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Set the Greywolfs population Xi, which i=(1,2,...,n)
and maximum iteration number
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Initialize the grey wolf population X, (i=1, 2, ..., n)
Initialize a, A, and C
Calculate the fitness of each search agent
X,=the best search agent
Xy=the second best search agent
X;=the third best search agent
while (t < Max number of iterations)
for each search agent
Update the position of the current search agent
end for
Update a, A, and C
Calculate the fitness of all search agents
Update X, X, and X;
t=t+1
end while
return X,

for i = 1: to the number of locations
for j = 1: to the number of variables
find the position of L(i,j) in jth column of the
Alternatives matrix and name it as A.
for k =-Re to Re

AF(A4K)j =1/ Rex(Re—k|) Fitness (i )+AF(A4K)

end
end
end
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for i = 1: to the number of alternatives
for j = 1: to the number of variables
if i = The Best Location (j)

Pij = PP
else
Pj = (\—PP) Py
end
end

end
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Set and Initialize the algorithm parameters

\

¥

o

Fitness Calculation of each Location

¥

M. Find the best location

L Calculate the accumulative fitness by devoting the calculated
fitness to the alternatives chosen for each dimension and its
neighbors according to the dolphin rules

¥

Allocate the probability the best location equal to the predefined
probability curve value in the current loop and distribute rest of the
calculated Accumulative fitness

¥

Select Next loop location according to the
calculated probablities

Satisfving the Criteria?

e

End
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Population

Coding

Combination

hromosome

Random Selection

Problem Space

of Genes

No

Satisfying the

hromosome

Criteria?

Next generation

Chromosome
Selection

Roulette wheel

Fitness process

h.
=
=]

hromosome

Elitism

Genetic Operators

Crossover

Parent 1 Child 1
—>
Mutation

—> [ cnid3

Fitness calculation

e

(=9

[
F

Decoding

Child 1

Child 3
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. Set parameters
: Choose encode method
: Generate the initial population
: while ¢ < MaxIteration and Bestfitness <
MaxFitness do
Fitness calculation
Selection
Crossover
Mutation
: end while
10: Decode the individual with maximum fitness
11: return the best solution
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Input : Ab, Ag, Nyer 1, & L,
Output : Ab,,

fort=1to N, begin
forj=1to M begin

7] 1= affinity( Ab, ag; );
Ab /[n} := select( Ab, 7]‘ n);
C/ i= clone(AV,,, B, i
J
7= hypermut(C, 2l
E

f = affinity(C’" ag;);

ablv* = seleer(CY, f, 1)
Ay i= insert(Ab”y,, . aby’ ):
Abyiy 1= replace(Abg;, C7°, f);
Abyyy = generate(d, L );

Aby 1= replace{Abg;, Abyg , f );
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K =1 n Algorithm Value Variable
0 . Maximum iterations 500
1 2 Population number 100
MSE = HZ (" measure =Y predict ) Geneti Crossover rate 0.9
i=1 Ic Mutation rate 0.3
Selection type Tournament
Fitness MSE
EP T SR W) ‘Uﬁpiwﬂ‘ Sheslazal b gsladas 31 Maximum iterations 500
) Population number 100
358 5 sl G Y dsdr 55 et Bl Llg Atrtificial Colony size factor 5
immune The most error factor 0.02
Lily, Odel Gy 3l das Cenl ol o3ls Ol TBM system The size of the best 10
population
v - " . . Fitness MSE
s Rl Glagasls ly dols slie anie Maximum iterations 500
5 _ _ Grey wolf Population number 100
O35 5 sl 5B 5 5o o) S ke » sl MSE optimizer Fitness MSE
Maximum iterations 500
el ol oals QLIS Y Jad> s C’L" S LS dewlses Population number 100
Effective radius 5
5 oeld (Sl slie oy alaly 4 S s ieen Dolphin Power (the degree of the 288
echolocation curve) '
- L R IR PP1(the convergence
6uﬂ)}ﬁ e Sl ol ot factor of the first loop) 0.095
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Algorithm Predictive relationships obtained
Genetic ROP (m /hr ) =—0.00058UCS +0.0184281 —0.22410PW 09975 _1 58760 0-7988 3 1183
Artificial immune

yetem ROP (m /hr) =—-0.0057UCS +0.058781 —0.4315DPW 0715 _1.047000-774 1 3 6749

Grey wolf optimizer  ROP (m / hr ) = —0.0778UCS +0.0824481 —0.7656DPW ~0-316 _1 7806670747 10,9749

Dolphin echolocation  ROP (m / hr ) =-0.0132UCS +0.6067B1 +1.5894DPW ~0-106 _1 542450649 0 4219
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Algorithm Rt%st Rt%ain MSEtest MSEtrain
Genetic 0.8473 0.9319 0.02 0.012
Artificial immune system 0.6985 0.9652 0.105 0.082
Grey wolf optimizer 0.6267 0.9042 0.296 0.24

Dolphin echolocation 0.5396 0.8779 0.521 0.375




...... S5 slapn, S 5l eslinal b e 5 slaliad i 53 TBM il 554 EF ot

GA
25
2 oo
~ y=0.9159%+0.0558 ‘1-.
RI-08473 @@
& 15 _-..--"5
= . ¥
"] 1 .
—_
Ay
05
0
0 05 1 15 2
(a) Measured
DE
25
2 v = 0.8659K+0.0471 ';‘_ s
= R?=0.5396 L
E s ‘_5-“
= LE
=
@ 1
— L ]
=W ®
0.5
0
0 05 1 15 2
(© Measured

AIS

25

2 Y =0.8227%+0.163
= A% =0,6985
T .
- 15
o=
=
g
=9

05

0

0 05 1 15 2 15
) Measured
GWO
25
L ]

! ¥ =0.7889% +0.2065 . Q"
= R? =0.6267 Fr gl
& 15 0B ge

e

= o-8'g
T
@
=
A

05

0

0 05 1 15 2 25
(@ Measured

e (©) 3535 () 5\.«&,_,@ b g Q"AJT Slrodls (gl p fo fe g ok ‘5,;§o}|.13| 2ol dﬁ.‘l—.«.@ -4 JS.-:

.‘5;....5\5 J/Jf (Q)j&:ﬁ: ‘5|.\.¢ 6‘3}: (y) W s 55;"’1’-'

Sl 35gd0 a5 shilen il sl osls QLA Ve IS s
oSl gt glad jy dolal O seas Al s Ol
slad js DS Caadge Slayign boadias) o Ao
oy ropad S n My Cend Gl dgr 4 gl
oS LSS sl s (MSE) (5l wb o ol S

sl sl osls OLES VY Ji—l 53 LS

ol sl a4 IG5 F dodr s a5 shiles
5 S5 020 4 b Gy e n S8 4
035 ol (Shls £ gmn gl s o5 OT 1 ny
S 53 358 5 mote Gl edal S Jde
S &S el Sl YU S 5l S 3l 4
S 53 Gl slapn Sl sl VL PIBaS

2513 050 (g ke
0355 (ol S5 w20 4 bogje oS Jde op 5585 3

Lo, ,SS 3ldal 4 S gt (sldd 53 )3 0 | S



¥ oled sl Ao O F0Y L

O pl e ool o pazmil b s — ake e / QY

initial position of particles iteration #=5 iteration # =10
I8 * 5 10 10
0 g 1 % wews * W2W3 of * W2ws
sPo © ﬂ*& 0 Wow4 5 goRL o wzw 5 @@ 0 waw
o or O (0] "0 0 e 4
@ © C‘* **> O . § i f;-] ] % )
%l S ¥ ;" *&* ¢ *gH%)*** ¢ B8 % *
Oo%,_c 0 x X *’% * i
'50 3; (¢} &*G?*;é 5 * ;':* 5 *
‘** % % ® i*
-10 -10 -10
10 5 0 5 10 -10 5 0 5 10 -10 5 0 5 10
iteration # =50 iteration # =100 iteration # =500
10 10 10
* W2W3 ¥ W2W3 * W2w3
5 o L0 wew 5 O w2-w4 5 0 w2-w4
& o
0 i 0 * 0 *
5 5 5
-10 -10 -10
-10 5 0 5 10 -10 5 0 5 10 -10 5 0 5 10
S5 (..u_,,i)t 23 1S5 0LL b ad gl Cand g 51 Dlpd Caadge —V 0 IS
O ‘VJ‘) c(Bl)Jga g<~.~ d.}j c(UCS) jﬁ' ;i.w o) =0
2 Convergence rate
o dol 5 @) TBM (gl cgr 5 (Kol Slio b
5 (2505 bl Olse 4 (DPW)  Sasol St
102
Sy (s bl Osm 358 &5 TBM oas 5 Shae 1
|
P ) - . - 7
Jﬁgﬂ;_v TBM g e~ el inl.q& s sladie sl g
¥ s s sy edel Cese S35 il e e g LS
j'hks‘j’ e.,\ATngubé\;. J“."ﬁ) W)L&lélijvhﬁgﬂ 10° ‘
\.7
oo dlex 3l bl glaatle 5 e slalex (Je
0 0 5‘0 1(‘)0 1 E‘\D 2(‘)0 2&;0 3(;0 3;\0 4(;0 4;0 500

3 8lp (MSE) e sl Kk 5 (RT) e Sioon
O350 (saesls 4o gamen 5 (o315 VYY) 2550l (slaesls 4o samma
st b s oslinad Jue a3 Slas o) 2 olate 4 (o315 ¥Y)
a ey b S ) S oS A et ol ol lis o
RSSO e 4 035 S0 s et Ols D3 00l
adie plo 4 Comd b e 0 islazel LB 5 oS dr iy
b Oy e lis pl 3l el s 4 EW 4 ey bl
Pl = gl Vb U5 ileane gz, S oS

Aols Dl s ge pla )3 1) e Glalad wdkige

Index
GA (52,581 35 (MSE) (3515 b cp i V) S5

S 4o -0
Sl ol 5 catle glaaysa ess s Sl Pl 5l (S
0le i glappdle 3 Shes mite (L5 slaelsn
& &y A4 TBM 5 Shos ool (TBM) L5 alade plas
Gl S Sl andlan nl s ol oKs 354 Er Ol
3 O Mo Slafy o Fian gl g (S35 (Sl
o S 2 TBM 358 &5 ity sl S S5
o gkS VIO 31 sdal st glaosls alad il ol 03lizd
Wl 0 (6, S o3Il ol VOV 55 S Y ojlad S b
S5 glid Cslin) S o35 gla S ol oDl L



avs o &t:;jL;Larg)jiﬂ)-mu;ﬁlpﬂ;ﬁjéuuj,&});TBM&:.msy:'o;,_ﬁu:ﬂ

cl:.a

Armaghani DJ, Mohamad ET, Narayanasamy MS, Narita N, Yagiz S (2017) Development of hybrid
intelligent models for predicting TBM penetration rate in hard rock condition Tunn Undergr Sp Tech
63:29-43

Barton N (1999) TBM performance estimation in rock using QTBM T & T international 31:30-34

Bersini H, Varela FJ Hints for adaptive problem solving gleaned from immune networks. In: International
Conference on Parallel Problem Solving from Nature, 1990. Springer, pp 343-354

Bieniawski Z, Celada B, Galera J, Tardaguila | New applications of the excavability index for selection of
TBM types and predicting their performance. In: ITA World Tunneling Congress, Agra, India, 2008 .

Bieniawski Z, Grandori R (2007) Predicting TBM excavability-part Il Tunnels & Tunnelling International

Cassinelli F (1982) Power consumption and metal wear in tunnel-boring machines: analysis of tunnel-boring
operation in hard rock

Dasgupta D (1993) An overview of artificial immune systems and their applications Artificial immune
systems and their applications:3-21

Dasgupta D (2012) Artificial immune systems and their applications. Springer Science & Business Media ,

De Castro LN, Von Zuben FJ (1999) Artificial immune systems: Part I-basic theory and applications
Universidade Estadual de Campinas, Dezembro de, Tech Rep 210

Farmer I, Glossop N (1980) Mechanics of disc cutter penetration Tunnels Tunnelling;(United Kingdom) 12

Farmer JD, Packard NH, Perelson AS (1986) The immune system, adaptation, and machine learning Physica
D: Nonlinear Phenomena 22:187-204

Forrest S, Javornik B, Smith RE, Perelson AS (1993) Using genetic algorithms to explore pattern recognition
in the immune system Evolutionary computation 1:191-211

Gao B, Wang R, Lin C, Guo X, Liu B, Zhang W (2021) TBM penetration rate prediction based on the long
short-term memory neural network Underground Space 6:718-731

Hamidi JK, Shahriar K, Rezai B, Rostami J (2010) Performance prediction of hard rock TBM using Rock
Mass Rating (RMR) system Tunn Undergr Sp Tech 25:333-345

Hassanpour J, Rostami J, Khamehchiyan M, Bruland A, Tavakoli H (2010) TBM performance analysis in
pyroclastic rocks: a case history of Karaj water conveyance tunnel Rock Mechanics and Rock
Engineering 43:427-445

Holland JH (1984) Genetic algorithms and adaptation .In: Adaptive Control of Ill-Defined Systems.
Springer, pp 317-333

Holland JH (1992) Genetic algorithms Scientific american 267:66-73

Innaurato N, Mancini A, Rondena E, Zaninetti A Forecasting and effective TBM performances in a rapid
excavation of a tunnel in Italy. In: 7th ISRM Congress, 1991. International Society for Rock Mechanics
and Rock Engineering ,

Kaveh A, Farhoudi N (2013) A new optimization method: Dolphin echolocation Advances in Engineering
Software 59:53-70

Kephart JO, Sorkin GB, Arnold WC, Chess DM, Tesauro GJ, White SR, Watson T Biologically inspired
defenses against computer viruses. In: IJCAI (1), 1995. pp 985-996

Lislerud A (1988) Hard rock tunnel boring: prognosis and costs Tunn Undergr Sp Tech 3:9-17

Liu B, Wang R, Zhao G, Guo X, Wang Y, Li J, Wang S (2020) Prediction of rock mass parameters in the
TBM tunnel based on BP neural network integrated simulated annealing algorithm Tunn Undergr Sp
Tech 95:103103

Mahdevari S, Shahriar K, Yagiz S, Shirazi MA (2014) A support vector regression model for predicting
tunnel boring machine penetration rates Int J Rock Mech Min Sci 72:214-229

Mansouri M, Moomiv H (2010) Influence of rock mass properties on TBM penetration rate in Karaj-Tehran
water conveyance tunnel Journal of Geology and Mining Research 2:114-121

Minh VT, Katushin D, Antonov M, Veinthal R (2017) Regression models and fuzzy logic prediction of TBM
penetration rate Open Engineering 7:60-68

Mirjalili S, Mirjalili SM, Lewis A (2014) Grey wolf optimizer Advances in engineering software 69:46-61



Va)w‘rﬁéj;l.é&‘\f'\)ﬁ\.; Qlﬁifwwuwj&#\ﬁj};—w@/a\\c

Nichols O, Bamford M (1985) Reptile and frog utilisation of rehabilitated bauxite minesites and dieback-
affected sites in Western Australia's jarrah Eucalyptus marginata forest Biological Conservation 34:227-
249

Tarkoy PJ Ninth Canadian Symposium on Rock Mechanics

Wei M, Wang Z, Wang X, Peng J, Song Y (2021) Prediction of TBM penetration rate based on Monte Carlo-
BP neural network Neural Comput Appl 33:603-611

Yagiz S (2008) Utilizing rock mass properties for predicting TBM performance in hard rock condition Tunn
Undergr Sp Tech 23:326-339

Yagiz S, Karahan H (2011) Prediction of hard rock TBM penetration rate using particle swarm optimization
International Journal of Rock Mechanics and Mining Sciences 48:427-433

Yagiz S, Karahan H (2015) Application of various optimization techniques and comparison of their
performances for predicting TBM penetration rate in rock mass Int J Rock Mech Min Sci 80:308-315

Yagiz S, Rostami J, Kim T, Ozdemir L, Merguerian C Factors influencing performance of hard rock tunnel
boring machines. In: ISRM Regional Symposium-EUROCK 2009, 2009. International Society for Rock
Mechanics and Rock Engineering ,

Yin L, Gong Q, Zhao J (2014) Study on rock mass boreability by TBM penetration test under different in
situ stress conditions Tunn Undergr Sp Tech 43:413-425

Zhou J, Bejarbaneh BY, Armaghani DJ, Tahir M (2019) Forecasting of TBM advance rate in hard rock
condition based on artificial neural network and genetic programming techniques Bull Eng Geology
Envir:1-16

Zhou J ,Qiu Y, Armaghani DJ, Zhang W, Li C, Zhu S, Tarinejad R (2021) Predicting TBM penetration rate
in hard rock condition: A comparative study among six XGB-based metaheuristic techniques Geoscience
Frontiers 12:101091



