (no traffic congestion on the corridor), the
strategy that uses Q-learning shows extraordinary good results after
relatively small number of iterations (about 1500) with unknown traffic
demand:

- Savings in travel time (15%), delay (26%), average stop time per vehicle
(38%), average number of stops per vehicle (35%), increase in number of
vehicles exiting the network (10%), speed (9.85%). Improvements are almost
doubled compared to the results with ALINEA implementation with the same
measures of effectiveness (8.41%, 13%, 20%, 19%, 6.22%, 3.55%,
respectively).

The strategy adjusts itself with the traffic conditions, i.e. it is adaptive and

responds to the traffic demand in real time, which proves the main research

aypothesis of this doctoral dissertation.

1he best improvement is in the case of implementation of the control with non-

congested data (for the average stop time per vehicle and average number of stops

per vehicle),

Segarding all the measures of effectiveness, the best results with control strategy
“mplementation on unknown traffic demand, which causes congestion, are gained.
~hat shows that suggested strategy is feasible for coordinated motorway ramp

metering that is optimal, adaptive and traffic responsive.
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After the testing with data where there is traffic congestion on the corridor, the
sirategy that uses Q-learning shows extraordinary good results after relatively
 small number of iterations with unknown traffic demand. Thus, its feasibility and

- efficacy is being shown.

Suggested strategy for coordinated control is better than ALINEA related to the

&verage stop time per vehicle and average number of stops per vehicle during the

Tush hour, which shows the smoothness of the traffic flow with no interruptions in

terms of “stop-and-go”. This leads to reduced fuel consumption per vehicle,

seduced air pollution, and reduced surroundings pollution as well.

“aking the results of the model testing in mind, it can be concluded that optimal

#daptive coordinated motorway ramp metering control is feasible for performing

soordinated motorway ramp metering control.

“ s doctoral dissertation opens broad possibilities for reinforcement learning

fechnique implementation in traffic control. Some of the next steps in scientific
sesearch would be coordinated control for non-congested traffic, traffic signal
control on isolated intersections, and inspection of the model efficacy after

mmplementation.

“ s doctoral dissertation shows the implementation of real time traffic control

strategy. Several facts confirm the uniqueness such as:

*. No need to modeling the environment for creating the strategy

~ — The strategy is truly adaptive.

= The supervision is not necessary

= No need for traffic parameters’ prediction

= The fact that the best optimal control strategy based on the current traffic state
only and current control conditions makes the approach simple

% The strategy could be implemented in real time since the model does not either
need simulation steps to be performed, or any calculations during the

implementation phase.
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