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TOM TAT

Dau khi la ngudn tai nguyén vo cing quy bau, va cé déng gép 16n vao nén kinh té quéc gia. Tuy
nhién, nguén tai nguyén nay thudng nam sau hang ngan mét dudi long dat. Vi vay, san luong,
diéu kién khai thac dau khi khéng thé dugce do dac truc ti€p ma phai théng qua nhiing mo hinh
mo phang. Cu thé, cdc mé hinh & day mé phang lai hanh x(r ctia chét luu trong via chdr dau khi; tr
d6 du bdo va téi uu hoa viéc khai thac dau khi. BEn canh cdc méd hinh mé phong sé truyén théng,
mang no-ron nhan tao la mét lua chon thay thé tot. Bai nghién clu nay khao sat va dua ra uu-
nhugc diém clia cach ti€p can clia mang no-ron thong tin vat ly (physic-informed neural network
— PINNSs) trong viéc mé hinh héa qua trinh khai thac dau don gian bang phuong phap bom ép
nudc vai bai toan Buckley-Leverett. K&t qua tinh toan t&r mo hinh PINNs trong nghién ctiu nay phu
hop rét tét véi nghiém gidi tich clia phuong trinh. K&t qua nghién cu cling cho thay PINNs c6 thé
duac &p dung cho céc bai todn co su thay déi I6n vé gid tri clia cac an s6 trong khong gian/thdi
gian va ddc biét phu hgp cho cac nhiing van dé cé luong di liéu khan hiém nhu trong khao sét
phuong an phaét trién/khai thac mé dau khi. Ngoai ra, mé hinh PINN sau khi hudn luyén dang tin
cay va c6 thé sirdung lau dai hon nha viéc xem xét cac théng tin vat ly clia qué trinh thuc té trong
qué trinh luyén mang. Biéu nay cho thay tinh ing dung cao clia mang no-ron thong tin vat ly
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trong moé hinh hda dong chay 2 pha trong méi truong réng.
Tu khoa: Mang no-ron nhan tao, Mang no-ron thong tin vat ly, Buckley-Leverett

. GIGI THIEU

2 Trong khai thac ddu khi, nguén tai nguyén nay luén
3 ndm bén dudi long dit, thudng sdu hang ngan mét,
nén ldy di liéu chat luu va d4t d4 bén dudi la rdt ton
cong stic va tién bac. Do d6, ki thuit mo phong via,

~

«

¢ mot ki thuat két hgp gifia todn, vat li, va khoa hoc trai
7 dét dugc sti dung d€ mo td hanh xtt ctia chit luu trong

s vial.

©

Gan déy, mot cach tiép can khiac € mo6 hinh héa dong

o

chdy trong via, dang gy nhiéu sy chd y trong nganh
cong nghiép dau khi nh¢ vao sy buing ng ctia lugng

~

dii liéu, 1a cac m6 hinh mang no-ron nhéin tao. Mang
nd-ron nhén tao bao gom mot 16p dau vao (chua cac
déc trung cta di liéu nhu dusng log hay luu lugng
khai), mét 16p dau ra (chita thong s6 can du bao nhu
dp sudt hay d¢ bao hoa), va nhiéu 16p 4n ndm gitia.

>

o)

o

17 Mdi 16p chita nhiéu no-ron, méi no-ron 1la mot ham

bién d6i phi tuyén tinh va cic no-ron lién két v6i nhau
qua tting 16p hinh thanh nén mét ham dy bao. Mbéi

o

©

20 mOt no-ron xu li va chuyén dai dii liéu dau vao thanh

thong tin ¢6 y nghia sau mdi 16p trong mang ng-ron .

N

Trong nudc, mang no-ron nhan tao dugc ting dung

@

trong nhiéu linh vyc véi két qua rét tiém nang, nhu

24 dy bao dudng log?, phan loai tuéng da*, phét hién

in mon dudng 6ng®, hay gin hon véi mé phéng via
1a dy béo khai thac®’. Tuy nhién, nhiing nghién ctu
trong nudc vé ting dung mang no-ron nhén tao trong
mo phong via con han ché.

Trén thé giéi, mot nghién ctiu vao ndm 2015 so sainh
gilia cac phuong phédp tuong quan truyén théng véi
mot mang no-ron truyén thing (Feedforward Neural
Network — FFNN) dé du bao luu lugng khai thac. Két
qué cta FFNN vugt troi hon hdn céc phuong phép
truyén thdng (sai s6 chi 13.92% so v6i hon 50%)8.
Sau d6 4 nam, ngoai cdc thong s6 nhu do thim va
luu lugng khai théc, ap sut tai thoi diém trude thoi
diém du bdo dugc dua vao mang no-ron hdi quy (mot
dang ctia mang no-ron nhén tao dung cho bai toan
chubi thoi gian) nhim ting d6 chinh x4c ctia du bao 9,
Ngoai ra, vao nam 2020, di liéu md phong tii nhiing
vung via lan can va chinh via dang xét dugc thém vao
cuing v6i vat li via d€ du bdo ap sudt via dang xét bing
FFNN dugc nghién ctu. Két qué cho ra c6 thé so
sanh dugc v6i ECLIPSE, mét phdn mém thuong mai
trong mo phong via st dung phuong phap s6 truyén
théng!?. Vao nim 2023, mang no-ron bd nhé dai-
ngdn han (Long-Short Term Memory — LSTM, mét
dang mang no-ron dung trong bai todn chudi thoi

Trich dan bai bdo nay: Trinh P D, Ld4n M C. Mé hinh héa dong chay 2 pha trong méi trudng réng bang
mang no-ron thong tin vatly . Sci. Tech. Dev. J. - Eng. Tech. 2024; ():1-10.
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gian) 1! dugc ding dé€ mo phdng via 3 chiéu (3D) va
két qua c6 hé s6 xéc dinh R? Ién t6i 0.99 12,

Mit khéc, thay vi phai yéu cdu di liéu c6 sin (well
log, két qua mo phong s6, két qua do dac thuc dia...),
mang no-ron thong tin vt ly (Physics Informed Neu-
ral Network — PINN) dua vao xem xét cdc dinh luat
bao toan (khéi lugng, ddng nang, khéi lugng) 13 Cac
dinh luat bao toan mo td hanh xu, tuong tac ngoai doi
thuc clia cac sy vat hién tugng trong tu nhién, dugc
mo ta duédi dang phuong trinh vi phan (Partial Dif-
ferential Equation — PDE). Trong ndm 2020 va 2021
6 hai nghién ctiu dau tién ting dung PINN dé mo
phong mot via don gian 415, Via nay thugc bai todn
Buckley-Leverett 6, 12 via mot chiéu c6 dong chiy 2
pha, v6i mot giéng bom ép nudc & bén trdi va 1 giéng
khai thdc d4u & bén phai. Két qua cho ra tii 2 nghién
ctiu nay gan nhu tuong dong véi nghiém gidi tich giai
ti phuong trinh vi phin Buckley Leverett, chi hoiléch
moét chit tai cdc mit tién ddu nuée 1. Vao nim
2022, co ché tu chi y dugc 14y y tudng tlii mang thi gidc
may tinh !7 két hgp v6i PINN m6 phdng cting bai todn
cho ra du bdo vdi sai léch khong dédng ké va cai thién
d6 chinh xdc & cac mit tién dau nude . Cung nam,
kién tric mang encode-decoder GRU (Gated Recur-
rent Unit - mot dang clia mang no-ron) két hop véi
PINN cho ra két qua chinh xac, ddc biét la tai mat
tién dau nudc . Ngoai viéc du bao d6 bao hoa nudc,
PINN con dugc ting dung dé giai bai todn nghich, tim
thém d¢ thim tuong do6i va d6 nhét khi két hop véi
nghiém giai tich 2.

Trong bai nghién cttu nay, PINN dugc dp dung dé du
bdo ting xtt ctia dong chdy 2 pha trong mdi trudng 16
rong mot chiéu, cu thé la bai todn Buckley-Leverett.
Muc tiéu chinh la khao sat tinh ting dung ctia PINN
thong qua muic d sai léch cia moé hinh. Phén con lai
ctia bai bdo dugc b6 cuc nhu sau: phan 2 trinh bay
phuong phap luin, phin 3 trinh bay va thio luin két
qua ctia cac mo hinh, phén 4 két luan bai nghién ctiu
nay.

PHUONG PHAP LUAN

Bai nghién ctu ting dung PINN d¢€ giai bai toan bom
ép nudc d€ tang cudng thu héi ddu trong moi truong
cat dua trén thi nghiém ctia Buckley-Leverett vao nim
194216, Mb hinh thi nghiém ctia Buckley-Leverett la
mot mod hinh don gidn hoéa bai toan mo phong via da
pha, da chiéu khi thém vao mot s6 gia thiét cho bai
toan. Cu thé, moi trudng cta chit luu dong nhit va
dang hudng, cing vdi 2 pha chét luu trong moi trudng
khong tron 1an, khong nén dugc, va ding nhiét. Toan
bo mién cta chit luu dich chuyén 13 mién mét chiéu,
khoéng thit nguyén, gom moét dau bom ép nudc bén
trai va mot dau thu hoi dau bén phai (Hinh 1):

Quy trinh st dung PINN dé giadi phuong
trinh Buckley-Leverett

Bai nghién ciu nay st dung PINN d¢€ giai quyét bai
toan thong qua kha ning xdp xi ham s6 cia mang. Cu
thé, phin nay trinh bay quy trinh stt dung PINN dua
ra ham du bdo (Hinh 2):

1. Chon kién tric mang: D4u tién, ciu tric ctia ham
du bdo phai dugc dinh hinh trudc thong qua viéc chon
$6 no-ron va s6 16p &n cho mang d€ hinh thanh kién
tric ciia mang, hay duéi dang todn hoc 1a mét ham
du bao d¢ bao hoa - f(W, b, xp, tp). Ham nay phu
thudc vao bién doc lap la xp va tp, con bién W va b
(Weight - trong s va bias - sai léch ctia tt ca no-ron
trong mang) thay déi trong qua trinh huén luyén.

2. Khdi tao trong s6: Sau khi PINN da ¢ kién tric,
tdt ca bién hudn luyén (trainable parameter) cia mang
la W va b ctia tiing no-ron dugc chon mot gid tri ngiu
nhién? 2522,

3. Tao du bao: khi co cac gid tri W, b, ham f(W, b, xp
,tp) dugc dua vao 3 bo dit liéu ddu vao dua trén 3 diéu
kién ctia phuong trinh Buckley-Leverett dé€ dua ra gid
tri du bdo. Céc diéu kién d6 1a:

o Diéu kién bién: gém cac diém ndm ngoai bién
tai xp = 0 v6i moi tp, co gid tri S, =1 va céd
dang chung la (x5, tp). Du bdo tit diéu kién bién
c6 dang f;, (W, b, xp, t;).

o Diéu kién ban d4u: gom céc diém tai tp= 0 vdi
moi xp, 6 gid tri S,,,=0 va c6 dang chungla (x5,
tp). Du bdo tu diéu kién ban dau c6 dang f, (W,
b, X0, to)

« Phén phuong trinh vi phan: gom cac di€ém nam
trong mién khong thit nguyén ctia bai todn véi
moi xp, tp khic 0, cé dang chungla (xz, t¢). Du
bdo tli phan nay c6 dang f;, (W, b, xy, ty).

4. Tinh ham mat mat: tiing phan du bdo (f;, ,, fi,)
sé dugc dédnh gid muc do sai léch thong qua ham mit
mat:

o Diéu kién bién va diéu kién ban ddu: Ham mat
mat ctia 2 diéu kién nay la trung binh binh
phuong sai 1éch gitia gid tri du bao va gid tri tai
cdc diéu kién. Cac ham nay c6 dang l4n lugt la:

1

Ly= ﬁbz,&l (fp — Sw,)? 1)
1

L, = EZZ&] (fo *SWU)Z (2)

V6i Ny, N, 14n lugt 13 s6 diém nidm tai diéu kién bién
va diéu kién ban dau.

*Trong nghién ctiu nay, phuong phép khdi tao trong s6 ngdu
nhién dugc chon la Khai tao Xavier [28] do ham kich hoat ding ham
tanh [27].
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JQbom ép

D4

Dau

DO bdo hoadau S,

Qkhai thac

Hinh 1: M6 hinh bom ép nudc clia Buckley-Leverett

o Phdn phuong trinh vi phdn: Ham mat mét ctia
phén nay 13 trung binh binh phuong khi dua
du bdo vao bén trai ctia phuong trinh Buckley-

Leverett 1°:

aSW (xD,tD)
al‘]_)

afw (SW)
BSW (xD,tD)

aSW (xD,tD)
Ixp

=0 (3
V6i S,y (xp, tp) 12 ham cdn tim (dugc thay bing ham
du bdo fj;). Ham mit mat cta phan phuong trinh
vi phan (L;;) 13 trung binh binh phuong vé trai ctia
phuong trinh (3) khi dua vao ham f;,. Dong chay
phén doan f, theo cong thiic d6 thim tuong ddi loai
Corey bac hai? ¢6 dang nhu sau:

Sk

TS (s M @

Sw
V6i M 1a ti s6 linh dong ctia pha bom ép (nudc) trén
pha bi bom ép (dau), dugc chon la 2 trong bai nghién
ctiu nay.

« Trong mé phong s6, cac bai toan c6 cac ving
khong lién tuc va d¢ doc cao rdt dé dan dén
thuat toan cho ra két qua sai. Trong bai toan
Buckley-Leverett, mdt tién ddu nudc la mot rao
can rat 16n trong viéc dua ra dép an c6 do chinh
x4c cao. Vi vy, mot hé s6 phan tan dugc thém
vao phuong trinh vi phan d€ gidm d6 déc, va
su khong lién tuc. Cu thé trong bai todn nay,
hé s6 phén tan tham khao tui bai nghién ctiu ciia
Tchelepi ' dugc thém vao phuong trinh (3) nhu

sau:
aSW ()CD,ZD) afw (Sw) 8SW (xD,lD)
atD aSW (XD,ZD) 8xD
98w (xp,ip) _ 0 )
ox},

5. Cap nhat W, b: Gradient ctia ham mAit mét tng
(L=Ly+ L, + L) dugc tinh dya trén dao ham ty
dong (Automatic Differentiation*), cho ra dL/dW,

dL/db .Sau d6 dugc dung d€ cip nhat lai Wb theo
cac thuét todn duya trén Gradient Descent, cu thé la
ADAM?®. Muc dich ctia viéc cap nhét nay d€ giam
thiéu sai 1éch gitia cac diéu kién bién va ban diu cung
v6i phuong trinh (3). Khi sai s6 cua tling phén trong
ham mAat mét tong gidm dén gin bing 0, hanh xu cha
ham du bao f(W, b, xp, tp), hay S,,, bit ddu dung véi
ban chét ctia bai toadn tai cac diéu kién bién va diéu
kién ban dau cu thé.

6.Kiém tra héi tu: quy trinh dy béo réi stt dung du
bdo d€ cap nhat W,b 1ap di lap lai cho dén khi ham
mAt mét tong L cai thién khong ding ké.

7. Dy bao: Sau khi da huén luyén xong, toan bd W va
b ctia mang dugc ¢6 dinh, khong thay déi duge. Khi
nay, ham du bao f(W, b, xp, tp) dugc dua vao khdng
- thoi gian can du bao (xp, tp) vao va cho ra gia tri
du bao S,,.

KET QUA VA THAO LUAN

Phan nay mo ta va phan tich d¢ chinh xac ctia PINN
khi so v6i nghiém gidi tich (gidi bing phuong phap
déc trung — Method of Characteristics (MOC) 26
trong bai todn ctia Buckley-Leverett. Thém nia, cac
md hinh PINN dugc x4y dung va hudn luyén trén
nén ting thu vién Pytorch?’. Pytorch 1a mot thu vién
chuyén giai quyét cac bai toan vé Mang no-ron nhin
tao va ho trg tinh dao ham rit nhanh va chinh x4c
thong qua thuat todn Automatic Differentiation 2.
Viéc chon kién truc mang cho PINN bét déu tit viéc
tham khao kién triic mang ctia bai bio PINN géc 3 va
bai nghién ctiu dau tién vé PINN giai quyét bai toan
Buckley-Leverett 4, sau d6 thay ddi d€ tim kién tric
t6i uu. Sau cung, kién tric mang gom 8 16p 4n va
20 no-ron/ 16p 4n 1a t6i vu nhat. Thém nia, s6 diém
dit liéu cta diéu kién bién va ban déu, cing véi diém
trong mién bai toan dugc chon d€ dua vao mang lan
lugt la 300, 300 va 10 000. Vi PINN la mo6 hinh ban
khong giam sat, moi budc thoi gian ngoai trii diéu
kién ban diu déu co6 thé dugc dua vao kiém tra tinh
chinh xac két qua. Trong bai nghién ctiu ddu tién ting
dung PINN giai phuong trinh Buckley-Leverett, tac
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|
|
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|
|
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| h
|

|

!

| Chen kién trac mang |
| - Ham f{W.b) -

e

_

| Khovi tac trong s
| {Xavier)

Khéi tao mang\:

|
4

Tac dw bao:

.
| 4’{ findMB. 055 FolWB ko Fol VB st}
|

Input:
-IC: gt

-BC: ¥,

- Bén trong: xt;

Bra vao mang

h 4

Cap nhat Wb
- Wi = W - AWy
- Bray = Baig - dlidigy

Tinh ham mat mat:
Lo = mean(Z[fg(W.bx.d.) . 1CT)
Lb = mean|Z [fy(W.b.xyk,) . BCIY}
Lin = rnean{EPDE[fin(W,b:x[:L[]]z)

!

Kiém tra héi tu
L=L,+L,+ L,

Huan luyén mang

Dy bao bang ham
Wb, Xy, by}

Hinh 2: Quy trinh tng dung PINN trong bai toan Buckley-Leverett.

gid Tchelepi stt dung ti s6 linh dong nudc/dau bing
14, Bai nghién cttu nay mé hinh héa bai toan c6 d6
linh déng pha bom ép (nudc) gdp d6i pha bi bom ép
(d4u) d€ sat véi thuc t€ hon.

a. Két qua du bao bang PINN thuan tiy

Trong phin nay, hAm mat mét ctia phuong trinh vi
phén dugc tinh bing phuong trinh (3), khéng dung
hé s6 phan tdn d€ giam bst dd ddc ctia mat tién dau
nudc. Két qua du bao c¢é do chinh xac cao trudce vi
tri mat tién du nudc & tiing budc thoi gian (14n lugt
latp = 0.15, tp = 0.39, tp = 0.51) & Hinh 3(a)(b)(c).
Nhung & cdc vi tri ndm sau mat tién d4u nuéc, PINN
hoan toan khong thé dy bao dugc hanh xu ctia d6 bao
hoa nudc. Pi€u nayla do su khac biét vé ban chat gitia
mang no-ron nhan tao va bai todn Buckley-Leverett.
Cu thé la duong S,, ctia nghiém giai tich 1a mét ham
xdc dinh trén tliing khoang, con dudng ctia ham du
bdo clia mang no-ron nhén tao la ham lién tuc. Vay
nén, dao ham khong xac dinh tai mat tién dau nudc

lam cho L;,; hay Lppg bi tinh todn sai, ddn dén viéc
cép nhat W, b khong chinh xac.

b. Két quad du bao bang PINN dung hé sé
phan tan

Dé giai quyét van dé dao ham khong xac dinh tai mit
tién dau nudc, ham mat mét cua phuong trinh vi phin
Li, dugc tinh theo phuong trinh (5) thay vi phuong
trinh (3). Du bdo ctia PINN sau khi dung phén phan
tan cai thién dang ké so véi lic chua dung. Cu thé,
toan by dy bao ctia PINN gan nhu khép mot cach
hoan hdo véi nghiém giai tich tai 3 budc thoi gian
tp lan lugt 14 0.15, 0.39, 0.51 & Hinh 4(a)(b)(c). Tuy
nhién, khi quan sat ki tai cic mat tién diu nudc &
tiing budc thoi gian, dy bdo bi sai léch nho so véi
nghiém gidi tich. Diéu nay 1a do chinh ban than hé
s6 phan tdn dugc thém vao phuong trinh Buckley-
Leverett. Cu théla ham giai tit phuong trinh (5) khac
v6i ham dugc gidi ti phuong trinh (3). Méc du vy,
két qua tii 3 budc thoi gian ctia PINN diing phén phan
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(a)
So sanh cac md hinh khac nhau tai t, = 0.15

So sanh céc mo hinh khac nhau tai tp, = 0.39

(b) «©
So sanh cac mé hinh khac nhau tai t; = 0.51|
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Hinh 3: Du béo d6 béo hoa S,, ctia PINN khéng dung hé s8 phan tan so véi nghiém gidi tich trong 3 budc thai
gian lan lugt tai (a) tp = 0.15, (b) tp = 0.39 va (c) tp = 0.51. K&t qua cho thay PINN nay khéng thé du béo & cac vi tri

nam sau mat tién dau nuéc.

tan (Hinh 4(a)(b)(c)) khéc biét khong dang ké so véi
nghiém giai tich.

Ngoai ra, nhém tdc gid st dung thu vién don gian
va dugc chufn héa - Scikit-learn?® d€ gidi bai toan
Buckley-Leverett bing FENN (mang no-ron yéu cin
dii liéu ti nghiém giai tich). FENN dugc huén luyén
béng % ctia bo dit liéu tit nghiém giai tich (dén tp =
0.37), v6i dau vao la (xp, tp) va ddu ra la S,,. Kién
truc mang cua FFNN dugc ldy tit PINN, gom 8 16p 4n
va 20 no-ron/16p 4n. Nhin tdng quat Hinh 5, khi thoi
diém du bdo cang & xa tdp huln luyén, dy bdo Sy cta
FFNN cang gidm d¢ chinh xdc. Cu thé, tai thoi di€ém
tp = 0.39 ngay sau thdi diém thudc tip hudn luyén (tp
=0.37) - Hinh 5(a), du bao cia FENN géan nhu tuong
dong v6i nghiém giai tich, ngoai trit mét s6 diém gin
v6i mit tién dau nude (S,, du bdo sai léch trung binh
khoang 0.02 - 3.4% so S, clia nghiém gidi tich). Tuy
nhién, tai thoi diém tp = 0.51 — Hinh 5(b), du bdo Sy
ctia FENN bt ddu cé nhiéu vi tri bi sai léch hon so véi
du bdo tai tp = 0.39,1éch 0.015 va 0.02 - khoang 2.0%
va 3.3% lan lugt tai xp = 0.25 vaxp = 0.65). Xu hudng
sailéch nay ting dan khi thoi diém du bdo cang xa thoi
diém huén luyén mang. Cu thé, khi tai thoi diém tp =
0.71 - Hinh 5(c), du bdo S,, tai bién trdi léch 1én 0.017
-khoang 1.7% so v6i nghiém giai tich, va taixp = 0.25,
sai 1éch nay ting 1én 1.2% khi so véi du bdo tai tp =
0.51. Diéu nay cho thdy cach hudn luyén dua di liéu
dau vao khac véi thong s6 cin dy bdo ctia mang no-
ron dya vao di liéu nhu trong 389(cy thé 1a FFNN)
kém hon PINN vé tinh 6n dinh va d6 chinh xdc khi &
xa thoi gian huén luyén.

¢. Qua trinh huan luyén cia mang no-ron
nhén tao

Error - MSE) gitia du bao va nghiém giai tich. Nhin
chung tii Hinh 6, d¢ chinh xdc cia FEFNN cta thién
dang ké sau vai chyc 1dn hudn luyén dau tién. Cu
thé, khi MSE cua tap hudn luyén (training) va tép
kiém dinh (validation) gidm l4n lugt tt 0.175 va 0.125
xudng con dudi 0.006. Sau d6, cac dudng MSE cua
2 tap dii liéu dao ddong manh trong khodang tii 0.0006
cho dén 0.004 va két thiic 614n huan luyén tha 695, véi
gid tri MSE cua 2 tap khoang 0.0008; ngoai ra, chénh
léch gitta MSE ctia 2 tip hudn luyén va kiém dinh 13
khong ding k€. Nhiing diéu nay cho thdy moé hinh ¢6
khé nang khéi quat hda bai todn, c6 thé du bdo véi két
qua c6 d6 chinh xdc cao tai cic thoi diém nam ngoai
tap huén luyén.

Ngoai ra, khi quan sat téng Hinh 6, MSE cua tép val-
idation va tap training thi 2 tdp nay bit dau hdi tu rét
sém (khoang 100 14n hudn luyén d4u), nhung van c6
thém hon 600 14n huén luyén niia mic du da 4p dung
Early Stopping®. Tuy nhién, khi phéng to diéng MSE
ctia 2 tap ti 0 dén 0.006 thi MSE cua 2 tap hoi tu &
khoang hon 500 14n huén luyén. Sau d6, FENN dugc
huén luyén thém hon 100 14n nita d€ thda mén tiéu chi
Early Stopping thi qua trinh huén luyén FFNN méi
diing hén.

Chi s6 danh gia qué trinh hudn luyén ctia PINN ciing
la MSE, nhung ap dung véi diéu kién bién (Boundary
Condition - BC), diéu kién ban dau (Initial Condition
- IC) va phén phuong trinh vi phin (PDE). Cu thé,
MSE cuia 3 phan l4n lugt tuong ting véi phuong trinh

YEarly Stopping 1 mét phuong phép diing qua trinh hufn luyén
sau mot s6 14n hudn luyén nhét dinh ma ham mét mét cta tap kiém
dinh khong cai thién dédng ké.
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(a) (b) c
So sanh cac mé hinh khac nhau tai tp = 0.39 So sanh cac mé hinh khac nhau tai tp = 0.51] So sanh cac mé hinh khac nhau tai tp = 0.71]
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Hinh 4: Dy béo d6 bao hoa S,, ctia PINN dung hé s6 phan tan so véi nghiém giai tich trong 3 budc thdi gian lan
lugt tai (a) tp = 0.15, (b) tp = 0.39 va (c) tp = 0.51. D6 chinh xac PINN st dung hé sé phan tan cai thién dang ké so
vGi PINN khéng dung hé s6 phan tan, gan nhu hoan hao khi so véi nghiém giai tich.

(a) (b) (c)
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Hinh 5: So sanh du béo gilta cdc m6 hinh mang no-ron nhan tao (FFNN va PINN) trong bai toan Buckley-Leverett
tai cac budc thai gian clia tap kiém tra lan luot tai (a) tp = 0.39, (b) tp = 0.51, (c) tp = 0.71. Th&i diém du béo cang
xa tap huan luyén, d6 chinh xac ctia dudng S,, thudc FFNN cang gidm, trong khi du béo S,, ctia PINN c6 d chinh

xac nhat quan tai moi thai diém.

1 (1), phuong trinh (2), va phuong trinh (5). Khi quan

w

312 sat Hinh 7, cd 3 phdn mat mat ctia ham mat mat PINN
dao dong manh va lién tuc trong sudt khoang 15 000
lan hudn luyén d4au do PINN phai dong thoi thoa méan
3 diéu kién ctia ham mdt mét (IC,BC, PDE). C6 thé
théy r6 nhat ¢ 14n huén luyén thd 10 000, khi PINN
chi thoa man IC, nhung PDE va BC lai khong dugc
thoa man, MSE cta PDE va BC tang lan lugt 1én dén
0.003 va hon 0.02, trong khi MSE ctia IC gidm xudng
320 0.001. Sau do, tiing phan IC, BC, PDE mdi bat dau

321 hoi tu 6 khodng 14n huén luyén thia 20 000 va két thic

313
314
315
316
317
318

319

322 hudn luyén 6 14n huén luyén thua 30 000. Ngoai ra, s6
323 14n huén luyén PINN 16n hon nhiéu so v6i s6 1an hudn
324 luyén FFNN (30 000 14n huén luyén PINN so v6i 695

325 1an hudn luyén FFNN).

V6i céch tiép can cta bai bdo d6i v6i mang no-ron
thong tin vat Iy 13 theo hudéng ban khong gidm sét
(semi-unsupervised), c6 mot vai thach thic 16n d6i
v6i PINN nhu sau:

o Doi héi lugng I6n diém trong mién (collocation
points), khoang 10 000 diém. Diéu nay la do
mang no-ron nhén tao hoi quy dua trén sy két
néi cic diém di liéu lai v6i nhau dé tao nén
dudng cong du bdo lién két cic dac trung dau
vao. Thong thuong, d6i véi cic bai toan hoc
gidm sat (Supervised Learning), lugng dii liéu
can thiét d€ dua vao mo hinh Deep Learning,
hodc tham chi la Machine Learning thi cling cin
it nhét vai nghin di liéu. Sukhécbiét vé ban chat
nay doi hoi mot lugng I6n diém trong mién, lam
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Hinh 6: Su thay d6i d6 chinh xac ctia FFNN trong quad trinh hudn luyén trén tap hudn luyén (training) va tap kiém
dinh (validation). MSE cta 2 tap dr liéu chénh léch khéng dang ké va déu gidm nhanh trong khoang vai chuc lan

hudn luyén dau tién.

cho lugng bo nhé tam thdi (RAM hodac VRAM)
ton dung lugng nhiéu hon trong qua trinh hudn
luyén mang.

o S0 ldn hudn luyén PINN cao (tii chuc nghin cho
dén tram nghin ldn): Do phai thoa man dong
thoi it nhat hodc hon 3 diéu kién (Piéu kién
bién, diéu kién ban d4u, phan du ctia PDE), ham
mat mat cta PINN khé hdi tu hon khi so véi
mot diéu kién clia ham mat mat thudc cic mo
hinh hoi quy c6 gidm sat (Supervised regression
model).

o PINN c6 thé gdp khé khdn trong cdc bai todn da
chiéu, va c¢6 mién I6n. Nhu da dé cap & trén,
PINN cén rit nhiéu diém trong mién (1én dén
10 000 d6i v6i bai toan khong thi nguyén). O
cac bai todn c6 thi nguyén, s6 lugng diém trong
mién ma PINN doi hoi tang 1én nhiéu hon so
v6i cac bai toan khong thi nguyén. Diéu nay
dan dén khong dt RAM hodc VRAM d¢€ chita
ma trdn gia tri cua tiing diém, va gid tri cia tiing
nao-ron khi dua dit liéu vao, chua ké dén ma tran
dao ham cua tiing phén trong PDE.

Doi véi van dé diém trong mién cao & cac bai todn da
chiéu va c6 thu nguyén, viéc chuyén déi bai todn vé
khong thit nguyén giup gidm dang ké lugng bo nhé
phai dung cho PINN. Khi nay, lugng diém trong mién
sé dap ung dugc yéu ciu vé bo nhé. Vin dé s6 lugng
diém van cao hon nhiéu so v6i phuong phép s sau
khi chuyén bai todn vé khong thit nguyén rat dé tim ra
hudng giai quyét do diéu nay thudc vé sy khac biét vé
ban chét gitia PINN va phuong phap s6 truyén thong.
Van dé€ nay 1a mot hudéng nghién ciu tiém ning ctia
PINN trong tuong lai. D&i véi s6 1an huén luyén cao
ctia PINN, viéc so sanh t6ng thoi gian bao gom ca thoi
gian huén luyén va thoi gian dy béo véi thai gian dua
ra dap 4n ctia phuong phap s6 khong phaila mét phép
do danh gid cong bang. Mang no-ron nhén tao c6 thé
dugc dung lai d€ hoc chuyén tiép cho bai todn gin
giong, giup giam di rit nhiéu thoi gian hudn luyén va
6 1an hudn luyén d€ mang hoi tu. Thém nia, thoi
gian mang dua ra két qua duy bdo sau khi hudn luyén
gin nhu tuong tng véi thoi gian thuc (vai mili gidy)
nén néu viéc hoc chuyén tiép t6t, PINN hoan toan c6
thé khic phuc diém yéu nay.
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Hinh 7: Sy thay d6i tiing phan thuéc ham mat mat ctia PINN dung hé s6 phan tan trong qua trinh hudn luyén, lan
lugt la diéu kién ban dau (IC), diéu kién bién (BC) va phan PDE (PDE). Ham mat mat dao déng rat nhiéu trong qua
trinh huan luyén do phai dong thi thda man 3 phan mat mat.

KET LUAN

Bai nghién ctiu nay khéo sat tinh ting dung ctia mang
no-ron thong tin vat ly vao mot bai toan mé phdng
via co ban - bai toan Buckley-Leverett. Tuy phai diéu
chinh phuong trinh vi phan ban d4u nhung két qua
tt mo hinh PINN cho ra rdt sat vi nghiém giai tich.
Két qua ciing cho thdy PINN c¢6 thé dugc ép dung cho
cac bai toan c6 nhiéu su khong lién tuc, thdm chi 1a
mat d6c nhu mit tién ddu nude. PINN con khic phuc
dugc nhugc diém ctia mang no-ron nhan tao truyén
thong1a c6 théloai bo diéu kién tién quyét khi st dung
mang no-ron nhén tao: lugng dii liéu I6n. Diéu nay
gitip cho ting dung cia mang no-ron nhén tao kha thi
trong nhiing van dé c6 lugng dii liéu khan hiém nhu
md phong via. Ngoai ra, m6 hinh PINN sau khi huén
luyén dang tin cay va c6 thé stt dung lau dai hon nho
viéc xem xét cdc thong tin vat 1y clia qud trinh thuc t&
trong qua trinh luyén mang. Méc du thoi gian hudn
luyén PINN 16n hon nhiéu so v6i mang no-ron thuan
dit liéu, nhugc diém nay ctia PINN c6 thé duge khic
phuc béng ki thuét hoc chuyén tiép (Transfer Learn-
ing) va day cang la hudng phat trién tiép ctia d€ tai.

LO1 CAM ON

Chung t6i xin cdm on Trudng Pai hoc Bach Khoa,
DHQG-HCM da hd trg thoi gian, phuong tién, va co
s vat chét cho nghién ctiu nay.

DANH MUC Ki HIEU

Céc ki hiéu bén dudi déu khong cé thi nguyén (di-
mensionless)

xp: khoang cach khong thit nguyén

tp: thdi gian khong thd nguyén

X,: khoang cach khong thi nguyén cta diéu kién ban
dau

to: thai gian khong thi nguyén ctia diéu kién ban dau
xp: khoang cach khong thii nguyén cta diéu kién bién
tp: thoi gian khong thi nguyén cta diéu kién bién
xy: khodng cach khong thi nguyén bén trong mién
ty: thoi gian khong thi nguyén bén trong mién

W: trong s6 ctia no-ron

b: bias - sai léch ctia no-ron

f(W, b, xp, tp): Ham du bao clia mang no-ron

fp: Ham dy bdo ctia mang no-ron tai diéu kién bién
f,: Ham duy bdo ctia mang no-ron tai diéu kién ban
dau
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fi,: Ham dy bao clia mang no-ron bén trong mién
Sw,: d6 bao hoa tai diéu kién bién

Sw,: d6 bao hoa tai diéu kién ban dau

L,: Ham mat mat cta diéu kién bién

L,: Haim mait mat cta diéu kién ban dau

Lin, Lppe: Ham mét mat ctia phuong trinh vi phan
Nj: s6 diém ndm tai diéu kién bién

Ny: s6 diém nam tai diéu kién ban dau

M: ti 6 linh dong

€: hé s6 nghich ddo cta hing s Péclet

S, du bao ctia d6 bio hoa nuéde

R%: Heé s6 xac dinh

DANH MUC TU VIET TAT

FFNN: Feed-forward Neural Network, mang no-ron
truyén thing

LSTM: Long Short-Term Memory, B nhé dai-ngan
han

PDE: Partial Differential Equation, phuong trinh vi
phén riéng phan

PINN: Physics-Informed Neural Network, mang no-
ron thong tin vat Iy

IC: Initial condition, diéu kién ban d4u

BC: Boundary condition, diéu kién bién

GRU: Gated Recurrent Unit

MOC: Method of Characteristics, phuong phép dac
trung

RAM: Random Access Memory, by nhé truy cap ngau
nhién

VRAM: Video RAM, bd nhé truy cap ngau nhién ctia
Graphics Processing Unit (GPU)

XUNG POT LOIiCH

T4c gid khing dinh ring khong c6 bat ki tranh chap
nao lién quan dén bai bdo va cong trinh nghién ctu
nay.

PONG GOP CUA CAC TACGIA

Tién si Mai Cao Lan: Can b¢ huéng dan, dinh huéng,
danh gia mo hinh, két qua nghién ctiu va cap nhat bai
béo.

Pham Pang Trinh: Tién hanh thyc hién nghién ctu
va viét bai bao.
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Modeling of 2-phase flow in porous media using physics-informed
neural network

Pham Dang Trinh'2, Mai Cao Lan"%"

ABSTRACT

Oil and gas are valuable resources and make a great contribution to the national economy. How-

ever, this resource is often located thousands of meters underground. Therefore, oil and gas pro-
Use your smartphone to scan this duction and exploitation conditions cannot be measured directly but must be through simulations.
QR code and download this article Specifically, the models here simulate the behavior of fluids in oil and gas reservoirs to predict and

optimize oil and gas exploitation. Besides traditional numerical simulation models, artificial neural
networks are a good alternative. This study investigates and presents the advantages as well as
disadvantages of the physics-informed neural network (PINNs) approach in the modeling of a sim-
ple oil production process by water flooding method with the Buckley-Leverett theory. The results
from PINNs in this study agree quite well with the analytical solutions of the differential equation
to be solved. The results from this work also show that PINNs can be applied to problems in which
the unknowns have stiff changes with respect to space/time and that PINNs are absolutely suitable
for problems where data availability is limited such as those for oilfield development/production
planning. Furthermore, PINNs trained models are reliable and able to be utilized for long term
production forecasts thanks to the consideration of physics information during the training of the
network. This shows that PINNs would be highly applicable in the modeling of two-phase flows in
porous media.
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