
SHPaQWLF COaVVLILFaWLRQ RI MRQXPHQWV¶ DHFRUaWLRQ MaWHULaOV UVLQJ 
CRQYROXWLRQaO NHXUaO NHWZRUNV: A CaVH SWXG\ IRU MHWHRUa 

B\]aQWLQH CKXUFKHV 
  

NikRlaRV BakalRV 
NaWiRnal Technical UniYeUViW\ Rf 

AWhenV 
 AWhenV, GUeece 

 

SRfia SRile 
NaWiRnal Technical UniYeUViW\ Rf 

AWhenV 
 AWhenV, GUeece 

 

ChaUalabRV IRannidiV 
NaWiRnal Technical UniYeUViW\ Rf 

AWhenV 
 AWhenV, GUeece 

 

ABSTRACT 
hWWSV://dRi.RUg/10.1145/3389189.3398000HiVWRUic SUeVeUYaWiRn Rf Wangible 
cXlWXUal heUiWage aVVeWV iV a SURceVV WhaW gReV be\Rnd VWUXcWXUal 
inWegUiW\ WR Whe UeVWRUaWiRn Rf Whe inWeUiRU decRUaWiRnV, VXch aV Zall-
SainWingV RU icRnV Vince WhiV SURYideV a cRmSleWe UeVWRUaWiRn SURceVV 
Rf Whe mRnXmenWV WhaW face bRWh WheiU aUchiWecWXUal and fXncWiRnal 
elemenWV. ThiV SURceVV iV imSeUaWiYe, aV in a lRW Rf caVeV SaUWV Rf Whe 
aVVeWV (e.g., fUeVcReV) aUe deca\ed RU miVVing dXe WR Whe SaVVage Rf 
Wime and RWheU enYiURnmenWal, naWXUal RU anWhURSRgenic facWRUV. An 
indicaWiYe SaUadigm Rf VXch a deca\ iV Whe B\]anWine chXUcheV in 
MeWeRUa aUea, a UNESCO cXlWXUal heUiWage ViWe in GUeece. 
HRZeYeU, Whe limiWaWiRnV in Waking VamSleV fURm VXch VighWV 
indicaWe WhaW befRUe VXch fUeVcR UeVWRUaWiRn SURceVV cRmmenceV, Ze 
fiUVW need WR VemanWicall\ claVVif\ Whe mRnXmenW VXUfaceV inWR 
diffeUenW maWeUial W\SeV, VXch aV VWRne, mRUWaU RU fUeVcReV. The 
UeVeaUch challenge imSRVeV WhiV VemanWic claVVificaWiRn SURceVV iV 
mRUe eYidenW in caVeV ZheUe Whe VXUfaceV Rf Whe mRnXmenW aUe nRW 
SlanaU bXW cRmSle[, VXch aV in man\ b\]anWine chXUcheV caUYed in 
URck in MeWeRUa.  

In WhiV SaSeU, Whe VemanWic claVVificaWiRn iV achieYed XVing a deeS 
CRnYRlXWiRnal NeXUal NeWZRUk (CNN) Zhich UeceiYeV aV inSXW WZR 
W\SeV Rf daWa: RGB imageV Rf Whe fUeVcReV WR caSWXUe We[WXUal 
infRUmaWiRn and 3D cXbeV WhaW encaSVXlaWe Whe geRmeWUic VWUXcWXUe 
Rf Whe VXUface. RGB imageV deVcUibe YiVXal cRmSle[iW\ Rf Whe 
fUeVcReV inclXding We[WXUe maSV and VW\le. On Whe RWheU hand, Whe 
3D cXbeV inclXde WUiangleV Rf Whe VXUface, RbWained XVing 
ShRWRgUammeWUic meWhRdV, deVcUibing VXUface cRmSle[iW\. The 
CNN cRnViVW Rf WZR la\eUV; a deeS cRnYRlXWiRnal la\eU Zhich 
aXWRmaWicall\ e[WUacWV a VeW Rf Ueliable feaWXUeV fURm Whe inSXW UaZ 
daWa and a cRnYenWiRnal feedfRUZaUd neXUal-baVed claVVificaWiRn 

la\eU. TR deWecW Whe miVVing iWemV and Whe maWeUial W\SeV, 
RYeUlaSSed inSXW daWa aUe fed aV inSXWV WR Whe CNN aV if Whe neWZRUk 
³Vcan´ Whe decRUaWiRnV WR diVcUiminaWe Whe W\Se Rf WheiU maWeUialV. 
The claVVificaWiRn SeUfRUmance iV WeVWed Rn Ueal-ZRUld deVWUR\ed 
b\]anWine fUeVcReV Rf SainW SWeShanXV MRnaVWeU\ in MeWeRUa. 

CCS CONCEPTS 

    �CRmSXWing meWhRdRlRgieVaMachine leaUningaMachine 
leaUning aSSURacheVaNeXUal neWZRUkV 

KEYWORDS 
SemanWic ClaVVificaWiRn, CRnYRlXWiRnal NeXUal neWZRUkV, MaWeUial 
DeWecWiRn, CXlWXUal HeUiWage, CRmSle[ SXUfaceV  

1 INTRODUCTION 
One ValienW aVSecW in hiVWRUic SUeVeUYaWiRn Rf mRnXmenWV iV, 

aSaUW fURm UehabiliWaWing WheiU VWUXcWXUal inWegUiW\ and UeWaining Whe 
UeVilience Rf Whe bXilding maWeUialV, Whe UeVWRUaWiRn Rf Whe inWeUiRU 
decRUaWiRnV, VXch aV mXUalV RU icRnV, Vince WhiV SURYideV a cRmSleWe 
UeVWRUaWiRn SURceVV Rf Whe mRnXmenWV WhaW face bRWh WheiU 
aUchiWecWXUal and fXncWiRnal elemenWV. FRU inVWance, in Rld b\]anWine 
chXUcheV, VXch aV Whe RneV Rf Whe famRXV mRnaVWeUieV in MeWeRUa 
aUea, GUeece (UNESCO cXlWXUal heUiWage mRnXmenWV), Rne cUiWical 
iVVXe iV WR UeVWRUe miVVing RU deca\ed SaUWV Rf Zall fUeVcReV Zhich 
haYe been deVWUR\ed dXe WR VeYeUal enYiURnmenWal and 
anWhURSRgenic facWRUV WhURXgh Wime. BefRUe VXch fUeVcR UeVWRUaWiRn 
SURceVV cRmmenceV, Whe VemanWicall\ claVVificaWiRn Rf Whe 
mRnXmenW VXUfaceV inWR diffeUenW maWeUial W\SeV like VWRne, mRUWaU 
RU fUeVcR iV YeU\ helSfXl. The UeVeaUch challenge Rf WhiV VemanWic 
claVVificaWiRn SURceVV iV mRUe eYidenW in caVeV, VXch aV in mRVW Rf 
Whe b\]anWine chXUcheV in MeWeRUa, ZheUe Whe VXUfaceV Rf Whe 
mRnXmenW aUe nRW SlanaU bXW cRmSle[ (fUee fRUm VXUfaceV inVWead 
Rf VXUfaceV fRllRZing a maWhemaWical VhaSe) Vince Whe iUUegXlaU 
VXUface Rf Whe URckV iV incRUSRUaWed and iV SaUW Rf Whe chXUch 
maVRnU\.  

In WhiV SaSeU, Whe VemanWic claVVificaWiRn iV achieYed XVing a deeS 
CRnYRlXWiRnal NeXUal NeWZRUk (CNN) Zhich UeceiYeV aV inSXW WZR 
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W\SeV Rf daWa: (a) RGB imageV Rf Whe ZallV WR caSWXUe We[WXUal 
infRUmaWiRn, and (b) 3D cXbeV WhaW encaSVXlaWe Whe geRmeWUic 
VWUXcWXUe Rf Whe VXUface. RGB imageV deVcUibe YiVXal cRmSle[iW\ Rf 
Whe Zall inclXding We[WXUe maSV and VW\le. On Whe RWheU hand, Whe 
3D cXbeV inclXde WUiangleV Rf Whe VXUface, RbWained XVing 
ShRWRgUammeWUic meWhRdV, deVcUibing VXUface cRmSle[iW\. The 
CNN cRnViVW Rf WZR la\eUV; a deeS cRnYRlXWiRnal la\eU Zhich 
aXWRmaWicall\ e[WUacWV a VeW Rf Ueliable feaWXUeV fURm Whe inSXW UaZ 
daWa and a cRnYenWiRnal feedfRUZaUd neXUal-baVed claVVificaWiRn 
la\eU. TR deWecW Whe miVVing iWemV Rf Whe fUeVcReV and Whe maWeUial 
W\SeV, RYeUlaSSed inSXW daWa aUe fed aV inSXWV WR Whe CNN aV if Whe 
neWZRUk ³Vcan´ Whe decRUaWiRnV WR diVcUiminaWe Whe W\Se Rf WheiU 
maWeUialV. The claVVificaWiRn SeUfRUmance iV WeVWed Rn Ueal-ZRUld 
deVWUR\ed b\]anWine fUeVcReV Rf SainW SWeShanXV MRnaVWeU\ in 
MeWeRUa. 

1.1 PUHYLRXV WRUN  
TR achieYe VXVWainable SURWecWiRn and UeVWRUaWiRn Rf VXch aVVeWV 

Whe chaUacWeUi]aWiRn Rf bXilding maWeUialV and deca\ iV Rf XWmRVW 
imSRUWance, eVSeciall\ in WeUmV Rf inWeUYenWiRn cRnVeUYaWiRn 
SUacWiceV. FRU Whe SURWecWiRn Rf a mRnXmenW, in mRVW caVeV, iW iV 
fRUbidden WR Wake VamSleV [1], [2]. TheUefRUe, Whe VcienWific 
cRmmXniW\ WXUnV WR nRn-inYaViYe and nR-cRnWacW SUacWiceV WR 
acTXiUe Whe neceVVaU\ infRUmaWiRn. FRU Whe bXilding maWeUialV 
chaUacWeUi]aWiRn, nRn-deVWUXcWiYe WechniTXeV aUe XWili]ed fRU Whe 
deWeUminaWiRn Rf Whe SaWhRlRg\ Rf a mRnXmenW. The cRllecWiRn Rf 
YaVW amRXnWV Rf daWa XVing WheVe WechniTXeV, can cRnWUibXWe WR Whe 
SURWecWiRn Rf cXlWXUal heUiWage aVVeWV and alVR fRU Whe deciViRn 
making Rn cRnVeUYaWiRn aSSURacheV ([1], [2], [3], [4]). OYeU Whe laVW 
decade, WheUe iV an immeUVe XVe Rf digiWal geRmeWUic dRcXmenWaWiRn 
SURceVVeV, eVSeciall\ fRU Whe cUeaWiRn Rf WhUee-dimenViRnal (3D) 
We[WXUed mRdelV ([5], [6], [7]). The cRmbinaWiRn Rf 
ShRWRgUammeWUic and cRmSXWeU YiViRn algRUiWhmV (SWUXcWXUe-fURm-
MRWiRn WechniTXeV) ma\ SURYide accXUaWe and deWailed 3D 
aUchiWecWXUal VXUYe\V ZiWh UadiRmeWUic infRUmaWiRn ([8], [9], [10]). 

FRU Whe SURWecWiRn Rf a cXlWXUal heUiWage aVVeW, Whe claVVificaWiRn and 
UeSUeVenWaWiRn Rf a mRnXmenWV¶ SaWhRlRg\ aimV WR cRnWURl Whe 
deca\ SURgUeVV and WR imSURYe Slanning Rf cRnVeUYaWiRn 
inWeUYenWiRnV [1]. WiWhin Whe fUameZRUk Rf cXlWXUal heUiWage aVVeWV 
SURWecWiRn, SUacWical needV emeUge UegaUding Whe inWegUaWed VWXd\ 
managemenW and Whe knRZledge deUiYing fURm incRmSaWible 
inWeUYenWiRnV WRZaUdV an inWeUdiVciSlinaU\ inWegUaWed aSSURach. 
MRUeRYeU, Whe academic cRmmXniW\ adRSWV VXch aSSURacheV, 
eVSeciall\ fRU Whe inYeVWigaWiRn Rf aVVeWV cRnVWUXcWiRn ShaVeV, 
defRUmaWiRnV and UeVWRUaWiRn SUacWiceV, fRU WheiU YiVXali]aWiRn and 
SURjecWiRn in mXlWiSle digiWal SlaWfRUmV. The Wendenc\ iV WR XVe 
GeRgUaShic InfRUmaWiRn S\VWem (GIS) RU BXilding InfRUmaWiRn 
MRdelling (BIM) VRfWZaUe WR cUeaWe 3D mRdelV ([11],[12],[13]) 
incRUSRUaWing infRUmaWiRn Rf Whe abRYemenWiRned diVciSlineV aV 
Zell aV RWheU deSending Rn Whe SURjecW¶V VcRSe (dRcXmenWaWiRn, 
YiVXali]aWiRn, diVVeminaWiRn, UeVWRUaWiRn eWc.) 

In cXlWXUal heUiWage Whe XVe Rf machine leaUning WechniTXeV haV 
SURYed effecWiYe in YaUiRXV inVWanceV bRWh in VWaWic enYiURnmenWV 
(i.e. Wangible aVVeWV) and eYen fRU d\namic enYiURnmenWV (inWangible 

cXlWXUal aVVeWV). In [14] mXlWiVSecWUal infRUmaWiRn and machine 
leaUning fRU nRn-deVWUXcWiYe SUeVeUYaWiRn Rf cXlWXUal aVVeWV iV XVed. 
MRUeRYeU, a nXmbeU Rf machine leaUning aSSURacheV haV been XVed 
fRU VemanWic claVVificaWiRn Rf cXlWXUal heUiWage aVVeWV. In [15] and 
[16] machine leaUning WechniTXeV and Whe effecW Rf IndXVWU\ 4.0 
innRYaWiRnV fRU VemanWic annRWaWiRn Rf cXlWXUal heUiWage aVVeWV iV 
VWXdied. In [17] a cRllecWiRn Rf daWaVeWV fRU benchmaUking machine 
leaUning WechniTXeV in cXlWXUal heUiWage iV SURYided.  [18] SURYideV 
a machine leaUning fUameZRUk fRU Whe aXWRmaWed claVVificaWiRn Rf 
heUiWage bXildingV. SimilaU aSSURacheV, emSlR\ing nRn-machine 
leaUning WechniTXeV haYe alVR been XVed. SXch WechniTXeV inclXde 
WhemaWic maSSing ([19]) and hieUaUchical mRdelV ([20]). HRZeYeU, 
eYen in Whe caVe Rf XVeU mRniWRUing and Wime-YaU\ing enYiURnmenWV 
deeS leaUning aSSURacheV haYe SURYed XVefXl, aV indicaWed in [21]. 
ThiV can be WUanVlaWed inWR SURYiding VemanWic infRUmaWiRn in eYen 
inWangible cXlWXUal heUiWage aVVeWV, aV iV Whe caVe fRU [22], [23] and 
[24]. 

In WhiV ZRUk a VimilaU aSSURach baVed Rn cRnYRlXWiRnal neXUal 
neWZRUkV WR SURYide VemanWic infRUmaWiRn fRU idenWif\ing 
decRUaWiRn maWeUialV in Wangible cXlWXUal heUiWage aVVeWV iV 
SUeVenWed. ThiV aSSURach ZaV e[SeUimenWall\ WeVWed XVing a daWaVeW 
caSWXUed in a B\]anWine chXUch in MeWeRUa aUea (fUeVcReV in Whe 
KaWhRlikRn Rf Whe SainW SWeShanXV MRnaVWeU\). 

2 PROBLEM FORMULATION 
LeW XV denRWe aV ݕሺ𝑛ሻ ൌ ሾ𝑃ଵ,𝑃ଶ, … 𝑃ே,ሿ் a Nx1 YecWRU WhaW 

cRnWainV Whe SURbabiliWieV P, WhaW Whe RbVeUYaWiRnV aW Si[el inVWance 
n can be claVVified aV Rne Rf N W\SeV Rf maWeUialV. LeW XV nRZ 
aVVXme WhaW WheUe iV a nRn-lineaU fXncWiRn WhaW UelaWeV SURbabiliWieV 
 ሺ𝑛ሻ ZiWh VRme meaVXUable RbVeUYaWiRnV 𝑥ሺ𝑛ሻ. In Whe fRllRZingݕ
nRWaWiRn, Ze aVVXme WhaW 𝑥ሺ𝑛ሻ aUe mXlWidimenViRnal WenVRUV Rf Whe 
inSXW daWa. AVVXming a nRn-lineaU deSendenc\ Rf Whe claVVificaWiRn 
RXWSXW and Whe SUeYiRXV claVVificaWiRn YalXeV, Ze deUiYe a nRn-lineaU 
aXWRUegUeVViYe-mRYing aYeUage mRdel:  

ሺ𝑛ሻݕ ൌ 𝑔ሺ𝑥ሺ𝑛, ሻ ൅  𝑒ሺ𝑛ሻ  (1)   

ZheUe 𝑔ሺ∙ሻ UefeUV WR Whe nRn-lineaU UelaWiRnVhiS. VecWRU 𝑒ሺ𝑛ሻ iV an 
indeSendenW and idenWicall\ diVWUibXWed eUURU. ET. (1) cannRW be 
eaVil\ calcXlaWed, aV 𝑔ሺ∙ሻ iV XnknRZn. The XVe Rf machine leaUning 
meWhRdV can SURdXce an aSSUR[imaWiRn Rf 𝑔ሺ∙ሻ  in a Za\ WhaW 
minimi]eV Whe eUURU 𝑒ሺ𝑛ሻ. A feed fRUZaUd neXUal neWZRUk (FNN) 
can VimXlaWe Whe behaYiRU Rf VXch fXncWiRn. HRZeYeU, WhiV FNN 
mRdel failV aW effecWiYel\ VelecWing feaWXUeV Rf high-dimenViRnal 
VSace and cRmSle[ heWeURgeneRXV enYiURnmenWV. CRnYRlXWiRnal 
NeXUal NeWZRUkV haYe demRnVWUaWed e[cellenW UeSUeVenWaWiRnal 
caSabiliWieV in feaWXUe VelecWiRn aV in [25]. The SURSRVed filWeU 
e[SlRiWV Whe effecWiYeneVV in feaWXUe VelecWiRn Rf CNN, in RUdeU WR 
VelecW RSWimal feaWXUeV WhaW enable Whe claVVificaWiRn Rf Whe RbVeUYed 
behaYiRUV.  

AfWeU Whe inSXW la\eU WhaW UeceiYeV Whe cXUUenW daWa, Ze SURceed ZiWh 
Whe cRnYRlXWiRnal/SRRling la\eUV. ThiV la\eU aSSlieV cRnYRlXWiRnal 
WUanVfRUmaWiRnV Rn Whe inSXW daWa VR aV WR ma[imi]e Whe 
claVVificaWiRn SeUfRUmance. The cRnYRlXWiRnV aUe e[ecXWed RYeU Whe 
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inSXW daWa and a VeW Rf keUnelV, in RUdeU WR VelecW aSSURSUiaWe 
feaWXUeV. The keUnel SaUameWeUV aUe eVWimaWed in a Za\ WhaW 
minimi]eV Whe SeUfRUmance eUURU Rn a gURXnd-WUXWh WUaining VeW. The 
L feaWXUe maSV, denRWed aV f1, f2,«, fL aUe XVed aV inSXWV in Whe final 
(claVVificaWiRn) la\eU. In Whe e[SeUimenWal eYalXaWiRn, Whe 
cRnYRlXWiRnal/SRRling la\eUV cRnViVW Rf WhUee diffeUenW 
cRnYRlXWiRnal la\eUV, ZiWh 5[5[4, 5[5[32 and 5[5[32 UeVSecWiYe 
filWeU Vi]eV, VeSaUaWed b\ Whe ReLU and Ma[ SRRling cRmSRnenWV.  

The final cRmSRnenW Rf Whe filWeU iV Whe claVVificaWiRn la\eU WhaW 
UeceiYeV Whe f1, f2,…, fL feaWXUe maSV and WUiggeUV a VXSeUYiVed 
behaYiRU claVVificaWiRn. The fi feaWXUe maSV aUe WenVRUV ZiWh 
dimenViRnV WhaW e[SUeVV Whe VSaWial aWWUibXWeV and Whe diffeUenW 
mRdaliWieV Rf Whe inSXW daWa.  

The claVVificaWiRn la\eU cRnViVWV Rf r neXURnV, each VWimXlaWing a 
nRn-lineaU RSeUaWiRn, ZheUe Whe VigmRid iV neXURn acWiYaWiRn 
fXncWiRn. If Ze denRWe aV 𝑤௜,௝  Whe ZeighWV WhaW cRnnecW Whe i-Wh 
feaWXUe maS 𝑓௜  ZiWh Whe j-Wh hidden neXURn Rf Whe claVVificaWiRn 
la\eU, When Whe RXWSXW Rf WhiV neXURn Zill be 𝑢௝ ൌ ߮ሺw௝

் ∙ 𝑓ሻ, ZheUe 
𝑓 iV Whe aggUegaWe feaWXUe maS cRncaWenaWing all feaWXUeV 𝑓௜ and w௝  
Whe aggUegaWe ZeighWV fRU Whe j-Wh hidden neXURn. Then, RXWSXW Zill 
be giYen aV: 

௪ሺ𝑛ሻݕ  ൌ ߮൫𝑣் ∙ 𝑢 ൯ ≡ ߮ሺݖ௪ሺ𝑛ሻሻ ሺ2ሻ 

ZheUe u inclXdeV all RXWSXWV 𝑢௝  RYeU all Whe r hidden neXURnV and v 
Whe aggUegaWe ZeighWV cRnnecWing Whe r hidden neXURnV Rf Whe 
claVVificaWiRn la\eU ZiWh Whe RXWSXW neXURn. In ET. (2), ݖ௪ሺ𝑛ሻ 
e[SUeVVeV Whe inSXW Rf Whe final RXWSXW neXURn befRUe aSSl\ing Whe 
acWiYaWiRn fXncWiRn ߮ሺ∙ሻ. In Whe SUeYiRXV nRWaWiRn, Ze haYe aVVXmed 
WhaW Whe claVVificaWiRn RXWSXW cRnViVWV Rf Rne neXURn. E[WenViRn WR 
mXlWiSle neXURnV iV VWUaighWfRUZaUd. SXbVcUiSW w in ET. (2) denRWeV 
Whe deSendence Rf Whe claVVificaWiRn Rn Whe neWZRUk ZeighWV Zhich 
Zill be eVWimaWed WhURXgh a leaUning SURceVV. In RXU cRnfigXUaWiRn, 
Whe SURSRVed mRdel cRnViVWV Rf 64 hidden la\eUV and WZR RXWSXW 
neXURnV.  

A VchemaWic diagUam Rf Whe SURSRVed aUchiWecWXUe iV SUeVenWed in 
FigXUe 1. 

3 SYSTEM ARCHITECTURE 
In WhiV VecWiRn Whe SURSRVed imSlemenWaWiRn Rf a CRnYRlXWiRnal 

NeXUal NeWZRUk iV deVcUibed.  

CRQYROXWLRQaO La\HU: The SXUSRVe Rf WhiV la\eU iV WR aSSl\ 
cRnYRlXWiRnal WUanVfRUmaWiRnV Rn Whe inSXW daWa in a Za\ aV WR 
ma[imi]e claVVificaWiRn SeUfRUmance. A VeW Rf SaUameWeUiVable 
filWeUV (e.g., leaUnable keUnelV) iV cRnYRlYed ZiWh Whe inSXW daWa 
VelecWing aSSURSUiaWe feaWXUeV and eVWimaWing keUnel SaUameWeUV VR 

FLJXUH 1: S\VWHP AUFKLWHFWXUH 
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WhaW SeUfRUmance Rn a gURXnd WUXWh WUaining VeW iV ma[imi]ed. The 
L feaWXUe maSV, Va\ f_1, f_2, «, f_L, RSWimall\ VelecWed b\ Whe 
cRnYRlXWiRnal la\eU Zill be XVed aV inSXW WR Whe final claVVificaWiRn 
la\eU.  

COaVVLILFaWLRQ La\HU: The ClaVVificaWiRn La\eU UeceiYeV aV inSXW 
Whe WUanVfRUmed UeSUeVenWaWiRnV fURm Whe cRnYRlXWiRnal la\eU, i.e. 
feaWXUe maSV 𝑓ଵ, 𝑓ଶ, … , 𝑓௅ ,  and WUiggeUV Whe final (VXSeUYiVed) 
claVVificaWiRn. NRUmall\, feaWXUe maSV 𝑓௜ Ue WenVRUV Rf a high 
dimenViRnal gUid. The fiUVW dimenViRnV e[SUeVV Whe VSaWial aWWUibXWeV 
Rf Whe Vcene, eiWheU in 2D RU 3D VSace, Zhile Whe UeVW UefeU WR Whe 
diffeUenW mRdaliWieV (channelV) Rf Whe inSXW daWa. In Whe fRllRZing, 
WR VimSlif\ Whe nRWaWiRn, Ze aVVXme, ZiWhRXW lRVV Rf geneUaliW\, WhaW 
Whe feaWXUe maSV 𝑓௜ aUe VcalaUV. E[WenViRn WR WenVRUV can be dRne b\ 
e[SlRiWing WenVRU algebUa SURSeUWieV and aSSURSUiaWe mRdificaWiRn 
Rf Whe inneU SURdXcW RSeUaWRUV.  

4 PERFORMANCE EVALUATION 

4.1 DaWaVHW DHVFULSWLRQ  
FRU Whe e[SeUimenWal eYalXaWiRn Rf Whe SURSRVed V\VWem, daWa 

caSWXUed fURm Whe inWeUiRU ZallV Rf a B\]anWine chXUch in MeWeRUa 
(KaWhRlikRn Rf SainW SWeShanXV MRnaVWeU\) aUe XWiliVed. The ZallV 
aUe cRYeUed b\ fUeVcReV, RWheU SainWing decRUaWiRnV, VWRneV and 
mRUWaU. 

The RGB image XVed WR caSWXUe Whe We[WXUal infRUmaWiRn iV Whe 
RUWhR-image Rf each Zall. ThiV RUWhR-image iV an accXUaWe 2D 
UeSUeVenWaWiRn Rf Whe We[WXUed 3D mRdel Rn a Slane SaUallel WR Whe 
mean Slane Rf Whe (nRn-SlanaU) Zall. The We[WXUed 3D mRdel Rf Whe 
inWeUiRU Rf Whe chXUch and Whe RUWhR-imageV Rf Whe ZallV ZaV 
SURdXced b\ ShRWRgUammeWUic and SfM WechniTXeV. IniWiall\, a 
laUge nXmbeU Rf RGB imageV Rf Whe inWeUiRU Rf Whe chXUch XVing a 
24mm fRcal lengWh cameUa and field meaVXUemenWV Rf cRnWURl 
SRinWV fRU Whe geRUefeUencing ZeUe caSWXUed. Then, Whe denVe SRinW 
clRXd UeSUeVenWing Whe DSM Rf Whe VXUfaceV, Whe VRlid 3D mRdel 
and, finall\, Whe RUWhR-imageV aUe cUeaWed. 

A SaUW Rf Whe RUWhR-image Rf Whe ZeVWeUn Zall inclXding Whe enWUance 
Rf Whe chXUch iV SUeVenWed in FigXUe 2. TR annRWaWe WhiV image, in 
cRllabRUaWiRn ZiWh cXlWXUal SUeVeUYaWiRnV Whe DBSCAN [26] 
algRUiWhm WR VeSaUaWe Whe image in clXVWeUV, WhaW aUe in WXUn 
annRWaWed b\ Whe SUeVeUYaWRUV, iV XVed. The image and Whe labelV aUe 
When fed WR Whe CNN fRU WUaining. 

4.2 OYHUYLHZ RI WKH LPSOHPHQWaWLRQ 
The CNN claVVifieU, aV Zell aV Whe RWheU fUameZRUkV WhaW aUe 

deVcUibed in SecWiRn 4.3, Whe SeUfRUmance Rf Zhich ZaV WeVWed 
againVW Whe SURSRVed mRdel ZeUe imSlemenWed in P\WhRn 3.6 XVing 
Whe KeUaV (1.08) and TenVRUflRZ (2.1.0) libUaUieV. FRU 
h\SeUSaUameWeU RSWimi]aWiRn Whe TXne libUaU\ ZaV XVed. The 
V\VWem ZaV WUained Rn an InWel CRUe i7-6700K CPU (4GH]) ZiWh 2 
NVIDIA GTX1080 GPUV. 

FLJXUH 2: E[aPSOH VaPSOH RI WKH GaWaVHW 
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One Rf Whe main dUaZbackV Rf deeS machine leaUning WechniTXeV iV 
Whe facW WhaW Whe\ UeTXiUe laUge WUaining daWaVeWV, WR RSWimi]e Whe 
algRUiWhm SeUfRUmance and WhaW XVXall\ Whe WUaining Rf VXch 
claVVifieUV iV cRmSXWaWiRnall\ demanding. HRZeYeU, Whe caSWXUed 
daWaVeW SURYed enRXgh WR Ueach high leYelV Rf accXUac\, aV iV 
SUeVenWed in Whe fRllRZing VecWiRnV. MRUeRYeU, Whe WUaining Rf Whe 
CNN UeTXiUed aSSUR[imaWel\ an hRXU Rf WUaining Wime. ThiV iV an 
acceSWable cRmSXWaWiRnal cRVW baVed Rn Whe aSSlicaWiRn VcenaUiR, 
WhRXgh Whe WUaining ZaV VignificanWl\ VlRZeU Whan Whe RWheU WeVWing 
claVVifieUV. 

4.3 E[SHULPHQWaO VaOLGaWLRQ 
The claVVificaWiRn SeUfRUmance Rf Whe SURSRVed DeeS 

CRnYRlXWiRnal filWeU ZaV cRmSaUed ZiWh diffeUenW claVVifieUV, i.e. (i) 
a lineaU keUnel SVM, and (ii) an aUchiWecWXUeV Rf a WUadiWiRnal 
feedfRUZaUd neXUal neWZRUk ZiWh 2 hidden la\eUV Rf 10 
neXURnV/la\eU. The UeVXlWV aUe SUeVenWed in FigXUe 3 and in Table 1. 
CNN cleaUl\ RXWSeUfRUmV all Whe RWheU claVVifieUV. FRU aVVeVVing Whe 
SeUfRUmance Rf Whe claVVifieUV, Ze XVed Whe SRSXlaU meWUicV 
accXUac\ (UaWiRn Rf cRUUecW SUedicWiRnV RYeU Whe WRWal Rf SUedicWiRnV 
made), SUeciViRn (nXmbeU Rf cRUUecW SUedicWiRn diYided b\ Whe 
nXmbeU Rf WRWal SUedicWiRnV made), Uecall (nXmbeU Rf cRUUecW 
SUedicWiRnV diYided b\ Whe WRWal nXmbeU Rf elemenWV SUeVenW in WhaW 
claVV) and F1-VcRUe (haUmRnic mean Rf SUeciViRn and Uecall). 
 

 

FLJXUH 3: PHUIRUPaQFH RI WKH YaULRXV FOaVVLILHUV 

TabOH 1: COaVVLILFaWLRQ SHUIRUPaQFH PHWULFV RQ PXOWLPRGaO 
H[SHULPHQWV 

MeWhRd TUain 
Time 

AccXUac\ PUeciViRn Recall F1 
ScRUe 

SVM 33 
min 

86.78 % 91.10 % 82.08 
% 

86.35 
% 

FNN 40 
min 

92.61 % 89.84 % 88.46 
% 

89.15 
% 

CNN 58 
min 

95.20 % 97.52 % 94.01 
% 

95.73 
% 

 
AV iV RbVeUYed Whe SURSRVed CNN claVVifieU RXWSeUfRUmV Whe 

RWheU WeVWed meWhRdV, Zhile Whe FNN and SVM claVVifieUV VhRZ 

VimilaU SeUfRUmance, eVSeciall\ Zhen VWXd\ing Whe SUeciViRn Rf Whe 
mRdelV. ThiV can be aWWUibXWed WR Whe abiliW\ Rf Whe CNN WR cUeaWe 
aSSURSUiaWe filWeUV WhaW e[WUacW UeSUeVenWaWiYe feaWXUeV WhaW dUiYe Whe 
claVVificaWiRn VWage.  

MRUeRYeU, Whe CNN claVVifieU diVSla\V nRW Rnl\ beWWeU accXUac\, 
i.e. haV a higheU UaWiR Rf cRUUecWl\ SUedicWed RbVeUYaWiRnV WR Whe WRWal 
RbVeUYaWiRnV. CNN alVR diVSla\V higheU SUeciViRn, and Uecall.  

5 CONCLUSIONS 
In WhiV SaSeU Ze aUgXed Whe need Rf an inWelligenW V\VWem WhaW 

can VemanWicall\ enUich Whe 3D mRdelV Rf a cXlWXUal heUiWage aVVeW 
in a Za\ WhaW faciliWaWeV Whe UeVWRUaWiRn and SUeVeUYaWiRn Rf VXch an 
aVVeW. We fRUmXlaWe WhiV aV a claVVificaWiRn SURblem, ZeUe Whe 
enUiched infRUmaWiRn WakeV Whe fRUm Rf Si[el leYel annRWaWiRn RYeU 
Whe RUWhR-image WhaW iV e[WUacWed fURm Whe 3D mRdel Rf Whe inWeUiRU 
Rf a B\]anWine chXUch in Whe UNESCO CXlWXUal HeUiWage SiWe Rf 
MeWeRUa. We XWili]e a CRnYRlXWiRnal NeXUal NeWZRUk and 
demRnVWUaWe WhaW WhiV aUchiWecWXUe can efficienWl\ e[WUacW 
UeSUeVenWaWiYe feaWXUeV fURm Whe RUWhR-image and claVVif\ Whe RUWhR-
image Si[elV RYeU a nXmbeU Rf SUedeWeUmined maWeUialV. 

ACKNOWLEDGMENTS 
ThiV UeVeaUch haV been cRဨfinanced b\ Whe EXURSean UniRn and 
GUeek naWiRnal fXndV WhURXgh Whe OSeUaWiRnal PURgUam 
CRmSeWiWiYeneVV, EnWUeSUeneXUVhiS and InnRYaWiRn, XndeU Whe call 
RESEARCH ± CREATE ± INNOVATE (SURjecW cRde: ȉ1ǼǻȀ-
02859). 

REFERENCES 
[1] A. MRURSRXlRX, E.T. DelegRX, N.P. AYdelidiV and A. AWhanaViadRX. 2005. 

InWegUaWed diagnRVWicV XVing adYanced in ViWX meaVXUing WechnRlRg\. In 
Proceedings of the 10th DBMC - International Conference on Durability of 
Building Materials and Components. 

[2] R. LeWellieU, W. Schmid, F. LeBlanc and F. RecRUding. 2007. Documentation & 
Information Management for the Conservation of Heritage Places - Guiding 
Principles. J. PaXl GeWW\ TUXVW: LRV AngeleV, CA, USA. 

[3] P. SalRnia and A. NegUi. 2003. HiVWRUical bXildingV and WheiU deca\: DaWa UecRUding, 
anal\Ving and WUanVfeUUing in an ITC enYiURnmenW. ISPRS Arch., YRl. 34, 302±
306. 

[4] J.E. MeURxR, A.J. PeUea, M.J. AgXileUa, and A.M. LagXna. 2015. RecRgniWiRn Rf 
maWeUialV and damage Rn hiVWRUical bXildingV XVing digiWal image claVVificaWiRn. S. 
Afr. J. Sci. 111, 1±9. 

[5] G. GXidi, and F. RemRndinR. 2012. 3D mRdeling fURm Ueal daWa. In MRdeling and 
SimXlaWiRn in EngineeUing. Ale[andUX, C., Ed.; In Tech Publisher: Rijeka, 
Croatia, 69±102. ISBN 978-953-51-0012-6. 

[6] T.P. KeUVWen, and M. LindVWaedW. 2012. Image-baVed lRZ-cRVW V\VWemV fRU 
aXWRmaWic 3D UecRUding and mRdelling Rf aUchaeRlRgical findV and RbjecWV. In 
EuroMed 2012: Progress in Cultural Heritage Preservation, IRannideV, M., 
FUiWVch, D., LeiVVneU, J., DaYieV, R., RemRndinR, F., CaR, R., EdV.; LNCS YRl. 
7616, 1-10, SSUingeU: BeUlin/HeidelbeUg, GeUman\. 

[7] F. RemRndinR. 2014. PhRWRgUammeWU\²BaVic TheRU\. In 3D Recording and 
Modelling in Archaeology and Cultural Heritage—Theory and Best Practices, 
RemRndinR, F., CamSana, S., EdV., AUchaeRSUeVV BAR PXblicaWiRn SeUieV 2598, 
63-72, GRUdRn HRXVe: O[fRUd, UK. ISBN 9781407312309. 

[8] A. PeUe] RamRV and G. RRbleda PUieWR. 2015. 3D YiUWXali]aWiRn b\ clRVe Uange 
ShRWRgUammeWU\ indRRU gRWhic chXUch aSVeV - The caVe VWXd\ Rf chXUch Rf San 
FUanciVcR in BeWan]RV (La CRUXa, SSain). ISPRS Int. Arch. Photogramm. Remote 
Sens. Spat. Inf. Sci., YRl. XL-5/W4, 201±206. 

[9] W. BRehleU, W G. Hein] and A. MaUbV. 2010. The SRWenWial Rf nRn-cRnWacW clRVe 
Uange laVeU VcanneUV fRU cXlWXUal heUiWage UecRUding. Int. Arch. Photogramm. 
Remote Sens. Spat. Inf. Sci., YRl. 34, 430±436. 

[10] A. GeRUgRSRXlRV, C. IRannidiV, S. SRile, S. TaSeinaki, R. ChliYeURX, E. 
TVilimanWRX, K. LabURSRXlRV and A. MRURSRXlRX. 2018. The RRle Rf DigiWal 
GeRmeWUic DRcXmenWaWiRn fRU Whe RehabiliWaWiRn Rf Whe TRmb Rf ChUiVW. In 
Proceedings of the Digital Heritage 2018 3rd International Congress 

503



PETRA¶20, JXne, 2020, CRUfX, GUeece BakalRV, SRile, IRannidiV 
 

 
 

(DigitalHERITAGE), San FUanciVcR, USA. DOI: 
10.1109/DigiWalHeUiWage.2018.8810044 

[11] M.R. HeVV, V. PeWURYic, F. KXeVWeU. 2017. InWeUacWiYe claVVificaWiRn Rf 
cRnVWUXcWiRn maWeUialV: Feedback dUiYen fUameZRUk fRU annRWaWiRn and anal\ViV 
Rf 3D SRinW clRXdV. In Proceedings of the 26th International CIPA Symposium, 
YRl. IV-2/W2, 343±347, OWWaZa, ON, Canada. 

[12] D. CRVWanWinR, M.G. Angelini. 2015. ThUee-DimenViRnal InWegUaWed SXUYe\ fRU 
BXilding InYeVWigaWiRnV. J. Forensic Sci., YRl. 60, 1625±1632. 

[13] E. AdamRSRXlRV, E. TVilimanWRX, V. KeUamidaV, M. ASRVWRlRSRXlRX, M. 
KaURglRX, S. TaSinaki, C. IRannidiV, A. GeRUgRSRXlRV and A. MRURSRXlRX. 2017. 
MXlWi-VenVRU dRcXmenWaWiRn Rf meWUic and TXaliWaWiYe infRUmaWiRn Rf hiVWRUic 
VWRne VWUXcWXUeV. In Proceedings of the 26th International CIPA Symposium, IV-
2/W2, 1±8, OWWaZa, ON, Canada. 

[14] N. BakalRV, N. DRXlamiV and A. DRXlamiV, A. 2020. MXlWiVSecWUal MRniWRUing Rf 
MicURclimaWe CRndiWiRnV fRU NRn-deVWUXcWiYe PUeVeUYaWiRn Rf CXlWXUal HeUiWage 
AVVeWV. Strategic Innovative Marketing and Tourism, 641-646. 

[15] A.M. YaVVeU, K. ClaZVRn and C. BRZeUman. 2017. SaYing cXlWXUal heUiWage ZiWh 
digiWal make-belieYe: machine leaUning and digiWal WechniTXeV WR Whe UeVcXe. In 
Proceedings of the Electronic Visualisation and the Arts (EVA 2017), BCS 
LeaUning & DeYelRSmenW LWd. 

[16] C. MiUaUchi, A. PaYan, B. di MaUWinR and A. EVSRViWR. 2020. ImSacW Rf IndXVWU\ 
4.0 in AUchiWecWXUe and CXlWXUal HeUiWage: AUWificial InWelligence and SemanWic 
Web TechnRlRgieV WR EmSRZeU InWeURSeUabiliW\ and DaWa UVage. In Impact of 
Industry 4.0 on Architecture and Cultural Heritage, ChaSWeU 13, 306-329, IGI 
GlRbal. 

[17] P. RiVWRVki, G.K.D. de VUieV and H. PaXlheim. 2016. A cRllecWiRn Rf benchmaUk 
daWaVeWV fRU V\VWemaWic eYalXaWiRnV Rf machine leaUning Rn Whe VemanWic Zeb. In 
International Semantic Web Conference, 186-194, SSUingeU, Cham. 

[18] M. BaVVieU, M. VeUgaXZen and B. Yan GenechWen. 2017. AXWRmaWed claVVificaWiRn 
Rf heUiWage bXildingV fRU aV-bXilW BIM XVing machine leaUning WechniTXeV. ISPRS 
Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci., YRl. IV-2/W2, 25-30. 

[19] E.S. MalinYeUni, F. MaUianR, F. di SWefanR, L. PeWeWWa and F. OnRUi. 2019. 
MRdelling in HBIM WR dRcXmenW maWeUialV deca\ b\ a WhemaWic maSSing WR 
manage Whe cXlWXUal heUiWage: The caVe Rf ³ChieVa della PieWj´ in FeUmR. Int. Arch. 
Photogramm. Remote Sens. Spatial Inf. Sci., YRl. XLII-2/W11, 777-784. 

[20] L. XX and X. Wang. 2015. SemanWic DeVcUiSWiRn Rf CXlWXUal DigiWal ImageV: 
UVing a HieUaUchical MRdel and CRnWURlled VRcabXlaU\. D-Lib Magazine, YRl. 
21(5/6), DOI: 10.1045/ma\2015-[X 

[21] N. BakalRV, E. PURWRSaSadakiV, A. DRXlamiV and N. DRXlamiV. 2018. Dance 
PRVWXUe/SWeSV ClaVVificaWiRn XVing 3D JRinWV fURm Whe KinecW SenVRUV. In IEEE 
16th Intl Conf on Dependable, Autonomic and Secure Computing, 16th Intl Conf 
on Pervasive Intelligence and Computing, 4th Intl Conf on Big Data Intelligence 
and Computing and Cyber Science and Technology Congress 
(DASC/PiCom/DataCom/CyberSciTech), 868-873. 

[22] I. RalliV, N. BakalRV, N. DRXlamiV, A. DRXlamiV and A. VRXlRdimRV. 2019. 
BidiUecWiRnal lRng VhRUW-WeUm memRU\ neWZRUkV and VSaUVe hieUaUchical mRdeling 
fRU Vcalable edXcaWiRnal leaUning Rf dance chRUeRgUaShieV. The Visual Computer, 
1-16. 

[23] I. RalliV, A. LangiV, I. GeRUgRXlaV, A. VRXlRdimRV, N. DRXlamiV and A. 
DRXlamiV. 2018. An embRdied leaUning game XVing kinecW and labanRWaWiRn fRU 
anal\ViV and YiVXali]aWiRn Rf dance kineViRlRg\. In 10th International Conference 
on Virtual Worlds and Games for Serious Applications (VS-Games) IEEE, 1-8. 

[24] A. VRXlRdimRV, N. DRXlamiV, A. DRXlamiV, A. and I. RalliV. 2018. KinemaWicV-
baVed e[WUacWiRn Rf ValienW 3D hXman mRWiRn daWa fRU VXmmaUi]aWiRn Rf 
chRUeRgUaShic VeTXenceV. In 24th International Conference on Pattern 
Recognition (ICPR) IEEE, 3013-3018. 

[25] N. BakalRV, A. VRXlRdimRV, N. DRXlamiV, A. DRXlamiV, A. OVWfeld, E. SalRmRnV, 
J. CaXbeW, V. Jimene], V. and P. Li. 2019. PURWecWing ZaWeU infUaVWUXcWXUe fURm 
c\beU and Sh\Vical WhUeaWV: UVing mXlWimRdal daWa fXViRn and adaSWiYe deeS 
leaUning WR mRniWRU cUiWical V\VWemV. IEEE Signal Processing Magazine, YRl. 
36(2), 36-48. 

[26] E. SchXbeUW, J. SandeU, M. EVWeU, H.P. KUiegel and X. XX. 2017. DBSCAN 
UeYiViWed, UeYiViWed: Zh\ and hRZ \RX VhRXld (VWill) XVe DBSCAN. ACM 
Transactions on Database Systems (TODS), YRl. 42(3), 1-21. 

 
 

504




