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Abstract. The surface roller length of a hydraulic jump is an important geometric
characteristic that directly influences the design of energy dissipation structures. Accurate
determination of this parameter is of great practical significance in water resources
engineering. Existing empirical formulas yield inconsistent results. Therefore, this study
proposes and evaluates the predictive performance of four decision-tree ensemble models:
Categorical Boosting (CB), Extra Trees (ET), Gradient Boosting (GB), and Extreme Gradient
Boosting (XGB). Unlike previous studies, the hyperparameters were optimized using
Bayesian optimization combined with repeated 10-fold cross-validation, the contribution of
each input variable was quantified using SHAP values, and the stability of the results was
verified through 30 random data splits. The results show that the machine learning models
produce generally lower predictive errors than empirical formulas. On the representative
split, CB ranked first in all four metrics (NSE = 0.984; MAE = 1.695; RMSE =2.207; MAPE
=17.13%). Over 30 splits, CB retained the lowest mean MAE, RMSE and MAPE. Hence, CB
is the most suitable predictive method, complementing traditional empirical formulas in cases
where multiple hydraulic factors need to be considered simultaneously.

Keywords: hydraulic jump, roller length, machine learning model, Categorical Boosting,
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Tém tit. Chidu dai khu xoay nudc nhay 1a mot dic trung hinh hoc quan trong, anh hudng
truc tiép dén thiét ké cong trinh tiéu ning. Viéc xac dinh chinh xac dai lugng nay ¢ ¥ nghia
thuc tién 16n trong linh vuc thity loi. Cac cong thire thuc nghiém hién c6 cho két qua khong
nhat quan. Vi vdy, nghién ctru ndy dé xuat va danh gia hiéu suit du béo cta bdn mé hinh t6
hop cdy quyét dinh: Tang cudng phan loai (Categorical Boosting - CB), Ciy b sung (Extra
Trees - ET), Tang cuong do dbc (Gradient Boosting - GB) va Tang cudng d6 doc cuc dai
(Extreme Gradient Boosting - XGB). Khac véi cac nghién ctru trudc, siéu tham sd duoc tdi
wu bang thuat toan Bayes két hop kiém dinh chéo 1dp 10 nhém, muc d6 quan trong ciia cac
bién du vao duge lugng hoa béng gia tri SHAP, va do 6n dinh cua két qua dugc kiém chung
qua 30 1an chia ngéu nhién dir liéu. Két qua cho thay cac mo hinh hoc may cho sai sé du bao
nhin chung thép hon céc cong thire thuc nghi¢m. Trén 14n chia dai dién, CB dan dau & ca bdn
chi s (NSE = 0,984; MAE = 1,695; RMSE = 2,207; MAPE = 7,13%). Qua 30 lan chia, CB
giit MAE, RMSE va MAPE trung binh thap nhat. Do d6, CB 1a phuong phap dy bao phu hop
nhét, bd sung cho cac cong thire thye nghiém truyén thng trong cac truong hop can xét dong
thoi nhiéu yéu t6 thay lyc.

Tir khéa: nudc nhay, chiéu dai khu xody, mé hinh hoc méy, Categorical Boosting, SHAP.
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1. PAT VAN PE

Trong céac cong trinh thao nude nhu dép tran, cdng 16 thién hay cong ngam, dong chay xiét
thuong chuyén sang trang thai chay ém ¢ ha luu théng qua hién twong nude nhay: theo chiéu
dong chay, van téc giam manh, d sau ting nhanh [1]. Khi tinh toan thiy luc céc cong trinh
thuy loi, giao thong, can x4c dinh d0 sau trude va sau nude nhay, chiéu dai khu X04y va chiéu
dai toan bd nude nhay [2]. Trong sb d6, chiéu dai khu xody L (Hinh 1) 14 dai luvong truc quan
nhét: c6 thé quan sat thuc té, do dac trong mang thi nghiém va anh huong truc tiép chiéu dai bé
tiéu nang ciing nhu quy mé cong trinh, vi viy can dugc tinh toan voi d chinh xac cao.

Trudc day, dé wdc tinh L, trong kénh chir nhat ndm ngang, ta chu yéu dwa vao cac cong
thirc kinh nghiém véi bién chinh 1a sd Froude va d6 sau trude nudce nhay [3, 4], hoac két hop
thém hai d¢ sau lién hi€p [5]. Cac cong thirc tiéu biéu thudc vé Safranez, Pietrkowski, Schroder,
Sarma va Newnham, va Hager [4]; ngoai ra Peterka [6] va Bretz [7] ciing cong b két qua thi
nghiém trong mang kinh. Do dugc xdy dung tur nhiing diéu kién thi nghiém khac nhau, mdi
cong thuc chi dang trong mot pham vi nhat dinh, ket qua gitra cac cong thirc khong théng nhat
va sai s6 nhin chung con 16n (xem Bang 8). Thuc te do dat ra nhu cau vé mot cong cu tinh L,
c6 do chinh xac cao hon va phan anh duoc nhiéu yéu té thuy luc hon.
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O giai doan hién nay, cac thuat toan hoc may (ML) thudc nhém hoc c6 giam sat dang tre
thanh cong cu chu lyc cho cac bai toan hdi quy trong thiy van - thiy lyc. Mang no-ron nhan
tao (ANN) di dugc dung dé udc luong chiéu dai nude nhay tir nam 2012 [8]; dén nam 2021,
nhom moé hinh ANFIS (adaptive neuro-fuzzy inference system), ANFIS-PSO (particle swarm
optimization) va LASSO (least absolute shrinkage and selection operator) dugc ap dung cho ty
s0 hai d¢ sau lién hiép (hi, h2) trong kénh chir nhat [9]. O trong nudc va trén thé gidi, nhiéu
thuat toan khac nhu Rung cdy ngiu nhién (RF), Tang cuong do doc (GB), Cay bd sung (ET),
May Vector ho tro (SVM), Tang cuong thich img (AdaBoost) va Tang cuong phan loai (CB)
cling lan luot dugc thir nghiém cho chiéu dai nude nhay [10, 117, chiéu dai khu xody [12] va ty

s0 hai d6 sau lién hi€p [13], v6i d6 chinh xac nhin chung vuot cac cong thire thye nghiém. Gan
day, huéng tlep can dya trén dir liéu tiép tuc dugc mo rong cho cac dic trung khac cua nudce
nhay, nhu h¢ s6 dao dong ap suét trong nudc nhay [14] hay t6n that nang luong dong chay qua
doan thit hep [15], cho thiy ddy van 1a huéng nghién ctru dang phat trién nhanh.

Trén co s& do, nghién ctiru ndy xay dung va kiém dinh bén mé hinh ML gom CB, ET, GB,
va Tang cuong d6 doc cuc dai (XGB) dé woc tinh chiéu dai khu xody cta nude nhay tu do trong
kénh hinh chit nhat ndm ngang, sir dung Python 3.7 clng cac thu vién Numpy, Pandas va
Matplotlib. Hiéu qua du bao ctia bén mé hinh duoc dbi chiéu 14n nhau va so sanh véi hai cong
thirc thuc nghiém nham chon ra mé hinh phu hop nhat.
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Nghién ctru nay ké thira ngudn dir liéu thi nghiém gbc ctia Hager va cong su [4] va Bretz
[7], vOn da dugc sir dung trong hai cong b trude day: nghién ctru qudc té danh gia bay mé hinh
ML [12] va nghién ctru v€ tam cdu trac mang ANN [16]. So v6i hai cong trinh do, bai bao nay
c¢6 cac diém phat trién sau, déng thoi 1a khoang tréng nghién ciru dugc tap trung giai quyét: (i)
hai thuat toan CB va XGB 1an dau duoc xay dung nhu cadc mo hinh dy bao L, hoan chinh, trong
[16], hai thuat toan nay méi chi duge dung dé chdm diém tdm quan trong cta bién dau vao,
chua dugc kiém dinh nhu mé hinh dy bao; (ii) cac siéu tham sb dugc t6i uu bang tdi wu hoa
Bayes két hop kiém dinh cheo 1ap 10 nhom, thay cho phuong phap do ludi trong [12]; (iii) bbn
mo hinh t6 hop cay quyét dinh dugc so sanh trén cung mét quy trinh dir liéu va danh gia, cho
phep rut ra két luan cong bang vé thuat toan t6i vu trong ho nay; (iv) tam quan trong cua cac
bién dau vao dugc lugng hoa bang gia tri SHAP thay cho diém s dya trén mic giam tap chat
trong [16]; (v) khac biét giira cac md hinh dugc kiém chimg bang kiém dinh Wilcoxon dau-
hang c6 hiéu chinh Holm trén 30 lan chia. Két qua ctia nghién ctru nay vi vay bd sung va phat
trién cac cong bd da co, khong thay thé hay lip lai chung.

2. PHUONG PHAP NGHIEN CUU VA CAC DU LIEU

2.1. Phuwong phap phan tich thir nguyén

Xét doan dong chay 1-2 bao tron nudc nhay trén kénh chir nhat nim ngang (Hinh 1) va Viét
phuong trinh dong luong cung phuong trinh lién tuc cho doan nay [1, 2], co thé chi ra rang
chiéu dai khu xoay Ly chiu chi phdi ciia tam dai luong: d6 sau h; va van tdc trung binh V; tai
mit cit trudc nude nhay, chleu rong b va d6 nham e cua long dan, khi luong riéng p va hé 5O
nhét p ciia nude, cting gia tdc trong trudng g. Quan hé tong quat nay dugc thé hién nhu sau.

L =f(hV.b,p,u.eg) (1)

Vi tam l?ié'n trén chira du ba thr nguyén co ban, Pinh ly n-Buckingham [17] cho phép rut
gon ching vé ndm nhém khong thtr nguyén (ham m) c6 quan hé véi nhau theo phuong trinh (2).

ﬂﬁ ::q)(ZQ27ﬂ}97Z47ﬂ3) (2)

Sau khi giai mot hé 5 phuong trinh cho két qua 1a 5 ham n duéi day:
m1=L¢/h1; m2=Fr1 ;n3=Rei" ; ma=e/h1; 1s=hi/b (3)

Trong do: Frila sd Froude trudc nudc nhay tinh theo (4); Re;" 14 s6 Reynold hiéu chinh tai
mat cit trudc nude nhay tinh theo (5) véiv la hé s6 nhét dong hoc ctia nude; 71 duge goi la chidu
dai khu xody tuong dbi; 14 1a 46 nham tuong d6i; 7s 1a d6 sau twong ddi trude nude nhay Véy
nghia thily luc, so Fri dic trung cho tuwong quan gitta lwc quéan tinh va trong Iuc, Rei” phan dnh
tuong quan gitra lyc quan tinh va luc can nhét, 74 biéu thi anh hudng cua luc can nham, con s
phéan 4nh anh hudng ctia dac diém hinh hoc mat cat kénh dén su phat trién ctia nudce nhay.

V
Fr=—2 @)
J&h
Ref = Vl_hl (5)
v

Toém lai, Li/h; 12 ham s6 cua qhiéq yéu to thuy luc khac nhau, duoc biéu thi bang phuong
trinh (6). Phuong trinh nay cho thay bon dau vao va mét dau ra cia moé hinh ML.
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L . h
_r:q)(FrlaRelaia_lj (6)
hy b
2.2. Cac cong thirc thuwe nghiém so sanh véi mé hinh ML

Theo tong két cia Hager va cong su [4], Lr chiu anh hudng cua kich thude va hinh dang
long dan, di€u kién thugng-ha luu va dac diém thanh bén; tuy nhién cho dén nay dai lugng nay
van chi dugc ude tinh bang cong thire thuc nghiém vi chua 6 101 giai ly thuyét tron ven. Bang
1 thong ké cac cong thire tinh L, chi tir s6 Fri, khong can d¢ nham long dan, tinh nhét ctia chat
long va chiéu rong kénh - day la nhom cong thirc dugc nghién ctiru nay dung dé so sanh.

Bang 1. Cac cong thirc thuc nghiém tinh chiéu dai khu xody nuéc nhay.

TT Tac gia S6 Froude Fr; Cong thirc tinh
1 Safranez (1929) 1,72 - 19,1 5—6Fr
h, 1
2 Pietrkowski (1932) 5,5-19,8 5_5 OFr
oo
3 Schroder (1963) 1,83-993 [ _ 40x f{ 1 (148F)" 3}
- erf{— ) —
h, 16 1
4  Sarma - Newnham (1973) 1,21 - 3,79 L 6,73(Fr, 1)
hl
5 Hager (1990) 2,5-8 L _8(F 5)
—_— }/' ’
h, ‘
L hy
Fr,> 8 h—l——12+160tanh(Fr/20) —<0,1
L h
Z’=—12+100tanh(Frl /12,5) : 0’1<E<0’7
Fr;> 8

Trong Bang 1, hai cong thirc Safranez va Hager c6 mlen s6 Froude ap dung rong nhat, con
cong thirc Sarma - Newnham bi b6 hep nhat. Du cdu tric gan glong nhau, cong thirc Safranez
thudng cho tri sb 16n hon Pietrkowski; riéng cong thirc Hager bd sung anh huéng cua bé rong
day kénh khi s6 Fr; vuot trén 8, nhd d6 linh hoat hon trong mét sb tinh hung dac thu.

Uu the cua nhom cong thirc nay la gon nhe, dé ap dung vao tinh toan thuc hanh; nhugc
diém 12 mdi cong thirc gan véi mot bo diéu kién thi nghiém riéng nén két qua phén tan, dong
thot viéc khong thé hién 16 anh huong ctua luc ma sat khién tri s6 L, tinh ra c6 xu huong 1omn
hon thyc té, can chii y khi sir dung.

2.3. Phuwong phap mo hinh toan ing dung ML

Bon thuat toan khao sat déu thudce ho t6 ‘hop cay quyét dinh. GB, CB va XGB theo co ché
tang cuong - cac cdy dugc huén luyén ndi tiép, cdy sau hoc phan du cua chudi cay trude va du
bao cudi cung la tong c6 trong sb clia cac cay [18]; ET theo co ché td hop song song, cac ciy
sinh doc 1ap rdi 14y trung binh. Dudi day chi néu dic diém phan biét cua timg thuit toan.
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2.3.1. M6 hinh Tang cwong dp dioc (GB)

GB la dang co ban cua nhom tang cuong: mdi cdy khdp phan du theo huéng nguoc gradient
ctia ham mat mat, téc d6 hoc diéu tiét muc dong gop cua tung cay [18]. Thuat toan khong c6 s6
hang chinh quy hoa tuong minh nén viée kiém soat qua khép phu thude vao do sau cy, sé mau
t6i thiéu tai nit va ty 1¢ 1dy mau con.

2.3.2. M6 hinh Ting cwong phdn logi (CB)

CB khac GB ¢ ky thuat ting cudng c6 thir tu (ordered boosting): gradient ciia mdi mau
dugc udc lugng tr mo hinh chi hoc trén cac mau ding trudc nd theo mot hoan vi ngau nhién,
nho d6 khir dugce thién 1€ch von cang 16n khi b dir li¢u cang nhé [19].

2.3.3. M6 hinh Ciy bé sung (ET)

ET sinh dong thoi nhiéu cay khong cit tia, ngudng phan tach tai mdi nit dwoc chon hoan
toan ngau nhién va moi cdy déu hoc trén toan bd mau goc chur khong trén mau tai lap [20].
Phuong sai vi vay dugc khir bang trung binh héa nhiéu cay chir khong bang cat tia ting cay.

2.3.4. M6 hinh Ting cwong dé doc cwe dai (XGB)

XGB bb sung vao ham muc tiéu cac s6 hang chinh quy hoa trén trong s 14 va sé hang phat
theo s6 14, dong thoi lay mau con theo ca hang va cot & moi vong lap [21]. Cac co ché nay
huong td1 kiém soat qué khop trén dir li€u 16n, nhicu chiéu.

2.4. Phuwong phap danh gia sai s6

D0 chinh xac cua cac m6 hinh dugc dinh lugng qua ndm chi s6 thong ké quen thudc trong
mo6 phong thuy luc: Sai s6 tuyét ddi trung binh (MAE), Sai s6 can bac hai trung binh (RMSE),
Sai s6 phan tram tuy¢t (101 trung binh (MAPE), Sai s6 tuong d01 (RE) va h¢ s6 Nash-Sutcliffe
(NSE). Bon chi s6 sai s6 cang nho (gan dén 0) va NSE cang tién vé 1 thi két qua du bao cang
bam sat s6 liéu thi nghiém. Cong thirc tinh cta timg chi sé dugc néu trong Bang 2, gitp so sanh
hi€u qua ctia cdc mo hinh véi nhau va véi cong thie thuc nghiém.

Béng 2. Cac chi sb danh gia va cong thirc tinh toan.

Chi s6 Céng thirc tinh Chi sb Céng thirc tinh
n _x 2 n N2
NSE NSE:I—Zﬁ;l(y—i)j)z RMSE ;(y,.—y,.)
(=) RMSE = I
2=l I ]yi= ) .
MAE MAE = &zl il MAPE  MAPE =| =) =1 1x100%
n noi- i
RE RE =275 100%
Vi

Trong céc cong thirc trén, y; va y, 1a gia tri thuc do va gid tri udc tinh; ¥, 1a tri s trung
binh cua cac gia tri thuc do; n 1a sb lan quan sat.
2.5. S liéu thi nghiém

Nguén dir liéu cua nghién ctru ndy 13 nim chudi thi nghiém nuéc nhay do Hager va cong
su [4, 22] cung Bretz [7] cong bd, thyc hién trén cic méang chit nhat nam ngang c6 hai bé rong
98 mm va 500 mm (Bang 3); ddy méang va mot thanh bén bang nhya PVC, thanh con lai bang
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kinh dé tién quan sat, nén d§ nham tuyét dbi cua long dan chi khoang 0,005 mm [22]. Nhiét do
nude trong phong thi nghiém luén duy tri 6n dinh & 16-18° C, ing v6i hé s6 nhdt dong hoc 1a
1,1x10° m?/s. Sau khi loai b6 sai s6 va nhidu, 156 b sb liéu thi nghiém duoc giit lai, toan b
thudc nude nhay tu do (khong ngap), bao quat dai s6 Froude Fri = 2,26-15,96 - phii cac trang
thai nu6e nhay thuong gip ¢ ha luu tran, cng, cong trinh tiéu ning, phu hop véi diéu kién cia
cac cong trinh thay lgi Viét Nam.

Toan bg 156 mau dugc gdp chung roi phan chia ngau nhién bang ham train_test_split thanh
109 mau huan luyén (khoang 70%) va 47 mau kiém dinh (hon 30%), v6i hat giéng ngu nhién
(random_state=1); 47 mau ndy duoc dung thong nhét cho ca bén mé hinh dé bao dam so sanh
khach quan, khong phu thudc ¥ chi chii quan ciia ngudi str dung. Viée tach tap kiém dinh duoc
thuc hién trude moi thao tac tdi wu siéu tham sd, va kiém dinh chéo chi chay trén 109 mau huén
luyén, nho do loai trir hién tugng ro ri dir li€u (data leakage). Ngoai ra, toan by quy trinh con
duogc lap doc lap 30 14n véi cac hat giéng khéac nhau dé danh gia do 6n dinh ctia md hinh. Can
lru ¥ hai diém: tht nhét, cach gop chung dir liéu ctia Hager va Bretz rdi chia ngau nhién trong
nghién ctru nay khac véi quy trinh ctia [12], noi 12 mau Bretz dugc giit riéng lam tap thir nghiém
doc 1ap - khac biét nay anh hudng truc tiép dén viée so sanh céc chi sb gitta hai nghién ctru
(xem muc 4). Thur hai, pham vi 4p dung cua m6 hinh ML bi giéi han trong mién dit liéu huén
luyén: Fri = 2,26-15,96; hi/b = 0,01-0,65; e/h; = 0,00004-0,001; Re;* = (0,05-4,55)x10°, ing
v6i 1ong dan co do nham nho; viéc ngoai suy ra ngoai mién nay (46 nham 16n, diéu kién bién
ha luu phtrc tap) can dugc kiém chung bd sung trude khi ap dung mé hinh vao tinh toan thiét
ké. Thong s chi tiét cua ting chudi thi nghiém duoc trinh bay trong Bang 3.

Béng 3. Céac thong s co ban ca céc thi nghiém.

Chiéu rong b (mm) hi/b [-] e/hl [-] Re* x 1075 [-] Fri[-]
500 0,012-0,078 0,0008-0,0001 0,09-0,95 3,33-15,31
98 0,1-0,65 0,0005-0,0001 0,09-2,00 2,45-10,87
500 0,055-0,109 0,0002-0,0001 0,52-3,12 2,26-11,12
500 0,01-0,072 0,001-0,0001 0,05-1,04 2,38-15,96
500 0,068-0,237 0,00015-0,00004 1,09-4,55 3,91-6,22

3. CAC SIEU THAM SO MO HINH VA PANH GIA ANH HUONG CUA CAC BIEN
PAU VAO

3.1. Lua chon cac siéu tham so ciia m6 hinh ML

Siéu tham s6 quyét dinh phan 16n chat luong du bao ciia mé hinh ML. Khac véi [12] st
dung tim kiém ludi, nghién ctru nay chon phwong phap tdi wu hoa Bayes (Bayesian optimization
- BO). Qué trinh ti wu thuc hién 50 1an dénh gia mo hinh (random_state = 1) véi ham muc tiéu
12 hé s& NSE, két hop kiém dinh chéo l1ap RepeatedKFold 10 nhém x 3 14n va chi chay trén 109
mau huin luyén, nham bao dam tinh on dinh va han ché qua khép. Véi cac mo hinh, gia tri muc
tiéu tot nhat xuat hién ¢ lan danh gia thir 19 (CB), 26 (ET), 38 (GB), 31 (XGB) va khong dugc
cai thién thém trong cac 14n con lai, cho thay 50 1an d4nh gi4 1a dii dé qua trinh hoi ty. Bang 4
tong hop mién gia tri khao sat va tri s6 tdi vu duoc chon cho tirmg mé hinh.
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Céc tri s t6i wu khong theo mot khuén mau chung ma phan anh dung co ché khir phuong
sai cua ting thuat toan. CB chon ciy nong nhat di kém chinh quy héa manh (12_leaf reg=
9,057). ET chon céy siu, khong cit tia (min_samples_leaf=1; min_samples_split=2) - dung nhu
thiét ké cua thuat toan, noi phuong sai dugc khur bang trung binh héa nhiéu cay ngiu nhién
hoan toan chir khong bang cat tia ting cdy [20]. GB va XGB chon d¢ séu trung gian nhung bu
lai bang rang budc sb mau t6i thiéu tai nat phan tach (min_samples split=15, GB) va bang
chinh quy hoa cung ldy mau con (gamma=0,342; reg_lambda=10; subsample=0, 60, XGB). Can
lwu y rang max_depth chi la can trén cta d6 sau chir khong phai d6 sau thuc té: voi 109 mau
huén luyén, s6 nat 14 cua mot cay khong thé vuot qué 109, trong khi mot cay phat trién du 8
murc vé 1y thuyét c6 t6i 28 = 256 nt 1a. Do d6 phan 16n cac nhanh budc phai dirng sém hon can
trén, va nguy co qua khép duoc kiém soat chi yéu boi cac tham sé chinh quy héa néu trén chir
khong boi riéng can trén do sau.

Bang 4. Cac siéu tham so chinh ctia bon mo hinh hoc may.

TT Moéhinh Tham s6 chinh Khoang gia tri Gia tri toi wu

iterations 100 - 1000 587
learning_rate 0,01 - 0,30 (log) 0,298

1 CB depth 2-8 5
12 _leaf reg 1,0-10,0 9,057
bagging temperature 0,0-1,0 0,823
n_estimators 100 - 1000 100
max_depth 2-12 12

2 ET min_samples_split 2-20 2
min_samples_leaf 1-10 1
bootstrap ¢b dinh False
n_estimators 100 - 1000 765
learning_rate 0,01 - 0,30 (log) 0,300

3 GB mgx_depth . 2-8 7
min_samples_split 2-20 15
min_samples_leaf 1-10 2
subsample 0,6-1,0 1,000
n_estimators 100 - 1000 180
learning_rate 0,01 - 0,30 (log) 0,119
max_depth 2-8 8

4 XGB subsample 0,6-1,0 0,600
gamma 0,0-1,0 0,342
reg_lambda 0,1-10,0 (log) 10,000

3.2. Panh gia dnh hwéng ciia cac bién diu vao biang gia tri SHAP

Diém sb dwa trén muc giam tap chét (impurity-based feature importance) - cach chAm diém
phd bién trude day - thién vi cac bién nhan nhiéu gia tri phan biét va khong so sanh truc tiép
dugc giita cac thudt toan co ciu trac cay khac nhau. Nghién ctru nay vi vay sir dung gia tri
SHAP (SHapley Additive exPlanations) [23] - cach quy di dong gop cuia timg bién dua trén
gia tri Shapley trong 1y thuyét trd choi hop tac. Nho tinh cong tinh va tinh nhat quan cta gid tri
Shapley, dong gop ctia mot bién duge do bang chinh don vi ctia bién muc tiéu va xép hang thu
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duoc so sanh dugc gitia bon thudt toan. Gia tri SHAP duoc tinh béng bd udc lugng
TreeExplainer cho ca bén mé hinh. Dé két qua dién giai phan anh toan b mién dit liéu chu
khong riéng maot tap con, mdi mo hinh dugc huén luyén lai trén toan bo 156 mau béng chinh bd
siéu tham sb di t6i wu ¢ Bang 4. Thao tac nay khong tham gia vao viéc lira chon siéu tham sb
cling nhu danh gia sai s6 & muc 4, nén khong tao ra ro ri dir li¢u ddi véi cac két qua kiém dinh.
V6i m&i m hinh, tri tuyét ddi cua gia tri SHAP duoc lay trung binh trén toan bd mau rdi chuan
hoa dé tong ciia bon bién bang 100%.

Bang 5 va Hinh 2 trinh bay két qua tinh toan. Ca bon mé hinh déu cho rang s6 Fri chi phdi
ap dao chiéu dai khu xoay, chiém tir 83,10% (CB) dén 89,50% (GB), trung binh 87,10%. Két
qué nay pht hop v6i ban chét ctia nude nhay trong dong chay hé, noi trong quan gitra luc quan
tinh va trong luc quyét dinh quy mé khu xody. Ba bién con lai dong vai tro thi yéu nhung
khong thé bo qua, tong cong khoang 13%: do sau twong ddi hi/b dimg thir hai (trung binh
5,98%), tiép dén 1a s Reynolds hiéu chinh Rei* (3,67%) va d6 nham twong ddi e/h; (3,26%).
Ngoai tror ET, ba m6 hinh con lai déu co chung moét danh gia vé thir tu xép hang cac bién dau
vao. Thu ty nay nhét quan voi diéu kién cua bo sb liéu: do mang thi nghiém c6 do nham tuyét
dbi chi khoang 0,005 mm, e/h; bién thién trong dai hep nhat trong bon bién (Bang 3) nén mang
it thong tin phan biét nhat; nguogc lai hi/b thay d6i gan 65 lan giita hai bé rong mang, nén anh
huodng cua hinh hoc mat cit duge cac mé hinh nhan dién rd hon anh huong cua d6 nham. Péang
chu ¥, murc phan tan cta xép hang dau vao gitra bon mo hinh kha nho. Vé6i bién e/hy, ty 1¢ giira
mo hinh dénh gia cao nhat (ET: 5,93%) va thip nhat (GB va XGB: 2,18%) chi khoang 2,7 1an,
s0 v6i hon 40 1an theo cach chim diém dya trén mic giam tap chét.

Bang 5. Gia tri SHAP déanh gia mirc d6 quan trong ctia cac bién dau vao.

TT  Diuvaio CB(%) ET(%) GB(%) XGB (%) Trung binh (%)
1 Fry 83,10 88,11 89,50 87,68 87,10
2 hi/b 8,20 3,85 5,07 6,78 5,98
3 Re;* 5,96 2,11 3,25 3,36 3,67
4 e/hy 2,74 5,93 2,18 2,18 3,26

4. KET QUA VA THAO LUAN
4.1. Két qua huin luyén mé hinh

Str dung cac si€u tham s6 da duoc lya chon, bén md hinh ML dugc huin luyén va kiém
dinh trén 1an chia dai dién; két qua trinh bay ¢ Bang 6. Cac chi s6 & cOt "Huén luyén (KBC -
kiém dinh chéo)" khong phai sai s6 khdp lai trén chinh dif liéu mé hinh da hoc, ma Ia trung binh
diém sd cua 30 phan kiém dinh thudc quy trinh kiém dinh chéo 1ap RepeatedKFold 10 nhém x
3 1an trén 109 mAu huén luyén. O giai doan nay, MAE dao dong tir 2,244 dén 2,565 va RMSE
tir 3,518 dén 4,580, phan anh mirc d9 sai léch it va 6 phan tan thip so véi sb lidu thi nghiém.

Xét thir hang, ET dat NSE cao nhat (0,974) va RMSE thip nhét (3,518), thé hién muc do
phu hop cao giita s6 liéu thi nghiém va du bao. CB ¢6 MAE va MAPE thap nhit (2,244 va
6,65%) voi NSE 0,971 ngang GB; XGB xép cudi ¢ ca bon chi s6. Ba mo hinh ET, CB va GB
vi vdy c6 hiéu suit twong duong nhau va cing vuot XGB.
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Bang 6. Panh gia két qua huén luyén va kiém dinh bén mé hinh hoc may.

MAE [-] RMSE [-] NSE [-] MAPE
TT Mﬁ Huin Kiém Huin Kiém Huin Kiém Huin Kiém
hinh luyén dinh luyén dinh luyén dinh luyén dinh
(KDPO) (KDPCO) (KDPCO) (KDPCO)

1 CB 2,244 1,695 3,735 2,207 0,971 0,984 6,65%  7,13%
2 ET 2,393 2,232 3,518 2,899 0,974 0,973 6,66%  9,29%
3 GB 2,466 2,064 3,680 2,578 0,971 0,979 6,93%  8,03%
4 XGB 2,565 1,832 4,580 2,350 0,956 0,982 7,51%  7,88%

4.2. Két qua kiém dinh mé hinh

Sau giai doan huén luyén, cac mo hinh ML duogc kiém dinh dé danh gia do chinh xac du
bao. Bang 6 trinh bay hiéu suat ctia cac mo hinh theo bon chi sb thong ké. Két qua cho thay ca
bén mo hinh déu dat NSE tir 0,973 dén 0,984, thé hién muc d6 phu hop rét cao giita gia tri du
bao va s lidu thi nghiém. V& sai s6 twong d6i, mé hinh CB dat gia tri MAPE thap nhat (7,13%),
tiép dén 1a XGB (7, 88%), GB (8,03%) vaET (9,29%). CB dong thoi c6 MAE (1,695) va RMSE
(2,207) thip nhat, tirc dan du & ca bon chi sb trén 1an chia nay.

Hinh 3 minh hoa mdi ‘quan h¢ gitra s6 liéu thi nghiém va gia tri du bao cua bén mo hinh:
phan 16n cac diém phén b sat duong 1y tuong (dudng 45°), hé s goc cua duong hoi quy nam
trong khoang 0,966 - 0,992 va h¢ s6 chan tur 0,998 dén 2,032, cho thiy tuong quan tuyén tinh
manh va d6 1éch hé thong nho. ET ¢6 hé sb gbc nhd nhét (0,966) di kém h¢ so chan 16n nhét
(2,032), tirc ¢6 xu hudng du bao thién 16n ¢ ving Li/h; nho - day ciing 1 nguyén nhan khién
MAPE ctia mb hinh nay cao nhét.
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Hinh 3 (a, b, ¢, d). So sanh s6 liéu thi nghiém véi du bao trong giai doan kiém dinh mé hinh.
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D6i chiéu hai cot cia Bang 6 cho thdy MAE va RMSE trén tap kiém dinh déu thap hon
trén tap hudn luyén ¢ ca bén mo hinh, con MAPE thi nguoc lai - cao hon ¢ tap kiém dinh. Hién
tuong nay khong dién hinh va can duoc 1y gidi than trong. Trude hét, khong c6 ro ri dir lidu:
tap kiém dinh dugc tach riéng trudce khi tinh chinh siéu tham s6 va kiém dinh chéo chi chay
trén 109 mau huan luyén (muc 2. 5). Nguyén nhén chinh nam & quy md nho cua tap kiém dinh
(47 mau): tip nay c6 cung phan b v6i dit liéu hudn luyén nhung chira it diém bién kho du bao
hon, nén cac chi s tinh theo gia tri tuyét d6i (MAE, RMSE) duogc cai thién; nguoc lai, ty 18
mau c6 Li/h; nho trong tap kiém dinh lai cao hon, ma sai s6 tuong ddi bi khuéch dai chinh &
ving gia tri nho, nén MAPE ting 1én. Viéc hai nhom chi sé bién thién ngugc chiéu nhau cho
thiy day khong phai 1a mot 1an chia thuan lgi mot chiéu. Ngoai ra, dé ching minh két qua khong
phu thugc vao mot lan chia dir liéu, qua trinh chia-huin luyén-kiém dinh duoc lap doc 1ap 30
lan véi cac hat giéng ngau nhién khac nhau (random_state = 0 - 29); Bang 7 trinh bay gia tri
trung binh + d6 1éch chuén (o) cta cac chi sd trén tap kiém dinh.

Hon thé nita, cac chi s cua lan chia dai dién duoc dbi chiéu véi phan bd cua 30 1an chia &
Bang 7. Hé s6 NSE ctia ca bén mo hinh déu nam trong pham vi mot do 1éch chuan quanh gia
tri trung binh; MAE va RMSE tt hon trung binh tir 0,46 dén 1,40, trong khi MAPE lai kém
hon trung binh, riéng ET kém téi +2,21c - day 1a 1y do ET c6 MAPE cao bat thuong (9,29%) &
lan chia nay. Nhu vay, két qua ¢ Bang 6 1a ciia mdt miu dai dién phan bd chir khong phai mot
lan chia may mén duoc lua chon.

Béng 7. Trung binh + d¢ 1éch chuan ctia cac chi s6 khi kiém dinh qua 30 lan chia dir liéu ngau nhién.

TT Mo hinh MAE [-] RMSE [] NSE [-] MAPE
1 CB 2,206+ 0,362 3,515+ 1,342 0,968 + 0,018 6,81% + 0,78%
2 ET 2,379+0,378 3,538+ 1,141 0,968 + 0,015 7.43% + 0,84%
3 GB 2428+0429 3,863+ 1,304 0,961 + 0,019 7,35% + 0,88%
4 XGB 2478+0481 4,056+ 1,607 0,957 + 0,025 7,63% % 0,99%

Bang 7 cho thdy CB c¢6 MAE (2,206), RMSE (3,515) va MAPE (6,81%) trung binh thip
nhét, con NSE trung binh cua CB va ET bang nhau (0,968). Xét thtr hang trung binh gop ca bén
chi sé, trat tw 13 CB (1,70), ET (2, 52), GB (2,72) va XGB (3,06); CB dung dau vé MAE va vé
MAPE & 18/30 lan chia, va khong 1an nao xép cudi & bat ky chi s6 nao.

Dé tranh két luan chi dua trén trj sb trung binh, khac biét gitta cac cap md hinh dugc kiém
ching béng kiém dinh Wilcoxon déu-hang trén 30 cap gia tri [24], c6 hi€¢u chinh Holm [25] cho
sdu phép so sanh & mdi chi s6. Két qua cho thidy CB vuot tréi ET, GB va XGB mot cach c¢6 ¥
nghia thong ké vé MAE (p < 4,4x107%) va MAPE (p < 1,8x10%); vé RMSE va NSE, CB t4t hon
GB (p =0,011 va 0,010) va XGB (p = 2,6x10* va 1,6x107*), trong khi khong khac bi¢t c6 y
nghia so v61 ET (p = 0,685 va 0,761). Ba cap ET-GB, ET-XGB va GB-XGB ciing khong khac
biét c6 ¥ nghia & ca bon chi s6. Nhu vy, CB 1a mo hinh tot nhat, dic biét vé sai sd tuyét ddi va
tuong doi; & RMSE va NSE, CB va ET c6 hiéu suit twong duong vé mit théng ké. XGB co
hiéu suat thap nhét & ca giai doan huén luyén (kiém dinh chéo) va trung binh 30 lan chia, dong
thoi c6 do phan tan 10n nhét, phu hop v6i nhan dinh rang co ché chinh quy hoa [21] cia XGB
phat huy hiéu qua hon trén dit liéu 16n va nhiéu chiéu.

4.3. So sanh mo6 hinh ML véi cong thirc thuc nghi€ém va thiao luan
Nghién ctru nay so sanh kha ning du bao chidu dai khu xoay nudc nhay cta cic mo hinh
ML vo6i hai cong thuc thuc nghiém. Hinh 4 va Bang 8 thé hi¢n rang, cong thirc Hager c6 do
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chinh x4c cao hon cong thirc Safranez ¢ tat ca cac chi sd danh gia, ddc biét 1a sai s6 MAPE thap
hon dang ké, chung té kha nang du bao cua cong thurc Hager tot hon.

Bang 8. Két qua kiém dinh cac cong thire thuc nghiém.

TT Cong thire MAE [-] RMSE [-] NSE [-] MAPE
1 Safranez 4,043 5,076 0,918 22,86%
2 Hager 1,965 2,556 0,979 8,26%

Dé 1am rd hon dic trung sai s6 ctia cac mo hinh toan, Hinh 5 trinh bay biéu d6 tin sudt sai
s6 tuong dbi (RE) trong giai doan kiém dinh ciia bdn mé hinh ML. Ca bén mé hinh déu c6 phan
bd 1éch nhe vé phia am, ttrc c6 xu hudng dy bao thién 16n, nhung muc do khac nhau ro rét. CB
va XGB tép trung chit nhit quanh gia tri khong, vdi cot tin suat cao nhat chira 1an luot 16 va
18 trong s6 47 mau; GB c6 phan b rong va bet hon; ET phan tan nhat, pht hop véi MAPE cao
nhét trong bén mo hinh & lan chia nay. Bu6i am cua ca bén mo hinh kéo dai t61 khoang —45%
dén —50%, tmg voi mot vai mau c6 Li/hi nho, not sai s6 trong dbi bi khuéch dai. Dé tién dbi
chiéu, biéu db tan suat sai sb tuong 601 cta hai cong thire thyc nghiém Safranez va Hager dugc
trinh bay trong Hinh 6. Phan bé sai s6 ctia cong thire Safranez 1éch rd vé phia 4m véi dudi kéo
dai toi khoang —145% (thién 16n hé thong), ph hop véi nhan dinh cong thirc ndy thuong cho
chiéu dai khu xody 16n hon gia tri thuc do; trong khi d6 cong thirc Hager c6 phan b kha can
d6i quanh gia tri khong nhung van phén tan rong hon déng ké so v6i mo hinh CB.

(a) Safranez (b) Hager
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Hinh 4 (a, b). Biéu d6 so sanh s liéu thi nghiém véi két qua tinh toan kiém dinh cong thc.

Bang 6 va Bang 8 cho thiy, mé hinh CB vuot Hager & ca bon chi s6, XGB ciing vuot & ca
bén chi s6, GB twong dwong (NSE bang nhau, MAPE thap hon nhung MAE va RMSE cao hon
chut it), riéng ET kém hon Hager ¢ ca bon chi s trén 1an chia nay. Két qua bat loi ctia ET mang
tinh cuc b & 1an chia nay, con xét trung binh 30 lan thi MAPE cua ET la 7,43%, van thép hon
gia tri 8,26% cua Hager. Cong thic Safranez kém xa cd hai nhom (NSE = 0,918; MAPE =
22,86%), phit hop véi nhan xét & muyc 2.2 rang cong thirc niy cho tri s L, thién 1on.

Nhu vay, loi thé cua phuong phap ML so véi cong thire thuce nghiém 1a c6 that nhung can
dugc thé hién dung mirc. M6 hinh t6t nhat (CB) giam khoang 14% & ca ba chi s6 MAE, RMSE
va MAPE so v6i cong thire tot nhat (Hager); nhung khong phai moi mé hinh ML déu vuot moi
cong thirc thyc nghiém trén moi 1an chia dit liéu. Gia tri thuc té cua cach tiép cdn ML nam &
chd né cho phép dua dong thoi d6 nham long dan, d6 nhot chat 1ong va bé rong long dan vao
quan h¢ du bao - nhiing yéu t6 ma nhom cong thirc & Bang 1 khong thé hién - chtr khong nam
0 mdt muc cai thién sai so ap dao.
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So sanh voi cong bd [12] st dung cing ngudn dit liéu gbc, hé s NSE cua mé hinh ET
trong nghién ctru ndy (0,973 & lan chia dai dién va 0,968 + 0,015 trung binh qua 30 1an chia)
cao hon gia tri 0,922 ma [12] bao c4o & giai doan thir nghiém. Can nhan manh rang hai con s6
nay khong do trong cting mot diéu kién: ¢ [12], cAc md hinh dugc huén luyén va hiéu chinh
trén 144 miu cua Hager roi thir nghiém trén 12 miu ddc 1ap ciia Bretz - mot phép thir ngoai
phan bé khit khe hon; con nghién ctru ndy gdp ca hai ngudn thanh 156 mau rdi chia ngau nhién,
nén 47 mau kiém dinh c6 cung phan bd véi dit liéu huin luyén. Gia tri bd sung cua bai bao so
v6i [12] ndm & chd: hai mo hinh CB va XGB lan dau dugc danh gia nhu cac mo hinh du bao
L: hoan chinh, va CB duoc xac dinh 14 thudt toan tot nhat trong ho ciy ting cudng trén cing
mot quy trinh so sanh. So véi cdu trac ANN tdt nhat trén ctng bo dir liéu [16] (NSE = 0,992;
MAPE = 4,32%), mé hinh CB ¢ sai s6 kiém dinh cao hon. Péng gop ciia bai bao nay so véi
[16] vi vay khong nam & viéc ha thap sai s6, ma & ba diém khac: tim quan trong cia ting bién
dau vao duge lugng hoa béng gia tri SHAP thay cho diém s6 dya trén mirc giam tap chat; do
6n dinh cua két qua duoc kiém ching qua 30 lan chia dit liéu; va tht hang giita cac mé hinh
dugc kiém dinh bang thong ké thay vi chi so sanh trj s6 trung binh.
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Hinh 6 (a, b). Biéu dd tan suit sai s6 tuong di cia hai cong thirc thuc nghiém.
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Nhugce diém cb hitu ciia phuong phép ML la két qua co thé dao dong gitra cac lan chay do
yéu t6 ngiu nhién  trong khoi tao va chia mAu, vi vay moi mé hinh can duogc chay ldp nhiéu lan
trudce khi rat ra két luan. Qua 30 lan chia, CB c6 do 1éch chudn nhé nhit & MAE (+ 0,362) va
MAPE (+ 0,78%), con ET nhé nhit & RMSE (£ 1,141) va NSE (+ 0,015); hai mé hinh nay vi
vay la hai mo hinh tai lap t5t nhat gilra cac lan chay. Nguoc lai, XGB c6 d¢ Iéch chuén 16n nhat
& ca bdn chi sd, tire kém 6n dinh nhat.

5. KET LUAN

Nghién ctru ndy danh gia hiéu suit ciia bdn mé hinh ML trong viéc du bao chiéu dai khu
x04dy nudc nhdy, voi trong tdm 1a do chinh xac. Muc tiéu chinh cuia nghién ctu 1a xay dung,
phan tich va so sanh hiéu qua cua bén mé hinh ML gém CB, ET, GB va XGB, nhim xac dinh
mo hinh t6i wu. Cac m hinh nay ciing dwoc so sanh voi hai cong thirc thyc nghiém dé danh gia
do chinh xac. Két qua du bao dugc phan tich ca dinh tinh va dinh lugng nham lam rd nang luc
du bao cuia timg mo hinh. Nhiing phat hién chinh ctia nghién ciru bao gom:

« Tbi vu hoa cic siéu tham sb déng vai tro then chét trong viéc nang cao hiéu suit mod
hinh. Phuong phap tdi wu Bayes két hop kiém dinh chéo 1ap cho phép do tim siéu tham sb vai
chi phi tinh toan thap: chi 50 1in danh gi4a mé hinh da da dé qua trinh hoi tu.

« Phan tich bang gi4 tri SHAP cho thiy sb Froude Fr; 13 yéu t6 anh hudng 16n nhit, tiép
theo 1a ty s6 hi/b, sd Reynolds hi¢u chinh Re* va ¢ nham tuong dbi e/h.

« M0 hinh CB dat hiéu suit cao nhit. O 1an chia dai di¢n, CB din dau ca bén chi sé va
giam khoang 14% sai s6 so v&i cong thirc Hager. Qua 30 lan chia, kiém dinh Wilcoxon c6 hiéu
chinh Holm xac nhan CB tét hon ET, GB va XGB vé MAE va MAPE; t6t hon GB va XGB vé
RMSE va NSE. Riéng voi ET, hai mé hinh twong dwong & hai chi s RMSE va NSE.

« Dbi voi bo dir liéu nho, mot 1an chia dir liéu chua du dé danh gia d6 tin cdy. Thi hang
mo hinh thay d6i gitra cac lan chia, v6i d6 1éch chuan ctia NSE 1én t&i £0,025. Vi vy, viée lua
chon moé hinh t6t nhét can dya trén nhiéu l4n chia dit liéu két hop vai kiém dinh thong ké, thay
vi mot két qua don 1é.

Tom lai, md hinh CB d dugc ching minh 1a giai phap hiéu qua trong du bao chidu dai khu
xody nudc nhay. M6 hinh nay khong nham thay thé cac cong thirc thuc nghiém - von van gii
gi4 tri nho tinh don gian va pham vi 4p dung dd duoc kiém ching - ma bd sung mot cong cu du
bao chinh x4c hon cho cac trudng hop can xét ddng thoi nhiéu yéu t6 thuy luc.

Bén canh cac két qua dat dugc, nghién ciru van con mot s6 han ché: bo dir liéu ké thira tir
cac thi nghiém trong mang kinh c¢6 d6 nham nho, chwa bao quat long dan ty nhién; cdc mo hinh
dugc so sanh déu thudc ho cdy ting cudng, chwa dbi chiéu truc tiép voi cac ho thuét toan khac
(nhu ANN, SVM) trén cling mdt quy trinh danh gia. Trong cac nghién ctru tiép theo, nhom tac
gia s€ mo rong bo s6 liéu thi nghiém va so sanh lién ho thuat toan.
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