AHOTAIISA

Cinvkesuw  0.0. Ontumizariis QYHKIIOHYBaHHS  IHTEJEKTyaJbHUX
00’€KTIB 3 BUKOPUCTAHHSIM METOJIB MAIIMHHOIO HaB4YaHHs. — Kpasidikariiina
HayKOBa Ipallsd Ha MpaBax PYKOIHUCY.

Huceprariiss Ha 37100yTTd HAyKOBOI'O CTYIEHs JOKTOpa ¢disocodil 3a
cuerniayipbaicTio 122 «Kowmm'torepri waykm». — JIbBiBcbKuUil HaIliOHAJbHUN
yHiBepcureT iMeHi IBana Ppanka, JIbBiB, 2023.

[Ipobmemu  ontumizaril pYHKINIOBAHHA IHTEJIEKTyaJbHUX 00 €KTIB
BU3HAYAIOTH IMUPOKHWI KJac 3aJlad, SKW OXOILUTIOE K PpeajbHi alapaTHi
KOMILJIEKCH, IO 3a0e3IedyloTh BUPOOHWYI IIpOIlecw, TaK 1 BiANOBiAHE 1M
nporpamMuae 3abesnedennd. [IporpamyBanHsa TakmX KOMIIJIEKCIB B KOHTEKCTI
3aJlaHHS  ONTUMAJIbHUX PEXHUMIB pPoO0TH TOTpeOye BUPIIIEHHS 3a/ad
cTabiIbHOI  alapaTHO-IPOrpaMHOl  iHTerparlii Ta po3pobseHHs e(deKTUBHUX
AJITOPUTMIB JIUIA 1X PYHKITIOHYBaHHA. KBOJIIOIIA HAsSBHUX MiIKPOKOMII IOTEPHUX
Ta MIKPOKOHTPOJIEPHUX TEXHOJIOTIHM, $Ki CTaHOBJIATH ‘PO3YMHY  OCHOBY
OIIBITIOCTI  1HTEJIEKTYaJIbHUX O0’€KTIB 3YMOBJIOE TIOTpedy B TOCTIAHOMY
BJIOCKOHAJIEHHI BK€ ICHYIOUMX ITPOrPAMHHUX 3acoD0iB Ta IX ajarrrariil miJi HOBI
mwiaTrdopmu. llpm mpoMy, 31 3pocTaHHAM BUMOT JI0 TAKUX IHTEJIEKTYAJTbHUX
00’€KTIB IJABUIIYETHCSA 1 CKJAIHICTh IIMOA0 IPOEKTYBAHHS Ta peasisaril
IIPOIPAMHOIO 3a0€3IeYeHHS].

Bukopucrannsg MammmHHOTO HABYaHHS IIPA  CTBOPEHHI IPOTPaMHUAX
3aco0iB /I IHTEJIEKTyaJbHUX O0'€KTiB cTa€ Bce OLIBII  MOMMPEHOIO
MMPAKTUKOIO, OCKLIBKH JIO3BOJISIE peaJi30ByBaTW THYYKI Ta PpPI3HOMaHITHI
MOJIeJIi TIPOTHO3YBaHHSI CTaHy O0’€KTa, MOro JIMHAMIYHOIO CaMOHABYAHHS
(HaBUaHHS 3 MIAKPIIIEHHsIM) ab0 JIAHUX, IO JO3BOJISAIOTH MPOJLYKTUBHIIIE
BUKOPHUCTOBYBATH pobouy CHACTEMY. ITpukaaom TaKOTO pomry
iHTeJIeKTyaJIbHOTO 00’€KTY, (PYHKINIIOBAHHS SKOTO MOXKHA 3abe3redyBaTu Ta
ONTUMI3YBATH METOJAMU MAIITMHHOTO HABYAHHS, € IHTEJEeKTYyaJbHUN OYyINHOK.
Y jaucepraliii OCHOBHa& yBara HpujijieHa PO3pOOIl Ta  yIOCKOHAJEHHIO

MIPOTOTHUITY alapaTHO-IPOrPAMHOIO KOMILIEKCY JIJIs  aHaJi3y Ta o0poOKH



JIAHUX IHTEJEKTyaJbHOTO Oy/JIMHKY, B MeXKaX 4YOro 3JifiCHeHa iHTerpallis
MIiKPOKOMIT FOTEPHOI Ta HEWPOKOHTPOJEPHOI CUCTEM 3 BiIKPUTHUM MPOTPAMHUM
3abe3nmevueHHaM, sKe TIPYHTYETbCS Ha BUKOPUCTAHHI CYyYacCHUX MiJIXOIIB
raubokoro HaBdanud, Texniku MLOPS i REST apxitekTypu.

[IpoBenenmii anaJiza HAyKOBUX IIyOJIKaIliili Ta BIIKPUTHUX JRKEpPEa Y
TEMATHIl IHTEJEKTyaJbHUX OYAWHKIB IIPOJEMOHCTPYBaB, IO 3apa3 ICHYE
HEJOCTATHBO PillleHb IOJI0 allapaTHO-IPOTPAMHHUX CHUCTEM, (QYHKIIIOBAHHS
JKUX HE 3aJIe’KUTh BiJ XMapHUX TEXHOJOTIH Ta JOCTYyHy JI0 TIJI0DaJIbHOI
Mepexki [aTeprer. Takoxk, He y TOBHII Mipi PO3KPUTI MPUKJIA/IHI apXiTEKTypHI
KOHIIEIIIIT i3 3aIy9eHHsIM MOJiesieil TIMOOKOro HaBYaHHA Ta TpaHundHuX (edge)
qu TymaHHux (fog) obumciieHs, po3MoIiIeHnX MIKPOKOHTPOJIEPHUX CUCTEM, sIKi
MiATPUMYIOTH BOYJIOBYBAHHS I PO3TOPTAaHHS 3raJaHUX Mojeseil. ¥ 3B’ga3Ky i3
UM 3aBJIAHHAM JIUCEPTAININHOI POOOTU € JOTMOBHEHHS Ta PO3IIUPEHHST 3HAHD
y MpeaMeTHi#l 06/1acTi MPOEKTyBaHHS TPOTOTUITY MiKPOKOHTPOJIEPHOI CUCTEMU
0OpOOKM  JTaHWX IHTEJEKTYyaJIbHONO OVJAMHKY B KOHTEKCTI TI'DAHUYHUX
00YHMCJIeHb Y TIOEIHAHHI 3 MAIUHHUM HABYAHHSM, CTATUCTUYHUMHU METOIAMMU
Ta TPaKTUKAMU MOOYI0BY MPUKJIAIHUX MporpaMuunx inrepdeiicis (API).

Ockinbku y OIJIBIITOCTI BUMAJAKIB (QYHKINIOBAHHS 1HTEJIEKTYaJIbHOI'O
OY/IMHKY CTOCYE€TbCH ONTHUMI3allil €HEePrOBUTPAT Ta BCTAHOBJIEHHIO 3PYYHUX
KJIMATUYHAX YMOB JIJIA MENIKAHIB, y HAKOCTI JIAHUX JJId PO3POOKH i
JIOCJIiI>KeHb Oy BUOpaHi ITOKA3HUKW TEMIIePaTyp Ta CIOXKHBAHHS eHepTil.
IIpore, po3pobJieHi y poboTi Mojesi Ta, 3arajioM, IIporpaMHe 3a0e3IedeHHs
MOXKHA POSMUPUTH MLISIXOM JIOJIaBaHHd IHIMNX KJIIMATAYHUX BUMipIOBaHb:
BOJIOT'ICTh MOBITPsl, KIJIbKICTh COHIYHUX JTHIB TOIIIO.

OkpeMuM Ta He MEHII BaXXJIUBUM KOMIIOHEHTOM Yy HPOEKTYBaHHI CUCTEM
KEepYBaHHS IHTEJEKTyaJbHUM OYJIMHKOM € BpaXyBaHHA TeIIOMI3MIHUX
IPOIIECIB, AKI ONHUCYIOThCA  BIANOBIIHUMU  JUHAMIYHUMU  PIBHIHHAMUI
TeIIoNlepeHocy y mnpuMinieHHi. Po3B’sa3yBaHHsS TaKuX PpiBHAHb Ha OCHOBI
JAHUX, HAKONWYEHUX TUIOBUMH CEHCOpaMU  (JIaTYUKAMHU  TEeMIIEPATYD
DS18B20, DHT22; narunkom crnoxKuBaHHA ra3y Smartico, abo ejaekTpoeHepril

Emporia) m03BoJIsi€ sIK MOJEIOBATH TEIJIOBI MPOIECH, TaK i BUKOPUCTOBYBATH



iX PO3B’sI3KM JIJIT YTOYHEHHSI IIPOTHO3YyBaHHSI CIIOXKUBaHHs eHepril. OcKiJbKu
OTJIsIJT HAgBHUX NyOJKaIiii Ta KOMEpPIIHHUX pillleHb Yy  KOHTEKCTI
3aCTOCYBaHHSI TEIJIOMIZUIHOIO MOJEJIIOBAHHSA Ta HOro IOEIHAHHA 3 METOIaMU
MAaIlIMHHOI'O HaBYaHHs ITOKa3aB JOCTATHHO HE3HAYHY KIJIbKICTh BIPOBA/I?KEHBb
TaKUX CHUCTEM, IIOCTa€ aKTyaJIbHOIO PO3pO0OKa JIaHWX MeTOIWK. Bimrak, y
JUcepTaIlil  3aIpOIIOHOBAHO  IJAXOAM Y  3aCTOCYBaHHI  TEIIOMI3UIHOTO
MO/IETIOBAHHS JI0 OIIIHKHU TEIIO(MI3MIHUX XapAaKTEPUCTUK OYIIiBeIb.

Y meprioMy Po3JiJi aucepTariifHol poOOTH PO3IVISHYTO ITPOOJIEMATUKN
CTBOPEHHS CHUCTEM IHTEJEKTYaJbHOTO OYJIMHKY, dKi 3/1e0iJbIIoro 06a3yroTbed
Ha TPAHMIHUX Ta TYMAHHHX OOYMCJIEHHSX; JIaHO PpO3IINPEHe BU3HAYEHHS
IHTeJIEKTyaJIbHOIO OYIMHKY Ta BH3HAUYEHO AaKTyaJbHI IIpoOOJeMU  HOTO
IIPOEKTYBaHHs. depe3 Te, IO BUKOPUCTAHHS XMapHUX TEXHOJIOTIM 3YMOBJIIOE
HU3KY IIpoOJIeM, SKi CTOCYIOTbCA ITPUBATHOCTI Ta O€3MeKW JaHWX, BHCOKOI
I[IHU, HASBHICTIO MEPEeXKEeBUX 3aTPUMOK i BUMOI'OIO JIO IOCTIHHOTO 3B’SI3KY IO
riobasibHIE  Mepexki IuTepHeT 1 3a0e3ledeHHd BiIKJIWKY CHUCTEMHU B
peaJIbHOMy dYaci, aKTyaJi3yeTbcd ToTpeda B PO3po0Il HEJIOPOTrHX Ta
edeKTUBHUX pillleHb Ha 6a3i JIOKAJIbHUX (TPAHUYIHUX) CHCTEM.

[IpoanaizoBani cydacHMil CTaH Ta aCHEKTH I'DAHUYHUX OOYUCJIEHb JId
IHTeJIEKTyaJIbHOI'O  OyJAWHKY, 10 TI'PYHTYIOTbCA Ha  MIKPOKOMII FOTEPAX
Raspberry Pi 3 ta wikpokonTposepax Arduino. PosrmsHyra mommaposa
alapaTHa CcxXeMa II00yJ0BU TaKOl CHCTEMH iHTEJIEKTYaJbHOTO OYJIWHKY Ta
XapaKTEePUCTUKKA  MIKpOKOHTposiepiB  cepil STM32 F/H, aki MoxHa
BUKOPUCTOBYBATH K T'PAHUYHUN HpuUCTpiil y Takiit cucremi. OCKiIbKH BOHU
miaTpuUMyOThcsd makeTroM posmuperdss X-CUBE-AI, me mosBossie Jjerko
po3ropTaTh HaBYEHI MO MAIIMHHOTO HaBYaHHA. TaKOXK, PO3IJISHYTI
aKTyaJbHI 3acodbu Ta INIXoAd JO0 OOpOOKHM CEHCOPHUX JIAHHX B MexKax
perpeciiHux Ta HeHpoMepexKeBUX Mojiesiei, OCTaHHI 3 SdIKUX MOXKHA
BOY/IOBYBaTH y MIKPOKOHTPOJIEpH 3 METOIO IIPOTHO3YBaHHsA. BuKopucTaHHS
OTPUMAHOTO IIPOTHO3Y JIO3BOJIAE ONTHUMI3yBaTU PEXKUMU POOOTU TPUCTPOIB
006irpiBy, ab0 BUSBJIATH aHOMAJbHI HAJIXOIXKEHHsI 3 CEHCOPIB, il €THAHUX 0

MIKPOKOHTPOJIEPa 3 PO3TOPHYTOIO0 HEMPOHHOIO MEPEKEIO.



g 3abe3redeHHs THYYKOIO PO3TOPTaHHS HEWPOMEpPEXKEBUX MOJIeJIe,
MIPOBEJICHUI OTJIA] Ta aHaJIi3 aBTOMAaTU30BAHUX 3aCO0IB MUKy OOPOOKM JTaHWX
— HaBYAHHA Ta BaJijaIil HEPOHHOI MepexKi — BOYJIOBYyBaHHs HeWpoOMepeKi
Ha MIKPOKOHTPOJIEP 3 OJTHOYACHUM 11 PO3TOPTAHHAM Ha MiKPOKOMII IOTEPi, 110
CTAHOBUTH COOOI0 IIEHTPAJbHUNA OOYMC/TIOBAJILHUN Xad 3aIlpoIOHOBAHOTO
MIPOTOTHUILY allapaTHO-IIPOTPAMHOIO KOMILJIEKCY.

Y pyroMy po3jijii  aucepTalifiHol poOOTH  ONMCAHO JIaHi, SKi
BUKOPUCTOBYIOTBCS Yy MOJIEJIIOBaHHI Ta TecTyBaHHI cucteMu. Jlo mux naHmx
HAJIE?KUTh BiJKpuTa 0a3a BUMIPIOBaHb KJIIMATHYHUX ¢ EHEPreTuIHUX
nokazuukie REFIT, mo wmicturh TemmepaTypu Ta IMOKA3HUKUA CIOXKUBAHHSI
emeprii 'y 20 iHTenekTyaJbHUX OyIMHKAX Ta BUMIPIOBAHHS TEMIIEPATyp,
3/IificHEHX Y JIaDOpaTOpil 1HTEIEKTYaJITbHUX aBTOHOMHUX CHCTEM (DaKyJIbTETy
€JIEKTPOHIKM Ta KOMII'IOTEPHUX TeXHOoJoriii JIbBIBCBKOrO HaIllOHAJIHHOI'O
yHiBepcuTery iMeni IBana ®Ppanka 3a mepiog 3 1 maororo 2021 poky mo 1
BepecHsa 2021 poky. g oO6pobKu mux [JaHUX PO3IVISHYTI Ta peaJi3oBaHi
AJITOPUTMU BUsiBJIeHHs BUKWAIB Ta aHomasiil (STL-mekommosuriisi, meTo
130/IOBAHOTO  JIICY); TPOBEJNEHUIl CTATUCTHYHWN aHaJi3 Ta MOoOyI0BaHi
perpeciitii Mofesti: a) 30BHINIHIX Ta BHYTPINIHIX TemrepaTyp; 0) CIIOKUBAHHS
ra3y Ta TEMIIEpATyp Ha TMOBEPXHSX Oarapeil Ta B) 30BHINTHBOK, BHYTPIITHBOIO
TEMIEPATYPU Ta TEeMIEPATypu Ha OOIrpiBaJbHUX €JIeMEHTaX, Pe3YIbTATH TKUX
MOXKH& BUKODHUCTOBYBATH JIJIsi TIPOTHO3Y Ta AaHAJI3y 3B’g43KIB  MiXK
BUMIipIOBaHHsAMU. BHsBJIE€HO, IO KyT HaXWJIy OPsMOI perpecil moB’s3aHuii i3
TEIIOMI3UIHUMEU XaPAKTEPUCTUKAMU OYTUHKY .

3amponoHoBaHO TiAXia 10 Je3arperariil JaHUX CIOXKUBaHHS Ta3y Ha
OCHOBl KJIACTEPHOI'O aHaJI3y, METOI $KOTO € BUJIJEHHI KOHKPETHUX
CIIOXKMBAYiB ra3y 3 CyMapHUX (arperoBaHuX) TAHUX.

g moby/ioBu HefpOMeEpeKEeBUX TPOTHOCTUYHUX MOJIEJIEll TeMIepaTyp
JeTAJIbHO OINHWCAHWIT TPOIeC IMJATOTOBKM Ta TEPETBOPEHHS JaHUX Ta
PO3TJISHYTI aKTyaJibHI apXiTeKTypu PEKYPEeHTHUX Ta TiOPUIHO-3TOPTKOBUX
HEMPOHHUX MepexXk, Ha OCHOBI SKHWX peasi30BaHl BIAMOBIIHI MOJIEJII.

CdopmynpoBaHa 3ajada  ONTUMI3allil  rimeprnapamMeTpiB  CIPOEKTOBAHUX



HelipoMepeK, PO3B’d3yBaHHA KOl 3IHCHEHO 3a JIOMOMOI'OI0 TEeHETHYHOI'O
aJTOPUTMy. J3JIMCHEHWI aHaJi3 pe3yabTaTiB Ta Miabip ONTUMAaJILHOI
apXiTeKTypH JIjIsi PO3TOpTaHHs Ha MiKpoKoHTpoJsiepi STM32.

Tperiit  pozmin  aucepraliil  OPUCBAYEHUN  amapaTHO-TPOTPaMHI
peajizallili TPOTOTUILY KOMILIEKCY JIjIsi aHaJi3y Ta OOpoOKM JTaHUX
inTesekTyasibHoro OynmeKy. B gkocti amaparnoi miaardopmm Oyiu  obpani
Mikpokomir'rorep Nvidia Jetson Nano, 1m0 mae goctaTHi HOTYKHOCTI /T
IIEHTPAJBHOTO  OOYUC/TIOBAJILHOIO xXaby 1 HaBYaHHS HeEHpoMepexk, Ta
BUCOKOIIPOAYKTUBHUI MiKpokoHTposiep STM32 F767. Ocranniii € 06a3010
IIEPBUHHUX I'PAHUIHUX OOYMCJIEHb 3aBIsAKN PO3TOPHYTil Ha HOMY HEHPOHHIik
Mepexi. Ilpu mig’emHaHHI 10 HBOIO JATYUKIB TeMIepaTyp, HEHAPOKOHTPOJIED
MOYKe 3IIMCHIOBATH KOPOTKOTEPMIHOBE MPOTHO3YBAHHSA y pPeabHOMY Yaci s
NOPIBHSIHHSL 3 JAHWUMM, [0 HAJXOJATh HA HBOIO (BUIAJIOK BUSIBJIEHHS
AaHOMaJTiii), UM BUKOPUCTOBYBATHUCS SIK OKPEMUIN MPOrHOCTUIHUNA MOJY/Ib JIJIsT
onTUMIi3allil mapaMeTpiB 00IrpiBy MpUMINIEHHH.

[Tporpamua wacTuHa (CTBOpeHa MOBOK TporpamyBanHsa Python 3)
maHoro mpororuity ckiagaerbess 3 REST API, mo oroprae 6a3y manux 3
BuMiproBaaHaMu SQLite, Momysi cTaTuCcTHIHOI OOPOOKK Ta HEMPOMEPEIKEBOIO
MOJIETIOBaHHSI, CcHCTeMy mjsi opranisamii koupeepy MLOPS — Miflow,
opkectpaTop Apache Airlow, mo BizcTe:Kye BUKOHAHHS YCiX KPOKIB KOHBEEPY
Ta MO/LYJIb KOMYHIKaIlil 3 HefipokouTpoJsiepoMm Ha 6a3i TCP cokeris.

Y deTBepTOMY PO3JIiJi  3alpPONMOHOBAHA METOJ/IMKA  3aCTOCYBaHHHA
TEIUIOMI3UIHUX MOJIeJIell y TOEIHAHHI 3 JJAHUMH TEMIIEPATYP Ta CIOXKUBAHHS
ra3y Jjisi HaOJIMKEHOI OIIHKU e(eKTUBHUX KOEMiIli€HTIB TEIIONPOBIIHOCTI Ta
TertoeMHOCT Oyaisi. OO0Yuc/IeHHsT TAKUX ITapaMeTpiB BiA0yBaEThCs HA OCHOBI
PO3B’43KIB MpaMOl Ta OOEpPHEHOI 3aJa9 MLIIXOM (POPMYJIIOBAHHS MTPOOJIEMH
ontuMizaril (QyHKITIOHATY, dKUI BU3HAYAE PIZHUIE MiK OOYUCJIEHUMH Ta,
peaJbHUMH  TeMIlepaTypaMud y  IPUMIIIEHHI  BiHOCHO  TeIIOPI3UIHUX
koedimieHTiB. TakoxK, y Mexkax 3aJladi TeIJIONepPeHOoCYy  Po3pobJieHa
MaTeMaTH4IHa  MOJEJb  OIHKKA  e(EeKTUBHUX  TEIJIOBUX  IlapaMeTpiB

iHIUBiyaJIbHUX JIZKepeJsl 00IrpiBy, sKi MOXKHA BUKOPUCTOBYBATH SIK JJId 38144



IIPOTHO3YBaHHs CHOXKWBAHHSA, TaK 1 JJId BU3HAYEHHS YaCTUHU BiJ CyMapHOI
eHeprii 00IrpiBy, dKa CIIOKUBAETHCSI KOHKPETHUM OOITPIiBAJbLHUM €JIEMEHTOM.
KuarodyoBi cioBa: po3ymMHUiIt OyIMHOK, MAITMHHE HABYAHHS, TJIMOOKE
HaBYaHHS, I'PDAHUYHI OOYHUCJ/IEHHS, PErpeciiini Mojesi, peKypeHTHI HelpOoHHI
Mepexi,  TemaodizmyHe  MOJETIOBAHHSA, MaTeMaTHUYHe  MOJETIOBAHHS,
ueitpokouTposiep, REST API, STM32, Nvidia Jetson Nano, 006’ekTHO-

OpI€EHTOBaHE MIPOT'PAMyBaHHSI.



ABSTRACT

Sinkevich O.0. Optimization of the functioning of intelligent objects
using machine learning methods. — Qualifying scientific work on manuscript
rights.

Dissertation for obtaining the scientific degree of Ph.D in specialty 122
"Computer Science". — Ivan Franko National University of Lviv, Lviv, 2023.

The problems of optimizing the functioning of intelligent objects
determine a wide class of problems, which includes both hardware complexes
that provide production processes and their corresponding software.
Programming of such complexes in the context of setting optimal operating
modes requires solving the problems of stable hardware and software
integration and developing effective algorithms for their operation. The
evolution of existing microcomputer and microcontroller technologies, which
constitute the "intelligent" basis of most intelligent objects, necessitates the
need for constant improvement of already existing software tools and their
adaptation to new platforms. At the same time, as the requirements for such
intelligent objects grow, so does the complexity of software design and
implementation.

The use of machine learning in the creation of software tools for
intelligent objects is becoming an increasingly common practice, as it allows
the implementation of flexible and diverse models for predicting the state of
the object, its dynamic self-learning (reinforcement learning) or data that
allow more productive use of the working system. An example of this kind of
intelligent object, the functioning of which can be ensured and optimized by
machine learning methods, is a smart home. In the dissertation, the main
attention is paid to the development and improvement of the prototype of the
hardware and software complex for the analysis and processing of smart home
data, within which the integration of microcomputer and neurocontroller

systems with open software, which is based on the use of modern deep



learning approaches, MLOPS techniques and REST architecture, is carried
out.

The analysis of scientific publications and open sources on the topic of
intelligent buildings showed that at the moment there is a lack of solutions for
hardware and software systems, the functioning of which does not depend on
cloud technologies and access to the global Internet. Also, applied
architectural concepts involving deep learning models and edge or fog
computing, distributed microcontroller systems that support embedding and
deployment of the mentioned models are not fully disclosed. Therefore, the
task of the dissertation consists in supplementing and expanding knowledge in
the subject area of designing a prototype of a microcontroller data processing
system of an intelligent house in the context of boundary computing in
combination with machine learning, statistical methods and practices of
building application programming interfaces (API).

Since in most cases the functioning of an intelligent house concerns the
optimization of energy consumption and the establishment of comfortable
climatic conditions for residents, temperature indicators and energy
consumption were selected as data for development and research. However,
the models developed in the paper and the software in general can be
extended by adding other climate measurements, such as air humidity,
number of sunny days, etc.

A separate and important component in the design of intelligent
building control systems is the consideration of thermophysical processes,
which are described by the corresponding dynamic equations of heat transfer
in the room. Solving such equations on the basis of data collected by typical
sensors (temperature sensors DS18B20, DHT22; Smartico gas consumption
sensor, or Emporia electricity consumption sensor) allows modeling both
thermal processes and using their solutions to refine energy consumption
forecasting. Since the review of available publications and commercial
solutions in the context of the application of thermophysical modeling and its

combination with machine learning methods showed a fairly small number of



implementations of such systems, the development of these methods becomes
relevant. Therefore, the dissertation offers approaches in the application of
thermophysical modeling to the assessment of thermophysical characteristics
of buildings.

In the first chapter of the dissertation, an overview of the problems of
creating intelligent home systems, which are mostly based on boundary and
fuzzy calculations; an extended definition of an intelligent building is given
and the actual problems of its design are identified. Due to the fact that the
use of cloud technologies causes a number of problems related to data privacy
and security, high price, the presence of network delays, and the requirement
for constant communication over the global Internet to ensure real-time
system response, the need for the development of inexpensive and effective
solutions based on local (boundary) systems.

The current state and aspects of edge computing for the intelligent
home, based on Raspberry Pi 3 microcomputers and Arduino
microcontrollers, are analyzed. The layer-by-layer hardware scheme of
building such an intelligent home system and the characteristics of STM32
F/H series microcontrollers, which can be used as an edge device in such a
system, are considered. Since they are supported by the X-CUBE-AI
extension package, it makes it easy to deploy trained machine learning
models. Also, current means and approaches to sensor data processing within
regression and neural network models are considered, the latter of which can
be built into microcontrollers for the purpose of forecasting. Using the
obtained forecast allows you to optimize the operating modes of heating
devices, or detect abnormal inputs from sensors connected to a
microcontroller with a deployed neural network.

To ensure the flexible deployment of neural network models, a review
and analysis of automated data processing cycle tools — neural network
training and validation — neural network embedding on a microcontroller

with simultaneous deployment on a microcomputer, which is the central



computing hub of the proposed hardware and software complex prototype,
was conducted.

The second chapter of the dissertation describes the data used in
modeling and testing the system. These data include the REFIT open
database of measurements of climate and energy indicators, which contains
temperatures and energy consumption indicators in 20 intelligent houses and
temperature measurements carried out in the laboratory of intelligent
autonomous systems of the Faculty of Electronics and Computer Technologies
of the Ivan Franko National University of Lviv in the period from February 1,
2021 to September 1, 2021. Algorithms for detecting emissions and anomalies
(STL-decomposition, isolated forest method) were considered and
implemented to process these data; statistical analysis was carried out and
regression-correlation models of a) external and internal temperatures were
built; b) gas consumption and battery surface temperatures and c) external,
internal and heating element temperatures, the results of which can be used
for forecasting and analysis of relationships between measurements. It was
found that the slope angle of the regression line is related to the
thermophysical characteristics of the house.

An approach to the disaggregation of gas consumption data based on
cluster analysis is proposed, the purpose of which is to select specific gas
consumers from aggregated (aggregated) data.

For the construction of neural network prognostic temperature models,
the process of data preparation and transformation is described in detail, and
current architectures of recurrent and hybrid-convolutional neural networks,
on the basis of which the corresponding models are implemented, are
considered. The problem of hyperparameter optimization of designed neural
networks is formulated, the solution of which is implemented using a genetic
algorithm. Analysis of the results and selection of the optimal architecture for
deployment on the STM32 microcontroller was carried out.

The third section of the dissertation is devoted to the hardware and

software implementation of the complex prototype for analyzing and



processing data of an intelligent building. As a hardware platform, the Nvidia
Jetson Nano microcomputer, which has sufficient power to serve as a central
computing hub and to train neural networks, and a high-performance STM32
F767 microcontroller were chosen. The latter serves as the basis of primary
boundary calculations thanks to the neural network deployed on it. When
temperature sensors are connected to it, the neurocontroller can make short-
term predictions in real time for comparison with the data coming to it (in
case of anomaly detection), or be used as a separate predictive module to
optimize room heating parameters.

The software part (created in the Python 3 programming language) of
this prototype consists of a REST API wrapping a database with SQLite
measurements, modules for statistical processing and neural network
modeling, a system for organizing the MLOPS pipeline — Mlflow, an Apache
Airlow orchestrator that monitors the execution of all pipeline steps and a
communication module with a neurocontroller based on TCP sockets.

In the fourth chapter, a method of applying thermophysical models in
combination with temperature and gas consumption data is proposed for an
approximate estimation of the effective coefficients of thermal conductivity
and thermal capacity of the building. Calculation of such parameters takes
place on the basis of solutions of direct and inverse problems by formulating
the problem of optimization of the functional, which determines the difference
between the calculated and real temperatures in the room relative to the
sought coefficients. Also, within the framework of the heat transfer problem, a
mathematical model for estimating the effective thermal parameters of
individual heating sources has been developed, which can be used both for
consumption forecasting tasks and for determining the part of the total
heating energy consumed by a specific heating element.

Keywords: smart home, machine learning, deep learning, edge
computing, regression models, recurrent neural networks, thermophysical
modeling, mathematical modeling, neurocontroller, REST API, STMS32,

Nvidia Jetson Nano, object-oriented programming.
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