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BbpXy nucep*raqnoﬂéw‘rpyn 2a Mm&ﬂe Ha oDpa3sosarensa U Hay4Ha crened JlokTop”
MpocecuoHan+o Hanp\aaneme 53 3. KOMYHUKAUMOHHE W KOMMIOTLPHE TEXHUKE
Hayusa cneywansocT: Kouyuuxauuonuu MPEXH U CUCTEMM

ABTOp Ha AUCEPTaUMOHHWA TPYA: mar. ukx. Pauuabp Bennyon

Tema Ha aucepraumonHus Tpya: U3CNEOBAHE HA ANTOPUTMU U NMPOTOKONU 3A
KOMYHUKALMOHHU MPEXU C OTPAHUYEHU PECYPCHU

PeuenraenT: gou. a-p uHx. Nabpuena ) AraHacosa

1. AKTyanHocT Ha pa3paboTBaHus B AUCEPTaUMOHHMA TPYA Npo6nem B HayuHo
U Hay4YHOMNPUNOXHO OTHOLWEHWE. Crenex v HuBa Ha aKTyanHocTTa Ha npoGneMa %]
KOHKpeTHUTE 3anauu, paapaboTexu B AuceprauumsTa.

Temara Ha gucepTauuaTa e U3KMIOYUTENHO akTyanHa, (oKycupaHa Bbpxy anropurmu
¥ NPOTOKONM 338 KOMYHUKaLMOHHU MPEXW C OTPaHUYEHN PecypcH, KOUTC UMaT peluasaina
pons B 6ua8W0TO passuTtue Ha MutepHeT Ha Hewara (loT). Cranaaptort IEEE 802.15.4
peduHnpa PUNYECcKUs U KaHaNHWA Croi 32 BeaxXnYHN MPEeXM C Manka KOHCyMauus Ha
eHeprus ¥ cnoxHocT. Nopaaw ysenu4yeHaTta MiTeTHOCT Ha CeH30PHUTE MPEXO0BY BBb3nu v
HeobxoaAUMMOCTTa OT CBBP3BaHE C APYrY Mpexwu npea uxtepner, Internet Engineering
Task Force (IETF) onpeagens IPv6 3a npunarase Ha TCP/IP npotokona 3a GeaxuiHu
nepcoHantn Mpexu ¢ manka mouHoct (LoWPAN). Ocsed 10Ba, €4HO OT OCHOBHUTE
NPEaU3BUKATENCTBA B TAKMBa DE3IXMMUHU MPEXU € MEeXaHWIMBT 32 MaplupyTuaupaHe
nopagn OrpaHM4eHUTe Bb3IMOXHOCTH HAa Bb3nuTe. CneposarvenHo, npw wu3bop Ha
MPOTOKON 33 MapLpyTuanpaxe Tpsbaa aa ce s3eMe npeasns BEpPOATHOCTTA 33 yCneluHo
[OCTaBaHEe Ha NAKeTH B CLOTEETCTBUE C U3UCKBAHUATA Ha NPUNOXeHUsTa.

HacroawmsT auceprauvoreH Tpya e (okycupaH Bepxy ulcnensase u nogodpssaqe
Ha CbLUECTBYBALUTE METOAW 33 NPEAOCTaBAHE Ha CUTYPHOCT B DeaXM4HN MPEeXu Ypes
W3Non3saHe Ha CPeACTBa U NOAXOAW, 3aN0XeHW Ha (hU3n4eckua Cnon.

2. CreneH Ha no3HaBaHe CLCTOAHMETO Ha npobnema U TBOpYEcCka
MHTEepnpeTauus Ha nuTepaTypHUs marepnan.

MpeacraseHUsT MaTtepuan nokassa, Ye AOKTOPaHTLT Mar. ukK. PasuHabp Bennyon
3anbnOoYeHO & NPoyunn ronsam Opow OT 3HaYuMUTE Hay4Hu nyBnukauvm B obnactra Ha
KOMYHUKALMOHHUTE MPEXWUTe C OfpaHu4yeHd pecypcu, no-crneyvanHo npoTokonuTe 3a
mapwpytusnpare 8 6LOWPAN. OBwusT Bpon Ha UMTUPaHUTE NUTEPATYPHU USTOYHULIMW
e 85, karo noseye ot 90% OT TAX ca nyOnuKyBaHu Npes NocnesHuTe A4eceT roauHN, KoeTo



€ cneacteve OT akTyanHocTTa Ha Temata. Bb3 OcHOBa Ha TOBa NpaBunHO ca
bopmynupaHm UenTa Ha AUCePTaLMOHHIUS TPYA U 330a4UTE 33 HEIHHOTO NoCTUraKe.

3. Cworsercreue Ha u3bpaHaTta METOAMKA Ha M3CNeABaHe C NOCTAREHATA uen
¥ 33jauv Ha QUCEePTALUOHHUA TPYA.

W3Bpanarta OT AoKTOpaHTa METOAWKA Ha U3CTIEABAHE CLOTBETCTBA Ma NOCTaBeHUTE
B AUCEPTALMOHHUA TPYA 3aAa4M, KaTo OTYWTA CNOKHOCTTa Ha pasrmexaanus npobnem.

4. KpaTka aHanuMTMYHa XapaKTepucTMKka Ha EeCTEeCTBOTO M OUEHK3a Ha
AOCTOBEPHOCTTA HA Mmarepuana, BLPXYy KOWTO Ce TpagAT nNPUHOCUTE Ha
AVICePTaLUMOHHUA TPYA.

CTpykTypara Ha AQucepTauuoHHWS TPYA CLOTBETCTBA Ha Temara MYy, oTAenHuTe
rnasu ca aobpe 6anaxcuparn no obem U NpUTeXasar norudecka 06Bbp3aHoCT.

AvcepraumorHnaT Tpya e paspaboted B obem or 135 cTp., Bkmousaw 122 crp.
OCHOBEH TeKCT € 79 curypu u 12 Tabnuum. CTpykTypupaH e 8 CrnegHuTe YacTu: yBof,
HeTWPK Masn, 3aKNIO4eHWe, CNpaska 3a NPUHOCUTE NO AUCEPTAUMOHHURA TPYA, CIIUCEK C
nybnukayum no AQWUCEPTaUMATE, CIMCHUW HE M3MON3BAHUTE CLKPALLESHMS, durypu u
Tabnuyu, U CUCHK Ha W3NON3saHaTa NUTepaTypa.

B nbpsBa rnasa e HanpaBeH KPUTHYEH aGHANM3 HE W3CHEABaHUS npobnem.
Paarnepnana e HeobxoaumoctTa ot IP cabp3aHocT B BeaxuyHuTe CEH3OPHU Mpexwu
(WSN). lMpegcraseHo € CpaBHUTENHO wacneaBaHe Ha TexHonoruute 33 WSN.
CneunanHo BHUMaHWE © OTAENSHO Ha MapuwipyTusmpaneto 8 6LOWPAN, kato ca
pa3rnenaHn UNCKBaHNATa KbM MapLuipyTUSMpalLMTe NPOTOKONKW, K3KTO U NapaMeTpuTe
BAMSAEWM BbPXY MapLIPYTU3NPAHETO B MPEXW C OrpaHuyeHn pecypeu. [peumsHo e
hopMynupara UenTa Ha AMCEPTaLMOHHUA TPYA W 3a8a4MTe, KOWTO Tpsibea pna Gvaar
PeLIeHN 33 NOCTUraHeTo M.

Bropa rnaBa e noceereHa Ha Pa3nuUYHWTE MAPLUPYTHU NPOTOKGAN B MPEXUTE C
orpaHuieHu pecypcu. B Hes e HanpaseHO CpasHeHWe W aHanwu3 Ha Hau-nonynAapHUTe,
K8KTO W HacKopO MpeanoxeHuTe NPOTOKONW 3a MapupyTuaupaHe 3a 6LOWPAN mpexu:
LOAD, MLOAD, DYMO-Low, Hi-Low, Extended Hi-Low, S-AODV u ap. Npeanoxexa e
HOBa KNacMpUKaLUMs Ha NPOTOKONUTE 33 MapLUPYTU3MPaHe, NO3BONABALLA NO-NECcHO
CPaBHABaHE Ha XapaxkTepuCTURUTE UM,

B TpeTa rnasa e uacneasar Multipath Multi-SPEED Routing Protocol 3a NPUNoXeHue
B 6LoWPAN wmpexu. lMpeacraseH e CpPasHUTENEH aHanua Ha pesynrarurte oOT
nposefeHuTe CuMynauwoHHu wuscneasamma Ha SPEED, MMSPEED wu HiLoWw,
umnnemeHTMpanm 8 BLOWPAN Mpexa no oTHOLWeHMe Ha HageXOHOCT, 3aKbCHeHME,
nponycKaTenHa cnocoBHOCT U CKOPOCT Ha Npeaasate.

YetBbpra rnaBa e noceeTeHa Ha EHepPruitHo edeKkTUBHUTE npoToKonn 3a
maplupyTusnpase 8 loT mpexw ¢ orparudenn pecypeu. MNpeanoxeHn U nacneasaqu ca



anropuTMn 3a eHEepritHO edeKTUBEH W HaReXAeH NPOTOKON 33 MapLupyTU3UpaHe Ha
Basara va MMSPEED 3a 8LoWPAN mpexu.

5. Hayusu v/unu HayYHONPUNOXHM NPUHOCK Ha AWcepTaunoHHUA TpyAa.

» CpashutenHo npoyysaHe W a@Hanua3 Ha  pPa3NMHHN nNpoToKonu 3a
MapLupyTranpaHe, npegHasHadenn aa 6LoWPAN Mpexy, B3 OCHOBa Ha KOWTO
€ OnNpeneneHo, 4e MapupyTuavpalmTe npoTOKONMTEe, NPeaHasHayeHu 3a
BLOWPAN mpexu, morat aa 6baaT BHepEHN B MPeXy C OrpaHu4eHy pecypcu.

» [lpeanoxena e meToauka 3a agantuparero Ha MMSPEED MapLupyTU3npaLy
npoTokon 3a 6LoWPAN mpexwu v CpasHWTEneH aHanus Ha pesynTaTture oT
NPOBEASGHATE CUMyNaunoHHN u3cneasanus Ha SPEED, MMSPEED u HiLoW,
nunnemesTupain 8 6LOWPAN wmpexa no oTHoweHue Ha HanexaHocT,
3aKbCHEHUWE, NponyckarenHa cnocobHOCT U CKOPOCT Ha NpeaasaHe.

* HanpaeeH e cpasHuTeneH awanus Ha pesynTature oOT MMSPEED,
EMMSPEED v EMMSPEED (c noaabpxaxe Ha MOGUIHOCT) NO OTHOWEHWUE Ha
3aKbCHeHWe, nponyckatenHa cnocoGHOCT W OTNagHanu BL3nW, KakTo u
BMMAHMETO Ha HAKONKO NapaMeTbpa BbpXy Pe3ynTature, CBbp3aHu C
NPOU3BOAUTENHOCTTA.

Cuutam, ye Tean NpUHOCK NPaBUNHO OTPA3ABAaT NOCTUTHATOTO OT a8Topa B npoueca
Ha NpoBeAeHUTEe UICNEABaHUS Y HECBMHEHO LWE HaMEPAT CBOSTA NPUNOKUMOCT.

6. Ouexka 3a cTeneHTa Ha NMYHOTO y4acTue Ha AucepTaHTa B nNpuHoCcUTe,
Wanaraxero Ha matepuana B8 AMCEPTAUUATA, KOMNETEHTHO OBOCHOBAHWUTE M3BOAM
W HayyHWTe nybnukauwu Ha mar. uHX. PasuHabp BeHuyon mu OEBaT OCHOBaHWe aa
npuema, 4e NpUHOCUTE B ANCEPTaUUATa Ca AOMUHMPAELLO HEroBO AeNnO.

7. TNpeuexka Ha NnyGNUKaLUMTe NO AUCEPTALNOHHUS TPYA.
Mo martepuanuTe Ha AMCEPTAUMOHHMS TPYA Ca npeacTaseHy WecT nyonukaumm:

OT KouTO eaHa e nybnukyeaHa B 4YyKOECTPaHHO CnWcaHwe, B HayuHaTta obnacrt Ha
AvceprauusaTa v neT Ha KondepeHuuu. Eaxa or nyBnukauvwuTe @ camocTosTenHa, a 8
net ot nybnukauwute k. PasuHasp Bennyon e sogely astop. MpeacTaseH e Cnucsk
¢ 10 yuTvpanua Ha Tpu oT nybnukaymuTe No AucepTauusTa.

Cuutam, ye paborata e nonyuuna Heobxogumara nyBnudHoCT. CuuwHocTra u
obema Ha HanpaseHuTe NyGnUKauMK U OOKNAAWM HaNLMHO OTPa3dBsaT paspaborenurte
npobnemu OT AMCEPTaLUCHHWS TPYA.



8. Wanon3saHe Ha pPe3ynTaTute OT AUCEPTAUUOHHWA TPpya B HayyHara w
CoumnanHara npakTuka. Hanuume Ha nocTurdar NPRK UKOHOMUYECKU edbexT u np.
HokymeHTH, Ha KOUTO ce ocHOBaBa TBBLPOASHUETO.

MNpeanoxesara meroauka u @nropuTMK 3a aganTUPaHeTo Ha ChiLecTayBalu
MapLipyTUsMpaLlm NpOTOKONK, KOUTO MOraT Aa GbaaT BHEAPeHW B MPEXH C OrpaHnyeHn
PECYPCH Ca NPaKTU4ECKM NPUNOXUMI, KOBTO MW AaBa OCHOBaHUE 4a CYUTAM, Y€ Te MOraT
Aa ObaaT M3NoN3BaHN B APYTN TEOPETUHHM U NPUNOXHW paspaboTku B CcuiyaTta obnacr.

9. MHenus, npenopuku 1 Genexxu.

lpeanoXeHusaT mu 3a peueHsupane AucepTaumoHeH Tpya MOoxe fa ce onpegenu
KaTO UANOCTeH W 3asbplieH Tpya, paspaboten Ha mMHOro Ao6PO Hay4YHo HUED, Aobpe
CTPYKTYpUpaH v ohopmeH.

Hamam coliectsenn sabenexkn Kem paborara.

Hayunarta obnact Ha guceprauusTa e NepCneKkTUBHa U MOSTa NPenopbKa KoM UHX.

PasuHabp Bennyon e ga npoanbikm Hay4Hata v npunoxHara cu pabota no Tasu
Temartuka.

10. 3aknoyenne c scHa NONOKUTENHa WK oTpuuarenHa oOueHKa Ha
AnCepTauuoHHUA TPyA.

B peayntar Ha npeacrasexuTe nySAvKauMM U NPUHOCK B AUCEPTaUMOHHUS TPYA
CMATaM, 4e TOi CbOTBETCTBA HA U3UCKBAHUATAE Ha ,3aKOHa 33 passuTue Ha akaneMuiHus
coCras B Penybnuka Benrapus”, MpasunHuka 3a HerosoTo npunoxexve u MNpasunHuka
3a ycnosuATa v peaa 3a npuaodbusane Ha HayyHu creneHn 8 TexHuIecku yHuBEpCUTET
— Codmsa. [lasam nONOXUTENHA OUEHKAa Ha AVCepTaLMOHHUA TPYA W nNpegnaraMm Ha
yBaxaemMoTo Hay4yHO Xypu Oa npuceaM H3 Mar. wHX. Pasuuawp Benuyon
00pa30BaTenHaTa u HayyHa creneH »AROKTOP" no npodecnoHanio Hanpasnexue 5.3
KoMyHVMKaUMOHHE W KOMMIOTHPHA TEXHUKA, Hay4Ha cneywanHoct ,KOMyHUKaUUOHHW
MPEXU U CucTemu”,
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Professional field: 5.3 Communication and Comiputer Engineering
Scientific speciality: Communication Networks and Systems

Author of the dissertation: Ravinder Beniwal, M.Sc. Eng.

Dissertation topic: INVESTIGATION OF ALGORITHMS AND PROTOCOLS IN
RESOURCE CONSTRAINED NETWORKS

Reviewer: Assoc. Prof. Gabriela Atanasova, PhD Eng.

1. Relevance of the problem and the specific tasks developed in the doctoral
thesis.

The dissertation topic is highly relevant. It is focused on algorithms and protocols in
resource-constrained networks that have a crucial role in the future development of the
Internet of Things (loT). Standard IEEE 802.15.4 defines physical and link layers for
wireless networks with low power consumption and complexity. Due to the increased
sensor network node density and the need to connect to other netwarks via the Intemnet,
the Internet Engineering Task Force (IETF) defines IPvE over low-power wireless
personal area network (LoOWPAN) as a technique to implement the TCP/IP protocol.
Moreover, one of the main challenges in such wireless networks is the routing mechanism
due to the limited capabilities of nodes. Hence, the design of the routing protocol must
consider the probability of successfully delivering packets according to the requirements
of applications.

The primary objective of the thesis is to modify and examine the routing aigorithm for
Internetworks, making it suitable for implementation in resource-constrained networks
with limited memory, power, and computational capacity. The adapted algorithm should
maintain the same level of accuracy, speed, efficiency, service differentiation, and
probabilistic Quality of Service (QoS) guarantees, particularly in terms of timeliness and
reliability

2. Degree of topic knowledge and creative interpretation of the literary material.

The PhD candidate has extensively studied significant scientific publications in the field
of resource-constrained networks, in particular routing protocols in 6LOWPAN. The total
number of cited literary sources is 85, more than 90% of them were published in the last
ten years, which is a consequence of the actuality of the topic. Based on the adequate
literature review, the aim of the dissertation was precisely formulated.



3. Consistency of the selected research methodology with the dissertation goal
and tasks.

The research methodology chosen by the doctoral student corresponds to the tasks

set in the dissertation and takes into account the complexity of the problem under
consideration.

4. Brief analytical description of the nature and assessment of the credibility of
the material on which the contributions of the dissertation are based.

The dissertation consists of 135 pages, with 122 pages of main text containing 79
figures and 12 tables. It is organized into the following sections: an introduction, four
chapters, a conclusion, a summary of the contributions made in the dissertation, a list of
publications related to the dissertation, a list of abbreviations, figures, and tables, and a
list of references. The structure of the dissertation is well-balanced in terms of volume,
and the individual chapters are logically interconnected with the topic.

The first chapter provides a critical analysis of the studied problem. The text
discusses the need for IP connectivity in wireless sensor networks (WSNSs) and presents
a comparative study of WSN technologies. It gives special attention to routing in
BLOWPAN, considering the requirements for routing protocols and the parameters
affecting routing in networks with limited resources. The text also precisely formulates the
goal of the dissertation work and the tasks that must be solved to achieve it.

The second chapter is devoted to the various routing protocols in resource-
constrained networks. It compares and analyzes the most popular and recently proposed
routing protocols for 8LoWPAN networks: LOAD, MLOAD, DYMO-Low, Hi-Low,
Extended Hi-Low, S-AODV, etc. A new classification of routing protocols is proposed,
allowing an easy comparison of their characteristics.

The third chapter investigates the Multipath Multi-SPEED Routing Protocol for
application in 6LOWPAN networks. A comparative analysis of the results of conducted
simulation studies of SPEED, MMSPEED, and HiLoW implemented in a 6LoWPAN
network in terms of reliability, delay, throughput, and transmission rate is presented.

The fourth chapter deals with energy-efficient routing protocols in resource-
constrained loT networks. Algorithms for an energy-efficient and reliable routing protocol
based on MMSPEED for 8LoWPAN networks are proposed and investigated.

5. Scientific and/or applied research contributions of the dissertation.

* A comparative study and analysis of various routing protocols designed for
BLOWPAN networks is presented. This analysis determines that the routing
protocols for BLOWPAN networks can be implemented in resource-constrained
networks,



* A methodology for the adaptation of the MMSPEED routing protocoi for
6LoWPAN networks and a comparative analysis of the results of the conducted
simulation studies of SPEED, MMSPEED, and HiLowW implemented in a
BLoWPAN network in terms of reliability, delay, throughput, and transmission
speed are proposed.

* A comparative analysis of the results of MMSPEED, EMMSPEED, and
EMMSPEED (with mobility support) in terms of delay, throughput, and dead
nodes, as well as the impact of several parameters on performance-related
results, is performed.

These contributions correctly reflect what the author has achieved.

6. Evaluation of the degree of personal participation of the PhD candidate.
The exposition of the material in the dissertation, competently substantiated
conclusions, and scientific publications of Eng. Ravinder Beniwal gives me a reason to
assume that the contributions in the dissertation are his dominant work.

7. Assessment of dissertation publications,
The dissertation includes six publications: one published in an international scientific

Journal related to the dissertation's field and five presented at conferences. The PhD
candidate is the sole author of one publication and the lead author of the remaining five.
In addition, a list of 10 citations from three of the dissertation publications is provided.
All this shows that the work has received the necessary publicity. The nature and
volume of the publications fully reflect the developed problems of the dissertation.

8. Using the results of the dissertation work in scientific and social practice,
Existence of achieved direct economic effect, etc. Documents on which the
statement is based.

practically applicable, which gives me reason to believe that they can be used in other
theoretical and applied developments in the same field.

9. Comments, recommendations, and remarks.
The submitted for review dissertation is developed at a high scientific level, well
structured, and well formatted.
I have no significant comments on the work.
The scientific field of the dissertation is promising, and my recommendation to Eng.
Ravinder Beniwal is to continue his scientific research on this topic.



Conclusion with a positive or negative dissertation assessment
As a result of the presented publications and contributions in the dissertation, |
believe that it meets the requirements of the "Law on the Development of the Academic
Staff in the Republic of Bulgaria”, the Regulations for its Application, and the Regulations
for the Conditions and Procedures for Obtaining Scientific Degrees at the Technical
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