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Abstract This paper presents the development of an “Internet+” approach to mapping
exposure and seismic vulnerability of buildings in a context of rapid socioeconomic
growth. This approach is a combination of the following interdependent components: (1)
extraction of footprint areas of a large number of buildings from high-resolution Google
Earth images; (2) estimation of floor numbers of these buildings with an integrated use of
high-resolution Google Earth images, Tencent/Baidu Street Views, crowdsourcing data,
and associated building-relevant local knowledge; and (3) identification of structural types
of these buildings by a combined use of crowdsourcing data and associated building-
relevant local knowledge. The efficacy of this “Internet+” approach was demonstrated
through an application in Tangshan, China. Field-based verification indicated that the
overall mean absolute percentage error of the proposed “Internet+” approach in assessing
the total floor area of the addressed buildings was 4.64 %. The verification also showed
that the overall consistency between the estimated structural types using the proposed
approach and the actual structural types of the buildings with structural type uncertainties
could reach 97.54 %, with a kappa coefficient of 0.94. Because of its good accuracy,
noteworthy speed, substantial labor savings, negligible cost and distinctive capability in
covering large areas in near real time, this “Internet+” approach might have promising
prospects in actual seismic loss risk reduction challenges.
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1 Introduction

Seismic exposures, vulnerabilities, and disaster risks are constantly and significantly
changing in earthquake-prone areas where rapid socioeconomic development and urban-
ization is occurring. These changes have made it difficult to ensure that earthquake disaster
risk reduction strategies for such an area remain fact-based and effective over time. Certain
strategies may become irrelevant after a short period. To prevent this from happening,
associated changes in exposures and vulnerabilities must be captured quickly and accu-
rately to perform timely and pertinent adjustments.

There are generally three major types of methods for analyzing seismic exposures,
vulnerabilities, and risks: (1) the conventional and mainstream loss ratio curve (LRC) and/
or damaged probability matrix (DPM)-based methods (e.g., ATC 1985; FEMA 1999;
Griinthal 1998; Inel et al. 2008; Ploeger et al. 2010), (2) exposure and vulnerability (E and
V) or vulnerability (V) composite index-focused methods (e.g., Carrefio et al. 2007; Cutter
et al. 2003; Cutter and Finch 2008; Su et al. 2007), and (3) remote sensing (RS)-based
E and/or V methods (e.g., Ehrlich et al. 2010, 2013; Geif} et al. 2014, 2015, 2016; Pittore
and Wieland 2013; Taubenbock et al. 2009; Wieland et al. 2012) (for more, please see
Table 1). The conventional LRC and/or DPM-based methods can yield definite and
accurate exposure, vulnerability, and risk results. However, they usually require significant
labor, money, and time. For addressing seismic disaster risks over a large area with rapid
socioeconomic development in an accurate and timely manner, applying this type of
methods may be difficult or impossible. The E and/or V composite index-focused methods
save considerable labor, money, and time and easily cover large areas, but they can only
provide general, relative, and highly composite results. According to such kinds of results,
it is not always easy to determine what elements on the ground at a given location are at
risk and how serious the hidden problems are. Remote sensing technologies have a great
advantage in overcoming the timeliness and coverage problems over the former two types
of methods when addressing seismic exposure, vulnerability, and loss risks in a context of
rapid socioeconomic growth. Because remote sensing images, especially those with high
resolutions, may be the only currently practical and reliable tools that are capable of
providing full, clear, and timely coverage of large areas when labor resources and work
times are limited, while this information is urgently needed. Recently, many studies have
addressed the application of remote sensing technologies (esp. with high-resolution) to pre-
earthquake exposure, vulnerability, and risk analysis. These include various single optical
imagery-based analyses, some studies on integrating multi-sensors, a few attempts at
combining remote sensing data and other critical information, and several comprehensive
reviews (Table 1). However, several large gaps exist currently between what remote
sensing can provide and mainstream LRC and/or DPM-based exposure, vulnerability, and
loss risk estimates specifically require when facing a large number of buildings in an area
with rapid socioeconomic changes. Among them, the most important includes: (1) it is still
difficult to use remote sensing alone to directly produce some of those core information
that are essential for quantitatively and specifically characterizing seismic vulnerabilities
and loss risks, such as building structural types and DPMs. (2) High-resolution remote
sensing imagery contains important information (e.g., footprint areas of buildings) that can
be used to characterize seismic exposures and loss risks in detail. However, the techniques
for accurately extracting such information have not been sufficiently developed if a large
number of objects (e.g., a large number of buildings) need to be addressed over a limited

@ Springer



S109

Nat Hazards (2017) 86:S107-S139

(NAD) [9POIAl aenbyiey 2qo[D 2y} Joj [opowr Jurpying-oj-uonendod
e dojoaap 03 syunoo Surpring pejdenxa ay) Surzimn) eSewn pugyoINd
wo1j A[eonewoine (syunod Surp[ing) sSurppng jo requinu JunoeIXxg

sy812y Suipjmq pue svaap dn-jjmq
ueqIn paje[al-juridioo} 3urpying Sunoenxa 1oy spoylow onewoine suidofoadq

BOIE JOO[] pageurep a1 Ae[no[ed o) (G661 UIX) poyouwr s urx Suisn (7)
spursdioof Junmseawr A[[enuey
‘s4aquiny 400 Suip[ing Junoenxd Joj poyjow onewoine ue surdoaadq (1)

uonejaxdigyui-ojoyd pue Surdures

[eonsne)s ‘Suissaoold aFewll paseq-aInIxa) Jo Sasn pauIquiod Aq ‘ozis

Surpping pue seare dn-jing JueA[RI-3UIP[ING JO UOHINGLUSIP AY) ‘SIuIp[Ing
JO Ioquinu 9y} JO SWIA} Ul }J03s Jurp[ing e Ajnuenb o3 spoyiow Surdojoasq

$3ss0] ATRjoUOW
pue seale I0op pagewep AB[MO[Ed 01 (6] UIX) poyraw s utx Juisn (7)
{Ioquinu Joo Surp[ing uo
paseq adq; jpamponis Suipjing SulKIUIPI PUB SDALD L0O) PUR ‘SL2qUINU 100}
‘siy81ay ‘spuridjoof Suipring Sunoenxa 10j spoyrew onewoine Surdofoaaq (1)

afewr prgyOINY) WOIJ PIALIP
UONBULIOJUT [BLIQJEW JOOI 3} UO paseq addy jpanpons aay) Surkynuapy ()
‘K[eonewoe sSuipjng fo 4aquinu ayy Sunewnsy (1)

pajaxdiour A[qQISIA 9q ued Jey) sogew

¥y ur s3urpqing jo sdnois jo soouereadde [[eroao a3 Suiaresqo Aq Surping
® JO uonputioful (panjonis Yy ururwexa Ajpeoiq jo Ajpiqissod oy Sunoidxyg

soSewr [eondo uonnjosaI-ysiy Suisn stoquimu L00} SuIp[Ing LIS

pue sSuipjing mau 159)9p A[[edrjewiojne 0} pasn sem poylaul sIy) Jo snooj ayJ,
'SQLIOJUdAUL SuIp[ing ST Sunsixa Sunepdn 103 poylow paseq-Sy e Surdofaaaq

PO

pugPMO

PO

pugYPMQ

pugIMQ

PO

SONOXI

SONOXII

(€100) "Te 1 enboy Jjoq

(€102) "Te 10 yoryg

(21027) 'Te 10 oeyz

(010T) "Te 12 YOIy

(LO0T “S007) “Ie 10 Bueyz

(000 e 1 eyng

(#007) Suepy pue uenx
sIsATeue paseq
(9007) BMEBYLIOPIA -K138ewr Sursuas sjowrar
pue eIy ‘(400g) ‘T8 10 eimipy  [eondo uonnjosaI-ysSiy o[3urg

SNO0J urewr [,

pasn

BIRp doy1oadg

SQOUAIRYY adKy Apmig

(S10T 'Te 10 ng woiy paydepe pue uo

paseq payepdn) sSuIp[Ing Jo SYSLI pue ‘SANI[IqeIoU[NA ‘saInsodxa OMUSIds SUIZLIoorIRYD UT (SY) SUISUSS 9JOWAI JO Isn Y} UO PIsNI0] Jey) sAIpN)s Jo ATewrwins Jjoug | d[qe],

pringer

Ns



Nat Hazards (2017) 86:5S107-S139

S110

'Sy JOSULS-T[NW WOIJ PAALIdP (AIIqIssadoe pue ‘WyStoy ‘Ajrengor
‘uonpuaLio ‘adeys ‘azis) sarnjeay Suipring ay) Suisn AP pIjen[eAd 2q Aew
sSuIp[Ing Jo sauiquiouna J1us1as Y} yorgm Aq Juaixe pue poyrow e Sunrojdxyg
sasn Jurp[ing pue ‘safe ‘sroquunu 00y ‘sjy3Iray
‘sadeys ‘seare ‘syuridjoo] ‘sedA) uononnsuod ‘syo0[q jo seare dn-jjing jo soe oy
pue 95BI0A00/9SN PUB] OPNOUT SOINJBIJ 9SAY ], "SOTLWI JOSUSS-T[NUW WOIJ PIALIOP
saIjedy s yoo[q pue Suipyng doys-£q-deys SuneiSojur Aq pajenjead ApoaIip

9q Aew s3uIpying Jo saujigvauna dus1as Yy yorym Aq poyrew e Suuoidxyg (7)
staquiny 100} pue sjyS12y Suipjing 2INSeIW 0) sASeW! [BUOT)OAIIP
-tuw Sursn poyrew & Jurdojaad( “syuridioof 1991105 0y dejgeensuadQ

pue sofewr Sy [eondo uonnjosar-y3ry 3uisn poylow e Jurdoraaa (1)

S Josuas
-[nW Woly PAALIAP sJyStay pue sadA) Joox Surpying 9y Suisn pajeneAd A[IOaIIp
aq Aew sSuIping Jo sanj1gpiauina 21uis1as Yy yorym Aq poyjeuwr e Suroidxyg
[epowt (V' TAg-dS) JUaWsSsassy sso ayenbyrreg
paseg-1oaoysng pagrdwrg oy uo paseq sSuIp[Ing Jo sau1qp.Lauina 3urssassy (7)
qvs
wolj staquinu 100y Suipjing Sunewns? pue Sulsuds Jowdl [eondo uonnjosal
-y3ry woiy syursdioof Suipjing 3unoenxs 10j spoyow dnewoine Jurdopad( (1)

S J0SUIS-N[NW WO} PIALIOP $2INed) SuIp[ing
) pue £Sojod£) uononnsuod JuIp[ing UsAMIaq SUOTIR[ALI0D Jururwexy (7)
‘ejep [enoadsiodAy o[Seq-y STy woij sjool Surp[ing Jo sad{1 Jurkynuopt (sagewrn
pugyomY pue WL VAT JO 9Sn pajeI3ojul Ue Wolj $250/0a UoINISUOD
pue ‘suaquinu 100} ‘s1ys1ay ‘siaouniad ‘syuridioof Jurpyng Sunoenxyg (1)

Aysuojul ayenbyired oLreudds

® I19pun S9AIND AJiIqeraunA pue sadA) Surp[ing uo paseq ssof 3uIssassy (¢)
‘poyrowr winnoads-Aoede))

uo paseq 2dAy Surp[ing yoea Jo 2AINd Afiqerauna Jumuruid)ep pue Junsnlpy (7)
{(ad£y joo1 pue ‘a3e ‘yy31oy)

sofewr Y WOIJ PAALIDP saInjea) Jurping ay) Jursn sadA) Suipring Sunewnsy (1)

WAJ ‘pugyomd

sagew
[euonoap-tuwQ ‘deppeansuadp
‘pugPIY SSIN Pue AL

NAJ ‘e1ep uonnjosaI-y3Iy duIoqiry

qvs
¢A1a3ewr Teondo uonnjosal-yIry

eyep [enoadsiadAy o[Seqy
“VSIV pIEPIMO AL AVATT

WL
pue SSA Terodwal-nmiy ‘SONOI

(€102) "Te 32 YN

(€102)
PUR[IIA\ pUB 21011 d
“(T107) ‘T8 12 pue[aIpm

(Qz10T ®T107)
‘[& 12 ®ioISeUR]

(1102) enboy [12Q
pue o4 “(010T) 'Te 1 1[[od

(0107) ‘Te 30 eIyodjI0g

so3ewn
J0Suas-nnw

(6007) Te 19 YoQquaqne[, Jo uoner3ayuy

SNOOJ UTeUr A,

pasn ejep oyroads

SQOUINJY ad£y Apmig

panunuod T J[qe],

pringer

Qs



S111

Nat Hazards (2017) 86:S107-S139

*$9SSO[
KIejouow pue seale J00[ paSewrep aje[no[ed 03 (G661 UIx) poylewr s urx Sursn (¢)
$9ss0] A1ejouowr Sunenoed 10y siajauwivd
2101022 K2y pue ‘SWJ ‘SadC1 [pangonais ‘spap 100} 110} JUTINIP
0] [00) SUISPLIQ B SB SMIIAI (HT-1g) 9Fpa[mour [ed0[ JueAd[I-3uIping Juisp) (7)
K1o8ewr Sy eondo uonnjosar-ySry o[3urs
' woiy syyS1oy Sutppng Sunewnsd I0J poylouw paseq-(SqdIS) Soouelsi uIog
SurSew] oweg Surdo[oasp pue A[jenuew sva.v jutidioof 3uip[ing Sunewnsy (1)

(s1s4s)
sa4mpondis Suipping o1us1as Jo sadqy ayy dyewns? 0y (ad£y Kouednooo pue a3e)

aseqejep Jossasse xe) pue (2dA) Joor pue ‘[eudjew joor ‘edeys ‘W3roy ‘yuridiooy)
saSew Gy WOIj PIALIAP SaINjedj JuIp[ing seuIquiod jey) poyrowr e Sunofdxg

poyow dnewoine-1was pasodoxd

Sursn poALIop speol pue sSUIP[ING Uo9M)Aq SIOUEBISIP PUE ‘SYIPIM peol ‘sjyStoy
Surpring ay) Sursn ysu a3ey00[q peol Sunen[ead 1oy poyjew € Jurdoordq (7)

QY TenoadsiodAy pue Yyl QUIOQIE JO 9sn pajes3ajul

ue Aq speol Jo syipim pue s3uIp[ing Jo sa130j0dq; foo. pue ‘saumjoa ‘sypydiay
‘sa23ouir12d ‘sjutidioof unoenxa 1oj poyrow onewone-rwas e Jurdopaas( (1)

. SeIMONNS ueqIn SNOdUA3OWoY,, Y JO SAUNJLdJ PIALIOP-SY ShoLrea Sulsn
Apoorip poutwexd 9q Aew (sSUIp[Ing 10U) |, S241I0NLIS UDGIN SNOSUITOWOY,,
JO S[9AQ] A11j1gpa2uUinA D1u4s12s YY) YOIYM Aq JUSIX9 pue poylow e Sunoldxyg (7)

{[9AQ] SuIpInqg ur jou
TOAQ] , 241MJONAIS UDGAN SNOJUSTOWOY,, UT SANI[IQEIAUNA ITWSIAS U0 FuIsnoo,] (1)
S9JBWINSI SSO[ ayenbylres paseq-Ajsuour oLeUAIS Y} pue SOYT [8907] (7)
£GY JOSUIS-I}[NW WO} POALIIP SAINJESJ [JUSWIUOIIAUD pue Jurp[ing )
M (SISgS) sadsy ppamnponiis Suipjing o1us1as Yy Jo suore[arIod Sururwexy (1)
SJUQWIUOIIAUS IIOY) PUB SQINJedf
SuIp[Ing PoALIOP-SY SNOLIEA Suisn A[JOIIp PIsSasSe puE pPaurlex? aq Aeur
sSuIp[Ing Jo sauiguiouna d1us1as Y} yorgm Aq Judixe pue poyiow e Sumrojdxyg

OI'T-16) 28pa[mouy [e20]
JUBAQ[AI-ZUIP[ING [-9AH0D)

aseqejep
JOSSASSE X, ‘pIgHRINQ

eiep Sy [enoadsiadAy
Quioqiy “gvdlT dwioqiy

NLH
pue AL ‘SSIN [erodwoy
NI ‘WA Agpidey

INSQU ‘NLH pue WL
[erodwd-nN <SONOMI

INSQU ‘NLE Pue NL
[erodwar-nnA SONOI

(S102) 'Te 19 ng

(L00T)
uerlprurarryy
pue 1pueqereg

(9102)
‘Te 19 0zZue)so)

(9107) 'Te 10 grop

(ST0T) e 10 grop

(¥102) 'Te 190 gron

UOT)BULIOJUT
[e9N1IO IOYI0 pue soSewur

SUISUas JOWAI JO UOIIBUIGUIOD)

SNOOJ UTeUr A,

pasn ejep oyroadg

SOOURIRJOY

ad£y Apmig

panunuod T J[qe],

pringer

Ns



Nat Hazards (2017) 86:5S107-S139

S112

soAnoadsiad

reonijod pue ‘Areurjdiosip-suer pue -ninu ‘[eIIUYI) OYNUIAIS WOIJ ‘UMBIDP

QIoM JUQUISSASSE YSII oyenbyires 01 9InqIuod 03 Sy Joj dewpeol e pIemo)
sdays 151 Y3 JeY) P[OY SIOYINE A} ‘OA0QE UOISSNISIP PUB MIIAI Y} U0 pased ()

QeI Jo sIsA[eue aanenuenb e

Suruoyred £q pagnuopt axom Apnjs YSLI I)SeSIp O1wsIas ur Sy jo sded yoreasar
pue ‘sordo) yoreasar 1oy, ‘suoneAouur [edrsojouyod) ‘sjuswdoorsp [erousn) (7)

SJuQUISSasse ofewep JUA-)sod pue ‘SJUSUIUOIAUD

[eInjeu pue }[Inq Yjoq JO JUSWSSISSe AJI[IqeIou[nA OTWSIOS JUaA2-aId ‘sisA[eue

UOTJEULIOJOp 90BJINS Poje[oI-PIeZey OIWSIOS Papnyoul asay ], “s)su ayenbyires
JO SJUSWISSISSE Y} 0] SUOTINGLIIUOD SUISUIS AJOWAI U0 MIIAI dAIsUayIdwiod v (1)

‘dew 10400 pue] pue ‘dew asn pue| ‘dew eare dn-jjinq

‘dew uoneoo| ‘dewr jurrdjooy Surpying Surpnjour ‘eare a31e[ B FuLA00 A1aSewl

SY [eondo uonnjosar-y3iy A1oa Jo -y3iy wolj sdew pasnooj-Jurp[ing snoLreA
QALIP 03 pako[dwd 9q ued Jey) sampadold pue sonbruyoo) dANEAOUUT UO SMIIADY

“(s3urpig

IoU)0 0} uone[aI ur asnoy e jo uonisod [eneds oy) <3'9) UOHRULIOFUT JXOIUOD

)1 pue ‘uIp[Iing ® Jo Iedk uononnsuod ‘rqunu ooy WSy ‘odeys ‘[eriojew

Joox papnpour sieowrered 9say ], s1ojowrered Suip(mng peje[eI-LfIiqerouina
JTWISIAS JO Uonoenxd ur AreSewr aipajes reondo uonnjosar-y3ry jo enuasjod oYy,

eIep S odA-nm

K1a3ewrn
SY [eondo uornnjosar
-YS1y 1o -y K104

pIEPMY pue SONOII

(€102)
Jyooquaqne],
pue grop

(€102)
I[[9I9U9 ],

pue yoIIys

(90020)
Te 12 Io[enI

MITASY

SNOOJ ureur [,

pasn eyep oyroadg

REbliE N N |

odAy Apmg

panunuod [ dqe],

pringer

Qs



Nat Hazards (2017) 86:S107-S139 S113

work time. Bridging such gaps is important for promoting deep and practice-aimed
applications of remote sensing in broad seismic vulnerability and loss risk reduction fields.

By focusing on residential and public office buildings, we proposed using building-
relevant local knowledge (Br-LK) reviews to “bridge” these gaps in our previous study (Su
et al. 2015). However, several weaknesses exist in our previous method, which challenges
its broader application. They are (1) the financial infeasibility of covering very large areas,
because high-resolution optical remote sensing images remain expensive, (2) the uncer-
tainty when addressing buildings with floor number-structural type correlations that are not
that regular as compared to those observed in Tangshan (the study area of our previous
study), (3) the inevitable inaccuracy in identifying structural types of those one to six-floor
high buildings among which structural type uncertainties occurred most frequently, and
with the rapid socioeconomic development of the area, this inaccuracy occurs more and
more often, and (4) the incapability of addressing specially structured buildings. Building
on the basic logic of our previous study, this current study intends to develop an “Inter-
net+” approach to continue grappling with the issue: how to capture seismic exposures,
vulnerabilities, and their changing scenarios over large areas with rapid socioeconomic
growth and city expansions in a timely and accurate manner.

With the rapid development of internet and modern information technologies, online
resources have increased dramatically. They are both available to the public and open to
the public submissions of geographic data and information through internet-based plat-
forms. Some studies have shown that the data and information provided by the public and
non-official institutions are even more detailed (De Longueville et al. 2010; Elwood 2008;
Gill and Bunker 2012; Goodchild 2007). The “Internet+” approach proposed in this study
is built on a combined utilization of various online heterogeneous building-relevant
resources and internet-based platforms. These resources and platforms can be broadly
divided into two categories: online mapping and crowdsourcing information. The former
includes Google Earth (GE) images and Baidu/Tencent Street Views; the latter includes
information provided by various open social and building business Web sites, building-
relevant Volunteered Geographic Information (VGI), and modern communication mode-
based instant messages.

Currently, GE images cover most urban areas in Mainland China (Zhou and Luo 2009).
Because GE is free and is integrated with GPS and GIS, the service has found numerous
applications in a wide variety of scientific disciplines. According to the reviews of
Goodchild (2008), Stensgaard et al. (2009), and Yu and Gong (2012), the use of GE in
research and application has covered many categories, such as visualization, data collec-
tion, exploration and integration, modeling and simulation, communication of research
results, and decision-making support. In natural hazard and disaster research, many GE-
based studies have also been reported. For example, Nourbakhsh et al. (2006) argued that
GE was an effective tool in providing post-disaster images during relief efforts. Webley
et al. (2009) used GE to display the volcanic ash dispersion process in the North Pacific
region forecasted using the Puff model. Costanzo et al. (2012) produced a landslide archive
by exploiting GE for assessing landslide susceptibility in central Sicily, Italy. Ruan and Jia
(2013) and Madadi et al. (2015) employed GE to depict and display possible extent of
flooding. GE is also a currently attractive topic in earthquake hazard and disaster studies.
Existing applications primarily focus on (1) visualizing hazard and disaster events (Agnew
2009; Huang et al. 2011; Li 2009; USGS 2015), (2) assessing ongoing disasters (Gao and
Wu 2014; Kayen et al. 2008; Lang and Vladimir 2010; Li et al. 2015; Sato and Harp 2009),
(3) supporting emergency decision making (Chen et al. 2008; Nourbakhsh et al. 2006; Yin
et al. 2009), and (4) seismic science research (Fisher et al. 2012; Gordon 2014; Li et al.
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2007; Shuai et al. 2011). Street View as another category of online mapping can offer
visual scenes of streets and adjacent buildings. Since it appeared, Street View has been
increasingly used in people’s daily lives. Combined with GIS and associated thematic
information, Street View has also begun to play important roles in some professional fields.
For example, in the field of hazard mitigation and disaster reduction, Wang (2015) pointed
out that Street View could be used to estimate landslide volumes; after Typhoon Fitow hit
Zhejiang Province, China, in 2013, Street View was used to map the key relief supplies-
wanted spots (IFN 2013). This current study intends to use GE images and Tencent/Baidu
Street Views to characterize the exposure of residential and public office buildings in the
period of pre-earthquake (i.e., non-disaster time of a disaster cycle), on which existing GE-
or Street View-focused applications are very limited.

The crowdsourcing geographic information refers to spatial information and data that
are produced and disseminated onto the web by ordinary citizens or non-official institu-
tions (Gill and Bunker 2012; Goodchild 2007; Heipke 2010). Compared with conventional
approaches, the acquisition of crowdsourcing data is in near real time and at low monetary
cost (Goodchild and Glennon 2010; Yang et al. 2014). However, crowdsourcing data can
be regarded as lacking credibility and reliability sometimes, because it is produced by non-
experts (Elwood 2008; Foody et al. 2013). Even so, crowdsourcing has been widely used in
disaster management, especially in during and post-disaster response phases. For example,
Goodchild and Glennon (2010) studied crowdsourcing geographic information application
in disaster response during the Santa Barbara wildfires of 2007-2009. Gao et al. (2011)
noted that crowdsourcing applications based on social media such as Twitter and Ushahidi
could offer a powerful capacity for collecting information from disaster scenes and pro-
viding visualizing information for relief decision making. The studies of Hyvérinen and
Saltikoff (2010), McDougall (2011), Poser and Dransch (2010), and Schnebele and Cer-
vone (2013) described how to use crowdsourcing geographic information to estimate flood
inundation depth and map flood extent. In earthquake disaster study field, the USGS
Earthquake Hazards Program established a portal for earthquake mapping called “Did You
Feel 1t?” This portal is used to collect experiences from people who were affected by an
earthquake (Mark and Schorlemmer 2016; Wald et al. 1999). Zook et al. (2010) outlined
how crowdsourcing information related to disaster situation could be collected and com-
bined by using various web-based mapping services, such as CrisisCamp Haiti, Open-
StreetMap, Ushahidi, and GeoCommons, and then guiding responses to the Haiti
earthquake. Compared with these usages in during and post-disaster response period, the
use of crowdsourcing geographic information for pre-disaster risk analysis has not received
the same attention (Haworth and Bruce 2015; Horita et al. 2013). Dufty (2012) argued that
crowdsourcing information has great potential in improving pre-disaster resilience analy-
sis. Recently, Schelhorn et al. (2014) attempted to identify essential facilities (e.g., hos-
pitals, schools, and police stations) at flood risk from OpenStreetMap to facilitate
vulnerability and risk assessment. With these enlightening, this current study intends to use
crowdsourcing information to characterize the vulnerabilities of residential and public
office buildings in pre-earthquake time, on which existing crowdsourcing-focused studies
are also considerably limited.

Given the above, we intend to use such kinds of “Internet+” ideas as main tools and Br-
LK reviews as auxiliary supplements to address the specific issues of this current study:
mapping building exposures and seismic vulnerabilities during pre-earthquake period. By
fully combining the advantages of both of these two sides, the accuracy and timeliness
were both enhanced when mapping seismic exposures and vulnerabilities across a large
area with rapid socioeconomic growth. In the work of conventional LRC- and/or DPM-
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Fig. 1 Location of the study area

based earthquake loss estimation, the exposure of a building refers to its total floor area,
and the vulnerability of that building depends on its seismic structural type. In terms of the
classification of seismic structural types of buildings, the classification system developed
by Yin (1991) was used in this study. Yin’s classification system is the most established
and commonly used system for classifying the seismic structural types of buildings both in
pre-earthquake disaster risk assessment (SAC 2014) and in post-earthquake loss estimation
(SAC 2011) in Mainland China. In this system, buildings are assigned to the following five
categories: (1) earth/wood buildings (E/W buildings); (2) single-story brick buildings (S/B
buildings); (3) brick and concrete buildings (B/C buildings); (4) reinforced concrete
buildings (R/C buildings); and (5) specially structured buildings. And all of the residential
and public office buildings in Mainland China belong to the first four types in this clas-
sification system. For consistency and comparison with our previous study, we continued
focusing on residential and public office buildings for analysis and selected still the central
part of Tangshan (Fig. 1) as the case study area to demonstrate the development and use of
our “Internet+” approach.

2 Outline of the proposed approach and data
2.1 Qutline of the proposed approach

The overall framework of the proposed “Internet+” approach is illustrated in Fig. 2.
Specifically, it consists of the following three main interdependent components: (1)
extracting footprint areas of a large number of residential and public office buildings from
GE images (see Sect. 3); (2) developing correlations between Same Imaging Point Dis-
tances (SIPDs) and floor numbers of these buildings by an integrated utilization of GE
images, Tencent/Baidu Street Views, crowdsourcing data (WeChat messages and VGI),
and associated Br-LK, and then estimating their floor numbers and further their floor areas
using these correlations accordingly (see Sect. 4); and (3) identifying structural types of
these buildings by a combined use of crowdsourcing data (online building business data,
building information on socioeconomic institution portal Web sites, WeChat messages, and
VGI) and associated Br-LK (see Sect. 5). Using this “Internet+" approach, the total floor
area of every residential and public office building in 2015 in the study area was estimated
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Fig. 2 Overall framework of the proposed “Internet+” approach

and the structural type of each building was identified; based on these information, the total
exposure and overall seismic vulnerability property of the addressed buildings in the area
were mapped (see Sect. 6).

2.2 Data and Internet-based systems

In this “Internet+” approach, four types of data and materials were used: high-resolution
GE images, Baidu/Tencent Street Views, Crowdsourcing information and various Br-LK
(Table 2).

e High-resolution GE images

The two GE images used were downloaded using GetScreen software (Godeyes 2007).
The downloaded GE images are different from commercial ones, such as, lack of imaging
geometries and projection information, low spectral resolution. To ensure the associated
analysis results obtained in this current study and in our previous one comparable, the two
GE images were mosaicked and then registered using the GeoEye-1 images recorded in
2009 that were purchased and used in our previous study (Su et al. 2015). In this regis-
tration process, 45 ground control points were used and the overall registration accuracy
reached 0.7 pixels.

e Tencent and Baidu Street Views

Both Tencent and Baidu Street Views are available to the public and free of cost. To
date, most prefectural-level cities and above and even some county towns in Mainland
China have been covered by one or both the two Street Views. However, most rural areas
of the nation have not been covered. In the study area, over 80 % of the main streets and
small alleys are currently covered.
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e Local in situ informants on earthquake disaster reduction (abbr. in situ informants)

The in situ informant system is a nation-wide institutional element of the powerful top-
down earthquake management system of Mainland China developed by China Earthquake
Administration (CEA) in the last decade. Generally, each town or township in Mainland
China has at least one in situ informant. The daily responsibilities of them usually include
(1) vernacular dwelling construction guidance, (2) (anti-)earthquake disaster knowledge
dissemination and education, and (3) seismic activity and disaster information collection
and reporting.

e Online building business data

Regarding the current coverage of the online building business information on Mainland
China, almost all large- and middle-sized urban built-up areas nationwide and even many
county towns in the eastern half of the nation have been covered to a certain extent. In the
study area, the information from Fang.com has fully covered all its 532 urban residential
quarters.

3 Estimating building footprint areas from GE images

To date, experts have developed several automatic and semiautomatic procedures to
rapidly delineate roof outlines of buildings from high-resolution optical remote sensing
images either with a particular purpose of characterizing earthquake risks (Table 1) or with
a wider aim (e.g., Ahmadi et al. 2010; Ghaffarian and Ghaffarian 2014; Gianinetto 2008;
Ouzounis et al. 2012; Shorter and Kasparis 2009). However, it remains difficult to apply
these technically advanced procedures to irregularly shaped buildings and to identify and
eliminate shading, interference, and high gray-tone similarity effects. To improve accu-
racy, a great deal of post-processing work must be performed. For a large number of
buildings, applying these automatic or semiautomatic procedures is more difficult, and
sometimes, even impossible (Aytekin et al. 2009; Durieux et al. 2008; Pittore and Wieland
2013; Su et al. 2015; Wieland et al. 2012). The GE images we used have only red, green,
and blue bands, i.e., their spectral information is much poorer than that of commercial
ones, thereby aggravating such difficulties.

To achieve the level of accuracy that is essential for actual seismic risk reduction
practices, this study included manual vectorization to estimate the building footprint areas
from the two registered GE images. Using ArcGIS 9.3, the roof outlines of all the resi-
dential and public office buildings in the two GE images of the study area in 2015 were
manually digitized, and then the footprint areas were estimated accordingly. Indeed, this
manual vectorization process was easy and not very time or labor-intensive. For example,
all of the densely packed buildings (approximately 1200 individuals) in a 50-km? zone in
the study area were well vectorized within 4-5 h by only one skilled person.

4 “Internet+” approach to the estimation of building floor numbers
4.1 Measuring building SIPDs from GE images

To accurately estimate the total floor area of a building, the number of floors in that
building must be reliably determined. For residential or public office buildings, the height
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of a single-floor building and the height of each floor in a multi-floor building are con-
siderably regular and stable in a certain area. In our previous study, we estimated the
number of floors in a residential or public office building using a correlation with the height
of that building. Considering the quickness, accuracy, and practicability requirements of
large-scale exposure, vulnerability, and risk characterizations in a context of rapid
socioeconomic growth, we developed in our previous study a new algorithm that requires
deriving only one parameter, the “same imaging point distances (SIPDs),” from single
high-resolution optical remote sensing image (Hr-ORSI) to rapidly estimate building
heights. The SIPD is the distance between the imaging position of a certain point on a
building’s roof edge and the imaging position of that point’s shadow on single Hr-ORSI.
The imaging geometry of a building and that of its SIPD are illustrated in Fig. 3; the
equations for calculating the building height are presented below (Su et al. 2015).

H=Lgy X ¢ (1)

tan 0 tan @
qo =
/tan? 0 + tan® @ — 2 tan 0 tan w cos(f — )

(2)

where H is the building height; L, is the SIPD; @ and o are the elevation and azimuth
angles of the relevant satellite, respectively; and 6 and f§ are the elevation and azimuth
angles of the sun, respectively.

Unlike commercial images (e.g., the GeoEye-1 images used in our previous study), the
two GE images used in the current study do not contain information regarding w, o, 0, and
p in Eq. (2) above. Thus, we cannot obtain building heights from the GE images. However,
for a given GE image, these four angles are stable across the entire image, thereby making
coefficient ¢ in Eq. (1) above relevant to that image a constant. Because of this constant, it
is sure that if a specific stable correlation between the building floor numbers and building
heights exists in that image, then a similarly stable correlation between the building floor
numbers and building SIPDs also exists. In this current study, we thus determined the floor
numbers in a given residential or public office building in the study area using a correlation
with the SIPD of that building.

We used ArcGIS 9.3 to manually vectorize the SIPDs of all the addressed buildings
from the two GE images used. This task was neither difficult nor particularly time- or
labor-consuming. Specifically, the required time and labor was even slightly less than that
required by manually digitizing the building footprints. With the SIPDs of all the resi-
dential and public office buildings in the study area in 2015 determined, the task left for
estimating the floor numbers of these buildings is to establish the correlations between the
SIPDs and floor numbers of the buildings.

4.2 Establishing correlations between building SIPDs and floor numbers

With the help of GE images, crowdsourcing data, and associated Br-LK, we developed
correlations between the SIPDs and floor numbers of the residential and public office
buildings in Tangshan through the following steps. The first step was to define two
appropriate sets of sample buildings for analysis using a mixed sampling method.
Specifically, we first divided all the addressed buildings in the entire study area into two
clusters: one corresponding to the buildings covered by GE image A and the other specific
to the buildings on GE image B. Because the imaging geometries of the two images may be
inherently different, a constant variation may exist between the building SIPDs derived
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Satellite

Fig. 3 Imaging geometry of a building and that of its same imaging point distance (SIPD) (Su et al. 2015).
Note In this figure, the gray bar represents a building, 7 denotes a point on the building’s roof edge, B is the
vertical projection of point 7 on the ground, H is the building’s height, and P and S denote the imaging
positions of point 7" and its shadow, respectively, in a Hr-ORSI. The distance between imaging points P and
S is the SIPD, which is denoted by L,

from GE images A and B. For clarity, we designated the building sample for GE image A
as “sample A” and that for image B as “sample B.” Second, we determined the sample
size for the buildings with each specific number of floors. According to the basic statistical
requirements, we decided to select 30 specific sample buildings for the analysis of
buildings with each specific floor number (i.e., 30 one-floor buildings, 30 two-floor
buildings, 30 three-floor buildings, and so on). Next, we selected the sample buildings
specific to each image using a process of stratified sampling. This process was facilitated
by extensively referring to associated Br-LK (e.g., building codes, urban planning reports,
and our previous study results), and by broadly observing the overall appearances (e.g.,
heights or high/low-rise appearances) and spatial distributions (e.g., differences between
urban and rural buildings or areas) of the addressed buildings in each GE image and in
associated Street Views used. Specifically, we first divided the sample buildings specific to
each image into two categories, urban buildings and rural ones, and then classified them
further into either residential or public office use. Finally, to ensure achieving as reliable
SIPD-floor number correlations as possible, we selected the buildings with as clear-cut as
possible imaging points for defining SIPDs (points P and § in Fig. 3) as the final sample
buildings. The purpose of this last step was to avoid using inaccurately identified and
measured SIPDs to determine building floor number-SIPD correlations.

The SIPDs of all the addressed buildings in the study area have been determined in
Sect. 4.1, through which we can easily identify those buildings with clear-cut imaging
points. Therefore, the key task left was to select those specific sample buildings with a
certain number of floors. We used the following three approaches to resolve the issue. (1)
We employed Street View from either Baidu or Tencent to check, one by one, the floor
numbers of the sample buildings (Fig. 4a) that were currently covered by these two
platforms. These sample buildings were mostly selected from urban areas and numbered
663 in total. (2) We entrusted the so-called in situ informants in each local town/township
via smart phone-based WeChat Group Chat to check the floor number of each sample
building in the locations covered neither by Baidu nor by Tencent Street View and to send
us corresponding pictures (Fig. 4b) for our further confirmation. These sample buildings
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Fig. 4 Locations of the sample sites. Note red dots indicate sample sites in sample A; blue dots correspond
to sample sites in sample B. a a piece of Baidu Street View; b a Tencent WeChat picture; ¢ a VGI picture

were largely located in rural places and totaled 87 in this study case. (3) We used VGI
pictures (Fig. 4c) and video and text information as an auxiliary approach. The sample
buildings whose floor numbers were confirmed in this way mainly existed in urban areas
too, and totaled 19. In so doing, we finally identified 529 sample buildings in total for GE
image A (sample A) and 240 for image B (sample B) to determine the correlations between
the SIPDs and the floor numbers of the addressed buildings in the study area (Fig. 4). It is
worth noting that there were 17-floor and 24-floor buildings whose total numbers were
actually less than 30 in the whole part covered by GE image A, so we included all the
buildings with these special floor numbers into sample A. Based on these data, we
developed correlations between the numbers of floors and the SIPDs of the residential and
public office buildings in the study area.

The box plots and the arithmetical means of the SIPD lengths of the sample
buildings with different numbers of floors showed that the maximum, minimum, and
mean SIPD lengths of the single-floor buildings in sample A were 2.3, 1.8, and 2.0 m,
respectively; in sample B, the corresponding lengths were 2.1, 1.8, and 1.9 m,
respectively. Those of the two-floor buildings in sample A were 4.1, 3.6, and 3.8 m,
and in sample B the values were 3.6, 3.3, and 3.5 m, respectively, and so forth (Fig. 5).
The fit lines showed that good linear relationships existed between the SIPD lengths
and the numbers of floors in both building samples (Fig. 5). These two linear corre-
lations are well defined because the buildings in our study included only those for
residential and public office usages.

Thus, we made several general rules as follows to rapidly determine the floor numbers
of the residential or public use buildings in Tangshan based on their SIPD lengths on the
relevant GE images: buildings covered by GE image A with an estimated SIPD length of
approximately 1.8-2.3 m have one floor, those with estimated SIPD lengths of approxi-
mately 3.6-4.1 m have two floors, those with estimated SIPD lengths of approximately
5.4-6.2 m have three floors, and so forth. Similarly, buildings covered by GE image B with
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Fig. 5 Box plots and means of the SIPD lengths of the sample buildings in sample A and B with different
numbers of floors. Note (1) The figure contains two layers of information that use the same X-axis. One layer
is the mean SIPD lengths of the buildings with different numbers of floors in sample A and B and is
represented by blue crosses indicating mean length points, blue numerals indicating length values, and the
blue lines fit to the length points. The other layer is the SIPD length variances of the buildings with different
numbers of floors in the two samples, which are illustrated by box plots (in black); (2) All of the box plots
are plotted using one length scale (see the lower right of the figure)

estimated SIPD lengths of approximately 1.8-2.1 m have one floor, those with estimated
SIPD lengths of approximately 3.3-3.6 m have two floors, those with estimated SIPD
lengths of approximately 4.8-5.2 m have three floors, and so forth. Using these rules and
the SIPD lengths that were estimated in Sect. 4.1, the floor numbers were rapidly deter-
mined for all of the assessed buildings in Tangshan.

5 “Internet+” approach to the assessment of building structural types

5.1 Determining structural types of residential and public office buildings
with seven floors or more

Many studies have used the floor number or height of a building as an input for deter-
mining the building structural type (Table 1). This approach was used because the height
or floor number of a residential or public office use building in a specific area usually
presents a certain empirical correspondence with the structural type of that building. This
correspondence is the combined product of various local contexts, including a long tra-
dition of dwelling and architectural cultures, current and historical economic development
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levels, building code requirements, building construction policies, and land use and urban
planning practices.

From this standpoint, our previous study concluded that in 2009, (1) residential and
public office buildings with one floor in Tangshan could be recognized as S/B, (2)
buildings with two to six floors could be identified as B/C, and (3) buildings with seven or
more floors could be determined as R/C (Su et al. 2015).

Among these correlations, the third is the most stable, because (1) codes for the seismic
design of buildings in Mainland China clearly regulate that buildings with more than six
floors in zones where the seismic fortification intensity is VIII on the Chinese Seismic
Intensity Scale must be of R/C type. Tangshan experienced a terrible Ms 7.8 earthquake in
1976, and intensity VIII specifies exactly the seismic design criterion in this area following
this large earthquake, and (2) Tangshan is a relatively industrialized and modernized area
in Mainland China, where relevant building codes have been well adhered to since the
1976 earthquake. Currently (in 2015), all the residential and public office buildings with
seven floors or more in Tangshan were R/C type. For example, we found in this study that
the very few exceptions remaining in 2009 that were very old seven-floor buildings but
were B/C type totally disappeared in 2015.

5.2 Identifying structural types of residential and public office buildings
with one to six floors in urban locations

As revealed in our previous study, instability in building floor number-structural type
relationships in the Tangshan area existed only for the buildings with six or fewer floors
(i.e., instability only occurred in the first two general rules mentioned immediately above).
The most significant discrepancy was that a considerable number of these relatively short
buildings in the study area were R/C type, particularly those for public usage (e.g., schools
and hospitals) and those owned by the wealthy families or wealthy institutions. With the
rapid economy and income growths and the increasing enhancement of anti-earthquake
practices in this area, this inconsistency might be more significant now and in the future.
To identify the structure types of these one to six-floor buildings as quickly and reliably as
possible, we propose to use “Internet+” tools as the core and Br-LK reviews as the
auxiliary to resolve the task. Considering the possible different structural type-floor
number correlations between the public and residential and between the urban and rural
buildings, particularly considering available internet-based resources and tools in different
places in this area, we used different specific “Internet+” methods for the structural type
identification of buildings that were located in different places (i.e., urban vs. rural areas)
and with different usages (i.e., residential vs. public usages). This sub-section will
demonstrate in detail how to identify the structural types of the one to six-floor high
residential and public office buildings in the urban locations, while the next sub-section
will address the issues of those rural buildings.

5.2.1 Urban residential buildings

We used the information from Fang.com to identify the structural types of those urban
residential buildings (Table 2). Fang.com provides us with building structural information
in the following two ways: (1) overall structural type information of all the buildings in an
entire residential quarter of interest. More specifically, the site indicates that all the
buildings in an entire given residential quarter were built in one or several specific
structural types, for example, in B/C, in R/C, or in both of them. However, it does not
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specify in detail which specific building(s) is (are) which specific type(s); (2) detailed
information about specific buildings, particularly those buildings that are for sale or
available to be leased, including their indoor and outdoor pictures. With such information,
experienced building-relevant engineers might easily deduce the structural types of the
associated buildings.

Regarding the residential buildings in all the 532 residential quarters in the study area,
Fang.com indicated that the buildings in 252 quarters were B/C type, and the buildings in
278 other quarters were R/C type. Thus, we could easily determine the specific structural
type of any one of the residential buildings in all these 530 residential quarters. Only two
quarters contained buildings with different structural types. We determined the specific
structural type of a given building in these two quarters through the following ways. (1)
One such quarter was named Tianyuanjunjing. Fang.com indicated that the buildings in it
were built either in the R/C type or in the B/C type. With these summarized messages, we
could not clearly determine which buildings are R/C type and which are B/C type.
However, Fang.com also informed us that the buildings in this residential quarter were 6,
11, 16, or 24 floors high. According to the seismic building code in Tangshan, the buildings
with 11, 16, or 24 floors must be R/C type; therefore, we concluded easily that the B/C type
in this quarter should belong to the buildings with six floors. (2) The other quarter was
Xingfuhuayuan, and all the buildings in it were six-floor high. However, Fang.com clearly
indicated which buildings were of which specific structural type one by one. In sum, all
these buildings were B/C type except six buildings that were R/C type. From a technical
point of view, such building structural type identification processes are easy and quick with
the support of increasingly advanced coordinate positioning, location searching and nav-
igation of the associated internet-based platforms.

5.2.2 Urban public office buildings

We used information from those socioeconomic institution Web sites and various VGI to
determine the structural types of the public office buildings with fewer than seven floors in
the urban locations (Table 2). These buildings only numbered 54 in the study area. It is
worth emphasizing that VGI is particularly applicable to addressing this type of building,
because the public is usually more interested in these buildings than in those residential
ones. The results showed that the 49 buildings with six floors or fewer were R/C type,
occupying 90.7 % of the total number (54) of these relatively lower buildings. Further
analysis showed that these cases (i.e., one to six floors, but not B/C type) largely belong to
schools and hospitals. The number of public office buildings is much smaller than that of
residential ones. Thus, from a technical point of view, the building structural type iden-
tification processes targeting this relatively small number of buildings are also easy and
rapid with the support of increasing advances in associated internet-based platforms and
technologies.

5.3 Estimating structural types of residential and public office buildings
with one to six floors in rural locations

Very few buildings in rural locations in Tangshan have been covered by existing online
building-relevant information, clues from socioeconomic institution portal Web sites, or
evidence contained in VGI. Thus, the approaches demonstrated in Sect. 5.2 that targeted
urban residential and public office buildings are not applicable to their rural counterparts.
To resolve this issue, we used the following two steps to estimate the structural types of the
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addressed buildings in the rural locations. First, we used the existing Br-LK summarized in
our previous study to produce an overall estimate of the structural types of these rural
buildings; specifically, the one-floor rural buildings were recognized as S/B type and the
two- to six-floor ones were identified as B/C type. Second, we used instant messages
provided by our in situ informants through the WeChat Group Chat that was established
specially for this current study to check those possible exceptions (Table 2).

From our previous study and associated Br-LK, in rural locations in the study area (in
2009), almost all the residential buildings were one-floor high and of S/B type. While the
buildings with two floors or more and with inevitable structural type diversities were nearly
all for public usages only (Su et al. 2015). Our exception-checking tasks were thus clas-
sified into two categories: (1) identifying possible exceptions in the rural residential
buildings village by village (i.e., not in a building by building way). Specifically, we asked
our in situ informants through WeChat Group Chat regarding a certain village on the whole
if there were residential buildings that were not of S/B type? If there were, how many
floors did they contain? Where were they specifically located (by latitude/longitude at
best), and what distinct structural features did they have? We also asked them to send us
pictures of these exceptional buildings. The geographic scope of each town/township in the
study area was not large (17.5-74.2 km?), and each town/township contained only 15-30
villages. Therefore, this WeChat Group Chat-based checking manner is feasible. The
summarization of all the returned instant messages indicated that there were basically no
exceptions, i.e., the residential buildings in rural locations in the study in 2015 were almost
all one floor and were of S/B type. We admit that this “no exceptions” answer might be not
100 % reliable. But this admission does not necessarily mean that the clearly defined
correlation of “one-floor residential buildings correspond to S/B type in rural locations in
the study area,” will change significantly; because the rural residential buildings in the
study area are remarkably consistent in both structural features and visible appearances,
and are always significantly clustered regularly together. (2) Identifying the exceptions in
the public office buildings in rural areas building by building. In rural locations in
Tangshan, the public office buildings include only school structures, buildings of small
scale-hospitals, and buildings for grass roots government usages. The number of these
buildings was not large, totaling approximately 285 and occupying only 0.5 % of the total
number of all the rural buildings in the whole study area. Therefore, entrusting our in situ
informants to check the structural types of this small number of buildings one by one is
practicable. Our informants conducted these checks through a diverse range of ways: field
trips, review of relevant local archives, and asking other persons with associated knowl-
edge. The returned instant information showed that among all the 285 buildings with six
floors or fewer, 16.84 % of them were S/B type, all of which were one-floor buildings;
65.96 % were B/C type, most of which were one or two-floor buildings; and 17.19 % were
R/C type, most of which were two to four-floor buildings (Table 3). These results revealed
that many of the one- to six-floor public buildings in rural locations in Tangshan were
better structured than the residential ones.

We recognize that the above two checking processes required a bit of time, which
largely depended on how rapidly our in situ informants could return the required infor-
mation. Despite this, these checking processes were actually not particularly time-con-
suming, i.e., all the checking tasks were completed within one working week.
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Table 3 Numbers and proportions of public office buildings with a certain floor number and structural type
in rural locations of the study area

One floor Two floor Three floor Four floor Five floor Six floor Total

S/B 48 0 0 0 0 0 48

16.84 % 16.84 %
B/C 119 60 8 1 0 0 188

41.75 % 21.05 % 2.81 % 0.35 % 65.96 %
R/C 0 8 26 12 2 1 49

2.80 % 9.12 % 421 % 0.70 % 0.35 % 17.19 %

Total 167 68 34 13 2 1 285

58.60 % 23.90 % 11.93 % 4.56 % 0.70 % 0.35 % 100.00 %

6 Total exposure and overall seismic vulnerability mapping results

Based on the footprint areas estimated in Sect. 3 and the floor numbers described in
Sect. 4, the total floor area of each residential and public office building in 2015 in the
study area was calculated. Subsequently, the total floor area of all the buildings with these
usages in the entire study area in 2015 was estimated. A comparison of the building stocks
in the study area in 2015 and in 2009 indicated that significant growth and changes in
building exposures have occurred during this period (Fig. 6). For instance, the total floor
area of all the residential and public office buildings in the study area increased from
71,482,089 m? in 2009 (Su et al. 2015) to 98,494,339 m? in 2015, up by 37.79 % (Fig. 6e).
In terms of the spatial differences in building exposure growth, the location with the most
significant exposure increment was Guoyuan township. From 2009 to 2015, the total floor
area of all the residential and public office buildings in Guoyuan township increased by
74.35 % (Fig. 6e).
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Fig. 6 Building stock growth and changes in the study area from 2009 to 2015. The per-unit building floor
areas in 2009 (a) and in 2015 (b); the distributions of various types of buildings in 2009 (¢) and in 2015 (d);
building growths by area and type from 2009 to 2015 (e)
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Through the processes described in Sect. 5, the structural types of all of the residential
and public buildings in the study area in 2015 were carefully identified. The results showed
that the buildings with relatively good anti-seismic performance in 2015, including the R/C
and B/C buildings, were primarily distributed in the urban center, western urban outskirts,
and at a few additional locations (including north of the towns of Fengnan and
Dazhuangtuo); while the S/B buildings were distributed across the rural and suburban
regions (Fig. 6d). This distribution pattern indicated large structural vulnerability varia-
tions from place to place. The most structurally resilient area in 2015 was the urban center,
in which few S/B buildings existed; the most seismically vulnerable location was Wali
town, in which few R/C buildings existed (Fig. 6d). A broad comparative observation of
the building distributions in 2015 (Fig. 6d) and in 2009 (Fig. 6¢) indicated that the overall
spatial distribution pattern of the structural vulnerability in the study area has not changed
substantially from 2009 to 2015.

Based on the total floor area of each building and its structural type, we rapidly obtained
the overall total floor areas of each type of building (S/B, B/C, and R/C buildings) within
the entire study area in 2015 (see bars in Fig. 6e). A comparison of the overall structural
type composition structures (i.e., floor area percentage of each type of buildings) in the
whole building stock in the study area in 2009 and in 2015 indicated that significant
structural resilience strengthening has occurred in the last few years. For example, as the
overall floor area proportions of both S/B and B/C buildings substantially decreased, the
proportion of R/C buildings has grown from 25.6 % in 2009 to 49.9 % in 2015 in the
whole residential and public building stock of the study area. This significant improvement
in the anti-seismic performance of buildings in this study area is a result of the policy of
“Great changes within three years” of Tangshan that was advocated by the government of
Hebei Province, China, since 2008 (Hebei Daily 2010). As with rapid socioeconomic
development, particularly predictable rapid urban expansions, this structural resilience
enhancing trend might be increasingly significant in the future.

7 Verifications

From previous sections, the overall reliability and accuracy of the proposed “Internet +”
approach to mapping the exposure and seismic vulnerability of buildings developed in this
study essentially depends on the following: (1) the accuracy of the estimated building
footprint areas from the GE images, (2) the reliability of the estimated correlations between
the building SIPDs and floor numbers, and (3) the reliability of the identified building
structural types. To test these accuracies and reliabilities, a careful field sampling inves-
tigation was conducted.

The top priority of this field investigation was to select an adequate group of sample
buildings. We determined our selection of sample buildings after a systematic consider-
ation of the factors as follows: (1) image factors that affected the clear identification and
accurate measurement of building roof outlines (relevant to building footprints) and SIPDs
(relevant to building floor numbers) in the GE images with a spatial resolution of 1 m and
only red, green, and blue bands. The details of how these factors might affect building
exposure estimates and the corresponding specific sampling process have been discussed at
length in our previous study (Su et al. 2015); (2) adequate representatives of the individual
buildings whose structural types were determined in this current study in groups (i.e., in a
residential quarter by residential quarter, institution by institution or village by village
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manner, not building by building) using the information provided by Fang.com, institution
portal Web sites, or our specialized WeChat Group Chat; (3) representativeness of the
sample buildings that could properly cover the urban versus rural and the public office
versus residential use differences in structural types of the buildings with a same number of
floors. These two types of representativeness all focused on building structural type aspect
and actually overlapped heavily with each other. Specifically, the buildings covered by the
information from Fang.com were those for urban residential use, institution portal Web
sites provided data for the public office buildings, and the dedicated WeChat message
platform in this study addressed those rural buildings. Thus, it was reasonable and possible
to consider the two types of representativeness together when selecting specific sample
buildings; and (4) reliability of the clues provided by various internet-based platforms
used. This reliability aspect essentially depends on either the service quality of associated
building-focused or relevant Web sites or on the willingness, responsibility, and building-
focused knowledge levels of our in situ informants. This fourth factor might significantly
affect the correct identification of building structural types and thus was particularly valued
in selecting sample buildings.

Based on all of these considerations, we selected two separate sets of sample buildings
to approach our verification task. The first set was to address image factors and test
building exposure estimation accuracies determined by them; we designated this as the
“exposure test sample.” We identified this building sample based on an old sample of
buildings (totaling 954) that had been carefully selected in our previous study using a
mixed sampling approach (Su et al. 2015). From 2009 to 2015, most buildings (totaling
856) in this old sample have remained unchanged; to make full use of our previous work,
we thus decided to retain these buildings to still serve as the sample buildings in this
current study. There were 98 buildings in total which either changed or disappeared during
this period. We therefore used the buildings in locations near these old sample sites and
with a similar extent of associated image interference and shading, and irregular building
shape effects to replace these changed or disappeared buildings. The sample buildings in
this updated sample (the exposure test sample) still came from the following three types of
sample sites: low effect site, moderate site, and high-effect sites, which still measured 2,
3.6, and 1 km?, respectively. In so doing, we finally collected a building sample (i.e., the
exposure test sample) that contained 971 individual buildings in this current study to test
the accuracy of our “Internet+”-based building exposure assessments.

Our second set of sample buildings was selected to test the reliability of the identifi-
cation of structural types and was designated simply as the “structural type test sample.”
The key task in delineating this sample was selecting the individual sample buildings
whose structural types were synoptically recognized in the group using Fang.com, insti-
tution portal Web sites, and the WeChat platform. (1) In urban areas, we firstly selected
residential quarters or socioeconomic institutions with buildings having six floors or fewer
as our sample residential quarters or sample socioeconomic institutions by cluster sam-
pling, because local building codes clearly regulate that the residential and public office
buildings in this area with seven or more floors must be of R/C type. Then, within each
sample quarter or institution, we used stratified sampling to select one or two buildings
from all the buildings with a certain same number of floors less than or equal to six to serve
as our final sampling buildings. In other words, from the three-floor buildings, we selected
one or two individuals into our sample; from the four-floor buildings, we selected one or
two; and so on. (2) In rural areas, we focused our structural type test sample buildings
primarily on those for public usages, because, from Br-LK of the study area, the rural
residential buildings in the area were almost all of S/B type, whereas almost all of the
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structural type variations occurred in the public office buildings only. Such a sample
building selection was also based on cluster sampling, with an important and particular aim
of examining how willing, responsible, and knowledgeable our in situ informants were
when handling this additional task, which was not part of their normal daily work. The
number of public office buildings in rural locations was not large. Thus, considering our
aims to understand the structural type variations in these public buildings as thoroughly as
possible, and keeping in mind to evaluate the willingness, responsibility, and building-
relevant knowledge levels of our in situ informants, we designated all of the 285 public
buildings in rural part of the whole study area as our final sample buildings. (3) To make
full use of the associated work in our previous study and to cover the possible structural
type versus floor number correlation exceptions in rural residential buildings, we also fed
all the 155 one- to six-floor buildings out of the total 235 old sample buildings (all of them
remaining unchanged from 2009 to 2015) used in our previous study (Su et al. 2015) into
our final second building sample: the structural type test sample. These old sample
buildings, which well covered rural residential buildings, had previously been used to
develop the general correlations between the building height and number of floors and
between the number of floors and structural types in our previous study. Through the three
sampling processes above, we finally included 1016 individual sample buildings in total to
test the reliability of our “Internet+” based building structural type identification methods
proposed in this study. Obviously, these sampling processes addressed simultaneously both
the possible urban versus rural and public office versus residential use differences in their
structural types of the buildings with a certain number of floors.

After the development of these two building samples above, the next step was to collect
required data in the field. The specific work included: (1) targeting the sample buildings
that were newly selected in this current study (totaling 115) for the first sample set (ad-
dressing various image factors), to collect the complementary data for the accuracy
assessments of building footprint and floor number estimates. For this task, we used a
handheld laser rangefinder to measure the true footprint areas of these new sample
buildings and used a handheld GPS to locate their exact spatial positions and record their
numbers of floors. Next, we integrated these new data with the same type of data of those
unchanged old sample buildings (from 2009 to 2015) collected in our previous study to
form a complete data set with respect to the first set of sample buildings. (2) For the second
set of sample buildings that focused on the issue of building structural type identification,
we used a handheld GPS to record their floor numbers and structural types and locate their
exact spatial positions. All the field investigations above cost 3 skilled persons 3 days in
total.

With these field investigation data, the accuracy and reliability of the proposed “In-
ternet+" approach to mapping building exposures and characterizing their seismic vul-
nerabilities was then evaluated.

7.1 Accuracy of the estimation of building footprint areas

After comparing the true footprint areas of the sample buildings in the exposure test sample
measured in the field with the footprint areas estimated using the proposed method, we
concluded that the overall accuracies of the estimated footprint areas of the buildings were
satisfactory (Figs. 7, 8; Table 4). Overall, a good linear relationship was observed between
the measured footprints obtained in the field and the estimated footprints derived from the
GE images (Fig. 7). The average measured footprint area of the sample buildings was
625.60 m?, and the average estimated footprint area was 627.38 m?. The mean absolute
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error (MAE) between these measured and estimated areas was 16.84 m?, and the mean
absolute percentage error (MAPE) was 3.01 % (Table 4). Concerning the differences
between the measured and estimated areas of each individual sample building, the
buildings that had relative differences of less than 3.01 % accounted for 63.23 % of the
total sample buildings. Only 45 buildings had relative differences that exceeded 10 %,
which accounted for 4.63 % of all of the sample buildings (Table 4). The larger errors
nearly all occurred at the moderate and high-effect sites (Table 4; Fig. 8).

7.2 Reliability of the determination of the building floor numbers

The field investigation data in the exposure test sample could also serve to test the accuracy
of the building floor number estimates using the proposed “Internet+” approach. After
comparing the floor numbers of the sample buildings ascertained using their correlations
with SIPDs to the actual floor numbers recorded in the field, it was found that the proposed
“Internet+" approach to floor number estimation was of good accuracy. The confusion
matrix showed that the overall agreement between the estimated floor numbers and the
actual floor numbers was 88.98 %, with a kappa coefficient of 0.86 (Table 5). This
agreement was slightly lower than that (91.61 %, with kappa coefficient 0.89) of using
commercial GeoEye-1 images in our previous study (Su et al. 2015). The cause is most
likely that the spatial resolution of the GE images (i.e., 1 m) used in this study is slightly
lower than that of the commercial GeoEye-1 images (i.e., 0.41 m) used in the previous
study.

Based on the actual floor areas of the sample buildings measured in the field, we also
easily calculated that the overall MAPE of the proposed “Internet+” approach in assessing
the total floor area of the addressed buildings was 4.64 %. With the good accuracies of all
the estimates of building footprints, floor numbers, and floor areas, we concluded that our
“Internet+" approach to the estimation of the total building exposures was accurate and
reliable.

7.3 Reliability of the identification of building structural types

According to the seismic building code in the Tangshan area, structural type uncertainties
in the residential and public office buildings in this area only occurred among those
buildings with one to six floors. We thus carefully developed a particular building sample
named the “structural type test sample” to evaluate the reliability of our “Internet+”
approaches to the assessment of the structural types of those one to six-floor residential and
public buildings. The field investigation data of the sample showed that 31.44 % of the
single-floor sample buildings were S/B type, and 68.56 % were B/C type; 72.14 % of the
sample buildings with two to six floors were B/C type, and 27.86 % were R/C type. By
systematically comparing these actual structural types recorded during the field investi-
gations with those identified using our “Internet+” approach, we concluded that our new
method was of very good reliability in identifying the structural types of the residential and
public office buildings with one to six floors in the study area. The associated confusion
matrix showed that the overall agreement between our “Internet+"-based rapid estimates
and the corresponding realities could reach 97.54 %, with a kappa coefficient of 0.94
(Table 6).
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Fig. 7 Scatter plot of the estimated and measured building footprint areas

20% —

10% —

0% —F1 e Lk

-10% —

Relative error (%)

-20% —

No.157 (-18.8%)

30"/~||I|!|‘|![”I‘ | L LI O N L O O LU L L L L LY I L Y O O RO LA L
" 70 40 80 120 160 200 240280 0 40 80 120 160 200 240 280 320 360 400 440 480 520 5600 40 80 120 160 200

Sample buildings in low-effect site Sample buildings in moderate-effect site Sample buildings in high-effect site

Fig. 8 Relative differences between the measured and estimated footprint areas of the sample buildings.
Note (1) On all x-axes, the sample buildings at each effect site were arranged by footprint size, with larger
(serial) numbers of buildings corresponding with larger building footprint areas; (2) relative errors were
obtained by subtracting the measured footprint areas from their estimated footprints

Table 4 Summary of the building footprint area estimation errors

Sample buildings MAE MAPE r RMSE Total number of Buildings with relative
(%) buildings errors exceeding 10 %
Number Percentage
(%)
Entire sample 16.84 3.01 0.997 2287 971 45 4.63
Low effect site 13.99 1.78 0.997 1935 244 2 0.82
Moderate effect  16.27 3.27 0.998 19.88 534 26 4.87
site

High-effect site ~ 22.02 3.77 0996 3263 193 17 8.81

MAE mean absolute error, MAPE mean absolute percentage error, r Pearson’s product-moment correlation
coefficient, RMSE root mean square error
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Table 5 Summary of the confusion matrix between the actual floor numbers of the sample buildings and
those estimated using the “Internet+” approach proposed in this study

Actual number of floors 1 2 3 4 5 6 7 8 9 10 11 12

Total number of buildings with certain 20 19 59 37 246 337 14 11 6 11 36 14
numbers of floors

Number of buildings with correct floor 20 19 54 34 225 318 13 11 4 9 25 10
estimations

Number of buildings over-estimated by one 5 2 3 1 2 1
floor

Number of buildings under-estimated by 3 19 16 2 5 3
one floor

Number of buildings with other estimation
errors

Actual number of floors 13 14 15 16 17 18 21 22 25 26 28

Total number of buildings with certain 1 2 8 19 34 37 13 12 4 13 18
numbers of floors

Number of buildings with correct floor 1 2 6 10 26 29 9 11 3 11 14
estimations

Number of buildings over-estimated by 7 3 2
one floor

Number of buildings under-estimated by one 2 2 5 5 4 1 1 2 4
floor

Number of buildings with other estimation 1*
errors

Overall accuracy: 88.98 %, kappa coefficient: 0.86

# All errors resulted from misestimating one floor, except for one 18-floor building at the high-effect site
that was incorrectly estimated to have 15 floors

8 Discussion and final remarks

Rapid socioeconomic growth in an earthquake-prone area can cause rapid exposure, vul-
nerability and seismic loss risk changes. These changes challenge seismic disaster risk
reduction strategies in the area, which must be updated in a timely fashion to remain
realistic and effective over time. The top priority for overcoming these difficulties is to
map the ongoing rapid exposure and vulnerability changes in a timely and accurate
manner. However, the methods for rapidly and accurately characterizing such changes over
a large area have been insufficiently explored. Building on the basic logic of our previous
method (Su et al. 2015), this current study developed an “Internet+” approach to continue
grappling with this issue. As promising “Internet+” strategy develops more extensively
and with increasingly rapid advances of associated underlying internet and modern
information technologies, this “Internet+” approach to mapping building exposures and
seismic vulnerabilities might play a highly useful role in the pressing seismic loss risk
reduction fields of earthquake-active areas in which socioeconomic growth and city
expansion are rapid.

By focusing on residential and public office buildings, the proposed “Internet+”
approach begins with employing either the new method developed in our previous study
(Su et al. 2015) or the old but actual practice-favorable manual method to accurately and
quickly extract SIPDs and footprint areas of a large number of buildings from high-
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Table 6 Confusion matrix between the actual structure types of the sample buildings and those identified
using the “Internet4” approach proposed in this study

Number of buildings with each ~ Total User accuracy (Correctly

estimated structure type using building  estimated percentage of

“Internet+" approach number  buildings with each actual
structural type using

S/B* B/C* R/C* “Internet+" approach) (%)

Number of buildings with each actual structure type

S/B 59 2 0 61 96.72 %

B/C 15 710 1 726 97.80 %

R/C 0 7 222 229 96.94 %
Total building number 74 719 223 1016

Produce accuracy (Correct 7973 %  98.75 %  99.55 %
percentage of “Internet+”
approach to estimate the
structural types of
buildings) (%)

Overall accuracy: 97.54 %, kappa coefficient: 0.94

resolution GE images. Based on these two initial parameters, this “Internet+” approach
introduces an integrated use of Tencent/Baidu Street Views, WeChat-based in situ mes-
sages, and building-relevant VGI to quickly estimate floor numbers and then the total floor
areas of these buildings. After this, the proposed “Internet+” approach achieves the rapid
identification of the structural types of this large number of buildings through a combined
use of online building business data, building information on socioeconomic institution
portal Web sites, WeChat-based in situ messages and associated Br-LKs. In so doing, the
building exposure and seismic structural type examination processes in conventional LRC
or DPM-based earthquake loss estimates are all properly replaced. Thus, the timeliness and
accuracy are all satisfactorily ensured when estimating building exposures and vulnera-
bilities across large areas with rapid socioeconomic development.

The proposed “Internet+” approach was demonstrated in Tangshan, China, an area that
experienced the severe effects of Ms 7.8 earthquake in 1976 and that has experienced
significant expansion of the population, economy, and urbanization since that event. Our
field-based verification indicated that the mean absolute percentage error (MAPE) of our
“Internet+” approach (used GE images) for estimating the footprint areas of the assessed
buildings was 3.01 %; the overall agreement between the estimated floor numbers using
this “Internet+” approach and the actual floor numbers of the addressed buildings was
88.98 %, with a kappa coefficient of 0.86; the overall MAPE of the proposed “Internet+"
approach in assessing the total floor area of the addressed buildings was 4.64 %. The
overall consistency between the “Internet+” approach-based estimates of the structural
types of the one to six-floor residential and public buildings among which structural type
uncertainties occurred only and their actual structural types could reach 97.54 %, with a
kappa coefficient of 0.94. Apart from its good accuracy, this “Internet+” approach also
presents the following advantages relative to conventional LRC and/or DPM-based
building exposure and seismic vulnerability analysis methods: (1) noteworthy speed—after
the high-resolution GE images were prepared and our in situ informant group was
established, the building exposure and seismic structural type estimates targeting the study
area measuring 456 km® and containing densely packed buildings were completed in
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approximately ten working days by two skilled individuals; (2) substantial labor savings
which mainly results from avoiding those heavy field work in preparing building inven-
tories associated with conventional earthquake loss estimation methods; (3) negligible cost
and easy coverage of large areas (in financial sense), because the proposed approach is
built on an integrated use of the building information either contained in various internet-
based open platforms on which relevant services and information are usually available at
no cost to the public, or provided free by the public (e.g., VGI) or by our specialized
volunteers (i.e., our in situ informants); and (4) being favorable to capture the most up-to-
date situations of one’s concerns which is a combined product of the up-to-date and/or near
real time information from Google Earth, Baidu/Tencent Street Views, and various
crowdsourcing manners (including our Wechat-based in situ messages). In addition to
these obvious advantages, the proposed “Internet+” approach also has several highly
predictable and particularly attractive prospects in mapping building exposures and seismic
vulnerabilities and risks: (1) it might offer an increasingly higher level of services in the
future (i.e., more detailed, rapid and accurate, on a much larger scale, and more easily
updated) driven either by the increasingly rapid advances of various internet and modern
information technology-based resources or tools, or by the fast development of other
relevant emerging fields (e.g., Big Data, Cloud Computing and similar). (2) It might
become increasingly applicable and transferable worldwide due to the rapid development
of these underlying resources, tools and associated new technology fields. (3) It might be
capable of engaging increasingly extensively, intensively, and sustainably with the grass
roots (e.g., in situ informants in this study) and the public (e.g., through VGI) in seismic
disaster risk characterization researches and governance practices. The development of the
grass roots and the public participation in disaster risk reduction fields has been far from
sufficient in many societies of the world.

A comparison of the estimated exposures and identified seismic structural types of the
residential and public office buildings in central Tangshan, between this current study and
our previous attempt (Su et al. 2015), showed that the total floor area of the addressed
buildings in this area in 2015 was 37.79 % more than the corresponding number in 2009.
This result clearly showed that the building exposure in this seismic active area with a
booming economy has been continuing to increase considerably in the past few years.
Fortunately, this comparison also showed that the structural type composition patterns
(herein referred to as the floor area percentage of each type of building) in the entire
residential and public office building stock in this seismic active area have changed even
more significantly. That is, the floor area percentage of the R/C buildings has increased
from 25.6 % in 2009 to 49.9 % in 2015, whereas that of S/B buildings has decreased from
32.5 % to 20.1 %. These changes clearly demonstrated that significant improvement in
anti-seismic performance in the residential and public office buildings in this area has also
occurred in this very recent period. These significant exposure and vulnerability changes in
so short a period convincingly reiterated the significant necessity and challenges of timely
and accurate capture and then properly coping with those rapid changing hidden problems
in an earthquake-prone area with rapid socioeconomic growth and urbanization expansion.

The timely and accurate large-scale mapping of seismic exposures, vulnerabilities and
loss risks and their change scenarios in areas with rapid socioeconomic growth is a work
that involves many challenges. This “Internet+” approach was developed based on a flat
area with a relatively developed socio-economy and a relatively advanced internet and
modern information and communication infrastructure in Mainland China. And it focused
on residential and public office buildings only. Applying the general ideas and overall
guidelines provided by this “Internet+” approach to a mountainous or hilly region, to
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specially structured buildings (and other seismic impact-susceptible human objects), or to
other locations either within or outside of Mainland China might face many specific
uncertainties. These uncertainties might be defined either by local contexts (e.g., avail-
abilities of required internet and modern information-based resources and tools), by the
specific seismic impact-susceptible objects of one’s interest (e.g., transportation system), or
by both of these factors. However, as promising “Internet+” strategy and the associated
underlying internet and modern information technologies develop growingly rapidly
world-wide, and as seismic loss risk reduction in earthquake-active areas with rapid
socioeconomic growth becomes increasingly pressing, understanding the exact nature of
these uncertainties specific to a particular area or to a particular other kind of seismic
impact-susceptible human object, and then to determine which of these challenges can be
resolved, to what degree they can be resolved and the ways in which they can be resolved
through a local context- or targeting human object-specific “Internet+” approach is
becoming an increasingly attractive and worthwhile area for research.
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