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2 =82 H4P FFulolHE ARl HjAPe SEUSE =g
2 v Wgo2 F33 =219 &(Genetic Programming,
GP)9] AH8& EAM3YY. old dFHE 713 & EAE GP EYt
&3 st dlole] wEe] A& Overfitting @48 2AEe Hol
o]g FE3r] 9% WHo= DDBS (Directional Derivative-Based
Smoothering) 71']& AL, #8AE& AF3H7] A 4 7HA
$4 d& 2{o.
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1.AE

714 ANAA T e okl A &HH(Response surface) 7ol &85
A=d[1-4], g2 $EHES 2dY37] A3 32 (Polynomial)o] Bo)
AEE L ok HZdde $EBY AY9H(Globa) 28l AFH(Local) 54HE
BT 28 £ de YA (Krigging)[11& AHE3R e FAoth %3
GP(Genetic Programming){5]& AF-&3td &HHE A AJFI2A dhe AR
o]FoA L Yeu6-7], & =& o =¥ d@Poz GP A A I
2 EANdez dFE § A& Overfitting FAEZ AT} FAd 42 H%59
F4es ERY 7 AE BAS A} drh GPE 33 3R (Genetic
operators)E% AH83t9 A GP Ed] fgp 9 72RE A7 i 71&9
248 7P EY Hojd A% S B Euhe AL ofn g AMdolti[5]l &
3] A3 A9 F4527A 4 (Constraint)E€ £3 34 (Object function)E 3
vl 2] 843 (Nonlinear)o] 7] WiEe dadt g AL 2Ale 1
d& Aol ZA HolAA ot ol¥F A$ GP7F 2 tigte]l E F e,
dutzg oz P EEyY A AMSHE FF3IF (n AL, Learning  set)
L={ X, .... X0, Y} 21 9 Z71mxE w5 F7] & g5 A8
Bl B ¥ A(Order)d B4 E& A9 e Overfitting B3
2 2A3te A7 o & §F 259 Avie 99 Aoy gHFY g
go) QA e e dHolgo ud ¥ ol AA A9 AA Aozt UA
Hed, ol#lg 84S GPAA AF 2y, F 84 weaEe AF g gho)
YAY 1 A77r FRu7t He A4 EACE FF 28 Y feee o
A 349 elnd ¥ (Function and terminal set)ol] o€ Y4 E9 715 &
Z3o] s AAFE7] Wil vldYgAFe] vlg AA, vjF FF5e dolH
AqAE Y3le ASE YT 1 o9 dE doJEoE HF oid3tA
T ATE Y F Ut AE B fepd § :E=(Node)7t AH&EAAAE] 3
g ez FAE AR, FF dojE ol & dY dHojgel gt 3y
2o AAt At 0olm, o] ko]l /e AatdA 02 UFoXE dnst 44
g Ao w2 AAEE fopd ANAHA AFES ¥R I, uFAEA 2@
AEE Bold I3t AAHqA AAANZE ool yFdEY $EH /¥ &4
3t A3 AAS FYe FE oFT AdFo] B A HY g s15H
sdstn ved g3 HAF HE FI}7] 9 RHelztn & F Q) wEpA
SHEHEY 249 A o 53R IV e HAFEHE Ao] uigEA ).
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* B Fe a2y AVE FE FFATLS ALUE AL ¥ A
BHlA 2 o, B2 Overfittinge]l 9% 4% %ol =EH AsE s
dk E shte AP AL 1 E] EASE oH T A WHE AL
%, 35 g% dolH2 BEeln A Rde d3: PFEE ud ¢ %
£ Aot

Aol $HRe 2y A BAHE F F /X 2AY, & $9UY WA
P43, AT 2717 A2 AolA 71AstE Overfitting® <12 459 A
#2 AFSAT B =RAAE o9 2L BANES ¢iEy) 9% Wtoz
T34 7199 Smoothering (Directional Derivative-Based Smoothering, ©) 3}
DDBS) 718 & A4¥ GPE =9stnx @t DDBSS 71¢ 44e forld F
AR & ME X;=(X1;....X,) A YV, @ol 24 A51EH FA ] 2
AN 2HE de G& 4 X=(X1,,....X,,) ¥z A% & 5
Vi D % Ve Diyel el 2HAES stedl Aok v BHPSY 7
%23 49 Gradientol ™, D, = (X1, ..., X, )04 (X1,..., X, ) 229
B3 delojth. 2E, o)y WY FojA AFAM WY = e ¥2s
] 98 2744 E OE e NS "ew v 2 udol Atk mA
Vi Dy; el (X, Yo (X, Y)& 448 AM9 7187 s, & A8
Pk f7h Yol obd o s, ;& Vf- D, ;% & AolE mole ol YutH
o|x| g, DDBSE fgpt Overfittingo) S& A WAsE g4¢ adst AL,
=% DDBSY A§e fop /b £ o AAAY EAL GAHOE FAANES
7] g RE2Y ¢ 4B AS5E 2FY F AP o] A o9 7
u° Bol7] stel B =ENE YwHY GPs} DDBSE ME&# GPo

$9Y 29y s9stn AAE va FESFAT.

N

& rlo

2. 73 =294

GP= #3d4 ¢38F(Genetic algorithm)e] 4dF 202 7§ (Individual)7} E 8
Feo Z2ao] It Ege e Huld Ao AR g9 gHude
z3oz AP, PR uEr|w W oW o EIE YAo]
7bsstth. GPoA 4+ AdAH(Argument)E Ztx 23X ¢god EHudg BHF
o 3 dua S FAA GPE HE 3 289 448 Qs A4
. & AW 1H(Reproduce), @ ul(Crossover), L&l & o](Mutation) 5ol
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1A F8 ERE o 3 7HR] #3334 dAAE A48 Efe Hgs 3
(Fitness function) Zte] 3} HEE Ele Tz AANE WIANA HF 9
EZE AAste Aot Uty oz GPY TOU¥F 4L YN E 43 ey
H E2 71E5X(Weight)E B2 3y, B% Ef9 RE Tt 7t&X7t A
7t 3, =29 288 34 o] HFEXE Fitd A& A 4.

2.1 7}53 3

GPE #4134 duxg A83ld HAH9 28 F2E & AT S Fx
e, $9E 2dY¢ A9AE F19 22 72 BAY A 289 mE
w2d 2250 Qe HEAE EJY HFE Ro) By F2W 4+ 9= 2

Ao gt oA iy B AAFE 2787 BB 71F APAY 7Y
EE A¥AY 719 (Linear associative memory)& ML &tof 7423 24 A W
2 ANFS AFAIAE A7 99 Hol YUtHs-101 Y $uHe
H AP0l & Zee AI44 719¢ 448 $He AGF 712N g4
°]¥3i ti% o] DDBS7F GPl M &= & A$ L3877 Erh5sichs 2440
Atk @A B =EANNE /1A £4L AAM YW MY F xgo] ¢
7% Hooke & Jeeves Wi[111& A}43Ath. 7§ (Population)d] ¥3d =&
EZ 9 7}1FAE Hooke & Jeeves W& A3t 28 of AA AZke A
571 918t A 3§ Jtsd B8 42 100022 AR Yz o
Aol Bud 714 8 2 A9 EIG M)E A3 Hooke & Jeeves
S A A& (HY B8 3= 100000 Bt FEe s1EX AL =REY
o},

2.2 ¥4 Hud J¥

AHEE e 3§ 923 2

F={+,— %/, sin, cos, tan, sin "}, cos 7, tan !, sinh,cosh,tanh,exp,]og,\ftpow}

e F IS A8t AN Y EFE AFE e AN A 89 A o
7 3% 2NN e, d8 9 B ¥ x=7) 'log’ o), 0 By FHL
gol AHgHE A {7 BT oY EA¥S 21 Y EE 1 AY
o @2 W & £2 %E g A3 A4 AYANFE F U A9
271 @AM e A 2FE BAAIE EYELS A EF9 30% o)Ao)n}
Al th(Generation)7t AUA+E 1 $7} Aoz Zo] A 0%l /7Y ).
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Hrold AdoldE n 749 Y = AA¥Se arzt 1 2 FE US4
(Random number)& A}&3} o}

3. B3E%S 7]4ke] Smoothering

YRrA o2 Smooth fitting®] °l77F HE BA¢E FEIAY Lo =°) = (Noise)
7t 23E A§olA, SgHEY AL LY A7 wi$ Y] did 9A 2 7
Az dFHA doh. 53 GPIAAE EdY vdgAe] HxdA Axe Aol
Q7] @& Smooth fitting 7| HAQ Atgtolgtn & 4 ot

3.1 B4 3

Smooth fitting$ M WA EFr} oJ= AE Smoothd7tsies AL =
& & dE 71F -9(Smoothness measure)?] A7} ¥ 3t DDBSE Fig.lg
Abgete] thg #ol 49E + Aok ME ERJE P Y; & AYNA 743 7t
7+& & Euclidean distance7t 47 S+ p/le AEF XJQE AARFFT. 233
P P8 Ads: AMY A by £ (VAT 2ol @Y.

oX

T =X+ (X=X (1)

where (0<p<1

—_— . —_ ?——X_:

0:17]*‘] h;"j'o’] l:g-sc}: Q}E']—t‘ D,',,‘= I)(I,"‘XJ O] 5]5’—, AY,‘J= Yj— Y,' E}_TL
- -_— —— o S —_—> AY!,]
#9 % 3 (X,Y) & (X, Y)8 Avde A4 7187 5= ol

| X~ X
gt gl M2 gepd  A9% ko, = hifu)
(i =pi+n/(g+1),n=0,...,q— Luy=0)8 L1,2 74, ©1; A4

Vfor=l-E(h L), ... L (Rl Bek med @43 Re o8

Jod = 9lch
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8.=1(me} B B B FerhE) - Dijmsi)f] @

@A ¢ 5 5o, 9,& Hasdohe e AH 78 wEsEA g
o TAEG Badd Vi & AMsL, D,; P U FF =¥FE 7
ke 1 gBol 5; o ZHIES e Aotk AA AMFe=E
Vi D ANE7] A8 vips ANE "ax 941 D, oz
fopd) BBk ANst] Ags W "rh WY fep7h Overfittingo) ALY 3t
golElo] o] Fold FH @ Peaktt AFANE HolW, BAd 9,8 AL o
AA Aol ok AYE AN A 7HFA 24 B3 oA fo 9, &
2 2 FA Hed, olAo] FEHA £ A% o EFY HYE e e
Ege vasd AgHoz AXNA Huz, g AsFHA WAL sHeAol
gERoz ZststA gk

o

Fig.l. Line segments passing through two points.

3.2 A= #¥
B =FdE ZE AANMS e 0017 10 Al 2x2F =AYY

6 - [z=dlszssg8ou3] H3A M3=
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(Scaling) 3%, Vel #= 0 3 2 Alolo) Q=EF 2A4YIY 4. F
0.01<x;,;<1,0<Y;<2 (=1, n, j=1,-m) |t} AAA] 4 Fho] 0] o}
d 0012 HEHE ojfE AU L7 E AN EYE zFolEx FAAZ
7Hedel 171 wEolth. & 328 2E U8 olgA 2AYYE AT
A =od Aol '

)42 9, XA &2 GPY AYE F+E FAF Aot

(9=(9MSE 3

where Sysp=1/m gl[fcp()_f:‘) - Y

Ouse< fep?t AR &FAFE drly F Fittingdt=7He Yebd Aol =
d dq71dl §:F FIIHA HE AR E e b Do) "o

0=¢9MSE+ /1(95 (4)

A71M Ae 8.9 7Id=E AAsE FFeld, At AxsA 28 F53FL Al
HE Fittingd}x] %38tv], B2 Y7 ZoW Overfitting 4ol LAk et
A HAAFAGS] ZAL vl T8, o]AL UwH oz U] oEgE Yo
t}. o] (Noisy) Hl°]E]2} Smooth Fitting Al A & AA3}7) Y&l A&
He WY F9 dust L-curve 71¥oltHi2]. o] Wy d59 A el oig
Iuset 9.8 #E& (DAY HAHsE T3 78 F o]RAE 2axAdE a9
B L2 29 AR Ydepda, ¥ Ax 'L'Ae ZY F L-curved F
g0l F43] ¥asts A A3t A7t o) ol AL EF Syt I F
Ao J2HHEE A9 & ZANEDE AR 2L ust o g% dolE
9 ol XF fFe TAG] GPAANE L-curve$ol A Alg Erlsdt
AH13), FA Ouset 97t A4S HEE a3 6)Ad 2 AY: T+
g A998 & Ao

9=08yse+ Oused:(Iuse—1/28)%  (5)
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B9 A 2 B Aol TP AA ke Aol Iyse=1/20,°)
W @A B9 9tk B G0l B2ET T gA 9,0 F7EE
(9,—1/20)% o1 991 kol Z7HstA BT & Oyse® 971 SA AAE
2 458 & Yot AL Auidth 2o Oy ol WY HOB Yy,
= metq e gol guz (9,—1/29)%] 7IgstE vzt FasA dch o)A
A% Overfitting A€ Y 4 AW Be 53 49 278 B3 2 o)
YAz 2 Zos vner) g B =EANE (5)AE AedE R o9
Overfitting A E 9% & b2 AFe AL&ax FAh

4. % 9

Table 1& 2 =29 &8 dd FFHo=2 A4¥ DDBS GPY F& 3y
B o]t}

4.1 Rosenbrock’s Function
Rosenbrock’s valley function® 49 utyy gaeinx EEed, 6oz
A elso]

Ay, x2) = 100(x, — 22+ (1 —x)*  (6)
—2<x,;52,i=1,2

st&ulol Bl Grid B9 3x3=9 ME A&, A& AsS FH37 A3t
o 200x200 /el BIAE ©dlo]H & Al43lt) Fig. 2.a-cE HXE dlo]Ef el o
o, 2tz ) 5)A L AYE FF2 ALEsd T} HA fpel ARE THA
% Aot} Fig2dlA AT F Uxo] A& A& v GPe & €
A e RYAE ZA oy e 6 DDBS7F AEE AeE @A 9 A
o] 8¢ HolHTS AMgdldE I At 9 Faol 22 Ao duk GP
7} Ae" AS st g2Ed dEd MSE(Mean Squared Erron)e #4
4995E-11 o]z 2977E-1 ¢lt}. ¥rd DDBS7F AH&d" GP dsixe 77
1.945E-6, 18] 1 1.592E-20]t}. Fig.3& DDBS7} A &€ Ko EE B A
olt}, "[I'ete] #XE AW 7tFEA oY o] gL x=9 &3 P I FHA
A gt} atane tan ~'olth
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Table 1. Parameters used in the GP algorithm with DDBS.

Population size 500

Maximum allowable # nodes of trees 50

Allowable maximum generation 20

. Tournament with
Selection method

30 trees
Reproduction probability 0.15
Crossover probability 0.7
Mutation probability 0.15
p in (2) 2
q in (2) 40
[
. i Ty
. \\\
P 1 ;.‘h\ \.
A :I;'\‘s
A -
™ | i I
B =
»\. WL M —,)
| .§ [ — N -
ws \
/"\. &

a. Rosenbrock’s function.
Fig.2. The results of DDBS GP
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b. GP without DDBS.
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c. GP with DDBS.
Fig.2. The results of DDBS GP(Continued).
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[1.962792968749992)(cos[1.626171874999999](sin[1.909008789062494](+[1.196484375000026)(s
inh[1.218359374999995](sin[1.631445312500019](+[1.311450195312508](sinh[0.598541 25976563
2](expl-0.416339111328120]x2:5)){0.964062499999992](-2.348425292968752) (atan[0.17497558
5937501 ](expl[2.0488525390625011x1))[1.7992187499999821x 1)))){0.649609374999994] (sin[2.11
1743164062505)(+{1.271557617187505])(sinh[0.699969482421882)(exp[-0.3782043457031181x2))
[1.384375000000000]( -[2.346679687500002](atan[0.174975585937501 1(exp[2.061254882812501]
x1))1.814575195312520)x1))))))
Fig.3. The optimal GP tree for the Rosenbrock’s function.

4.2 Goldstein-Price Function

f(xl, xz) = (1 + (xl + x5+ 1)2 ‘ (19 - 14.761 +3xf— 14x2+ 6x1x2 +3x§))
- (30 + (2%, — 3x5)% - (18 — 32x; + 1242+ 48x,— 36x, x5 + 27%3))
—2<x,<2,i=1,2 (7

(DA e} 9= Goldstein-price function® B| A @Ao] v]$ =31, FAd

g WAt dids] 3] WEd tgd Ze 23 2AYE AR
frog(x1, x9) =log (1 + Axy, x2)) ®

3% "olElE 5x5 Grid B o2 AP, HAE o= 200x2007) o ¢},

Fig. 4a-cE HZE tolgd] tiate, zZtzt )3 B)H S HAYE F+2 AH§3

o #5 HAHY fopo AH/E 7HASE FHolrt
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b. GP without DDBS.
Fig.4. The results of DDBS GP for the log-scaled Goldstein-price
function(continued).
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c. G? with DDBS.
Fig.4. The results of DDBS GP for the log-scaled Goldstein-price function.

Adut GP7F AMEE AS. 85H HAEY thd MSEE ZHzh 1.736E-3 o1
4290E-2 olt}. ¥ld DDBS7F &€ GPol dlsiXe Z4zt 1468E-4, 131
1.147E-290jt}. Figdbgd A BYH Goldstein-price functiond AAHQA HH&
frAbstY Ak Overfitting @44& Reolx ltd ¥ Figd.cE Goldstein-price
function® ¥l atd of7ke] APl Aole glovt AAAUA B I3
i glen, Overfitting @4 Bojx YA Eof. & A E %39 DDBS GP=
Overfittingo] glo} HAYE Aol & = 2AE & & USE tA 898 5
At

4.3 Two-Bar Truss
Fig5¥ Two-bar truss& EBEA9F1 A, (AL Effxe FA, (104

2o #dE 7&24d, 2832 QDY FESH #¥d F52d A oltHl4l

flxy, %) = 20mx, T(B? + x3) /2 ©

PE#+ T PB4 T
8(Bz+ 7‘2) ﬂTxle

oy, x9) = (=0) o
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/
(e =0, — PBEX TV

7Tx,% (=0) 11

AN x=D,x,=H o°l8, 0.5m<x<bin, 5n<x,<50nclty. =
B=230in, T=0.lin, 2P=66,000psi, 0=0.3lbs/in’, &,=60,000 psioc}.

Fig. 5. Two-Bar Truss

@)-(11)2& A7) 18iA st dlolel & 3x3 Grid BFY 2.2 ¥4z, H
A E do]HE 200x2007] o]t} Fig.6-82 DDBS7} sAj-8€ GP9 A#AE 7HA 8%t
Aolth. Table 2¥ £, f, 283 f; ol i DDBS GPY g % HXEE F
g 7153 Aol
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a. The original function,
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b. The results of GP with DDBS,
Fig.6. The weight of two-bar truss.
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b. The results of GP with DDBS.

Fig.7. The bucking constraint of two-bar truss.
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b. The results of GP with DDBS.

Fig.8. The stress constraint of two-bar truss,
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Fig.6-8.0)A TdY 4 Q1%o] Two-bar truss FAl= ]3] ujld¥g el A
917) wiRol, ©A 9 7§9] ¥y ulolE|E DDBS GP= HAUS FH2IAE A
o] BYsiA 24y 3t ek

Table 2. The learning and test error of GP
trees for two-bar truss.

GP tree Learning
Test error(MSE)
with DDBS |error(MSE)
h 2.518E-6 2.29E-4
£ 1.478E-7 3. 450E-3
fs 5. 345E-9 3. 394E-3
4.4 1-Beam

Fig. 9% I-BeanZ UEhd Z22 AAMESY Jlgt 4 7Zioltilsl. S3dss
B2 thadly o] U st £ =godE ZAEA A2 A71a &
Yol FAY 74 274 (11)74& DDBS GPE TAM A|FT)

.

o

4

Fig. 9. I-Beam,
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M, M,
f(xlsxz»x3rx4)_‘ Z Z

(11)

P L _ Q. L
wher‘eM—2 5 s M—zxz

H

Z,= —G}C—l {23021 — 22)° + 22, [ 4x% + 32, () — 22 ]},

= o ((r1 — 2x)ad+ 20,

q71A 10cm<x,<80cm, 10cm<x,<50cm, 0.9cm<x3<5cm,

0.9cm<x,<5cm, 0,=16kN/cm’® °)t}.

5 075 0.25 0.5 0.75
Space-FlIIinu Line S pace-Filling Line
a. The original function. b. The Results of GP with DDBS.
Fig. 10. The results of DDBS GP plotted by using the space-filling curve.

The y-Axis represents the value of the constraint function of the I-Beam,

52 3x3x3x3=81 714 Grid  E}Qlo|n, HAE tjolel=
14x14x14x14=384167] o]ct}. BBDS GPoijA] A X3 Ez|e 353 HAE @
T+ 22} 1.225E-4, 4.126E-30|t}. 4 2P FAlo]7] wiEel] Py AE I
Aoz st AL EVE3AIT n AME 1 XKL E doid miy
(Mapping)@ 4~ Q& FTA97]  IJ(Space-Filling Curve)?] dFYU
Sierpinski’s Curve[l6]& A}23} Fig. 100 2 AX}E 713} slgct. & 4
At EHIAE dlolE X;=(x;)}-, 2 (0,119 1 X A4 eld(Line)d} & A
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L2 i o AJF|3L olef tﬂ%r‘s}-‘,—:— GP Ee]d] AE =AIHR Rolc}
DDBS GP E 2|9 ¥&z HlAE QF = 247} 1.227E-4, 4.126E-30|t}. Fig 10&
B EE 9] DBS GPe Yl 4 4 2ol A 2k A EE A
S HYY 4 qrh

5. A8 ¥ 3% A+ 4

2 ERolAE uldY 4 ZA $47 45 Holk PE YW 2
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Response Surface Modeling by Genetic Programming I:
A Directional Derivative-Based Smoothering Method

Yun Seog, Yeun, Wook Rhee

Abstract

This paper introduces the genetic programming algorithm(GP),
which can approximate highly nonlinear functions, as a tool for the
modeling of response surfaces. When the response surfaces is
approximated, the very small or minimal learning set should be
used, and thus it is almost certain that GP trees will show
overfitting that must be avoided at all costs. We present a novel
method, called DDBS(Directional Derivative-Based Smoothering),
which very effectively eliminates the unwanted behaviors of GP
trees such as large peaks, oscillations, and also overfitting. Four
illustrative numerical examples are given to demonstrate the
performance of the genetic programming algorithm that adopts
DDBS.

Key Words: response surface, genetic programming, overfitting, DDBS
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