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ABSTRACT
When fabrication deals withnenaddsiwilel wkke dishe alna otptti onarl e pvle
seguence design can well mamedhgdi tdhe engdeseeredg,damagninha@r

ef fects such as stia adi ssttaretsisourtl ta rintadl eWng Indhitegl. by smart syst
However, the process of findiwmed ddmgeféregit neer wed diteshdag wenh a g
chall enging task given a | ar gree cnounnmmbeernrd eotfi qprosef bls¢ aadmb idis a to
i . e. several thousands of welwaeail g ngicrettndaarm iorsg Weal ddres ot bape
most of the <teamdaredsopmequi rocBetaomongrohnplani ve beymnadse h
for mitigation of those undessnmarretd tofol sctws | | Thpi anl €gsemtli
control the darmag,enogsrt @ fyf e@cntt udritd v e h avihiferdnd ws ter v .f
wel ding engineers relying on @Qmevheust &deperhianrmdge tchoembs threwc t
the results ofofa plriawcittiecda!| n utiebsetrse.a sWelgdiwmng h ti ghtening tol
simulation tools allow enginevedsing emgi mezre swebdit hgebygeh:
on a digital twin without t headndereeds sfeodr bl pt phdapldy inpalr bss
However, tthemeamalayxgiical |l y | iemkamplapil sir mainggn anelewe e asked
number of possirthlae welmbi saqueamcse bdesobgn.contr ol pl an, &whi
The use of machine | earning (rMLs)p aan sgiolriiltihtms, fboyr stiamud aartd ome
artificial neur al net work (ANN) AWS nDIlb.el ahna sa latl dor nt astepiunt br wihe
exploration of wvarious weld ®9oqusoehue i DPO0sn arieo P.r eAs mo @Eypbonsean
existing ANN and Mé& ahgext & hmowmevleehdtti wenqaui rme tshtocedospi sg¢c h uae
set to be up to mimic a-db gh & iaocukrs;h empdrienegv, e | @ampec d wa | Wy bsreiqdu e r
t win platform that wi sely pinetklsodssmatl d rdead wac es etth e c adn ssi¢ sotr |
simul ation r esulknosdetlo fcoon sftarsutcaté xgo rneedtastaina@n speci fically eng
of welding scenari os.i ITihtey pefrif paeimantce daldi wearpadpt i mal res
pl atform are shown through aholamaampdt¢ es offora dd smmplreax owe-lc & @ d
structure with billions of poosusti bilse owetledni ntgo spcuesnha rbi&oask itoon set
The use of modeling and si mul :
areas of engineering,; however,
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n the ggewomngfasart techhel og ﬁe@rl nEfk C%b A &fito nsi.mul ati or
rt of thinking corueta toifv e hseo Ibwtxi, $&f&ﬂ”céﬁﬂf‘ﬁre and couple t
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user's time to prepare sever asly satneamh ywietsh iam-timualleflhingady i Inegv eCIP Ur
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This framework enabl ed wus t odrdevveenl oppr esdd lcutiiomns Tfher rwesludit
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wel d sequeaciEmdebdgnrebfui res rcehsowlstiinngg f o ptm ma | sequence se
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sever al million for typical welmp ud @an g iontailng osft . 10 wel d pas
mor Additionally, t he we | da sequence design space i s
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extrapolation between dat a avzep'?\'?ﬁ'f_- STRYCTYRE  he explorat
such an ample design space Pane ra|rdaamq/foa gineefand s
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was based on joint rigidity, IWherheI St hpeapn‘?ethoadoplaogeyI fhion‘
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The quickest | diou$ énsgsiigmudliatyi ofmés mo ni mehle  dpiakntegiu t p |

find a sequence forfdmsni mal ndin é‘&rtraér?s hdife Panelt h@a nuae ¢ ur

of weld passes. A better se @m@aﬂ”%' Ele?‘te% VP U fFiLivps ity
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fior epresents al/l FEA nodes in the ar,"and-dx dy, d:

deformation in the coordinate (s em. HeD+fFfsEt... 'e)rrﬁq%a tu
root mean square average of deflection on ™’he pPlate and
second term is to captuoe thme tmmest substanti al defl ec

pl ate. Therefoceaen-mcmimizeée nghd&qgader a

deflection and the most subst3aNtA|T:§IR?d\éfng@tPlEBﬂ_|ES_ _
el ow ar e it hea ttpakeemd rfiGilaetsbr t hi

eldi ng: anal ysis

T Temperdactpuernedent Ther mal Cor
1 Te mp e rdaetpuernechesrrtma | Expansi o
T Temperdactpuernedent Heat Capaci
T Temperdactpuerned entw f M&d @alst i ci t
T Temperdactpuernedent Yi el d Str es
T Temperdactpuernedent Density
1 Poisson's ratio

Details of these properties ar

4. COMPUTATI ONAL& SNEALWPOIFS WEL D

A full 3DheopWatebfeated using
I nterfaeaeaadlf s ¢ swsbhe uldAWH hese
fusion | i nuesdads ssergenlbtyi ng t emp

We utskDErlieth tempooaeWNieeal so of
fl-oDadmeodedse@olodBaubl e ELThpsoi
usecontedhwel d sequenxne mMohseu
subroutalnledwThitlhemaft i @aac h iwmel d
) sequd@meewel ding time is aut ome
Figure 1: Panel structuref interest for distortion control pass |length ameéltdhpasseshwspe

fiehurl salet ivaibeéed &pt drhiengef f ec

wel di ng Adisreerciteisono.f cool down
the wel fdii mighsimgsdr.rddi g&8s how s&aps
of wel diher mal results.

I n this analysis, the initial
boundary condition generated
surfaces. T-depdredgretr atongecti
(Vja ) i s comput §® WWfhreamm Hq.i2s
temperature in AC.

l

ﬁ%ﬁéﬁéz_ﬁilﬁ L 8 T— 8 A E q2.

Figure 1: FEA nodes used for the objective function Eq.1 (
tag and direction convention for weld passes in the panel (bc

Table 1: Material properties for 6061 T6 aluminum alloy

Temperature (U 25 37. 93. 148 204. 260 315.371.426. 600
Yield strength 276 274, . 264. 248, 218, 159. 66. 34. 17. 5

Youegmodulus ( 68. 68.!66.:63.159.:539!'47..40.:40.: 0.1
Ther madm/enx pK)( 22 23..24.125.126. 27.!28.!'!29.!/30." 31.
Densit¥% (kg/m 270 268 268 266 265 265 263 262 260 258
Ther mal cond. 167 170 177 184 192 201 207 217 223 225
Heat capacity 896 920 978 100 102 105 107 110 113 115
Poi ssoff ratio 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
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5 MACHI-NEARMIAND DI GT WIANS

The -t haeret i n weld motdieolni nigs
devel opment of a computational
digital twin of themaaohmiipeoarennitn
al goniMLd)aasn t hen be used to tr:
ti me, from real observaff)on T
resul t is a customized digita
practice for distortion contr
wel di ng.

Hi epler f or mance computing (HPC

perf or-dnr idvaetna engi neeri ng awher

Figure 2: A snapshot of welding thermal analysis foe start ofa wWithout being explicitly proc
pass. dataiven algorithm |Iike machi:
data set to construct a model
there is no initiaThdragfggad&datt
mi ning tools cannot be a good
applications.
As a swddetvieddo@ma met hodol dpggital
twin fromalsi noigtperdsled @ual adiagi t a
usasmaslebtidat a (by &ty g &k sdsaetah a
mi ning) from computianii toinall tsri a
to faormmni mal fidelity model
trainingiseMLtobotward higher fi
6. ARTI FI CI AL NEW®RRK (NANN)
Figure 3: A snapshot of thermal analysis at the enthepass CONSTRUCTI ON ] ]
The first step was the defini-t
The stress awsalhysicsbwasugeasingetingh i ¢ cdvunamiesiral Net wor k
forces ar e su_ff|C|ent_Iy Sma'p'assthdiéfltnfb%ly .ech.® Rs tha® tan eate et
Theredtoreach instant icf itni mtaitiEe e denddp dui atsendc e hafr athes
equilibrium. However, the L epBethd Eitlalffe eﬁw(sbljem‘geSDrEk?rPesﬂéj@d‘énca«
therefore the ther mal StralndFIpgg;&Inp@mfaﬁueer$%au|£y6?|x@rﬁéﬂr§tlé)n i s
depenfdleentinitial state-fwae. adédemed to stress
boundary weoinele nti iomasl t o etdhendl ampi ng defln
showRi ghreThe system is solved & o
scheme with time step | elhhgega hs ¥ yysios.
stressfahhbwedsi mmetkh art mad ly ariale\ /
Fi gasheowop | talli es p | aacfetneegnis e@mu.e nc e \
U, Magninds
Referencé‘pﬁ
Figure 5: Thespatialdistance ofheweld characteristipointsto two
referencepointsin the structure.
The selection of reference po
rate of training,; for exampl e
choosing the Il ocation of fixta!
\ di fferent schiemesofoa wakddeeérj
Figure 4: Plate displacement after completiagequence. for our ANN, such as binary a
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We usebDense Neur alanhket worrekd i (cOBaN oc hofmat i ¢ exampl e of t he
DNNwas hreor dalst q¥dtiisopnl g E e mERBRAIl cr ossover.

nodoeers the barem phatei mul ati onFmes&a. mutati on, a fgrooond tphaer epnap
Devel opment ®OMNN dakhvanthagge-fofby hesihmght he same tournament
l evel API , Ker as, running onpotsop iomsTeweser pl olwed i dlramg .t h

training dataset conwishstbéwbBlLldbBelwecti vsewidgarhpldes The al g«
Il i keloifhoed draPllandet eismcl udes d2 0 escampolne swi t HFi §T%d bk elai hsocohd
Al tdimut he DNN requires the aepbamphéi oh tolie adllgo6rli tshamp Inmgpd ¢

during training, the order of these samples in the input n
randomi zed to avoid bias. Feature space (x) i s standardi ze
using 4 me ftuunclt tton form SciKki 1__J__e_a1_n_h__ Crossover process &84 -NLL.Nn_g __
usestRéi ed |n[ezarq:tun/latt|(0FheLfL|u)nct|on and an I
L2regul ari zed [Ad5am bpneanrzact|'vapmm‘i fun - palu]tb :
was wused for the output Ia [rn_&uMmch_ﬁndcr llned
l'imitedgtdata is prone to hie " noises, over
Dropout[ riegd hwsded t o address tlnls verfitting I ssue. Thel

l oss functi omeasngs-asebrt ¢ RMSE) A random-picked position :
I n addition to RMSE,—vaé)urlaaldattihcen coefficient (r !

sl ope of the regression bBsine epauenta.ate the develchirld_‘av imo d e

predictability for each data ! pdB|Rfe|/D|n st |s[eftdic[Fi nal

hyperparameters are seleg¢e@d :usparcn.tb —B-#&| Crossover —-e»ptchﬂdb tion

t ool from ScliiKirtar@pt iTnhiezsee h)@[ame E--m

compri se; the number of h|dde _laver __,__n_u_mp_e_r____________glns i

hi dd |l ayer, dropout rat e, aF éegularization coefficient
Igure 6: Crossover schematic fameevolution ofweld sequences

7. SEARCH ALGORI THM

As mentioned wearlier, we ¢ h@se ~~t0 -~ T h=a Mutationprocess zeTTtTheTTTgver
d | S t 0 Ith ||dnr|D ramy: t | C a I S | t ua t | on |( | | k e Q 50% chance of weld direction change at position a t ur e |
WI t h 11 we I d p asses ) ’ t h e S p ﬂ ce parent ﬁﬁ“bchmr.u nl'\\'».lddEccl_le change at posilmnvllj - child e S i s

. . , |
parge, and  therefore 1t s nPYRIROBIS LBy 0 (—t AT IEXP | o
possibilities to select the bues ong. s sear .or|t
as geneti(cGA)l giogindmessary t ¢ bg randompositionb .——T T h the |
DNN model for active expl or at mdmpesiina ... d the best sequeunce.

AGAal gomrittahmms by generati ng an__J._n.L_t i .a_l___p_o_p_ui -at | OJL _( |___e ;

an initial set of sequences) :7 LP B S S
on the sur@ ogat ematoiden of dléquréa NFtaé'oﬁ'SCherﬂaWémh v poquv&elldsequencesm
popul ati on t hen i s used t o produce chil dren (new set 0
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8. PANEL DI STORTIR@DNL CON

Tabipartially shows the trainin
weld passes where all weld pas
once in every position asowelel
somewhere [ GA.9Bb@uUWmuempei mal trai
wel d sequeearcagesse dt hfaotrwiwt ha itnhien gh
|l i keli hood of. weld resemblance

Table 5: Partial presentation of an optimal training set for 11 weld
passes.
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igure 9: Comparing ML prediction (left) with FEA prediction
(right) after depositing 2nd weld in sequence fGHaJDcEKDbi
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Figure 8: Comparing ML prediction (left) with FEA prediction
(right) after depositing 1st weld in sequence fGHaJDcEKDbi
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al
ure 11: Comparlng ML predlctlon (left) with FEA prediction

(right) after depositing 4th weld in sequence fGHaJDcEKbi
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Figure 12: Comparing ML prediction (left) with FEA prediction

(right) after depositing 5th weld in sequence fGHaJDcEKDbi
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Figure 13: Comparing ML prediction (left) with FEA prediction
(right) after depositing 6th weld in sequence fGHaJDcEKDbi
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Figure 14: Comparing MLprediction (left) with FEA prediction
(right) after depositing 7th weld in sequence fGHaJDcEKbi
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Figure 15: Comparing ML prediction (left) with FEA prediction
(right) after depositing 8th weld in sequence fGHaJDcEKbi
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Figure 16: Comparing ML prediction (left) with FEA prediction
(right) after depositing 9th weld in sequence fGHaJDcEKDbi
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Figure 17: Comparing ML prediction (left) with FEA prediction
(right) after depositing 10ttveld in sequence fGHaJDcEKDi
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Figure 18: Comparing ML prediction (left) with FEA prediction
(right) after depositing 11th weld in sequence fGHaJDcEKbi
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Figure 19: Comparing ML prediction (left) with FEArediction
(right) after cool down of sequence fGHaJDcEKDbi
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showhi gho e

| f onesthbecécamrti nue for a b et
recommendefidoltoovesd | eddstHiebmt ¥y hec
search FE®& oadtdhe strtaiamidngr econ
suogate model . We i mpl emented
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shdwi gkdows t he viedef Sdgakran®eCONCLUSI ON

generate | owerc adnidcitdiaotne st hcaann oCGohnesrt ructi ng a digital twin o

lteratti oai mifnget he surrogat e tnoased icrawvolbwi nepwalt e@eidnagnt 51 no

the whole design space is couvwewmied,i samd hfydmr ia Idargge ade ¢iwg m

the | iimd ttahe oamvail ability of ntaocnhpiunteatli eanran i m gdsrailuvgecne ispp taamcli cf

the psr osjcelcetdul e t o achieve a iom@éddidsat ar fioonmanufacturing
hybrid approach is different

Table 6 The top 10 sequences after 50 generations of evolutonwith 0 € comes mor e attractive when ¢

the lowest distortion. processes or structures wi t h
Rank Sequence objective Score e n 9 i mg e d ecisions " Active l_ ear
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