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PED®EPAT
3anucka 0 BHUIYCKHOI KBaji(ikaiiitHoi poOoTH OakajaBpa CKJIQJa€eThCcs 3i
BCTYIY, TPbOX PO3/LIiB, BACHOBKIB Ta CIIMCKY BUKOPUCTAHUX JIXKEPEIT.

TekcToBa yacTMHA BUKJIAJeHA Ha 45 CTOpIHKaX JPYKOBAaHOTO TEKCTy. CHHMCOK
BUKOPHUCTAHUX JKEpesl MICTUTh 27 HaliMeHyBaHb 1 3aiimMae 3 cTOpiHKH. Y poOOTi
HaBeZIeHO 26 pucyHKiB. 3aranbHui 06car pobotu — 240 cTOpiHOK.

VY meprioMy po3ziiai BUKOHAHO TOCTAHOBKY 3ajayi, MpOaHalli30BaHO iCHYIOUI
nporpaMHi pimieHHs y cdepl aZanTUBHOTO KEPYBaHHS JOPOXKHIM PYyXOM Ta
0OTpyHTOBAHO BHOIp apXiTEKTYpH, aJITOPUTMIB 1 TEXHOJIOTIN peaizarii.

Hpyruit po3ain npucBsiYeHo po3poOlli apXiTEKTypH CUCTEMH, ONTUCY 00’ €KTHO-
OpIEHTOBAHOT MOJENi, JlarpaM Koomepalii Ta MOCHIJI0BHOCTI, a TaKOX JIOTiIll
peanizalii anropuTMiB KEpyBaHHS HA OCHOBI CTPATET1N «3€JI€HOT XBUJII1Y.

Y TperboMy pO3AUTI MPOAEMOHCTPOBAHO TPOIEC BUKOPUCTAHHS CHCTEMH,
3alyCK CUMYJIALIM, aHali3 pe3yJbTaTiB 3a KIIOYOBUMU METPUKAMH Ta TECTYBAaHHS
KoMroHeHTiB. HaBegeHo pucyHku, rpadiku Ta BUTSTH 3 JIOTIB, IO MiATBEPIKYIOTH
€()EeKTUBHICTh PEAI30BAHOTO MIAXOAY.
y3arajibHEHHS OTPUMaHUX pPe3yJbTaTiB,

BUCHOBKH  MICTITH a TakoOX

M1ITBEPIPKCHHS] BUKOHAHHS YCIX TTOCTaBJIEHUX 3aBJaHb.

Ktouosi cioa: BUITYCKHA KBAJIIDIKAIIMHA POBOTA, C++, SUMO,
KEPYBAHHS CBITJIO®OPAMU, AJTAIITUBHUI AJITOPUTM, CUMVYJIALILA,
MOJIEJIb, 3EJIEHA XBUJIS.
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ABSTRACT

The explanatory note for the final qualification project consists of an introduction,
three chapters, a conclusion, and a list of references.

The textual part comprises 45 pages of printed text. The list of references includes
27 sources and takes up 3 pages. The work contains 26 figures. The total volume of the
project is 240 pages.

The first chapter outlines the problem statement, reviews existing adaptive traffic
control systems, and provides a rationale for the chosen architecture, algorithms, and
development tools.

The second chapter presents the object-oriented structure of the system, describes
the interaction between its components via UML diagrams, and details the logic behind
adaptive strategies such as green-wave control.

The third chapter demonstrates the use of the system through simulation scenarios,
output analysis, and automated testing. It includes performance metrics, visual results,
and examples of system logs.

The conclusion summarizes the results achieved and confirms the successful
completion of the project's objectives.

Keywords: FINAL QUALIFICATION PROJECT, C++, SUMO, TRAFFIC
CONTROL, ADAPTIVE ALGORITHM, SIMULATION, MODEL, GREEN WAVE.
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MHNEPEJIIK YMOBHHUX CKOPOYEHb

CKC — Cucrema kepyBaHHs cBiTI0(hopamu

13 — [Iporpamue 3a0e3nedeHHS

OOII — O6'exkTHO-OpiEHTOBAaHE MPOTPAMyBaHHS

API — Application Programming Interface

CI/CD — Continuous Integration/Continuous Delivery
GUI — Graphical User Interface

CSV — Comma-Separated Values

UML — Unified Modeling Language

PID — Proportional-Integral-Derivative

CLI — Command Line Interface

XML — Extensible Markup Language

SIMD - Single Instruction Multiple Data

AVX — Advanced Vector Extensions

SSE - Streaming SIMD Extensions

C++ — Moga mporpamyBaHHs «C++»

C++20 — Crangapt MmoBu niporpamyBanHsi C++ 2020 poxy
CL —CLion

SUMO - Simulation of Urban Mobility

libsumo — Bibmioreka kepyBanus cumysiiero SUMO 3 C++
spdlog — bibmioreka s goryBanus B C++

yaml-cpp — bidmioreka mist podotr 3 YAML y C++
PugiXML — Bi6mioteka mis 06pooku XML y C++
Matplot++ — bidmioreka modymoBu rpadikiB Ha C++
Doxygen — Cuctema renepartii JOKyMeHTaIlii 3 KOy
Conan — Menemxkep maketiB s C++

Docker — ITnardopma 1j1s KOHTeHHEpH3aIlii 101aTKIiB
clang-format — Iuctpyment miist popmaryBanHs koy Ha ocHoBi Clang

Pandoc — KouBepTep 1OKyMEHTIB MixK (hopMaTaMu
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PlantUML — TactpymenT st crBopensast UML-niarpam 3 Tekcry

GitLab — [Tnatdopma mjst po3poOKH IPOrpaMHOTro 3ade3mnedeHHs 3 miarpumMkor CI/CD

GitHub Pages — Cepgic my0mikaiii BeO-10KyMeHTaIlii

GoogleTest — dpeitMBOpPK 1151 HATUCAHHS MOIYJIBHHUX TeCTiB y C++
Graphviz — [actpymenT s Bisyaiizaiii rpadis

Homebrew — Menemxkep nakyHkis aist macOS

AUR — Arch User Repository
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BCTYII

VY BunyckHii kBajidikariiiHii poOoTi OakaiaBpa HaBEICHO MPOIIEC PO3POOKHU Ta
BIPOBAHKCHHS AJIalITUBHOI CHUCTEMH KEPYBaHHS CBITJIOQOpaMH U JOPOKHIM PYXOM.
Taka cucrema € mHporpaMHUM HPOAYKTOM, IO JAa€ 3MOTY OpraHi3oByBaTH U
ONTUMI3ZyBaTH poOOTY CBITI0GOPIB, HAJAIITOBYBATH MPIOPUTETH, BIJICTEKYBATH
IHTEHCUBHICTb PYXY Ta B3a€EMOJISATH 3 PI3HUMHU JOPOKHBO-TPAHCTIOPTHUMU CITyKOaMu.
[{1 MOXJIMBOCTI JO3BOJISIIOTH IMOKPAIIMTHU MPOMYCKHY 3JaTHICTh JOPIT, 3MEHUIUTH
TPUBANICTh 3aTOpPiB, MIJBHUIMUTH pIBEHb O€3MEKH Ha TMEpPexXpecTsX 1 CHpUATU
paIlioHaJTbHOMY BUKOPHUCTAHHIO TPAHCIIOPTHOT IHPPACTPYKTYPH.

Axmyanonicms memu 3yMOBJIEHA CTPIMKUM 3POCTAaHHSM KUJIBKOCTI TPAHCIIOPTHUX
3ac00IB y MICTax Ta HEOOXIJHICTIO MIHIMI3yBaTH 3aTOpU W MIABUILYBaTH O€3IMEKY
JIOPOKHBOTO pyxy. CyyacH1 TEXHOJOTI JO3BOJISAIOTH YIIPOBAIUTH aJalITUBHI aJITOPUTMH,
AK1 TMHAMIYHO PearyoTh Ha 3MiHU TpaQiKy Ta MPIOPUTETH PI3HUX YUYACHUKIB pyXYy, IO
CHOpUSiE 3HWKEHHIO KUIBKOCTI JOPOKHBO-TPAHCIOPTHUX MPUTOJ 1 MiABULIEHHIO
€(eKTUBHOCTI BUKOPUCTAHHS BYJIUYHO-T0POKHBOI MEPEKI.

06 ’ekmom IOCIIJKEHHSI € MPOLEC MPOEKTYBaHHsS, pO3pOOKM Ta eKCIUTyaTauli
aJanTUBHOI CHCTEeMH KepyBaHHS CBITJIOpopamMu 3 IIEHTPATi30BaHUM YIIPaBIIHHSAM
NEePEeXPECTIMU Ta TUHAMIYHUM KOPUTYBAHHSIM POOOUYMX IIUKIIIB 3aJI€KHO BiJ PEAIbHOTO
HABaHTA)XCHHS Ha JOPOXKHIO MEPEKY .

IIpeomemom MOCHIKEHHS € METOAM M TEXHOJOTIi 300py Ta aHai3y JaHUX TIPO
TPAHCHOPTHI TMOTOKM ¥ TPIOPUTETH MPOI3y, a TaKOXK aIrOpUTMU (POPMYBaHHA
ONTHUMAJIbHUX I'padikiB poOOTH CBITIO(OPIB IS MIABUIIEHHS MPOIYCKHOI 31aTHOCTI Ta
0e3IeKH IOPOKHBOTO PYXY.

Memoro pobOTH € CHPOEKTYBaTH Ta peai3yBaTH aJalTHBHY CHCTEMY
aBTOMATU30BAaHOTO KepyBaHHS CBITJIOhopamu, 31aTHY 30UpaTH Ta aHaII3yBaTH JIaHi PO
TPAHCTIOPTHI TTOTOKH ¥ (POPMyBaTH ONTUMAIIbHI PEKUMU POOOTH 3 METOIO 3MEHIIICHHS
3aTOpiB, MIJBULIECHHS MIBUIAKOCTI pyXy Ta 3a0€3MEeUEHHS PIOPUTETY EKCTPEHUX CITYKO.

JIns MOCSATHEHHS MOCTaBJICHOI METH HEOOXIJTHO BHMKOHATH TaKi B3a€MOIIOB’S3aHI

3aBAaHHS: cOpMyBaTH KOHIIEMIIIO aJAalNTUBHOI CUCTEMHU KEpyBaHHS CBITIOQOpaMu i
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BU3HAUUTH ii (YHKI[IOHAJIBHI MOXIIMBOCTI; MpOaHaNi3yBaTH Ta MOPIBHIATH HAasBHI
pIIlIEHHsI, BAOKPEMHUBIIIU iX MEepeBarv i HeAOJIKU; OOTPYHTYBATH BUOIP apXITEKTypH Ta
TEXHOJIOTTYHOTO CTEKY 3 OISy HAa BUMOTH JIO MPOJyKTUBHOCTI, MAcIITA0OBAaHOCTI Ta
1HTerpariii; po3podouTu 00’€KTHO-OpIEHTOBAHY MoOAeNb 1 HeoOximHi UML-miarpamu;
peanizyBaTd W IPOTECTYBaTH aJallTUBHI aJTOPUTMHM Pa3oM 13 BCiMa PO3POOICHUMHU
MOJYJISIMM;, HaJaIITyBaTH OOMIH AaHuMu 13 cumynaropoM SUMO; cTBOpUTH MOy
Bi3yaizalii Ta 300py CTaTUCTUKH ISl OLIHIOBaHHS €()eKTUBHOCTI; 3a0e3MeyuTH unit Ta
iHTerpaniitne TectyBanHsi i CI/CD-koHBeep 13 reHepalli€ro J0KyMEeHTallii; MiroTyBaTu
aHATITUYHHUH 3BIT 3 TpadiYHUM MOPIBHIHHIM OTPUMaHUX METPUK.

Ilpakmuunum 3HayeHHAM € MOXJIUBICTh BUKOPUCTAHHS PE3YJIbTaTIB pOOOTH IS
CTBOpPEHHS MPOTOTHINIB IHTEICKTYaJbHUX CHCTEM PETYIIOBAHHSA JOPOKHBOTO PYXy 3
MOJAJBIIOK 1HTErpaIli€l0 y pealibHy MICbKY i1H(pacTpykTypy. PeanizoBaHa cucrtema
HiATpUMY€ MaclITabyBaHHs, Ma€ BIAKPUTY MOAYJBHY apXITEKTypy Ta ajanToBaHa JJisi
B3a€EMO/IIi 3 CEHCOpaMU, CUMYJIsiTopaMu Ta 30BHIIIHIMU API. 3a TeMaTUKOIO JUIIIIOMHOT

pobotu Oy onyOsikoBaHi Te3u [1].
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PO3I1J1 1. AHAJII3 HAITPAMKIB 3ACTOCYBAHHS, IPOBJIEMATHUKMN,
METO/IB TA 3ACOBIB BUPIIIEHHA 3AJAYI

1.1. BuzHayeHHs Ta MOCTAHOBKA 3aJay4i

Y Mexax BHUITYyCKHOI KBamiikamiiiHoi poOoTH OakajgaBpa CTaBUTBCS MeTa
MIIBUIIATH €()EKTUBHICTh Ta OE3MEKy JOPOKHBOTO PyXy, BUKOPHUCTOBYIOUH CHUCTEMY
aBTOMATU30BAHOIO YIpaBiiHHA cBiTIOQopamu. Cucrtema Mae 30UpaTh JAaHi PO
TPAHCIIOPTHUH TMOTIK, aHAJI3yBaTH iX 1 aBTOMAaTUYHO BH3HAYaTU ONTUMAIbHUN rpadik
nepeMukaHHs cBiTiaodopis. s peanizaii i€l MeTH AOLIIBLHO cpOPMYBaTH KOHLIEIIIIIO,
BU3HAYUTH (YHKIIIOHAJIBHI MOMJIHMBOCTI Ta TMepeadadyuTd CHocoOM OTpUMaHHS
HeoOx1aHo1 1H(opMallii po Tpadik, a TaKoXK po3poOUTH €PEKTUBHI METOIU MPUUHATTS
plIEHB MO0 HAJAIITYBaHHS CBITIO(OPIB.

OaHuM 13 HaMBaXJIMBIIIMX €TalliB € MPOEKTYBAHHS AapXITEKTypH CHUCTEMHU.
[loTpiOHO BHW3HAYUTU OCHOBHI KOMIIOHEHTH, MPOAYMaTH IXHIO B3aEMOJII0 Ta
iHdopMaIiiiHi ToToku MK HUMU. OcOOJIMBY yBary ciiJl 3BEpHYTH Ha MOJIYJb 300Dy
JaHUX, 110 MOKE BKJIIOYATH KaMepH, JAaTYMKW ab0 30BHIIIHI JKepesa, Ta Ha MOIYJIb
aHamizy, SKAA o0O0poOssITHME OJepkaHl JaaHi ¥ QopMyBatuMe rpadiku poOOTH
citinodopis. [ani mocrae 3aBaaHHs 3HAWTH 200 PO3POOUTH AITOPUTMHU YIIPABITIHHS, SIKI
MOXYTh aJanTyBaTU TPUBATICTh CBITIO(MOPHUX MMKIIB 3aJIEKHO BIJI TOTOYHOI
3aBaHTaxeHoCTi Aopir. [le MoxyTh OyTH aganTuBHI ab0 MPOTHO3HI aITOPUTMHU, IO
JIAI0Th 3MOTY OIEPaTUBHO KOPUTYBATH Yac MEPEMUKAHHS CBITIO(OPIB.

[Ilo6 omepaTopu cuCTEeMH MOTJIM KEepPyBaTH HANAINTYBAaHHSAMH Ta OTPUMYBATH
HeoOXx1Hy 1H(hOpMaIlito, CIiJ NPUAUMTA yBary Bizyamizaii Ta aamiHicTpyBaHHio. Lle
nependavae peanizailito iHTepdeiicy, ne BioOpakaeThCsi MOTOYHUN CTaH MEPEXPECTh Y
peanbHOMY Yaci, € MOXKJIMBICTh HANAIITYBaTH pOOOTY BCI€EI CUCTEMH Ta KOHTPOJIIOBATH ii
e(eKTUBHICTh, TIEPETIAAAIOYN CTATUCTHYHI JaHl W MOKa3HUKU poOoTH. OKpIiM 1BOTO,
NOTPIOHO PO3POOUTH TIJIaH TECTYBAaHHS Ta MIPOJAYMATH CIIOCOOU BITPOBAKEHHS CUCTEMH,
BpaxyBaTH MEPEBIPKY KIFOYOBUX MOKA3HUKIB €(DEKTUBHOCTI: CEPETHHOTO Yacy 3aTPUMKHU
Ha TMepexpecTi, JOBKUHU 4Yepr aBTOMOOUIIB Ta IHIIUX KPHUTEPIiiB, MO BIUIMBAIOTH HA

SKICTh IOPOKHBOTO PYXY.
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[lepenbauaeTbCsi KOMILIEKCHE PIIIEHHS 3 I[EHTPATI30BaHUM YNPaBIIHHIM
cBiTIIOhOpaMu Ha PI3HUX MEPEXPECTsIX MicTa abo Mepexi 1opir. Taka cucTeMa OXOTUTHE
JoKepena 300py JaHUX 1 MOJIyJIb 0OpOOKH, SIKHI ITepeTBOPIOE OTPUMaHy 1HGOpMaIliio Ha
CTPYKTYpOBaHI TMOKA3HUKH IIOJO 3aBAHTAKEHOCTI, MIBUAKOCTI PyXy Ta ICTOPUUYHUX
TeHJeHIIN. [lani MoayIb MPUNUHATTA pillleHb, CHUPAIOYKUChH HA PE3yJbTaTH aHAIlI3y, Ma€
BU3HAUUTH ONTUMAJIbHUNA a00 HAOMMKEHO ONTUMAJIbHUM pO3KIaA TMEepeMHUKAHHS
curHamiB. Jlyng BimoOpaxeHHS peasbHOi MOJENi JOPOXKHBOTO PyXy MependadaeThes
Bi3yasizallisi, 0 JIa€ 3MOTY OIIHUTH SIKICTh 1 PE3yJbTAaTUBHICTh NMPUUHITUX PIIICHD,
MEPETJITHYTH aHAMTHKY e(QEeKTHBHOCTI, a TaKo)X BHKOHYBaTH TEBHI Mii 3
aZMiHICTpyBaHHs. BaxinBo nepeadadynuTi CUCTEMY 3BOPOTHOTO 3B 53Ky Ta OIOBIILEHB,
AKa BYACHO TMOBIIOMJISITAME TMPO TMOJAMKU CBITJIIO(OpPIB, KPUTHYHI 3aTOPH UM
HaJ[3BUYaliHI CUTYaIIii.

TakuM 4YMHOM, BH3HAUE€HO OCHOBHI aCIEKTH IMPOEKTY, HOro METy Ta 3arajibHy
CTPYKTYpY, 110 HEOOXIJIHI JIJI1 CTBOPEHHS ¥ YCHIIIHO1 peanizallli aJlanTUBHOI CUCTEMU

KepyBaHHS CBITIIOHOpAMH.

1.2. Anaui3 icuyrwuoro I13

VY BumyckHii kBamidikaiiiHiii poOoTi OakajiaBpa pO3TIAIAETHCS MOXKIUBICTh
BUKOPHUCTAHHS aJIalITUBHOTO KEPYBaHHS CBITIOGOpaMH, 10 HA CHOTOJHI 3aJIUIIAETHCS
aKTyaJbHUM Yy MiCTax pi3HOro macmrady. Bike iCHyIOTh BIIKpHUTI Ta KOMEpLIHHI
CUCTEMH, SIKI JAAlOTh 3MOTY 3MEHILIUTU 3aTPUMKH, MIABULIUTH MPOMYCKHY 3JATHICTH 1
3a0e3neunTH BUIILy O€3IeKy Ha JOpOoTrax.

Bimomum mpukiaanom € SCOOT, po3pobiiena opranizaimieto «Transport Research
Laboratory» y Benukiit bpuranii. Bona BUKOpHCTOBY€e Oe3NepepBHUI aHAITI3 TaHUX BiJl
JIETEKTOPIB, JUHAMIYHO KOPUTYE Yac «3€JICHOrO» CBITIIa W 3arajibHl LUKIHA, 1100
3MEHIIIYBAaTH CEPEe/IHIM Yac 3aTpMMKH Ta JOBXHHY uepru aBromooOumiB. Ha puc. 1.1

300pakeHo caiiT kommanii « Transport Research Laboratory», ska po3po6uira SCOOT.

Babywro A.C. Apx.
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RL Software

Puc. 1.1. Caiit komnanii «Transport Research Laboratory», sixa pozpo6una «<SCOOT»

Amnanoriuno SCATS, ctBopena Jlenapramentom Tpancnopty Hosoro IliBnennoro

Benbcy, peanizye kopuryBanss (a3 cBiTI0d0piB Ha 6a31 MOTOYHUX Ta ICTOPUYHUX JAHUX

IIpo pyX y MCKaX BH3HAUCHHUX 30H. I_[SI CHCTCMa TaKOX OpiGHTOBaHa Ha TOJIIIICHHS

MIPOIYCKHOI 3/TaTHOCTI Ta MiHIMI3aIlil0 3ymMHOK aBToM0O11iB. Ha Puc. 1.2 HaBeneHo cailt

TpaHcnopTHoi cuctemu SCATS.

Puc. 1.2. Caiit TpancnoptHoi cuctemu «SCATS»

B o0060x Bumamkax TmepeBaror0 € TEPeBIPEHI aJITOPUTMH, IMUPOKUN JOCBIA

BIPOBAKCHHS Ta MOXKJIUBICTh 1HTETpallli 3 pI3HUMHU JOPOXKHIMHU KOHTpoJsiepamu. Cepen

Babywxo A.C.

Bracenko O.B.
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HEJOJIKIB 3a3BUYall 3raJlyl0Th BHCOKY BapTICTh YINPOBAKEHHS Ta OOCITYTrOBYBAaHHS,
CKJIaJIHICTh 1HTErpallli B HasBHY 1HPPACTPYKTypy, HEOOXIAHICTh MOCTIMHOTO 3B’S3KY 3
HEHTPAIBHOIO CUCTEMOIO Ta 000B’A3KOBE BUKOPUCTAHHA CIIeU(PIYHOr0 00J1aJTHAHHS.

OxpiM TOro, CHOTOJHI AKTUBHO JOCTIIKYIOTHCS CHCTEMH Ha 0a3i MallMHHOTO
HAaBYaHHS Ta BEIMKUX JaHWX. BOHM HaBYalOThCA Ha icTopii Tpadiky W MOXYTb
MporHo3yBatd  MaiOyTHi  3atopu. IlepeBaroro €  37aTHICTH  CaMOCTIHHO
BJIOCKOHAJIIOBATHUCS IT1J1 YaC HAKOMWYEHHS JaHUX Ta €(EKTUBHIIIE OOUpPATH TPUBAIICTH
«3eneHux» ¢a3 Ha BuUMepemkeHHd. [IpoTe € BHCOKI BUMOTH 10 OOYMCIIIOBAIBHHUX
pecypciB, TOTpiOHA BeJIMKA 1 pi3HOMaHITHA 0a3a JaHWX, a TOSICHUTH KOHKPETHE PIIICHHS
TaKO1 «YOPHOI CKPUHBKI) YaCOM CKJIaJIHO.

[Ipuknagom cucremu Ha ocHOBI ML/AI € Surtrac, ctBopeHa B YHIBEPCHUTETI
Kapueri-Memnona. Bona mnpamroe 3a J€UEHTpaldi30BaHUM MPUHUIUIIOM: KOXXHE
nepexpecTss CaMOCTIiHO o00poOisie BXiAHI JlaHi ¥ mpuiiMae pimieHHs oao ¢as
cBiTiiohopa. AJITOPUTM BpPaXOBY€ IHTEHCHUBHICTh MOTOKY, IMPOTHO3 Ha HaNHOIMKUl
XBWIMHM Ta aJanTy€e CHUTHaIM BIAMOBIIHO a0 3MiH. Cucrema Surtrac yCHIIIHO
nporecToBana B IIiTTcOyp3i, e 3adikcoBaHO 3HMKEHHSI CEPEIHbOr0 Yacy IOi3JKH Ha

25% 1 3MEHIIIEHHS 3aTOPIB y IIEHTP1 MICTA.
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Puc. 1.3. Kapra 3acTocyBanns cucremu Surtrac B ITittcOyp3i
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CporoJiHi TaKOX MOIIUPEHI XMapHi cepBich 3a moaeto SaaS. Taki mnathopmu
JAf0Th 3MOTY IIBHIKO BIPOBAJAWTH CHCTEMY KEpYBaHHS CBITIIO()OpaMH, OCKITbKU
OCHOBHa 1H(pacTpyKTypa nepedyBae y XxmapHoMmy cepenoBuii. Cepen mepeBar —
[EHTPaII30BaHEe KePyBaHHs, MaCIITa0DOBAHICTh 1 MPOCTOTA JUIsi KOPUCTYyBauiB. Hemomiku
— 3aJICKHICTh BiJ] SIKICHOTO JOCTYIY JIO IHTEPHETY Ta MUTaHHS O€3MEeKH, OCKIILKH JIaH1
PO PyX HAJCHIAIOTHCS IO XMapHU.

Sckpasum npuknagom € EcoTrafiX Binm xommanii Kapsch. Cucrema 3abe3neuye
30ip 1 aHaNi3 JAaHUX 3 MICBKHX CEHCOPIB Yy XMapHOMY CEpEJOBHIII, IIEHTPai30BaHO

a/IanTye CUTHAIU CBITJIO(hOPIB Ta (hOpMYE 3BITH AJIST MICBKHUX OIEPaTOPiB.
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Puc. 1.4. Intepdetic cucremu EcoTrafiX
Oxkpim 6a3oBux Bigomocreit mpo cucremu SCOOT ta SCATS, n01UIBHO 31CTaBUTH
KOHKpETHHUM HaOlp (PYHKIH KOXXHOTO PIIMICHHS 3 THUMH, IO peali3oBaHl y BIAcHIN
cuctemi. lle mo3BoJisge diTKilIe MOOAYUTH, SIKI MOMJIMBOCTI BXKE IOKPHTI, a SKi

noTpeOyIOTh MOAJIBIIOT PO3POOKH UM IHTETpallii.
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Hasea / Tun
cUCTEeMHU

SCOOT
(TRL,
Benuka
Bpurawnis)

SCATS
(NSW
Transport)

Cucremu Ha

0a3i ML/AI

XmapHi
cepBicH

[TopiBHsIbHA TAOIUI HASIBHUX PIIIIEHb HA PUHKY

OcHoBHMH

(¢pyHkmionan
besnepepsHe
BUMIpIOBaHHS
IMOTOKIB, OHJIAMH-
KOpUTYBaHHSA (a3,
CUHXPOHI3aIis
«3€IIeHOT XBHITI»
Posmoginena
OIITUMI3allisd 32
30HAMH, aJalTUBHI
IIUKJIA Ta CIUTITH

CaMoHaBYaHHS Ha
IIOTOKOBUX JaHMX,
amanTaris 10
HETUIIOBUX IOZiH,
MPOTHO3 3aTOPiB

Be6-MoHiTOpHHT Y
pearlbHOMY 4aci,
OTA-oHOBJICHHS
KOHTPOJIEPIB,
LIEHTpaTi30BaHa
aHaITITHKa

IlepeBaru

[lepesipeni
ITOPUTMHU, IHPOKE
BIIPOBAKCHHS

I'mnGoka cTaTHCcTHKA
IO MEePEXPECTSX,
CTaOUIBHICTD IPH
BEJIHKHX MEpeKax,
THYYKE 30HYBaHHS
Hatikpaina peakitist Ha
aHoMaJli, MOXKJIMBICTh
poboTH 6e3 KOPCTKUX
MIpaBHII

IIIBunKe po3ropraHHs,
LIEHTpaTi30BaHe
KepyBaHH,
MaciTaboBaHICTh

Henoaixn

Bucoka BapTicTb
PO3ropTaHH:, CKJIQJHA
apxiTeKTypa, TpUBaie
HaJIAIITyBaHHS

Bucoxki Bumoru 1o
KaHaJy 3B s3KY,
BHCOKA IliHa JIIEH31]

HeoOxigHicTh 3HAYHOT
0a3u JaHuX,

nmorpeda y MmoTyKHHUX
OOYHCICHHSX,
CKIIAJHICTh
MTOSICHEHHS
aJrOPUTMIB
3aJIe)KHICTD BiJ
InTepHery, puzuku
KOH (I JEHITIITHOCTI
AHUX, MOXKJIHBI
JIOBTOCTPOKOBI
BUTPATH

Taomumg 1.1.

Ipuxkaagu
3aCTOCYBAHHSA

JlonoH,

Manuectep

Cigneii, Hlanxai

ITisoTH1 MicbKi
MPOEKTH, HAYKOBI1
JIOCHIDKEHHS

CepenHi micTa,
MIPUBATHI PillIEHHS

[IpoananizyBaBIIM HasBHI MPOJYKTH, MOKHA TIATH BHUCHOBKY, II0 HEOOXITHO

3BEpTATH yBary Ha FHYYKICTh HaJalllTyBaHb 1 IPUCTOCOBAHICTh CUCTEMH Mij ceU(IKY

KOHKPETHOTO Tepexpects uu micta. BHCOKI MOYaTKOB1 BUTPATH KOMEPILIMHHUX PIIIEHB

MOXYTb OyTH BHUIIpaBJaHi,

SKIIO BOHM 3a0€3MeuyloTh IIBUJKE Ta HaJiiiHe

GyHKIIOHYBaHHS, ajie¢ 1HOJI BUTIAHINIE PO3POOWTH BIACHUN THYYKHN aHalor 3

ypaxyBaHHSM JOBIOCTPOKOBOTO OOCITyroByBaHHs. He MeHII BaXXJIMBO MPaBUIBHO

oprasizyBatu poOOTy 3 JaHMMH, BAKOPUCTOBYIOUH iX 3 PI3HUX JKEpEN — Bl I€TEKTOPIB

PYyXy JI0 KaMep CIOCTEPEKEHHS, IHTErPyBaTU MPOTHOCTUYHI aITOPUTMU ¥ 3a0e3MeunTu

MaciTaboBaHicTb. Cuctema Mae 0yTH 3p03yMUIOI0 Ta 3pYYHOIO AJIS OTIEpaTOPIB, @ TAKOK

JaBaTH 3MOTY IIBUAKO J0JIaBaTH HOBI MEPEXpPecTs W amanTyBaTUCA 10 CHEUU(pIYHUX

noTped MicTa.
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1.3. BusnauenHs apxirexkrypu I13

YV Mexax BUIYCKHOI KBaji(ikaiiitHo1 poO0oTH OakagaBpa IMiclis aHaIi3y ICHYI0UHX
CUCTEM Ta BpaxyBaHHs MOTPeO BIACHOTO MPOEKTY MOCTA€ 3aBAaHHs 00paTy BiAMOBIAHY
apXITeKTYpy Ta TEXHOJIOTIYHHMA cTeK s po3poOku. Pimenns na xmrant SCOOT uun
SCATS, a TakoX KOMEpIiiHI XMapHi MIaTGOPMHU, MOXKYTh BHUSIBUTUCS HAJIMIPHO
JOPOTUMHU 200 HEIOCTATHbO THYYKUMHU. Y 3B’S3KYy 3 LIMM JIOIIBHO CTBOPUTH BIIACHE
pimennsa Ha C++, sike 3a0e3MeYnuTh TOHKE HAJAIITYBAaHHS aJTOPUTMIB 1 iX ONTHUMI3AIIiI0
i crienngikKy JTOPOKHBOT MEPEXi.

Cucrema Mae mpaioBaTH B pealbHOMY 4Yaci ab0 MakCUMalbHO HAOIMKEHO 0
Hporo. lle o3Hauae, 1m0 mporpamMa NOBHMHHA OINEPaTUBHO pearyBaTH Ha 3MIHU Yy
JIOPOKHBOMY TOTOIll, KOPUTYBAaTH TPUBAIICTh «3€JICHUX» (Pa3, a TAaKOK ONTUMIZyBaTH
po6oTy cBITIO(hOPIB U151 3MEHIIICHHS 3aTOPiB. BucoKa mpoyKTUBHICTH 1 0araTonoTouHa
00poOKka maHuX OyayTh BOXKJIMBUMH, 1100 YHUKHYTH 3alli3HCHb Ta BiJICTaBaHb IIij] Yac
aHani3y 1Hpopmarlii BiJ JaTYMKIB YU KaMep.

[HIIOIO KJIIOYOBOIO BHMOIOIO € THYYKICTh 1 pO3MIMpIOBaHICTh. CucTeMa Mae
JI03BOJISITH J1OJIaBaTW HOBI aJTOPUTMU W 3MIHIOBaTH MapaMeTpPU 3aJICKHO B THUITY
MEPEXPECTS UM CTaHy AOPIT, HE POOJSYM CYTTEBUX 3MIH y MOYATKOBINA CTPYKTYpPl KOJY.
Ile oco6nMBO BaXKJIMBO, KOJU MOTPIOHO THTErPyBAaTH METOM MAIIMHHOTO HABYaHHS YU
MaTeMaTuku ontuMizanii. Takox BapTo, MO0 pilieHHd 0yJi0 MacmTabOBaHUM, TOOTO
30epirano epeKTUBHICTh 1 KEPOBAHICTH MPH 30LIIIEHH] KITBKOCTI IEPEXPECTh Ta OOCATIB
nanux. Jis B3aeMo/ii 13 30BHIIIHIMU JaTYMKAMHU Ta KOHTPOJIEpAMHM CIIiJT TIepea0adnuTH
MPOCTY THTErpalliio, BAKOPUCTOBYIOUM MOAYJIBHUHM MIAX1/ 1 YITKI IHTep(DENCH.

ApXITEeKTypy MOXHa OyayBaTh B MOHOJITHOMY BUTJISA[I, KOJW BCl CKJIQJHUKU
MO€THAHI B OJHOMY BUKOHYyBaHOMYy (aitmi. Lle cripoiirye po3ropTanHs, ajne yCKIaaHIOE
OHOBJICHHSI W MacmTaOyBaHHA. MoXHa po3rjsgaTd 1 OaraTOIIApOBUM MIAXIJ, SKUN
MOJIISIE CUCTEMY Ha KUIbKa JIOTIYHHUX MOZyJiB. Taka Mojenb Ja€ 3MOry pO3HECTH
CKJIQJ{HI YACTUHU B OKpeMi MpolecH i 3a0e3neYuTH YiTKE po3aiIeHHs (PYHKIIIH, Xxoua

MOBHOITIHHA MAacIITa00BaHICTh BCE OJTHO MOYKE BUMAaraTH JI0JaTKOBUX 3yCHIIb.

Babywro A.C. Apx.
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HaiinoninpHIIIKUM BapiaHTOM BBAXA€TbCA MIKpOcepsicHa apximexmypa. 3aBIsKu
MOJTITy Ha HEBEJHKI HE3aJIeXKHI CEpPBICM MOXXHA TIOCTYTOBO PO3IIMPIOBATH CHCTEMY M
aJlanTyBaTH KOKHHUM CEPBIC /10 aKTyaJlbHUX YMOB pOOOTH 0€3 KapAUHAIBLHUX 3MiH Y BCIH
nporpami. Take pO3IiJICHHS TMOJETIIye BHECEHHS HOBHX QJITOPUTMIB MAIITHHHOTO
HaBYaHHS, T1IKJIFOYCHHS JTIOJATKOBUX BY3JI1B /i1 00POOKHU BEIMKUX 00CsTiB iHpopMarlii
Ta CIPOIIYE B3AEMOIIIO 31 CTOPOHHIMHU KOMITOHEHTAMH 3aBISKH BIIKPUTUM MEPEKEBUM
API. Xoua MikpocepBiCHHI TiX11 TOTpeOy€e peTeNbHINIO01 po3po0ku iHGPaACTPYKTYPH Ta
IpOJIyMaHOi B3a€EMOJII MDK CepBicaMHM, BIH HaJa€ HAWOUIBIIY THYYKICTb,
MacIITa0OBaHICTh 1 CTaOUIBHICTh, IIO0 € BU3HAYAJBHUMHU (DakTOpamMu A Cy4acHOl

aIIal'ITI/IBHO.l. CUCTCMHU KCPYBAHHA CBiTJIO(bOpaMI/I.

1.4. O0rpyHTyBaHHs BUOOPY IHCTPYMEHTAIbHUX 3ac00iB Ta BUMoru ao 113

VY mponeci po3poOKH aJanTUBHOI CHCTEMH KepyBaHHsS CBiTiIohopamu Oyiio
IPUIHSATO PillIEHHS BUKOPUCTOBYBATH Cy4YaCHUM, €PEKTUBHUM 1 THYUYKUH TEXHOJIOTTYHUN
CTEK, M0 3a0e3MeYnTh BUCOKY MPOJYKTHUBHICTh 1 MAacIITa0OBaHICTh MPOTPAMHOIO
3a0e3nedeHHs. OCHOBHOIO MOBOIO peanizaliii crana C++ y crannapti C++20, ockinbku
BOHa J103BOJIsIE €(DEKTHUBHO TMpAaIlOBaTU 3 IaM ATTI0, 0OaraTOMOTOYHICTIO Ta Hajaae
BEJUKUIA KOHTPOJb HAJ PECypcaMHd CHUCTEMH, IO OCOOJMBO BaXXJIMBO IS 3aJad
pPEaJIbHOTO Yacy Ta CUMYJISILIN TOPOKHBOIO PYXY.

Jlns  MonenmtoBaHHS MOBEIIHKM TPAHCIOPTHUX TMOTOKIB BHUKOPUCTOBYETHCS
SUMO(Simulation of Urban Mobility) — me oaun i3 HaiiBimoMimmx i mepeBipeHHX
CUMYJISITOPIB IOPOKHBOTO PYXY 3 BIAKPUTUM KOJIOM, 1110 aKTUBHO BUKOPUCTOBYETHCS Y
HAyKOBHX JIOCIIUKEHHSX, KOMEPIIHHUX PO3po0Kax Ta MyHilMIAIbHUX MpoekTax. Horo
aNropuTMu 0a3ylOThCS Ha TMEPEBIPEHUX MIKPOCKOMMYHUX 1 MAKPOCKOMIYHUX MOJENSIX
pyxy, Takux sk «Krauss car-following modely, sika 3a6e3mnedye peanicTHUHY MOBEAIHKY
TPAHCIIOPTHUX 3aC001B 3 ypaxyBaHHIM 1XHIX IIBUIKOCTEH, BiACTaHEH 1 peakiliii Ha moail
Ha JI0pOo3i.

SUMO n03BoJisIE MOACTIOBATH SIK TIOOJIMHOKI MEPEeXPecTs, Tak 1 BEJIMKI MEPExi 3
TUCSYAMU eJIeMeHTIB iHpacTpykTypu. CucTema maTpumMye peariCTUIHE MOJICTIOBAHHS

3MiHU (a3 CBITI0(OPIB, YePT, 3aTPUMOK, 3YITUHOK, CEPEIHBOT IMBUAKOCTI PyXy Ta 1HIITUX
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KPUTUYHUX TIOKAa3HUKIB. AJTOPUTMH CHMYJIAIII MPOXOASTh YHCJICHHI Bamigaiii B
aKaJIeMIYHUX JIOCTI/DKEHHAX 1 IIMPOKO HUTYIOTHCS B HAYKOBIM JliTeparypl. 3aBAsSKH
[bOMY, JIaHl1, 1110 TEHEPYIOThCS B MPOIECI MOIEIIOBAHHS, € KOPEKTHUMHU 1 JOCTOBIPHUMU
JUIA aHAI3y aJanTUBHUX aIrOPUTMIB KEpyBaHHS JTOPOKHIM PYyXOM.

SUMO Ttakosx 3a0e3neuye TOUYHH 4YaCOBHM KOHTPOJIb 3 (JIKCOBAHOIO MO3HAYKOIO
qacy, aetanbHl XML-BUX0IM 1 MOXKIIUBICTh yNpaBiHHSA B peasbHOMY 4aci uepe3 API
libsumo. Ile poOuTh #OTO iM€aTFHUM CEPEIOBUINEM JJIsi TECTYBaHHS W TOPIBHSIHHS
aJTOPUTMIB Y TTOBTOPIOBaHUX clieHapisax. Uepe3 API cuctema otpumye iHpopmaIrito npo
ctaH TpadikKy, rmepeae KOMaHIu KepyBaHHS CBITIO(QOpaMU Ta aHANI3Y€E PE3yJIbTaTH B
peanbHOMY 4yaci. Lle mae 3Mory rHy4ko 3MiHIOBATH aJIFTOPUTMH, BPAXOBYIOUM MOTOYHE
HABaHTA)XCHHS HAa MEPEXKY.

KypHantoBaHHS Ta BEJACHHS JIarHOCTUKHM 3IMCHIOETHCA 3a JIONIOMOTOIO
016moTeku spdlog, ska 103BoJIsE peali3yBaTH SIK MPOCTE KOHCOJIbHE JIOTYBaHHS, TaK i
BUBIA y ¢aiin 3 koHTposeMm (opmaTiB 1 piBHIB BaxJuBOcTI. Lle mo3Bosisie 3py4yHO
BIJICTIZIKOBYBATH TOBEIHKY aJTOPUTMY IIiJI Yac CUMYJISIIi Ta aHali3yBaTH MO>KJIUBI
aHomatii abo HeCTaHAApPTHI CUTYaIIii.

Jns koHITypallii cucTeMu BUKOPUCTOBYEThCs yaml-cpp. BoHa 103Bostsie 3pydHO
OMHCYBAaTH HanamTyBaHHa y ¢popmari YAML — Bi moyaTKOBUX MapaMeTpiB CUMYJISIIIT
110 KoH(]Irypariil nepexpecTsb, UKIIB KEPYBaHHS Ta TPAHUYHUX 3HAUYCHb. 3aBISKHU [IbOMY
CHUCTEMa JIETKO aJIallTy€eThCsl 10 PI3HUX CIIEHapiiB 0e3 MoTpeOu MepeKoOMMIIALIT KOAY.

Bizyamizaiiis aHaTITHYHUX PE3YyJbTATIB 1 METPUK BUKOHYETHCS 3a JOTIOMOTOIO
oi6morexu Matplot++, sika 3a06e3neuye moOynoBy rpadikiB, TiCTOrpaM i 4YaCOBHUX PSIiB.
Ile mo3Bossge AOCHIAUTH €(PEKTUBHICTh peai30BaHUX CTpaTerid KepyBaHHS Ta
MOPIBHIOBATH iX M’k CO0O0I0 Ha OCHOB1 CUMYJISIIIIMHUX JaHUX.

s pobotu 3 XML-daiinamu, siki akTUBHO BUKOPUCTOBYIOThCA B SUMO st
OTHCY JOPOKHBOI Mepexi, KOH(ITYypaIliii MapIipyTiB Ta pe3yJIbTaTiB CUMYJIsIT, 0OpaHa
0i0morexka PugiXML. Bona m03BoJIss€ 3pydYyHO Ta INBHIKO MApCUTH Beiuki XML-

JIOKyMEHTH, BUTSATYBAaTH HEOOX1IHY 1H(OpMAITitO 1 TepeaaBaTH i 10 MOIYJIiB CHCTEMHU.
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3 TeXHIYHOI TOYKH 30py, CUCTeMa MOBUHHA OyTH 3[aTHA 3amyckatucs Ha Linux-
cepBepax. Ilim yac BUKOHAHHS aJIrOPUTMIB OCOOJIMBY yBary MpHAUICHO CTaOUIBHOCTI
0araTornmoTokoBoi poboTH, Oe3merl maMm’ATi Ta 13011 BIAMOBIAAIBHOCTI MOIYJIIB.
bazora apxitekTypa moOyaoBaHa y BUTJISIII HAOIMKEHOTO IO MiKPOCEPBICHOTO MiIXOTY,
IO JIO3BOJISIE HE3aJeKHO PO3BUBATH JIOTIKY CHMYJISIIii, OOpOOKH CTaTHCTUKH Ta
B3a€MO/II1 3 30BHIIIHIMH 1HTEepQeiicami.

[Iporpamue 3abe3neueHHs MOBUHHO MacIITa0yBaTHCS BIAMOBIIHO J0O KUTBKOCTI
nepexpecTb Ta MIATPUMYBAaTH OHOBJICHHS Oe3 3ymuHKH poOotu Bciei cuctemu. Lle
JOCATAETHCS 3aBIIKA MOAYJIbHIM MOOY/I0B1 Ta YITKOMY PO3JIJICHHIO BiIOBIaTIbHOCTEH
MI)K OCHOBHMMHU KOMIIOHEHTaMH, TaKUMHU SIK MEHEIKEp JaHUX, aJrOpPUTM KEepyBaHHS,
CTaTUCTUYHMM 30upay 1 KoHTpoJiep B3aemoii 13 SUMO.

Jlns kpamoi Bizyanizauii OyJIo CTBOPEHO TaOJMLIO 2, KA ONUCYE Ta MOPIBHIOE
XapaKTEPUCTUKHU THCTPYMEHTAIILHUX 3aCO01B.

Tabmums 1.2.

[TopiBHsIIEHA XapaKTEpUCTUKA BUKOPUCTAHUX IHCTPYMEHTAIBHHUX 3aC001B

Incrpyment | IlpusHayeHHs OcHoBHI nepeBaru

C++20 OcHoBHa MOBa Bucoka npoayKTUBHICTb, KOHTPOJIb HaJl pecypcami,
MpOrpamMyBaHHs MIATPUMKA 0araTornoTOYHOCTI

libsumo Iarerparnis 3 SUMO Hoctyn 10 nanux tpadiky B pealbHOMY 4aci,

HiATpUMKa KepyBaHHs CBITIO(GOpaMu

spdlog JloryBaHHs [IIBuaka pobota, popMaTyBaHHs, JOTYBaHHS Y (aiin,
THy4YKa KOHQIryparis

yaml-cpp 3aBaHTa)KEHHS 3pyunuii cuntakcuc YAML, rayuka cTpykTypa
KOHIryparii napameTpiB
PugiXML O6podka XML Jlerka i mBuaka 010mioTeka, 3pyuHa podota 3 SUMO-
dbaitnamu
Matplot++ [ToGynoBa rpadikis CraTucTuka, Bizyasi3alis pe3yibTaTiB, NIATPUMKA

iHTerpanii 3 C++

VY pesynbTaTi 0OpaHuil HaOip IHCTPYMEHTIB J03BOJISIE 3a0€3MeUnTH €()EKTUBHY
pO3pOOKYy, HaJaroJKEHHs, TECTYBaHHA Ta PO3LIMPEHHS CUCTEMH aJalTHBHOIO
KEepyBaHHS JOPOKHIM PYXOM, IO JIa€ 3MOTY THYYKO pearyBaTH Ha peajibHl TPaHCIIOPTHI

YMOBH Ta JIOCSTATH CTA01JILHOT'O 3MEHIIIEHHSI 3aTOPIB Y MOJICIbOBAHUX CIIEHAPISIX.
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BucHoBKH 10 mepmioro po3airy

VY nmepumioMy po3aii OKpecIeHO 3arajibHy 171e10 MPOEKTy Ta MOro aKTyabHICTb.
[IpoananizoBaHo HasiBH1 pimeHHs, 30kpeMa SCOOT, SCATS, ML 1 Al, a Takox XMapHi
CepBiCcH, BH3HAYCHO iXHI TMepeBard Ta HeMoJiku. Ha ocHOBI 3po0iieHOTO aHamizy
c(OpMyJIbOBAaHO BUMOTH 0 BJIACHOI CUCTEMHM 1 BU3HAUEHO ONTHUMAJbHY apXiTEKTypy
MIKPOCEpPBICHOTO THUIy, fKa 37aTHa 3a0€3MEeYUTH THYUYKICTb, MAacIITaOOBaHICThH 1
CIOPOCTUTH I1HTETpaIlil0 3 IHIIMMH MPOTPaMHUMHU pIIICHHSIMH. PO3IMsSHYTO OCHOBHI
IHCTPYMEHTH Ta BUMOTH JO PO3pOOJIFOBAHOIO MPOTrPaMHOro 3a0e3MeUeHHs, 1110 Jal0Th
3MOry e()eKTUBHO BTUINTH aIalITUBHE KEPYBaHHs CBITIOPOpaMU B peaIbHOMY 4aci.

TakuM uyMHOM, CPOPMOBAHO KOHIIENTyaJbHE OAueHHSA MPOEKTY, IPOBEIACHO
JeTaNbHUI aHaji3 KOHKYPEHTHUX CUCTEM Ta OOIPYHTOBAHO TEXHOJIOTIT i IHCTPYMEHTH,

AK1 3a0e31e4arh HaJliHy 1 BACOKONPOAYKTUBHY pOOOTY MallOyTHHOIO MPOIYKTY.
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PO31J1 2. MPOEKTYBAHHSA TA PO3POBKA ITPOT'PAMHOI'O
3ABE3IIEYEHH

2.1. Anaai3 sumor ao I13

3pocTaHHsl KUIBKOCTI aBTOMOOUIIB Yy MicTaX, 30UIbLICHHS HABAHTAXKEHHS Ha
BYJIMYHO-JIOPOKHIO MEPEXY Ta MOsBa HOBUX (DOPM TpaHCMOPTY CTBOPIOIOTH CEpHO3HI
BUKJIMKU JJI1 €(EKTUBHOIO KEpyBaHHSA MOPOXKHIM pyxoMm. OJIHI€I0 3 HAWTOCTPIIIUX
npoOJjieM € He aJalnTUBHICTh TPAAMIIHHUX CBITIO(POPHHUX CHUCTEM, SKI MPAIIOIOTh 3a
3a3/1aJeri/ib BU3HAYeHUMH rpadikaMu, HE BPaXOBYIOUH MOTOYHY CHUTYaIlll0 Ha JIOPOrax.
VY pe3yabTaTi IbOro BUHUKAIOTH 3aTOPH, 3pOCTa€ 4Yac y J0pO31 Ta PU3UKU JTOPOKHBO-
TPAHCTIOPTHUX TPUTO]I.

Knacnyni MeToau kepyBaHHs (pa3zaMu CBITIO(POPIB — KOPCTKO 3a/iaHl HUKIN abo
CTATUCTUYHI HAJIAIITYBAaHHS B)KE HE 3/aTHI BIAMOBIIATH JUHAMII Cy4acHOToO Tpadiky.
Bonu He BpaxoBYIOTH KOJIMBAHHS HABaHTAKEHHS TMPOTATOM JHS, HE pearyloTh Ha
HEOUIKyBaH1 CUTyaIlll Ta HE MOXYTh 3a0€3MEUUTH MPIOPUTETHUN MPOI3] EKCTPEHOTO
TpaHcnopTy. KpiMm Toro, BiZICYyTHICTh MOXJIMBOCTI PEATbHOTO MOHITOPUHTY 200 pyYHOTO
BTPYYaHHsI YCKIIaJHIO€ POOOTY OnepaTopiB 1 3HMKY€E €(DEKTUBHICTh pearyBaHHs y pasi
[103AIUTATHUX ITOIIH.

Y Mexax 1pOro TMPOEKTYy peali30BaHO aJaNTUBHY CHUCTEMY KEpyBaHHS
ceitnodopamu(nani — CKC), sika BpaxoBye peanbHUI CTaH JOPOKHBOTO PYXY, aHAIIIZYE
noTo4H1 fanl Ta ¢opmye rpadiku nepemukanns ¢a3 quHamiyHo. CKC BUKOpPHCTOBYE
QITOPUTM «3€JIEHOI XBWJI» I CUHXPOHI3alii CBITJIO(OPIB Y3I0BXK HampsMiB 13
BHCOKHM TOTOKOM, 3a0e3Meuye MOXJIUBICTh MPIOPUTETHOTO MPOI3AY ISl €KCTPEHUX
CiIy0 1 HaJlae onepaTropy IHCTPYMEHTH pyYHOro BTpy4yaHHs. i iMiTarii yMoB poOooTH
cucteMu BUKOPUCTOBYeThCSI SUMO — cuUMyNSTOp MICBKOTO PyXy, SKUH J03BOJISIE
TECTyBaTH AJITOPUTMHU B PI3HOMAHITHUX CIICHAPISX.

Cepen ocHOBHUX (YHKLIA — aBTOMaTUYHE i pydyHE KepyBaHHA CBITJIO(opamu,
dbopMyBaHHS CTAaTHCTHKH, Bi3yamisamis €(eKTHBHOCTI, IHTETpallis 3 CEHCopaMHu Ta
KoHTpoJsiepamu. KopuctyBauamu cucTeMu BUCTYMAIOTh OMEPaTOpH, aaMIHICTPATUBHUN

nepcoHas, CIy>KOM OOCITYyroByBaHHS, 30BHIIIHI CHUCTEMH, MYHIIMIATITETH, a TaKOXK
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TPAHCTIOPTHI ¥ aBapiHi coykOu. YCi BOHH B3a€EMOJIIOTH 13 TMiJACHUCTEMaMH, SIKi
3abe31euyroTh 301p, 00poOKy, aHai3 1 pearyBaHHs Ha MO/Iii.
Ha pucynky 2.1 mnpeacTaBieHO niarpaMmy BapiaHTiB BHKOPUCTAHHS, sKa

JEMOHCTPY€E B3a€MOJIII0 MK PI3HUMH KOPUCTYBauaMu Ta (PyHKIISIMH CUCTEMHU.

&) “y ( 9 'S
_T, 2 T ¥
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Puc. 2.1. Jliarpama BapiaHTIB BUKOPUCTAHHS CUCTEMH KEPYBaHHS CBITIO0(POpaMu

Onuc (yHKIIIOHATBEHUX CIICHAPIiB IPEICTABICHO B TAOJIHUII HUXKYE:

Tabmuus. 2.1.
Peectp BapiaHTiB BUKOPUCTaHHS
Kon | OcHoBHHIi akTOp HaijimenyBaHH# ®opmy/II0BaHHA
UC1 | Oneparop MOHITOpPHHT pyXy CnocrepexeHHs 32 CTaHOM

NepeXpecTb y peaJbHOMy Yaci,
OTPUMAaHHS MOBIJJIOMJIEHB PO 3aTOPU
Ta aHOMAJIBHI MMOIIT

UC2 | Omneparop, ABromaTtnuHe kepyBaHHA | KopuryBanHs TpuBanocTi a3
Cencopu/Kontposnepu CUTHAJTIB Ha M1JCTaBl MOTOYHUX
JTAHMX, peaji3alis alropuTMy
«3€JIEHOT XBUJI1»

UCS3 | Oneparop Pyune BTpyuanss TepmiHOBE TIEpEKITIOUECHHS
CBITJIO(OPIB /17151 ONIEPATUBHOTO
BUPIIICHHS HECTaHAAPTHUX CUTYaLlil

UC4 | AnMinicTpaTop VYnpaBiiHHS JOCTYIIOM HanamrryBanHs posnieil KoprucTyBauiB
1 KOHTPOJIb iXHIX MPUBLIEIB, ayAUT
KPUTUYHUX 1

UCS5 | EkctpeHi ciryx0u / [IpioputeTHe KepyBaHHS 3miHa (a3 Ha KOPUCTh

Tpancnopr CHELTPAHCIIOPTY, 3a0e3MeUeHHs
«3€JIEHOT0 KOPUA0PY» 1 MiHIMaJIbHOT
KUTBKOCTI 3yMTHHOK
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[TponoBxenus Tadbmmii 2.1.

Kon | OcHoBHuii akTOp HaiiMenyBaHHs ®opmy./II0BaHHA

UC6 | Omneparop, Amnarituka i 3BiTH ®opMyBaHHS CTATUCTHYHUX 3BITIB,
AnMiHICTpaToD, nmoOyoBa rpadikiB, aHali3 podOTH
30BHIIIIHI CHCTEMH, «3€JI€HO0T XBUII» 1 BIICTEKEHHS
MyHIinunaneHi ciayx0u, CEpEe/IHIX 3aTPUMOK
Inxenep

UC7 | Cencopu/Kontpomnepu | 36ip Ta 00poOKka qaHmx ABTOMaTHYHE HAICUIIAHHS

iH(opMarii mpo KiIbKICTh 1
MIBUJIKICTh PyXy aBTO, (QUIbTpaLis
IIyMiB 1 aHOMaJTIi

UCS8 | Imxenep 3 Texniune oociyropyBaHHs | [lepeBipka ctany CBITI0(GOPHOTO
00CITyroByBaHHS o0JaIHaHHS, TUTAHYBaHHS 3aMiHU
JIaMII, HaJIAIITYBaHHS PErJIAMEHTY
npodiTakTHKN

Oxpim ¢Pyskmionanbanx, CKC mae Takox HeQyHKUIOHaIbHI BUMOTrM. Bona
noBUHHA 3a0e3nedyBaTtu Oe3mepepBHY poOOTy, CTAOLIBHICTH 1 HAAIMHICTh HaBITH Y
CKJIaJIHUX TPAHCHOPTHUX yMoBaxX. JlaHi, II0 MepenarTbCcs CUCTEMOI0, MalOTh OyTH
3axXuIIeHl 4yepe3 MmH@pyBaHHsS Ta KOHTposb Aoctynmy. CKC moBuHHa OyTH 34aTHOIO
MacmTabyBaTUCh K Ha Majll paliOHU, TaK 1 Ha BEIUKI MIChKI MEpeXi 3 YHCICHHUMHU
CEHCOpaMH Ta By3JaMH.

[IIo6 ominuTH eQpeKTUBHICT, POOOTH aNANTUBHOTO AITOPUTMY, B CHCTEMI
BIIPOBA/DKCHO PSAJ METPHUK, SKI (POPMYIOTHCSI aBTOMATHUYHO I/ Yac MOJICITIOBAHHS.
30Kkpema, BUMIPIOETCS CEpeIHIN Yac 3aTPUMKH TPAHCIIOPTHUX 3aCO0IB, IO JO3BOJISE
OI[IHUTH PIBEHb 3aBAHTAXKEHOCTI TMepexpecThb. J[0MaTKOBO BIACTEKYETHCS CEpeIHS
JOBXHHA YEprH, sika CUTHANI3y€e MpO MOTEHLINHI BY3bKI Micls y mepexi. KimbKicTb
3YIIMHOK Ha OJWH MapUIpyT Aa€ YsBIEHHS NP0 CTYIIHb OE3MEepepBHOCTI PyXy Ta
peanizaliio «3eJeHoi XBuiI». Takok BpaXxOBYETHCS MPOMYCKHA 3/1aTHICTh IEPEXPECTh —
TOOTO KUIBKICTh TPAHCHMOPTHUX 3acO0iB, IO YCIHIIIHO MEPETHYJIU KOHTPOJbHI TOUYKU
npoTAroM neBHoro mepiony. llle ogHMM KpUTHYHMM NapaMeTpoM € dYacTKa dvacy,
MPOTATOM SIKOTO akTUBHA (haza cBiTIIO(hopa Oyia JOCTYIHOIO IS PyXy, 110 JoIOMarae
3pO3yMITH, HACKUIBKM €()eKTUBHO BUKOPUCTAHO AOCTYTHUHN Yac LUKITY.

3a3HaueHi METPUKH 0a3yloThCSd Ha JaHUX CUMYJALINA, pe3ylbTaTH SKHX

30epiratotbes y gopmari CSV. Jlo KOXKHOTO 3amycKy CLEHapilo 3aluCyeThCsl MMOBHA
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iH(pOpMaIlis Ipo HaBaHTAXKESHHS, CEPEIHIO MBHUJIKICTh PyXY, 3aTAIbHUN Yac y JOPO3i, yac
OYIKyBaHHS, KIJIbKICTh 3yITMHOK, JOBXUHY YEPrd, a TAKOXK 3HAYCHHs IIIJILHOCTI PYXY B
MK Ta BTpaty 4yacy Ha MapuipyTi. Lleit hopmaT n03Boisi€ He nuIIe 30UpaTh CTATUCTUKY,
ane ¥ OyAyBaTh TOPIBHAHHSA MK PI3HUMHM KOHQDITyparisiMd CHUCTEMH W pEeKUMaMu
KepyBaHHS JUIsl TOJAIBIIIOTO aHaJi3Yy.

Jlnis imocTpariii eIKUX BaKIMBHUX CIIEHApiiB OyJI0 CTBOPEHO T0ATKOBI JlarpaMu
pPO3IIMPEHUX BapiaHTIB BUKOpHUCTaHHA. Ha pucynky 2.2 BigoOpa)keHO JIOTIKY
NPIOPUTETHOTO KEPYBAaHHS, KOJIM EKCTPEHl CiIyX’O0u abo TpoMaJICbKUIl TPaHCIOPT
HIIIIOIOTh 3anmuT Ha 3abe3nedeHHs «3eneHoro kopumopy». CKC oTtpumye curHadm,
BUJIIJISIE HAWBAXKIIMBIIII HAMpSIMH PYXy, BMUKAE TOCIHIJIOBHO 3€JICHHM CUTHAI 1, 3a
HEOOX1AHOCTI, aBTOMAaTHUYHO OJIokye KOHGMIKTHI ¢aszu. Ilicia 3aBepiieHHS Mpoi3ay
creniamizoBanoro Ttpancnopty CKC mnoBepraeTbess A0 3BUYAWHOTO aJalTHUBHOIO

pexXUMY.

MpiopuTeTHE KEPYBaHHA

Exkcrpeni cnyx6u / MpoMaacekuii TpaHcnopT

HaacunaHHA
3annuty
NPIOPUTETY

«include»

DopMyBaHHA
«3eNeHoro
Kopuaopy»

npiopuTeTy

Puc. 2.2. Jliarpama crienapito «IIpioputeTHe KepyBaHHS
[lle onuH BaxJIMBHUH CLIEHApId — py4yHE BTPYYaHHs OIeparopa, 300pakeHuid Ha

pucysky 2.3. Oneparop MpoOBOIUTH MOHITOPUHT PYXy Ta, SKIO BBa)XKa€ 3a MOTPiOHE,
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MIPUMYCOBO 3MIHIOE CUTHAJIM Ha KOHKpEeTHOMY mepexpecTi. Lle Moxe BimOyBaTuch y pasi
aBapii, IePEeKPUTTS YACTUHH JOPOTHM a00 TUMUYACOBOI MOJ1l, KOJIHM aJTOPUTMH MOTPIOHO

CKOPHUT'YBAaTU MUTTEBO, O€3 OUIKYBaHHS aBTOMATUYHOI pEaKIlii.

PyyHe BTpy4aHHs

OnepaTtop

Mepernsa
aKTyanbHOoI cuTyauil

«extend»

YcraHoBeka
NPUMYCOBUX napameTpis

«include»

BiamiHa
NPUMYCOBUX HanawTyBaHb
Puc. 2.3. Jliarpama crieHapito «PydHe BTpyJaHHs»

3arajoM MO€IHAHHS BCIX OMMCAHHUX BUMOT, a TaKOXX BU3HAYEHHS KIHOYOBHUX
BapIaHTIB BUKOPUCTAHHS CUCTEMH /A€ YITKE ysABJIEHHA Mpo Te, mo Mae pooutu CKC 1
AKUMHU MapaMeTpaMy BOHA IOBMHHA XapakrepusyBatucd. OTpruMaHa MOJAENb CTBOPIOE
OCHOBY 7151 00’ €KTHO-OPIEHTOBAHOI CTPYKTYPH 1 TOTIOMarae BU3HAYUTH, SIK1 caMe MOyl
1l KOMIIOHEHTH 3a0e31eyaTh MOBHUM LIMKJI KEPYBaHHS — B11 OTPUMAHHS IaHUX 13 CEHCOPIB

710 aHaMi3y €(EKTUBHOCTI «3eJICHOT XBUIII».

2.2. BusHa4yeHHA 00’ €KTHO-OPi€EHTOBAHOI CTPYKTYPH CHCTEMH

Cucrema aanTUBHOTO KepyBaHHS CBITIO(OpamMu peanizoBaHa 3 BUKOPUCTAHHIM
00'€eKTHO-OPIEHTOBAHOTO MIAXOMY. ApXITEKTypa CIPOCKTOBaHA TakK, 100 3a0e3meunTu
THYYKICTh, MOJYJIBHICTh Ta MOXJIMBICT MaciuTaOyBaHHs. (OCHOBY CTPYKTYpH

CTaHOBJISITh KJIACH, IO MOJICTIOITh 00 €KTH JTOPOXKHBOI 1H(PACTPYKTYpH, Taki SK
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nepexpects, CBITIIohopH Ta TPAaHCTIOPTHI 3aco0u. BoHu mpecTaBieHi y BUTIISIAL KITaciB
Pulselntersection, PulseTrafficLight 1 PulseVehicle. Jlns omucy 3B’S3KiB MK
nepexpectsiMu  BUKOpUCTOBYeThcsi  kiac  PulseRoadConnection, gxuii  MICTUTH
1H(pOpMaIliIO PO BiJICTaHb 1 acoIiiioBaHMiA CBITIO(OP.

VYei 00’ekTH cUMYJIALIT 30€piraroThesl Ta CHHXPOHIZYIOTBCS 4Yepe3 €IUHUN
kepiBHui kac PulseDataManager, sikuii peanizoBano sk Singleton. Moro 3apnannaM €
IIEHTpaTi30BaHe YMPaBIiHHA BCiMa CYTHOCTSIMH CHCTEMH, a TaKOX 00pOOKa OHOBJICHD,
OTPMMAaHUX 13 30BHINIHbOrO cumylnaropa. Lleit cumynstop — cucrema SUMO, sika
IHTErpyeThCs Yepe3 kiac Sumolntegration, sikuid, B CBOIO 4epry, BUKOHYE POJIb MPOKCI
JUISL B3a€MOJIT 3 pealbHUM CEPEJOBHINEM, 30KpeMa JUIsl KPOKYBaHHS CUMYJIALII],
3UWTYBaHHA CTaHIB Ta KEPYBAHHS CBITJIO(Oopamu.

AJTOpPUTM aNanTUBHOTO YHPABIiHHS, 30KpeMa peamizaifisi 3eJleHOi XBHIIi,
3HaxoAuThes y kiaci PulseTrafficAlgo. Bin ananizye moTouHy cuTyallito Ha J0porax,
BUKOpPHUCTOBYI0UM J1aHi 3 PulseDataManager 1 Sumolntegration, Ta BU3Ha4a€e onTUMaJIbHI
dazu ciTiodopis. LlenTpanbHoro yactunoro anropurmy € MetaController, sikuit o6upae
BIJIMIOBIJIHY CTpaTerito 3-MoMixk peanizaiiil intepdeiicy IGreenWaveStrategy, 30kpema
BaselineWaveStrategy, HybridWaveStrategy ta MaxPressureWaveStrategy. Bubip
pexumy 0a3yeTbcsi Ha piBHI Tpadiky Ta JOBXHHI Yepr Ha MEPEXpPecTsX, Kl BU3HAYAE
TrafficModeController. ¥V Bunagky BUKOpUCTaHHS TIOpUIHOT CTpaTerii JO0AATKOBO
sanmyuyaetbest PIDController, mapameTpu SIKOTo JUHAMIYHO aJanTyIOThCS 3a JOTIOMOTOIO
moxyJia AutoTuner.

['nmo6anbuuii kepiBHui kiac TrafficSystem koopuHy€e B3a€EMO/I110 BCIX MIJCUCTEM,
3a0e3mneuye 3amyCcKk CUMYJISIT, BUKOHYE ii MOETAaITHE OHOBJICHHS Ta My OJIIKY€E BIAMOBIIHI
nojii uepes3 neHTpanizoBany cucremy nojid EventBus, sixka peanizye matepn Observer.
Takum 4rHOM, B3a€MO/IISI MK MOJIyJISIMA OpTaHi30BaHa uepe3 MOJIeb OPIEHTOBaHY Ha
NoJii, 10 TapaHTye caOKy 3B’S3aHICTh 1 MOJYJIbHICTh YCIX KOMIIOHEHTIB.

Huxue naBeneno UML-niarpamy, sika IEMOHCTPY€E CTPYKTYPY OCHOBHHX KJIAciB,

iXHIO BIAMIOBIMAJIBHICTD 1 3B’SI3KM MK HUMH B PaMKax apXiTEKTYpPH CUCTEMHU.
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© BaselineWaveStrategy

@ IGreenWaveStrategy

> calcutateOffsets(...): map<string. double>

. oo (© Hybriawavestrategy| v
> —

© MetaController 2 ) —
i —— © PIDController

© calculateOffsets(...): map<string, double>
@ getCurrentMode(): TrafficC

© AutoTuner e > o update(flow, dt, queue): double
o setTarget(value): void

° _time, flow, queues): void

© TrafficModeControlier

o evaluate(,,.): TrafficControiMode

(© Pulsevehicle

@ getld(): string
) @ getType(): PulseVehicleType
© PulseDataManager " = getPosition(): PulsePasition

i~ o getSpeed(): double
o getinstance(): PulseDataManager&

__—» o getintersection(id): Pulselntersection
@ getTrafficLight(id): PulseTrafficLight*

= getVehicle(id): PulseVehicie* [ @© Puiseintersection
°g ions(): vector<F section”™> © PulseRoadConnection
7 ~ @ getld(): string > |
- \ @ getPosition(): PulsePosition @ gelConnected] ion{): P
© PulseTrafficAlgo N @ getinboundLanes(): vector<string> # geiDistance(): double
/ © GreenWaveManager | ® getCi ). map<int, onnection>
@ initiali {tima): void - > = 1
: runOnce(time}: void ) ol o buildOffsets(...): map<string, double>
- © setControlSimulationLights(flag): void | o setStrategy(strategy): vold = © PulseTrafficLight
© TrafficSystem r
- N © getid(): string
o run(): void |- © Eventsus © getState(): TrafficLightState
e —— © getControliedLanes{): vector<string>
® reqxes!&::(op() void 2 ol o subscribe<T>(caliback); void 4 il -
® gl ger(): PulseD ‘\"—\,_* ~ 7| e dispatch(event): void
© PulseStatsCollector
® collectStepData(sim_time): void | © Sumolntegration
o startSimulation(): vosd
o stepSimulation(): void
T > e stopSimulation(): vold
© getAllVehicles(): vector<string>
@ getVehicePosition(id): pair<double. double>
@ gellLaneOccupancy(id). double
Puc. 2.4. UML-ni 1B 1 3B’ SI3KI I
HucC. 4£.4. -A1arpaMa KjIr0O49O0BHX KJIAC1B 1 3B A3KIB Y CUCTCM1
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Oxpim 3arajibHOI apXIiTEeKTYpH KJIaciB, BaXKJIMBO OKPECIUTH U CTPYKTYpY AAHUX,
SIK1 IUPKYJIIOIOTh Y CUCTEMI ITiJ1 yac poOoTu cuMyisiii. Hukue nmpeacraBieHo aiarpamy,
sgKa 1IocTpye dopmaT 1 BMICT KIIOYOBHX OO0'€KTIB, IO OEpPYyTh y4acThb y Mpoliecax
3YNTYBaHHs, 00OpOOKH Ta HAaKOMHUYEHHS 1HGOpMaIlii i Yac poOOTH aIrOPUTMIB.

Jani,

PulseVehicle,

K1 HaAXOAATh BiJ CHUMYJATOpa, 30epiraloThCs B 00’€KTax THUITY

Pulselntersection, PulseTrafficLight Ta BHKOPHUCTOBYIOTBCS IS
dopmyBaHHs cTaTUCTMYHUX 3BITiB. KoxkeH TpaHcmopTHuil 3acid Mae yHIKaIbHHMA
ineHTudikaTop, Tyl 1 koopauHatu. Ceitiiodopu 30epiratoTh MOTOYHUHN CTaH (3€JICHU,
YEPBOHHM, )KOBTHI), & IEPEXPECTS] — CMHUCOK BXOJIB, BUXO/IIB, HAKOIIWYCH] MMOKA3HUKH
(KUTBKICTh aBTO, Yac OYIKYBaHHS, KUIbKICTh 3yNMUHOK). J[0J1aTKOBO BEIyThCSl arperoBaHi

MeTpuku Tumy IntersectionStats, LaneStats, TrafficMetrics.

© FAnevoiNcs | ’ © Pulselntersection

© id: string

o type: PulseVehicleType
o role: PulseVehicleRole
© position: PulsePosition
© speed: double

© route: list<string>

| o id: string
© position: PulsePosition
© incoming_roads: list<PulseRoadConnection>
o outgoing_roads: list<PulseRoadConnection>
o stats: IntersectionStats

utgoing

Y

PulseVehicleType
CAR © PulseRoadConnection © IntersectionStats
— BUS —— E— = A Z > =
‘.PulseVehicleRoIel MOTORCYCLE (s) PulsePosition 9 iom: siting  vehicles_passed: int
| TRUCK S o to: string o total_wait_time: double
NORMAL TRAM o x: double o length: double o avg_queue_length: double
EMERGENCY E SCOOTER o y: double o queue_length: int o time_spent_green: double
2 — o density: double o time_spent_red: double
BlGYCEE o traffic_light: PulseTrafficLight (o) vehigles sts ed: int
PEDESTRIAN i 9 _S10ppec:

EMERGENCY /

@ PulseTrafficLight

’ @ LaneStats

o lane_id: string

0 avg_speed: double

o queue_length: double |
o vehicles_count: int

O id: string

o state: TrafficLightState
o last_updated: double
o cycle_time: double

o green_time: double

o red_time: double

Puc. 2.5. UML-niarpama gaHux, 110 BUKOPUCTOBYIOTHCS B CUCTEMI TI1J] YaC CUMYJISIIIT
Takuii piBeHb JeTani3alii a€ TOBHE YSBIEHHS MPO T€, 3 SIKUMHU JTAaHUMHU TPALOE

CUCTEMa Ha KOXXHOMY Kpoui cumyisuii. L{i 00'eKTH MOCTIITHO OHOBJIIOIOTHCS, IO
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3a0e3mnedye aaroOpuTM aKTyadbHUMHU MOKA3HUKAMU — JJIA TPUAHSTTS PIICHb 00
ananTanii ¢a3 cBiTiodopiB. JlaHi TakoX BUKOPUCTOBYIOTHCS JJIs reHeparlii rpadikis i
METpPUK IICJISI 3aBEPIICHHS CIIEHApilo, JJO3BOJISIOUM  JOCHIIUTH  €(PEKTHUBHICTH
3aCTOCOBAHUX CTPATETIM.

OKpIM BHYTPILIHIX CTPYKTYP CUCTEMHU, Y CUMYJISIII AKTUBHO BUKOPUCTOBYIOTHCS
JaHi, K1 HaJXOASTh 13 30BHIMIHBOTO CEPEAOBHUINA — CUMYIATOpPA JOPOKHBOTO PYXY
SUMO. Ilix yac KOXHOTO CUMYJISIIIIHHOTO KPOKY O CUCTEMH HAAXOAUThH iH(opmaris
PO TPAHCHOPTHI 3aCO0M: KOOPJWHATH, IMIBUAKICTH, THI, CMYTH. JTOBXXHWHA, KIJIbKICTh
aBTO, CEepeIHs IIBHIKICTb, CBITJIOGOpHU: akTHBHA (ha3a, CTaH Ta MEPEXPECcTs: BXOJH,
Buxoau, tonosorisa. Ili mani 3umtyrorbest yepe3 API libsumo 1 TpanchopmyroTbes y
BinnoBigHi cTpykrypu cuctemu: PulseVehicle, LaneStats, PulseTrafficLight,
Pulselntersection Ta PulseRoadConnection.

Takuit migxin 3a0e3nedye y3roKeHy IHTETpaliio MDK CHMYJSTOPOM Ta
BHYTPIIIHBOIO JIOTIKOIO CUCTEMH, JO03BOJIIIOYM BHUKOPUCTOBYBATH PEAICTUYHI BXIJHI
JaHl TiJ 9ac ajanTaiiii aJiropuTMiB. YCl OTpUMaHl 3HAYCHHS OHOBIIIOIOTHCS KOXKHOTO
KPOKY, HaKOIUYYIOTHCSA B MEHEIKEpl JaHUX 1 BUKOPHUCTOBYIOTHCS SK OCHOBA JIJIS

PO3paxyHKiB METPHK Ta MPUUHSTTS pIILIEHb 100 3MIHU (Da3 CBITIOPOPIB.

2.3. KomyHikaiii i moc/ioBHicTh B3aeEMo/ii 00’ €KTiB cucTeMu

B3aeMoiis MK KOMIOHEHTAMHU CUCTEMH MOOyJ0BaHAa Ha MPUHIMIAX PO3MOALTY
BIJIMOBIJATBHOCTI Ta MOJIIAX, 1110 3a0€3Ieuye 130Jb0BaHICTh MOIYJiB, IXHIO TECTOBAHICTh
1 mMATpUMKY posmupeHb. KokeH 3 KOMIOHEHTIB pealli3ye€ CBOIO YaCTUHY JIOTIKH, a
KOMYHIKaIlisi Mi>K HUMHU BiOyBaeTbcs uepe3 rinodanbHy muHy nonid EventBus, sika
MiATPUMYE TIAMUCKY Ha MO1i BiAMOBIIHO 10 naTepHy Observer.

3amyck cuMmysisiii BinOyBaeTbes uepes 30BHIHIN CLI abo API-inTepdeiic. Knac
TrafficSystem npuiiMae KOMaHAM Ta 3allyCKa€e CUMYJISIIIO, CTBOPIOIOYM €K3eMILISIpU
BimmoBigHUX MoaymiB. Yepes Sumolntegration 3amyckaetscs SUMO y doHOBOMY
peXKUMI, 3UUTYIOTHCSI MEPEKEBI 00’ €KTH, TPAHCIIOPTHI 3ac00M Ta 1HIII cyTHOCTI. [licas
iHimiamizanii, Bci 00’ekTu 30epiratothcsi B PulseDataManager, ne 3 HuUMH Hamami

MPAITIOIOTh AITOPUTMIYHI MOTYJII.
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Knac PulseTrafficAlgo otpumye akryanwsHi gani 3 PulseDataManager, a motim
aHaji3ye ixX BIAMOBIAHO 10 OOpaHOi cTpaTerii ymnpaBiiHHA. 3ajeXHO BIiJ CIEHApIIO,
BUKOPHUCTOBYIOTBCS Pi3HI MIAXOAM 1O TOOYIOBH 3€JIeHOI XBWJIl. Y1 OOYHCIIEHHS
BUKOHYIOTBCS Y BHYTPIIIHIH JIOTIII1, MICIIs 40r0 HOBI (Da3u CBITIOPOPIB 3aCTOCOBYIOTHCS
1o cumyJsii yepe3 Sumolntegration.

30ip cTaTUCTUKH TIPO €PEKTUBHICTH POOOTH CHCTEMH BUKOHYETHCS 11032 MEKaMHU
010710TeKH 30BHINIHIM CKpUOTOM ScenarioRunner, fkuil 3amyckae CUMYIALIIO Ta
00po06sie BuxinHi XML-daitmn SUMO: tripinfo.xml, summary.xml, queue.xml Tomo. L1
MeTpuku 30epiratotbcsi 'y CSV-tabmuusix 1 BI3yami3yloThCsl s TOPIBHSHHS
IPOYKTUBHOCTI 0a30BOTO Ta aIalITUBHOTO PEKUMIB.

Hwuxue naBegeHo UML-niarpamy Koormepaiii, ika I€MOHCTPYE, K KOMIIOHEHTH
CUCTEMH B3a€EMOJIIOTH Mik co0ow. Jlo B3aemojii J0JaHO poOJIl  omeparopa Ta
aJMIHICTpaTOpa, IO 1HIIIIOI0TH BiAMOBIIHI 3aIIUTH Yepe3 1HTepderic KoMaH .

CLI/API Onepartop AamiHictparop

TrafficSystem ‘ ‘ Sumolntegration ‘ PulseDataManager ; PulseTrafficAlgo ‘ ‘ EventBus ‘

3anyck/kepyBaHH: CUMYNALIED

L.
>

Bl HapacunaHHs komaxa |
<

. Hapcunanxs agm. koHdirypaui
Crapt cumynsuii
T

CuHxpoHiaLis 06'ekTis _ |
-

>

! MNepegava BXigHWX AaHUX >

) Ynpaseninxa ceitnodopamu
3

lMNoBepHEeHHs 3MiH

>

| My6nikauis nodii cumynauii

>
>

CL'(API Onepatop AaMi“iCIPaTOD | TrafficSystem | ‘ Sumolntegration PulseDataManager \ PulseTrafficAlgo | | EventBus ‘

Puc. 2.6. UML-niarpama koormepariii KOMIOHEHTIB CUCTEMH
VY HactynmHOMY (parMeHTi MpeCTaBIEHO JiarpaMmy MOCIIiIOBHOCTI, sSIKa LTFOCTPYE
TUIIOBUI CLIEHAPI 3allyCKy CUMYJISLII: BiJl OTPUMaHHS KOMaHJ KOPHCTyBaueM, yepes
HaJAIITYBaHHS KOH]Iiryparii, 70 3amycKy CHUMYJISLii, OOpOOKU CTaHIB CBITIO(POPIB 1

nmyOJTiKalii o1k i1 CTOPOHHIX MOJIYJIiB 200 CEpBiCiB.
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J < - . »
Onepatop  AgquincrpaTop CLVARPI TraffcSystem Sumointegration PulseDataManager PulseTrafficAlgo | EveniBus

Konmde s sanyexy

>
>
HAUCANSN (DD YDSLE
- L
1Ly BLEW Coavey VI
—_—
Novarox cmwyneeill

wnopT of'cxrin 3 SUMO
Bomair st gty sl

Hagames Janks Snn ynpasnseti
< Onrusisaces s calmnodops

TICOGEHEHHRE OHOBNEMOIO CTaNY

>

TIyGresaiin nogs cumragll
=

Onepatop AguiticTparop CLUAPI TraMcSystem Sumalnlegration PulseDataManagsr PulseTraflcAlgo | | EventBus
Puc. 2.7. UML-aiarpama nociiJIoBHOCTI CUCTEMHU

TakuM YMHOM, CHUCTEMa pealli3ye€ MOBHICTIO ABTOHOMHY MOJEINb YHPAaBIIIHHS

cuMyJIsiliier0 Tpadiky, 3 YITKUM MOJAUIOM OOOB’A3KIB MIXK MOIYJSIMU, MiATPUMKOIO

JTUHAMIYHOTO BHOOPY QJITOPUTMIB 1 MOKIIUBICTIO 300py CTaTUCTHKU O€3 BTpYyYaHHS B

OCHOBHMI KoJ. Lle 103BOJsiEe BUKOPUCTOBYBATH 11 K AOCHIHUIBKUI THCTPYMEHT ISt

MOPIBHSHHS QJITOPUTMIB Y PI3HUX CIICHAPIAX, & TAKOXK SIK AJIPO ISl TOOYI0BU PEaIbHOTO

AJJalITUBHOI'O KOHTPOJICPA.

2.4. Anroput™M po0OTH Ta CTAHU MPOTrPAMHOI CMCTEMH

Cucrema aganTUBHOTO KepyBaHHs CBiTIIOdOpaMu MOOyI0BaHa sIK OaratopiBHEBa
CTPYKTypa, B SIKiil MOAYJIl B3a€EMOJIIIOTh HA OCHOBI MOAiM, KOH(]Irypariil Ta peakiii Ha
30BHIiIIHI 3MiHU Tpadiky. OcHOBHUM KoopauHaTopoMm € kiac TrafficSystem, sikwii
1HIIami3ye KOMIIOHEHTH, 3aIllyCKae CUMYJIALI0 yepe3 Moaysib Sumolntegration, kepye
o0poOkoro nofii yepe3 EventBus Ta BUK/IMKa€e KPOKM alrOpuTMy afamnTarlii.

VY TumoBoMy clieHapii Micis 3almyCcKy CHUCTEeMa MepeXxoauTh y cTaH Running, y
SIKOMY BUKOHYETHCSI OCHOBHUU ITUKJI CUMYJISIT. [lel ki ckinagaeThes 3 MOCiTI0BHUX
KpokiB. Ha koXHOMY KpoIll BHUKIMKaeTbcs Merof stepSimulation() 3 Momyns
Sumolntegration, sikuii BIATIOBITa€ 32 OHOBJICHHS CTaHy TpaQiKy: MO3UIIIH TPAHCTIOPTHUX
3aco0iB, JIOBXXKMHU 4epr, MIBUAKOCTEH pyxy Ta IHmMMX mnapaMmerpiB. JlaHi

CUHXPOHI3YI0Thcsl 3 00’exktoM PulseDataManager, mo 30epirae aktyanbHi 00’ €KTH
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nepexpecTb, TPAHCIIOPTHUX 3aCc001B 1 CBITIIOhOopiB. OHOBICHHS CTaHYy MEPEXi € OCHOBOIO
JUTSI TIOJJANTBIIIOTO MPUMHATTS PIllIeHb B AJITOPUTMI aJanTallli.

AnroputMm ananramii peanizopanuii y kiaci PulseTrafficAlgo, sxuii anamizye
CUTYyallll0 Ha JOporax 1 BU3Ha4dae HEOOXigHUHM 3cyB (a3 cBITIO(POPIB y KOKHOMY
nepexpecti. OGpaHa cTparteris 3ajJeXUTh Bl HABAHTAKEHHS MEPEXK1, IK€ BU3HAYAETHCS
yepe3 moayib TrafficModeController. 3a noriky mepeMukaHHs CTpaTerid BiamoBigae
MetaController, sixuii pearye Ha AuHaMiuHi 3MiHH B Tpadiky. 3aneXHO BiJ CHUTyaIll
oOupaeTbcsi OJIHA 3 TPbOX peamizamiii  crpaterii:  BaselineWaveStrategy,
HybridWaveStrategy abo MaxPressureWaveStrategy.

Huxue naBegeno UML-niarpaMy anroputMy poOOTH CHUCTEMH, sIKa IEMOHCTPYE
MOCJIZIOBHICTh €TalliB: 3alyCK, CUMYJISIS, OHOBJICHHS JaHUWX, aJanTallis PeXUMIB 1
MIOITUPEHHS MOIH:

b

| TrafficSystem sanyckae cumynsuio \

v

| Sumolntegration sukonye stepSimulation |

v

PulseDataManager onoentoe o6'extn |

v

| PulseTrafficAlgo suknukae runOnce

v

| MetaController o6upae crpateriio |

L7

Baseline/Hybrid/MaxPressure? >(_Hybrid )

lBasehno ﬁV

MaxPressure

y

‘ HybridWaveStrategy -> Webster -> PID -> offset ‘ i 7

| BaselineWaveStrategy -> offset | MaxPressureWaveStrategy -> offset \

y ' ' y
¥

| GreenWaveManager aacrocosye scys |

PR

EventBus nyBnikye nogil [

v

Yexae HacTynHOro Kpoky I A

v

{_He 3ynuHeHo

Puc. 2.8. UML-niarpama anroputmy poOOTH CUCTEMH

<~
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VY pa3i HU3bKOTO HaBaHTAXEHHsI 3aCTOCOBYEThCS cTpareris BaselineWaveStrategy,
sIKa CUHXPOHI3y€ CBITJIO(POpH BIAMOBIIHO A0 IiJILOBOT MIBUAKOCTI pyXy. 3cyB (a3u ajis
KOYKHOTO TIEPEXPEeCTs i 00UHCITIOETHCS 3a (POPMYJIIOIO:

Zbdistance(j,j + 1)

of fset; =

Vtarget

ne distance(j,j + 1) — BiACTaHb MK CYMUKHUMH NEPEXPECTAMH, & Vigrger —

IIIJTHOBA MIBUAKICTH MOTOKY B METPAX 3a CEKYHY.

BianoBigHuii pparmMeHT peanizaiiii B KOII:
double offset i = 0.0;
for (size t j = 0; J < i; ++3) |
offset i += getDistance(j, J + 1);
}

offset i /= target speed m s;

[Ippy  cepemHbOMY  HaBaHTAKECHHI  CHCTEMa  IEPEXOAUTh Yy  PEKUM
HybridWaveStrategy. ¥V mpomy Bumajaxky 0a3oBa JOBXKHHA IUKIY PO3PAXOBYETHCA 3a
KJacuyHoro ¢opmyior Bebcrepa:

1.5«L+5
C1-Yy;

ne L — BrpaTu vacy Ha (a3y(>KOoBTHH cUTHAI 1 Mk ¢a3Ha maysa), a y; — CTyMiHb

3aBaHTAXKEHOCTI [ (pa3y, BU3HAUCHA SK BITHOIICHHS ITOTOKY J0 MPOMYCKHOI 3aTHOCTI.

VY ko1 po3paxyHOK peanizoBaHO HACTYITHUM YHHOM:

double sum y = 0.0;
for (const auto& phase : signal phases) {
sum_y += phase.load ratio();

}
double cycle time = (1.5 * lost time + 5.0) / (1.0 - sum_y);

JInst mABUIIEHHS! TOYHOCTI KEpYBaHHS BUKOPUCTOBYeThbea PID-perynsarop, sikuid
KOPHUTYE IMKJT 3aJISKHO Bija quHaMiku yepr. [ToxuOka e(t) € pisHHIEI0 MK (aKTHIHAM

Ta 0a)KaHUM 3HAYCHHSIM JOBXUHU uepru. PID-perytoBaHHs BUKOHYEThCS 3a (POPMYJIOLO:

de(t)
AC=K,xe(t)+K;* | e(t)dt + K4 * 7t
e Kp, K;, K; — xoediieHTH MiACWICHHS BIANMOBIAHO Ji MPOMOPIINHHOI,
1HTErpanbHOl Ta MudepeHIaTbHOT YaCTHHH.
Babywro A.C. Apx.
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®parmeHT peanizaiii:
double error = current queue - target queue;

integral += error * dt;

double derivative (error - previous error) / dt;

double delta = Kp * error + Ki * integral + Kd * derivative;

cycle time += delta;

VY cutryanisix KpUTHYHOTO HaBaHTaXKEHHS, KOJU (DIKCYIOThCS JIOBI1 uepru abdo
IHTEHCUBHUI MOTIK, aKTUBYEThC cTpareris MaxPressure WaveStrategy. TyT nepexpects
3 HANMEHILIOI Yepror OTPUMYIOTh OUTHIIMK 3CyB y (hasi, 1m0 JO3BOJISE 3MEHIIUTH

3aTPUMKMU:

queue;
of fset; =1 —g——| *
Y. queue
Ie queue; — JIOBXKWUHA YEPrH HA BXOJI A0 i-ro mepexpects, a C — MOBKHHA
MOTOYHOTO ITUKITY.

BianogigHa peanizamis:
double offset i = (1.0 - (queue i / total queue)) * cycle time;

Cucrema miaTpumye Tpu OcHOBHI ctanu: Running, Paused i1 Stopped. Ilepmmii
BIJIMIOBIJIA€ 32 aKTUBHY a3y CUMYJISAIIi, JPYTUil JO3BOJISIE TUMYACOBO MPU3YIUHUTU
0OYHMCIICHHS, a TPETIiH 3aBepIIye ClIEHAP1N 3 BUBAHTAXKEHHSM yCiX pe3ynbTaTiB. Lli cranu
JI03BOJISAIOTH IHTETPYBaTH CHCTEMY B aBTOMaTH30BaHi pipeline anamnizy ta CI/CD.

[linm dwac cumynsmii  cuctemMa  MyOJIKye — HU3KY — MOAIH,  30Kpema
SimulationSteppedEvent, StatsUpdatedEvent, TrafficModeChangedEvent, 1o go3Bossie
CTOPOHHIM MOJIYJSIM pearyBaTu Ha 3MmiHU. lle peanizoBaHO 3a JOMOMOIOK MaTEpHY
Observer, skuii 3a0e3medye crnaOke 3B’SA3yBaHHA MIK MOJYJISAMH Ta CIPUSE
PO3UIMPIOBAHOCTI apXITEKTYPU CUCTEMHU.

Jlorika BHOOpPY peKMMY KEpyBaHHS Ta aJlarTailii moka3aHa Ha HaCTYITHIN glarpami,
sgka imoctpye BHyTpimHIO Jioriky MetaController, TrafficModeController, PID-
peryaoBaHHS Ta Moyt AutoTuner, SIKHiA EpiOAMYIHO OHOBITIOE IIOPOTOBI 3HAYCHHS Ta

napameTpH aJanTartii.
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?

| TrafficModeController oLiHIOE HaBaHTAXEHHS |

Tax,” ) =\
¢——< queue afo flow nepesmwiye nopir | ’—¢

y.- . Tax,/” R
Aktusye MaxPressure ' r..__i_ncepe,nuc HABAHTAKEHHA > nopnr{_,.-v—¢
’ Axtueye Hybrid \ ] Axtusye Baseline

|_ HybridWaveStrategy ob6uncnioe Webster cycle ‘

v

| PIDController kopurye cycle \

|

> =
AutoTuner goaponeso? ’—

¢Tax

l AutoTuner oHoenoe noporun ta PID |

v

\l O6uncnenns offset ons koxHoro TLS |

o

Puc. 2.9. UML-niarpama po60TH MOJyJIiB aJTOPUTMY

Y

<

VYci anroputmivudi GopMynH, BKIIOYHO 3 MeTogamu Bebcrepa, MaxPressure Ta
PID-perymntoBaHHs, 0a3yl0ThCS Ha KIIAaCHYHHUX JDKEpesax, Takux sk [24], [25], [26].

TakuM 4YMHOM, ONHMCAHWM aJITOPUTM peani3ye NOBHUM LMK YHPABIIHHS
cBiTIoopaMu: BiJl 300py JaHUX y CUMYJISIT — O MPUUAHATTA aAalTHBHUX PIMICHb 1
OHOBJICHHA (a3, 3a0e3neuyroun epeKTUBHY, MacITabOBaHy W PO3LIMPIOBAHY MOJEIb

aJanTUBHOTO KEPYBaHHS JOPOXKHIM PYXOM.
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BucHoBKH 10 ApYroro po3miny

Y apyromy po3aini Oyno copMoBaHO apXiTEKTypy MPOTPaMHOI CHUCTEMHU
aJanTUBHOTO KEepyBaHHA CBITIOQOpaMu, po3po0JieHY 3 ypaxyBaHHAM MPUHIIMITIB
00’ €KTHO-OpPIEHTOBAHOTO TPOTpaMyBaHHS. BHU3HA4YeHO OCHOBHI KJIaCH CUCTEMH, IXHIO
CTPYKTYPY, pOJIi Ta 3B’sI3KM M’k HUMHU. OnMcaHO MeXaH13MH KOMYHIKaIlii, CHHXpOHi3aIlii
Ta ajanTallii arTOPUTMIB T 9Yac CUMYJIAIT Tpadiky.

30BHIIIHE CEPEJOBUIIE MOJEIIOBAHHS IHTEIPOBAHO B CHCTEMY 4Yepe3 OKpeMUil
MOJIyJIb, @ B3a€MOJIiSI MK KOMIIOHEHTaMH 3a0e3MeuyeThCs 3a JOIMOMOroro noai. s
UTFOCTpAIliil JIOTIKK POOOTH pO3pOOJICHO JiarpaMu KiaciB, Koomeparlii, TOCIiIOBHOCTI Ta
CTaHiB CHUCTEMHU.

CdopmoBana apxiTeKTypa 3akjiaJla€ OCHOBY ISl MOJAJBIIOT  PO3POOKH
(yHKLIOHATY, CHpOIIy€e BIPOBAPKEHHS HOBHUX CTpaTerii 1 3abe3nevyye TrHy4dKe

MaCHITa6YBaHHH CHCTCMMU.
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PO31JI 3. AEMOHCTPAIIA POBOTU TA TECTYBAHHS CUCTEMHA

3.1. IncTpyKILisi 3 BUKOPUCTAHHS NPOrpaMu

Po3pobnene mporpamHe 3a0e3medeHHs —mependadae  3amycK  CHMYJISIT
JIOPOXKHBOT'O PYXY Ha OCHOBI 3aJ]JaHUX CIICHAPIiB 13 MOJAIBIINM MTOPIBHIHHSAM 0a30BOT0
peKHMY Ta aJalTUBHOTO aJropuTMy KepyBaHHS cBiTiodopamu. I[Iporpama €
KpocIiaTpopMEeHOIo 1 mATpuMye 3amyck Ha Linux Ta macOS. Yc¢i 0CHOBHI KOMITIOHEHTH
30uparoThcsi KoMaHio Make build, sxka kommimoe MPOEKT pa3oM 13 MOIYJISIMH
CUMYJIAII1, AITOPUTMaMHU KepyBaHHS Ta 010JTI0TEKOI0 TECTyBaHHS.

Cuenapii 3amycKy 3a7arOThCS dYepe3 TMapamMeTpu KOMaHAHOTO psaka. s
NPUKIIAITY, 3aITyCK CHMYJISIIIT 3 aJaTHBHUM QJITOPUTMOM JIJISl CEPEHBOTO HABAHTAXKECHHS

B110yBa€THCS 3a IOMOMOT0I0 KOMaHIH:

./ScenarioRunner --scenario "Medium Traffic S" \
--sumoCfg config/sumo/scenarios/s/medium traffic/osm.sumocfg \
--netCfg config/sumo/scenarios/s/medium traffic/osm.net.xml \

—-—custom

VY cuctemi takox peanizoBaHo rpadiunuit pexxum yepes SUMO GUI. Komanpga
make run-scenarios-gui BUKOHye Bci CIieHapil 3 Bizyauizaiiero. el pexum mae 3mMory
O0aunTu peanbHy 3MiHY (a3 cBITIO(OPIB, YTBOPEHHS Yepr, MEPEeMHUKaHHS CTpaTerii

AJITOPUTMY .

I I

*ile-™ ~- “Ca

Puc. 3.1. Bizyamizartist po6otu cumyrsiiii B SUMO GUI

Babywro A.C. Apx.
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[Tig yac cumynsmii cucTeMa BHUBOJAUTH 1H(QOPMAIlHI JIOTH B KOHCOJIb, IO
JI03BOJISIE€ BIJCIIKOBYBAaTH 3MIHY PEKUMIB, OHOBIIEHHS1 PID-koHTpoJiepiB, pe3yabTaTu

00po0Oku (a3, a Takox GiHaIBHI MeTpuKU. Hrkye npencraBieHo pparMeHT TaKuX JIOT1B:

Puc. 3.2. ®parmeHT 70TiB BUKOHAHHS CUMYJIAIIT 3 aHami3oM AutoTuner Ta nmepexomgamu
pEXKUMIB

VY pesynbTari BUKOHaHHA (OpPMYIOThCS BUXiAHI JaHi y Bunial CSV-gaiiny
analysis/comparison.csv, y sikomy 30epiraloTbcsi METPHKH poOOTH cucTteMu. Jlis
o0y 10BH rpadikiB i TEKCTOBOIO 3BITY BUKOPHCTOBYETHCSI KOMaH1a make report-metrics,
siKa reHepye aHamiTHaHui ¢ain report.md i 306paxenns y popmari PNG.

Ha ocHoBi 310paHux 1aHUX CTBOPEHO HU3KY rpadikiB, 10 BiJ0OpakaroTh KIOYOB1
MeTpUKH ePeKTUBHOCTI anroputmy. llepen koxHUM rpadikoM HAZAETHCS OMHUC MO0
MIPU3HAYEHHS Ta OUIKYBaHUM €(EeKT BiJ 3aCTOCYBAHHSI a/IallTUBHOIO KEPYBAHHS.

[TepmmM MOKa3HUKOM € CepeIHIN Yac y 10po31 — BiH JJO3BOJISIE OI[IHUTH, HACKUTBKU
IIBUKO TPAHCIIOPT MOKE MEPECyBATUC MEPEKEIO TPU BUKOPUCTAHHI PI3HUX CTpaTerii
kepyBanHs. [lo oci X BimoOpakeHO Ha3BH ClieHapiiB, Mo oci Y — cepeaHiil dac y

CeKyH/1ax, OTpUMaHui 13 moJist avg_travel time.

Babywro A.C. Apx.
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Copaqen uas y mopod

Puc. 3.3. I'padix cepemHbp0Oro 9acy B 10po3i

HacTynHOO METpUKOIO € cepeAHiil Yyac OYiKyBaHHs, KM MOKa3ye, K 4acTo 1

HAJI0BT'O TPAHCIIOPT 3yNUHSAETHCS Ha cBiTIOhopax. Oci rpadika aHaIOT1yH1, AaH1 B3SITI 3

noJist avg_waiting_time.

Coposriis waC ounyRmne

Puc. 3.4. I'padik cepeTHbOr0 Yacy O4iKyBaHHS Ha MEPEXPECTAX

Babywro A.C.

Bracenko O.B.
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Or1iHKa MPOIMYCKHOI 3/IaTHOCTI JIEMOHCTPY€E 3arajbHy KIJIBKICTh TPAHCIIOPTHUX
3ac00iB, IKi MPOMUIIUIN MEPEXKY 3a CUMYJIbOBaHMI mepiof. Llel moka3HUK BUTATYETHCA 3

noJig throughput CSV-daitny. 1o oci Y — KUIBKICTh aBTO, IO 3aBEPIIMAIN MapIIPYT.

Nporpona sganecre

Puc. 3.5. I'padix npomyCKHO1 3/[aTHOCTI TPAHCIIOPTHOI MEpexi
BaxxnuBuM mapamMeTpoM € TiKOBa JOBXHHA 4Yepr. 3MCHIICHHS IOTO 3HAYCHHS
CBIJTYUTH MPO 3HIKCHHS JIOKAIBHUX TIepeBaHTakeHb. JlaH1 B34TO 3 KOJIOHKHU queue peak,

1o oci Y — JIOBXKMHA YePTH y METpax.

Misons Aveomens sogre

Puc. 3.6. I'padix makcumanbHO1 3a)iKCOBAHOI JOBXHHH YEPT

Babywro A.C. Apx.
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[Ile onHMM KPUTHYHUM MOKa3HUKOM € 3arajibHi BTpaTu uacy. Lle cymapuuii o0csr
qacy, sSIKUi OyJ0 BTpay€HO B 3aTOpax Ta IiJ] yac 3yNHHOK, PO3paXxOBaHUM 3a MOJEM

time_loss.

Broamm uscy

Puc. 3.7. I'padix BTpat yacy B TpaHCIIOPTHOMY TOTOII1
CTalUIbHICTh PyXY TaKOX OILIIHIOETHCA 33 KUIBKICTIO 3yIMUHEHUX TPAHCHOPTHUX

3aco01B 11 yac cuMyisaiii. Benwanna B3sTa 3 Kosionku halted peak.

Mt w i Na W een e M1

Puc. 3.8. I'padik KiIBKOCTI 3yTUHEHUX aBTO

Babywro A.C. Apx.
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[Toxa3HUK cepenHbOi JOBKHUHU YEPru TO3BOJIAE OLIHUTH 3arajbHy e(QeKTUBHICTh

nepexpecTtsb. Llelt rpadik modyaoBaHo 3a mojeM avg queue length.

Coprapes srrmerm weniv

Puc. 3.9. I'padix cepeHbOT JOBXKUHU YeprU
[ieHICTH TpadiKy HAa MEPEXI BiIOOpakae piIBHOMIPHICTh 3aBaHTaxkeHHs. [TikoBa
IITBHICTh, siKa OepeTbcs 3 moist density peak, BHKOPUCTOBYETBhCS Ul BHSIBICHHS
BY3bKHMX MiCllb. 3HAYEHHS Ha OCl Y MOJAHO y BIJCOTKAaX BIJ MaKCUMAaJIbHOI MPOITyCKHO1

3aTHOCT1 CMYTH.

Mhwoen sprmmsere

Puc. 3.10. I'padik MmakcuManbHOT IIIBHOCTI TPAHCTIOPTHOTO TIOTOKY

Babywro A.C. Apx.
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OcTaHHIM MOKa3HUKOM € CepeIHS IIBUAKICTh PyXY, fKa 3pOCTa€ Npu eHeKTUBHOMY
posnoaini a3 ceiTiaodopis. Jlani B34Ti 3 moJig avg_speed, 3HAUSHHS MOJIaHO Y METpax 3a

CEKYH/Y.

Copanen wituopsats

e S0 OB VY

Puc. 3.11. I'padik cepenHpoi MIBUIKOCTI TPAHCTIOPTY

Jlnst BCiX 3rajaHux METPUK Trpadikd CTBOPEHO aBTOMATUYHO IICIS 3aMyCKy
CUMYJISIIHN 1 MOJAIbIIOi OOPOOKH CIieHapiiB. YCi pe3ysbTaTh BUKOPUCTOBYIOTHCS IS
KUIBKICHOTO TIOpIBHSIHHSL POOOTH aJanTUBHOI CTparterii mpoTh (PIKCOBAHOI CXEMU
KepyBaHHS.

JlomaTkoBO, nnsi KOXXKHOTO 3MIHM Yy TIPOGKTI aBTOMAaTHYHO TE€HEPYEThCA
JIOKyMEHTaIlisl 3a jonomoroto cuctemu Doxygen. Bona oxoruitoe BCi Kjacu, METOMM,
CTPYKTYpH, TepepaxyBaHHs Ta iHTepdeiicu. IloOymoBa goxkyMeHTarii BiI0yBa€eThCS
yepe3 CI/CD y GitHub, mo 3abe3neuye ii akryanpHICTB. Pe3ynbrar mocTymHHU SIK
ngokanbHO y Kartajosi library/html/index.html, Tak i y Burmagi HTML-cTopinku Ha
GitHub Pages.

Babywro A.C. Apx.
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PulseTrafficLibrary

Class List

Puc. 3.12. l'onoBHa cTopinka 3reHepoBaHoi Doxygen-mokymMeHTarrii

3.2. Pe3yabTaTH TecTyBaHHs i mepeBipka ajJropurmy

Jlnst miaTBEep/HKEHHST KOPEKTHOCTI POOOTH CHUCTEMHU PEali30BaHO MOBHOIIIHHUI
HaOlp MOJYJbHUX 1 IHTerpamiitHuxX TectiB. OCHOBHA yBara MpUAUISIETHCS CTaOUIBHOCTI
poOOTH aJaTUBHOIO AJITOPUTMY, MMPABUIILHOCTI MepeMUKaHHs (a3 cBITIOPOpiB, 300py
CTaTUCTUKHU, 3MIHI PEKHMIB KEpPYyBaHHS, a TAaKOXX JOTPUMAHHIO MPUHIIMIIB 130111
BIIITOB1IAJIbHOCTI MK KOMIIOHEHTAMHU.

Kontponep Bubopy pexumy TrafficModeController TecTyeTbest Ha paBUIIbHICTh
JIOTIKM TIEPEMHUKAHHS MIX PEKHMMaMU KEpyBaHHS Ha OCHOBI PIBHSA 3aBAHTAKECHHS Ta
noBXUHM yepr. Hampukian, 3a BIACYTHOCTI yepr oOMpaeThecsi 0a30BHIl pexXHM, a Mpu

MePEBUIIIEHH] TTOPOTY aKTUBY€EThCS cTpateriss MaxPressure:

EXPECT EQ(c.evaluate(0.7, {0.0}, 1.0), TrafficControlMode: :Baseline);
EXPECT EQ(c.evaluate(0.7, {11.0}, 2.0), TrafficControlMode::MaxPressure);

Menemxep 06’extiB PulseDataManager nepeBipsieTbcsi Ha yHIKaJIbHICTH [D mipu
JI0J1aBaHHI1 IepeXpecThb, CBITIOPOPIB 1 TpaHCTIOPTHUX 3ac001B. [loBTOpHA cipoba nonatu

00'eKT 13 Bxe icHytounM D Mae BUKIMKATH BUHSTOK:

Babywro A.C. Apx.
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EXPECT THROW (m.addIntersection (std::make unique<Pulselntersection>("intA",

PulsePosition{9, 9})), PulseException);

Anroputm  PulseTrafficAlgo TecTyeTbcsi Ha KOpeKTHE OHOBJEHHS (a3
ceitodopib. Ilicns cumynamii kojaeH cBITJIOQOp HE TOBUHEH 3aJMIIATHCS B

HEKOPEKTHOMY CTaHi:

EXPECT NE (data manager->getTrafficLight ("JunctionA")->getState(),
TrafficLightState: :YELLOW) ;

Monyns 300py cratuctuku PulseStatsCollector 3a0e3neuye HaKOMMYEHHS JaHUX
PO PyX TPAHCIOPTY, Yac OUIKyBaHHS, KUIbKICTh 3YNMUHOK. TeCTyBaHHS TapaHTYeE, 1110

3HAYCHHS € JOJaTHUMHU 1 BIAMOBIAAIOTh OUIKYBaHIM MOBEIIHIIL:

EXPECT GE (m_stats->getLaneWaitingCount ("edgeA 0"), 0);

EXPECT GE (m_stats->getIntersectionStats ("JunctionA") .vehicles passed, 0);

Takox peani3oBaHO IHTETPAIliiiHI TECTH JJisi IEPEBIPKU MEPEXO/IIB MK CTaHAMU
cuctemu. Kiac TrafficSystem npoxoauTe mNOCTIAOBHICTh 3alyCKy, 3yHUHKHA Ta

OYMIIICHHS [1aM’ ATI:

EXPECT TRUE (has green || has red || has yellow);

Yci TecTH BHKOHYIOTHCS 3a JionmoMororo komanau make test-library, a Takox
apromatu4Ho B Cl-mipoueci. Lle 3a0e3nedye nocTiiHy NepeBipKy BIAMOBIAHOCTI JIOT1KA
OUIKyBaHI! TOBEAIHIII CUCTEMHU, JI03BOJISIIOUM YHUKATH perpeciii y peaizaiiii.

Hwuxdye npeactaBieHo pUCYHOK YCHIIIHOTO MPOXOJKEHHS BCiX TeCTiB: 25 13 25,

KU TATBEPKYE MOBHY BIJIMOBITHICTh O4IKYBaHHSM:

Babywro A.C. Apx.
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Puc. 3.11. Pe3ynbrar TecTyBaHHA y TEpMiHAJI 3 YCIIIITHAM MTPOXO/XKEHHSM YCIX TECTIB
[lin yac TecTtyBaHHS OyJiM TaKO>X BHUSBJICHI Ta BUIIPABJICHI OKpeMi MPOOJIEMH:
HEKOPEKTHA 1HIIiaJi3a1lisl CTaH1B CBITI0(OpPIB y KOHGITYpallisX 13 JBOMA MEPEXPECTIMH,
a TaKO’K HETOYHE OHOBJICHHSI METPUK OYIKYBaHHS HA MOPOXKHIX cMmyrax. [licis BHeCeHHS
3MiH 1 TOBTOPHOTO 3aMyCKy TECTH MPOUIILIN yCHIIIHO, 1110 3adikcoBano y CI.
Takum 4uHOM, peanizoBaHa CUCTEMa MA€ SIKICHE TECTOBE MOKPUTTS, 10 OXOTLIIOE
QITOPUTMIB, Y3TOKEHICTh B3a€MO/IIi MOYJIIB 1 MPABWIbHICTh MOBEIIHKH CHUCTEMHU B

PI3HHUX peXHUMaXx.

BuCHOBKHM /10 TPETHOI0 PO3aiTy
VY TperbomMy po3aiii OyJI0 JeTaibHO MPOJIEMOHCTPOBAHO MOPSIOK BUKOPUCTAHHS
PO3p00JIEHOT CUCTEMH aJanTUBHOTO KepyBaHHS CBITIOdOpaMu, CocoOu ii 3amycky, a
TaKOXX pe3yJdbTaTH CHUMYJIAIII 3 BUKOpHUCTaHHSAM rpadiuHoro intepdericy SUMO.
Hanano nmpuxitanym KOMaH[ 3amycKy, omucaHo (popMaTé BXIJHUX IMapaMeTpiB 1 MOKa3aHO
crocoOu aHani3y pe3yJbTaTiB uepe3 noOyaoBaHi rpadiku.

OxpeMy yBary IpHIIJICHO OIlIHIN €(PEeKTUBHOCTI peanizoBaHuX airoputmiB. Ha

OCHOBI MCTPUK — CEPCAHLBOIO 4YacCy B JIOpOSi, 3aTPHUMOK, HpOHYCKHO.l. 3)IaTHOCTi,
Babywro A.C. Apx.
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JOBXXKMHU 4YepT 1 MUIBHOCTI TpadiKy — IOBEACHO MepeBard aJanTHBHOTO MIAXOAY B
MOPIBHSHHI 3 0a30BUM cClieHapieM. BisdyallbH1 pe3yabTaTd MiATBEPIKYIOTh 3MEHIIICHH S
3aTOpiB, 3pOCTAHHS IMIBUAKOCTI TPAHCIIOPTY 1 MOKPAIICHHS PO3MOILTY HAaBAaHTAKESHHS.

Takox po3riITHYTO CHCTEMY aBTOMAaTUYHOTO TECTYBaHHS i JokyMmeHTarii. Unit Ta
IHTerpaliiHi  TecTu 3a0e3MeuyroTh BepudiKallilo JIOTIKH, IIIJIICHOCTI JaHWX 1
MPaBUJILHOCTI B3aeMOJii KOMITOHEHTIB. ['eHeparisi mokymeHTarlii depe3 Doxygen
rapaHTy€e Ipo30PiCTh CTPYKTYPU CUCTEMH Ta 3pYUHICTh MOJAIBIIOT MIATPUMKH.

TakuM YWMHOM, TIPOJEMOHCTPOBAHO TIOBHY (DYHKIIIOHAJIBHICTH CHCTEMH,
MiATBEPKEHY SK KUTbKICHO — 4Yepe3 METPHKH, TaK 1 SIKICHO — dYepe3 JIOTIKY TECTiB,

Bi3yaJli3allito Ta aBTOMaTU30BaHY JOKYMEHTAIIIIO.

Babywro A.C. Apx.
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BUCHOBKU

[limx yac BUKOHaHHS KBali(ikaliiHOi pOOOTH BAAIOCS HAOYTH MPAKTUYHUX
HAaBUYOK MOJCIIIOBaHHS, MPOEKTYBaHHS, peaii3alii Ta TECTyBaHHS MPOTPAMHOTO
3a0e3nedeHHs )i 3374 1HTEJIEKTYalIbHOTO KEPYBAHHS JOPOKHIM pyxoM. PesyiabTaTom
CcTajla CHUCTeMa aJanTUBHOIO KepyBaHHA CBiTJIohopamu, 37aTHa B3aEMOMISATH 13
cumyssstopom SUMO, npuiiMaTy TMHAMIYHI PIIIICHHS HA OCHOBI aHAJI13y HABAHTAKCHHS
Ta 3a0e3rnedyBaTd MPIOPUTETHUN MPOi37 TPAHCIOPTY 3a JOMOMOIOI0 Peai30BaHOro
ANTOPUTMY «3€JICHOT XBHIII».

Y nepmomy po3aini 0yio chopMyIbOBaHO 3araibHy KOHIICTIIIIO IPOEKTY Ta HOTO
aKTyaJbHICTh, IPOaHATI30BaHO icHYyIoUl pimeHHs, 30kpema SCOOT, SCATS, cucremu
Ha 0a31 ML/AI ta xmapHi cepBicu. Bu3HaueHo ixH1 nepeBarv it 0OMexeHHsl y KOHTEKCTI
MICBKUX TpaHCHOPTHUX cucTeM. [lpoBeaeHO JeTanbHUN OISl  TEXHOJIOTIH,
o0rpyHTOBaHO BUOIp MOBH nporpamyBanHs C++20, cumynaropa SUMO, 6i10mi0Tex 1is
JIOTYBaHHA, KOH(Irypalii Ta Bizyami3anii. 3arporoHOBaHO MIKPOCEPBICHY apXITEKTYpYy,
gKa JI03BOJIAE MaclmTadyBaTH CHUCTEMY Ta MIATPUMYBATH THYYKY B3a€MOJII0 MiIX Il
MO/TYJISIMH.

Y napyroMy po3dini OmMcaHO OCHOBHI CIIEHapii BUKOPHUCTAHHS CHCTEMH, 3
ypaxyBaHHSAM pI3HHX poJied KopucTyBauiB. [loOymoBaHo jiarpamMu B3aeMOi,
KOMYHIKAI[ll Ta aJlrOpUTMIYHOI JIOTIKH, SIKI JAlOTh 3MOTY MOBHILIE YSIBUTU AUHAMIKY
po6otu CKC. 3aiticneno dopmaizalfito 00'€eKTHO-OPIEHTOBAHOI CTPYKTYPH CHUCTEMH,
pealli3oBaHO KIIFOUOBI apXIiTEKTypHI matepHH, 30kpema Singleton, Observer, Proxy ta
Factory. Onucano CTpyKTypy KJaciB, iX BIAMOBIJAIBHICTh Ta MEXaHI3MHU B3aEMOJII 3
cuMyJisIiitHuM cepenoBuieM. [logano ¢opmymnu, sSKi JiekaTb B OCHOBI KepyBaHHS
(dazamu cBITIO(OPIB y PI3HUX PEKUMAX.

Y TperboMy pO3ILTIlI MPOAEMOHCTPOBAHO MOPSAIOK BUKOPUCTAHHS MPOrPaMU:
30ipka, 3amycK CIeHapiiB, aHaii3 pe3yibTaTiB. IlpencTraBieHO TpUKIAAN 3aMycKy 3
KOMaHJTHOTO psiJIKa, TOOYA0BAHO cepito rpadikiB JJIs OLIHKK METPUK IPOYKTUBHOCTI Ta
edekTUBHOCTI anroputmy. Ha ocHOBI cepeTHBOr0 Yacy Mmoi3/Iku, OUiKyBaHHs, BTpaT 4acy

Ta JIOBKMHU 4epr OyJIo MPOBEAEHO MOPIBHSAHHS 3 0a30BUM PEKUMOM, 10 MIATBEPIUIIO
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nepeBaru aganTuBHOI cucteMu. Kpim Toro, cucrema nporectoBaHa aBTOMAaTU30BAHUMU
unit ta iHTerpamiiHUMHU TecTaMH, a 1 JOKYMEHTAIlisl T'eHEePYEThCS aBTOMATHUYHO 32
nonomororo Doxygen.

3arajioM BUKOHAHHS MPOEKTY A0 3MOTY 3MIIHHUTH ¥ YJOCKOHAJIUTH HABUYKU
MOJICTTIOBAHHSI apXITEKTypH, PO3POOKH BHUCOKOIPOIYKTUBHOTO KOXy, iHTerparii 3
30BHIIIHIMU 1HCTPYMEHTAMH, a TaKOX 3a0e3MedeHHs cTabiipHOCTI Ta HaaiiHocTi 113
4yepe3 TeCTyBaHHs. YCi MTOCTaBJICHI 3aBlaHHs OyJid peali3oBaHl y MOBHOMY 00Cs31, 10
MIATBEP/KYE 37aTHICTH CaMOCTIMHO TMPOEKTYBaTH, peali30oByBaTH Ta aHaji3yBaTH

pOOOTY CKJIaHUX MPOTPAMHHUX CUCTEM Y Cepi IHTEIEKTYaIbHOTO YIPABIIHHS MiCHKOIO

1H(PaACTPYKTYPOIO.
Babywro A.C. Apx.
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Eclipse SUMO — Simulation of Urban Mobility [Enextponnuii pecypc]. — Pexum

nocrymy: https://www.eclipse.org/sumo/

SUMO Documentation — Algorithm descriptions, outputs and API [EnekrponHwmii

pecypc]. — Pexxum moctyrry: https://sumo.dlr.de/docs/

Doxygen : Automatic C++ documentation generator [ Ennektponuuii pecypc|. — Pexxum

nocrymy: https://www.doxygen.nl/

Matplot++: C++ plotting library based on matplotlib [Enexrponnuii pecypc]. —

Pexum noctymy: https://github.com/alandefreitas/matplotplusplus

PugiXML : Light weight, simple and fast XML parser for C++ [EnektponHuii
pecypc]. — Pexxum moctymy: https://pugixml.org/

yaml cpp: YAML parser and emitter in C++ [Enektponnuii pecypc]. — Pexum

nocrymy: https://github.com/jbeder/yaml-cpp

spdlog : Extremely fast logging library [Enexkrponnuii pecypc]. — Pexum gocryny:
https://github.com/gabime/spdlog

Conan: C++ package manager [EnexktponHuii pecypc]. — Pexum pgocrtymy:

https://conan.io/

10.Docker : Containerization platform for application packaging [Enexrponnuii pecypc].

— Pexxum nmoctymy: https://www.docker.com/

11.Pandoc : Universal document converter [Enextponnuii pecypc]. — Pexxum moctyry:

https://pandoc.org/

12.clang format : C/C++ code formatter based on LLVM Clang [EnexTponnuii pecypc].

— Pexxum nmoctymy: https://clang.llvm.org/docs/ClangFormat.html
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13.GitLab CI/CD Documentation [Enextponnuii pecypc]. — Pexum moctymy:
https://docs.qgitlab.com/ci/

14.PlantUML — Tool to generate UML diagrams from plain text [Enextponuuii pecypc].

— Pexxum nmoctymy: https://plantuml.com/
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HopaTok A.

daiin koHbiryparii tp_config.yaml:

adaptive:
check every: 60
enabled: true
warmup: 240
pid:
init set pt: 0.85
cap_move: 2
tune:
enabled: true

flow:
min mode hold: 180
queue:
per inter: 12

algo:
min cycle: 40

JlonaToxk B.

daiin comparison.csv, ae 30epiraroThCs pe3yIbTaTi BUKOHAHHS CIICHAPITB:

timestamp, scenario,mode,avg travel time,avg waiting time,avg speed, throughput, num
stops,avg _queue length,time loss,halted peak,density peak,queue peak

2025-05-13T16:26:49,Low Traffic

XS,base, 327.316,36.2791,10.5447,713,645,36.2791,97.61,19,71.39,21.03
2025-05-13T16:27:41,Low Traffic

XS, custom,327.297,36.2623,10.5546,713,652,36.2623,97.62,16,70.03,28.53
2025-05-13T16:29:23,Low Traffic

S,base, 435.948,39.3072,11.4427,2630,2350,39.3072,118.51,50,266.67,64.11
2025-05-13T16:31:18,Low Traffic
S,custom,434.913,39.0213,11.4652,2630,2325,39.0213,117.47,52,240.06,51.01
2025-05-13T16:32:16,Medium Traffic
XS,base,347.861,39.4284,10.1786,2138,1949,39.4284,106.18,44,198.91,53.79
2025-05-13T16:33:25,Medium Traffic

XS, custom, 347.839,39.5477,10.1805,2138,1971,39.5477,106.16,43,197.21,36.21
2025-05-13T16:35:52,Medium Traffic
S,base,471.221,56.3885,10.6166,6574,5999,56.3885,146.53,147,400,133.62
2025-05-13T16:38:38,Medium Traffic
S,custom,470.915,56.0615,10.619,6574,6009,56.0615,146.4,162,400,97.52
2025-05-13T16:39:49,High Traffic
XS,base,367.493,45.1642,9.83466,3563,3307,45.1642,117.45,76,266.67,66.02
2025-05-13T16:41:09,High Traffic

XS, custom, 365.948,44.1198,9.88294,3563,3294,44.1198,115.7,73,266.67,66.02
2025-05-13T16:44:41,High Traffic

S,base, 626.891,161.086,8.25019,10519,9937,161.086,281.14,685,400,231.19
2025-05-13T16:48:25,High Traffic

S,custom, 622.407,157.172,8.30269,10519,9948,157.172,277.9,636,400,283.61
2025-05-14T14:48:14,Low Traffic
S,custom,434.913,39.0213,11.4652,2630,2325,6.34725,117.47,52,240.06,51.01
2025-05-16T12:06:11,Low Traffic

XS, custom,327.297,36.2623,10.5546,713,652,5.39559,97.62,16,70.03,28.53
2025-05-16T12:08:36,Low Traffic
S,custom,434.913,39.0213,11.4652,2630,2325,6.34725,117.47,52,240.06,51.01
2025-05-16T12:10:19,Medium Traffic
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XS,custom, 347.839,39.5477,10.1805,2138,1971,6.18165,106.16,43,197.21,36.21
2025-05-16T12:14:18,Medium Traffic
S,custom,470.915,56.0615,10.619,6574,6009,8.9078,146.4,162,400,97.52
2025-05-16T12:16:23,High Traffic

XS,custom, 365.948,44.1198,9.88294,3563,3294,7.06699,115.7,73,266.67,66.02
2025-05-16T12:22:20,High Traffic

S,custom, 622.407,157.172,8.30269,10519,9948,17.2851,277.9,636,400,283.61

JlonaTok C.

Ko pobotu:

#pragma once

#ifndef CMAKE BINARY DIR
namespace TrafficPulse

{

#define CMAKE BINARY DIR ""
} // namespace ]

#endif

#pragma once

namespace TrafficPulse

{

#ifndef SUMO CONFIG PATH

fdefine SUMO CONFIG _PATH "config/sumo/scenarios/xs/low traffic/osm.sumocfg"
}

#endif // SUMO CONFIG PATH

#pragma once

namespace TrafficPulse

{

#ifndef SUMO NET PATH

#define SUMO_NET PATH "config/sumo/scenarios/xs/low_traffic/osm.net.xml"

}

#endif // SUMO NET PATH
#ifndef AUTOTUNER H
#define AUTOTUNER H
#pragma once

#include "controllers/PIDController.h"
#include "utils/Settings.h"

namespace TrafficPulse

/'>\>&
a A )
* (@dclass AutoTuner
A = DA i~ ~aT T et iime o N ~mimna € FT, heroaachAalAe 1707 n¢ 74+r Io+ o
* @brief Periodically re-tunes PID gains & flow thresholds using live data.

* The tuner performs windowed aggrec f traffic **flow** and **load**
* and, every *retune every* seconds, rescales:
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* - @ref Settings::FlowThresh::low / high — to widen or narrow MaxPressure
trigger band.

- PID gains (Kp, Ki, Kd) - proportional to the observed load.
*
* Design patterns:
* - **Observer** - samples fed from simulation loop,
* - **Strategy** — encapsulates tuning heuristic independent of PID.
*/
class AutoTuner {
public:
/**
* @brief Ctor.
*
* @param cfg Adaptive-tuning parameters from YAML.
* @param flow Reference to global flow threshold struct to mutate.
* @param pid Target PID controller whose gains are updated.
*/

explicit AutoTuner (const Settings::Adaptive::Tune& cfg, Settings::FlowThreshé&
flow, PIDControlleré& pid);

/**
* @brief Feed one observation sample.
*
* @param sim_time Current simulation time [s].
* @param total flow norm Normalised flow [0,1].
* @param queues Per-intersection queue lengths [veh].
*/

void sample (double sim time, double total flow norm, const
std::vector<double>& queues) ;

private:
/**
* @brief Attempt a retuning if policy deadlines are met.
* @param sim time Current simulation time [sS].
*/
void tryRetune (double sim time);

/7‘(7‘(
* @brief Composite load metric: 'w * avg queue + (l-w) * flow norm .
*/
[[nodiscard]] double computeLoad(double flow norm, const std::vector<double>&
queue) const;

Settings::FlowThresh& m flow; ///< Shared flow thresholds.
PIDController& m pid; ///< Controlled PID instance.
Settings::Adaptive::Tune m cfg; ///< Immutable tune config.

double m last tune time{0.0}; ///< Timestamp of previous successful tune.
double m next tune time{0.0}; ///< Next scheduled evaluation point.

double m accumulated flow{0.0}; ///< ¥ normalised flow in the current window.
double m accumulated load{0.0}; ///< ¥ load metric in the current window.

size t m samples{0}; ///< Number of aggregated samples.
}i

} // namespace TrafficPulse

#endif //AUTOTUNER H

#pragma once
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#ifndef METACONTROLLER H
ffdefine METACONTROLLER H

#include <chrono>
#include <memory>
#include <vector>

#include "controllers/AutoTuner.h"

#include "controllers/TrafficModeController.h"
#include "core/EventBus.h"

#include "services/GreenWaveManager.h"

#include "strategies/BaselineWaveStrategy.h"
#include "strategies/HybridWaveStrategy.h"
#include "strategies/IGreenWaveStrategy.h"
#include "strategies/MaxPressureWaveStrategy.h"
#include "types/TrafficControlMode.h"

#include "utils/Settings.h"

namespace TrafficPulse

{

/**

*

@class MetaController

* @brief Runtime mode-selector that delegates to the active green-wave strategy.
*
* High-level logic:
* 1. Mode controller decides between Baseline | Hybrid | MaxPressure
* 2. AutoTuner (optional) continuously recalibrates thresholds + PID.
* 3. ‘calculateOffsets ()  forwards the call to the currently active strategy.
*
* Implements **Factory** creating strategies, **Proxy** delegating offsets,
* and **Observer** listening to traffic stats.
*/
class MetaController {
public:

/**
* @brief Ctor.

*
* @param cfg Configuration object containing the thresholds.
*/

explicit MetaController (Settings& cfqg);

*

@brief Per-tick update

/

@param sim time Current simulation time, seconds.
@param total flow Normalised total flow in [0..1].
@param queue lengths Vector of per-intersection queues (veh).

* % % ok % %

*/
void update (double sim time, double total flow, const std::vector<double>&
queue_ lengths);

/**
* @brief Delegated offset calculation.
*
* @param intersection ids Ordered a corridor list.
* @param get distance Callback to return distance between two IDs.
* @param current time Current simulation time.
* @param queue lengths Per-intersection queue lengths.
* @param total flow Normalised total flow in [0..1].
*/

std: :unordered map<std::string, double>
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calculateOffsets(const std::vector<std::string>& intersection ids,
const std::function<double (const std::stringé&, const
std::stringé&)>& get distance,
double current time,
const std::vector<double>& queue lengths,
double total flow) const;

e

7

* Q@+ . / . A FF T o~ -, o~ A
@return Current traffic control mode.

[[nodiscard]] TrafficControlMode getCurrentMode () const;

VA S

/
* @brief Get the active strategy.
*

* @return Reference to the active stre

* /
/

Q

tegy.
[ [nodiscard]] const IGreenWaveStrategy& getActiveStrategy () const;

/** @copydoc MetaController::getActiveStrategy () */
[ [nodiscard]] IGreenWaveStrategy& getActiveStrategy();

Vaz
* @brief Force a particular mode (diagnostics / manual override).
©
* @param mode The mode to force.
* /

vold forceMode (TrafficControlMode mode) ;

private:
J K *

Mot 3 1] Toore eam~mt117aQtrrat-omrs -/
MetaController::actives trateqgy () */

[ [nodiscard]] const IGreenWaveStrategyé& activeStrategy () const;

Settings::FlowThresh& m flow; ///< Reference from S
TrafficModeController m mode ctrl; ///< Finite-state

std::unique ptr<HybridWaveStrategy> m hybrid; 'y 5
std::unique ptr<MaxPressureWaveStrategy> m max pressure; ///< MaxPressure
sStrategy.

std::optional<AutoTuner> m_tuner; ///< Lazy-constructed if enabled.

} // namespace Tra

My

ficPulse

#endif //METACONTROLLER H

#pragma once

#ifndef ADAPTIVECONTROLLER H
ffdefine ADAPTIVECONTROLLER H

#include "utils/Settings.h"
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namespace TrafficPulse

{

/ * *
/
* @class PIDController
* @brief Classical PID with anti-windup and move-cap guarding.
*
* Tunable via YAML: gains (Kp, Ki, Kd) and +-Acap to prevent brutal phase jumps.
* The controller is used to adjust the corridor **offset** each cycle so that

* the measured flow approaches the target set-point while considering the average
queue.
* /
/
class PIDController {
public:
/**

* @param cfg Adaptive PID
*/
explicit PIDController (const Settings::Adaptive& cfqg);

J
T
Q
-
Q
=
)
ot
)
N
0
M
N
o
3
N
i
=

VAR

* @brief Update PID and return a new adjustment Aoffset.
*

* @param measured flow Actual normalised flow [0,1].

* @param dt Time since last call [s].

* @param avg queue Mean queue length [veh].

*

* @return Aoffset in seconds.

* /

double update (double measured flow, double dt, double avg queue);

/**
* @brief Set the target set-point.
*
* @param set point Target set-point [0,1].
*/
void setTarget (double set point);

/* *
* @brief Reset the PID controller.
*/

void reset();

/* *
* @brief Set the PID gains
*
* @param Kp Proportional gain.
* (@param
* @param
*//

voilid setGains (double Kp, double Ki, double Kd);

=
@

Integral gain.

9
N

-
(@)
|08

Derivative gain.

;

/7%7%
* @brief Reset the integral term.
*//

void resetIntegrator();

private:
const Settings::Adaptive& m cfg; ///< Global adaptive config (read-only).

Q

double m Kp{0}; ///< Proportional gain.
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double m Ki{0}; ///< Integral gain.
double m Kd{0}; ///< Derivative gain.

double m integral{0.0}; ///< Integral error dt with anti-windup.
double m_set point{0.0}; ///< Desired normalised flow.
double m prev error{0.0}; ///< Error at a previous step.
double m last offset delta{0.0}; ///< Last Aoffset produced.
}i

} // namespace TrafficPulse

#endif //ADAPTIVECONTROLLER H

#pragma once

#ifndef TRAFFICMODECONTROLLER H
fdefine TRAFFICMODECONTROLLER H

#include "types/TrafficControlMode.h"
#include "utils/Settings.h"

namespace TrafficPulse
{
/**
* @brief Persistently chooses traffic-control mode based on flow / queues.
*
* The controller implements hysteresis with a configurable *dwell* time so
* that modes do not flap under noisy conditions.
*/
class TrafficModeController {
public:
/**
* @brief Configure the thresho o tomatic mode selection.
* @param cfg Configuration object containing the thresholds.
*/
explicit TrafficModeController (const Settings::FlowThreshs& cfqg);

1lds £

/7‘(7‘(

* @param total flow Normalised total flow [0,1].

* @param gqueue lengths Vector of per-intersection queues [veh].
* @param sim time Current simulation time [s].

* @return Possibly a new mode after evaluation.

*

* *Algorithm*:

1. Early-exit 1if < dwell time since last switch.
* 2. If **any** queue or total flow crosses a high-threshold switch to
s

3. Else if load > 1.0, switch to Hybrid, otherwise Baseline.

TrafficControlMode evaluate (double total flow, const std::vector<double>&
queue lengths, double sim time);

/**

* @brief Get the currently selected mode.

*/

[[nodiscard]] TrafficControlMode getCurrentMode () const;
/**

* @brief Instantly switch mode.
*

* @param mode Mode to switch to.

*/
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void forceMode (TrafficControlMode mode) ;

private:
TrafficControlMode m current mode = TrafficControlMode: :Baseline; ///< Current
mode.

Settings::FlowThresh m cfg{}; ///< Flow thresholds.

double m last switch time = 0.0; ///< Last mode transition [s].
}i
Y /) namespace TrafficPulse

#endif // TRAFFICMODECONTROLLER H

#pragma once

#ifndef EVENTBUS H
fdefine EVENTBUS H

#include "events/IEventDispatcher.h"
#include <functional>

#include <memory>

#include <typeindex>

#include <unordered map>

#include <vector>

namespace TrafficPulse

{

J K *

* @class EventBus

* @brief In-process publish/su

class EventBus : public IEventDispatcher {
public:
/// Returns the global instance (thread-unsafe
static EventBusé& getInstance() {
static EventBus instance;
return instance;

}

EventBus () = default;

EventBus (const EventBusé&) = delete;

EventBusé& operator=(const EventBusé&) = delete;

/'7‘(7‘(
* @tparam TPayload Payload type of the event.
* @param handler Function invoked when such event is dispatched.
* /

template <typename TPayload> void subscribe (std::function<void(const
TPayloadé&)> handler) {
const std::type index type id = typeid(TPayload);
m_subscribers[type id].push back([handler] (const
std: :shared ptr<BaseEvent>& base event) {
auto typed event =
std::static _pointer cast<TypedEvent<TPayload>>(base event);
handler (typed event->getPayload()) ;
1)

/// Synchronously fan-out the event to all subscribers.

pl
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void dispatch(const std::shared ptr<BaseEvent>& event) override ({

if (const auto it = m subscribers.find(event->getType());
m_subscribers.end()) {
for (const auto& subscriber : it->second) {
subscriber (event) ;

private:

std::unordered map<std::type index, std::vector<std::function<void (const

std::shared ptr<BaseEvent>&)>>>
m_subscribers; ///< Subscribers map with a key as a paylo
as a list of erased callbacks

=

e

~
0]

// namespace TrafficPu

H

#endif // EVENTBUS H

#pragma once

#ifndef PULSEDATAMANAGER H
#define PULSEDATAMANAGER H

#include <memory>
#include <string>
#include <unordered map>
#include <unordered set>
#include <vector>

#include "core/EventBus.h"

#include "core/PulseException.h"
#include "core/SumoIntegration.h"
#include "entities/PulselIntersection.h"
#include "entities/PulseTrafficLight.h"
#include "entities/PulseVehicle.h"

namespace TrafficPulse

{
/'7‘(7‘(

* @class PulseDataManager

* @brief Singleton manager that stores all traffic simulation enti

(intersections, traffic lights, vehicles).
.

* It can sync data with a live SUMO simulation via SumoIntegration,
s

* local objects remain consistent with the real-time simulation.
7‘(/'

class PulseDataManager {

public:

//7%7%
* @brief Retrieves the singleton instance.
*
* @return Reference to the single PulseDataManager.
*//
static PulseDataManageré& getInstance();

/7%7%

* @brief Inject the global event bus so entities can publish

*

* @param bus Reference to the EventBus instance.

lue

that

*/
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void setEventBus (EventBusé& bus) ;

/**

%

@brief Adds a new intersection to the data manager.
*
* @throws std::invalid argument 1f the intersection is null
" -

*/
void addIntersection(std::unique ptr<Pulselntersection> intersection);

/**

* @brief Retrieves an intersection by ID.

* @param intersection id The ID of the intersection to retrieve.
* @return Pointer to the intersection, or nullptr if not found.
*/
PulseIntersection* getIntersection(const std::string& intersection_ id)

/**
* @brief Adds a new traffic light to the data manager.

*
* @throws std::invalid argument 1if traffic light is null
*
*/
void addTrafficLight (std::unique ptr<PulseTrafficLight> traffic light);

/**
*

@brief Retrieves a traffic light by ID.

* @param traffic light id The ID of the traffic light.
*
* (@return Pointer to the traffic light, or nullptr if not found.
*/
PulseTrafficLight* getTrafficLight (const std::string& traffic light id)

/7‘(7‘(
@brief Adds a new vehicle to the data manager.
* @throws std::invalid argument 1if the vehicle is null
* @throws PulseException if a vehicle with the same ID already exists
*/
void addVehicle (std::unique ptr<PulseVehicle> vehicle);

%
)
o
N
[
D
)
)
Q)]
=+
N
[
v

leve

9]

a vehicle by ID.

@param vehicle id The ID of the vehicle.

* % %

.
*/
PulseVehicle* getVehicle (const std::string& vehicle id) const;

@return Pointer to the vehicle, or nullptr if not found.

/**

* @brief Retrieves all intersections in the system.

*

* @return A list of pointers to all intersections.
*/

std::vector<Pulselntersection*> getAllIntersections () const;

/**

* @brief Retrieves all traffic lights in the system.

@throws PulseException if an intersection with the same ID already exists

const;

@throws PulseException if a traffic light with the same ID already exists

const;
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* @return A list of pointers to all traffic lights.
*//

std: :vector<PulseTrafficLight*> getAllTrafficLights () const;

/**

* @brief Retrieves all vehicles in the system.
*

* @return A list of pointers to all vehicles.
* /

std::vector<PulseVehicle*> getAllVehicles () const;

/ * *

/
* @brief Mark which traffic-light IDs correspond to physical TLS devices.
*

* @param tls A set of traffic ht IDs.

*/
void setRealTrafficLights(std::unordered set<std::string> tls);

-
b
Q

/**
* @brief Checks if the given ID belongs to a real simulated TLS device.
*
* @param id The ID of the traffic light to check.

*

[
+
o
m
D

* @return true 1
*/
bool isRealTrafficLight (const std::string& id) const;

given ID belongs to a real simulated TLS device.

e reference to the current
*/
std::unordered set<std::string>& getRealTrafficLights();

/**
* @brief Clears all stored data (used when resetting or re-syncing).
* /
void clearAll();
/**
* @brief Syncs data from SUMO the first time (or after clearing).
* This loads all traffic lights as intersections, plus vehicles
*
* @param sumo Reference to the SumoIntegration instance.
*/
void syncFromSumo (const SumoIntegrationé& sumo) ;
/'7‘(7‘(
* @brief Updates local data from the current SUMO simulation step.
* Typically called each time we step the simulation.

*
* @param sumo Reference to the SumoIntegration instance.
*/

void updateFromSumo (const SumoIntegrationé& sumo) ;

/7%7%
* @brief Deleted singleton must not be copied.
*/
PulseDataManager (const PulseDataManageré&) = delete;
//7%7%
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*

D)

r

b

0]

ingleton

mu

/
/

PulseDataManager& operator=(cons

*

private:

/**

*
*/
PulseDataManager ()

@brief Hidden

= default;
std::unordered map<std::string,
m intersections; ///< int
std::unordered map<std::string,
m traffic lights; ///< All
std::unordered map<std::string,

All

ctor — use getl

traffic

st not be igned.

t PulseDataManageré&) delete;

nstance ()

std::unique ptr<Pulselntersection>>
ersect keyed by ID
std::unique ptr<PulseTrafficLight>>
lights keyed by ID.

std::unique ptr<PulseVehicle>> m vehicles;

10ns

///< All vehicles keyed by ID.
std::unordered set<std::string> m real tls; ///< IDs of TLS that exist in the
SUMO network.
EventBus* m_event bus = nullptr; ///< Pointer to the event bus for dispatching
events.
}i
} // namespace TrafficPulse
fendif // PULSEDATAMANAGER H
#pragma once
#ifndef PULSEEXCEPTION H
#define PULSEEXCEPTION H
#include <sstream>
#include <stdexcept>
#include <string>
#include <utility>
#include "types/PulseErrorCode.h"
#include "utils/Log.h"
namespace TrafficPulse
{
/ * A
* @class PulseException
* @brief Custom exception class for the Pulse library.
"
* Inherits from std::runtime error and provides additional context
* such as error codes and optional nested exceptions.
7‘(/'
class PulseException : public std::runtime error {
public:
/ * A
* @brief Constructs a PulseException with message, error code, and optional
cause.
*
* @param message The error description.
* @param code The specific error code.
* @param cause Optional pointer to the nested exception.
*/
explicit PulseException(const std::string& message,
const PulseErrorCode code = PulseErrorCode: :Unknown,
std::exception ptr cause = nullptr)
: std::runtime error (message)
, error_ code (code)
, cause (std::move (cause)) { }
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* @brief Gets the associated error code.
*
* @return The PulseErrorCode.
* /
/

PulseErrorCode code () const noexcept {
return error_ code;

* @brief Gets the underlying cause 1f available.

* (@return std::exception ptr to the cause.
* / -
/
std::exception ptr getCause() const noexcept ({

return cause;

kK,

Ahriefr DPr 71 e 3 117 7 A ~ 3~ + F +he Y ar= + ~ 7 ~ - + e ~ A
* @brief Provides a full desc ription or the exc eption, 1ncliuding the code.
*

const char* what () const noexcept override {
if (cached what.empty()) {
std::ostringstream oss;
oss << std::runtime error::what();
spdlog::error("{} [Code: {}]", oss.str(), static cast<int>(error code));
cached what = oss.str();
}

return cached what.c str();

private:
PulseErrorCode error code; ///< Library-specific error enumeration.
std::exception ptr cause; ///< Op !

c
tional nested exception for chaining.
mutable std::string cached what; ///< Lazily built ‘what () strin

}i

} // namespace TrafficPu

SE

~

#endif // PULSEEXCEPTION H

#pragma once

#ifndef PULSELOADER H
#define PULSELOADER H

#include "core/EventBus.h"
#include "core/PulseDataManager.h"

#include <string>

namespace TrafficPulse

7
* traffic lights, etc. It notifies its subject (e.g. TrafficSystem) about
loading progress.
* /'/
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class PulselLoader ({
public:
/**
* @brief Constructs a PulseLoader with a reference to PulseDataManager and a
path to the net file.
*
* @param data manager Reference to the data manager.
* @param net file Path to the SUMO .net.xml.
* @param bus Reference to the event bus.
*/
PulseLoader (PulseDataManager& data manager, std::string net file, EventBusé&
bus) ;

/**
* @brief Loads network data from the specified .net.xml file into the
PulseDataManager.
* Notifies LOADING START, LOADING PROGRESS, LOADING COMPLETE events
during the process.

*

parsing

* @throws PulseException if the file is missing or invalid (e.qg.
error) .
*/
void loadNetworkData () const;

private:
/**
* @brief Generates a simple incremental ID for road connections.
*
* @return An integer ID unique for each call in the current session.
*/
static int generateRoadID() ;

PulseDataManager& m_data manager; ///< Reference to the data manager.
std::string m net file path; ///< Path to the SUMO .net.xml file.
EventBus& m_event bus; ///< Reference to the event bus.

}i

} // namespace TrafficPulse

#endif // PULSELOADER H

#pragma once

#ifndef PULSESTATSCOLLECTOR H
#define PULSESTATSCOLLECTOR H

#include <string>
#include <unordered map>

#include "core/EventBus.h"

#include "core/PulseDataManager.h"
#include "types/PulselntersectionStats.h"
#include "types/PulseLaneStats.h"
#include "types/PulseTrafficLightStats.h"
#include "types/PulseVehicleType.h"
#include "types/StatsSnapshot.h"

namespace TrafficPulse
{
/**
* (@class PulseStatsCollector
* @brief Gathers essential statistics about vehicles, intersections, traffic
lights each simulation step.

Babywro A.C. Apx.

Bnacenrko O.B. IH3KPB'121'25'H3 67

3mn. | Apk. Ne ookym. Hionuc | dama




*/

class PulseStatsCollector {

public:
/* *
* @brief Constructs a PulseStatsCollector.
*
* @param data manager Reference to the data manager.
* @param sumo integration Reference to the SumoIntegration object.
* @param bus Reference to the event bus.
*/

explicit PulseStatsCollector (PulseDataManageré& data manager, SumoIntegrationé
sumo_integration, EventBusé& bus);

/**
* @brief Called each simulation step to update stats.
*
* @param current sim time The current simulation time.
*/
void collectStepData (double current sim time);
/**
* @brief Retrieves the average speed among all vehicles in the last step.
*

* @return Average vehicle speed (m/s).
*/
double getAverageSpeed() const;

/7%7%
* @brief Retrieves the maximum speed among all vehicles in the las
*

h
U
o
D

T

* @return Maximum vehicle speed (m/s).
*/
double getMaxSpeed () const;

/**
* @brief Retrieves the vehicle type counts from the last step.
*

* @return Map of vehicle type -> count.
*/
std::unordered map<PulseVehicleType, int> getVehicleTypeCounts() const;

/7‘(7‘(
* @brief Returns the average wait time at a particu

*

ar intersection.

* @param intersection id The ID of the intersection.
.

* @return The average wait time in seconds.

*/
double getIntersectionAvgWaitTime (const std::string& intersection id) const;

/**
* @brief Returns the total number of vehicles passed through t
intersection so far.

*

~e
S
b
)]

* @param intersection id The ID of the intersection.
*

m1

* @return The pass count.
*/

int getIntersectionVehiclesPassed(const std::stringé& intersection id) const;

/**

* @brief Retrieves how many total seconds the given l1ight has been green.
Yy 9 9 9
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* @param traffic light id The ID of the traffic light.
*/
double getTimeSpentGreen(const std::string& traffic light id) const;

/**
* @brief Retrieves how many total seconds the given light has been red.
*

* @param traffic light id The ID of the traffic light.
*/
double getTimeSpentRed(const std::stringé& traffic light id) const;

/* *

* @brief Retrieves how many vehicles have been stopped at red for this

* @param traffic light id The ID of the traffic light.

int getVehiclesStoppedAtRed (const std::stringé& traffic light id) const;

/**
* @brief Retrieves how many times this traffic light has changed cycle from
red to green or green to red.
*
* @param traffic light id The ID of the traffic light.
*
* @return The number of cycles.
*/
int getLightCycleCount (const std::string& traffic light id) const;
/**
* @brief Retrieves how many vehicles are currently waiting at a specific
lane.
*

* @param lane id The ID of the lane.
"
* @return The number of vehicle
*/

int getLaneWaitingCount (const std::string& lane id) const;

the lane.

9]
s
Q
b
t+
5.
Q
Q
t+

/* *
* @brief Retrieves the stats for a specific intersection.
*
* @param intersection id The ID of the intersection.
4

stats for the specified intersection.

* @return The
*/
PulseIntersectionStats getIntersectionStats (const std::stringé&
intersection id) const;

)

/**
* @brief Builds and returns a snapshot of the current stats (vehicle,
intersection, lights).
*
* @return A StatsSnapshot containing all relevant data at this moment.

*/
StatsSnapshot getSnapshot () const;

private:
/**

* @brief Updates the vehicle-related stats (avg speed, max speed, type
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.
* @param current sim time The current simulation time.
* / o o

void updateVehicleStats (double current sim time);

/**
* @brief Updates intersection-related stats (wait time, pass counts).
.
* @param current sim time The current simulation time.
*/

void updateIntersectionStats (double current sim time);

/* *
* @brief Updates traffic-light-related stats (time spent green/red, vehicles
stopped, cycle count).
*
* @param current sim time The current simulation time.
* / o o
void updateTrafficLightStats(double current sim time);

/**
* @brief Gathers lane-based metrics from SumoIntegration and updates rolling
averages each step.
*
* @param current sim time The current simulation time in seconds.
*/
void updateLaneStats (double current sim time);

PulseDataManager& m_data manager; ///< Reference to the data manager
SumoIntegration& m_sumo; ///< Reference to the Sumolntegration object
EventBus& m_event bus; ///< Reference to the event bus

std::unordered map<PulseVehicleType, int> m vehicle type counts; ///< Vehicle
type counts

std::unordered map<std::string, PulselntersectionStats> m intersection stats;
///< Intersection stats

std::unordered map<std::string, PulseTrafficLightStats> m light stats; ///<
Traffic light stats

std::unordered map<std::string, PulselLaneStats> m lane map; ///< Lane stats

std::unordered map<std::string, double> m vehicle intersection memory; ///<
Memory of vehicle positions

double m avg speed = 0.0; ///< Average speed of all vehicles
double m max speed = 0.0; ///< Maximum speed of all vehicles
double m previous_time = 0.0; ///< For measuring durations since the last step

bi

} // namespace TrafficPulse

#endif // PULSESTATSCOLLECTOR H

#pragma once

#ifndef PULSETRAFFICALGO H
ffdefine PULSETRAFFICALGO H

#include "controllers/MetaController.h"
#include "core/PulseDataManager.h"
#include "services/GreenWaveManager.h"
#include "types/GreenWaveCoridor.h"
#include "types/TrafficControlMode.h"
#include "utils/Settings.h"
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#include <string>
#include <unordered map>
#include <vector>

namespace TrafficPulse
{
class SumoIntegration;
class EventBus;
/**
* @class PulseTrafficAlgo
* @brief Implements a green-wave traffic control approach using BFS-based
corridor detection,

* with an option to update simulation traffic lights if SUMO is running.
*/
class PulseTrafficAlgo {
public:
/**

* @brief Constructs the traffic algorithm with references to data manager and
sumo integration.

*

* @param data manager Reference to PulseDataManager for local entity data.

* @param sumo_integration Reference to SumoIntegration for real-time control
of lights.

* @param bus Reference to EventBus for dispatching events.

* @param cfg Configuration object for setting up the algorithm.

*/

PulseTrafficAlgo (PulseDataManager& data manager, Sumolntegrationé&

sumo_integration, EventBusé& bus, Settings& cfq);

/**
* @brief Initializes the green wave schedules by finding corridors and
computing offsets.
* Typically called once after the system is loaded with intersections.
*
* @param current sim time Initial simulation time.
*/

void initializeGreenWave (double current sim time);

/7‘(7‘(
* @brief Runs the green wave logic at a given simulation time.
*
* @param current sim time Current simulation time (e.g., from SUMO or a
global clock).
*/

void runOnce (double current sim time);

/7‘(7‘(
* @brief Enables or disables the control of simulation lights.
* When disabled, only local traffic light objects are updated.

*

* @param enable True to control simulation lights, false to update only local
objects.
*/

void setControlSimulationLights (bool enable);

/**

* @brief Sets the traffic mode for the algorithm.
*

* @param mode Mode to set.
*/
volid setTrafficMode (TrafficControlMode mode) ;
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/* *
* @brief Gets the current traffic control mode.
*

* @return Current traffic control mode.
*/
TrafficControlMode getMode () const;

/ * KX
* @brief Gets the cycle length for the green wave algorithm.
*
* @return Cycle length in seconds.
*/
double getCycleLength() const;

private:
/**
* @brief Decide if an intersection 1is major enough

.
.
*/
bool isMajorIntersection(const Pulselntersection* inter) const;

@param inter Pointer to the intersection to check.

/**
* @brief Flow normalised to [0,1] using a high threshold.
*
* @param raw Raw flow value to normalise.
*
* @return Normalised flow value in [0,1].
*/

double normaliseFlow (double raw) const;

/**

* @brief Finds major corridors in the intersection graph using BFS or a
custom approach.

*

Here we just pick one or two main paths for demonstration.

*/
std::vector<GreenWaveCorridor> findMainCorridors() const;
/7‘(7‘(
* @brief Calculates offsets for each intersection in each corridor based on
road distances
* and the corridor’s target speed. Offsets stored in
m_intersectionGreenOffset.
*/

vold calculateGreenWaveSchedules () ;

/7‘(*
* @brief Checks for emergency vehicles on inbound lanes and forces the
corresponding intersection light to GREEN.

*

* @param current sim time The current simulation time.
*/
void applyEmergencyOverride (double current sim time);

/**
* @brief Return average free-flow speed for a corridor, weighted by lane
lengths, falls back to default speed.
*
* @param intersection ids List of intersection IDs to consider.
*

* @return Estimated target speed in m/s.

*/
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double estimateTargetSpeed(const std::vector<std::string>& intersection ids)
const;

/**
* @brief Applies an offset to the traffic 1light's schedule.
*
* @param tl id The ID of the traffic light.
* (@param offset sec The offset in seconds to apply.
*/
static void applyOffset (const std::stringé& tl id, double offset sec);

PulseDataManager& m_data manager; ///< Reference to the data manager.
SumoIntegration& m_sumo_integration; ///< Reference to the SUMO integration
instance.

EventBus& m_event bus; ///< Reference to the event bus for dispatching events.

const Settings& m cfg; ///< Immutable global settings reference.

std::unique ptr<GreenWaveManager> m _green wave manager =
nullptr; ///< Pointer to the green wave manager for managing green wave
schedules.
std::shared ptr<MetaController> m meta; ///< Pointer to the meta-controller
for managing traffic control strategies.

double m last departed{0.0}; ///< Vehicles departed at previous sample.

double m last flow time{0.0}; ///< Timestamp of last flow calculation.

double m current flow{0.0}; ///< Vehicles departed since last sample.

double m current sim time{0.0}; ///< Current simulation timestamp

double m next adapt check{0.0}; ///< Next time green-wave strategy should
re-evaluate itself.

bool m control simulation lights{false}; ///< Flag to determine if simulation
lights should be updated.

std::unordered map<std::string, double> m offsets; ///< Offset for each wave
m/sec.
/**
* @brief TLS state backup when an emergency override is active.
*
* Map: TLS-ID - {previous state, restore at time}.
*/ o .
std::unordered map<std::string, std::pair<std::string, double>>
m tls restore map;
std::vector<GreenWaveCorridor> m corridors; ///< Latest BFS-discovered
corridors with their target speeds.
TrafficControlMode m prev mode = TrafficControlMode::Baseline; ///< Previous
traffic mode for change detection.
}i

} // namespace TrafficPulse
#fendif // PULSETRAFFICALGO H

#pragma once

#fifndef SUMOINTEGRATION H
ffdefine SUMOINTEGRATION H

#include "core/PulseException.h"
#include "types/SumoOutput.h"

#include <string>
#include <vector>

namespace TrafficPulse
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{
/**

* @class SumoIntegration

* @brief Demonstrates using libsumo for starting, stepping, and
from C++.

*

* The constructor accepts an optional flag to bypass filesystem
checks.

* This is useful for mocking purposes.

*/
class SumoIntegration {
public:
/* *

* @brief Constructs a SumoIntegration object.
* @param sumo config The path to a SUMO config file.
* @param net file The path to a SUMO network file.
*

@param extra Additional SUMO output files to be generated.

controlling SUMO

configuration

* @param bypass config check If true, bypasses filesystem checks for the

config and net files.

* @param run with gui If true, runs the simulation with a GUI.

*/
explicit SumoIntegration(const std::string& sumo_config,
const std::string& net file,

const std::vector<SumoOutput>& extra = {},
bool bypass_ config check = false,
bool run with gui = false);
virtual ~SumoIntegration() = default;
/**
* @brief Starts the SUMO simulation using libsumo.
*/
virtual void startSimulation();
/**
* @brief Steps the simulation forward by one timestep.
*/
virtual void stepSimulation() const;
/**
* @brief Stops the SUMO simulation.
*/

virtual void stopSimulation();

/* *
* @brief Checks 1if the simula s running.
* @return True

*/

[ [nodiscard]] virtual bool isRunning() const;

a 1
ation is running, false otherwise.

ID.

/**

* @brief Retrieves all vehicle IDs.

* @return A vector of vehicle IDs.

*/

[[nodiscard]] virtual std::vector<std::string> getAllVehicles() const;
/7%7%

* @brief Retrieves the (x,y) position of a given vehicle by

*/

[[nodiscard]] virtual std::pair<double, double> getVehiclePosition (const

std::stringé& vehicle id) const;
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/**
* @brief Retrieves a list of traffic
* @return A vector of traffic 1ight
*/
[[nodiscard]] virtual std::vector<std::string> getAllTrafficLights() const;

/ * *

* @brief Retrieves a traffic light's state as a strin

*/

[[nodiscard]] virtual std::string getTrafficLightState(const std::stringé&
tl id) const;

/ * %
/

* @brief Sets the state of the specified traffic 1i
* /
/

virtual void setTrafficLightState (const std::string& tl id, const std::stringé
state) const;

ht
jntc.

* @brief Retrieves the "type" string of a vehicle from SUMO.
* @param vehicle id The ID of the vehicle in SUMO.
* @return A str ~ribing the vehicl
;
s

desc e type.
eption if SUMO is not r

* @throws Pu unning or 1if there's an underlying
SUMO err
*/
[[nodiscard]] virtual std::string getVehicleType (const std::stringé&
vehicle id) const;

or.

J K *

* @brief Retrieves all lane IDs 1in the current SUMO simulation derivec

[ [nodiscard]] virtual std::vector<std::string> getAllLanes () const;

/**
* @brief Retrieves all vehicle IDs currently on the given lane.
* @param lane id The ID of the lane.
*/

[ [nodiscard]] virtual std::vector<std::string> getLaneVehicles (const
std::stringé& lane id) const;

/'7‘(7‘(
* @brief Returns the last step's mean speed in m/s for the given lane, as
tracked by SUMO.
* @param lane id The
*/
[ [nodiscard]] virtual double getLaneMeanSpeed(const std::string& lane id)
const;

)

D of th

~
C

/* *
* @brief Returns the last step's occupancy for the given lane [0,1].
* @param lane id The ID of the lane.

*/

[[nodiscard]] virtual double getLaneOccupancy (const std::string& lane id)
const;

* @brief Retrieve the static speed-limit of a lane in m/s.

* @throws PulseException if SUMO not running.

[[nodiscard]] virtual double getLaneSpeedLimit (const std::stringé& lane id)
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const;
//**

* @brief Departure time since simulation start.

*

* @param vehicle id The ID of the vehicle.

* /

/

[[nodiscard]] virtual double getVehicleDepartTime (const std::stringé&

vehicle id) const;

/ * *
/

7

* @brief Number of vehicles currently queued on (@p lane id.

*
* @param lane id The ID of the lane.
*/

[[nodiscard]] virtual double getLaneQueuelLength (const std::string& lane id)
const;

* @brief Returns the number of vehicles that have departed from the

* (@return The number of departed vehicles.

[[nodiscard]] virtual double getNumDeparted() const;

VAR
* @brief Returns the geometric length of the given lane in meters.
* /

[ [nodiscard]] double getLaneLength(const std::string& lane id) const;

VA &3
* @brief Retrieves the path to the SUMO net file.
I
* /

[[nodiscard]] const std::stringé& getNetPath () const;

/'7‘(7‘(
* @brief Retrieves the path to the SUMO configuration file.
7‘(/'

[ [nodiscard]] const std::stringé& getConfigPath () const;

/7‘(7‘(
* @brief Retrieves the simulation time step (deltaT) in seconds.
7‘(/

[ [nodiscard]] static double getDeltaT();

/'7‘(7‘(
* @brief Retrieves the current simulation time in second
7(/
[ [nodiscard]] static double getTime () ;
//* *
* @brief Cal nce you have a .net.xml path to parse lanes with pugixml
and store them internally.

-
+
~
4
)]

* @throws PulseException if the fil
1 1

D
-
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<net> the root

virtual void loadLaneData () ;

protected:
std::string m sumo_config; ///< Path to the SUMO configuration file.
std::string m net config; ///< Path to the SUMO network file.
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std::vector<std::string> m lane ids; ///< All lane IDs found in the net file
bool m started{false}; ///< Flag indicating if the simulation has started.
bool m run with gui{false}; ///< Flag indicating if the simulation is running
with a GUI.
std::vector<SumoOutput> m extra; ///< Additional SUMO output files to be
generated.
bi

} // namespace TrafficPulse

#endif // SUMOINTEGRATION H

#pragma once

#ifndef TRAFFICSYSTEM H
#define TRAFFICSYSTEM H

#include "constants/SumoConfigPath.h"

#include "constants/SumoNetPath.h"

#include "controllers/TrafficModeController.h"
#include "core/EventBus.h"

#include "types/RunState.h"

#include "types/SumoOutput.h"

#include <atomic>
#include <memory>

namespace TrafficPulse

{

class PulseTrafficAlgo;
*

/

@brief Main system class for traffic pulse.

This class creates and manages 1its own modules and runs the simulation loop.
It acts as a Subject so that observers can be notified
* about system events.
*/
class TrafficSystem {
public:
/**
* @brief Constructs a TrafficSystem.
* @param update frequency The frequency in seconds at which the system
updates observers.
* @param sumo config path The path to the SUMO configuration file.
@param sumo _net path The path to the SUMO network file.
@param bus The event bus to use for communication.
@param algo enabled Flag to enable or disable the traffic algorithm.
@param run with gui Flag to run the simulation with a GUI.
@param extra Additional SUMO output files to be generated.

¥ % % % ot

%% % % %

*/
explicit TrafficSystem(double update frequency = 5.0,
const std::stringé& sumo config path = SUMO CONFIG PATH,
const std::string& sumo_net path = SUMO NET PATH,

EventBusé& bus = EventBus::getInstance(),
bool algo _enabled = true,

bool run with gui = false,

const std::vector<SumoOutput>& extra = {});

~TrafficSystem() ;

/**

* @brief Runs the simulation loop continuously until a stop 1is requested.
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/K, ok

/
* @brief Requests the simulation to stop.
* /
/

/K, ok
/

£ QA N = Daiians o 7 P T 941,

* dpbrief Pauses the simulation.
* /

/

/K, ok
/

¢ a1 N S o o 7 P T 941,

* (@brief Resumes the simulation.
* /

y

void resume () ;

J kK
/

ARrTiaFf NMhoa~kba 4 F +~ha admii] o+ 1 - . oo A
* @brief Checks 1f the simulation 1s paused.

* /

[[nodiscard]] bool isPaused() const;

Kk
* @brief Checks
* /

1 1

[ [nodiscard]] bool isRunning() const;

J K *

Arh+1aF DirAtridoc A~~aAca - +he Aa+Aa N
* @brief Provides access to the data manager.

* /

[ [nodiscard]] class PulseDataManager& getDataManager () const;

J K *

* @brief
* /
[ [nodiscard]] EventBus& getEventBus () const;

- +ha pivvent F o
o the event bus.

[ [nodiscard]] PulseTrafficAlgo& getAlgo () const;

* @brief Loads static data from the SUMO network file.
* /
void loadStaticData () const;

private:
Settings m cfg; ///< Configuration settings for the system.
PulseDataManager& m data manager; ///< Reference to the data manager.
EventBus& m event bus; ///< Event bus for

std::unique ptr<class SumolIntegration> m sumo; ///< Pointer to the SUMO
integration module.
std::unique ptr<PulseTrafficAlgo> m algo; ///< Pointer to the traffic

algorithm module.

std::unique ptr<class PulseStatsCollector> m stats collector; ///< Pointer to

the stat collector module.
std::unique ptr<class PulseLoader> m loader; ///< Pointer to the data loader
module.
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double m update frequency; ///< The frequency at which the simulation updates
(in seconds) .

bool m algo enabled{true}; ///< Flag to enable or disable the traffic
algorithm.

std::atomic<RunState> m run state{

RunState::Running}; ///< Current state of the simulation (running, paused,

stopped) .
}i

} // namespace TrafficPulse

#endif // TRAFFICSYSTEM H

#pragma once

#ifndef PULSE INTERSECTION H
#define PULSE INTERSECTION H

#include "core/PulseException.h"

#include "entities/PulseRoadConnection.h"
#include "entities/PulseTrafficLight.h"
#include "types/PulsePosition.h"

#include <stdexcept>
#include <string>
#include <unordered map>
#include <vector>

namespace TrafficPulse
{
/**
* (@class PulselIntersection
* @brief Represents a traffic intersection in a graph-based model.
*/
class PulselIntersection {
public:
/7‘(7‘(

* @brief Constructs an intersection with a given ID, position, and radius.

* @param intersection id Unique identifier for this intersection.
* @param position The (x, y) coordinates of this intersection.
* @param tls id (Optional) The ID of the traffic light associated with this
intersection.
*/
PulselIntersection(std::string intersection id, const PulsePositioné& position,
std::string tls id = {});

/7‘(*
* @brief Retrieve
.

the intersection ID.

0]

* @return The unique identifier of the intersection as a string.
*/
std::string getId() const;

/**
* @brief Retrieves the position of the intersection.
*
* @return The (x, y) coordinates of the intersection.
*/

PulsePosition getPosition() const;

/**

* @brief Adds the ID of an inbound lane that leads into this intersection.
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.
* @param lane id The string ID of the lane, e.g. "edgeA 0".
*/

void addInboundLane (const std::string& lane id);

/**
* @brief Retrieves all inbound lane IDs that feed traffic into this

intersection.
*

* @return A reference to a vector of lane strings.

*/
const std::vector<std::string>& getInboundLanes () const;
/**
* @brief Adds a road connection between this intersection and another.
*
* @param road id Unique identifier for the road connection.
*

@param intersection Pointer to the intersection at the other end of the
road.

%

@param traffic light Pointer to the traffic light controlling the road.
* @param distance The distance in meters between the intersections.
*
* (@throws std::invalid argument 1if either the intersection or the traffic
light pointer is null.
* @throws PulseException if a connection with the given road id already
exists.
*/
void
addRoadConnection (int road id, PulselIntersection* intersection,
PulseTrafficLight* traffic light, double distance);

/**
* @brief Retrieves all road connections from this intersection.
*
* @return A map of road ID to PulseRoadConnection.
*/
const std::unordered map<int, PulseRoadConnection>& getConnectedRoads () const;

/7‘(7‘(
* @brief Retrieves the ID of the traffic light associated with this
intersection.
*
* @return Traffic light ID associated with this intersection.
*/
const std::string& getTrafficLightId() const;

private:
std::string m_intersection id; ///< Unique identifier for the intersection.
std::string m tls id; ///< Traffic light ID associated with this intersection.
PulsePosition m position; ///< The (x, y) coordinates of the intersection.
std::vector<std::string> m inbound lanes; ///< List of inbound lanes.
std::unordered map<int, PulseRoadConnection> m connected roads; ///< Road

connections to other intersections.

}i

} // namespace TrafficPulse

#endif // PULSE INTERSECTION H

#pragma once

#ifndef PULSEROADCONNECTION H
#define PULSEROADCONNECTION H
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#include "entities/PulseTrafficLight.h"

namespace TrafficPulse

{

class Pulselntersection;

//**
* @class PulseRoadConnection
* @brief Represents a road connecting two intersections.
* /
/
class PulseRoadConnection {
public:

/ * %
/

* @brief Constructs a road connection between two Iintersections.

*

b

Q

* @param traffic light Reference to the traffic light controlling this road.
* @param distance Distance in meters between intersections.
*/

PulseRoadConnection (PulseIntersection& intersection, PulseTrafficLight*

traffic light, double distance);

* @param intersection Reference to the connected intersection.
h

* @brief Retrieves the connected intersectiol

* @return Reference to the connected intersection.

[ [nodiscard]] PulselIntersection& getConnectedIntersection() const;

kK
* @brief Retrieves the traffic light controlling this road.

* @return Pointer to the traffic 1light.
*/
[ [nodiscard]] PulseTrafficLight* getTrafficLight () const;

/'7‘(7‘(
* @brief Retrieves the distance between intersections.
.
* @return Distance 1in meters.
7‘(/

[ [nodiscard]] double getDistance () const;

/'* *
* @brief Updates the traffic light assigned to this road connection.
*
* @param traffic
7(/
void setTrafficLight (PulseTrafficLight* traffic light);
//>‘< *
* @brief Updates the distance between intersections.
*
* @param distance New distance value.
*//
void setDistance (double distance);

private:
Pulselntersection& m connected intersection; ///< Destination node.
PulseTrafficLight* m traffic light; ///< TLS controlling entry.
double m distance; ///< Length [m].
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}s

} // namespace TrafficPulse
#endif // PULSEROADCONNECTION H

#pragma once

#ifndef PULSE_TRAFFIC LIGHT H
#define PULSE_TRAFFIC LIGHT H

#include
#include

"types/TrafficLightDurations.h"
"types/TrafficLightState.h"

#include
#include

<string>
<vector>

namespace TrafficPulse

{
/ kK
/
* @class PulseTrafficLight
* @brief Represents a traffic light in the simulation.
*/
class PulseTrafficLight {
public:
kK
* @brief Constructs a traffic light with a unique ID and optional durations.
*
* (@param identifier for the traffic light.
* @param each light state.
*/
explicit PulseTrafficLight (std::string traffic light id, const
TrafficLightDurations& durations = {});
kK
* @brief Retrieves the traffic light ID.
*
* @return The unique string identifier.
7(/
[ [nodiscard]] std::string getId() const;
/' * A
* @brief Sets the current state of the traffic light.
*
* @param state The new state (RED, GREEN, etc.).
* /
void setState(TrafficLightState state);
/' * KX
* @brief Retrieves the current state of the traffic light.
4
* @return The current state.
* //
[[nodiscard]] TrafficLightState getState() const;
/'/ * *
* @brief Sets the duration for each state.
*
* @param durations The new durations.
*//
void setDurations (const TrafficLightDurationsé& durations);
//>‘< *
* @brief Gets the current state durations.
Babywro A.C. Apx.
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* @return

* /
/
[ [nodiscard]] TrafficLightDurations getDurations () const;
VE x 3
/
* @brief Adds a lane ID to the list of lanes this traffic light controls.
*

7

lane id The ID lane.

* @param
*/
/

void addControlledLane (const std::stringé& lane id);

* @brief Retrieves all lane IDs controlled by this

reference to a vector of lane IDs.

* /

[[nodiscard]] const std::vector<std::string>& getControlledLanes () const;
private:
std::string m traffic light id;
TrafficLightState m current state;

///< Current stat
TrafficLightDurations m durations; o

///< Duration

0

std::vector<std::string> m controlled lanes; ///< led by this
light.
}i
} // namespace TrafficPulse

#pragma once

#ifndef PULSEVEHICLE H
#define PULSEVEHICLE H

#include "types/PulsePosition.h"
#include "types/PulseVehicleRole.h"
#include "types/PulseVehicleType.h"
#include <string>

namespace TrafficPulse

{
/' * A
* @class PulseVehicle
* @brief Represents a vehicle moving through the traffic system.
7(/
class PulseVehicle {
public:
/' * A
* @brief Constructs a vehicle with a unique ID, type, and role.
*
* @param vehicle id Unique string identifier.
* @param type Type of the vehicle (CAR, BUS, etc.).
* @param role Role of the vehicle (NORMAL, EMERGENCY, etc.).
* @param position Initial position of the vehicle.
* //
explicit PulseVehicle(std::string vehicle id,
PulseVehicleType type,
PulseVehicleRole role,
const PulsePosition& position);
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* @brief Retrieves the vehicle ID.

* (@return The unique string ident

* /
/

[ [nodiscard]] std::string getId() const;

x
)
o
N
o
D
H
)
D
ot
N
o
D
<
D
()
ot
ny
D
ot
e
T
D
o
H
ot
oy
D
<
@
I~
Q
—
D

* @return The vehicle type.

o

[ [nodiscard]] PulseVehicleType getType () const;

* @brief Retrieves the role of the vehicle.

[ [nodiscard]] PulseVehicleRole getRole() const;

/K

* @brief Retrieves the current position of the vehicle.
L

©

*

@return The vehicle's position
*’/
[ [nodiscard]] PulsePosition getPosition () const;

* @param new position The new position of the vehicle.

void updatePosition(const PulsePosition& new position);

/' * A
* @brief Gets the vehicle's current speed in m/s.
*
* @return The current speed of the vehicle.
* /

[[nodiscard]] virtual double getSpeed() const;

/7‘(7‘(

* @brief Sets the vehicle's current speed in m/s.
4

4

@param speedVal The new speed of the vehicle.
7‘(/
virtual void setSpeed(double speedval);

private:

}i
}

;

std::string m vehicle id; ///< Unique identifier.
PulseVehicleType m_type; ///< Type of vehicle.
PulseVehicleRole m _role; ///< Role of vehicle.
PulsePosition m position; ///< Current position of the vehicle.

1
double m speed = 0.0; ///< Current speed o vehicle in m/s.

)
+
>
)

;

/ namespace TrafficPulse

#endif // PULSEVEHICLE H

#pragma once
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#ifndef BASEEVENT H
ffdefine BASEEVENT H

#include <string>
#include <typeindex>

namespace TrafficPulse

class BaseEvent {
public:
virtual ~BaseEvent () = default;

/

/ * * @A+ = Riq 1 m 77 =¥ 17 Q i "N+ It T b * /
/** @brief Run-time type tag used for routing. */

[[nodiscard]] virtual std::type index getType() const = 0;

/** @brief Demangled type name for debugging/logging. */
[[nodiscard]] virtual std::string getName () const = 0;
}i
VA S
* @tparam TPayload Plain struct that carries event data
* /

template <typename TPayload> class TypedEvent : public BaseEvent {
public:
explicit TypedEvent (TPayload payload)
m payload(std::move (payload)) { }

[[nodiscard]] std::type index getType() const override ({
return typeid(TPayload);

[ [nodiscard]] std::string getName () const override {
return typeid(TPayload) .name () ;

/// Acc 5 >
const TPayloadé& getPayload() const {
return m payload;

ca - +he aotfopred »Aayv] oA
s to the stored payload.

private:

TPayload m payload; ///< Actual event data.
bi
}

// namespace TrafficPulse

#endif // BASI

/ENT H
#pragma once

#ifndef IEVENTDISPATCHER H
ffdefine IEVENTDISPATCHER H

#include "BaseEvent.h"
#include <memory>

namespace TrafficPulse

{
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Y,
* @interface IEventDispatcher
* @brief Base interface for classes that emit events to an EventBus.
* /
/

class IEventDispatcher {
public:
virtual ~IEventDispatcher () = default;

virtual void dispatch(const std::shared ptr<BaseEvent>& event) = 0

~.

7

amo o o~y Moo FF 9 ~ oy
// namespace TrafficPulse

#endif // IEVENTDISPATCHER H

#pragma once

#ifndef NETWORKLOADINGCOMPLETEDEVENT H
#define NETWORKLOADINGCOMPLETEDEVENT H

#include <string>

namespace TrafficPulse

{

Vadd
* @struct NetworkLoadingCompletedEvent
* @brief Event triggered when network loading is completed.
* /

struct NetworkLoadingCompletedEvent

{

std::string message; ///< Message associated with the event.
// namespace TrafficPulse
} // namespa afficPuls

#endif // NETWORKLOADINGCOMPLETEDEVENT H

#pragma once

#ifndef NETWORKLOADINGPROGRESSEVENT H
#define NETWORKLOADINGPROGRESSEVENT H

#include <string>

namespace TrafficPulse

{
/7‘(7‘(

*

)

truct NetworkLoadingProgressEvent
rief Event triggered during net

1e

s
* (@br work loading to indicate progress.

®

* /
/
struct NetworkLoadingProgressEvent
{
std::string message; ///< sociated with the event.
float progress; ///< Progress percentage (0.0 to 1.0).
prog g p g

rafficPulse

#fendif // NETWORKLOADINGPROGRESSEVENT H
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#pragma once

#ifndef NETWORKLOADINGSTARTEDEVENT H
#fdefine NETWORKLOADINGSTARTEDEVENT H

#include <string>
namespace TrafficPulse

@ ct NetworkLoadingStartedEvent
* @brief Event triggered when ne
struct NetworkLoadingStartedEvent

{

std::string message; ///< Message associated with the event.

7

}i
} // namespace TrafficPulse

#endif // NETWORKLOADINGSTARTEDEVENT H

#pragma once

#ifndef SIMULATIONENDEDEVENT H
#define SIMULATIONENDEDEVENT H

#include <string>
namespace TrafficPulse

SimulationEndedEvent

P Fria0ered he +Fhe aimiilatqr anAda
FEvent triggered when the simulation ends.

struct SimulationEndedEvent

{

std::string message; ///< Message associated with the end of

#tendif // SIMULATIONENDEDEVENT H

#pragma once

#ifndef SIMULATIONSTARTEDEVENT H
#define SIMULATIONSTARTEDEVENT H

namespace TrafficPulse

{

/" * KX
* @struct SimulationStartedEvent
* @brief Event triggered when the simulation starts
* /r'

struct SimulationStartedEvent

{1

} // namespace Tra

My

ficPulse
#endif // SIMULATIONSTARTEDEVENT H
#pragma once

#fifndef SIMULATIONSTEPEVENT H

si

mu

lation.
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#fdefine SIMULATIONSTEPEVENT H

namespace TrafficPulse

//**
* @struct SimulationStepEvent
* @brief Event triggered at each s
* /

struct SimulationStepEvent

step.

{
double sim time; ///< Current simulation time in seconds
bi
} // namespace TrafficPulse
#endif // SIMUL TIONSTEPEVENT H
#pragma once
#ifndef STATSUPDATEDEVENT H
#define STATSUPDATEDEVENT H
#include "types/PulseVehicleType.h"
#include <unordered map>
namespace TrafficPulse
{
Vs
* @struct StatsUpdatedEvent
* @brief Event triggered when the simulation statistics are updated.
* /
struct StatsUpdatedEvent
{
double sim time; ///< Current simulation in seconds
double avg speed; ///< Average speed in the
double max speed; ///< Maximum speed in the ion
std::unordered map<PulseVehicleType, int> vehicle type counts; ///< Count of
vehicles by type
bi
} // namespace TrafficPulse
#endif // STATSUPDATEDEVENT H
#pragma once
#ifndef TRAFFICLIGHTCHANGEDEVENT H
#define TRAFFICLIGHTCHANGEDEVENT H
#include <string>
namespace TrafficPulse
{
/'/ * *
* @struct Wraff*chight@ha gedEven
* @brief Event triggered when the state of a traffic light changes.
*//
struct TrafficLightChangedEvent
{
std::string traffic light id; ///< Unique identifier for the traffic light
std::string new state; ///< New state of the traffic light (e.g., "RED",
"GREEN", "YELLOW")
bi
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#endif // TRAFFICLIGHTCHANGEDEVENT H
#pragma once

#ifndef TRAFFICMODECHANGEDEVENT H
#define TRAFFICMODECHANGEDEVENT H

#include "types/TrafficControlMode.h"

namespace TrafficPulse

{

/ kA
/
* @struct TrafficModeChangedEvent
r h th r

"fic coordination mode changes.

struct TrafficModeChangedEvent
{

TrafficControlMode new mode; ///< The new traffic control mode.
bi
}

// namespace TrafficPulse
#endif //TRAFFICMODECHANGEDEVENT H
#pragma once

#ifndef VEHICLEMOVEDEVENT H
#define VEHICLEMOVEDEVENT H

#include <string>

namespace TrafficPulse

ct VehicleMovedEvent

* @brief Represents an event where a vehicle has moved to a new position.

* /
struct VehicleMovedEvent

std::string vehicle id; ///< Unique identifier for the vehicle
double x; ///< New x-coordinate of the vehicle
double y; ///< New y-coordinate of the vehicle

}i

} // namespace TrafficPulse
#endif // VEHICLEMOVEDEVENT H

#pragma once

#ifndef GREENWAVEMANAGER H
ffdefine GREENWAVEMANAGER H

#include "strategies/IGreenWaveStrategy.h"

#include <deque>
#include <functional>
#include <memory>
#include <string>
#include <unordered map>
#include <vector>
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namespace TrafficPulse
{
/**
* @class GreenWaveManager
* @brief Front-end that coordinates “green-wave” offsets via a pluggable
strategy.
*
* Keeps sliding-window queue samples and an EMA of observed speed so that
* distance-based offsets can be converted to seconds.
*/
class GreenWaveManager {
public:
explicit GreenWaveManager (std::shared ptr<IGreenWaveStrategy> strategy):;

/**
* @brief Builds offsets for the given intersections.
*
* @param intersection ids Ordered 1list of intersections in the corridor.
* @param get distance Callback to return distance between two IDs.
* @param current time Current simulation time.
* @param gqueue lengths Queue lengths for each intersection.
* @param total flow Total flow rate.
*
* @return Map TLS-ID - offset [s].
*
* Steps:
* 1. Calculate the maximum Intersection distance in the corridor.
* 2. Ask the active strategy for raw metre offsets.
* 3. Convert metres — seconds using the observed or implied speed.
*/

std::unordered map<std::string, double>
buildOffsets (const std::vector<std::string>& intersection ids,
const std::function<double (const std::string&, const std::stringé&)>&
get distance,
double current time,
const std::vector<double>& queue lengths,
double total flow) const;

/7‘(7‘(
* @brief Update the EMA speed using one probe vehicle.
*
* @param distance Distance travelled by the vehicle.
* @param travel time Travel time of the vehicle.
*/ o
void registerVehicleSample (double distance, double travel time) const;

/7‘(7‘(
* @brief Push a single queue-length reading into the sliding window.
*

* @param queue length The length of the queue.
*/
void registerQueueSample (double queue length);

/** @return Current mean queue length over the sliding window. */
[ [nodiscard]] double getAvgQueue () const;

/** @return Currently active scheduling strategy. */

[[nodiscard]] std::shared ptr<IGreenWaveStrategy> getStrategy() const {
return m_strategy;

/** @brief Replace the active strategy at runtime. */
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void setStrategy(std::shared ptr<IGreenWaveStrategy> strategy);

/** @return Exponential-averaged platoon speed(m/s). */

double getObservedSpeed () const;

/** @return Longest intersection distance seen in the last build. */
double getLastMaxDist () const;

private:

std::shared ptr<IGreenWaveStrategy> m_strategy; ///< Active scheduling
Strategy.

std::deque<double> m g samples; ///< Recent queue lengths.

mutable double m last max dist = 0.0; ///< last max distance between
intersections

mutable double m last cycle = 0.0; ///< last cycle length

mutable double m observed speed = 0.0; ///< observed speed of the corridor
}i
} // namespace TrafficPulse

#endif // GREENWAVEMANAGER H

#pragma once

#ifndef BASELINEWAVESTRATEGY H
#define BASELINEWAVESTRATEGY H

#include "IGreenWaveStrategy.h"

namespace TrafficPulse

{
kK
* @class BaselineWaveStrategy
* @brief Distance-based 'fixed speed' schedule
7(/
class BaselineWaveStrategy : public IGreenWaveStrategy {
public:

explicit BaselineWaveStrategy(double target speed m s, double cycle length);

/7‘(7‘(
* Build cumulative-distance offsets.
.

+ ho

i H et am~oa rAan NAaa ara 120  anA QN ) FFa - o N
i1f distances between nodes are 120 m and 80 m, offsets become:

1
{A:0 m, B:120 m, C:200 m}.

*
* @return Map {intersection-id — offset in metres}.
*/

std::unordered map<std::string, double>
calculateOffsets(const std::vector<std::string>& intersection ids,
const std::function<double (const std::stringé&, const
std::stringé&)>& get distance,
double current time,
const std::vector<double>& queue lengths,
double total flow) const override;
/** @return The fixed cycle length given in the constructor in seconds. */
[ [nodiscard]] double getCycleLength() const override;

private:
double m speed; ///< Nominal free-flow speed in for UI only(m/s).
double m cycle; ///< Fixed cycle length (s).

Babywro A.C. Apx.

Bnacenrko O.B. IHSKPB'121'25'H3 91

3mn. | Apk. Ne ookym. Iionuc | Hama




} // namespace TrafficPulse

#endif // BASELINEWAVESTRATEGY H

#pragma once

#ifndef HYBRIDWAVESTRATEGY H
#define HYBRIDWAVESTRATEGY H

#include "controllers/PIDController.h"
#include "strategies/IGreenWaveStrategy.h"

#include "utils/Settings.h"

namespace TrafficPulse

/**
* >Strategy
* ster formula with PID to adapt cycle length.
*
* Webster: C = (1.5 * L + 5) / (1 - sum(y))
* PID then nudges 'C° +- cap move using average qt as bias.
*/
class HybridWaveStrategy : public IGreenWaveStrategy {
public:
/**
* @param inter green Lost-time per phase: yellow + all-red [s].
* @param phases Number of phases per cycle.
* @param max cycle Upper bound for cycle length [s].
* @param cfg Adaptive PID configuration from YAML.
*/
explicit HybridWaveStrategy(double inter green, int phases, double max cycle,

const Settings::Adaptives& cfqg);

/* *
* @brief Calculates offsets for each in
4
* @return Map of intersection ID to
*
* Steps:
* 1. Compute Webster cycle from current
* 2. If adaptive mode
* 3. Clamp movement to +- cap
* 4. Convert cumulative distance to
*/

std::unordered map<std::string, double>

1s enabled & warm-up passed —->
move and update
phase

flow & queues.
the cycle.
the

index: d /

calculateOffsets(const std::vector<std::string>& intersection ids,

const std::function<double (const std::stringg,

std::stringé&)>& get distance,
double current time,

const

const std::vector<double>& queue lengths,

double total flow)

length in seconds. */

/** @brief Cycle g
[ [nodiscard]]
double getCycleLength ()

return m last cycle;

const override {

const override;
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/** @brief Number of phases per cycle. */

[ [nodiscard]]

bool isAdaptiveEnabled() const override {
return m _enabled;

/** @brief Minimum time between PID updates. */
[ [nodiscard]]
double getCheckEvery () const override {

return m check every;

/** @brief Direct access to the embedded PID. */
PIDController& pid();

/** @brief Direct access to the embedded PID. */
const PIDControlleré& pid() const;

private:

/** @brief Webster cycle from sum(y). Result clamped to [30 s, max cycle]. */
double computeWebsterCycle (double sum y) const;
/** @brief Calculates sum(y) based on flow share and average queue. */
double computeSumY (double flow _rate, size t N, const std::vector<double>&
queue lengths) const;
double m inter green; ///< Lost-time per phase [s]
int m _phases; ///< Number of phases per cycle.
double m max cycle; ///< Maximum allowed cycle [s].
mutable PIDController m pid; ///< Cycle-length PID controller
mutable double m last cycle{0.0}; ///< Last applied cycle [s]
bool m_enabled; ///< Adaptive mode flag.
double m check every; ///< Re-evaluation period [s].
double m min hold; ///< Minimum hold before next PID move [s].
double m cap move; ///< Absolute cap for delta cycle per update [s].
double m avg queue weight; ///< Weight of queue component in sum(y).
double m warmup; ///< Warm-up time before PID starts [s].
mutable double m last adapt time = 0.0; ///< Timestamp of last PID update.
}i
} // namespace TrafficPulse
#endif // HYBRIDWAVESTRATEG Y H
#pragma once
#ifndef IGREENWAVESTRATEGY H
#define I GREENWAVESTRATEGY H
#include <functional>
#include <string>
#include <unordered map>
#include <vector>
namespace TrafficPulse
{
/7% *
* @class IGreenWaveStrategy
* @brief Interface for different green wave scheduling strategies.
*/
class IGreenWaveStrategy {
public:
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virtual ~IGreenWaveStrategy () = default;

/
/**

x
)
o
R

[
o

#
Hy

offsets for each intersection.

+
D
0]

] 17
Calcula

* %

aram intersection ids Ordered a corridor 1list.
aram get distance Callback to return distance between two IDs.
current time Current simulation time.
am queue lengths Queue lengths for each intersection.
7

am total flow Total flow rate.

3
D)

> >
@ @

T T E T T
NS
2
=

*
*
* @return Map of intersection ID to offset (seconds).
*/
virtual std::unordered map<std::string, double>
calculateOffsets (const std::vector<std::string>& intersection ids,
const std::function<double (const std::stringé&, const
std::stringé&)>& get distance,
double current time,
const std::vector<double>& queue lengths,
double total flow) const = 0;

Vada
* @return Current cyc
*/

[[nodiscard]] virtual double getCycleLength() const = 0;

J

>econa

N
0]

a

N

ength in

0]

understood by the strategy.

VAR
* @return True 1f the strategy supports periodic adaptive recalculation.
*/
[[nodiscard]] virtual bool isAdaptiveEnabled() const {
return false;

VAR
* @return Suggested period, in seconds, between adaptive checks.
* Zero means 'no recommendation'.

* /
[ [nodiscard]] virtual double getCheckEvery () const {
return 0.0;

bi

} // namespace TrafficPulse
#endif //IGREENWAVESTRATEGY H
#pragma once

#ifndef MAXPRESSUREWAVESTRATEGY H
#define MAXPRESSUREWAVESTRATEGY H

#include "IGreenWaveStrategy.h"

namespace TrafficPulse

//*x

* @class MaxPressureWaveStrateqgy

* @brief Distributes green waves by queue lengths — the longer the queue, the
earlier the phase

*
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class MaxPressureWaveStrategy : public IGreenWaveStrategy {

public:

/**
* @param cycle length Cycle length used to scale offsets(s).
*/

explicit MaxPressureWaveStrategy (double cycle length);

/**
* @brief Generate time offsets from queue lengths.
*
* Formula:
* offset i = (1 - queue 1 / sum queue) * cycle
* where
* - queue 1 - current queue length at intersection *i*
* - sum queue - sum of all queue lengths in the corridor
* - cycle - fixed cycle length supplied to the constructor

* The largest queue gets an offset close to 0Os (earliest green);
* smaller queues are delayed proportionally within the cycle.

%

* If sum(queue) equals zero every intersection receives offset = cycle,
* which produces no phase shift but keeps the map valid.

*

* @param intersection ids Ordered a list of intersection IDs.
* @param get distance Not used by this strategy.

* @param current time Not used.

* @param queue lengths Queue length at each intersection.
* @param total flow Not used.

*

* @return Map {intersection-id -> offset in seconds}.

*

/
std::unordered map<std::string, double>
calculateOffsets (const std::vector<std::string>& intersection ids,
const std::function<double (const std::string&, const
std::stringé&)>& get distance,
double current time,
const std::vector<double>& queue lengths,
double total flow) const override;

/** @return Fixed cycle length in seconds. */
[[nodiscard]] double getCycleLength() const override;

private:

double m cycle; ///< Cycle length(s) used to scale offsets.
} // namespace TrafficPulse
#endif // MAXPRESSUREWAVESTRATEGY H

#pragma once

#ifndef GREENWAVECORIDOR H
ffdefine GREENWAVECORIDOR H

#include <string>
#include <vector>

namespace TrafficPulse
{
/**

* @struct GreenWaveCorridor
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D

*

p

/
* /

struct GreenWaveCorridor

{

std::vector<std::string> intersection ids;

this path

double target speed m s; ///<

namespace Traffi

Dqq 7

rulse

.

#endif // GREENWAVECORIDO!

| X
jay

I

#pragma once

#ifndef LANESMOOTHER H
#define LANESMOOTHER H

#include <deque>

namespace TrafficPulse
{

J K *

A lmAnFheo -
LaneSmoother

* @struct
* @brief A
samples.

* /

alrner +r
helper to

smadl.l

struct LaneSmoother

{
std: :deque<double> samples;
static constexpr size t MAX SIZE

} ~ 7 = ~ <= o = = h/ ce o ~ A
ibrief Represents a path/sequence

Th

/) /<

wave.

e speed to maintain the wave

numeric

average

.
L
= 5; ///< Max size of the rolling average

kK
* @brief Smoothing factor for an exponential average
*
* Exponential smoothing factor (0 < alpha <= 1).
7‘(/
double alpha = 0.3;
bool exp inited = false; ///< Flag to check if the exponential average has

R ey N
[

initialized

double exp value =

been
0.0; ///< Las
/7‘(7‘(

* @brief Add a sample to the ro

average.

* @param val The value to add.
7(/
void addSample (const double wval)
samples.push back(val);
if (samples.size () > MAX SIZE)

samples.pop front();

// Exponential
if (!exp inited) {
exp value = val;
exp inited = true;
}
else {
// Exponenti

al
exp value = alpha * val +

smoothing f

t exponential average

l1li1ng average ana upaatc the CX[)()HCHtl&L

{
{

ormula

(1.0 - alpha) * exp value;
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/** @return The rolling the
[ [nodiscard]] double getRollingAverage (
if (samples.empty())

return 0.0;

average of

~ 0
)

double sum = 0.0;

for (const auto v
sum += v;

samples)

return sum / static_cast<double> (samples

const {

.size());

}
/** @return The exponential average of the samples. */
[ [nodiscard]] double getExponential () const {
return exp inited ? exp value : 0.0;
}
}i
Yy /)
#fendif //  H
#pragma once
#ifndef METRICS H
#define METRICS H
#include <map>
#include <string>
namespace TrafficPulse
ics
performance metrics for one simulation run
struct Metrics
{
double avg travel time{}; ///< s
double avg waiting time{}; ///< s
double avg speed{}; ///< m
int throughput{}; ///< t
int num stops{};
double avg queue length{}; ///< s
double time loss{}; ///< veh*s
double halted peak{}; /) /<
double density peak{}; ///<
double queue peak{}; ///<
}i
struct MetricsPair
{
Metrics base; ///< B
Metrics custom; ///< ri0
}i
using MetricsMap = std::map<std::string, MetricsPair>; // scenario -> pair
} // namespace TrafficPulse
tendif //METRICS H
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#pragma once

#ifndef PULSEENTITYTYPE H
ffdefine PULSEENTITYTYPE H

namespace TrafficPulse

enum class PulseEntityType

{

INTERSECTION,
TRAFFIC LIGHT,
VEHICLE

/ /

Tr

#pragma once

DITT QL TNT TTYVTY DI
// PULSEENTITYTYPE

// namespace TrafficPulse

7
11

#ifndef PULSEERRORCODE H
PULSEERRORCODE H

#define

namespace TrafficPulse

{

Vas

* Aeani
ent

@
a

* @brief Repr

* /

num Pulsekrro

enum class PulseErrorCode

{

Unknown,

InvalidFilePath,

AlreadyRunning,
NotRunning,
ParsingError,
DuplicateEntity

#pragma once

#ifndef PULSEEVENTS H
#define PULSEEVENTS H

namespace TrafficPulse

enum class PulseEvents

{

SIMULATION START, ///

0]

ot

(0]

SIMULATION STEP, ///< one step
SIMULATION END, // /<
Babywro A.C. Apx.
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VEHICLE STATUS CHANGE, ///< Vehicl
TRAFFIC LIGHT CHANGE, ///< Traffi

LOADING START, ///< Loading o e & ] é

LOADING PROGRESS, ///< Loading of network data is in progress
LOADING COMPLETE, ///< Loading of network data has completed.
STATS UPDATE, ///< Statistics have been updated

}i
} // namespace TrafficPulse

#endif // PULSEEVENTS H

#pragma once

#ifndef PULSEINTERSECTIONSTATS H
#define PULSEINTERSECTIONSTATS H

namespace TrafficPulse

{

YE RS
/

3
o+

Aran~t T Q4+
ersectionot
7 ‘i
1L

a

M~
N
)
M
M
[
o)
]
C
—
0
1)

o € .
* @brief Structure to hol sta
simulation.
*’/
struct PulselntersectionStats
{
double total wait time = 0.0; // sum of wait times
int vehicles passed = 0; // total count across sim
}i
} // namespace TrafficPulse
#endif // PULSEINTERSECTIONSTATS H
#pragma once

#ifndef PULSELANEINFO H
#define PULSELANEINFO H

namespace TrafficPulse

{
/7‘(7‘(

to hold lane information in the Traffic Pulse simulation.
* /
struct PulselLanelInfo
double speed;
double length;
}i
// namespace Traffi
} L
#endif //PULSELANEINF

o Q
T

#pragma once

#ifndef LANESTATS H
#define LANESTATS H

#include "LaneSmoother.h"

namespace TrafficPulse

{

/'/ * Kk

17 g7 ~F+ D77 T o Yo
* @struct PulseLaneStats
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*

@

My

e o aanA ot At o arneaA T T 4y R R R At~
tores lane-based stats (speed, occupancy, # waiting, etc.).

99]

brie
* /,/
struct PulselaneStats

{
LaneSmoother speed smoother;
LaneSmoother occupancy smoother;

int waiting count = 0;
}i
} // namespace TrafficPulse

#endif // LANESTATS

o]
iy

#pragma once

#ifndef PULSEPOSITION H
#define PULSEPOSITION H

namespace TrafficPulse

{

/ * K
* @struct PulsePosition
* @brief Struct to hold the position of an object in 2D space.
* /

struct PulsePosition

{

double x; ///< X-coordi of the object.
double y; ///< Y-coordi of the object.
//**
* @brief Constructor for a position.
.
* @param x X-coordinate.
* @param y Y-coordinate.
* /
PulsePosition(const double x = 0.0, const double y = 0.0)
¢ x(x)
o y(y) {0}
/**
* @brief Equality operator for comparing positions.
* /
bool operator==(const PulsePosition& other) const {
return x == other.x && y == other.y;
}
bi
} // namespace TrafficPulse
#endif // PULSEPOSITION H
#pragma once
#ifndef PULSETRAFFICLIGHTSTATS H
#define PULSETRAFFICLIGHTSTATS H
#include "types/TrafficLightState.h"
namespace TrafficPulse
{
VA
* @struct PulseTrafficLightStats
* @brief Structure to hold statistics for traffic lights in the Traffic Pulse
Babywro A.C. Apx.
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struct PulseTrafficLightStats
{

double time green = 0.0;

double time red = 0.0;

int vehicles stopped = 0; // Aggregated or per step
int cycle count = 0; // How n
TrafficLightState last state;

double last state change time = 0.0;

changed state

}s

/ /
/
#endif // PULSETRAFFICLIGHTSTATS H

#pragma once

#ifndef PULSEVEHICLEROLE H
#define PULSEVEHICLEROLE H

namespace TrafficPulse

{
NORMAL, ///< Nc
EMERGENCY, ///<

bi

} // namespace TrafficPulse

#endif // PULS

#pragma once

#ifndef PULSEVEHICLETYPE H
#define PULSEVEHICLETYPE H

namespace TrafficPulse

enum class PulseVehicleType
{
CAR,
BUS,
MOTORCYCLE,
TRUCK,
TRAM,
E SCOOTER,
BICYCLE,
PEDESTRIAN,
EMERGENCY,

#endif //
Babywro A.C. Apx.
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#pragma once

#ifndef RUNSTATE H
fdefine RUNSTATE H

namespace TrafficPulse

{

J kK
/
*

cla Ru
lbrie

0]
0]

D D

*

-

* /
enum class RunState
{
Running,
Paused,
Stopped

}i
}

// namespace T

#endif //RUI

ISTAT
#pragma once

#ifndef STATSSNAPSHOT H
#define STATSSNAPSHOT H

#include <string>
#include <unordered map>

#include "types/PulselIntersectionStats.h"
#include "types/PulseVehicleType.h"

namespace TrafficPulse

{
//* *

* @struc
* @bri
simulati

*/
struct StatsSnapshot
{

10n

S
///< Th
///< Average

double sim time;
double avg speed;
double max speed; ///< Maximum
std::unordered map<PulseVehicleType,
by type.

tu

10n

nordered map<std:

speed

speed

hicles
std:

ot o f
sStat

= a+ A+ 1 ot
statlistli

STATSSNAPSHOT H

Loo

#endif //

#pragma once

#ifndef SUMOOUTPUT H
#define SUMOOUTPUT H

#include <string>

snapshot of

)
(s
Q
t
-
)
t
-
Q
0
Q
t

o
e

t+

time a hich this

w.
7

among all vehicles.

vehicles.

1

icle type counts

among a

1
int> veh

’

~

// /< Cc

nordered map<std::string, PulselntersectionStats> intersection map; ///<

:string, PulseTrafficLightStats> traffic light map;
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namespace TrafficPulse

*

{

Q

Structure hold the output file
struct SumoOutput
std::string flag;
std::string file;
bool hasValue () const {

return !file.empty();

#pragma once

#ifndef TRAFFICMODE H
#define TRAFFICMODE H

#include <fmt/format.h>
#include <yaml-cpp/node/node.h>

namespace

TrafficPulse

enum class TrafficControlMode

{

Auto,
Baseline,
Hybrid,
MaxPressure

~oordi

information for SUMO

o UMY

nation
Lllal LOIll

template <> struct fmt::formatter<TrafficPulse::TrafficControlMode>
fmt::formatter<std::string>

{

template <typename FormatContext>

auto format (const TrafficPulse::TrafficControlMode mode,
const {

std::string name;
switch (mode) {

FormatContext& ctx)

case TrafficPulse::TrafficControlMode: :Auto:
name = "Auto";
break;
case TrafficPulse::TrafficControlMode: :Baseline:
name = "Normal";
break;
case TrafficPulse::TrafficControlMode: :Hybrid:
name = "Hybrid";
break;
case TrafficPulse::TrafficControlMode: :MaxPressure:
name = "MaxPressure';
break;
default:
Babywro A.C. Apx.
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name = "Unknown";
break;

}

return fmt::formatter<std::string>::format (name, ctx);
}s

namespace YAML

{

template <> struct convert<TrafficPulse::TrafficControlMode>
{

static bool decode (const Node& node, TrafficPulse::TrafficControlMode& mode) {
if (!'node.IsScalar()) {
return false;
}
const std::string value = node.as<std::string>();
if (value == "Auto") {
mode = TrafficPulse::TrafficControlMode: :Auto;
}
else if(value == "Baseline") {
mode = TrafficPulse::TrafficControlMode: :Baseline;
}
else if(value == "Hybrid") {
mode = TrafficPulse::TrafficControlMode: :Hybrid;
}
else if(value == "MaxPressure") {
mode = TrafficPulse::TrafficControlMode: :MaxPressure;
}
else {
return false;
}
return true;
}
}i
Y /S e YAML
#endif //TRAFFICMO \ﬂf H
#pragma once
#ifndef TRAFFICLIGHTDURATIONS H
#define TRAFFICLIGHTDURATIONS_H
namespace TrafficPulse
{
/ *x
for different traffic light states
struct TrafficLightDurations
{
double red; ///< Dura
double yellow; ///<
double green; ///< D
double walk; ///< Dura o n ans
double dont walk; ///< Duration of don' for pedestrians
/** @brief Default constructor with default timings in seconds. */
TrafficLightDurations (const double red = 30.0,
const double yellow = 5.0,
const double green = 30.0,
Babywro A.C. Apx.
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const double walk = 15.0,
const double dont walk = 5.0)
: red(red)

, yellow(yellow)

, green (green)

, walk (walk)

, dont walk(dont walk) { }

#pragma once

#ifndef TRAFFICLIGHTSTATE H
#fdefine TRAFFICLIGHTSTATE H

namespace TrafficPulse

{

Vaz

F\
)]
-
D
e}
)
o+
_
S
D
o+

* @brief Enum
*/
enum class TrafficLightState

{

representing the ste

RED,

YELLOW,

GREEN,

UNKNOWN, ///< Traffi an unknown state, flashing yellow to
indicate a malfunction.

WALK, ///< Pedes ] .

DONT WALK ///< Pedest walk

}i

} // namespace TrafficPulse
#endif // TRAFFICLIGHTSTATE H
#pragma once

#ifndef BFSUTILS H
#define BFSUTILS H

#include <functional>
#include <queue>
#include <string>
#include <unordered map>
#include <vector>

namespace TrafficPulse

{

/ * %
* @class BFS
* @brief Static helper that performs a breadth-first search on an implicit graph
supplied via a callback.
h;
*/
class BFS {
public:
/'/ * *
* @brief Performs a breadth-first search starting from a given root,
* using a callback to retrieve neighbors. Returns the visited
* nodes in order of visitation.
*
* @param root id The ID of the root node to start BFS from.
Babywro A.C. Apx.

lII13.KP.b.-121-25-113

Bracenko O.B.

05
3mn. Ne ookym. Iionuc | Hama |1

Apk.




ei1ghbors of A callback tha

¢ @Apraram
* [@dparam

adjacent node

. RIS P,
@r depth The ma to search

*

* Qroti1m 2 A AE s T A A A
@return A vector of node IDs in the order the

* /

static std::vector<std::string>
runBFS (const std::stringé& root id,

const std::function<std::vector<std::string>(const std::stringé&)>&

neighbors of,
const std::size_t max depth = SIZE MAX) {
std::vector<std::string> visited order;
if (root id.empty()) {
return visited order;

}

std::unordered map<std::string, bool> visited;
std: :queue<std::string> qg;

g.push(root id);

visited[root id] = true;

std::unordered map<std::string, std::size_ t> depth;
depth[root id] = 0;

while (!qg.empty()) {
auto current id = g.front();

g.pop ()
visited order.push back(current id);

if (depth[current id] >= max depth)
continue;

for (const auto& neighbor id : neighbors of (current id))
if (!visited[neighbor id]) {
visited[neighbor id] = true;
depth[neighbor id] = depth[current id] + 1;
g.push (neighbor id);

}
}
return visited order;
}
}i
} // n e
#endif // BFSUTILS H

#pragma once

#ifndef FILEUTILS H
#define FILEUTILS H

#include <filesystem>
#include <string>

namespace TrafficPulse
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*/
class File {
public:

J kK
/

application dir if not

to resolve.

ows std::runtime error 1if the
static std::filesystem::path resolvePath (const std::stringé& input) {
std::filesystem: :path p(input);

if(p.is_absolute()) {
return p;

}

if (const auto cwd = std::filesystem::current path() / p;
std::filesystem::exists (cwd)) {
return cwd;

#ifdef TRAFFIC PULSE MODULE BUILD DIR
auto mod = std::filesystem::path (TRAFFIC PULSE MODULE BUILD DIR) / p;:
if(std::filesystem::exists (mod)) {
return mod;

}
#endif
throw std::runtime error("File::resolvePath: cannot find " + input);
}
bi
Y/ TrafficPulse
#endif //FILEUTILS H

#pragma once

#ifndef LOGUTILS H
#define LOGUTILS H

#include <cstdlib>

#include <spdlog/sinks/rotating file sink.h>
#include <spdlog/sinks/stdout color sinks.h>
#include <spdlog/spdlog.h>

#include <string view>

namespace TrafficPulse

g logging with spdlog.

* @param level The logging level
Babywro A.C. Apx.
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* @param to file Whether to log to a file.
static void init(std::string view level = "info", bool to file = true);
}i
} // namespace TrafficPulse
tendif //LOGUTILS H
#pragma once
#ifndef METRICS UTILS H
#define METRICS UTILS H
#include "types/Metrics.h"
#include <iosfwd>
#include <iostream>
#include <sstream>
#include <string>
#include <vector>
namespace TrafficPulse
{
// TODO: docss
class MetricsUtils {
public:
static MetricsMap readCsv(const std::string& csv_path); // throw-on-fail
static void printTable (const MetricsMap& mm, std::ostream& os = std::cout);
private:
static std::vector<std::string> split(const std::string& s, char d) {
std::vector<std::string> v;
std::stringstream ss(s);
std::string p;
while (std::getline(ss, p, d))
v.push back(p);
return v;
}
static std::string canonical (std::string s) {
if(auto p = s.find('('); p != std::string::npos)
s.erase (p);
s.erase(s.find last not of (" \t\r\n") + 1);
return s;
}
}i
} // namespace TrafficPulse
#endif S UTILS H

#pragma once

#fifndef SETTINGSUTILS H
ffdefine SETTINGSUTILS H

#include "types/TrafficControlMode.h"
#include <yaml-cpp/yaml.h>

namespace TrafficPulse
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*

D)

P d A A FA 1At AN ettt e FAr e Tea EFfFA ~D ] a
orier Cconriguration settings IO n / 1rricrul

n or the TrafficPulse system
/
struct Settings
/%% AT aFf Darameotsoira h o T Fliiean~ra ~Froor re 7
/** (@brief Parameters that i1nfluence green-wave algorithms x/

struct Algo
{
double max cycle{90};
std::size t max corr{5};
double emergency thr{80};
std::size t bfs depth{5};
double default speed{13};
int inter green{3};
int phases{4};
TrafficControlMode force mode{TrafficControlMode: :Auto};
} algo;

/** @brief Thresholds

struct FlowThresh

used by mode selection & Max-Pressure detector. */

{
double low{0.2};
double high{1.0};
double min hold{120};
struct
{
double threshold{30}, per inter{20};
} queue;
struct
{
double max pressure{30}, other{20};
} dwell;
} flow;

/*x* QAhrief P
/ Uprier rc

struct Adaptive
{

bool enabled{false};
int check every{30};
int warmup{0};

struct PID
{
double Kp{20}, Ki{0.01}, Kd{0.02};
double cap move{1l0};
int min hold{10};
double avg g w{0.3};
double init set pt{0.5};
} pid;

struct Tune

{
bool enabled{false};
double retune every{300};
double min hold{120};
double queue w{0.3};
struct
{

double Kp{30}, Ki{l}, Kd{1l};

} lim;

} tune;

} adaptive;
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/
* @brief Load YAML from a path and return populated Settings.
*
* @param path Path to the YAML file.
*
* @throws std::runtime error on parse/validation errors.
* /

static Settings load(const std::string& path = "config/tp config.yaml");

} -
0]
0}

// namespace TrafficPu
#endif //SETTINGSUTILS H
#pragma once

#ifndef STATSUTILS H
#define STATSUTILS H

#include "types/PulsePosition.h"
#include <cmath>

namespace TrafficPulse

ok *
Stats
tats
&7 4 N RS - - o T~ 7] -
[//L<‘LLAL/L}/ class for statistical calculations

class Stats {

public:
VA
* @brief Computes Euclidean distance between two positions.
*
* @param pl The first position
* @param Tt ti
*
* @ret
*/

static double euclideanDistanceBetween (const PulsePositioné& pl, const
PulsePosition& p2) {
const double dx = pl.x - p2.x;
const double dy = pl.y - p2.y;
return std::sgrt(dx * dx + dy * dy);

}i
} // namespace TrafficPulse
#endif // STATSUTILS H

#pragma once

#ifndef SUMOUTILS H
#define SUMOUTILS H

#include <string>

#include "types/PulseVehicleRole.h"
#include "types/PulseVehicleType.h"

namespace TrafficPulse

~7 o Qg4
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D

* @brief Utili for interpreting SUMO types to Pulse types.

A
-
[
o+

~
Q
=
Q
0]
0]
[
C

* //
class Sumo {
public:

YE RS
/

* @brief Tries to interpret a SUMO vehicle "type" string and returns a
 m
i

static PulseVehicleType deduceVehicleTypeFromSumo (const std::stringé
sumo_type str) {

if (sumo_type str == "passenger") {
return PulseVehicleType: :CAR;

}

if (sumo_type str == "truck" || sumo_type str == "trailer") {
return PulseVehicleType: :TRUCK;

}

if (sumo_type str == "emergency") {
return PulseVehicleType: :EMERGENCY;

return PulseVehicleType: :CAR;

* @brief Tries to interpret a role from a SUMO property or other logic.

* This 1is partial logic—further expansions can be done in the future.
*

* @param sumo role str The SUMO vehicle role string.

* /

static PulseVehicleRole deduceVehicleRoleFromSumo (const std::stringé
sumo_role str) {
if (sumo_role str == "police" || sumo _role str == "fire" || sumo _role str ==
"ambulance") {
return PulseVehicleRole: :EMERGENCY;

}
return PulseVehicleRole: :NORMAL;
}
bi
} // namespace TrafficPulse
#endif // SUMOUTILS H

#pragma once

#ifndef XMLUTILS H
#define XMLUTILS H

#include <pugixml.hpp>
#include <types/Metrics.h>

namespace TrafficPulse

/*
* @class XML

* @brief XML utility class for parsing and manipulating XML documents.
*/'/
class XML {
public:
/'/ * K&
Babywro A.C. Apx.
Bracenko O.B. II13.KP.b.-121-25-113 11
3mn. | Apk. Ne ookym. Iionuc | Hama |1




* @brief Helper to count the number of child nodes that match a certain

predicate.
*
The parent node to search within.
me of the child nodes to look for.
to apply to each chi

* @param parent
* @param child name The na
* @param pred The predicate function
*/

template <typename Pred>

static int count children if (const pugi::xml node& parent,

child name, Pred pred) {
int count = 0;

const char*

for (auto node parent.children(child name)) {
if (pred(node)) {
count++;

return count;

static Metrics parseTripInfo(const std::string& file);

static

void enrichFromSummary (const std::string& file,

Metricsé&) ;

static void enrichFromStats (const std::stringé& file,
static void enrichFromQueue (const std::string& file,
static void enrichFromEdge (const std::stringé& file,

private:

Metricsé&) ;
Metricsé&) ;
Metricsé&) ;

static bool loadDoc (const std::string& fn, pugi::xml documenté& d);

bi

} // namespace TrafficPulse
#endif // XMLUTILS H

#pragma once

// —--—- Controllers —---

#include "controllers/AutoTuner.h"

#include "controllers/MetaController.h"
#include "controllers/PIDController.h"
#include "controllers/TrafficModeController.h"
// —-—-— Core —--—-—

#include "core/EventBus.h"

#include "core/PulseDataManager.h"
#include "core/PulseException.h"
#include "core/PulseLoader.h"
#include "core/PulseStatsCollector.h"
#include "core/PulseTrafficAlgo.h"
#include "core/SumoIntegration.h"
#include "core/TrafficSystem.h"

// —-—— Entities —---

#include "entities/Pulselntersection.h"
#include "entities/PulseRoadConnection.h"
#include "entities/PulseTrafficLight.h"
#include "entities/PulseVehicle.h"

// —--- Events --—-

#include "events/BaseEvent.h"

#include "events/IEventDispatcher.h"
#include "events/NetworkLoadingCompletedEvent.h"
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#include "events/NetworkLoadingProgressEvent.h"
#include "events/NetworkLoadingStartedEvent.h"
#include "events/SimulationEndedEvent.h"
#include "events/SimulationStartedEvent.h"
#include "events/SimulationStepEvent.h"
#include "events/StatsUpdatedEvent.h"

#include "events/TrafficLightChangedEvent.h"
#include "events/TrafficModeChangedEvent.h"
#include "events/VehicleMovedEvent.h"

// —-—— Services —---
#include "services/GreenWaveManager.h"

// —--— Strategies —---

#include "strategies/BaselineWaveStrategy.h"
#include "strategies/HybridwWaveStrategy.h"
#include "strategies/IGreenWaveStrategy.h"
#include "strategies/MaxPressureWaveStrategy.h"

// —-—— Types —---

#include "types/GreenWaveCoridor.h"
#include "types/LaneSmoother.h"

#include "types/Metrics.h"

#include "types/PulseEntityType.h"
#include "types/PulseErrorCode.h"
#include "types/PulseEvents.h"

#include "types/PulselntersectionStats.h"
#include "types/PulselLaneInfo.h"

#include "types/PulselLaneStats.h"
#include "types/PulsePosition.h"

#include "types/PulseTrafficLightStats.h"
#include "types/PulseVehicleRole.h"
#include "types/PulseVehicleType.h"
#include "types/RunState.h"

#include "types/StatsSnapshot.h"

#include "types/SumoOutput.h"

#include "types/TrafficControlMode.h"
#include "types/TrafficLightDurations.h"
#include "types/TrafficLightState.h"

// ——— Utils —---

#include "utils/BFS.h"
#include "utils/File.h"
#include "utils/Log.h"
#include "utils/Metrics.h"
#include "utils/Settings.h"
#include "utils/Stats.h"
#include "utils/Sumo.h"
#include "utils/XML.h"

#include "controllers/AutoTuner.h"
#include "utils/Log.h"

#include <algorithm>
#include <numeric>

namespace TrafficPulse

{

AutoTuner: :AutoTuner (const Settings::Adaptive::
flow, PIDControlleré& pid)
m flow(flow)

Tune& cfg, Settings::FlowThreshé&
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, m_pid(pid)
» m_cfg(cfg) {
m next tune time = cfg.retune every;

}

void AutoTuner::sample(const double sim time, const double total flow norm, const
std::vector<double>& queues) {
if(!m cfg.enabled)
return;

m accumulated flow += total flow norm;
m_accumulated load += computeLoad(total flow norm, queues);
++m_samples;

if (sim _time >= m next tune time)
tryRetune (sim time) ;

}

double AutoTuner::computeLoad(const double flow norm, const std::vector<double>é&

queue) const {
const double avg queue = queue.empty() ? 0.0 : std::accumulate(queue.begin(),
queue.end (), 0.0) / queue.size();

return m cfg.queue w * avg queue + (1.0 - m cfg.queue w) * flow norm;

}

void AutoTuner::tryRetune (const double sim time) {

if(sim _time - m last tune time < m cfg.min hold) {
m next tune time += m cfg.retune every;
return;
}
const double mean flow = m accumulated flow / std::max<size t>(1, m samples);

const double mean load m_accumulated load / std::max<size t>(1, m samples);
m accumulated flow = m accumulated load = 0.0;
m_samples = 0;

m flow.low = std::clamp (mean flow * 0.5, 0.05, 0.5);
m flow.high = std::clamp(mean flow * 1.2, 0.6, 2.0);
const double k = std::clamp (mean load, 0.2, 1.5);

const double Kp = std::clamp(k * 10.0, m cfg.lim.Kp * 0.02, m cfg.lim.Kp);
const double Ki = std::clamp(k * 0.01, 0.0, m cfg.lim.Ki);

const double Kd = std::clamp(k * 0.02, 0.0, m cfg.lim.Kd);

m pid.setGains (Kp, Ki, Kd);
m pid.resetIntegrator();

spdlog::info (" [AutoTuner] tune @{:.0f}s load={:.2f} = "
"Kp={:.2f} Ki={:.3f} Kd={:.3f} low={:.2f} high={:.2f}",
sim time,
mean_load,
Kp,
Ki,
Kd,
m flow.low,
m_ flow.high);

m last tune time sim_time;
m next tune time = sim time + m cfg.retune every;
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#include "controllers/MetaController.h"

namespace TrafficPulse

{

MetaController: :MetaController (Settings& cfqg)
m flow(cfg.flow)
;, m_mode ctrl(m flow)
, M _baseline(std::make unique<BaselineWaveStrategy>(cfg.algo.default speed,
cfg.algo.max cycle))
, m_hybrid(
std::make unique<HybridWaveStrategy>(cfg.algo.inter green,
cfg.algo.phases, cfg.algo.max cycle, cfg.adaptive))
4
m max pressure (std::make unique<MaxPressureWaveStrategy>(cfg.algo.max cycle)) {
if (cfg.adaptive.tune.enabled) {
m_ tuner.emplace (cfg.adaptive.tune, m flow, m hybrid->pid()):;

}

void MetaController::update (const double sim time, const double total flow, const
std::vector<double>& queue lengths) {
if (m_tuner)
m_tuner->sample(sim time, total flow, queue lengths);

m mode ctrl.evaluate(total flow, queue lengths, sim time);

}

std::unordered map<std::string, double>
MetaController::calculateOffsets (const std::vector<std::string>& intersection ids,
const std::function<double (const std::string&, const
std::stringé&)>& get distance,
const double current time,
const std::vector<double>& queue lengths,
const double total flow) const {
return activeStrategy () .calculateOffsets (intersection ids, get distance,
current time, queue lengths, total flow);

}

TrafficControlMode MetaController::getCurrentMode () const {
return m mode ctrl.getCurrentMode () ;

}

IGreenWaveStrategy& MetaController::getActiveStrategy () {
return activeStrategy () ;

}

const IGreenWaveStrategy& MetaController::getActiveStrategy() const {
return activeStrategy();

}

IGreenWaveStrategy& MetaController::activeStrategy () {
switch (m mode ctrl.getCurrentMode ()) |
case TrafficControlMode: :Hybrid:
return *m hybrid;
case TrafficControlMode: :MaxPressure:
return *m max pressure;
case TrafficControlMode: :Baseline:

default:
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return *m baseline;

}

const IGreenWaveStrategy& MetaController::activeStrategy () const {
return const cast<MetaController*>(this)->activeStrategy();

}

void MetaController::forceMode (const TrafficControlMode mode) {
m mode ctrl.forceMode (mode) ;

#include "controllers/PIDController.h"
#include "utils/Log.h"
#include <algorithm>

namespace TrafficPulse

{

PIDController::PIDController (const Settings::Adaptive& cfqg)
m cfg(cfqg)
;, m_Kp(cfg.pid.Kp)
;, m _Ki(cfg.pid.Ki)
;, m _Kd(cfg.pid.Kd) { }

double PIDController::update (const double measured flow, const double dt, const
double avg queue) {
if(dt <= le-6 || !std::isfinite (measured flow) || !std::isfinite(avg queue))
return m last offset delta;

const double error = m set point - measured flow + avg queue;

m_integral += error * dt;
const double max int = m cfg.pid.cap move / std::max(m Ki, le-6);
m_integral = std::clamp(m integral, -max int, max_ int);

const double derivative = (error - m prev error) / std::max(dt, le-6);
double adj = m Kp * error + m Ki * m integral + m Kd * derivative;

adj = std::clamp(adj, -m _cfg.pid.cap move, m cfg.pid.cap move);
if(!std::isfinite(adj))
adj = 0.0;

spdlog: :debug ("PID: err={:.3f} int={:.3f} der={:.3f} = A={:.3f}", error,
m integral, derivative, adj);

m _prev_error = error;
return m last offset delta = adj;

}

void PIDController::setTarget (double sp) {
m_set point = sp;
m_integral = 0.0;
m prev_error = 0.0;

}

void PIDController::setGains (const double Kp, const double Ki, const double Kd) {

m Kp = Kp;
m Ki = Ki;
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void PIDController::resetIntegrator () {
m integral = 0.0;

}

void PIDController::reset () {
m_integral = 0.0;
m prev_error = 0.0;

}

} // namespace TrafficPulse

#include "controllers/TrafficModeController.h"
#include "utils/Log.h"

#include "utils/Settings.h"

#include <algorithm>

namespace TrafficPulse

{
TrafficModeController::TrafficModeController (const Settings::FlowThresh& cfqg)

m cfg(cfg) { }

TrafficControlMode TrafficModeController::evaluate(const double total flow,
const std::vector<double>& queue lengths,
const double sim time) {
const double dwell =
(m_current mode == TrafficControlMode::MaxPressure) ?
m cfg.dwell.max pressure : m cfg.dwell.other;

if(sim _time - m last switch time < dwell) {
return m current mode;

}

const bool over any =
std::ranges::any of (queue lengths, [&] (const double queue) { return queue >
m cfg.queue.per inter; });
const bool over total = total flow > m cfg.queue.threshold;
TrafficControlMode next;

if (over any || over total) ({
next = TrafficControlMode: :MaxPressure;

}

else {
const double load = total flow / std::max(m cfg.high, le-3);
next = (load > 1.0) ? TrafficControlMode: :Hybrid

TrafficControlMode: :Baseline;

}

if (next != m current mode) {
spdlog::info ("Mode switch: {} -> {}", m current mode, next);

m_current mode = next;
m last switch time = sim time;

return m current mode;

}

TrafficControlMode TrafficModeController::getCurrentMode () const {
return m current mode;

}
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volid TrafficModeController::forceMode (const TrafficControlMode mode) {
m_current mode = mode;
m last switch time = std::numeric limits<double>::lowest();

} // namespace TrafficPulse
#include <stdexcept>

#include "core/PulseDataManager.h"
#include "core/PulseException.h"
#include "utils/Sumo.h"

#include <ranges>

namespace TrafficPulse

{

PulseDataManager& PulseDataManager::getInstance() {
static PulseDataManager instance;
return instance;

void PulseDataManager::setEventBus (EventBusé& bus) {
m_event bus = &bus;

}

void PulseDataManager::addIntersection(std::unique ptr<Pulselntersection>
intersection) {
if (!intersection) {
throw std::invalid argument ("Cannot add a null intersection.");

const std::string& id = intersection->getId();
if (m_intersections.contains (id)) {
throw PulseException("Intersection with this ID already exists: " + id,
PulseErrorCode: :DuplicateEntity) ;
}

m_intersections[id] = std::move (intersection);

PulselIntersection* PulseDataManager::getIntersection(const std::stringé&
intersection id) const {

const auto it = m intersections.find(intersection id);

return (it != m intersections.end()) ? it->second.get() : nullptr;

void PulseDataManager::addTrafficLight (std::unique ptr<PulseTrafficLight>
traffic light) {
if(!traffic light) {
throw std::invalid argument ("Cannot add a null traffic light.");
}

const std::string& id = traffic light->getId();
if (m traffic lights.contains(id)) {
throw PulseException("Traffic light with this ID already exists: " + id,
PulseErrorCode: :DuplicateEntity);
}

m traffic lights[id] = std::move (traffic light);
}
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PulseTrafficLight* PulseDataManager::getTrafficLight (const std::stringé&
traffic light id) const {

const auto it = m traffic lights.find(traffic light id);

return (it != m traffic lights.end()) ? it->second.get() : nullptr;

void PulseDataManager::addVehicle (std::unique ptr<PulseVehicle> vehicle) {
if (!vehicle) {
throw std::invalid argument ("Cannot add a null vehicle.");

const std::string& id = vehicle->getId();
if (m_vehicles.contains (id)) {
throw PulseException("Vehicle with this ID already exists: " + id,
PulseErrorCode: :DuplicateEntity);
}

m vehicles[id] = std::move (vehicle);

}

PulseVehicle* PulseDataManager::getVehicle (const std::string& vehicle id) const {
const auto it = m vehicles.find(vehicle id);
return (it != m vehicles.end()) ? it->second.get() : nullptr;

std::vector<Pulselntersection*> PulseDataManager::getAllIntersections () const {
std::vector<PulselIntersection*> results;
results.reserve (m_intersections.size());
for (const auto& intersection : m intersections | std::views::values) {
results.push back(intersection.get()):;
}

return results;

std::vector<PulseTrafficLight*> PulseDataManager::getAllTrafficLights () const {
std::vector<PulseTrafficLight*> results;
results.reserve (m _traffic lights.size());
for (const auto& light : m traffic lights | std::views::values) {
results.push back(light.get());
}

return results;

std: :vector<PulseVehicle*> PulseDataManager::getAllVehicles () const {
std: :vector<PulseVehicle*> results;

results.reserve (m_vehicles.size());
for (const auto& vehicle : m vehicles | std::views::values) {
results.push back(vehicle.get ());

}

return results;

void PulseDataManager::setRealTrafficLights(std::unordered set<std::string> tls) {
m real tls = std::move(tls);

}
bool PulseDataManager::isRealTrafficLight (const std::stringé& id) const {
return m real tls.contains (id);

}

std: :unordered set<std::string>& PulseDataManager::getRealTrafficLights() {
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return m real tls;

}

void PulseDataManager::clearAll ()
m intersections.clear();
m traffic lights.clear();
m vehicles.clear();

void PulseDataManager::syncFromSumo (const SumoIntegration& sumo) {
clearAll () ;

for (const auto& id : sumo.getAllTrafficLights()) {
addTrafficLight (std::make unique<PulseTrafficLight>(id));

setRealTrafficLights (
sumo.getAllTrafficLights (
updateFromSumo (sumo) ;

{sumo.getAllTrafficLights () .begin(),
).end () });

}

void PulseDataManager: :updateFromSumo (const SumolIntegrationé& sumo) {
const auto live ids = sumo.getAllVehicles();

const std::unordered set<std::string> live(live ids.begin(), live ids.end()):;

for(auto it = m vehicles.begin(); it != m vehicles.end();) {
it = live.contains(it->first) ? std::next(it) : m vehicles.erase(it);

for (const auto& id : live ids) {

const auto [first position, second position] = sumo.getVehiclePosition (id);
if(!m vehicles.contains (id)) {

const auto type str = sumo.getVehicleType (id);

const auto type = Sumo::deduceVehicleTypeFromSumo (type str);

addVehicle (std::make unique<PulseVehicle> (
id, type, PulseVehicleRole::NORMAL, PulsePosition{first position,
second position}));
}
else {
m vehicles[id]->updatePosition({first position, second position});

#include "core/PulseLoader.h"

#include "core/PulseDataManager.h"

#include "core/PulseException.h"

#include "entities/Pulselntersection.h"

#include "entities/PulseTrafficLight.h"

#include "events/NetworkLoadingCompletedEvent.h"
#include "events/NetworkLoadingProgressEvent.h"
#include "events/NetworkLoadingStartedEvent.h"
#include "types/PulsePosition.h"

#include "utils/XML.h"

#include <filesystem>
#include <utility>

namespace
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{
int g next road id = 1;

}

namespace TrafficPulse
{
PulseLoader: :PulselLoader (PulseDataManager& data manager, std::string net file,
EventBusé& bus)
m_data manager (data manager)
, m net file path(std::move(net file))
, m_event bus(bus) { }

void Pulseloader::loadNetworkData () const {
PulseDataManager: :getInstance () .clearAll (),

m _event bus.dispatch (std::make shared<TypedEvent<NetworkLoadingStartedEvent>>(
NetworkLoadingStartedEvent{.message = "Starting network file load..."}));

if(!std::filesystem::exists (m net file path)) {
throw PulseException ("= Network file not found: " + m net file path,
PulseErrorCode: :InvalidFilePath) ;

}
spdlog::info ("Loading started. Parsing network file: {}", m net file path);

pugi::xml document doc;

if (pugi::xml parse result result = doc.load file(m net file path.c str());
'result) {
throw PulseException("Could not parse network file: " + m net file path +
", error: " + result.description(),

PulseErrorCode: :ParsingError) ;
}
pugi::xml node net node = doc.child("net");
if (!net node) {
throw PulseException ("No <net> element found in network file.",
PulseErrorCode: :ParsingError) ;

}

int total junctions = XML::count children if (net node, "junction",
[] (pugi::xml node) { return true; });
int total tls = XML::count children if (net node, "junction", [] (const
pugi::xml node node) {
return std::string(node.attribute("type") .as string("")) ==

"traffic light";
1)

int total edges = 0;

for (auto edge node : net node.children("edge")) {
if (std::string func = edge node.attribute("function").as string(""); func
!'= "internal") {

total edges++;
}
}

float items parsed = 0.0f;
auto total items = static cast<float>(total junctions + total tls +
total edges);

auto notify progress = [&] (const std::stringé& msg) {
m _event bus.dispatch (std::make shared<TypedEvent<NetworkLoadingProgressEvent>>(

NetworkLoadingProgressEvent{.message = msg, .progress = items parsed /
total items}));
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}s

bool found any junction = false;
for (auto jnode : net node.children("junction")) {
found any junction = true;

std::string j id = jnode.attribute("id").as_string();
std::string j type = jnode.attribute("type").as string("");
double x = jnode.attribute("x").as double(0.0);
double y = jnode.attribute("y").as double(0.0);
std::string tls id;
if(J _type == "traffic light")
tls id = j _id;
else if(jnode.attribute("tl"))
tls id = jnode.attribute("tl").as string("");

auto intersection = std::make unique<PulselIntersection>(j id,
PulsePosition{x, y}, tls_ id);
m _data manager.addIntersection(std::move (intersection)):;

items parsed += 1.0f;
notify progress("Parsing junction: " + j id);
}
if (! found any junction) {
throw PulseException("No <junction> element found in network file.",
PulseErrorCode: :ParsingError) ;

}

for (auto jnode : net node.children("junction")) {
std::string j type = jnode.attribute("type").as string("");
if(j _type == "traffic light") {

std::string tl id = jnode.attribute("id").as string();
auto tl = std::make unique<PulseTrafficLight>(tl id);
m data manager.addTrafficLight (std::move(tl));

items parsed += 1.0f;
notify progress("Parsing traffic light: " + tl id);

}

for (auto edge node : net node.children("edge")) {

std::string func = edge node.attribute ("function").as string("");
if (func == "internal") {
continue;

}

std::string from id = edge node.attribute("from").as string("");
std::string to _id = edge node.attribute("to").as string("");

PulseIntersection* from inter = m data manager.getIntersection(from id);
PulselIntersection* to _inter = m data manager.getIntersection(to_id);
if (from inter && to inter) {
double distance = 100.0;
if (pugi::xml node lane node = edge node.child("lane")) {
distance = lane node.attribute ("length").as double(100.0);
}

PulseTrafficLight* tl = m data manager.getTrafficLight (from id);

int road id = generateRoadID();
from inter->addRoadConnection(road id, to_inter, tl, distance);
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if (bool is one way = edge node.attribute ("oneway") .as bool (false);
!is one way) {
int rev_road id = generateRoadID();
PulseTrafficLight* rev_tl = m data manager.getTrafficLight (to id);

to_inter->addRoadConnection(rev_road id, from inter, rev tl,
distance) ;

}

for (auto lane node = edge node.child("lane"); lane node; lane node =
lane node.next sibling("lane")) {
std::string lane id = lane node.attribute("id").as_ string("");

if (to_inter) {
to_ inter->addInboundLane (lane_ id) ;

}

if (auto* tl = m data manager.getTrafficLight (to_id)) {
tl->addControlledLane (lane_ id);

}

items parsed += 1.0f;
notify progress("Parsing edge from " + from id + " to " + to_id);

}

spdlog::info ("Network file parsed successfully.");

m event bus.dispatch(std::make shared<TypedEvent<NetworkLoadingCompletedEvent>>(
NetworkLoadingCompletedEvent{.message = "Network data loading

completed!"™}));

}

int Pulseloader::generateRoadID() {
return g next road id++;

}

} // namespace TrafficPulse

#include "core/PulseStatsCollector.h"
#include "entities/PulseIntersection.h"
#include "entities/PulseTrafficLight.h"
#include "entities/PulseVehicle.h"
#include "events/StatsUpdatedEvent.h"

#include <algorithm>

namespace TrafficPulse
{
PulseStatsCollector::PulseStatsCollector (PulseDataManager& data manager,
SumoIntegration& sumo integration,
EventBusé& bus)
m_data manager (data manager)
, M_sumo (sumo_integration)
, m_event bus(bus) { }

void PulseStatsCollector::collectStepData (const double current sim time) {
updateVehicleStats (current sim time);
updateLaneStats (current sim time);
updateIntersectionStats (current sim time);
updateTrafficLightStats (current sim time);
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m _previous_time = current sim time;
const StatsSnapshot snap = getSnapshot();

m _event bus.dispatch (std::make shared<TypedEvent<StatsUpdatedEvent>>(
StatsUpdatedEvent{.sim time = snap.sim time,
.avg_speed = snap.avg_speed,
.max_speed = snap.max_speed,
.vehicle type counts = snap.vehicle type counts})):;

double PulseStatsCollector::getAverageSpeed() const {
return m_avg_speed;

}

double PulseStatsCollector::getMaxSpeed() const {
return m max speed;

}

std::unordered map<PulseVehicleType, int>
PulseStatsCollector::getVehicleTypeCounts () const {
return m _vehicle type counts;

}

double PulseStatsCollector::getIntersectionAvgWaitTime (const std::strings

intersection id) const {
const auto it = m intersection stats.find(intersection id);

if (it == m_intersection stats.end()) {
return 0.0;

}

const auto& [total wait time, vehicles passed] = it->second;
if (vehicles passed == 0)

return 0.0;
return total wait time / static cast<double>(vehicles passed);

int PulseStatsCollector::getIntersectionVehiclesPassed(const std::stringé&

intersection id) const {
const auto it = m intersection stats.find(intersection id);

if (it == m intersection stats.end()) {
return 0;

}

return it->second.vehicles passed;

double PulseStatsCollector::getTimeSpentGreen (const std::string& traffic light id)
const {
const auto it = m light stats.find(traffic light id);
if (it == m_light stats.end()) {
return 0.0;

return it->second.time green;

double PulseStatsCollector::getTimeSpentRed(const std::string& traffic light id)
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const {
const auto it = m light stats.find(traffic light id);

if (it == m _light stats.end()) {
return 0.0;

}

return it->second.time red;

int PulseStatsCollector::getVehiclesStoppedAtRed (const std::stringé
traffic light id) const {
const auto it = m light stats.find(traffic light id);

if (it == m light stats.end()) {
return 0;

}

return it->second.vehicles stopped;

}

int PulseStatsCollector::getLightCycleCount (const std::string& traffic light id)
const {
const auto it = m light stats.find(traffic light id);

if (it == m _light stats.end()) {
return 0;

}

return it->second.cycle count;

int PulseStatsCollector::getLaneWaitingCount (const std::string& lane id) const {
if(!m lane map.contains(lane_id))
return 0;
return m lane map.at(lane id).waiting count;

}

PulselIntersectionStats PulseStatsCollector::getIntersectionStats (const
std::stringé& intersection id) const {
const auto it = m intersection stats.find(intersection id);

if (it == m intersection stats.end()) {
return {0.0, 0};
}

return it->second;

StatsSnapshot PulseStatsCollector::getSnapshot () const {
StatsSnapshot snap;
snap.sim time = m previous time;
snap.avg_speed = m_avg speed;
snap.max_speed = m max speed;
snap.vehicle type counts = m vehicle type counts;
snap.intersection map = m_intersection stats;
snap.traffic light map = m light stats;
return snap;

void PulseStatsCollector::updateVehicleStats (const double /*current sim time*/) |
m_avg_speed = 0.0;
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m max speed = 0.0;
m vehicle type counts.clear();

const auto vehicles = m data manager.getAllVehicles();
if (vehicles.empty()) {
return;

}

double sum speed = 0.0;
int count = 0;
for (const auto* vehicle : vehicles) {
const double speed = vehicle->getSpeed();
sum_speed += speed;
if (speed > m max_ speed) {
m max speed = speed;
}

count++;

auto vt = vehicle->getType();
m vehicle type counts[vt]++;

}

if (count > 0) {
m avg speed = sum speed / static cast<double>(count);
}
}

void PulseStatsCollector::updatelntersectionStats (const double current sim time)

double dt = current sim time - m previous_time;
if(dt < 0.0)
dt = 0.0;
for (const auto intersections = m data manager.getAllIntersections(); const
auto* inter : intersections) {
auto& [total wait time, vehicles passed] = m intersection stats[inter-
>getId()];

double added wait time = 0.0;

constexpr int added pass count = 0;
for (const auto& inbound lanes = inter->getInboundLanes(); const autoé&
lane id : inbound lanes) {
if(!m lane map.contains (lane id)) {
continue;
}
const auto& lane stats = m lane map.at(lane_ id);

added wait time += lane stats.waiting count * dt;

}

total wait time += added wait time;
vehicles passed += added pass count;

}

void PulseStatsCollector::updateTrafficLightStats (const double current sim time)

double dt = current sim time - m previous_ time;
if(dt < 0.0)
dt = 0.0;

const auto traffic lights = m data manager.getAllTrafficLights();
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auto vehicles = m data manager.getAllVehicles();

for (const auto* traffic light : traffic lights) {
auto tl id = traffic light->getId();
auto& [time green, time red, vehicles stopped, cycle count,
last state change time] =
m light stats[tl id];
const auto current state = traffic light->getState();

if (current state == last state) {
if (current state == TrafficLightState::GREEN) {
time green += dt;
}
else if (current state == TrafficLightState::RED) {
time red += dt;
}
}

else {
cycle count++;

last state,

double changed dt = current sim time - last state change time;
if (changed dt < 0.0)

changed dt = 0.0;
if (last _state == TrafficLightState::GREEN) ({

time green += changed dt;

}

else if (last state == TrafficLightState::RED) {
time red += changed dt;

}

last state = current state;

last state change time = current sim time;
}
if (current state == TrafficLightState::RED) {

const auto& controlled lanes = traffic light->getControlledLanes();

int total waiting = 0;
for (auto& 1lid : controlled lanes) {
if (m lane map.contains(lid)) {
total waiting += m lane map.at (lid).waiting count;
}
}

vehicles stopped += total waiting;

}

void PulseStatsCollector::updatelLaneStats (double /*current sim time
if (!m sumo.isRunning()) {
return;

}

for (const auto lane ids = m sumo.getAllLanes(); auto& lane id
if(!m lane map.contains(lane id)) {
m lane map[lane id] = PulselaneStats{};
}
auto& [speed smoother, occupancy smoother, waiting count] =
m lane map[lane id];
const double speed = m sumo.getLaneMeanSpeed(lane id) ;
const double occupancy = m_sumo.getLaneOccupancy (lane id);

speed smoother.addSample (speed) ;
occupancy_ smoother.addSample (occupancy) ;

lane ids)

{
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int waiting = 0;

if

}

wa

}

(speed < 0.3) {
auto vehicles list = m_sumo.getLaneVehicles (lane id);
waiting = static cast<int>(vehicles list.size());

iting count = waiting;

} // namespace TrafficPulse

#include "core/PulseTrafficAlgo.h"
#include "entities/Pulselntersection.h"
#include "events/TrafficModeChangedEvent.h"
#include "services/GreenWaveManager.h"
#include "utils/BFS.h"

#include "utils/Log.h"

#include "utils/Stats.h"

#include <algorithm>

#include <cmath>

#include <libsumo/TrafficLight.h>
#include <ranges>

#include <unordered set>

namespace TrafficPulse

{

PulseTrafficAlgo::PulseTrafficAlgo (PulseDataManageré& data manager,

SumoIntegration& sumo_integration,
EventBusé& bus,
Settingsé& cfqg)

m_data manager (data manager)
, M_sumo_ integration (sumo_ integration)
, m_event bus (bus)

, m_cfg(cfqg)

{

m meta = std::make shared<MetaController>(cfqg);

m prev_mode = m meta->getCurrentMode () ;

m next adapt check

= 0.0;

auto strat alias =
std: :shared ptr<IGreenWaveStrategy>(m meta,
&const cast<IGreenWaveStrategy&>(m meta->getActiveStrategy()));
m _green wave manager = std::make unique<GreenWaveManager>(strat alias);

}

void PulseTrafficAlgo::initializeGreenWave (const double current sim time) {
switch(m cfg.algo.force mode) {
case TrafficControlMode: :MaxPressure: {
spdlog::info ("Forcing mode to MaxPressure");
m meta->forceMode (TrafficControlMode: :MaxPressure) ;
m green wave manager->setStrategy (
std: :shared ptr<IGreenWaveStrategy>(m meta,
&const cast<IGreenWaveStrategy&>(m meta->getActiveStrategy()))):;
break;
}
case TrafficControlMode: :Hybrid: {
spdlog::info ("Forcing mode to Hybrid");
m meta->forceMode (TrafficControlMode: :Hybrid) ;
m_green wave manager->setStrategy (
std: :shared ptr<IGreenWaveStrategy>(m meta,
&const cast<IGreenWaveStrategyé&>(m meta->getActiveStrategy())));

break;
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}

case TrafficControlMode: :Baseline: {
spdlog::info ("Forcing mode to Baseline");
m meta->forceMode (TrafficControlMode: :Baseline) ;
m _green wave manager->setStrategy (

std: :shared ptr<IGreenWaveStrategy>(m meta,
&const cast<IGreenWaveStrategy&>(m meta->getActiveStrategy()))):

break;

}

}

m last departed = m_sumo_integration.getNumDeparted() ;
m last flow time = current sim time;

m offsets.clear();

m corridors = findMainCorridors();

spdlog::info("Initialized green wave with: m control simulation lights - {}",
m _control simulation lights);

calculateGreenWaveSchedules () ;

m next adapt check = current sim time + m green wave manager->getStrategy () -
>getCheckEvery () ;

spdlog::info("Calculated {} offsets, cycle={} s", m offsets.size(),
m cfg.algo.max cycle);

}

void PulseTrafficAlgo::runOnce (const double current sim time) {
m current sim time = current sim time;

std: :vector<double> queue lengths;

gqueue lengths.reserve (m data manager.getRealTrafficLights().size());
for (auto const& tls : m data manager.getRealTrafficLights()) {
double sum g = 0.0;
if (const auto* inter = m data manager.getIntersection(tls)) {
for (auto consté& 1ln : inter->getInboundLanes())

sum_g += m_sumo_integration.getLaneQueuelLength (1n);
}
queue lengths.push back(sum q) ;
}

if(!m control simulation lights)
return;

for (auto consté& tls : m data manager.getRealTrafficLights()) {
const auto* inter = m data manager.getIntersection(tls);
if (!inter)
continue;

for (auto const& lane : inter->getInboundLanes()) {
try {
auto vids = m sumo_integration.getLaneVehicles (lane);
if(vids.empty())
continue;
double t on = current sim time -
m_sumo_integration.getVehicleDepartTime (vids.front());
if(t on < 1.0 || t on > 120.0)
continue;
double dist = m sumo_ integration.getLaneLength (lane);
double glen = m _sumo_integration.getLaneQueuelLength (lane);
m_green wave manager->registerVehicleSample (dist, t on);
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m_green wave manager->registerQueueSample (glen);

}

catch(...) { /* ignore lanes that disappear

}

applyEmergencyOverride (current sim time);

if(!m last flow time) {
m last flow time = current sim time;
m last departed = m_sumo_integration.getNumDeparted() ;

return;

if (const double dt = current sim time - m last flow time; dt < 1.0)

return;

const double departed = m_sumo_integration.getNumDeparted();
m current flow = departed - m last departed;
m last departed = departed;

m meta->update (current sim time, normaliseFlow(m current flow),

queue_ lengths);

const auto new mode = m meta->getCurrentMode () ;
bool need rebuild = false;
if (new mode != m prev _mode) {

m_prev_mode = new_mode;

need rebuild = true;

const auto new alias =
std::shared ptr<IGreenWaveStrategy>(m meta,

&const cast<IGreenWaveStrategy&>(m meta->getActiveStrategy()));

m _green wave manager->setStrategy(new alias);

if (auto strat ptr = m green wave manager—->getStrategy();
strat ptr->isAdaptiveEnabled() && current sim time + le-3 >=
m next adapt check) {
need rebuild = true;

m next adapt check = current sim time + strat ptr->getCheckEvery();

if (need rebuild) {
const auto strat alias =
std: :shared ptr<IGreenWaveStrategy>(m meta,
&const cast<IGreenWaveStrategy&>(m meta->getActiveStrategy()));
m_green wave manager->setStrategy(strat alias);

calculateGreenWaveSchedules () ;

m last flow time = current sim time;

std::vector<GreenWaveCorridor> PulseTrafficAlgo::findMainCorridors () const {
std: :vector<GreenWaveCorridor> corridors;
const auto intersections = m data manager.getAllIntersections();
if(intersections.empty())
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return corridors;

std::unordered set<std::size t> corridor hashes;

std::unordered set<std::string> visited;

std::vector<std::string> ids;

ids.reserve (intersections.size());

for (auto* 1 : intersections)
ids.push back (i->getId());

std::ranges::sort (ids);

for (const auto& root : ids) {
if (visited.contains (root))
continue;
if (corridors.size() >= m cfg.algo.max corr)
break;

auto path = BFS::runBFS (

root,

[&] (auto consté& v) |
std::vector<std::string> neigh;
if (auto* pi = m data manager.getIntersection(v)) {

for (auto const& [ , rc] : pi->getConnectedRoads())
neigh.push back(rc.getConnectedIntersection () .getId());

}
return neigh;

b

m cfg.algo.bfs depth);

for (auto& id : path)
visited.insert (id);

std::erase if (path, [&] (auto consté& id) { return
!isMajorIntersection (m_data manager.getlIntersection(id)); 1});
if (path.size () < 2)

continue;
auto posO = m data manager.getlntersection(root)->getPosition();
auto far it = std::ranges::max_element (path, [&] (auto const& a, auto consté

auto pa = m_data manager.getlntersection (a)->getPosition();

auto pb = m data manager.getlntersection (b)->getPosition();

return Stats::euclideanDistanceBetween (pos0, pa) <
Stats::euclideanDistanceBetween (pos0, pb);

|

std::vector<std::string> forward{root, *far it};
std::vector<std::string> backward = forward;
std: :ranges: :reverse (backward) ;

auto hashCorr = [&] (auto consté& seq) |

std::size t h = 0;

for (auto consté& s : seq)

h 7= std::hash<std::string>{} (s) + 0x9e3779p97f4a7cl15ULL + (h << 6) +
(h >> 2);

return h;
}i
auto tryAdd = [&] (auto consté& seq) |

if (auto h = hashCorr(seq); !corridor hashes.count (h)) {
corridor hashes.insert (h);
corridors.emplace back (GreenWaveCorridor{seq,
estimateTargetSpeed(seq) }) ;
return true;
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}
return false;

}i

if (tryAdd (forward) && corridors.size()
break;

if (tryAdd(backward) && corridors.size()
break;

>= m_cfg.algo.max corr)

>= m_cfg.algo.max_ corr)

return corridors;

}

void PulseTrafficAlgo::calculateGreenWaveSchedules () {
m offsets.clear();

spdlog: :debug ("Building schedules for {} m corridors", m corridors.size());

for (auto const& corridor : m corridors) {
std: :vector<double> queue lengths;
queue lengths.reserve (corridor.intersection ids.size());

for (auto consté& id : corridor.intersection ids) {
double queue sum = 0.0;
if (const auto* inter = m data manager.getIntersection(id)) {
for (auto consté& 1ln : inter->getInboundLanes()) {

gqueue sum += m _sumo_integration.getLaneQueueLength (1n);

}
queue lengths.push back(queue sum);
}
auto off = m meta->calculateOffsets
corridor.intersection ids,
[&] (auto const& f, auto consté& t) {
if (auto* a = m _data manager.getIntersection(f))
for (auto const& [ , rc] : a->getConnectedRoads())
if(rc.getConnectedIntersection() .getId() == t)
return rc.getDistance();
return
Stats::euclideanDistanceBetween (m _data manager.getIntersection (f)->getPosition(),

m data manager.getIntersection(t)-
>getPosition());

b
m _current sim time,
queue_ lengths,
m_current flow);
for (auto const& [tls, v] : off)
m offsets[tls] = v;

for (auto consté& tls

m data manager.getRealTrafficLights())
if (auto it =

m offsets.find(tls); it != m offsets.end())
applyOffset(tls, it->second);

void PulseTrafficAlgo::applyEmergencyOverride (const double current sim time)
for (const auto* inter m data manager.getAllIntersections()) {

if (!m data manager.isRealTrafficLight (inter->getId()))
continue;

bool em = false;
auto posI = inter->getPosition();
for (auto const& lane : inter->getInboundLanes()) {
for (auto consté& vid m_sumo_integration.getLaneVehicles (lane)) {
if (auto type = m sumo_integration.getVehicleType (vid) ;

{
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(type == "emergency" || type == "emergencyVeh") &&
Stats::euclideanDistanceBetween (posI,

{m_sumo_integration.getVehiclePosition (vid) .first,

m sumo_integration.getVehiclePosition (vid) .second}) <
m_cfg.algo.emergency thr) {
em = true;
break;
}
}
if (em)
break;
}
if (em) {
const std::string id = inter->getId();

if(!m tls restore map.contains(id)) {
m tls restore map[id] =
{libsumo::TrafficLight::getRedYellowGreenState (id), current sim time + 10.0};
}

const std::string tmpl =
libsumo: :TrafficLight::getRedYellowGreenState (id) ;
std::string allG(tmpl.size (), 'G");

libsumo: :TrafficLight::setRedYellowGreenState (id, allG);

}

for(auto it = m tls restore map.begin(); it != m tls restore map.end();) {
if (current sim time >= it->second.second) {
libsumo: :TrafficLight::setRedYellowGreenState (it->first, it-
>second.first) ;
it = m tls restore map.erase(it);
}
else {
++it;
}

}

double PulseTrafficAlgo::estimateTargetSpeed(const std::vector<std::string>&
intersection ids) const {

double num = 0, den = 0;
for (auto const& id : intersection ids) {
for (const auto* inter = m data manager.getlIntersection(id); auto consté& 1ln
inter->getInboundLanes ()) {
try {

double sl = m sumo integration.getLaneSpeedLimit (1n);
double L = m sumo_integration.getLaneLength (ln);
if(sl > 0.1) {

num += sl * L;

den += L;
}
}
catch(...) {
}
}
}
return den > 0 ? (num / den) : m cfg.algo.default speed;
}
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void PulseTrafficAlgo::applyOffset(const std::string& tl id, const double
offset sec) {

const auto defs =
libsumo: :TrafficLight::getCompleteRedYellowGreenDefinition (tl id);

if (defs.empty () || !std::isfinite(offset sec))
return;
auto consté& phases = defs.front () .phases;
if (std::ranges::any of (phases, [] (const auto& p) { return p->duration < 1.0;
1))
return;

double cycle = 0;
for (const auto& phase : phases)
cycle += phase->duration;

if (cycle <= 0.0)
return;

double t = std::fmod(std::fmod(offset sec, cycle) + cycle, cycle);
std::size t idx = 0;
double left = 0.0;
for(std::size t i = 0; i < phases.size(); ++1i) {
const double dur = phases[i]->duration;

if (dur < le-3) {
t = std::fmod(t, cycle);

continue;
}
if(t < dur || i == phases.size() - 1) {
idx = 1i;
left = (t < dur) ? (dur - t) : dur;
break;
}
t -= dur;
}
if(left < 1.0)
left = 1.0;

try {
libsumo: :TrafficLight::setPhase(tl id, idx);
libsumo: :TrafficLight::setPhaseDuration(tl id, left);

}

catch (const std::exceptioné& e) {
spdlog::warn("TLS {}: {}", tl id, e.what());

}

}

bool PulseTrafficAlgo::isMajorIntersection(const Pulselntersection* inter) const {
if(!inter)
return false;

if (!m data manager.isRealTrafficLight (inter->getTrafficLightId()))
return false;

size t roads = 0;
for (const auto& road connection : inter->getConnectedRoads () |
Babywro A.C. Apx.
Bracomo OB, IM3.KP.B.-121-25-113 2
3mn. | Apk. Ne ookym. Iionuc | Hama r




std::views::values)
if (road connection.getDistance() > 1.0)
++roads;

return roads >= 2;

void PulseTrafficAlgo::setControlSimulationLights (const bool enable) ({
m _control simulation lights = enable;

}
void PulseTrafficAlgo::setTrafficMode (const TrafficControlMode mode)

m_event bus.dispatch(std::make shared<TypedEvent<TrafficModeChangedEvent>>(Traffic
ModeChangedEvent {mode})) ;
calculateGreenWaveSchedules () ;

}

double PulseTrafficAlgo::getCycleLength () const {
return m cfg.algo.max cycle;

}

TrafficControlMode PulseTrafficAlgo::getMode () const {
return m meta->getCurrentMode () ;

}

double PulseTrafficAlgo::normaliseFlow(const double raw) const {
return std::clamp(raw / std::max(1.0, m cfg.flow.high), 0.0, 5.0);
}

} // namespace TrafficPulse

#include "core/SumoIntegration.h"
#include "constants/CMakeBinaryDir.h"
#include "core/PulseException.h"
#include "utils/File.h"

#include "utils/Log.h"

#include <algorithm>
#include <filesystem>
#include <libsumo/libsumo.h>
#include <pugixml.hpp>
#include <utility>

namespace TrafficPulse
{
SumoIntegration::SumolIntegration(const std::string& sumo_ config,
const std::string& net file,
const std::vector<SumoOutput>& extra,
const bool bypass config check,
const bool run with gui)
m run with gui(run with gui)
, m_extra(extra) {
const auto sumo_config path = File::resolvePath (sumo confiq);
const auto net config path = File::resolvePath(net file);

if (!bypass_config check) {
if(!std::filesystem::exists (sumo_config path)) {
throw PulseException ("SUMO config file not found! Expected at: " +
sumo_config path.string() +
"\nEnsure you have placed the correct file inside
'config/sumo/"'.",
PulseErrorCode::InvalidFilePath);
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}

if(!std::filesystem::exists (net config path)) {
throw PulseException ("Net file does not exist! " +

net config path.string() +

"\nEnsure you have placed the correct file inside

'config/sumo/'.",
PulseErrorCode: :InvalidFilePath) ;

}
m_sumo_config = std::move (sumo config path);
m net config = std::move(net config path);

}

else {
m_sumo_config = std::move (sumo config path);
m net config = std::move(net config path);

}

}

spdlog::info ("Using SUMO config file: {}", m sumo config);

void SumoIntegration::startSimulation() {

if (m_started) {
throw PulseException ("SUMO simulation already running.",

PulseErrorCode: :AlreadyRunning) ;

}

std::vector<std::string> args = {m_run with gui ? "sumo-gui" : "sumo", "-c",

m _sumo_config, "-n", m net config};

for (auto& arg : m extra) {
args.push back(arg.flaqg);
if (arg.hasValue())
args.push back(arg.file);
}

if (std::ranges::none of (m _extra, [](auto& o) { return o.flag == "--tripinfo-
output"; 1))
args.insert (args.end(), {"--tripinfo-output", "tripinfos.xml"});
spdlog::info("Starting libsumo{} with config: {}", m run with gui 2 " (GUI)"

nn
4

}

m_sumo_config);

libsumo::Simulation::start (args);

m started = true;

spdlog::info ("SUMO simulation started via libsumo.", m sumo_config);

void SumoIntegration::stepSimulation() const {

if(!m started) {
throw PulseException ("Cannot step simulation: SUMO not running.",

PulseErrorCode: :NotRunning) ;

}

}

libsumo::Simulation::step();

void SumoIntegration::stopSimulation() {

if(!m started) {
throw PulseException("Cannot stop simulation: SUMO not running.",

PulseErrorCode: :NotRunning) ;

}
spdlog::info ("Stopping libsumo simulation...");
libsumo::Simulation::close();
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m started = false;
spdlog::info ("SUMO simulation stopped.™);

bool SumoIntegration::isRunning() const {
if(!m started)
return false;

return libsumo::Simulation::getMinExpectedNumber () > 0;

std::vector<std::string> SumoIntegration::getAllVehicles () const {
if(!m started) {
throw PulseException ("Cannot retrieve vehicles: SUMO not running.",
PulseErrorCode: :NotRunning) ;

}

return libsumo::Vehicle::getIDList () ;

std: :pair<double, double> SumoIntegration::getVehiclePosition(const std::stringé&
vehicle id) const {

if(!m started) {

throw PulseException ("Cannot retrieve position: SUMO not running.",

PulseErrorCode: :NotRunning) ;

}

auto pos = libsumo::Vehicle::getPosition (vehicle id);

return {pos.x, pPos.y};

std::vector<std::string> SumoIntegration::getAllTrafficLights () const {
if(!m started) {
throw PulseException ("Cannot retrieve traffic lights: SUMO not running.",
PulseErrorCode: :NotRunning) ;
}
return libsumo::TrafficLight::getIDList () ;
}

std::string SumoIntegration::getTrafficLightState(const std::string& tl id) const
{

if(!m started) {

throw PulseException ("Cannot retrieve traffic light state: SUMO not

running.", PulseErrorCode::NotRunning) ;

}

return libsumo::TrafficLight::getRedYellowGreenState (tl id);
}

void SumoIntegration::setTrafficLightState(const std::string& tl id, const
std::string& state) const {
if(!m started) {
throw PulseException ("Cannot set traffic light state: SUMO not running.",
PulseErrorCode: :NotRunning) ;

}
libsumo: :TrafficLight::setRedYellowGreenState (tl id, state);

std::string SumoIntegration::getVehicleType (const std::string& vehicle id) const {
if(!m started) {
throw PulseException("Cannot get vehicle type, SUMO not running.",
PulseErrorCode: :NotRunning) ;

}

try {
Babywro A.C. Apk.
Bnacenko O.B. II13.KP.B.-121-25-113 37
3mn. | Apk. Ne ookym. Iionuc | Hama |1




" r

pé enger "truck", "bicycle,

:getTypelD (vehicle id);

// This returns e.g. ", 'emergency", etc.
return libsumo::Vehicle:
}
catch (const std::exception& ex) {
throw PulseException(std::string("SumoIntegration::getVehicleType error: ")
+ ex.what (),

PulseErrorCode: :ParsingError) ;

void SumoIntegration::loadLaneData () {
m lane ids.clear();

pugi::xml document doc;
if (const pugi::xml parse result res = doc.load file(m net config.c str());
'res) {
throw PulseException("Failed to parse net file: " + m net config + " - " +
res.description (),
PulseErrorCode: :ParsingError) ;

}

const pugi::xml node netRoot = doc.child("net");
if (!netRoot) {
throw PulseException("Missing <net> root in net file: " + m net config,

PulseErrorCode: :ParsingError) ;

}

for (pugi::xml node edgeNode = netRoot.child("edge"); edgeNode; edgeNode =
edgeNode.next sibling("edge")) {
for (pugi::xml node laneNode = edgeNode.child("lane"); laneNode; laneNode =
laneNode.next sibling("lane")) {
if (const char* 1lid = laneNode.attribute("id") .as string(nullptr)) {

m lane ids.emplace back(lid);

}

spdlog::info ("Loaded {} lane IDs from net file: {}", m lane ids.size(),
m net confiqg);

}

std::vector<std::string> SumolIntegration::getAllLanes () const {
if(!m started) {
throw PulseException ("Cannot getAllLanes: SUMO not running.",
PulseErrorCode: :NotRunning) ;
}

return m lane ids;

std::vector<std::string> SumoIntegration::getLaneVehicles (const std::stringé&
lane id) const {
if(!m started) {
throw PulseException("Cannot getLaneVehicles: SUMO not running.",
PulseErrorCode: :NotRunning) ;

}

return libsumo::Lane::getLastStepVehiclelIDs (lane id);

double SumolIntegration::getLaneMeanSpeed(const std::string& lane id) const {
if(!m started) {
throw PulseException ("Cannot getLaneMeanSpeed: SUMO not running.",
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PulseErrorCode: :NotRunning) ;

}

return libsumo::Lane::getLastStepMeanSpeed(lane id);

double SumolIntegration::getLaneOccupancy (const std::string& lane id) const {
if(!m started) {
throw PulseException ("Cannot getLaneOccupancy: SUMO not running.",
PulseErrorCode: :NotRunning) ;

}

return libsumo::Lane::getLastStepOccupancy (lane id) ;

double SumolIntegration::getLaneSpeedLimit (const std::stringé& lane id) const {
if(!m started) {
throw PulseException ("Cannot getLaneSpeedLimit: SUMO not running.",
PulseErrorCode: :NotRunning) ;

}

return libsumo::Lane::getMaxSpeed(lane id);

double SumolIntegration::getLaneLength (const std::stringé& lane id) const {
if(!m started) {
throw PulseException ("Cannot get lane length: SUMO not running.",
PulseErrorCode: :NotRunning) ;

}

return libsumo::Lane::getLength (lane id);

}

const std::string& Sumolntegration::getNetPath() const {
return m net config;

}

const std::string& SumolIntegration::getConfigPath() const {
return m _sumo config;

}

double SumolIntegration::getVehicleDepartTime (const std::string& vehicle id) const
{
if(!m started) {
throw PulseException ("Cannot get vehicle departure time: SUMO not
running.", PulseErrorCode: :NotRunning) ;

}

return libsumo::Vehicle::getDeparture (vehicle id);

double SumoIntegration::getLaneQueuelength (const std::stringé& lane id) const {
if(!m started) {
throw PulseException ("Cannot get lane gqueue length: SUMO not running.",
PulseErrorCode: :NotRunning) ;

}

return libsumo::Lane::getLastStepVehicleNumber (lane id);

double SumoIntegration::getNumDeparted() const {
if(!m started) {

Babywro A.C. Apx.

Bnacenrko O.B. IHSKPB'121'25'H3

39
3mn. | Apk. Ne ookym. Iionuc | Hama |1




throw PulseException ("Cannot get number of departed vehicles: SUMO not
running.", PulseErrorCode: :NotRunning) ;

}

return libsumo::Simulation::getDepartedNumber () ;

double SumoIntegration::getDeltaT () {
return libsumo::Simulation::getDeltaT();

}

double SumoIntegration::getTime () {
return libsumo::Simulation::getTime () ;

}

/ / M o~y Moo FF1 ~D77 7 P
} // namespace TrafficPulse
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#include "core/TrafficSystem.h"

#include "core/PulseDataManager.h"
#include "core/Pulseloader.h"

#include "core/PulseStatsCollector.h"
#include "core/PulseTrafficAlgo.h"
#include "core/SumoIntegration.h"

#include "events/SimulationEndedEvent.h"
#include "events/SimulationStartedEvent.h"
#include "events/SimulationStepEvent.h"
#include "utils/Log.h"

#include <chrono>
#include <libsumo/TrafficLight.h>
#include <unordered set>

namespace TrafficPulse
{
TrafficSystem::TrafficSystem(const double update frequency,
const std::string& sumo_config path,
const std::string& sumo_net path,
EventBusé& bus,
const bool algo enabled,
const bool run with gui,
const std::vector<SumoOutput>& extra)
m cfg(Settings::load("config/tp config.yaml"))
;, m_data manager (PulseDataManager::getInstance())
, m_event bus (bus)
, m_sumo (std::make unique<SumolIntegration>(sumo_config path, sumo net path,
extra, false, run with gui))
, m_algo(std::make unique<PulseTrafficAlgo>(m data manager, *m sumo,
m_event bus, m cfqg))
, m_update frequency (update frequency)
;, m_algo enabled(algo_enabled) {
m data manager.setEventBus (m_event bus);

m_algo->setControlSimulationLights (algo_enabled);

m stats collector = std::make unique<PulseStatsCollector>(m data manager,
*m _sumo, m_event bus);
m loader = std::make unique<PulselLoader>(m data manager, m_ sumo->getNetPath(),

m_event bus);

}

TrafficSystem::~TrafficSystem() {

if (m_sumo->isRunning()) {
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m_sumo->stopSimulation();

}

void TrafficSystem::loadStaticData () const {
m_ loader->loadNetworkData() ;

}

PulseDataManageré& TrafficSystem::getDataManager () const
return m data manager;

}

EventBus& TrafficSystem::getEventBus () const {
return m event bus;

}

PulseTrafficAlgo& TrafficSystem::getAlgo () const {
return *m_algo;

}

void TrafficSystem::run() {

try {
m_sumo->startSimulation();

{
std::vector<std::string> ids = m_sumo->getAllTrafficLights();

m data manager.setRealTrafficLights (std::unordered set (ids.begin(),
ids.end ())) ;
}

m_event bus.dispatch(std::make shared<TypedEvent<SimulationStartedEvent>>(Simulati
onStartedEvent{}));

m_ loader->loadNetworkData () ;

if(m_algo_enabled) {
m algo->setControlSimulationLights (true);
const double now = SumolIntegration::getTime () ;

for (auto consté& tls id : m data manager.getRealTrafficLights()) {
libsumo: :TrafficLight::setProgram(tls id, "O0");
}

m algo->initializeGreenWave (now) ;

}

while (m _run state.load() != RunState::Stopped && m_ sumo->isRunning()) {
if(m_run state.load() == RunState::Paused) {
continue;

}

m_sumo->stepSimulation();

m_data manager.updateFromSumo (*m_sumo) ;

const double now = SumoIntegration::getTime();
m_algo->runOnce (now) ;

m stats collector->collectStepData (now);

m_event bus.dispatch(
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std: :make shared<TypedEvent<SimulationStepEvent>>(SimulationStepEvent{.sim time =
now}));

}

m_ sumo->stopSimulation();
requestStop () ;

m_event bus.dispatch(std::make shared<TypedEvent<SimulationEndedEvent>>(Simulation
EndedEvent{}));
}

catch (const std::exception& ex) {

m_event bus.dispatch(std::make shared<TypedEvent<SimulationEndedEvent>>(Simulation
EndedEvent{}));
throw;

void TrafficSystem: :pause () {
m run_ state.store (RunState::Paused);

}

void TrafficSystem::resume () {
m run_ state.store(RunState::Running) ;

}

bool TrafficSystem::isPaused() const {

return m run_ state.load() == RunState::Paused;
}
bool TrafficSystem::isRunning() const {

return m _run state.load() == RunState::Running;

}

void TrafficSystem::requestStop () {
m_run_state.store (RunState::Stopped);

}

#include "entities/PulselIntersection.h"
#include "core/PulseException.h"
#include "types/PulseErrorCode.h"

#include <stdexcept>
#include <utility>

namespace TrafficPulse
{
PulseIntersection::Pulselntersection(std::string intersection id, const
PulsePositioné& position, std::string tls id)
m_intersection id(std::move (intersection_ id))
, M _position (position)
, m_tls id(std::move(tls id)) { }

std::string PulselIntersection::getId() const {
return m_intersection_ id;

}

PulsePosition Pulselntersection::getPosition() const {
return m position;
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const std::string& Pulselntersection::getTrafficLightId() const {
if(!m tls id.empty())
return m tls id;

return m_intersection id;

void Pulselntersection::addInboundLane (const std::stringé& lane id) {
m_inbound lanes.push back(lane_ id);

}

const std::vector<std::string>& Pulselntersection::getInboundLanes () const {
return m inbound lanes;

}

void Pulselntersection::addRoadConnection (int road id,
PulselIntersection* intersection,
PulseTrafficLight* traffic light,
const double distance) {
if(!intersection) {
throw std::invalid argument ("Invalid intersection pointer.");

if (m_connected roads.contains (road id)) {
throw PulseException ("Road connection with this ID already exists: " +
std::to _string(road id),
PulseErrorCode: :DuplicateEntity);
}

m_connected roads.emplace (road id, PulseRoadConnection (*intersection,
traffic light, distance));
}

const std::unordered map<int, PulseRoadConnection>é&

PulselIntersection: :getConnectedRoads () const {
return m connected roads;

}

} // namespace

#include "entities/PulseRoadConnection.h"

namespace TrafficPulse

{

PulseRoadConnection: :PulseRoadConnection (PulseIntersection& intersection,
PulseTrafficLight* traffic light,
const double distance)
m_connected intersection(intersection)
, m_traffic light(traffic light)
, m _distance(distance) { }

PulselIntersection& PulseRoadConnection::getConnectedIntersection() const
return m connected intersection;

}

PulseTrafficLight* PulseRoadConnection::getTrafficLight () const {
return m _traffic light;

}

double PulseRoadConnection::getDistance () const {
return m distance;
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void PulseRoadConnection::setTrafficLight (PulseTrafficLight* traffic light) {
m traffic light = traffic light;
}

void PulseRoadConnection::setDistance (double distance) {
m distance = distance;

1

} // namespace

T afficPulse

lrarricrulse

#include "entities/PulseTrafficLight.h"
#include <utility>

namespace TrafficPulse

{
PulseTrafficLight::PulseTrafficLight(std::string traffic light id, const
TrafficLightDurations& durations)
m traffic light id(std::move(traffic light id))
, m_current state(TrafficLightState::RED)
, m_durations (durations) { }

std::string PulseTrafficLight::getId() const {
return m traffic light id;

}

void PulseTrafficLight::setState(const TrafficLightState state) {
m current state = state;

}

TrafficLightState PulseTrafficLight::getState() const {
return m_current state;

}

void PulseTrafficLight::setDurations (const TrafficLightDurationsé& durations) {
m durations = durations;

}

TrafficLightDurations PulseTrafficLight::getDurations () const {
return m durations;

}

void PulseTrafficLight::addControlledLane (const std::stringé& lane id) {
m controlled lanes.push back(lane id);

}

const std::vector<std::string>& PulseTrafficLight::getControlledLanes () const {
return m controlled lanes;

}

}

#include "entities/PulseVehicle.h"
#include <utility>

namespace TrafficPulse

{

PulseVehicle::PulseVehicle(std::string vehicle id,
const PulseVehicleType type,
const PulseVehicleRole role,
const PulsePosition& position)

m vehicle id(std::move (vehicle_ id))
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, m_type (type)
;, m_role(role)
, M _position(position) { }

std::string PulseVehicle::getId() const {
return m vehicle id;

}

PulseVehicleType PulseVehicle::getType () const {
return m type;

}

PulseVehicleRole PulseVehicle::getRole() const {
return m _role;

}

PulsePosition PulseVehicle::getPosition () const {
return m position;

}

void PulseVehicle::updatePosition (const PulsePositioné& new position) {
m position = new position;

}

double PulseVehicle::getSpeed() const {
return m speed;

}

void PulseVehicle::setSpeed(double speedval) ({
m_ speed = speedVal;

#include "services/GreenWaveManager.h"

#include <numeric>
#include <ranges>

namespace TrafficPulse

{

GreenWaveManager: :GreenWaveManager (std: :shared ptr<IGreenWaveStrategy> strategy)
m_strategy(std::move (strategy)) { }

void GreenWaveManager::setStrategy (std::shared ptr<IGreenWaveStrategy> strategy) {
m strategy = std::move (strategy);

}

std::unordered map<std::string, double>

GreenWaveManager: :buildOffsets (const std::vector<std::string>& intersection ids,
const std::function<double (const std::stringé&, const

std::stringé&)>& get distance,

const double current time,

const std::vector<double>& queue lengths,

const double total flow) const {
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m strategy->calculateOffsets(intersection ids, get distance, current time
queue_ lengths, total flow);

// 3) convert metres -> seconds using observed speed or implied speed
if (const double speed = (m observed speed > 0.1) ? m observed speed
(m_last max dist / m last cycle);
speed > 0.1) {
for (auto& off : offsets | std::views::values) {
off = off / speed;
}
}

m last cycle = std::max (1.0, m strategy->getCycleLength());
m observed speed = (m_last max dist > 0.1 ? m last max dist / m last cycle
0.0);

return offsets;

}

voilid GreenWaveManager::registerVehicleSample (const double distance, const double
travel time) const {
if(travel time <= 0.1)
return;
const double vehicle speed = distance / travel time;

constexpr double alpha = 0.1;
m_observed speed =
(m_observed speed <= 0.0) ? vehicle speed : alpha * vehicle speed + (1.0
alpha) * m observed speed;

}

void GreenWaveManager::registerQueueSample (const double queue length) {
m_g samples.push back(queue length);

if (m_g samples.size() > 300)
m g samples.pop front();
}

double GreenWaveManager::getAvgQueue () const {
if (m_g samples.empty())
return 0.0;

const double sum = std::accumulate(m g samples.begin(), m g samples.end(),
0.0);
return sum / static cast<double>(m g samples.size());

}

double GreenWaveManager::getObservedSpeed() const {
return m observed speed;

}

double GreenWaveManager::getLastMaxDist () const {
return m last max dist;

#include "strategies/BaselineWaveStrategy.h"

namespace TrafficPulse

{

4
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BaselineWaveStrategy: :BaselineWaveStrategy (const double target speed m s, const
double cycle length)
m_speed(target speed m s)
, m_cycle(cycle length) { }

double BaselineWaveStrategy::getCycleLength() const {
return m cycle;

}

std::unordered map<std::string, double> BaselineWaveStrategy::calculateOffsets

// Offset equals cumulative distance,; later converted to time by caller.

const std::vector<std::string>& intersection ids,

const std::function<double (const std::stringé&, const std::stringé)>&
get distance,

const double current time,

const std::vector<double>& queue lengths,

const double total flow) const {

std::unordered map<std::string, double> offs;

double acc = 0.0;

offs[intersection ids.front()] = 0.0;

for(size t 1 = 1; 1 < intersection ids.size(); ++1i) {
acc += get distance(intersection ids[i - 1], intersection ids[i]);
offs[intersection ids[i]] = acc;

}

return offs;

#include "strategies/HybridWaveStrategy.h"
#include "utils/Log.h"

#include <algorithm>
#include <cmath>
#include <numeric>

namespace TrafficPulse

{

HybridWaveStrategy: :HybridWaveStrategy (const double inter green,
const int phases,
const double max cycle,
const Settings::Adaptive& cfqg)
m_inter green(inter green)
;, m_phases (phases)
;, m_max cycle(max cycle)
, m_pid(cfg)
;, m_enabled(cfg.enabled)
, m_check every(cfg.check every)
;, m_min hold(cfg.pid.min_hold)
, m_cap move (cfg.pid.cap_move)
, Mm_avg queue weight (cfg.pid.avg g w)
, m_warmup (cfg.warmup) {
m last cycle = std::clamp(cfg.pid.init set pt * m max cycle, 30.0,
m max cycle);
m pid.setTarget (m last cycle);
}

std: :unordered map<std::string, double>
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HybridWaveStrategy::calculateOffsets (const std::vector<std::string>&
intersection ids,

const std::function<double (const std::stringé&, const
std::stringé&)>& get distance,

const double current time,

const std::vector<double>& queue lengths,

const double total flow) const {

// mputeWebsterCycle(): C = (1.5*L + 5) / (1 - sum(y))

su
// PID adjusts cycle +- cap move using average queue as bias.

// Step 1: Webster baseline

const double sum y = computeSumY (total flow, intersection ids.size(),
queue_ lengths);

const double c _web = computeWebsterCycle (sum vy);

// Step 2: PID adaptation of cycle

double c target = c_web;

if (m_enabled && current time >= m warmup && (current time - m last adapt time)
>= m min hold) {

double avg queue = 0.0;
for (const double queue : queue lengths)
avg_queue += queue;
avg queue = queue lengths.empty() ? 0.0 : avg queue / queue lengths.size();
const double dt = current time - m last adapt time;
const double weighted queue = avg queue * m _avg queue weight;

const double delta pid = m pid.update(c_web, dt, weighted queue);
c_target = std::clamp(m last cycle + delta pid, 30.0, m max cycle);
m last adapt time = current time;

}

if(!std::isfinite(c_target)) {
c_target = m last cycle;
}
// Step 3: Clamp delta and update cycle
double delta = ¢ _target - m last cycle;
delta = std::clamp(delta, -m _cap move, m_cap move);
m last cycle += delta;
m pid.setTarget (m last cycle);

,

// Step 4: Build metre offsets and convert to phase units
std::unordered map<std::string, double> offs;
double acc = 0.0;
offs[intersection ids.front()] = 0.0;
for(size t 1 = 1; 1 < intersection ids.size(); ++i) {
acc += get distance(intersection ids([i - 1], intersection ids[i]);
offs[intersection ids[i]] = acc / (m_last cycle / m phases);

spdlog: :debug("Cycle now {} s (Webster={}, PID A={})", m last cycle, c_ web,
delta);
return offs;
double HybridWaveStrategy::computeSumY (const double flow rate,
const size t N,
const std::vector<double>& queue lengths) const {

// computeSumY (): y flow + y queue blend

constexpr double s i = 0.5;
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constexpr double g i = 30.0;
const double v i = flow rate / std::max<size t>(1, N);
const double y flow = std::clamp(N * (v_i / s i), 0.0, 0.9);
const double y queue = std::clamp (
std: :accumulate (
queue lengths.begin(), gqueue lengths.end(), 0.0, [&] (double acc, double
q) { return acc + (q / g i); }) /
static cast<double>(queue lengths.size()),

0.0,
0.9);
return (1 - m_avg queue weight) * y flow + m_avg queue weight * y queue;

double HybridWaveStrategy::computeWebsterCycle (const double sum y) const {

//
/7

computeWebsterCycle () : classic formula with clamp

const double L = m phases * m _inter green;

const double den = std::max(0.1, 1.0 - std::clamp(sum y, 0.0, 0.99));
return std::clamp((1.5 * L + 5.0) / den, 30.0, m max cycle);

PIDController& HybridWaveStrategy::pid() {
return m_pid;

}

const PIDController& HybridWaveStrategy::pid() const {
return m_pid;
}

m

} // namespace TrafficPulse
#include "strategies/MaxPressureWaveStrategy.h"

#include <numeric>
#include <unordered map>

namespace TrafficPulse

{

MaxPressureWaveStrategy: :MaxPressureWaveStrategy (const double cycle length)
m cycle(cycle length) { }

double MaxPressureWaveStrategy::getCycleLength () const {
return m cycle;

}

std::unordered map<std::string, double> MaxPressureWaveStrategy::calculateOffsets(
const std::vector<std::string>& intersection ids,
const std::function<double (const std::stringé&, const std::stringé&)>&
get distance,
double /*current time*/,
const std::vector<double>& queue lengths,

double /*total flow*/) const ({
// Offset (1 - queue 1 / sum(queue)) * cycle -> longer queue -> earlier green
meaning the most-loaded node gets offset = 0.
const size t N = intersection ids.size();
std::vector<size t> idx(N);
std::iota(idx.begin (), idx.end(), 0);
Babywro A.C. Apx.

Bnacenrko O.B. IHSKPB'121'25'H3

49
3mn. | Apk. Ne ookym. Iionuc | Hama |1




const double sum g = std::accumulate (queue lengths.begin(),
queue lengths.end(), 0.0);

std::unordered map<std::string, double> offs;

for(size t rank = 0; rank < N; ++rank) {

const size t i = idx[rank];
const double frac = (sum g > 0.0) ? (1.0 - queue lengths([i] / sum qgq) : 1.0;
offs[intersection ids[i]] = frac * m _cycle;

}

return offs;

#include "utils/Log.h"

namespace TrafficPulse

{

void Log::init (std::string view level, bool to file) {
static bool once = ([level, to file] {
const auto console =
std: :make shared<spdlog::sinks::stdout color sink mt>();
console->set pattern("[%H:%M:%S.%e] [%"%1%S] SV

std::vector<spdlog::sink ptr> sinks{console};
if(to _file) {

const auto file =

std::make shared<spdlog::sinks::rotating file sink mt>("logs/traffic-
pulse.log", 5 * 1024 * 1024, 3);

file->set pattern("[3Y-%m-%d $H:%M:%S] [%1] Sv'");

sinks.push back(file);
}

const auto logger = std::make shared<spdlog::logger>("tp", sinks.begin(),
sinks.end()) ;

spdlog::register logger (logger);

spdlog::set default logger (logger) ;

const char* env = std::getenv("TP LOG");

const auto 1lvl = spdlog::level::from str(env ? env : std::string(level));
spdlog::set level (lvl);

spdlog::flush on(spdlog::level::err);

return true;

#include "utils/Metrics.h"
#include "types/Metrics.h"

#include <fstream>
#include <iomanip>

#include <regex>

namespace TrafficPulse

{

static double asDouble (const std::vector<std::string>& v, const size t i, double
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def = 0) {

return (1 < v.size() && !'v[i].empty()) ? std::stod(v[i]) : def;

}

static int asInt(const std::vector<std::string>& v, const size t i, int def = 0) {
return (1 < v.size() && !'v[i].empty()) ? std::stoi(v[i]) : def;

}

MetricsMap MetricsUtils::readCsv(const std::string& csv_path) {
std::ifstream fi(csv path);
if(!'£fi)
throw std::runtime error ("Cannot open " + csv_path);
std::string line;
std::getline (fi, line);

MetricsMap out;

while (std::getline(fi, line)) {

auto p = split(line, ', '");
if(p.size() < 9)

continue;
bool is custom = (p[2] == "custom");
Metrics m{};
m.avg travel time = asDouble(p, 3);
m.avg waiting time = asDouble(p, 4);
m.avg_speed = asDouble(p, 5);
m.throughput = asInt (p, 6);
m.num_stops = asInt(p, 7);
m.avg queue length = asDouble(p, 8);
m.time loss = asDouble(p, 9);
m.halted peak = asDouble(p, 10);
m.density peak = asDouble(p, 11);
m.queue peak = asDouble(p, 12);
if (auto& slot = is custom ? out[canonical(p[l])].custom

out [canonical (p[l])].base;

slot.throughput == || m.avg _travel time < slot.avg travel time)
slot = m;
}

return out;

}

void MetricsUtils::printTable (const MetricsMap& mm, std::ostreamé& os) {

auto cell = [&] (double v) { os << std::setw(9) << std::fixed <<
std::setprecision(2) << v; };

0s << "\nScenario | base | custom | A% travel\n"

<L M R R atatat st EEE TR \n";
for (auto& [sc, p] : mm) {

if(!p.base.throughput || !p.custom.throughput)

continue;
const double delta = (p.base.avg travel time - p.custom.avg travel time) /

p.base.avg travel time * 100;
0s << std::left << std::setw(25) << sc << "|";
cell (p.base.avg travel time);
os << " |";
cell (p.custom.avg travel time);
os << " |";
cell (delta);
os << " %\n";
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os << std::endl;

#include "utils/Settings.h"
#include <spdlog/spdlog.h>

namespace TrafficPulse

{

static void read if (YAML::Node n, auto& ref) {
if (n)
ref = n.as<std::decay t<decltype (ref)>>(ref);

Settings Settings::load(const std::string& path) {
Settings s;
YAML: :Node root = YAML::LoadFile (path);

auto A = root["algo"];

read if(A["max cycle"], s.algo.max cycle);

read if (A["max corridors"], s.algo.max corr);

read if (A["emergency threshold"], s.algo.emergency thr);
read if (A["bfs depth"], s.algo.bfs depth);

read if (A["default target speed"], s.algo.default speed);
read if(A["inter green"], s.algo.inter green);

read if (A["phases"], s.algo.phases);

read if (A["force mode"], s.algo.force mode);

auto F = root["flow"];

read if(F["low"], s.flow.low);

read if(F["high"], s.flow.high);

read if(F["min mode hold"], s.flow.min hold);

read if (F["queue"] ["threshold"], s.flow.queue.threshold);
read if(F["queue"] ["per inter"], s.flow.queue.per inter);
read if(F["dwell"] ["max pressure"], s.flow.dwell.max pressure);
read if(F["dwell"] ["other"], s.flow.dwell.other);

auto AD = root["adaptive"];

read if(AD["enabled"], s.adaptive.enabled);
read if(AD["check every"], s.adaptive.check every);
read if (AD["warmup"], s.adaptive.warmup);

auto P = AD["pid"];

read if(P["Kp"], s.adaptive.pid.Kp);

read if(P["Ki"], s.adaptive.pid.Ki);

read if(P["Kd"], s.adaptive.pid.Kd);

read if(P["cap move"], s.adaptive.pid.cap move) ;

read if(P["min hold"], s.adaptive.pid.min hold) ;

read if(P["avg queue w"], s.adaptive.pid.avg g w);

read if(P["init set pt"], s.adaptive.pid.init set pt);

auto T = AD["tune"];

read if(T["enabled"], s.adaptive.tune.enabled);

read if(T["retune every s"], s.adaptive.tune.retune every);

read if(T["min hold s"], s.adaptive.tune.min hold);

read if(T["queue weight"], s.adaptive.tune.queue w);

read if(T["pid limits"]["Kp max"], s.adaptive.tune.lim.Kp);

read if(T["pid limits"]["Ki max"], s.adaptive.tune.lim.Ki);

read 1if(T["pid limits"]["Kd max"], s.adaptive.tune.lim.Kd);
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spdlog: :debug ("Settings loaded from {}'", path);
spdlog::debug (" [algo] max cycle={}, max corridors={},
bfs depth={}, "
"default target speed={},
force mode={}",

inter green={}, phases=[{}],

.algo.
.algo.
.algo.
.algo.
.algo.
.algo.
.algo.
static_

max cycle,

max_ corr,

emergency thr,

bfs depth,

default speed,

inter green,

phases,
cast<int>(s.algo.force mode));

n n O n n n n

spdlog::debug (" [flow] low={},
s.flow.high, s.flow.min hold);

high={}, min mode hold={}", s.flow.low,

spdlog: :debug (" L queue.threshold={}, queue.per inter={}",
s.flow.queue.threshold, s.flow.queue.per inter);

spdlog: :debug (" L dwell.max pressure={}, dwell.other={}",
s.flow.dwell.max pressure, s.flow.dwell.other);

spdlog: :debug (" [adaptive] enabled={},
s.adaptive.enabled,
s.adaptive.check every,
s.adaptive.warmup) ;

check every={}, warmup={}",

spdlog: :debug ("
avg _queue w={},

L pid: Kp={}, Ki={}, Kd={}, cap move={}, min hold={},
init set pt={}",

spdlog: :debug ("
queue weight={}",

s.adaptive.

s.adaptive.

s.adaptive.

s.adaptive.

spdlog: :debug ("
s.adaptive.
s.adaptive.
s.adaptive.

return s;

}

} // namespace Traffi

cPul

#include "utils/XML.h"
#include <filesystem>

#include <spdlog/spdlog.h>

L tune:

utlLs

s.adaptive.pid.Kp,
s.adaptive.pid.Ki,
s.adaptive.pid.Kd,
s.adaptive.pid.cap move,
s.adaptive.pid.min hold,
s.adaptive.pid.avg g w,
s.adaptive.pid.init set pt);

enabled={},

tune.enabled,
tune.retune every,
tune.min hold,
tune.queue w);

limits Kp max={},
tune.lim.Kp,
tune.lim.Ki,
tune.lim.Kd) ;

e

using namespace TrafficPulse;

retune every={}, min hold={},

Ki max={}, Kd max={}",

emergency threshold={},

/* internal helper */
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bool XML::loadDoc (const std::string& fn, pugi::xml documenté& doc) {
f(!std::filesystem::exists (fn)) {
spdlog::warn (" [XML] '{}' not found - skipped", fn);
return false;

f(!doc.load file(fn.c str())) {
spdlog::warn (" [XML] cannot parse '{}'", fn);
return false;

}

return true;

/‘ 7 a}ﬁww' * /
/% tri Dr nfo prarsing x/

Metrlcs XML: :parseTripInfo (const std::string& file) {
pugi::xml document doc;
if (!loadDoc (file, doc))
throw std::runtime error("tripinfo file missing: " + file);

Metrics m{};
double sumDur = 0, sumWait = 0, sumLen = 0;
int cnt = 0, stops = 0;

for(auto ti : doc.child("tripinfos").children("tripinfo")) {
double dur = ti.attribute("duration") .as double();
double wait = ti.attribute("waitingTime") .as double();

double len = ti.attribute("routeLength") .as double();

sumDur += dur;
sumWait += wait;
sumLen += len;

++cnt;
if(wait > 0)
++stops;
}
if (cnt) |
m.avg_travel time = sumDur / cnt;
m.avg waiting time = sumWait / cnt;
m.avg speed = sumLen / sumDur;
m.throughput = cnt;
m.num stops = stops;

}

return m;

y.xml */
VOld XML: :enrichFromSummary (const std::stringé& file, Metricsé& m) {
pugi::xml document doc;
if(!loadbDoc(file, doc))
return;

for(auto s : doc.child("summary").children ("step"))
m.halted peak = std::max(m.halted peak,
s.attribute("halting") .as double(0.0));
}

/* statistics.xml */

void XML..enrlchFromStats(const std::string& fn, Metricsé& m) {
pugi::xml document doc;
f(!loadDoc (fn, doc))
return;

if(auto st = doc.child("statistics") .child("vehicleTripStatistics"))
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m.time loss = st.attribute("timeLoss").as double(m.time loss);

/

/* queue.xml */
void XML::enrichFromQueue (const std::string& file, Metricsé& m) {
pugi::xml document doc;
if (!loadDoc (file, doc))
return;

double sumQ = 0.0;
int cntQ = 0;

for (auto lane : doc.select nodes("//lane")) {
const double len = lane.node() .attribute ("queueing length").as double (0.0);
m.queue peak = std::max(m.queue peak, len);
sumQ += len;
++cntQ;
}

if (cntQ > 0)
m.avg_queue length = sumQ / static cast<double>(cntQ);

/

/* edge.xml */
void XML::enrichFromEdge (const std::string& file, Metrics& m) {
pugi::xml document doc;
if (!loadDoc (file, doc))
return;

for (auto edge : doc.select nodes("//edge")) {
m.density peak = std::max(m.density peak,
edge.node () .attribute ("density") .as_double (0.0));
}
}

#include "TrafficPulselLibrary.h"

#include <TrafficPulselibrary>
#include <chrono>

#include <iostream>

#include <memory>

#include <thread>

int main() {
using namespace TrafficPulse;
try {

EventBus bus;
TrafficSystem system (5.0, "config.sumocfg", "network.net.xml", bus);

struct ObserverImpl : public IObserver {
void update (const PulseEvent& ev) override {
spdlog::info ("Observer event: {}", ev.message);
}
}i

auto observer = std::make shared<ObserverImpl> () ;
system.attach (observer) ;

std::thread sim thread([&] () {
system.run() ;

) ;
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std::this thread::sleep for (std::chrono::seconds (30)):;
system.requestStop () ;
sim thread.join();

std::cout << "Insersections: "

<< system.getDataManager () .getAllIntersections () .size () <<
std::endl;
} catch (const std::exception& ex) {
std::cerr << "Error: " << ex.what () << std::endl;

return 1;

}

return 0;

cmake minimum required(VERSION 3.15)
project (PackageTest CXX)

find library (LIBSUMOCPP sumocpp HINTS /usr/lib /usr/local/lib)
if (NOT LIBSUMOCPP)
message (FATAL ERROR "libsumocpp not found! Please install SUMO with libsumo-

cpp support.")
endif ()

find package (PugiXML REQUIRED)
find package (TrafficPulselLibrary CONFIG REQUIRED)

set (EXAMPLES DIR "examples")

add executable (PackageTest ${EXAMPLES DIR}/application example.cpp)
target link libraries (PackageTest PRIVATE TrafficPulselLibrary::TrafficPulseLibrary
${LIBSUMOCPP} pugixml)

import os

from conan import ConanFile
from conan.tools.cmake import CMake, cmake layout
from conan.tools.build import can_run

class traffic pulse libraryTestConan (ConanFile):
settings = "os", "compiler", "build type", "arch"
generators = "CMakeDeps", "CMakeToolchain"

def requirements (self):
self.requires(self.tested reference str)

def build(self):
cmake = CMake (self)
cmake.configure ()
cmake.build()

def layout (self):
cmake layout (self)

def test(self):
if can_run(self):
cmd = os.path.join(self.cpp.build.bindir, "PackageTest")
self.run(cmd, env="conanrun'")
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#pragma once

#ifndef PULSELOADERFIXTURE H
#define PULSELOADERFIXTURE H

#include <TrafficPulselLibrary>
#include <gtest/gtest.h>

using namespace TrafficPulse;

class PulselLoaderFixture : public ::testing::Test {
protected:
void SetUp () override ({
auto& manager = PulseDataManager::getInstance() ;

manager.clearAll () ;

}
static std::optional<std::filesystem::path> locateNet () {
const std::filesystem::path cwd = std::filesystem::current path();
const std::filesystem::path repo = cwd / ".." / "..";
for (constexpr const char* NET REL =
"config/sumo/scenarios/xs/low _traffic/osm.net.xml";
const std::filesystem::path p : {cwd / NET REL, repo / NET REL})
if(std::filesystem::exists (p))

return p;
return std::nullopt;

}i
#endif // PULSELOADERFIXTURE H
#pragma once

#ifndef PULSESTATSFIXTURE H
#define PULSESTATSFIXTURE H

#include <gtest/gtest.h>
#include <TrafficPulselibrary>
using namespace TrafficPulse;

class PulseStatsFixture : public ::testing::Test {

protected:
static inline std::unique ptr<SumoIntegration> s sumo;
static inline bool s _skip all = false;
static std::optional<std::pair<std::string, std::string>> locateScenario() {

using std::filesystem: :path;
const path cwd = std::filesystem::current path();
const path repo = cwd / ".." / "..";

constexpr auto CFG
constexpr auto NET

"config/sumo/test/test config.sumocfg";
"config/sumo/test/test net.net.xml";

for (const path p : {cwd / CFG, repo / CFG}) {
if(std::filesystem::exists (p) && std::filesystem::exists(repo / NET))
return std::pair<std::string, std::string>{p.string(),
(p.parent path() / "test net.net.xml").string()};
}
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return std::nullopt;

}

static void SetUpTestSuite() {
if(const auto p = locateScenario()) {
s _sumo = std::make unique<SumoIntegration>(p->first, p->second);

s_sumo->startSimulation();

}

else {
s _skip all = true;
}
}
static void TearDownTestSuite () {

if(s_sumo && s sumo->isRunning())
S _sumo->stopSimulation() ;
S_sumo.reset () ;

static void restartScenarioIfEnded() {
if(!s_sumo || s_sumo->isRunning())
return;
if (const auto p = locateScenario()) {
s_sumo = std::make unique<SumoIntegration>(p->first, p->second);

s_sumo->startSimulation();

}

else
GTEST SKIP() << "Scenario finished and files disappeared - skipping.";

}

void SetUp() override {
if(s_skip all)
GTEST _SKIP() << "SUMO test scenario not found.";

restartScenarioIlfEnded() ;

m_data manager = &PulseDataManager::getInstance();
m_data manager->clearAll();

m stats = std::make unique<PulseStatsCollector>(*m data manager, *s_sumo,

m_bus) ;

auto inter = std::make unique<Pulselntersection>("JunctionA",

PulsePosition{10, 20});
inter->addInboundLane ("edgeA 0");
m data manager->addIntersection (std::move (inter));

auto tl = std::make unique<PulseTrafficLight>("JunctionA");

tl->addControlledLane ("edgeA 0");
m data manager->addTrafficLight (std::move(tl));

PulseDataManager* m data manager = nullptr;
std::unique ptr<PulseStatsCollector> m stats;
EventBus m bus;

b

#endif // PULSESTATSFIXTURE H

#pragma once
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#ifndef PULSESUMOINTEGRATIONFIXTURE H
ffdefine PULSESUMOINTEGRATIONFIXTURE H

#include <TrafficPulselLibrary>
#include <filesystem>
#include <gtest/gtest.h>

using namespace TrafficPulse;

class PulseSumoIntegrationFixture
protected:

public

::testing::Test {

static inline std::unique ptr<SumolIntegration> s sumo;

static inline bool s _skip all =

static std::optional<std::pair<std::string,

using std::filesystem: :path;
const path cwd =
const path repo =

constexpr auto CFG
constexpr auto NET =

for (const path base {cwd,
path cfg = base / CFG;
path net = base / NET;

if(std::filesystem::exists (cfqg)

return {{cfg.string(),
}
return std::nullopt;

}

static void SetUpTestSuite() {
if (const auto sc =
S_sumo =
s_sumo->startSimulation();
}
else
s _skip all = true;
}
static void TearDownTestSuite () {
if(s_sumo && s sumo->isRunning())
s_sumo->stopSimulation() ;
S_sumo.reset () ;

static void ensureRunning() {
if(s_sumo && s _sumo->isRunning())
return;

const auto sc = locateScenario():;
if(!sc) |
s _skip all =

return;

true;

}
S_sumo =
s_sumo->startSimulation () ;

void SetUp () override {
if(s_skip_ all)
GTEST SKIP()

ensureRunning () ;

false;

repo})

locateScenario())
std::make unique<SumolIntegration>(sc->first,

std: :make unique<SumoIntegration>(sc->first,

std::string>> locateScenario()

std::filesystem: :current path();
cwd / ".." /"L,

"config/sumo/test/test config.sumocfg";
"config/sumo/test/test net.net.xml";

&& std::filesystem::exists (net))
net.string() }};

{

sc—->second) ;

sc->second) ;

<< "SUMO test scenario not found - all tests skipped.";

{
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}s

ONFIXTURE H

#endif //

#pragma once

#ifndef PULSETRAFFICALGOFIXTURE H
#define PULSETRAFFICALGOFIXTURE H

#include <TrafficPulselibrary>
#include <filesystem>
#include <gtest/gtest.h>

using namespace TrafficPulse;

class PulseTrafficAlgoFixture : public ::testing::Test {

protected:
static inline std::unique ptr<SumolIntegration> s sumo;
static inline bool s skip all = false;
static std::optional<std::pair<std::string, std::string>> locateScenario() {

using std::filesystem: :path;
const path cwd = std::filesystem::current path();
const path repo = cwd / ".." / "..";

for (constexpr auto CFG = "config/sumo/test/test config.sumocfg"; const path
p cfg : {cwd / CFG, repo / CFG}) {
const path p net = p cfg.parent path() / "test net.net.xml";
if (std::filesystem::exists(p cfg) && std::filesystem::exists(p net))
return std::pair{p cfg.string(), p_net.string()};
}

return std::nullopt;

}

static std::optional<std::string> locateYaml () {
using std::filesystem: :path;
const path cwd = std::filesystem::current path();

for (const path repo = cwd / ".." / "..";
const path p : {cwd / "config/tp config.yaml", repo /
"config/tp config.yaml"})
if(std::filesystem::exists (p))
return p.string();
return std::nullopt;

}

static void SetUpTestSuite() {
if (const auto p = locateScenario()) {
s_sumo = std::make unique<SumoIntegration>(p->first, p->second);
s_sumo->startSimulation () ;
}
else {
s _skip all = true;

static void TearDownTestSuite() {
if(s_sumo && s_sumo->isRunning())
s_sumo->stopSimulation() ;
S_sumo.reset () ;
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void SetUp () override {
if(s_skip_ all)
GTEST _SKIP() << "SUMO test scenario not found.";

restartSumoIfEnded() ;

data manager = &PulseDataManager::getlInstance();
data manager->clearAll () ;

auto A = std::make unique<PulselIntersection>("JunctionA", PulsePosition{0,
0})

A->addInboundLane ("edgeA 0");

A->addInboundLane ("edgeA 1");

data manager->addIntersection(std::move(A));

auto B = std::make unique<Pulselntersection>("JunctionB",
PulsePosition{100, 0});

B->addInboundLane ("edgeB 0") ;

B->addInboundLane ("edgeB 1");

data manager->addIntersection(std::move(B));

data manager-
>addTrafficLight (std::make unique<PulseTrafficLight>("JunctionA"));

data manager-
>addTrafficLight (std::make unique<PulseTrafficLight>("JunctionB"));

stats = std::make unique<PulseStatsCollector>(*data manager, *s_sumo,
event bus);

Settings cfg;
if (const auto yml = locateYaml ())
cfg = Settings::load(*yml);

algo = std::make unique<PulseTrafficAlgo>(*data manager, *s_sumo,
event bus, cfg);
algo->setControlSimulationLights (true);

}

void TearDown () override {
data manager->clearAll () ;

static void restartSumoIfEnded() {
if(s_sumo && s _sumo->isRunning())
return;
const auto sc
if(!sc) |
s _skip all = true;
return;

locateScenario();

}

s_sumo = std::make unique<SumolIntegration>(sc->first, sc->second);
s_sumo->startSimulation();

PulseDataManager* data manager = nullptr;
std::unique ptr<PulseStatsCollector> stats;
std: :unique ptr<PulseTrafficAlgo> algo;
EventBus event bus;

b

#endif // PULSETRAFFICALGOFIXTURE H
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#pragma once

#ifndef PUSEDATAMANAGERFIXTURE H
#fdefine PUSEDATAMANAGERFIXTURE H

#include <TrafficPulselLibrary>
#include <gtest/gtest.h>

using namespace TrafficPulse;

class PulseDataManagerFixture : public ::testing::Test {
protected:
static inline SumoIntegration* s sumo = nullptr;
static inline bool s _skip all = false;

static void SetUpTestSuite() {
const auto paths = findTestScenario();
if (!'paths) {
s_skip all = true;
return;

s_sumo = new Sumolntegration(paths->first, paths->second);
s_sumo->startSimulation () ;

}

static void TearDownTestSuite () {
if(s_sumo && s_sumo->isRunning()) {
s_sumo->stopSimulation() ;
}
delete s sumo;
S_sumo = nullptr;

void SetUp() override {
if (s_skip all)
GTEST SKIP() << "SUMO test scenario files are missing - fixture
skipped.";

PulseDataManager: :getInstance () .clearAll();
ASSERT NE (s sumo, nullptr);
ensureRunning () ;

ASSERT TRUE (s_sumo->isRunning()) ;

static std::optional<std::pair<std::string, std::string>> findTestScenario () {
constexpr auto CFG = "config/sumo/test/test config.sumocfg";

const std::filesystem::path cwd = std::filesystem::current path();
const std::filesystem::path repo = cwd / ".." / "..";

for (const std::filesystem::path paths[2] = {cwd / CFG, repo / CFG}; const
auto& p _cfg : paths) {
if (auto p net = p cfg.parent path() / "test net.net.xml";
std::filesystem::exists (p_cfg) && std::filesystem::exists(p net))
return std::pair<std::string, std::string>{p cfg.string(),
p _net.string() };
}

return std::nullopt;

static void ensureRunning() {

Babywro A.C. Apx.

Bnacenrko O.B. IHSKPB'121'25'H3

62
3mn. | Apk. Ne ookym. Iionuc | Hama |1




if(!s_sumo)
return;

if (!'s_sumo->isRunning())
restartScenario();

static void restartScenario () {
try {
if (s_sumo)
S_sumo->stopSimulation() ;
}
catch(...) {
}

delete s sumo;

const auto paths = findTestScenario();
if (!'paths) {

s_skip all = true;

return;

s_sumo = new Sumolntegration(paths->first, paths->second);
s_sumo->startSimulation () ;

bi

g

#endif

#pragma once

#ifndef TRAFFICSYSTEMFIXTURE H
#define TRAFFICSYSTEMFIXTURE H

#include <TrafficPulselLibrary>

#include <gtest/gtest.h>

#include <memory>

#include <thread>

using namespace TrafficPulse;

class TrafficSystemFixture : public ::testing::Test {
protected:

static inline bool s cwd fixed = false;

static std::optional<std::pair<std::string,std::string>> locateScenario()

{

namespace fs = std::filesystem;
const fs::path cwd = fs::current path();
for (const fs::path repo = cwd / ".."™ / ".."; const fs::path cfg : { cwd /

SUMO_CONFIG PATH, repo / SUMO CONFIG PATH }) {
if (const fs::path net = cfg.parent path() / "osm.net.xml";

fs::exists(cfg) && fs::exists(net))
return { { cfg.string(), net.string() } };

}

return std::nullopt;

static void normaliseCwd()

{
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if (s_cwd fixed) return;

const std::filesystem::path cwd = std::filesystem::current path();

if (cwd.filename() == "library")
std::filesystem: :current path(cwd.parent path());

s _cwd fixed = true;

}

void SetUp () override

{

normaliseCwd () ;

const auto scenario = locateScenario();
if (!scenario) {
GTEST _SKIP() << "SUMO micro-scenario not found - TrafficSystem tests

skipped.";
}

if (!std::filesystem::exists("config/tp config.yaml"))
ASSERT TRUE (std::filesystem::exists ("build/config/tp config.yaml"))
<< "tp config.yaml not found.";

event bus = std::make unique<EventBus>();
traffic system = std::make unique<TrafficSystem> (
/* step */ 5.0,
scenario->first,
scenario->second,
*event bus);

}

void TearDown () override {
if (traffic_system) {
traffic system->requestStop();
}

if (sim thread.joinable()) {
sim thread.join();

}

PulseDataManager::getInstance () .clearAll () ;

std::unique ptr<EventBus> event bus;
std::unique ptr<TrafficSystem> traffic system;
std::thread sim thread;

bi

n

#tendif // TRAFFICSYST
#include <gtest/gtest.h>
#include <TrafficPulseLibrary>
using namespace TrafficPulse;

TEST (TrafficModeController, SwitchesModes) {
auto ¢ = TrafficModeController{Settings::FlowThresh{.low = 0.4,

.high = 0.6,

.min _hold = 0.5,

.queue = {.threshold = 10.0, .per int
= 5.0},

.dwell = {.max pressure = 1.0, .other
2.0} 1}}s

er
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EXPECT EQ(c.evaluate(0.7, {0.0}, 1.0), TrafficControlMode::Baseline);
EXPECT EQ(c.evaluate(0.7, {11.0}, 2.0), TrafficControlMode::MaxPressure);

#include <TrafficPulselLibrary>
#include <fixtures/PuseDataManagerFixture.h>

#include <chrono>
#include <gtest/gtest.h>
#include <thread>

using namespace TrafficPulse;

#define SKIP IF NO_ SCENARIO ()

\
if (PulseDataManagerFixture::s skip all)
GTEST SKIP();
/ * *
* (@test Adds two intersections and ensures a duplicate ID throws
# tion"
* /

TEST F (PulseDataManagerFixture, AddIntersectionNoDup) {
SKIP IF NO SCENARIO();
auto& m = PulseDataManager::getInstance();

m.addIntersection (std: :make unique<Pulselntersection>("intA", PulsePosition{l,
23))
m.addIntersection(std: :make unique<Pulselntersection>("intB", PulsePosition{3,

4}))

EXPECT EQ(m.getAllIntersections() .size(), 2u);
EXPECT THROW (m.addIntersection (std::make unique<PulseIntersection>("intA",
PulsePosition{9, 9})), PulseException);

}

VAR

* N~ T FAr +raffFir~ 11+ a
ction fo traffic lights.

*/
TEST F(PulseDataManagerFixture, AddTrafficLightNoDup) {
SKIP IF NO SCENARIO();
auto& m = PulseDataManager::getInstance () ;

m.addTrafficLight (std::make unique<PulseTrafficLight>("TL A"));
m.addTrafficLight (std::make unique<PulseTrafficLight>("TL B"));

EXPECT EQ(m.getAllTrafficLights().size(), 2u);
EXPECT THROW (m.addTrafficLight (std::make unique<PulseTrafficLight>("TL A")),
PulseException) ;

}

/K
* @At+toct Dl icate—T] At Frr vehi~rlea
@test Duplicate-ID protection for vehicles.

* /

TEST F (PulseDataManagerFixture, AddVehicleNoDup) {
SKIP_IF NO SCENARIO() ;
auto& m = PulseDataManager::getInstance();

m.addVehicle (
std::make unique<PulseVehicle>("vehl", PulseVehicleType: :CAR,
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PulseVehicleRole: :NORMAL, PulsePosition{5, 5}));
m.addVehicle (std: :make unique<PulseVehicle>(
"veh2", PulseVehicleType: :TRUCK, PulseVehicleRole::NORMAL,
PulsePosition{10, 20}));

EXPECT EQ(m.getAllVehicles () .size(), 2u);
EXPECT THROW (m.addVehicle (std::make unique<PulseVehicle> (
"vehl", PulseVehicleType::CAR, PulseVehicleRole::NORMAL,
PulsePosition{0, 0})),
PulseException) ;

a nullptr must raise std::invalid argument

TEST F (PulseDataManagerFixture, NullPointerThrowsInvalidArgument) {
SKIP IF NO SCENARIO();
auto& m = PulseDataManager::getInstance();
EXPECT THROW (m.addIntersection(nullptr), std::invalid argument);
EXPECT THROW (m.addTrafficLight (nullptr), std::invalid argument) ;
EXPECT THROW (m.addVehicle (nullptr), std::invalid argument);

#include <filesystem>
#include <gtest/gtest.h>
#include <ranges>

#include "core/PulseLoader.h"
#include "fixtures/PulselLoaderFixture.h"
#include <TrafficPulselibrary>

using namespace TrafficPulse;

TEST F (PulseLoaderFixture, LoaderFillsDataManager) {
auto& manager = PulseDataManager::getInstance();

const auto net path = locateNet();
if (!net path)
GTEST SKIP() << "XS test-scenario network not found - loader test
skipped.";

EventBus event bus;

bool started = false;

bool completed = false;
float last progress = 0.0f;

event bus.subscribe<NetworkLoadingStartedEvent>([&] (const auto&) { started =

true; 1});
event bus.subscribe<NetworkLoadingProgressEvent>([&] (const auto& ev)
last progress = ev.progress; });

{

event bus.subscribe<NetworkLoadingCompletedEvent> ([&] (const auto&) { completed

= true; });

const PulseLoader loader (manager, *net path, event bus);
EXPECT NO THROW (loader.loadNetworkData());

EXPECT TRUE (started);
EXPECT TRUE (completed) ;
EXPECT GE (last progress, 0.95f);

const auto intersections = manager.getAllIntersections();
EXPECT GT (intersections.size (), Ou);
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const auto trafficLights = manager.getAllTrafficLights();
EXPECT GT (trafficLights.size(), Ou);

for (const auto* inter : intersections) {
static bool found signalised = false;
for (const auto& conn : inter->getConnectedRoads () | std::views::values)
if (conn.getTrafficLight () != nullptr)
found signalised = true;

if (inter == intersections.back())

EXPECT TRUE (found signalised) << "Loader did not assign any traffic-

light pointers - "
"expected at least one signalised connection.";

}

#include <gtest/gtest.h>

#include "fixtures/PulseStatsFixture.h"
#include <TrafficPulselLibrary>

using namespace TrafficPulse;

#define SKIP_IF NO STATS ()

\

if(!m stats)
\

GTEST_SKIP ()
VE

tsUpdatedEvent and that

5 per type) are

TEST F(PulseStatsFixture, CheckLaneStats) {
SKIP_IF NO STATS () ;

bool event received = false;
StatsUpdatedEvent e{};

m bus.subscribe<StatsUpdatedEvent>([&] (const StatsUpdatedEventé& ev) {
event received = true;
e = ev;

)i

for(int 1 = 0; 1 < 10; ++1)
s_sumo->stepSimulation() ;
m stats->collectStepData (10.0);

EXPECT TRUE (event received);
EXPECT GE(e.avg speed, 0.0);
EXPECT GE (e.vehicle type counts[PulseVehicleType::CAR], 0);

P Arap~F T - ~ATTT Ara o R - NAara T e o F A 1 5 ~  ~F
Intersection counters stay non—-negative after 15 s 01
s
ty.

tivi

TEST F(PulseStatsFixture, CheckIntersectionStats) {
SKIP_IF NO STATS();
for(int i = 0; i < 15; ++1i)
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s_sumo->stepSimulation();
m stats->collectStepData(15.0);

const auto s = m_stats->getIntersectionStats ("JunctionA");
EXPECT GE(s.total wait time, 0.0);
EXPECT GE(s.vehicles passed, 0);

Atect +Frocae fFeoat witl - S o S wAailtFino—c
* (dtest Stress test with twenty on steps: waliting-count on the
¢ Fi{prat ~ - ot he aqatitre ond Fot P + ~ o
* I'irst 1ncoming lane must € negative, ana total walt tlime 18
x recordea

TEST F(PulseStatsFixture, MultipleVehiclesLaneSaturation) ({
SKIP IF NO STATS();

for(int i = 0; i < 20; ++1i)
s_sumo->stepSimulation();
m stats->collectStepData(20.0);

EXPECT GE (m_stats->getLaneWaitingCount ("edgeA 0"), 0);
EXPECT GE (m_stats->getIntersectionStats ("JunctionA").total wait time, 0.0);

YAE
A+oact+ Cho~lao _ ~f - o~ Tt ~F F+Fha Virmnhd~T oo oAl ~ATIAFAo
* @test Checks monotonic growth of the ‘vehicles passed’ counter.

* /

TEST F(PulseStatsFixture, VehiclesPassedMonotone) {
SKIP IF NO STATS () ;

int 1 = 0; 1 < 20; ++1)
s_sumo->stepSimulation();

m stats->collectStepData(20.0);

const int passed 20 = m stats-
>getIntersectionStats ("JunctionA") .vehicles passed;

/* first snapshot */

/* later snapshot */
for(int 1 = 0; 1 < 30; ++1)
s_sumo->stepSimulation() ;
m stats->collectStepData (50.0);
const int passed 50 = m stats-
>getIntersectionStats ("JunctionA") .vehicles passed;

EXPECT GE (passed 50, passed 20);

TEST F(PulseStatsFixture, LightTimingCountersExist) {
SKIP_IF NO STATS();
for(int 1 = 0; 1 < 60; ++1)
s_sumo->stepSimulation() ;
m stats->collectStepData (60.0);

EXPECT GE (m stats->getTimeSpentGreen ("JunctionA"™), 0.0);
EXPECT GE (m_stats->getTimeSpentRed("JunctionA"), 0.0);
EXPECT GE (m_stats->getVehiclesStoppedAtRed ("JunctionA"), 0);
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| vehicl

e departure

ing counts and

exceptions.
* /
TEST F(PulseStatsFixture, StaggeredVehicleDepartures) {
SKIP IF NO STATS();

for(int 1 = 0; i < 10; ++1i)
S_sumo->stepSimulation() ;
m stats->collectStepData(10.0);

for(int 1 = 10; 1 < 30; ++1)
S_sumo->stepSimulation() ;
m stats->collectStepData (30.0);

0);
EXPECT GE (m_stats->getlIntersectionStats ("JunctionA").total wait time, O.

EXPECT GE (m_stats->getLaneWaitingCount ("edgeA 0"),

/ * *
* @test Ensures the waiting counters
# non—-negative when vehicles
* /

TEST F(PulseStatsFixture, MultilLaneEdge) {
SKIP_IF NO STATS();
for(int 1 = 0; 1 < 40; ++1)
s_sumo->stepSimulation();
m stats->collectStepData (40.0);

0);
0);

EXPECT GE (m_stats->getLaneWaitingCount ("edgeA 0"),
EXPECT GE (m_stats->getLaneWaitingCount ("edgeA 1"),

#include
#include
#include
#include

"fixtures/PulseTrafficAlgoFixture.h"
<TrafficPulselibrary>
<gtest/gtest.h>

<thread>

using namespace TrafficPulse;

#define SKIP IF NO_SUMO ()

\
if (PulseTrafficAlgoFixture::s skip all)
\
GTEST SKIP ()
VA
* @test Green-wave
# end in a

TEST F(PulseTrafficAlgoFixture, NormalGreenWaveScheduling) {
SKIP IF NO SUMO();
for(int 1 = 0; 1 < 10; ++1)
s_sumo->stepSimulation();

algo->runOnce (10.0) ;

ASSERT NE (data manager->getTrafficLight ("JunctionA"), nullptr);
ASSERT NE (data manager->getTrafficLight ("JunctionB"), nullptr);
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EXPECT NE (data manager->getTrafficLight ("JunctionA")->getState(),
TrafficLightState: :YELLOW) ;

EXPECT NE (data manager->getTrafficLight ("JunctionB")->getState(),
TrafficLightState: :YELLOW) ;

- ct
3 two unc 7/7?7

a ] L

* @test After 30 steps,

L L
* corridor, and every light is RED or GREEN.

TEST F(PulseTrafficAlgoFixture, MultiIntersectionCorridor) {
SKIP IF NO SUMO();
for(int 1 = 0; 1 < 30; ++1i)
s_sumo->stepSimulation();
algo->runOnce (30.0) ;

EXPECT NE (data manager->getTrafficLight ("JunctionA")->getState(),
TrafficLightState: :YELLOW) ;

EXPECT NE (data manager->getTrafficLight ("JunctionB")->getState(),
TrafficLightState: :YELLOW) ;

}

/** @test runOnce () must not throw when the network is empty. */

TEST F(PulseTraffchlgoleture, NoIntersectionsCase) {
SKIP_IF NO_ SUMO();
data manager->clearAll () ;
EXPECT NO THROW (algo->runOnce (5.0));

}

/** @test "TrafficModeChangedEvent 1s emitted when switching modes. */

TEST F(PulseTrafficAlgoFixture, TrafficModeChangeDispatch) {
SKIP_IF NO SUMO () ;
bool triggered = false;
auto new mode = TrafficControlMode: :Baseline;

event bus.subscribe<TrafficModeChangedEvent>([&] (const auto& ev) {
triggered = true;
new mode = ev.new mode;

) ;
algo->setTrafficMode (TrafficControlMode: :Hybrid) ;

EXPECT TRUE (triggered);
EXPECT EQ (new mode, TrafficControlMode::Hybrid);

#include "fixtures/PulseSumolIntegrationFixture.h"
#include <TrafficPulselibrary>

#include <chrono>

#include <gtest/gtest.h>

#include <thread>

using namespace TrafficPulse;

#define SKIP IF NO_SUMO ()

\
f (PulseSumoIntegrationFixture::s skip all)
\
GTEST SKIP()

/** @test The simulation can be stopped and restarted without throwing. */
TEST F(PulseSumolIntegrationFixture, StartAndStopSimulation) {
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SKIP IF NO SUMO();
ASSERT_ TRUE (s_sumo->isRunning()) ;

s_sumo->stopSimulation() ;
EXPECT FALSE (s_sumo->isRunning());

EXPECT NO_ THROW (s sumo->startSimulation());
EXPECT TRUE (s_sumo->isRunning());

/** @test + o Foan Fimea +Fakoa Aca Fhan A c ;277 im
/7% [@dtest VLCUU ”J the simulation ten times takes less than 6 s wall-time.

TEST F(PulseSumolIntegrationFixture, StepSimulationAndTime) {
SKIP IF NO SUMO();
constexpr int kSteps = 10;

const auto t0 = std::chrono::steady clock::now();
for(int 1 = 0; 1 < kSteps; ++1i) {

EXPECT NO_ THROW (s _sumo->stepSimulation());

std::this thread::sleep for(std::chrono::milliseconds (200));
}

const auto dt =

std::chrono::duration cast<std::chrono::milliseconds>(std::chrono::steady clock::n
ow() - t0).count();
EXPECT LT (dt, 6000) << "Ten steps took " << dt << " ms";

. . 5 RPN . 9 ,

/** @test At least one vehicle appears within 20 simulation steps. */
TEST F(PulseSumoIntegrationFixture, VehiclesEventuallyAppear) {

SKIP IF NO SUMO();

bool found = false;

for(int i = 0; 1 < 20 && s_sumo->isRunning(); ++1i) {
s_sumo->stepSimulation();
if (!s_sumo->getAllVehicles () .empty()) {
found = true;
break;
}
std::this thread::sleep for(std::chrono::milliseconds (200));

}
EXPECT TRUE (found) ;

if (found) {
const auto veh id = s _sumo->getAllVehicles () .front();
auto pos = s_sumo->getVehiclePosition(veh id);
EXPECT TRUE (std::isfinite(pos.first));
EXPECT TRUE (std::isfinite(pos.second));

/x* @Qtoct Reac - 74 the firetr tr c 11
/** (@test Readi w@/ and toggling the first raffic 11gn

TEST F(PulseSumolIntegrationFixture, Traff icLightsCheck) {
SKIP IF NO SUMO();
const auto lights = s sumo->getAllTrafficLights();
if(lights.empty())
GTEST SKIP() << "Scenario has no signals."

aght’s st
1ICT”S ST

const auto& id = lights.front();
const std::string original = s _sumo->getTrafficLightState (id);
ASSERT FALSE (original.empty());

std::string flipped = original;
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for(char& ¢ : flipped)

c = (c=="'r"?2 'g":c=="Tg" 2?2 'r'" :C);
EXPECT NO_ THROW (s sumo->setTrafficLightState(id, flipped)):;
EXPECT EQ(s_sumo->getTrafficLightState(id), flipped);

EXPECT NO THROW (s sumo->setTrafficLightState(id, original));
}

/** @test 100 simulation steps complete in under 8 s (debug build). */
TEST F(PulseSumoIntegrationFixture, PerformanceTest) {

SKIP_IF NO SUMO();

constexpr int kSteps = 100;

const auto t0 = std::chrono::steady clock::now();

for(int 1 = 0; 1 < kSteps && s_sumo->isRunning(); ++1i)
S _sumo->stepSimulation() ;

const auto dt =

std::chrono::duration cast<std::chrono::milliseconds>(std::chrono::steady clock::n
ow() - t0).count();
EXPECT LT (dt, 8000) << kSteps << " steps took " << dt << " ms";
}
#include <any>
#include <chrono>
#include <gtest/gtest.h>
#include <memory>
#include <thread>
#include <vector>
#include "fixtures/TrafficSystemFixture.h"
#include <TrafficPulselibrary>
using namespace TrafficPulse;
/ * %
* @test Ensures that traffic light states are changed during simulation.
* / 7 7
TEST F(TrafficSystemFixture, TrafficLightStateChangesAreReflected) {
sim thread = std::thread([&] () { traffic system->run(); });
std::this thread::sleep for (std::chrono::seconds(3));
traffic system->requestStop();
sim thread.join();
const auto& data manager = traffic system->getDataManager();
const auto lights = data manager.getAllTrafficLights();
ASSERT GT (lights.size(), Ou) << "No traffic lights were loaded from SUMO.";
bool has green = false, has red = false, has yellow = false;
for (const auto* light : lights) {
switch (light->getState()) {
case TrafficLightState: :GREEN:
has green = true;
break;
case TrafficLightState::RED:
has red = true;
break;
case TrafficLightState::YELLOW:
has yellow = true;
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break;
EXPECT TRUE (has _green || has red || has yellow);

* @test Ensures that system resources are properly cleaned up on stop.
TEST F(TrafficSystemFixture, ResourceCleanupOnStop) {
sim thread = std::thread([&] () { traffic system->run(); });

std::this_thread::sleep for (std::chrono::seconds(3));
traffic system->requestStop();
sim thread.join();

auto& data manager = traffic system->getDataManager();
EXPECT NO THROW({ data manager.clearAll(); 1});

. NA et o P P A ot
an e started again arter being stoppea.

TEST F(TrafficSystemFixture, RestartAfterStop) {
sim thread = std::thread([&] () { traffic system->run(); });
std::this_thread::sleep for (std::chrono::seconds(2));
traffic system->requestStop();
sim thread.join();

sim thread = std::thread([&] () { traffic system->run(); });
std::this_thread::sleep for (std::chrono::seconds(2));
traffic system->requestStop();

sim thread.join();

SUCCEED() ;

add executable (LibraryTests
src/controllers/TrafficModeController.cpp

src/core/PulseDataManagerTest.cpp
src/core/PulselLoaderTest.cpp
src/core/PulseStatsCollectorTest.cpp
src/core/PulseTrafficAlgoTest.cpp
src/core/SumoIntegrationTest.cpp
src/core/TrafficSystemTest.cpp

target include directories (LibraryTests
PRIVATE
${CMAKE7CURRENT7LIST7DIR}/include
)

get filename component (TESTS PARENT DIR "${CMAKE_CURRENT_BINARY_DIR}/.." REALPATH)

target compile definitions(TrafficPulseLibrary PUBLIC
TRAFFIC PULSE TESTS BUILD PARENT="${TESTS PARENT DIR}"
)

target compile definitions(LibraryTests PRIVATE
TRAFFIC PULSE TESTS BUILD PARENT="S${TESTS PARENT DIR}"
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)

target link libraries (LibraryTests
PRIVATE
TrafficPulselibrary
gtest main

)

include (GoogleTest)
gtest discover tests(LibraryTests PROPERTIES LABELS "library")

cmake minimum required(VERSION 3.18)
project (TrafficPulselLibrary VERSION 1.0 LANGUAGES CXX)

set (CMAKE_CXX_ STANDARD 20)
set (CMAKE_CXX STANDARD REQUIRED ON)
set (PROJECT_ROOT ${CMAKE_ SOURCE_DIR})

include directories (${CMAKE CURRENT SOURCE DIR}/include)

file (MAKE DIRECTORY ${PROJECT ROOT}/config/sumo)

execute process (COMMAND ${CMAKE_COMMAND} -E copy directory
${PROJECT_ROOT}/config/sumo
${CMAKE_CURRENT_BINARY_DIR}/Config/sumo

)

configure file (${PROJECT ROOT}/config/tp config.yaml

$ {CMAKE BINARY DIR}/config/tp config.yaml COPYONLY)

file (GLOB_RECURSE LIBRARY SOURCES ${CMAKE CURRENT SOURCE DIR}/src/*.cpp)
add definitions (-DCMAKE BINARY DIR="${CMAKE BINARY DIR}")

find package (PugiXML REQUIRED)

find package (spdlog CONFIG REQUIRED)

find package (yaml-cpp REQUIRED)

add library(TrafficPulselibrary STATIC ${LIBRARY SOURCES})

target include directories (TrafficPulselibrary PUBLIC
$<BUILD_INTERFACE : S {CMAKE CURRENT SOURCE DIR} /include>
$<INSTALL_INTERFACE :include>

)

find library(LIBSUMOCPP sumocpp HINTS /usr/lib /usr/local/lib)
1if (NOT LIBSUMOCPP)
message (FATAL ERROR "libsumocpp not found! Please install SUMO with libsumo-
cpp support.")
endif ()

target link libraries(TrafficPulseLibrary PRIVATE ${LIBSUMOCPP} pugixml PUBLIC
spdlog: :spdlog PUBLIC yaml-cpp::yaml-cpp PUBLIC fmt::fmt)

include (FetchContent)
FetchContent Declare (

googletest
GIT REPOSITORY https://github.com/google/googletest.git
GIT_ TAG v1.15.2

)
FetchContent MakeAvailable (googletest)
option (BUILD TESTING "Build unit tests" ON)
1f (BUILD TESTING)

enable testing()
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if (EXISTS "${CMAKE7CURRENT780URCE7DIR}/tests")
add_subdirectory(tests)
endif ()

endif ()

install (TARGETS TrafficPulselibrary

)

EXPORT TrafficPulselibraryTargets
DESTINATION 1lib

install (DIRECTORY include/ DESTINATION include)
install (EXPORT TrafficPulselLibraryTargets

FILE TrafficPulselLibraryConfig.cmake
DESTINATION lib/cmake/TrafficPulselLibrary

from conan import ConanFile
from conan.tools.cmake import CMakeToolchain, CMake, cmake layout, CMakeDeps

class traffic pulse libraryRecipe (ConanFile) :

name = "traffic pulse library"
version = "1.0.0"
package type = "library"

# TODO

7

# Optional metadata

license = "<Put the package license here>"

author = "<Put your name here> <And your email here>"

url = "<Package recipe repository url here, for issues about the package>"
description = "<Description of traffic pulse library package here>"

topics = ("<Put some tag here>", "<here>", "<and here>")

# Binary configuration

settings = "os", "compiler", "build type", "arch"

options = {"shared": [True, False], "fPIC": [True, False]l}

default options = {"shared": False, "fPIC": True}

# N1~ a are loarated ! +Fha ceame NlAare Aac Fhig ro~ine ~ANt Fhem Fr h
# Sources are located 1in the same place as this recipe, copy them to the

recipe

exports sources = "CMakeLists.txt", "src/*", "include/*", "config/*"

def config options(self):
if self.settings.os == "Windows":
self.options.rm safe ("fPIC")

def configure (self):
if self.options.shared:
self.options.rm safe ("fPIC")

def layout (self):
cmake layout (self)

def generate(self):
deps = CMakeDeps (self)
deps.generate ()
tc = CMakeToolchain(self)
tc.generate ()

def build(self):
cmake = CMake (self)
cmake.configure ()
cmake.build/()
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def package (self):
cmake = CMake (self)
cmake.install ()

def package info(self):
self.cpp info.libs = ["traffic pulse library"]

=

Doxyfile 1.13.2

This file describes the settings to be used by the documentation system
Doxygen (www.doxygen.org) for a project.

All text after a double hash (##) is considered a comment and is placed in
front of the TAG it is preceding.

All text after a single hash (#) is considered a comment and will be ignored.
The format is:

TAG = value [value, ...]

For lists, items can also be appended using:

TAG += value [value, ...]

Values that contain spaces should be placed between quotes (\" \").

Note:

Use Doxygen to compare the used configuration file with the template
configuration file:

doxygen -x [configFile]

Use Doxygen to compare the used configuration file with the template
configuration file without replacing the environment variables or CMake type
replacement variables:

doxygen -x noenv [configFile]

S oo o S S SR SR e S e oE S o SR e Sk oE S o R e o

# ___________________________________________________________________________

# Project related configuration options
B

# This tag specifies the encoding used for all characters in the configuration
# file that follow. The default is UTF-8 which is also the encoding used for all
# text before the first occurrence of this tag. Doxygen uses libiconv (or the
# iconv built into libc) for the transcoding. See

# https://www.gnu.org/software/libiconv/ for the list of possible encodings.

# The default value is: UTF-8.

DOXYFILE ENCODING = UTF-8

# The PROJECT NAME tag is a single word (or a sequence of words surrounded by
# double-quotes, unless you are using Doxywizard) that should identify the

# project for which the documentation is generated. This name is used in the

# title of most generated pages and in a few other places.

# The default value is: My Project.

PROJECT NAME = "PulseTrafficLibrary"

# The PROJECT NUMBER tag can be used to enter a project or revision number. This
# could be handy for archiving the generated documentation or if some version

# control system is used.

PROJECT NUMBER =

# Using the PROJECT BRIEF tag one can provide an optional one line description
# for a project that appears at the top of each page and should give viewers a
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# quick idea about the purpose of the project. Keep the description short.
PROJECT BRIEF =

With the PROJECT LOGO tag one can specify a logo or an icon that is included
in the documentation. The maximum height of the logo should not exceed 55
pixels and the maximum width should not exceed 200 pixels. Doxygen will copy
the logo to the output directory.

e

PROJECT LOGO =

# With the PROJECT ICON tag one can specify an icon that is included in the tabs
# when the HTML document is shown. Doxygen will copy the logo to the output
# directory.

PROJECT ICON =

The OUTPUT DIRECTORY tag is used to specify the (relative or absolute) path
into which the generated documentation will be written. If a relative path is
entered, it will be relative to the location where Doxygen was started. If
left blank the current directory will be used.

Ee

OUTPUT DIRECTORY =

If the CREATE SUBDIRS tag is set to YES then Doxygen will create up to 4096
sub-directories (in 2 levels) under the output directory of each output format
and will distribute the generated files over these directories. Enabling this
option can be useful when feeding Doxygen a huge amount of source files, where
putting all generated files in the same directory would otherwise cause
performance problems for the file system. Adapt CREATE SUBDIRS LEVEL to
control the number of sub-directories.

The default value is: NO.

T T

CREATE SUBDIRS = NO

Controls the number of sub-directories that will be created when

CREATE SUBDIRS tag is set to YES. Level 0 represents 16 directories, and every
level increment doubles the number of directories, resulting in 4096
directories at level 8 which is the default and also the maximum value. The
sub-directories are organized in 2 levels, the first level always has a fixed
number of 16 directories.

Minimum value: 0, maximum value: 8, default value: 8.

This tag requires that the tag CREATE SUBDIRS is set to YES.

S T e

CREATE SUBDIRS LEVEL =8

If the ALLOW UNICODE NAMES tag is set to YES, Doxygen will allow non-ASCII
characters to appear in the names of generated files. If set to NO, non-ASCII
characters will be escaped, for example xE3 x81 x84 will be used for Unicode
U+3044.

The default value is: NO.

H o o e 3

ALLOW UNICODE NAMES = NO

The OUTPUT LANGUAGE tag is used to specify the language in which all
documentation generated by Doxygen is written. Doxygen will use this
information to generate all constant output in the proper language.

Possible values are: Afrikaans, Arabic, Armenian, Brazilian, Bulgarian,
Catalan, Chinese, Chinese-Traditional, Croatian, Czech, Danish, Dutch, English
(United States), Esperanto, Farsi (Persian), Finnish, French, German, Greek,
Hindi, Hungarian, Indonesian, Italian, Japanese, Japanese-en (Japanese with
English messages), Korean, Korean-en (Korean with English messages), Latvian,

. T T s
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# Lithuanian, Macedonian, Norwegian, Persian (Farsi), Polish, Portuguese,
# Romanian, Russian, Serbian, Serbian-Cyrillic, Slovak, Slovene, Spanish,
# Swedish, Turkish, Ukrainian and Vietnamese.

# The default value is: English.

OUTPUT LANGUAGE = English

# If the BRIEF MEMBER DESC tag is set to YES, Doxygen will include brief member
# descriptions after the members that are listed in the file and class

# documentation (similar to Javadoc). Set to NO to disable this.

# The default value is: YES.

BRIEF MEMBER DESC = YES

If the REPEAT BRIEF tag is set to YES, Doxygen will prepend the brief
description of a member or function before the detailed description

Note: If both HIDE UNDOC MEMBERS and BRIEF MEMBER DESC are set to NO, the
brief descriptions will be completely suppressed.
The default value is: YES.

S oS 3 S %

REPEAT BRIEF = YES

This tag implements a quasi-intelligent brief description abbreviator that is
used to form the text in various listings. Each string in this list, if found
as the leading text of the brief description, will be stripped from the text
and the result, after processing the whole list, is used as the annotated
text. Otherwise, the brief description is used as-is. If left blank, the
following values are used ($name is automatically replaced with the name of
the entity) :The S$name class, The $name widget, The $name file, is, provides,
specifies, contains, represents, a, an and the.

S o S 3 S R o

ABBREVIATE BRIEF = "The S$name class" \
"The $name widget" \
"The S$name file" \
is \
provides \
specifies \
contains \
represents \

a \
an \
the
# If the ALWAYS DETAILED SEC and REPEAT BRIEF tags are both set to YES then
# Doxygen will generate a detailed section even if there is only a brief
# description.
# The default value is: NO.
ALWAYS DETAILED SEC = NO
# If the INLINE INHERITED MEMB tag is set to YES, Doxygen will show all
# inherited members of a class in the documentation of that class as if those
# members were ordinary class members. Constructors, destructors and assignment
# operators of the base classes will not be shown.
# The default value is: NO.
INLINE INHERITED MEMB = NO

# If the FULL PATH NAMES tag is set to YES, Doxygen will prepend the full path
# before files name in the file list and in the header files. If set to NO the
# shortest path that makes the file name unique will be used
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# The default value is: YES.

FULL PATH NAMES = YES

# The STRIP_FROM PATH tag can be used to strip a user-defined part of the path.
# Stripping is only done if one of the specified strings matches the left-hand
# part of the path. The tag can be used to show relative paths in the file list.
# If left blank the directory from which Doxygen is run is used as the path to

# strip.

#

# Note that you can specify absolute paths here, but also relative paths, which
# will be relative from the directory where Doxygen is started.

# This tag requires that the tag FULL PATH NAMES is set to YES.

STRIP_FROM PATH =

The STRIP_FROM INC PATH tag can be used to strip a user-defined part of the
path mentioned in the documentation of a class, which tells the reader which
header file to include in order to use a class. If left blank only the name of
the header file containing the class definition is used. Otherwise one should
specify the list of include paths that are normally passed to the compiler
using the -I flag.

H o S S o

STRIP_FROM_ INC_PATH =

# If the SHORT NAMES tag is set to YES, Doxygen will generate much shorter (but
# less readable) file names. This can be useful if your file system doesn't

# support long names like on DOS, Mac, or CD-ROM.

# The default value is: NO.

SHORT NAMES = NO

# If the JAVADOC AUTOBRIEF tag is set to YES then Doxygen will interpret the

# first line (until the first dot, question mark or exclamation mark) of a

# Javadoc-style comment as the brief description. If set to NO, the Javadoc-

# style will behave just like regular Qt-style comments (thus requiring an

# explicit @brief command for a brief description.)

# The default value is: NO.

JAVADOC AUTOBRIEF = NO

# If the JAVADOC BANNER tag is set to YES then Doxygen will interpret a line

# such as

# /***************

# as being the beginning of a Javadoc-style comment "banner". If set to NO, the
# Javadoc-style will behave just like regular comments and it will not be

# interpreted by Doxygen.

# The default value is: NO.

JAVADOC BANNER = NO

# If the QT AUTOBRIEF tag is set to YES then Doxygen will interpret the first

# line (until the first dot, question mark or exclamation mark) of a Qt-style

# comment as the brief description. If set to NO, the Qt-style will behave just
# like regular Qt-style comments (thus requiring an explicit \brief command for
# a brief description.)

# The default value is: NO.

QT AUTOBRIEF = NO

# The MULTILINE CPP IS BRIEF tag can be set to YES to make Doxygen treat a
# multi-line C++ special comment block (i.e. a block of //! or /// comments) as
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a brief description. This used to be the default behavior. The new default is
to treat a multi-line C++ comment block as a detailed description. Set this
tag to YES if you prefer the old behavior instead.

#
#
#
#
# Note that setting this tag to YES also means that rational rose comments are
# not recognized any more.

# The default value is: NO.

MULTILINE CPP_IS BRIEF = NO

# By default Python docstrings are displayed as preformatted text and Doxygen's
# special commands cannot be used. By setting PYTHON DOCSTRING to NO the

# Doxygen's special commands can be used and the contents of the docstring

# documentation blocks is shown as Doxygen documentation.

# The default value is: YES.

PYTHON DOCSTRING = YES

# If the INHERIT DOCS tag is set to YES then an undocumented member inherits the
# documentation from any documented member that it re-implements.
# The default value is: YES.

INHERIT DOCS = YES

# If the SEPARATE MEMBER PAGES tag is set to YES then Doxygen will produce a new
# page for each member. If set to NO, the documentation of a member will be part
# of the file/class/namespace that contains it.

# The default value is: NO.

SEPARATE MEMBER PAGES = NO

# The TAB SIZE tag can be used to set the number of spaces in a tab. Doxygen
# uses this value to replace tabs by spaces in code fragments.
# Minimum value: 1, maximum value: 16, default value: 4.

TAB SIZE =4
# This tag can be used to specify a number of aliases that act as commands in
# the documentation. An alias has the form:
# name=value
# For example adding
# "sideeffect=Q@par Side Effects: """
# will allow you to put the command \sideeffect (or @sideeffect) in the
# documentation, which will result in a user-defined paragraph with heading
# "Side Effects:". Note that you cannot put \n's in the value part of an alias
# to insert newlines (in the resulting output). You can put """ in the value part
# of an alias to insert a newline as if a physical newline was in the original
# file. When you need a literal { or } or , in the value part of an alias you
# have to escape them by means of a backslash (\), this can lead to conflicts
# with the commands \{ and \} for these it is advised to use the version @{ and
# @} or use a double escape (\\{ and \\})
ALTASES =
# Set the OPTIMIZE OUTPUT FOR C tag to YES if your project consists of C sources
# only. Doxygen will then generate output that is more tailored for C. For
# instance, some of the names that are used will be different. The list of all
# members will be omitted, etc.
# The default value is: NO.
OPTIMIZE OUTPUT FOR C = NO
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Set the OPTIMIZE OUTPUT JAVA tag to YES if your project consists of Java or
Python sources only. Doxygen will then generate output that is more tailored
for that language. For instance, namespaces will be presented as packages,
qualified scopes will look different, etc.

The default value is: NO.

H o S 3 e

OPTIMIZE OUTPUT JAVA = NO

# Set the OPTIMIZE FOR FORTRAN tag to YES if your project consists of Fortran
# sources. Doxygen will then generate output that is tailored for Fortran.
# The default value is: NO.

OPTIMIZE FOR FORTRAN = NO

# Set the OPTIMIZE OUTPUT VHDL tag to YES if your project consists of VHDL
# sources. Doxygen will then generate output that is tailored for VHDL.
# The default value is: NO.

OPTIMIZE OUTPUT VHDL = NO

Set the OPTIMIZE OUTPUT SLICE tag to YES if your project consists of Slice
sources only. Doxygen will then generate output that is more tailored for that
language. For instance, namespaces will be presented as modules, types will be
separated into more groups, etc.

The default value is: NO.

P

OPTIMIZE OUTPUT SLICE = NO

Doxygen selects the parser to use depending on the extension of the files it
parses. With this tag you can assign which parser to use for a given
extension. Doxygen has a built-in mapping, but you can override or extend it
using this tag. The format is ext=language, where ext is a file extension, and
language is one of the parsers supported by Doxygen: IDL, Java, JavaScript,
Csharp (C#), C, C++, Lex, D, PHP, md (Markdown), Objective-C, Python, Slice,
VHDL, Fortran (fixed format Fortran: FortranFixed, free formatted Fortran:
FortranFree, unknown formatted Fortran: Fortran. In the later case the parser
tries to guess whether the code is fixed or free formatted code, this is the
default for Fortran type files). For instance to make Doxygen treat .inc files
as Fortran files (default is PHP), and .f files as C (default is Fortran),
use: inc=Fortran f=C.

Note: For files without extension you can use no_extension as a placeholder.
Note that for custom extensions you also need to set FILE PATTERNS otherwise

the files are not read by Doxygen. When specifying no _extension you should add
* to the FILE PATTERNS.

S oS e e o o S SR e e SR oE SR o e e 3E o ok o

Note see also the list of default file extension mappings.

EXTENSION MAPPING =

# If the MARKDOWN SUPPORT tag is enabled then Doxygen pre-processes all comments
# according to the Markdown format, which allows for more readable

# documentation. See https://daringfireball.net/projects/markdown/ for details.

# The output of markdown processing is further processed by Doxygen, so you can

# mix Doxygen, HTML, and XML commands with Markdown formatting. Disable only in

# case of backward compatibilities issues.

# The default value is: YES.

MARKDOWN SUPPORT = YES

# When the TOC INCLUDE HEADINGS tag is set to a non-zero value, all headings up
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to that level are automatically included in the table of contents, even if
they do not have an id attribute.

Note: This feature currently applies only to Markdown headings.

Minimum value: 0, maximum value: 99, default value: 6.

This tag requires that the tag MARKDOWN SUPPORT is set to YES.

H o S 3 e

TOC INCLUDE HEADINGS =6

The MARKDOWN ID STYLE tag can be used to specify the algorithm used to
generate identifiers for the Markdown headings. Note: Every identifier is
unique.

Possible values are: DOXYGEN use a fixed 'autotoc md' string followed by a
sequence number starting at 0 and GITHUB use the lower case version of title
with any whitespace replaced by '-' and punctuation characters removed.

The default value is: DOXYGEN.

This tag requires that the tag MARKDOWN SUPPORT is set to YES.

P

MARKDOWN ID STYLE = DOXYGEN

When enabled Doxygen tries to link words that correspond to documented
classes, or namespaces to their corresponding documentation. Such a link can
be prevented in individual cases by putting a % sign in front of the word or
globally by setting AUTOLINK SUPPORT to NO. Words listed in the

AUTOLINK IGNORE WORDS tag are excluded from automatic linking.

The default value is: YES.

S o 3 S R

AUTOLINK SUPPORT = YES

This tag specifies a list of words that, when matching the start of a word in
the documentation, will suppress auto links generation, if it is enabled via
AUTOLINK SUPPORT. This list does not affect affect links explicitly created
using \# or the \link or commands.

This tag requires that the tag AUTOLINK SUPPORT is set to YES.

.

AUTOLINK IGNORE WORDS =

# If you use STL classes (i.e. std::string, std::vector, etc.) but do not want

# to include (a tag file for) the STL sources as input, then you should set this
# tag to YES in order to let Doxygen match functions declarations and

# definitions whose arguments contain STL classes (e.g. func(std::string);

# versus func(std::string) {}). This also makes the inheritance and

# collaboration diagrams that involve STL classes more complete and accurate.

# The default value is: NO.

BUILTIN STL SUPPORT = NO

# If you use Microsoft's C++/CLI language, you should set this option to YES to
# enable parsing support.
# The default value is: NO.

CPP_CLI SUPPORT = NO

# Set the SIP SUPPORT tag to YES if your project consists of sip (see:

# https://www.riverbankcomputing.com/software) sources only. Doxygen will parse
# them like normal C++ but will assume all classes use public instead of private
# inheritance when no explicit protection keyword is present.

# The default value is: NO.

SIP SUPPORT = NO

# For Microsoft's IDL there are propget and propput attributes to indicate
# getter and setter methods for a property. Setting this option to YES will make
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Doxygen to replace the get and set methods by a property in the documentation.
This will only work if the methods are indeed getting or setting a simple
type. If this is not the case, or you want to show the methods anyway, you
should set this option to NO.

The default value is: YES.

H o S 3 e

IDL PROPERTY SUPPORT = YES

# If member grouping is used in the documentation and the DISTRIBUTE GROUP DOC
# tag is set to YES then Doxygen will reuse the documentation of the first

# member in the group (if any) for the other members of the group. By default

# all members of a group must be documented explicitly.

# The default value is: NO.

DISTRIBUTE GROUP_ DOC = NO

# If one adds a struct or class to a group and this option is enabled, then also
# any nested class or struct is added to the same group. By default this option
# is disabled and one has to add nested compounds explicitly via \ingroup.

# The default value is: NO.

GROUP_NESTED COMPOUNDS = NO

# Set the SUBGROUPING tag to YES to allow class member groups of the same type
# (for instance a group of public functions) to be put as a subgroup of that

# type (e.g. under the Public Functions section). Set it to NO to prevent

# subgrouping. Alternatively, this can be done per class using the

# \nosubgrouping command.

# The default value is: YES.

SUBGROUPING = YES

# When the INLINE GROUPED CLASSES tag is set to YES, classes, structs and unions
# are shown inside the group in which they are included (e.g. using \ingroup)
# instead of on a separate page (for HTML and Man pages) or section (for LaTeX
# and RTF).

#

# Note that this feature does not work in combination with

# SEPARATE MEMBER PAGES.

# The default value is: NO.

INLINE GROUPED CLASSES = NO

When the INLINE SIMPLE STRUCTS tag is set to YES, structs, classes, and unions
with only public data fields or simple typedef fields will be shown inline in
the documentation of the scope in which they are defined (i.e. file,
namespace, or group documentation), provided this scope is documented. If set
to NO, structs, classes, and unions are shown on a separate page (for HTML and
Man pages) or section (for LaTeX and RTF).

The default value is: NO.

S o= S 3 R 4

INLINE SIMPLE STRUCTS = NO

When TYPEDEF HIDES STRUCT tag is enabled, a typedef of a struct, union, or
enum is documented as struct, union, or enum with the name of the typedef. So
typedef struct TypeS {} TypeT, will appear in the documentation as a struct
with name TypeT. When disabled the typedef will appear as a member of a file,
namespace, or class. And the struct will be named TypeS. This can typically be
useful for C code in case the coding convention dictates that all compound
types are typedef'ed and only the typedef is referenced, never the tag name.
The default value is: NO.

P
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TYPEDEF HIDES STRUCT = NO

# The size of the symbol lookup cache can be set using LOOKUP CACHE SIZE. This

# cache is used to resolve symbols given their name and scope. Since this can be
# an expensive process and often the same symbol appears multiple times in the

# code, Doxygen keeps a cache of pre-resolved symbols. If the cache is too small
# Doxygen will become slower. If the cache is too large, memory is wasted. The

# cache size is given by this formula: 27 (16+LOOKUP CACHE SIZE). The valid range
# is 0..9, the default is 0, corresponding to a cache size of 2716=65536

# symbols. At the end of a run Doxygen will report the cache usage and suggest

# the optimal cache size from a speed point of view.

# Minimum value: 0, maximum value: 9, default value: 0.

LOOKUP_CACHE SIZE =0

# The NUM PROC THREADS specifies the number of threads Doxygen is allowed to use
# during processing. When set to 0 Doxygen will based this on the number of

# cores available in the system. You can set it explicitly to a value larger

# than 0 to get more control over the balance between CPU load and processing

# speed. At this moment only the input processing can be done using multiple

# threads. Since this is still an experimental feature the default is set to 1,
# which effectively disables parallel processing. Please report any issues you

# encounter. Generating dot graphs in parallel is controlled by the

# DOT NUM THREADS setting.

# Minimum value: 0, maximum value: 32, default value: 1.

Il
—

NUM_PROC_THREADS

If the TIMESTAMP tag is set different from NO then each generated page will
contain the date or date and time when the page was generated. Setting this to
NO can help when comparing the output of multiple runs.

Possible values are: YES, NO, DATETIME and DATE.

The default value is: NO.

.

TIMESTAMP = NO

If the EXTRACT ALL tag is set to YES, Doxygen will assume all entities in
documentation are documented, even if no documentation was available. Private
class members and static file members will be hidden unless the

EXTRACT PRIVATE respectively EXTRACT STATIC tags are set to YES.

Note: This will also disable the warnings about undocumented members that are
normally produced when WARNINGS is set to YES.

The default value is: NO.

S T

EXTRACT ALL = NO

# If the EXTRACT PRIVATE tag is set to YES, all private members of a class will
# be included in the documentation.

# The default value is: NO.

EXTRACT_PRIVATE = NO

# If the EXTRACT PRIV VIRTUAL tag is set to YES, documented private virtual

# methods of a class will be included in the documentation.

# The default value is: NO.

EXTRACT PRIV _VIRTUAL = NO
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# If the EXTRACT PACKAGE tag is set to YES, all members with package or internal
# scope will be included in the documentation.
# The default value is: NO.

EXTRACT PACKAGE = NO
# If the EXTRACT STATIC tag is set to YES, all static members of a file will be

# included in the documentation.
# The default value is: NO.

EXTRACT STATIC = NO

# If the EXTRACT LOCAL CLASSES tag is set to YES, classes (and structs) defined
# locally in source files will be included in the documentation. If set to NO,

# only classes defined in header files are included. Does not have any effect

# for Java sources.

# The default value is: YES.

EXTRACT LOCAL CLASSES = YES

# This flag is only useful for Objective-C code. If set to YES, local methods,

# which are defined in the implementation section but not in the interface are

# included in the documentation. If set to NO, only methods in the interface are
# included.

# The default value is: NO.

EXTRACT LOCAL METHODS = NO

# If this flag is set to YES, the members of anonymous namespaces will be

# extracted and appear in the documentation as a namespace called

# 'anonymous namespace{file}', where file will be replaced with the base name of
# the file that contains the anonymous namespace. By default anonymous namespace
# are hidden.

# The default value is: NO.

EXTRACT ANON NSPACES = NO

# If this flag is set to YES, the name of an unnamed parameter in a declaration
# will be determined by the corresponding definition. By default unnamed

# parameters remain unnamed in the output.

# The default value is: YES.

RESOLVE UNNAMED PARAMS = YES

# If the HIDE UNDOC MEMBERS tag is set to YES, Doxygen will hide all

# undocumented members inside documented classes or files. If set to NO these

# members will be included in the wvarious overviews, but no documentation

# section is generated. This option has no effect if EXTRACT ALL is enabled.

# The default value is: NO.

HIDE UNDOC MEMBERS = NO

# If the HIDE UNDOC CLASSES tag is set to YES, Doxygen will hide all

# undocumented classes that are normally visible in the class hierarchy. If set
# to NO, these classes will be included in the various overviews. This option

# will also hide undocumented C++ concepts if enabled. This option has no effect
# if EXTRACT ALL is enabled.

# The default value is: NO.

HIDE UNDOC CLASSES = NO

# If the HIDE UNDOC NAMESPACES tag is set to YES, Doxygen will hide all
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undocumented namespaces that are normally visible in the namespace hierarchy.
If set to NO, these namespaces will be included in the various overviews. This
option has no effect if EXTRACT ALL is enabled.

The default value is: YES.

R e

HIDE UNDOC NAMESPACES = YES

# If the HIDE FRIEND COMPOUNDS tag is set to YES, Doxygen will hide all friend
# declarations. If set to NO, these declarations will be included in the

# documentation.

# The default value is: NO.

HIDE FRIEND COMPOUNDS = NO

# If the HIDE IN BODY DOCS tag is set to YES, Doxygen will hide any

# documentation blocks found inside the body of a function. If set to NO, these
# blocks will be appended to the function's detailed documentation block.

# The default value is: NO.

HIDE IN BODY DOCS = NO

# The INTERNAL DOCS tag determines if documentation that is typed after a

# \internal command is included. If the tag is set to NO then the documentation
# will be excluded. Set it to YES to include the internal documentation.

# The default value is: NO.

INTERNAL DOCS = NO

# With the correct setting of option CASE SENSE NAMES Doxygen will better be

# able to match the capabilities of the underlying filesystem. In case the

# filesystem is case sensitive (i.e. it supports files in the same directory

# whose names only differ in casing), the option must be set to YES to properly
# deal with such files in case they appear in the input. For filesystems that

# are not case sensitive the option should be set to NO to properly deal with

# output files written for symbols that only differ in casing, such as for two
# classes, one named CLASS and the other named Class, and to also support

# references to files without having to specify the exact matching casing. On

# Windows (including Cygwin) and macOS, users should typically set this option
# to NO, whereas on Linux or other Unix flavors it should typically be set to

# YES.

# Possible values are: SYSTEM, NO and YES.

# The default value is: SYSTEM.

CASE SENSE NAMES = SYSTEM

# If the HIDE SCOPE NAMES tag is set to NO then Doxygen will show members with
# their full class and namespace scopes in the documentation. If set to YES, the
# scope will be hidden.

# The default value is: NO.

HIDE SCOPE NAMES = NO

# If the HIDE COMPOUND REFERENCE tag is set to NO (default) then Doxygen will

# append additional text to a page's title, such as Class Reference. If set to
# YES the compound reference will be hidden.

# The default value is: NO.

HIDE COMPOUND REFERENCE= NO

# If the SHOW HEADERFILE tag is set to YES then the documentation for a class
# will show which file needs to be included to use the class.
# The default value is: YES.

Babywro A.C. Apx.

Bnacenrko O.B. IHSKPB'121'25'H3

86
3mn. | Apk. Ne ookym. Iionuc | Hama r




SHOW_HEADERFILE = YES

# If the SHOW INCLUDE FILES tag is set to YES then Doxygen will put a list of
# the files that are included by a file in the documentation of that file.
# The default value is: YES.

SHOW INCLUDE FILES = YES

# If the SHOW GROUPED MEMB INC tag is set to YES then Doxygen will add for each
# grouped member an include statement to the documentation, telling the reader
# which file to include in order to use the member.

# The default value is: NO.

SHOW GROUPED MEMB INC = NO

# If the FORCE LOCAL INCLUDES tag is set to YES then Doxygen will list include
# files with double quotes in the documentation rather than with sharp brackets.
# The default value is: NO.

FORCE LOCAL_ INCLUDES = NO

# If the INLINE INFO tag is set to YES then a tag [inline] is inserted in the
# documentation for inline members.
# The default value is: YES.

INLINE INFO = YES

# If the SORT MEMBER DOCS tag is set to YES then Doxygen will sort the

# (detailed) documentation of file and class members alphabetically by member
# name. If set to NO, the members will appear in declaration order.

# The default value is: YES.

SORT MEMBER DOCS = YES

# If the SORT BRIEF DOCS tag is set to YES then Doxygen will sort the brief

# descriptions of file, namespace and class members alphabetically by member

# name. If set to NO, the members will appear in declaration order. Note that

# this will also influence the order of the classes in the class list.

# The default value is: NO.

SORT BRIEF DOCS = NO

# If the SORT MEMBERS CTORS 1ST tag is set to YES then Doxygen will sort the

# (brief and detailed) documentation of class members so that constructors and

# destructors are listed first. If set to NO the constructors will appear in the
# respective orders defined by SORT BRIEF DOCS and SORT MEMBER DOCS.

# Note: If SORT BRIEF DOCS is set to NO this option is ignored for sorting brief
# member documentation.

# Note: If SORT MEMBER DOCS is set to NO this option is ignored for sorting

# detailed member documentation.

# The default value is: NO.

SORT MEMBERS CTORS 1ST = NO

# If the SORT _GROUP NAMES tag is set to YES then Doxygen will sort the hierarchy
# of group names into alphabetical order. If set to NO the group names will

# appear in their defined order.

# The default value is: NO.

SORT GROUP NAMES = NO
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If the SORT BY SCOPE NAME tag is set to YES, the class list will be sorted by
fully-qualified names, including namespaces. If set to NO, the class list will
be sorted only by class name, not including the namespace part.

Note: This option is not very useful if HIDE SCOPE NAMES is set to YES.

Note: This option applies only to the class list, not to the alphabetical
list.

The default value is: NO.

T

SORT BY SCOPE_NAME = NO

If the STRICT PROTO MATCHING option is enabled and Doxygen fails to do proper
type resolution of all parameters of a function it will reject a match between
the prototype and the implementation of a member function even if there is
only one candidate or it is obvious which candidate to choose by doing a
simple string match. By disabling STRICT PROTO MATCHING Doxygen will still
accept a match between prototype and implementation in such cases.

The default value is: NO.

S o e 3 S o

STRICT PROTO _MATCHING = NO

# The GENERATE TODOLIST tag can be used to enable (YES) or disable (NO) the todo
# list. This list is created by putting \todo commands in the documentation.
# The default value is: YES.

GENERATE TODOLIST = YES

# The GENERATE TESTLIST tag can be used to enable (YES) or disable (NO) the test
# list. This list is created by putting \test commands in the documentation.

# The default value is: YES.

GENERATE TESTLIST = YES

# The GENERATE BUGLIST tag can be used to enable (YES) or disable (NO) the bug

# list. This list is created by putting \bug commands in the documentation.
# The default value is: YES.

GENERATE BUGLIST = YES

# The GENERATE DEPRECATEDLIST tag can be used to enable (YES) or disable (NO)
# the deprecated list. This list is created by putting \deprecated commands in
# the documentation.

# The default value is: YES.

GENERATE DEPRECATEDLIST= YES

# The ENABLED SECTIONS tag can be used to enable conditional documentation
# sections, marked by \if <section label> ... \endif and \cond <section label>
# ... \endcond blocks.

ENABLED SECTIONS

The MAX INITIALIZER LINES tag determines the maximum number of lines that the
initial value of a variable or macro / define can have for it to appear in the
documentation. If the initializer consists of more lines than specified here
it will be hidden. Use a value of 0 to hide initializers completely. The
appearance of the value of individual variables and macros / defines can be
controlled using \showinitializer or \hideinitializer command in the
documentation regardless of this setting.

Minimum value: 0, maximum value: 10000, default value: 30.

S o e S S R e o

MAX INITIALIZER LINES = 30
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Set the SHOW USED FILES tag to NO to disable the list of files generated at
the bottom of the documentation of classes and structs. If set to YES, the
list will mention the files that were used to generate the documentation.
The default value is: YES.

R e

SHOW_ USED FILES = YES

# Set the SHOW FILES tag to NO to disable the generation of the Files page. This
# will remove the Files entry from the Quick Index and from the Folder Tree View
# (if specified).

# The default value is: YES.

SHOW_ FILES = YES

# Set the SHOW NAMESPACES tag to NO to disable the generation of the Namespaces
# page. This will remove the Namespaces entry from the Quick Index and from the
# Folder Tree View (if specified).

# The default value is: YES.

SHOW_ NAMESPACES = YES

The FILE VERSION FILTER tag can be used to specify a program or script that
Doxygen should invoke to get the current version for each file (typically from
the version control system). Doxygen will invoke the program by executing (via
popen()) the command command input-file, where command is the value of the
FILE VERSION FILTER tag, and input-file is the name of an input file provided
by Doxygen. Whatever the program writes to standard output is used as the file
version. For an example see the documentation.

s -

FILE VERSION FILTER =

The LAYOUT FILE tag can be used to specify a layout file which will be parsed
by Doxygen. The layout file controls the global structure of the generated
output files in an output format independent way. To create the layout file
that represents Doxygen's defaults, run Doxygen with the -1 option. You can
optionally specify a file name after the option, if omitted DoxygenLayout.xml
will be used as the name of the layout file. See also section "Changing the
layout of pages" for information.

Note that if you run Doxygen from a directory containing a file called
DoxygenLayout.xml, Doxygen will parse it automatically even if the LAYOUT FILE
tag is left empty.

R E E E E

LAYOUT FILE =

The CITE BIB FILES tag can be used to specify one or more bib files containing
the reference definitions. This must be a list of .bib files. The .bib
extension is automatically appended if omitted. This requires the bibtex tool
to be installed. See also https://en.wikipedia.org/wiki/BibTeX for more info.
For LaTeX the style of the bibliography can be controlled using
LATEX BIB STYLE. To use this feature you need bibtex and perl available in the
search path. See also \cite for info how to create references.

4= S S R 4R

CITE BIB FILES =

The EXTERNAL TOOL PATH tag can be used to extend the search path (PATH
environment variable) so that external tools such as latex and gs can be
found.

Note: Directories specified with EXTERNAL TOOL PATH are added in front of the
path already specified by the PATH variable, and are added in the order
specified.

Note: This option is particularly useful for macOS version 14 (Sonoma) and

e T
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higher, when running Doxygen from Doxywizard, because in this case any user-
defined changes to the PATH are ignored. A typical example on macOS is to set
EXTERNAL TOOL PATH = /Library/TeX/texbin /usr/local/bin

together with the standard path, the full search path used by doxygen when
launching external tools will then become
PATH=/Library/TeX/texbin:/usr/local/bin:/usr/bin:/bin:/usr/sbin:/sbin

e

EXTERNAL TOOL_ PATH

# The QUIET tag can be used to turn on/off the messages that are generated to

# standard output by Doxygen. If QUIET is set to YES this implies that the

# messages are off.

# The default value is: NO.

QUIET = NO

# The WARNINGS tag can be used to turn on/off the warning messages that are

# generated to standard error (stderr) by Doxygen. If WARNINGS is set to YES

# this implies that the warnings are on.

#

# Tip: Turn warnings on while writing the documentation.

# The default value is: YES.

WARNINGS = YES

# If the WARN IF UNDOCUMENTED tag is set to YES then Doxygen will generate

# warnings for undocumented members. If EXTRACT ALL is set to YES then this flag
# will automatically be disabled.

# The default value is: YES.

WARN TF UNDOCUMENTED = YES

# If the WARN IF DOC ERROR tag is set to YES, Doxygen will generate warnings for
# potential errors in the documentation, such as documenting some parameters in
# a documented function twice, or documenting parameters that don't exist or

# using markup commands wrongly.

# The default value is: YES.

WARN IF DOC_ERROR = YES

# If WARN IF INCOMPLETE DOC is set to YES, Doxygen will warn about incomplete

# function parameter documentation. If set to NO, Doxygen will accept that some
# parameters have no documentation without warning.

# The default value is: YES.

WARN IF INCOMPLETE DOC = YES

This WARN NO PARAMDOC option can be enabled to get warnings for functions that
are documented, but have no documentation for their parameters or return
value. If set to NO, Doxygen will only warn about wrong parameter
documentation, but not about the absence of documentation. If EXTRACT ALL is
set to YES then this flag will automatically be disabled. See also

WARN TF INCOMPLETE DOC

The default value is: NO.

e T

WARN NO PARAMDOC = NO

# If WARN IF UNDOC ENUM VAL option is set to YES, Doxygen will warn about
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undocumented enumeration values. If set to NO, Doxygen will accept
undocumented enumeration values. If EXTRACT ALL is set to YES then this flag
will automatically be disabled.

The default value is: NO.

R e

WARN TF UNDOC ENUM VAL = NO

If WARN LAYOUT FILE option is set to YES, Doxygen will warn about issues found
while parsing the user defined layout file, such as missing or wrong elements.
See also LAYOUT FILE for details. If set to NO, problems with the layout file

will be suppressed.

The default value is: YES.

S o e 3 3

WARN LAYOUT FILE = YES

If the WARN AS ERROR tag is set to YES then Doxygen will immediately stop when
a warning is encountered. If the WARN AS ERROR tag is set to FAIL ON WARNINGS
then Doxygen will continue running as if WARN AS ERROR tag is set to NO, but
at the end of the Doxygen process Doxygen will return with a non-zero status.
If the WARN AS ERROR tag is set to FAIL ON WARNINGS PRINT then Doxygen behaves
like FAIL ON WARNINGS but in case no WARN LOGFILE is defined Doxygen will not
write the warning messages in between other messages but write them at the end
of a run, in case a WARN LOGFILE is defined the warning messages will be
besides being in the defined file also be shown at the end of a run, unless
the WARN LOGFILE is defined as - i.e. standard output (stdout) in that case
the behavior will remain as with the setting FAIL ON WARNINGS.

Possible values are: NO, YES, FAIL ON WARNINGS and FAIL ON WARNINGS PRINT.

The default value is: NO.

e oS e S S S SR e e S o o ok

WARN AS ERROR = NO

The WARN FORMAT tag determines the format of the warning messages that Doxygen
can produce. The string should contain the $file, $line, and $text tags, which
will be replaced by the file and line number from which the warning originated
and the warning text. Optionally the format may contain $version, which will
be replaced by the version of the file (if it could be obtained via

FILE VERSION FILTER)

See also: WARN LINE FORMAT

The default value is: $file:$line: Stext.

S o e o 3 S o e

WARN FORMAT = "Sfile:S$1line: Stext"

In the S$text part of the WARN FORMAT command it is possible that a reference
to a more specific place is given. To make it easier to jump to this place
(outside of Doxygen) the user can define a custom "cut" / "paste" string.
Example:

WARN LINE FORMAT = "'vi $file +$line'"

See also: WARN FORMAT

The default value is: at line $line of file $file.

s .

WARN LINE FORMAT = "at line $line of file $file"

# The WARN LOGFILE tag can be used to specify a file to which warning and error
# messages should be written. If left blank the output is written to standard

# error (stderr). In case the file specified cannot be opened for writing the

# warning and error messages are written to standard error. When as file - is

# specified the warning and error messages are written to standard output

# (stdout) .

WARN LOGFILE =
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Configuration options related to the input files

# ___________________________________________________________________________

# The INPUT tag is used to specify the files and/or directories that contain

# documented source files. You may enter file names like myfile.cpp or

# directories like /usr/src/myproject. Separate the files or directories with

# spaces. See also FILE PATTERNS and EXTENSION MAPPING

# Note: If this tag is empty the current directory is searched.

INPUT = include src

# This tag can be used to specify the character encoding of the source files

# that Doxygen parses. Internally Doxygen uses the UTF-8 encoding. Doxygen uses
# libiconv (or the iconv built into libc) for the transcoding. See the libiconv
# documentation (see:

# https://www.gnu.org/software/libiconv/) for the list of possible encodings.

# See also: INPUT FILE ENCODING

# The default value is: UTF-8.

INPUT ENCODING = UTF-8

# This tag can be used to specify the character encoding of the source files

# that Doxygen parses. The INPUT FILE ENCODING tag can be used to specify

# character encoding on a per file pattern basis. Doxygen will compare the file
# name with each pattern and apply the encoding instead of the default

# INPUT ENCODING if there is a match. The character encodings are a list of the
# form: pattern=encoding (like *.php=IS0-8859-1).

# See also: INPUT ENCODING for further information on supported encodings.

INPUT FILE ENCODING =

# If the value of the INPUT tag contains directories, you can use the
# FILE PATTERNS tag to specify one or more wildcard patterns (like *.cpp and
# *.h) to filter out the source-files in the directories.
#
# Note that for custom extensions or not directly supported extensions you also
# need to set EXTENSION MAPPING for the extension otherwise the files are not
# read by Doxygen.
#
# Note the list of default checked file patterns might differ from the list of
# default file extension mappings.
#
# If left blank the following patterns are tested:*.c, *.cc, *.cxx, *.cxxm,
# *.cpp, *.cppm, *.ccm, *.c++, *.c++m, *.java, *.ii, *.ixx, *.ipp, *.i++, *.inl,
# *.idl, *.ddl, *.odl, *.h, *.hh, *.hxx, *.hpp, *.h++, *.ixx, *.1, *.cs, *.d,
# *.php, *.php4, *.php5, *.phtml, *.inc, *.m, *.markdown, *.md, *.mm, *.dox (to
# be provided as Doxygen C comment), *.py, *.pyw, *.£90, *.f95, *.f03, *.f08,
# *~.f18, *.f, *.for, *.vhd, *.vhdl, *.ucf, *.gsf and *.ice.
FILE PATTERNS = *.c \
*.cc \
* cxx \
*.oxxm \
*.cpp \
* . cppm \
*.ccm \
* o+t \
*.ct++m \
* java \
*.11 0\
*oixx \
* . ipp \
babywrxo A.C. Apx.
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i+
.inl
.idl
.ddl
.odl
.h \
.hh \
.hxx
-hpp
.h++
Lixx
10N
.cs \
.d \
.php \
.php4 \
.php5 \
.phtml \
.inc \

mo\
.markdown \
.md \

.mm \

.dox \

.py \
.pyw
.£90
.£95
.f03
.f08
.f18
BN
.for
.vhd \
.vhdl \
.ucft \
.gsf \
.ice

s

~ - -

P

-
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# The RECURSIVE tag can be used to specify whether or not subdirectories should
# be searched for input files as well.
# The default value is: NO.

RECURSIVE = YES

# The EXCLUDE tag can be used to specify files and/or directories that should be
# excluded from the INPUT source files. This way you can easily exclude a

# subdirectory from a directory tree whose root is specified with the INPUT tag.
#

# Note that relative paths are relative to the directory from which Doxygen is

# run.

EXCLUDE =

# The EXCLUDE SYMLINKS tag can be used to select whether or not files or

# directories that are symbolic links (a Unix file system feature) are excluded
# from the input.

# The default value is: NO.

EXCLUDE SYMLINKS = NO

# If the value of the INPUT tag contains directories, you can use the
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EXCLUDE PATTERNS tag to specify one or more wildcard patterns to exclude
certain files from those directories.

Note that the wildcards are matched against the file with absolute path, so to
exclude all test directories for example use the pattern */test/*

H o S 3 e

EXCLUDE PATTERNS =

The EXCLUDE SYMBOLS tag can be used to specify one or more symbol names
(namespaces, classes, functions, etc.) that should be excluded from the
output. The symbol name can be a fully qualified name, a word, or if the
wildcard * is used, a substring. Examples: ANamespace, AClass,
ANamespace: :AClass, ANamespace::*Test

e

EXCLUDE SYMBOLS =

# The EXAMPLE PATH tag can be used to specify one or more files or directories
# that contain example code fragments that are included (see the \include
# command) .

EXAMPLE PATH =

# If the value of the EXAMPLE PATH tag contains directories, you can use the

# EXAMPLE PATTERNS tag to specify one or more wildcard pattern (like *.cpp and
# *.h) to filter out the source-files in the directories. If left blank all

# files are included.

Il
*

EXAMPLE PATTERNS

If the EXAMPLE RECURSIVE tag is set to YES then subdirectories will be
searched for input files to be used with the \include or \dontinclude commands
irrespective of the value of the RECURSIVE tag.

The default value is: NO.

e

EXAMPLE RECURSIVE = NO

# The IMAGE PATH tag can be used to specify one or more files or directories
# that contain images that are to be included in the documentation (see the
# \image command) .

IMAGE PATH =

The INPUT FILTER tag can be used to specify a program that Doxygen should
invoke to filter for each input file. Doxygen will invoke the filter program
by executing (via popen()) the command:

<filter> <input-file>

where <filter> is the value of the INPUT FILTER tag, and <input-file> is the
name of an input file. Doxygen will then use the output that the filter
program writes to standard output. If FILTER PATTERNS is specified, this tag
will be ignored.

Note that the filter must not add or remove lines; it is applied before the
code is scanned, but not when the output code is generated. If lines are added
or removed, the anchors will not be placed correctly.

Note that Doxygen will use the data processed and written to standard output
for further processing, therefore nothing else, like debug statements or used
commands (so in case of a Windows batch file always use (@echo OFF), should be
written to standard output.

S oS o S SE o SR SR e e SR S S e e e 9k ok o o
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# Note that for custom extensions or not directly supported extensions you also
# need to set EXTENSION MAPPING for the extension otherwise the files are not
# properly processed by Doxygen.

INPUT FILTER =

The FILTER PATTERNS tag can be used to specify filters on a per file pattern
basis. Doxygen will compare the file name with each pattern and apply the
filter if there is a match. The filters are a list of the form: pattern=filter
(like *.cpp=my cpp filter). See INPUT FILTER for further information on how
filters are used. If the FILTER PATTERNS tag is empty or if none of the
patterns match the file name, INPUT FILTER is applied.

Note that for custom extensions or not directly supported extensions you also
need to set EXTENSION MAPPING for the extension otherwise the files are not
properly processed by Doxygen.

e e e

FILTER PATTERNS =

# If the FILTER SOURCE FILES tag is set to YES, the input filter (if set using
# INPUT FILTER) will also be used to filter the input files that are used for

# producing the source files to browse (i.e. when SOURCE BROWSER is set to YES).
# The default value is: NO.

FILTER SOURCE FILES = NO

# The FILTER SOURCE PATTERNS tag can be used to specify source filters per file
# pattern. A pattern will override the setting for FILTER PATTERN (if any) and
# it is also possible to disable source filtering for a specific pattern using
# *.ext= (so without naming a filter).

# This tag requires that the tag FILTER SOURCE FILES is set to YES.

FILTER SOURCE PATTERNS =

# If the USE MDFILE AS MAINPAGE tag refers to the name of a markdown file that
# is part of the input, its contents will be placed on the main page

# (index.html). This can be useful if you have a project on for instance GitHub
# and want to reuse the introduction page also for the Doxygen output.

USE MDFILE AS MAINPAGE =

# If the IMPLICIT DIR DOCS tag is set to YES, any README.md file found in sub-

# directories of the project's root, is used as the documentation for that sub-
# directory, except when the README.md starts with a \dir, \page or \mainpage

# command. If set to NO, the README.md file needs to start with an explicit \dir
# command in order to be used as directory documentation.

# The default value is: YES.

IMPLICIT DIR DOCS = YES

# The Fortran standard specifies that for fixed formatted Fortran code all

# characters from position 72 are to be considered as comment. A common

# extension is to allow longer lines before the automatic comment starts. The

# setting FORTRAN COMMENT AFTER will also make it possible that longer lines can
# be processed before the automatic comment starts.

# Minimum value: 7, maximum value: 10000, default value: 72.

FORTRAN COMMENT AFTER = 72

# ___________________________________________________________________________

# Configuration options related to source browsing

# ___________________________________________________________________________
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If the SOURCE BROWSER tag is set to YES then a list of source files will be
generated. Documented entities will be cross-referenced with these sources.

Note: To get rid of all source code in the generated output, make sure that
also VERBATIM HEADERS is set to NO.
The default value is: NO.

H o S S o

SOURCE_BROWSER = NO

# Setting the INLINE SOURCES tag to YES will include the body of functions,

# multi-line macros, enums or list initialized variables directly into the

# documentation.

# The default value is: NO.

INLINE SOURCES = NO

# Setting the STRIP CODE COMMENTS tag to YES will instruct Doxygen to hide any

# special comment blocks from generated source code fragments. Normal C, C++ and
# Fortran comments will always remain visible.

# The default value is: YES.

STRIP_CODE COMMENTS = YES

# If the REFERENCED BY RELATION tag is set to YES then for each documented
# entity all documented functions referencing it will be listed.
# The default value is: NO.

REFERENCED BY RELATION = NO
# If the REFERENCES RELATION tag is set to YES then for each documented function

# all documented entities called/used by that function will be listed.
# The default value is: NO.

REFERENCES RELATION = NO

# If the REFERENCES LINK SOURCE tag is set to YES and SOURCE BROWSER tag is set
# to YES then the hyperlinks from functions in REFERENCES RELATION and

# REFERENCED BY RELATION lists will link to the source code. Otherwise they will
# link to the documentation.

# The default value is: YES.

REFERENCES LINK SOURCE = YES

# If SOURCE TOOLTIPS is enabled (the default) then hovering a hyperlink in the
# source code will show a tooltip with additional information such as prototype,
# brief description and links to the definition and documentation. Since this
# will make the HTML file larger and loading of large files a bit slower, you
# can opt to disable this feature.

# The default value is: YES.

# This tag requires that the tag SOURCE BROWSER is set to YES.

SOURCE TOOLTIPS = YES

# If the USE HTAGS tag is set to YES then the references to source code will

# point to the HTML generated by the htags(l) tool instead of Doxygen built-in
# source browser. The htags tool is part of GNU's global source tagging system
# (see https://www.gnu.org/software/global/global.html). You will need version
# 4.8.6 or higher.

#

# To use it do the following:

# - Install the latest version of global
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- Enable SOURCE BROWSER and USE HTAGS in
- Make sure the INPUT points to the root
- Run doxygen as normal

#

#

#

#

# Doxygen will invoke htags (and that will
# tools must be available from the command
#
#
#
#
#

The result:
source code will now point to the output

The default value is: NO.

instead of the source browser generated by Doxygen,

the configuration file
of the source tree

in turn invoke gtags), so these
line (i.e. in the search path).

the links to
of htags.

This tag requires that the tag SOURCE BROWSER is set to YES.

USE_HTAGS = NO

Set to NO to disable this.
Section \class.
YES.

specified.
See also:
The default value is:

H o e

VERBATIM HEADERS = YES

If the VERBATIM HEADERS tag is set the YES then Doxygen will generate a
verbatim copy of the header file for each class for which an include 1is

to YES then Doxygen will use the

for more accurate parsing at the cost of reduced

This can be particularly helpful with template rich C++ code for
which Doxygen's built-in parser lacks the necessary type information.

The availability of this option depends on whether or not Doxygen was

# If the CLANG ASSISTED PARSING tag is set

# clang parser (see:

# http://clang.llvm.org/)

# performance.

#

# Note:

# generated with the -Duse libclang=ON option for CMake.
# The default value is: NO.

CLANG ASSISTED PARSING = NO

If the CLANG ASSISTED PARSING tag is set

include path.

The default value is: YES.

e

CLANG ADD INC PATHS = YES

If clang assisted parsing is enabled you
line options that you would normally use

specified with INPUT and INCLUDE PATH.

S o e e 3

CLANG_OPTIONS =
If clang assisted parsing is enabled you

file is the compilation database (see:

will be added as well.
Note:

e

CLANG DATABASE PATH =

http://clang.llvm.org/docs/HowToSetupToolingForLLVM.html)
options used when the source files were built.
specifying the -p option to a clang tool,
will then be passed to the parser. Any options specified with CLANG OPTIONS

to YES and the CLANG ADD_ INC_PATHS

tag is set to YES then Doxygen will add the directory of each input to the

This tag requires that the tag CLANG ASSISTED PARSING is set to YES.

can provide the compiler with command
when invoking the compiler. Note that

the include paths will already be set by Doxygen for the files and directories

This tag requires that the tag CLANG ASSISTED PARSING is set to YES.

can provide the clang parser with the

path to the directory containing a file called compile commands.json. This

containing the
This 1is equivalent to

such as clang-check. These options

The availability of this option depends on whether or not Doxygen was
generated with the -Duse libclang=ON option for CMake.
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# If the ALPHABETICAL INDEX tag is set to YES, an alphabetical index of all

# compounds will be generated. Enable this if the project contains a lot of

# classes, structs, unions or interfaces.

# The default value is: YES.

ALPHABETICAL INDEX = YES

# The IGNORE PREFIX tag can be used to specify a prefix (or a list of prefixes)
# that should be ignored while generating the index headers. The IGNORE PREFIX
# tag works for classes, function and member names. The entity will be placed in
# the alphabetical list under the first letter of the entity name that remains
# after removing the prefix.

# This tag requires that the tag ALPHABETICAL INDEX is set to YES.

IGNORE PREFIX =

# If the GENERATE HTML tag is set to YES, Doxygen will generate HTML output
# The default value is: YES.

GENERATE HTML = YES

# The HTML OUTPUT tag is used to specify where the HTML docs will be put. If a

# relative path is entered the value of OUTPUT DIRECTORY will be put in front of
# it.

# The default directory is: html.

# This tag requires that the tag GENERATE HTML is set to YES.

HTML OUTPUT = html

# The HTML FILE EXTENSION tag can be used to specify the file extension for each
# generated HTML page (for example: .htm, .php, .asp).

# The default value is: .html.

# This tag requires that the tag GENERATE HTML is set to YES.

HTML FILE EXTENSION = .html

# The HTML HEADER tag can be used to specify a user-defined HTML header file for
# each generated HTML page. If the tag is left blank Doxygen will generate a

# standard header.

#

# To get valid HTML the header file that includes any scripts and style sheets

# that Doxygen needs, which is dependent on the configuration options used (e.g.
# the setting GENERATE TREEVIEW). It is highly recommended to start with a

# default header using

# doxygen -w html new header.html new footer.html new stylesheet.css

# YourConfigFile

# and then modify the file new header.html. See also section "Doxygen usage"

# for information on how to generate the default header that Doxygen normally

# uses.

# Note: The header is subject to change so you typically have to regenerate the

# default header when upgrading to a newer version of Doxygen. For a description
# of the possible markers and block names see the documentation.

# This tag requires that the tag GENERATE HTML is set to YES.
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HTML HEADER =

s

The HTML FOOTER tag can be used to specify a user-defined HTML footer for each
generated HTML page. If the tag is left blank Doxygen will generate a standard
footer. See HTML HEADER for more information on how to generate a default
footer and what special commands can be used inside the footer. See also
section "Doxygen usage" for information on how to generate the default footer
that Doxygen normally uses.

This tag requires that the tag GENERATE HTML is set to YES.

HTML FOOTER =

R

The HTML STYLESHEET tag can be used to specify a user-defined cascading style
sheet that is used by each HTML page. It can be used to fine-tune the look of
the HTML output. If left blank Doxygen will generate a default style sheet.
See also section "Doxygen usage" for information on how to generate the style
sheet that Doxygen normally uses.

Note: It is recommended to use HTML EXTRA STYLESHEET instead of this tag, as
it is more robust and this tag (HTML STYLESHEET) will in the future become
obsolete.

This tag requires that the tag GENERATE HTML is set to YES.

HTML STYLESHEET =

S oo o e e S S SR e e 3k 3 o o o

The HTML EXTRA STYLESHEET tag can be used to specify additional user-defined
cascading style sheets that are included after the standard style sheets
created by Doxygen. Using this option one can overrule certain style aspects.
This is preferred over using HTML STYLESHEET since it does not replace the
standard style sheet and is therefore more robust against future updates.
Doxygen will copy the style sheet files to the output directory.

Note: The order of the extra style sheet files is of importance (e.g. the last
style sheet in the list overrules the setting of the previous ones in the
list).

Note: Since the styling of scrollbars can currently not be overruled in
Webkit/Chromium, the styling will be left out of the default doxygen.css if
one or more extra stylesheets have been specified. So if scrollbar
customization is desired it has to be added explicitly. For an example see the
documentation.

This tag requires that the tag GENERATE HTML is set to YES.

HTML EXTRA STYLESHEET =

s .

The HTML EXTRA FILES tag can be used to specify one or more extra images or
other source files which should be copied to the HTML output directory. Note
that these files will be copied to the base HTML output directory. Use the
Srelpath” marker in the HTML HEADER and/or HTML FOOTER files to load these
files. In the HTML STYLESHEET file, use the file name only. Also note that the
files will be copied as-is; there are no commands or markers available.

This tag requires that the tag GENERATE HTML is set to YES.

HTML EXTRA FILES =

# The HTML COLORSTYLE tag can be used to specify if the generated HTML output

# should be rendered with a dark or light theme.

# Possible values are: LIGHT always generates light mode output, DARK always

# generates dark mode output, AUTO LIGHT automatically sets the mode according

# to the user preference, uses light mode if no preference is set (the default),

# AUTO DARK automatically sets the mode according to the user preference, uses

# dark mode if no preference is set and TOGGLE allows a user to switch between

# light and dark mode via a button.

# The default value is: AUTO LIGHT.

# This tag requires that the tag GENERATE HTML is set to YES.
Babywro A.C. Apx.
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HTML COLORSTYLE = AUTO_ LIGHT

The HTML COLORSTYLE HUE tag controls the color of the HTML output. Doxygen
will adjust the colors in the style sheet and background images according to
this color. Hue is specified as an angle on a color-wheel, see
https://en.wikipedia.org/wiki/Hue for more information. For instance the value
0 represents red, 60 is yellow, 120 is green, 180 is cyan, 240 is blue, 300
purple, and 360 is red again.

Minimum value: 0, maximum value: 359, default value: 220.

This tag requires that the tag GENERATE HTML is set to YES.

P

HTML COLORSTYLE HUE = 220

The HTML COLORSTYLE SAT tag controls the purity (or saturation) of the colors
in the HTML output. For a value of 0 the output will use gray-scales only. A
value of 255 will produce the most vivid colors.

Minimum value: 0, maximum value: 255, default wvalue: 100.

This tag requires that the tag GENERATE HTML is set to YES.

H o e

HTML COLORSTYLE SAT = 100

The HTML COLORSTYLE GAMMA tag controls the gamma correction applied to the
luminance component of the colors in the HTML output. Values below 100
gradually make the output lighter, whereas values above 100 make the output
darker. The value divided by 100 is the actual gamma applied, so 80 represents
a gamma of 0.8, The value 220 represents a gamma of 2.2, and 100 does not
change the gamma.

Minimum value: 40, maximum value: 240, default value: 80.

This tag requires that the tag GENERATE HTML is set to YES.

S o S 3 S R e

HTML COLORSTYLE GAMMA = 80

If the HTML DYNAMIC MENUS tag is set to YES then the generated HTML
documentation will contain a main index with vertical navigation menus that
are dynamically created via JavaScript. If disabled, the navigation index will
consists of multiple levels of tabs that are statically embedded in every HTML
page. Disable this option to support browsers that do not have JavaScript,
like the Ot help browser.

The default value is: YES.

This tag requires that the tag GENERATE HTML is set to YES.

P

HTML DYNAMIC MENUS = YES

If the HTML DYNAMIC SECTIONS tag is set to YES then the generated HTML
documentation will contain sections that can be hidden and shown after the
page has loaded.

The default value is: NO.

This tag requires that the tag GENERATE HTML is set to YES.

H o o o

HTML DYNAMIC SECTIONS = NO

If the HTML CODE FOLDING tag is set to YES then classes and functions can be
dynamically folded and expanded in the generated HTML source code.

The default value is: YES.

This tag requires that the tag GENERATE HTML is set to YES.

R T

HTML CODE_ FOLDING = YES

# If the HTML COPY CLIPBOARD tag is set to YES then Doxygen will show an icon in
# the top right corner of code and text fragments that allows the user to copy
# its content to the clipboard. Note this only works if supported by the browser
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and the web page is served via a secure context (see:
https://www.w3.0rg/TR/secure-contexts/), i.e. using the https: or file:
protocol.

The default value is: YES.

This tag requires that the tag GENERATE HTML is set to YES.

H o S 3 e

HTML COPY CLIPBOARD = YES

# Doxygen stores a couple of settings persistently in the browser (via e.g.

# cookies). By default these settings apply to all HTML pages generated by

# Doxygen across all projects. The HTML PROJECT COOKIE tag can be used to store
# the settings under a project specific key, such that the user preferences will
# be stored separately.

# This tag requires that the tag GENERATE HTML is set to YES.

HTML PROJECT COOKIE =

With HTML INDEX NUM ENTRIES one can control the preferred number of entries
shown in the various tree structured indices initially; the user can expand
and collapse entries dynamically later on. Doxygen will expand the tree to
such a level that at most the specified number of entries are visible (unless
a fully collapsed tree already exceeds this amount). So setting the number of
entries 1 will produce a full collapsed tree by default. 0 is a special value
representing an infinite number of entries and will result in a full expanded
tree by default.

Minimum value: 0, maximum value: 9999, default wvalue: 100.

This tag requires that the tag GENERATE HTML is set to YES.

N

HTML_ INDEX NUM ENTRIES = 100

# If the GENERATE DOCSET tag is set to YES, additional index files will be

# generated that can be used as input for Apple's Xcode 3 integrated development
# environment (see:

# https://developer.apple.com/xcode/), introduced with 0OSX 10.5 (Leopard). To

# create a documentation set, Doxygen will generate a Makefile in the HTML

# output directory. Running make will produce the docset in that directory and

# running make install will install the docset in

# ~/Library/Developer/Shared/Documentation/DocSets so that Xcode will find it at
# startup. See https://developer.apple.com/library/archive/featuredarticles/Doxy
# genXcode/ index.html for more information.

# The default value is: NO.

# This tag requires that the tag GENERATE HTML is set to YES.

GENERATE DOCSET = NO

# This tag determines the name of the docset feed. A documentation feed provides
# an umbrella under which multiple documentation sets from a single provider

# (such as a company or product suite) can be grouped.

# The default value is: Doxygen generated docs.

# This tag requires that the tag GENERATE DOCSET is set to YES.

DOCSET FEEDNAME = "Doxygen generated docs"

# This tag determines the URL of the docset feed. A documentation feed provides
# an umbrella under which multiple documentation sets from a single provider

# (such as a company or product suite) can be grouped.

# This tag requires that the tag GENERATE DOCSET is set to YES.

DOCSET FEEDURL =

# This tag specifies a string that should uniquely identify the documentation
# set bundle. This should be a reverse domain-name style string, e.g.
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#
#
#

com.mycompany.MyDocSet. Doxygen will append .docset to the name.
The default value is: org.doxygen.Project.
This tag requires that the tag GENERATE DOCSET is set to YES.

DOCSET BUNDLE ID = org.doxygen.Project

S o S 3 3

The DOCSET PUBLISHER ID tag specifies a string that should uniquely identify
the documentation publisher. This should be a reverse domain-name style
string, e.g. com.mycompany.MyDocSet.documentation.

The default value is: org.doxygen.Publisher.

This tag requires that the tag GENERATE DOCSET is set to YES.

DOCSET PUBLISHER ID = org.doxygen.Publisher

#
#
#

The DOCSET PUBLISHER NAME tag identifies the documentation publisher.
The default value is: Publisher.
This tag requires that the tag GENERATE DOCSET is set to YES.

DOCSET PUBLISHER NAME = Publisher

R . e T

If the GENERATE HTMLHELP tag is set to YES then Doxygen generates three
additional HTML index files: index.hhp, index.hhc, and index.hhk. The
index.hhp is a project file that can be read by Microsoft's HTML Help Workshop
on Windows. In the beginning of 2021 Microsoft took the original page, with
a.o. the download links, offline (the HTML help workshop was already many
years 1in maintenance mode). You can download the HTML help workshop from the
web archives at Installation executable (see:
http://web.archive.org/web/20160201063255/http://download.microsoft.com/downlo
ad/0/A/9/0A939EF6-E31C-430F-A3DF-DFAE7960D564/htmlhelp.exe) .

The HTML Help Workshop contains a compiler that can convert all HTML output
generated by Doxygen into a single compiled HTML file (.chm). Compiled HTML
files are now used as the Windows 98 help format, and will replace the old
Windows help format (.hlp) on all Windows platforms in the future. Compressed
HTML files also contain an index, a table of contents, and you can search for
words in the documentation. The HTML workshop also contains a viewer for
compressed HTML files.

The default value is: NO.

This tag requires that the tag GENERATE HTML is set to YES.

GENERATE HTMLHELP = NO

H o W 3

The CHM FILE tag can be used to specify the file name of the resulting .chm
file. You can add a path in front of the file if the result should not be
written to the html output directory.

This tag requires that the tag GENERATE HTMLHELP is set to YES.

CHM FILE =

H o e 3 e

The HHC LOCATION tag can be used to specify the location (absolute path
including file name) of the HTML help compiler (hhc.exe). If non-empty,
Doxygen will try to run the HTML help compiler on the generated index.hhp.
The file has to be specified with full path.

This tag requires that the tag GENERATE HTMLHELP is set to YES.

HHC LOCATION =

R T

The GENERATE CHI flag controls if a separate .chi index file is generated
(YES) or that it should be included in the main .chm file (NO).

The default value is: NO.

This tag requires that the tag GENERATE HTMLHELP is set to YES.
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GENERATE CHI = NO
# The CHM INDEX ENCODING is used to encode HtmlHelp index (hhk), content (hhc)
# and project file content.

# This tag requires that the tag GENERATE HTMLHELP is set to YES.

CHM_INDEX_ ENCODING =

# The BINARY TOC flag controls whether a binary table of contents is generated
# (YES) or a normal table of contents (NO) in the .chm file. Furthermore it

# enables the Previous and Next buttons.

# The default value is: NO.

# This tag requires that the tag GENERATE HTMLHELP is set to YES.

BINARY TOC = NO

# The TOC EXPAND flag can be set to YES to add extra items for group members to
# the table of contents of the HTML help documentation and to the tree view.

# The default value is: NO.

# This tag requires that the tag GENERATE HTMLHELP is set to YES.

TOC_EXPAND = NO

# The SITEMAP URL tag is used to specify the full URL of the place where the

# generated documentation will be placed on the server by the user during the
# deployment of the documentation. The generated sitemap is called sitemap.xml
# and placed on the directory specified by HTML OUTPUT. In case no SITEMAP URL
# is specified no sitemap is generated. For information about the sitemap

# protocol see https://www.sitemaps.org

# This tag requires that the tag GENERATE HTML is set to YES.

SITEMAP URL =

# If the GENERATE QHP tag is set to YES and both QHP NAMESPACE and

# QHP VIRTUAL FOLDER are set, an additional index file will be generated that

# can be used as input for Qt's ghelpgenerator to generate a Qt Compressed Help
# (.gch) of the generated HTML documentation.

# The default value is: NO.

# This tag requires that the tag GENERATE HTML is set to YES.

GENERATE QHP = NO

# If the QHG LOCATION tag is specified, the QCH FILE tag can be used to specify
# the file name of the resulting .qch file. The path specified is relative to

# the HTML output folder.

# This tag requires that the tag GENERATE QHP is set to YES.

QCH FILE =

# The QHP NAMESPACE tag specifies the namespace to use when generating Qt Help
# Project output. For more information please see Qt Help Project / Namespace

# (see:

# https://doc.qt.io/archives/qgt-4.8/gthelpproject.html#namespace) .

# The default value is: org.doxygen.Project.

# This tag requires that the tag GENERATE QHP is set to YES.

QHP NAMESPACE = org.doxygen.Project

# The QHP VIRTUAL FOLDER tag specifies the namespace to use when generating Qt
# Help Project output. For more information please see Qt Help Project / Virtual
# Folders (see:

# https://doc.qt.io/archives/qgt-4.8/gthelpproject.html#virtual-folders).
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# The default value is: doc.
# This tag requires that the tag GENERATE QHP is set to YES.

QHP VIRTUAL FOLDER = doc

# If the QHP CUST FILTER NAME tag is set, it specifies the name of a custom
# filter to add. For more information please see Qt Help Project / Custom

# Filters (see:

# https://doc.qt.io/archives/qgt-4.8/gthelpproject.html#fcustom-filters).

# This tag requires that the tag GENERATE QHP is set to YES.

QHP CUST FILTER NAME =

The QHP CUST FILTER ATTRS tag specifies the list of the attributes of the
custom filter to add. For more information please see Qt Help Project / Custom
Filters (see:
https://doc.qt.io/archives/qgt-4.8/gthelpproject.html#fcustom-filters) .

This tag requires that the tag GENERATE QHP is set to YES.

e

QHP CUST FILTER ATTRS =

# The QHP SECT FILTER ATTRS tag specifies the list of the attributes this

# project's filter section matches. Qt Help Project / Filter Attributes (see:
# https://doc.qt.io/archives/qgt-4.8/gthelpproject.html#filter-attributes).

# This tag requires that the tag GENERATE QHP is set to YES.

QHP SECT FILTER ATTRS =

The QHG LOCATION tag can be used to specify the location (absolute path
including file name) of Qt's ghelpgenerator. If non-empty Doxygen will try to
run ghelpgenerator on the generated .ghp file.

This tag requires that the tag GENERATE QHP is set to YES.

e

QHG_LOCATION =

If the GENERATE ECLIPSEHELP tag is set to YES, additional index files will be
generated, together with the HTML files, they form an Eclipse help plugin. To
install this plugin and make it available under the help contents menu in
Eclipse, the contents of the directory containing the HTML and XML files needs
to be copied into the plugins directory of eclipse. The name of the directory
within the plugins directory should be the same as the ECLIPSE DOC ID value.
After copying Eclipse needs to be restarted before the help appears.

The default value is: NO.

This tag requires that the tag GENERATE HTML is set to YES.

e

GENERATE ECLIPSEHELP = NO

# A unique identifier for the Eclipse help plugin. When installing the plugin
# the directory name containing the HTML and XML files should also have this
# name. Each documentation set should have its own identifier.

# The default value is: org.doxygen.Project.

# This tag requires that the tag GENERATE ECLIPSEHELP is set to YES.

ECLIPSE DOC ID = org.doxygen.Project

# If you want full control over the layout of the generated HTML pages it might

# be necessary to disable the index and replace it with your own. The

# DISABLE INDEX tag can be used to turn on/off the condensed index (tabs) at top
# of each HTML page. A value of NO enables the index and the value YES disables

# it. Since the tabs in the index contain the same information as the navigation
# tree, you can set this option to YES if you also set GENERATE TREEVIEW to YES.
# The default value is: YES.
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# This tag requires that the tag GENERATE HTML is set to YES.

DISABLE INDEX = YES

# The GENERATE TREEVIEW tag is used to specify whether a tree-like index

# structure should be generated to display hierarchical information. If the tag

# value is set to YES, a side panel will be generated containing a tree-like

# index structure (just like the one that is generated for HTML Help). For this

# to work a browser that supports JavaScript, DHTML, CSS and frames is required

# (i.e. any modern browser). Windows users are probably better off using the

# HTML help feature. Via custom style sheets (see HTML EXTRA STYLESHEET) one can
# further fine tune the look of the index (see "Fine-tuning the output"). As an

# example, the default style sheet generated by Doxygen has an example that

# shows how to put an image at the root of the tree instead of the PROJECT NAME.
# Since the tree basically has the same information as the tab index, you could

# consider setting DISABLE INDEX to YES when enabling this option.

# The default value is: YES.

# This tag requires that the tag GENERATE HTML is set to YES.

GENERATE TREEVIEW = YES

# When both GENERATE TREEVIEW and DISABLE INDEX are set to YES, then the

# FULL SIDEBAR option determines if the side bar is limited to only the treeview
# area (value NO) or if it should extend to the full height of the window (value
# YES). Setting this to YES gives a layout similar to

# https://docs.readthedocs.io with more room for contents, but less room for the
# project logo, title, and description. If either GENERATE TREEVIEW or

# DISABLE INDEX is set to NO, this option has no effect.

# The default value is: NO.

# This tag requires that the tag GENERATE HTML is set to YES.

FULL SIDEBAR = NO

The ENUM VALUES PER LINE tag can be used to set the number of enum values that
Doxygen will group on one line in the generated HTML documentation.

#
#
#
# Note that a value of 0 will completely suppress the enum values from appearing
# in the overview section.

# Minimum value: 0, maximum value: 20, default value: 4.

# This tag requires that the tag GENERATE HTML is set to YES.

ENUM VALUES PER LINE = 4

# When the SHOW _ENUM VALUES tag is set doxygen will show the specified
# enumeration values besides the enumeration mnemonics.
# The default value is: NO.

SHOW_ENUM VALUES = NO

# If the treeview is enabled (see GENERATE TREEVIEW) then this tag can be used

# to set the initial width (in pixels) of the frame in which the tree is shown.

# Minimum value: 0, maximum value: 1500, default value: 250.

# This tag requires that the tag GENERATE HTML is set to YES.

TREEVIEW WIDTH = 250

# If the EXT LINKS IN WINDOW option is set to YES, Doxygen will open links to

# external symbols imported via tag files in a separate window.

# The default value is: NO.

# This tag requires that the tag GENERATE HTML is set to YES.

EXT LINKS IN WINDOW = NO
Babywro A.C. Apx.
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If the OBFUSCATE EMAILS tag is set to YES, Doxygen will obfuscate email
addresses.

The default value is: YES.

This tag requires that the tag GENERATE HTML is set to YES.

EReE

OBFUSCATE EMATLS = YES

# If the HTML FORMULA FORMAT option is set to svg, Doxygen will use the pdf2svg
# tool (see https://github.com/dawbarton/pdf2svg) or inkscape (see

# https://inkscape.org) to generate formulas as SVG images instead of PNGs for
# the HTML output. These images will generally look nicer at scaled resolutions.
# Possible values are: png (the default) and svg (looks nicer but requires the
# pdf2svg or inkscape tool).

# The default value is: png.

# This tag requires that the tag GENERATE HTML is set to YES.

HTML FORMULA FORMAT = png

# Use this tag to change the font size of LaTeX formulas included as images in
# the HTML documentation. When you change the font size after a successful

# Doxygen run you need to manually remove any form *.png images from the HTML

# output directory to force them to be regenerated.

# Minimum value: 8, maximum value: 50, default value: 10.

# This tag requires that the tag GENERATE HTML is set to YES.

FORMULA FONTSIZE = 10
# The FORMULA MACROFILE can contain LaTeX \newcommand and \renewcommand commands
# to create new LaTeX commands to be used in formulas as building blocks. See

# the section "Including formulas" for details.

FORMULA MACROFILE =

# Enable the USE MATHJAX option to render LaTeX formulas using MathJax (see

# https://www.mathjax.org) which uses client side JavaScript for the rendering
# instead of using pre-rendered bitmaps. Use this if you do not have LaTeX

# installed or if you want to formulas look prettier in the HTML output. When
# enabled you may also need to install MathJax separately and configure the path
# to it using the MATHJAX RELPATH option.

# The default value is: NO.

# This tag requires that the tag GENERATE HTML is set to YES.

USE MATHJAX = NO

# With MATHJAX VERSION it is possible to specify the MathJax version to be used.
# Note that the different versions of MathJax have different requirements with
# regards to the different settings, so it is possible that also other MathJax
# settings have to be changed when switching between the different MathJax

# versions.

# Possible values are: MathJax 2 and MathJax 3.

# The default value is: MathJax 2.

# This tag requires that the tag USE MATHJAX is set to YES.

MATHJAX VERSION = MathJax_Z

# When MathJax is enabled you can set the default output format to be used for
# the MathJax output. For more details about the output format see MathJax

# version 2 (see:

# http://docs.mathjax.org/en/v2.7-latest/output.html) and MathJax version 3

# (see:

# http://docs.mathjax.org/en/latest/web/components/output.html) .
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Possible values are: HTML-CSS (which is slower, but has the best
compatibility. This is the name for Mathjax version 2, for MathJax version 3
this will be translated into chtml), NativeMML (i.e. MathML. Only supported
for MathJax 2. For MathJax version 3 chtml will be used instead.), chtml (This
is the name for Mathjax version 3, for MathJax version 2 this will be
translated into HTML-CSS) and SVG.

The default value is: HTML-CSS.

This tag requires that the tag USE MATHJAX is set to YES.

MATHJAX FORMAT = HTML-CSS

# When MathJax is enabled you need to specify the location relative to the HTML
# output directory using the MATHJAX RELPATH option. The destination directory
# should contain the MathJax.js script. For instance, if the mathjax directory
# is located at the same level as the HTML output directory, then

# MATHJAX RELPATH should be ../mathjax. The default value points to the MathJax
# Content Delivery Network so you can quickly see the result without installing
# MathJax. However, it is strongly recommended to install a local copy of

# MathJax from https://www.mathjax.org before deployment. The default value is:
# - in case of MathJax version 2: https://cdn.jsdelivr.net/npm/mathjax@2

# - in case of MathJax version 3: https://cdn.jsdelivr.net/npm/mathjax@3

# This tag requires that the tag USE MATHJAX is set to YES.

MATHJAX RELPATH =

e

The MATHJAX EXTENSIONS tag can be used to specify one or more MathJax
extension names that should be enabled during MathJax rendering. For example
for MathJax version 2 (see
https://docs.mathjax.org/en/v2.7-latest/tex.html#tex-and-latex-extensions) :
MATHJAX EXTENSIONS = TeX/AMSmath TeX/AMSsymbols

For example for MathJax version 3 (see
http://docs.mathjax.org/en/latest/input/tex/extensions/index.html) :

MATHJAX EXTENSIONS = ams

This tag requires that the tag USE MATHJAX is set to YES.

MATHJAX EXTENSIONS =

e

The MATHJAX CODEFILE tag can be used to specify a file with JavaScript pieces
of code that will be used on startup of the MathJax code. See the MathJax site
(see:

http://docs.mathjax.org/en/v2.7-latest/output.html) for more details. For an
example see the documentation.

This tag requires that the tag USE MATHJAX is set to YES.

MATHJAX CODEFILE =

S oS S SR SR S e e oE SR SR SR e 3k 3E 96

When the SEARCHENGINE tag is enabled Doxygen will generate a search box for
the HTML output. The underlying search engine uses JavaScript and DHTML and
should work on any modern browser. Note that when using HTML help
(GENERATE_HTMLHELP), Qt help (GENERATE_QHP), or docsets (GENERATE_DOCSET)
there is already a search function so this one should typically be disabled.
For large projects the JavaScript based search engine can be slow, then
enabling SERVER BASED SEARCH may provide a better solution. It is possible to
search using the keyboard; to jump to the search box use <access key> + S
(what the <access key> is depends on the 0S and browser, but it is typically
<CTRL>, <ALT>/<option>, or both). Inside the search box use the <cursor down
key> to jump into the search results window, the results can be navigated
using the <cursor keys>. Press <Enter> to select an item or <escape> to cancel
the search. The filter options can be selected when the cursor is inside the
search box by pressing <Shift>+<cursor down>. Also here use the <cursor keys>
to select a filter and <Enter> or <escape> to activate or cancel the filter
option.
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# The default value is: YES.
# This tag requires that the tag GENERATE HTML is set to YES.

SEARCHENGINE = YES

# When the SERVER BASED SEARCH tag is enabled the search engine will be

# implemented using a web server instead of a web client using JavaScript. There
# are two flavors of web server based searching depending on the EXTERNAL SEARCH
# setting. When disabled, Doxygen will generate a PHP script for searching and

# an index file used by the script. When EXTERNAL SEARCH is enabled the indexing
# and searching needs to be provided by external tools. See the section

# "External Indexing and Searching" for details.

# The default value is: NO.

# This tag requires that the tag SEARCHENGINE is set to YES.

SERVER BASED SEARCH = NO

# When EXTERNAL SEARCH tag is enabled Doxygen will no longer generate the PHP

# script for searching. Instead the search results are written to an XML file

# which needs to be processed by an external indexer. Doxygen will invoke an

# external search engine pointed to by the SEARCHENGINE URL option to obtain the
# search results.

#

# Doxygen ships with an example indexer (doxyindexer) and search engine

# (doxysearch.cgi) which are based on the open source search engine library

# Xapian (see:

# https://xapian.org/) .

#

# See the section "External Indexing and Searching" for details.

# The default value is: NO.

# This tag requires that the tag SEARCHENGINE is set to YES.

EXTERNAL SEARCH = NO

The SEARCHENGINE URL should point to a search engine hosted by a web server
which will return the search results when EXTERNAL SEARCH is enabled.

#
#
#
# Doxygen ships with an example indexer (doxyindexer) and search engine

# (doxysearch.cgi) which are based on the open source search engine library

# Xapian (see:

# https://xapian.org/). See the section "External Indexing and Searching" for
# details.

# This tag requires that the tag SEARCHENGINE is set to YES.

SEARCHENGINE URL =

# When SERVER BASED SEARCH and EXTERNAL SEARCH are both enabled the unindexed
# search data is written to a file for indexing by an external tool. With the
# SEARCHDATA FILE tag the name of this file can be specified.

# The default file is: searchdata.xml.

# This tag requires that the tag SEARCHENGINE is set to YES.

SEARCHDATA FILE = searchdata.xml

# When SERVER BASED SEARCH and EXTERNAL SEARCH are both enabled the

# EXTERNAL SEARCH ID tag can be used as an identifier for the project. This is
# useful in combination with EXTRA SEARCH MAPPINGS to search through multiple
# projects and redirect the results back to the right project.

# This tag requires that the tag SEARCHENGINE is set to YES.

EXTERNAL SEARCH ID =
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The EXTRA SEARCH MAPPINGS tag can be used to enable searching through Doxygen
projects other than the one defined by this configuration file, but that are
all added to the same external search index. Each project needs to have a
unique id set via EXTERNAL SEARCH ID. The search mapping then maps the id of
to a relative location where the documentation can be found. The format is:
EXTRA SEARCH MAPPINGS = tagnamel=locl tagnameZ=loc2

This tag requires that the tag SEARCHENGINE is set to YES.

T

EXTRA SEARCH MAPPINGS =

# If the GENERATE LATEX tag is set to YES, Doxygen will generate LaTeX output.
# The default value is: YES.

GENERATE LATEX = NO

# The LATEX OUTPUT tag is used to specify where the LaTeX docs will be put. If a
# relative path is entered the value of OUTPUT DIRECTORY will be put in front of
# it.

# The default directory is: latex.

# This tag requires that the tag GENERATE LATEX is set to YES.

LATEX OUTPUT = latex

The LATEX CMD NAME tag can be used to specify the LaTeX command name to be
invoked.

#

#

#

# Note that when not enabling USE PDFLATEX the default is latex when enabling
# USE PDFLATEX the default is pdflatex and when in the later case latex is

# chosen this is overwritten by pdflatex. For specific output languages the

# default can have been set differently, this depends on the implementation of
# the output language.

# This tag requires that the tag GENERATE LATEX is set to YES.

LATEX_CMD NAME =

# The MAKEINDEX CMD NAME tag can be used to specify the command name to generate
# index for LaTeX.

# Note: This tag is used in the Makefile / make.bat.

# See also: LATEX MAKEINDEX CMD for the part in the generated output file

# (.tex).

# The default file is: makeindex.

# This tag requires that the tag GENERATE LATEX is set to YES.

MAKEINDEX CMD NAME = makeindex

# The LATEX MAKEINDEX CMD tag can be used to specify the command name to

# generate index for LaTeX. In case there is no backslash (\) as first character
# it will be automatically added in the LaTeX code.

# Note: This tag is used in the generated output file (.tex).

# See also: MAKEINDEX CMD NAME for the part in the Makefile / make.bat.

# The default value is: makeindex.

# This tag requires that the tag GENERATE LATEX is set to YES.

LATEX MAKEINDEX CMD = makeindex

# If the COMPACT LATEX tag is set to YES, Doxygen generates more compact LaTeX
# documents. This may be useful for small projects and may help to save some
# trees in general.
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# The default value is: NO.
# This tag requires that the tag GENERATE LATEX is set to YES.

COMPACT LATEX = NO

# The PAPER TYPE tag can be used to set the paper type that is used by the

# printer.

# Possible values are: a4 (210 x 297 mm), letter (8.5 x 11 inches), legal (8.5 x
# 14 inches) and executive (7.25 x 10.5 inches).

# The default value is: ad4.

# This tag requires that the tag GENERATE LATEX is set to YES.

PAPER TYPE = a4

# The EXTRA PACKAGES tag can be used to specify one or more LaTeX package names
# that should be included in the LaTeX output. The package can be specified just
# by its name or with the correct syntax as to be used with the LaTeX

# \usepackage command. To get the times font for instance you can specify

# EXTRA PACKAGES=times or EXTRA PACKAGES={times}

# To use the option intlimits with the amsmath package you can specify:

# EXTRA PACKAGES=[intlimits] {amsmath}

# If left blank no extra packages will be included.

# This tag requires that the tag GENERATE LATEX is set to YES.

EXTRA PACKAGES =

The LATEX HEADER tag can be used to specify a user-defined LaTeX header for
the generated LaTeX document. The header should contain everything until the
first chapter. If it is left blank Doxygen will generate a standard header. It
is highly recommended to start with a default header using

doxygen -w latex new header.tex new footer.tex new stylesheet.sty

and then modify the file new _header.tex. See also section "Doxygen usage" for
information on how to generate the default header that Doxygen normally uses.

Note: Only use a user-defined header if you know what you are doing!

Note: The header is subject to change so you typically have to regenerate the
default header when upgrading to a newer version of Doxygen. The following
commands have a special meaning inside the header (and footer): For a
description of the possible markers and block names see the documentation.
This tag requires that the tag GENERATE LATEX is set to YES.

S o e S SR SR R e S Sk S R R o

LATEX HEADER =

The LATEX FOOTER tag can be used to specify a user-defined LaTeX footer for
the generated LaTeX document. The footer should contain everything after the
last chapter. If it is left blank Doxygen will generate a standard footer. See
LATEX HEADER for more information on how to generate a default footer and what
special commands can be used inside the footer. See also section "Doxygen
usage" for information on how to generate the default footer that Doxygen
normally uses. Note: Only use a user-defined footer if you know what you are
doing!

This tag requires that the tag GENERATE LATEX is set to YES.

P

LATEX FOOTER =

The LATEX EXTRA STYLESHEET tag can be used to specify additional user-defined
LaTeX style sheets that are included after the standard style sheets created
by Doxygen. Using this option one can overrule certain style aspects. Doxygen
will copy the style sheet files to the output directory.

Note: The order of the extra style sheet files is of importance (e.g. the last
style sheet in the list overrules the setting of the previous ones in the
list).

e T
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# This tag requires that the tag GENERATE LATEX is set to YES.
LATEX EXTRA STYLESHEET =

The LATEX EXTRA FILES tag can be used to specify one or more extra images or
other source files which should be copied to the LATEX OUTPUT output
directory. Note that the files will be copied as-is; there are no commands or
markers available.

This tag requires that the tag GENERATE LATEX is set to YES.

H o HE e

LATEX EXTRA FILES =

If the PDF_HYPERLINKS tag is set to YES, the LaTeX that is generated is
prepared for conversion to PDF (using ps2pdf or pdflatex). The PDF file will
contain links (just like the HTML output) instead of page references. This
makes the output suitable for online browsing using a PDF viewer.

The default value is: YES.

This tag requires that the tag GENERATE LATEX is set to YES.

H o S 3 o

PDF HYPERLINKS = YES

If the USE PDFLATEX tag is set to YES, Doxygen will use the engine as
specified with LATEX CMD NAME to generate the PDF file directly from the LaTeX
files. Set this option to YES, to get a higher quality PDF documentation.

See also section LATEX CMD NAME for selecting the engine.
The default value is: YES.
This tag requires that the tag GENERATE LATEX is set to YES.

s -

USE_ PDFLATEX = YES

The LATEX BATCHMODE tag signals the behavior of LaTeX in case of an error.
Possible values are: NO same as ERROR STOP, YES same as BATCH, BATCH In batch
mode nothing is printed on the terminal, errors are scrolled as if <return> is
hit at every error; missing files that TeX tries to input or request from
keyboard input (\read on a not open input stream) cause the job to abort,

NON STOP In nonstop mode the diagnostic message will appear on the terminal,
but there is no possibility of user interaction just like in batch mode,
SCROLL In scroll mode, TeX will stop only for missing files to input or if
keyboard input is necessary and ERROR STOP In errorstop mode, TeX will stop at
each error, asking for user intervention.

The default value is: NO.

This tag requires that the tag GENERATE LATEX is set to YES.

S oS o S o o SR e e 3k SE 9

LATEX BATCHMODE = NO

If the LATEX HIDE INDICES tag is set to YES then Doxygen will not include the
index chapters (such as File Index, Compound Index, etc.) in the output.

The default value is: NO.

This tag requires that the tag GENERATE LATEX is set to YES.

R T

LATEX HIDE INDICES = NO

The LATEX BIB STYLE tag can be used to specify the style to use for the
bibliography, e.g. plainnat, or ieeetr. See
https://en.wikipedia.org/wiki/BibTeX and \cite for more info.

The default value is: plainnat.

This tag requires that the tag GENERATE LATEX is set to YES.

P

LATEX BIB STYLE = plainnat

# The LATEX EMOJI DIRECTORY tag is used to specify the (relative or absolute)

Babywxo A.C.

Apx.

Bnacenrko O.B. IHSKPB'121'25'H3

3mn. | Apk. Ne ookym. Iionuc | Hama

P11




path from which the emoji images will be read. If a relative path is entered,
it will be relative to the LATEX OUTPUT directory. If left blank the

LATEX OUTPUT directory will be used.

This tag requires that the tag GENERATE LATEX is set to YES.

R e

LATEX EMOJI DIRECTORY =

If the GENERATE RTF tag is set to YES, Doxygen will generate RTF output. The
RTF output is optimized for Word 97 and may not look too pretty with other RTF
readers/editors.

The default value is: NO.

GENERATE RTF = NO

The RTF _OUTPUT tag is used to specify where the RTF docs will be put. If a
relative path is entered the value of OUTPUT DIRECTORY will be put in front of
it.

The default directory is: rtf.

This tag requires that the tag GENERATE RTF is set to YES.

s

RTF_OUTPUT = rtf

If the COMPACT RTF tag is set to YES, Doxygen generates more compact RTF
documents. This may be useful for small projects and may help to save some
trees in general.

The default value is: NO.

This tag requires that the tag GENERATE RTF is set to YES.

P

COMPACT RTF = NO

If the RTF_HYPERLINKS tag is set to YES, the RTF that is generated will
contain hyperlink fields. The RTF file will contain links (just like the HTML
output) instead of page references. This makes the output suitable for online
browsing using Word or some other Word compatible readers that support those
fields.

Note: WordPad (write) and others do not support links.
The default value is: NO.
This tag requires that the tag GENERATE RTF is set to YES.

e

RTF HYPERLINKS = NO

Load stylesheet definitions from file. Syntax is similar to Doxygen's
configuration file, i.e. a series of assignments. You only have to provide
replacements, missing definitions are set to their default value.

See also section "Doxygen usage" for information on how to generate the
default style sheet that Doxygen normally uses.
This tag requires that the tag GENERATE RTF is set to YES.

T T

RTF STYLESHEET FILE =

Set optional variables used in the generation of an RTF document. Syntax is
similar to Doxygen's configuration file. A template extensions file can be
generated using doxygen -e rtf extensionFile.

This tag requires that the tag GENERATE RTF is set to YES.

H oW W 3

RTF EXTENSIONS FILE =
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The RTF _EXTRA FILES tag can be used to specify one or more extra images or
other source files which should be copied to the RTF OUTPUT output directory.
Note that the files will be copied as-is; there are no commands or markers
available.

This tag requires that the tag GENERATE RTF is set to YES.

H o % 3 3

RTF_EXTRA FILES =

# If the GENERATE MAN tag is set to YES, Doxygen will generate man pages for
# classes and files.
# The default value is: NO.

GENERATE MAN = NO

# The MAN OUTPUT tag is used to specify where the man pages will be put. If a

# relative path is entered the value of OUTPUT DIRECTORY will be put in front of
# it. A directory man3 will be created inside the directory specified by

# MAN OUTPUT.

# The default directory is: man.

# This tag requires that the tag GENERATE MAN is set to YES.

MAN OUTPUT = man

# The MAN EXTENSION tag determines the extension that is added to the generated
# man pages. In case the manual section does not start with a number, the number
# 3 1s prepended. The dot (.) at the beginning of the MAN EXTENSION tag is

# optional.

# The default value is: .3.

# This tag requires that the tag GENERATE MAN is set to YES.

MAN EXTENSION = .3

# The MAN SUBDIR tag determines the name of the directory created within

# MAN OUTPUT in which the man pages are placed. If defaults to man followed by

# MAN EXTENSION with the initial . removed.

# This tag requires that the tag GENERATE MAN is set to YES.

MAN SUBDIR =

# If the MAN LINKS tag is set to YES and Doxygen generates man output, then it

# will generate one additional man file for each entity documented in the real

# man page(s). These additional files only source the real man page, but without
# them the man command would be unable to find the correct page.

# The default value is: NO.

# This tag requires that the tag GENERATE MAN is set to YES.

MAN LINKS = NO

# ___________________________________________________________________________

# Configuration options related to the XML output

# ___________________________________________________________________________

# If the GENERATE XML tag is set to YES, Doxygen will generate an XML file that
# captures the structure of the code including all documentation.
# The default value is: NO.

GENERATE XML = NO
babywrxo A.C. Apk.
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The XML OUTPUT tag is used to specify where the XML pages will be put. If a
relative path is entered the value of OUTPUT DIRECTORY will be put in front of
it.

The default directory is: xml.

This tag requires that the tag GENERATE XML is set to YES.

H o % 3 3

XML OUTPUT = xml

# If the XML PROGRAMLISTING tag is set to YES, Doxygen will dump the program

# listings (including syntax highlighting and cross-referencing information) to
# the XML output. Note that enabling this will significantly increase the size
# of the XML output.

# The default value is: YES.

# This tag requires that the tag GENERATE XML is set to YES.

XML PROGRAMLISTING = YES

# If the XML NS MEMB FILE SCOPE tag is set to YES, Doxygen will include

# namespace members in file scope as well, matching the HTML output.

# The default value is: NO.

# This tag requires that the tag GENERATE XML is set to YES.

XML _NS_MEMB FILE SCOPE = NO

# If the GENERATE DOCBOOK tag is set to YES, Doxygen will generate Docbook files
# that can be used to generate PDF.
# The default value is: NO.

GENERATE DOCBOOK = NO

The DOCBOOK OUTPUT tag is used to specify where the Docbook pages will be put.
If a relative path is entered the value of OUTPUT DIRECTORY will be put in
front of it.

The default directory is: docbook.

This tag requires that the tag GENERATE DOCBOOK is set to YES.

P

DOCBOOK_OUTPUT = docbook

If the GENERATE AUTOGEN DEF tag is set to YES, Doxygen will generate an
AutoGen Definitions (see https://autogen.sourceforge.net/) file that captures
the structure of the code including all documentation. Note that this feature
is still experimental and incomplete at the moment.

The default value is: NO.

e

GENERATE AUTOGEN DEF

NO
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If the GENERATE SQLITE3 tag is set to YES Doxygen will generate a Sglite3
database with symbols found by Doxygen stored in tables.
The default value is: NO.

S
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GENERATE SQLITE3 = NO

The SQLITE3 OUTPUT tag is used to specify where the Sqglite3 database will be
put. If a relative path is entered the value of OUTPUT DIRECTORY will be put
in front of 1it.

The default directory is: sqglite3.

This tag requires that the tag GENERATE SQLITE3 is set to YES.

s

SQLITE3 OUTPUT = sqglite3

The SQLITE3 RECREATE DB tag is set to YES, the existing doxygen sqglite3.db
database file will be recreated with each Doxygen run. If set to NO, Doxygen
will warn if a database file is already found and not modify it.

The default value is: YES.

This tag requires that the tag GENERATE SQLITE3 is set to YES.

P

SQLITE3 RECREATE DB = YES

If the GENERATE PERLMOD tag is set to YES, Doxygen will generate a Perl module
file that captures the structure of the code including all documentation.

Note that this feature is still experimental and incomplete at the moment.
The default value is: NO.

.

GENERATE PERLMOD = NO

If the PERLMOD LATEX tag is set to YES, Doxygen will generate the necessary
Makefile rules, Perl scripts and LaTeX code to be able to generate PDF and DVI
output from the Perl module output.

The default value is: NO.

This tag requires that the tag GENERATE PERLMOD is set to YES.

H o W 3 3

PERLMOD_ LATEX = NO

If the PERLMOD PRETTY tag is set to YES, the Perl module output will be nicely
formatted so it can be parsed by a human reader. This is useful if you want to
understand what is going on. On the other hand, if this tag is set to NO, the
size of the Perl module output will be much smaller and Perl will parse it
just the same.

The default value is: YES.

This tag requires that the tag GENERATE PERLMOD is set to YES.

R

PERLMOD PRETTY = YES

The names of the make variables in the generated doxyrules.make file are
prefixed with the string contained in PERLMOD MAKEVAR PREFIX. This is useful
so different doxyrules.make files included by the same Makefile don't
overwrite each other's variables.

This tag requires that the tag GENERATE PERLMOD is set to YES.

H= o o #E

PERLMOD MAKEVAR PREFIX =

# If the ENABLE PREPROCESSING tag is set to YES, Doxygen will evaluate all
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#

C-preprocessor directives found in the sources and include files.

# The default value is: YES.

ENABLE PREPROCESSING = YES

# If the MACRO EXPANSION tag is set to YES, Doxygen will expand all macro names
# in the source code. If set to NO, only conditional compilation will be

# performed. Macro expansion can be done in a controlled way by setting

# EXPAND ONLY PREDEF to YES.

# The default value is: NO.

# This tag requires that the tag ENABLE PREPROCESSING is set to YES.
MACRO_EXPANSION = NO

# If the EXPAND ONLY PREDEF and MACRO EXPANSION tags are both set to YES then

# the macro expansion is limited to the macros specified with the PREDEFINED and
# EXPAND AS DEFINED tags.

# The default value is: NO.

# This tag requires that the tag ENABLE PREPROCESSING is set to YES.

EXPAND ONLY PREDEF = NO

# If the SEARCH INCLUDES tag is set to YES, the include files in the

# INCLUDE PATH will be searched if a #include is found.

# The default value is: YES.

# This tag requires that the tag ENABLE PREPROCESSING is set to YES.

SEARCH_ INCLUDES = YES

# The INCLUDE PATH tag can be used to specify one or more directories that

# contain include files that are not input files but should be processed by the
# preprocessor. Note that the INCLUDE PATH is not recursive, so the setting of
# RECURSIVE has no effect here.

# This tag requires that the tag SEARCH INCLUDES is set to YES.

INCLUDE PATH =

H= o #E e 3E

You can use the INCLUDE FILE PATTERNS tag to specify one or more wildcard
patterns (like *.h and *.hpp) to filter out the header-files in the
directories. If left blank, the patterns specified with FILE PATTERNS will be
used.

This tag requires that the tag ENABLE PREPROCESSING is set to YES.

INCLUDE FILE PATTERNS = .h .hpp .hxx .hh

4= S S R 4R

The PREDEFINED tag can be used to specify one or more macro names that are
defined before the preprocessor is started (similar to the -D option of e.g.
gcc) . The argument of the tag is a list of macros of the form: name or
name=definition (no spaces). If the definition and the "=" are omitted, "=1"
is assumed. To prevent a macro definition from being undefined via #undef or
recursively expanded use the := operator instead of the = operator.

This tag requires that the tag ENABLE PREPROCESSING is set to YES.

PREDEFINED =

S o S S S

If the MACRO_EXPANSION and EXPAND ONLY PREDEF tags are set to YES then this
tag can be used to specify a list of macro names that should be expanded. The
macro definition that is found in the sources will be used. Use the PREDEFINED
tag if you want to use a different macro definition that overrules the
definition found in the source code.

This tag requires that the tag ENABLE PREPROCESSING is set to YES.
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EXPAND AS DEFINED =

# If the SKIP FUNCTION MACROS tag is set to YES then Doxygen's preprocessor will
# remove all references to function-like macros that are alone on a line, have

# an all uppercase name, and do not end with a semicolon. Such function macros

# are typically used for boiler-plate code, and will confuse the parser if not

# removed.

# The default value is: YES.

# This tag requires that the tag ENABLE PREPROCESSING is set to YES.
SKIP_FUNCTION MACROS = YES

# ___________________________________________________________________________

# Configuration options related to external references

# ___________________________________________________________________________

# The TAGFILES tag can be used to specify one or more tag files. For each tag

# file the location of the external documentation should be added. The format of
# a tag file without this location is as follows:

# TAGFILES = filel file2

# Adding location for the tag files is done as follows:

# TAGFILES = filel=locl "file2 = loc2"

# where locl and loc2 can be relative or absolute paths or URLs. See the

# section "Linking to external documentation" for more information about the use
# of tag files.

# Note: Each tag file must have a unique name (where the name does NOT include

# the path). If a tag file is not located in the directory in which Doxygen is

# run, you must also specify the path to the tagfile here.

TAGFILES =

# When a file name is specified after GENERATE TAGFILE, Doxygen will create a
# tag file that is based on the input files it reads. See section "Linking to
# external documentation" for more information about the usage of tag files.

GENERATE TAGFILE =

# If the ALLEXTERNALS tag is set to YES, all external classes and namespaces

# will be listed in the class and namespace index. If set to NO, only the

# inherited external classes will be listed.

# The default value is: NO.

ALLEXTERNALS = NO

# If the EXTERNAL GROUPS tag is set to YES, all external groups will be listed
# in the topic index. If set to NO, only the current project's groups will be
# listed.

# The default value is: YES.

EXTERNAL GROUPS = YES

# If the EXTERNAL PAGES tag is set to YES, all external pages will be listed in
# the related pages index. If set to NO, only the current project's pages will
# be listed.

# The default value is: YES.

EXTERNAL PAGES = YES
# ___________________________________________________________________________
# Configuration options related to diagram generator tools
# ___________________________________________________________________________
Babywro A.C. Apx.
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# If set to YES the inheritance and collaboration graphs will hide inheritance
# and usage relations if the target is undocumented or is not a class.
# The default value is: YES.

HIDE UNDOC RELATIONS = YES

If you set the HAVE DOT tag to YES then Doxygen will assume the dot tool is
available from the path. This tool is part of Graphviz (see:
https://www.graphviz.org/), a graph visualization toolkit from AT&T and Lucent
Bell Labs. The other options in this section have no effect if this option is
set to NO

The default value is: NO.

H o S S o

HAVE DOT = NO

The DOT NUM THREADS specifies the number of dot invocations Doxygen is allowed
to run in parallel. When set to 0 Doxygen will base this on the number of
processors available in the system. You can set it explicitly to a value
larger than 0 to get control over the balance between CPU load and processing
speed.

Minimum value: 0, maximum value: 32, default wvalue: O.

This tag requires that the tag HAVE DOT is set to YES.

T

DOT_NUM_THREADS =0

DOT COMMON ATTR is common attributes for nodes, edges and labels of

subgraphs. When you want a differently looking font in the dot files that
Doxygen generates you can specify fontname, fontcolor and fontsize attributes.
For details please see <a href=https://graphviz.org/doc/info/attrs.html>Node,
Edge and Graph Attributes specification</a> You need to make sure dot is able
to find the font, which can be done by putting it in a standard location or by
setting the DOTFONTPATH environment variable or by setting DOT FONTPATH to the
directory containing the font. Default graphviz fontsize is 14.

The default value is: fontname=Helvetica, fontsize=10.

This tag requires that the tag HAVE DOT is set to YES.

e e

DOT_ COMMON ATTR = "fontname=Helvetica, fontsize=10"

DOT EDGE ATTR is concatenated with DOT COMMON ATTR. For elegant style you can
add 'arrowhead=open, arrowtail=open, arrowsize=0.5'. <a
href=https://graphviz.org/doc/info/arrows.html>Complete documentation about
arrows shapes.</a>

The default value is: labelfontname=Helvetica, labelfontsize=10.

This tag requires that the tag HAVE DOT is set to YES.

s

DOT EDGE ATTR = "labelfontname=Helvetica, labelfontsize=10"

DOT NODE ATTR is concatenated with DOT COMMON ATTR. For view without boxes
around nodes set 'shape=plain' or 'shape=plaintext' <a
href=https://www.graphviz.org/doc/info/shapes.html>Shapes specification</a>
The default value is: shape=box,height=0.2,width=0.4.

This tag requires that the tag HAVE DOT is set to YES.

ERgEnE s

DOT NODE ATTR = "shape=box,height=0.2,width=0.4"

# You can set the path where dot can find font specified with fontname in
# DOT COMMON ATTR and others dot attributes.

# This tag requires that the tag HAVE DOT is set to YES.

DOT_ FONTPATH =

# If the CLASS GRAPH tag is set to YES or GRAPH or BUILTIN then Doxygen will
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generate a graph for each documented class showing the direct and indirect
inheritance relations. In case the CLASS GRAPH tag is set to YES or GRAPH and
HAVE DOT is enabled as well, then dot will be used to draw the graph. In case
the CLASS GRAPH tag is set to YES and HAVE DOT is disabled or if the

CLASS GRAPH tag is set to BUILTIN, then the built-in generator will be used.
If the CLASS GRAPH tag is set to TEXT the direct and indirect inheritance
relations will be shown as texts / links. Explicit enabling an inheritance
graph or choosing a different representation for an inheritance graph of a
specific class, can be accomplished by means of the command \inheritancegraph.
Disabling an inheritance graph can be accomplished by means of the command
\hideinheritancegraph.

Possible values are: NO, YES, TEXT, GRAPH and BUILTIN.

The default value is: YES.

S oo e S S SR SR e e 3R Sk ok ok

CLASS GRAPH = YES

If the COLLABORATION GRAPH tag is set to YES then Doxygen will generate a
graph for each documented class showing the direct and indirect implementation
dependencies (inheritance, containment, and class references variables) of the
class with other documented classes. Explicit enabling a collaboration graph,
when COLLABORATION GRAPH is set to NO, can be accomplished by means of the
command \collaborationgraph. Disabling a collaboration graph can be
accomplished by means of the command \hidecollaborationgraph.

The default value is: YES.

This tag requires that the tag HAVE DOT is set to YES.

S o e S S R e e

COLLABORATION GRAPH = YES

If the GROUP_GRAPHS tag is set to YES then Doxygen will generate a graph for
groups, showing the direct groups dependencies. Explicit enabling a group
dependency graph, when GROUP GRAPHS is set to NO, can be accomplished by means
of the command \groupgraph. Disabling a directory graph can be accomplished by
means of the command \hidegroupgraph. See also the chapter Grouping in the
manual.

The default value is: YES.

This tag requires that the tag HAVE DOT is set to YES.

P

GROUP_GRAPHS = YES

If the UML LOOK tag is set to YES, Doxygen will generate inheritance and
collaboration diagrams in a style similar to the OMG's Unified Modeling
Language.

The default value is: NO.

This tag requires that the tag HAVE DOT is set to YES.

H o o o

UML_LOOK = NO

If the UML LOOK tag is enabled, the fields and methods are shown inside the
class node. If there are many fields or methods and many nodes the graph may
become too big to be useful. The UML LIMIT NUM FIELDS threshold limits the
number of items for each type to make the size more manageable. Set this to 0
for no limit. Note that the threshold may be exceeded by 50% before the limit
is enforced. So when you set the threshold to 10, up to 15 fields may appear,
but if the number exceeds 15, the total amount of fields shown is limited to
10.

Minimum value: 0, maximum value: 100, default value: 10.

This tag requires that the tag UML LOOK is set to YES.

e

UML_LIMIT NUM FIELDS = 10

# If the DOT UML DETAILS tag is set to NO, Doxygen will show attributes and
# methods without types and arguments in the UML graphs. If the DOT UML DETAILS
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tag is set to YES, Doxygen will add type and arguments for attributes and
methods in the UML graphs. If the DOT UML DETAILS tag is set to NONE, Doxygen
will not generate fields with class member information in the UML graphs. The
class diagrams will look similar to the default class diagrams but using UML
notation for the relationships.

Possible values are: NO, YES and NONE.

The default value is: NO.

This tag requires that the tag UML LOOK is set to YES.

. T

DOT UML DETAILS = NO

# The DOT WRAP THRESHOLD tag can be used to set the maximum number of characters
# to display on a single line. If the actual line length exceeds this threshold
# significantly it will be wrapped across multiple lines. Some heuristics are

# applied to avoid ugly line breaks.

# Minimum value: 0, maximum value: 1000, default value: 17.

# This tag requires that the tag HAVE DOT is set to YES.

DOT WRAP THRESHOLD = 17

# If the TEMPLATE RELATIONS tag is set to YES then the inheritance and

# collaboration graphs will show the relations between templates and their

# instances.

# The default value is: NO.

# This tag requires that the tag HAVE DOT is set to YES.

TEMPLATE RELATIONS = NO

# If the INCLUDE GRAPH, ENABLE PREPROCESSING and SEARCH INCLUDES tags are set to
# YES then Doxygen will generate a graph for each documented file showing the

# direct and indirect include dependencies of the file with other documented

# files. Explicit enabling an include graph, when INCLUDE GRAPH is is set to NO,
# can be accomplished by means of the command \includegraph. Disabling an

# include graph can be accomplished by means of the command \hideincludegraph.

# The default value is: YES.

# This tag requires that the tag HAVE DOT is set to YES.

INCLUDE GRAPH = YES

# If the INCLUDED BY GRAPH, ENABLE PREPROCESSING and SEARCH INCLUDES tags are

# set to YES then Doxygen will generate a graph for each documented file showing
# the direct and indirect include dependencies of the file with other documented
# files. Explicit enabling an included by graph, when INCLUDED BY GRAPH is set

# to NO, can be accomplished by means of the command \includedbygraph. Disabling
# an included by graph can be accomplished by means of the command

# \hideincludedbygraph.

# The default value is: YES.

# This tag requires that the tag HAVE DOT is set to YES.

INCLUDED BY GRAPH = YES

If the CALL GRAPH tag is set to YES then Doxygen will generate a call
dependency graph for every global function or class method.

#
#
#
# Note that enabling this option will significantly increase the time of a run.
# So in most cases it will be better to enable call graphs for selected
# functions only using the \callgraph command. Disabling a call graph can be
# accomplished by means of the command \hidecallgraph.
# The default value is: NO.
# This tag requires that the tag HAVE DOT is set to YES.

CALL GRAPH = NO
Babywro A.C. Apk.
Bnacenko O.B. II13.KP.B.-121-25-113 D20
3mn. | Apk. Ne ookym. Iionuc | Hama




If the CALLER GRAPH tag is set to YES then Doxygen will generate a caller
dependency graph for every global function or class method.

Note that enabling this option will significantly increase the time of a run.
So in most cases it will be better to enable caller graphs for selected
functions only using the \callergraph command. Disabling a caller graph can be
accomplished by means of the command \hidecallergraph.

The default value is: NO.

This tag requires that the tag HAVE DOT is set to YES.

S o S 3 SR R e e

CALLER GRAPH = NO

If the GRAPHICAL HIERARCHY tag is set to YES then Doxygen will graphical
hierarchy of all classes instead of a textual one.

The default value is: YES.

This tag requires that the tag HAVE DOT is set to YES.

H o W 3

GRAPHICAL HIERARCHY = YES

If the DIRECTORY GRAPH tag is set to YES then Doxygen will show the
dependencies a directory has on other directories in a graphical way. The
dependency relations are determined by the #include relations between the
files in the directories. Explicit enabling a directory graph, when
DIRECTORY GRAPH is set to NO, can be accomplished by means of the command
\directorygraph. Disabling a directory graph can be accomplished by means of
the command \hidedirectorygraph.

The default value is: YES.

This tag requires that the tag HAVE DOT is set to YES.

e

DIRECTORY GRAPH = YES

The DIR _GRAPH MAX DEPTH tag can be used to limit the maximum number of levels
of child directories generated in directory dependency graphs by dot.

Minimum value: 1, maximum value: 25, default value: 1.

This tag requires that the tag DIRECTORY GRAPH is set to YES.

e

DIR GRAPH MAX DEPTH =1

The DOT IMAGE FORMAT tag can be used to set the image format of the images
generated by dot. For an explanation of the image formats see the section
output formats in the documentation of the dot tool (Graphviz (see:
https://www.graphviz.org/)) .

Note the formats svg:cairo and svg:cairo:cairo cannot be used in combination
with INTERACTIVE SVG (the INTERACTIVE SVG will be set to NO).

Possible values are: png, Jjpg, gif, svg, png:gd, png:gd:gd, png:cairo,
png:cairo:gd, png:cairo:cairo, png:cairo:gdiplus, png:gdiplus,
png:gdiplus:gdiplus, svg:cairo, svg:cairo:cairo, svg:svg, svg:svg:core,
gif:cairo, gif:cairo:gd, gif:cairo:gdiplus, gif:gdiplus, gif:gdiplus:gdiplus,
gif:gd, gif:gd:gd, Jpg:cairo, jpg:cairo:gd, jpg:cairo:gdiplus, jpg:gd,
jpg:gd:gd, jpg:gdiplus and jpg:gdiplus:gdiplus.

The default value is: png.

This tag requires that the tag HAVE DOT is set to YES.

S o e S SR SR e e e SR o SR o e o

DOT IMAGE FORMAT = png

If DOT IMAGE FORMAT is set to svg or svg:svg or svg:svg:core, then this option
can be set to YES to enable generation of interactive SVG images that allow
zooming and panning.

e

Note that this requires a modern browser other than Internet Explorer. Tested
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and working are Firefox, Chrome, Safari, and Opera.

Note This option will be automatically disabled when DOT IMAGE FORMAT is set
to svg:cairo or svg:cairo:cairo.

The default value is: NO.

This tag requires that the tag HAVE DOT is set to YES.

e

INTERACTIVE SVG = NO

# The DOT PATH tag can be used to specify the path where the dot tool can be
# found. If left blank, it is assumed the dot tool can be found in the path.
# This tag requires that the tag HAVE DOT is set to YES.

DOT_PATH =

# The DOTFILE DIRS tag can be used to specify one or more directories that

# contain dot files that are included in the documentation (see the \dotfile
# command) .

# This tag requires that the tag HAVE DOT is set to YES.

DOTFILE DIRS =

You can include diagrams made with dia in Doxygen documentation. Doxygen will
then run dia to produce the diagram and insert it in the documentation. The
DIA PATH tag allows you to specify the directory where the dia binary resides.
If left empty dia is assumed to be found in the default search path.

H= o W 3

DIA PATH =

# The DIAFILE DIRS tag can be used to specify one or more directories that
# contain dia files that are included in the documentation (see the \diafile
# command) .

DIAFILE DIRS =

# When using PlantUML, the PLANTUML JAR PATH tag should be used to specify the

# path where java can find the plantuml.jar file or to the filename of jar file
# to be used. If left blank, it is assumed PlantUML is not used or called during
# a preprocessing step. Doxygen will generate a warning when it encounters a

# \startuml command in this case and will not generate output for the diagram.

PLANTUML JAR PATH =

# When using PlantUML, the PLANTUML CFG FILE tag can be used to specify a
# configuration file for PlantUML.

PLANTUML CFG_FILE =

# When using PlantUML, the specified paths are searched for files specified by
# the !include statement in a PlantUML block.

PLANTUML INCLUDE PATH =

# The PLANTUMLFILE DIRS tag can be used to specify one or more directories that
# contain PlantUml files that are included in the documentation (see the

# \plantumlfile command) .

PLANTUMLFILE DIRS =

# The DOT_ GRAPH MAX NODES tag can be used to set the maximum number of nodes

# that will be shown in the graph. If the number of nodes in a graph becomes
# larger than this value, Doxygen will truncate the graph, which is visualized
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by representing a node as a red box. Note that if the number of direct
children of the root node in a graph is already larger than

DOT GRAPH MAX NODES then the graph will not be shown at all. Also note that
the size of a graph can be further restricted by MAX DOT GRAPH DEPTH.
Minimum value: 0, maximum value: 10000, default value: 50.

This tag requires that the tag HAVE DOT is set to YES.

e

DOT_GRAPH MAX NODES = 50

# The MAX DOT GRAPH DEPTH tag can be used to set the maximum depth of the graphs
# generated by dot. A depth value of 3 means that only nodes reachable from the
# root by following a path via at most 3 edges will be shown. Nodes that lay

# further from the root node will be omitted. Note that setting this option to 1
# or 2 may greatly reduce the computation time needed for large code bases. Also
# note that the size of a graph can be further restricted by

# DOT GRAPH MAX NODES. Using a depth of 0 means no depth restriction.

# Minimum value: 0, maximum value: 1000, default value: 0.

# This tag requires that the tag HAVE DOT is set to YES.

MAX DOT GRAPH DEPTH =0

# Set the DOT MULTI TARGETS tag to YES to allow dot to generate multiple output
# files in one run (i.e. multiple -o and -T options on the command line). This

# makes dot run faster, but since only newer versions of dot (>1.8.10) support

# this, this feature is disabled by default.

# The default value is: NO.

# This tag requires that the tag HAVE DOT is set to YES.

DOT MULTI TARGETS = NO

# If the GENERATE LEGEND tag is set to YES Doxygen will generate a legend page

# explaining the meaning of the various boxes and arrows in the dot generated

# graphs.

# Note: This tag requires that UML LOOK isn't set, i.e. the Doxygen internal

# graphical representation for inheritance and collaboration diagrams is used.

# The default value is: YES.

# This tag requires that the tag HAVE DOT is set to YES.

GENERATE LEGEND = YES

# If the DOT CLEANUP tag is set to YES, Doxygen will remove the intermediate

# files that are used to generate the various graphs.

#

# Note: This setting is not only used for dot files but also for msc temporary

# files.

# The default value is: YES.

DOT CLEANUP = YES

# You can define message sequence charts within Doxygen comments using the \msc
# command. If the MSCGEN TOOL tag is left empty (the default), then Doxygen will
# use a built-in version of mscgen tool to produce the charts. Alternatively,

# the MSCGEN TOOL tag can also specify the name an external tool. For instance,

# specifying prog as the value, Doxygen will call the tool as prog -T

# <outfile format> -o <outputfile> <inputfile>. The external tool should support
# output file formats "png", "eps", "svg", and "ismap".

MSCGEN_TOOL =

# The MSCFILE DIRS tag can be used to specify one or more directories that
# contain msc files that are included in the documentation (see the \mscfile
# command) .
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MSCFILE DIRS =

VERSION ?= 1.0.0

USER ?= root

CHANNEL 7?= stable

REMOTE ?= myserver

LIBRARY BUILD DIR = build

NET DIR = config/sumo/test

NET OUTPUT = $(NET DIR)/test net.net.xml

.PHONY: help build package create publish test clean generate-net

vt anAd hald fmat A menr
extend nelp test IO0Or new

@echo "Makefile for building, packaging, and publishing the library"
@echo "Usage: make [target] [parameters]"

@echo ""

@echo "Targets:"

@echo " Dbuild - Builds the project using CMake"

@echo " package - Packages (installs) the library using CMake install
target"

@echo " create - Creates the Conan package"

@echo " publish - Builds, packages, and publishes the package"

@echo " clean - Removes the build directory"

@echo ""

@echo "Parameters (can be overridden) :"

@echo " VERSION - Library version (default: $(VERSION))"

@echo " USER - Conan user (default: $(USER))"

@echo " CHANNEL - Conan channel (default: $ (CHANNEL))"
build:

@echo "Building the project, version $(VERSION)..."

cmake -S . -B build -DCMAKE BUILD TYPE=Release —DPROJECT_VERSION=$(VERSION)

cmake --build build

package: build
@echo "Packaging (installing) the library..."
cmake --build build --target install

create: package
@echo "Creating Conan package for the library version $(VERSION)..."
S (CONAN) create . —--user=$ (USER) --channel=$ (CHANNEL)

publish: create
@echo "Uploading Conan package to remote 'S$(REMOTE)'..."
conan remote add myserver http://localhost:9300
conan remote login myserver admin -p admin
conan upload traffic-pulse-library/$ (VERSION) @S (USER)/S$ (CHANNEL) -r=$ (REMOTE)
@echo "Library version $(VERSION) has been uploaded to 'S (REMOTE) as
$ (USER) /$ (CHANNEL) ' I"

test:
make clean
make build
cd $(LIBRARY BUILD DIR) && ctest -L library --output-on-failure
cd

clean:
@echo "Removing the build directory..."
rm -rf $(LIBRARY7BUILD7DIR)
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generate-net:
@echo "Generating SUMO network file using netconvert..."
netconvert \
-n $(NET DIR)/test nodes.nod.xml \
-e $(NET_DIR)/test edges.edg.xml \
-x $(NET_DIR)/test connections.con.xml \
-t S$(NET_DIR)/test tllogic.tll.xml \
--output-file=$ (NET OUTPUT)
@echo "Generated: $(NET OUTPUT)"

#include "utils/Plot.h"
#include <TrafficPulselLibrary>
#include <chrono>

#include <ctime>

#include <filesystem>

#include <fstream>

#include <iomanip>

#include <spdlog/spdlog.h>
#include <sstream>

#include <vector>

// TODO: docs

static std::string currentTimestamp () {
const auto now = std::chrono::system clock::now();
const std::time t time t = std::chrono::system clock::to time t (now):;
const std::tm time = *std::localtime(&time t);
std::ostringstream oss;
oss << std::put time(&time, "3Y-%Tm-%d TH:%M:%8");
return oss.str();
}
int main() {
const std::string csv_path = "../analysis/comparison.csv";

spdlog::set level (spdlog::level::off);

const auto metrics map = TrafficPulse::MetricsUtils::readCsv(csv path);
TrafficPulse::MetricsUtils::printTable (metrics map);

std::vector<std::string> labels;

std::vector<double> base avg travel time, custom avg travel time;
std::vector<double> base avg waiting time, custom avg waiting time;
std: :vector<double> base avg speed, cust avg speed;

std: :vector<double> base avg queue length, custom avg queue length;
std: :vector<double> base throughput, custom throughput;
std::vector<double> base time loss, custom time loss;
std::vector<double> base halting peak, custom halting peak;
std::vector<double> base density peak, custom density peak;

std: :vector<double> base queue length peak, custom queue length peak;

for (auto consté& [scenario, metrics pair] : metrics map) {
if (metrics pair.base.throughput > 0 && metrics pair.custom.throughput > 0)

labels.push back(scenario);
base avg travel time.push back(metrics pair.base.avg travel time);
custom avg travel time.push back(metrics pair.custom.avg travel time);

base avg waiting time.push back(metrics pair.base.avg waiting time);
custom avg waiting time.push back(metrics pair.custom.avg waiting time);

base avg speed.push back(metrics pair.base.avg speed) ;
cust avg speed.push back(metrics pair.custom.avg speed);
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base avg queue length.push back(metrics pair.base.avg queue length);
custom_avg queue length.push back(metrics pair.custom.avg queue length);

base throughput.push back(metrics pair.base.throughput) ;
custom throughput.push back(metrics pair.custom.throughput);

base time loss.push back(metrics pair.base.time loss);
custom time loss.push back(metrics pair.custom.time loss);

base halting peak.push back(metrics pair.base.halted peak);
custom halting peak.push back(metrics pair.custom.halted peak);

base density peak.push back(metrics pair.base.density peak);
custom density peak.push back(metrics pair.custom.density peak);

base queue length peak.push back(metrics pair.base.queue peak);
custom queue length peak.push back(metrics pair.custom.queue peak);

}

Plot plot travel time("../analysis/travel time.png");
plot travel time.compare ("Avg. travel time", "s", labels,
base avg travel time, custom avg travel time);

Plot plot waiting time("../analysis/waiting time.png");
plot waiting time.compare ("Avg. waiting time", "s", labels,
base avg waiting time, custom avg waiting time);

Plot plot average speed("../analysis/avg speed.png");
plot average speed.compare ("Avg. speed", "m/s", labels, base avg speed,
cust avg speed);

Plot plot queue length("../analysis/queue length.png");
plot gueue length.compare ("Avg. gqueue length", "s", labels,
base avg queue length, custom avg queue length);

Plot plot throughput("../analysis/throughput.png");
plot throughput.compare ("Throughput", "trips", labels, base throughput,
custom throughput) ;

Plot plot time loss("../analysis/time loss.png");
plot time loss.compare ("Total time-loss", "veh*s", labels, base time loss,
custom time loss);

Plot plot halting peak("../analysis/halting peak.png");
plot halting peak.compare ("Peak halted vehicles", "veh", labels,
base halting peak, custom halting peak);

Plot plot density peak("../analysis/density peak.png");
plot density peak.compare ("Peak density", "veh/km", labels, base density peak,
custom density peak);

Plot plot queue length peak("../analysis/queue length peak.png");
plot gqueue length peak.compare ("Peak queue length", "m", labels,
base queue length peak, custom queue length peak);

std::filesystem::create directories("../analysis");
std::ofstream md("../analysis/report.md") ;

md << "# TrafficPulse Metrics Report\n\n";

md << "**Generated:** " << currentTimestamp () << "\n\n";

md << "## Travel-Time Chart\n\n";
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md << "![Average travel time] (travel time.png)\n\n";

md << "## Waiting-Time Chart\n\n";
md << "![Average walting time] (waiting time.png)\n\n";

md << "## Speed Chart\n\n";
md << "![Average speed] (avg_ speed.png)\n\n";

md << "## Throughput Chart\n\n";
md << "![Throughput] (throughput.png) \n\n";

md << "## Queue-Length Chart\n\n";
md << "![Average queue length] (queue length.png)\n\n";

md << "## Total time-loss\n\n";
md << "![Total time-loss] (time loss.png)\n\n";

md << "## Peak halted vehicles\n\n";
md << "![Peak halted vehicles] (halting peak.png)\n\n";

md << "## Detailed Breakdown\n\n";

md << "| Scenario | Base (s) | Custom (s) | Alpha% [\n";
md << "[i-mmmmmm e | ————————- e - :\n";
for (auto consté& [scenario, metrics pair] : metrics map) {
if (metrics pair.base.throughput == 0 || metrics pair.custom.throughput ==
0)
continue;
double dp = (metrics pair.base.avg travel time -

metrics pair.custom.avg travel time) /
metrics pair.base.avg travel time * 100.0;

md << "| " << scenario << " | " << std::fixed << std::setprecision(2) <<
metrics pair.base.avg travel time
<< " ] " << std::fixed << std::setprecision(2) <<
metrics pair.custom.avg travel time << " | " << std::fixed

<< std::setprecision(l) << dp << "% [\n";
}

md.close () ;

return 0;

#include "scripts/Scenario.h"
#include <TrafficPulselibrary>
#include <fstream>

#include <regex>

TrafficPulse::Metrics runSumoAndCollect (const std::string& scenario name,
const std::string& sumo_config,
const std::stringé& net config,
const bool is custom scenario,
const bool gui) {
TrafficPulse: :EventBus bus;

auto timestampTag = [] {
const std::time t time t = std::time (nullptr);
char buf[32];
std::strftime (buf, sizeof (buf), "%Y*m%d $H¥M%S", std::localtime (&time t))
return std::string (buf);

b

’
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const std::string tag = scenario name + " " + (is_custom scenario ? "custom "

"base ") + timestampTag() ;
const std::vector<TrafficPulse::SumoOutput> outs = {{"--tripinfo-output",

"tripinfo " + tag + ".xml"},

{"--summary-output", "summary " + tag +
".xml"},

{"--statistic-output", "stats " + tag +
".xml"},

{"--edgedata-output", "edge " + tag +
".xml"},

{"--queue-output", "queue " + tag +
"oxml"}};

TrafficPulse::TrafficSystem system(1.0, sumo config, net config, bus,
is custom scenario, gui, outs);

system.run () ;

const std::string file trip info = "tripinfo " + tag + ".xml";
const std::string file summary = "summary " + tag + ".xml";
const std::string file stats = "stats " + tag + ".xml";

const std::string file edge = "edge " + tag + ".xml";

const std::string file queue = "queue " + tag + ".xml";

TrafficPulse::Metrics metrics =

TrafficPulse::XML: :parseTripInfo(file trip info);
TrafficPulse::XML::enrichFromStats (file stats, metrics);
TrafficPulse::XML::enrichFromSummary (file summary, metrics);
TrafficPulse::XML: :enrichFromQueue (file queue, metrics);
TrafficPulse::XML: :enrichFromEdge (file edge, metrics);

return metrics;

void writeMetricsCsv (const std::string& out csv,
const std::stringé& scenario_name,
bool is custom scenario,
const TrafficPulse::Metrics& metrics) {
if (std::filesystem::path csv_file path(out csv);

csv_file path.has parent path()) {
std::filesystem::create directories(csv_file path.parent path());
}
bool exists = std::ifstream(out csv) .good();
std::ofstream fo(out csv, std::ios::app);
if(!fo)
throw std::runtime error ("Cannot open CSV: " + out csv);

if (lexists) {
fo << "timestamp, scenario,mode,"

"avg travel time,avg waiting time,avg speed, throughput,num stops,avg queue length,

n

"time loss,halted peak,density peak,queue peak\n";

fo << currentTimestamp () << ', ' << scenario name << ',' << (is custom scenario
? "custom" : "base") << ','! N N N
<< metrics.avg travel time << ', ' << metrics.avg waiting time << ',' <<
metrics.avg speed << ',

<< metrics.throughput << ',' << metrics.num stops << ', ' <<
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metrics.avg queue length << ',' << metrics.time loss
<< ',' << metrics.halted peak << ',' << metrics.density peak << ', ' <<

metrics.queue peak << '\n';

}

vold writeMetricsCsv(std::ofstreamé& fo,

const std::string& scenario_name,
const bool is_ custom scenario,
const TrafficPulse::Metrics& metrics) {

fo << currentTimestamp() << ',' << scenario name << ', ' <<

? "custom" "base") << ',

(is_custom scenario

<< metrics.avg travel time << ', ' << metrics.avg waiting time << ',' <<

metrics.avg speed << ',

<< metrics.throughput << ',' << metrics.num stops << ',' <<

metrics.avg queue length << ',' << metrics.time loss
<< ', " << metrics.halted peak << ',' << metrics.density peak << ',' <<

metrics.queue peak << '\n';

}

#include "scripts/Scenario.h"
#include <fstream>

#include <iostream>

#include <set>

#include <sstream>

#include <vector>

static std::vector<std::string> split(const std::stringé& s,

std::vector<std::string> out;

std::stringstream ss(s);

std::string item;

while(std::getline(ss, item, delim))
out.push back(item);

return out;

int main(const int argc, char** argv) {
TrafficPulse::Log::init ()

bool gui = false;

bool run custom = false;
std::string scenario name;
std::string sumo_config;
std::string net config;

std::string out csv = "../analysis/comparison.csv";
for(int i = 1; i < argc; ++1i) {
std::string a = argv[il];
if(a == "-—-gui") {
gui = true;
}
else if(a == "--custom") {
run_custom = true;
}
else if((a == "--output" || a == "-0") && i + 1 < argc) {

out _csv = argv[++i];

}

char delim)

{

else if(a == "--scenario" && i + 1 < argc) {
scenario name = argv[++i];
}
else if(a == "--sumoCfg" && i + 1 < argc) {
sumo_config = argv[++i];
}
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else if(a == "--netCfg" && 1 + 1 < argc) {
net config = argv[++i];
}
}

if (scenario name.empty () || sumo config.empty() || net config.empty()) {
std::cerr << "Usage: " << argv[0] << " --scenario <name>"
<< " —--sumoCfg <path>"
<< " --netCfg <path>"
<< " [--custom] [--gui] [-0 <out.csv>]\n";

return 1;

}

std::set<std::pair<std::string, bool>> done;
if (std::ifstream ifs(out csv); ifs) {
std::string line;
std::getline(ifs, line);
while (std::getline(ifs, line)) {
auto parts = split(line, ',"):;
if(parts.size () >= 2) {
bool isCustom = (parts[2] == "custom");
done.emplace (parts([1l], isCustom);

if (std::filesystem::path p(out csv); p.has parent path())
std::filesystem::create directories (p.parent path());
}
bool need header = !std::ifstream(out csv) .good();
std::ofstream ofs(out _csv, std::ios::app):;
if (lofs) {
std::cerr << "Cannot open CSV for writing: " << out csv << "\n'";
return 1;
}
if (need header) {
ofs << "timestamp, scenario,mode,"

"avg travel time,avg waiting time,avg speed, throughput,num stops,avg queue length,

"time loss,halted peak,density peak,queue peak\n";

}

spdlog::info ("Running {} for {}{}...", run custom ? "custom" : "base",
scenario name, gui ? " (GUI)" : "");

if (!run custom) {
if (!done.contains ({scenario name, false})) {
auto m = runSumoAndCollect (scenario name, sumo_config, net config,

false, gui);
writeMetricsCsv (ofs, scenario name, false, m);

}
else {
spdlog::info ("Skipping base for {} (already have results)",
scenario_name) ;
}
}
else {
auto m = runSumoAndCollect (scenario name, sumo_config, net config, true,
gui) ;
writeMetricsCsv (ofs, scenario name, true, m);
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spdlog::info ("Done. Results in {}", out csv);
return 0;

#pragma once

#ifndef SCENARIO H
#define SCENARIO H

#include <TrafficPulselLibrary>
#include <chrono>
#include <ctime>
#include <string>

* @brief Runs a SUMO + TrafficPulse simulation, either base or with your
r

algorithm.
*
* @param scenario name identifier, for example, "low traffic"
* @param sumo config path to .sumocfg
* @param net config path to .net.xml
* @param 1s custom scenario true = run with pulse algo, false = base run
* @param gui true = show SUMO GUI, false = run in background

* @return collected metrics
*/
TrafficPulse::Metrics runSumoAndCollect (const std::string& scenario name,
const std::string& sumo_config,
const std::string& net config,
bool is custom scenario = false,
bool gui = false);

* @brief Appends a metrics row to CSV, creates a header if needed.

* @param out csv CSV path
* @param scenario name identifier, for example, "low traffic"
* @param is custom scenario true = custom scenario with pulse algo, false =
default with base SUMO algo
* @param metrics the metrics to write
*/
void writeMetricsCsv (const std::string& out csv,
const std::string& scenario_ name,
bool is custom scenario,
const TrafficPulse::Metricsé& metrics);
/** @copydoc writeMetricsCsv (const std::string&,const std::string&,bool, const
s&) */
volid writeMetricsCsv (std::ofstream& fo,
const std::stringé& scenario name,
bool is custom scenario,
const TrafficPulse::Metrics& metrics);

TrafficPulse::Metric

“urrent wall-time stamp in ISO-8601 format.

* @return string with the current loca
*/

inline std::string currentTimestamp () {

const auto now = std::chrono::system clock::now();
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const std::time t time t =
const std::tm time = *std::localtime(&time t);
std::ostringstream oss;

oss << std::put time(&time, "3
return oss.str();

#endif // SCENARIO H

#pragma once

#ifndef PLOT H
#define PLOT H

#include <matplot/matplot.h>
#include <numeric>
#include <spdlog/spdlog.h>
#include <string>
#include <vector>
VAR
* @class Plot
* @brief Thin wrapper around matplot++ providing one-shot comparison
*
* The class draws a line-chart that compares baseline Vs.
* stores the PNG on disk.
*
* @ref compare (), destroy.
* /
class Plot {
public:
VAR
* @brief Ctor.
@param out pn bsolute/relative path where the PNG will be
* @y t png Absolute/relat path wt the PN ]
* /
explicit Plot (std::string out png)
: m_output png path{std::move (out png)} { }
/'**
* @brief Draw two overlaid line-series base Vs.
*

* @param tit
* @param y 1
* @param labels X-axis textual labels

a
* @param base Baseline data (same size as @p

size as (@p

std::chrono::system clock::to time t (now);

charts.

custom metrics and

saved.

custom and persist PNG.

* @param custom data (same @p labels).
7(/
void compare (const std::stringé& title,
const std::string& y label,
const std::vector<std::string>& labels,
const std::vector<double>& base,
const std::vector<double>& custom) const {
namespace mp = matplot;
if(labels.empty()) {
spdlog::warn("compare: no data - skipping '{}'", title);

return;

if (base.empty () ||
spdlog::warn ("No data for

return;

custom.empty ()) {

"{}'", title);
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}

const auto figure handle = mp::figure(true);
figure handle->size (1600, 900);

const auto axes handle = mp::gcaf();

axes handle->hold(mp::on);

std::vector<double> x indices (labels.size());
std::iota(x_indices.begin(), x indices.end(), 0.0);

const auto line base = mp::plot(x indices, base);
line base->color ("b") .marker ("o") .display name ("base");

const auto line custom = mp::plot(x_indices, custom);
line custom->color ("r") .marker ("s") .display name ("custom");

axes _handle->title(title);
axes handle->ylabel (y label);
mp::xticks (x_indices);
mp::xticklabels (labels);
mp::grid(mp::on);

mp::legend()->location (mp::legend::general alignment::topleft);

mp::save (m_output png path);

private:

T4

v
=
)
~h
|~
-
D
-
I~
~
~
D
O
=

std::string m_output png path; ///< Target

b

#endif //PLOT I

# Common
# Ccommon

~

;

I

a

ant+ 9 ~ o
settings

BasedOnStyle: WebKit

TabWidth: 4
IndentWidth: 4
UseTab: Always
ColumnLimit: 120
Language: Cpp
DisableFormat: false

Standard: c++14

AccessModifierOffset: -4
AlignAfterOpenBracket: true
AlignConsecutiveAssignments: false
AlignConsecutiveDeclarations: false
AlignOperands: true
AlignTrailingComments: false
AllowAllParametersOfDeclarationOnNextLine: true
AllowShortBlocksOnASingleLine: Never
AllowShortCaselLabelsOnASingleLine: false
AllowShortFunctionsOnASingleLine: Empty
AllowShortIfStatementsOnASinglelLine: false
AllowShortLoopsOnASingleLine: false
AlwaysBreakAfterDefinitionReturnType: None
AlwaysBreakAfterReturnType: None
AlwaysBreakBeforeMultilineStrings: false
BreakTemplateDeclarations: No
BinPackArguments: false

by @ref compare().
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BinPackParameters: false

BreakBeforeBraces: Custom

BraceWrapping:
AfterEnum : true
AfterFunction : false
AfterNamespace : true

AfterStruct : true
AfterUnion : true
BeforeCatch : true
BeforeElse : true
IndentBraces : false
AfterExternBlock : true
SplitEmptyFunction : false
SplitEmptyRecord : false
SplitEmptyNamespace : true

BreakAfterJavaFieldAnnotations: true
BreakBeforeInheritanceComma: false
BreakBeforeBinaryOperators: None
BreakBeforeTernaryOperators: true
BreakConstructorInitializersBeforeComma: true
BreakStringLiterals: true

CompactNamespaces: false
ConstructorInitializerAllOnOnelLineOrOnePerLine: false
ConstructorInitializerIndentWidth: 4
ContinuationIndentWidth: 4
CppllBracedListStyle: true
SpaceBeforeCppllBracedList: false
DerivePointerAlignment: false
ExperimentalAutoDetectBinPacking: false
ForEachMacros: [ foreach, Q FOREACH, BOOST FOREACH ]
IndentCaselabels: false
FixNamespaceComments: true
IndentWrappedFunctionNames: false
KeepEmptyLinesAtTheStartOfBlocks: true
MacroBlockBegin: ''

MacroBlockEnd: v

JavaScriptQuotes: Double
MaxEmptyLinesToKeep: 1
NamespaceIndentation: None
ObjCBlockIndentWidth: 4
ObjCSpaceAfterProperty: true
ObjCSpaceBeforeProtocollList: true
PenaltyBreakBeforeFirstCallParameter: 19
PenaltyBreakComment: 300
PenaltyBreakFirstLessLess: 120
PenaltyBreakString: 1000

PenaltyExcessCharacter: 1000000
PenaltyReturnTypeOnItsOwnLine: 60
PointerAlignment: Left
SpaceAfterCStyleCast: false
SpaceBeforeAssignmentOperators: true
SpaceBeforeParens: Never
SpaceInEmptyParentheses: false
SpacesBeforeTrailingComments: 1
SpacesInAngles: false
SpacesInContainerLiterals: true
SpacesInCStyleCastParentheses: false
SpacesInParentheses: false
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SpacesInSquareBrackets: false
SpaceAfterTemplateKeyword: true
SpaceBeforeInheritanceColon: true

SortUsingDeclarations: true
SortIncludes: CaseSensitive

e + o S FAr Aetre 1 N
# Cor nts are ror developers,

ReflowComments: false

IncludeBlocks: Preserve
IndentPPDirectives: None

default:
image: andriibabushko/sumo-libsumocpp:latest
tags:
- docker

before script:
- git 1lfs pull

stages:
- clang-format
- test
- build
- deploy

clang format check:
stage: clang-format
image: ubuntu:22.04
before script:
- apt-get update
- apt-get install -y wget gnupg lsb-release software-properties-common git-1fs
1sb
- wget https://apt.llvm.org/llvm.sh
- chmod +x 1llvm.sh
- ./llvm.sh 19
- apt-get install -y clang-format-19
- update-alternatives --install /usr/bin/clang-format clang-format
/usr/bin/clang-format-19 100
- git 1fs pull
script:
- make format-check

test library:
stage: test
script:
- make test-library
only:
- main
- library

test all:
stage: test
script:
- make test-all
only:
- main

build-doxygen:
stage: build
before script:
- apt-get update
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- apt-get install -y doxygen graphviz
script:

- cd library

- doxygen Doxyfile
artifacts:

paths:

- library/html/

expire in: 1 week
only:

- main

- library

pages:

stage: deploy
script:

- mv library/html public
artifacts:

paths:

- public

expire in: 1 week
only:

- main

- library

cmake minimum required(VERSION 3.18)
project (TrafficPulseSystem)

set (CMAKE CXX STANDARD 20)
set (CMAKE CXX STANDARD REQUIRED ON)

list (APPEND CMAKE PREFIX PATH "/opt/homebrew/opt/yaml-cpp")
add subdirectory(library)
include directories (${CMAKE CURRENT SOURCE DIR}/include)

file (MAKE DIRECTORY ${CMAKE_BINARY_DIR}/config/sumo)
execute process (COMMAND ${CMAKE COMMAND} -E copy directory
${CMAKE CURRENT SOURCE DIR}/config/sumo
${CMAKE CURRENT BINARY DIR}/config/sumo

)

find package (Matplot++ REQUIRED)
find package (PugiXML REQUIRED)
find package (spdlog CONFIG REQUIRED)
find library(LIBSUMOCPP sumocpp HINTS /usr/lib /usr/local/lib)
1if (NOT LIBSUMOCPP)
message (FATAL ERROR "libsumocpp not found! Please install SUMO with libsumo-
cpp support.")
endif ()

add executable (ScenarioRunner
src/scripts/ScenarioRunner.cpp
src/scripts/Scenario.cpp
)
target link libraries (ScenarioRunner PRIVATE ${LIBSUMOCPP} TrafficPulseLibrary
pugixml spdlog::spdlog)

add executable (MetricsReporter
src/scripts/MetricsReporter.cpp

)
target link libraries (MetricsReporter PRIVATE
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TrafficPulselibrary Matplot++::matplot pugixml spdlog::spdlog
)

include (FetchContent)
FetchContent Declare (

googletest
GIT REPOSITORY https://github.com/google/googletest.git
GIT TAG v1.15.2

)
FetchContent MakeAvailable (googletest)
option (BUILD TESTING "Build unit tests" ON)
if (BUILD TESTING)
enable testing()
if (EXISTS "${CMAKE CURRENT SOURCE DIR}/tests")
add subdirectory (tests)
endif ()

endif ()

FROM ubuntu:22.04
ARG DEBIAN FRONTEND=noninteractive

# Base system + SUMO dependencies

RUN apt-get update && \
apt-get install -y \
git cmake g++ build-essential python3-dev swig \
libxerces-c-dev libfox-1.6-dev libgdal-dev libproj-dev \
libgl2ps-dev libeigen3-dev libpugixml-dev \
clang-format curl wget lsb-release gnupg git-1fs && \
apt-get clean

# Clone and build SUMO
WORKDIR /opt
RUN git clone --recursive https://github.com/eclipse-sumo/sumo.git && \
cd sumo && \
cmake -B build -DCMAKE INSTALL PREFIX=/usr && \
cmake --build build -3$ (nproc) && \
cmake --install build

ENV SUMO HOME=/usr/share/sumo
ENV LD_LIBRARY_ PATH=/usr/lib:/usr/local/lib:$LD_LIBRARY_ PATH
WORKDIR /builds/project

BUILD DIR ?= build

CMAKE BUILD DIR 2= cmake-build-debug

VERSION ?2=1.0.0

LOG ?= debug

UNPACK = ./scripts/unpack scenarios.sh

OUTPUT SCENARIOS COMPARISON = ../analysis/comparison.csv

SAN FLAGS = -g -0l -fsanitize=address,undefined -fno-omit-frame-pointer

CMAKE EXTRA ARGS ?=
SCENARIOS = \

"Low Traffic
XS,config/sumo/scenarios/xs/low traffic/osm.sumocfg,config/sumo/scenarios/xs/low t
raffic/osm.net.xml" \

"Low Traffic
S,config/sumo/scenarios/s/low traffic/osm.sumocfg, config/sumo/scenarios/s/low traf
fic/osm.net.xml" \

"Medium Traffic
XS,config/sumo/scenarios/xs/medium traffic/osm.sumocfg,config/sumo/scenarios/xs/me
dium traffic/osm.net.xml" \

"Medium Traffic
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S,config/sumo/scenarios/s/medium traffic/osm.sumocfg,config/sumo/scenarios/s/mediu
m traffic/osm.net.xml" \

"High Traffic
XS,config/sumo/scenarios/xs/high traffic/osm.sumocfg,config/sumo/scenarios/xs/high
_traffic/osm.net.xml" \

"High Traffic
S,config/sumo/scenarios/s/high traffic/osm.sumocfg,config/sumo/scenarios/s/high tr
affic/osm.net.xml"
#SCENARIOS =

# "High Traffic

S(56km/56km) ,config/sumo/scenarios/s/high traffic/osm.sumocfg,config/sumo/scenario
i 7

s/s/high traffic/osm.net.xml

#SCENARIOS =
# "Medium Traffic
S(56km/56km),config/sumo/scenarios/s/medium traffic/osm.sumocfg,confiqg/
ios/s/medium traffic/osm.net.xml"

.PHONY: clean build asan-build test-library format format-check run-scenarios-
debug run-scenarios-gui report-metrics unpack-scenarios

# TODO: write help target

define RUN CLANG FORMAT
@find . -type f \( -name "*.cpp" -0 -name "*.h" \) \

-not -path "./$(BUILD DIR)/*" \
-not -path "./cmake-build-debug/*" \
-not -path "./library/cmake-build-debug/*" \
-not -path "./library/test package/build/*" \
-exec clang-format -style=file $(1) {} +

endef

define RUN BUILD

@echo "$ Configuring ($(BUILD TYPE), TESTING=$ (BUILD TESTING))"

@mkdir -p $(BUILD DIR)

@cmake -S . -B $(BUILD DIR) \
-DINSTALL_GTEST=$ (BUILD TESTING) \
-DINSTALL_GMOCK=$ (BUILD TESTING) \

)
)

—DBUILD_TESTING:$(BUILD_TESTING \
—DCMAKE_BUILD_TYPE:$(BUILD_TYPE \
—DPROJECT_VERSION:$(VERSION) \
$ (CMAKE_EXTRA ARGS)
@echo "E* Building $(BUILD TARGET)..."
@cmake --build $(BUILD_DIR) $(BUILD_TARGET) --parallel
endef
clean:

rm -rf $(BUILD_DIR)

rm -rf $(CMAKE BUILD DIR)

rm -rf library/$ (BUILD DIR)

rm -rf library/$ (CMAKE BUILD DIR)

rm -f analysis/*.png analysis/*.md analysis/*.pdf

test-library:
mkdir -p $(BUILD7DIR)
cd $(BUILD7DIR) && cmake -DBUILD TESTING=ON .. && make
cd $(BUILD DIR)/library && ctest -L library --output-on-failure

format:
@command -v clang-format >/dev/null 2>&1 || { \
echo "clang-format is not installed. Please install clang-format and try
again."; \

exit 1; \
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}
@echo "Formatting all *.cpp and *.h files (excluding build directories)..."
S(call RUN_CLANG_FORMAT, -1i)

@echo "« Formatting complete!™

format-check:
@command -v clang-format >/dev/null 2>&1 || { \
echo "clang-format is not installed. Please install clang-format and try
again."; \
exit 1; \
}
@echo "Checking formatting for all *.cpp and *.h files (excluding build
directories)..."
$(call RUN CLANG FORMAT, --dry-run --Werror)

@echo "« Checking complete!"

build: BUILD TYPE := Release
build: BUILD TESTING:= ON
build:

$(call RUN BUILD)

SAN FLAGS = -g -0l -fsanitize=address,undefined -fno-omit-frame-pointer
asan-build: BUILD_TYPE := RelWithDebInfo

asan-build: BUILD TESTING := OFF

asan-build: CMAKE EXTRA ARGS := \

—DCMAKE_CXX_FLAGS_RELWITHDEBINFO="$(SAN_FLAGS)" \

—DCMAKE_EXE_LINKER_FLAGS_RELWITHDEBINFO="$(SAN_FLAGS)”
asan-build:

S(call RUNiBUILD)

run-scenarios-debug: asan-build

@echo "[j Running all scenarios... (log=$(LOG))"
cd $(BUILD_DIR) && \
for sc in $(SCENARIOS); do \
IFS=',"'; set —-- $S$sc; \
NAME=$351; SCFG=$$2; NCFG=$$3; \
env TP _LOG=$ (LOG) \
gdb --args ./ScenarioRunner \
--scenario "S$SNAME" \
--sumoCfg "S$S$SSCFG" \
--netCfg "SSNCFG" \
—--output "$$OUTPUT75CENARI057COMPARISON"; \repo
env TP LOG=$ (LOG) \
gdb --args ./ScenarioRunner \
--scenario "S$SNAME" \
--sumoCfg "S$S$SCFG" \
--netCfg "$SNCFG" \
--output "../comparison.csv" \
--custom; \
done

@echo "« All scenarios completed."”

run-scenarios: build

@echo "[] Running all scenarios... (log=$(LOG))"
cd $(BUILD7DIR) && \
for sc in $(SCENARIOS); do \
IFS=',"'; set —-- $S$sc; \
NAME=S$S$1; SCFG=$$2; NCFG=$$3; \
env TP LOG=$ (LOG) ./ScenarioRunner \
--scenario "S$SNAME" \
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--sumoCfg "S$SSCFG" \
--netCfg "S$SNCFG" \
--output "../analysis/comparison.csv"; \
env TP _LOG=$ (LOG) ./ScenarioRunner \
--scenario "SSNAME" \
--sumoCfg "S$S$SCEFG" \
--netCfg "SSNCEG" \
--output "../analysis/comparison.csv" \
--custom; \
done

@echo "« All scenarios completed."

run-scenarios-gui: build
@echo "[] Running all scenarios with GUI..."
cd $(BUILD_DIR) && \
for sc in $(SCENARIOS); do \
IFS="',"'; set -- S$S$sc; \
NAME=S$S$1; SCFG=$$2; NCFG=$$3; \
TP _LOG=$ (LOG) ./ScenarioRunner \
--gui \
--scenario "S$SNAME" \
--sumoCfg "S$S$SSCFG" \
--netCfg "SSNCFG" \

--output "../analysis/comparison.csv"; \
TP_LOG=$ (LOG) ./ScenarioRunner \
--gui \

--scenario "SSNAME" \
--sumoCfg "S$S$SSCFG" \
--netCfg "SSNCFG" \
--output "../analysis/comparison.csv" \
--custom; \
done

@echo "« All GUI scenarios completed."

report-metrics: build

@echo "mm Generating charts and Markdown summary"
cd $(BUILD DIR) && ./MetricsReporter
@if command -v pandoc >/dev/null 2>&1; then \

if command -v xelatex >/dev/null 2>&1; then \

echo "[§ Converting analysis/report.md — analysis/TrafficPulseReport.pdf";

pandoc analysis/report.md \
--resource-path=analysis \
--pdf-engine=pdflatex \
-H figure-force.tex \
-V graphics=true \
-0 analysis/TrafficPulseReport.pdf && \
echo "« PDF ready: analysis/TrafficPulseReport.pdf"; \
else \

echo "A\ xelatex not found; skipping PDF generation. Install a TeX
engine."; \
fi; \
else \

echo "/ pandoc not found; skipping PDF generation. Install pandoc."; \
fi

unpack-scenarios:
@echo "-> Unpacking all scenarios..."
bash $ (UNPACK)
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