Module 5 - Tuan 3 - Giai thuat di truyen
(Genetic Algorithm)

Time-Series Team

Ngay 20 thang 10 ndm 2025

1 Giéi thigu
1.1 Tai sao dung GA?

Trong nhitng bai toan ti wu c6 dién, khi biét ré ham muc tiéu va c6 thé tinh dao ham, Gradient Descent
(GD) 1a Iya chon tu nhién: ta cidp nhat tham s6 theo huéng Am clia gradient va ky vong dan cham t6i
diém t6i wu.

Tuy nhién, thuc té thuong phitc tap hon: ham muc tiéu c6 thé khéng kha vi, nhiéu, hodc chi c6 thé
danh gid nhu mot “hop den” thong qua md phong hodc thit nghiém. Khi d6, GD dé bi ket & cuc tri cuc
bd hoac tham chi khéng ap dung duge.

Mot huéng tiép can khong can gradient 1a Genetic Algorithm (GA). Thay vi lan theo mot quy
dao don 1é nhu GD, GA duy tri quan thé nghiém, danh gid d6 thich nghi, rdi cai thién chiing qua viéc
chon loc, lai ghép va dot bién. Nho giit da dang trong quan thé, GA cé kha ning vugt qua céc “thung
ling cuc bo” dé tiép tuc kham phé khong gian nghiém.
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Hinh 1: Minh hoa vé quéa trinh t6i wu gitta Gradient Descent (GD) va Genetic Algorithm (GA).(Anh:
AIVIETNAM)
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1.2 T tién héa ty nhién dén giai thuat di truyén

Dé hiéu giai thuat nay mot cach dé dang, ching ta cé thé lién hé véi qué trinh tién héa ciia sinh vt
trong tu nhién qua nhiéu thé hé. Hiéu mot cach don gian, trong mot quan thé sinh vat, céc ca thé budc
phéi tién hoéa lién tuc qua ting thé hé dé thich nghi v4i moi truong va ton tai.

Hinh 2: Minh hoa vé qué trinh chon loc tu nhién gitta loai huou cao co. (Anh: creationscience4kids)

Giai thuat di truyén (GA) 1a mot phuong phap t6i tu héa ngau nhién moé phéng qué trinh chon loc
tu nhién va di truyén sinh hoc thuat toan khéi dau bang mot quan thé cic cd thé (mdi ca thé 14 mot
gidi phap ting vién) dugce khdi tao ngdu nhién. Sau d6, céc ca thé nay duge danh gid d6 thich nghi
(fitness) theo muc tiéu bai toan. Qua trinh lip cia GA gdm cic bude: chon loc céc ca thé wu ti, lai
ghép (crossover) va dt bién (mutation) dé tao ra thé hé méi.

Hinh 3: Minh hoa quy trinh co ban cia GA

Yéu t6 ngiu nhién trong GA thé hién & khau khdéi tao ban dau, chon cip lai ghép va dot bién; né
gitp GA kham phé rong khong gian giai phap va c¢6 kha niang thoat khoi cac cuc tiéu cuc bo. Dic diém
ctia GA 1a xtt 1y song song nhiéu gidi phap (quan thé), dién hinh v6i hinh &nh mot quan thé cic nhidm
séc thé dong thoi phét trién qua céc thé hé
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2 Cd sd 1y thuyét

Giai thuat di truyén (GA) xem bai toan t6i wu (vi du: tim 2 dé t6i thiéu héa ham f(x)) nhu mot qué trinh
chon loc tu nhién. Thay vi lam viéc véi mot “diém” = duy nhat (nhu trong Gradient Descent), chiing
ta lam viéc v6i mot “quan thé” (population) gdm nhidu giai phap tiem ning P = {x1,29,..., 2N}

Muc tiéu ctia chiing ta 1a tim z trong mét khong gian tim kiém S (tap rang budc) sao cho ham muc
tiéu (objective function) f(x) dat gid tri t6i wu (gid st 1a t6i da héa — maximization):
max f(x)
z€S
Giai thuat Di truyén khong lam viéc tryc tiép v6i = hay f(z). Thay vao d6, né “dich” bai toan nay

sang ngdn ngw cua sinh hoc.
Chu thich:

« Khong gian tim kiém (S) (tdp rang budc ciia bai toan tbi wu) 1a khéng gian chita moi nghi¢m
cb thé c6 ciia bai toan.

« Quan thé (P) 13 mdt nhém nhé cdc nghiém dang dude xem xét trong tién trinh tién héa. Sau
mdi thé hé, quan thé thay déi — nhung van nam trong cting khong gian tim kiém S

2.1 Céc Pinh nghia Nén tang
2.1.1 Nhiém sic thé (Chromosome)
DPinh nghia: Mot Nhidm sic thé (Chromosome) 13 mét cAu tric dit liéu dai dién cho mot gidi phdp
tiém ndng (mot ca thé — individual) trong khéng gian tim kiém S.
o Tu duy Toén hoc: Thay vi néi “mét diém z trong khong gian S”, chiing ta néi “mot nhiém séc
thé h”.
« Ma héa (Encoding): Dy 1a qua trinh “dich” tit 2 (todn hoc) sang h (GA). Day 1a budc thiét
yéu.
— Ma héa Nhi phan (Binary): C6 dién nhét.  duge biéu dién dudi dang mot chudi bit.

— Ma héa S6 thyc (Real-valued): Hién dai hon. z duge biéu dién bing mot vector cc sb
thuc (thuong dung khi S 1a R™).

2.1.2 Gen va Allele

Pinh nghia: Mot Gen 13 mot thanh phan co ban ctia nhiém sic thé, dai dién cho mét phan cta giai
phép. Gid tri ma mot gen c6 thé nhan dude goi la Allele.

« Tu duy Toan hoc: Néu nhiém sic thé 1a mot vector, thi gen 1a mot phan i (element) ciia vector
dé6. Allele 13 gid tri ctia phan tit d6.

Vi du Cuy thé

Bai toan (Toén hoc): Tim z 13 sé nguyén trong doan [0,31] dé téi da hod ham f(z) = 22.

o Khong gian tim kiém S = {0,1,...,31}.

o Ham muc tiéu f(z) = 22
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Ma hoa (Giai thuat Di truyén): Ta can biéu dién céc sb tir 0 dén 31.
Nhan thiy 2° = 32. Vi v4y, chiing ta c6 thé ding ma hoa nhi phan 5-bit.

+ Nhiém sic thé: Mot chudi 5 bit (vi du: h = bybsbabiby).
e Gen: Mot bit tai mot vi tri cu thé (vi du: be 1a mot gen).
o Allele: Céc gi4 tri ma gen c6 thé nhan. O day 1a {0,1}.

Hay xem su “phién dich” nay:

Giai phap (Toan hoc) = Ma hoa (GA) h
=13 Nhiém sac thé: 01101
=21 Nhiém sic thé: 10101
r =31 Nhiém sic thé: 11111

Trong vi du ndy, nhiém sic thé 01101 ¢6 5 gen. Gen tht 3 (tit trai sang, gia stt) c6 allele 13 1.

2.1.3 Ham Thich nghi (Fitness Function)
Day 1a dinh nghia quan trong nhat, 1a cau ndi gitta bai todn va qué trinh tién héa.

DPinh nghia: Mot Ham Thich nghi (Fitness Function), ky hiéu la fitness(h), 14 mot ham gan
mot gid tri (thudng 1a s6 thuc khéng am) cho mdi nhidém sac thé h, do ludng “chit lugng” hay “do tot”
cua giai phap ma né dai dién.

Y nghia: GA khong tryc tiép t6i wu f(x). N6 t6i wu fitness(h). Qué trinh chon loc (Selection) ctia
GA dua hoan toan vao ham thich nghi: Thich nghi cing cao, xdc sudt dugc chon dé “sinh sin” cing
lon.

Lién hé gitta Ham Muc tiéu f(z) va Ham Thich nghi fitness(h):

« Trudng hgp 1: Téi da héa (Maximization)

Néu f(x) luén khong am (hoiic c6 thé duge diéu chinh dé khéng am), ta c6 thé dat:

fitness(h) = f(decode(h))
(Trong d6 decode(h) 1a ham gidi ma, vi du: “dich” 01101 thanh 13).
Vi du: f(z) = 22
— hy = 01101 (tiic 1a 2 = 13) = fitness(h1) = 132 = 169.
— hg = 10101 (titc 1a # = 21) = fitness(hy) = 212 = 441.

R6 rang, ca thé hy “manh hon”, “t&t hon” hy va sé ¢6 co hoi duge chon cao hon.

« Trudng hgp 2: Tbi thiéu héa (Minimization)
DAy 1a trudng hgp phd bién trong hoc méay (vi du: téi thiéu héa ham mat mét — loss function L(6)).
GA vé ban chit ludn 14 t6i da héa (tim ca thé “khée nhit”), do d6 ta phai bién ddi (transform)
ham muc tiéu.
Gia st ta muén min g(x) (véi g(x) > 0). Ta c6 thé dinh nghia:
1

f@'tness(h) = 1+ g(decode(h))

(Thém 1 dé tranh chia cho 0).
Y nghia: Khi g(z) (mit mat) tién vé 0 (t&i wu), fitness(h) sé tién vé 1 (t6i da). C4 thé cé méat
mét thap nhat sé c¢6 do thich nghi cao nhat.
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2.2 Ly thuyét Ludgc d6 (Schema Theory)

Day 13 1y thuyét do John Holland (cha dé ciia GA) phét trién vao nhitng ndm 1970 dé giai thich mot
cach toan hoc tai sao va lam thé nao GA lai hoat dong.

2.2.1 Lugc dd (Schema)

Cau héi dau tién: GA thuc su xtt 1y céi gi?

Cau tra 15i truc quan 1 “nhidm sac thé”. Nhung Holland cho rang GA khong chi xtt Iy N nhiém sic
thé trong quan thé, ma né con i ljj song song mot sd lugng 16n cdc “mau” (pattern) hay “ddc diém”
(feature) ma cdc nhidém sic thé d6 dai dién.

Pinh nghia: Mot Luge d6 (Schema), ky hiéu 13 H, 13 mot chudi (template) mé td mot tap hop
cac nhiém sic thé c6 cac dic diém chung tai mot s6 vi tri gen nhat dinh.

Ta dinh nghia luge d6 bang cdch mdé rong bang chit cai cia minh. Néu ta ding ma hoé nhi phan
{0, 1}, thi bang chit cai ctia Luge do 1a {0,1, x}.

e 0: Gen phéi 1a 0 tai vi tri nay.
e 1: Gen phéi la 1 tai vi tri nay.

o * (wildcard — “khéng quan tdm”): Gen cé thé 1a 0 hosc 1 tai vi trf nay.

Vi du: Gia sit chiéu dai nhiém sac thé 1a L = 5.

e Lugc do Hy = 10 * *x
N6 dai dién cho tap hop tat cd cic nhiém sic thé bat dau bang 10.
Vi du cdc nhidm séc thé “khép” (match) véi Hi: 10000, 10101, 10111, 10010, ...

e Lugc do Hy = *1 * 0%
N6 dai dién cho tdp hop tat ci cdc nhiém sic thé c6 1 & vi tri thit 2 va 0 & vi trf thi 4.
Vi du: 01000, 11101, 01100, ...

Y nghia: Mot luge dd thue chdt 1a mot siéu phdng (hyperplane) trong khong gian tim kiém {0, 1}%.
GA, bing cach xit 1§ cdc nhiém sic thé, thuc chdt dang liy miu va so sénh hiéu sudt ctia hang ty cac
siéu phing nay cting mot lic. Pidu nay duge goi la Tinh song song ngam (Implicit Parallelism).

2.2.2 Céc thudc tinh ctia Lugc d6
Dé phan tich mot luge dd, ching ta can 2 thude do:
Bac (Order), o(H)
« Dinh nghia: La s6 lugng cac vi tri ¢é dinh (khéng phai *) trong luge do.

e Vidu:
0o(10 x *x) =2, o(x1*%0x) =2, 0(10101) = 5.

e Y nghia: Bic cang thap, luge do cang chung chung. Béc cang cao, luge dd cang cu thé.
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Chiéu dai (Defining Length), d(H)
« Dinh nghia: La khoang céch gitta vi tri c6 dinh dau tién va vi tri ¢6 dinh cudi cling.
e Vidu:

— Hy =10%%x = Vitr{ c¢6 dinh: 1 va 2. = d(H;)=2—-1=1.
— Ho = %1 %0%x = Vitr{c dinh: 2va 4. = d(Hy) =4—2=2,
— H3=1%*x1= Vitricddinh: 1 va5. = d(H3)=5—-1=4.
« Y nghia: d(H) cang nhé (schema ngdn), cic gen dinh nghia né cang gan nhau. d(H) cang l6n
(schema ddi), cidc gen dinh nghia n6 cang xa nhau.
2.2.3 Dinh ly Lugc d6 (Schema Theorem)
Bay gio 1a phan c6t 16i.
Dinh 1y nay cho ta mot ¢idi han dudi vé s6 luong nhiém sic thé thudoc mot luge dd H & thé hé tiép
theo ¢t + 1, dua trén sb luong ctia né & thé hé t.

Ky hiéu:

o m(H,t): S6 lugng nhiém sic thé trong quan thé tai thé hé ¢ khép véi luge dd H.

o f(H,t): Do thich nghi trung binh ctia tit cd cdc nhiém sic thé khdp véi H tai thé hé ¢.
e f(t): Do thich nghi trung binh clia toan bo quan thé tai thé heé t.

o pa(H): X4c suat luge d6 H bi phd vd (disrupted) bdi cic toan tit di truyen (Lai ghép va Dot bién).

Dinh 1y Luge do (Holland, 1975)

S6 lugng ky vong ctia H & thé hé ¢ + 1 (chi xét chon loc, lai ghép 1-diém, va dot bién) théa man:

Fl.
70

Elm(H,t+1)] > m(H,1) 1 — pa(H)]

Y nghia: Dinh 1y nay cho thdy ring nhing luge dd cé:
« Do thich nghi trung binh cao hon miic trung binh chung (f(H,t) > f(t)),
o Va c6 xéc suat bi pha v3 thap (pg(H) nhd),

sé ¢6 xu huéng phat trién sé lugng qua céc thé hé — tic 13 “nhiing mau gen t6t” sé duge khuéch
dai trong quan thé.
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2.2.4 Phan tich DPinh 1y (Y nghia thyc sy)

Cong thitc nay trong cé vé phiic tap, nhung né mé té chinh xéc cudc “dau tranh sinh ton” ciia cac ludge

do.

Hay chia né thanh hai phan:

Phan 1: Toan tit Chon loc (Selection)

(i 1) - LU0

f(t)

bay la tac déng cta chon lgc ty nhién (gid st dung chon loc Roulette Wheel — ty 1é v6i fitness).

f(H,1)

— 1a do thich nghi tuong doéi cta luge do H.

f(t)
« Y nghia:

— Néu f(H,t) > f(t) (ttc 1a H 1a mot luge do “t6t”, c6 do thich nghi trén trung binh), thi ty
s6 nay > 1. S6 lugng ctia H sé tang theo cAp s6 nhan qua cac thé hé (gidng nhu lai suat kép).

— Néu f(H,t) < f(t) (tic la H 1a mot luge dd “té”, dudi trung binh), ty s6 nay < 1. H sé bién
mat dan khoéi quan thé.

DAy chinh 13 dong luc chinh ctia GA: Cic méau tét duge nhan lén.

Phan 2: Toan tit Pha v& (Disruption)

[1 — pa(H)]

Day 1a xac suét sdng sét (survival probability) ciia luge ddo H khi dbi mit v6i Lai ghép va Dot

bien.

Céc toan tit nay rat quan trong dé tao ra cai méi, nhung ching ciing phd vé cic mau tét dang ton

tai.

Hay u6c tinh 1 — py(H):
a. Pha v3 do Lai ghép (Crossover):

« Gia st ta dimg Lai ghép 1-diém vé6i xédc suat p,.

o Mot luge dd H bi phé v& chi khi diém lai ghép roi vao bén trong chiéu dai dinh nghia d(H) ciia
no.

« Do dai ving “nguy hiém” nay 1a d(H). Téng s6 diém cat 1a L — 1.

. d(H
e Xd&c suat bi pha v6 ~ p, - L()l (day 1a mdt w6e tinh chan trén).

L < d(H
o Xac suat song sot qua lai ghép > 1 —p, - L()l

« Y nghia: Lugc dd cang ngén (d(H) nhé), cang it bi lai ghép pha va.

b. Pha v& do Po6t bién (Mutation):

o Gid sit x4c suat dot bién mdi gen 1a p,, (rat nho).
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« Lugc do H bi pha v& néu bat ky gen c6 dinh nao trong o(H) gen ctia né bi dot bién.
o Xéc suat 1 gen khong bi dot bién 1a (1 — py,).
o Xéc sudt tit ci o(H) gen khong bi dot bién 14 (1 — p,,)°UD.

Vi pm < 1, ta ¢6 thé xip xi (1 — pp)°H) ~ 1 — o(H) - pp.

« Y nghia: Lugc dd c¢6 béc cang thip (o(H) nhd), cang it bi dot bién phé vo.

Két hgp lai, ta c6 Dinh 1y Lugc dé (dang day dn):

f(flé)’f) . [1 _ d(HW [ = pyen

ch 1
) Y nghia téng quat: Nhing luge dd ngdn (d(H) nhé), bic thip (o(H) nhd), v dé thich nghi cao
(f(H,t) 16n) sé dugc nhan 1én theo cAp s6 nhan trong quan thé qua céc thé he.

Em(H,t+1)] > m(H,t) -

2.2.5 Y nghia ctia Pinh 1j: Gia thuyét Khéi Xay dyng (Building Block Hypothesis)

Day la két ludn quan trong nhat tit dinh Iy nay.
Dinh 1y Lugc do cho ching ta biét loai luge do nao sé “thinh vuong” va dude nhan 1én trong quan
thé:

1. Thich nghi cao: f(H,t) > f(t) (c6 do thich nghi trén trung binh).
2. Ngén: d(H) nho (it bi lai ghép phé vo).
3. Béac thap: o(H) nhd (it bi dot bién pha v3).

Nhitng luge dd théa man 3 dicu kién nay dugc goi 1a Khdi X4y dung (Building Blocks).

Gia thuyét Khéi Xay dung: Giai thuat Di truyén hoat déng bang cich tim ra cic “khoéi xdy
dung” ngin, bac thip, c6 d6 thich nghi cao & cic thé hé dau. Sau d6, né két hop (combine) cic khoi
xay dung nhoé nay lai (thong qua toan tit Lai ghép) dé tao ra cic khéi xay dung 16n hon, bac cao hon,
va t6t hon, cho dén khi hoi tu dén giai phap t6i wu.

Vi du Cu thé

Quay lai bai todn max f(z) = z? trén [0,31]. Ma hod 5-bit by b3 by by by. Gidi phap t6i wu la » =
31 (11111).

e Xét 2 luge do tai thé hé ¢:

— Hy =1%#*x% (Schema “tot”, z > 16).

— Hy = #0 % xx  (Schema “kém”, x < 16 hodc 24 < z < 28).
« Gi4 sit tai t, quan thé c6 f(t) = 200.

o Céc ca thé trong Hy (1% %) c6 = > 16, f(x) > 162 = 256. Vay f(Hi,t) chac chan > 200 (vi du

F(Hy,t) = 400).

o Céc cé thé trong Hy (%0 % *x) c6 gia tri f(x) rai rdc. f(Ha,t) c6 thé nhé hon 200 (vi du f(Ha,t) =
150).
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Phéan tich H; (Khbi xdy dung):
e o(Hp) =1 (bac thap).

 d(H;) =0 (siéu ngan).

f(Hlvt) _ @ _
f(t) 200

o Xéc suat song sot ~ 1 (lai ghép khong phé v& vi d = 0, dot bién rat it &nh hudng vi o = 1).

o Két qua: m(Hy,t+ 1) ~ m(Hy,t)-2. S6 lugng cé thé bat dau bang bit 1 sé ting gap ddi § thé
hé sau.

Phéan tich Hy (Schema “kém?”):
e 0o(Hs2) =1 (bac thap).

e d(Hs) =0 (siéu ngan).
f(Ha,t) 150

o Két qua: m(Ho,t + 1) ~ m(Ha,t)-0.75. S6 lugng cé thé cé bit 0 & vi trf thit 2 sé¢ giam 25%.

GA dang tu dong “hoc” rang bit 1 & vi tri dau tién (1 * * % %) 14 mot “khdi xay dung” tét va né
nhan ban khéi dé lén. Tuong tu, né “hoc” dude 1 * s* clng la khéi xay dung tét. Bang cach lai ghép
1% % % % va *1 % %%, n6 tao ra 11%%*, mot khoi xdy dung tdt hon nita.

2.3 Ly thuyét Chudi Markov

Ta da di qua phan ”dong Iuc hoc” (dynamics) v6i Dinh 1y Lugce do. Bay gid, ta sé sang phan "phan tich
hoi tu” (convergence analysis) dé tra 15i cAu héi: ”Lidu GA cé chic chin tim ra giai phap tbi wu
toan cuc khéng?”

Dé lam diéu nay, ta can mot cong cu toan hoc manh mé hon: Ly thuyét Chudi Markov (Markov
Chain Theory).

2.3.1 Tai sao Pinh Iy Ludc dé 1a chua dua?
Dinh 1y Lugce do rat tot dé giai thich tai sao GA hiéu qud — né cho thay cdc “khéi xay dung” (building
blocks) tot dude nhan 1én. Tuy nhién:
1. N6 1a mot gisi han dwéi, khong phai mot mo hinh chinh xéc. N6 khong mo ta day du su phiic
tap, vi du nhu lam thé nao céc todn tit tao ra cac ludge do t6t mai.
2. N6 khong chitng minh duwgc sy hdi tu. Chi vi cic khéi tét duge nhan 1én, khéng c6 nghia 13

chiing sé dugc két hop ding cach dé tao ra giai phap t6i wu toan cuc.

Dé chting minh sy hoi tu, chiing ta phai mé hinh héa toan b qua trinh GA nhu mot hé théng ngau
nhién (stochastic system).
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2.3.2 Chudi Markov

Vé ban chat, Chudi Markov 13 mot cong cu toan hoc ding dé mo6 hinh héa cdc hé thdng ngau nhién
(stochastic) thay doi theo thdi gian.
Mot Chudi Markov (rdi rac, hitu han) duge dinh nghia béi 3 thanh phan cot 16i:

Khong gian Trang thai (State Space) Khoéng gian Trang thai, ky hiéu 1a S, 14 mot tap hgp
hitu han gom tat ca cic trang thai cé thé c6 ctia hé thong. Hé thdng phai & mét vd chi mét trang thai
tai moi budc thai gian.

o Ky hiéu: S = {s1,59,...,5}, trong d6 k 1a tong sb trang thai.

e X; la mot bién ngau nhién dai dién cho trang théi ctia hé théng tai thoi diém t. X; € S.

Vi du (Thsi tiét):

¢ S = {Néing, Mua}

+ X = Néng (Hom nay trdi nfing)

e X; = Mua (Ngay mai troi mua)
Tinh chit Markov (The Markov Property) Day la dinh nghia quan trong nhét, con duge goi 1a
“Tinh chidt Khong nhé” (Memorylessness).

Phét biéu: Trang théi twong lai ctia hé théng (X;,1) chi phu thudc duy nhit vao trang thai hién

tai (X;), va hoan todn déc lgp v6i tat ca cdc trang thai trong qud khit (Xi—1, Xi—2,...).
Phat biéu Toan hoc: V6i moi t > 0 va moi chudi trang thai 4, j, i;_1,...,i9 € S:

PXip1=J | Xs =4, X1 =14-1,...,Xo=1p) = P(Xyp1 =7 | Xy = 1)

Dién giai: “Biét dugc hién tai, qua khit khong con cung cAp thém théng tin gi vé tuong lai.”
Xéc sudt Chuyén (Transition Probabilities) Day 1a cic quy tic didu khién cdch hé théng di
chuyén.

Mot Chudi Markov duge goi 1a “ddng nhéat theo thdi gian” (time-homogeneous) néu cic xc suat
chuyén nay khéng thay déi theo thdi gian. (Day la trusng hgp hau hét ching ta quan tam.)

Pinh nghia: X4c suat chuyén tit trang thai 4 dén trang thai j, ki hiéu 1a pij, la xac suat ma hé
théng sé & trang thai j tai budc t + 1, biét rang nd dang & trang thdi i tai budc t.

pij = P(Xpp1 =j | Xy =)
Céc x4c suat nay phai théa man hai diéu kién:

1. pi; >0 (Chiing 1 céc x4c suit)

2. Z pij = 1 (T trang thai i, h¢ thong phai di dén mot trang thai ndo dé trong S, ké ¢ chinh no)
jes

10
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Ma tran Chuyén (Transition Matrix) DAy la mot cich ngan gon dé biéu dién tat ci cac quy tac
ciia hé thong.

Pinh nghia: Ma tran Chuyén, ky hiéu 14 P (hodic M), 1a mét ma tran k x k (v6i k = |S]) ma
phan ti & hang i, cot j chinh 1a x4c sudt chuyén p;;.

p11 P12 - Dik

P21 P22 - D2k
P=1. . )

Pkl Pk2 - Dkk

Tinh chat cta P:

o TAat ci cac phan tit > 0.

o Téng ctia mdi hang bing 1. (Pay dugce goi 1a ma tran ngau nhién — stochastic matrix).
Vi du (Thsi tiét):

o S ={1:Néng, 2:Mua}

o Gid st
P(mai Mua | nay Nang) = pia = 0.2
P(mai Ning | nay Ning) = p1; = 0.8
P(mai Mua | nay Mua) = pas = 0.6
P(mai Nang | nay Mua) = po; = 0.4

o Khi d6 ma tran chuyén la:

(Hang 1: tit “Néng”; Hang 2: tit “Mua”
Cot 1: t6i “Nang”; Cot 2: t6i “Mua”)

2.3.3 Giai thuat Di truyén nhu mot Chudi Markov
Hay xem xét mot GA “chuan” (Canonical GA) c6 kich thudc quan thé N va chiéu dai nhiém sic thé L.

1. Trang thai (State): Mot “trang thai” ctia hé thdng khong phdi 14 mot nhidm sic thé. Mot trang
thai S; chinh 1a todn bé quan thé tai thé hé t.

S =Py ={hi,ho,...,hn}

2. Khong gian Trang thai (2):

o DPay 1a tép hop clia tat ci cdc quan thé c6 thé cé.
o S6 lugng nhiém sic thé c¢6 thé c6 1a K = 2L,

« Khong gian trang thai Q 14 tap hop tat cd céc cdch chon N nhiém sic thé ti K loai. Kich
thudce ctia khong gian nay 1a hitu han nhung siéu khong lo: | = KN = (21N,

3. Tinh chit Markov (Markov Property):

11
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e Quan thé & thé hé tiép theo P, dudc tao ra chi duwa trén quan thé hién tai P, thong qua
cic todn tit ngdu nhién (chon loc, lai ghép, dot bién).

P(Pey1|Py Py - .y Po) = P(Pria|Pr)
o Qué trinh nay khéng “nhd” lich st (trit nhimng gi da duge luu trit trong P;).
e Do d6, GA “chudn” 13 mot Chudi Markov hitu han.
4. Ma tran Chuyén (Transition Matrix), M:
« DAy la mot ma tran khong 16, trong d6 M;; 1a xdc sudt dé chuyén tit trang thai (quan the)
i sang trang thai (quan thé) j trong mot thé hé.
2.3.4 Dinh ly Hoi tu Toan cuc (Global Convergence Theorem)

Cau hoi 1a: Chuoi Markov nay cé hoi tu khong? Va né hoi tu vé dau?

Cau tra 10i phu thudc vao mét chi tiét cuc ky quan trong: Ta cé dung Elitism (Giit lai tinh
hoa) hay khoéng?

Elitism 1a k¥ thuat ddm bdo cé thé t6t nhat ctia thé hé ¢ dugc sao chép sang thé hé t + 1.

binh Iy Hoi tu Toan cuc

Mbt Giai thuat Di truyén sit dung Elitism va c6 toan tit Dot bién (p,, > 0) sé hoi tu chic
chin (véi xac suat 1) dén trang théi chitta giai phap t6i wu toan cuc khi t — oo.

2.3.5 Chirng minh (Tai sao Elitism + Mutation = Hoi tu)

Dbé chting minh, ta st dung céc khai niém tit chudi Markov:

Trang thai Hap thu (Absorbing State):
o Goi h* 1a gidi phap t6i wu toan cuc (global optimum).

o Hay xem xét bat ky trang thii quan thé P* ndo c6 chtta it nhit mdt ban sao ctia h* (vi du
P* ={h* ha,...,hn}).

« Vi ching ta ding Elitism, c4 thé tét nhat (h*) sé luon duge giit lai.

e Do @6, mot khi quan thé da di vao mot trang thai P* c6 chita h*, né sé khong bao gio roi khdi
nhoém céac trang thai da chtta h* nira.

K&t luan 1: Tap hop tat ci cdc trang thai ¢ chita h* 13 mot tdp hdap thu (absorbing set).

Kha ning di dén (Reachability):
« Bay gio, gia stt ching ta dang 6 mot trang thai P; khong chita h*.
o Cau hoi: Li¢u 6 khéa nang di tit P; dén mot trang thai P; c6 chita h* khong?

o Cau tra 16i 13 CO, mién 14 p,, > 0. Vi D6t bién (p,, > 0) dam bao rang bit ky nhiém sic thé
ndo ciing c6 thé dude tao ra tit bat ky nhiém sic thé nao khic (chi can di s6 lan dot bién).

12
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« Do d6, tit moi trang thai P; (di té dén dau), ludn c¢6 mot xac suat (du rat nhd) dé tao ra h* va
di vao tap hap thu.

Két luan 2: Tap hap thu h* c¢6 thé dat tdi duoe tit moi trang thai khéc.

Két luan cubi cung (T Ly thuyét Chudi Markov): Mot Chudi Markov hitu han ma c¢é (cic)
trang thai hap thu, va tit moi trang thai khong hap thu déu c6 thé di dén mot trang thai hap thu, thi
chic chin sé hoi tu vé mot trong cic trang thai hdp thu dé véi xic sudt 1 khi t — co.

2.3.6 So sanh v8i Schema Theorem

Ta nén phan biét ré hai dinh 1y nay:

Pinh ly Lugc dé:
o Muc dich: Giai thich tai sao GA hiéu qud (efficient).
« Y nghia: GA khai théc cic “kh(‘)‘i xay dung” tot va nhan ,chl’mg lén theo cap s6 nhan. N6 néi vé
dong lyc hoc (dynamics) va toc d6 trong thdi gian ngan.
Pinh 1y Ho6i ty Chudi Markov:
« Muc dich: Chting minh ring GA chinh xdc (correct / convergent) (véi Elitism).

« Y nghia: GA duge dim béo (vé mit 1y thuyét) sé tim ra giai phap t6i wu toan cuc. N6 néi vé
hanh vi giéi han (limit behavior) khi ¢t — oo.

Vi du: Leo nti trong suong mii, tim dinh cao nhat (t6i wu toan cuc).

« Pinh ly Lugc d6 giéng nhu viéc ta c6 mot tAm ban do (fitness) va mot chién luge (crossover)
cho phép ban nhanh chéng két hgp cac doan dudng doc (building blocks) ma ta tim thay. N6 gitip
ta leo lén rat nhanh.

« DPinh Iy Chudi Markov (véi Elitism) giéng nhu mét 16i ddm béo ring:
1. Ta c6é mot cai neo (Elitism): s¢ khong bao gid bi trugt xuéng thap hon diém cao nhét ta da
ting dat dugc.

2. C6 kha nang dich chuyén titc thoi (Mutation): Ta luén cé mot co hoi (di rat nhé) dé “nhay”
ngau nhién dén bat ky diém nao trén ban dd, bao gdm cé dinh nii.

Két hogp lai: Ta sé leo nhanh (Schema Theorem) va duge dam béo sé khéng bao gi tut dbc

(Elitism), dong thoi ludn ¢ co hoi “nhdy” tring dinh (Mutation). Su két hop nay ddm bao cudi ciing
sé tim thay dinh.

13
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GENETIC ALGORITHM: CLIMBING IN THE FOG

FOG OF
UNCERTBRITY

SCHEMA THEREM —
(FAST CLIMBING)
CANDIDATE
(BUILDING BLOCKS) SOLUTONS

0w MARKOV CHAIN
i \ WITH ELITISM o«

1.'ELITISM: NEVER GODOWN )4
(NEVEST 60 DOWN) s RANDOM JUNP

2. 'MUTATION: Random jumps
jumps to explore.
(SMALL JUMPS EVERYVHERE)

COMBINED: Fast ascent (Schema) + Never regress + Explore
(Mutation) = GUARANTEED TO GLOBAL OPTIMUM

o4

Hinh 4: Minh hoa leo nui

14
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3 Quy trinh co ban ctia GA: Bai toan tim dbi tugng

Muc tiéu cta ta la tim vi tri chinh xéc ctia con voi. Vi tri nay la mét khung chita (bounding box) duy
nhat.

Dinh nghia cau tré 16i hoan ho 1a “Ground Truth” (GT). Pay 1a khung mau xanh 14 ma thuit
toan sé cb ging bat chudce.

Ground Truth (GT) dugc bic¢u dién dusi dang toa do trung tam:

[Ttam, Ytam, 10N, cao] = [350, 270, 400, 480]

Hinh 5: Minh hoa vi tri Ground Truth (khung mau xanh 14) trén anh goc.

Buéc 1: Khéi tao Quan thé (Thé hé 1) Bat dau bang cich tao ra mot “quan thé” (vi du: 100 ca
thé). Mai c4 thé 13 mét Chromosome — mot gidi phap ngau nhién [z, y, w, h].

Cca thé 1 (C1): [70, 70, 100, 100]

Ca thé 2 (C2): [100, 50, 200, 200]
Ca thé 3 (C3): [300, 300, 50, 50]
Ca thé 4 (C4): [180, 100, 300, 350]
Ca thé 5 (C5): [400, 400, 80, 80]

15
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s

Hinh 6: Thé hé 1 — Khung d ngau nhién (quan thé khdi tao ban dau).
Budc 2: Panh gia (Fitness Function = IoU) Cham diém (dé thich nghi) cho ting ca thé bing
cach so sanh n6 véi Ground Truth. Piém s6 chinh 13 Intersection over Union (IoU):

Dién tich Chong lap
Dién tich Hop nhat

Fitness = IoU =

Tinh toan chi tiét Fitness cho Ca thé 1 (C1)

GT (Target): [x_min: 150, y_min: 30, x_max: 550, y_max: 510] C1 (Candidate): [x_min: 70,
y_min: 70, x_max: 170, y_ max: 170]
1. Tinh Dién tich Chdng lip (Overlap):

2overlar) — max(150, 70) = 150

min

y(overlap) _ max(go, 70) =70

2{ZUerar) — min(550, 170) = 170
yloverlar) _ min(510,170) = 170
Overlap_ Width = 170 — 150 = 20
Overlap_ Height = 170 — 70 = 100
Area(Overlap) = 20 x 100 = 2,000

2. Tinh Dién tich Hgp nhét (Union):

Area(GT) = 400 x 480 = 192,000
Area(C1) = 100 x 100 = 10,000
Area(Union) = Area(GT) + Area(C1) — Area(Overlap)
= 192,000 + 10,000 — 2,000 = 200,000

16
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3. Két qua Fitness (IoU):

2,000
10U(C1) = gooes = 0.01

Bang diém Fitness (Thé hé 1)

C4 thé | Chromosome [x, y, w, h] | Fitness (IoU)
C1 [70, 70, 100, 100] 0.01
C2 100, 50, 200, 200] 0.15
C3 [300, 300, 50, 50] 0.00
C4 [180, 100, 300, 350] 0.32
C5 [400, 400, 80, 80] 0.05
0.35
0.30
0.25
2 020
=
&5 0.5
0.0
0.05
0 | —
Cathé 1 Cathé 2 Cathé 3 Céa thé 4 Cathé s

Hinh 7: Biéu dé minh hoa gid tri Fitness (IoU) cho 5 c4 thé dau tién trong Thé hé 1.

Buéc 3: Chon loc (Selection) Chon “cha me” cho thé hé sau. Céc ca thé c6 Fitness (IoU) cao
hon sé c¢6 co hoi duge chon cao hon. Phuong phap phd bién duge sit dung 13 Chon loc Banh xe
Roulette (Roulette Wheel Selection).

Tinh toan Xac suit Chon

Téng Fitness:
0.01 +0.15+0.00 + 0.32 4+ 0.05 = 0.53

17
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Xic suat chon ting cé thé:

Prob(C1) — % — 1.9%
Prob(C2) = 8% = 28.3%
Prob(C3) = % =0%
Prob(C4) = % = 60.4%
Prob(C5) = % — 9.4%

Nhu ta thiy, C4 thé 4 c6 kha ning duge chon lam “cha me” cao nhét, trong khi C4 thé 1 va C4
thé 3 gan nhu khong c6 co hoi.

B C1(1.9%) EEEEE C2 (28.3%) C3(0%) NN C4 (60.4%)
C5 (9.4%)

Hinh 8: Biéu do xéc suat chon loc (Roulette Wheel) cho 5 cé4 thé trong Thé hé 1.

Buéc 4 & 5: Lai ghép (Crossover) & Dot bién (Mutation) T céc “cha me” da chon (gid sit
chon C4 va C2), ta tao ra “con cai” (thé hé mdi).

Lai ghép (Crossover) — 2 diém

Tron “gen” [z,y,w, h] clia cha me dé tao ra con.

Cha Me 1 (C4) : [180, 100, 300, 350]
Cha Me 2 (C2) : [100, 50, 200, 200]
4
Con 1 (M6i) : [180, 50, 200, 350]
Dot bién (Mutation)
Thay doi ngdu nhién mot gen ctia “Con 17 dé tao ra su da dang.
Trude dot bién:

[180, 50, 200, 350]
(Thém mot s6 ngdu nhién nhé, vi du: —15 vao gen thit 2)
Sau dot bién (s&n sang cho Gen 2):

[180, 35, 200, 350]

18
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Budc 6: Hoi tu qua cidc Thé hé Lip lai cic bude 2, 3, 4 va 5 nhiéu lan. Quan thé méi sé thay thé
quan thé cii. Trong dé, 4p dung Elitism (Tinh hoa) — ludn giit lai c thé t6t nhat (vi du: C4) va sao
chép né thing sang thé hé sau dé ddm bao giai phap khong bi té di.

Hay xem su “tién héa” truc quan cia quan thé qua cdc thé hé:

Thé hé 25 - loU trung binh: 0.55

ol 872
Thé hé 50 -

S

loU trung binh: 0.95

WS

iy
- loU trung binh: 0.83

Hinh 9: Cac giai doan hoi tu

e Thé hé 1: Max IoU ~ 0.32
e Thé hé 5: Max IoU ~ 0.47
e Thé hé 10: Max IoU ~ 0.72
e Thé hé 20: Max IoU ~ 0.88
« Thé hé 50: Max IoU ~ 0.95

0.9
0.8
0.7
0.6

0.5

loU (Fitness)

0.4
0.3
0.2

0.1

1 10 25 40 50
Thé hé

Hinh 10: Biéu d6 hoi tu qua cic thé hé — gia tri IoU tbi da ting dan theo thoi gian.
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Két qua Cudi cuing (Sau 50 Thé hé¢) Sau khi dimg thudt toan (vi du: sau 50 thé hé), ta chon ci
thé c6 Fitness cao nhét tit quan thé cudi cing. DAy chinh 14 Giai phiap GA tbt nhit, tuong tmg véi
Ground Truth dugc md phong.

Hinh 11: Anh minh hoa déi tugng duge phat hién véi khung chita cubi cliing (Gen 50).

Cé thé Thing cudc (Gen 50)
Chromosome : [348, 270, 396, 476]
Fitness (IoU) = 0.95

4 Thuc hanh code
1. Pinh nghia Ham Thich nghi (IoU)

import numpy as np

import matplotlib.pyplot as plt
import matplotlib.patches as patches
from PIL import Image

def calculate_iou(boxA, boxB):
nnn
Tinh toén Intersection over Union (IoU) {igia hai bounding box.
box: [x_min, y_min, width, height]
nnn
xA, yA, wA, hA = boxA
xB, yB, wB, hB = boxB
xA_max, yA_max = xA + wA, yA + hA
xB_max, yB_max = xB + wB, yB + hB

Xx_intersect_min = max(xA, xB)
y_intersect_min = max(yA, yB)
X_intersect_max = min(xA_max, xB_max)
y_intersect_max = min(yA_max, yB_max)

20
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def

inter_width = max(0, x_intersect_max - x_intersect_min)
inter_height = max(0, y_intersect_max - y_intersect_min)
inter_area = inter_width * inter_height

union_area = wA * hA + wB * hB - inter_area
return 0.0 if union_area == 0 else inter_area / union_area

fitness_function(chromosome, gt_box):
return calculate_iou(chromosome, gt_box)

Code Listing 1: Ham tinh toan IoU giita hai bounding box

2. Cac Toan t cia Giai thuit Di truyén

def

5 def

def

def

initialize_population(pop_size, img_width, img_height, min_box_size, max_box_size):
population = []

for _ in range(pop_size):
x_min = np.random.randint (0, img_width - min_box_size)
y_min = np.random.randint (0, img_height - min_box_size)
width = np.random.randint(min_box_size, max_box_size)
height = np.random.randint (min_box_size, max_box_size)

width = min(width, img_width - x_min)

height = min(height, img_height - y_min)

width = max(width, 1)

height = max(height, 1)

population.append(np.array([x_min, y_min, width, height]))
return np.array (population)

selection(population, fitness_scores, num_parents):
parents = []
for _ in range(num_parents):
i1, i2 = np.random.choice(len(population), 2, replace=False)
parents.append(population[il] if fitness_scores[il] > fitness_scores[i2] else
population[i2])
return np.array(parents)

crossover (parents, crossover_rate, img_width, img_height):
children = []
for i in range(0, len(parents) - 1, 2):
pl, p2 = parents[i], parents[i + 1]
if np.random.rand() < crossover_rate:
swap_idx = np.random.choice(4, 2, replace=False)
cl, ¢c2 = np.copy(pl), np.copy(p2)
cl[swap_idx] = p2[swap_idx]
c2[swap_idx] = pl[swap_idx]
children.extend ([cl, c2])
else:
children.extend ([pl, p21)
return np.clip(np.array(children), O, None)

mutation(children, mutation_rate, img_width, img_height, mutation_strength=20):
mutated = np.copy(children)
for i in range(len(mutated)):
if np.random.rand() < mutation_rate:
j = np.random.randint (4)
delta = np.random.randint (-mutation_strength, mutation_strength + 1)
mutated[i] [j] += delta
for i in range(len(mutated)):

21
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14 mutated [i] [0]
15 mutated[i] [1]
16 mutated [i] [2]
\7 mutated [i] [3]
18 return mutated

np.clip(mutated[i] [0],
np.clip(mutated[i] [1],
np.clip(mutated[i] [2],
np.clip(mutated[i][3],

img_width - 1)

img_height - 1)

, img_width - mutated[i] [0])
img_height - mutated[i][1])

= = O O

Code Listing 2: Khdi tao, chon loc, lai ghép va dot bién

3. Ham chinh chay GA

I def run_ga_bounding_box_optimization(gt_box, img_width, img_height,

2 pop_size=50, generations=100,

3 crossover_rate=0.7, mutation_rate=0.1,

| elitism_count=2, min_box_size=10, max_box_size=100) :

5 population = initialize_population(pop_size, img_width, img_height, min_box_size,
max_box_size)

6 best_fitness_history, avg_fitness_history = [], []

8 print (£"Ground Truth Box: {gt_box}")

10 for gen in range(generations):

11 fitness_scores = np.array([fitness_function(chromo, gt_box) for chromo in
population])
12 best_fitness = np.max(fitness_scores)

13 avg_fitness = np.mean(fitness_scores)
I best_fitness_history.append(best_fitness)
15 avg_fitness_history.append(avg_fitness)

17 best_chromo = population[np.argmax(fitness_scores)]

18 if gen % 10 == 0 or gen == generations - 1:

19 print (f"Gen {gen:4d} | Best IoU: {best_fitness:.4f} | Avg IoU: {avg_fitness:.4f
} | Best Box: {best_chromol}")

21 if best_fitness >= 0.999:
22 print (f"Converged at generation {gen} with IoU: {best_fitness:.4f}")
23 break

25 elites = population[np.argsort(fitness_scores)[-elitism_count:]]

26 parents = selection(population, fitness_scores, pop_size - elitism_count)

27 children = crossover (parents, crossover_rate, img_width, img_height)

28 mutated_children = mutation(children, mutation_rate, img_width, img_height)

29 population = np.concatenate((elites, mutated_children[:pop_size - elitism_count]))

31 final_scores = np.array([fitness_function(c, gt_box) for c¢ in population])
32 final_best = population[np.argmax(final_scores)]

33 print (f"\nFinal Best Box: {final_best} with IoU: {np.max(final_scores):.4f}")
!

35 return final_best, best_fitness_history, avg_fitness_history, gen

Code Listing 3: Thuat toan chinh cho t6i tu Bounding Box

4. Thyc nghiém va Truc quan héa

1 if __name__ == "__main__":
2 image_path = "elephant.avif"
3 try:
image = Image.open(image_path)

5 except FileNotFoundError:
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print (£"8Li: Khdéng tim Athy anh ati '{image_path}'.")
exit ()

img_width, img_height = image.size

img_array = np.array(image)

ground_truth_box = np.array([200, 100, 902, 1069])
ground_truth_box[0] = np.clip(ground_truth_box[0],
ground_truth_box[1] = np.clip(ground_truth_box[1],
ground_truth_box [2] np.clip(ground_truth_box[2],
ground_truth_box [3] np.clip(ground_truth_box[3],

-

img_width - ground_truth_box[2])
img_height - ground_truth_box [3])
img_width - ground_truth_box[0])
img_height - ground_truth_box[1])

-

= = O O

-

print ("\n--- &Bt ddu achy &Gii &thut Di é&truyn ---")
final_best_box, best_fitness_history, avg_fitness_history, generations_run =
run_ga_bounding_box_optimization (

gt_box=ground_truth_box,

img_width=img_width, img_height=img_height,

pop_size=100, generations=300,

crossover_rate=0.8, mutation_rate=0.2, elitism_count=5,

min_box_size=30, max_box_size=int(min(img_width, img_height) * 0.9)

fig, axes = plt.subplots(l, 2, figsize=(14, 7))

axes [0] .plot(range (generations_run + 1), best_fitness_history, label='Best IoU')
axes [0] .plot (range (generations_run + 1), avg_fitness_history, label='Average IoU')
axes [0] .set_title('Fitness (IoU) over Generations')

axes [0] .set_xlabel ('Generation')

axes [0] .set_ylabel('IoU Score')

axes [0].legend ()

axes [0] .grid(True)

axes [1].imshow(img_array, origin='upper', extent=[0, img_width, img_height, 0])

rect_gt = patches.Rectangle((ground_truth_box[0], ground_truth_box[1]),
ground_truth_box [2], ground_truth_box[3],
linewidth=3, edgecolor='g', facecolor='none', label='Ground

Truth')

rect_ga = patches.Rectangle((final_best_box[0], final_best_box[1]),
final_best_box[2], final_best_boxI[3],
linewidth=3, edgecolor='r', facecolor='none',
label=f'GA Best (IoU: {calculate_iou(final_best_box,

ground_truth_box):.2f}) ')

axes [1] .add_patch(rect_gt)

axes [1].add_patch(rect_ga)

axes[1].set_title(f'Bounding Box Optimization on Image: {image_pathl}')

axes [1].set_x1im (0, img_width)

axes[1].set_ylim(img_height, 0)

axes [1].set_aspect('equal', adjustable='box')

axes [1].legend ()

plt.tight_layout ()

plt.show ()

Code Listing 4: Chay GA trén anh va hién thi két qua
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Di truyén ——

902 10691

Avg ToU: 0.8708
Avg ToU: 0.7237
Avg ToU: 8.7954
Avg ToU: 0.8200
Avg ToU: @.8289
Avg ToU: 0.B465
Avg ToU: 0.8519
Avg ToU: 0.8657
Avg ToU: 0.8862
Avg ToU: 0.9143
Avg ToU: 8.9271
Avg ToU: 9.9466
Avg ToU: 0.9633
Avg ToU: 9.9799
Avg ToU: 08.9871
Avg ToU: 9.9938
ToU: 0.9956
ol: 1.0000

——- Bat dau chay Gidi thua
Ground Truth Box: [ 200 100
°|
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273 909
287 899
284 899
268 9
256 901
241 901
223 901
203 901
179 981
151
138
17
1e3
163
161
160

ToU: 0.5026 335
Iol: 8.7730
ToU: 6.8197
Iol: 0.8251
IoU: 0.8391
IoU: @.8522
Tol: 0.8639
IoU: @.8823
Tol: 0.9026
TolU: 6.9233
ToU: 6.9410
IoU: @.9596
Iol: 8.9734
IoU: @.9985
ToU: 6.9952
Gen Best Iol: 0.9970
Gen Best Tol: 0.9989
Converged at generation 162

Best
Best
Best
Best
Best
Best
Best
Best
Best
Best
Best
Best
Best
Best
Best
Best
Best
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Gen
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Gen
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Best
Best
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Best
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|
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|
|
|
|
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| 966]
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| 901 10271
| 901 10441
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| 901 10691
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v
ith I
902 1069] with IoU: 1.0000

Fitness (loU) over Generations

Final Best Box: [ 208 100
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Hinh 12:

Bounding Box Optimization en Image: elephant.avif
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Két qua code
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