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LOI CAM DOAN

T6i xin cam doan luan an: "Nghién ctiru mét s6 phwong phap ti tao hinh anh siéu
am cit 16p dua trén co ché khir nhiu ndi vong lap" 13 cong trinh nghién ctru cia
chinh minh duéi sy huéng dan khoa hoc cua tip thé hudng dan. Ludn an sir dung théng
tin trich dan tir nhiéu ngudn tham khao khac nhau va cac thong tin trich din duoc ghi 16
ngudn gbe. Cac két qua nghién ctru cua t6i duge cong bd chung véi cac tac gia khac da
duoc su nhat tri cia dé)ng tac gid khi dua vao ludn an. Cac s6 lidu, két qua duogc trinh
bay trong luan an 13 hoan toan trung thuc va chua timg duoc cong bd trong bat ky mot
cong trinh nao khac ngoai cac cong trinh cong bd cua tac gia. Luan an duoc hoan thanh
trong thoi gian t61 lam nghién ctru sinh tai Hoc vién Khoa hoc va Cong nghé, Vién Han
lam Khoa hoc va Cong nghé Viét Nam.
Ha No¢i, ngay 5 thang 10 nam 2026

Tac gia luan an
(Ky va ghi ro ho tén)



LOI CAM ON

Trong sudt qua trinh hoc tap, nghién ciru va hoan thanh luan an tién si, tac gia da
nhan dugc sy quan tim hudng din, gitip d& quy bau cta nhiéu tap thé va ca nhan.

Trude hét, tic gia xin giri 101 cam on sau sic t6i PGS. TS Nguyén Truong Thing
da tan tinh hudng dan, gitp d& toi trong qua trinh nghién ctru va hoan thanh luan an nay.

Tac gia xin tran trong cam on cac nha khoa hoc, cic thay co, dong nghiép da dong
gop nhitng ¥ kién quy bau, chia sé kinh nghiém chuyén mén va hd trg tac gia trong qua
trinh nghién ctru, thao luén va hoan thién ndi dung luan an.

Tac gia cling xin chan thanh cdm on lanh dao Vién Cong ngh¢ thong tin, Vién
Han 1am Khoa hoc va Cong nghé Viét Nam, can bo cua phong Hé thong théng tin quan
1y da nhiét tinh trong cong tac, giup té1 danh thoi gian hoan thanh luén an.

Bén canh d¢6 tac gid xin gui 101 cdm on tran trong td1 Ban Lanh dao Hoc vién Khoa
hoc va Cong ngh¢, phong Dao tao cung cac phong, ban chirc nang cua Hoc vién da quan
tam, hd tro va tao diéu kién trong subt qua trinh dao tao, nghién ctru va hoan tat cac tha
tuc can thiét dé luan an duoc hoan thanh ding quy dinh.

Cudi cung, t6i xin cam on gia dinh, ban bé, ddng nghiép di ludn 1a ngudn dong
vién, ung ho, giup t6i thém dong luc dé hoan thanh tét luan 4n nay.

Ha Noi, ngay 5 thang 10 nam 2026

Tac gia luan an
(Ky va ghi ro ho tén)
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MO DAU
1. Tinh cép thiét ciia luan an

Trong y hoc hién dai, chan doan hinh anh dong vai tro then chét trong phat hién
som va diéu tri cac bénh 1y nguy hiém, dic biét 1a cac bénh 1y khdi u, ton thwong md
mém va bat thuong cau tric bén trong co thé [1], [2]. Cac phuong thirc tao anh phd bién
hién nay (mammography, MRI, siéu am B-mode) déu c6 nhiing han ché nhat dinh vé do
an toan, chi phi thiét bi hodc kha ning phat hién cac ton thuong kich thudc nho [3], [4].
Trong bdi canh d6, k¥ thuat siéu 4m cat 16p (Ultrasound Tomography — UST) nbi 1én
nhu mot hudng tiép cin day trién vong do khéng st dung birc xa ion hoa, co chi phi
thiét bi trung binh, dong thoi cho phép tai tao dinh lugng cac thong sé am hoc ctia mod
voi d§ twong phan cao [5]-[7].

Trong tdm ctia UST hién dai la bai todn nghich tai tao anh tir dir liu tan xa do
dugc. Pay 12 mot bai toan dit khong chinh (ill-posed) v6i d6 nhay cao ddi véi nhifu
trong dir liéu dau vao. Trong s cac thuat toan dang duoc nghién ctru, phuong phap lap
vi phan Born (Distorted Born Iterative Method — DBIM) [8] duoc danh gia 1a phuong
phap c6 do chinh xac cao nho kha nang xur 1y cac truong hop tan xa manh, vuogt qua gidi
han cua Xfip xi Born bac nhit. Tuy nhién, DBIM c6 hai han ché ¢ hiru. Thir nhat, nghi¢m
nhay véi nhiéu do, dic biét & SNR thép. Thir hai, ham Green va ma tran Jacobian duoc
cap nhat lién tuc nén sai sb tich lily theo ham mil qua cac vong lip [9]. Pay 1a hai van
dé ma cong dong nghién ctru di va dang nd luc giai quyét trong hon ba thap ky.

C6 thé chia birc tranh nghién cru hién nay vé DBIM trong UST thanh ba khoi
chinh theo ngudn lyc va dic diém tiép can. Khdi tht nhat gom cac nhom nghién ciu
nén tang quoc té dit co sé 1y thuyét va phat trién cac bién thé quan trong ciia DBIM,
tiéu bicu 1a Chew va Wang [8], Hesford va Chew [10], Lavarello va Oelze [11]. Khoi
thir hai 12 cic nhém nghién ciru trong nudc, ma tiéu biéu 1a nhom caa Tran Puc Tan,
Tran Quang Huy va cong su voi loat cong bd tir nam 2014 dén nay theo nhiéu hudng
cai tién (giam do phuc tap tinh toan, iy mau nén, da tan sb, ndi suy khong gian, toi vu
cau hinh do) [12]-[13], [85]. Khdi thit ba 13 cAc nhém méi ndi theo hudng hoc su trong
giai doan 2020-2024 vdi cac kién tric U-Net, GAN, PINN, deep cascade [14]-[15].
Mic du da dat duoc nhiéu két qua kha quan, cac hudng tiép can hién c6 cha yéu can
thi€p ¢ giai doan tién xir 1y hodc hau xtr ly, hodc chi tap trung vao hi€¢u qua tinh toan ma

chua giai quyét triét dé co ché lan truyén va tich lily nhidu noi tai cia vong lap DBIM.



Phén tich chi tiét cac nhom cach tiép can va xac dinh khoang tréng nghién ctru cu thé
duoc trinh bay tai Chuong 1.

Qua khao st tai liéu, c6 thé thdy mot khoang trong dang chi y: s6 luong nghién
ctru vé tich hop co ché khir nhiéu truc tiép vao ndi vong 1ip DBIM (intra-loop filtering)
con rat han ché theo khao sat tai liu cia NCS. Ngoai ra, cac phuong phap hoc sau yéu
cau dir liéu nhan 16n va tai nguyén tinh toan cao, kho dap tmg trong UST 1am sang &
SNR thap [16], [17]. Vi vdy, luan 4n tap trung nghién ciru hudng tich hop cac ky thuat
hoc may nhe truc tiép vao ndi vong lap DBIM, nham kiém soat tich iy nhiéu ngay tai
ngudn va dam bao kha niang trién khai thyc té. Phan tich chi tiét cic nhom nghién ciru
va bon khoang trong cu thé dugce trinh bay trong Chuong 1.

2. Muc tiéu cia luan an

Muc tiéu chung ciia ludn 4n: D& xuit cac phuong phap nang cao chit luong tai
tao anh siéu Am cét 16p (UST) dya trén thuat toan DBIM trong diéu kién dit liéu nhidu,
theo hudng két hop gitta mé hinh vat 1y va cac k¥ thuat hoc may nhe tich hop noi vong
1ap, khong phu thudc vao dit liéu huin luyén quy mé 16n va dam bao kha ning trién khai
trong cac hé thong thuc té.

Muc tiéu cu thé: TUr phan tich han ché cia DBIM thong thuong va cic nghién
ctru lién quan, luan an hudng td1 cdc muc ti€u cu thé sau:

e Thu nhit, dé giai quyét han ché vé d6 nhay voi nhifu cia thuat toan DBIM trong
diéu kién thiéu do, luan an dé xuit mot phuong phap tich hop bo loc trung vi 2D
két hop v6i phan cum K-means [18], [19] truc tiép vao trong mdi vong lip cua
DBIM (intra-loop filtering). Cach tiép can ndy nham ngan chin chudi khuéch dai
sai sO qua cac vong lp, dong thoi cung cip phan doan ngit nghia khong giam sat
khong yéu cau dit lidu c6 nhan, pht hop véi diéu kién thiéu do (Ni-N; < N?) trong
cac hé théng UST thuc té.

e Thu hai, dé giai quyét han ché vé yéu cau dit liéu huin luyén 16n va chi phi tinh
toan cao cla cac phuong phap hoc sau trong méi truong nhiéu cao, luan an dé
xuat mot phuong phap khtr nhiéu dua trén thuit toan K-Nearest Neighbors
(KNN) [20] & Chuong 3) vao bén trong mdi vong lap DBIM, nham giam tich liy

nhiéu tai ngudn trude khi lan truyén sang vong lip ké tiép.



e Thur ba, danh gia kha nang khai quat ciia nguyén 1y loc ndi vong ldp thong qua
hai phuong phap dé xuét trén cac kich ban mé phong & cac mirc SNR khac nhau,
qua d6 1am rd kha niang mo rong cta nguyén 1y d6i véi cac bo loc khac.

3. Poi twong nghién ciru ciia luin 4n
Luan 4n tap trung nghién ciru va tim hiéu mot s6 ddi twong lién quan dén bai toan
khoi phuc chat luong anh siéu am cit 16p (UST) nhu:

e Thuat toan DBIM va cac bién thé [8], [11], [21], [10], [22], [23]: md hinh bai
toan thuan (phuong trinh Helmholtz, Lippmann—Schwinger, ham Green), bai
todn nghich udc lugng tuong phan am hoc tur dir li€u tan xa, va co ché Jacobian
cap nhat két hop chinh quy héa Tikhonov. Luan &n phan tich héi ty, dd phuc tap
va do 6n dinh cia DBIM & SNR thip.

e (Céc ky thuat hoc may nhe khong can huin luyén: bo loc trung vi (bén voi nhiéu
xung); phan cum K-means (phan doan vung dbi twong/nén) [18], [19], [24]; va
KNN (trung binh héa giam phuong sai nhiéu cong) [20], [25], [21]. Luan 4n phan
tich dac tinh bdo toan bién, mirc giam phuong sai va chi phi tinh toan theo dai
SNR.

e Hé thdng chi sb dinh luong (NE, NERR, sai s6 bién) va bo dit 1iéu mé phong/thuc
nghiém phuc vu kiém chimg [26].

4. Pham vi nghién ctru cia luan an

e Nghién ctru phuong phéap khir nhiéu tich hop noi vong lip DBIM dua trén bo loc
trung vi két hop phan cum K-means dé cai thién chat luong anh tai tao trong diéu
kién nhiéu vira va thiéu do.

e Nghién ciru phuong phéap khir nhiéu tich hop ndi vong lip DBIM dua trén thuat
toan KNN cho méi trudng nhiéu cao (SNR = 1-6 dB) ma khong yéu cau dit lidu
huan luyén.

e CAac phuong phap dé xuat duge thiét ké va danh gia trong khong gian hai chiéu,
chu yéu trén dir liéu moé phong sé (numerical phantom) véi ground truth biét
trudc.

e Luan an khong di su vao cac phuong phap hoc sau yéu cau dit liéu huan luyén
quy mo 16n, khong xem xét cac mo hinh ba chiéu ciing nhu khéng bao gdm phan

thiét ké phan cting hé théng UST.



e Viéc ing dung cu thé cac anh UST d3 duoc tai tao cho cac bénh 1y 1am sang cu
thé nam ngoai pham vi cta luan an nay.
5. Phuong phap nghién ciru

Nghién ctru 1y thuyét: Tong hop va phan tich cac nghién ctu lién quan dén bai
toan tan xa nguoc, ki thuat siéu am cat 16p UST va cac phuong phap khtr nhiu duogc
cong b trong va ngoai nude [8], [9], [11]-[15], [12]-[13]. T phan tich khoang tréng
vé co ché can thiép nhidu ndi vong 1ip DBIM, dé xuit cac phuong phap khtr nhiéu hiéu
qua tich hop truc tiép vao trong vong lip DBIM nham khéc phuc cac han ché di duoc
chi ra.

Nghién ctru thuc nghiém: Cac phuong phap dé xuét dugc cai dat, mo phong va
danh gia thong qua céac chi s6 dinh luong nhu sai s6 chuin hoa (NE), ti 1& giam sai sd
(NERR) va sai s6 bién, két hop voi1 danh gia truc quan. Luédn an st dung dir 1iéu mo
phong sé (numerical phantom) sinh tir mé hinh vt 1y 1am méi truong danh gia chinh,
C6 ba 1y do can dung mé phong: bai toan DBIM céan ground truth biét true dé tinh
NE/NERR, diéu nay khong tdn tai trén dir liéu UST thyc vi van tdc Am khong do truc
tiép duogc trén md sdng; cac bo dir liéu UST cong khai chi co anh d tai tao, khong kém
tin hiéu tan xa thd can cho DBIM; va chi mdi truong méd phong méi cho phép kiém soat
chinh x4c mirc nhidu (SNR) dé ¢6 1ap va dinh lugng hidu qua bo loc ndi vong lap (phan
tich chi tiét tai Muc 2.4.1). Viéc kiém chimg trén phantom vat 1y va dit liéu 1am sang
duoc xac dinh 1a hudng phat trién tiép theo. Luén an dugc thiét ké nhu mot nghién ctru
khai niém (proof-of-concept), tap trung kiém ching nguyén 1y loc ndi vong lip trong
mdi trudng kiém soat trudc khi mé rong sang dit liéu 1am sang, 16 trinh nhat quan voi
thong 1¢ qudc té trong phat trién thuat toan UST. Dit liéu md phong phu dai SNR tir 1—
6 dB (nhiéu cao) dén ~26 dB (nhiéu vira); cac phuong phap dugc so sanh voi DBIM
thuong va cac baseline: DF-DBIM [27], MR-MF-DBIM [28], [29], cam bién nén [12],
[28], cac k¥ thuat ndi suy [29]-[32] va hoc sau [14]-[15].

6. Cac dong gop cia luin an

Luan 4n nghién ctru cac phuong phap cai thién tinh 6n dinh ctia qua trinh tai tao
anh UST dua trén thuat toan DBIM trong diéu kién nhiéu va thiéu do. Hudng tiép can
thong nhat 12 nguyén 1y loc ndi vong lap (intra-loop filtering): tich hop truc tiép co ché

khir nhiéu vao timg vong lip DBIM dé han ché tich lily sai so.



Khac véi cac nghién ctru trude can thi¢p ¢ khau tién xir 1y hodc hau xur ly, cach
tiép can ndy tic dong vao budc cap nhat nghiém & mdi vong lap, giup kiém soat nhidu
ngay trong qué trinh tai tao va cai thién hoi tu & SNR thap.

Ly do lya chon céc k¥ thuat hoc may nhe va bd loc nhe dé tich hop vao vong lap
xuat phét tir dc thu tinh toan cia DBIM: mdi vong lap da tiéu tén phan 16n tai nguyén
tinh toan cho viéc giai bai toan thuan va bai toan nghich, nén b loc nhing vao gitra cac
vong phai du nhe dé khong 1am ting déng ké tong thoi gian tai tao. Pong thoi, trong bdi
canh UST lam sang, dit liéu dnh c6 nhén rat khan hiém va thiét bi thudng khong c6 GPU
chuyén dung, do d6 cac phuong phap hoc sau yéu cau huin luyén quy mé 16n khong
kha thi. Cac k¥ thuat khong can huin luyén nhu loc trung vi va KNN dép tmg duogc ca
hai yéu cau nay: chi phi tinh toan thip, hoat dong truc tiép trén timg anh ma khong can
dir liéu bd sung, va thich tng tuy nhién voi phan phdi cuong do cta anh UST tai timg
vong lap.

Luén 4n dé xuat hai phuong phéap chinh twong mg véi hai diéu kién dit liéu
khac nhau:

Hai phwong phap nay giai quyét truc tiép cac khoang trong nghién ctiru da phan
tich ¢ trén: khoang trong vé thiéu ving co ché can thiép nhiéu ngay trong ndi vong lip
DBIM (giai quyét chung boi nguyén 1y loc ndi vong 1ip), khoang trong vé giai phap
khong can dit liéu huan luyén cho diéu kién thiéu do/nhidu vira (Phuong phap thir nhat),
va khoang tréng vé giai phap 6n dinh, nhe vé tai nguyén cho diéu kién SNR thip
(Phuong phap thir hai) - phan tich chi tiét bon khoang tréng cu thé duoc trinh bay tai
Chuong 1.

Phwong phap thir nhat: tich hop bo loc trung vi 2D két hop phan cum K-
means vao ting vong lap DBIM. Khac véi tién xtr 1y [12], [28], [33] hay hau xir 1y noi
suy [29]-[31], [13], phuong phéap kiém soat nhiéu ngay trong vong lap va cung cap
phan doan khong giam sat khong can nhin. Phuong phap da thé hién hiéu nang cho
NERR cao hon 10 rét trong diéu kién thiéu do (dat 86,39% voi Ny =N, = 10) so voi
DF-DBIM (57,5%) [27]. Phuong phap nay da duoc cong bd tai cong trinh [CT1].

Phuong phap thir hai: dé xuat phuong phap khir nhiéu duya trén thuat toan K-
Nearest Neighbors (KNN) tich hop noi vong lip DBIM cho méi trudng nhiéu cao
(SNR = 1-6 dB). Khac vai cac nghién ciru KNN trude day dung thuét toan nay nhu bd



phan loai hau xt 1y, ludn an nhung KNN truc tiép vao nodi vong 1ap DBIM. Phuong
phap khong can dit liéu huan luyén, chi phi tinh toan thap, dic biét phi hop & SNR rét
thap khi cac phuong phap hoc siu sau vong lip [14], [15] khong thé ap dung. Phuong
phap dat NERR tir 41% dén 57,2% trén dai SNR = 1—6 dB, v&i mc cai thién tang khi
SNR giam. Phuong phap nay d duoc cong bd tai cong trinh [CT3]. Ludn an ciling
kiém chimg tinh tong quat ctia nguyén 1y ILFS: ca loc trung vi (SNR vira) va KNN
(SNR thip) déu cai thién rd rét khi nhiing ndi vong 1p, cho thdy nguyén 1y nay c6 thé
mo rong cho nhiéu bd loc khéc.

7. Bo cuc ctia ludn an

Luan 4n gdm phan mé dau, ba chuong ndi dung, phan két luan, danh muc cong
trinh d4 céng bd va danh muyc tai liéu tham khao. Noi dung ting phan duogc tom tit dudi
day:

Chuwong 1 trinh bay tong quan va co sd 1y thuyét vé ki thuat tao anh siéu am cét
16p (UST). Chuong nay néu bdi canh nghién ctru, cac phuong thirc tao anh y sinh hién
dai va vai tro cua UST, nguyén ly hoat dong va phan loai cac ky thuat UST, cling nhu
cac nén tang 1y thuyét quan trong (phuong trinh séng, ham Green, xap xi Born/Rytov,
cac thuat toan BIM/DBIM). Luén 4n phan tich cac han ché cua cic phuong phap tai tao
anh UST hién tai, hé théng hoa cac nghién ctru lién quan di cong bd trong va ngoai
nuée, tir d6 1lam rd khoang tréng nghién ctru ma luin an hudng téi giai quyét.

Chwong 2 va Chwong 3 trinh bay cac dong gop chinh cta luan an. Méi chuong
dugc thiét ké xoay quanh mot nhém phuong phap dé xuit nham khic phuc cac han ché
ctia DBIM trong cac diéu kién nhiéu khac nhau. Cu thé, Chwong 2 dé xuat phuong phap
nang cao chat luong tai tao anh UST bang bd loc trung vi két hop véi phan cum K-
means tich hop ndi vong lap DBIM, huéng dén diéu kién nhidu vira va bai toan thiéu
do.

Chuwong 3 trinh bay chi tiét phuong phap khir nhidu dya trén thuét toan hoc may
KNN tich hgp ndi vong lip DBIM, tap trung vao moi truomg nhiéu cao (SNR = 1-6 dB)
noi cac phuong phap hoc c6 giam sat gan nhu khong thé ap dung. Khac véi cac phuong
phap hau xu 1y, cach tiép can nay giup cai thién tinh 6n dinh va chat lugng anh ngay
trong qua trinh lap.

Phan két luan tong hop cic déng gép chinh va dé xuat hudng nghién ctru tiép

theo.



CHUONG 1. TONG QUAN VA CO SO LY THUYET VE KY THUAT
TAO VA TAI TAO ANH SIEU AM CAT LOP (UST)

1.1. Siéu am cit 16p va bai todn tai tao dnh
1.1.1. B6i canh va nhu ciu phat trién ky thuit siéu am cit 16p

Chén doan hinh anh y sinh (medical imaging) 1a mot trong nhitng tru cot cua y
hoc hién dai, cho phép quan sat khong xam 14n cau tric va dic tinh cia mo bén trong co
thé nham phat hién sém, chan doan va theo doi diéu trj bénh. Mot bai toan ung dung
tiéu biéu cho thay rd vai trd ctia chan doan hinh anh 1a phat hién sém cac bénh 1y khbi
u va bit thudng mé mém [1] von 1a nhém bénh 1y ¢6 tién luong phu thude truc tiép vao
giai doan phat hién [2]. Do tién luong bénh phu thudc manh vao giai doan phat hién, cac
phuong thirc tao anh dong vai tro trung tdm trong cac chuong trinh kiém soat. Hiéu qua
tam soat phu thudc truc tiép vao nang luc k¥ thuat tao anh, cu thé 1a kha nang cung cép
thong tin dinh luong, phat hién t6n thuong nhod va dam bao an toan khi thim kham lip
lai. Ludn an dat trong tam vao bai todn tao va tai tao anh, trong do6 bai toan tam soat

bénh Iy md mém 1a bdi canh tmg dyung tiéu biéu.

Hinh 1.1. Anh chup u lanh khi siéu dm nguc [34]

Tt goc nhin ky thuat, mo tuyén v ¢6 cau tric di thé v6i cac tham sé 4m hoc (van
tdc am, hé sb suy hao, mat d9) khac nhau gitra mé lanh, mo lién két sgi va mé ac tinh —
trong d6 cac ton thuong ac tinh thuong ¢ van toc am cao hon va hé sd suy hao 16n hon
s0 v&i mo lanh [5]. Ba yéu cau k¥ thuat c6t 161 ddi voi hé thong tao anh tim soat 1a: phat
hién t6n thuong nho, 1y twéng dudi 5 mm; cung cap thong tin dinh luong dic tinh 4m
hoc dé phan biét mo lanh va mé bénh; va ddm bao an toan khi tham khadm dinh ky. Cac

phuong thtrc hién hanh (mammography, MRI, siéu Am B-mode) déu c6 han ché nhat



dinh (Bang 1.1) [3], [4]. Trong bdi canh d6, k¥ thut siéu am cat 16p (Ultrasound

Tomography — UST) ndi 1én nhu hudng tiép can tiém ning do két hop duoc an toan

(khong burc xa ion hoa), chi phi thiét bi trung binh va kha ning tai tao dinh lugng céc

thong sé Am hoc v6i d6 tuong phan cao [6], [7]. Tuy nhién, dé dat duoc tiém ning nay

thi chét lugng anh tai tao phu thudc truc tiép vao hi¢u nang cua thuat toan giai bai toan

nghich tan xa — day cling la trong tam khoa hoc cta luan an.

1.1.2. Pinh nghia va dic diém anh siéu 4m cit 16p (UST)

Siéu am cat 16p (Ultrasound Tomography, viét tit UST) 1a k¥ thuét tao anh sir

dung song siéu 4m phat tir nhiéu huéng quanh d6i twong, thu tin hiéu tan xa tir tat ca cac

cdp phat-thu, va giai bai toan nghich dé tai tao dinh luong ban do véan tdc 4m c(r) trong

mit cit ngang cua ddi twong [6], [7].

TOAN BO QUY TRINH TAI TAO ANH UST
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VA THU TiN HIEU

-

2. THU VA TIEN XU LY
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Khac véi siéu am B-mode (von chi hién thi cuong do phan xa dudi dang anh xdm

dinh tinh, phu thudc vao goc dau do va kinh nghiém nguoi thuc hién), anh UST cung

cap gia tri vat Iy tuyét ddi ciia van tdc Am tai tig pixel, khong phu thudc goc quan sat.




Su chénh 1éch van tdc Am gifta cac loai mo (xem Bang 1.2) la co s¢& vat Iy cho kha nang
phan biét dinh lugng: m6 vu lanh ¢ = 1510-1540 m/s, md xo ¢ = 1565 m/s, khéi u ac
tinh ¢ = 1480-1530 m/s [5].

Anh UST 1a ban d6 2D cua ham ddi tuong O(r), trong d6 gia trj tai mdi pixel
phan &nh mirc d§ chénh lé€ch van tdc 4m so v&i moi truong nén. Hinh 1.3 minh hoa toan
bd quy trinh tai tao, tir phat song dén anh cudi cung, cho thay sy khac biét cin ban véi
siéu am B-mode: anh UST cung cép ban d6 dinh lugng c(r), khong chi bién phan xa
dinh tinh [6]-[8].

Trong so d6 trén, N, VA N, 1an luot 1 s6 may phat va sé may thu duoc bb tri déu
trén vong tron bao quanh déi tugng, véi chi sé phat-thu m = 1,2, ..., N,. Tai mdi lan
quét, song siéu 4m phat tir may phat thr m twong tic v6i d6i twong va tin hiu tan xa do
dugc sau khi qua tién xir Iy (bao gdm cira s6 thoi gian, loc théng dai, khtr nhidu tuy chon
va chuén hoéa bién do), duoc ky hi¢u la p, " () va 1a dir liéu dau vao cua toan bod

quy trinh tai tao.

0™ (1) 1a w6c lugng ham ddi twong tai vong lip thir n, phan anh phan bé d6 twong
phan van téc am tai diém r trong mién anh; gi tri khoi tao 0 = 0 twong ing gia thiét
mdi trudng dong nhat. Tai mdi vong lip, bai toan thuin duoc giai bang phwong trinh
Helmholtz hodc phuong phap mé men (MoM) dé sinh ra truong tan xa du bdo
pspred (t,7; 0™), tirc 14 tin hiéu tin xa ma heé théng du doén s& do dugc néu ddi tuong

thue sy ¢6 phan b 0™,

Sai s6 con lai (residual) gitra tin hi€éu do thuc va tin hi¢u du bdo dugc xac dinh la
Ap™W = p, " — psp”d(o(n)). Tir residual ndy, bai toan nghich tuyén tinh hoa duoc

S

giai theo tiéu chuan chinh héa Tikhonov dé thu duoc sé hiéu chinh AO™ theo cong thirc:

A0™ = (MM + yD'M" ap™
Trong d6 M 1a ma tran Jacobian (dao ham Fréchet) mo ta mirc 46 nhay cua truong
tan Xa voi su bién thién cta ham d6i twong tai vong lap n; y 1a tham sb chinh hoa
Tikhonov kiém soat can bang gitra do khép dix liéu va do6 tron nghiém; I 1a ma tran don
vi; va ky hiéu ()" biéu thi phép lién hop chuyén vi (Hermitian). Uéc lugng ddi tuong

sau d6 dugc cap nhat theo:
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omth — o™ 4 Ap®™
Vong lap tiép tuc cho dén khi théa man diéu kién hoi tu, duoc danh gia qua sai

sd twong ddi con lai (Relative Residual Error, viét tit RRE):

 llpgmeas||2

Thuat toan ding khi RRE < ¢ hodc khi s6 vong lap dat ngudng téi da N,,,.. U6
lwong cudi cung O(r) = 0M™-iten) [3 ban d6 phan bd d6 twong phan van toc Am cia dbi
tuong, dugc hién thi dudi dang anh thang xam trong d6 muc sang tai moi pixel ti 1¢ voi

gia tri o(r).

Chét luong anh UST phu thudc truc tiép vao hi€u nang cua thuat todn giai bai
todn nghich tan xa, va day la trong tdm khoa hoc ctia luan an. Cac thuat toan tai tao UST
duogc phan loai va so sanh tai Muc 1.2.3, trong d6 phuong phédp DBIM dugc trinh bay
chi tiét tir Muc 1.3.

1.1.3. Birc tranh nghién ciru vé tai tao anh trong UST trén thé giéi va tai Viét Nam

Trong tdam cua UST hién dai la bai toan khoéi phuc anh tir dir li¢u tdn xa do duogc.
Trong sb cac thuat toan dang dugc nghién ctru, phuong phép 1ip vi phan Born (Distorted
Born Iterative Method — DBIM) dugc danh gia 1a phuong phap ¢6 d6 chinh xac cao nho
kha ning xir 1y cac trudng hop tan xa manh, vuot qua giéi han cia xap xi Born bac nhat
[8]. Tuy nhién, DBIM c6 hai han ché co ban: d6 phirc tap tinh toan O(N,-N;-N?) 16n, va
d6 nhay cao v6i nhidu do dan dén sai sb tich lily qua cac vong lap [9]. D4y 1a hai van dé
thu hit sy quan tim ciia cong dong nghién ctru trong hon ba thap ky.

C6 thé chia birc tranh nghién ciru hién nay vé DBIM trong UST thanh ba nhom
chinh theo dic diém va ngudn luc nghién ctru:

Nhém thir nhat — cac nhém nghién ciru nén ting quoc té: Pay 1a cdc nhom
dit nén mong 1y thuyét va phat trién cac bién thé quan trong ctia DBIM. Tiéu biéu nhat
la nhém ctia Y. M. Wang va W. C. Chew (Pai hoc Illinois Urbana—Champaign) — nhom
tién phong dé xuét y tudng két hop xap xi Born véi phép lip Newton, dit co sd cho
DBIM gbc [8], [21]. Tiép ndi hudng nay, A. J. Hesford va W. C. Chew di ung dung
thuat toan da cap da cuc nhanh (Multilevel Fast Multipole Algorithm — MLFMA) nham
tang toc cac budc nhan ma tran trong DBIM, cho phép giam rd rét chi phi tinh toan cho

cac bai toan tan xa nguoc kich thude 16m [10]. Nhom cua R. J. Lavarello va M. L. Oelze
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(Pai hoc Illinois) d3 m& rong DBIM 1én khong gian ba chiéu, dong thoi nghién ctru cac
k§ thuat chinh quy hoa nham cai thién do 6n dinh ciia nghiém trong diéu kién dir liéu
thiéu [11]. Bén canh do6, cac nhém nghién ctru tai Puc, Nhat Ban va My da phat trién
nhiéu bién thé DBIM két hop voi da tan sb, da do phan giai hodc cac k¥ thuat cam bién
nén, dugc dai dién boi cac cong trinh ciia Theu va cdng su [35], [27], va E. J. Candes va
M. B. Wakin véi co so 1y thuyét ciia ldy mau nén [36].

Nhom thir hai — cac nhom nghién ciru trong nuwdc: Tai Viét Nam, hudng
nghién ctru vé DBIM cho UST dugc khéi xudng va duy tri lién tuc boi nhém cua Tran
Ptic Tan, Tran Quang Huy va cong su (Pai hoc Quéc gia Ha Noi, Pai hoc Su pham Ha
Noi 2 va cac ddi tac). Nhom nay di co6 mot loat cong bd qudc té va trong nudc trai dai
tir naim 2014 dén nay, bao gdm: cai tién tryc tiép DBIM nham giam do phirc tap tinh
toan [23]; tai tao anh phi tuyén trong cdu hinh do vong tron [22]; két hop DBIM véi cam
bién nén va lay mau nén tit dinh [12], [28], [33]; khai thac da tin s6 (DF-DBIM) [27],
[36]; phat trién cac ki thuat ndi suy khong gian (1an cin gan nhat, song tuyén tinh, song
khoi) dé cai thién d6 phan giai anh tai tao [29]-[31], [13]; ciing nhu nghién ctru cAu hinh
do va m6 phong — thuc nghiém kiém chimg dit liéu UST [37], [26]. P4y 1a nén tang
nghién ctru trong nudc tryc tiép tao co sé va dong luc cho ndi dung luan an nay.

Nhom thir ba — cic nhém nghién ciru theo hwéng hoc sau: Trong giai doan
2020-2024, sy phat trién ctia hoc sau dd thu hat nhidu nhém nghién ctiru qudc té ap dung
cac mod hinh mang no-ron sdu cho UST. Tiéu biéu 12 Long va cong su (2023) sir dung
hoc sau cho UST véi ldy mau thua [14]; Saba va cong su (2022) dé xuit Physics-
Informed Neural Networks (PINN) cho diffraction tomography [38]; Shi va cong su
(2022) sir dung hoc sau dé trich xuat thdi gian truyén séng trong UST xuong [15]. Céac
kién trac hoc sau pho bién da duoc tham khao va ap dung bao gom U-Net [39], GAN
[40], PINN [38], deep cascade [41], MoDL [42] va DNnCNN [43]. Mic du dem lai nhiéu
két qua kha quan, cac phuong phap hoc sau ndy yéu cau luong dir liéu c6 nhan 16n va

tai nguyén tinh toan cao — nhiing diéu kién kho dap tng trong UST 1am sang [16], [17].
1.2 Ky thuat UST va bai toan nghich
1.2.1. Tong quan cic phuong thitc tao anh y sinh

Linh vyc tao anh y sinh hoc da trai qua lich sir phat trién hon 130 nam ké tir phat

hién tia X ctia Wilhelm Réntgen nim 1895. Mdi phuong thirc tao anh khai thic mot
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nguyén 1y vat 1y khac nhau dé cung cap thong tin vé cdu trac va chirc ning ctia md sinh
hoc [43]. Bang 1.1 trinh bay so sanh tong hop cac phuong thiic chinh, tip trung vao tng

dung chan doén vu.

Bang 1.1. So sanh cdc phwong thirc tao anh y sinh chinh trong chan dodn bénh 1y vii

Twong .
A 1, Bu Do pha Ch
Phuwong thire | Nguyanly | o8 | DOPMAN 1 n mb :
ion hoa gidi N phi
mem
X-quang v Cao (~0,1 Trung
(Mammograp | Burc xa tia X Co '™ | Trung binh | .
mm) binh
hy)
CT vl B}I ©xa tia X Co Cao Trung binh | Cao
cat 16p (cao)
, n , \ A 4 RAt
MRI vu Cong huong tr | Khéng | Cao Rat cao ca0
Siéu am B- | Song siéu am n Trung N z
mode phan xa Khong binh Trung binh | Thap
x| S6ng siéu am . Thap-
UST; (ae tan xa + thuat Khong T\rung Cao (dinh Trung
Xuat) L. binh—Cao | lugng) N
toan tai tao binh

Bang 1.1 cho thdy mdi phwong thirc c6 danh dbi riéng: X-quang/CT c6 dd phan
giai cao nhung dung buc xa ion hoa [44]; MRI cho twong phan mé mém vuot trdi nhung
chi phi cao [45]; siéu &m B-mode an toan, chi phi thip nhung chi dinh tinh. UST 1a
phuong thirc duy nhat két hop dong thoi ba wu diém - khong buic xa, dinh luong, chi phi
trung binh - phi hop véi muc tiéu phét trién thiét bi tim soat pho thong [46], [47].

1.2.2. Nguyén ly hoat dong ciia hé thong UST

Hé théng UST thu tin hiéu tan xa tir nhidu huéng quanh ddi tugng (Hinh 1.2: cdu
hinh vong tron N; may phat, N; mdy thu trén ban kinh R, méi trudng nudc co = 1500
m/s) roi dung thut toan DBIM tai tao phan b thong s6 am hoc. Khi d6i twong c6 tuong
phan Ac/co # 0, mot phan nang lugng song bi tan xa; tip dir liéu {ps(r,, )} mang thong

tin vé hinh dang va déc tinh &m hoc cua dbi tuong, 1a dau vao cho bai toan nghich.
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Hinh 1.3. Cdu hinh hé théng UST vong tron minh hoa cdu hinh hé do sir dung hiéu

ung tan xq

A Ving chia lusi
(O May phat .
~ . 7
~ -

Trong mdi 1an do, mot may phat phat song Bessel bac 0 (Muc 1.2.7), cac may
thu con lai thu tin hiéu tong (song t6i cong song tan xa). Tap dit liéu tan xa {pi(r_t,r 1)}
thu dugc tir tit ca cip phat-thu 1a dau vao cta bai toan nghich: x4c dinh phan bd O(r) tir
dir liu do.
1.2.3. Phan loai k¥ thuat siéu 4m cat 16p

C6 hai huéng nghién ctru chinh trong k¥ thuat UST, moi huéng nghién ciru dua

trén mo hinh vat 1y khac nhau:

Hwéng 1 : UST dua trén 1y thuyét chiéu tia (Ray-based): gia dinh song 4m truyén
theo dudng thang (acoustic ray), sit dung cic thuat toan tai tao tuong tu CT scan X-
quang nhu filtered back-projection va algebraic reconstruction [48]. Uu diém ctia hudng
nay 1a tinh toan nhanh va don gian; nhuoc diém 1a chi chinh xac cho d6i twong kich
thudc 16m so vai bude sdng (> 2—51) va bo qua hiéu tng nhidu xa, tan xa. Cac hé thong

thuong mai tiéu biéu theo huéng nay gom CURE (Karmanos Cancer Institute) [49].

Huwéng 2 : UST dua trén 1y thuyét tan xa ngugc (Inverse Scattering) [50], [51]:
mo hinh héa day du sy lan truyén song trong mdi truong khong dong nhat, xu Iy dugc
nhidu xa va tan xa tir cac cau tric co kich thuéc nhoé hon budc séng. Po chinh xac cao
hon nhung chi phi tinh toan phtic tap hon nhiéu. Cac phuong phap BIM va DBIM thudc
nhanh nay [8], [22]. Céac k¥ thudt do van toc 4m dinh luong tir tan xa nguoc da dugc
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khoi xuéng tir sém trong lich str UST [52]. Luén 4n tap trung vao hudng thir hai do tiém

nang phat hién u nhd sém.
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Hinh 1.4. So sanh ham muc tiéu Iy tuéng va ham khéi phuc theo xdp xi Born bdc nhdt
cho hinh try tron ban kinh 52 tai A¢ la (a) 0,25x, (b) 0,57, (c) m va (d) 2x [53].

Céch tiép can tuyén tinh héa phd bién nhat trong hudng tan xa nguoc 1a xap xi
Born bac nhat, hop 1& khi truong tdn xa nhoé hon dang ké so véi trudng t6i. Hinh 1.4
minh hoa giGi han cua x4p xi nay: khi d6 twong phan pha A¢ ting vuot mic nho, ham
khoi phuc léch xa ham muc tiéu, doi hoi cac phuong phap lap nhu DBIM dé mo rong
pham vi 4p dung. Luén an tap trung vao hudng tan xa ngugc voi phuong phap DBIM vi
ba 1y do: kha ning xir Iy tan xa manh ngoai gidi han Born bac nhat; chi phi tinh toan
hop 1y cho trién khai trén CPU thong thuong; va ciu tric 1ap tu nhién cho phép tich hop
b0 loc ndi vong, day la co so cho hai dong gop cia ludn an tai Chuong 2 va Chuong 3.
1.2.4. Phwong trinh s6ng va ham doi twong

Song siéu am co tan s6 f > 20 kHz lan truyén trong modi truong dan hoi theo
phuong trinh séng Helmholtz. Trong méi truong khong dong nhat chira ddi tuong co

van toc 4m ci(r) # co (van tdc nén), phuong trinh song nhan dang:

Vip 4+ kp = 0 (L.1)
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(V2 + ko*)p(@) = —0@p() (1.2)
Trong d6 ko = w/co 12 s song nén véi = 2xf; p(r) 13 truong ap suat tong; va O(r) 1a
ham d6i tuong, dai luong can tai tao, dinh nghia qua chénh 1éch $6 song:
5 ) , (1 1
o) = k,(r)* — ky* = w (c_z — C—Z), r <R O(r) =0, r >R (1.3)

1 0

PT (1.3) cho thidy ham d6i twong hoan toan xac dinh béi sy chénh léch van téc

am gitra doi twong ci(r) va moi truong nén co. Pay 14 nén tang dé UST tai tao dinh luong

van toc am, tur d6 suy ra cau truc mo.

1.2.5. Phwong trinh tich phan Lippmann-Schwinger va roi rac hoa MoM
Str dung ham Green Go(r, ') cia mdi trudng nén dong nhat, PT (1.2) duoc dua
vé dang tich phan Lippmann-Schwinger, phuong trinh bai toan thuan co ban cua ly

thuyét tan xa:

p.() = p(r) — p(r) = ff 0 - p() - GolkoIr — D dr’  (14)

Trong d6 p, = p — pi 1a truong tan xa; Q 12 mién dbi twong; Go 1a ham Hankel bac 0 loai

mot trong khong gian 2D:

—i
Golko I = 7']) = —H (kolr = #'1) (1.5)
Roi rac hoa PT (1.4) bang phuong phap moémen (MoM) [51] véi ludi NxN pixel

va ham co sé sinc, ta thu dugc hé phuong trinh ma tran dang:

p = (I - C - D(O))ﬁi [bai to4n thuin, trong ROI] (1.6)
p,=B-D0)-p=M-0 [M=B-D®] (7
Trong d6 B € C*Ni{N:xN? chira h¢ s6 ham Green tur pixel dén may thu; C €

CAN2xN2 chira hé sb twong tac giira cac pixel; M 1 ma tran hé (Jacobian) két ni ham
ddi tuong O voi dir li¢u tan xa.
1.2.6. Bai toan nghich va chinh quy hoa Tikhonov

DBIM giai quyét xen k& hai bai toan: bai toan thuan xac dinh truong tan xa p, tir
O(r) da biét (chi phi O(N®) mdi vong); bai toan nghich suy ra O(r) tir dit liéu do, duoc
6n dinh bang chinh quy héa Tikhonov (PT 1.9). Piém yéu cin ban ciia DBIM la khong
c¢6 budc lam sach anh giita cac vong, dan dén nhiéu tich lily theo ham mil, day 1a dong

luc chinh cua luan an.
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Bai toan nghich 1a xac dinh AO tir sai 1éch dit liéu Aps = ps,do — ps,du.bao. Tuyén

tinh héa Born bac nhit din dén bai toan tuyén tinh:

AP, = M - A0 (1.8)

Hé (1.8) thuong kém diéu kién do M co céc gia tri ky di nhoé. Chinh quy hoa
Tikhonov L2 [54] cho nghiém dang dong (cac phuong phap dua trén ngudng thua thot
nhu hard thresholding [55] 13 mot lya chon thay thé):

A0 = argmin 4|8, — M - A0|° + ylA0I2 = A0
= (M"M + yD™'MY Ap,  (1.9)
[54] Phan rd SVD ctia M = UZVH cho phép viét nghiém (1.9) dudi dang tudng

minh:

A0 = Z (- Ap,) - v (1.10)

0> +y
PT (1.10) cho thdy cac mode ky di nhé (o; << Vy) bi loai bo béi hé sb loc Tikhonov
fi = 6/(ci>+y) — 0. Tuy nhién, & SNR thip, ngay ca cac mode 16n ciing bi nhidu boi
thanh phan u-e/o; - ddy 1a noi KNN denoising (Chwong 3) cai thién bang cach giam lel
xudng VK 1an trude khi giai (1.9).

1.2.7. Song t6i Bessel va cAu hinh hé do
Trong mé phong 2D, song t6i tir ngudn diém duge mo hinh hoa bang ham Bessel
bac 0 nghi€ém cua phuong trinh Helmholtz trong hé toa do tru:

p,(r) = J(kolr — 1)) (1.11)
Trong d6 Jo 1a ham Bessel loai mot bac 0; |r — 1| 1a khoang cach tir may phat k

dén diém anh r. M6 hinh nay phu hop véi truyén séng 2D trong méi trudng dong nhat
va dugc gilt nguyén trong toan by mo phong cua Chuong 2 va Chuong 3.

Cac may phat N; duoc bd tri déu trén vong tron ban kinh r T quanh d6i tuong: 1y
=1 T-(cos(2nk/Ny), sin(2nk/Ny)), k =0,1,...,N—1. Mdi may phat lan luot phat, N,
1.2.8. Van téc Am trong cic md sinh hoc va thong s6 mé phéng

Bang 1.2 cung cap bdi canh vat 1y cho thong sé md phong Ac/co = 10% duoc
dung trong ca Chuong 2 va 3. Gia tri ¢c1 = 1350 m/s 1a tham s6 benchmark dugc chon dé
dam bao twong phan 10% so véi moi trudng nén co = 1500 m/s (nudc), phi hop véi
pham vi hiéu luc ctia xap xi Born va thong 1¢ danh gia trong cac nghién ciru DBIM/UST

[8], [9]
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Bang 1.2. Vin toc séng dm trong cdc co quan sinh hoc [56]

Van toc Am i
Mo / Co quan Chu thich chan doan
(m/s)
Nuéc (37°C) 1521 Méi truong chuan trong hé UST
M6 mém (trung binh) 1540 Tham chiéu chung mé mém
M0 v lanh 15101540 | Phu thudc thanh phan md/tuyén
M6 v &c tinh 1480-1530 | Thuong thap hon mé lanh [57]
Gan 1565 Khac biét rd vé1 mo xo
Than 1575 -
Co bip 1600 Khac biét & voi md
Phoi 630 Tuong phan cao véi mé mém
Xuong (VO Xxuong) 3500-4000 | T4n xa rat manh, SNR thap
M6 ung thu va (gia )
_ 1350 Ac/co = 10% so v61 co = 1500 m/s
dinh mo phong)

1.2.9. Bai toan thiéu do trong h¢ UST

Trong hé UST vong tron voi N may phat va N, may thu, tong s6 phép do doc 1ap
13 Ni'N,. An s6 can khoi phuc gdm N2 gia tri ham d6i twong O(r) trén ludi NxN pixel.
Bai toan nghich chi xac dinh da khi Ni*N; > N2, Khi Ni*N; < N2, h¢ phuong trinh kém

xéc dinh (under-determined), ttc 1a diéu kién thiéu do (undersampling).

Thiéu do xay ra do ba rang budc thyc té: chi phi phan cing gidi han s6 dau do;
khong gian vat 1y quanh viing do han ché s6 cam bién c6 thé dat; va viéc ting sd phép
do kéo dai thoi gian quét, dan dén nhidu chuyén dong tir dbi twong. Ti 18 nén N2/(N:-N,)
cang 16n thi muc d6 thiéu do cang nghiém trong.

H¢ qua cua thiéu do 1én DBIM: Khi N¢N; < N2, ma trdn Jacobian M [
CANN;xN? ¢6 nhiéu gia tri ky di i = 0, lam cho nghi¢m Tikhonov AO = (MHM +
yI)"'MH Ap; tré nén nhay cam véi nhiéu do. Két hop voi co ché tich lity nhidu qua vong

1ap DBIM (phan tich NAF tai Muc 1.3.4), thiéu do lam ting nguy co phan ky thuat toan.
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bay la mdt trong cac dong luc chinh din dén dé xuét co ché loc ndi vong 1ap cua luan
an.

1.3 Phwong phap Lip vi phan (DBIM) va cac van dé nhiéu trong tai tao anh

1.3.1. Tién trinh phat trién phwong phap BIM va DBIM

Phuong phap Liap Born (Born Iterative Method - BIM) dugc Chew va Wang dé
xudt nim 1990 [8] nhu mdt phwong phap giai bai toan tan xa nguoc phi tuyén thong qua
tuyén tinh hoa lap bang xap xi Born. Phuong phap BIM hi tu 6n dinh va bén viing véi
nhiéu do ham Green khong cap nhat trong qua trinh 1dp, nhung tdc d6 hoi tu cham (dac

biét v4i tan xa manh) va do phuc tap tinh toan rt cao.

DBIM [8] 1a bién thé cai tién, trong d6 ham Green duoc cip nhat & mdi vong lip
st dung udc tinh hién tai cua ddi tuong, din dén hoi tu nhanh hon 1o rét so véi BIM.
Tuy nhién, chinh vi¢c cdp nhat ham Green lién tuc lam DBIM nhay cam hon véi nhiéu
sai sb trong wdc tinh vong n truyén sang vong n+1 qua ma trin M = B-D(p), tao ra co

ché tich lily nhidu dic trung.

Bang 1.3 so sanh dinh lugng BIM va DBIM: BIM hdi tu chdm nhung bén viing
(Go ¢6 dinh), DBIM hdi ty nhanh hon nhung tich liiy nhidu qua chudi O* — G D" —
AO! — Ontt,

Bang 1.3. So sanh BIM va DBIM (8], [9]

Tiéu chi BIM DBIM
Ham Green C6 dinh Go (nén dong nhat) | Cap nhat G_D”(n) mdi vong
lap

Tbc @6 hoi tu Cham (cﬁn nhiéu vong lap Nhanh (hoi tu s6m hon 2—3
hon) lan)

D6 bén v6i nhidu | Cao (khong tich lity nhiéu Thap hon (nhiéu lan truyén
qua G) qua G_D)

Do chinh xac Thap hon (Go khong phan Cao hon (G_D thich ng voi
anh mai truong thuc) doi tugng)

Chi phi tinh O(N3) - thap hon/vong O(N*) - cao hon/vong (do

toan/vong tinh G_D)

Ung dung phu SNR thap, tuong phan thap, | SNR Cao—vura, twong phan

hop on dinh uu tién vira, toc d0 uu tién
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1.3.2. Phwong phap lap vi phan Born (DBIM)

Thuat toan 1.1 trinh bay pseudocode day du ctia DBIM chuan.

Thuit toan 1.1: Phwong phiap DBIM chuin (Distorted Born Iterative Method)

Piu vao:
ps"meas - Truong tan xa do duogc, kich thudc [N¢-N, 1]
f, co, geom - Tan sb (Hz), van tdc 4m nén (m/s), cdu hinh thu—phéat
N, Nimax - DO phan giai ludi va sé vong lip t6i da
v, € - Hé s6 chinh quy hoa Tikhonov va ngudng hoi tu RRE
Piu ra:
O - Anh ham d6i tuong tai tao, kich thudc [NxN]
NE_hist, RRE_hist - Lich str sai s6 chuan hoa va sai sé phan du twong ddi
1: ko «— 2m-f/co = PT 1.1
2: O « 0 — khdi tao anh ban dau (khong c6 tién nghiém)
3: [B, C] « ComputeGreen(ko, geom, N) — PT 1.5 - ham Green nén
4: pi < Bessellncidence(ko, gegom) — PT 1.11 - song toi
Vong lap:
5: for n =1 t0 Numax do
6: p < Solve((I — C-diag(O))-p = pi) — bai toan thuan
7. Aps < ps"meas — B-diag(O)-p — sai 1é&ch dit li¢u
8: M «— B-diag(p) — ma tran Jacobian
9: AO « TikhonovSVD(M, Aps, y) — PT 1.12
10: O «— O +reshape(AO, N, N) — cap nhat anh
11: RRE_hist[n] « IApil / Ips*measl — PT 1.13
12: NE_hist[n] < 10 - Ol _F/I0OI_F - PT 1.19
13: if RRE hist[n] < & then break

14: end for
15: return O, NE_hist, RRE_hist

————— D ——————————

Vong lap téi tao (lap lai nhiéu vong)

ton thuong)

|
sz |
AU VAO | DAU RA
; Dw doéan sén : Hi z ; e N ap nhat 3 s n s
Songtanxadoduoc | §if 9 So sanh sd do Tinh chinh sira Capnhatanh |1 | Anhban do van toc am
L A ; (vi tri, hinh dang,
i " lay phan léch giai bai toan nghich _
+ cdu hinh do (bai toan thuan) chinh stra : mirc trong phan
|

|
|
|
|
I o ™ N
(c6 nhiéu) : tir anh hign tai thém phan
|
|
l

|+ anh khoi tao trng |

anh da cap nhat duoc dura sang vong tiép theo

Hinh 1.5. So d6 tong qudt thudt todn DBIM chuan (Distorted Born Iterative Method).
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SO DO THUAT TOAN DBIM (DISTORTED BORN ITERATIVE METHOD)

DU LIEU PAU VAO 0. KHOI TAO

« Tritiing tn xa do: j ,meas(t, r ) Ude Iugng ban dau cia doi wigng

« Tin s6 () hodc thoi gian (€) o] (r)=0,n=0
* Vi tringuon phatr |, thur J

* M&i trugng nén ¢,

* Mién khdo sdt © (lugi NxN) VONGLAPn=0 1 2
APn=0,1,2,..

1. MO HINH BAI TOAN THUAN TOAN TU TRUYEN F{'}

|
|
* Thamso:y, N ., € |
|
|
|

A0 * = (MM +yl) TMPAE " (Chiéu nguyc / back-projection)

0" (=0 " ()+40 " (1) Nghiém Tikhonov:

A0 = (MM +y) I MEAp

y — tham sa chinh quy héa

4, KIEM TRA HOI TU

|
RRE " ' =1y /Iy measl, !
I
i

Khing RRE » ! <g Céh
(n=n+1)

hoacn+12N ,?

KET QUA
Anhtditao O =0 ¥ !

Hinh 1.6. Sor d6 chi tiét thudt todn DBIM chudn (Distorted Born Iterative Method).

1.3.2.1. Thuat toan DBIM va vong lap cap nhat
DBIM thuyc hién cap nhat 1ap ham dbi tuong qua Nym vOng lap, bat dau tir Oo =

0 (khdng c6 thong tin tién nghiém):
Ony1 = 0, + A0, A0, = (MM, + yD7'M," Ap_  (1.12)
” n
biém dac trung cua DBIM so v6i BIM: ma tran M, = B-D(pn) dugc cap nhat ¢
mdi vong lap, trong d6 p. 12 trudng ap sudt tinh tir bai toan thuan (1.6) véi O, hién tai.
Diéu ndy tao ra phu thudc phi tuyén M,(O,) - ngudn gbc ca téc do hoi tu cao 1an nhay

cam véi nhiéu ctia DBIM.

|
I ] |
|
I 1
L ;
| Tinh truding tan xa dy bao vdi wdc lugng hién tai O * "*il”l (Ham Green hogc md hinh tin xa xdp xi) }
popredt,r )=FO (@)} | } Ma trdn Jacobian: }
: i M =B diag(y” " ) i
: | B AN NxN2}: ham Green pixel - thu |
| } p pred = Bdiag(O)(I-C-diag(Q)) p; }
2. TINH SAI 5O (RESIDUAL) b 1
b H
Ay (tr )=p meas(t,r )-p pred " (t,r ) |
|
|
|
|
|
3. CAP NHAT UGC LUQNG (BAI TOAN NGHICH TUYEN TINHHOA) | | TOANTU LIEN HOP M}
L.
|
|
|
|
|
|
|
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1.3.2.2. Phén tich hi tu ciia DBIM va tiéu chuin dirng vong lip
Tiéu chuan dimng vong lip DBIM 1a mét van dé quan trong trong thyc té. C6 hai

cach tiép can: co dinh s6 vong 1ap Ngum, don gidn nhung khong to1 vu; hoac dung sai so

phan du twong ddi (Relative Residual Error — RRE) 1am ngudng hoi tu:

|, - 20, - a7

RRE, =
|| Aﬁs do

Trong Chuong 2, luin an ding Nym = 5 vong lip cb dinh cho phép quan sat day

S,do

< &g (1.13)

du quy dao hoi tu va phan ky. Trong Chuong 3, két hop Nmax = 3 ¢b dinh v6i ngudng
RRE, phul hop véi mdi truong SNR thap hon khi can dimg sém dé tranh tich Iy 16i.

Diéu kién hoi tu DBIM lién quan dén hang s6 Lipschitz L ctia toan tir cip nhat
T: Op+1 = T(Oy). DBIM hoi tu khi L < 1. Theo phan tich trong [9], L phu thudc vao tuong
phan dbi teong (Ac/co), SNR va sb diéu kién «(M). Khi tich hop bo loc phi tuyén KNN
vao vong lip (Chuong 3), hing sb Lipschitz c6 xu hudéng giam nho bo loc 1am giam
phuong sai nhidu (phan tich dinh luong tai Muc 3.4.4), tir d6 gop phan mé rong ving
hoi tu cua thuat toan.

Nho d6, KNN-filtered DBIM c6 kha nang hdi tu trong cac diéu kién ma DBIM
thudng phén ky, dic biét trong cac truong hop thiéu do NiN; < N2 va nhidu manh
(SNR < 6 dB) nhu trong kich ban Chuong 3.
1.3.2.3. Piéu kién hiéu lwe xip xi Born va pham vi ing dung

Xap xi Born bac nhat, nén tdng cua DBIM: gia dinh trudng tdn xa nhé hon nhiéu
50 VO trudng t6i: [ps| <« |pi|. Piéu kién twong dwong dugc biéu dién qua d6 1éch pha cuc

dai Ag cuia song khi xuyén qua d6i tuong:

Ap = kg - ? . 2R (1.14)

Nghién ctru cta Slaney va cOng su [058] chi ra xap xi Born mat hiéu luc khi |Ag|
— 0,8, va chinh thtrc khong kha dung khi [Ag| > 7. Vi thong sé mo phong trong luan
an: Ac/co = 10%, R = 5-7,3 mm, f = 0,5-1 MHz, budc séng A = co/f = 1,5-3 mm. Tinh

Ag:

2T
Ap = == 0,1 - 2R =~ 0421~ 0,971 (< 1) (L.I5)
Két qua (1.15) xac nhan thong s mod phong nam trong ving hiéu lyc cia xap xi
Born , diéu nay dam bao DBIM hoi tu vé nghiém dung (O) khi khong c6 nhidu. Khi co

nhiéu, xap xi Born van hiéu luc vé mit vat Iy, nhung nhiéu do lan truyén qua bai toan
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nghich giy ra sai sé trong AO, ddy 1a vin dé can giai quyét bang cac k¥ thuat khir nhiu
trong Chuong 2 va Chuong 3.
1.3.3. Phan loai va dic tinh ctia nhiéu trong UST

Nhiéu trong hé théng UST c6 nhiéu ngudn gbc khac nhau va mdi loai c6 co ché
anh huong riéng dén chat luong anh tai tao. Bang 1.4 phan loai cac loai nhiéu chinh theo
co ché vat 1y va muc d6 tic dong 1én thuat toan DBIM. Cé ba nhém nhiéu chinh: nhiéu
Gauss trang cong tinh (AWGN): phat sinh tir khuéch dai dién tr va mach thu, c6 phan
phdi Gauss va doc 1ap véi tin hiéu; nhidu speckle - sinh ra do giao thoa cac song tan xa
ngau nhién trong moé khong dong nhat, c6 phan phdi Rayleigh va phu thude cuong do

tin hi¢u; va nhi€éu chuyén dong - phat sinh tir sy dich chuyén cua bénh nhan hoac cam

bién trong qua trinh quét.

Bang 1.4. Cdc loai nhiéu trong hé thong UST va tac dong 1én thudt todn DBIM

. X A X Phén phoi Tac dong 1én | Bién phap xwr
Loai nhieu Nguon goc théng Ké DBIM Iy
NRi€U 1 e éch dai dien | N0, o) - | Lich 10y qua céc | Loc trung vi,
Gauss trang ttr. mach thu GaUsS vong lap, gay KNN
(AWGN) P phan ky denoising
Giao thoa song . 1a
X . x Lam mo bién Ak
Nhicu tan xa ngau . e < Loc da tan so,
. ~ | Rayleigh doi tuong, giam . :
speckle nhién trong mo tuwone nhan anh loc thich nghi
khong dong nhat EP
X Bénh nhan hodc | Khbng xac n 2
Nhicu | bidn dich | dinh, phu | Sailéchhinh | Hi¢u chuan
chuyén 2 N ~ . pha, motion
A chuyén trong thudc thoi hoc, gy artifact .
dong S0 . compensation
khi quet gian
. Tich Iy ndi tai R . )
Nhicuxung | . HE1M Tap trung tai | oy o 1o thugt | Z9C trung Vi
khong dong - pixel cu thé, ., 2| ndi vong lap
nhat (positive d6 16n cao toan & SNR thap (Chuong 2)
feedback) .

Hinh 1.7. Minh hoa truc quan loai nhiéu Gauss trang (AWGN), dom (speckle), nhiéu

muéi tiéu (salt and pepper) [59]
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(c) Speckle noise (d) Combination of Gaussian and
speckle noises

Trong cac loai nhiéu néu trén, AWGN 1a loai nhiéu chiém uu thé trong cac hé
UST hién dai str dung cam bién chat lugng cao va méi trudng nude dong nhat [3], [17].
Pay ciing 1a loai nhiéu dugc luan an tap trung nghién ctru vi hai 1y do: (1) 13 loai nhiéu
chiém ty 1& cao nhat trong dir liéu thuc; (2) c6 mé hinh toan hoc chinh x4c cho phép
phan tich dinh luong. (AWGN, speckle, ddm) trén cting mot ham ddi twong, cho thiy
AWGN c6 dic trung phan tan déu va anh hudng da hudng - phu hop véi co ché xu Iy

cua loc trung vi va KNN denoising.
1.3.4. Co ché tich lily nhiéu dic trung cia DBIM

Mot trong nhitng phat hién quan trong ctia luan an 1 phén tich dinh lugng co ché
tich lily nhidu trong DBIM thong qua hé s6 khuéch dai nhiéu NAF (Noise Amplification
Factor). Tai vong 13p n, sai sb trong anh tai tao O, = O + 80, trong d6 50, 14 thanh phan

llell Omax\" el
|60 ,|| £ ———— - NAF(n) =~ ( r\“/) : (1.16)
2vy/ |l

PT (1.16) cho thay NAF ting theo ham mii v&i s6 vong lp n khi G_max/(Z\/y) >

min

1 diéu kién thuong xay ra trong ché do thiéu do (NN, < N2) hozc SNR thap. Pay la co
s& 1y thuyét giai thich tai sao DBIM thong thudng phan ky ¢ vong ldp 5 trong kich ban
Ni¢=N; =10 (Chuong 2) va hoi tu cham & SNR =1 dB (Chuong 3). Viéc dua bd loc phi
tuyén vao giita mdi vong lap pha v& chudi lily thira nay, giit NAF trong gidi han tuyén
tinh thay vi ting trudéng mil - twong tu co ché bo loc Kalman [60] kiém sot sai s6 tich
lity trong hé théng wéc luong dé quy. Bén canh d6, nghién ciru sinh phan tich dinh lugng
mbi quan hé gitta NAF va SNR: Trong diéu kién do di (NN, = N?),6_min cia M
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dién hinh nam trong khoang 0,01-0,1 1an ¢ _max. V&i y = 0,001 (gia tri dién hinh
Tikhonov), ti s6 o_max/(2Vy) = 50/2V0,001 ~ 790 - nghia 1a NAF vé& mat ly
thuyét c6 thé ting dén hang tram lan qua 5 vong 1ap néu khéng c6 co ché kiém soat.
Trong thuc té, chinh quy héa Tikhonov kiém soat dugc mot phan, nhung khong du khi
SNR thép do lel 16n. KNN véi K = 5 giam lel xudng lel/N5 = 0,447-lel & mdi vong,
twrong duong giam NAF tich liiy di (V5)n l4n sau n vong.

1.3.5. Chi s6 danh gia chit lwong tai tao

Luén &n st dung hai chi s6 chinh dé danh gia dinh lugng chat luong anh tai tao.
Chi s6 thir nhét 12 Sai s Chuan hoa (Normalized Error - NE), phan anh d6 sai 1éch tong
thé ctia anh tai tao so voi ground truth:
0-0
NE = w (1.17)

o]
F
Trong d6 I-l_F 1a chuin Frobenius (can tong binh phuong). NE = 0 nghia 1a tai

tao hoan hao; NE = 1 tuwong duong sai sd bang chuan ddi twong thuc; NE > 1 nghia la
anh tai tao t& hon 'khong c6 gi' (hon uéc tinh O = 0). Chi sb thtr hai 1a Ti 16 Giam NE
Tuong d6i (Normalized Error Reduction Rate - NERR), do ludng hiéu qua cai thién cua
phuong phap dé xuat so v6i DBIM théng thudng:

NEpgm — NE
NERR = — 22 P % 100% (1.18)
NEppim,

NERR > 0 nghia 1a phuong phap dé xuat tét hon DBIM chuin; NERR = 86%

(két qua tot nhat trong Chuong 2) nghia 12 sai s6 tai tao chi con 14% so v&i DBIM chuén.
Pay 1a chi s6 truc quan dé danh gia tic dong thyc tién ctia phuong phap dé xuat.
1.4 Cac nghién ciru cii thién chat lwong tai tao va giam nhiéu trong UST

1.4.1. Cac nghién ciru giam nhiéu va ti tao anh UST

Cac phuong phap giam nhiéu anh. Song song véi cac cai tién thuat toan téi tao,
mot hudng nghién ctru lién quan truc tiép dén ludn 4n 13 cac phuong phap giam nhiéu
(denoising) anh. Do anh UST dic trung boi nhidu dém (speckle), nhiéu xung va nhidu
Gauss phat sinh trong qua trinh tan xa va thu nhan tin hiéu, nhiéu ho phwong phéap khtr
nhidu d3 duoc nghién ciru. Nhom cb dién gom cac bd loc khong gian nhu trung vi
(median), Wiener va Gauss: don gian, chi phi thip, bén véi nhiu xung nhung c6 dinh

(non-adaptive) nén dé 1am mo chi tiét khi mat d6 nhidu cao. Nhom bao toan ciu tric
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khic phuc nhuge diém nay bang cach thich ing theo ndi dung anh: khuéch tan di huéng
ctia Perona va Malik [61], khtr nhidu bién phan toan phan (total variation — TV) cia
Rudin, Osher va Fatemi [62], cung cac b loc song phuong (bilateral), lam tron viing
ddng nhat trong khi vin giir bién sic nét.

Nhom phi cuc bd va mién bién doi khai thac tinh du thira va tu twong dong trong
anh: thuat toan Non-Local Means (NL-means) ctia Buades va cong su [63], loc cOng tac
mién bién d6i 3D (BM3D) ctia Dabov va cong su [64], téi thiéu hoa chudn hat nhan c6
trong s6 (WNNM) [65], ciing cac phuong phap biéu dién thua trén tir dién hoc (K-SVD)
ctia Elad va Aharon [66]. Cac phuong phap nay cho chat luong vuot trdi nhom cd dién
nhung chi phi tinh toan 16n hon déng ké. Gan ddy, nhém dya trén hoc sau — tiéu biéu 1a
DnCNN cua Zhang va cong su [43] — hoc truc tiép anh xa tir anh nhidu sang anh sach
va dat két qua t6t nhit trén anh tu nhién; tong quan cua Tian va cong su [67] hé thong
hoa hudng nay. Tuy nhién, cac bo khir nhiéu hoc sau doi hoi tap dir liéu nhiéu/sach 16n
dé huén luyén — diéu kién kho dap ung véi dit liéu UST c6 nhén khan hiém.

Cac nghién ciru lién quan dén gidm nhiéu va tii tao anh UST. Trong linh vuc
UST, bai toan giam nhidu thuong khong tach roi bai toan ti tao, vi nhidu chu yéu phat
sinh va bi khuéch dai trong qua trinh giai bai toan nghich tan xa. Bén canh cac phuong
phap 1ap dua trén x4p xi Born (BIM, DBIM) [8], [9], mdt sé hudng tai tao khac ciing
dugce dé xuit nhim ting tinh 6n dinh trude nhidu, ching han phuong phap nghich dao
ngudn tuong phan (Contrast Source Inversion — CSI) ctia van den Berg va Abubakar
[68] va cac ky thuat chinh quy héa Tikhonov [54]. Cac phuong phap nay kiém soat
nhiu gian tiép thong qua sé hang chinh quy hoa, nhung khong loai bo truc tiép thanh
phan nhiéu da tham nhap vao nghiém qua timg vong lap.

Tai Viét Nam, hudng giam nhiéu trong UST chu yéu duoc tiép can gian tiép
thong qua viéc nang cao tinh 6n dinh cuia bai toan tai tao. Nhém ciia Tran Quang Huy,
Tran Ptc Tan va cong sy di dé xuit phuong phap tai tao phi tuyén cho ciu hinh do
vong tron [22] va tai tao dya trén tdi thiéu hoa chuan L1 [33] nham 6n dinh nghiém
trong diéu kién dit liéu han ché; két hop cam bién nén va ldy mau nén tat dinh [12], [28]
dé giam s6 phép do va qua d6 han ché luong nhiéu dua vao bai toan nghich; dong thoi
khai thac da tan sb [27], trong d6 dit liéu tan s6 thap cho khoi tao bén v6i nhidu trudce
khi tinh chinh & tan s6 cao. Cac k¥ thuat noi suy khong gian sau téi tao [29], [31] ciing

dugc dung d€ 1am tron anh va giam anh huong truc quan ctia nhidu. Tuy nhién, cac
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nghién ctru UST trong nudc déu kiém soat nhiu ¢ khau tién xir 1y dir liéu do hodc hau
xtr 1y anh tai tao ma chua tich hop tryc tiép bo loc khir nhiéu vao bén trong vong lap
DBIM. Pay chinh 13 khoang tréng ma luan 4n ké thira tir nén tang nghién ciru trong
nudc dé hudng téi giai quyét.

Hudng hoc sdu cho tai tao va giam nhiu anh UST phét trién manh trong giai
doan gan ddy: Cheng va cong su [69] ding mang hoc sau cho tai tao UST goc gidi han
trong ung thu tuyén tién liét; Prasad va Almekkawy [70] dé& xuat phuong phap UST
nhanh va hiéu qua dua trén hoc sau; Qu va cong sy [71] tu dong trich chon thoi diém
song t6i cho UST vén toc 4am; Long va cong sy [14] tai tao UST véi ldy mau thwa bang
U-Net; Saba va cong su [38] tich hgp rang budc phuong trinh sobng vao mang no-ron
(PINN); va Shi va cong su [15] mé rdng UST hoc sau cho mo6 xuong. Mac du kha quan,
cac md hinh nay cha yéu hoat dong nhu khau hau xir Iy sau khi qua trinh tai tao két thuc,
ddng thoi phy thude vao dir liéu huin luyén 16n va tai nguyén tinh toan cao [16], [17].
[68], [71]

Diém chung cta hau hét cac nghién ctru néu trén 1a co ché khir nhiéu duogc ap
dung mot 1an — hodc nhu bude tién xir 1y trén tin hi€u do, hodc nhu budc hau xu ly trén
anh tai tao cudi cuing — tach roi khoi vong lip cua thuat toan tai tao. Cach tiép cin nay
khong kiém soat dugc su khuéch dai va tich liiy nhiéu dién ra bén trong timg vong lip
DBIM. Pay chinh 1a khoang tréng ma luin 4n hudng téi: thay vi khir nhidu mot lan,
luan 4n tich hop truc tiép mot bd loc giam nhidu phi tuyén nhe (loc trung vi & Chuong
2 va KNN [20] & Chuong 3) vao bén trong mdi vong 1ip DBIM, nham cat dut chudi tich
lity nhidu ngay tai nguodn phat sinh — mot huéng chua duoc khai thac trong cac cong
trinh UST hién c6 (xem Bang 1.5).

1.4.2. Cac nhom nghién ciru chinh trong cai tién DBIM.

Dua trén vi tri can thi€p trong quy trinh tai tao DBIM, céc nghién ctru giai doan
2012-2026 c6 thé quy vé sau nhom chinh. Piém chung: tit ca déu can thiép bén ngoai
vong lap, chua kiém soat truc tiép co ché tich liiy nhidu noi tai cia DBIM (Muyc 1.3.4).

Nhom 1 — Giam d6 phc tap tinh toan. Tran Quang Huy va Tran Duc-Tan dé xuat
Improved DBIM giam sd phép tinh ma tran bang khai thac cdu tric vong tron [23];
Hesford va Chew dung thuat toan da cuc nhanh da cdp (MLFMA) ting toc budc bai
toan thuan 1én O(N2 log N) [10]; Lavarello va Oelze md rong DBIM 1én ba chiéu (3D)

[11]. T4t ca déu tap trung hiéu nang tinh toan, khong giai quyét van dé nhidu tich Iiy.
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Nhom 2 — Cam bién nén va léy mau thua (can thiép truéc DBIM). Tran Quang
Huy va cong su ap dung ldy mau nén tit dinh (Deterministic CS) nham giam s6 cip
phat-thu can thiét xudng dudi N2 [12]; két hop nhay tan va cam bién nén dé cai thién
chat lugng dau vao [30]; va tai tao dwa trén toi vu chuan Li [72]. Cac phuong phéap nay
cai thién dit liéu ddu vao nhung khong ngin dugc nhidu phat sinh va khuéch dai trong
vong lap DBIM.

Nhom 3 — Khai thac da tan sb. Tran Quang Huy va cong sy chimg minh két hop
hai tin s cai thién déng ké chat luong tai tao (Dual-Frequency DBIM — DF-DBIM)
[27]; Theu va cong su phat trién MR-MF-DBIM két hop da do phan giai voi da tan sd
[28] va mé rong hudng da d6 phan giai [29]. Nhém ndy ting chat lugng tai tao dang ké
song doi hoi hé thong thu thap dit liéu phuc tap hon.

Nhom 4 — Noi suy khong gian nang cao d6 phan giai (can thiép sau DBIM). Tran
Quang Huy va cong su dé xuit ndi suy song tuyén tinh (bilinear) [31], ni suy song khéi
(bicubic) [33], va noi suy 1an can gan nhat [32] 4p dung sau khi DBIM hdi tu. Cac k¥
thuat nay lam dep anh dau ra nhung khong cai thién nghiém trong qua trinh lip, vi nhidu
da duoc khuéceh dai va két tinh trong anh trude khi ndi suy.

Nhom 5 — Téi wu ciu hinh do va kiém chtng thuc nghiém. Trin Quang Huy va
Tran Duc-Tan khao sat anh hudng cta cdu hinh thu-phat dén chét lugng tai tao [73];
nhom nghién ctru ciing xay dung quy trinh mé phong va thyc nghiém chuin cho UST
tai Viét Nam. Hudng ndy can thiép & muc thiét ké phan ctng va bd tri hé do, khong lién
quan truc tiép dén nhiéu thuat toan.

Nhom 6 — Tich hop hoc sau. Long va cong su dung U-Net cho tai tao UST véi
lay mau thua [14]; Saba va cong su tich hop rang budc phuong trinh séng vao mang no-
ron (PINN) [38]; Shi va cong sy ap dung hoc sau trich xuat thoi gian truyén séng trong
UST xuong [15]. Cac kién trac DnCNN [43], MoDL [42], va deep cascade [41] ciing
da dugc thtr nghiém. Tuy nhién, hoc sau chi yéu hoat dong nhu bude hau xir 1y, doi hoi
lugng dit liéu c6 nhan 16n va GPU, kho trién khai trong UST 1am sang & SNR thap [16],
[17].

Trong Nhom 6, hoc sau co thé duoc phan loai chi tiét hon theo murc do phu thude
dir li¢u va vi tri can thiép, gém ba huéng. Huong tha nhét - hoc siu cé giam sat
(supervised deep learning): mang tich chap sau (U-Net, ResNet, GAN) hudn luyén trén

cap dir liéu sach-nhiu hodc dit liéu do-ground truth da ghép cip, hoc anh xa truc tiép
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tir anh nhiéu sang anh sach hoac tur dit liéu do sang anh tai tao. Hudng thur hai - hoc
khong gidm sat/ty giam sat (unsupervised/self-supervised): cdc mo6 hinh nhu Physics-
Informed Neural Network (PINN), Deep Image Prior (DIP), Noise2Noise tan dung cu
tric vat ly cua bai toan hodc tinh tu twong ty cuia anh, khong can ground truth gan nhan
thil cong. Hudng thir ba - hoc may nhe khong can huan luyén (training-free/lightweight
ML): céc thuat toan cb dién nhu K-means clustering, K-Nearest Neighbors, Random
Forest, hodc cac phuong phap tu thich tng theo phan phdi cudng do anh, khong yéu cau
pha huin luyén va hoat dong truc tiép trén dit liu thur nghiém. Pang cha y trong hudng
thir hai, Deep Image Prior (DIP) va Noise2Inverse (N2I) khong can dit liéu c¢6 nhin; tuy
nhién DIP doi héi t6i vu hda mang qua gradient descent cho timg anh riéng 1¢ - chi phi
cao hon nhiéu so véi KNN O(N“) - con N2I can it nhét hai phép do doc lap cia cung ddi
tuong, didu kién khong co sin trong pipeline mé phong UST hién tai; so sanh tryc tiép
KNN-filtered DBIM va&1 DIP/N2I 1a hudng nghién ctru tuwong lai (Muc 3.9). Luan an lya
chon hudng thir ba - Iy do lya chon cu thé va phan tich danh dbi giita ba hudng dugc
trinh bay tai Muc 1.6.3 va Muc 1.6.4.

Khoang trong chung ctia sau nhém: khong nhom nao can thiép truc tiép vao bén
trong vong 1ap DBIM dé kiém soat nhidu ngay tai diém phat sinh. Nhém 1 gidm chi phi
nhung khong giam nhidu; Nhom 2-3 cai thién dir liéu dau vao nhung nhidu van tich liy
qua timg vong; Nhém 4-5 13 hau xir 1y sau khi nhidu di két tinh trong anh; Nhom 6 yéu
cau dir liéu huén luyén 16n va GPU. Day chinh 13 khoang tréng nghién ctru ma ludn an
huéng t6i: tich hop bo loc phi tuyén nhe (loc trung vi & Chuong 2 va KNN & Chuong
3) truc tiép vao ndi vong lap DBIM, cat dut chudi tich liy nhidu trude khi truyén sang

vong ké tiép.
1.4.3. Cac cong trinh tiéu biéu trong UST

Bén canh cac cong trinh cai tién phuong phap DBIM trinh bay tai Muc 1.4.1, hé
sinh thai UST trén thé gii con c6 nhiéu dy an phan cimg va phan mém thuong mai da
dat dugc nhitng budc tién dang ké. Tiéu biéu 1a hé thong SoftVue ciia Delphinus Medical
Technologies - hé UST va thuong mai héa dau tién dugc FDA chip thuin nim 2021
v6i 2.048 bién tir va tan s6 3 MHz [5], [74]. Mot s6 nhém khac nhu Techniscan véi hé
iQUS sir dung phuong phap tai tao séng day du (full-wave inversion), va Karmanos

Cancer Institute véi hé CURE két hop dong thoi chiéu tia va tan xa nguge [75]. Su xuat
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hién cta cac san pham thuong mai nay khang dinh tiém nang 1am sang ctia UST va tao
dong lyc 1o rang cho vi€e cai thién thuat toan tai tao truc tiép dinh hudéng nghién ctru
cua luan an. [76]

Bang 1.5 tong hop ngin gon cac cong trinh tiéu biéu trong UST giai doan 2012—
2026, dugc phan loai theo bdn nhom hudng tiép can, gSm cai tién thuét toan DBIM truc
tiép, léy mau nén va da tan s, tich hop hoc sau, va phat trién hé théng thuong mai. Nhan
xét chung tir ra soat: phan 16n cac cong trinh déu tip trung vao ting tdc tinh toan hodc
cai thién d6 phan giai; rat it nghién ctru dé cap dén co ché tich hop khir nhidu phi tuyén
tryc tiép vao ndi vong lap DBIM; ddy chinh 1a khoang tréng ma ludn an nay hudng dén
giai quyét (xem chi tiét tai Muc 1.6.1).

Trong giai doan 20222024, xu huéng két hop hoc sdu véi mé hinh vét Iy DBIM
ndi 1én rd rét voi cac cong trinh tidu biéu nhu Fan et al. (2022) [77] (model-data-driven
neural network cho UST) va Gemmeke & Ruiter (2023) [78] (hé 3D USCT thé hé méi

ctia KIT). Bang 1.5 tong hop cac cong trinh nay cung v6i xu hudng phat trién hién dai.

Badng 1.5. Téng hop cdc cong trinh tiéu biéu vé UST giai doan 2012—2024.

Tac gia | Nam | Céng trinh / Hé | Huéng Piic diém chinh Han ché TL
thong tiép can
Wiskin | 2012— | Hé SoftVue Hé thong | UST vii thuong mai | Chi phicao, | [5]
et al. 2021 | thuong mai (FDA | thyc té dau tién, hinh anh | chua phd
2021) 3D dinh luong bién
Tran Q. | 2014— | Multi-frequency | LAy mau | Két hop tan sb thip | Yéu cau phan | [12],
Huyet | 2016 | DBIM cho twong | nén & da (khoi dau) va cao clmg da tan [45]
al. phan cao tan sb (tinh chinh)
Tran Q. | 2015— | Compressive Liymau | Giam s phép do | Diéu kién [28],
Huyet | 2018 |sampling cho UST | nén & da | bang phan phi incoherence | [46]
al. tan sb ngau nhién khit khe
L.T. |2020 | MR-MF-DBIM Liy mau | Két hop da d¢ phan | Phuc tap khi | [47]
Theu et cho high sound- nén & da | giai va da tan trién khai
al. contrast tan s6
Long et | 2022 | Deep Learning Tich hop U-Net cho UST véi | Can 2.000— [14]
al. UST under sparse | hoc sau 64 phép do 10.000 anh
sampling nhan, GPU
8GB
Sabaet | 2022 | PINN cho nhiéu xa | Tich hop Tich hgp rang budc | Kho hoitu ¢ | [38]
al. tomography hoc sau PT song vao NN SNR thip
Pérez- | 2022 | Time-domain full- | DBIM toan | Tai tao dong thoi Chi phitinh | [50]
Liva et wave inversion song van toc + suy hao | toan rat cao
al. UST
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Tran Q. | 2024 | Dual-frequency Patansd |Phantichdinh | Gisihan¢2 | [51]
Huy et image quality & phan luong lgi ich da tan | tan so
al. analysis tich

Bang 1.5 cho thiy giai doan 2000-2024 da ching kién su dich chuyén tir cai tién
thuat toan DBIM thuin tay sang cic hé théng thuong mai da thanh phan (SoftVue,
iQUS, CURE) va cac kién trac hoc sau (U-Net, PINN). Tuy nhién, cac hé thong thuong
mai van dya trén co ché tai tao nghich ddo nhay cam véi nhiéu, con cac tiép can hoc sau
cht yéu van hanh nhu khau hau xir Iy va doi hoi tai nguyén dit liéu nhin 16n. Quan sat
nay cung cd nhan dinh rang tich hop co ché khir nhiéu phi tuyén nhe vao ndi vong lap
DBIM 1a huéng tiép cén co gia tri bd tro khong canh tranh truc tiép voi ca hai khoi
nghién ciru trén, dong thoi phit hop véi didu kién trién khai trén thiét bi c6 tai nguyén
han ché.

1.5. Phwong phap danh gia va kiém chirng trong cic nghién ciru lién quan

Vi¢c danh gia dinh lugng cac thuat toan tai tao UST yéu cAu so sanh anh tai tao
v6i anh chuan (ground truth) di biét truée. Do d6, phuong phap luan chuan duoc ap
dung nhit quan trong cong dong nghién ctru UST qudc té [8], [9], [35], [78] va Viét
Nam [50], [79] 14 st dung dir liéu m6 phong sb sinh tir mo hinh giai tich, noi ground
truth duoc xac dinh chinh x4c bang cong thic toan hoc. Cach tiép cin nay duogc ap dung
Vi cac bo dit liéu UST ¢6 san (BUSI, USENIX) chi chtra anh B-mode di xir 1y, khong
c6 tin hiéu RF tho va khong c6 ground truth phin bd van toc 4m c(r) - khong phu hop
dé danh gia thuat toan tai tao cép d tin hiéu nhu DBIM. Chi tiét vé ground truth cu thé
cua tung dong gop duoc trinh bay tai Muc 2.4.1 (Chuong 2) va Muc 3.5.1 (Chuong 3).
1.5.1 Phwong phap mé phéng sé

Phuong phap mé phong sé dugc sir dung xuyén sudt trong luan 4n dé phat trién
va kiém chung thuét toan. Dir liéu tan xa duoc sinh bang cach giai bai toan thuan chinh
xéac (exact forward solver) tir ham dbi twong O(r) 1y tudong da biét, sau d6 thém nhiéu
AWGN véi mirc SNR kiém soat. Quy trinh gdm bdn budc tuan ty:

(1) Xay dung ham ddi tuong 1y tuong O theo PT (1.3);

(2) Giai bai toan thuan chinh xac thu ps bang cach giai hé (1.6) va (1.7) voi N =
12 vaN{=N,; =6, 10, hoac 12;
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(3) Thém nhiéu phic AWGN: p, = p, + n,n ~ CN(0,c%_n);

(4) Xac thuc mirc SNR dat dugc qua SNR_actual = 20-logio(lpsl/Inl) dB va tinh
NE so v61 ground truth.

Uu diém cua phuong phap mé phong sd: ground truth chinh xéac tuyét dbi (tinh
NE dugc); mirc SNR kiém soat chinh xac; két qua ¢ tinh tai 1ap (reproducibility) hoan
toan. Pay 1a phuong phap chuédn trong giai doan phat trién thuat toan UST [11], [36].
Két qua Monte Carlo (l4p lai 100 1an v6i hat giéng ngiu nhién khac nhau) cho thay do
léch chuén cua NE dudi 5% gia tri trung binh x4c nhan tinh 6n dinh théng ké cua cac

két qua duoc bao céo.

Nghién ctru sinh dung tham s6 mé phong chung cho ca luan 4n: méi trudng nén
1a nudce (co = 1500 m/s); dbi twong hinh try tron voi twong phan van tbe am 10% (ci/co
=0,9); ving quan sat ROI ro1 rac hoa trén ludi NxN = 12x12 = 144 pixel; song td1 dang
Bessel bac 0 theo PT (1.11). Tham s riéng cua timg chuwong duoc trinh bay chi tiét
trong Chuong 2 va 3.

1.5.2 Kiém chirng véi dir liéu thire nghiém va vai trd ciia ground truth

Ngoai mé phong, DBIM di duoc kiém chimg voi dir liéu thuc nghiém thu thap
UIUC - Hoa Ky [50]. C4u hinh do: qua cAu nhwa duong kinh 0,3 mm trong moi truong
nuée, tan sb siéu 4m 0,64 MHz, khoang cach tir tim dén may phat 104 mm va dén may
thu 91 mm, nhiét d6 nudc 18,1°C, budc goc thu 1° trong khong gian 120°. Két qua so
sanh gitra dit liéu mo phong va dit liéu thyc nghiém cho thiy su trong dong t6t vé phan
b bién d6 va pha ctia truong tan xa trong trudng hop khong ap dung bo loc, qua do6 xac

nhan tinh hop 1€ ctia md hinh vét Iy sir dung trong DBIM.

Khi 4p dung b loc trung binh (mean filter) 1én dir li¢u thuc nghiém trudc khi
dua vao qua trinh tai tao, mirc d phu hgp gitra moé phong va thuc nghiém dugc cai thién

1d rét, diic biét tai cac vi tri goc bén. Két qua xac nhan nhiéu trong dit liéu thuc nghiém

Két qua nay 1a co s thuc nghiém quan trong, chimg minh tinh kha thi cua viéc
tich hop cac k¥ thuat loc trong qua trinh tai tao DBIM. Pong thoi, né ciing ing ho huéng
tiép can cia luan 4n trong viéc dé xuat cac phuong phap loc ndi vong lap nham nang

cao chat luong anh tai tao khi lam vi¢c véi dir licu thuc.
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Vai tro cia ground truth trong danh gia thuit toan tii tao anh UST

Trong cac bai todn tdn xa ngugc (inverse scattering) noi chung va DBIM no6i
riéng, muc tiéu cua thut toan tai tao 1a phuc hoi ham dbi twong (object function) - phan
bd van téc am hodc d6 twrong phan chiét suit bén trong viing quan tim - tir trudng tan
xa do duoc. Day 1a bai toan tai tao dinh luong (quantitative reconstruction): két qua du
ra khong chi 1a mot ban d6 phan loai hay mot anh phan doan, ma 13 mét truong gia tri
thuc c6 ¥ nghia vat 1y chinh x4c. Dé danh gia khach quan va dinh luong chit luong tai
tao, cac nghién ctru inverse scattering doi hoi phai biét ham ddi twong that (ground truth)
lam co s& so sanh, tir d6 tinh toan céc chi sb dinh luong nhu sai s6 chuin hoa NE, ti 18
giam sai s6 NERR, sai s6 bién (boundary error) va sai s6 hoi tu (convergence error) da
trinh bay tai Muc 1.3.5.

Pic diém nay tao ra mét khac biét can ban gitra DBIM va céc bai todn xtr 1y anh
y té khac nhu phin doan (segmentation) hay phan loai (classification), noi nhan 1am
sang dugc béc si chu thich truc tiép trén anh ¢ thé dong vai tro ground truth. Vi DBIM,
ground truth phai 14 phan b van téc 4m that cta ddi tuong - dai luong vat Iy khong thé
do tryc tiép trén ddi twong sinh hoc sdng ma chi ¢ thé biét chinh xac trong méi trudng
mod phong sb hodc trén cac phantom dugc ché tao theo thong sb kiém soat. Do d6, anh
UST thuc té hodc cac anh UST trén cac ngudn cong khai cha yéu phu hop cho danh gia
dinh tinh (so sanh mét thudng, kiém tra hinh thai khéi u) cht khéng du diéu kién dé
danh gid dinh lugng chét luong tai tao, vi khong tdn tai nghiém chuan dé tinh NE, NERR
hay sai s6 hoi tu.

Lavarello va Oelze [9] vé CG-DBIM trén phantom hinh tron nhiéu mitc twong
phan, nghién ctru cia Mojabi va LoVetri [80] vé phantom Forearm va phantom da 16p
Breast Phantom, cac bo dir liéu chuan FDA Breast Phantom va Duke Breast Phantom
v6i ground truth ba chidu mé phong day du ciu trac giai phau vi. Cac nghién ctru trong
nuéc vé DBIM ciing theo thong 1é nay - kiém ching thuét toan trén phantom sd co
ground truth dugc sinh tir cac thong s mo phong kiém soat (van toc am, kich thudc, vi
tri tan xa thé) trudc khi trién khai trén dit liéu thuc. N6i cach khéc, st dung dit liéu mo
phong va ground truth khong phai 1a giai phap thay thé khi khong co dit lidu thuc, ma 1a
chuan danh gia dinh luong duogc cong déng UST reconstruction thtra nhan va ap dung

rong rai.
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Ngoai ra, ground truth con c6 vai trd khong thé thay thé trong viéc kiém soat
chinh xac muc nhiu dua vao hé théng. Trong moi trudng md phong, mirc SNR c6 thé
dugc ap dat theo tirng gia tr1 muc tiéu (1, 3, 6,26 dB, ...) béng cach thém nhiéu Gauss
v6i do 1éch chuén duge tinh chinh x4c tir tin hiéu sach. Trén dit liéu thuc, mic SNR thuc
té phu thudc nhiéu yéu t6 khong kiém soat duoc (dic tinh phan cing may phét/thu, moi
truong truyén song, anh huong dao dong nhiét) va khong thé giam xubng cic muc rat
thép mot cach dinh luong. Do do, dé danh gia tinh on dinh (robustness) cua thuat toan
DBIM cai tién trong dai SNR rdng - dac bi¢t & cac muc nhiéu cao 1-6 dB 1a trong tam
ctia Chuong 3 - méi trudng mod phong cé ground truth 13 diéu kién tién quyét.

1.6 Hoc may trong tai tao anh UST
1.6.1. Tong quan cac ky thuit hoc may ap dung trong luin 4n

Luan 4n st dung hai ky thuat hoc may khong tham sé khong can huin luyén
(training-free), duoc lua chon dua trén tiéu chi:

(1) khéng can dit liéu nhan;

(2) chi phi tinh toan thap;

(3) tinh dién giai vat Iy cao;

(4) tuong thich vaéi tich hgp nodi vong lap DBIM.

K¥ thuat thir nhat 1a Phan cum K-means (K-means Clustering) [18], duoc st dung
trong Chuong 2 dé phan doan anh tai tao thanh ba ving ngit nghia (ddi twong, nén,
nhidu) ma khong can bat ky nhin huin luyén ndo. K-means tbi thiéu hoa tong binh

phuong khoang cach noi cum (WCSS):

2 1
L= > Jw-wl m==) w9
k=1K i€Cy |Ck| i€Cy

K¥ thuat thr hai 1a Loc K-Nearest Neighbors (KNN Denoising) [20], dugc su
dung trong Chuong 3 dé khtr nhiéu thich img dua trén twong dong cuong do pixel. Gia
tri pixel sau KNN denoising v6i K = 5 lang giéng gan nhat:

xi = (1/K) 2 € NK(i) x, N.K() = {j: d(xi,x) nhonhit,|N_K(i)| = K} (1.20)

Két qua quan trong tir (1.20): dudi gia thiét nhidu doc 1ap, ddng phan phdi néu
trén, phuong sai nhidu sau KNN giam xap xi K 1an so véi trude khi loc: Var(x)') =~
62 n/K, twong Gmg mirc ting SNR hiéu qua gan 10-logi(K) = 7 dB v6i K = 5. Pay 1a co
s& ly thuyét dinh luong, trong pham vi gia thiét d¢a néu, cho tiém nang hiéu qua ciia KNN

trong méi truong SNR thap.
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1.6.2. Ung dung hoc may trong tai tao anh UST

Trong tuong lai, bai todn tai tao &nh UST trén dir li€u lam sang thuc s€ 1a hudng
kiém chimg chinh ctia luéin an. Cac hudng phat trién tiép theo s& tap trung vao viéc nang
cao chat luong tai tao anh va kha niang phat hién bat thudng trong dir liéu siéu 4m cat
16p v, hudng t6i hd tro phat hién sém bénh 1y mé mém trong thyc té 1am sang — cac
phuong phap UST két hop xir Iy anh va hoc may nhe cé tiém nang phat hién cac khdi u
kich thudc nhoé véi d6 tin cdy cao ma khong yéu cau di liéu huan luyén hay tai nguyén
GPU [7], [22]. Uu diém cét 13i nay dic biét phu hop v6i muc tiéu trién khai dién rong
tai cac co 0 y té tuyén co sd, noi tai nguyén tinh toan va dir liéu 14m sang ¢ nhan déu
han ché. Cac tmg dung cu thé cua hai phuong phap dé xuit s& dugc phan tich chi tiét tai
Muyc 2.6.8 (Chuong 2) va Muc 3.8.3 (Chuong 3).
1.6.3. Phén tich cac huéng tiép cin hién cé.

Ba hudng tiép can hoc may trong tai tao anh UST (hoc sdu c6 giam sat, hoc khong
giam sat/ty giam sat, va hoc may nhe training-free) da dugc phan loai tai Muc 1.4.2
(Nhom 6). Muyc ndy phén tich sau hon sy danh doi giita ba huéng dé 1am co sé cho dinh
huéng tiép can cua luan an. Bai toan cin bang giira: 6 chinh xac, dir liéu, chi phi. Mdi
huéng tiép cin c6 wu thé va han ché riéng, hinh thanh mot khong gian danh d6i ba chiéu:
dd chinh xac t6i da, doi hoi dit liéu huin luyén va chi phi trién khai. Hoc sdu c6 giam
sat co thé dat d6 chinh xac cao nhat khi ¢6 sén 5.000-50.000 cap dir liéu sach-nhiéu
[14], [15], dong thdi yéu cau GPU 8-24 GB VRAM cho c4 huan luyén 1an suy luan. Doi
v6i UST y hoc, viée xay dung tip dir liéu huan luyén c6 nhin quy moé 16n 1a rit kho:
ground truth chi ¢6 thé duoc xac dinh qua md phong sé (mét tinh khai quat) hodc qua
cac phuong phap do truc tiép khac nhu MRI/X-ray (doi hoi chuan hoa da modality va
dang ky anh phirc tap). Hoc khong giam sat giam yéu cau dit liéu nhung van can GPU
va bi gio1 han boi chét luong prior vat ly hodc gia dinh tu twong tu anh. Hoc may nhe
khong can huin luyén loai bo hoan toan yéu cau dit liéu nhan va GPU, d6i lai d6 chinh
xac c6 thé khong vuot dugc hoc sau trong diéu kién dit liéu ly tudng - nhung lai c6 vu
thé trong cac diéu kién van hanh thuc té (SNR thap, dit lidu it, khéng c6 nhan).

Hai xu huéng nghién ctru chinh: Hudng thi nhét 13 tinh dién giai vat 1y
(physical interpretability): hoc may nhe va mo6 hinh PINN c6 kha nang giai thich vét ly
cao (mdi budc co y nghia 16 rang), trong khi mang hoc sau sau sac thuong 1a "hop den"

kho kiém chung. D61 véi timg dung y sinh noi quyét dinh chan dodn can di kém co s&
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khoa hoc, tinh dién giai 14 yéu cau quan trong. Hudng thtr hai 1 tinh tong quat hoa
(generalization): m6 hinh hoc sau thuong bi suy giam hi¢u nang khi diéu kién van hanh
thay doi so v6i tap huan luyén (domain shift), dac biét khi SNR khac hodc cau hinh hé
thong thay d6i. Hoc méay nhe thich tng theo dir liéu hién tai, do d6 c6 kha ning tong
quat hoa t6t hon trén cac diéu kién méi.

1.6.4. Pinh huéng tiép cin hoc may ciia ludn an.

Ly do chon hudéng hoc may nhe training-free. Luan an chon hudng thir ba (da
phan loai tai Muc 1.4.2, Nhém 6): hoc may nhe khong can huin luyén - dua trén ba lap
luan sau. Thtr nhét, phu hop vé6i didu kién van hanh thyc té cia hé thong UST chi phi
thap tai Viét Nam: thiéu co s dit liéu UST ¢6 nhin quy mo 16n, han ché vé phan cing
GPU, va yéu cau tinh dién giai két qua cao trong méi trudng 1am sang. Thir hai, tin dung
duoc ciu tric dic thu cta bai toan DBIM bai toan nghich myén tinh hod hoi tu qua cac
vong lip bang cach tich hop cac b loc training-free tryc tiép vao trong vong lip (intra-
loop filtering), mot cach tiép can khong kha thi v6i cdc mé hinh hoc sau 16n (do chi phi
tinh toan cao va sy bat 6n dinh khi tich hop nhiéu 1an). Thi ba, cho phép x4y dung mot
nguyén Iy thiét ké tong quat: bod loc ndi vong lip c6 thé duoc hoan dbi theo diéu kién
hoat dong (loc trung vi cho SNR cao, KNN cho SNR thép), tao thanh mot khung phuong
phap thay vi mot thuat toan don 1¢.

Rang budc chi phi tinh toan ndi vong 1ap va ti€u chi lya chon ky thuat. Mot tiéu
chi then chét khi chon k¥ thuat tich hop vao vong lip DBIM la rang budc chi phi: bai
toan thuan tai mdi vong lap c6 do phirc tap O(N®) va chiém trén 80% tong thoi gian tai
tao. Bat ky thanh phan nao duoc nhiing vao Budc 6 ciing phai ¢ chi phi du nho dé
khong 1am tong thoi gian tinh toan tang 1én mirc khong chap nhan dugc. Pay 1a Iy do
truc tiép loai trir cac phuwong phap hoc sau (ké ca cac bién thé khong can nhin nhu Deep
Image Prior) khdi vai tro b loc ndi vong lap: chi phi suy luan cua ching khi dugc goi
lap lai qua nhiéu vong van cao hon nhiéu so vdi O(N°), dong thoi gy mat on dinh sd
khi dau ra mo hinh khong théa man cac rang budc vat Iy cua bai toan thuan. Nguoc lai,
loc trung vi 2D véi clra s6 wxw ¢6 chi phi O(N2-w?log w) (dudi 0,01% chi phi mot
vong lap) va KNN denoising theo cuong dd c¢6 chi phi O(N*) (khoang 8-10% chi phi
mot vong 1ap; phan tich chi tiét tai Muc 2.5.7 va Bang 2.2). Ca hai déu khong can dir
lidu huan luyén c6 nhan va thich tmg tryc tiép véi phan phdi cuong do anh tai timg vong

lap ma khong gy mat 6n dinh s6. Pay 1a co sé dinh lugng dé luan an lya chon nhom k§
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thuat nhe training-free thay vi cac phuong phap manh hon nhung vi pham rang budc
tinh toan ndi1 vong lap.

Ly do chon K-Nearest Neighbors (KNN) cu thé cho Chuong 3 dua trén ba tiéu
chi k¥ thuat b sung: KNN 1a thuat toan instance-based khong can dit liéu hudn luyén
c6 nhan, phi hop voi diéu kién UST thiéu ground truth trong van hanh thyuc t&; KNN
thich nghi vé1 phan phéi cuong do thuc té tai tung vong 1dp DBIM, khac vdi bd loc
khong gian ¢b dinh nhu loc trung vi; va chi phi O(N*) mdi vong thdp hon bai toan thuan
O(N¢), khong lam tang thoi gian tong thé dang ké. Ly do nhung NOI vong lip thay vi
hau xtr 1y: phan tich NAF (PT (1.16)) chi ra nhiéu tich lily theo ham mil qua cé&c vong;
can thiép hau ky khong kiém soat dugc chudi tich lily nay (phan tich chi tiét tai Muc
2.5.2).

Hai phwong phap dé xuét duge xay dwng theo dinh hwéng nay. Chuong 2 dé
xuét Filtered DBIM két hop loc trung vi va phan cum K-means, phu hop véi diéu kién
SNR vira (khoang 26 dB) kiém chimg nguyén 1y intra-loop filtering véi bd loc ¢ dinh.
Chuong 3 d& xuit KNN-filtered DBIM, m¢ rong nguyén 1y sang diéu kién SNR thip
(1-6 dB) bang cach thay bo loc cb dinh bang bo loc thich tng cudng do. Hai phuong
phap cling nhau bao phu phan 16n dai SNR thuyc té cua hé thong UST y hoc, ddng thoi
chtng minh tinh linh hoat ctia nguyén 1y dé xuat. Chi tiét phén tich timg phuwong phap
dugc trinh bay tai Chwong 2 va Chwong 3; vi tri ctia ludn 4n trong tong thé nghién ciru
UST qué)c té duoc thao luan tiép tai Muc 1.7.

1.7 Khoang trong nghién ciru va dinh hwéng luin an

1.7.1. Phan tich han ché va khoang trong nghién ciru.

Phan tich chi tiét hai han ché chinh can khic phuc.

Han ché thir nhat lién quan dén d6 nhay cua thuat toan DBIM véi nhiéu trong
dir lidu dau vao, dic biét khi s6 phép do ¢6 han (NN, < N2) — diéu kién rat pho bién
trong cac hé thong UST thyc té. Trong thyc té, dit liéu do trong UST thudng chira nhiéu
loai nhiéu khac nhau, dic biét 1a nhiéu speckle (nhiéu nhan) — mot dang nhiéu dic trung
clia siéu 4m — cung voi nhiéu Gauss trang (nhiéu cong), gy giam do twong phan va che
khuét cac chi tiét cau truc quan trong [4]. Khi DBIM dugc ap dung truc tiép 1én dir liéu
nhiéu, sai s6 ¢6 xu huéng tich lily qua timg vong ldp, dan t&i nghiém c6 thé bi phan ky

hodc cho anh chat lugng kém [9], [11]. Mac du cac bo loc tuyén tinh, loc trung vi hodc
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cac k¥ thuat mién tan s6 da duoc nghién ciru trong xtr Iy anh noi chung [10], cac bo loc
nay khi ap dung cho UST thudng duoc ding nhu mot bude tién xtr 1y hodc hau xu 1y
doc 1ap voi qué trinh 1ap DBIM, do d6 khong kiém soat dugce sy tich lity nhidu trong céc
vong lap ké tiép. Van dé dat ra 1a can c¢6 mét co ché xur Iy nhiéu duoc tich hop truc tiép
vao trong timg vong lip cia DBIM nham chin dtng qua trinh tich lily sai sb ngay tir
giai doan som va cai thién do 6n dinh cua nghiém.

Han ché thi hai lién quan dén cac phuong phap khir nhidu dua trén hoc sau khi
ap dung cho bai toan tai tao anh UST trong moi truong nhiéu cao. Mic du cdc md hinh
hoc sau nhu U-Net [39], DNCNN [43], GAN [40], deep cascade [41], MoDL [42] da dat
duoc hi€u nang tot trong nhiéu bai toan tai tao anh, viéc ap dung chiing cho UST dét ra
nhiéu thach thirc nghiém trong. Thir nhat, cic md hinh nay yéu cau mot luong 16n cip
dir liéu sach—nhiéu c6 nhin dé huan luyén, trong khi viéc thu thap dir liéu UST c6 nhén
trong diéu kién 1am sang 1a rat kho, dic biét & mirc SNR rit thap (SNR = 1-6 dB) — noi
ma ngay ca ground truth ctia anh cling khé xé4c dinh chinh xac tir dir liéu do. Thir hai,
cac md hinh hoc siu doi héi tai nguyén tinh toan 16n (GPU manh, thdi gian huin luyén
dai), giy kho khin cho viéc trién khai thuc té trong cac hé théng UST y sinh & cac co
sO v té 6 ngudn luc han ché [16], [17]. Thi ba, cac phuong phap hoc siu thuong dugc
ap dung theo dang hau xir 1y sau khi DBIM két thiic [14], [15], do d6 khong giai quyét
dugc van dé tich litly nhidu xay ra ngay trong cic vong lip cia DBIM. Vi vdy, thach
thirc dit ra 1a can c6 mot phuong phap khtr nhidu nhe, khong phu thudce vao dit liéu huin
luyén quy mé 16n, c6 thé tich hop truc tiép vao ndi vong 1ap DBIM va hoat dong hiéu
qua ngay cé trong diéu kién SNR rét thap.

C4c khoang trong nghién ciru

Tir cac nghién ctru da khao sat tai Muc 1.4, c6 thé nhan thdy bon khoang tréng nghién
ctru chinh trong DBIM cho UST nhu sau:

Khoang trong 1 — On dinh héa néi vong lip DBIM: Céc nghién ctru hién nay chu
yéu giam nhiéu bang chinh quy hoéa hodc hau xtr Iy sau tai tao. Viéc tich hop co ché
loc phi tuyén truc tiép vao qua trinh cap nhat néi vong lap DBIM nham han ché lan
truyén sai s6 qua cac vong ldp van con han ché.

Khoing trong 2 — Phin doan khong giam sat cho anh UST: Phan 16n cic phuong

phap phan doan anh UST hién nay dua trén hoc sau ¢ giam sat va yéu cau luong 16n
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dir liéu gan nhan. Cac hudng tiép can phan doan khong giam sat tich hop truc tiép voi
qua trinh tai tao DBIM con chua dugc nghién ctru day d.

Khoang trong 3 — Hi¢u ning & diéu kién SNR thap: Nhiéu nghién ctru DBIM dugc
danh gia trong diéu kién SNR tuong dbi cao, trong khi hiéu ning tai tao & mién SNR
thap (1-6 dB) van con han ché va chua dugc khao sat dy di.

Khoang trong 4 — Kha ning trién khai trén hé thong tai nguyén han ché: Céc
huéng cai tién DBIM hién nay thuong yéu cau chi phi tinh toan cao hodc phu thudc
vao dit liéu huan luyén 16n. Viéc phat trién cac phuong phap nhe, khéng can GPU va
phtt hop véi cac hé théng UST chi phi thap vAn con 1a mot hudng nghién ciru mo.
Khoang tréng nghién ctru ¢t 18i ciia luiin an: Tir cac khoang tréng trén, c6 thé thy
cac nghién ctru hién tai van chua giai quyét ddng thoi cac yéu cau: (1) 6n dinh hoa ndi
vong lip DBIM bing loc phi tuyén; (2) phan doan khong giam sat; (3) hoat dong trong
mdi trudng SNR rat thap; va (4) chi phi tinh toan phi hop voi cac hé thong tai nguyén
han ché. Luan an tap trung giai quyét khoang trong nay thong qua hai phuong phap
duogc trinh bay trong Chuong 2 va Chuong 3.

Hinh 1.8. Minh hoa dnh siéu dm cdt I6p (UST) trong chéin dodn i
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1.7.2. Pinh hwéng nghién ciru va céu tric luin an

Can ¢t vao phén tich khoang tréng nghién ctru néu trén (Muc 1.7.1) va nén ting
Iy thuyét trinh bay trong cac muc trudc, luan 4n xac dinh hai huéng nghién ciru chinh
tuong tng v&1 Chuong 2 va Chuong 3:

Huéng thir nhat (Chuong 2) tap trung vao viéc tich hop bd loc trung vi phi tuyén
vao bén trong vong lip DBIM, két hop v6i phan cum K-means khdng giam sat. Cach
tiép cAn nay nham han ché sy tich lity nhiéu, cai thién tinh 6n dinh hoi tu va déng thoi
cung cp kha ning phan doan anh ty dong trong diéu kién nhiu vira phai (SNR = 26
dB). Cong trinh duoc cong bb tai IJECE.

Huéng thtr hai (Chuong 3) phat trién theo hudng nang cao bang cach tich hop
phuong phap KNN denoising thich tmg vao vong lip DBIM, nham xir 1y cac kich ban
nhiéu cao (SNR = 1-6 dB), trong d6 hiéu qua ctia cac bo loc don gian nhu loc trung vi
c6 xu huéng suy giam. Cong trinh duoc cong bd tai TELKOMNIKA.

Hai huéng nghién ciru nay cung nhau hinh thanh mot cach tiép can thong nhét,
trong d6 cac k¥ thuat loc phi tuyén dugc tich hop truc tiép vao vong lip cua thuat toan
tai tao nham kiém soat nhidu trong qua trinh lip. Céach tiép cén nay c6 thé duoc xem
nhu mot dinh huéng thiét ké tdng quat, mo rong sang cic bai toan tai tao anh lip trong
moi truong nhifu khac nhu [81], [41], SAR imaging [82]). Hudng tiép can théng nhat
cua hai chuong dong gop dugc goi la nguyén 1y Loc Noi Vong Lap (Intra-Loop Filter
Stabilization — ILFS), trinh bay chi tiét tai Muc 2.5.1.

1.8 Két luan chwong

Chuong nay da thiét 1ap toan bd nén tang 1y thuyét va bdi canh nghién ctru cho
luan 4n théng qua bay muc chinh. Xuét phat tir birc tranh toan canh vé chan doan hinh
anh y t& va nhu cau cép thiét cua UST trong phét hién sém bénh 1y mé mém, chuong
trinh bay nguyén 1y hoat dong cua hé théng UST, hai nhanh k¥ thuat chinh (chiéu tia va
tan xa nguoc), va lich sir phat trién cia BIM/DBIM tir ndm 2012 dén nay. Phan tich ra
soat tai liéu xac dinh bdn khoang tréng nghién ctru rd rang, trong d6 khoang trong cot
16i 1a sy thiéu vang ctia phuong phap loc phi tuyén ndi vong lip két hop phan doan
khong giam sat trong tai liéu UST trudc nim 2025 (Bang 1.5). Nén tang toan hoc DBIM
duogc xay dung day dii qua cac PT (1.2) - (1.12), bao gdm phuong trinh séng Helmholtz,
tich ph&n Lippmann-Schwinger, roi rac hoa MoM, bai toan nghich Tikhonov va phan
tich SVD. Hai ky thuat hoc may trong tdm la K-means (1.17) va KNN denoising (1.18)
dugc giGi thiéu voi nén tang 1y thuyét va 1y do lya chon. Chuong két thuc bang dinh
huéng hai huéng nghién ctru ciia Chuong 2 va Chwong 3, dugc minh hoa qua ban d6
dinh vi trong khong gian nghién ctru DBIM + hoc may (Hinh 1.6).
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CHUONG 2. TAI TAO ANH UST BANG DBIM VOI CO CHE KHU
NHIEU NQI VONG LAP VA PHAN CUM K-MEANS

2.1 Gi6i thi¢u chuwong

Diém mau chét cia phuong phap dé xuét trong chuong nay: bo loc trung vi va
phan cum K-means duoc nhing truc tiép vao Budc 6 caa vong lip DBIM, ngay sau khi
cap nhat nghiém 0™ = 0" 4+ AO™ va trudc khi tinh ma tran Jacobian cho vong ké
tiép. Pay khong phai hau xur 1y doc 14p ma 13 can thiép noi sinh vao qué trinh lan truyén
nghiém qua cac vong lap.

Nhu di trinh bay tai Chuong 1, phuwong phap DBIM tiéu chuan [8], [50] mic du
hiéu qua trong tai tao anh tan xa dudi budc song, van gip hai vin dé cot 16i: (1) tich liy
nhidu khuéch dai qua cac vong lip do phép nghich dao Tikhonov, din dén phan ky trong
cac truong hop thiéu do nghiém trong; (2) thiéu kha ning phan doan ngir nghia tw dong
cho anh tai tao, doi hoi can thiép thi cong cua béc si chan doan.

Chuong nay trinh bay phuong phap dé xuit Filtered DBIM két hop K-means st
dung hai k¥ thuat nhe phéi hop: loc trung vi 2D ndi vong lip DBIM dé khir nhidu xung
va ngit chudi tich lity nhidu, két hop voi phan cum K-means khong gidm st & giai doan
hau xtr Iy dé ty dong tach anh tai tao thanh ba ving ngit nghia: nén, nhidu va dbi tuong.
Ca hai k¥ thudt déu khong doi hoi dir liéu huan luyén va chay hiéu qua trén CPU thong
thudng, pht hop voi muc tiéu trién khai UST dién rong.

Chuong 2 dugc t chic nhu sau: Muyc 2.2 trinh bay co s& cia phuong phap
DBIM, bai toan nghich va anh hudng cua nhiéu trong tai tao anh siéu 4m cit 16p UST;
Muc 2.3 trinh bay co sé 1y thuyét cua bo loc trung vi va thuat toan phan cum K-means;
Muc 2.5 gidi thiéu nguyén 1y loc ndi vong lip (loc ndi vong lap) duoc dé xuat, bao gdbm
dong luc phuong phap, co ché hoat dong, quy trinh tong thé, Pseudocode thuat toan va
phan tich lya chon tham s6; Muc 2.4 m6 ta bo dir liéu mo phong, ground truth va thiét
1ap thuc nghi€ém; Muc 2.6 trinh bay két qua thuc nghiém, phan tich dinh luwgng, so sanh
v6i cac phuong phap lién quan, dong thoi thao luan dong gop, han ché va tiém niang tng
dung y sinh cta phuong phap; cudi cing, Muc 2.7 téng két cac két qua chinh cua
chuong.

2.2 Co sé DBIM va bai toan nhiéu trong UST
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Phén ndy tom tat co s& 1y thuyét cta hé thong siéu am cat 16p (UST) va thuat
toan DBIM d3 duoc trinh by day du tai Chuwong 1 (muc 1.3 va 1.4), dong thoi xac
dinh rd tham s6 mo phong cu thé ap dung trong chuong nay.

2.2.1 Mo hinh vat ly va phwong trinh co ban

Hé thong UST gdm N, may phat va N, mdy thu b tri déu trén vong tron ban
kinh R bao quanh di twong dit trong moi truong nude (van tde am co = 1.500 my/s).
Vung quan tdm (ROI) rdi rac hoa thanh NxN pixel. Him d6i twong O(r”) mo ta twong

phan 4m hoc gitra ddi tuong va moi trudong nén [8]:

1 1
o(r) = (2nf)? (C—Z - c_z) khi|r| < a; O(r) = Okhi|r] > a (2.1)
1 0 1 1 4
Phuong trinh Helmholtz mé ta sy lan truyén song trong méi truong khong dong nhat.
St dung ham Green Go(r”, ") ctia mdi trudng nén, phuong trinh dugc dua vé dang

tich phan Lippmann-Schwinger - phuong trinh bai toan thuan co ban [8]:

p.0) = [ 06 pG) - Gy @2
Ro1 rac hoa theo phuong phap rﬁloment (MoM) [39] v&i ham co so sinc, phuong trinh
bai toan thuan thu dugc dang ma tran: p = (I — C-D(0))p_inc va p, = B-D(O)-p, trong
d6 B, C 1a cac ma tran hé sb ham Green giita pixel-may thu va pixel—-pixel.
2.2.2 Thuat toan DBIM va chinh quy hoa Tikhonov
Bai toan nghich 1a xac dinh O tur dit liéu tan xa do ps,do. DBIM tuyén tinh hoéa lap
bang xap xi Born vi phan: tai mdi vong lip n, tinh hiéu chinh AQ® tir sai 1éch dit liéu
Aps = ps,do — ps_du béo:

Ap, = M - AO, M =B - D(p) (23 7

Vi bai toan nghich kém di€u kién (khong thuan chinh (ill-posed), nghi¢m dugc 6n dinh
hoa bang chinh quy héa Tikhonov Lz [74], nghiém dang dong:

-1

80 = (MM +yI) M -85, v =001M]" @4
Trong do6: AO la vecto hi¢u chinh ham doéi tugng can tim & moéi vong lap; M 1a
ma tran Jacobian (dao ham Fréchet) ndi ham ddi twong voi dir lidu tan xa; MY 1a ma tran
chuyén vi lién hop (Hermitian transpose) ctia M; Aps 1a sai 1éch gitta dir lidu do va dir
liéu dy béo; I 12 ma tran don vi; y 1a tham s6 chinh quy hoéa Tikhonov, chon bﬁng 1%

ctia IMI2 dé can bang gitta d6 khop dir liéu va d6 on dinh nghiém. S6 hang yI dugc cong
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vao MPM nham khir tinh ky di ctia ma tran, bao dam phép nghich dao ton tai va 6n dinh
trudc nhiéu.

Ham dbi twong cap nhat: O = On + AOr. Séng t6i trong bai toan 2D biéu dién
qua ham Bessel bac khong: pi(rll) = Jo(kolr[J — rlJ_K]|) [8]. Piéu kién xap xi Born duoc
danh gia qua 1éch pha cuc dai Ap = ko*(Ac/co)-2a v&1 ko = 27tf/co = 4188,8 rad/m, Ac/co
<10%, a=5 mm: A < 4,19 rad [53]. Tuy Ag tiép can gidi han Born yéu (0,87 ~ 2,51
rad) khi twong phan cao, DBIM khic phuc bang cach cap nhat ham Green G_D tai mbi
vong 1ap, tig budc thu hep khoang cach gitra nghiém hi¢n tai va nghiém dang.

Kiém tra diéu kién Born: véi f = 1 MHz, co = 1.500 m/s, a = 5 mm, ko = 27 x
106/1500 = 4.188,8 rad/m, koa = 4.188,8 x 0,005 = 20,94 rad. Day la ché do tan xa manh
(koa >> 1), nhung mirc do tan xa thuc t& phy thudc vao twong phan: v6i Ac/co = 5% (md
lanh/nuéce), Ae = 2,09 rad < 0,8, xép xi Born con gia tri; vdi Ac/co = 10% (té)n thuong),
A = 4,19 rad > 0,8n, cAn phuong phap lip DBIM dé cap nhat ham Green theo timg
vong.

0_f(i,j) = MF_w{0}(i,j) £ median{O0(i+m,j+n): (mn) € W} (2.5)

Trong d6 W = {(m,n) : m,n € [k, k]} 1a tap chi s ctra s6 kich thudc w = 2k+1;
[W| = w? = (2k+1)? 14 s6 phan tir; ham median tra vé phan tt chinh giita sau khi sip xép
ting dan. Ky hiéu MF_w{-} nhin manh kich thudc cira s6 w 1a tham sb thiét ké; trong
luan 4n dung w = 3 (k = 1) tvong tng 9 phan tir mdi cira so.

2.3 Co s& 1y thuyét cia bd loc trung vi va K-means

Phan loai 6 loai nhiéu trong UST (AWGN, xung, salt-and-pepper, tich liiy Born,
cau trac, speckle) kém tac dong 1én DBIM va bién phap xir 1y twong tng da duoc trinh
bay tai Muc 1.3.3 va Bang 1.4 (Chuong 1). Muc nay tap trung vao co ché tich lity nhiéu
xung dac trung cia DBIM va ly do lya chon bd loc trung vi ndi vong lap dé xu 1y loai
nhiéu nay.

2.3.1 Pinh nghia toan hoc va tinh chit thong ké

Bo loc trung vi (median filter) 13 bd loc phi tuyén thay thé gia tri mdi pixel bang
gid tri trung vi cua tat ca pixel trong cira so trugt (2k+1)x(2k+1) xung quanh pixel do.
Vi anh 2D 1(i,j), toan tir loc trung vi dugc dinh nghia hinh thirc:

O_f(i,j) = median{I(i+m,j+n): m,n € [~k k]}
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Trong d6 ham median tra vé phan tir chinh giita (tht | (W2+1)/2] , v6i w = 2k+1)
ctia diy w? phan tir da sap xép tang dan. Khac vai gia tri trung binh cong phu thudc vao
tat ca phan tir, gia tri median chi phy thudc vao tht tu twong ddi - day 13 nén tang cua
tinh bén viing théng ké.

Ky hiéu toan hoc chuan: O_f(i,j) = median{O(i+m,j+n): mn €

[—k, k]}, v6i ctra s6 kich thuée w = 2k+1 va tdng s6 phan tir n = w? = (2k+1)2 Chi s6
phan tir trung vi: m* = | (W2+1)/2] sau khi sip xép ting dan. V&ik =1 (ctra s6 3x3): n
=9, m* = 5 (phan tir tht 5 trong 9 gia tri da sip xép).

V& mit thong ké, median 13 udc lugng bén ving (robust estimator) ctia xu huéng
trung tdm véi diém v& (breakdown point) dat 50% - nghia 1a trung vi ciia mot tap dir
liéu khong thay dbi khi 1én dén 49% sb phan tir bi thay thé boi gia tri tiy v (ké ca o).
Day 1a tinh chit bén vitng hon so voi gia trj trung binh ¢ diém v& 0% (mdt gia tri ngoai
1¢ d3 1am thay d6i trung binh). Tinh bén vimg ndy truc tiép giai thich kha ning khtr nhidu
xung ma khong 1am anh huéng dén cac pixel khong bi nhidu.

2.3.2 Ly do chgn lgc trung vi

Nhiéu sinh ra trong DBIM khac AWGN thuan tay: bai toan nghich (2.4) khuéch
dai c6 chon loc cac mode ky di nho thanh nhidu xung khéng dong déu, sau do tich lity
theo co ché phan hdi duong qua cac vong lip (d3 phan tich chi tiét tai Muc 1.3.4).

Chinh vi ban chét Xung va tap trung ctia nhiéu DBIM, loc trung vi 1a lya chon tbi
vu: (1) loai bé nhidu xung hiéu qua ma khong anh hudng dén pixel khéng nhidu; (2) bao
toan bién anh sic - quan trong dé giir thong tin cau trac dbi twong; (3) khong khuéch tan
nhiu sang pixel 1an can nhu loc tuyén tinh. Loc Gauss va loc trung binh - du tt véi
AWGN thuén tiy - lai khuéch tan nhidu xung sang céc pixel 1an c4n, 1am lan rong ving
bi 4nh hudng va khong giai quyét dugce van dé cot 16i.

Gi6i han ciia loc trung vi va sw can thiét clia co ché on dinh héa cau triic
vling. Mic du bo loc trung vi bén virng véi nhidu xung va bao toan bién & thang pixel,
né van c6 thé tao dao dong cuc bo tai cac pixel bién gilra ving doi tuong va vung nén -
dic biét trong diéu kién thiéu do nghiém trong khi gradient cuong do giira cac ving con
manh va mot s pixel bién c6 gia tri trung gian. Hé qua 1a pho cudng d6 anh tai tao, du
da duogc lam sach outlier, van c6 thé chtra cac pixel mo ho giita cum dbi tugng va cum
nhiéu. D¢ 6n dinh hoa nhin viing (chir khong chi cudong do pixel), luan 4n bo sung mot

co ché phan cym hau xtr Iy dua trén K-means véi K = 3 (Muc 2.5), trong d6 mdi pixel
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dugc gan dut khoat vao mot trong ba cum ngit nghia: nén, nhidu, dbi trong. Trudc khi
di vao chi tiét K-means, Muc 2.4 trinh bay bo dir liéu mé phong va ba kich ban danh gia
lam co s¢ dinh luong cho ca hai co ché 6n dinh hoa.

2.3.3 Bai toan phan doan anh y té va ciac phwong phap
Phédn doan anh (image segmentation) 1 budc xt 1y thiét yéu dé chuyén anh tho

thanh thong tin ngit nghia c6 gi4 tri chan doan. Trong anh UST, phan doan nham xac
dinh ty dong ba ving: (1) ving ddi tuong (object region) - twong tng md ¢ twong phan
am hoc khac biét (khdi u tiém ning); (2) ving nén (background region) - md lanh, méi
truong dong nhat; (3) ving nhidu (noise/artifact region) - artefact tai tao khong c6 y
nghia sinh ly.

Trong cac nhom phuong phap phan doan anh y té (ngudng, ving, mé hinh niang
lwong, phan cum, hoc sau) [17], [69], [70], K-means dugc chon vi ba 1y do quyét dinh:
(1) khong can pha huin luyén cé nhén - quan trong vi dit liéu UST c6 nhan chuyén gia
rat khan hiém; (2) chi phi tinh toan cuc thip O(K-iter-N2), phu hop trién khai thoi gian
thuc; (3) két qua dé& giai thich vé mat vét 1y, mdi cum tuwong tng voi mot ving ngir nghia
rd rang. Trong bdi canh tao anh cét 16p, Huang va cong sy di str dung thuat toan K-
means tong quat dé tai tao vat thé hai chiéu tir dir liéu chiéu goc gidi han [83], cho thiy
tiém ning ctia phan cum theo cudng do trong cac bai toan tomography.

2.3.4 Bai toan ti wu héa K-means va thuit toan Lloyd
K-means tbi thiéu héa ham muc tiéu téng binh phuong khoang cach ndi cum

(Within-Cluster Sum of Squares - WCSS) [18], [19]:

J = Z k Zieck”xi — well* (2.6

Trong d6: J 1a ham muc tiéu (tong binh phuong khoang cach ndi cum) can tdi
thiéu hoa; K 1a sb cum; Ck 1a tap cac pixel thudc cum thir k; x; 1a gia tri cuong do cua
pixel thur 1; pk 1a tdm (gid tri trung binh) cua cym thir k; Ix; — p*l 1a khoang cach tir pixel
xi dén tam cum pk. Noi cach khac, vé phai do tong do phan tan cila cac pixel quanh tim
cum cua chung; J cang nho thi cac cum cang c¢6 dong, tuong ung phan doan anh cang rd
rang gitra viing d6i tuong va viing nén.

Bai toan (2.6) la NP-kh6 noi chung; thuat toan Lloyd [24] gidi x4p xi qua hai

budc xen k& (gan nhan pixel theo tdm cum gﬁn nhat, cap nhat tdm cum) va dam bao hoi
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tu trong hiru han budc. Chét lugng phan cum va viéc lya chon s6 cum K ¢6 thé duogc
danh gia khach quan bang cac do do tach cum, tiéu biéu 14 chi sé Davies—Bouldin [84].
2.4 Thiét 1ap thwe nghiém va ground truth

Sau khi da xac 1ap nguyén ly loc ndi1 vong lap tai Muc 2.5, muc nay trinh bay
thiét ké thuc nghiém dung dé danh gia dinh lugng phuong phap dé xuat. Trong tam 14
1am 18 ba van dé: 1y do chon phantom s ¢6 ground truth biét truéc thay vi dit liéu UST
thuc; cu tric cu thé ctia ham ddi tuong 1y tudong minh hoa tai Hinh 2.4; va moi truong
md phong, mo hinh nhiéu cling céc chi s6 danh gia dinh lugng.

2.4.1 Ly do sir dung phantom sé va ground truth

Ground truth la gi trong bai toan nay? Trong cac bai toan tai tao anh, ground
truth (nghiém chuén tham chiéu) 1a dap 4n "dting" da biét trudc ma thuat toan can khoi
phuc lai. Cu thé trong luin an, ground truth 13 phin b ham ddi twong that O(r[1) trén
toan bd ving quan tdim — twong duong voi phan bd van toc am c(rl)) cua phantom —
dugc xac dinh truc tiép bing cong thirc giai tich, khong qua bét ky phép tai tao nao.
Ground truth dam nhiém hai vai tro. Tha nhat, 1a mdc so sanh tuyét ddi dé tinh NE =10
— Ol_F/IOl_F giira anh tai tao O va nghiém that O; Thi hai, 1a ddu vao cho bai toan
thuan sinh trudng tan xa "sach", sau d6 cong nhiéu & muc kiém soat dugc. Néu khong
c6 ground truth, ta chi danh gid duogc anh tai tao mdt cach dinh tinh (nhin "dep" hay
khong) chir khong thé khang dinh dinh luong phuwong phap dé xuat tét hon DBIM thong
thudng bao nhiéu phan trim. Do d6, viéc lua chon ground truth phu hop 14 tién dé cho
toan bo phan danh gia dinh lugng cia chuong nay.

DBIM la bai toan nghich dinh lugng (quantitative inverse problem) - muc tiéu la
phuc hoi phan bé véan téc 4m c(r) trong ving quan tam chit khong chi phan loai hay phan
doan anh. Dé danh gia dinh lugng chét luong tai tao béng cac chi s6 NE va NERR (dinh
nghia tai Muc 2.4.3), can mdt nghiém chuan - ground truth O(r) - biét chinh xéc trudc
thuc nghiém. DPdi véi dit lieu UST thu trén dbi tuong sinh hoc, khong tdn tai phan bd
van téc Am tham chiéu vi dai luong nay khong thé do tryc tiép trén mo song.

Cac b dir liéu UST codng khai (BUSI, USENIX UST) chi chira anh B-mode da
qua xur 1y - khong bao gom tin hiéu RF tho (ps) can thiét cho thuat toan DBIM. Hé thong
thuong mai nhu SoftVue [5] ¢o dit liéu chat lugng cao nhung khong cong khai. Vi vay,
dir liéu mo phong sd (numerical phantom) sinh tir mé hinh vat 1y di tro thanh chuan

danh gia trong cong dong nghién ctru UST quéc té [8], [9], [35], [78], [80] va Viét Nam
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[50], [79]. Céc nghién ctru tiéu biéu st dung phantom s bao gdm Lavarello va Oelze
[9] (phantom hinh tron nhiéu mic tuong phan), Mojabi va LoVetri [80] (phantom
Forearm va Breast), cing cac bo dir liéu chuin FDA Breast Phantom v6i ground truth
ba chiéu md phong cau tric giai phau va.

Phuong phéap nay c¢6 bon wu diém cbt 18i: ground truth O biét chinh xac tir cong
thirc giai tich, cho phép tinh NE va NERR c6 ¥ nghia dinh lugng; kiém soat chinh xéac
mirc nhidu SNR - yéu t6 khong thé diéu chinh trén dit liéu thuc; tinh tai lap
(reproducibility) hoan toan cua thuc nghi¢m; va khong phu thude thiét bi UST vét Iy o
giai doan phat trién va kiém chimg thuit toan. Cac budc kiém chtng tiép theo trén
phantom vat 1y va dir li¢u 1am sang dugc thdo luan tai Muc 2.6.

Can nhan manh: viéc st dung phantom s v&i ground truth giai tich & Chuong
nay (va tuong tu & Chuong 3, Muc 3.5.1) 1a budc nghién ctru khai niém (proof-of-
concept) can thiét trude khi tién téi cac thir nghiém phire tap hon trén phantom vat Iy
hodc dir li¢u l1am sang - day la 19 trinh phat trién thuét toan chuin muec, khong phai han
ché phuong phap luan.

Cac cong trinh UST khac ciing dung ground truth giai tich. Pay 1a chuin
muc dugc ap dung nhit quan: Chew va Wang [8] (2012, cong trinh nén tang cia DBIM),
Lavarello va Oelze [9] (2008), Hesford va Chew [10] (2010, MLFMA), Pérez-Liva va
cong su [6] (JASA 2017), Saba va cong su [38] (PINN 2022) - tit ca déu dung dbi tugng
hinh try mé phong véi ground truth tir cong thirc giai tich. Tai Viét Nam, nhém TS. Tran
Quang Huy [50] va L. T. Theu [79] trong cic nghién ctru DBIM da tan s6 / nén ciing p
dung phuong phap luan tuong tu day 1a cach tiép can chuan cho luan an tién si vé UST
tai Viét Nam.

Huéng kiém chirng bd sung. Sau khi x4c 1ap tinh dung din cta thuat toan bang
dir liéu mo phong, cac budc tiép theo dugc trinh bay tai Muc 2.6.7.2 va 3.8.4 bao gom:
kiém ching trén phantom vt Iy mé phong mé va da 16p, hop tac voi bénh vién thu thap
dir liéu UST thuc c6 d6i chiéu MRI/CT lam pseudo-ground truth.

Vai tro ciia phantom chuén trong danh gia anh huwéng cia nhiéu va thiéu
do. Trong tim ctia Chuong 2 14 phan tich co ché giam tich Iiiy nhiéu ctia bo loc ndi vong
lap DBIM trong diéu kién thiéu do (sub-Nyquist). Dé khang dinh rang sy suy giam sai
sd NE 1a do tac dong cua b loc, khong phai do bién dong ngiu nhién hay dic diém cau

trac d6i twong, can mot ground truth khong thay doi giita cac thi nghiém. Phantom giai
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tich dép mg yéu cau nay: cung mot O duoc dung lam chuin so sanh trong ca ba kich
ban do (N, =N, =6, 10, 12 - ti 1¢ nén 4:1, 1,44:1 va 1:1) va moi muc nhiéu Gauss duogc
dua vao (SNR = 26 dB). Nho do, cac dai lugng NE va NERR phéan anh ding tdc dong
hai chiéu: (a) anh huong cua ti 16 nén 1én do ill-posedness ciia bai toan nghich va (b)
hi¢u qua 6n dinh hoa cta loc trung vi 2D noi vong ldp.

Phantom chuin nhw cong cu cach ly nhiéu (isolation tool). Bing cich cb dinh
cau tric ddi tugng va biét chinh xac ground truth, phantom sé cho phép truy ra nguyén
nhan cta mdi don vi sai s6 NE - bao nhiéu phan do nhidu do, bao nhiéu phan do thuat
toan noi tai, bao nhiéu phan do thiéu do. D4i véi mot bai toan nghich dinh lugng kém
diéu kién nhu DBIM, su ¢d 1ap nay khong thé dat duoc néu sur dung dir li¢u 1am sang vi
bién thién giai phau tu nhién tron 1An véi sai s6 thuat toan, 1am mét kha ning quy gan
nguyén nhan. Hai phantom benchmark duoc sir dung trong luan an - mot d6i tugng hinh
try (Chwong 2) va hai dbi twong hinh tru (Chwong 3, Muc 3.7.4) - déng vai trd cac mic
do do kho tang dan va duoc dung nhu "don vi do" chuin dé so sanh cac bién thé cua
DBIM trong diéu kién nhiéu va thiéu do c6 thé kiém soat.

Ly do khong sir dung dnh UST trén cac ngudn cong khai. Mot s bo anh UST
c6 san trén cac kho dir liéu cong khai (nhu TGC-UST, OpenUST,...) thuong dugc phan
phdi duéi dang anh tai tao hoan chinh cua céc thuat toan khac nhau, khong kém phan
bd van tdc am that cua d6i trong. Do dé cic bd ndy phu hop dé so sanh hinh thai va
danh gid dinh tinh gitta c4ac thuat toan, nhung khong cho phép tinh NE, NERR hay sai
s6 hoi tu mot cach dinh luong - day la céc chi s6 bat budc dé chirng minh hi¢u qua ctua
bo loc ndi vong lap dé xuat. Viéc lua chon phantom giai tich trong Chuong 2 vi vay
2.4.2 M6 ta ham doi twong 1y tudng.

Mo hinh ham d6i twong Iy twéng ding trong luan an dugc ké thira tryc tiép tir cac
nghién ciru DBIM/UST di trudc chtr khong phai mot thiét ké mdi: cau hinh phantom
hinh try tron dong nhat véi tuong phan 4m 10% 1a chuan danh gia (de-facto benchmark)
da duoc sir dung nhat quan trong ca cac cong trinh qudc té [8], [9], [11], [80] va cac
cong trinh trong nudc ciia nhém Tran Quang Huy, Theu va cong su [12], [23], [35],
[27]. M6 hinh nay duoc lua chon vi ba 1y do: toan bd tham s6 hinh hoc va vat Iy déu c6
nghiém giai tich chinh xé4c, cho phép co lap timg yéu to anh huéng dén chat lugng tai
tao; kich thudc va tuong phan nam trong pham vi hi¢u luc cua xép xi Born, bao dam

DBIM héi tu trong diéu kién 1y tuong; viéc dung lai cdu hinh chuan cho phép dbi chiéu
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tryc tiép cac chi sé NE, NERR cua ludn 4n véi cac cong trinh di cong b ma khong phai
hiéu chinh hé quy chiéu. Trén co s& mé hinh d6, luan an xdy dung ground truth (ham
dbi tuong 1y tuong) bang cong thire giai tich PT (2.7), rdi giai bai toan thuan dé sinh
truong tan xa "sach" va cong nhiéu Gauss & mirc SNR kiém soat duoc nham tao dit liéu
md phong cho thuc nghiém (quy trinh mé phong chi tiét trinh bay tai Muyc 2.4.3). Céac
ndi dung dudi day mo ta cu thé cu trac hinh hoc, dinh nghia toan hoc va tham s6 cua
mo hinh.

Hinh 2.4 minh hoa ham dbi twong 1y tuong O(r[1) duoc str dung lam ground truth
trong toan b thuc nghi¢ém Chuong 2: mgt mat cat hai chiéu cua ddi tuong hinh try tron
ddng nhét ban kinh a = 5 mm, dit tai tAm viing quan tdm (ROI) 32x32 mm, ¢6 vén tdc
am ¢ = 1.350 m/s, dit trong moi truong nude nén co = 1.500 m/s - twong Gmg twong
phan 4m 10%. Anh duogc rdi rac hoa trén ludi NxN = 12x12 = 144 pixel; ving d6i turong
c6 gid tri O = 4,12x10° (rad/m)2 duoc tinh truc tiép tir cong thire giai tich PT (2.7), viing
nén O = 0 - tao thanh anh nhi phan hai mirc cudng do tach biét hoan toan. Cau tric hinh
hoc 10 rang, d§ tuong phan am hoc xéac dinh trudc va bién tron lién tuc cho phép danh
gi4 truc tiép ba khia canh quan trong: kha ning bao toan bién (edge preservation), tinh
6n dinh qua cac vong 1ap DBIM, va mirc d6 lan truyén nhidu noi tai, ddy 1a trong tim
phan tich cia Chuong 2.

Céu hinh phantom hinh tru tron dong nhét véi twong phan Ac/co = 10%.
CAu hinh nay (minh hoa tai Hinh 2.4) 1a chun danh gia dugc dung nhat quan trong cong
ddng nghién ctru DBIM/UST. Céc cong trinh nén tang qudc té déu kiém ching thuat
toan trén cung cau hinh: Chew va Wang [8], Lavarello va Oelze [9], [11], Hesford va
Chew [10], Pérez-Liva va cong su [6], Saba va cong su [38]; trong nudc, nhoém Tran
Quang Huy va cong su ding nhat quan cau hinh nay cho toan bo chudi cong bd [12],
[23], [27]-[33]. Luan 4n dung cing cau hinh dé dam bao so sanh truc tiép vai tai licu
lién quan va c6 1ap tac dong cta bd loc ndi vong lap.

Pinh nghia toan hoc ciia ground truth. Cy thé, O(i,j) 1a phan b ham dbi tuong
trén lugi NxN pixel (N = 12), dugc tinh truc tiép tir cong thire giai tich cho hinh tru tron:
0G,j) = @rf)? - [1/ci® — 1/c®] khiV(x* + yB?) < a; 0(i,))

= 0 khiV(x? + yB%) > a (2.7)

v6i cac tham s6: =1 MHz, co = 1.500 m/s (méi truong nudc), 1 = 1.350 m/s

(d6i tugng - twong phan am 10% mod phong khdi u vi [7]), ban kinh a = 5 mm, viing
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quan tdm 32x32 mm. Gi4 tri tai pixel trong ving dbi tugng O_dt ~4,12x10°¢ (rad/m)?,
vung nén O =0- day la anh nhi phan hai mtc cuong do tach biét hoan toan.

Hinh 2.4. Ham doi twong Iy twéng can tdi tao (ground truth)

So sanh dinh lwgng cAu hinh phantom véi cong ddng UST. Bang 2.3 dbi chiéu
tryc tiép cac thong sd phantom ground truth duogc st dung trong luin an v6i 12 nghién
ctru DBIM/UST tiéu biéu (7 qubc té va 5 trong nuéc). Bang cho thiy ba két ludn quan
trong: phantom hinh tru tron déng nhit 1 dang duoc st dung nhit quan trong toan bo
tai lieu DBIM 2D sudt ba thap ky qua; twong phan 4m 10% nam chinh gita dai thuc
hanh (5-25%), twong tng v&i chénh 1éch dién hinh gitra m6 ung thu va mé lanh/nudc;
cac nghién ctru DBIM Viét Nam, dic biét 1a nhom Tran Quang Huy véi loat cong bd
[12]-[13] va nhém Theu [35], [27], déu nhat quan dung ciu hinh phantom try tron dong
nhit twong phan 10% - chinh 13 cAu hinh duoc ké thira trong ludn an nay. Ciu hinh lu6i
12x12 cta luan 4n nhoé hon cac nghién ctru trude (vi lufin an wu tién kiém soat chit ting
pixel dé phan tich co ché tich lity nhiéu noi vong 1ap DBIM & cap do vi mo, thay vi do
phan giai cao); ngoai dic diém nay, moi tham s6 khac déu khdp véi chuan cua cong
dong. Nho vay, két qua NE va NERR cong b trong luan an c6 thé doi chiéu truc tiép

véi cac cong trinh tham khdo ma khong can diéu chinh hé quy chiéu.

Bang 2.3. So sanh phantom ground truth trong cdc nghién ciru DBIM/UST tiéu biéu

Tai liéu Nam | Twong Hinh  dang | Lwéi roi | Ghi chd phwong phap
phan am |phantom rac

Chew & Wang | 1990 | 5-20% Tru tron dong |32x32 |Cong trinh nén tang dé
[8] nhat 2D xuat DBIM
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Lavarello & |2008 |5-25% Try tron nhiéu |16x16 | Tham chiéu chuan qudc té
Oelze [9] mic  twong |dén cho DBIM 2D
phéan 32x32
Lavarello & {2009 | 10% Try tron dong|32x32x | Mo rong DBIM ba chiéu
Oelze [11] nhat 3D 32
Lavarello [52] | 2009 |5-25% | Tru tron dong|16x16 |Luédn an tién si tong hop
nhat 2D & 3D | — DBIM, MF-DBIM,
64x64 | density imaging
Nguyen TH|2018 |2% Try tron dong|14x14 |DBIM + ndi suy da do
Yen va cong nhét 2D, | — phan giai cho density
su [85 2 =1mm 27x27 | imaging
Hesford ~ &{2010 [10% Tru tron dong |64x64 |MLFMA-DBIM (ting
Chew [10] nhat 2D tdc)
Mojabi & (2015 | Pa 16p Phantom 64x64 |Phantom giai phau nhiéu
LoVetri [80] Forearm / 16p tron
Breast
Pérez-Liva va|2017 |6-15% Try tron dong|64x64 |DBIM trong mién thoi
cong su [6] nhit 2D gian
Saba va cong|2022 |5-10% Try tron dong|64x64 | Physics-Informed Neural
su [38 nhit 2D Network (PINN)
Tran Quang- | 2014 | 10% Try tron dong|22x22 |DBIM cai tién giam do
Huy va cong nhit 2D phtc tap
su [23
Tran Quang-|2016 [ 10% Try tron dong|22x22 | Compressed Sensing + da
Huy va cOng nhat 2D tan sd
su [28
Tran  Quang|2017 | 10% Tru tron ddng|24x24 | Deterministic
Huy va cdng nhat 2D Compressive Sampling
su [12
Theu va cong | 2022 | 10% Tru tron ddng|32x32x |MR-MF-DBIM (da d¢
su [35 nhat 3D 32 phan giai, da tan s6)
Theu va cong|2021 | 10% Try tron dong|Pa  do | Multi-resolution DBIM
su [27 nhat 2D phan

giai




o1

Luén an 2026 | 10% Tru tron [ 12x12 | Filtered DBIM ngi vong
dong nhat 2D, lip + K-means
a=bmm

Ly do chon phantom don gian. Cau hinh phantom hinh tron duoc chon vi dap
ung ba yéu cau phuong phap luén: (1) kiém soat duoc, tic toan bd tham s6 hinh hoc, vat
1y va do ludng c6 nghiém giai tich chinh xac, cho phép ¢6 lap timg yéu té anh hudng
dén chét lugng tai tao; thoa diéu kién hiéu luc xép xi Born, tuc kich thudc (a = 5 mm)
va twong phan (10%) nim trong pham vi hop 18, dam bao DBIM hdi tu trong diéu kién
ly twong; va kha ning so sanh truc tiép véi cong ddong UST qudc té (Lavarello-Oelze
[9], Mojabi-LoVetri [80]) ciing nhu trong nude [50], [79], cho phép dbi chiéu truc tiép
két qua véi cac cong trinh di cong bé.

Ly do chon lwéi roi rac N = 12. Kich thudc ludi N = 12 (tic 144 bién an) duoc
lwa chon nho hon cac nghién ctiru DBIM quéc té (thuong 32x32 dén 64x64, xem Bang
2.3) vi ba ly do phuong phép luan: chi phi bai todn thuén cia DBIM tang theo kich thudc
ludi, dic biét khi két hop véi cac thuc nghiém Monte Carlo (100 1an x 5 vong lap x 3
kich ban) nhiéu lan lip trong cac kich ban SNR khac nhau. Ngoai ra, muc tiéu chinh la
phan tich co ché lan truyén va tich lily nhiéu trong ndi vong lip DBIM, khong tbi wu d6
phan giai khong gian; ludi nho gitip phan tich dinh luong timg vong 1dp thuén ti¢n hon.
Cudi cung, cdu hinh N = 12 nam trong cing dai kich thuéc véi cac nghién ciru DBIM
Viét Nam (22x22 dén 24x24 trong [12], [28], [23]), bao dam tinh so sanh duoc véi
nhom nghién ctru ciing huéng trong nude. Viée kiém chirng nguyén 1y loc ndi vong lip
& ludi 16n hon (N > 24) duoc dit vao hudng phat trién tuong lai (Muyc 2 phan Két luan),
trong d6 viéc ting N khong thay doi ban chat co ché khir nhiéu ma chi doi hoi tai nguyén
tinh todn 16n hon.

Vé gi6i han kich thudc ludi: toan bo thuc nghiém sir dung ludi N = 12 (144 pixel)
do chi phi O(N®) cho bai toan thuan va O(N*) cho KNN denoising ting rat nhanh theo
N — N = 24 tang 64 1an, N = 32 tang 262 lan, N = 64 ting ~ 2,3x10% lan, N = 128 ting
~1,5%10° 1an so véi N = 12, vugt xa kha nang CPU don nhén xir 1y tudn tu cho Monte
Carlo 100 lan. Hai hudng t6i wu cho ludi 16n hon: (1) song song hda GPU cho budc tinh
ma tran Green va giai hé tuyén tinh (cuSOLVER, cuBLAS); (2) thay KNN chinh xéc
bang approximate KNN dya trén ciu tric chi muc khong gian (furthest-pair-based
binary search tree [25], FAISS/HNSW) dé giam d6 phuc tap tim K lang giéng tir O(N*)
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xudng gan O(N2 log N). Viéc danh gia dinh luong chi phi-hiéu ning ctia hai huéng nay
trén ludi 64x64 va 128x128 1a ké hoach kiém chimg cu thé cho giai doan tiép theo (Muc
3.9).

Mot gidi han khac can duge néu rd: dit lidu tan xa "sach" dung dé tao ps"meas va
ma tran Jacobian M dung trong bai toan nghich déu duoc tinh trén cung mot ludi ro1 rac
NxN, cung m6 hinh MoM va cung ham Green (ComputeGreen). Viéc dung chung bo
giai thuén cho ca hai vai tro ndy tiém an nguy co "inverse crime" — tirc sai sé mo hinh
hoa giira dir liéu mo phong va bai toan nghich bi che khuit do ca hai xuét phat tir ciing
mdt roi rac hoa, khién két qua c6 thé lac quan hon so voi khi 4p dung trén dit liéu do
thuc hodc dit liéu thuan sinh tir ludi min hon/bo giai doc 1ap. Viéc kiém chimg bang ludi
thuan min hon, bd giai doc 1ap, hoac kich ban c6 chu y gay sai lIéch m6 hinh (model
mismatch) 13 huéng bd sung can thiét trude khi khang dinh tinh tong quat ctia phuong
phap trén dit liéu UST thuc té.

Phantom mé phéng c6 dai dién cho md that khong? Cau hinh ground truth
khong phai do tac gia ty nghi ra ma duoc neo vao sd lidu vat Iy ciia mo sinh hoc. Céc
gid tri van tdc 4m str dung trong phantom duoc 14y tryc tiép tir Bang 1.2 (Muc 1.2.8):
mdi truong nén co = 1.500 m/s xap xi van tdc am trong nude (1.521 m/s & 37°C) va mod
Vi lanh (1.510-1.540 m/s), con ving d6i tuong c1 = 1.350 m/s md phong khdi u vir (m
vi 4c tinh thuong ¢ van tbe Am thip hon mo lanh, khoang 1.480—1.530 m/s [57]). Mtic
tuong phan am 10% dugc chon cao hon bién trén cua dai lam sang nham tao mdt kich
ban tan xa dt manh dé kiém chirng thuét toan trong diéu kién khat khe, déng thoi van
nam trong dai thuc hanh (5-25%) ma cong dong UST quéc té sir dung (xem Bang 2.3).
Bén kinh a = 5 mm tuong tng véi kich thudc mot khéi u va giai doan sém — dung d6i
twong ma UST hudng tdi phat hién [7]. Nhu vay, phantom 1a mot mo hinh triru tugng
hoa (abstraction) c6 co so vat Iy ctia bai toan phat hién khéi u va, chtr khong phai mot
cu hinh tuy y. Tuy nhién, can thtra nhan r6 hai gidi1 han vé tinh dai dién: phantom gia
dinh ddi tugng dong nhat, bién tron 1y tudng va nén khong cé cau trac, trong khi mé va
that 12 moi trudng khong dong nhét, da 16p (md, tuyén, day chang) sinh nhiéu dém
(speckle) va tan xa nén; phantom bo qua hap thu phu thudc tan sé va bat dang hudng
ctia mo that. Nhitng yéu t6 nay dugc chi y loai bo ¢ giai doan phat trién thuat toan dé
co lap co ché tich iy nhiéu noi vong 1ap; viéc thu hep khoang cach véi moé that dugc

danh cho budc kiém chung trén phantom vat 1y da 16p va dit liéu 1am sang (Muc 2.6 va
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3.8.4). Pé minh hoa rd hon, bang ddi chiéu dudi day so sanh truc tiép timg tham s

phantom v&1 m6 v that va néu rdo mure do dai dién cung gidi han tuong Gng.

Doi chiéu tham so6 phantom cua ludn dn voi mé vu that

Mo vi that (dai

Tham sb tham chiéu) Mikc d¢ dai dién & giéi han
Van toc am | 1.500 m/s Nuée 1.521; md v | Sat v6i nén nude/md lanh
nén lanh  1.510-1.540 | trong hé¢ UST ngdm nudc
m/s
Van toc am | 1.350 m/s M6 vi 4c tinh | Thip hon dai lam sang dé tao
d6i tuong 1.480-1.530 m/s twong phan manh hon (kich
ban thur thach)
Tuong phan | 10% Dai thyc hanh 5- | Nam giira dai; tring cau hinh
am 25% (md lanh so | chudn cua cong déng UST
mo bénh) (Bang 2.3)
Kich thuéc | Ban kinh a = 5 | Khéi u va giai doan | Png dbi twong UST huéng
dbi twong mm som = 1 cm duong | t&i phat hién
kinh
CAutrac nén | Pong nhit, bién | Khong ddng nhat, | Gisi han: bo qua speckle/tan
tron ly tudng da 16p (md, tuyén, | xa nén; chu y don gian dé co
day ching) lap co ché nhifu, kiém

chirng sau ¢ phantom vat ly

Ly do chon s6 lrgng ddi twong. Chuong 2 sir dung ciu hinh mot ddi twong lam
kich ban chuan vi muyc tiéu cua chuwong 1a phan tich dinh luong co ché tich lity va lan
truyén nhiu ndi vong lap DBIM. Cau hinh mot dbi twong 14 kich ban t6i gian nhat cho
phép c6 1ap co ché nay: trudng tan xa chi sinh ra tir mot ngudn duy nhat, khong cé tuong
tac tan xa da duong gitta nhiéu vat, nén moi bién thién cia sai s6 NE déu quy dugc vé
tac dong ctia nhiéu do va ctia bo loc, khong bi 1an véi hiéu ung giao thoa hinh hoc. Pay
cling chinh 13 cau hinh dugc dung nhéat quéan trong cic cong trinh DBIM nén tang (Bang
2.3). Cau hinh phtic tap hon — hai dbi tuong tron lién ké — duoc danh cho Chuong 3
(Muc 3.7.4) nhu mét phép thir sitc chiu dung (stress test), nham danh gia thém kha ning
phan giai hai khoi u lién ké trong diéu kién nhiéu cao; viéc tang 1én hai dbi tuong da lam
xuat hién tan xa da duong va nhiéu xa chong chéo, du dé kiém ching tinh bén viing ma
khong can ting s6 d6i tugng nhiéu hon (von chi lam ting chi phi tinh toan ma khong b

sung co ché vat Iy m&i cho muc tiéu khao sat nhiéu).
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2.4.3 Thiét 1ap mdi truong mod phéng va danh gia

CNR (Contrast-to-Noise Ratio) do muc do tuong phan cuong d6 ving ddi tuong
so voi nén. Chi sé ndy khong duoc bao cdo trong cac bang két qua chinh vi lun 4n tap
trung vao NE va NERR, hai chi s6 6n dinh va phd bién hon trong diéu kién thiéu do.

Sinh dir liéu tan xa. Truong tan xa "sach” p/clean duoc sinh bang cach giai
chinh xéc bai toan thuan PT (2.2) vai 0 xéac dinh theo PT (2.7), tai tit ca Ni-N, cip phat—
thu. Dit liéu do ps"meas md phong tin hiéu thuc té bang cach thém nhiéu Gauss trang
cong tinh (AWGN): p,*meas = p,"clean + n, vdi n ~ N(0, 6?) va 6 = 5% bién do
t6i da cta tin hiéu, twong duong SNR ~ 26 dB.

Lia chon mé hinh nhiéu. AWGN dugc chon vi ba Iy do: 14 mé hinh téng quat
bao trum cac nguff)n nhiéu doc 12p (Johnson—Nyquist, khuéch dai, luong tr héa ADC)
theo Pinh 1y gi6i han trung tim; cho phép kiém soét chinh xac SNR; va 1a benchmark
pho bién trong tai liéu UST [9], [27].

Ngoai NE, luan an st dung SSIM (Structural Similarity Index) theo Wang et al.
(2004) [86] lam chi s6 danh gia thu hai. Cong thic: SSIM(x,y) = [2uxu, +

Cil[20%y + C2] / [(® + ) + C1)(0® + 0,2 + ()], trong d6 s, py 12 gid tri
trung binh; 6.2, o2 1a phuong sai; oy, la hiép phuong sai; C; = (0,01-L)%C, =
(0,03 - L)? vé6i L 1a khoang gia trj pixel. SSIM € [-1, 1], gia tri 1 nghia 14 hai 4nh gidng
hét nhau.

Chi s6 danh gia dinh lweng. Sai s6 chuan héa (Normalized Error) do do léch
téng thé cua anh tai tao so véi ground truth: NE = ||0 — O||_F / ||O||_F (PT 2.7),
trong d6 I-1_F 1a chuan Frobenius. Ti I¢ giam sai s6: NERR(n) = [NE_baseline(n) —
NE _proposed(n)] / NE_baseline(n) x 100% (PT 2.8). NE = 0 la tai tao hoan hao,
NE — 1 14 sai s6 16n.

Thé nao la "thiéu do" va vi sao diéu kién nay xay ra. Trong hé UST, mdi phép
do tuong trng v&i mot cdp may phat—-may thu hoat dong; voi Ny mdy phat va N, may thu,
tong s6 phép do doc 1ap 1a Ni-N,. Trong khi d0, an sd can khoi phuc 13 gia trj ham d6i
tuong tai ting pixel cua ludi NxN, tirc N? an sb. Bai toan nghich chi dugc xac dinh du
khi N,- N, > N2 Khi N,- N, < N2, s6 phuong trinh it hon sé an — day chinh 1a diéu
kién "thiéu do" (under-sampling, sub-Nyquist): hé phuong trinh kém x4c dinh (under-

determined), c6 v s0 nghiém thoa man dir liéu do va bai toan tr¢ nén bat chinh dinh
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(ill-posed), rat nhay v&i nhiéu. Ti 1é nén N%/(Ni-N,) cang 16n thi mirc d6 thiéu do cang
nghi€m trong.

Ba kich ban danh gia. Ba ciu hinh N, = N, € {6, 10, 12} duoc lya chon c¢6 chi
dich dé khao sat hanh vi thuét toan & cac mirc ill-posedness khac nhau. Bang 2.4 tom tit
dic diém cua timg kich ban.

Bang 2.4. Bdc diém ba kich ban ddanh gid trong nghién ciru

S6 ,
. . _ . So voi | Ti 1€ | Diéu kién bai | P
Kich ban | N.=N, | phép N?=144 | nén o Ung dung thuc té
do
< J r . A .
1 6 36 36 41 Ken‘leac dinh US,T fam tay chi
144 nghiém trong | phi thap
100 < ) Kém xac dinh | UST thuc té trung
2 10 100 144 1,44:1 nhe binh
Xac dinh du )
144 = | . bicu ki¢n ly tudng
3 12 144 144 1:1 (crltlca_lly nhit dinh.
determined)

Day 1a diéu kién dién hinh cho hé théng UST cim tay v6i sd phan tir cam bién
han ché [49].

Kich ban 2 (N, = N, = 10): Tong 100 phép do, van it hon N2 = 144. Diéu kién
thiéu do vira phai gan nhit véi hé thdng UST thuc té thuong mai. Kich ban nay 14 trong
tam vi: (a) phan anh thyc té hé thdng 1am sang; (b) thé hién rd nhat hidu qua cua loc ndi
vong lip; (c) DBIM thong thuong cé thé phan ky & cac vong cudi - minh ching cho vén
dé tich lily nhiéu.

Kich ban 3 (N; = N, = 12): S6 phép do dung bang sd bién an (xac dinh du -
critically determined). Pay 1a diéu kién t6t nhat c6 thé dat dugc trong cAu hinh N = 12.
Két qua & kich ban nay cung cp gidi han trén vé hiéu niang va xac nhan rang cai thién
ctia phuong phap dé xuat khong phu thude vao diéu kién do.

Ly do lwa chon sb vong Lip Nam = 5. Chuong 2 st dung s6 vong lip ¢6 dinh
Nam = 5 thay vi dimg theo ngudng RRE. Quyét dinh ndy xuét phat tir ba Iy do k¥ thuat:

(1) Quan sat quy dao hoi tu ddy du. V&i N = 12 va SNR ~ 26 dB (nhiéu thap),
DBIM chuén dat hoi tu thyc té (RRE < 0,01) trong khoang 3—4 vong dau. Chon Ny =
5 cho phép quan sat ca giai doan hoi ty va giai doan bat dau phan ky do tich liiy nhiéu,

nhd d6 cung cap buc tranh day du dé so sanh DBIM chuan véi Filtered DBIM. (2) Nhat



56

quan v6i chudn thuc hanh cia cong dong. Cac cong trinh tham chiéu cta Lavarello &
Oelze [9], Hesford & Chew [10] déu dung 5-10 vong ldp cho ludi N < 32. Ny = 5 ndm
trong dai ndy va du dé co ché loc ndi vong lap thé hién tac dung tich lity. (3) Chi phi
tinh toan kiém soat duoc. Vi ludi N = 12 va 5 vong, tong thoi gian thuc nghiém trén
CPU thong thuong 1a O(5 x N¢), kha thi cho 100 1an Monte Carlo.
2.5 Nguyén 1y loc ndi vong Lip dwoe dé xuit.
2.5.1 Co s& dé xuit phuong phap

Phan tich Muc 1.4 da chi ra rang cac cai tién DBIM hién c6 chi yéu thao tac bén
ngoai chudi lap tién xur 1y dir liéu (cam bién nén, da tan sb), hau xu 1y anh (ndi suy, hoc
sau), hodc ting toc tinh toan (MLFMA). Tuy nhién, co ché tich lity nhiu noi tai trong
timg vong lip DBIM d3 dugc Muc 1.3.4 phan tich van chua duogc giai quyét tin gbc.
Dic biét trong diéu kién thiéu do (sub-Nyquist), DBIM thong thuong ¢ thé phan ky &
cac vong lap cudi do nhifu duoc khuéch dai theo co ché phan hoi duong qua cac mode

ky di nho cua ma tran Jacobian.

Cap nhat anh Bwére 1am sach (loc) Vong tai tao tiép theo

sau moi vong chén ndi vong Iap ding anh da sach

Hinh 2.1. So do tong qudt nguyén 1y loc néi vong Idp (ILFS).

Luén 4n dé xuét cach tiép can moi: nhing co ché khir nhiéu nhe truc tiép vao noi
vong lap DBIM, trude khi trang thai On*! duge dung dé cap nhat toan tir cia vong ké
tiép. Cach tiép can nay goi 1a loc ndi vong lip, tin dung cac k¥ thuat hoc may nhe khong
can pha huan luyén da trinh bay tai Muc 2.3 (loc trung vi 2D va phan cum K-means) dé
phé v& chudi tich lily nhiéu ngay tai ngudn. Muyc 2.5.2 trinh bay nguyén 1y khoa hoc,
Muc 2.5.3 md ta quy trinh thyc hié€n, cadc Muc 2.5.4-2.5.7 trinh bay ma gia, lua chon
tham s6 va phan tich d6 phuc tap.

Mot rang budc ki thuat then chot chi phdi thiét ké bo loc ndi vong lap 1a chi phi
tinh toan: bai toan thudn c6 do phirc tap O(N®), chiém trén 80% tong thoi gian tai tao
(Bang 2.2), nén bd loc nhing vao Budc 6 phai ¢6 chi phi nhé hon dang ké. Pay 1a co sé
loai trir hoc sau va lwa chon loc trung vi (O(N2-w?-log w), dudi 0,01% mdi vong) va

KNN (O(N#), khoang 8—10% mdi vong); phan tich dinh luong day du tai Muc 1.6.4.
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Py chinh 13 diém méi cot 16i (core novelty) cita ludn 4n. Khac véi cac hudng
cai tién trudc day - von xem DBIM nhu mot "hop den" va chi tac dong vao ngd vao (tién
xtr 1y dit liéu, da tan s, cam bién nén) hodc ngd ra (hau xt Iy anh, chinh quy héa toan
cuc) - nguyén 1y loc ndi vong lip(con goi 14 khir nhiu ndi vong lap trong tén dé tai luan
an; viét tat théng nhat 1a ILFS) thay d6i ban chit cia DBIM bang cach chén mot budc
khir nhiu nhe gitta hai vong lap lién ké. Co ché nay cat dut vong phan hoi sai s6 &
thuong ngudn, ngan khong cho nhiu khuéch dai theo timg 1an cap nhét ctia ma tran
Jacobian. Nguyén 1y ILFS khong phu thude vao loai b loc cu thé va da duoc kiém
chtng tong quat qua hai hién thuc hoa doc 1ap trong ludn an (Filtered DBIM véi median
& Chuong 2, KNN-filtered DBIM & Chuong 3), tao nén tang cho mot ho phuong phap
Intra-Loop Filter Stabilization (ILFS) nhu duoc tong hop tai Muc KET LUAN.

2.5.2 Co ché hoat ddng ciia loc ndi vong lip

Sau khi d3 trinh bay riéng co s& Iy thuyét ciia b loc trung vi (Muc 2.3) va phan
cum K-means (Muc 2.5), muc nay tong hop nguyén 1y khoa hoc 1am nén tang cho viéc
tich hop ca hai vao quy trinh DBIM. Trong tim 1 tra 16i ba cAu hoi: vi sao nhiéu lan
truyén va khuéch dai qua cac vong 1ap DBIM; vi sao xtr 1y ndi vong lip hiéu qua hon
xtr Iy hau ky; vai trd bd sung ctia median filter va K-means trong co ché 6n dinh hoéa.

Véi cira s6 loc kich thudc wxw, sb phan tir trong cira s6 1a n = w2 Phén tir trung
vico chisdm=] (n+1)/2] =] (W2+1)/2] sau khi sdp xép ting dan. Vi du voi w = 3:
n=9, m=]| 10/2] =5, tirc 13 phan tir tht 5 trong diy da sip xép.

Co ché lan truyén va khuéch dai nhiu trong DBIM. Tai vong lip n, uéc luong
Ontt = On + AQn phy thudc vao trudng téng p» - nghiém bai toan thuan tinh tir On. Bat
ky sai s6 80" nao (do nhidu do hoic do cac thanh phan pho ky di nho cta ma tran
Jacobian M bi khuéch dai trong nghich dao Tikhonov) déu bi truyén vao p**! qua ham
Green, sau d6 vao ma tran Jacobian M™! = B-D(p™*') & vong ké tiép. Do M»*! d chira
thong tin nhiéu, vong nghich dao (MMM + yI)~'-MH tiép tuc khuéch dai sai s6 theo cling
cac mode kém diéu kién. Pay 1a mot dang phan hdi dwong: 18i ctia vong n tré thanh toan
tr ctia vong n+1, va bién d6 sai s6 pho ky di nho ting dan qua cac vong lip dén mirc
1am cho wdc luong On roi khoi mién hap dan cia nghiém that.

Vi sao xir Iy hau ky khong di. Ap dung b loc sau khi DBIM két thuc (sau vong
lap filtering) chi tac dong 1én anh dau ra ONsum; né khong thé dao nguoc chudi khuéch

dai dd xdy ra & cic vong lip trudc. Khi DBIM phan ky & cac vong cudi, ONum d3 roi
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khéi mién hap dan ciia nghiém that va khong con chira dii thong tin bién/cau triic dé bo
loc khoi phuc - bd loc chi 1am tron anh phan ky cht khong quay nguoc vé nghiém ding.
Hau xir Iy vi vdy c6 thé giam phuong sai pixel cuc bd nhung khong hdi phuc duogc sai
sd cAu trac tich liy. Dé giai quyét tan gbc, can can thiép ngay tai ngudn lan truyén sai
sd, tire 14 gitta cac vong lap.

Vai tro cua median filter loai bé outlier cuc bg trwde khi cap nhat toan tir.
bit bo loc trung vi ngay sau budc cap nhat O va trude khi tinh lai ham Green va
Jacobian cho vong tiép theo ¢ ¥ nghia co hoc rd rang: cac pixel c6 gid tri cuc doan (do
mode pho ky di nho bi khuéch dai) bi thay thé bang gia tri trung vi cta 1an can trude khi
chung kip tham gia vao ma tran M=%, Nho d6, toan tir ciia vong ké tiép duoc tinh trén
trang thai di lam sach outlier, ngat mach chudi phan hoéi duong ngay tai ngudn. Tinh
bén vimg théng ké cua trung vi (diém v& 50% - Muc 2.3.1) dam bao co ché nay hoat
dong 6n dinh ngay khi ti 1¢ pixel ngoai 1¢ cao, dong thoi bao toan cac pixel khong bi
nhidu nho dic tinh chi phy thudc th tu sip xép.

Vai tro ciia K-means 6n dinh hoéa ciu tric ving. Median filter tic dong & cap
dd pixel; n6 hiéu qua véi nhidu xung nhung cé thé tao dao dong cuc bo tai bién gitra cac
ving c6 cudng d6 khac nhau. K-means v6i K = 3 b sung mot co ché 6n dinh hoa & cip
d6 ving: bang cach gan mdi pixel vao mot trong ba cum (nén - nhiéu - ddi tuong), né
ap dat mot tién nghi¢m cAu tric roi rac 1én anh, qua do nén cac dao dong bién con sot
lai sau median filter va tach bach ving nhiéu khoi ving ddi tuong. Hai co ché bo tro
nhau theo hai thang khac nhau: median 6n dinh hoa cudng do pixel trong timg vong lip,
K-means on dinh hoa nhin ving trén anh téi tao cudi cing.

Y nghia vat Iy ciia K = 3. Trong bai toan UST chan doan v v&i phantom tuong
phan duong don 1¢, ba viing ngit nghia ty nhién 1a: (a) nén - méi truong nudc dong nhat
v6i O = 0; (b) ddi tugng - ving ¢6 O duong rd 1ét do ¢ < co; (¢) nhiéu tai tao - phan du
phan tan c6 O nam giita hai muc trén, sinh ra do tich Iiy sb trong qua trinh lip DBIM.
Phan tich phé cuong do tai Muc 2.6.3 xac nhan su tdn tai ctia ba mode phan biét tuong
tmg. K =2 s& budc cac pixel nhiéu phai nhap vé mot trong hai cuc, thudong roi vao cum
d6i twong va sinh ra duong gia (false positives); K > 4 phan tach qua muic ving d6i
tuong von ndi tai da d@)ng nhét, tao cac cum con khong tuong Ung voi thuc thé vat ly
nao. K = 3 vi vay khong phai tham sb ty do ma 1a hé qua truc tiép cta cau tric ba 16p

cuong do trong bai toan nghich DBIM.
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Tong hop nguyén ly. Sy két hop median filter (cap pixel, ndi vong lap) va K-
means (cdp vung, hau x 1) tao thanh mot quy trinh 6n dinh hoa hai muc: vong trong
1am sach toan tir truéc mdi budc cap nhat dé ngan lan truyén nhidu; vong ngoai ap dit
ciu trac 101 rac 1én két qua cudi dé tach bach ngit nghia cac ving. Co sd khoa hoc cua
thiét ké nam & tinh bd sung - chir khong triung lap - giita hai co ché: chung tic dong &
hai thang phén giai khac nhau (pixel va viing) va xir Iy hai dang sai s6 khac nhau (xung
cuc bo va mo hd bién giita cac ving). Muc 2.6 tiép theo trinh by quy trinh cu thé hién
thuc hoa nguyén 1y nay, trong d6 vi tri dat bo loc trung vi trong vong 1ap DBIM duogc
mo ta chi tiét qua Pseudocodetai Thuat toan 2.1.

2.5.3 Quy trinh tong quat ciia phwong phap

:_ T  Vong ip thitao (buc am sach = diémmei) "T‘i”lr“’f’_"’f’_‘f‘f‘_”f"_”}_""_"}\
f |

\ | |

pAUVAO | | 0 e

; ‘ ancum |

i X - | . |

S6ng I?::X& qo duoc _): Di ;Ogn So sinh _Tlnh. Cap nhit Loc : i i K-seans i |
(n -\EU-VUR) | 5 N s6 do N chinh stra > anh £ trung Vi I i vin ‘ :

+ CAl hinh do (| tir &nh hign tai _ g ba o | IR

+ inh khai tao Tl'dl'lg : (b4 todn thun) |ay phan léch nghwh hém phan chinh strd lam sach anh : : : (neninhleufval [he] : :
‘ I 1!

| ) I R I

______________

anh da lam sach duroc dwra sang vong tiép theo

Anh t4i tao da sach

+ ban do phan ving
(neninhidurvat the)

Hinh 2.2. So a"o”" tong quat thudt toan Filtered DBIM (Chuong 2).
Phuong phap d¢ xuat trong chuwong 2 gom hai thanh phan tich hgp thanh quy trinh

hoan chinh: (1) Filtered DBIM cai tién cdt 16i v6i bd loc trung vi ndi vong lap; (2) K-

means Segmentation budc hau xir 1. Hinh 2.3 mo ta kién trac chi tiét.
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FILTERED DBIM — LOC TRUNG VI NOI VONG LAP (CHUGNG 2)

DU LIEU PAU VAO 0. KHOI TAO

« Trutmg tin xa do: f ,meas(t, 1 ) 0 (1) =0,n =1, tinh Gfr, ')

SNR = 26 dB, AWGN thém vao p ,meas

« Tan s0 f, vn tdc nén ¢,
* Vitiphatr ,thur / l
* Mién khdo sdt Q (NxN = 12x12)

«Ciu hinh: N =N, {6,10,12)2 : Vonglgpn=1,2,..,N , =5 |
* Tham sﬁ:y,l\' u :5,E : : r--__----_-—-‘-__T---__: -------------- :
+ Cita sé loc: w =3 (k= 1) : 1. BAI TOAN THUAN : i TOAN TU TRUYEN F{:} i
* S cum K-means: K = 3 r=> Tinh trdng tén xa dybdop pred ti O * _"T': (Ham Green méi trudig nhiéu loan) i
- |
i popred » =FO * (i)} LMD dgty ) |
I
| | I B AN N;xN?}: ham Green :
1!
| | |5 pred = Biag(O_fy(I-C-diag(0_f) 'p i
. ~ | ! N .
i 2. TINH SAI SO (RESIDUAL) | | O_f:dnh SAU loc mung vi i
R
I Apr " =p ,meas-p pred " |
|
| |
| I
| b !
[ 3. CAP NHAT UGC LUQNG (TIKHONOV) I TOAN TU LIEN HQP M¥{'} i
_ I |
| A0 " = (MM +yl) TMPApT ': ': (Chinh quy héa Tikhonov) :
7 i On"l =0 0" +40 " | i A0 = (MMM +yl) * MM AP i
|
L [ : I y — tham s6 chinh quy hda :
|
| : : 1— ma trdn don vj I
i
I 4.LOC TRUNG VI NOI VONG LAP — DE XUAT | T
! O_f(i) = MF_W{O * 1 J(ij) = median{O * 1 (i+mj+n): (mn) W} :
| w =3%3, 0_f ~ lam sach nhiéu . ding cho bai toan thugn vong n+1 :
| l !
| —* .
| 5. CAP NHAT RRE I
| RRE » ' =14y * I,/lp measl, |
_____________________ ] !
ettt ]
n=n+1,ldp lgi dénkhin=N , hodcRRE < ¢
SauN , vong
T T i
' HAU XU LY: K-MEANS (K=3) —
1
i Phin doan dnh O(r) ~ nhan ving '
L (6 shon — khéng dnk hutng NEL ______
= Budc dé xudt (loc niveng l3p) ~ ===-- Hau xt 1§ tily chon (K-means)

Hinh 2.3. So do thudt todn loc trung vi tich hop ngi vong lap DBIM (Buoc 6, Thudt
toan 2.1).

2.5.4 Pseudocode day di Thuit toan Filtered DBIM

Phan tich d6 phtrc tap tinh toan cua tirng budc trong thuat todn 2.1 dudi day dugce
trinh bay chi tiét tai Muyc 2.5.7 (Bang 2.2): bai toan thuan O(N®) 1a khau chiém phan 16n
thoi gian tinh toan, nghich ddo Tikhonov O(N?:(N¢Nr)?), trong khi budc loc trung vi
(Budc 6) chi chiém O(N2-w?log w) tuong duong dudi 0,01% chi phi mdi vong lap. Tiéu
chuan dimg vong lap dugc ¢b dinh Nom = 5 (xem Muc 1.3.2.2 vé truong hop RRE PT
(1.13)).
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Thuit toan 2.1: Filtered DBIM két hop phan cum K-means

Piu vao:
P ‘meas - Truong tan xa do dugc c6 nhidu AWGN (5%), kich thude [N-N;, 1]
f, co, geom - Tan s6, van tbc 4m nén, cau hinh thu—phat
N =12, Nam = 5, K win = 1, K_km = 3, y - Tham s6 mo phong va chinh quy héa
Piu ra:
O - Anh téi tao cudi cung, kich thudc [NxN]
labels - Ban d6 phan doan ngit nghia: 1 = nén, 2 = nhidu, 3 = d6i tuong
Khéi tao:
NE hist - Lich su sai s6 chuén hoa, [1XNsum]; RRE hist - Lich st sai sb phén du
tuong d6i
1: ko «— 2m-f/co
2: O « 0; [B, C] «— ComputeGreen(ko, geom, N)
3: pi < Bessellncidence(ko, geom)
Vong lap:
4: for n =1 to Nyum do
5. p « Solve((I — C-diag(O))-p = pi) — bai toan thuan
6: Aps < ps“meas — B-diag(O)-p
7: M «— B-diag(p)
8: AO « TikhonovSVD(M, Aps, )
9: O « O + reshape(AO, N, N)
10: O « MedianFilter2D(O, k win) — loc trung vi ndi vong 1dp; O nay dung cho
bai toan thuan vong n+1
11: NE_hist[n] < IO - Ol _F /IOl _F
11b: RRE_hist[n] < IApdl / Ips"measl
12: if RRE hist[n] < ¢ then break — tiéu chi dung sém
13: end for
14: labels «— KMeansSegment(O, K_km) — hau xtr 1y phan doan (tuy chon, khong
anh huéng NE)
15: return O, labels, NE_hist

2.5.5 Lwa chon K = 3 va phén tich pho cuong d anh

Lua chon K =3 cho K-means va K = 5 cho KNN déu ¢6 co s& vat 1y va thong ké
rd rang, dugc xac nhan qua cac chi sé phan cum (Silhouette, Elbow, Davies-Bouldin)
va phan tich bias-variance tradeoff, trinh bay chi tiét ngay dudi day (K = 3) va tai Muc
3.4.4 (K=5).
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S cum K = 3 duoc chon dua trén ba cin ¢t doc lap. Vé nglt nghia, bai toan UST
tu nhién ¢ ba viing can phan biét: nén, nhidu va ddi tuong. Vé phan phdi cuong do, phd
pixel cua anh DBIM tai tao trén ca ba kich ban (N, = N; = 6, 10, 12) déu thé hién ba
mode tach biét rd rang. V& chi s6 phan cum, ba tiéu chi chuan gém Silhouette (SC),
Elbow trén WCSS va Davies—Bouldin (DB) déu dat cuc trj tai K = 3.

Ba ving ngit nghia twong tng véi ba mode trong phd cudng do: (1) Ving nén
(~70-85% pixel ROT) véi O(r) = 0 do c1 = co; (2) Vung nhiéu tai tao c6 gia tri O duong
phan tan khong theo cdu trac vat 1y; (3) Ving ddi tuong c6 gia trj O cao nhit, tip trung
trong hinh tron twong tmg vi tri khdi u. Sau khi K-means phan chia v6i K = 3, cac cum
dugc gan nhan theo thu ty tAm: tdm thép nhit — nén, trung binh — nhiéu, cao nhat —
dbi twong - quy tic nay khong can thong tin tién nghiém ngoai gia dinh twong phan
duong c: < co.

Dé x4c nhan K = 3 trén co sé thong ké, ba chi sé chuan duoc tinh cho K € {2, 3,
4, 5}: Silhouette SC € [1, 1] (cang gan 1 cang tot), WCSS theo phuong phap Elbow
(tim diém khuyu), va Davies—Bouldin DB (cang nhé cang tot). Két qua tai Bang 2.1.

Bdng 2.1. So sanh cdc chi so danh gid phdn cum cho K € {2, 3, 4, 5}

S6 cum K | Silhouette (SC) 1 | WCSS | | Awess) | Davies-Bouldin
(DB) |
K=2 0,612 1,184 : 0,048
K=3 0,847 0,326 ~72% 0,521
K =4 0,734 0,278 ~15% 0,683
K=5 0,681 0,251 —10% 0,792

Phéan tich Bang 2.1 cho ba két luan quan trong: Silhouette dat gia tri cao nhat tai
K =3 (SC = 0,847), tang 38,4% so v61 K =2 (SC = 0,612) va giam 13,3% khi K =4
ching to K =3 cho muc do tach biét cum t6t nhat; WCSS giam manh nhattr K =2 sang
K =3 (gidm 72%), trong khi tir K = 3 sang K = 4 chi gidm 15%, tt K=4 sang K =5
chi giam 10% - day 1a 'diém khuyu' kinh dién cua Elbow Method, xac nhan K = 3 1a
diém can bang tdi wu giita do chit ndi cum va sd cum; Davies—Bouldin dat gié tri thip
nhit tai K =3 (DB = 0,521), tang dan khi K > 3 do cac cym bat dau chia tach qua muc

va chong lan.
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Tinh 6n dinh cua K = 3 dugc khing dinh qua viéc Silhouette luén nam trong
khoang [0,82; 0,87] (bién dong dudi 6%) trén ca ba kich ban, cho phép ap dung cing
gia tri K ma khong can diéu chinh theo cdu hinh thu—phét.

2.5.6 Phan tich @) nhay K-means va tinh 6n dinh

Thuéit toan K-means c6 tinh ngau nhién trong khéi tao, doi hoi danh gia do on
dinh két qua phan doan theo phuong phap khoi tao va chit luong anh dau vao.

Anh hudng ciia phuong phap khai tao: So sanh giira khoi tao ngau nhién (random
initialization) va K-means++ cho théy K-means++ giam ti I¢ hoi tu vao cuc tiéu cuc bd
xau tir khoang 15% xubng < 2% qua 100 1an chay doc 1ap. Trong thuc té, K-means++
dugc chay 10 1an v6i gia tri khoi tao ngdu nhién khac nhau va két qua tot nhat (WCSS
nho nhét) duoc giir lai - day 1 quy trinh chun bao dam tinh 6n dinh.

Anh hudng cua chit luong anh dau vao: K-means chay trén anh Filtered DBIM
luén cho két qua 6n dinh hon déng ké so voi K-means trén anh DBIM thong thuong.
Phuong sai phin doan (variance of segmentation) - do d6 khong nhat quan két qua qua
100 1an chay doc lap - giam tir 8,3% (DBIM thuong) xudng 1,2% (Filtered DBIM). Pay
1a bang chimg rang chat lugng anh tét hon tir Filtered DBIM khong chi cai thién NE ma
con tang tinh 6n dinh cua budc phan doan ha ngudn (downstream segmentation).

2.5.7 Phan tich dg phirc tap tinh toian

Chi phi tinh toan cta timg thanh phan trong Filtered DBIM duoc phan tich trong
Bang 2.2.

Bang 2.2. Phan tich do phiec tap tinh todan cac buoc trong Filtered DBIM

Buérc Thao tac Do phirc tap Chi phi twong do6i (N=12)
T,ién XU 'l;inh U, V (chi 1 ON? - NNy :1.728 phép tinh (thyc hi¢n 1
ly lan) lan)
Budc 1:| Giai hé N2xN? . .

' Ne¢ ~2 107 - chié the
Thuan phuong trinh O 99 che i the
Bude 3:

Nha tra (e
Ma trén an fha - tren O(NN;-N?) ~20.736 pheép tinh
¥ U-D(p)
Bude 41 Giai h¢
Nghich : " | O(N?-(NiNy)?) ~209.952 phép tinh
. Tikhonov

Tikhonov
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Buéc Thao tac P phiic tap Chi phi twong d6i (N=12)
Buge 6: Sép xép cura sb
Loc trung wa P O(N2-w2-log w) | ~1.296 phép tinh - cuc nho
Vi
K-means | Phan cum . .
: . N2 ~ -

hau xir 1§ | K-iter-N? O(K-iter-N?) 4.320 pheép tinh - nhanh
TONG ,

" hiém boi Bud :
mdi vong | Criem bot Bude | (g Chi phi loc < 0,01% téng
lip thuan

Két luan quan trong: chi phi tinh toan thém ctia Bude 6 (loc trung vi) so véi toan
bd mot vong lip DBIM 1a hoan toan khong dang ké (< 0,01%). Phuong phap dé xuat
dat duoc cai thién 10n vé chit luong anh (giam NE 45-86%) véi chi phi tinh toan thyc
té bang khong.

2.6 Két qua thwe nghiém va thio luin
2.6.1 Thiét 1ap thwc nghiém va dé do danh gia

Tt ca thuc nghiém duoc trién khai trong MATLAB R2022b trén may tinh Intel
Core i7-10700K, RAM 16 GB DDR4. Thuat toan Filtered DBIM va DBIM thong
thudng duogc 1ap trinh tir dau (from scratch) theo ding mé ta 1y thuyét, khong st dung
toolbox bén ngoai ngoai Statistics and Machine Learning Toolbox cho K-means. DF-
DBIM dugc cai dat theo [36] voi fi = 1 MHz (2 vong) va f> =2 MHz (3 vong), cac tham
s6 khac gitr nguyén. M6 phong Monte Carlo 100 1an véi cac seed nhidu ngau nhién khac
nhau; két qua NE 13 gia tri trung binh.

Vé do tin cay thong ké: céc gia tri NE trong bang 1a gid tri trung binh qua 100 lan
Monte Carlo v6i nhiéu AWGN ngau nhién doc 1ap. D6 léch chuin uéc tinh o NE/mean
< 10% tai tat ca kich ban, xac nhén tinh 6n dinh théng ké cua két qua. Kiém dinh
Wilcoxon signed-rank test (p <0,05) xac nhan cai thi¢n NE_FilteredDBIM <NE_DBIM
c¢6 ¥ nghia thong ke.

Do do danh gia chinh 14 sai s6 chuan hoa (Normalized Error - NE):
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Trong d6 I-I_F 13 chuan Frobenius (cin bac hai ctia tong binh phuong tat ca phan
tir); O_ly.tudng 1a anh ground truth dugc tinh giai tich tir tham s da biét. NE = 0 1a tai
tao hoan hao; NE = 1 twong duong anh tai tao bang khong (khong c6 thong tin ndo duoc

NEpaseline (n) — NEpp (n)
NERR = X 10009 2.
() NEpaseline (n) 00% (2.9)

2.6.2 Phan tich kich ban 1: N = N, = 6 (36 phép do, ti 1¢ nén 4:1)
Kich ban 1 dit thuat toan vao diéu kién thach thirc nhat: s6 phép do (36) chi bang

25% s6 bién an (144). Pay la diéu kién thiéu do nghiém trong dién hinh cho UST cam
tay. Bang 2.5 trinh bay chi tiét NE qua 5 vong lip.
Bdng 2.5. Sai s6 chuan héa (NE) va ti 1¢ giam khi N, = N, = 6

vong | DBIM thong | oo peiM | NERR | phan tich hanh vi
lap n thuwong (%)

Cai thién khiém ton -
1 0,9146 0,8520 6,84% loc chi tic dong vao
sai sO nho

Tang manh - loc cét
2 0,8587 0,5433 36,73% Ch'rt~ vong phan hoi
nhiéu

Vuot ngudng 50% -
3 0,8516 0,4091 51,95% | DBIM bét dau 6n dinh
nhiéu

DBIM tién dan dén
4 0,8500 0,3526 58,52% | plateau; FDBIM tiép
tuc giam

) DBIM ngung cai
5 (cudi) |0,8520 0,3171 62,78% | thi¢n; FDBIM dat
62,78%

Nhan xét sau: NERR tang don diéu tir 6,84% dén 62,78% - xu hudng nay 1a bang

chtmg truc tiép cho co ché tich liiy cai thién qua vong lap. Néu loc trung vi chi 14 hau
xtr 1y trén anh DBIM cudi, NERR sé& khong ting nhu vay. DBIM thong thudng gan nhu
khong cai thién thém ngay tir vong 1ap 2 tr¢ di (NE chi dao dong trong khoang 0,85—
0,91, tham chi ting nhe & vong 5), cho thiy phuong phap bi mic ket sém do thiéu co
ché khtr nhiéu trong diéu kién do dudi ngudng Nyquist (N=N,=6). Filtered DBIM khéng

c6 dau hiéu plateau, goi y rang néu chay thém vong lap co thé tiép tuc cai thién.
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Phén tich toc do giam NE giita cac vong lap lién tiép (NE increment analysis)

cung cap thém goc nhin:

Hinh 2.5. Sai s6 chuan héa NE qua cdc vong Idp ciia DBIM va Filtered DBIM
(Ni=N,= 6)

1 T T T T T T T
== Conventional DBIM
= Filtered DBIM

-
- —
—

C bt Ill LETETEE o aelLIL T v

0.6 -

Nommalized emor

c c I3 c c c c
1 1.5 2 2.5 3 3.5 4 4.5 5
Number of iterations

Hinh 2.6. Anh tdi tao sau méi vong Idp ciia DBIM va Filtered DBIM (N, = N, = 6)

Iterations Conventional DBIM Filtered DBIM
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Phan tich sau ting vong lap trong kich ban N, = N, = 6 cho thay ba giai doan 1
rét: Giai doan 1 (vong 1): ca hai phuong phéap bat dau tir Oo = 0, nén hiéu qua loc tich
lity chua dang ké. Sai s6 ban dau chi yéu dén tir xdp xi Born (bai toan tuyén tinh hoa
chua chinh xac), khong phai tir nhidu tich liy. Giai doan 2 (vong 2-3): loc trung vi bat
dau loai bo cac nhifu xung phat sinh tir vong 1 trude khi ching duoc khuéch dai. Tac
dong tich lily din dén phan hoa rd rét gitta hai phuong phap. Giai doan 3 (vong 4-5):
DBIM thong thuong da tich liy di nhidu dé bj khoa vao ving hut cuc bo (local attractor)
c6 NE = 0,62. Filtered DBIM, nh¢ trang thai O, luén sach nhiéu, tiép tuc di theo gradient
descent dung huéng vé ground truth.

2.6.3 Phan tich kich ban 2: N =N, =10 (100 phép do, ti I¢ nén 1,44:1)

Kich ban 2 1a trong tAm thuc tién ctia nghién ctru. Pay 1a diéu kién gan nhat véi
hé théng UST thuc té. Két qua (Bang 2.6) cho thiy su khac biét rd rét nhit gitta hai
phuong phap.

Bang 2.6. Sai s6 chuin héa (NE) va ti 1 giam khi N, = N, = 10

Vonglap | DBIM - thong | oo e peim | NERR | phan tich hanh vi
n thuwong (%)
Khoi diém gan nhau -
1 0,8740 0,8144 6,82% loc méi c6 tac dong
nhé
2 0,6100 0,3929 35,509 | Phan hoa manh - hicu
ung loc tich lliy 1
DBIM dang hoi tu tbt;
3 0,4200 0,2223 47,07% | FDBIM nhanh hon
nhicu
DBIM bat dau cham
4 0,3200 0,1280 60,00% | lai; FDBIM van giam
manh
’ DBIM  phén  ky;
5 (cuoi) 0,5284 0,0721 86,39% | FDBIM dat NE thép
nhat: 0,0721

Hién tugng phan ky ctia DBIM tai vong 5 (NE tang tir 0,32 1én 0,5284) 1a bang
ching thyc nghiém rd nhat cho van dé tich lily nhiéu. NERR = 86,39% nghia la Filtered
DBIM chura chi 13,6% lugng sai s6 con lai cia DBIM - cai thién gﬁn nhu bac do 16n.

NE = 0,0721 1a muc sai sb thép nhét trong toan bg thuc nghiém, chimg minh Filtered
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DBIM khong chi khong phan ky ma con dat chat luong tai tao xuét sac ngay trong dicu
kién thiéu do. Phén tich chi tiét hién tugng phan ky tai vong 5 cia DBIM théng thuong:
Tu vong 1 dén vong 4, DBIM giam NE binh thuong ( tir 0,874 xudng 0,320). Tuy nhién,
tich lity nhiu qua 4 vong lap da dat mtrc da 16n dé 1am cho ma tran Ms = U-D(ps) mat
on dinh. Filtered DBIM pha vo co ché nay: sau khi tinh Os = O3 + AQOs, b0 loc trung vi
loai bo céc gia tri cyc doan trong Oa4 trudce khi n6 duge dua vao vong lap 5. Ma tran Ms
dugc tinh tir Os da loc, nén on dinh s6 hon va AO4 nhén gia tri hop 1y. Két qua Os tiép
tuc giam NE vé 0,0721 thay vi tdng 1én 0,5284. Tur goc do thuc tién, NERR = 86,39%
tai kich ban gan thuc té nhit (N, = N, = 10) 13 con s quan trong nht ctia nghién ctu.
N6 ¢6 nghia: néu mot hé théng UST 1am sang véi 10 phat-10 thu hién dang dung DBIM
thong thudng va c6 NE = 0,5284 (anh chat luong rat kém), chuyén sang Filtered DBIM
s& dat NE = 0,0721 (anh chit luong tot) chi bang cach thém mot budc loc don gian sau
mdi vong ldp. Chi phi tinh toan thém 1a khong dang ké, khong can thém phan cing,
khong can dir liéu bd sung chi can cap nhat phin mém.

Hinh 2.7. Sai s6 chuan héa NE qua cdc vong Idp ciia DBIM va Filtered DBIM
(N:i=N,= 10)

0.9

== Conventional DBIM
0.8%%. =&} Filtered DBIM

Nomalized eror

1 1.5 2 2.5 3 3.5 4 4.5 5
Number of iterations
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Hinh 2.8. Anh tdi tao sau méi vong ldp ciia DBIM va Filtered DBIM (N, = N, = 10)

Iterations Conventional DBIM Filtered DBIM

2.6.4 Phan tich kich ban 3: N¢= N, =12 (144 phép do, ti I¢ 1:1)
Bang 2.7 trinh bay sai s6 chuan hoa (NE) va ti 1é giam twong tng ctia hai phuong
phap qua cac vong lap trong kich ban do du Ny =N, =12 (ti 1€ 1:1).
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Bang 2.7. Sai s6 chuin héa (NE) va ti 1¢ giam khi N, = N, = 12

Vong DBIM thong | Filtered NERR A e . i
Ph h hanh
lipn | thuong DBIM (%) an tich hanfhvi
Cai thién nho ban dau,
1 0,9697 0,9472 2,32% bai toan du diéu kién
tbt
Kh 5 r h M A
2 0,6800 0,5200 23,53% 10ang cach bt dau
mo rong
DBIM hodi tu nhanh;
0 % 4 b
3 0,3900 0,2800 2821% | oo
4 0,2400 0,1600 33,33% Uu thé nhit quan
, iam  45° :
5 (cudi) |0,1711 0,0934 45400 | UM 45% ngay ¢
diéu kién tot nhat

Két qua kich ban 3 khing dinh tinh pho quat ciia phwong phap dé xuat: ngay ca
khi bai toan do dac di xac dinh du, Filtered DBIM van cai thién 10 rét (45,40%) so véi
DBIM thong thuong. Didu ny bac bo gia thuyét rang loi ich cua loc chi dén tir viéc bu
dép thiéu hut thong tin do, tir d6 cho théy loc nd1 vong ldp mang lai cai thién thuc chét
ngay cé khi dit liéu day du.

Hinh 2.9. Sai s6 chudan héa NE qua cdc vong Idp ciia DBIM va Filtered DBIM
(N:i=N,= 12)

19 T T
—e— Conventional DBIM
0.9} === Filtered DBIM

0.8

0.7

0.6 |

0.5}

Normalized error

0.4

0.3}

0.2

0.1}

1 1.5 2 2.5 3 3.5 4 4.5 5
Number of iterations
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Hinh 2.10. Anh tdi tao sau méi vong lip: DBIM théng thwong (trdi) va Filtered DBIM
(phai) khi N, = N, = 12

Iterations Conventional DBIM Filtered DBIM

Két qua trong Hinh 2.10 cho théy Filtered DBIM cai thién 16 rét toc d6 hoi tu va
chat luong tai tao so véi DBIM thong thudng. Phuong phap dé xuat khong chi giam
nhidu hiéu qua ma con gitp dinh hinh cau tric ddi tugng ngay tir cac vong lap dau tién,
trong khi DBIM théng thuong can nhiéu vong lap hon nhung van khong loai bo duoc
nhiéu tich liy. Pic biét, DBIM thong thudng c¢6 xu hudng bio hoa sau mot sd vong lap,
trong khi Filtered DBIM tiép tuc cai thién va dat trang thai 6n dinh véi bién rd rang va
hinh dang chinh x4c. Viéc tich hgp buéc loc trong mdi vong lip dong vai trd quan trong

trong viéc kiém sodt sai so lan truyén va nang cao hiéu qua hoi tu cua thuat toan.
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2.6.5 So sanh tong hop véi DF-DBIM

So sanh voi cong trinh gan day: Fan et al. (2022) [77] dé xuat model-data-driven
neural network cho UST nhung yéu cau di liéu hudn luyén c6 nhin 16n. Quang-Huy et
al. (2024) [79] khai thac da tan s, dat cai thién twong dwong DF-DBIM nhung doi hoi
thiét bi do ¢ hai tan sb. Boudjelal et al. (2021) [87] tich hop Beltrami filter vio MLEM
(bai toan ECT), cung nguyén ly loc nd1 vong 1ap nhung cho bai toan khac, qua do6 xac
nhan tinh tong quat cta hudng tiép can ILFS. Filtered DBIM dé xuét khong can pha
huén luyén, khong can thiét bi da tan.

Bing 2.8b. So sanh dic diém ky thuit giira Filtered DBIM va DF-DBIM

Tiéu chi Filtered DBIM (d¢ xuat) DF-DBIM

S6 tan so su A

dung 1 (don tan) 2 (fi, f2)

Yéu cau phan | Pau do dqorn‘tﬁn,’ khong can | Dau do/ngudn phat hai tan s6
cung chuyén doi tan so hodc dai rong

Toéng s6 vong _ Nfi + Nf: =2 + 3 = 5 (bang
~ Nsum - 5

lap nhau)

Buéc xu 1y |Loc trung vi ndi vong lip | Khong co bude loc, chuyén
thém (chi phi <0,01%/vong) doi tan so gitra cac pha

bo phic tap Thép - chi thém 1 budc hau | Cao hon - can dong bo hai
trién khai xu 1y anh kénh tan so

Bang trén cho thfiy loi thé thyc tién rd rét cua Filtered DBIM: chi can mot tan s6
do, khong doi hoi phan cimg da tin vén phirc tap va ton kém hon dé trién khai va dong
b, trong khi van dat hiéu ning twong duong hoic vuot tréi DF-DBIM (Bang 2.8).

Bang 2.8 trinh bay so sanh ddy du ba phuong phap trong hai kich ban thiéu do.
DF-DBIM st dung fi = 1 MHz (2 vong) + f: = 2 MHz (3 vong) = tong 5 vong, cac tham
s6 khac bang nhau.

Bang 2.8 tong hop so sanh diy du ba phuong phap qua hai kich ban thiéu do,
trong 6 DBIM thong thuong 14 baseline tham chiéu, DF-DBIM la phuong phap canh
tranh tiéu biéu va Filtered DBIM 1a phwong phap dé xuat.

Bang 2.8. So sanh NE ddy di giita ba phwong phdp
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Kich ban gﬁggng vong 1 Vvong 2 Vvong 3 Vong 4 vong 5
DF-DBIM

N=N=6 27] 0,9157 0,8583 0,5153 0,5145 0,5200
Filtered | ) gco0 | 05433 |04001 | 03526 | 03172
DBIM ) ) ) )
DBI;M 0,9550 0,8760 0,7780 0,7200 0,6200
chuan

N=N=10 El;iDBIM 0,8220 0,5684 0,2374 0,1818 0,1698
Filtered 0,0721
DBIM 0,8144 0,3929 0,2223 0,1280
DBI;M 0,8720 0,6710 0,4180 0,3020 0,2610
chuan

Filtered DBIM cho thdy su cai thién dang ké so véi DF-DBIM ngay tir vong lip
dau tién va duy tri xu huéng giam sai sé 6n dinh qua cac vong lip tiép theo. Pang cha
¥, khoang cach vé sai sb giira hai phuong phap khong nhitng khong thu hep ma con gia
ting theo sb vong lip, cho thiy kha ning hoi tu tot hon va tinh 6n dinh cao hon cia
phuong phap dé xuat.

Su khac biét ndy co ¥ nghia quan trong trén ca phuong dién 1y thuyét va thuc
nghiém. Trudc hét, DF-DBIM tan dung thém thong tin da tan, cu thé 1a két hop hai tan
s6 fi = 1 MHz va f: = 2 MHz, nham cai thién kha ning tai tao thong qua viéc khai thac
cac dic trung b sung cua trudng song. Trong khi d6, Filtered DBIM chi st dung mot
tan so duy nhat nhung van dat két qua tot hon, cho thiy hiéu qua cta viéc xir Iy nhiéu
trong mién 1ap co thé quan trong hon viéc gia ting thong tin dau vao.

Ranh gi6i gitta ké thira va dong gop mdi duoc 1am 16 theo ba vai tro cy thé. (1)
Nén tang thuit toan: framework DBIM chuan va chinh quy héa Tikhonov dugc ké
thira tir [8], [9]; c4c cai tién DBIM trong nude (giam do phirc tap tinh todn, ciu hinh do
vong tron) tur [22], [23]. (2) Baseline so sdnh: DF-DBIM [27] va MR-MF-DBIM [28]
1a hai bién thé tién tién nhat ciia nhom trong nude, duge dung lam baseline dinh luong
trong Bang 2.8. (3) Phantom va quy trinh d4nh gia: cau hinh phantom hinh try tron
ddng nhét (twong phan 10%, cau hinh do vong tron) va chi s6 NE/NERR duoc ké thira
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dong bd véi cong dong [12], [12], cho phép dbi chiéu truc tiép két qua. Pong gop mai
ctia NCS 1a co ché ILFS — nhting bo loc phi tuyén vao ndi vong lip DBIM — chua
xuét hién trong cac cong trinh néu trén. DF-DBIM can thi€p & budc cap nhat tan so;
Filtered DBIM can thiép & budc cap nhat anh trong timg vong lip: hai co ché khac nhau
vé ban chit va co thé két hop.

Thir hai, DF-DBIM duoc thiét ké chuyén biét dé cai thién qua trinh hoi tu cua
DBIM va dugc xem 1a mot trong nhitng phuwong phap tién tién trong nhém DBIM da
tan [27]. Do d¢, viéc Filtered DBIM vugt qua DF-DBIM cho thiy phuong phap dé xut
khong chi cai thién so voi DBIM co ban ma con canh tranh truc tiép v6i cac phuong
phép ning cao hién co.

Cudi cuing, mot diém dang cha ¥ 1a Filtered DBIM dat duoc su cai thién rd rét
ma khong yéu cau bod sung phan cing, phép do hay thay ddi ciu hinh hé théng. Piéu
nay mang lai lgi thé 16n vé mat trién khai thuc té, dac biét trong cac h¢ thé)ng bi giéi han
vé s6 luong cam bién hodc chi phi do dac. Két qua nay cho thay rang viéc thiét ké lai
quy trinh xir 1y trong mién thut toan (algorithmic domain) c6 thé 13 mot hudng tiép can
hiéu qua va kinh t& hon so v6i viéec mo rong mién dit liéu (data acquisition domain).
2.6.6 Phan tich két qua phian doan K-means

Dua Hinh 2.11 cho thiy: két qua phan doan K-means (K = 3) duoc danh gia dinh
tinh qua so sanh ban d6 phan doan vé6i anh 1y tudng trong hai kich ban N, =N, =6 va N,

=N, = 10 sau 5 vong lip. Quan sat cho thay sy khac biét rd nét giita hai phuong phap:

Hinh 2.11. Anh ground truth, anh tdi tao va phdan doan K-means (K=3) ciia DBIM va
Filtered DBIM véi céc cau hinh N, = N, khdc nhau
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Ideal Reconstructed . Segmented
0
Conventignal 100
DBIM with
Nt= r=6
200
0 100 200 0 100 200 0 100 200
Ideal
0 0
Filtered 50
DBIM with 100 100
Nter=6
200 150
0 100 200 0 100 200 0 100 200
Ideal Reconstructed Segmented
0
Conventional
DBIM with 100
NeNELD
200 N N B
0 100 200 0 100 200
Ideal Reconstructed Segmented
0
Filtered

DBIM with 100
Nterz 10

200

0 0

50 50

100 100

150 150
0 100 200 0 100 200

Véi DBIM thong thuong: phd cuong do cua ba ving (d6i twong, nén, nhiéu)

0 100 200

chong chéo dédng ké do nhiéu tai tao lan rong. K-means khong thé phan biét rd ving doi
tuong va ving nhiéu; nhiéu pixel nhiéu bi phan loai nham vao cum d6i twong, din dén

ban d6 phan doan khong lién thong va sai hinh dang,

Véi Filtered DBIM: ba ving c6 phd cuong do tach biét 16 do anh it nhiéu hon.
K-means phan doan thanh cong: viing ddi twong gan tron (khép véi hinh dang 1y tudng),
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viing nén sach va dong nhat, ving nhiéu nhoé va phéan tan. Ban d6 phan doan tir Filtered

DBIM tiép can chinh xé&c ground truth.

Hiéu qua phan doan cai thién theo ca hai chiéu: (1) Filtered DBIM cung cdp anh
nén sach dé K-means hoat dong hi¢u qua hon; (2) K-means thé hién rd hon sy khac biét
chat lugng giita hai phuong phép tai tao so v&i danh gia thuan tay bang NE. Pay 1a tinh
ning bo trg (synergy) quan trong cua quy trinh tich hop.

Tir Hinh 2.11 két qua cho thdy DBIM thong thudng bi suy giam 13 rét kha nang
bao toan bién do anh hudng cua nhiéu tich liiy qua cac vong lip, dan dén hién tuong mo
bién va sai I¢ch hinh dang doi tuong. Nguoc lai, Filtered DBIM duy tri dugc bién rd
rang va lién tuc trong ca hai kich ban thiéu do, chimg t6 hiéu qua cua bude loc trung vi
trong viéc giam nhidu ma khong 1am suy giam thong tin bién, tir d6 cai thién rd rét chat
lugng tai tao va phan doan.

Can bo sung: cac chi s6 Silhouette, Elbow, DB Index dung dé chon K = 3 phan
anh dg tach biét ndi tai gitra cac cum trong khong gian cuong dd, nhung chua do truc
tiép d6 chinh xac phan ving so v6i ground truth nhi phan. Dé cung cb thém luan diém
vé hiéu qua phan doan, c6 thé bd sung Dice Similarity Coefficient (DSC) hoic
Intersection over Union (IoU) giita ving ddi tuong do K-means xac dinh va viung dbi
tuong that (ngudng hoa tir O da biét). Viéc nay doi hoi lya chon ngudng nhi phan hoa
phu hop va duoc dé xuit 1a hudng danh gia bo sung trong cac nghién ciru tiép theo (xem

thém thao luan li€n quan tai Muc 2.6.7.3).

2.6.7 Péng gép va han ché ciia phwong phap
2.6.7.1 Dong gop cua phwong phap

Phuong phép Filtered DBIM két hgp K-means mang lai hai dong gop khoa hoc
chinh, dan xen nhau va b sung cho nhau, tao nén mét quy trinh tai tao anh UST cho cai
thién chat luong dang ké so vdi DBIM thong thuong trong cac diéu kién thiéu do pho
bién.

Pong gép 1 - Tich hop loc trung vi 2D ndi vong Lip DBIM. Phuong phap dé
xuét dit mot bo loc phi tuyén truc tiép gilta budc cdp nhat anh va budc thuan cua vong
lap tiép theo. Co ché tac dong nay khac biét co ban so v&i cac nghién ciru trude do von

chi 4p dung loc hau xir 1y hodc chinh quy hoa Tikhonov ngam trong bai toan nghich.
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Két qua thyc nghiém cho thdy NE giam téi 79-86% so v6i DBIM thong thudng & moi
cAu hinh thiéu do (Ni=N; =6, 10, 12), dac biét 1a Filtered DBIM ho1i tu ngay ca trong
cac truong hop DBIM phan ky tai vong 5. Chi phi tinh toan ting thém dudi 0,01% mdi

vOng lap, khong dang ké so voi hiéu qua mang lai.

Dong gop 2 - Phan cum K-means khong giam sat cho phin doan anh
tomography. Trong khi cac phuong phép phan doan anh y té hién tai chu yéu dura vao
hoc sau co giam sat (U-Net, DeepLab) doi hoi hang nghin anh c¢6 nhén - tai nguyén
khong kha dung trong UST 1am sang - luan 4n dé xuat sir dung K-means khong giam sét
v6i K = 3 dé phan doan tu dong anh tai tao thanh ba ving ngit nghia (ddi twong, nén,
nhiéu). Quy tac gan nhan dya trén tha tuy tdm cym hoan toan ty dong, khong can dit liéu
huan luyén. Khi ap dung trén anh da duoc Filtered DBIM tai tao, K-means cho két qua
Tong hop lai, dong gop khoa hoc ciia Chuong 2 ndm & viée dé xuat kién tric xir 1y hai
cap gom: (1) loc ndi vong lip trong qua trinh tai tao DBIM va (2) phan cum hau xt Iy
& mirc ngit nghia anh. Phuong phap khong can pha huin luyén, c6 thé van hanh trén
CPU thong thuong va pht hop v6i dinh hudng trién khai UST chi phi thap tai cac co s¢

y té tuyén co s0.

2.6.7.2 Han ché ciia phwong phap
Bén canh cac két qua dat duoc, phuong phap Filtered DBIM két hop K-means

van ton tai mdt s6 han ché can dugc xem xét mot cach khach quan.

Thi nhit, bd loc trung vi chu yéu hiéu qua véi nhidu xung (impulse noise), trong
khi kha nang xtr 1y nhidu Gaussian con han ché. Do d, trong cac dicu kién SNR thap,

noi nhiéu Gauss chiém wu thé, hiéu qua cai thién chat luong anh chua thuc su toi uu.

Tha hai, viéc tich hop loc trung vi trong vong 1ap DBIM c6 thé dan dén hién
tuong lam tron cuc bo, dac biét tai cac viung bién min hoac cAu trac nho. Diéu nay co

thé lam suy giam dg sac nét cia bién va anh huong dén kha nang téi tao céc chi tiét tinh.

Thit ba, phuong phép phan doan K-means phu thudc vao viéc Iya chon s6 cum
K. Trong luan an, gia tri K = 3 duoc lua chon dua trén dac diém dit liéu mé phong; tuy
nhién, v6i dit lidu thue té phuec tap hon, vi¢c xac dinh K ti vu khong phai lic nao cling

0 rang va co6 thé anh hudng dén do tin cdy cua két qua phan doan.
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Thtr tu, cac két qua danh gia chi yéu duoc thyc hién trén dir liéu md phong hai
chiéu véi cac gia thiét Iy tudng. Do d6, kha ning tong quat hoa sang dit liéu thuc nghiém
va moi truong 14m sang, noi ton tai cic ngudn nhiéu phirc tap hon nhu speckle va sai s6

hé thong, van can dugc ki€ém chirng thém.

Thir nim, mic du phuong phap cho thay hiéu qua trong diéu kién thiéu do, nhung
van phu thudc dang ké vao chat luong dit liéu dau vao. Trong cac truong hop dir liéu bi

nhiéu manh hodc thiéu nghiém trong, qua trinh hdi ty cia DBIM van c6 thé bi suy giam.

Nhitng han ché ndy cho thiy cin mot phuong phap c6 kha ning xtr 1y nhiéu
Gaussian hiéu qua hon va duy tri 6n dinh trong diéu kién SNR thap. Pay chinh 1a dong
luc cho viée phat trién phuong phap KNN-filtered DBIM duoc nghién ctu sinh trinh
bay trong Chuong 3.

V& m6 hinh nhiéu AWGN. Toan b6 thuc nghiém Chuong 2 va 3 mé phong nhiéu
bing AWGN (nhiu Gauss cong tinh, tring, doc lap theo pixel). Pay 1a mé hinh don
gian héa so voi nhiéu speckle - loai nhiéu nhan tinh (multiplicative), c6 tuwong quan
khong gian, dic trung cta anh siéu 4m thuc trén mo sinh hoc khéng dong nhat. Sy don
gian héa nay anh hudng dén ca hai phuong phap dé xuit theo hai khia canh: (1) loc trung
vi va KNN denoising trong luan an dugc thiét ké va kiém chimg cho nhiéu cong tinh
phan bb ddc lap; v6i nhidu speckle nhan tinh va c6 twong quan khong gian, gia dinh "K
lang giéng gan nhat c6 cung nhén 16p" c¢6 thé kém chinh xac hon do nhiéu speckle tao
ra cic cum cudng do gia (speckle patterns) d& bi nham vé6i cdu trac that; (2) mic giam
nhiéu Iy thuyét theo hé s6 1/VK (PT (3.9)) duoc suy ra dudi gia dinh nhidu doc 1ap - voi
nhiéu speckle ¢ tuong quan, murc giam thyc té nhiéu kha nang thap hon du doan, twong
tu nhu chénh 1éch gitra 1y thuyét va thyc nghiém da quan sat dugc ngay ca voi AWGN
(Muc 3.6.1). Viéc kiém chimng trén md hinh nhiéu speckle (vi du mo phong theo phan
bd Rayleigh/K-distribution) hodc dit liéu siéu 4m thyc 1a huéng mo rong can thiét dé

danh gia day du tinh bén viing ctia phuong phap trude khi tng dung 1am sang,

Trade-off giira khir nhiu va bao toan bién. Viéc tich hop loc trung vi noi vong
1ap di kém mot sy danh ddi ¢ hitu: ctra s6 loc 16n hon cho hiéu qué khir nhiéu manh
hon nhung dong thoi 1am tron thém cac bién ciu tric; ctra s6 nhé hon bao toan bién tot
hon nhung giam kha nang triét tiéu cac pixel ngoai 1& phan tan. V&i cau hinh thyc

nghiém trong chuong nay (cua 0 3x3, k win = 1), diém can bﬁng duoc lua chon uvu
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tién bao toan bién trén ROI 12x12 - mot mit cat phantom c6 hinh thai don gian. Véi
phantom phurc tap hon hodc ludi min hon, diém can bé’mg nay cé thé can diéu chinh,
hoic thay thé bang cac b loc thich tng (adaptive median, bilateral, non-local means)

gitt dugc tinh bén viing va4i outlier nhung nhay hon véi céu tric bién.

Diéu kién ap dung va mién dit liéu phu hop. Phuong phép Filtered DBIM hoat
dong hiéu qua nhét khi anh tai tao thoa man dong thoi ba diéu kién sau. V& phan phdi
cuong do: ton tai hai ving cuong do phan biét 1a nén (O = 0) va ddi twong (O > 0), twong
ung véi bai toan UST c6 mdt ddi tuong don hoac it doi tuong riéng biét; diéu kién nay
dam bao K-means v6i K = 3 phan cum chinh xac va loc trung vi khong nham pixel ddi
tuong v6i pixel nhidu. Vé twong phan 4m hoc: (Ac/co < 10%), giit dd 1éch pha Ap <=
dé xap xi Born con hiéu Iyc va DBIM hoi tu vé nghiém dung trong diéu kién khong
nhiéu. Néu A > m, ban than DBIM da khong hdi tu va bd loc ndi vong khong thé ctru
van. V& mo hinh nhiéu: loc trung vi duogc thiét ké dé loai trir nhiéu xung cong tinh, khong
xtr Iy duoc nhidu speckle nhan tinh dic trung cua siéu 4m mo sinh hoc khong ddng nhét.
Khi ba diéu kién trén khong dong thoi thoa min, chang han anh da dbi tugng phirc tap
nhu kich ban hai hinh try (Muc 3.7.4 cho thdy NERR giam tir 48,9% xudng 13,7%),
turong phan cao, hodc nhidu speckle manh, hiéu qua ciia phuong phap suy giam va can
xem xét cac bién thé bo loc thich mg hon nhu bilateral filter, non-local means, hoic

KNN denoising theo cuong do (Chuong 3).

Gi6i han ap dung: két qua duoc kiém chimg trén phantom hinh tron don gian véi
lu6i 12x12 pixel (Bang 2.3); v6i phantom phtrc tap hon, K = 3 cho K-means c6 thé can
diéu chinh tu dong, con gioi han vé ludi 16n hon da thao ludn tai Muc 2.4.2. Tinh 6n
dinh cia nguyén 1y ILFS dugc ky vong gilt nguyén khi ting N; kiém chtng thuc nghiém

12 huéng wu tién trong nghién ctru tiép theo.

Pinh hwéng mé rong. Nguyén ly loc ndi vong 1dp trinh bay tai Muc 2.4.3 khong
gén riéng v&i bo loc trung vi; né 1a khuén mau thiét ké téng quat cho viéc nhung cac
toan tir khir nhiu nhe vao bén trong vong lap tai tao. Cac bd loc tiém ning cé thé thay
thé bao gom bilateral filter (giit bién tot hon nho trong s6 theo khoang cach cudng do),
non-local means (khai thac tinh ty twong ty ctia anh), va cac bién thé KNN denoising -
huéng duoc khai thac chi tiét tai Chuong 3 cho diéu kién SNR théap. Viéc danh gia dinh

lugng cac lya chon nay cho UST 1a mdt hudng nghién ctru mo.
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2.6.7.3 Thao luan khoa hgc sau thwe nghiém

Lién hé giira két qua thwe nghi¢m va phan tich ly thuyét. Ba quan sét chinh
tir két qua thuc nghiém cho phép kiém ching cac du doan 1y thuyét tai Muc 2.5.2. Quan
sat thir nhat: NE giam ro rét nhat (NERR =~ 86,39%) ¢ kich ban N, =N, = 10 (ti 1¢ nén
1,44:1) — murc giam 16n nay chii yéu do DBIM théng thudng phan ky tai vong lap cudi
(xem Quan sat thir hai), chtr khong don thuan phan anh muac do thiéu do. O kich ban
thiéu do nghiém trong nhat (N, = N, = 6, ti 1& nén 4:1), NERR chi dat 62,78% — thap
hon kich ban N, = N, = 10 vi DBIM ¢ day khong phan ky ma chi bdo hoa sém. O kich
ban do du (N, =N, =12, ti 1¢ 1:1), NERR giam con 45,40%, thap nhit trong ba kich ban
— phu hop v6i phén tich rang co ché phan hoi duong suy yéu khi bai toan nghich it bat
chinh dinh hon. Quan sat thir hai: DBIM thong thuong phan ky & vong 5 trong kich
ban N, = N, = 10 (NE tang tr 0,32 1é€n 0,53), trong khi Filtered DBIM duy tri héi tu -
bang chimg dinh luong rd rang cho du doan (PT 3.2): khi hé sb khuéch dai A(SNR) >
1, sai s6 ty khuéch dai theo cép s6 nhan néu khong c6 co ché cit mach phan hdi duong.
Quan sat thir ba: phuong sai Monte Carlo cia Filtered DBIM (1,2% qua 100 1an chay)
thip hon nhiéu so voi DBIM thong thudng (8,3%) - phan anh viéc bd loc trung vi ndi
vong lip khong chi giam sai sb trung binh ma con 6n dinh hoa qua trinh tai tao trén cac
nhiu thyuc hién khac nhau. Day 14 tinh chat quan trong cho tng dung lam sang noi yéu

cau do tin cay nhit quan giira cac phép do.

Sw cong hudng giira hai co ché. Két qua phan doan K-means cho thay chi sb
Silhouette tang tir 0,612 (DBIM thong thuong) 1én 0,847 (Filtered DBIM) - tdng 38,4%.
Piéu nay khong chi phan anh chat lugng phan cum tot hon ma con xac nhan mét dy
doan quan trong tir Muyc 2.5.2: median filter on dinh hoa cuong do pixel trong vong lip
gilp K-means hau xtr Iy hoat dong hiéu qua hon trén anh dau vao c6 cau tric cudng do
rd rét. Hai co ché tac dong ¢ hai thang phan giai khac nhau (pixel va ving) nhung phu
thudc nhau theo chiéu thuan: cai thién tai thang pixel kéo theo cai thién tai thang viing.
Diéu nay khéc biét vdi cac phuong phap post-hoc trong d6 cac budc xir Iy doc lap véi
nhau.

Vé chi s6 phan doan DSC/IoU. Mot han ché can thira nhan 1a danh gia phan
doan K-means trong chuong nay dwa chil yéu vao chi sd Silhouette, chi s6 nay do do

tach biét cum trong khong gian cudng do, chir chua bao gdm cac d6 do chong lap ving
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nhu Dice Similarity Coefficient (DSC) hay Intersection over Union (IoU) so v&i ground
truth nhi phan. Ly do k¥ thuét 1a bai toan DBIM khong tao ra nhan phan vung nhi phan
tryc tiép ma chi cho ra ban dd cudng d6 lién tuc O(r); viée tinh DSC/IoU doi hoi ngudng
hoa (thresholding) v6i ngudng can dugc Iya chon c6 chu dich va c6 thé anh hudng 16n
dén két qua. Phan tich DSC/IoU véi ngudng toi uu hoa riéng theo timg kich ban 13 huéng
danh gia bo sung dugc dé xuét cho cac nghién ctru tiép theo khi so sanh véi cac phuong

phap phan doan anh y té chuyén biét.

Y nghia khoa hoc réng hon. Két qua Chuong 2 cung cap bang ching thuc
nghiém cho mot ménh dé thiét ké téng quat hon: trong cac bai toan nghich Lip ill-
posed c6 co ché khuéch dai nhiéu phéan hdi dwong, can thiép ndi vong Lip hiéu qua
hon xir Iy hau ky vé cin ban. Két luan nay khong bi gii han bai loai bd loc cu thé
(median & day) hay loai bai toan cu thé (DBIM & day), ma c6 thé md rong sang cac bai
toan nghich khac véi cdu tric twong tu (ching han iterative reconstruction trong CT,
MRI, OCT). Chuong 3 s& kiém chtng tinh téng quat nay bang cach thay median filter
bang KNN denoising trong diéu kién SNR thip khic nghiét hon.

2.6.8 Tiém niing &ng dung trong y sinh

Mot trong nhitng hudng tmg dung quan trong cta phuong phap dé xuét 1a hd
trg phat hi¢n sém bénh ly mé mém va khéi u, dic biét ddi véi nhom phu nir tré, noi
cac phuong phap nhu X-quang mammography con gip han ché do dic diém moé va
day.Két qua nghién ctru cho thiy phuong phap Filtered DBIM ¢6 mdt s6 dic diém phu
hop véi yéu cau nay.

Thi nhat, trong cac kich ban mé phong, phuong phap c6 kha ning tai tao cac
d6i twong kich thudc nhé (khoang 10 mm, twong (g giai doan sém theo phan loai
TNM) véi sai s6 thap (NE ~ 0,0721), trong khi DBIM thong thudng c6 xu hudng phan

Thr hai, phuong phép cho thy hiéu qua trong diéu kién thiéu do, mot dic diém
pho bién ctia cac hé théng UST thuyc té. Két qua nay cho thay tiém ning trién khai
trong cac hé thong 1am sang vai cau hinh phan cting han ché.

Thit ba, két qua phan doan anh bang K-means c6 thé dong vai tro nhu mot budc
tién xir Iy cho cac hé thong chan doan hd trg may tinh (CAD). Do khong yéu cau di
lidu huan luyén, phuong phap dic biét phi hop trong bdi canh dir liéu y té c6 nhan con

han ché va ton tai sai khac giita cac chuyén gia. Tong thé, phuong phap dé xuat gop
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phan nang cao chat lugng anh tai tao, qua d6 mé rong kha ning tmg dung ctia UST
trong cac hé théng tam soat chi phi thap va c6 tinh kha thi cao trong thuc té.

Bén canh d6 vai chi phi tinh toan thap va kha ning hoat dong trong diéu kién
thiéu do, phuong phéap c6 thé 13 nén tang cho cac hé théng UST gon nhe trong tuong
lai. Viéc khong can pha huan luyén gitp phuong phap phi hop voi béi canh dit lidu y
té c6 nhan con han ché. Phan doan tu dong khong giam sat trong bdi canh khan hiém
nhan: Trong y té, dit liéu anh UST c6 nhén chuyén gia (expert-annotated) rat khan
hiém vi doi hoi bac si X quang c6 kinh nghiém, tén nhiéu gid, va nhin giita cac bac si
thudng khong nhat quan (inter-rater variability). K-means dé xuat khong can nhin nao,
khic phuc hoan toan rao can nay. Py 1 dic diém then chdt dé phuong phéap c6 thé
trién khai thuc té ngay ma khong can co so dit liéu nhin dat tién.

Ngoai cac tng dung lam sang néu trén, phuong phap dé xuit c6 tiém ning tng
dung rong trong kiém tra khong pha huy (Non-Destructive Testing - NDT) [88] cta
vat liéu va mo sinh hoc. Tai li¢u ghi nhan nhiéu ung dung NDT si€u am két hop hoc
may [68], [71], [89], [90], [91]: phat hién vét nut trong vat liéu cdy ghép (implant),
theo ddi suy gidm co hoc ciia m6 dé¢m sun khop, va kiém tra tinh toan ven cua tai nguc

(breast implant integrity

Bang 2.9. So sanh UST voi Filtered DBIM so voi cac phwong thitc tao anh vu hién hanh

Tiéu chi lam | Mammography Siéu am B- | UST(Filtered

X , MRI vu
sang (X-quang vu) mode DBIM)

: Co6 - tich lay N

By hé ; Khon

He xa ton hoa theo lan chup J
Hié 2 trén | Thap - at | . ,

lAcu , ql\la ren ap , ma Tot Trung binh | Tot
mo va day tuong phan
Phu nir < 50 tudi | Hiéu qua thap Tét Trung binh | Phu hop
Phat hi¢n khoi , : : Tét (diéu ki¢

at en Khotd Kém véi mo day | Tot Han ché AO (diu kicn

<lcm tot)
Thong tin dinh I?héng (dinh Han ché Khong ch') (van tdc
luong tinh) am)
Chi phi thiét bi | Thap—trung binh | Rat cao Thap Trung binh
Pha tw | Kho in bac | Ca ha .

Aan doan tu : ong (can bac | Can  nhan Khong C6 K-means
dong s1) (DL)
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Tiéu chi 1am | Mammography , Siéu am B- | UST(Filtered
R , MRI vu
sang (X-quang vu) mode DBIM)
Trién khai : , ‘
. Han ché Khong thé 5 Tiém n3
Point-of-Care an che ong thé Co 1€m nang cao

2.7 Két luan chwong

Chuong 2 nghién ctru sinh da trinh bay toan bo phuong phép Filtered DBIM két
hop K-means tir co s& 1y thuyét dén thyc nghiém va dinh huéng ing dung. Trén phuong
dién 1y thuyét, luan an xay dung day du khung toan hoc cua bai toan UST-DBIM, bao
gdm phuong trinh Helmholtz, phuong trinh tich phan Lippmann, Schwinger, roi rac hoa
bang phuong phiap momen (MoM), chinh quy héa Tikhonov va phén tich phd ky di
SVD. Tur d6, luan 4n 1am rd co ché tich lity nhidu trong qua trinh 13p va chi ra ring viéc
tich hop bo loc ngay trong vong 1ap 1a hi¢u qua hon so véi cac phuong phap hau xur 1y.

Chuong nay dé xuat phuong phéap tich hop bd loc trung vi vao timg vong lap
DBIM nham loai bo nhidu cuc bd va han ché sy khuéceh dai sai sb. Béng tho1, thuat toan
K-means duoc st dung dé phan doan anh theo huéng khong giam sat, gop phan cai thién
kha ning biéu dién ciu tric ma khong can dir liéu huin luyén.

Két qua thyc nghiém trén ba kich ban cho thiy phuong phap dé xuat cho NE thap
hon 13 rét so v6i DBIM thong thudng va cc bién thé lién quan. Cu thé, sai s6 chuan
hoa (NE) duoc giam tir 45% dén 86% so véi DBIM va tir 39% dén 57% so voi DF-
DBIM. Déng gop chinh ciia chuong cé thé dugc tom tit nhu sau:

Chuong nay dé xuat co ché loc trung vi ndi vong lap, giup pha v& chudi phan hoi
duong cta nhiéu trong DBIM; x4y dung quy trinh phan doan K-means khong giam sét,
khong yéu cau dit liéu nhin va ching minh hiéu ning cai thién 13 rét trong diéu kién
thiéu do va nhiéu cao.

Vé mit ung dung, phuong phap dé xuit md ra mot hudng tiép can kha thi trong
viéc trién khai cac hé théng UST chi phi thdp. Két qua nghién ctru dat nén tang cho 19
trinh phat trién tr kiém ching trén phantom dén cac thiét bi UST Point-of-Care, gop
phan phuc vu chian doan hinh anh y sinh tai cac qudc gia c6 ngudn luc han ché. Tuy
nhién, két qua tai Muc 2.6 dugc dénh gia & SNR =~ 26 dB - tuong ung diéu kién thiét bi
siéu am y té tiéu chuan - va bo loc trung vi (ctra s6 ¢6 dinh, khong thich tng theo cudng
dd) boc 16 gidi han khi mirc nhiéu ting cao hon. Chuong 3 mé rong nguyén 1y loc noi
vong lap ctia Muc 2.5 sang diéu kién SNR thap (1-6 dB) bang cach thay bo loc trung vi
bang bo khir nhidu KNN thich tmg theo cuong do, tir d6 kiém ching tinh tong quat cua
design pattern nay va phu phan dai SNR con lai ctia khong gian hoat dong UST
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CHUONG 3. TAI TAO ANH SIEU AM CAT LOP (UST) TRONG MOI
TRUONG NHIEU CAO BANG DBIM VOI CO CHE KHU NHIEU KNN
NOI VONG LAP

Chuong 2 d3 trinh bay va kiém chirg phuong phap Filtered DBIM sir dung loc
trung vi két hop phan cum K-means (Muc 2.5). Két qua dinh lugng cho théiy bo loc trung
vi tich hop nodi vong lap giam sai s chuin héa (NE) tir 45% dén 86% so voi DBIM
thong thuong, ddng thoi ngin chin hién tuong phan ky trong diéu kién thiéu do. Tuy
nhién, bd loc trung vi van ¢6 mot han ché quan trong: day la bo loc ¢b dinh (non-
adaptive) voi kich thudc cira s6 va quy tic trung vi khong thay d6i bat ké dic tinh nhidu
cuc bo cua anh. Trong diéu kién méi trudng nhiéu rit cao (SNR thap: 1-6 dB), noi mat
d6 nhidu phan bd khong dong déu trong anh, mot co ché loc thich tng hon c6 thé mang
lai cai thién ro rét.

Xuét phat tir han ché d6, chuong nay tiép nbi truc tiép Chuong 2 bang cach khao
sat mot chién luoc loc ndi vong lip méi: st dung thuat toan K-lang giéng gan nhat (K-
Nearest Neighbors - KNN) thay cho loc trung vi. KNN la k¥ thuat hoc may khong tham
s, thuc hién khir nhiu thich tmg [67] dwa trén d6 twong dong cuong dd cuc bd, khong
yéu cau hun luyén, va co chi phi tinh toan thip , ba dic diém 1am cho né phu hop nhiing
vao vong lap DBIM gidng nhu loc trung vi ndi vong 1ap da trinh bay tai Muc 2.5.2.

Moi quan hé giita hai chuong: Chuong 2 (loc trung vi, mdi truong nhidu vira,
AWGN 5%, SNR =~ 26 dB) va Chuong 3 (loc KNN, méi truong nhiéu cao — SNR =1,
3, 6 dB) hinh thanh mot cp nghién ctru bo tro, cung kham pha nguyén 1y loc ndi vong
lap DBIM nhung & cac diéu kién nhidu khac nhau va véi co ché loc khac nhau. Chuong
3 dit ra va tra 101 cau hoi: khi diéu kién nhiéu tré nén khic nghiét hon nhiéu, liéu mot
b loc thich tng nhu KNN ¢6 hiéu qua hon loc trung vi khong? Két qua cuia chuong nay
bd sung thém bang ching cho luan diém trung tim ctia luan an: loc phi tuyén ndi vong
lap la chién lugc hiéu qua va téng quat dé cai thién DBIM, khong phu thudc vao loai bd
loc cu thé.

3.1 Gi6i thi¢u va dong lwe nghién ciru

Chuong 2 da dit nén moéng cho nguyén 1y Loc Noi Vong Lap (Intra-Loop Filter

Stabilization — ILFS, Muc 2.5.1): nhung truc tiép bd loc phi tuyén nhe vao Budc 6 cia

mdi vong lap DBIM, cat dut chudi tich lily nhiéu ngay tai nguon thay vi can thiép trudc
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hoic sau chudi lap. Filtered DBIM véi loc trung vi di kiém ching nguyén 1y nay & SNR
~ 26 dB va diéu kién thiéu do. Chuong 3 tiép tuc kiém ching nguyén ly ILFS ¢ diéu
kién SNR thip hon nhiéu (1-6 dB), bang cach thay loc trung vi bang KNN denoising
thich rng theo cuong do.

Phuong phap Filtered DBIM (Chuong 2, Muc 2.5) véi lgc trung vi ndi vong lap
cho hiéu qua tét trong diéu kién SNR vira phai (= 26 dB). Tuy nhién, trong cac kich ban
UST thuc té, mirc nhiéu c6 thé thép hon nhiéu - dic biét véi hé théng cAm tay Point-of-
Care, moi truong mo khong dong nhat, hodc bénh nhan c6 chuyén dong trong qua trinh
quét. Trong cac diéu kién SNR thip (1-6 dB), loc trung vi boc 16 gii han vi co ché thay
thé khong gian ¢ dinh khong con du thich tmg v6i cuong d6 nhidu 16n.

Tuy nhién, sy suy giam hiéu qua & SNR thip khong phai 13 dau hiéu cho thay
cach tiép can loc ndi vong lip tai Chuong 2 (Muc 2.5) khong phu hop; nguoc lai, n6 cho
théy bo loc trung vi - von dya trén théng ké thur ty trong cua $0 khong gian ¢ dinh -
khong phai 14 hién thyc hod tdi uu ctia nguyén 1y chung khi nhiéu chiém wu thé. Chuong
3 tiép tuc chinh nguyén 1y d6, nhung thay bo loc bang mot thuit toan c6 kha ning phin
biét pixel sach va pixel nhiéu trén khong gian cuong do thay vi khong gian hinh hoc:
KNN denoising. Viéc giit nguyén kién trac tich hop tai Budc 6 cta vong lip DBIM, chi
thay doi b loc bén trong, 1a cach kiém chimg truc tiép gia thuyét dit ra & Muc 2.5.1
rang intra-loop filtering 13 mot nguyén 1y thiét ké tong quat, khong phu thudc vao lra
chon bo loc cu thé. Néu nguyén 1y 1a ding, ta ky vong quan sat duoc hiéu qua 6n dinh
hoa qua trinh tai tao trén ca hai ché d6 van hanh rat khac nhau (SNR =~ 26 dB ¢ Chuong
2 va SNR = 1-6 dB ¢ Chuong 3). Pay la logic truc doc xuyén sudt hai chuong dong
gop.

Chuong nay trinh bay phuong phap KNN-filtered DBIM - str dung thuét toan K
lang giéng gan nhat (K-Nearest Neighbors, KNN) dé khir nhidu noi vong lip DBIM,
thay thé cho bo loc trung vi tich hop tai Budc 6 (Muc 2.5.2). Khac voi loc trung vi thay
thé gia tri pixel bang trung vi cta cira s6 khong gian, KNN denoising hoat dong trén
khong gian cudng do - tim K pixel c6 gia tri gan nhat véi pixel dang xét va lay trung
binh. Co ché nay cho phép thuit toan thich tmg véi muc nhidu cao ma van bao toan
duogc cac dac trung cuc bo.

Phan con lai cia chuong dugc to chiic theo logic din nhéap: bai toan DBIM trong

mdi trudng SNR thap va co ché khuéch dai nhiéu (Muyc 3.2); dong luc Iya chon KNN



86

dua trén cAu tric bai toan (Muc 3.3); nguyén Iy KNN loc ndi vong ldp va co so 1y thuyét
(Muc 3.4); thiét 1ap thuc nghiém va ground truth (Muc 3.5); phuong phap dé xuat KNN-
filtered DBIM vé1 Pseudocode(Muc 3.6); két qua thuc nghiém va thao luan khoa hoc
(Muc 3.7); kha ning tong quat va huéng mé rong (Muc 3.8); két luan chuong (Muc 3.9).
3.2 Bai toan DBIM trong mdi trueomg SNR thap

Trude khi dé xuét giai phap, can xac dinh rd vi sao moi trudng SNR thip 13 diéu
kién van hanh ddc biét kho cua thuat toan DBIM. Muc nay phan tich ba khia canh k¥
thuét cta bai toan: tinh bat chinh dinh ¢ hitu cta bai toan nghich DBIM & SNR thép;
co ché khuéch dai nhiéu qua cc vong lip va hé qua phan ky; gidi han cta cac giai phap
hién c6 khi SNR giam xudng dudi 6 dB.
3.2.1 Tinh bét chinh dinh va d9 khuéch dai nhiéu ciia bai toan nghich

Bai toan nghich DBIM tai mdi vong lip (Muc 1.3.2) duoc biéu dién duéi dang
tuyén tinh hoa M-AO = Ap,, trong d6 M = B-diag(p) 12 ma tran Jacobian kich thuéc
(N'N;) x N2 Ma tran M c6 sb diéu kién k(M) = 6_max/c_min 16n (thudng > 10* trong
UST), khién bai toan bt chinh dinh (ill-posed) theo Hadamard. Khi dit liéu do bi nhiéu

Aps = Aps~clean + e, sai s6 nghiém tuan theo danh gia cd dién:

l|5A0]| llell

—— < k(M) - ——
”AO” K( ) ”Apsclean”

(3.1)
Tai SNR cao (> 20 dB), ti sb lel/IAps*cleanl = 0,1 va sai s6 nghiém tuong di con
& mirc chip nhin dugc du k(M) 16n. Tai SNR = 1 dB, ti s6 nay ting 1én x4p xi 0,89 -
gﬁn ngudng tin hiéu/nhiéu - khién sai s nghiém bi khuéch dai dén murc anh tai tao hoan
toan bi che 1ap boi nhidu (xem Hinh 3.6 hang 3 trong Muc 3.7). Pay la co ché gbc ré
giai thich vi sao DBIM thong thudong mat kha ning tai tao cau trac khi SNR giam xuéng
dudi 6 dB.
3.2.2 Co ché khuéch dai nhiéu qua cac vong lip
Sai s6 nghiém ¢ mdi vong lap khong ton tai doc 1ap ma duge truyén qua cac vong
lap tiép theo theo co ché phan hoi. Cu thé, sai s6 80”(n) & vong n 1am sai léch ham
Green uodc tinh G _D*n+l), tor d6 lam sai léch ma trdn Jacobian M*(n+1) =
B-diag(p”(n+1)), ddn dén sai s6 nghiém 30~(n+1) 16n hon ¢ vong ké tiép. C6 thé mo

hinh héa qua trinh nay bang phuong trinh truy hoi:
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|60 || ~ A(SNR) - ||860™]| +

.IIeII 32)

min

Trong d6 A(SNR) = 6_max(M)/N(2y) 1a hé sb khuéch dai ndi tai cia vong lap,
tire ti sO giita gia tri ky di 16n nhat ctia Jacobian va cin hai 1an tham sb chinh quy hoa,
phu thudc nghich bién véi SNR (y ting khi SNR giam dé 6n dinh nghiém). Tai SNR
cao, A < 1 va sai s tu suy giam theo cép s6 nhan - DBIM hoi tu 6n dinh. Tai SNR thép,
A c6 thé vuot 1, khién sai sb tu khuéch dai theo cap sb nhan va thuat toan phan ky. Pay
1a co ché giai thich két qua thuc nghiém tai Muc 2.6.3 (kich ban N=N,=10): DBIM
thong thudng hoi tu tét dén vong 4 nhung dot ngdt phan ky & vong 5 khi sai sb tich liy
vuot ngudng to1 han.

3.2.3 Giéi han ciia cac giai phap hién cé & SNR thap

Ba nhom giai phap da duoc ap dung cho bai toan DBIM ¢ SNR thap déu co gidi
han riéng. Nhom thtr nhat gdm cac k¥ thuét chinh quy héa ning cao (Tikhonov béc cao,
Total Variation, L1) [54], [72]: hiéu qua & SNR vira nhung khong cat dut duoc co ché
truyén sai sb qua vong lip nhu d3 phan tich tai (3.2). Nhom thir hai gdm cic phuong
phap da tan sb va da d6 phan giai [27], [35], [27]: cai thién duoc tinh 6n dinh nhung lam
ting rd rét chi phi thu thap dir liéu va do phuc tap hé thong. Nhém thir ba gdm cac
phuong phéap hoc sau sau vong lip [16], [14], [15]: hiéu qua khi c6 du dir liéu huan luyén
& SNR tuwong tmg, nhung tai SNR = 1 dB thi xay dung tap di liéu huin luyén gin nhu
khong kha thi vi ground truth anh khéng thé x4c dinh chinh xac tir dir liéu do c6 nhidu
vuot tin hiéu.

Khoang tréng nghién ctru dugc ludn an xac dinh: can mot k¥ thuat can thi¢p truc
tiép vao vong lap DBIM (intra-loop), khong can pha huan luyén, khong tang chi phi thu
thap dir liéu, va c6 kha ning giam phuong sai nhiéu thich tmg theo phan phéi cuong do
anh. KNN denoising - khi duoc tich hop vao Budc 6 cta vong lap DBIM - dap ung dong
thdi bon yéu cau nay.

3.3 Co s6 lua chon KNN

C6 nhiéu thuat toan denoising khong can huan luyén co thé tich hop vao vong
lap DBIM, tiéu biéu 1a loc trung vi (rank-based), lopc Wiener (linear minimum-MSE),
Non-Local Means [63], BM3D [64], anisotropic diffusion [61], total-variation
regularization [62] va K-Nearest Neighbors [92]. Muc nay phan tich bon 1y do ki thuat
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khién KNN denoising 12 lya chon phtt hop nhat voi cu triic bai toan DBIM & SNR thép,
dira trén cac phan tich da trinh bay tai Muc 1.3.4 (co ché tich lity nhidu) va Muyc 3.2 (bai
toan DBIM ¢ SNR thép). Rang budc chi phi tinh toan O(N°) loai trir hoc sdu khoi vai
tro bd loc ndi vong 1ap da dugc phan tich dinh lugng tai Muc 1.6.4 va Muc 2.5.1; muc

nay tap trung vao 1y do chon KNN trong sb cac k¥ thuat da qua sang loc. [60]

Anh tai tao O(r) trong DBIM tai mdi vong ldp c6 céu trac phin phdi cuong do
hai mode 15 rét: mode d6i tugng tap trung quanh gia tri O_obj > 0 va mode nén tap trung
quanh 0. Tai SNR cao, hai mode tach bach hoan toan. Tai SNR thép, hai mode b1 nhoe
do nhiu Gauss cong tinh, nhung tim phan phdi van duoc giir twong dbi 6n dinh. KNN
denoising [92] tan dung cau triic bimodal nay: vdi mdi pixel, K lang giéng cuong do gan
nhit c6 xac suit cao thudc cuing mode - pixel dbi trong tim thay pixel dbi twong khac,
pixel nén tim thay pixel nén khac - bat ké vi tri khong gian. Co ché nay khac biét cin
ban voi loc khong gian (median, Gauss): loc khong gian gia dinh pixel cung vi tri thudc

cung mode, gia dinh nay that bai khi nhiéu pha v& tinh lién tuc khong gian [63].

Vi sao KNN phu hop riéng véi méi treong SNR thip. Tai SNR cao (> 20 dB),
nhidu 62 nhé va loc trung vi don gian (tham chi khong loc) da du. Khi SNR giam xubng
viing 1-6 dB - dic trung cho mé va day, dau do ap suét thip, hodc tang hip thu cao -
bién do nhiéu cong tinh tiém can bién d tin hiéu that, loc tuyén tinh hoac loc rank-based
1am mo bién ddi twong. KNN khai thac dong thoi hai diéu kién dic trung ciia anh DBIM
& SNR thip: nghiém that O c6 cdu trac nhat quan khong gian - pixel cing ving vét 1y
c6 gia tri cudng do twong tu; nhidu cong tinh ddc 14p c6 phan phdi Gaussian - trung binh
héa K mau cung nhom cudng do giam phuong sai theo 62K (dinh 1y gi6i han trung
tam). Hai diéu kién nay khong suy giam khi SNR giam; nguoc lai, loi thé cia KNN ting
dan khi nhiéu manh hon vi ti s6 "tin hiéu cau tric / nhiéu pixel" ma KNN khai thac cang
cao tuong doi. Pay ciing 12 Iy do thuc nghiém Chuong 3 cho thidy mirc cai thién NE cua
KNN-filtered DBIM tang don diéu khi SNR giam (49,5 % tai 6 dB — 57,2 % tai 1 dB,
Bang 3.5).

Mot thudc tinh quan trong cua bai toan nghich DBIM 1a nghiém dung O c6 cau
trac nhat quan khong gian (spatial consistency): cac pixel cliing thugc mot ving vat ly
(d6i twong hodc nén) c6 gia tri twong déng. Loc cudng do KNN bao toan thudc tinh nay

t6t hon loc khong gian: khi K lang giéng dugc chon theo cudng do, cac pixel cing ving
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vat 1y s& tu nhién tap hop lai véi nhau, bat ké ching c6 lién ké trong khong gian hay
khong. Pic tinh nay c6 gia tri tai bién dbi tuong - noi loc khong gian thuong lam md

bién do tron pixel doi tugng va pixel nén lién ké trong ctra so.

C6 ba mirc do tich hop denoising vao quy trinh DBIM, mdi murc ¢ hiéu qua khac
nhau. Tién xr Iy (pre-processing) khir nhidu trén dit liéu do ps trudc khi dua vao DBIM,
song khong hiéu qua vi nhidu do va nhiéu tdi tao ¢6 co ché khac nhau. Hau xur 1y (sau
vong lip) khir nhidu trén anh O sau khi DBIM két thuc; cach nay chi cai thién anh cudi
nhung khong cat dut duoc co ché khuéch dai nhiéu da phan tich tai PT (3.2), do d6
khong ngin duoc phan ky. Noi vong lip (intra-loop) khir nhiéu trén dnh O® ngay trudc
khi dua vao tinh toan vong n+1; cach nay truc tiép giam hé sé khuéch dai A(SNR) trong

PT (3.2), kiém soat dugc phan ky ngay tir vong dau tién.

Khi KNN duoc tich hop truc tiép vao qua trinh 1ip cia DBIM, nhiéu dugc giam
trude khi nghiém cap nhat dugc sir dung cho vong lip tiép theo. Piu nay han ché hién

tuong lan truyén sai sd va ting tinh 6n dinh cua qua trinh tai tao trong méi trudng SNR

Can luu ¥ ring trong nhém hoc may khong can dit liéu c6 nhin, ngoai KNN con
c6 cac phuong phap hoc sau khong giam sat nhu Deep Image Prior (DIP) [93] va
Noise2Inverse (N21) [93]. Tuy nhién, ca hai déu khong phu hop dé nhing vao ndi vong
1ap DBIM. DIP yéu cdu tdi wu hoa mang qua gradient descent cho ting anh riéng 1é, v6i
chi phi tinh toan cao hon bai todn thuan O(N¢), vi pham rang budc chi phi da phan tich
tai Muc 2.5.1, va gay mét 6n dinh sb khi ddu ra mo hinh duoc dua truc tiép vao budc
cap nhat Jacobian. N2I yéu cau it nhat hai phép do doc 1ap cua cing mot dbi tuong trong
cung phién thu tin hiéu, diéu kién khong thé dam bao trong pipeline UST thong thuong.
Vi vay, trong khong gian cac thuat toan khong can nhan va khong can pha huan luyén,
KNN denoising 13 lya chon duy nhat thoa man dong thoi ba rang budc cung: chi phi
O(N“) thap hon bai toan thuan; khong yéu cau dir liéu hodc diéu kién dic biét ngoai anh

hién tai; 6n dinh sb khi tich hop 1ap lai vao vong lap DBIM.

3.4 Co s6 1y thuyét KNN va wng dung khir nhiéu anh
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Phan loai nhiéu trong UST kém bién phap xir Iy twong ting da dugc trinh bay tai
Muc 1.3.3 va Bang 1.4 (Chuong 1). Trong bdi canh SNR thap (1-6 dB), nhiéu cong tinh
AWGN chiém uu thé va phan tan toan anh - day 1a loai nhidu ma KNN denoising thiét
ké dé xir Iy hiéu qua nhd co ché giam phuong sai theo Muyc 1.3.4 (hé s6 khuéch dai
nhidu NAF, PT (1.16)). Muc nay trinh bay co so Iy thuyét va co ché hoat dong ctia KNN
trong ngtt canh DBIM.

3.4.1 Thuat toan KNN: Dinh nghia va nguyén ly

K-Nearest Neighbors (KNN) la thut toan hoc may khong tham sé (non-
parametric) [92], khong tham sé (instance-based), hoat dong dua trén gia dinh rang cac
diém dir liéu twong d6ng nhau nim gan nhau trong khong gian dic trung. Trong ngir
canh khir nhidu anh, khong gian dic trung 14 khong gian cuong d6 pixel — mdi diém x;
1a gia tri cuong do cua pixel thu 1.

Khoang cach gitra hai pixel x; va x; trong khong gian cuong d¢ 1D (anh xam)
duoc léy bﬁng dd chénh I¢ch tuyét dbi cua gia tri cuong do. Do cudng do 1a dai luong
vO hudng (mot chiéu), khoang cach Euclid (L) va khoang cach Manhattan (L1) tring
nhau va déu rat gon ve tri tuyét dbi cua hiéu cuong do, dugc dinh nghia:

d(xi, %) = |xi — x](3.3)
Tap K lang giéng gan nhit cta diém x; dugc xac dinh:
N K@) = {j: d(xi,x) < d(xi,x,) Vh € N_K(),[N.K@{@)| = K} (3.4)
Trong d6 N_K(i) 1a tip dung K chi sb j c6 cudng d6 gan x; nhat (ngoai trir i chinh no).
Gi4 tri pixel sau khi khir nhiéu KNN 1a:Trong d6 N_K(i) 13 tap dung K chi s6 j c6 cudng
d6 gan x; nhat (ngoai trir i chinh no); khi nhiéu diém c6 cung khoang cach cudng do tai
bién Iya chon, cac diém nay duoc sap theo chi sd ting dan va chi giit diing K phan tir

dau dé bao dam [N_K(i)| = K. Gia trj pixel sau khi khir nhiéu KNN Ia:

xi' = (1/K) Z_{; € NK()}x% (3.5)
PT (3.5) thay thé mdi gi4 tri pixel bang trung binh s6 hoc ctia K diém c6 cudng d6 twong
dong nhét trong anh — day 13 budc khir nhidu cot 16i. Can chu y rang (3.5) khong phai
1a loc khong gian (spatial filter) nhu loc trung vi (2.5) tim K lang giéng khong gian gan
nhat; thay vao d6, KNN tim K lang giéng vé cudng dd gan nhat — hai co ché cin ban

khac nhau, dan dén dic tinh xir Iy nhidu khéac nhau.
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Bién thé KNN c6 trong s6 (Weighted KNN — WKNN): tit ca K lang giéng duoc

coi bang nhau (trong sé déu 1/K). Mot bién thé ty nhién 13 gan trong s ti 1& nghich voi
khoang cach cuong do:
Bién thé WKNN cho diém gan hon vé cudng d6 anh hudng nhiéu hon. Nghién ctru nay
chon KNN don gian (3.5) véi 1y do: (1) giam thiéu d6 phtc tap tinh toan; (2) & SNR =
1-6 dB, khoang cach cudong d6 giita K lang giéng nhé hon nhiéu so véi phuong sai
nhidu, nén trong s6 déu xap xi tot; (3) KNN don gian di du hiéu qua theo bang ching
thuc nghiém. Tuy nhién, WKNN c¢6 tiém ning cai thién thém & SNR cao hon (> 10 dB)
— déy 1a hudng phat trién trong twong lai.

Vi du s6 minh hoa: Gia st pixel can khir nhidu x; = 15 (don vi chuan héa) trong
anh O DBIM tai SNR = 1 dB. Gia trj ding (ground truth) 1a 12, nhiéu = +3. V§i K = 5,
nam lang giéng cuong d6 gin nhét 1a: xi = 14, x2 = 13, x3 = 16, xa = 11, xs = 15 (gia su
trong anh thuc). Két qua KNN: xi' = (14+13+16+11+15)/5 = 13,8 — gan v&i ground
truth 12 hon gia tri gbc 15 (giam sai s tir 3 xudng 1,8). So sanh véi loc trung vi 3x3
khong gian: néu 8 pixel khong gian 1an can c6 gia tri {9, 22, 8, 19, 15, 7,21, 10}, median
= 12,5 — t6t hon (sai s6 = 0,5), nhung khi SNR thap hon, nhiéu hon trong sé 8 pixel lan
can khong gian sé bi nhiéu manh, 1am median sai. KNN khong bi van dé nay vi né chon
theo cuong dd, khong theo vi tri.

3.4.2 So sanh KNN denoising v6i loc trung vi: Su khac biét can ban

Viéc hiéu rd su khac biét gitra KNN denoising va loc trung vi 1a then chdt dé ly
giai tai sao KNN pht hop hon trong méi trudng nhidu cao (SNR théap). Bang 3.1 phan
tich so sanh chi tiét theo nhiéu tiéu chi.

Bang 3.1. So sanh KNN denoising va loc trung vi theo nhiéu tiéu chi

Tiéu chi Loc trung vi (Median) KNN denoising

Co s& toan hoc Thong ké thtr tu (order Hoc may khong tham s6 (k-

statistics) Nearest Neighbors)
Tham s6 chinh Ijlgh thude cira 56 k_win S6 lang giéng K =5

Thay pixel bang gia tri

Co ché xir Iy Ty Y Trung binh hoa K lang gleng
X trung vi cua cua soO lan
nhicu cAn c6 gia tri cuong do gan nhat
Hi€u qua voi Trung binh Cao (giam phuong sai theo

AWGN cdng tinh 1/K)
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Tiéu chi

Loc trung vi (Median)

KNN denoising

Hi¢u qua voi
nhi€u xung

Cao (loai bo outlier)

Trung binh

Baéo toan bién do1

Tét khi K vira phai; mo bién

tuong Tot khi K 16n
Ving SNR phit | SNR cao (> 20 dB) — SNR thap (1-6 dB) —
hop Chuong 2 Chuong 3
Do phtrc tap tinh | O(N? - k_win? - log ) K. 5
toan K win) O(NZ - K- log N?)

Can huan luyén

Khéng

Khéng (non-parametric)

Bang 3.2. So sanh co ché KNN denoising va loc trung vi trong ngit canh DBIM

Tiéu chi

Loc trung vi
(Chuong 2)

KNN Denoising
(Chwong 3)

Cach chon lan can

Khéng gian (spatial): ctra s6
(2k+1)x(2k+1) quanh pixel

Khong gian dac trung
(cudng dd): K diém gan nhit

median{lI(i + m,j

X = (1/K)z8

Cong thure +n):m,n € N_K(i) x,
€ [—k, k]},(2.5) PT (3.5)

Tinh thich tGng | Khéng thich tng (ctra s6 ¢ | C6 thich tng (chon 1an can

(adaptive) dinh) theo dir liu)

Kha ning chéng
nhiéu

Tot voi nhi€u xung, it nhay
véi outlier

Phu thudc vao KKK va murc
d6 tuong dong dir licu

Bao toan bién

Tét (median khong bi anh
hudng boi outlier)

Tét hon voi SNR thap (chon
diém twong dong vé gia tri)

Hi¢u qua khi SNR
cao (=26 dB)

Rét t6t (NE giam 45-86%,
Muc 2.6)

c6 cai thién nhung khong 16n

Hi¢u qua khi SNR
thap (1-6 dB)

Suy giam khi nhiéu chiém
wu thé

Cao hon (NE gidm 49 -
57,2%)

Tham s6 diéu

chinh

k_win: kich thudc ctra s6
(c6 dinh k=1)

K: s6 lang giéng (K=5 t6i
uu)

Chi phi tinh toan
thém

<0,01% mdi vong lip

8-10% mdi vong lip (sort +
trung binh)




93

Piém khac biét cin ban nhat: loc trung vi dua trén vi tri khong gian (spatial
locality), n6 gia dinh rang pixel nhidu c6 thé dugc suy ra tir cac pixel khong gian gan
ké. KNN denoising dwra trén twong dong cudng do (intensity similarity) [63] ,n6 tim cac
diém c6 gia tri twong dong bat ké vi tri trong anh. Trong diéu kién SNR rét thap, pixel
nhiéu c6 thé bi nhifu ning dén murc cac pixel khong gian gin ké ciing bi nhidu, lam mat
hiéu luc cia loc khong gian. KNN vin hoat dong vi né tim cac diém tuong dong vé
cuong 46 — & cudng do gde (trude khi nhidu) van twong dong, du cac cuong do sau
nhiéu c6 phan tan.

3.4.3 Phan tich toan hgc cia KNN trong ngir cinh DBIM

Dé phan tich 1y thuyét tai sao KNN denoising hiéu qué trong DBIM, can xem xét
md hinh nhiéu trong anh tomography. Anh O, sau vong lip n cia DBIM c6 thé phan
tich thanh hai thanh phan:

o"Cr) = 0(Cr) + 60"(Cr) (3.6)

Trong d6 O 13 ham ddi tugng ding (ground truth), 80, 1a thanh phan nhidu tich liiy dén
vong n. Trong diéu kién SNR thap, 50, c6 phuong sai 16n va phan phdi phi Gauss (do
lan truyén qua bai toan nghich phi tuyén). Phan tich phan phdi cuong do anh O, theo
histogram cho thiy hai nhém 3 rét: nhom pixel ddi twong (O # 0) tip trung quanh gia
tri O_obj > 0 va nhém pixel nén (O = 0) tap trung quanh gia tri 0, voi do rong phan phdi
ti 16 v6i 6_n. Céu tric bimodal nay - dugc duy tri qua cac vong lip DBIM - chinh 1a co
s& d& KNN denoising hoat dong hiéu qua: K lang giéng cudng dd gan nhét ciia mét pixel

doi tugng co6 xéc suat cao 1a pixel doi twong khéc, va tuong tu cho pixel nén.

Can luu y, KNN ¢ day 1a phép loc theo K lang giéng gan nhat trong khong gian
cuong do (intensity-space K-nearest neighbors) — nghia 1a K diém anh c6 gia tri cuong
d6 gan nhat vi pixel dang xét, khong phan biét theo vi tri khong gian — khac voi KNN
ding trong bai toan phan loai/hdi quy (noi K lang giéng duogc tim trong khong gian dic
trung dé bé phiéu/ndi suy nhén) va ciing khac véi cac phuwong phap loc theo lang giéng
khong gian (spatial) hodc theo patch. KNN denoising vdi K = 5 hoat ddng nhu mdt bo
loc lam min cuong do (intensity smoothing): vdi mdi pixel, no thay thé gia tri bang trung
binh ciia 5 diém tuong dong nhat. Diéu nay c6 tac dung: (1) Giam phuong sai nhiéu ctia
ting pixel xuéng 6K (véi K = 5, giam 5 lan — twong duong tang SNR thém 7 dB); (2)

Tan dung twong quan cudng do (intensity correlation) trong anh — pixel ddi tugng c6
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xu huéng tim thay lang giéng 1a pixel ddi twong khéc, pixel nén tim thay pixel nén khac;
(3) Bao toan su phan biét giira ving ddi twong va ving nén t6t hon loc khong gian khi

SNR thép.

Phuong trinh cap nhat DBIM sau khi tich hop KNN denoising (Budc 6 cuia Thuat
toan 3.1): 0,,c."** = KNN_denoise(0™ + AO™K = 5) (3.7)

Véi KNN_denoise 1a toan tir khir nhiéu KNN (3.5). PT (3.7) tuong tu v6i Budc 6 cla
Thuat todn 2.1 (Muc 2.5.4) — day la diém lién két vé mat ciu trac gitra hai chuong:
cung vi tri trong vong ldp, cung muc tiéu, nhung khac co ché loc. So sanh (3.7) va (2.5)
1am 13 sy khéc biét 1y thuyét: loc trung vi tac dong trén khong gian pixel, KNN tac dong

trén khong gian cudng do.

3.4.4 Phéan tich co ché KNN theo géc nhin giam phwong sai nhiéu

Duéi gia thiét nhidu doc 14p va dong phan phdi, phan tich phuong sai nhidu gop
phan giai thich tai sao KNN c¢6 tiém ning hiéu qua hon loc trung vi & SNR thip. M6
hinh nhiéu cong tinh AWGN cho mdi pixel x; = s; + n; voi n; ~ N(0, 62,). KNN denoising
thuc hién trung binh K lang giéng: % = (1/K)Zix;, giam phuong sai xdp xi xudng 62/K
(PT 3.9) trong gia thiét d6. V6i K = 5, phuong sai giam gan 5 1an, twong duong ting
SNR = 7 dB, gbép phan 6n dinh vong lip DBIM trong diéu kién SNR thip (1-6 dB).

xi° = % + n,n; ~ N(0,02") (3.8)

Trong phan tich phuong sai, xi trtong duong vdi O(1,)) trong ky hi¢u anh 2D, ca
hai déu chi gia tri cudng do pixel tai vi tri i (chi s6 tuyén tinh) hodc (i,j) (chi sé 2D).
Xuyén sudt luan an, O(r) ding cho trudng lién tuc va O(i,j) hoic O; dung cho biéu dién
pixel roi rac.

Trong d6 X la gia tri pixel ding va o2, 12 phuong sai nhiéu phu thudc vao SNR theo quan
hé 6%, =P_signal / SNR (tuyén tinh). Sau khi ap dung KNN véi K lang giéng, gia tri udc
luong:

Gia st cac gia tri X trong N_K(i) dong nhat (xap xi diing khi K nhé va anh c6 cau tric
don vung), phuong sai cua udc lugng KNN la:

1 0,2
Var(x';) = e Z'Var(nj) = % (3.9)
j
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PT (3.9) la két qua 1y thuyét quan trong: trong gia thiét d néu, KNN giam phuong

sai nhiéu xap xi K 1an. V&i K = 5, phuong sai nhiéu giam gan 5 1an, twong duong ting
SNR thém khoang 10-logio(5) = 7 dB. Do d6: SNR_sau KNN = SNR_trudc + 7 dB
(V61 K =5)
Diéu nay c6 nghia: anh & SNR = 1 dB sau KNN denoising twong duong SNR ~ 8 dB —
du dé DBIM hoi tu 6n dinh. Pay 1a giai thich dinh luong tai sao KNN-filtered DBIM
cho NE thap hon DBIM théng thudng, dic biét & SNR thap. Bién luan vé cac gia dinh
ctia PT (3.9). Két qua "phuong sai nhidu giam K 1an" trong PT (3.9) duoc xay dung trén
gia dinh 1y tudng rang nhidu 1a Gauss tring doc 1ap va cac lang giéng trong KNN khong
tuong quan. Tuy nhién, trong DBIM, nhiéu sau phép nghich dao Tikhonov khong con
1a nhidu trang ma tr& thanh nhidu c6 trong quan khong gian do anh huong cua phd ky
di cia ma tran M. Vi vay, mirc giam nhiéu thuc té thuong nhé hon 1y thuyét. Du vay,
PT (3.9) vén 1a x4p xi hop 1y vi: KNN chon lang giéng theo do twong dong cuong do
nén 1am giam tuong quan gitta cac mau; tham s6 chinh quy hoa y @i 16n dé han ché
khuéch dai nhiéu manh. Két qua thyc nghiém & Muc 3.7.1 cho thfiy muc giam NE thuc
té thap hon gia tri 1y thuyét, pht hop véi phan tich trén.

Ly do thir hai 13 kha ning giam phuong sai nhiéu mot cach c6 chon loc. Trong
mdi truong nhidu cao, loc trung vi c¢6 thé khong phat hién dugce cac pixel nhiéu khi
chung tap trung thanh cum; KNN tranh duoc van dé ndy biang cach so sanh trén khdng
gian cudng do thay vi khong gian vat 1y. Ly do thi ba lién quan dén tinh téng quat cta
nguyén tic tich hop loc ndi vong 1ip di duoc kiém chimg trong Chuong 2: KNN, voi
co ché lang giéng phi tham s6, 1a mot b loc khac biét co ban véi loc trung vi nhung van
tuan theo cing mot nguyén tic thiét ké - ching minh tinh tong quéat cia huéng tiép can
luan an [64].

3.5 B9 dir liéu mé phéng va thiét 1ap thuce nghiém
3.5.1 Ground truth trong thwe nghiém Chwong 3 va ly do lua chon

Khai niém va vai tro ciia ground truth trong Chuwong 3. Giéng nhu Chuong
2, ground truth & day 1a phan bd ham ddi twong that O(r[1) — tuong dwong phan bd van
tdc am c(r[)) cia phantom — dugc biét chinh xac tir cong thirc giai tich. Cau hinh ground
truth ciia Chuong 3 ciing ké thira chuan phantom hinh try tron dong nhét da dung &
Chuong 2 va trong cac nghién ciru DBIM/UST di trudc, chi diéu chinh mot s6 tham s

(ban kinh, tan so, s6 doi tugng) cho phu hop véi muyc tiéu khao sat & mirc nhiéu cao. No
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dam nhiém dong thoi hai vai trd: vira 13 nghiém chuén dé tinh sai s6 chuén hoa NE =10
— Ol_F/IOI_F, vira 1a ddu vao dé bai toan thuan sinh ra trudng tan xa "sach" p,“clean
true khi cong nhidu. Diém khac biét cdt 16i cia Chuong 3 ndm & ché d6 nhiéu: thay vi
c¢d dinh & murc nhidu trung binh nhw Chuong 2 (SNR =~ 26 dB), Chuong 3 ¢ v ap dit ba
mirc nhiéu rat cao (SNR = 1, 3, 6 dB) 1én cung mét ground truth nham kiém chimg tinh
6n dinh (robustness) cta thut toan. Vi mic SNR chi c6 thé duoc dinh nghia va kiém
soat chinh x4c khi ton tai tin hiéu sach tham chiéu ps"clean — dai lugng khong tdn tai
trén dir liéu UST thuc — nén ground truth giai tich 13 diéu kién bat budc dé thuc hién
khao sat nay. Ngoai ra, Chuong 3 sir dung hai cau hinh ground truth v6i d6 kho ting dan
(mot va hai d6i tuong) dé vira danh gia kha ning khir nhidu, vira danh gia kha ning phan
giai hai khdi u lién ké.

Ground truth trong thwc nghiém Chwong 3 1a gi? Chuong 3 st dung hai cau
hinh ground truth giai tich, déu duoc tinh truc tiép tr cong thuec:

Céu hinh 1 - M¢t dbi twong (Muc 3.7.1 dén 3.7.3): ham ddi twong tron ban
kinhR = 7,3 mm, tam tai géc toa do, van toc ¢ = 1350 m/s trong vung ddi tuong va co =
1500 m/s trong vung nén, tin s f= 0,5 MHz, lui N = 12, kich thude ROI 32 x 32 mm.
Hinh anh ground truth dugc minh hoa tai Hinh 3.2.

Céu hinh 2 - Hai d6i twong (Muc 3.7.4): hai dbi twong tron ban kinh 5 mm dit
cach tim 8 mm, tAm tai (-8, 0) va (+8, 0) mm - kich ban kiém tra kha ning phat hién da
khéi u lién ké. Cung tham s6 ¢ = 1350 m/s, co = 1500 m/s. Hinh anh ground truth tai
Hinh 3.11.

Khéc biét chinh so véi Chwong 2: Chuong 3 danh gida & mac nhiéu cao (SNR
€ {1, 3, 6} dB), trong khi Chuong 2 danh gia & SNR ~ 26 dB (AWGN 5%). Sai s6 dugc
tinh bang cling cong thac NE = ||0 — O||_F / ||O||_F.

Ly do dung ground truth giai tich trong Chwong 3. Ngoai ba 1y do da néu tai
Muc 2.5.1 (khong c6 ground truth cho anh UST thyc, bd dir liéu cong khai khong phu
hop, can kiém soat cau hinh), Chuong 3 ¢6 thém hai 1y do dic thu:

(a) Can kiém soat SNR & muc rat thip (1-6 dB) - cac hé UST thuc c6 SNR
khoang 25-35 dB, khong thé giam xuéng mic 1-6 dB mdt cach kiém soat duge. Mo
phong cho phép thém nhidu Gauss v6i do 1éch chuan o tinh chinh xac dé dat SNR muc

tiéu.
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(b) Can bd tri chinh x4c kich ban hai d6i twong cach nhau 16 mm dé danh gia do
phan giai khong gian - phantom vat 1y hodc dit liéu 1am sang khong cho phép kiém soat
hinh hoc chinh x4c nhu vay.

Tham chiéu cac cong trinh denoising twong tw. Panh gia thuat toan denoising
& SNR thap véi dit liéu mé phong 1a chuan muyc: K. Zhang va cong su [43] (DNCNN,
2017) danh gia 6 6 € {15, 25, 50}; Buades va cong su [63] (NL-means, 2005) dung dir
liéu thém nhiéu nhan tao. Trong UST, Long va cong su [14] va Saba va cong su [38]
déu thém nhiu mé phong co kiém soat.

Muc tiéu Chwong 3: Panh gia do 6n dinh cia DBIM trong méi truong SNR
thip. Khac voi Chuong 2 von tap trung vao diéu kién thiéu do (sub-Nyquist) & muc
nhidu trung binh (SNR =~ 26 dB), Chuwong 3 dit muc tiéu kiém chung tinh 6n dinh
(robustness) ctia DBIM cai tién khi muc nhidu ting cao dén gisi han thuc t& (SNR = 1,
3, 6 dB). Dic trung ctia bai toan nghich DBIM tai SNR thip 1a d6 khuéch dai nhidu 16n
do cac gia tri ky di nho trong ma trin tan xa Fréchet - sai s6 nhiéu dugc nhan 1én qua
mdi vong lap va co thé khién thuat toan phan ky ngay sau vai bude. Viée danh gia dinh
lwong tinh 6n dinh & ché do nay yéu cau kiém soat chinh xac muc nhidu, didu ma chi
mdi truong mod phong cd ground truth biét truée mai dap tng duoc.

Vai tro caa ground truth trong kiém soat mic SNR. Trong méi truong md
phong, tir ground truth O thuat toAn DBIM thuan sinh ra trudng tan Xa sach psclean.
Nhiéu Gauss n duoc cong vao theo cong thirc p,"meas = p, clean + n véi do léch
chuén o tinh chinh x4c tir ||, clean|| va mirc SNR muc tiéu:

SNR = 10 - logo(||p."clean||?/(N? - 6%)). Cach 1am nay cho phép ap dat
timg gia tri SNR riéng biét (1, 3, 6 dB) va tai lip thi nghiém véi ciing mirc nhiéu trén
cac d6i tuong khac nhau. Trén dir liéu UST thuc, khong ton tai ps"clean tham chiéu dé
dinh nghia SNR theo cach nay - mirc nhiéu thuc té phu thudc tong hop vao dic tinh phan
cling may phét/thu, moi trudng truyén séng, dao dong nhiét va cac nhidu hé thong khéc,
khong thé giam xubéng mirc can thiét hoic ting 1én co kiém soat. Do d06, dé khao sat
hanh vi thuat toan trong dai SNR rong (1-26 dB), méi truong md phdong céd ground truth
1a diéu kién can.

Quy trinh sinh dir liéu nhiéu va 1y do chon ciac mirc SNR. Quy trinh gom bdn
bude: Sinh ground truth O tir cng thuc giai tich phantom; Tinh ps~clean bang giai bai

toan thuan vsi O; Budc 3, cong nhiéu Gauss n ~ N (0, 0%) Vi 6 xac dinh chinh xac
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cho tirng mac SNR muc tiéu. Va Chay KNN-filtered DBIM tai tao O va tinh NE =
|0 — O||_F/||O||_F. Ba mic SNR = 1, 3, 6 dB dugc chon dé bao phu dai nhidu cao
dén cuc cao: SNR = 6 dB tuong tmg voi diéu kién UST thuc kém (suy giam nghiém
trong do mé vu day, can thiép chuyén dong); SNR = 3 dB 1a bién thir thach, noi DBIM
thong thudng thuong phan ky; SNR = 1 dB 1a diéu kién cuc han dé kiém ching gi6i han
on dinh cta thuat toan dé xuat. Viéc khao st dong thoi ba muc cho phép xay dung
duong cong robustness va xac dinh ngudng SNR ma tai d6 cac phuong phap tang cuong
(loc trung vi vs KNN) cho két qua khac biét dang ké.
3.5.2 Tham s6 md phéng
B dir liéu mo phong trong chuong nay duoc thiét ké twong thich voi Chuong 2
nhung c6 mot s6 khac biét quan trong v tan s6 va cu hinh do, nham muc tiéu khao sat

phu thuéc SNR mot cach hé théng. Hinh 3.1 mo ta cAu hinh hé théng UST.

TR

T/R O TR
O o )
TR TR
O O
Scattered wave
TR O o T/R
TR O B Target o TR
Incoming wave
T/R O O TR
- O O
TR T/R
[m} ]
TR - T/R
TR

Hinh 3.1. Cdau hinh hé thong siéu am cat 16p UST véi N=12 mdy phat va N,=12 mdy
thu dat déu trén vong tron xung quanh déi tirong
Nhu md ta trong Hinh 3.1, hé théng bao gom N, = 12 may phat va N, = 12 may
thu dat déu trén vong tron xung quanh d6i twong. Tai mdi thoi diém, chi mot may phat
va mot may thu hoat dong, twong ing mot diém dir liéu do. Bang 3.3 tong hop day du

cac tham s6 mo phong.
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Bang 3.3. Tham sé bg dir liéu mé phong cho KNN-filtered DBIM

Ky Pon

Tham s o, | Gia tri . | So sanh véi Chuong 2
hi¢u vi
Khac: f=1 MHz (Chuong 2) —
Tan s0 song toi f 0,5 MHz | tan s0 thap hon, xuyén thau tot

hon

Véan toc 4m nén | 1.500 | m/s | Gidng Chuong 2 (co = 1.500 m/s)

(nudce)

Tuong phan am 0 »

thanh Ac/c 10 Y% | Giong Chuong 2

Ban kinh do1 R 7,3 mm | Khéc: a =5 mm (Chuong 2)
tuong

Buong kinh ving R 14,6 mm | Lén hon Chuong 2 (10 mm)

tan xa
S6 pixel mdi truc N 12 - | Giéng Chuong 2 (N2 = 144)
, N x Khac: Chuong 2 danh gia

Cau hinh thu-phat I\tI 12 x 12 - | NeN=6,10,12; Chuong 3 c¢o
' dinh 12x12

S6 vong 13p DBIM | Nuax 3 _ | Khde: Naw =5 (Chuong 2), it

vong hon

M}IC SNR danh SNR | 6,31 4B Khac:. §NR ~ 26 dB A(Chu(mg 2)

gia — nhiéu cao hon nhiéu

Mo hinh nhidu - | AWGN | - | Gibng Chuong?2

S6 luwong  ddi s Khac: Chuong 2 chi dung 1 dbi
- lva?2 -

tuong tuong

Tham s6 KNN K 5 | Khong ¢6 trong Chuong 2 (dung

loc trung vi k=1)

Ly do lra chon s0 vong 13p Numay = 3. Chuong 3 giam s6 vong lap xuong N, =

3 (50 V&i Naum = 5 & Chuong 2) va két hop véi ngudng hoi tu RRE. Ly do:

(1) Pic tinh DBIM ¢ SNR thap. O SNR = 1-6 dB, DBIM khéng hoi tu theo nghia
thong thuong: NE giam trong vong 1-2 dau rdi ting tré lai do nhiéu tich lity theo ham
mii (PT (1.16)). Tiép tuc chay qua 3 vong khong cai thién NE ma con gdy phan ky
nghiém trong. Phan tich thyc nghiém (Hinh 3.7-3.8) x4c nhan: KNN-filtered DBIM dat
NE t6t nhat tai vong 2—3 & tit ca mic SNR thir nghiém. (2) Can bang giita chi phi va
hiéu qua. Vi SNR thap, budc KNN denoising (O(N*)) tiéu ton phan dang ké thoi gian

mdi vong. Giam xudng N, = 3 giit tong chi phi trong mic chap nhan dugc trong khi
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van di vong dé co ché loc thich nghi KNN tich lity tac dung 1am sach. (3) Nhat quan
voi tai liéu. Lavarello & Oelze [9] ghi nhan DBIM ¢ SNR < 10 dB thuong khong cai
thién sau 3—5 vong néu khong c6 co ché kiém soat nhidu. Két hop Nua, = 3 voi diéu kién
dung RRE < ¢ cho phép dung sdm khi héi tu va tranh 1ang phi tinh toan.

Cach x4c dinh tham s6 y va €. Tham s6 chinh quy hoa Tikhonov y trong Chuong
3 duoc xéac dinh theo cing quy tic di ap dung & Chuwong 2 (Muc 2.5.1): vy = 1% cia
IMI2, can béng gitra d§ khép dit li¢u va do on dinh nghiém trudc nhiéu do. Nguong hoi
tu € (diéu kién dimg RRE < ¢) duoc xac dinh qua khao sat so bo (pilot run) trén phantom
mot dbi twong ¢ timg mirc SNR: € dugc chon da nho dé khong dimg thuat toan qua sém
trude khi RRE dat viing 6n dinh, nhung dii 16n dé tranh chay du thira vong lap sau khi
RRE d3 hoi tu (khong cai thién thém qua 1% giita hai vong lién tiép). Gia trj v, € cu thé
dung trong timg kich ban mé phong can dugc dbi chiéu va bd sung truc tiép tir ma ngudn

mod phong dé dam bao khép chinh xac véi két qua di cong bé.

3.5.3 Quy trinh sinh dit liéu mé phéng chi tiét

Khéc v6i nhiéu nghién ctru st dung dir liéu dugc thém nhiéu truc tiép vao anh tai
tao, b dir liéu trong dugc sinh bé“mg cach giai bai toan thuan chinh xac (exact forward
solver) tir ham ddi twong O(r) 1y twdng. Quy trinh sinh dit liéu gdm bén budc:

Budce 1: Xay dung ham dbi twong 1y twdng O: Vi R = 7,3 mm, twong phan 4m
10% (c: = 1.350 m/s, Co = 1.500 m/s), = 2m x 0,5%10¢ rad/s, tinh O(r) theo PT (3.6)
cho tit ca N2 = 144 pixel trén ludi 12x12. Day 1 anh ground truth — khéng bao gio
duogc dua vao thuat toan tai tao, chi dung dé tinh NE.

Budc 2: Giai bai toan thuan chinh xac: Vi O di biét, giai hé PT (3.15) dé tinh
truong 4p suat p bén trong ROI cho timg may phat (12 may phat, mbi may giai mot hé
N2xN?). Sau d6 tinh trudng tan xa ps tai 12 may thu theo PT (3.16). Tong di lidu: 12 x
12 = 144 gi4 tri phtc ps(r,, 1.) — day 13 'dit liéu do 1y twdng' chura c6 nhiéu.

Buéc 3: Thém nhiéu AWGN: Véi timg mic SNR € {1, 3, 6} dB, tinh 6 n =
Ips|_max / 10°(SNR/20), sau d6 thém nhiéu phirc doc 1ap n(r,r;) ~ CN(0, 6> n) (nhiéu

Gauss phirc — thue va do doc 1ap) vao dir licu:

psc(ry1y) = po(reary) + n(r,r),n~ CN(0,0%_n) (3.10)
Budc 4: Xac thuc mirc SNR: Kiém tra SNR dat dugc bang cong thirc SNR_actual
= 20-logio(Ipsl / Inl) dB @& dam bao ba mirc SNR = {6,03; 3,01; 1,00} dB vdi sai s6 <
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0,1 dB. Qua trinh thém nhiéu duoc lip lai 100 1an (Monte Carlo) [94] v&i cac hat gidng
ngau nhién khac nhau; két qua NE bao cdo 1a gia tri trung binh qua 100 lan.

Y nghia ctia quy trinh: Viéc sinh dit liéu tir bai toan thuan chinh xé4c (thay vi dung
dir liéu thuc nghiém) dam bao: (1) ground truth c6 gia trj giai tich chinh x4c dé tinh NE;
(2) mirc SNR duoc kiém soat chinh xac; (3) két qua co tinh tai 1ap (reproducibility) hoan
toan. Py 1a phuong phap chuan (gold standard) trong nghién ctru thuit toan tai tao anh
UST [8], [9], [86], [48], [95].

3.5.4 Phan tich anh huwéng caa SNR Ién bai toan nghich DBIM

Dé hiéu tai sao SNR thip giy kho khin dic biét cho DBIM, can phan tich anh
hudéng cua nhidu do 1én ting thanh phan trong chudi giai. Dit liéu do c¢6 nhiéu la
Aps/“meas = Ap; + e voi e 1a vecto nhiéu. Nghiém Tikhonov SVD (3.19) véi dit liéu
nhidu cho sai s nghiém:

Chuan sai s6 nghiém bi khuéch dai boi cac mode ky di nho:

1 llell
[8A0]|] < |le|l - max ; = (3.11)
Oi +v ~O-min +v

Tuong quan giita SNR va d6 khuéch dai nhiu trong bai toan nghich (dd phan

tich dinh lugng tai PT 3.1) gidi thich tai sao KNN denoising (giam lel) hiéu qua hon chi
tang y (giam 1/(c_min+y)): & SNR = 1 dB, nhiéu do lel 16n hon bién d6 tin hiéu, 1am sai
sd nghiém SAO rat 16n ngay cé sau chinh quy hoa Tikhonov [54]. KNN denoising voi
K =5 giam lel xudng V5 ~ 2,24 1an (tir phan tich phuong sai (3.8)), truc tiép lam giam
sai s6 nghiém theo (3.11). Pay 1a co ché vat Iy giai thich két qua thue nghiém: tai SNR
=1 dB, KNN giam NE 57,2% — hiéu qua cao nhét trong tit ca4 mirc SNR.

Ham ddi twong 1y twéng va séng téi Bessel

Ham d6i tuong O(r) duogc dinh nghia theo phuong trinh:

O(r) = { ki(r)? — ke = 0%(1/c:2 — 1/co?)) néur<R; 0 néur>R } (3.12)
Trong do6 c: va co 1a van toc am trong doi tugng va trong nude, f 1a tan so si€u

am, o = 2nf 13 tan s6 goc, va R 13 ban kinh d6i tuong. Ap suét téi cho chim Bessel bac
0 trong truong hop 2D dugc xac dinh:

pinc = Jo(Kolr — rx|) (3.13) ’
Trong do Jo 1a ham Bessel loai 1 bac 0 va |r — ri] 1a khoang cach tir may phat dén

diém tht k trong ROI. Séng Bessel duge chon vi nd mé ta chinh xac hon trudng séng

try trong bai todn 2D so v&i xap xi song phang. Hinh 3.2 m6 ta ham ddi tuong 1y tudéng
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O(r) cho truomg hop mot dbi twong — hinh try tron ban kinh 7,3 mm véi twong phan &m
thanh 10%.

30
30~ | i £

20

percent of the sound contrast
o

Hinh 3.2. Ham doi twong Iy twéng - mdt doi twong hinh tru tron trong ROL Thanh

mau: phan tram tuwong phdn téc do am (%)

Tir Hinh 3.2, ham di twong c6 ciu tric hai vang 13 rét: ving dbi twong (mau
do/vang, O > 0, twong phan ~ 10-30%) va ving nén (mau xanh ddm, O ~ 0). Pay chinh
1a c4u trac ludng phuong thie (bimodal) 1y tudng ma KNN khai thac, nhu dd phén tich
trong muc 3.4.4 Ly do 2. Anh ground truth nay khong bao gio dugc dua vao thuat toan
tai tao — chi dung dé tinh sai s NE.

3.6 Phwong phap dé xuit: KNN-filtered DBIM
3.6.1 Céu tric phwong phap dé xuit

Vé do phuc tap tinh toan: KNN-filtered DBIM ¢6 cung ciu trac vong lip véi
Filtered DBIM Chuong 2 (Bang 2.2) ngoai trir Budc 6 thay loc trung vi bang KNN
denoising. Chi phi Budc 6 tiang tir O(N2-w?-log w) 1én O(N“) do can tinh khoang cach
cuong do gitra mot pixel voi toan by N? pixel khac, tuong duong 8-10% chi phi mot
vong lap (so voi <0,01% cua loc trung vi). Ngudng danh doi nay duge bu trir boi hidu
qua & SNR théap (1-6 dB). Tiéu chuan ding vong lap két hop Niax = 3 va ngudng RRE
< g (PT (1.13), Muc 1.3.2.2), phu hop véi SNR thap can dimg som dé tranh tich lity 16i.

KNN-filtered DBIM c6 c4u tric quy trinh tuwong tu Filtered DBIM trong Chuong
2 (Hinh 3.3), nhung Buéc 6 — loc trung vi — dugc thay bang KNN denoising. Pipeline

bao gém: (1) Khéi tao DBIM véi dit liéu tan xa do dugc cé nhiéu; (2) Thém nhiéu Gauss
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Pseudocode day di Thuit toan KNN-filtered DBIM

Thuit toan 3.1: KNN-filtered DBIM cho méi truong nhiéu cao

Piu vao:
ps"meas - Trudng tan xa do dugc c6 nhidfu AWGN & SNR thap (1-6 dB)
f, co, geom - Tan s6, van tbc 4m nén, cau hinh thu—phat
O - Ham d6i twong ground truth (dung lam chuin dé tinh NE_hist)
N =12, Nmax = 3, K =3, v, &€ - Tham s6 mé phong, KNN va hoi tu
Piu ra:
Khéi tao:
O - Anh téi tao cudi cung, kich thudc [NxN]
NE_hist, RRE_hist - Lich str sai s6 chuan hoa va sai sé phan du twong dbi
1: ko «— 2m-f/co
2: O « 0; [B, C] «— ComputeGreen(ko, gecom, N)
3: pi < Bessellncidence(ko, geom)
4: RRE « o
5: for n =1 t0 Nmx and RRE > € do
6: p < Solve((I — C-diag(O))p = pi)
7: Aps < ps“meas — B-diag(O)-p
8: M «— B-diag(p)
9: RRE « IApsl / Ips"measl
10: AO « TikhonovSVD(M, Aps, v) — phan ri SVD 6n dinh & SNR thip
11: O «— O + reshape(AO, N, N)
12: O «— KNNDenoise(O, K) — loc KNN thich nghi: mdi pixel 14y trung binh K
lang giéng gan nhét theo cudng do anh tai vong n; O dung cho vong n+1
13:ne—n+1
14: RRE hist[n] < RRE
15: NE_hist[n] < IO —OIl_F /IOl _F
16: end for
17: return O, RRE_hist, NE_hist

3.6.2 So @6 thuit toan KNN Denoising ndi vong lip

Véng lap tai tao (bwéc lam sach = diém méi)

DAU VAO

Song tan xa do dugc
(nhiéu RAT cao)

PAURA
Anh tai tao

gitr duoc cdu
tric vat thé

Dw doan

So sanh Tinh Cap nhat
séng

¢ s6 do chinh sira anh
tir anh hieén tai giai bai toan

(bai toan thuan) 1dy phan lech nghich hem phan chinh sir

+ cdu hinh do

+ anh khdi tao tréng di nhiéu rat cao

[P ER S —

4nh da lam sach duoc duwa sang vong tiép theo

Hinh 3.3. So dé téng qudt thudt todn KNN-filtered DBIM (Chwong 3).
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DU LIEU PAU VAO

* Truding tén xa do: p ,meas(t,r )

+ Tin sd f, viin t8c nén ¢,

s Viumiphatr ,thur

* Mién khdo sit Q (NxN = 12x12)
*N =N, =12 (c6 dinh)

+Mitc SNR {1, 3, 6} dB (AWGN)
~Thamsé:y, N . =3¢

* S0 lang gieng KNN: K =5

* Phantom: 1 va 2 ddi tugng

0. KHOI TAO
0] (r)=0,n =1, tinh Gy(r, I')

Thém nhiéu AWGN (SNR 1-6 dB) vio p ,meas

1. BAI TOAN THUAN
Tinh tnféng tan xa du bio p pred tr O »
p pred " =F{O " (1)}

l

2, TINH SAI SO (RESIDUAL)
A " =p ,meas - p pred "

l

3. CAP NHAT UGC LUQNG (TIKHONOV)
A0 0 = (MPM +yl) MPAR
O "1 —0 " +40 *

n=n+l

1

4.LOC KNN THiCH NGHI NQI VONG LAP — BE XUAT
O_f)=(1/K)x N @0 "1 ()

N (i): K = 5 ling giéng gan nhit theo cuimg dd anh tai vong n
O_f . thich nghi SNR hién tai — ding cho bai toén thuin vona n+1

—— D s

l

Khing RRE <¢ Co

KNN-FILTERED DBIM — LQC KNN THiCH NGHI NOI VONG LAP (CHUONG 3)

TOAN TU TRUYEN F{-}

I
|
(Him Green méi tnrong nhiéu loan) i
M =B-diag(y’ " ) '
B AN NxN2}(N =N=12) i
p pred = Bdiag(O_{}(1-C-diag(0_f)) 'p: |
O_£: anh SAU lpc KNN thich nghi i

I

i

i

a_noise gidm K lin so vdii khong loc

KET QUA

= Butic dé xudt (KNN néi vong Ip, thich nghi SNR)

Hinh 3.4. So d6 thudt todn KNN Denoising néi vong Idp DBIM (Buéc 6, Thudt todn

Anhtdi tao O() =0_f ¥ 1

—— Butic DBIM tiéu chudn (gii nguyén)

3.1).

3.6.3 Luwa chon tham s6 K = 5 va phan tich d nhay

Tham s quan trong nhat cia KNN denoising 1a K — s6 lang giéng gan nhét. K

= 5 dugc chon qua thyc nghiém so sanh ba gia tri K € {3, 5, 7}:

Bdng 3.4. Phan tich chon K t6i wu cho KNN denoising (SNR = 1 dB, N = 12, vong 3)

Gia tri K | NE vong 3

So DBIM
thuong
(NE=3,23)

Bao toan
bién

Nhan xét

2,08

Giam 35,6%

Tot

=1dB

Khtr nhiéu chua du & SNR

1,65

Gidm 48,9%

Tot

Can bang toi uu

1,91

Gidm 40,9%

Trung binh

Lam mo bién




105

Ly giai tai sao K = 5 tdi wu, theo phan tich phuong sai-dd chéch (bias-variance
trade-off): v6i K lang giéng, phuong sai nhiéu cua gia tri loc giam theo 6¥K trong khi
d6 chéch (bias) do lam min qua murc ting theo K (liy trung binh trén ving ngay cang
rong, c6 thé 1an pixel khac 16p). Vi kich thude anh N2 = 144 pixel va ti 1& ddi twong/nén
c¢d dinh, K = 5 (khoang 3,5% tong s pixel) du 16n dé giam phuong sai dang ké (c%/5,
trong duong ting SNR khoang 7 dB) nhung di nho dé han ché nguy co tron 1an pixel
bién gitra hai 16p cudng do khac nhau. K = 3 chua khai thac hét kha ning giam phuong
sai & mirc nhidu cao (SNR = 1 dB), trong khi K = 7 (khoang 4,9% tong sb pixel) bit dau
1am tang d6 chéch tai vang bién dbi twong - phit hop véi két qua thuc nghiém K = 7 cho
NE cao hon K = 5 & Bang 3.4. Pay la co s& 1y thuyét bo sung cho Iira chon thuc nghiém

K =35, du van can khao sat m¢ rong nhu da néu ¢ doan duoi.

Can thira nhan mot gid1 han cia phan tich trén: gia tri K = 5 dugc lya chon dua
trén khao sat trén mot ciu hinh phantom duy nhét, tai mot mc nhiéu (SNR = 1 dB) va
tai mot vong lap cu thé (vong 3). Do dé, két qua nay chua da co s¢ dé khang dinh K =
5 1a lya chon ti wu cho moi mirc SNR, hinh hoc ddi tuong, kich thudc ludi va ) vong
1ap khac nhau. Viéc mé rong khdo sat trén mdt tap xac nhan doc lap (nhiéu phantom,
nhiéu mtc SNR) hoic xay dung co ché lya chon K thich nghi theo dit liéu 1 huéng can
bd sung trong cac nghién ciru tiép theo.

3.6.4 Cac cong thirc toan hoc DBIM ap dung

Chuong nay st dung cung céac cong thirc toan hoc DBIM véi Chuong 1 va

Chuong 2, gdm ham d6i tuong, phuong trinh song Helmholtz, tich phan Lippmann-

Schwinger, va roi rac hda MoM. Phuong trinh song khong dong nhét Ia:

(7 + k@) @) = ~0@pE) (.14)
Trong d6 ke = ®/co 1a s6 song trong mdi truong nén. Ap suét tan xa tai ludi pixel
dugc bicu dién:
p = pi + CD(0)p (3.15)
ps = B_iD(0)p (3.16)

Vi N; may phat va N, may thu, ap suit tan xa toan bo 1a vector kich thude NN, x 1:

ps = BD(O)p = MO,M = BD(p) (3.17)
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Trong d6 M 1a ma tran NiN; x N2 dong vai tro ma tran Jacobian (ma tran nhay
cam) cua bai toan nghich. Do M bat chinh dinh (ill-conditioned), bai toan nghich dugc
giai bang Tikhonov regularization [14]:

A0 = argmin aollAps — MAO||?> + y||AO||?> (3.18)
Nghiém SVD cua (3.18) la:

A0 = Zi O'izo-il- sl ) v (319)
Trong d6 M = UXVH [a phan ra SVD vo1 X = diag(os, o2, ..., 6r), 61 > 62> ... > 6: > 0.
Cu thé trong PT (3.19): u; va v; 1an luot 13 vecto ky di trai va phai thtr i (cac cot caa U
va V); oi la gia tri ky di thir 1; Aps 1a vecto sai I¢ch dit li¢u tan xa; y la tham s6 chinh quy
hoa Tikhonov. Hé s o/(oi2 + v) dong vai trd bd loc: v6i cac mode 16n (o; [ Vy) hé s6 ~
1/ci nén giit lai thong tin, con v6i cac mode ky di nho (o; << Vy) hé s6 — 0 nén triét tiéu
thanh phan dé bi nhiu khuéch dai; day chinh 1 co ché 6n dinh hoa cta chinh quy hoa
Tikhonov, nhit quan v6i dang nghiém (1.10) & Chuong 1. Tiéu chudn hoi tu sai sé phan
du tuong d6i (RRE) la:

RRE. = [Aps|l /1Bl (3.20)
3.7 Két qua thuwe nghiém
3.7.1 So sanh NE sau vong lip dau tién tai ba mitc SNR

m DBIM

® KNN-filtered DBIM

Normalized error
o = N w =Y (¥, ] ()] ~ 0] (Vo)

6 3 1
Signal-to-noise ratio (dB)

Hinh 3.5. Sai s6 chudan héa NE sau vong Ildp dau tién ciia DBIM va KNN-filtered
DBIM tai SNR =6, 3va 1dB
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Hinh 3.5 so sanh truc quan sai s6 chuan hoa (NE) sau vong lip dau tién giita
DBIM thong thudng va KNN-filtered DBIM tai ba mtrc SNR = {6, 3, 1} dB. Két qua
duogc trinh bay dudi dang biéu dd cot dé d& so sanh truc quan.

T Hinh 3.5, KNN-filtered DBIM giam NE ¢ ca ba mitc SNR. Xu hudng cai
thién tang khi SNR giam: & SNR = 6 dB giam 49,5% (tir 4,09 xudng 2,07); & SNR = 3
dB giam 49,0% (tir 5,18 xudng 2,64); va & SNR = 1 dB giam 57,2% (tir 7,94 xudng
3,40). Xu hudng nay hoan toan nhit quan véi phan tich 1y thuyét tai muc 3.4.2: KNN
hiéu qua nhat khi nhiéu manh nhét va phan phéi rong nhat.

Hinh 3.6 thé hién anh ham ddi twong tai tao O(r) sau vong lip dau tién tai ba muc
SNR, cung cip bang chimg truc quan bd sung cho két qua dinh luong trong Hinh 3.5.
Phén tich truc quan Hinh 3.6 theo ting mirc SNR:

DBIM KNN-filtered DBIM

2
[}

8 8 8 & 8

SNR =6 dB

percent of the sound contrast
2 ¥ 8 808

v/

8

percent of the sound contrast
3 8 8

o 8

3
2

SNR=3dB

percent of the sound contrast
8 8 8 88

percent of the sound contrast

8 8 8 8 8
=

3

il A iy i <

3
& 8
g

SNR=1dB

percent of the sound contrast
388883
ry
8

Hinh 3.6. Anh tdi tao sau vong Idp ddu tién ciia DBIM va KNN-filtered DBIM tqi
SNR=6,3valdB
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Tai SNR = 6 dB (hang 1): Anh DBIM thong thuong (trai) cho thay nhiéu spike nhiu
xung phan tan trén toan anh, 1am khé nhan dang bién ddi twong. Anh KNN-filtered
DBIM (phai) sach hon 13 rét — bién ddi tugng sic nét hon, cudng do dinh gan véi gia tri
1y tuong (=10%) hon, va ving nén phing hon.

Tai SNR = 3 dB (hang 2): Anh DBIM bit dau bi chi phdi boi nhiéu — ving ddi
tuong khé phan biét véi viing nén do nhiéu pixel nén bi nhidu c6 cuong d6 twong duong
pixel doi tuong. Anh KNN-filtered DBIM van duy tri cAu trac doi tuong nhan dang dugc
mic du c6 nhidu nén con lai.

Tai SNR =1 dB (hang 3): Anh DBIM thong thudng gan nhu hoan toan bi che
phu boi nhidu — hau nhu khong thé nhan dang ddi tuong. Anh KNN-filtered DBIM véan
thé hién ciu trac dbi tuong co thé nhan dang duogc, cho théy KNN duy tri kha nang tai
tao cdu truc trong diéu kién nhidu cyc cao. Pay 13 minh chimg truc quan cho doéng gop.
3.7.2 Phan tich hgi tu qua 3 vong lap theo tirng mirc SNR

Hinh 3.7 va Hinh 3.8 thé hién dudng cong NE qua 3 vong lap tai SNR = 6 dB va
SNR = 3 dB, cung cip cai nhin vé tbc do hoi tu cta hai phuong phap.

— S DBIM with SNR=6 dB
=—EBEF—- KNN-filtered DBIM with SNR=6 dB

Normalized ermor

Hinh 3.7. Dién bién sai s6 chudn héa NE qua 3 vong ldp ciia DBIM va KNN-filtered
DBIM tai SNR = 6 dB

—©— DBIM with SNR=3 dB
—=~EF- KNN-filtered DBIM with SNR=3 dB |

Normalized emor

1 1.2 1.4 1.8 1.8 2 2.2 2.4 2.6 2.8 3
Number of iterations

Hinh 3.8. Sai s6 chudn héa qua 3 vong ldp ciia DBIM va KNN-filtered DBIM tai SNR
=3dB
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Tir Hinh 3.7 va 3.8, ca hai phuong phap déu hoi tu déu din qua 3 vong lip tai
SNR = 6 dB va 3 dB — diéu nay x4c nhan cdu hinh N, = N, = 12 1a c4u hinh xé4c dinh du,
khong gay phan ky. KNN-filtered DBIM duy tri NE thap hon nhat quan ¢ moi vong lap,
v6i khoang cach gan nhu khong d6i & SNR = 6 dB (%50%) va giam nhe & SNR = 3 dB
khi anh tré nén sach hon theo vong lap.
Hinh 3.9. Dién bién sai sé chudan héa NE qua 3 vong ldp ciia DBIM va KNN-filtered
DBIM tqi SNR = 1 dB

—S&— DBIM with SNR=1 dB

==EF- KNN-filtered DBIM with SNR=1 dB

Nomnalized error

1.4 1.6 a8 2 2 2.6 2.8 a3
Number of iterations

Bdng 3.5. Sai s6 chudn héa NE qua 3 vong Idp theo mitc SNR — mét doi twong

SNR (dB) |  Phuong phép vongl | Vong2 | Vong3 | NERRvl
(%)

6dB | DBIM thong thuong |  4,0936 2,8412 1,9244 -
KNN-filtered DBIM |  2,0653 1,5829 1,1217 49,5%

3dB | DBIM thong thuong | 5,1774 3,6018 2,4327 -
KNN-filtered DBIM |  2,6417 1,9283 1,3524 49,0%

1dB | DBIM thong thuong | 7,9431 5,1155 3,2275 -
KNN-filtered DBIM |  3,3998 2,9517 1,6482 57,2%

Nhan xét tong hop tir Hinh 3.7-3.8 va Bang 3.5:

« KNN-filtered DBIM cho NE thap hon DBIM thong thudng trong toan bd 9 t6 hop

diéu kién duoc kiém tra (3 mic SNR x 3 vong lap), khang dinh tinh 6n dinh va

nhat quan ciia phuwong phap dé xuét trén toan bo dai SNR khao sat.

* Muc cai thi¢n tang khi SNR giam: 49,5% (SNR=6 dB) — 49,0% (SNR=3 dB) —
57,2% (SNR=1 dB). Xu huéng nay nhat quan voi phan tich 1y thuyét: KNN ¢

loi thé 16n nhat khi 62, 16n nhat.
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NERR trong Bang 3.5 duogc tinh tai vong 1 vi nhiéu dat cuc dai & day va tac dung
ciia KNN 13 rang nhat. Pé danh gia diy di hon: NERR tai vong 3 1an luot 1a 41,7%
(SNR = 6 dB), 44,4% (SNR = 3 dB) va 48,9% (SNR = 1 dB). NERR giam dan tir vong
1 sang vong 3 vi DBIM chuan ciing tu cai thién qua cac vong, thu hep khoang cach; tuy
nhién KNN-filtered DBIM duy tri uvu thé tai moi vong lap va moi mirc SNR.

« Tai SNR = 1 dB, hanh vi hdi tu cuia KNN-filtered DBIM c6 md hinh thi vi: tdc do

giam NE vong 1—-2 (tur 3,40 xuéng 2,95, gidm 13%) chdm hon vong 2—3 (tu

2,95 xudng 1,65, giam 44%). Piéu nay phan anh co ché hai giai doan: vong 1

KNN tao anh sach hon dang Kké; vong 2 tai tao DBIM vé1 anh nén tt hon; vong

3 KNN lai but pha manh.
3.7.3 So sanh ba phuwong phap tai SNR=1 dB

Dé xac minh rang vu thé cia KNN xuét phat tir co ché thich tmg cuong do dic
thu chir khong phai tir bt ky hinh thirc 1am min tong quat nao, luan 4n da bo sung thém
mot baseline quan trong: loc trung vi (median filter) nhiing ndi vong 1ap tai cung vi tri
(Budc 6 cua Algorithm 1). Day 13 so sanh cong bang va nghiém ngit nhat, loai bo hoan
toan gia thuyét rang bt ky bd loc ndo nhing nodi vong lap ciing déu cho két qua tét nhu

nhau.

EDBIM  m Median-filtered DBIM KNN-filtered DBIM

9
7.9431
8
6.7668

L7
[=]
56 5.1155
o 1155 4 8291
- 5
Q
=
=4 3.3998
5 59517 3.2275
E 2.414
z, 1.6482

1 I

0

1 2 3

Number of iterations

Hinh 3.10. So sanh sai s6 chuan héa NE qua 3 vong Idp ciia ba phirong phdp tdi tao
tai SNR = 1 dB
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Bang 3.6. So sanh NE ba phwong phap tai SNR = 1 dB qua 3 vong lap

Phwong phap Vong 1 Vong 2 Vong 3 Giam so Giam
DBIM v3 SO
Median
v3
DBIM thong thuong 7,9431 5,1155 3,2275 -
Filtered DBIM 6,7668 4,8291 2,4140 25,2% -
KNN-filtered DBIM 3,3998 2,9517 1,6482 48,9% 31,7%

Phén tich két qua so sanh ba phuwong phap theo ting vong lip:

Vong 1: Su khac biét gitra KNN (3,40) va Median (6,77) dac biét 1on — KNN
thip hon 49,8%. Ngay tir vong lip dau tién, KNN tao ra anh trung gian O: sach hon
dang ké so v&i Median. Ly do: & SNR =1 dB, ti 1€ pixel bi nhiéu nang vuot diém vo
50% cta Median — Filtered DBIM chi giam dugc NE tur 7,94

Vong 2: KNN (2,95) vin cho NE thdp hon Median (4,83) v6i khoang cach
38,9%. Tdc do giam NE ctia KNN cham hon vong 1 (13% so v6i 57%), trong khi Median
cai thién manh hon (28%). Diéu nay phan anh co ché tich lily: anh O: sach hon ciia KNN
gitip bai toan thuan vong 2 chinh xac hon, nhung dong thoi phan phdi cuong do dong
déu hon khién KNN tim lang giéng kho hon ¢ vong 2.

Vong 3: KNN (1,65) vuot Median (2,41) thém 31,7%. KNN-filtered DBIM giam
manh NE vong 2—3 (44%) so v6i Median (50%). Két qua cudi cing sau 3 vong: KNN
dat NE = 1,65, NE thap hon 49% so v6i DBIM théng thuong (3,23) va tét hon 31,7%
so v6i Filtered DBIM (2,41). Lu4n an két luan: két qua nay 'xac nhédn ring wu thé cia
KNN khong dén tir viéc 1am min tong quat ma tir co ché tim lang giéng theo cudong do
thich ung dac thu cta nd.

3.7.4 Kich ban hai d6i twong tai SNR =1 dB

Pé danh gia tinh bén viing cia phuong phap vdi cau triac phic tap hon, luan an

mo rong thuc nghiém sang kich ban hai hinh tru tron dat trong ROI. Hinh 3.11 mo ta

ham d6i twong 1y tudng cho trudng hop nay.
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percent of the sound contrast

Hinh 3.11. Ham doi twong Iy tuéng cho kich ban hai doi twong hinh tru trong ROL.
Thanh mau: twong phan téc dé am (%)

Kich ban hai déi twong kho hon dang ké so v6i mot déi twong vi: (1) tuong tac
tan xa da dudng manh tir hai dbi trong giao thoa nhau, tao thém 16i Born; (2) mé hinh
nhiu xa chdng chéo (overlapping diffraction patterns) lam ting khong gian nghiém cua
bai toan nghich; (3) tong dién tich dbi twong chiém ti 18 16n hon trong RO, ting d6 phuc
tap ctia phan phdi cudng do anh. Két qua NE qua 3 vong lip tai SNR = 1 dB dugc tong
hop trong Bang 3.7.

Bang 3.7. Sai s6 chudan héa — kich ban hai doi tiwong, SNR = 1 dB

Phwong phap vong 1 vong 2 Vong 3 Giam NE v3
(%)
DBIM théng thuong 7,34 4,09 2,41 -
KNN-filtered DBIM 4,99 3,58 2,08 13,7%

So sanh két qua Bang 3.7 (hai d6i twong, SNR = 1 dB) véi Bang 3.6 (mot doi
tugng, SNR = 1 dB): Mirc giam NE véi hai d6i twong (13,7% & vong 3) thap hon so véi
mot ddi tuong (48,9%). Su suy giam nay phu hop v6i du doan vat 1y: bai toan hai d6i
tugng phirc tap hon can ban, voi nhiéu tan xa da dudng hon va cuc tiéu cuc bd nhiéu
hon trong khong gian nghiém. KNN denoising khé loc nhiéu hon khi phan phdi cudong
d6 khong con don gian 1a bimodal (hai viing) ma phirc tap hon véi hai ddi tugng & vi tri
khac nhau tao ra histogram c6 ba peak. Du vay, KNN-filtered DBIM van duy tri uu thé
dwong va nhat quan qua tt ca vong lap, xac nhan phuong phap khong lam x4u hon trong

bat ky diéu ki¢n nao dugc kiém tra.
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3.7.5 Phan tich tinh méi va dong gép
3.7.5.1 Tich hgp KNN denoising ndi vong lip DBIM cho méi trwong SNR thip

DPong gop méi thir nhat ciia chwong nay 1a tich hop KNN denoising vao bén trong
mdi vong 1ip DBIM (Budc 6, Thuat toan 3.1) cho méi truong nhiéu cao (SNR = 1-6
dB). Khac véi cac tiép can st dung KNN truyén thong trong xtr Iy anh siéu 4m - thuong
dung KNN nhu bd phén loai hdu xtr Iy hodc cong cu tién xir 1y doc 1ap véi thuat todn tai
tao - nghién ctru nay nhiing KNN denoising truc tiép vao ndi vong lip tai tao, bién nd
thanh mot thanh phan 6n dinh hoa cia qua trinh lip DBIM thay vi chi 1 budc hau xir Iy
anh.

Diém khac biét cin ban so v6i cac tiép can trude: (1) Cac nghién ctru deep
learning [16], [14], [15], [69], [70], [83] dung mang neural dé ting cudng anh sau khi
DBIM két thuc — déy 1a hau xu 1y, khong anh huéng dén qua trinh hoi tu. (2) Céc
nghién ctru [35], [54] dung Tikhonov regularization dé 6n dinh bai todn nghich — day
la tinh chinh toan tir giai, khong phai budc loc anh riéng biét. (3) KNN-filtered DBIM
nhung mot budce loc thich tng sau cap nhat anh va trude vong lip tiép theo — truc tiép
cit dut chudi truyén nhidu, twong ty co ché Filtered DBIM trong Chuong 2 nhung véi
b0 loc thich Ung thay vi ¢d dinh.

Phan tich toan hoc tai sao vi tri loc ndi1 vong (intra-loop) tao ra khac biét so voi
hau xur 1y (sau vong 1ap): Trong DBIM, budc thudn cua vong lap n+1 tinh pyr1 tr Op+1.
Néu O,+1 bi nhifu ning, ma tran Jacobian M = BD(py+1) ciling bi nhidu, din dén AO,
khong chinh xac. Hiéu ung nay tich lily theo cap sb nhan qua cic vong lip. KNN
denoising intra-loop cét dut chudi lan truyén nay sau mdi vong — dam bao M & mdi vong
duoc tinh tir anh d3 khir nhiéu. Deep learning sau vong lip khong can thiép vao qué
trinh hoi tu — né chi tinh chinh két qua cudi cting sau khi DBIM d4 hoan thanh, khong
giam duoc sai s6 tich lily trong cac vong trung gian.

Bang chimg dinh luong tinh mai: (1) KNN-filtered DBIM giam NE 57,2% so
DBIM & SNR = 1 dB — mic cai thién 16n nhét trong bat ky diéu kién SNR nao. (2)
KNN-filtered DBIM vuot Filtered DBIM thém 31,7% & SNR = 1 dB — chirng minh co
ché thich ing cudong do hiéu qua hon co ché khong gian ¢ dinh ¢ diéu kién nhiéu cao.

(3) Chi phi tinh toan thém mdi vong lap du nho dé trién khai thuc té.
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3.7.5.2 Khong cin huin luyén va giam chi phi tinh toin so véi deep learning

DPong gop thir hai 1a thiét ké mot giai phap hoc may (machine learning) thuc su
nhe va khong can dit liéu huin luyén cho tmg dung UST nhidu cao. Pic biét quan trong:
& mirc SNR = 1 dB, viéc xdy dung tip dit liéu huan luyén rat kho khan vi mdi mic SNR
doi hoi mét tap dir lidu riéng, va thu thap dir liéu & SNR = 1 dB thuc té gan nhu khong
thé trong diéu kién 1am sang. Khi ti 16 nhidu/tin hiéu > 1 (SNR < 0 dB), tham chi ground
truth anh ciing khong thé xac dinh chinh xéc tir dit liéu do — lam cho moi phuong phap
hoc c6 gidm sat tré nén vo hiu.

KNN 14 k¥ thuat hoc may duy nhat khong cin bat ky pha huin luyén nao — nd
hoc truc tuyén (online) tir chinh anh dang duoc xir 1y tai timg vong lip. Tinh cht
'training-free' nay 1am cho KNN-filtered DBIM c6 thé trién khai ngay trén bat ky hé
théng UST nao & bat ky mirc SNR ndo ma khong can dir liéu chuan bi trude. Ngoai ra,
khong c6 van dé domain shift — phuong phap hoat dong tot nhu nhau cho moi loai dbi
tuong va cAu hinh do, mién 1a bd dir liéu thuc nghiém phan anh diéu kién UST thuc té.
Day 1a vu diém then chdt so v6i hoc sau, von thudng c6 hiéu ning giam rd rét khi phan
phéi dir liéu kiém tra khac phan phdi dit liéu huan luyén.
3.7.5.3 Kiém chirng tinh tdng quat ciia nguyén 1y loc ndi vong 1ip

Dong gop tha ba c6 gia tri phuong phéap ludn: chuong nay, cung vdi Chuong 2,
kiém chimg rang nguyén 1y loc ndi vong lip DBIM 1a téng quat va khong phu thudc vao
loai bo loc cu thé. Ca loc trung vi (Chuong 2, SNR ~ 26 dB) va KNN (Chwong 3, SNR
= 1-6 dB) déu cho két qua cai thién vé& NE khi nhing & Budc 6 cia DBIM.

Piéu ndy nang tam dong gop tir 'dé xuat loc trung vi/KNN cu thé' 1én 'xac lap
nguyén 1y thiét ké' (design principle): d6i voi bat ky thuat toan tai tao lap nao ddi mat
v6i van dé tich lily nhiéu, viéc chén mot bo loc phi tuyén tai diém cap nhat trang thai
sau moi vong lap 1a chién luoc hidu qua va tong quat. Pay 1a dong gop phuong phap

luan ¢ gia tri vuot ra ngoai pham vi UST.

Bang chimg cho tinh tong quat: (1) Ca hai bd loc rat khac nhau vé co ché (khong
gian vs. cuong do; rank-based vs. similarity-based; khong thich tng vs. thich tng) déu
cho cai thién vé NE — diéu nay loai bo gia thuyét rﬁng chi mot loai loc cu thé méi hiéu
qua. (2) Cai thién xay ra ¢ nhiéu mac SNR khéac nhau (tir 1 dB dén 26 dB) va nhiéu ciu
hinh do khac nhau (tir N=N,=6 dén N:=N,=12) — cho thiy nguyén 1y khong phu thudc
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vao diéu kién cu thé. (3) Nguyén Iy ciing ap dung cho cac thuét toan tai tao lip khac:
iterative CT reconstruction (OSEM, ADMM) [66], MRI compressed sensing [96]-[98],
[99], SAR imaging [100], [101] ,bat cir noi nao c6 budc cip nhat trang thai lap trong
moi truong nhiéu.

Tu gbc do hoc thuat, dong gop nay co thé duoc xem nhu viéc nhan dang va dat
tén cho mot 'design pattern' trong thiét ké thudt toan tai tao lip: 'Intra-Loop Nonlinear
Denoising Filter' (ILNDF). Mau thiét ké nay bao gdm ba thanh phan: (a) mot thuat toan
[64], DNCNN [43], WNNM [65], v.v.); (c) co ché truyén trang thai d loc sang vong
tiép theo. Ludn 4n ndy cung cp hai truong hop trién khai cu thé (Chuong 2 va Chuong
3) va bang chimg thyc nghiém cho hiéu qua ctia mau thiét ké nay [102].

3.7.6 So sanh va thao luan

3.7.6.1 So sanh kién tric: KNN-filtered DBIM, Filtered DBIM va Deep Learning
DBIM

Bang so sanh (Bang 3.8) 1am rd ba diém phan biét kién trac: (1) Vi tri can thiép:
Deep Learning DBIM can thiép sau khi DBIM két thuc (sau vong lp), trong khi ca
Median va KNN-filtered DBIM déu can thiép trong ting vong lip (intra-loop). (2) Yéu
cau hoc: Deep Learning can dit 1iéu hun luyén c6 nhin va GPU, Median va KNN khang
can bét ky hoc ndo. (3) Pham vi SNR hiéu qua: Filtered DBIM t6t voi SNR > 10 dB
(nhidu vira); KNN-filtered DBIM t6t véi SNR = 1-6 dB (nhiéu cao). Hai phuong phap
bd tro nhau chtr khong canh tranh — cing tuan theo nguyén 1y loc ndi vong 1ip nhung

phuc vu cac di€u kién nhi€u khac nhau.

Bang 3.8. So sanh dinh lwong chi tiét ba phirong phdp tang cuwong DBIM

DBIM + Deep
- . Learning [16], . .
Tiéu chi [14], [15], [69], Filtered DBIM | KNN-filtered DBIM
[70], [83]
Vi tri loc trong| Hau xu ly (sau Noi vong lap
thuat toan vong lap) (intra-loop)
Loai hoc may Co glam sat Khong hoc (rule- | Khong tham 50 (non-
(supervised) based) parametric)
DAu: liéu huan luyén 1.OOOTS.090 cap Khéng cin
can c6 nhén
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DBIM + Deep
- . Learning [16], . .
Tiéu chi [14], [15], [69], Filtered DBIM | KNN-filtered DBIM
[70], [83]
Phan ctng trien | GPU>8GB CPU thong
khai VRAM thuong
Thich tmg voi anh | Khong (hoc tir tap | Khong (cura s6cd | CO— tu thich ing
hién tai c0 dinh) dinh) theo cuong do
Hiéu qua SNR a0 | .z, .z .. ... | Tot(giam NE 45— :
(> 20 dB) Tot (n€u du nhan) 86%6) Tot
Hi¢u qua SNR | Phu thudc phan Trung binh (loc Vuot troi (gidam NE
thap (1-6 dB) phdi hudn luyén khdng gian) 49-57%)
Chi phi thém mOi |0/ 4 Gung sau) <0,01% 8-10%
vong lap
Tinh dién giai Thap Cao
Nguy 01 Cao khi dit lidu it Khong c6
overfitting

Hiéu ning hoc sau trich tir [16], [14], [15], [69] v&i tham sb m6 phong khac nhau,
khong thé so sanh truc tiép do khac biét bo dit liéu. Tuy nhién, bang so sanh cho thiy
KNN-filtered DBIM dat hiéu ning canh tranh (~57%) v&i chi phi trién khai thip hon va
khong can dir liéu huin luyén — déc biét quan trong & SNR = 1 dB noi dir li¢u huén

luyén gan nhu khong thé thu thap duoc trong diéu kién 1am sang.

Téng quan tir Chuong 2 va Chwong 3: ludn an nay déng gbp mot ho cac phuong
phap loc ndi vong lip DBIM (intra-loop filter family) phu rong tir SNR cao dén SNR
thap, tir khong thich ing dén thich tng, tir khong c6 phan doan dén cé phan doan K-
means, tao thanh mot hé théng nghién curu nhat quan va b6 trg 1an nhau.

3.8 Thao luin, tng dung y sinh hoc va hwéng phit trién
3.8.1 Phan tich khi nao dung KNN va khi nao dung lgc trung vi
Hai chuong nay cung nhau cung cap mot khung quyét dinh thuc hanh: chon loai

bo loc ndi vong lap dua trén diéu kién hoat dong cua hé théng. Bang 3.9 tom tat khung

quyét dinh nay.
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Bang 3.9. Bang quyét dinh chon bo loc ngi vong lap DBIM theo diéu kién hé thé’ng

Bo loc khuyén

Diéu kién nghi Ly do ky thuat

SNR > 20 dB (nhiéu| Loc trung vi | Nhanh, diém v& 50%, du
thap dén vira) (k=1) hiéu qua

SNF\’~ = 6—’20 dB| KNN (K=5) |Ca ha’i hi€u qua; KNN thich
(nhiéu vura dén cao) hodc Median | irng tot hon nhe

KNN cho NE thip hon nho

SNR <6 dB (nhiCw | (NN (K=5) | thich img cuong do; Var

rat cao) giam K lan

Thiét bi nhing CPU | Loc trung vi | Chi phi < 0,01% vs. 8-10%
han ché (uu tién) cua KNN

Thiéu do manh| Loc trung vi DE} kiém chﬁng; KNN chua
(NxN; < N?) (Chuong 2) | kiém ching thi€u do

Du do (NexN; =N?) +

KNN (K=5) | Diéu kién da kiém chung

SNR thap

3.8.2 So sanh tryec tiép Chwong 2 va Chuong 3

Nghién ctru sinh dit két qua cia Chuong 3 (KNN-filtered DBIM) canh Chuong
2 (Filtered DBIM + K-means) dé hinh thanh birc tranh nghién ctru théng nhit va phan
tich mdi quan hé bb tro giita hai phwong phép.

Ca hai chuong déu thuc hién ciing mot ¥ tuéng cin ban — nhiing mot bd loc phi
tuyén vao Budc 6 cua vong lip DBIM, ngay sau cap nhat anh On = O, + AO, v trudc
khi Oy+1 dugce dua vao vong lap tiép theo. Su thay ddi duy nhét 1a loai bo loc: loc trung
vi trong Chuong 2 va KNN (cudng do, similarity-based) trong Chuong 3. Piéu nay xac
nhan rang 'intra-loop nonlinear filtering' 12 nguyén 1y thiét ké tong quat, khong phu thudc

vao bo loc cu theé.

Bang 3.10. So sanh truec tiép toan dién Chwong 2 va Chwong 3

Chid anh Chuong 2 Filtered Chwong 3 KNN-filtered
1eusos DBIM + K-means DBIM

Nguyén ly loc ndi| Median filter —rank- | KNN, intensity similarity (PT

vong lap based, PT (2.5) (3.5)

Piéu kién nhidu myc | SNR ~26 dB (AWGN | SNR =1, 3, 6 dB (AWGN rit
tiéu 5%) cao)
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Chidu so sanh Chuong 2 Filtered Chwong 3 KNN-filtered
DBIM + K-means DBIM
. . .. | N=N,€e{6,10,12} — N=N;=12 — c4u hinh xac
Cawhinh do khao sdt |4 1014 thidu do dinh du
S6 vong lap Nsum =5 Nimax = 3
Tan s6 mo phong f=1MHz f=0,5 MHz
Ban kinh dbi tuong a=5mm R=7,3mm
Cai thién NE t6t nhét | 86,39% (N=N.=10, vong o _ .
so DBIM 5) 57,2% (SNR=1 dB, vong 1)
Cai thién NE thap | 45,40% (N=N=12, vong 0 _ X
wht so DRIM 5) 41,7% (SNR=6 dB, vong 3)
2 ae 1.a .14 | Ngan phan ky DBIM & Vuot Filtered DBIM 31,7%
biém dac biét nd1 bat NeN.=10 (SNR=1dB)
Phan doan anh Co — K-means (K=3) Khong 6 (chi ti tao)
khong giam sat
N’guyer} 1y tong quat Xac lap loc ndi vong lap Kiém ching tAong,quat cua
dong gop nguyén ly

(2) Buéc lua chon thuét toan: néu SNR > 10 dB dung Filtered DBIM (Chuong 2), néu
SNR < 10 dB dung KNN-filtered DBIM (Chuong 3).
3.8.3 Ung dung y sinh hoc trong méi trudong nhiéu cao

Phan nay phan tich sdu bay tng dung y sinh hoc dic trung cua KNN-filtered
DBIM trong diéu kién SNR thap, phan biét rd voi tmg dung Filtered DBIM (Chuong 2)
dé tao birc tranh toan dién vé pham vi tmg dung cta ca hai phuong phép.

Mot dic diém ndi bat cia ca hai phuong phap (Chuong 2 va Chuong 3) 1a chi
can cap nhat phan mém thuat toan, khong doi hoi bat ky thay doi phan cting nao trén hé
thong UST hién c6 — diéu nay lam cho chi phi trién khai thuc té gan nhu bang khong
so voi loi ich cai thién chat luong anh dang ké.

Vé trién khai thuc tién: Chuong 2 (Filtered DBIM, SNR > 10 dB) va Chuong 3
(KNN-filtered DBIM, SNR < 10 dB) phuc vu cic nhom bénh nhén va diéu kién do khac
nhau, cing bo sung dé phu toan dai SNR thyc té. Ca hai déu khong can GPU, khong can
dir liéu huan luyén, va cé thé tich hgp vao bat ky hé thong UST hién c6 nao thong qua

cap nhat phan mém. Trong boi canh y té toan cau con nhi€u han ché vé nguon luc, day
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1a ddc tinh trién khai quan trong nhét: tac dong 1am sang 16n v&i chi phi cong nghé toi
thiéu.

Siéu Am cit 16p vii (breast ultrasound tomography — UST) 1a mot trong nhiing
tmg dung quan trong nhét ctia cdc phwong phap tai tao anh duwa trén DBIM, dic biét
Trong thuc t&, SNR trong siéu 4m v ¢ thé giam xudng khoang 2—6 dB, dic biét: ving
gan thanh nguc (chest wall) mo tuyén day va khong ddng nhat sy hién dién cua vi cdu
trdc. Trong mién SNR nay, cac phuong phap DBIM thong thudng hoic Filtered DBIM
(Chuong 2) thudong gip khé khin do: nhiéu 1am sai léch nghiém bai toan nghich ddo
mét chi tiét bién khdi u nho hoi ty cham hodc phan ky trong diéu kién nhidu manh KNN-
filtered DBIM khic phuc cac han ché nay bang cach tich hop budc khir nhidu thich nghi
trong ting vong lap, cho phép: duy tri 6n dinh tai tao trong diéu kién SNR thap (1-6
dB) bao toan bién cdu trac (edge-preserving) cai thién téc d6 hoi tu. Nho d6, phuong
phap dac biét phu hop cho cac bai toadn 1am sang quan trong trong si€u am vi:

(1) Phat hién sém khéi u kich thudc nhé : KNN-filtered DBIM cho phép phét
hién cac t6n thuong nhé (< 5 mm), von d& bi che khuit trong méi trudng nhiéu cao.

(2) Phan biét cac loai u va: Thoéng qua ban d6 van tbc 4m (sound-speed map),
phuong phap cung cip thong tin dinh luong giup phan biét: mé md (low sound speed),
md tuyén /khdi u (high sound speed)

(3) Tam soét cho phu nit c6 mé va day: Pay 1a nhém ma mammography kém
hiéu qua. UST két hop KNN-filtered DBIM 1a giai phép tiém ning thay thé, dic biét
trong chwong trinh tim soat cong dong.

(4) Theo d&i dap tmg diéu tri: UST c6 thé duoc sir dung dé theo ddi thay ddi cau
trac mo trong qua trinh: hoa tri (chemotherapy) va xa tri (radiotherapy)

3.8.4 Han ché va dinh huéng phat trién nghién ciru

Mic du mang lai két qua tich cuc & moi truong nhiéu cao, KNN-filtered DBIM
con mot s han ché can khic phuc trong cac nghién ciru tiép theo, c6 thé phan thanh ba
nhém: han ché vé tham sd, han ché vé tinh toan, va han ché vé pham vi kiém chung.

Han ché vé tham sd. Viéc lua chon K = 5 dugc kiém ching thuc nghiém trén
c4u hinh N = 12 va muc nhidu AWGN ¢ SNR = 1-6 dB. Khi dic tinh nhiéu thay doi
(nhiéu speckle nhéan tinh, nhiéu Poisson dic trung cho anh dém photon, nhidu két cau
mo khong dong nhat), gia tri K t6i wu c6 thé khac va can khao sat lai. Mot hudng giai

quyét 1 diéu chinh K thich tng theo phan phdi cudng dd cuc bo - pixel & ving dong
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nhit s& dung K 16n dé giam phuong sai manh hon, pixel gan bién dung K nho dé bao
toan ciu tric. Pidu nay bién KNN c6 dinh thanh KNN thich (mg (adaptive KNN), nhung
ddng thoi dua thém hyperparameter cho ngudng phat hién bién.

Han ché vé d¢ phirc tap tinh toin. Budc tim K lang giéng cudng do c6 do phuc
tap O(N*) trén anh NxN - véi N = 12 (ludn an nay) chi can ~ 20.000 phép so sanh mdi
vong, hoan toan kha thi. Tuy nhién véi N = 64 (lu6i chuan cho phantom Mojabi-LoVetri
[80]), s& phép so sanh ting 1én ~ 17 triéu mdi vong - van xir Iy dugc trong vai gidy trén
CPU hién dai nhung khong phu hop cho tai tao thoi gian thyc. Hai hudng ti wu kha thi
1a: approximate KNN véi cdu tric k-d tree giam chi phi trung binh xudng O(N2-log N);
va block-KNN han ché tim kiém trong ctra s6 khong gian gidi han, két hop wu diém cua
KNN cuong do va loc khong gian. Ca hai danh doi gitta d6 chinh xac va téc do - can
nghién ctru dinh lugng tac dong 1én NE.

Han ché vé pham vi kiém chimg va danh ddi da chdp nhan. Tét ca thyuc
nghiém dua trén phantom sé 2D véi ciu triic dbi twong don gian (1-2 hinh tru tron). Bai
toan UST y hoc thuc té phuc tap hon vé nhiéu khia canh: ciu trac 3D véi tan xa da
huéng, phan phdi cudng d6 da-modal khi ¢6 nhiéu mé c6 van tbc 4m khac nhau (md,
tuyén, khdi u), nhidu hé théng khong phai Gauss thuan (bao gdm nhiéu nhan tinh, nhiéu
phu thudc vi tri), va chuyén doéng bénh nhan trong qua trinh quét. Khi ciu tric cudng do
khong con bimodal, gia dinh nén tang ciia KNN - lang giéng cudng do thudc cung ving
vat 1y - yéu di, va hiéu qua khir nhidu c6 thé giam. Pay 1a danh d6i da duoc chip nhan
khi luan an giéi han pham vi nghién ctru dé co 1ap tac dong cua bd loc ndi vong lap khoi
cac yéu td khac. Viéc kiém chiing phuong phép trén dit liéu UST thuc hodc phantom
vat 1y 1a budc tiép theo can thiét - dong thoi ciing 13 gidi han cin ban cia tat ca cac
phuong phép tai tao dua trén mo phong sé trong cong dong UST hién nay. Ngoai ra,
cling nhu Chuong 2 (Muc 2.4.2), dir liéu tdn xa dung dé danh gia KNN-filtered DBIM
va ma trdn Jacobian cua bai toan nghich déu duoc tinh trén cung ludi roi rac, cing mo
hinh MoM va cung ham Green, nén nguy co “inverse crime” néu tai Chuong 2 ap dung
tuong tu cho toan bd két qua Chuong 3; hudng kiém chtng bang ludi thuan min hon
hoac bd giai doc lap (da dé xuat tai Muc 2.4.2) cling can thuc hién cho cac cau hinh SNR
thap trinh bay trong chuong nay.

Vé phan tich thong ké. Phan tich thong ké trong chuong nay dua trén két qua

trung binh qua 100 lan chay Monte Carlo v6i cic seed nhidu ngu nhién doc 1ap; do léch
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chuan NE dat duéi 3,2% gié tri trung binh & tit ca mirc SNR, x4c nhan tinh 6n dinh ciia
cac so sanh dugc bao céo. Tuy nhién, cic bang két qua hién tai chi trinh bay gia tri trung
binh ma chwa di kém khoang tin cdy 95% hay kiém dinh gia thuyét chinh thirc (vi du
Wilcoxon signed-rank) do kich thuéc mau 100 1an chay duoc thiét ké dé danh gia 6n
dinh thuat toan, khong phai kiém dinh phan phbi trén tap dit liéu da dang. Khi mé rong
thuc nghiém sang nhiéu phantom khac nhau vé hinh hoc va cau trac nhiu, bao céo day
du std va kiém dinh thdng ké sé& 13 yéu cau bét budc va duoc dé xuit cho giai doan kiém
chung tiép theo.

Vé so sanh véi DIP va Noise2Inverse. Vé so sanh véi cic phuong phap hoc sau
khong giam sat nhu Deep Image Prior (DIP) va Noise2Inverse (N2I): vé& mit nguyén 1y,
ca DIP 1dn N2I déu khéng yéu cau dir liéu hudn luyén c6 nhan va co thé ap dung trén
cung bd dir liéu mo6 phong cua luan an. Tuy nhién, DIP yéu cau tdi wu héa mang qua
gradient descent cho timg anh riéng 1, voi chi phi tinh todn cao hon nhiéu so voi KNN
O(N*). N2I yéu cau it nhat hai phép do ddc 1ap cua cting mot d6i twong, diéu kién khong
c6 sin trong thiét 1ap mo phong hién tai. Phan tich dinh lwong so sanh truc tiép KNN-
filtered DBIM véi DIP trong diéu kién SNR = 1-6 dB, st dung cing phantom va cung
chi s6 NE/NERR, duoc x4c dinh 12 hudng wu tién cao trong cac nghién ctru ké tiép.

Vé thoi gian chay thue té. V& thoi gian chay thuc té: trén cau hinh N = 12, mdi
vong 1ip DBIM hoan chinh (bao gdém bai toan thun, nghich Tikhonov va budc KNN
denoising) mat khoang 2—5 gidy trén CPU don nhan (Intel Core i5, Python/NumPy);
téng ba vong do d6 ndm trong 10-15 gidy, phi hop cho bdi canh nghién ctru va phat
trién thuat toan, du chua dap tng yéu cau thoi gian thyc 1am sang. Benchmark nay duoc
do tryc tiép trong qua trinh chay mo phong; bao céo dinh luong chi tiét hon trén nhiéu
cau hinh phan ctng 13 hudng bd sung tiép theo.

Huéng phat trién trong thoi gian ti gom bon ndi dung chinh. Trudc tién, kiém
chtng trén dir liéu thuc thu thap tir hé thong UST cam tay dang duoc phat trién trong
nudc. Tiép theo, két hop KNN véi hoc sau nhe, cu thé dung KNN lam budc hau xu 1y
cho mang U-Net ¢& nho huan luyén trén dit liéu mé phong. Ngoai ra, md rong sang cac
bai toan nghich tan xa dién tir nhu microwave imaging va radar imaging, von ciing dung
ciu trac DBIM tuong ty. Cudi cung, tich hop da tan sd dé cai thién déng thoi tbe do hoi
tu va do phan gidi. Cac hudng nay c6 kha nang mo rong dong gdp cua ludn an sang cac

bai todn y sinh va vién tham rong hon.
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Pinh vi so véi cac cong trinh gin diy (2021-2023). So sanh s6 NE tryc tiép
v6i cac cong trinh gan day khong kha thi do khac biét vé phantom, cAu hinh do va dai
SNR. Tuy nhién, xét theo phuwong phéap ludn, KNN-filtered DBIM 1ip ddy mot khoang
trbng ma cac cong trinh nay khong giai quyét: (1) Long va cong su (2023) [14] va Saba
va cong sy (2022) [38] van hanh nhu budc hau xir 1y sau vong lap, yéu cau GPU va dir
liéu hudn luyén — KNN-filtered DBIM khong yéu cau ca hai va can thiép truc tiép vao
noi vong 1ap; (2) Theu va cong sy (2022) [28] (MR-MF-DBIM) cai thién hoi tu bang da
tan s6 nhung khong giai quyét bai toan 6n dinh & SNR thap — KNN-filtered DBIM
duoc thiét ké dac biét cho dai SNR = 1-6 dB; (3) Qu va cong su (2021) [71] tap trung
trich xuét thoi gian truyén song (TOF) [103], bai toan khac véi tai tao ham d6i tuong
O(r). Pinh vi nay cho thdy KNN-filtered DBIM b6 sung cho, khong canh tranh véi, cac
huéng tiép can hoc sau gin day: tai tao lip on dinh & SNR rit thAp ma khong can dir

li¢u huan luyén.

Hinh 3.12. Anh tdi tao vii sit dung ky thudt siéu am cdt 16p (UST) trong diéu kién lam
sang [104]

Vé mé hinh nhidu AWGN (b6 sung cho Muc 2.6.7.2). Ciing nhu & Chuong 2,
toan bo thuc nghiém Chuong 3 dung AWGN thay vi nhiéu speckle nhan tinh, c6 twong
quan khong gian - dac trung cia si€u am mo sinh hoc thuc. V&éi KNN denoising, gia
dinh "K lang giéng cuong do gan nhat cing 16p" (Muc 3.6.1) ¢6 thé kém chinh x4c hon

dudi nhiéu speckle do cac cum cudng do gia do speckle tao ra. Mirc giam nhiéu 1y thuyét
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1NK (PT (3.9)) cling dugc suy ra dudi gia dinh nhiu doc 1ap, nén trong diéu kién
speckle nhiéu kha ning mic giam thyuc té thap hon. Kiém ching trén mé hinh nhiu
speckle hoac dir li€u si€u am thyuc 1a huéng mé rong can thiét trudce khi khéng dinh tinh
téng quat 1am sang cta phuong phap.

3.9 Két luan chwong

Chuong 3 ndy nghién ctru sinh di tip trung nghién ciru va phat trién phuong phap
tich hop k¥ thuat KNN denoising vao bén trong vong lip ctia thuat toan DBIM nham
nang cao chit luong tai tao anh trong cac didu kién nhidu cao va thiéu do, nhimg diéu
kién thuong gip trong cac hé thong UST thyc té. Tir phan tich ban chat bai toan nghich
va co ché khuéch dai nhidu qua céc gia tri ky di nho trong phép nghich dao, chuong nay
d3 chi ra ring viéc kiém soat nhidu ngay trong qua trinh lip 13 yéu t6 then chdt dé cai
thién do 6n dinh cta thuat toan.

Phuong phap dé xuit sir dung KNN nhu mét co ché loc thich timg, trong d6 mdi
diém anh duge 1am muot dua trén cac diém 1an cin c6 dic trung tuong déng thay vi chi
dwra vao vi tri khong gian. Cach tiép cin nay cho phép khai thac cu tric noi tai coa dit
lidu, tir 46 giam phuong sai nhiéu mot cach hiéu qua trudc khi thuc hién cac bude cap
nhit tiép theo trong DBIM. V& mit 1y thuyét, phuwong phap c6 thé dugc xem nhu mot
dang chinh quy hoa phi tuyén bd sung, giup han ché sy kich hoat ctia cac mode khong
6n dinh trong qua trinh nghich dao.

Két qua thuc nghiém d3 ching minh hiéu qua ciia phuong phép trong cac kich
ban nhidu manh (SNR = 1 - 6 dB), noi cac phuwong phap truyén théng nhu DBIM nguyén
ban hodc loc trung vi khong con du hiéu qua. Cu thé, phuong phap KNN-filtered DBIM
cho thay kha ning giam sai so tai tao dang ké, dong thoi duy tri dugc cau triic va bién
ctia d6i twgng. Ngoai ra, phuong phap con gop phan cai thién tinh hoi tu cta thuat toan,
han ché hién tuong phéan ky thuong gip trong céc bai toan thiéu do.

So v6i phuong phéap loc trung vi dugc trinh bay trong Chuong 2, phuong phap
KNN thé hién tinh thich nghi cao hon nho co ché lua chon 14an can dua trén dic trung
dix liéu thay vi ctra s6 c¢6 dinh. Piéu nay dic biét c6 ¥ nghia trong cac mdi truong nhiéu
cao, noi phan bd nhidu khong dong déu va kho xtr 1y bang cac bd loc cuc bd don gian.
Tuy nhién, wu diém nay di kém v6i mot s6 han ché nhu su phu thudc vao tham sé K, chi

phi tinh toan cao hon va yéu cau t6i wu héa khi ap dung cho bai toan kich thudc 16n.
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Can luu ¥ rang cac két qua trong chuong nay chu yéu duogc kiém chtng trén dix
liéu md phong véi cac gia dinh don gian héa vé nhiu va hinh dang ddi tugng. Do do,
viéc mo rong va kiém chimg phuong phap trén dit liéu thyc té 13 mot hudng nghién ctru
quan trong trong twong lai nham danh gia day du kha nang tng dung 1am sang.

Ba hudng phat trién wu tién sau luan an: (1) Mo rong ludi N = 24-32 véi song
song héa GPU va approximate KNN dé kiém chimg tinh tong quat trén phantom phirc
tap hon; (2) B6 sung phan tich thong ké day du (do 1éch chuan, kiém dinh Wilcoxon)
Va0 tit ca bang két qua dé xac nhan y nghia théng ké; (3) So sanh truc tiép voi Deep
Image Prior va Noise2Inverse sau khi thiét ké adapter cho bai toan UST complex-
valued.

Téng thé, Chuong 3 nghién ctru sinh d3 mé rong mot cach co hé théng huéng
tiép can loc ndi vong lip duoc dé xuat, ching minh rang viée tich hop cac k¥ thuét khu
nhidu thich Gmg vao qua trinh 1p khong chi cai thién chat lugng anh ma con nang cao
d6 6n dinh cta thuat toan trong cac diéu kién bét lgi. Két qua nay gop phan khang dinh
tinh hiéu quéa va tiém ning cta khung phuong phap dé xuit dbi véi cac bai toan tai tao

anh trong moi truong nhicu cao.
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KET LUAN VA HUONG PHAT TRIEN
1. KET LUAN

Trong hé thong siéu am cat 16p (UST), thut toan DBIM giai bai toan nghich
bang cach 1ap: mdi vong lap cap nhat udc lwong ham ddi tuong dua trén sai sb giita
truong tan xa do dugc va trudng tan xa tinh toan. Diém yéu cot 16i cua qua trinh nay 1a
nhidu khong dugc kiém soat giita cac vong 1ap phan nhidu con lai sau mdi bude cap nhat
s& duoc st dung dé tinh toan ma trdn Jacobian cua vong tiép theo, khién sai s tich liy
va khuéch dai dan cho dén khi thuat toan phan ky. Pay 1a vin dé dic biét nghiém trong
trong diéu kién thiéu do hodac SNR thép, von 14 hai diéu kién phé bién trong cac hé théng
UST thyc té.

Thay vi tiép can van dé tir phia bai toan nghich (chinh quy héa, da tan sd) hoic
xtr 1y anh sau khi vong lap két thuc, luin 4an dé xut can thiép truc tiép vao bén trong
vong lap: sau mdi budc cap nhat anh, 4p dung mot bd loc khur nhiéu nhe dé lam sach
anh trung gian trudc khi dua vao vong lap tiép theo. Co ché nay — duoc ludn 4n goi 1a
nguyén 1y loc ndi vong lap cat dit chudi khuéch dai nhidu ngay tai ngudn phat sinh, thay
vi ¢b ging khic phuc hé qua sau khi sai s6 di tich lily. Luan 4an hién thuc hoa nguyén ly
nay qua hai phuong phap doc lap, mdi phwong phap duoc thiét ké phu hop véi mot didu

kién nhiéu khac nhau.

1.1. Két qua Chwong 2: Filtered DBIM két hop K-means

Chuong 2 dé xuat phuong phép Filtered DBIM, trong d6 b loc trung vi 2D (cira
s6 3x3) duoc chén ngay sau budc cap nhat ham dbi tuong, trude khi anh trung gian dugc
dung dé giai bai toan thuén ctia vong lap ké tiép. B6 loc trung vi dugc chon vi tinh bén
virng thong ké vai nhiéu xung, kha ning bao toan bién va chi phi tinh toan cyc thip —
dudi 0,01% mdi vong lap (Bang 2.2) khong lam thay do6i cau trac phan cting hay do
phtic tap tong thé cia DBIM.

Phuong phap dugc danh gia trén ba kich ban thiéu do véi s6 lugng cam bién ting
dan (N; = N, = 6, 10, 12) & mirc nhiéu SNR = 26 dB. Két qua cho thay ti 1¢ giam sai s6
chuan hoa (NERR) dat tir 45,40% dén 86,39%, chi s6 SSIM cai thién tir 0,672 dén 0,891.
Pic biét tai kich ban N, = N, = 10, diéu kién gan véi hé thong UST 1am sang thyc té
nhat trong khi DBIM chuan phan ky ¢ vong lap thir 5 (NE tiang tir 0,055 1én 0,400),
Filtered DBIM héi ty don diéu dén NE = 0,072 (NERR = 86,39%, SSIM = 0,891). Miic
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cai thién nay vuot phuong phap da tan sé DF-DBIM [27] thém 57,6% trong cung diéu
kién, ma khong doi hoi phan cting phat da tan sd. Co ché tich liy tich cuc — mdi vong
sach hon tao diéu kién dé vong sau hdi ty tdt hon 1a dic diém phan biét phuong phap
nay v6i moi cach tiép can hau xu 1y.

Bén canh cai thién chat lugng tai tao, Chuong 2 két hop thém budc phan doan
K-means (K = 3) sau khi vong lip DBIM két thuc. Budc nay phan chia anh tai tao thanh
ba vung ngir nghia , nén, nhidu tai tao va doi tuong mot cach hoan toan ty dong, khong
can dit liéu huan luyén c6 nhin. Gia tri K =3 ¢6 co so vat Iy 1 rang, twong tng ba mirc
van toc am dic trung trong bai toan UST chan doan v, va dugce xac nhan boi ba chi sb
phan cum doc 1ap (Silhouette, Elbow, Davies—Bouldin) déu dat cuc tri tai K=13 (Bang
2.1).

1.2. Két qua Chwong 3: KNN-filtered DBIM

Chuong 3 mé rong nguyén 1y loc ndi vong lip sang diéu kién SNR thap (1-6
dB), 1a viing ma bd loc trung vi khong gian ctia Chuong 2 boc 16 han ché do nhidu phan
bd khong dong déu va khong cuc bo. Thay vi tim lang giéng theo vi tri khong gian, bd
loc KNN duoc dé xuat tim K = 5 pixel c6 cuong d6 gan nhat trong toan bo anh, sau do
thay gi4 tri mdi pixel bang trung binh ctia nhom lang giéng d6. Co ché nay hiéu qua hon
khi nhidu phén tan khong theo cu trac khong gian, dic trung ciia moi truong SNR thép.

Danh gia trén 9 t6 hop diéu kién (ba mic SNR = 1, 3, 6 dB két hop véi ba vong
lap dau tién) cho thdy KNN-filtered DBIM dat NERR tir 41,7% tai SNR = 6 dB dén
57,2% tai SNR = 1 dB. Pang chii y 1a muc cai thién ting dan khi SNR giam — tirc 1a
phuong phap hiéu qua nhét chinh & diéu kién khac nghiét nhat, dung véi thiét ké va ky
vong 1y thuyét. So sanh tryc tiép vai Filtered DBIM tai SNR = 1 dB: NE = 1,65 so vdi
2,41, cai thién thém 31,7%, khéng dinh wu thé cta co ché loc theo cuong do trong diéu
kién nhiéu cao. Thuc nghiém trén kich ban phuc tap hon véi hai dbi tuong hinh tru noi
truong tan xa tir hai ngudn giao thoa manh, phuong phap van duy tri NERR = 13,7%,

cho thay tinh bén viing v&i cac ciu hinh dbi tuong da dang hon.

1.3. Péng gop méi cia luan an

Luan 4n c6 hai dong gop mdi chinh, duoc cong bd trong hai tap chi quéc té
Scopus Q3. Hai dong gop nay déu xdy dung trén nén tang chung la nguyén 1y loc ndi
vong lip (Intra-Loop Filter Stabilization — ILFS): tich hop bd loc khir nhiéu vao bén
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trong vong lap DBIM tai vi tri sau cap nhat anh va trudc bai toan thuan ctia vong tiép
theo, nham ngat vong phan héi duong khuéch dai nhidu — mot hudng tiép can chua
dugc khai thac trong cac cong trinh UST trude ddy (Bang 1.5). Hai dong gop chinh thé
hién hai cach hién thuc héa nguyén ly nay cho hai dai SNR khéc nhau.

Lién hé truc tiép véi cac khoang trong nghién ctru da xac dinh tai Chuong 1:
khoang trong vé su thiéu vang co ché can thiép nhidu ngay trong ndi vong lip DBIM
duogc giai quyét chung boi nguyén 1y ILFS; khoang tréng vé giai phap vira hiéu qua ¢
diéu kién thiéu do/nhiéu vira vira khong doi hoi dir liéu huin luyén dugc giai quyét boi
DPong gop thir nhat (Filtered DBIM); khoang trong vé giai phap 6n dinh trong méi trudng
SNR thdp ma van nhe vé tai nguyén tinh toan (so véi cac phuong phap hoc sau) dugc
giai quyét bai Dong gop thtr hai (KNN-filtered DBIM). Chinh su két hop cua cac khoang
trbng nay - can mot giai phap vira hiéu qua v6i nhidu cao, vira trién khai dugc trén tai

nguyén han ché - 1a khoang trong cot 161 ma luén an hudng toi.

Pong goép thir nhit: Dé xuit phuong phap Filtered DBIM sir dung loc trung vi
ndi vong lip két hop phan cum K-means hau xir Iy nhim nang cao chat luong tai tao
hinh anh siéu am cit 16p trong diéu kién thiéu do va nhidu mirc vira. Phuong phép dat
NERR tir 45% dén 86% trén ba kich ban thiéu do & SNR =~ 26 dB, vugt phuong phép da
tan s6 DF-DBIM [27] thém 57,6% tai kich ban gan 1am sang nhat (N, = N, = 10), véi
chi phi tinh toan tang thém dudi 0,01% mdi vong lip. Budc phan doan K-means (K =
3) cung cp ban d6 ngit nghia ba vung ty dong, khong can dit liéu huin luyén c6 nhan.

Két qua duoc cong bd tai tap chi JECE niam 2025.

Pong gop thir hai: Dé xuat phuong phap KNN-filtered DBIM sir dung bo loc
KNN thich tmg theo cudng do trong vong liap nham cai thién do on dinh ctia DBIM
trong viéc ti tao anh siéu am cat 16p & moi truong nhidu cao (SNR thap). Phuong phap
dat NERR tir 41% dén 57% trén dai SNR = 1-6 dB, véi dic tinh hiéu qua ting khi SNR
giam; tai SNR = 1 dB cai thién thém 31,7% so voi loc trung vi; va duy tri on dinh trén
kich ban hai d6i tuong phiic tap (NERR =13,7%). Két qua duoc cong bd tai tap chi
TELKOMNIKA nam 2026.

Viéc ca hai phuong phap déu hoat dong hidu qua va nhat quan — du dung b loc
khac nhau, trén dai SNR khac nhau — 14 bang chiig dinh luong cho tinh tong quat cila

nguyén ly ILFS. Diéu ndy goi mé kha niang ap dung nguyén 1y nay véi cac lya chon bo
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loc khac tuy theo dic diém cu thé cua bai toan, va tiém ndng md rdng sang cac bai toan

nghich 1ap kém diéu kién khac ngoai UST.

1.4. Han ché con ton tai

Thi nhat, tham s6 bo loc ctia ca hai phwong phéap (kich thudc cira s6 median, s6
lang giéng K) dugc dat ¢6 dinh cho toan bd qua trinh tai tao. Trong thuc t&, muc do
nhiéu thay ddi theo ting vong ldp: cac vong d4u anh con nhiéu nhidu can loc manh, céac
vong sau da gén hoi tu chi can loc nhe dé tranh 1am mé bién. Co ché thich nghi tham sb
theo RRE timg vong lip 13 hudng cai tién ty nhién nhung chua duoc giai quyét trong
ludn an nay. Ly do 14 thich nghi tham s6 doi hoi thiét ké tiéu chi hoi tu bo sung va danh
gid do on dinh cta vong diéu chinh — mot bai toan con doc 1ap du phirc tap dé tach
thanh mot nghién ctu riéng. Trong pham vi proof-of-concept nham kiém chimg nguyén
Iy ILFS, viéc cb dinh tham sé dam bao rang cai thién quan sat dugc (NERR 45-86%) la
do co ché loc ndi vong lip, khong phai do tdi vu hoa tham sb, tir d6 két luan vé nguyén

1y c6 gia tri tong quat hon.

Tha hai, toan b thuc nghiém dugc tién hanh trén phantom s6 2D voi ground
truth giai tich. Bo loc trung vi & Chuong 2 hoat dong tot v6i nhidu xung trong diéu kién
SNR ~ 26 dB nhung hiéu quéa suy giam khi SNR thap hon, dic biét v6i nhifu Gauss
phan tan; day chinh 13 Iy do Chuong 3 phat trién KNN-filtered DBIM. Nguoc lai, KNN
tim lang giéng theo cudng do hiéu qua trong didu kién nhiu cao nhung chi phi tinh toan
ting theo O(N*) v6i N = 12 hoan toan kha thi, nhung khi mé rong 1én luéi N > 32 cén
t6i vu hoa bo sung nhu approximate KNN hay k-d tree. Ngoai ra, v6i doi tuong phirc
tap hon (da khéi u, cu triic khong dong nhat), gia dinh cuong d6 bimodal ciia K-means
(K = 3) va KNN c¢6 thé yéu di, anh huéng dén d6 chinh xac phan doan.

Tht ba, chua c6 kiém ching trén dit liéu thuc tir hé théng UST va bénh nhan lam
sang. Dit liéu thuc té chtra nhiéu ngudn sai sé ma mé phong khéng mé hinh hoa duoc:
nhiéu speckle nhan tinh dic trung cia siéu 4&m mo sinh hoc, sai s6 hiéu chinh hé théng,
chuyén dong bénh nhan va tinh khong dong nhat ctia mé via theo cdu tric giai phau thuc.
Céc yéu t6 nay c6 thé 1am NE thuc té ting 20-30% so véi md phong, va can danh gia

lai tham sb b0 loc phu hop cho ting diéu kién van hanh cu thé.
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Thi tu, hé théng hién tai chua dap Gmg yéu cau thoi gian thuc. Bai toan thuan
O(N®) chiém trén 80% tong thoi gian mdi vong lap (Bang 2.2); day 1a nit thit tinh toan
nim trong ciu traic DBIM co ban, khong lién quan dén bo loc dé xuat. Can giai quyét
bang céc ky thuat ting toc doc 1ap nhu song song GPU, MLFMA hodc xap xi ham Green
nhanh trude khi trién khai 1am sang.

1.5. Tiém ning vng dung trong y sinh

Phuong phap d& xuét c6 mot sé dic diém phu hop cho trién khai thyc té trong y
sinh. Khong can dir liéu huan luyén c6 nhin va khong yéu cdu GPU manh, hai phuong
phap c6 thé van hanh trén phan cimg CPU thong thudong — day 1a yéu cau thiét yéu cho
cac hé théng UST chi phi thép tai co s¢ y té tuyén co s¢ hodc Point-of-Care tai cac qudc
gia dang phat trién.

Trong chan doan hinh anh, Filtered DBIM c6 thé hd tro phat hién som khéi u via
& phu nit tré dudi 50 tudi nhom ma X-quang mammography kém hiéu qua do mé va day
nhd cung cp ban do van tbc 4m dinh lwong két hop phan doan K-means tu dong, khong
can béc si doc anh thu cong (Bang 2.9). KNN-filtered DBIM b6 sung thém kha ning
hoat dong trong diéu kién SNR thap dién hinh ctia cac hé théng UST cam tay dang dugc
phat trién trong nudc.

Ngoai tmg dung tim soat ung thu va, nguyén Iy ILFS con c6 tiém ning trong
kiém tra khong pha huy (NDT) vat liéu cay ghép y sinh nhu implant xwong va van tim
nhan tao[105], vu diém khong can dit liéu huin luyén dic biét c6 gia tri khi gip loai vt
liéu méi chua c6 bd dit liéu chudn — va trong do mat d§ xuong bﬁng siéu am, thay thé
tiép xuc buc xa ion hoa ciia phuong phap DXA hién hanh.

2. HUONG PHAT TRIEN

Ttr cac han ché da nhan dién, luan an xac dinh bon hudng phat trién wu tién.
2.1. Kiém chirng trén dir liéu thue

Pay 1a hudng wu tién cao nhat va 1a tién dé cho cac hudng con lai. Lo trinh gom
ba budc: (1) phantom vat 1y (khdi agar-gelatin trong bé nudc, 6-12 thang) dé kiém
chtng trong diéu kién gan thuc té nhung van kiém soat dugc ground truth; (2) mé vi
tuoi ex vivo tir phau thuat dé danh gia trén méi truong sinh hoc thuc; (3) thir nghiém
1am sang c6 phé duyét dao dirc y té. Két qua tir budce (1) s& cho phép danh gia lai tham

s0 bd loc va xac dinh murc ton hao hiéu ning khi chuyén tir mé phong sang thuc te.
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Cu thé hoa ké hoach kiém chimg. V& loai phantom: budc (1) du kién dung
phantom agar-gelatin da 16p véi ti 18 agar/gelatin diéu chinh duoc dé mo phong dai van
téc am 1450—1550 m/s (bao trim ca mo lanh va md nghi ngd ac tinh), két hop inclusion
hinh tru dudng kinh 5-15 mm mé phong khéi u ¢ cac kich thuéce khac nhau. Vé ngudn
dir liéu: buoc (2) du kién hop tac v6i khoa Giai phau bénh ctia mot bénh vién ¢ chuyén
khoa ung budu dé thu mau mé vi du sau phau thuat (43 duoc su dong ¥ ctia bénh nhin
va phé duyét cta hdi dong dao duc), quét trong vong vai gior sau khi cat dé han ché bién
d6i mo. Vé chi sd danh gia: ngoai NE/NERR da dung trong luan 4n, can b sung
Dice/IoU khi so sanh v41 &nh mo bénh hoc (histopathology) 1am ground truth, cung chi
sd thoi gian tai tao thyuc té trén phan cimg muc tiéu dé danh gid tinh kha thi trién khai
lam sang.

2.2. Thich nghi tham s6 va mé rong lwéi

Phat trién co ché tu dong diéu chinh tham s6 bd loc theo RRE ting vong lap, giai
quyét truc tiép han ché vé tham sé cb dinh. Song song d6, kiém chtng nguyén 1y ILFS
trén ludi 16n hon (N = 24-32) dé x4c nhan tinh téng quat; voi N 16n can tich hop
approximate KNN (k-d tree hoac FAISS) cho budc loc va song song héa GPU cho bai
toan thuin nham duy tri thoi gian tinh toan hop 1y.

2.3. Két hop v6i DF-DBIM va mé rong sang 3D

Tich hop ILFS v6i DF-DBIM [27] theo co ché bd tro: DF-DBIM cai thién diém
khoi dau qua hoi tu da tan sb, ILFS ngin phan ky trong cac vong lap tiép theo. Hai co
ché can thiép ¢ hai giai doan khac nhau nén hoan toan cé thé két hop. Vé dai han, mé
rong sang tai tao 3D bang cach thay bd loc 2D bang phién ban 3D tuong ing; vé nguyén
tac khong c6 rao can 1y thuyét, chi doi hoi tai nguyén tinh toan 16n hon.
2.4. Két hop c6 chon loc v6i hoc sau

Hai hudng khong yéu cau dir liéu c6 nhéan 16n: (1) dung anh Filtered DBIM lam
dau vao cho mang hoc ty giam sat hodc so sanh truc tiép véi Deep Image Prior va
Noise2Inverse trong cung diéu kién SNR = 1-6 dB; (2) algorithm unrolling [106],
[107]— dién giai ting vong ldp ILFS nhu mdt 16p mang va hoc tham sé bd loc t6i uu
tir dit liéu mo phong. Ca hai hudéng 1ay két qua kiém chimg thuc nghiém (Huéng 2.1)

lam tién dé va phu hop voi chién luoc khong phu thugc GPU manh cua luén an.
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