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Bbpxy AMCepraUHOHeH '3a npun06HBaHe Ha 06pa'30BarreJIHa H Hay'H eh
ABTOMAThKA"

ABTOP Ha ÅHcePTaUHOH1-1HH Tpyzx: Mar. EMHJIHH XanM Ilapno

TeMa Ha AVICePTaUHOHHHH Tpya: "Pa3napaJ1eJIHBa11e lla Needlema
Bbpxy ycl€oprneJIH"

PeueH3eHT: npod). A-p An,VIMTbP MnxaiiJ10B TOKMaKOB

I-lay"H011PViJ107€H0 0THomenne. CTe11CH IIHBa lla aKTyaJIHOCTTa ua np06J1eMa W

ROHKpe-rmrre 3'anaLIH, pa3paö0TeHH B AHcep-raunwra.

AncepTauuwra eAHa OT Havi-KJ110HOBHTe TeMVi B CbBpeMeHHaTa
6HOHHd)opyraTV11€a ycl€op51BaHe Ha amopHTMH 3a IloapaBH%BaHe Ha ÅHK/PHK

110CJRÅOBarreJIHOCTV1 qpe3 GPU V13t1VICJ1eHV151 c CUDA.

AJIFOPHTbMbTNeedleman-Wunsch e KJ1acnqecKH NieTOÅ 3a EJ106aJIHO 110ÅpaBHflBt1He, HO e

H3HHCJIHTeJIHO TOKbK. HopaÅH eKC110HeHUHaJIHH51 PbCT Ha reHOMHH naHHH, 011THMH3auwrra MY

3a napane,rma 06pa60TKa e CTpaTeruqecKH B&KHa 3a pa3BViTneTO Ha nepc0HaJIH3npaHaera

MejlHUHHa, (bapMaKoreH0MHKa-ra VI MOJIeKYJ151PHaTa 6VIOJIOFHH.

1/13110J13BaHeTO Ha CUDA H I-pad)HLIHH ycKop1rreJIH (GPU) e B KpaK C rn06aJIHHTe

TerueHUHH B cynepK0M1110Tpme H xeTeporeHH0T0 uporpaMHpaHe B Hay«ara H HHAYCTpnxra.

IIP06J1eN1%THMa BHCOKa c-reneH Ha aKTyaJIHOCT KaKTO B HayqeH, TaKa H B TIPHJIOKC'H

KOHTeKCT. 110ÅXOAbT '3a pemaBaHeT0 MY e B 11bJIHO CbOTBeTCTBV1e C rn06aJIHHTe Hayt1HH TeymeHUHV1

B H3KYCTBeHH% HH'reneycr H BHCOK011POH3BOAHTeJIHWre 113tmcneHHfl.

2. CTeneH Ha 1103waBane CbCTOS111neTO Ha np06J1eM'a 11 ernopqecl€•a '111Tepnpeera1ÅHHHa

JIHTepa-rypHHf1 MaTepnaJ1.

AncepTaLIHflTa neMOHCTpnpa MHOEO A06po H IIIHPOKO 06XBaTHO 3a110'3HaBaHe CbC

CBIUeCTBYBaLUOTO CbCT051HHe Ha HayLIHH51 np06J1eM, KoeT0 JIHCIH OT:

Floap06eH JIHTepaerypeH 0630P ( IÄnrc1Ba l) Ela 91 nvrreparypHH H3TOHHHKa c

BKJ110qeHH KJIK)HOBH Terv1H OT:



VII u g

C)AKYÆTET„EJiF.XTPO-
ABTOMAT1fKA"

-cTpyKTypa Ela ÅHK H PHK;

-anopHTMH 3a nonpaBHHBEIHe (Needleman-Wunsch, Smith-Waterman, Dot Matrix H ,up.);

-6HOJ10rHLIHH 6a3H naHHH H ereXHH1<H 3a Tl,pceHe•,

Ha nonpaBH51Ba11AH anrOPHTMH H eBPHCTHHHH Me-roj1H (BLAST, FASTA VI

ap.);

TBopqecKHflT 110ÅXOA ce H3pa3%Ba B MexayceKTOPHO 06eÅHH51BaHe Ha TeopeTVIHHV1

110AXOÅH KaT0 cpaBHeHHe Mexay 6MOJ10rHLIHH H KOMIIIOT%PHH npouecM (A1-IK +4 KOJI,

TPaHCJ1aUH51 4-+ KOMHHJ1aUHH)•,

1/13BbP11EH0 e aHaJIVITHLIHO cpaBHeHHe Ha 11021paBH}1BaLUH anoPHTMV1 11 pa3rnexnaHe Ha

THxHrcrra ed)eKTHBHOCT B KOHTeKCTa Ha peaJIHH 6HOJ10rHt1HH A[IHHVI.

060CHOBaH e H'3ÖOPbTHa anropHTbMa Needleman-Wunsch 3a napaJ1eJIE1a ViNIFIJ1eMeHTaUH51

Ha GPU — C %CHO pa3rpaHHqeHHe rn06aJIH0 H JIOKWIHO no;xpaBH51BaHe.

ABTOPbT 110Ka3Ba BHCOKa OCBeÅOMeHOCT 110 KJIK)r-10BHTe KOHUer1UHH, anropHTMH H

CVICTeMV1, CBbP3aHV1 C TeMaTa.

3. CBOTBeTCTBne lla H36paH',1Ta MeTOA111€•a I-la 113CJ1eJIBane C 110CTaBe11ara uejl

3anaqn Ha nncePTaUHOHH11H•rpyn.

I-leJITa Ha AMCeprraUHOHHH51 e aa ce pa31*J1ezxa H aHaJIH'3mpa Bb3MO'A<HOCTTa 3a

011THMW3HPaHe Ha Needleman-Wunsch qpe3 HeroBOTO H311bJIHeHHe Bbpxy rpacl)HqeH

yclcopwrejl (GPU) OT THIIa NVIDIA, V13110J13BaüKH nporpaMHH% MOJICJI CUDA C.

FIOCTaBeHHTe 3anat{H B unceprrauwrra ca *CHO (bopMY11vrpaHH, KOHKPeTHH, TeXHHqeCKM

V13MePVIMV1 H CbOTBeTCTBaT Ha 06LL1,ua uen Ha H3CJ1eÅBaHe•ro. (I)opMYJ1vrpaHH ca Ha npaBHJIHOTO

HHBO Ha a6CTpaKUHH.

AVICePTaUHOHHH%T TPY'A ACMOHCTpupa BHCOKa c•re1RH Ha CbOTBeTCTBme Me-jKAY'

(bopMYJIHpaHaTa ueJ1, 110CTaBeHHTe 3axat1H H H36paHa-ra NieTOÅOJ101U151 Ha V13CJ1eÅBa11e.

ILema "3a orlTVIM113a11Hfl Ha anropHT%Ma Needleman-Wunsch qpe3 napaneJIHa

C CUDA e KOHKPeTHa, 11PH110>KVIMa H Hayr1H0 3Hat1HMa, a MeTOAHTe, H'3110J13BaHV1

3a HeiHOTO nocTHraHe, ca anel<BaTH0 110Å6paHH M KOPeKTHO peaJIH3HpaHH. I'13cneABaHerro CTb11Ba

Ha CTa6HJIHa TeopeTHLIHa OCHOBa, KOM6MHHPa amopMTMHt1H0 MOJIC'JIHPaHe, GPU-uporpawpaHe,



e.ec„kuynueepcum•

pa3pa60TKa Ha IIPHJIO>KQH cod)Tyep H eKCIRPVIMeH-raJIHa npoBepKa. Å06aBH ABTOMAT%iCA"

H3KYCTBeH HI-I-reneKT (LLaMA 2) NOACHJIBa HHOBaTHB110cvra Ha Me-roao HWra=H 110Ka•3B

MOKAYA11cuH11JIHHapeH nonxoa, KONITO 060raTflBa KnacmqeCKVITe

4. KpaTKa ananvrrntll-la xapaxrepncTHK•a Ha eCTeCTBOTO 11 onem€•a na

AOCTOBePHOCTTa lla Marrepnajla, Bbpxy KOjiTO ce rpanwr 111)H110cHTe Ha nnceperauH011HHf1

TPYA.

ÅmcePTaUHOHHHflT•rpyx e C 06eM OT 141 CTPaHHUH H CbAbPxa 4 rnaBV1, NIHONCCTBO

(l)HrypH H Ta6JIHUH.

ElbPBa r,'1aBa e nocBe-reHa Ha JIHTepaTyp11Hfl 0630P.BTopa rnaBa pa3rne>KJ1a CUDA

apx11-reKTypaTa ld napaJ1eJIH0T0 nporpaM11paHe. TpeTa rnaBa 0111,1CBa HHCTPYMeHT

BioPoolSelect. B qeTBb1)Ta 1'J1aBa e pa'3rJ1enaH a,qrop1dTbMa Needleman-Wunsch H ereXHHKH 3a

HeroBOTO pa'3napaJ1e1151BaHe H OTITHMH3t1UHfl.

Åmcep-raUVIOHHV1%T CT%11Ba I-la JIBa OCHOBHH THIIa Marrepuan:

Teope•rvrqeH Ma-repnan:

-91 JIHTepaTYPHH VI'3TOLIHHKa, BKJ110HBaLUH peueH'3mpaHH HayqHH ny6JIHKaUHH,

aBTOPHTeTHV1 yqe6HHUH H Texymqecl€a AOKYMeHTa1_1H51OT NVIDIA;
-CHCTeMaTH3V1paH 0630P Ha 3a IlonpaBH51BaHe Ha 110CJ1eÄOBaTeJIHOCTH

(Needleman-Wunsch, Smith-Waterman, BLAST H ap.);

-ÅerraiJIHO 0111,rcaHne Ha apxvrreKTypaTa CUDA H 11PHHqnr1HTe Ha napaneJIH0

nporpaMHpaHe.

IEM11HpnqeH Maerepnan:

-ABTopc1€a peaJIH3a1LH51 Ha aj11'OPVWbMa Needleman-Wunsch c CUDA;
-Pa3pa60TeHC06CTBeH cod)TyepeH HHCTPY'MeHT BioPoolSelect;

-V13BbP111eHHV13MePBaHV1% Ha TIPOV13BOÅVIRJIHOCT C pa3JIHLIHH BXOÅHH naHHV1 H xapnyep11H

K0Hd)Hrypaunvr;

-1/1HTerpupaHe Ela A1 Monen (LLaMA 2) 3a TecTBaHe Ela HOB xn6pmneH nonx0Å.



MaTepHaJIHTe,m,pxy KOHTO ce 6awrpaT ITPHHOCHTe B JIHcep-ra11H

060CHOBaHH, aK-ryaJIHV1 H npoBepHMH.

(3VA. ca Elavt1Hq»: ry,TTET „ur.KTPO-
Ai3TO.MATi{RA"

5. Hay"HH VI/HJIII Hayt1110np11J107<HJ1 111)HHocn rra AlicePTa1ÅHOHHHH •rpyn

B awope(bepa-ra AHcepTa11H0HHH51 ca (l)opMynnpaEIM TPH HaygHO-TIPHJIO>KHH H ABa

IIPHJIOXHH npm-loca.

HayLIHH upv1Hocvr:

Cb3AazxeHa e OVITHMV13aUV151 Ha mapaneJIHa Bepcl•lfl Ha Ha Needleman-

Wunsch '3a npouecopH (GPU).

B'bBeneH e VIHAeKC Ha V13PaBHHBi1He Ha nocneÄOBaTeJIHOCTH.

Pa3pa60TeH0 e PbKOBOACTBO no AHCUHIUIVIH[1Ta "llpolpaxmpable Ha CbBpeMeHH11

xeereporeHHM apxmeKTypn"

IIPHJIO)KHVI YIPHHOCH:

Pa3pa60TeH e codyryepeH VIHCTPYMeHT 3a reHOMeH aHaJIV1'3 (BioPoolSelect).

Cb3aaaeH e HOB cod)Tyep, KOMTO 1103BOJ1flBa ceneKTHpaHe Ha reHOMHH

xapalcrepmc•rmcn 3a aHaJIH3, KaTO HilN1aJIHBa pa'3Mepa Ha m,pBHCIHHTe (baiJ10Be H ynecH51Ba

06pa60T1€aTa Ha aaHHHTe.

IIpeacTaBeH e cpam-m-renel-l aHaJIH3 Ha reHOMH.

HPHeMaN111PHHOCMTe H ct-urraN1 qe me ca KOPeKTHO necl)HH11paH11.

6. Ouelll€•a 3a cmreneHTa Ha JIJIt1HOTO yqac-rne lla nnceptarna B llpnuocn•re.

Alla,'1H3bT Ha CbJ1bP>KaHHeTO I-la AHcepTauwrra 110KUBa, qe AHcepTayrrvr VIMa BHCOKa

CTe11eHHa JIHCIHO yqacmvre, oc06eH0 B cneAHHTe KJ110t10BH

Wunsch.

-Pa3pa60TKa Ha cod)TyepeH HHCTPYMeHT BioPoolSelect d)YHK11HOHaJIHocvra H

VIHTeP(be1iCbT Ha IIHCTPYMeHTa ca nonp06H0 onncaH11 VI pe3YJITanrre OT H3110J13BaHeTO MY ca

06BbP'3aHHC ueJ11rreHa H'3CJ1eABaHeTO.



-AHaJIH3 Ha rlPOH3BonvrreJIHOCT, Ilaparvreu•pvl H KOHd)vrr

cpaBHHTeJIHHTeera6JIHUV1H HI-ITep11peTauH51Ta Ha pe3YJITaTHTe coqaT, qe Ta T e H3BbP

caMOCT051TeJIHO eKCIRPHMeH•raJIHaTa qacT.

He 1103HaBarv1 JIHHHO aorcropaHTa Mar. EMHJIHfl Ilapno, HO CtlHTaM ye HeiHHS1 JIVIt1eH

npvmoc e AOKa"3aH0 6e3cnopeH.

7. Ilpeuem«a lla ny6JIHK•a11HMTe 110 AncepTa11M0HHnq TPYÅ'. 6poü, xaparcrep Ha

Apyrn aBTopn, B npyrn Jla60paTopH11, CTpaH11 n np.

CllHCbKbT Ha ny6JIHKa1UIHTe BKJ110t1Ba qe-rupvr Hayt1HH ny6JIHKaUHH Ha MOKAY1-1aPOAHH

KOHCbepeHUHH, KaT0 TPH OT THX ca HEIAeKCHPaHH B Scopus enH0 ny6JIHKYBaHO YHMBePCHTeTCKO

yqe6H0 noc06He.

Ily6JIHKaUHHTe Ela ÅOKTopaHTa 0Tpa3%Ba-r OCHOBHUTe pe3YJITaTH H IIPHHOCH F10Y1yqeHP1

voroTB51He Ha AHcep-raUHOHHH% Tpyn. KonnqecTB0T0 H KaqeCTBOT0 Ha uy6JIHKaunvrre 0Tr0BaP%T

Ha 1131,iCKBaHHflTa 3a 11011yqaBaHe Ha OHC „ÅOKTOP.

8. Onem«a Ha CbOTBeTCTBne•ro Ha C M3HCRBaHHHTa 3a H31*OTBH11eTO MY,

1€aKTO n Ha anerua•rnocvra na oerpa3f1BaHe I-ra OCHOBHHTe H np'lllocnq•e Ha

AHcep-rauH011H11H TI)YA.

ABTope(bepaTbT e H'3rOTBeH cnopen H'3HCKBaHH;rra Ha CBOTBeTHHTe IIPZIBHJIHHUH, H

0Tpa3%Ba OCHOBHHTe pe3yrraTH, 110CTH1'Hr,1TH B uucep-rauwrra.

9. MlleHHH, npe1101)bRH 6eae>KK11.

AncePTaUHOHHH51T neM0Hcrrpnpa BVICOKa Hayt1Ha H 11PHJIO>KHa CTOÄHOCT C *CHO

1,13pa3eH0 JIHLIHO yqacTHe Ha AHcepTaHTa B anropHTMHLIHaTa peanH3a11H% H cocl)TyepHaTa

pa3pa60TKa. MeT0Å0J10rnwra e aneKBaTHa, pe'3Y'JITaTHTe ca eKcnePVIN1eHTaJIHO BEIJIHÅVIPEIHVI, a

npvmocmrre — OPHI*HHZIJIHH H npawrnqec1<H IIPHJIOKHMH.



Elpenopbt1Ba ce par3L11vrp%Ba1-1e Ha cpaBHwreJIHH51 aHaJIH3 c apyrvi napaJ1eJIHH pemeHH51 H

110-ACHO purpaHHqaBaHe Ela orpaymqeHHflTa H3flOJ13BaHeero Ela A1.

IIpenopbLIBaM cmuo TaKa B 6bneL110 pa'3BHTHe Ha TeMaTa, na ce CbCTaBH (l)OPManeH NIOneJ1

Ha CJIOKHOCT, KOMTO na naBa ereopeTHqeH aHaJIH3 Ha anropHTbMa 110 OTH011RHHe Ha

H3t1UCJIHTeJIHHTe pecypcn, KOHTO TOMI W3MCKBa — navi-qec-ro BpeMe (6pon Ha CTI,HKH) naMeT

(11POCTPaHCTBO), H'3pa3eHH KaT0 Ha Bxonmrre AaHHV1.

10.3aKJ110qeHHe C HCHa orrpnuareoun•a oueHRa ua ALICePTaUHOHHHH

TI)YA.

ÅmcePTaUHOHHHflT Ha Mar. EMHJIH51 Ilapao cbAbpxa Hayt1HO-11PVIJIO>KHV1H rlPHJIO)KHV1

pe3Y11TaTH, KOHTO npenceraBJ1%Barr oplffHHaJ1eH IIPMHOC B HayKara H HarlbJIHO oerr0Bap% Ha

H3HCKBaHH51Ta Ha 3aKOHa 3a Pa3BHTHe Ha AICaneMHHHH51 CBCTaB Ha Peny6JIH1€a BT,nrapHH, ld Ha

CbOTWTHHH Ha IIPHJIOHCHVIAT KbM Hero aBTopec)epaT 0"rpa3HBa

cb111Hocvra Ela V13CJ1eJIBaHeero H KOPeKTHO upenc'TaB51 11PVIHOCVITe OT Hero.

KaT0 ce VINIaT npeÅBHÅ AOCTONIHCTBaera, aKTyaJIHOCTTa, 3HaC111MOCTTa Ha npencTaBeHH%T

AHceprraUHOHeH TPYÅ, MY aaBaN1 110J10n€n-reJ111a OUeHKa H npeÅJ1araM Ha HayHH0'ro xypH Aa

Ha EMHJIHH Ilapao 06pa30BaTeJIHaTa H llayqlla c-renerl „AOKTOP" B Hayt1Ha 06naCT

5. TeXHV1t1eCKH HayKV1, Hanpamemre: 5.3. KOMYHHKaUVIOHHaH
YHUeepcum..•.Öb.

04.08.2025r. PEUEH3EHT:
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Author of the dissertation: MSc Emilia Haim Pardo
Title of the dissertation: "Parallelization Qflhe Needleman- Wunsch Algorithm on Graphics
Processing Units"

Member of the scientific jury: Prof. Dr. Dimitar Mihaylov Tokmakov

1. Relevance ofthe problem developed in the dissertation from a scientific and applied
science perspective. Degree and levels of relevance of the problem and specific tasks

addressed in the dissertation.

The dissertation addresses one of the key topics in modern bioinformatics—acceleration

of DNA/RNA sequence alignment algorithms using GPU computation with CUDA.
The Needleman-Wunsch algorithm is a classical method for global alignment but is

computationally intensive. Due to the exponential growth of genomic data, optimizing this

algorithm for parallel processing is strategically important for the advancement of personalized

medicine, pharmacogenomics, and molecular biology.
The use of CUDA and GPUs aligns with global trends in supercomputing and heterogeneous

programming in both science and industry.

The problem is highly relevant both scientifically and in terms ofpractical application. The

approach used to solve it fully corresponds with global scientific trends in bioinformatics, artificial
intelligence, and high-performance computing.

2. Degree of knowledge of the state of the problem and creative interpretation of the

literary material.
The dissertation demonstrates a very good and comprehensive familiarity with the current

state of the scientific problem, evident through:

A detailed literature review (Chapter l) referencing 91 sources and covering key

topics such as:

DNA and RNA structure

Alignment algorithms (Needleman-Wunsch, Smith-Waterman, Dot Matrix, etc.)

Biological databases and search techniques



ABTO.VIATI[RA"
Classification of alignment algorithms and heuristic metho ( LAST, FASTA,

etc.)

The creative approach is evident in the cross-sector integration of theoretical concepts, such

as analogies between biological and computer processes (DNA software code, translation ++

compilation).

An analytical comparison of alignment algorithms is conducted, evaluating their effectiveness in

the context of real biological data.

The choice of the Needleman-Wunsch algorithm for GPU-based parallel implementation

is well-justified, with a clear distinction between global and local alignment.

The author demonstrates deep awareness of key concepts, algorithms, and systems relevant to the

topic.

3. Alignment of the chosen research methodology with the stated goal and objectives
of the dissertation.

The aim of the dissertation is to analyze the possibilities of optimizing the Needleman-

Wunsch algorithm by executing it on a graphics processing unit (GPU) ofthe NVIDIA type, using

the CUDA C programming model.

The tasks are clearly formulated, specific, technically measurable, and aligned with the

overall research objective. They are defined at an appropriate level of abstraction.

The dissertation shows a high degree of consistency between the stated aim, objectives, and chosen

research methodology.

The goal of optimizing the Needleman-Wunsch algorithm through parallel CUDA
implementation is specific, applicable, and scientifically significant. The methods used to achieve

it are appropriately selected and correctly implemented. The research builds on a solid theoretical

foundation and combines algorithmic modeling, GPU programming, application software

development, and experimental validation.

The addition of an artificial intelligence component (LLaMA 2) enhances the

innovativeness of the methodology and demonstrates an interdisciplinary approach that enriches

classical bioinformatics methods.



4. Brief analytical characterization and evaluation of the relia
•

li ot

upon which the dissertation's contributions are based.

The dissertation consists of 141 pages and includes four chapters, numerous figures, and

tables:

Chapter l: Literature review;
Chapter 2: CUDA architecture and parallel programming;

Chapter 3: Description of the software tool BioPoolSelect;

Chapter 4: Needleman-Wunsch algorithm and techniques for its parallelization and

optimization.

The dissertation is based on two main types ofmaterial:

-Theoretical material:

91 literature sources including peer-reviewed scientific publications, authoritative

textbooks, and technical documentation from NVIDIA

A systematized review of sequence alignment algorithms (Needleman-Wunsch,

Smith-Waterman, BLAST, etc.)

A detailed explanation of CUDA architecture and principles of parallel

programming

-Empirical material:

• Author's implementation of the Needleman-Wunsch algorithm using CUDA
• Developed custom software tool — BioPoolSelect

• Performance measurements with various input data and hardware configurations
• Integration of the LLaMA 2 A1 model for testing a new hybrid approach

The materials upon which the dissertation's contributions are based are scientifically
sound, up-to-date, and verifiable.

5. Scientific and/or applied contributions of the dissertation.
Three scientific-applied and two applied contributions are stated in the dissertation and its

abstract.



Scientific contributions:

An optimized parallel version of the Needleman-Wunsch o

been created

A sequence alignment index has been introduced

A manual has been developed for the course "Programming of Modern

Heterogeneous Architectures"

Applied contributions:

A genomic analysis software tool (BioPoolSelect) has been developed. This

software enables the selection of specific genomic features for analysis, reducing file size and

easing data processing

A comparative genome analysis has been presented

I accept the contributions as correctly defined.

6. Assessment of the degree of personal involvement of the doctoral candidate in the

contributions.

The content analysis of the dissertation indicates a high degree ofpersonal involvement by

the doctoral candidate, especially in the following key areas:

CUDA-based parallel implementation of the Needleman-Wunsch algorithm

Development of the BioPoolSelect software tool—its functionality and interface

are thoroughly described, and the results are clearly linked to the research objectives

Performance analysis, parameter testing, and system configurations—the tests,

comparative tables, and result interpretations show that the experimental work was conducted
independently by the candidate

I do not personally know the PhD candidate Emilia Pardo, but I believe her individual
contribution is clearly and indisputably demonstrated.

7. Evaluation of the publications related to the dissertation: number, type of

publications, and impact in science—use and citations by other authors, laboratories,
countries, etc.

The list of publications includes four scientific papers presented at international

conferences, three of which are indexed in Scopus, and one university teaching material.

The publications reflect the core results and contributions achieved in the dissertation. Both the



quantity and quality ofthe publications meet the requirements for the awa o &édåeåüöååiliåfid

scientific degree "Doctor."

8. Assessment of the compliance of the abstract with the formal requirements and

adequacy in reflecting the dissertation's main statements and contributions.

The abstract is prepared according to the applicable regulations and adequately reflects the

main results achieved in the dissertation.

9. Comments, recommendations, and notes.

The dissertation demonstrates high scientific and practical value, with clearly defined

personal contributions in algorithm development and software implementation. The methodology

is sound, the results are experimentally validated, and the contributions are original and applicable.
It is recommended to expand the comparative analysis with other parallel solutions and to more
clearly outline the limitations of A1 use. Additionally, it is advisable to construct a formal model

of algorithm complexity in future work, providing theoretical analysis of computational resource

requirements—typically Lime (steps) and memory (space), expressed as functions of input data.

10. Conclusion with a clear positive or negative assessment of the dissertation.
The dissertation by MSc Emilia Pardo presents scientific and applied results that constitute

an original contribution to science and fully meet the requirements of the Law on the Development

of the Academic Staff of the Republic of Bulgaria and the regulations of the Technical University
of Sofia. The accompanying abstract reflects the essence of the research and correctly presents its
contributions.

Considering the merits, relevance, and significance of the dissertation, I give it a positive
assessment and recommend that the scientific jury award Emilia Pardo the educational and
scientific degree "DOCTOR" in scientific field 5. Technical Sciences, Professional Direction
5.3. Communication and Computer Engineering, Specialty: "Computer Systems, Complexes and

Networks."

Date: August 4, 2025

REVIEWER•
/ Prof. Dr. Eng. Dimitar Tokmakov/


