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ABSTRACT 
The ZideVSUead gUoZWh of addiWiYe manXfacWXUing, a field 

ZiWh a comSle[ infoUmaWic ³digiWal WhUead´, haV helSed fXel Whe 
cUeaWion of deVign UeSoViWoUieV, ZheUe mXlWiSle XVeUV can XSload 
diVWUibXWe, and doZnload a YaUieW\ of candidaWe deVignV foU a 
YaUieW\ of ViWXaWionV. AddiWionall\, adYancemenWV in addiWiYe 
manXfacWXUing SUoceVV deYeloSmenW, deVign fUameZoUkV, and 
VimXlaWion aUe incUeaVing ZhaW iV SoVVible Wo fabUicaWe ZiWh AM, 
fXUWheU gUoZing Whe UichneVV of VXch UeSoViWoUieV. Machine 
leaUning offeUV neZ oSSoUWXniWieV Wo combine WheVe deVign 
UeSoViWoU\ comSonenWV¶ Uich geomeWUic daWa ZiWh WheiU aVVociaWed 
SUoceVV and SeUfoUmance daWa Wo WUain SUedicWiYe modelV caSable 
of aXWomaWicall\ aVVeVVing bXild meWUicV UelaWed Wo AM SaUW 
manXfacWXUabiliW\. AlWhoXgh deVign UeSoViWoUieV WhaW can be XVed 
Wo WUain WheVe machine leaUning conVWUXcWV aUe e[Sanding, oXU 
XndeUVWanding of ZhaW makeV a SaUWicXlaU deVign UeSoViWoU\ 
XVefXl aV a machine leaUning WUaining daWaVeW iV minimal. In WhiV 
VWXd\ Ze XVe a meWamodel Wo SUedicW Whe e[WenW Wo Zhich 
indiYidXal deVign UeSoViWoUieV can WUain accXUaWe conYolXWional 
neXUal neWZoUkV. To faciliWaWe Whe cUeaWion and UefinemenW of WhiV 
meWamodel, Ze conVWUXcWed a laUge aUWificial deVign UeSoViWoU\, 
and VXbVeTXenWl\ VSliW iW inWo VXb-UeSoViWoUieV. We When anal\]ed 
meWadaWa UegaUding Whe Vi]e, comSle[iW\, and diYeUViW\ of Whe VXb-
UeSoViWoUieV foU XVe aV indeSendenW YaUiableV SUedicWing accXUac\ 
and Whe UeTXiUed WUaining comSXWaWional effoUW foU WUaining 
conYolXWional neXUal neWZoUkV. The neWZoUkV each SUedicW one of 

WhUee addiWiYe manXfacWXUing bXild meWUicV: (1) SaUW maVV, (2) 
VXSSoUW maWeUial maVV, and (3) bXild Wime. OXU UeVXlWV VXggeVW 
WhaW meWamodelV SUedicWing Whe conYolXWional neXUal neWZoUk 
coefficienW of deWeUminaWion, aV oSSoVed Wo comSXWaWional effoUW, 
ZeUe moVW accXUaWe. MoUeoYeU, Whe Vi]e of a deVign UeSoViWoU\, 
Whe aYeUage comSle[iW\ of iWV conVWiWXenW deVignV, and Whe 
aYeUage and VSUead of deVign VSaWial diYeUViW\ ZeUe Whe beVW 
SUedicWoUV of conYolXWional neXUal neWZoUk accXUac\. 

 
1.  INTRODUCTION 

AddiWiYe manXfacWXUing (AM) haV incUeaVed Whe diYeUViW\ of 
geomeWUieV WhaW can be deVigned and manXfacWXUed. A ³digiWal 
WhUead´, oU infoUmaWion SaWhZa\, ma\ be cUeaWed Zhen XVing an 
AM Wechnolog\ [1]. In WhiV digiWal WhUead, a comSonenW¶V deVign, 
Zhich beginV aV a conceSW and aVVociaWed XVeU needV and 
VSecificaWionV, iV UeSUeVenWed b\ one oU moUe 3D modelV befoUe 
finall\ being WUanVfoUmed inWo machine moWion commandV 
WUanVmiWWed Wo an AM V\VWem [1]. Along Whe Za\, Uich and diYeUVe 
daWa iV SUodXced aW each VWeS. TheVe daWa, VWoUed in YaUioXV digiWal 
fileV (e.g. SoinW cloXdV, CAD modelV, STL fileV, G-Code), ma\ 
be VaYed in a deVign UeSoViWoU\ foU fXUWheU anal\ViV. PUioU Wo Whe 
UiVe of AM and oWheU digiWall\-dUiYen deVign and manXfacWXUing 
WechniTXeV, leaUning fUom SaVW deVignV ZaV a SUedominanWl\ 
manXal SUoceVV, ofWen limiWed b\ ZhaW coXld be diVceUned fUom 
SaSeU 2D engineeUing dUaZingV. DigiWal deVign UeSoViWoUieV, on 
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Whe oWheU hand, alloZ YaVW VWoUeV of geomeWUic daWa Wo be UaSidl\ 
VeaUched, VoUWed, VhaUed, and bXilW XSon [2]. 

TheVe daWa, Zhich aUe ofWen geomeWUic, can be XVefXl foU 
WUaining machine leaUning (ML) WoolV Wo SUoYide feedback UelaWed 
Wo AM comSonenWV, VXch aV in Whe aXWomaWic eVWimaWion of UelaWed 
bXild meWUicV [3±7]. ML-SoZeUed feedback WoolV ma\ SUoYe 
eVSeciall\ XVefXl aV accomSanimenWV Wo AM heXUiVWicV [8,9], 
fUameZoUkV [10], edXcaWional WoolV [11], and meWhodV [12,13] 
WhaW Veek Wo helS deVigneUV make Whe moVW of AM¶V XniTXe 
oSSoUWXniWieV. TheVe diYeUVe aUeaV of acWiYe AM deVign UeVeaUch 
illXVWUaWe Whe naWXUal link beWZeen AM and ML. 

AlWhoXgh Whe AM-ML inWeUVecWion VhoZV SUomiVe, SoSXlaU 
ML algoUiWhmV haYe been incUeaVing boWh in WeUmV of comSle[iW\ 
and comSXWaWional coVW [14], SUeVenWing an ongoing challenge Wo 
WhoVe Veeking Wo aSSl\ ML Wo neZ aUeaV. AddiWionall\, AM deVign 
UeSoViWoUieV YaU\ Zidel\ in WheiU Vi]e, Whe geomeWUic comSle[iW\ 
of WheiU conVWiWXenW 3D Volid modelV, Whe naWXUe of WheiU UeleYanW 
aSSlicaWionV, and Whe Vkill leYel of WheiU conWUibXWoUV. TKHUH LV 
FXUUHQWO\ QR EHQFKPDUN WUDLQLQJ GHVLJQ UHSRVLWRU\ WKDW PHHWV WKH 
QHHGV RI AM-ML, and WhXV UeVeaUcheUV and SUacWiWioneUV Zill need 
Wo Uel\ on diYeUVe, Ueal-ZoUld daWaVeWV. An imSUoYed WheoUeWical 
XndeUVWanding of hoZ Zell deVign feedback algoUiWhmV aUe likel\ 
Wo SeUfoUm Zhen WUained on diYeUVe AM daWaVeWV Zill enhance Whe 
AM commXniW\¶V abiliW\ Wo deYeloS moUe XVefXl AM-ML WoolV. 
SXch WoolV ZoXld helS engineeUV deVign moUe manXfacWXUable 
and coVW-efficienW AM SaUWV b\ alloZing Whem Wo XVe eVWimaWeV 
aboXW coVW and manXfacWXUabiliW\ Wo infoUm deVign iWeUaWionV. In 
WhiV ZoUk, Ze UeVeaUch WhiV UelaWionVhiS beWZeen AM daWaVeWV and 
deVign feedback algoUiWhmV. SSecificall\, Ze VWXd\ a 3D 
conYolXWional neXUal neWZoUk (CNN) deVigned Wo anal\]e AM 
bXild meWUicV of SaUW maVV, VXSSoUW maWeUial maVV, and bXild Wime. 
RaWheU Whan focXVing Volel\ on Whe CNN SeUfoUmance, hoZeYeU, 
Ze cUeaWe and Uefine a meWamodel Wo SUedicW hoZ effecWiYe 
daWaVeWV ZiWh YaU\ing, TXanWifiable meWadaWa aWWUibXWeV aUe Zhen 
XVed aV WUaining daWa. WiWh WhiV meWamodel, Ze can When 
inYeVWigaWe Whe folloZing WZo UeVeaUch TXeVWionV: 

 
1. To ZhaW e[WenW do Whe Vi]e, comSle[iW\, and diYeUViW\ of a 

deVign UeSoViWoU\ affecW Whe abiliW\ of a 3D CNN WUained XVing 
WhaW UeSoViWoU\ Wo SUedicW SaUW maVV, bXild Wime, and VXSSoUW 
maWeUial XVage foU XnVeen deVignV? 

 
2. To ZhaW e[WenW doeV a deUiYed meWamodel accXUaWel\ 

SUedicW Whe SeUfoUmance of 3D CNNV XVing VXmmaU\ daWa UelaWed 
Wo Whe Vi]e, comSle[iW\, and diYeUViW\ of Whe WUaining and WeVWing 
daWaVeWV? 

 
The UemaindeU of Whe SaSeU iV oUgani]ed aV folloZV. FiUVW, Ze 

diVcXVV UeleYanW liWeUaWXUe UegaUding Whe XVe of aUWificial neXUal 
neWZoUkV (ANN) and deVign UeSoViWoUieV Wo anal\]e AM deVignV. 
Ne[W, Ze deVcUibe oXU meWhodolog\ Wo V\VWemaWicall\ cUeaWe and 
anal\]e deVign UeSoViWoUieV, bXild ML algoUiWhmV fUom WheiU 
conVWiWXenW deVignV, and XVe a lineaU UegUeVVion meWamodel Wo 
make TXanWiWaWiYe SUedicWionV aboXW Whe XVefXlneVV of diffeUenW 
deVign UeSoViWoUieV foU CNN WUaining. Finall\, Ze diVcXVV Whe 
UeVXlWV of oXU meWamodel fiWWing and eYalXaWion SUocedXUe and 

XVe WhoVe UeVXlWV Wo dUaZ conclXVionV aboXW hoZ WhiV 
meWamodeling aSSUoach ma\ be aSSlied Wo indXVWUial and 
academic deVign UeSoViWoUieV in fXWXUe ZoUk. 
 
2.  BACKGROUND 
 In WhiV VecWion Ze V\nWheVi]e UeleYanW SUioU conWUibXWionV in 
Whe liWeUaWXUe UelaWing Wo aUWificial neXUal neWZoUkV in AM (Vee 
SecWion 2.1) and deVign UeSoViWoUieV XVed foU AM UeVeaUch (Vee 
SecWion 2.2). We When highlighW hoZ Whe inWeUVecWion of WheVe 
fieldV cUeaWeV an imSoUWanW UeVeaUch gaS in Whe VWXd\ of AM 
infoUmaWicV and AM-ML aSSlicaWionV. 

2.1. AUWLILFLDO NHXUDO NHWZRUNV IRU AM 
The aVVoUWed fileV SUodXced dXUing AM deVign effoUWV 

SUeVenW man\ oSSoUWXniWieV foU AM-ML UeVeaUch [15]. 
SSecificall\, aUWificial neXUal neWZoUkV (ANN) aUe a SoSXlaU W\Se 
of ML algoUiWhm WhaW haYe been aSSlied Wo AM in Whe liWeUaWXUe.  

Man\ AM-ML effoUWV aim Wo make SUedicWionV aboXW neZ, 
aUbiWUaU\ deVignV b\ leaUning geneUali]able SaWWeUnV fUom 
UeSoViWoUieV of e[iVWing deVignV [16]. IW iV imSoUWanW foU AM 
anal\Wical WoolV Wo leaUn SaWWeUnV and VolXWionV foU geneUal, 
diYeUVe inSXWV becaXVe of Whe YaVW comSle[iW\ of deVignV WhaW aUe 
SoVVible WhUoXgh AM [17]. TheVe WoolV diffeU in inSXW daWa W\Se, 
ML algoUiWhm choice, and anal\ViV objecWiYe. In WeUmV of inSXW 
daWa, boWh deVign and in-ViWX SUoceVVing meaVXUemenWV aUe 
commonl\ XVed. DeVign daWa W\Sicall\ inclXdeV eiWheU Vingle 
meWUicV, VXch aV SaUW YolXme [18] oU coVW [3], geomeWUic VhaSeV 
(e.g. Yo[el-baVed model [5,6]), oU machine WoolSaWh inVWUXcWionV 
(e.g. G-code We[W [3,19]). In-ViWX SUoceVVing daWa, Zhich iV 
gaWheUed dXUing a Ueal oU VimXlaWed fabUicaWion, ofWen inclXdeV 
WheUmal daWa fUom in-SUogUeVV bXildV [20], VXch aV infUaUed 
imageV [21], image daWa [22], Yideo daWa [7,23], and/oU VXUface 
WoSogUaSh\ VcanV [24]. The daWa foUmaW of choice and iWV 
dimenVionaliW\ WendV Wo inflXence Zhich ML algoUiWhmV aUe moVW 
effecWiYe foU a giYen WaVk. FoU inVWance, daWa ZiWh feZeU 
dimenVionV aUe ofWen anal\]ed ZiWh WechniTXeV VXch aV fXll\-
connecWed neXUal neWZoUkV [18], clXVWeUing, and UegUeVVion [3], 
ZheUeaV higheU dimenVional daWa aUe W\Sicall\ anal\]ed ZiWh 
diffeUenW WechniTXeV, SaUWicXlaUl\ CNNV in UecenW \eaUV [5,6,25±
27].  

GeneUall\, ANNV aUe adYanWageoXV foU XVe in AM anal\ViV 
dXe Wo Whe Zide YaUieW\ of daWa dimenVionaliW\ and foUmaWV WhaW 
ma\ be XVed aV inSXWV oU oXWSXWV foU ANN aUchiWecWXUeV [16]. In 
WhiV VWXd\ Ze VSecificall\ focXV on Whe 3D CNN. The CNN iV an 
adYanWageoXV baVeline foU AM deVign UeSoViWoU\ UeVeaUch 
becaXVe of iWV UecenW SoSXlaUiW\ in boWh AM-ML UeVeaUch and 3D 
ML UeVeaUch in geneUal. AddiWionall\, Whe majoUiW\ of AM 
fabUicaWed comSonenWV aUe modeled in 3D aW Vome SoinW, 
alloZing Whem Wo eiWheU be inSXW la\eU-b\-la\eU inWo 2D CNNV oU 
aV an enWiUe YolXme inWo 3D CNNV [16]. CNNV, Zhich aUe 
caSable of leaUning VSaWiall\-UeleYanW SaWWeUnV ZiWhin high 
dimenVional inSXWV, VXch aV Si[el-baVed imageV oU Yo[el-baVed 
YolXmeV, haYe UaSidl\ VSUead WhUoXgh man\ academic fieldV 
ZiWhin Whe laVW decade [16,28]. ConWemSoUaU\ VXcceVV in 3D 
fieldV ZaV SUeceded b\ an e[SloVion of highl\ SeUfoUming image 
claVVificaWion CNN aUchiWecWXUeV [28±31]. 2D and 3D CNNV, 
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boWh of Zhich haYe alUead\ been VXcceVVfXll\ XVed Wo anal\]e 
AM SaUWV [5,25±27] aUe likel\ Wo conWinXe Wo be XVed e[WenViYel\ 
in AM-ML.  

2.2. AM DHVLJQ RHSRVLWRULHV 
The gUoZWh of AM-ML UeVeaUch haV been accomSanied b\ 

VimilaU adYancemenWV in AM deVign UeSoViWoUieV. ReSoViWoUieV 
ma\ be geneUall\ claVVified aV WhoVe WhaW aUe inWenWionall\ cUeaWed 
and WhoVe WhaW aUe SUodXced aV a b\SUodXcW of oWheU ZoUk. Man\ 
deVign UeSoViWoUieV WhaW aUe inWenWionall\ cUeaWed foU oU aUe 
aSSlicable Wo AM dUaZ inflXence fUom eaUl\ deVign UeSoViWoU\ 
ZoUk WhaW ZaV comSleWed in Whe 1990V. The NIST deVign 
UeSoViWoU\, cUeaWed b\ Regli eW al. [2] and S]\kman eW al. [32], 
aimed Wo deYeloS enhanced SUodXcW deVign WechniTXeV WhaW 
leYeUaged cenWUal UeSoViWoUieV and ZeUe beWWeU-VXiWed Wo handle 
deVign effoUWV VSUead oYeU laUge geogUaShic aUeaV oU long 
WimelineV, aV occXUV ZiWh modeUn oXWVoXUcing [32]. DeVSiWe man\ 
deVign UeSoViWoUieV noW being cUeaWed VSecificall\ foU AM, Ze 
belieYe Whe\ aUe VWill UeleYanW Wo AM becaXVe of WheiU Wendenc\ Wo 
conWain 3D comSXWeU-aided deVign (CAD) daWa and AM¶V geneUal 
abiliW\ Wo manXfacWXUe geomeWUieV WhaW ZeUe noW oUiginall\ 
deVigned foU iW bXW aUe VXbjecWed Wo an AM UedeVign effoUW [33]. 
GeneUal deVign UeSoViWoU\ UeVeaUch haV inYeVWigaWed diYeUVe 
WoSicV inclXding bXW noW limiWed Wo oSWimXm daWa Vchema foU 
mechanical comSonenWV [34], Whe e[WenW Wo Zhich VXch deVign 
UeSoViWoUieV imSacW deVign effoUWV and conceSW geneUaWion Zhen 
XVed aV a Wool [35±37], and enhancing deVign UeSoViWoU\ V\VWemV 
Wo SUomoWe Zeb-baVed VeaUch and neWZoUking acWiYiWieV [38]. 

BenchmaUk daWaVeWV aUe common in ML UeVeaUch,  SUoYiding 
a conViVWenW VXbVeW of Whe global daWa domainV foU UeVeaUcheUV Wo 
comSaUe machine leaUning UeVXlWV on [39] and eliminaWing Whe 
need Wo manXall\ obWain daWa foU each neZ UeVeaUch effoUW. FoU 
Vome fieldV, like image claVVificaWion, one Vingle W\Se of daWa, 
VXch aV ImageNeW¶V annoWaWed imageV [39], can be e[WenViYel\ 
XVefXl foU Whe long-WeUm, SUoYiding a meWhod foU UeVeaUcheUV Wo 
Ueliabl\ and conViVWenWl\ comSaUe Whe SeUfoUmance of WheiU noYel 
ML algoUiWhmV [39]. Man\ UeVeaUch effoUWV XVe VXch benchmaUkV 
Wo WeVW image claVVificaWion WoolV [40]. AV menWioned in SecWion 
2.1, Vome 2D claVVificaWion WechniTXeV can be adaSWed Wo 3D 
claVVificaWion algoUiWhmV [31]. TheVe W\SeV of effoUWV haYe dUiYen 
Whe foUmaWion of annoWaWed 3D daWaVeWV, inclXding ShaSeNeW [30] 
and ModelNeW [41]. SXch daWaVeWV SUoYide ML UeVeaUcheUV ZiWh 
geomeWUic UeSUeVenWaWionV of common objecWV and hieUaUchical 
aWWUibXWe labelV WhaW ma\ be XVed Wo WUain ML claVVifieUV [30,41]. 

AlWhoXgh hieUaUchicall\-labeled 3D objecW UeSoViWoUieV haYe 
man\ beneficial UeVeaUch aSSlicaWionV, Whe\ do noW alZa\V 
conWain VXfficienW daWa oU oUgani]aWional VWUXcWXUe foU 3D AM-
ML aSSlicaWionV. FoU inVWance, claVVificaWion benchmaUkV Wend Wo 
conWain modelV deVigned foU aeVWheWic UeSUeVenWaWion [30], 
SoVVibl\ making Whem leVV UealiVWic foU AM. FXUWheUmoUe, lack of 
conViVWenW Vcale and dimenVional VSecificaWion acUoVV deVignV 
[30] coXld be a challenge foU condXcWing AM-ML anal\ViV, 
Zhich iV ofWen gUoXnded b\ Whe bXild YolXme of Whe AM SUoceVV. 
AlVo, lacking deVign inWenW daWa coXld hindeU Whe aXWomaWed 
XndeUVWanding of ZhaW a VhaSe¶V inWended fXncWion iV [42]. OWheU 
UecenW effoUWV haYe focXVed on imSUoYing Whe end-Wo-end CAD 

daWa gaWheUing, VWoUage, and acceVV challengeV aVVociaWed ZiWh 
deVign UeSoViWoUieV. FabWaYe iV inWended Wo VXSSoUW daWa-dUiYen 
UeVeaUch of CAD SaUWV b\ comSiling Zeb-VcUaSed CAD modelV 
fUom fUee hoVWing ZebViWeV and SUoWoW\Sing CAD Wool add-inV Wo 
VXSSoUW cUoZd-VoXUced model VXbmiVVion [43]. AddiWionall\, 
oWheU UeVeaUcheUV XVe aUWificial deVign UeSoViWoUieV (ADR), oU 
deVign UeSoViWoUieV conWaining manXfacWXUable comSonenWV WhaW 
ZeUe noW oUiginall\ inWended foU fabUicaWion [5], Wo b\SaVV daWa-
gaWheUing difficXlWieV dXUing eaUl\-VWage ML UeVeaUch effoUWV 
[5,27]. AV Whe dUiYe Wo XVe ML foU AM anal\ViV gUoZV, Ze 
anWiciSaWe fXUWheU e[SanVion, diYeUVificaWion, and imSUoYemenW Wo 
AM-UeleYanW deVign UeSoViWoUieV. 

 
2.3.  AM IQIRUPDWLFV DQG ML RHVHDUFK GDS 

 AW fiUVW glance, XVing deVign UeSoViWoUieV Wo WUain VXSeUYiVed 
ML WoolV ma\ aSSeaU Wo be a VWUaighWfoUZaUd SUoceVV: daWa iV VSliW 
inWo one oU moUe gUoXSV of WUaining and YalidaWion VeWV Zhich aUe 
XVed Wo iWeUaWiYel\ oSWimi]e Whe adjXVWable SaUameWeUV of a 
SaUWicXlaU ML aUchiWecWXUe, VXch aV an  ANN, XnWil a deViUable 
accXUac\ iV Ueached [16]. AlWhoXgh WhiV WUaining SUoceVV, once 
begXn, ma\ be laUgel\ aXWomaWic [44], man\ 3D anal\Wical ML 
aUchiWecWXUeV UeTXiUe laUge WUaining VeWV on Whe oUdeU of WhoXVandV 
of inSXW geomeWUieV [5,31,42]. ManXall\ comSiling VXch laUge 
UeSoViWoUieV foU deVign ma\ be Wime-conVXming [45,46], and Whe 
comSXWaWional and SoZeU conVXmSWion of WUaining can be 
XndeViUabl\ high [14]. AddiWionall\, Whe final accXUac\ of an 
ANN ma\ be haUd Wo SUedicW ZiWhoXW comSXWaWionall\-inWenViYe 
eYalXaWion againVW an e[WenViYe YalidaWion daWaVeW [47]. 

Lack of Ueliable deVign UeSoViWoU\ heXUiVWicV and WheoUeWical 
XndeUVWanding coXld caXVe inconViVWenc\ and VXboSWimaliW\ in 
Whe deYeloSmenW of AM-ML. AlVo, if moUe indXVWUieV begin 
inYeVWigaWing Whe XVe of ML Wo achieYe incUeaVingl\ VSeciali]ed 
goalV, When Whe\ ma\ Veek Wo XVe WheiU e[iVWing deVign SoUWfolioV 
Wo dUiYe Whe cUeaWion of XVefXl AI WoolV. ComSiling, VelecWing, and 
SUioUiWi]ing daWaVeWV Wo XVe foU AM-ML e[SeUimenWaWion coXld 
SUoYe inefficienW and coVWl\ if done ad hoc, SoWenWiall\ hindeUing 
Whe VXcceVV of WhoVe deYeloSmenW effoUWV. HoZeYeU, WhiV 
SUeSaUaWoU\ VWage iV cUiWicall\ imSoUWanW foU doZnVWUeam effoUWV. 
Being able Wo TXickl\ and Ueliabl\ SUedicW Whe accXUac\ and 
WUaining Wime of an AM-ML conVWUXcW aW Whe oXWVeW of a SUojecW 
coXld incUeaVe Whe efficienc\ of AM-ML deYeloSmenW b\ 
enVXUing comSXWaWional UeVoXUceV aUe deYoWed onl\ Wo aWWemSWV 
WhaW aUe moVW likel\ Wo be VXcceVVfXl. KnoZing accXUac\ in 
adYance iV XVefXl Wo anWiciSaWe if Whe oYeUall goalV of Whe WUained 
AM-ML conVWUXcW Zill be meW. EVWimaWing WUaining Wime can 
SUoYide deciVion makeUV ZiWh Whe knoZledge needed Wo 
XndeUVWand if WheiU limiWed UeVoXUceV can handle Whe addiWional 
deYeloSmenW coVW. AlWhoXgh SUedicWing boWh concXUUenWl\ ZoXld 
be ideal, WheVe SUedicWionV aUe alVo XVefXl indiYidXall\. 

The UaWe and TXaliW\ of AM-ML Wechnological deYeloSmenW 
Zill be incUeaVed WhUoXgh a beWWeU XndeUVWanding of Whe deVign 
UeSoViWoUieV Wo be XVed aV WUaining and WeVWing daWaVeWV. In WhiV 
VWXd\, Ze geneUaWe meWamodelV WhaW UelaWe deVign UeSoViWoU\ 
chaUacWeUiVWicV Wo meaVXUeV of Whe TXaliW\ of WUained ML modelV. 
FiUVW, Ze imSlemenW an anal\Wical meWhodolog\ Wo model Whe 
deVign UeSoViWoUieV XVing TXanWiWaWiYe meWadaWa WhaW conciVel\ 
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deVcUibeV Whe oYeUall Vi]e, comSle[iW\, and diYeUViW\ of Whe 
UeSoViWoUieV. We When emSiUicall\ WeVW Whe SeUfoUmance of deVign 
UeSoViWoUieV Zhen XVed aV WUaining daWaVeWV foU 3D CNN 
algoUiWhmV and XVe Whe UeVXlWV Wo WUain an oUdinaU\ leaVW VTXaUeV 
(OLS) meWamodel. ThiV meWamodel can When be XVed Wo SUedicW 
CNN WUaining SeUfoUmance of a neZ deVign UeSoViWoU\.  

3. METHODOLOG< 
We deYeloSed oXU deVign UeSoViWoU\ chaUacWeUi]aWion 

meWamodel XVing an anal\Wical WheoU\-bXilding aSSUoach WhaW 
leYeUaged V\nWheWic daWa. ThiV VecWion deWailV Whe aUWificial deVign 
UeSoViWoU\ (Vee SecWion 3.1), Whe AM bXild meWUicV XVed Wo 
eYalXaWe each SaUW in Whe aUWificial deVign UeSoViWoUieV (Vee 
SecWion 3.2), Whe machine leaUning algoUiWhm XVed Wo SUedicW AM 
bXild meWUicV baVed on SaUW geomeWU\ (Vee SecWion 3.3), and Whe 
OLS meWamodel XVed Wo UelaWe deVign UeSoViWoU\ chaUacWeUiVWicV 
Wo e[SecWed CNN accXUac\ and WUaining Wime (Vee SecWion 3.4). 
FigXUe 1 VhoZV a YiVXali]aWion of Whe oYeUall meWhodolog\. 

 

 
FLJXUH 1 VLVXDOL]DWLRQ RI WKH PHWKRGRORJ\ IRU WKH VWXG\. 

3.1. AUWLILFLDO DHVLJQ RHSRVLWRU\ 
The aUWificial deVign UeSoViWoU\ (ADR) XVed heUe ZaV 

cUeaWed aV a UeSUeVenWaWiYe analog of deVign UeSoViWoUieV WhaW e[iVW 
Woda\ bXW ZiWh a moUe VWUXcWXUed, conWUollable foUmaW WhaW iV Zell-
VXiWed foU eaUl\-VWage, AM-ML UeVeaUch. IW emXlaWeV SoVVible 
Ueal-ZoUld UeSoViWoUieV of 3D mechanical SaUW CAD modelV in 

Vi]e, comSle[iW\, and diYeUViW\ [48]. In oUdeU Wo UeSUeVenW Whe 
bUeadWh of SoVVible UeSoViWoUieV, a Vingle laUge UeSoViWoU\ ZiWh 
man\ XniTXe geomeWUieV ZaV aVVembled. ThiV laUge UeSoViWoU\ 
ZaV When VWUaWegicall\ Vliced Wo cUeaWe VXb-UeSoViWoUieV Zhich 
coXld be V\VWemaWicall\ anal\]ed foU meWadaWa aWWUibXWeV and 
SeUfoUmance aV ML WUaining VeWV. FoU Whe SXUSoVeV of WhiV 
UeVeaUch, Ze chaUacWeUi]e each VXb-UeSoViWoU\ accoUding Wo Whe 
nXmbeU of deVignV, Whe comSle[iW\ of WhoVe deVignV, and Whe 
diYeUViW\ acUoVV Whe VeW of deVignV in Whe VXb-UeSoViWoU\. 

The conVWiWXenW deVignV ZeUe cUeaWed XVing a SUocedXUal, 
WemSlaWe-baVed CAD geneUaWion SUoceVV (Vee FigXUe 2), VimilaU 
Wo Whe one XVed b\ WilliamV eW al. [5], bXW ZiWh Whe AXWodeVk 
FXVion 360 C++ API [49] . AlWhoXgh Whe nXmbeU of dimenVionV 
UeTXiUed Wo VSecif\ a Vingle deVign foU a giYen deVign WemSlaWe 
ZaV UelaWiYel\ loZ, Whe nXmbeU of SoVVible combinaWionV iV 
eVVenWiall\ infiniWe, enabling XV Wo geneUaWe man\ diYeUVe 
geomeWUieV UelaWiYel\ TXickl\. 

Each deVign ZaV fiUVW modeled aV a SaUameWUic CAD file, 
When conYeUWed Wo an STL file, befoUe being conYeUWed Wo a 64 î 
64 î 64 Yo[el model, in Zhich Yo[elV ma\ onl\ be coded ³1.0´ 
Wo indicaWe maWeUial SUeVence oU ³0.0´ Wo indicaWe maWeUial 
abVence. The STL file ZaV XVed Wo anal\]e deVign comSle[iW\ 
and Whe AM bXild meWUicV, and Whe Yo[el-baVed model ZaV XVed 
foU VSaWial diYeUViW\ anal\ViV and aV an inSXW Wo Whe 3D CNNV. 
 

 
FLJXUH 2 VLVXDOL]DWLRQ RI WKH GLJLWDO SDWKZD\ IURP D VHW RI 
GLPHQVLRQV VSHFLI\LQJ D SDUWLFXODU HPERGLPHQW RI D WZR-
VWHSSHG F\OLQGHU GHVLJQ WHPSODWH (1), D FXVLRQ 360 CAD 
PRGHO (2), DQ STL ILOH (3), DQG D YR[HO-EDVHG PRGHO (4). 
 

In addiWion Wo Whe WemSlaWeV XVed b\ WilliamV eW al. [5], 
WemSlaWeV UeSUeVenWing VhellV, bo[eV, and hole SaWWeUnV ZeUe 
inclXded. TemSlaWeV ZiWh moUe comSle[ inWeUnal geomeWUieV 
ZeUe alVo added aV VXch feaWXUeV aUe SaUWicXlaUl\ imSoUWanW Wo 
DfAM, in Zhich laWWice VWUXcWXUeV and infill SaWWeUnV aUe 
common. In WoWal, 40 XniTXe WemSlaWeV ZeUe eTXall\ UeSUeVenWed 
acUoVV Whe 84,700 XniTXe geomeWUieV WhaW ZeUe cUeaWed. EYeU\ 
geomeWU\ ZaV alVo UoWaWed Wo a Uandom oUienWaWion SeU Whe imSacW 
of Whe oUienWaWion on Whe UeVXlWV foXnd b\ WilliamV eW al. [5] 

Once a laUge deVign UeSoViWoU\ ZaV cUeaWed, VXb-UeSoViWoUieV 
ZeUe VelecWiYel\ aVVembled fUom Whe VXSeUVeW. A XnifoUm Uandom 
nXmbeU geneUaWoU ZaV XVed Wo chooVe 20 Wo 5,000 indiYidXal 
deVignV Wo be inclXded in each of Whe VXb-UeSoViWoUieV. IndiYidXal 
UeSoViWoUieV ZeUe noW limiWed Wo conWain XnifoUm diVWUibXWionV of 
SaUWicXlaU deVign WemSlaWeV, in an aWWemSW Wo VimXlaWe YaUieW\ 
e[iVWing in hXman-cXUaWed UeSoViWoUieV. In WoWal, 720 diffeUenW 
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VXb-UeSoViWoUieV ZeUe cUeaWed. TheVe VXb-UeSoViWoUieV WhemVelYeV 
VeUYed aV daWa SoinWV foU fiWWing and aVVeVVing meWamodelV WhaW 
ZoXld SUedicW aWWUibXWeV of oWheU UeSoViWoUieV. 

In WhiV VWXd\, Ze choVe VeYen meWadaWa YalXeV Wo UeSUeVenW 
Whe chaUacWeUiVWicV of Whe VXb-UeSoViWoUieV, SUoYiding YaU\ing 
meaVXUeV of Whe VXb-UeSoViWoU\ Vi]e, comSle[iW\, and diYeUViW\. 
The deVign UeSoViWoU\ Vi]e, 𝑠, iV Whe min-ma[ noUmali]ed nXmbeU 
of XniTXe geomeWUieV in Whe UeSoViWoU\. We choVe Wo inclXde 𝑠 
becaXVe Ueal-ZoUld deVign UeSoViWoUieV can YaU\ VXbVWanWiall\ in 
Vi]e, and SUioU ZoUk in Whe ML liWeUaWXUe VXggeVWV WhaW WUaining 
daWaVeW Vi]e iV one of Whe moVW imSoUWanW facWoUV Zhen cUeaWing 
accXUaWe CNNV [50]. 

In addiWion Wo Vi]e, Ze ZanWed Wo inclXde deVign UeSoViWoU\ 
YalXeV WhaW ZeUe VSecific Wo Whe geomeWUic anal\ViV WaVk VWXdied. 
We choVe meaVXUeV of geomeWUic comSle[iW\, 𝐶𝑃ோ and 𝐶𝐴ோ, and 
VSaWial diYeUViW\ 𝐷. TheVe comSle[iW\ meaVXUeV ZeUe adaSWed 
fUom SUioU deVign comSle[iW\ liWeUaWXUe b\ ConneU eW al. [51]. The 
SaUW YolXme UaWio, 𝐶𝑃ோ, ZaV calcXlaWed foU each geomeWU\ 𝑗 aV 

 

𝐶𝑃ோ,𝑗 = 1 −
𝑉𝑝

𝑉௕
 

 
ZheUe 𝑉𝑝 iV Whe SaUW YolXme and 𝑉௕ iV Whe SaUW boXnding bo[ 
YolXme. The SaUW VXUface aUea UaWio, 𝐶𝐴ோ,  ZaV calcXlaWed foU each 
geomeWU\ 𝑗 aV 

 

𝐶𝐴ோ,𝑗 = 1 −
𝐴𝑠

𝐴𝑝
 

 
ZheUe 𝐴𝑠 iV Whe VXUface aUea of a VSheUe ZiWh Whe Vame YolXme aV 
Whe SaUW and 𝐴𝑝 iV Whe SaUW VXUface aUea. All SaUW YolXmeV and 
VXUface aUeaV ZeUe calcXlaWed fUom STL aSSUo[imaWionV of Whe 
geomeWUieV (Vee SecWion 2.2). 

SSaWial diYeUViW\, 𝐷, ZaV calcXlaWed XVing Whe Yo[el-baVed 
model inVWead of Whe STL. 𝐷 ZaV XVed Wo aVVeVV hoZ mXch 
indiYidXal deVignV filled Whe cXbic Yo[el VSace. WilliamV eW al. 
[5] foXnd WhaW diYeUViW\ of Whe Yo[el UeSUeVenWaWionV of 3D 
deVignV in a WUaining daWaVeW can affecW Whe SeUfoUmance of a 3D 
UegUeVVion CNN, leading XV Wo VWXd\ a YeUVion of WhaW meWUic aV a 
SoWenWial meWadaWa aWWUibXWe WhaW mighW be cUiWical Wo WUaining 
daWaVeW effecWiYeneVV. 𝐷 ZaV calcXlaWed b\ flaWWening Whe 64 î 64 
î 64 Yo[el-baVed model inWo a 1D YecWoU, When Waking Whe VTXaUed 
EXclidean diVWance of WhaW YecWoU fUom Whe Yo[el VSace oUigin. 

FoU each of WheVe meWUicV, Ze comSXWed a median YalXe and 
inWeUTXaUWile Uange Wo UeSUeVenW Whe cenWUal-Wendenc\ and VSUead 
of WhaW TXanWiW\ foU Whe giYen deVign UeSoViWoU\, UeVSecWiYel\. 
Combined ZiWh UeSoViWoU\ Vi]e, WheVe VeYen TXanWiWieV (𝑠, 𝐶𝑃ோ,𝑚, 
𝐶𝑃ோ,௥, 𝐶𝐴ோ,𝑚, 𝐶𝐴ோ,௥ , 𝐷𝑚, 𝐷௥) effecWiYel\ chaUacWeUi]e a giYen 
deVign UeSoViWoU\. 

3.2. AM BXLOG MHWULFV 
AfWeU Whe laUge aUWificial deVign UeSoViWoU\ ZaV cUeaWed, all 

conVWiWXenW geomeWUieV ZeUe anal\]ed foU WhUee AM bXild 
meWUicV: (1) SaUW maVV, (2) VXSSoUW maWeUial maVV, and (3) bXild 
Wime aVVXming a maWeUial e[WUXVion AM SUoceVV. PaUW maVV iV Whe 

amoXnW of maWeUial in gUamV SUeVenW in Whe final, manXfacWXUed 
comSonenW afWeU an\ VXSSoUW maWeUial haV been UemoYed. SXSSoUW 
maWeUial maVV iV Whe amoXnW of maWeUial in gUamV WhaW iV UeTXiUed 
Wo be deSoViWed beneaWh oYeUhanging VWUXcWXUeV Wo keeS Whem 
fUom collaSVing dXUing fabUicaWion. BXild Wime iV Whe amoXnW of 
Wime in hoXUV neceVVaU\ foU Whe AM machine Wo fabUicaWe Whe SaUW, 
aSSUo[imaWed aV a ZeighWed lineaU combinaWion of Whe SaUW maVV, 
VXSSoUW maWeUial maVV, and SaUW heighW. All bXild meWUic YalXeV 
ZeUe calcXlaWed baVed on STL fileV, and ZeUe calcXlaWed XVing 
Whe meWhodV SUeVenWed b\ WilliamV eW al.  [5], Zhich aVVXmed a 
Sol\lacWic acid (PLA) maWeUial and VimSlified AM SUoceVVing 
VSeedV. TheVe bXild meWUicV VeUYed aV Whe gUoXnd-WUXWh YalXeV 
Zhen WUaining 3D CNN modelV Wo anal\]e Whe Vame meWUicV 
baVed on Yo[el inSXWV (Vee SecWion 3.3). 

The WhUee meWUicV ZeUe VSecificall\ choVen becaXVe Whe\ 
ma\ be TXickl\ calcXlaWed XVing alWeUnaWiYe algoUiWhmV and 
inSXWV Wo Whe 3D CNNV and haYe been VWXdied in SUioU AM 
eVWimaWion and deVign UeSoViWoU\ liWeUaWXUe [5,6,52]. AlWhoXgh 
bXild meWUic YalXeV Zill YaU\ deSending on Whe VSecific AM 
SUoceVV, machine, and maWeUial XVed, Ze choVe Wo aVVXme WheVe 
meWUicV ZoXld be calcXlaWed foU an ideali]ed, geneUic maWeUial 
e[WUXVion SUoceVV of Whe Vame SUoSeUWieV aV Whe one anal\]ed b\ 
WilliamV eW al. [5]. UVing a geneUali]ed AM SUoceVV iV acceSWable 
foU WhiV VWXd\ becaXVe Ze Veek geneUal WheoU\ UelaWed Wo AM-ML, 
and noW SaUWicXlaU machineV, SUoceVVeV, oU maWeUialV. The 
SUoSoVed meWhod coXld be UeSeaWed ZiWh neZ gUoXnd WUXWh daWa 
WhaW iV moUe cloVel\ UelaWed Wo VSecific AM SUoceVVeV (e.g. meWal 
SoZdeU-bed fXVion) Wo make UeVXlWV moUe UeleYanW foU XVe. 

3.3. MDFKLQH LHDUQLQJ AOJRULWKP 
 

3.3.1. 3D CNN AUFKLWHFWXUH 
FoU WhiV VWXd\, Ze XVed a 10-la\eU neXUal neWZoUk conWaining 

a conYolXWional VecWion and a fXll\-connecWed VecWion (Vee FigXUe 
3), Whe Vame CNN fUom oXU SUeYioXV ZoUk [5]. IW acceSWV a 64 î 
64 î 64 Yo[el model inSXW, and Whe Yo[eli]ed deVign VSace ZaV 
10 cm î 10 cm î 10 cm laUge, an aUbiWUaU\ Vi]e WhaW UeSUeVenWV a 
bXild YolXme aSSlicable Wo man\ deVkWoS maWeUial e[WUXVion AM 
V\VWemV. The CNN ZaV deYeloSed and WUained XVing TenVoUFloZ 
YeUVion 1.12 [53], KeUaV YeUVion 2.2.4 [54], P\Whon YeUVion 3.6.5, 
and Whe ³Adam´ OSWimi]eU [55]. All WUaining ZaV comSleWed on 
an NVIDIA P6000 GUaShicV PUoceVVing UniW. 

FoU WhiV VWXd\, Whe 3D CNNV ZeUe WUained XVing an eaUl\ VWoS 
condiWion. AfWeU WhUee conVecXWiYe eSochV of WUaining in Zhich 
Whe YalidaWion accXUac\ did noW imSUoYe, Whe 3D CNN ZaV 
conVideUed WUained, and iWV accXUac\ and Whe WoWal nXmbeU of 
eSochV ZeUe UecoUded. 

 
3.3.2. CNN PHUIRUPDQFH MHWULFV 

Each indiYidXal CNN WhaW ZaV WUained ZaV caSable of 
SUedicWing onl\ one of Whe WhUee AM bXild meWUicV deVcUibed in 
SecWion 3.2 aW a Wime. All VXb-UeSoViWoUieV ZeUe WhXV XVed Wo WUain 
WhUee VeSaUaWe CNNV Wo coYeU all bXild meWUicV. Each of WheVe 
WUained CNNV ZeUe When anal\]ed foU WZo CNN SeUfoUmance 
meWUicV. The fiUVW SeUfoUmance meWUic ZaV CNN coefficienW of 
deWeUminaWion (CNN-COD), VhoUWened heUe ZiWh Whe V\mbol 𝑎ො. 
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CNN-COD deVcUibeV Whe WoWal fUacWion of a bXild meWUic¶V 
YaUiaWion WhaW iV e[Slained b\ Whe SaUWicXlaU WUained CNN foU a 
giYen UeSoViWoU\ and iV XVed heUe aV an indicaWion of accXUac\. A 
75%/25% WUain-WeVW VSliW ZaV XVed Wo calcXlaWe Whe CNN-COD. 

 
 

 
FLJXUH 3 DLDJUDP RI WKH CNN DUFKLWHFWXUH XVHG LQ WKH VWXG\. 
 

The Vecond SeUfoUmance meWUic UecoUded ZaV Whe nXmbeU of 
eSochV UeTXiUed Wo achieYe conYeUgence (ETC) aV deWeUmined b\ 
oXU eaUl\ VWoS condiWion. ThiV YalXe, abbUeYiaWed 𝑡̂, ZaV inWended 
Wo be a VXUUogaWe meaVXUe foU Whe amoXnW of comSXWaWional effoUW 
UeTXiUed Wo achieYe conYeUgence. NoWe WhaW Whe UaZ daWa foU boWh 
𝑎ො and 𝑡̂ aUe VSecific Wo Whe bXild meWUic SUedicWed b\ Whe SaUWicXlaU 
CNN foU Zhich Whe\ aUe UeSoUWed. FoU inVWance, 𝑎ො𝑃ெ deVcUibeV 
Whe COD of a CNN WhaW SUedicWV SaUW maVV baVed on a 
comSonenW¶V Yo[eli]ed geomeWUic inSXW. 
 
3.3.3. AJJUHJDWH CNN PHUIRUPDQFH MHWULFV 

In addiWion Wo deVcUibing a WUained CNN¶V accXUac\ and 
comSXWaWion Wime, Ze alVo emSlo\ed meWUicV Wo chaUacWeUi]e a 
CNN¶V comSaUaWiYe TXaliW\ in moUe geneUal Za\V. Si[ aggUegaWe 
CNN SeUfoUmance meWUicV ZeUe calcXlaWed Wo achieYe WhiV goal. 
B\ fiWWing meWamodelV WhaW alVo SUedicW WheVe aggUegaWe CNN 
SeUfoUmance meWUicV, Ze aim Wo VWXd\ meWamodelV WhaW offeU 
moUe geneUali]ed SUedicWionV Whan WhoVe UelaWing Wo onl\ one 
combinaWion of CNN SeUfoUmance meWUic and AM bXild meWUic 
aW a Wime. The aggUegaWe meWUicV ZeUe foXnd b\ aYeUaging 

noUmali]ed CNN SeUfoUmance meWUicV aVVociaWed ZiWh a giYen 
deVign UeSoViWoU\. The geneUal foUm of Whe CNN SeUfoUmance 
meWUic aggUegaWion foUmXla ZaV 
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ZheUe 𝑘 iV Whe inde[ of Whe SaUWicXlaU SeUfoUmance meWUic, 𝑛 iV 
Whe WoWal nXmbeU of CNN SeUfoUmance meWUicV being aggUegaWed, 
and 𝑃෠𝑘 iV eiWheU 𝑎ො oU 𝑡̂ foU a giYen bXild meWUic. VaUiableV 
VXbVcUiSWed 𝑚𝑖𝑛 aUe Whe VmalleVW YalXeV UecoUded acUoVV VXb-
UeSoViWoUieV foU WhaW meWUic and YaUiableV VXbVcUiSWed 𝑚𝑎𝑥 aUe Whe 
laUgeVW YalXeV UecoUded acUoVV all VXb-UeSoViWoUieV. 

TZo of Whe aggUegaWe CNN SeUfoUmance meWUicV ZeUe foXnd 
b\ Waking Whe mean of Whe Vame CNN SeUfoUmance meWUicV acUoVV 
Whe WhUee bXild meWUicV. TheVe ZeUe Whe aggUegaWe CNN-COD 
SeUfoUmance meWUic, 𝑝̂𝑎, and Whe aggUegaWe CNN eSochV Wo 
conYeUgence SeUfoUmance meWUic, 𝑝̂𝑡 . Each indiYidXal CNN 
SeUfoUmance meWUic ZaV min-ma[ noUmali]ed baVed on Whe 
oYeUall VXb-UeSoViWoU\ UangeV SUioU Wo aggUegaWion. FoU WhiV 
meWUic, Ze choVe Wo XVe laUgeU aggUegaWe VcoUeV Wo be indicaWiYe 
of CNNV WhaW ZeUe higheU SeUfoUming oYeUall. We XVed one 
minXV min-ma[ noUmali]ed 𝑡̂ Wo align Whe diUecWion of beWWeU CNN 
SeUfoUmance foU boWh  𝑎ො and  𝑡̂. 

ThUee addiWional aggUegaWe CNN SeUfoUmance meWUicV ZeUe 
foXnd b\ Waking Whe mean of Whe WZo oUiginal CNN SeUfoUmance 
meWUicV, 𝑎ො and 𝑡̂, foU Whe Vame bXild meWUic. ThXV, indiYidXal 
aggUegaWeV VSecific Wo SaUW maVV (𝑝̂𝑃ெ), VXSSoUW maWeUial maVV 
(𝑝̂ௌெெ), and bXild Wime (𝑝̂஻்) CNNV ZeUe calcXlaWed. Finall\, Ze 
alVo inYeVWigaWed an oYeUall aggUegaWe CNN SeUfoUmance meWUic, 
𝑝̂𝐴௅௅ , foXnd b\ Waking Whe mean of Whe oWheU aggUegaWe bXild 
meWUicV. TheVe Vi[ YalXeV (𝑝̂𝑎, 𝑝̂𝑡 , 𝑝̂𝑃ெ, 𝑝̂ௌெெ, 𝑝̂஻், 𝑝̂𝐴௅௅) 
chaUacWeUi]e a deVign UeSoViWoU\¶V SeUfoUmance aW WUaining CNNV. 

3.4. LLQHDU MHWDPRGHO CRQVWUXFWLRQ 
One of Whe goalV of Whe cXUUenW VWXd\ iV Wo demonVWUaWe 

modelV WhaW coXld SUedicW effecWiYeneVV of a deVign UeSoViWoU\ aV 
an ML WUaining daWaVeW. The VeW of indeSendenW YaUiableV foU WhiV 
fiW aUe Whe VXmmaWiYe chaUacWeUiVWicV WhaW deVcUibe each deVign 
UeSoViWoU\ (e.g., Vi]e, median SaUW YolXme UaWio, eWc.). The 
deSendenW YaUiableV in WhiV fiW aUe Whe coefficienW of deWeUminaWion 
(COD) of Whe CNN WUained ZiWh Whe deVign UeSoViWoU\ and Whe 
nXmbeU of eSochV UeTXiUed Wo achieYe conYeUgence. To SUodXce 
a meWamodel linking WheVe YaUiableV, Ze choVe Wo XVe OLS 
UegUeVVion. 

The iniWial OLS meWamodel iV comSUiVed of Whe WZelYe-
UeVSonVe, mXlWiSle lineaU UegUeVVion foUmXla giYen b\ 

 
𝑦⃑ = 𝜶𝑥⃑ + 𝛽 

 
ZheUe 𝑦⃑ iV Whe YecWoU of deSendenW YaUiableV SUedicWed b\ Whe 
meWamodel, 𝑥⃑ iV Whe YecWoU of indeSendenW YaUiableV WhaW 
chaUacWeUi]e a giYen deVign UeSoViWoU\, 𝜶 aUe Whe coefficienWV 
foXnd b\ Whe OLS fiWWing algoUiWhm, and 𝛽 aUe Whe inWeUceSWV. The 
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indeSendenW and deSendenW YaUiable YecWoUV foU a giYen VXb-
UeSoViWoU\ 𝑖 ZaV foUmed fUom Whe meWadaWa aWWUibXWeV and CNN 
SeUfoUmance meWUicV aV folloZV: 

 
𝑥⃑𝑖 = ሾ𝑠𝑖 𝐶𝑃ோ,𝑚,𝑖 𝐶𝑃ோ,௥,𝑖 𝐶𝐴ோ,𝑚,𝑖 𝐶𝐴ோ,௥,𝑖 𝐷𝑚,𝑖 𝐷௥,𝑖ሿ் 
 

𝑦⃑𝑖 = ሾ𝑎ො𝑃ெ,𝑖 𝑡̂𝑃ெ,𝑖 𝑎ොௌெெ,𝑖 𝑡̂ௌெெ,𝑖 𝑎ො஻்,𝑖 𝑡̂஻்,𝑖 𝑝̂𝑎,𝑖 𝑝̂𝑡,𝑖 𝑝̂𝑃ெ,𝑖 𝑝̂ௌெெ,𝑖 𝑝̂஻்,𝑖 𝑝̂𝑖ሿ் 
 
ZheUe 𝑠 iV Whe UeSoViWoU\ Vi]e, 𝐶𝑃ோ,𝑚 iV Whe median SaUW YolXme 
comSle[iW\, 𝐶𝑃ோ,௥ iV Whe inWeUTXaUWile Uange of SaUW YolXme 
comSle[iW\, 𝐶𝐴ோ,𝑚 iV Whe median SaUW aUea comSle[iW\, 𝐶𝐴ோ,௥  iV Whe 
inWeUTXaUWile Uange of SaUW aUea comSle[iW\, 𝐷𝑚 iV Whe median 
VTXaUed EXclidean diVWance, and 𝐷௥  iV Whe inWeUTXaUWile Uange of 
VTXaUed EXclidean diVWance. All of Whe indeSendenW YaUiable 
YalXeV ZeUe min-ma[ noUmali]ed SUioU Wo XVe in Whe meWamodel. 

ThiV iniWial meWamodel ZaV fiW aV eighW indiYidXal OLS 
UegUeVVion modelV, one UeVSonVe YaUiable aW a Wime. The P\Whon 
ScikiW-leaUn Sackage YeUVion 0.22.1 ZaV XVed foU OLS fiWWing 
[56]. A 10-fold cUoVV YalidaWion aSSUoach ZaV XVed foU fiWWing and 
eYalXaWing each model. The indiYidXal, fiWWed lineaU UegUeVVionV 
ZeUe When anal\]ed and comSaUed Wo one anoWheU in WeUmV of WheiU 
mean coefficienW of deWeUminaWion, aYeUaged acUoVV all Wen cUoVV 
YalidaWion UXnV, Zhen SUedicWing WheiU UeVSecWiYe CNN 
SeUfoUmance meWUicV. The indeSendenW YaUiableV ZeUe alVo 
anal\]ed Wo deWeUmine ZheWheU Whe\ had a VWaWiVWicall\ VignificanW 
lineaU coUUelaWion ZiWh each of Whe deSendenW YaUiableV WhUoXgh 
calcXlaWion of Whe PeaUVon coUUelaWion coefficienWV. Finall\, Whe 
e[Slained YaUiance conWUibXWion of each indeSendenW YaUiable 
ZaV foXnd XVing a VeTXenWial VXm of VTXaUeV aSSUoach in an 
ANOVA anal\ViV. The VWaWiVWical WeVWV ZeUe comSleWed XVing Whe 
P\Whon VWaWVmodelV Sackage YeUVion 0.9.0 [57]. The UeVXlWV aUe 
anal\]ed ne[W. 

4. RESULTS 
ThiV VecWion deVcUibeV Whe UeVXlWV fUom Whe meWamodel fiWWing 

and eYalXaWion SUoceVV (Vee SecWion 4.1), Whe VWaWiVWicall\-dUiYen 
doZn VelecWion SUoceVV of Whe diffeUenW meWamodelV inYeVWigaWed 
(Vee SecWion 4.2), and Whe final VelecWion of Whe moVW effecWiYe, 
Vingle meWamodel. 

4.1. MHWDPRGHO DDWD GDWKHULQJ, FLWWLQJ, DQG 
EYDOXDWLRQ 

All VXb-UeSoViWoUieV ZeUe XVed Wo WUain CNNV Wo SUedicW SaUW 
maVV, VXSSoUW maWeUial maVV, and bXild Wime aV SaUW of Whe 
meWamodel fiWWing daWaVeW cUeaWion SUoceVV. We obVeUYed a Zide 
Uange of CNN-COD (Vee FigXUe 4) and ETC UeVXlWV (Vee FigXUe 
5), indicaWing WhaW WheVe daWa SUoYide a good baViV on Zhich Wo fiW 
a meWamodel. In geneUal, CNNV WUained Wo SUedicW SaUW maVV ZeUe 
Whe moVW accXUaWe, ZiWh a median CNN-COD of 0.98. BXild Wime 
CNNV ZeUe Whe Vecond moVW effecWiYe on aYeUage, e[hibiWing a 
median COD of 0.92. SXSSoUW maWeUial maVV ZaV conViVWenWl\ Whe 
moVW challenging bXild meWUic foU Whe CNNV Wo SUedicW, ZiWh a 
median COD of 0.47. ThiV geneUall\ alignV ZiWh SUeYioXV UeVXlWV 
foXnd b\ WilliamV eW al. [5]. 

DiffeUenW oXWSXW bXild meWUicV alVo UeVXlWed in diffeUenW 
aYeUage CNN WUaining dXUaWionV. PaUW maVV and bXild Wime ZeUe 

Whe longeVW WUaining dXUaWionV, ZiWh medianV of 21 and 22 eSochV. 
SXSSoUW maWeUial maVV CNNV conYeUged faVWeU, ZiWh a median of 
14 eSochV.  

 

 
FLJXUH 4 BR[ SORWV RI CNN-COD UHVXOWV IRU DOO VXE-
UHSRVLWRULHV JURXSHG E\ EXLOG PHWULF SUHGLFWHG E\ WKH CNN. 
 

 
FLJXUH 5 BR[ SORWV RI ETC UHVXOWV IRU DOO VXE-UHSRVLWRULHV 
JURXSHG E\ EXLOG PHWULF SUHGLFWHG E\ WKH CNN. 
 

AfWeU WUaining Whe CNNV ZiWh each of Whe VXb-UeSoViWoUieV 
and calcXlaWing aggUegaWed CNN SeUfoUmance meWUicV, Ze 
anal\]ed Whe XniYaUiaWe PeaUVon lineaU coUUelaWion YalXeV 
beWZeen each of Whe meWamodel indeSendenW YaUiableV and Whe 
CNN SeUfoUmance meWUicV. The aVVociaWed S-YalXeV fUom Whe 
XniYaUiaWe PeaUVon anal\ViV ZeUe When XVed Wo deWeUmine 
VWaWiVWical Vignificance of Whe lineaU coUUelaWionV of each YaUiable 
XVing an alSha YalXe of 0.05 (Vee Table 1). AlWhoXgh WhiV lineaUiW\ 
eVWimaWe doeV noW deVcUibe hoZ Zell a WUained lineaU model Zill 
SeUfoUm, iW doeV SUoYide inVighW inWo ZheWheU fiWWing a lineaU 
model iV likel\ Wo be VXfficienW. 
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TDEOH 1 UQLYDULDWH PHDUVRQ FRUUHODWLRQ YDOXHV WKDW ZHUH XVHG 
WR DQDO\]H WKH UHODWLRQVKLS EHWZHHQ HDFK LQGHSHQGHQW 
YDULDEOH DQG WKH GHSHQGHQW YDULDEOHV. BROGHG, KLJKOLJKWHG 
YDOXHV LQGLFDWH WKDW WKH UHODWLRQVKLS ZDV VLJQLILFDQWO\ OLQHDU 
(S < 0.05). 

 𝒙ሬሬ⃑  VDULDEOH PHDUVRQ CRUUHODWLRQ CRHIILFLHQW 
𝒚ሬሬ⃑   𝒔 𝑪𝑷𝑹,𝒎 𝑪𝑷𝑹,𝒓 𝑪𝑨𝑹,𝒎 𝑪𝑨𝑹,𝒓 𝑫𝒎 𝑫𝒓 

𝑎ො𝑃ெ,𝑖 0.283 0.094 0.037 -0.034 0.067 -0.076 0.159 
𝑡̂𝑃ெ,𝑖 -0.323 -0.015 -0.017 -0.090 0.009 0.020 0.016 
𝑎ොௌெெ,𝑖 0.504 -0.018 -0.011 0.019 0.026 -0.052 0.062 
𝑡̂ௌெெ,𝑖 0.393 -0.041 0.022 -0.019 0.050 -0.079 0.034 
𝑎ො஻்,𝑖 0.327 0.138 0.041 -0.021 0.036 -0.112 0.041 
𝑡̂஻்,𝑖 -0.065 0.052 0.048 0.039 0.020 -0.009 -0.036 
𝑝̂𝑎,𝑖 0.432 0.100 0.033 -0.021 0.058 -0.101 0.122 
𝑝̂𝑡,𝑖 0.025 0.001 -0.031 0.045 -0.046 0.037 -0.008 
𝑝̂𝑃ெ,𝑖 0.449 0.058 0.033 0.073 0.022 -0.054 0.058 
𝑝̂ௌெெ,𝑖 -0.281 0.041 -0.029 0.028 -0.049 0.072 -0.018 
𝑝̂஻்,𝑖 0.190 -0.003 -0.035 -0.049 -0.007 -0.032 0.053 
𝑝̂𝑖 0.264 0.057 -0.013 0.033 -0.014 -0.018 0.060 

 
AV VhoZn in Table 1, UeSoViWoU\ Vi]e ZaV fUeTXenWl\ 

coUUelaWed ZiWh Whe CNN SeUfoUmance meWUicV. Si]e ZaV 
VignificanWl\ coUUelaWed in 10 oXW of 12 SoVVible meWamodel 
deSendenW YaUiable W\SeV, and iW had Whe laUgeVW coUUelaWion 
magniWXdeV Zhen comSaUed Wo oWheU indeSendenW YaUiableV in all 
VignificanW caVeV. ConYeUVel\, 𝐶𝑃ோ,௥ and 𝐶𝐴ோ,௥ , Whe inWeUTXaUWile 
UangeV of SaUW YolXme UaWio comSle[iW\ and SaUW aUea UaWio 
comSle[iW\, ZeUe noW VignificanW in an\ of Whe coUUelaWionV. PaUW 
maVV and bXild Wime CNN-COD meWamodelV ZeUe alVo ofWen 
lineaUl\ coUUelaWed ZiWh indeSendenW YaUiableV foU Whe non-
aggUegaWe meWamodelV. In geneUal, ETC meWamodelV Wended Wo 
haYe loZeU nXmbeUV of VWaWiVWicall\ VignificanW lineaU 
UelaWionVhiSV Whan CNN-COD meWamodelV. TogeWheU, WheVe 
UeVXlWV VXggeVW WhaW onl\ a VXbVeW of Whe meWamodel deSendenW 
YaUiable oXWSXWV ZeUe likel\ Wo be Zell-SUedicWed b\ Whe lineaU fiW. 

The k-fold cUoVV YalidaWion UeVXlWV foU Whe lineaU meWamodel 
ZeUe aYeUaged and aUe VhoZn in FigXUe 6. Each of Whe fiUVW WhUee 
UoZV of FigXUe 6 VhoZV Whe meWamodel SUedicWiYe SeUfoUmanceV 
foU a diffeUenW bXild meWUic. The boWWom UoZ of FigXUe 6 VhoZV 
Whe UeVXlWV foU Whe indiYidXal noUmali]ed UeVSonVeV aYeUaged 
acUoVV all WhUee bXild meWUicV. The fiUVW WZo colXmnV of FigXUe 6 
deWail Whe COD YalXeV foU each CNN SeUfoUmance meWUic. The 
UighWmoVW colXmn of FigXUe 6 VhoZV Whe COD YalXeV Zhen Whe 
meWamodel iV SUedicWing Whe aggUegaWe, noUmali]ed CNN 
SeUfoUmance meWUicV. 

A YaUieW\ of meWamodel SeUfoUmance leYelV ZeUe obVeUYed 
in WhiV VWXd\. OYeUall, 9 oXW of 12 meWamodel combinaWionV 
e[hibiWed CODV gUeaWeU Whan ]eUo, indicaWing WhaW Whe\ ZeUe able 
Wo e[Slain Vome of Whe YaUiabiliW\ SUeVenW in Whe daWa. In geneUal, 
CNN-COD, 𝑎ො, ZaV moUe eaVil\ SUedicWed b\ Whe meWamodelV 
Whan ETC, 𝑡̂. ThiV WUend iV eYidenW fUom Whe facW WhaW all foXU 
meWamodel combinaWionV SUedicWing 𝑎ො ZeUe aboYe ]eUo, ZheUeaV 
onl\ WZo oXW of foXU of WhoVe SUedicWing 𝑡̂ ZeUe beloZ ]eUo, and 

WheUefoUe ZoUVe Whan XVing a mean model. Of Whe WhUee bXild 
meWUicV, meWamodelV WhaW ZeUe fiWWed Wo SUedicW VXSSoUW maWeUial 
maVV CNN SeUfoUmance e[Slained Whe moVW YaUiabiliW\ foU boWh 
non-aggUegaWed CNN SeUfoUmance meWUicV. The VXSSoUW maWeUial 
meWamodel combinaWion SUedicWing CNN-COD had Whe higheVW 
indiYidXal aYeUage COD, aW 0.27. PaUW maVV ZaV Whe Vecond moVW 
effecWiYe, non-aggUegaWe bXild meWUic, ZiWh an aYeUage COD of 
0.12. BXild Wime had Whe leaVW effecWiYe meWamodelV, aYeUaging a 
COD of 0.02. 
 

 
FLJXUH 6 MHDQ COD YDOXHV IRU PHWDPRGHOV SUHGLFWLQJ HDFK 

RI WKH LQGHSHQGHQW YDULDEOHV DQG HDFK EXLOG PHWULF. 
 
The moVW effecWiYe aggUegaWe meWamodel ZaV Whe aggUegaWe 

CNN-COD SeUfoUmance meWUic, 𝑝̂𝑎. IW had a COD of 0.19. The 
𝑝̂𝑎 meWamodel ZaV VelecWed foU fXUWheU VWXd\ and UefinemenW dXe 
Wo iWV UelaWiYel\ high COD and Whe high nXmbeU of VignificanW 
coUUelaWionV (Vee Table 1). ThiV meWamodel ZaV alVo SaUWicXlaUl\ 
inWeUeVWing becaXVe iW SUoYided SUedicWionV WhaW ZeUe aSSlicable 
Wo all WhUee bXild meWUicV, making iW a moUe geneUali]ed 
meWamodel Whan Vome of Whe oWheUV. 

4.2. MHWDPRGHO RHILQHPHQW 
To fXUWheU anal\]e Whe 𝑝̂𝑎 meWamodel, Whe SUoSoUWion of 

YaUiabiliW\ e[Slained b\ each indeSendenW YaUiable ZaV eVWimaWed 
XVing an ANOVA VeTXenWial VXm of VTXaUeV (Vee Table 2). 
 
TDEOH 2 E[SODLQHG YDULDQFH EUHDNGRZQ RI WKH PHWDPRGHO 
SUHGLFWLQJ 𝒑ෝ𝒂 CNN SHUIRUPDQFH PHWULF. 
 

IndeSendenW 
VaUiable 

PUoSoUWion of 
OYeUall VaUiance 

PUoSoUWion of 
E[Slained VaUiance 

𝑠 18.6% 84.9% 
𝐶𝑃ோ,𝑚 0.6% 2.7% 
𝐶𝑃ோ,௥ 0.1% 0.5% 
𝐶𝐴ோ,𝑚 0.6% 2.7% 
𝐶𝐴ோ,௥ 0.0% 0.0% 
𝐷𝑚 0.7% 3.2% 
𝐷௥  1.1% 5.0% 
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AV VhoZn in Table 2, Vi]e ZaV cleaUl\ Whe laUgeVW SoUWion, 
accoXnWing foU 84.9% of Whe YaUiance e[Slained b\ Whe model. 
ThiV SUoYideV VXbVWanWial SUedicWiYe SoZeU. HoZeYeU, WheUe iV a 
VeW of addiWional YaUiableV WhaW accoXnW foU an addiWional 13.6% 
Zhen combined. TheVe inclXded median SaUW YolXme UaWio 
comSle[iW\ (𝐶𝑃ோ,𝑚), median SaUW aUea UaWio comSle[iW\ (𝐶𝐴ோ,𝑚), 
median VTXaUed EXclidean diVWance diYeUViW\ (𝐷𝑚), and 
inWeUTXaUWile Uange of VTXaUed EXclidean diVWance diYeUViW\ (𝐷௥). 
The inWeUTXaUWile UangeV of SaUW YolXme UaWio (𝐶𝑃ோ,௥) and SaUW aUea 
UaWio (𝐶𝐴ோ,௥) accoXnWed foU onl\ 0.5% and 0.0% of Whe e[Slained 
YaUiance, UeVSecWiYel\. 

Since oXU UeVXlWV indicaWed WhaW Vome indeSendenW YaUiableV 
ZeUe likel\ moUe inflXenWial Whan oWheUV, Ze decided Wo cUeaWe a 
Uefined meWamodel WhaW Uelied onl\ on Whe moVW effecWiYe 
SUedicWoUV. PXUVXing a SaUVimonioXV SUedicWiYe model iV 
imSoUWanW Wo aYoid oYeUfiWWing and encoXUage comSUehenVion and 
XWiliW\. The SUoSoUWionV of e[Slained YaUiance fUom each 
indeSendenW YaUiable, alongVide WhoVe fUom Whe indeSendenW 
YaUiable lineaUiW\ Vignificance WeVW UeVXlWV VhoZn in Table 1 
SUoYide VWaWiVWical baVeV foU a WUimming aSSUoach Wo Uefine Whe 
meWamodel. FXUWheUmoUe, Whe lineaUiW\ UeVXlWV VXggeVW WhaW ceUWain 
indeSendenW YaUiableV aUe leVV likel\ Wo be Zell-modeled b\ a 
lineaU meWamodel. FoU Whe caVe of Whe 𝑝̂𝑎 meWamodel, Whe 
inVignificanWl\ coUUelaWed YaUiableV ZeUe inWeUTXaUWile Uange of 
SaUW YolXme UaWio comSle[iW\ (𝐶𝑃ோ,௥), median SaUW aUea UaWio 
comSle[iW\ (𝐶𝐴ோ,𝑚), and inWeUTXaUWile Uange of SaUW aUea UaWio 
comSle[iW\ (𝐶𝐴ோ,௥). HeXUiVWicall\, one mighW XVe WhiV infoUmaWion 
Wo VXggeVW WUimming WhoVe indeSendenW YaUiableV fUom Whe 
meWamodel. HoZeYeU, Whe emSiUical eYidence of YaUiance 
e[Slained b\ each YaUiable VhoZn in Table 2, VXggeVWV inclXding 
𝐶𝐴ோ,𝑚 in Whe Uefined meWamodel ma\ be moUe effecWiYe. An 
alWeUnaWiYe aSSUoach coXld be Wo UemoYe all YaUiableV oWheU Whan 
Vi]e, Vince Vi]e ZaV cleaUl\ Whe dominanW SUedicWoU of aggUegaWe 
CNN-COD in Whe 𝑝̂𝑎 meWamodel. We call WheVe WZo UeVSecWiYe 
aSSUoacheV Whe ³Vi]e-onl\ WUimming aSSUoach´ and ³YaUiance 
WUimming aSSUoach´. 

We WeVWed boWh of WheVe meWamodel WUimming aSSUoacheV. 
ThiV VWeS inYolYed UefiWWing Whe meWamodelV ZiWh WUimmed 
VXbVeWV of Whe oUiginal indeSendenW YaUiable YecWoU, eYalXaWing 
Whe meWamodel SeUfoUmanceV, and comSaUing Whe UeVXlWV. The 
UeVXlWV aUe VXmmaUi]ed in TableV 3 and 4. 

The beVW-SeUfoUming Uefined meWamodel ZaV WhaW WUimmed 
ZiWh Whe YaUiance aSSUoach, ZiWh mean COD eTXal Wo 0.22. ThiV 
COD YalXe ZaV VlighWl\ gUeaWeU Whan Whe mean COD of iWV 
SUedeceVVoU, XnWUimmed meWamodel (Zhich had a COD of 0.19). 
ConYeUVel\, Whe Vi]e-onl\ WUimming aSSUoach UeVXlWed in a loZeU 
COD of 0.18, indicaWing WhaW WheUe iV YalXe in conVideUing 
addiWional meWUicV. 

BaVed on WheVe UeVXlWV, Ze VelecWed Whe Uefined meWamodel 
baVed on Whe YaUiance WUimming aSSUoach aV oXU final, beVW 
meWamodel. ThiV meWamodel ZaV VhoZn Wo be able Wo SUedicW 
WUained CNN SeUfoUmance foU mXlWiSle bXild meWUic aSSlicaWionV, 
aV eYidenced b\ iWV non]eUo COD YalXe Zhen SUedicWing Whe 
CNN-COD aggUegaWe UeVSonVe. ThiV WUaiW makeV iW UelaWiYel\ 
geneUal and moUe Zidel\ aSSlicable Whan Whe non-aggUegaWe 

meWamodelV. AddiWionall\, Whe meWamodel¶V mean COD YalXe of 
0.22 ZaV UelaWiYel\ laUge, Whe Vecond laUgeVW of all meWamodelV 
aWWemSWed. We UefiW Whe meWamodel XVing all aYailable daWa Wo 
obWain coefficienWV and a final e[Slained YaUiance bUeakdoZn of 
a Vingle, fiWWed OLS meWamodel (Vee Table 4).  

 
TDEOH 3 CRHIILFLHQWV DQG H[SODLQHG YDULDQFH RI HDFK 
LQGHSHQGHQW YDULDEOH LQ WKH VL]H RQO\ OLQHDU PHWDPRGHO.  
 

IndeSendenW 
VaUiable 

MeWamodel 
CoefficienWV 

PUoSoUWion 
of OYeUall 
VaUiance 

PUoSoUWion of 
E[Slained 
VaUiance 

𝛽 0.8932 N/A N/A 
𝑠 0.1736 18.6% 100.0% 

 
TDEOH 4 CRHIILFLHQWV DQG H[SODLQHG YDULDQFH RI HDFK 
LQGHSHQGHQW YDULDEOH LQ WKH UHILQHG OLQHDU PHWDPRGHO.  
 

IndeSendenW 
VaUiable 

MeWamodel 
CoefficienWV 

PUoSoUWion 
of OYeUall 
VaUiance 

PUoSoUWion of 
E[Slained 
VaUiance 

𝛽 0.8775 N/A N/A 
𝑠 0.1685 18.6% 85.8% 

𝐶𝑃ோ,𝑚 0.0844 0.6% 2.9% 
𝐶𝐴ோ,𝑚 -0.0551 0.6% 2.6% 

𝐷𝑚 -0.0573 0.7% 3.3% 
𝐷௥  0.0630 1.2% 5.4% 

 

5. DISCUSSION 
OXU UeVXlWV VXggeVW VeYeUal inWeUeVWing WUendV UegaUding 

deVign UeSoViWoU\ effecWiYeneVV Zhen WUaining ML conVWUXcWV foU 
AM bXild meWUicV WhaW ma\ be XVed Wo infoUm deYeloSmenW of 
neZ heXUiVWicV UelaWed Wo deVign UeSoViWoU\ aVVeVVmenW. FiUVW, Ze 
foXnd WhaW Whe SUedicWiYe SoZeU of a meWamodel aVVeVVing a 
deVign UeSoViWoU\ can YaU\ VXbVWanWiall\ deSending on Whe CNN 
SeUfoUmance meWUic iW aWWemSWV Wo SUedicW. We foXnd WhaW CNN-
COD ZaV moUe accXUaWel\ SUedicWed Whan ETC. AddiWionall\, of 
Whe aggUegaWe CNN SeUfoUmance meWUicV, onl\ meWamodelV 
SUedicWing 𝑝̂𝑎 and 𝑝̂𝑃ெ ZeUe of UelaWiYel\ high COD, namel\, 0.19 
and 0.18. ThiV UeVXlW VXggeVWV WhaW aggUegaWing CNN 
SeUfoUmance meWUicV, alWhoXgh SoWenWiall\ XVefXl, mXVW be done 
ZiWh caUe and VhoXld be VXSSoUWed b\ emSiUical eYidence of 
effecWiYeneVV on a caVe-b\-caVe baViV. In WhiV VWXd\, iW aSSeaUV WhaW 
aggUegaWing Woo man\ meaVXUeV can UeVXlW in XndeViUable 
SUedicWiYe caSabiliWieV, aV iV Whe caVe ZiWh Whe oYeUall aggUegaWe, 
𝑝̂, Zhich onl\ achieYed an aYeUage COD of 0.04. AddiWionall\, 
WheVe UeVXlWV diffeUed deSending on Zhich bXild meWUic ZaV being 
SUedicWed b\ Whe CNNV. ThiV obVeUYaWion iV cUXcial Wo Whe 
e[SanVion of WhiV ZoUk Wo oWheU ML aSSlicaWionV ZiWhin AM. In 
geneUal, Ze foXnd WhaW moUe challenging CNN oXWSXWV, VXch aV 
VXSSoUW maWeUial maVV, ZeUe eaVieU foU Whe meWamodel Wo SUedicW. 
UndeUVWanding Whe VSecific caXValiW\ of WhiV obVeUYaWion iV 
UeVeUYed foU fXWXUe ZoUk, and ma\ be achieYed ZiWh a moUe 
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comSle[ e[SeUimenWal meWhod e[amining Whe inWeUacWionV 
beWZeen WheVe facWoUV. 

OXU daWa alVo VhoZV XVefXl WUendV UelaWed Wo Whe effecWiYeneVV 
of indiYidXal deVign UeSoViWoU\ meWadaWa meWUicV Zhen XVed aV 
meWamodel indeSendenW YaUiableV. TheVe UeVXlWV VXggeVW WhaW 
chooVing Zhich meWadaWa meWUicV Zill coUUelaWe ZiWh CNN 
SeUfoUmance ma\ be beVW done emSiUicall\. We choVe Whe Vi]e, 
comSle[iW\, and diYeUViW\ meWadaWa meaVXUeV XVed in WhiV VWXd\ 
baVed on inWXiWion gaWheUed fUom Whe e[SeUience of WUaining 
WhoXVandV of 3D CNNV in SUioU ZoUk. UlWimaWel\, onl\ Vome of 
oXU inWXiWiYel\ choVen meWadaWa meWUicV ZeUe emSiUicall\ foXnd 
Wo SUedicW CNN SeUfoUmance accXUaWel\ baVed on VWaWiVWical 
anal\VeV. Some, VXch aV Vi]e (𝑠), median SaUW YolXme UaWio 
comSle[iW\ (𝐶𝑃ோ,𝑚), and median VTXaUed EXclidean diVWance 
(𝐷𝑚) ZeUe VignificanWl\ lineaU and conWUibXWed non]eUo e[Slained 
YaUiance in mXlWiSle meWamodelV. OWheUV, VSecificall\ 
inWeUTXaUWile Uange of SaUW YolXme UaWio comSle[iW\ (𝐶𝑃ோ,௥) and 
inWeUTXaUWile Uange of SaUW aUea UaWio comSle[iW\ (𝐶𝐴ோ,௥) ZeUe noW 
VignificanWl\ lineaU in an\ aWWemSWed meWamodelV. TheVe UeVXlWV 
fXUWheU illXVWUaWe Whe moWiYaWion foU WhiV W\Se of VWXd\, in Zhich 
TXanWiWaWiYe meWamodelV aUe XVed Wo SUedicW ML SeUfoUmance. 
InWXiWiYe e[SeUience alone iV noW likel\ VXfficienW Wo make 
accXUaWe SUojecWionV aboXW ZheWheU deVign UeSoViWoUieV aUe 
effecWiYe foU XVe in deeS ML WUaining. FXUWheU VWXd\ of Whe XWiliW\ 
of VXmmaWiYe deVign UeSoViWoU\ aWWUibXWeV ma\ UeYeal WhaW WheVe 
comSle[iW\ meWUicV aUe moUe XVefXl foU diffeUenW SUedicWiYe 
modelV. SimilaUl\, enWiUel\ diffeUenW comSle[iW\ meWUicV ma\ be 
foXnd WhaW imSUoYe SUedicWiYe SeUfoUmance. 

6. CLOSING REMARKS 
In WhiV VWXd\ Ze inWUodXced and demonVWUaWed a noYel 

meWamodeling aSSUoach Wo SUedicW CNN SeUfoUmance of AM 
bXild meWUic eVWimaWion giYen a deVign UeSoViWoU\. We cUeaWed an 
aUWificial deVign UeSoViWoU\ and VSliW iW inWo VXb-UeSoViWoUieV ZiWh 
YaU\ing Vi]e, comSle[iW\, and diYeUViW\ of conVWiWXenW deVignV. 
The VXb-UeSoViWoU\ aWWUibXWeV ZeUe When XVed aV indeSendenW 
YaUiableV Wo SUedicW CNN SeUfoUmance XVing a lineaU meWamodel. 
We When SUodXced a Uefined meWamodel XVing onl\ 5 of Whe 
oUiginal 7 indeSendenW YaUiableV WhaW ZaV VelecWed aV Whe moVW 
caSable. 

OXU fiUVW UeVeaUch TXeVWion inYeVWigaWed Whe e[WenW Wo Zhich 
deVign UeSoViWoU\ aWWUibXWeV inflXence CNN SeUfoUmance.  CNN-
COD SUedicWoUV ZeUe moUe fUeTXenWl\ VignificanW Whan ETC. 
ETC ma\ haYe moUe VXbWle oU nonlineaU UelaWionVhiSV ZiWh Whe 
indeSendenW YaUiableV. AlVo, SaUW maVV and bXild Wime CNNV 
ZeUe able Wo e[Slain moUe YaUiabiliW\ Whan VXSSoUW maWeUial maVV 
CNNV. HoZeYeU, VXSSoUW maWeUial CNNV conYeUged faVWeU. ThiV 
UeVXlW indicaWeV WhaW Whe VXiWabiliW\ of SaUWicXlaU AM UeVSonVe 
YaUiableV foU ML SUedicWion ma\ be deSendenW on Whe moVW 
imSoUWanW ML SeUfoUmance meWUic foU VSecific SUoblemV. We 
foXnd WhaW Vi]e, median SaUW YolXme UaWio, and VTXaUed EXclidean 
diVWance inWeUTXaUWile Uange ZeUe SoViWiYel\ coUUelaWed ZiWh 
CNN-COD. TheUefoUe, deVign UeSoViWoUieV WhaW aUe laUgeU, 
conWain moUe comSle[ deVignV, and aUe chaUacWeUi]ed b\ a higheU 
VSaWial diYeUViW\ VSUead aUe moVW effecWiYe aW WUaining CNNV. 

RegaUding oXU Vecond UeVeaUch TXeVWion, Zhich aimed Wo 
deWeUmine Whe e[WenW Wo Zhich Whe deVign UeSoViWoU\ meWadaWa 
YaUiableV SUedicWed CNN SeUfoUmance, Ze foXnd WhaW UeSoViWoU\ 
Vi]e ZaV Whe dominanW SUedicWoU. STXaUed EXclidean diVWance 
inWeUTXaUWile Uange ZaV Whe Vecond moVW e[SlanaWoU\ indeSendenW 
YaUiable. AlWhoXgh Vi]e ceUWainl\ dominaWed, Whe meWamodel 
UefinemenW SUoceVV VhoZed WhaW inclXding oWheU YaUiableV, VXch 
aV median comSle[iW\ and diYeUViW\ YalXeV, ZaV ZoUWhZhile in 
making incUemenWal meWamodel imSUoYemenWV. FXUWheUmoUe, 
meWamodelV Wended Wo be moUe accXUaWe aW SUedicWing CNN 
SeUfoUmanceV if WhoVe SeUfoUmanceV ZeUe UelaWiYel\ high. ThiV 
WUend VXggeVWV WhaW modeling nonlineaU UelaWionVhiSV ma\ 
incUeaVe accXUac\ foU loZ CNN SeUfoUmance caVeV. 

AlWhoXgh Whe Uefined meWamodel and Whe meWamodel 
deYeloSmenW meWhod VeUYe WheiU SXUSoVe in UeVSonding Wo oXU 
VSecific UeVeaUch TXeVWionV, fXWXUe ZoUk coXld oYeUcome Whe 
limiWaWionV of WhiV VWXd\ and Veek Wo SUoYide a VWUongeU caXVaWiYe 
SaWhZa\ foU Whe SUeVenW UeVXlWV. InYeVWigaWing Ueal-ZoUld deVign 
UeSoViWoUieV VXch aV deVign challenge daWaVeWV [6] oU FabWaYe 
[43], a daWaVeW VSecificall\ cXUaWed foU digiWal deVign, inVWead of 
an aUWificial deVign UeSoViWoU\ ma\ SUoYide addiWional inVighW 
UegaUding Whe aSSlicabiliW\ of oXU meWamodel Wo VXch daWa. TheVe 
neZ daWaVeWV coXld alVo be anal\]ed foU diffeUenW and moUe 
nXmeUoXV VXmmaWiYe meWadaWa aWWUibXWeV, VXch aV meWUicV WhaW 
deVcUibe Whe comSle[iW\ of indiYidXal SaUameWUic feaWXUeV. 
AddiWionall\, Whe cXUUenW ZoUk coXld be e[Sanded Wo VWXd\ 
diffeUenW bXild meWUicV, AM SUoceVVeV, oU AM fabUicaWion 
SeUfoUmance cUiWeUia, VXch aV dimenVional diVWoUWion dXe Wo 
WheUmal effecWV in Vmall feaWXUeV, bUidged feaWXUeV, oU oWheU 
challenging geomeWUic aWWUibXWeV. Finall\, Whe deVign of Whe 
meWamodel iWVelf coXld be e[Sanded Wo e[SloUe nonlineaU 
UelaWionVhiSV beWZeen deVign UeSoViWoU\ meWadaWa and ML 
SeUfoUmance meWUicV and Whe choice of SaUWicXlaU meWadaWa 
aWWUibXWeV VWXdied aV indeSendenW YaUiableV coXld be fXUWheU 
inYeVWigaWed.  
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