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AbVWUacW

AdYaQceV iQ aUWificial iQWelligeQce fRU iPage SURceVViQg hRld gUeaW SURPiVe fRU iQcUeaViQg Whe

VcaleV aW Zhich ecRlRgical V\VWePV caQ be VWXdied. The diVWUibXWiRQ aQd behaYiRU Rf iQdiYidXalV
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iV ceQWUal WR ecRlRg\, aQd cRPSXWeU YiViRQ XViQg deeS QeXUal QeWZRUkV caQ leaUQ WR deWecW

iQdiYidXal RbjecWV iQ iPageU\. HRZeYeU, deYelRSiQg cRPSXWeU YiViRQ fRU ecRlRgical PRQiWRUiQg iV

challeQgiQg becaXVe iW QeedV laUge aPRXQWV Rf hXPaQ-labeled WUaiQiQg daWa, UeTXiUeV adYaQced

WechQical e[SeUWiVe aQd cRPSXWaWiRQal iQfUaVWUXcWXUe, aQd iV SURQe WR RYeUfiWWiQg. ThiV liPiWV

aSSlicaWiRQ acURVV VSace aQd WiPe. OQe VRlXWiRQ iV deYelRSiQg geQeUali]ed PRdelV WhaW caQ be

aSSlied acURVV VSecieV aQd ecRV\VWePV. UViQg RYeU 250,000 aQQRWaWiRQV fURP 13 SURjecWV fURP

aURXQd Whe ZRUld, Ze deYelRS a geQeUal biUd deWecWiRQ PRdel WhaW achieYeV RYeU 65% Uecall aQd

50% SUeciViRQ RQ QRYel aeUial daWa ZiWhRXW aQ\ lRcal WUaiQiQg deVSiWe diffeUeQceV iQ VSecieV,

habiWaW, aQd iPagiQg PeWhRdRlRg\. FiQe-WXQiQg WhiV PRdel ZiWh RQl\ 1000 lRcal aQQRWaWiRQV

iQcUeaVeV WheVe YalXeV WR aQ aYeUage Rf 84% Uecall aQd 69% SUeciViRQ b\ bXildiQg RQ Whe

geQeUal feaWXUeV leaUQed fURP RWheU daWa VRXUceV. ReWUaiQiQg fURP Whe geQeUal PRdel iPSURYeV

lRcal SUedicWiRQV eYeQ ZheQ PRdeUaWel\ laUge aQQRWaWiRQ VeWV aUe aYailable aQd PakeV PRdel

WUaiQiQg faVWeU aQd PRUe VWable. OXU UeVXlWV dePRQVWUaWe WhaW geQeUal PRdelV fRU deWecWiQg bURad

claVVeV Rf RUgaQiVPV XViQg aiUbRUQe iPageU\ aUe achieYable. TheVe PRdelV caQ UedXce Whe

effRUW, e[SeUWiVe, aQd cRPSXWaWiRQal UeVRXUceV QeceVVaU\ fRU aXWRPaWiQg Whe deWecWiRQ Rf

iQdiYidXal RUgaQiVPV acURVV laUge VcaleV, helSiQg WR WUaQVfRUP Whe Vcale Rf daWa cRllecWiRQ iQ

ecRlRg\ aQd Whe TXeVWiRQV WhaW caQ be addUeVVed.

IQWURdXcWiRQ

AiUbRUQe iPage caSWXUe iV UeYRlXWiRQi]iQg daWa cRllecWiRQ iQ ecRlRg\ b\ SURYidiQg iQfRUPaWiRQ RQ

aQiPal SUeVeQce, abXQdaQce aQd behaYiRU aW XQSUecedeQWed VcaleV (AfiQ eW al., 2018; BRQdi eW

al., 2018; ReiQWVPa eW al., 2018; WeiVVeQVWeiQeU eW al., 2015). A ceQWUal challeQge iQ aiUbRUQe

PRQiWRUiQg iV cRQYeUWiQg Whe laUge aPRXQW Rf VeQVRU daWa iQWR ecRlRgical iQfRUPaWiRQ. EcRlRgical

iPage aQQRWaWiRQ iV labRUiRXV aQd Whe aPRXQW Rf iPageU\ cRllecWed caQ TXickl\ RYeUZhelP

hXPaQ aQQRWaWRUV (KelleQbeUgeU eW al., 2020). AXWRPaWed WRRlV fRU aQiPal deWecWiRQ aUe
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WheUefRUe cUiWical WR Pake iPage-baVed daWa cRllecWiRQ feaVible aW laUge VcaleV. CRPSXWeU YiViRQ

XViQg deeS QeXUal QeWZRUkV iV a fRUP Rf aUWificial iQWelligeQce WhaW cRQQecWV VeQVRU daWa, VXch aV

iPage Si[elV, WR VePaQWic cRQceSWV VXch aV Whe caWegRU\ aQd lRcaWiRQ Rf iQdiYidXal RbjecWV ZiWhiQ

aQ iPage. The UaSid gURZWh Rf cRPSXWeU YiViRQ fRU ecRlRgical PRQiWRUiQg haV allRZed VXUYe\V WR

Vcale WR XQSUecedeQWed e[WeQWV XViQg gURXQd-baVed (BeUgeU-WRlf eW al., 2017) aQd aiUbRUQe

iPagiQg V\VWePV (MRUelaQd eW al., 2015). TheUe haYe beeQ a QXPbeU Rf UeceQW VWXdieV

dePRQVWUaWiQg WhaW ZiWh VXfficieQW TXaQWiWieV Rf hXPaQ-aQQRWaWed daWa, cRPSXWeU YiViRQ XViQg

deeS QeXUal QeWZRUkV caQ accXUaWel\ SUedicW aQiPal lRcaWiRQ, abXQdaQce aQd behaYiRU

(AhXPada eW al., 2020; BeeU\ eW al., 2020; BeijbRP eW al., 2015; BRQdi eW al., 2018; BRZle\ eW al.,

2018; CUall eW al., 2013; KelleQbeUgeU eW al., 2018; TRUQe\ eW al., 2019; WeiQVWeiQ, 2018; Willi eW

al., 2019). HRZeYeU, deYelRSiQg aQd deSlR\iQg cRPSXWeU YiViRQ fRU ecRlRgical PRQiWRUiQg caQ be

challeQgiQg becaXVe: 1) laUge aPRXQWV Rf hXPaQ labeled WUaiQiQg daWa aUe W\Sicall\ QeceVVaU\

fRU WUaiQiQg deeS QeXUal QeWZRUkV, 2) bXildiQg QeXUal QeWZRUkV UeTXiUeV WechQical e[SeUWiVe aQd

acceVV WR VigQificaQW cRPSXWaWiRQal iQfUaVWUXcWXUe WhaW aUe RfWeQ XQaYailable WR ecRlRgical WeaPV,

aQd 3) Whe laUge QXPbeU Rf SaUaPeWeUV iQ deeS QeXUal QeWZRUkV WeQd WR RYeUfiW WR aYailable daWa

SUeYeQWiQg aSSlicaWiRQ acURVV VSace aQd WiPe.

OQe VRlXWiRQ WR WheVe challeQgeV iV Whe deYelRSPeQW Rf geQeUali]ed PRdelV WhaW caQ be

aSSlied WR a bURad UaQge Rf VSecieV aQd ecRV\VWePV. GeQeUali]ed PRdelV aWWePSW WR SURdXce a

ViQgle PRdel WhaW ZRUkV effecWiYel\ UegaUdleVV Rf Whe deWailV Rf iPage backgURXQd aQd WaUgeW

RbjecW (KaZagXchi eW al., 2020). DXe WR VhaUed eYRlXWiRQaU\ hiVWRU\, aQiPalV ZiWhiQ bURad

Wa[RQRPic gURXSV, VXch aV claVV (e.g AYHV, MDPPDOLD) aQd RUdeU (e.g. CKDUDGULLIRUPHV,

CDUQLYRUD) VhaUe geQeUal YiVXal chaUacWeUiVWicV WhaW caQ be XVefXl fRU deWecWiRQ iQ QaWXUal

laQdVcaSeV. While WheUe Zill be VigQificaQW YaUiaWiRQ iQ aSSeaUaQce ZiWhiQ WheVe gURXSV, Whe gRal

iV WR cRPbiQe aQQRWaWiRQV fURP PaQ\ VWXdieV WR SURdXce Whe laUge daWa VeWV Qeeded WR WUaiQ a

geQeUal deWecWRU. NeXUal QeWZRUkV SURYide iPSURYed SUedicWiRQV fRU VSecific lRcal cRQdiWiRQV.
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DeVSiWe WheVe beQefiWV Whe YaVW PajRUiW\ Rf cRPSXWeU YiViRQ PRdelV deYelRSed iQ ecRlRg\ fRcXV

RQ a ViQgle VSecieV RU ecRV\VWeP. AV a UeVXlW, iW iV QRW cleaU hRZ accXUaWel\ deeS leaUQiQg

PRdelV SUedicW XQdeU WUXl\ QRYel ecRlRgical cRQdiWiRQV, hRZ effecWiYe fiQe-WXQiQg iV fRU SURdXciQg

iPSURYed SUedicWiRQV fRU iQdiYidXal VWXdieV, aQd hRZ WheVe PRdelV cRPSaUe WR ViPilaU PRdelV

deYelRSed XViQg RQl\ WUaiQiQg daWa cRllecWed VSecificall\ fRU WhaW VWXd\.

The deWecWiRQ Rf laUge biUdV iQ aiUbRUQe iPageU\ iV aQ ideal VceQaUiR fRU deYelRSiQg aQd

eYalXaWiQg Whe SeUfRUPaQce Rf geQeUali]ed PRdelV. BiUdV aUe a PajRU iQdicaWRU Rf ecRV\VWeP

healWh aQd UeSUeVeQW aQ iPSRUWaQW iQWeUVecWiRQ Rf UePRWe VeQViQg aQd cRQVeUYaWiRQ (GUegRU\

aQd SWUieQ, 2010). AiUbRUQe PRQiWRUiQg Rf biUdV XViQg XQRccXSied aeUial YehicleV (UAVV) aQd

aiUSlaQeV iV iQcUeaViQgl\ cRPPRQ dXe WR Whe Qeed WR PRQiWRU biUdV RYeU laUge VcaleV (DXlaYa eW

al., 2015; GURRP eW al., 2013; KiP aQd KiP, 2020; PfeifeU eW al., 2021). MXch Rf WhiV ZRUk

iQYRlYeV haQd cRXQWiQg biUdV iQ iPageU\ XViQg hXPaQ aQQRWaWRUV. WheQ cRPSXWeU YiViRQ

PeWhRdV aUe XVed, Whe\ W\Sicall\ XVe beWZeeQ 10,000 aQd 40,000 lRcal aQQRWaWiRQV deYelRSed

fRU a ViQgle VSecieV aQd ecRV\VWeP (ChabRW eW al., 2018; LiX eW al., 2020). The ZideVSUead XVe

Rf aiUbRUQe iPageU\ fRU PRQiWRUiQg biUdV haV cUeaWed VXfficieQW daWa fRU deYelRSiQg a geQeUal

PRdel, bXW dRiQg VR iV challeQgiQg becaXVe biUd VSecieV YaU\ dUaPaWicall\ iQ aSSeaUaQce aQd

Whe aiUbRUQe iPageU\ iV QRW cRllecWed iQ a VWaQdaUdi]ed PaQQeU, ZiWh each PRQiWRUiQg effRUW

cRllecWiQg daWa XViQg diffeUeQW aiUbRUQe YehicleV, VaPSliQg SURWRcRlV, aQd VeQVRUV.

HeUe Ze deYelRS aQd eYalXaWe a deeS leaUQiQg RbjecW deWecWiRQ PRdel WhaW ideQWifieV

laUge biUdV iQ high UeVRlXWiRQ aiUbRUQe iPageU\ acURVV VSecieV aQd ecRV\VWePV. We bXild fURP a

Zell-aQQRWaWed iPage PRQiWRUiQg SURgUaP Rf lRQg legged ZadiQg biUdV iQ Whe EYeUgladeV

ecRV\VWeP Rf SRXWh FlRUida aQd add daWa fURP SURjecWV aURXQd Whe ZRUld WR WUaiQ Whe PRdel WR

deWecW biUdV UegaUdleVV Rf VSecieV aQd habiWaW (Table 1, FigXUe 1). TR addUeVV YaUiaWiRQ UeVXlWiQg

fURP diffeUeQceV iQ VeQVRUV aQd VXUYe\ PeWhRdV, Ze XVed daWa fURP a UaQge Rf acTXiViWiRQ

SlaWfRUPV aQd SeUfRUPed RQ-Whe-fl\ daWa aXgPeQWaWiRQ chaQgiQg Whe Vi]eV Rf iQdiYidXal

aQQRWaWiRQV WR UeSUeVeQW YaUiaWiRQ iQ Whe heighW aQd UeVRlXWiRQ Rf iPage caSWXUe. We VhRZ WhaW
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WhiV PRdel SeUfRUPV Zell fRU deWecWiQg QRYel VSecieV iQ QRYel eQYiURQPeQWV, WhaW iWV SeUfRUPaQce

caQ be iPSURYed b\ fiQe-WXQiQg ZiWh RQl\ VPall aPRXQWV Rf hXPaQ-labeled daWa, aQd WhaW WheVe

fiQe-WXQed PRdelV RXWSeUfRUP PRdelV baVed RQl\ RQ lRcal WUaiQiQg daWa. ThiV aSSURach cUeaWeV a

fUaPeZRUk fRU geQeUal PRdelV cRYeUiQg cRPPRQ aQiPal Wa[a aQd Zill lRZeU Whe baUUieU WR

aXWRPaWed PRQiWRUiQg XViQg aiUbRUQe iPageU\.

FigXUe 1: E[aPSle RUWhRPRVaicV fRU A) Whe EYeUgladeV daWaVeW (ID = 1 iQ Table 1), B) WeVW

AfUicaQ TeUQV (ID = 4), C) SeabiUdV fURP Whe SRXWh Pacific (ID = 2), aQd D) ChiQVWUaS PeQgXiQV

fURP AQWaUcWica (ID = 3). The daWaVeWV diffeU iQ acTXiViWiRQ backgURXQdV, WaUgeW VSecieV,

iQdiYidXal deQViW\ aQd caPeUa VSecificaWiRQV.
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ReVXlWV aQd DiVcXVViRQ

GeQeUal PRdelV fRU ecRlRgical RbjecW deWecWiRQ Zill be PRVW XVefXl if Whe\ caQ deWecW iQdiYidXalV

iQ QRYel eQYiURQPeQWV, allRZ cXVWRPi]aWiRQ WR QeZ daWaVeWV XViQg lRcal aQQRWaWiRQV, aQd

SURdXce beWWeU deWecWiRQV WhaQ PRdelV deYelRSed ZiWh liPiWed lRcal aQQRWaWiRQV alRQe. TR WeVW

fRU WheVe chaUacWeUiVWicV, Ze WUaiQed a VXiWe Rf lRcal aQd geQeUal PRdelV fRU aQal\ViV (Table 2 iQ

MHWKRGV). All PRdelV VhaUed Whe VaPe ZRUkflRZ aQd aUchiWecWXUe, a RQe-VhRW RbjecW UeWiQaQeW

deWecWRU ZiWh a cRQYRlXWiRQal QeXUal QeWZRUk backbRQe (LiQ eW al., 2017), bXW diffeUed iQ iQSXW

daWa, eYalXaWiRQ daWa aQd h\SeUSaUaPeWeUV. We SeUfRUPed RQ-Whe-fl\-daWa aXgPeQWaWiRQ dXUiQg

WUaiQiQg, ]RRPiQg iQ RQ iQdiYidXal aQQRWaWiRQV WR UeSUeVeQW YaUiaWiRQ iQ Whe heighW aQd UeVRlXWiRQ

Rf iPage caSWXUe (ZRSh eW al., 2019).

TR eYalXaWe Whe abiliW\ Rf a geQeUal PRdel WR SUedicW biUdV iQ QRYel lRcaWiRQV, Ze

SeUfRUPed a leaYe-RQe-RXW cURVV-YalidaWiRQ aQal\ViV. FRU each laUge daWaVeW, Ze WUaiQed a

µcURVV-YalidaWiRQ¶ PRdel XViQg all RWheU daWaVeWV aQd WheQ SUedicWed Whe WeVW iPageV Rf Whe

ZiWhheld daWaVeW (Table 2). The PeaQ Uecall Rf Whe held-RXW daWaVeW ZaV 67.9% (UaQge = 29.8,

95.4%) aQd Whe PeaQ SUeciViRQ ZaV 52.9% (UaQge = 18.8, 79.7%; FigXUe 2). IQ geQeUal,

SeUfRUPaQce ZaV beWWeU fRU daWaVeWV ZiWh high UeVRlXWiRQ iPageU\, VXch aV Whe WeVW AfUicaQ

TeUQV (ID = 4; Uecall = 87.7%; UeVRlXWiRQ = <1cP), ZheUeaV lRZeU UeVRlXWiRQ daWaVeWV like Whe

AQWaUcWic ChiQVWUaS PeQgXiQV (ID = 5; UeVRlXWiRQ = > 2cP)) had lRZeU YalXeV (Uecall = 29.8%).

DaWaVeWV ZiWh fRUeVWed backgURXQdV ViPilaU WR Whe eYeUgladeV daWaVeW (ID = 1), Zhich fRUPV Whe

backbRQe Rf Whe WUaiQiQg aQQRWaWiRQV, had higheU SUeciViRQ, VXch aV Whe SRXWh Pacific SeabiUdV

(ID = 2, SUeciViRQ = 74.0%)  ZheUeaV daWaVeWV ZiWh cRPSle[ aTXaWic backgURXQdV had lRZeU

SUeciViRQ (e.g CaQadiaQ MaUVhbiUdV, ID=7, SUeciViRQ = 18.9%). TheVe UeVXlWV VXggeVW WhaW WheUe

iV Whe SRWeQWial fRU a geQeUali]ed PRdel WR Pake accXUaWe SUedicWiRQV fRU cRPSleWel\ QRYel

VSecieV aQd eQYiURQPeQWV, bXW WhaW iWV SeUfRUPaQce Zill deSeQd RQ haYiQg VXfficieQWl\ diYeUVe

daWa WR RbWaiQ highl\ accXUaWe SUedicWiRQV acURVV all QRYel eQYiURQPeQWV.
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GeQeUal PRdelV caQ be UefiQed WR lRcal cRQdiWiRQV WR iPSURYe SeUfRUPaQce b\ fiQe-WXQiQg

Whe PRdel XViQg VPall aPRXQWV Rf lRcal hXPaQ-labeled daWa. UViQg a1000 aQQRWaWed biUdV fURP

Whe lRcal ViWe iPSURYed Whe PeaQ Uecall aQd SUeciViRQ WR 84.3% aQd 66% UeVSecWiYel\, dUiYeQ b\

laUge iPSURYePeQWV iQ Whe daWaVeWV ZiWh Whe lRZeVW SUeciViRQ aQd Uecall VcRUeV iQ Whe

cURVV-YalidaWiRQ PRdelV (FigXUe 2). FRU e[aPSle, Whe AWlaQWic SeadXckV (ID = 8) iPSURYed fURP

27% Uecall WR 98% Uecall (FigXUe 2A, 2C). ViVXal iQVSecWiRQ VhRZed WhaW iPSURYePeQWV RfWeQ

UeVXlWed fURP UePed\iQg iVVXeV ZiWh backgURXQd RbjecWV (e.g, VhadRZV, URckV, leaYeV) beiQg

eUURQeRXVl\ SUedicWed aV biUdV, aV Zell aV SURYidiQg Whe PRdel ZiWh iQfRUPaWiRQ RQ biUd Vi]e,

Zhich YaUied dXe WR diffeUeQceV iQ VSecieV, acTXiViWiRQ heighW, aQd UeVRlXWiRQ (FigXUe 3). Recall

aQd SUeciViRQ ZheUe high fRU all daWaVeWV, iQclXdiQg WhRVe ZiWh QR cleaU aQalRg iQ Whe geQeUal

PRdel WUaiQiQg daWa like Whe SeabiUdWaWch daWaVeW (ZheUe Whe iPageU\ iV fURP laQd baVed

caPeUaV QRW UAVV; FigXUe 2C; ID = 9) aQd Whe AWlaQWic SeadXckV (ZheUe Whe backgURXQd iV

e[clXViYel\ ZaWeU; ID = 8). ThiV VXggeVWV WhaW geQeUal PRdelV caQ be XVed effecWiYel\ fRU PRVW

aiUbRUQe PRQiWRUiQg Rf laUge biUdV XViQg a VPall QXPbeU Rf biUd aQQRWaWiRQV, allRZiQg PRQiWRUiQg

effRUWV WR aXWRPaWe biUd deWecWiRQ ZiWhRXW deYelRSiQg WheiU RZQ deeS leaUQiQg PRdelV RU

iQYeVWiQg iQ WiPe cRQVXPiQg aQd e[SeQViYe aQQRWaWiRQ effRUWV fRU eYeU\ VSecieV aQd eQYiURQPeQW

beiQg VWXdied. FRU aQ e[aPSle cURVV-YalidaWiRQ SUedicWiRQ fRU each daWaVeW, SleaVe ASSeQdi[ 1.

IQ addiWiRQ WR PakiQg effecWiYe SUedicWiRQV ZiWh liWWle RU QR lRcal WUaiQiQg daWa, bXildiQg RQ

geQeUal PRdelV Pa\ UeVXlW iQ PRUe VWUaighWfRUZaUd PRdel deYelRSPeQW aQd beWWeU SUedicWiRQV

fRU ecRlRgical VWXdieV eYeQ iQ caVeV ZiWh PRdeUaWe aPRXQWV Rf WUaiQiQg daWa (FigXUe 4). ThiV iV

dXe WR WheiU abiliW\ WR leaUQ URbXVW geQeUal feaWXUeV, WhXV aYRidiQg RYeUfiWWiQg aQd SURdXciQg PRUe

accXUaWe SUedicWiRQV RQ iPageV WhaW deYiaWe fURP Whe WUaiQiQg VeW, Zhich iV a cRPPRQ

RccXUUeQce ZheQ VcaliQg XS PRQiWRUiQg effRUWV. We eYalXaWed Whe SeUfRUPaQce Rf µlRcal-RQl\¶

PRdelV YeUVXV Whe cURVV-YalidaWiRQ PRdelV WhaW had Whe VaPe VWUXcWXUe bXW ZeUe iQiWiall\ WUaiQed

ZiWh Whe WUaiQiQg daWa fURP all RWheU daWaVeWV. SWaUWiQg fURP a PRdel WUaiQed RQ all RWheU daWaVeWV

led WR higheU SUeciViRQ aQd Uecall fRU all daWaVeWV ZheQ WheUe ZeUe feZeU WhaQ 5,000 lRcal
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aQQRWaWiRQV. While WhiV diffeUeQce ZaV laUgeVW ZheQ XViQg VPall aPRXQWV Rf lRcal daWa, iW

SeUViVWed fRU VRPe daWaVeWV eYeQ ZheQ XViQg >10,000 lRcal aQQRWaWiRQV, aQd Whe fiQe-WXQed

geQeUal PRdel alZa\V SeUfRUPed aW leaVW aV Zell aV Whe lRcal-RQl\ PRdel (FigXUe 4). LRcal-RQl\

PRdelV ZeUe alVR highl\ YaUiable ZiWh laUge chaQgeV iQ SeUfRUPaQce aPRQg UXQV, VeQViWiYe WR

leaUQiQg UaWe aQd WUaiQiQg h\SeUSaUaPeWeUV, aQd UeTXiUed PRUe cRPSXWaWiRQall\ iQWeQViYe

WUaiQiQg. FiQe-WXQed PRdelV UeTXiUed RQl\ 20 eSRchV Rf WUaiQiQg, ZheUeaV lRcal-RQl\ PRdelV

Qeeded WR be WUaiQed fRU aW leaVW 70 eSRchV WR SURdXce UeaVRQable UeVXlWV (Table 2). EYeQ

aPRQg lRcal-RQl\ PRdelV WheUe ZaV laUge YaUiaWiRQ iQ Whe aPRXQW Rf WUaiQiQg Qeeded. FRU

e[aPSle, Whe WeVW AfUicaQ TeUQV daWaVeW (ID = 4) had 0% Uecall aQd 0% SUeciViRQ afWeU 70

eSRchV eYeQ ZheQ XViQg 20,000 lRcal aQQRWaWiRQV. E[WeQdiQg WR 110 eSRchV UeVXlWed iQ a UaSid

iQcUeaVe WR 84% Uecall aQd 87% SUeciViRQ, bXW Whe SRWeQWial fRU gRRd SUedicWiRQV fRU daWaVeWV like

WhiV ZRXld RfWeQ be PiVVed giYeQ Whe cRQViVWeQWl\ SRRU SeUfRUPaQce aW VhRUWeU WUaiQiQg WiPeV.

ThiV idiRV\QcUaWic behaYiRU ZaV difficXlW WR aQWiciSaWe ViQce Whe WeUQ daWaVeW iV ViPilaU WR RWheU

daWaVeWV iQ WeUPV Rf Whe deQViW\ Rf biUdV, iPage UeVRlXWiRQ, aQd backgURXQd cRPSle[iW\.

CRPSaUed WR lRcal-RQl\ PRdelV, Whe fiQe-WXQed PRdelV ZeUe PRUe XQifRUP, e[hibiWiQg

VigQificaQWl\ leVV beWZeeQ-UXQ YaUiaQce (FigXUe S3), aQd achieYed gRRd SUedicWiRQ ZiWh leVV daWa

aQd leVV iQWeQViYe cRPSXWaWiRQal WUaiQiQg. ThiV highlighWV WhaW eYeQ ZheQ laUge QXPbeUV Rf

aQQRWaWiRQV aUe aYailable fRU aQ ecRlRgical VWXd\, VWaUWiQg ZiWh a geQeUal PRdel PakeV

deYelRSiQg PRdelV eaVieU aQd SURYideV PRUe VWable UeVXlWV. AV a UeVXlW, VWaUWiQg ZiWh a geQeUal

PRdel UeTXiUeV leVV e[SeUWiVe, leVV WiPe VSeQW RQ PRdel deYelRSPeQW, aQd feZeU cRPSXWaWiRQal

UeVRXUceV. OXU e[SeUieQce deYelRSiQg WheVe PRdelV VXggeVWV WhaW Whe diffeUeQce iV VigQificaQW

eQRXgh WhaW VWaUWiQg ZiWh a geQeUal PRdel Zill allRZ PRUe VWXdieV WR VXcceVVfXll\ bXild

aXWRPaWed aSSURacheV WR deWecW iQdiYidXal RUgaQiVPV iQ aiUbRUQe iPageU\ aQd WheUeb\ UedXce

Whe QXPbeU Rf effRUWV WhaW aUe liPiWed iQ Whe Vcale Rf UeVeaUch dXe WR PaQXall\ aQQRWaWiQg all

biUdV beiQg VWXdied.

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 6, 2021. ; https://doi.org/10.1101/2021.08.05.455311doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.05.455311
http://creativecommons.org/licenses/by/4.0/


FURP a cRPSXWeU YiViRQ SeUVSecWiYe, RQe Rf Whe PajRU challeQgeV fRU deYelRSiQg WhiV W\Se

Rf geQeUal PRdel fRU ecRlRgical V\VWePV iV Whe UaQge Rf Vi]eV aQd UeSUeVeQWaWiRQV Rf RbjecWV iQ

iPageV caXVed b\ diffeUeQceV iQ Whe alWiWXde Rf iPage acTXiViWiRQ aQd Whe VeQVRU UeVRlXWiRQ. DXe

WR diffeUeQceV iQ VSecieV behaYiRU, UAV UegXlaWiRQV, aQd UeVeaUch TXeVWiRQV iW iV XQlikel\ WhaW

WheUe Zill eYeU be a VWaQdaUd aSSURach WR Whe acTXiViWiRQ Rf aiUbRUQe PRQiWRUiQg iPageU\ iQ

ecRlRg\. TheUefRUe, PeWhRdV aUe Qeeded WhaW caQ helS RYeUcRPe WhiV ke\ VRXUce Rf YaUiaWiRQ.

We XVed a daWa aXgPeQWaWiRQ VWUaWeg\ WR V\QWheVi]e daWaVeWV aW diffeUeQW flighW eleYaWiRQV aQd

UeVRlXWiRQV b\ ]RRPiQg iQ aQd RXW RQ each aQQRWaWiRQ dXUiQg PRdel WUaiQiQg. ThiV VWUaWeg\

UedXced Whe Vi]e-baVed eUURUV Rf Whe daWaVeW, bXW iW did QRW cRPSleWel\ eliPiQaWe WheP (FigXUe

S10). AddiWiRQal VWUaWegieV WR addUeVV WhiV challeQge gRiQg fRUZaUd iQclXde V\QWheVi]iQg QeZ

daWa b\ cRPbiQiQg abXQdaQW backgURXQd daWa iQ aiUbRUQe daWaVeWV ZiWh biUd iPageV fURP high

TXaliW\ beQchPaUkV VXch aV iNaWXUaliVW, Zhich iQclXdeV WeQV Rf WhRXVaQdV Rf ]RRPed iQ iPageV

Rf biUdV WakeQ b\ gURXQd-baVed RbVeUYeUV (VaQ HRUQ eW al., 2018). S\QWheWic daWa haV beeQ

effecWiYe iQ aQiPal deWecWiRQ iQ WheUPal aiUbRUQe iPageU\ aQd ZRXld allRZ gUeaWeU cRQWURl Rf Whe

UaQge Rf iPage VcaleV VhRZQ dXUiQg Whe PRdel WUaiQiQg (BRQdi eW al., 2018).

While Whe daWaVeWV XVed iQ WhiV VWXd\ diffeUed iQ caSWXUe alWiWXdeV, aQgle, aQd VeQVRU

VSecificaWiRQV, Whe\ ZeUe VWill bURadl\ ViPilaU iQ XViQg RGB daWa ZiWh UeVRlXWiRQV <3 cP.

GeQeUali]iQg WR VSaWial UeVRlXWiRQV >3 cP aQd XViQg QRQ-RGB UePRWe VeQViQg (e.g.,

h\SeUVSecWUal iPageU\) UeTXiUeV fXUWheU VWXd\ acURVV VeQVRUV aQd daWa acTXiViWiRQ VWUaWegieV.

FRU e[aPSle, fi[ed-ZiQg aiUcUafW VXUYe\V cRYeUiQg hXQdUedV Rf PileV aUe XQlikel\ WR caSWXUe

iPageV aW XlWUa-high UeVRlXWiRQ dXe WR VWRUage aQd SURceVViQg liPiWaWiRQV. IW iV XQkQRZQ hRZ Zell

Whe feaWXUeV leaUQed iQ 2 cP iPageU\ Zill WUaQVfeU WR 10 cP aiUbRUQe iPageU\ RU high UeVRlXWiRQ

VaWelliWe iPageU\ (a30cP). OQe aSSURach WR WhiV W\Se Rf geQeUali]aWiRQ iV WR UedXce Whe higheU

UeVRlXWiRQ daWa aQd WUaiQ a VeUieV Rf PRdelV WR bUidge Whe feaWXUeV leaUQed fURP high UeVRlXWiRQ

WR lRZ UeVRlXWiRQ daWa. ThiV iV kQRZQ aV µcXUUicXlXP leaUQiQg¶ (GUaYeV eW al., 2017) aQd caQ be

XVefXl iQ WUaQVfeUUiQg iQfRUPaWiRQ aPRQg VSaWial UeVRlXWiRQV.
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FigXUe 2. ReVXlWV Rf SUedicWiRQV RQ QRYel daWaVeWV ZiWh aQd ZiWhRXW fiQe-WXQiQg. Recall aQd

SUeciViRQ fRU each daWaVeW fRU Whe cURVV-YalidaWiRQ PRdel ZiWh 0 lRcal aQQRWaWiRQV aQd Whe

fiQe-WXQed PRdel ZiWh 1000 lRcal biUd aQQRWaWiRQV. Recall iV defiQed aV Whe SURSRUWiRQ Rf gURXQd

WUXWh bR[eV WhaW aUe cRUUecWl\ SUedicWed, SUeciViRQ iV defiQed aV Whe SURSRUWiRQ Rf SUedicWed WhaW

PaWch a gURXQd WUXWh bR[.
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FigXUe 3. E[aPSle iPageV fURP cURVV-YalidaWiRQ (WRS) PRdelV ZiWh QR lRcal WUaiQiQg daWa aQd

fiQe-WXQed PRdelV (bRWWRP) ZiWh 1000 lRcal biUd aQQRWaWiRQV. FURP lefW WR UighW, iPageV aUe fURP

a) SRXWh Pacific SeabiUdV (ID = 2), b) PelicaQV fURP UWah, USA (ID = 11), c) TeUQV fURP WeVW

AfUica (ID = 4), aQd d) SeabiUdV fURP Whe NRUWh AWlaQWic (ID = 9). PUedicWed biUdV aUe iQ blXe,

gURXQd WUXWh biUdV aUe iQ RUaQge.
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FigXUe 4. DiffeUeQce beWZeeQ PRdelV fiW XViQg RQl\ lRcal aQQRWaWiRQV (Whe µlRcal-RQl\¶ PRdel) aQd

geQeUal PRdelV UeWUaiQed ZiWh Whe VaPe lRcal daWa (Whe µfiQe-WXQed¶ PRdel) fRU each daWaVeW

XViQg diffeUeQW QXPbeUV Rf lRcal aQQRWaWiRQV fRU WUaiQiQg. The fiQe-WXQed PRdel iV SUe-WUaiQed RQ

all RWheU daWaVeWV, ZheUeaV Whe lRcal-RQl\ PRdel cRQWaiQV QR aQQRWaWiRQV fURP RWheU daWaVeWV.

Each daWaVeW ZaV UXQ XS WR iWV aYailable QXPbeU Rf aQQRWaWiRQV.

CRQclXViRQ

AeUial iPageU\ iV a SRZeUfXl WRRl fRU VWXd\iQg VSecieV aQd ecRV\VWePV aW WePSRUal fUeTXeQcieV

aQd VSaWial e[WeQWV WhaW aUe difficXlW XViQg WUadiWiRQal PeWhRdV, bXW iW cRPeV ZiWh cRPSXWaWiRQal

aQd aQal\ViV challeQgeV WhaW haYe liPiWed iWV ZideVSUead aSSlicaWiRQ. GeQeUal cRPSXWeU YiViRQ

PRdelV SURYide a VRlXWiRQ fRU ViPSlif\iQg Whe SURceVViQg Rf aeUial iPageU\ WR allRZ UeVeaUcheUV WR
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PRUe eaVil\, efficieQWl\, aQd accXUaWel\ e[WUacW ecRlRgical daWa fURP laUge aPRXQWV Rf iPageU\.

We VhRZed WhaW geQeUal PRdelV caQ SURYide accXUaWe SUedicWiRQV iQ QRYel ecRV\VWePV aQd ZiWh

QRYel VSecieV, ZiWh eiWheU QR lRcal WUaiQiQg daWa RU b\ UeWUaiQiQg ZiWh YeU\ VPall QXPbeUV Rf

aQQRWaWiRQV. EYeQ ZheQ laUge aPRXQWV Rf lRcal-daWa aUe aYailable, VWaUWiQg ZiWh geQeUal PRdelV

SURdXceV PRUe VWable UeVXlWV, ZiWh leVV cRPSXWaWiRQal e[SeQVe, aQd RfWeQ SeUfRUPV beWWeU WhaQ

lRcal-RQl\ PRdelV becaXVe Rf Whe geQeUal feaWXUeV WheVe PRdelV leaUQ fURP RWheU ecRV\VWePV

aQd Wa[a. The abiliW\ Rf geQeUal cRPSXWeU YiViRQ PRdelV WR Pake accXUaWe SUedicWiRQV iQ QRYel

ciUcXPVWaQceV Zill Pake WheP aQ eVVeQWial WRRl fRU PRQiWRUiQg d\QaPic ecRV\VWePV, ZheUe

VSecieV aQd habiWaWV Pa\ chaQge RYeU WiPe RU VSace. BecaXVe Whe Qeed fRU lRcal

haQd-aQQRWaWiRQV iV liPiWed, geQeUal PRdelV caQ SRWeQWiall\ be UaSidl\ deSlR\ed iQ QeZ

eQYiURQPeQWV aQd VXSSRUW aeUial PRQiWRUiQg Rf UaUe VSecieV Zhich caQ be difficXlW WR VWXd\ aQd

haYe liPiWed aQQRWaWiRQV aYailable fRU lRcal PRdel deYelRSPeQW. B\ UedXciQg Whe effRUW,

e[SeUWiVe, aQd cRPSXWaWiRQal UeVRXUceV QeceVVaU\ WR deYelRS cRPSXWeU YiViRQ PRdelV fRU iPage

SURceVViQg, geQeUal PRdelV haYe Whe SRWeQWial fRU UeYRlXWiRQi]iQg Whe W\SeV Rf daWa ecRlRg\ caQ

cRllecW.

OXU aSSURach WR deYelRSiQg a geQeUal cRPSXWeU YiViRQ PRdel fRU biUd deWecWiRQ ZaV

baVed RQ Whe cRQceSW Rf WUaQVfeU leaUQiQg, ZheUe a PRdel WUaiQed fRU RQe WaVk iV aSSlied WR a

diffeUeQW WaVk (PaQ aQd YaQg, 2010). While Ze XVed WUaQVfeU leaUQiQg WR geQeUali]e aPRQg biUd

PRQiWRUiQg SURjecWV ZiWh QeZ VSecieV, iQ QeZ ecRV\VWePV, XViQg iPageV Rf diffeUiQg UeVRlXWiRQV

aQd iPage caSWXUe feaWXUeV, WUaQVfeU leaUQiQg caQ SRWeQWiall\ be aSSlied PRUe bURadl\ WR cUeaWe

geQeUal deWecWRUV acURVV Wa[RQRPic gURXSV, iQclXdiQg biUdV, PaPPalV, UeSWileV, RU aQ\ RWheU

RUgaQiVP YiVible iQ aiUbRUQe iPageV. UViQg Whe VaPe geQeUal PRdel VWUXcWXUe, (WeiQVWeiQ eW al.,

2020) deYelRSed deWecWiRQ PRdelV fRU iQdiYidXal WUeeV iQ aiUbRUQe iPageU\, VXggeVWiQg WhaW Whe

XQdeUl\iQg aUchiWecWXUe iV VXiWable fRU a bURad aUUa\ Rf ecRlRgical RbjecWV. The iQcUeaVed XVe Rf

UAV-baVed PRQiWRUiQg, cRPbiQed ZiWh deYelRSPeQWV iQ YeU\ high UeVRlXWiRQ VaWelliWe iPageU\

(LaRXe eW al., 2017) iQcUeaVe Whe SRWeQWial fRU aQiPal deWecWiRQ aW bURad VcaleV ZiWh high
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WePSRUal fUeTXeQc\ (Willi eW al., 2019). We aQWiciSaWe WhaW a cURVV-Wa[RQ PRdel Rf aQiPal

deWecWiRQ iV achieYable ZiWh VXfficieQW aQQRWaWiRQV aQd UeVeaUch iQWR Whe PRVW effecWiYe Za\ Rf

RYeUcRPiQg Whe laUge diffeUeQceV iQ UeVRlXWiRQ, RbjecW aSSeaUaQce aQd Vcale. A geQeUal PRdel

fRU aXWRPaWed aiUbRUQe PRQiWRUiQg Rf PaQ\ W\SeV Rf iQdiYidXal RUgaQiVPV ZRXld fXQdaPeQWall\

chaQge Whe VcaleV aW Zhich Ze caQ PRQiWRU ecRlRgical V\VWePV, allRZiQg XV WR Wackle cUiWical

TXeVWiRQV abRXW Whe SURceVVeV WhaW deWeUPiQe SRSXlaWiRQ d\QaPicV aQd biRdiYeUViW\ SaWWeUQV

acURVV VcaleV.

MeWhRdV

DaWa

IQiWial PRdel deYelRSPeQW ZaV cRQdXcWed ZiWh a laUge daWaVeW Rf ZadiQg biUd iPageU\ cRllecWed

iQ Whe EYeUgladeV. ThiV daWa ZaV cRllecWed XViQg UAV VXUYe\V RYeU ZadiQg biUd QeVWiQg cRlRQieV

fURP JaQXaU\ - JXQe 2020 WR caSWXUe URRVWiQg aQd QeVWiQg behaYiRU Rf ZadiQg biUdV iQ Whe ceQWUal

EYeUgladeV, FlRUida, UQiWed SWaWeV. We XVed a DJI IQVSiUe II TXadcRSWeU fiWWed ZiWh a ZeQPXVe

X7 RGB caPeUa aQd 35PP eTXiYaleQW fi[ed leQV. FlighW WUaQVecWV ZeUe cUeaWed XViQg Whe DJI

GURXQd SWaWiRQ PUR ASS� aQd iQclXded 80% fURQW aQd 75% Vide RYeUlaS Rf iPageU\ cRllecWed aW

15� Rff-QadiU fRU a gURXQd UeVRlXWiRQ Rf aSSUR[iPaWel\ 1cP. FlighWV ZeUe cRQdXcWed beWZeeQ 76

aQd 91 P abRYe gURXQd leYel (AGL) (deSeQdeQW RQ diVWXUbaQce aQd aiU VSace). TaUgeW VSecieV

Rf ZadiQg biUdV iQclXded WhiWe IbiV (EXGRFLPXV DOEXV), RRVeaWe SSRRQbill (PODWDOHD DMDMD),

GUeaW EgUeW (AUGHD DOED), SQRZ\ EgUeW (EJUHWWD WKXOD) aQd WRRd SWRUk (M\FWHULD DPHULFDQD),

bXW iPageV alVR iQclXded iQcideQWal deWecWiRQV Rf RWheU VSecieV iQ Whe ecRV\VWeP. AfWeU daWa

acTXiViWiRQ aQd SUeSURceVViQg, Ze diYided Whe RUWhRPRVaic iQWR VPall cliSV aQd aQQRWaWed all

YiVible biUdV ZiWh a ViQgle [,\ SRiQW. PRiQWV ZeUe WheQ WUaQVfRUPed iQWR bR[eV XViQg a fi[ed bXffeU

Vi]e Rf 0.25P. We aQQRWaWed a WRWal Rf 4,653 iPageV \ieldiQg 57,000 iQdiYidXal biUd aQQRWaWiRQV.
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PUiRU WR PRdel WUaiQiQg, RUWhRPRVaic iPage WileV ZeUe diYided iQWR 1500 [ 1500 Si[el cURSV aQd

Whe UeVXlWiQg cURSV ZeUe VSliW iQWR WUaiQ aQd WeVW VaPSleV. The WUaiQiQg daWa VaPSle fRU each

daWaVeW ZaV cRPSRVed Rf UaQdRPl\ VelecWed cURSV WhaW UeSUeVeQWed aV clRVe WR 90% Rf Whe

aQQRWaWiRQV aV SRVVible ZiWhiQ WhaW daWaVeW giYeQ Whe VWUXcWXUe Rf Whe aQQRWaWiRQV ZiWhiQ Whe

iPageV (UaQge 50% - 90%).

TR bXild a glRbal daWaVeW, Ze cRQWacWed ecRlRgiVWV aQd cRQVeUYaWiRQ biRlRgiVWV XViQg

aiUbRUQe PRQiWRUiQg WR UeTXeVW daWaVeWV fURP aiUbRUQe iPageV ZiWh laUgel\ QadiU caPeUa SRViWiRQ

aQd gURXQd VaPSliQg diVWaQce Rf 1-3cP (FigXUe 1). We RbWaiQed 13 daWaVeWV cRYeUiQg RYeU

250,000 aQQRWaWiRQV fRU PRdel WUaiQiQg aQd WeVWiQg (Table 1). All daWaVeWV caPe fURP aiUbRUQe

biUd PRQiWRUiQg SURjecWV ZiWh Whe e[ceSWiRQ Rf SeabiUd WaWch (Table 1, ID = 9), Zhich XVeV

gURXQd baVed UePRWe WiPe laSVe caPeUaV WR YieZ diVWaQW URck\ cliffV. ThiV daWaVeW ZaV jXdged

VXfficieQWl\ ViPilaU WR be iQclXded baVed RQ Vi]e aQd UeVRlXWiRQ. FRU each daWaVeW Ze VSliW iQWR

WUaiQiQg aQd WeVW VeWV. WheUeYeU SRVVible WeVW VeWV ZeUe VelecWed WR be VeSaUaWe iQ WiPe RU VSace

fURP WUaiQiQg iPageV. FRU e[aPSle, if WheUe ZeUe PXlWiSle flighWV iQ aQ aUea, each flighW ZRXld

RccXU RQl\ iQ WUaiQ RU WeVW VeWV. OU if PXlWiSle iVlaQdV ZeUe VXUYe\ed, each iVlaQd ZRXld RccXU

RQl\ iQ WUaiQ RU WeVW VeWV. See ASSeQdi[ 1 fRU iQfRUPaWiRQ RQ each daWaVeW, iQclXdiQg caPeUa

VSecificaWiRQV, VSecieV liVWV aQd flighW iQfRUPaWiRQ. CRde, SURceVVed iPageV aQd aQQRWaWiRQV aUe

Pade aYailable RQ ZeQRdR (WeiQVWeiQ, 2021). The fiQal PRdel

(hWWSV://giWhXb.cRP/ZeecRlRg\/BiUdDeWecWRU) aQd eYalXaWiRQ SURcedXUeV aUe Pade diUecWl\

aYailable WhURXgh Whe DeeSFRUeVW S\WhRQ Sackage allRZiQg XVeUV WR e[WeQd, WUaiQ aQd eYalXaWe

PRdelV ZiWh PiQiPal difficXlW\ (WeiQVWeiQ eW al., 2020).

Table 1. DeVcUiSWiRQ Rf Whe daWaVeWV XVed WR WUaiQ aQd eYalXaWe Whe geQeUal PRdel. FRU PRUe

deWail RQ Wa[a, UeVRlXWiRQ aQd acTXiViWiRQ cRQdiWiRQV, SleaVe Vee ASSeQdi[ 1.

ID Ta[a LRcaWiRQ CiWaWiRQ TUaiQ
AQQRWaWiRQV

TeVW
AQQRWaWiRQV
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1 WadiQg BiUdV FlRUida, USA - 5086� 5647

2 SeabiUdV PalP\Ua
AWRll, SRXWh

Pacific

- 1305 456

3 PeQgXiQV AQWaUcWic
PeQiQVXla

LiX eW al. 2020 1744 1293

4 TeUQV GXiQea (KelleQbeUgeU
eW al., 2020)

20790 2301

5 PeQgXiQV aQd ShagV SRXWh
SheWlaQd
IVlaQdV,

AQWaUcWica

(PfeifeU eW al.,
2021)

25337 2528

6 AlbaWURVV aQd
PeQgXiQ

FalklaQd
IVlaQdV

(Ha\eV eW al.,
2021)

8408 930

7 MaUVh BiUdV SaVkachaZa
Q, CaQada

(McKellaU eW
al., 2021)

1598 60

8 DXckV CaSe CRd,
USA

- 26417 226

9 SeabiUdV NRUWh AWlaQWic - 61009 2363

10 SeabiUdV IQdiaQ OceaQ
SeabiUdV

- 9846 327

11 PelicaQV UWah, USA - 39623 5119

12 DXckV, GeeVe aQd
CUaQeV

NeZ Me[icR,
USA

- 2582 174

13 WaWeUbiUdV (DXckV,
SZaQV, HeURQV,
TeUQV aQd GXllV)

PRlaQd 7584 -

14 GXllV Lake
MichigaQ,

USA

- 40233 6199

15 MiVcellaQeRXV
IPageV

GlRbal 2137 -
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MRdelV aQd AQal\ViV

Table 2. MRdel deVcUiSWiRQV aQd WeUPiQRlRg\ fRU Whe aQal\ViV Rf Whe geQeUal biUd PRdel. GlRbal

aQQRWaWiRQV cRPe fURP all daWaVeWV e[ceSW fRU Whe daWaVeW beiQg eYalXaWed. LRcal aQQRWaWiRQV

cRPe fURP Whe daWaVeW beiQg eYalXaWed. DXUiQg ]RRP daWa aXgPeQWaWiRQ, iPageV aUe UaQdRPl\

SUeSURceVVed WR ]RRP iQ RU RXW RQ a VXbVeW Rf biUdV ZiWhiQ aQ iPage WR PiPic flighWV aW diffeUeQW

heighWV. All PRdelV ZeUe WUaiQed XViQg SGD RSWiPi]aWiRQ ZiWh leaUQiQg UaWe Rf 0.001 aQd

PRPeQWXP Rf 0.9 ZiWh a baWch Vi]e Rf 32 RQ WZR NVIDIA DGX A100 GPUV

MRdel GlRbal
AQQRWaWiRQV

LRcal
AQQRWaWiRQV

ZRRP
AXgPeQWaWiRQ

ESRchV DeVcUiSWiRQ

BaVe
MRdel

NR YeV NR 10 EYeUgladeV daWaVeW RQl\. ThiV
PRdel ZaV XVed fRU fiQdiQg

RSWiPal SaUaPeWeUV aQd daWa
aXgPeQWaWiRQ.

CURVV-
YalidaWiRQ

YeV NR YeV 12 FRU each daWaVeW Ze WUaiQed RQ
all RWheU daWaVeWV aQd WheQ
SUedicWed a SRUWiRQ Rf Whe

ZiWhheld daWaVeW.

LRcal-
RQl\

NR YeV NR 70-110 IQdiYidXal PRdelV XViQg RQl\
lRcal aQQRWaWiRQV fRU each
daWaVeW. ThiV PRdel ZaV

UeSeaWed fRU XS WR 1000, 5000,
10000 aQd 20000 lRcal

aQQRWaWiRQV.

FiQe-WXQe YeV YeV NR 20 FRU each daWaVeW Ze VWaUWed
fURP Whe cURVV-YalidaWiRQ PRdel

XViQg all RWheU daWaVeWV aQd
WheQ fiQe-WXQed XViQg lRcal

aQQRWaWiRQV. ThiV PRdel ZaV
UeSeaWed fRU XS WR 1000, 5000,

10000 aQd 20000 lRcal
aQQRWaWiRQV.

GeQeUal
PRdel

YeV YeV YeV 12 FiQal PRdel WUaiQed ZiWh all
WUaiQiQg aQd WeVW daWa fRU fXWXUe

XVe
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A geQeUal PRdel fRU biUd deWecWiRQ VhRXld SUedicW biUdV iQ QRYel eQYiURQPeQWV, allRZ

cXVWRPi]aWiRQ WR QeZ daWaVeWV XViQg lRcal aQQRWaWiRQV, aQd SeUfRUP beWWeU WhaQ VRlel\ lRcal daWa.

TR WeVW WheVe chaUacWeUiVWicV, Ze WUaiQed a VXiWe Rf PRdelV fRU aQal\ViV (Table 2). All PRdelV

VhaUed Whe VaPe aUchiWecWXUe aQd geQeUal ZRUkflRZ, bXW diffeUed iQ iQSXW daWa, eYalXaWiRQ daWa

aQd h\SeUSaUaPeWeUV. The aUchiWecWXUe ZaV iQiWiall\ deYelRSed fRU ideQWif\iQg WUeeV iQ aiUbRUQe

iPageU\ b\ WeiQVWeiQ eW al., (2020b, 2019). The PRdel ZaV a RQe-VhRW RbjecW UeWiQaQeW deWecWRU

ZiWh a cRQYRlXWiRQal QeXUal QeWZRUk backbRQe (LiQ eW al., 2017) iPSlePeQWed iQ Whe µDeeSFRUeVW¶

P\WhRQ Sackage (WeiQVWeiQ eW al. 2020a). The UeWiQaQeW deWecWRU XVeV fRcal lRVV WR iQcUeaVe Whe

ZeighW Rf difficXlW WR SUedicW iPageV, UedXciQg Whe RYeUfiWWiQg WR eaV\-WR-SUedicW VaPSleV. The

UeWiQaQeW backbRQe ZaV a UeVQeW-50 QeWZRUk SUeWUaiQed RQ Whe IPageNeW claVVificaWiRQ

beQchPaUk. TR UedXce RYeUfiWWiQg aQd faciliWaWe PRdel e[SlRUaWiRQ, Ze deYelRSed Whe iQiWial PRdel

XViQg Whe daWa RQ ZadiQg biUdV fURP Whe EYeUgladeV, RXU fiUVW aQd laUgeVW daWaVeW iQ WeUPV Rf

QXPbeU Rf XQiTXe iPageV (FigXUe S1). We WUaiQed Whe QeWZRUk fRU 10 eSRchV ZiWh aQ AdaP

OSWiPi]eU aQd leaUQiQg UaWe Rf 0.001 iQ PiQi-baWcheV Rf 6 iPageV. ThiV iQiWial ZRUk VeUYed aV aQ

e[SlRUaWRU\ aQal\ViV WR deWeUPiQe Whe geQeUal PRdel VWUXcWXUe aQd h\SeUSaUaPeWeUV, bXW QRW Whe

ZeighWV, Rf Whe geQeUal PRdel.

OQe Rf Whe PajRU challeQgeV ZiWh bXildiQg geQeUali]ed PRdelV fRU aiUbRUQe biUd deWecWiRQ

iV WhaW aiUbRUQe daWa fURP diffeUeQW VRXUceV YaUieV iQ Whe heighW Rf iPage caSWXUe aQd UeVRlXWiRQ

Rf Whe caPeUa. ThiV leadV WR diffeUeQceV iQ Vi]e, cRQWUaVW aQd deWail Rf biUdV aPRQg daWaVeWV. TR

V\QWheVi]e biUd deWecWiRQV aW diffeUeQW UeVRlXWiRQV Ze SeUfRUPed RQ-Whe-fl\-daWa aXgPeQWaWiRQ

dXUiQg WUaiQiQg WR chaQge Whe Vi]eV Rf iQdiYidXal aQQRWaWiRQV WR UeSUeVeQW YaUiaWiRQ iQ Whe heighW

aQd UeVRlXWiRQ Rf iPage caSWXUe (ZRSh eW al., 2019). DXUiQg each baWch, a UaQdRP aQQRWaWiRQ

ZaV VelecWed, aQd WheQ a UaQdRPl\ Vi]ed bR[ ZaV Slaced ZiWh WhiV fRcal aQQRWaWiRQ aW iWV ceQWeU.

TR aYRid RYeU ]RRPiQg RQ Whe aQQRWaWiRQ aQd filliQg Whe eQWiUe iPage, Ze VeW a PiQiPXP Vi]e Rf

0.15 WiPeV Whe RUigiQal iPage Vi]e. ThiV WechQiTXe UedXceV RYeUfiWWiQg, bXW caQQRW fXll\ UePed\
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diffeUeQceV iQ iPage UeVRlXWiRQ ViQce iW iV SRVVible WR dRZQVcale iPageV, bXW difficXlW WR

UealiVWicall\ XSVcale iPageV.

TR eYalXaWe Whe abiliW\ Rf Whe geQeUal PRdel WR SUedicW biUdV iQ QRYel lRcaWiRQV, Ze

SeUfRUPed a leaYe-RQe-RXW cURVV-YalidaWiRQ aQal\ViV. FRU each laUge daWaVeW, Ze WUaiQed a

µcURVV-YalidaWiRQ¶ PRdel XViQg all RWheU daWaVeWV aQd WheQ SUedicWed Whe WeVW iPageV Rf Whe

ZiWhheld daWaVeW (Table 2). While Whe fiQal µgeQeUal¶ PRdel aYailable WR XVeUV iV WUaiQed ZiWh eYeU\

daWaVeW, WhiV leaYe-RQe-RXW VWUaWeg\ iV a cRQVeUYaWiYe SUR[\ fRU fXWXUe XVe becaXVe iW UeSUeVeQWV

hRZ Zell a geQeUal PRdel ZRUkV ZheQ QRW WUaiQed RQ daWa fRU a QeZ PRQiWRUiQg effRUW. Each Rf

Whe cURVV-YalidaWiRQ PRdelV ZeUe WUaiQed ZiWh a baWch Vi]e Rf 32 fRU 12 eSRchV ZiWh aQ iQiWial

leaUQiQg UaWe Rf 0.001.

TR deWeUPiQe ZheWheU VWaUWiQg fURP Whe geQeUal PRdel iPSURYed SeUfRUPaQce fRU QeZ

daWaVeWV, Ze fiQe-WXQed each µcURVV-YalidaWiRQ PRdel¶ XViQg lRcal daWa. FRU e[aPSle, WR WeVW Whe

abiliW\ WR cXVWRPi]e WR Whe AWlaQWic SeadXck daWaVeW (ID = 8), Ze VWaUWed fURP Whe

µcURVV-YalidaWiRQ¶ PRdel WUaiQed RQ all RWheU daWaVeWV aQd added iQ AWlaQWic SeadXck aQQRWaWiRQV.

We WUaiQed PXlWiSle YeUViRQV Rf a fiQe-WXQed PRdel, each ZiWh a VXbVeW Rf lRcal daWaVeWV ZiWh

1000, 5000, 10000 aQd 20000 aQQRWaWiRQV. We UeSeaWed Whe VXb-VaPSliQg fRU Whe fiQe-WXQed

PRdel 3 WiPeV WR eYalXaWe Whe effecW Rf iPage VaPSliQg. FiQall\, WR deWeUPiQe ZheWheU Whe

fiQe-WXQed PRdel beQefiWed fURP Whe SUeWUaiQiQg RQ all RWheU daWaVeWV, Ze WUaiQed a µlRcal RQl\¶

PRdel WhaW XVed Whe VaPe aQQRWaWiRQV aV Whe µfiQe-WXQed¶ PRdel, bXW VWaUWiQg fURP VWaQdaUd

iPageQeW ZeighWV. The VaPe WeVW daWaVeW ZaV XVed fRU Whe fiQe-WXQed aQd lRcal-RQl\ PRdelV.

The ]RRP daWa aXgPeQWaWiRQ VWUaWeg\ ZaV QRW XVed iQ WheVe PRdelV ViQce flighW heighW aQd

RbjecW Vi]e aUe laUgel\ cRQVeUYed ZiWhiQ each daWaVeW.

FRU all aQal\ViV, Ze XVed SUeciViRQ aQd Uecall RQ held-RXW iPageV fRU PRdel eYalXaWiRQ.

The PRVW cRPPRQ eYalXaWiRQ PeWUic iQ RbjecW deWecWiRQ iV iQWeUVecWiRQ-RYeU-XQiRQ, defiQed aV

Whe aUea Rf iQWeUVecWiRQ beWZeeQ Whe WUXe aQd SUedicWed bRXQdiQg bR[, diYided b\ Whe aUea Rf

XQiRQ beWZeeQ WUXe aQd SUedicWed bRXQdiQg bR[. UViQg WhiV PeWUic, Ze aVVeVVed PRdel Uecall,
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defiQed aV Whe SURSRUWiRQ Rf gURXQd WUXWh bR[eV cRUUecWl\ RYeUlaSSiQg ZiWh SUedicWed bR[eV ZiWh

aQ iQWeUVecWiRQ-RYeU-XQiRQ Rf gUeaWeU WhaQ 0.2, aQd PRdel SUeciViRQ, defiQed aV Whe SURSRUWiRQ Rf

SUedicWed bR[eV Zhich RYeUlaS ZiWh a gURXQd WUXWh bR[ ZiWh aQ iQWeUVecWiRQ-RYeU-XQiRQ Rf 0.2.

We VelecWed WhiV WhUeVhRld becaXVe Whe YaVW PajRUiW\ Rf aQQRWaWiRQV ZeUe aXWRPaWicall\ cUeaWed

fURP RUigiQal SRiQWV Slaced RQ iQdiYidXal biUdV. The e[acW RXWliQe Rf iQdiYidXalV iV WheUefRUe

aSSUR[iPaWe aQd VecRQdaU\ WR Whe gRal Rf deWecWiRQ aQd eQXPeUaWiRQ.

FXQdiQg

ThiV ZRUk ZaV VXSSRUWed b\ a AI4EaUWh gUaQW fURP MicURVRfW A]XUe WR BW. ThiV UeVeaUch ZaV

VXSSRUWed b\ Whe GRUdRQ aQd BeWW\ MRRUe FRXQdaWiRQ¶V DaWa-DUiYeQ DiVcRYeU\ IQiWiaWiYe

(GBMF4563) WR E.P. WhiWe, b\ a gUaQW fURP  Whe AUP\ CRUSV Rf EQgiQeeUV

(W912HZ-20-2-0022/3) WR S.K.M. EUQeVW aQd P. FUedeUick, aQd b\ gUaQWV fURP Whe SRXWh FlRUida

WaWeU MaQagePeQW DiVWUicW (4500126520) WR S.K.M. EUQeVW aQd P. FUedeUick.

AckQRZledgePeQWV

We WhaQk PaQ\ UeVeaUcheUV fRU cRQWUibXWiQg SXbliVhed daWa aQd iPageV WR PRdeliQg WUaiQiQg

iQclXdiQg JRhQ Neill, ChUiVWiaQ PfeifeU, K\le LaQdRlW, HeaWheU L\Qch, MadeliQe Ha\eV, RRdUigR

Valle, BeQjaPiQ KelleQbeUgeU, GaU\ AQdUeZ aQd FUaQcie CXWhbeUW. DaQ MRUUiV ZaV iQVWUXPeQWal

iQ hRVWiQg daWa aQd RUgaQi]iQg Whe AI4EaUWh cRPPXQiW\.
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