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Toém tit:

Trong nghién ctiru ndy, nhém tac gia trinh bay mot phuong phap tiép can véi muc dich xay dyng ham don
gian va d& &p dung nham du bao d6 tham cua bé tong rdng. Tap dir liéu duoc sir dung trong nghién ciru ¢6
267 mau thi nghiém veé bé tong rong, mdi mau bao gom céc yéu té dau vao 1 luong cat, kich thudc cét lidu,
ti 16 nudc - xi mang, ti 18 cét lidu - xi mang va yéu td dau ra 1a 6 tham. M6 hinh Operon, mét trong nhiing
md hinh hdi qui ki tw c6 hiéu qua nhat dya trén Iap trinh di truyén, da duoc ap dung dé xay dung ham sé
nham du bao do thim cua bé tong rdng. Ham sb nay dat dugc do chinh xéac cao khi so sanh vai mot trong
nhitng md hinh hoc may tét nhat 1a PSO-XGB. D6 chinh xac cua ca hai phuong phap nay déu vuot qué 0.9,
tuy nhién, ham hdi qui ki tu cho thay wu diém 1a ham s thé hién su tuong minh dan dén viéc &p dung tro
nén don gian hon.

Tir khoa: Bé tong rong; Do tham; Lap trinh di truyén; Hbi qui ki ty; Phuong phap hoc may.

Abstract:

In this study, the authors present an approach to construct a simple and easy-to-apply prediction function
to predict the permeability of pervious concrete. The data set used in the study includes 267 experimental
samples, each sample includes input factors such as sand amount, aggregate size, water-cement ratio, and
aggregate-cement ratio, and the output factor is the permeability of concrete. We applied the Operon model,
one of the most effective symbolic regression models based on genetic programming, to construct a function
to predict the permeability of previous concrete. This function achieves high accuracy when compared to
one of the best black-box models, PSO-XGB. The accuracy of both of these methods exceeds 0.9, but the
symbolic regression function clearly shows the advantage that the function is expressed explicitly and the
application also becomes simpler.

Keywords: Pervious concrete; Permeability; Genetic programming; Symbolic regression; Machine
learning.

1. Giai thiéu trén mot don vi dién tich. Do tham duoc dic trung
bai hé s tham c6 gié tri thuong nam trong khoang
tir 0.1 dén 2 cm/s [2]. Phuy thugc vao sy lién quan
truc tiép dén hiéu suat thim cuia bé tong rdng, cac
tham sb cAu tric 16 rang c6 thé chia thanh hai loai:
Tham sb lién quan dén céc 16 rong khong lién két
bao gom tong do xdp, dudng kinh 13 rdng, su phan

Bé tong rong la loai bé tong dic biét ¢ it hoac
khong c6 cét liéu nho [1], xuét hién 16 rdng véi
dudng kinh trung binh tir 0.15 dén 4 mm. Do tham
1a dac tinh chirc ning quan trong nhat déi voi bé
t6ng rong va dugc xac nhan co lién quan chat ché
dén cau trac 16 rdng, yéu t quyét dinh téc do tham
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bé va tham sb lién quan dén cac 16 rong c6 lién két
bao goém ti 1& céc 16 rdng c6 lién két va d6 quanh
co cua 16 rdng. Tong do rong cua bé téng rdng
thuong tir 15% dén 25% [3]. Céc nghién ciu da
chi ra rang tong do rong cua loai bé ting nay giam
khi tang ty 16 vira va cbt lisu [4]. Ngoai ra, khi tai
trong &p suat hoic tai trong rung ting 1én, khung
bé tong thdm nudc c6 xu hudng day dic va tong
d6 x6p giam dan [5]. Do rong cua cac 16 rdng duoc
két ndi con duoc goi 1a do rdng hiéu qua, nghia 1a
15 rdng c6 thé truyén khong khi va chat long mot
céach hiéu qua. Cosic va cong su da sir dung cong
nghé chup cit I6p tia X dé nghién cau anh huong
cua loai va kich thudc cét liéu dén cau trac 13 rong
va nhan thay rang, do rdng hiéu qua 1a mot ham
cua kich thudc cdt lidu, chiém khoang 50% dén
70% tong do xbp [6]. Ngoai ra, mot nghién ciu
khac xac nhan rang do xop két néi giam khi tang
luong vira [4]. Tong két lai, cac théng sé anh
hudng dén kha nang tham cua bé téng rong, bao
gom kich thudc cbt liéu va ham luong vira [4]-[6].

Hinh 1. Mau bé téng réng.

Trong ba thap ky qua, bén canh c&c nghién cau
xéc dinh d6 thAm mat cch truc tiép bang phuong
phép thi nghiém tham vai cot nudce thay doi va cot
nudc khong ddi, nhidu nghién cau da tap trung
dén cac md hinh du doan do thAm nudc cua bé
tong rong. Dién hinh trong d6 1a viéc sir dung cac
ham don gian d& biéu thi mdi quan hé gitra do
thAm nudc va cac thong sb khéc, chu yéu 1a do
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rong. Cac ham sb nay duogc biéu dién théng qua
nhiéu dang ham tuyén tinh [5], da thic bac hai [7],
[8], ham mii [9], [10], ham ldy thira [11], va mbi
quan h¢ Carman—-Kozeny [7]. Bén canh nhitng
phuong phap héi qui truyén thdng, cac phuong
phap hoc may (ML-Machine Learning) ciing co
nhiing két qua dang hra hen véi nhitng md hinh
¢6 d6 chinh xéc cao [12]. Tuy nhién, nhugc diém
chung ctaa nhitng md hinh ML la nhitng mé hinh
dang “blackbox”, kho thé hién mot cach rd rang
méi quan hé giira d6 tham nudc va céc thdng s6
khac cling nhu kho ap dung mot c&ch rong rai.

Lay cam htng tir mo hinh “white box™, muyc
dich cta nghién ctiu nay la xay dung mot ham sé
dé biéu dién do thdm cua bé tong rong théng qua
c4c yéu t6 anh huong dén n6 bang phuong phap
hoi qui ky tu (SR-Symbolic Regression). Céc
nghién ctu gan ddy da chi ra rang cac phuong
phap hoi qui ky tu dya trén 1ap trinh di truyén (GP-
Genetic Programming) c6 d6 chinh xac cling nhu
d6 don gian tét hon so véi cac phuong phap hoi
qui ky tu khac nhu Bayesian [13], [14].

Bai bao gém céc phan: Pau tién, xay dung tap
dit liéu vé do tham cua bé tong rdng va tién hanh
phan tich. Thix hai, trinh bay co so V& Iap trinh di
truyén hoi qui ky tu. Thix ba, trinh bay cac két qua
thu dugc va so sanh véi cac mo hinh ‘blackbox”
khac. Céc két qua chinh ciia nghién ciru duoc tom
tat va trinh bay & két luan.

2. Dir ligu

Bo dit liéu duoc xay dung bang cach thu thap cac
két qua thi nghiém vé bé tong rdng da duoc cong
bd trén thé gisi [15]-[23]. Tap di liéu nay bao
gom 267 mau thi nghiém, méi mau thi nghiém bao
gom thdng tin vé cac yéu té quan trong anh huong
dén tinh chat cua bé tong rdng nhu khdi luong cét
tir 0 dén 340 kg/m® (X1), kich thudc cdt lidu tir
1.18 dén 13 mm (X2), ti I¢ nudc - xi méing trong
khoang 0.22 dén 0.55 (X3), ti I& ¢t liéu - xi ming
khoang 2.24 dén 12.0 (X4). Tap dit liéu ciing bao
gom gié tri do thdm cua bé tng rong (Y1) khoang
0.01 dén 7.1m/s . Céc dic trung théng ké cua tap
dir liéu duoc liét ké trong Bang 1.
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Hinh 2. Théng ké cac gia tri trong tap dit liéu.
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Hinh 3. Tuong quan giita cAc thdng s trong tap dit liéu.
Hinh 2 thé hién phan phdi cua céc thanh phan  dén 1. Tap dit liéu dugc chia 1am hai phan, 70%
trong tap dit liéu. Hinh 3 cho thdy méi twong quan ~ (twong (mg vai 187 mau) dung dé huan luyén,
gitra cac gia tri khac nhau trong tap dir liéu thong  30% (twong ng véi 80 mau) ding dé kiém ching
qua hé s6 Pearson. C4c hé sé nay trong khoang -1~ mé hinh.
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Bang 1. C4c gia tri théng ké cua tap dix liéu.

Chi s Cét Kich thwéc ¢t lieu Nuwéc/Xi  Cot ligu/Xi D) tham
(X1) (X2) (X3) (X4) (YD)
count 267.0 267.0 267.0 267.0 267.0
mean 20.24 6.014 0.351 4.402 0.784
std 64.72 3.489 0.075 1.647 1.291
min 0.0 1.18 0.21 2.24 0.01
25% 0.0 3.5 0.31 3.5 0.137
50% 0.0 4.75 0.33 4.37 0.258
5% 0.0 7.5 0.36 4.81 0.742
max 340.0 13.0 0.55 12.0 7.1
Vong lap chinh cia model
Logic Khong
S0NZ 0115
Khai t2o Quin the " Tao doi 1 Dicu kién -
quin thi LA e ao dod sau < Quan thé con|—» it thile Ba: EKétqua
Chonloc. lai o Dinh sis
chép, dot bien =" | Khéng Thirba

Hinh 4. Qua trinh tién héa cia mé hinh Operon.

3. L4p trinh di truyén

GP la mét k§ thuat tu dong trong linh vuc tri tué
nhan tao, md phong qué trinh lya chon ty nhién dé
tim ra giai phép t6i wu. Pay 1a mot phuong phap
do Koza gidi thi¢u vao nam 1992 [24], dya trén
c4c nguyén tic cua tién hoa sinh hoc. Céc hé théng
GP sir dung maét thuat toan két hop lai ghép, dot
bién ngau nhién, ham thich nghi va nhiéu thé hé
tién hoa dé giai quyét cac van dé do ngudi dung
dit ra. Qué trinh cua GP bét dau tir viéc khai tao
mét quan thé ngau nhién. Sau do, cac ca thé trong
quan thé dugc do ludng do thich nghi théng qua
céc tiéu chi thich hop, va nhiing cé thé c6 do thich
nghi cao nhét dugc chon dé sinh san va tao ra thé
hé méi. Qua trinh nay 1p lai cho dén khi dat dugc
diéu kién dimg. Cac budc ciia GP dugc mo ta nhu
sau:
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Budéc 1: Thiét 1ap van dé: Pinh nghia cac tap
dit liéu huan luyén, kiém ching, . .. Dinh nghia cac
ham s6 duoc st dung.

Budc 2: Khéi tao quan thé ban dau: Khoi tao
ngau nhién quan thé ban dau tir tap gia tri ham sé
cling nhu tap dir liéu.

Budc 3: Vong lap:

¢ Tinh toan d¢ thich nghi cua loi giai;

e Luya chon loi giai pht hop nhat;

e Tao mot quan thé méi dua trén di truyén
va lai tap.

Budc 4: Vong lap dung lai khi mét phuong
trinh hop Iy duoc tim ra hodc mé hinh dat dén diéu
kién dirng. Ham sé c6 két qua tt nhat dugc luu
lai.
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Trong nhitng ndm gan day, nhiéu phuong phap
mai da duoc d& xuat dé tang toc lap trinh di truyen.
Trong s6 d6, Operon [25] duoc biét dén 1a phurong
phép dat duogc do chinh xéc cao nhit cho dit liéu
thyc té nhu van dé dang xét dén. Khong giéng nhu
nhimg phuong phap GP dang cay tiéu chuan khac,
Operon sir dung tinh song song trong qua trinh
tién hoa, lai tao mdi ca thé mai doc lap trong ludng
logic riéng cua n6. Pdi véi mdi ludng logic,
Operon khai tao mét chu trinh di truyén dan dén
mot trong hai két qua:Tthanh cong néu doi sau
duoc tao ra, that bai néu doi sau khdng dat duoc
nhu ki vong. Qua trinh lam viéc cta phuong phap
Operon duoc trinh bay trong Hinh 4.

Ngoai ra, Operon sir dung ma héa tuyén tinh,
trong d6, mdi ciy dugc biéu dién dudi dang chudi
hau t6 ctia cac nit. Mai nlt cé cac thudc tinh dién
hinh nhu d6 dai, d6 sau, mic do hoac ma hoat
dong. Vi dy, mé hda tuyén tinh cho cong thic (a
+ b)-(a + ¢)-(b + ¢) twong tng vai biéu dién hau
t6 ((ab +) (ac+) (b ¢ +) x). Operon ciing giGi thiéu
mot thuat toan tao cdy maéi duoc goi la trinh tao
cdy can bang (BTC- Balanced Tree Creator), thuat
toan nay tao ra d6 dai cay tir phan bd xac suat nhat
dinh va tinh chinh tan s ky hiéu mong muén
trong quan thé. Co ché nay dat duoc sy danh gia
hiéu qua thdng qua viéc str dung trinh thong dich
cay theo dot, trinh théng dich nay duoc lap lai qua
céc nut cay va thyc thi cac chire nang tuong ting
trén cac 16 dir lieu c6 kich thudc ¢b dinh. Viéc
danh gia muc do phd hop duogc thuc hién bang
cach sir dung budc tim kiém cuc bo cho cac tham
s6 md hinh téi wu théng qua binh phwong tdi thiéu
phi tuyén tinh.

4. Két qua va thao luan

Déi voi mot ham sb 1a két qua cia phuong phép
hdi qui ky tu, c6 hai tiéu chi quan trong nhat dé
d4nh gi4 d6 chinh xéc va do phuc tap ctia ham sb.
Mot ham sé co do chinh xac cao d6i khi co do
phuc tap qué I6n dan dén kho khan trong viéc biéu
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dién tuong minh ciing nhu 4p dung vao thuc té.
Nguoc lai, voi nhitng ham s6 ngin gon thuong
khé dat hiéu qué cao so véi cac ham sé khéc. Viéc
lya chon mat giai phap tot nhat can bang giira hiéu
qua va do chinh xac ciia mo hinh trong tap két qua
thu duoc khong don gian. Dé giai quyét van dé
nay, nhom nghién ctru da st dung phuong phap
nhu sau: (i) tién hanh mot sé lwong 16n céc lan
chay GP cho m&i mé hinh; (ii) ghi lai tat ca dit liéu
lién quan (cac thudc do thong ké cho tap dit liéu
huan luyénva kiém tra, phuong trinh thu duoc, do
phuc tap, tham s6 GP, thoi gian chay,...) cho mdi
lan chay mé hinh trong tép dir liéu; (iii) xay dung
mit Pareto bao gém cac diém tdi vu tot hon cac
giai phap khac vé do chinh xac va do phuc tap: (iv)
lya chon céc phuong an t6i wu t6t nhat tryc tiép tir
nhitng két qua & mét Pareto.

Theo nghién ciru da duoc cong b [26], c6 04
tham s6 chinh anh huong dén d6 chinh xac cia mod
hinh: D6 sau quan thé ban dau, s6 luong lua chon,
quy md quan thé va s6 thé hé. Trong nghién ciu
nay, nhom tac gia tién hanh khao sét vai cac gia
tri: Do sau quan thé ban dau: 2, 3, 4, 5, 6; s6 luong
lya chon giai dau: 5, 10, 15, 20; quy md quan thé:
1000, 1100, 2000; va s6 thé hé: 20, 40, 60, 80, 100,
mdi bd tham sb cho mé hinh dugc tinh toan 10 lan,
téng cong 1a 10.000 lan tinh toan. Trong mdi lan
tinh toan, cac ham sé duoc tao ra mot cach ngau
nhién, sau do, ham s c6 do chinh xac cao nhét
duoc luu va danh gia vai tap dir lieu kiém chang.
Pé danh gia d6 chinh x&c ciia mo hinh, 03 hé sb
danh gia dugc su dung la R2, RMSE va MAE
duoc str dung nhu sau:

R, =1 2 TH) ®
Zi:l(yi - yl)

RMSE = 2" (y, -, @)

MAE :%anlyi -9, €©)



Nguyén Tuén Binh, L& B4 Anh, Nguyén Tuan Anh

30 40

Complexity

@)

10 20

1.4
1.2

1.0

30 40 50

Complexity

(b)

10 20

10 20

30 40 50

Complexity

(©)

Hinh 5. Quan h¢ gitra d6 phuic tap cua phuong trinh va d6 chinh xac (a)1-R2,(b) MAE, (c) RMSE.

M&i quan hé gitra d6 chinh xac va do phuc tap cua
phuong trinh dugc thé hién trong Hinh 5. Mat
Pareto, tap hop caa nhitng két qua tdi uu, dugc thé
hién bang duong mau xanh. Ham s6 hop 1y nhat
tim thay dua trén két qua phan tich cac ham s thu
duoc nhu sau:

Y =0.362*X4-1.37-0.18

_ *
* X2-0.5% X4 -0.095 (4)
(2* X1- X3)*(X2-0.5)
* X2-X4
X4*(X2-0.5* X4)2
S
z § 99%
'E g 89%
S
= ‘C“? 48%
e o 36%
S
[ T T T T
© & © 2

Features

Hinh 6. Théng ké cac théng sé dic trung
trong tap két qua dau ra.
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Hinh 6 trinh bay biéu d6 thong ké s6 1an xuét hién
cua cac tham sb dau vao trong tap két qua cac ham
s6 thu dugc. Trong tap két qua, gié tri X4 xut hién
nhiéu nhét, gan nhu trong tat ca cac két qua voi
99%, tiép theo, d6 1a X2 véi 89%. Piéu nay phu
hop Vi cac nghién ciru trude day, do tham cua bé
t6ng rong phu thudc kich thudc cbt liéu vati 16 cot
liéu - xi mang.

Bang 2 trinh bay d¢ chinh x&c ctia mé hinh thu
duoc théng qua ba tiéu chi khac nhau 1a R2, RMSE
va MAE. Céc chi s6 nay con duoc so sanh véi mo
hinh PSO-XGB [27]. M hinh PSO-XGB Ia sy
két hop gitta mo hinh XGB duoc t6i uu cac tham
s6 bang phuong phap ti uu bay dan (PSO).

Béang 2. So sanh su lam viéc
cta mo hinh SR va PSO - XGB.

Model Data R2 RMSE MAE
Train 0.908 0.1216  0.249
SR
Test 0.92 0.235 0.304
Train  0.97 0.027 0.044
PSO-XGB
Test 0.92 0.198 0.193
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Két qua so séanh trong Bang 2 cho thay rang ham
s6 tim dugc c6 do chinh xac kha cao, R2 = 0.92,
RMSE = 0.235, MAE = 0.304, gan sat vai két qua
cua md hinh PSO - XGB. Bang cha y, md hinh
PSO - XGB la mét trong nhitng mo hinh hoc may
t6t nhat d6i voi dir liéu dang bang nhu bai toan
dang xét dén.

5. Két luan

Trong bai bao nay, nhom nghién ctru da tién hanh
xay dung ham dy bao do thim cua bé tong rong tir
c4c théng sb dau vao 1a cat, xi mang, nudc, kich
thuéc hat. Tap dir lieu bao gom 267 mau thi
nghiém khac nhau dugc thu thap tir cAc nghién
ctru d cong bd. Vi 10.000 1an tinh toén st dung
mé hinh hdi qui ki tu dya trén 1ap trinh di truyén,
nhém nghién ctru da dwa ra mot két qua ti wu vé
do chinh xac cling nhu do phuc tap cua. Véi do
chinh xéc cao R2 = 0.92, chénh léch twong di nho
vé d6 chinh xac so véi md hinh PSO - XGB, md
hinh héi quy ki tu thé hién rd uu diém khi c6 do
chinh xac cao va cd thé biéu dién mot cach tuong
minh. Diéu nay gitp cho md hinh ¢d thé dugc hiéu
10 hon, &p dung mot cach don gian.

Loi cam on
Nghién ctru nay duoc tai trg boi Truong Dai

hoc Giao thdng van tai thong qua dé tai ma sb
T2023-CT-005.
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