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utationalcareshagtnt emmetéalsl e the application o
gn experiments, suppaseidngrmanegreknsi ndnadse\

efore, this research aims to integrate emer
riencadaptictvematban green iadnaberbataneednu
ropme hbahmeonrcee hol i stic apphnc afh @ mwd rsidwisin g n

S r exaaudant bgarneteon i nhoastoml gt breenef,bus t he en
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prospective results of thibkyrietseairmsh twd |dewe
entric ftohuenodsagttitotnek i zi ng exi anmdngomesepauahi ev
hbuenmaeoffi tcstaidmegttd ve ur ban green infrastructure.
f o ccuistiitndgse oiMre t hcearsl ea nsdt sutdai seisms t o eammpdl odyi geintearlg i |
ytic techniques to conduct empirical i nvest.i
relationship andadapgteirwetiobambegweem ichf mast
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approachesbjaadt i muétopti mi zati on met hods.
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1 Background

1.4l obal <c¢climate change

The i mpacts afriecdrn enmdienglhwywngfef ecti nd PCWLr,. €rOVi3r)onn
Climate change detrimentally influences ecosyste
degradation, water scarcity(Paold ehaabeseaflfpec:
are exacerbated by ongoalng Iluamhdaand g(@edPiGna readdIl)ma tg
Climate change also poses soci al ri sks, particul
of chiematteed dilbastwade sughbe sgwlmimablsueb st ant i al publ
health and € &&mMomi2d® 2120 s He(sFa gg Aelt) gd lo.b,al 2 W dDl)an p o
are procjoencttienduet ogr owing, climate changélarmpagcts a
et al., 2014; Markevych et al., 2017)

(a) (b)
Fig. 1. Climatéanyhaongmeagasdédsouecse: com/ wo+r | d/ eur ope
bel ¢il eadoeda-t hb®Fe a-coht Jam@désjoci al -baendnagmaéséco uabene
WS. go. com/ | nt erernsbtvjeo e-att ¢@sdp elsété cp ol s

1. EPmphasis on climate adaptation of <c

Urban areas are both majemi caingdrd bueots theDrege

characteristics, building density, and i mperviou
change i mpacts, making theni Quarritoerri teyt aarle.a s 2f00lr5 ;c |
Climate adaptation is defined as fAthe process of
effects, in order to moderat él PECMm amx2i&¥apll ode be

a wide range of physi c¢cand nbaatguende metaisam els, aii metdi ta
di fferent sectors and urban systenfsl PELCr,e 2r02s3i;| i «
Sussams et Reelc.ognzOliso)n 68&f £k agmeotwen asd agphtpbahtai tohng t | vy
reflected by recent initiatives such as the Eur oj
to Climate Change in Europe" and the Netherl anc
pr oV nfdr amewor ks for gQu{BEAg 26a4aptaMionseéfbetsan
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Water st gati)g22016)

One goal ‘ To accelerate climate resilience in the Netherlands |
AN (e e )
— -P:| ! 4 | - i -
3 principles Smarter /| More systemic /| Moreinclusive Nl 5 priorities
knowledge is accessible adaptation is mainstreamed adaptation forand by all
and applicable into all policies and developments
To develop concrete adaptation
| targets
15 key challenges Water Agriculture, People and Working and . -
for adaptation nature and the culture living To Ir;llcre:.Is.e accfeksslbll‘ltzand
environment applicability of knowledge
preducts
+ Well-protected . C\imale resilient - Heatproof cities - Greendimate-
against flooding ag_”‘“““rel ! « Staying healthyin adaptive new Toincrease attention to
+ Sponge cities + Climate resilient times of climate developments | climate justice
+ Future-proof nature change . C\imaltefresilient
freshwater supply . We\l-pmte‘cted . - Well-protected housing for all . o
+ Good water quality hazardous industries cultural heritage . Grsepand healthy Tﬁ mT!n.strea?.adartat\nn |r.|to
working landscapes all policies and implemantation
- Strong and resilient
infrastructure
+ Climate-adaptive To explore opportunities to
waterways expand adaptation finance
o~ V'S V'S o~

FiagNational <climate adaptation i nfpdwrveent sttiean eprwar
n Infrastructuur en Waterstaat, 2016

1.8l i mate adaptation transformati on

ur ban green infrastructure

An mpor t ayotfirsbtarnatcelg mat e adaptation is urban greer
refers to fia strategical knyatpulraan n ead enaest wo rt kh ocoft hneart
features, designed and managed toodEUrNopeana wi
Commi ssionGreé®ds)nfrastructure farwtcbHemapecadamt
spaces and s tcronovtenrtd soncadv adrribragn greenery such as

urban forests, alongside emerging solutions such
syst(éBesnedict & McMahon, 2012; Cout(tFs)g& THhemlre, 201
i nter vaeinoi onesdiuce urban vulnerability and exposul
environment al benefits including temperature r
management , air guality i mprawpmeanti alnldy egonh ®mg:
additional econfé¢dDMecmuaerdeseti al . vakoai4,; Lovell &
2019)For snstanpoaeble drainage systems | ike bioret
watershed processes to capture precipitation, mi
filter contaminants, expanding usB@Ahiiaadlidmea adti o
al . ,. 20r1®agn street trees and forests can provide

high temperatures and hedBowhee ritshkhs .iin2@adOdopo



Green roofs ®---
Support building cooling and water fiitration, '
provide extra habitat for urban species

-~ Vertical greening systems

1

Enhance urban cooling, air purification, indoor
shading, and aesthetics

Urban forests &---5 Z s * Constructed wetlands
Solutions for carbon sequestration and \

Facilitate natural water purification process and
storage, enhance ecological quality

promote habitat preservation

Water and blue spaces @----------- 2 s . R eUibEess
Enhance cooling and recreation, s Z 2
supporting health and well-being

Improve shade, cooling, and air
quality, stimulate property value rise

Ponds and retention
systems

Support rainfall water buffering and
retention, enhance local biodiversity

Urban farms ®----------------

Provide Productive landscapes for
food resilience and community
cohesion

Spaces for cultural ecosystem services including
recreation and well-being

Water basins ------------------ X ~
Support stormwater buffering and storage, reducing o TTTTToTemees - Water storage
flood risks Enhance water storage for adaptation and use

Fi§Cl i rmaadtaept i ve urban (goeseocei ndadaphkeedrcfalom, 2024)

Urban greenpilmaimmasatgr mntduhreeg@li evreen twa tdiesmpr ead supp
Net hermagmds ,ci t Amst endamdahd VRatntcchredlamgr een i nfra:
i niti(et'igdreesen I nfrastructure Vis-R26A6206685paadi V &l
which propose extensive urban ¢Geemriemg et dmsao mb ata
2020; Gemeente, Reuthrdamth2084gh the addition of
The Nether | ands( REnjtkesrdpireinsset Avgoeonrc yOn dhearsn ®me h d nNade
26 climate adaptation design measures and provid
construction, and maintenance ref@®eici-smppbstto f:
tools were also developed, which include the CLI
Database Management Center t hat provides onl in
i mpl eme(nkaawad soanki .etl naladdi2t0i204n) t o pelciemyt aredrac a
hawé so witnessed the completion of multiple inno
Rotterdam's water squares and Dakpark rooftop ga
exhibit innovative sdlFijghons for climate adaptat




Fi 4Exampl es -aodfa pctliivnea tuer ban green inff{aj)truvuesutlteenn t
front greedsamaee(i napuardadean/| tethghale M ani;st(éb) : bi odi verse
space (sodecéne-gacmdeopobgist(en : wat eduuwrqauaam0 (sour
10.nl/ ni evhwsrgeobhdaeekmat(edpof parahdegzoniwbaebrmbfour
ocfatbhkbusanvwp; (e): gr eveme srom.fo r(gs/eeuntciseer sstuagsit eas tnd e
abktef)ie¢f): watwewrkbpedhna(eongfrweki/ Wat ég3peehpbambs _
getatiohagpsdeuai aeviclohsbde oMmauth §)di ngs

2Knowl edge rgalplse m ndt gpt e me n t

2. Tlhhe human effect of wurban green iInf

Wi tilmcr ggasaicng ces of ur btamemé geswiimd rascogmrittuiren t
interventions should not only deliver environme.:
experiences ofCouwrthtasn & eHsaihdnent2s015; Demuzere et al
Lovell & Taylor, 2013; Tzoulas et al., 2007)

Cl i rnaadtaept i ve green infrastrpat e@tndod lalsf arn cfresatsd rnign g
gual ity public spaces anebeiimmgr ovonngo npubhlaincd , h etahlet
presence of gr eenernwifrramsmevitcttduplep glne éusr bdaani | 'y | i v
experi(dHegeds schweil er et al ., 201 D;i sVenkat aeangat
infrastructure interventions |ike water squares

potentially influencing perceptual ah@o lesntoern onal
et al.Gre2@0Tnfrastructure perceived as safe and
recreation, restoration, and physical activity,

(Hartig et al ., 2 0.1S4;c hMaroksa tyi cvle eterale.p,t i dhk7)ar e
mul tiple aspects of urban systems and experien
eventually al so Jeeadiomg c(t Ghoermoevbaard s& Bwtcriyo, 2010; N
20100 the othee®hanpthidmeptid ves sgr ee aalidnefpreamsdt r uct ur ¢
public understanding and support. Negative perce
di minish social benefits,-baifriggadwmeregselay .af f2OAL7 ;i
al ., ( BED)@R)

With continuous urbanization processemab!l umdan s
green infrastructural s@ fruedeént scuaeati fpghgmtobfatren rcit i o nf

devel opment
Synergy and
Trade-off

FigHuman effect of urban green infrastru:
9

Environmental Benefits

Integrated Urban Green
Infrastructure Approach

Urban Green l
Infrastructure

Human Benefits




2. P2robl em st aeseeregracph and r

There igapaikeliumataguribveen green infrastructure stu
exi stinfgocaunsf ohes environment al functions and per
whereas the humadbheexgeniuecomeanodfwaslulch i ntervent
At the policy level, current agendasmandl gui del i
emphacliizmat e adaptsgwpiaoni pelrdolrynamecdan 1l ood ma n
mitigation. The Netherl ands’ Nati onal Climate A«
ef feehd st , urban system failures, crop failures,

ef feeantd mwsletciomldear y pe b Vleidreist, e dbuattention to direcH
and bendf mai nly afdrdorne spda msgp etchteisves (eMiq.i , stgublei c
van I nfrastructuurd@ietvweWatpeorl stcaaets, |12&kEe6)Rotter damb
202&I"soreelsismat e adaptatoon objrecttilwesconsi der hun
i mpli ¢ &teimeresnt e Rotterdam, 2024)

At the research |l evel, green infrastructureods cl
literature. I n compari son, research on human e
fragment ed. OQur iomilityl ean taid fo irt eedr 2 auts edluhdrik @agnc h e d

humperceptual , sdaxpEesrsi e racerl adgidecittcs weaemengi hheastr
|l itefAat uWeng .eReali ewsnbyg.(RO2deShppalkie(harPlad)sar n e
found "littletdwi dehae'i omesdaddmadpiiredvwee gm eclni matf ¢ ast
humansoncluding this domdiNn erueavreanihrus j "slear, g €102 1Y n k

This research gap presdrrtijgbt hree interrelated ch

Environmental Benefits

Urban Green l Integrated Urban Green
Infrastructure Infrastructure Approach

G Human Benefits ﬁ
Theoretical gap ° Application gap

Knowledge gap
FigResearch gaps

(1) Theoretically, there is a |l ack odutamomeas egr af
of «c laidmegpttéd ve urban green infrastructure.
(2) Empirically, it remadapst iune | teraran ng wheart iwrafyrse

peopl ebs expéedreiimmmgces and wel |

(3) Practically, themntepgted oaaehdcmbatpiobhitrackei ve
beneniitths envi ronmenglad nmpiemd oamincesi dm of urban g

10



Lack of peatepgpefatuwvlkean green infrastructure

Becautshkemok of synthesits refmak meswlaadddpe avehaoawbahi ma
i nfrasdmdicittus echaractehiehxpersi eanmatyb eilbnbghrece hwe!l lo f
ur ban r(ees.igdentper cept,i omist,h eanotii mihesgr aetticue persp
human aspects into grekxn sgnfnigasmmeese@aicharsitli y | a
foewsn ecol ogiaad hHhonchiumamn dti me ncd mwisr chramedn t a |
psychotl othgeese e>hamamedcxpet i eatelmpnt encacdnatipet xatt i on

Limited knowl eadfgiemam de xepé rdieemrcee s

Duef eampirical studi edésheehoofl akcnkoowhl aevdeg en ootne dt hae r e
bet weleinraaltagpt i vger etlernb ainnf rastructur(eNia@mudvembmanseny
202There is | imited and somet wime tahnédn choonws icsl ti enmatt ee
adaptive designs addcelcttashumamc extpiear,e naaneds talfd e ct
pat hways and meehahihsamshdfesesnudmsufficiently rese

Need for praotbcpbumappdrmensi ons

Existing green infrastructure @rirdelrimnmes eaarld nnga i |
a lack of practical support for incorporating an
such inteéreeempl ersés.i ek t abnaeloaunscliyng environment al
out comes ippotemadc il ¢ gcsoaveont remaler sliense fgfmi mca gprt o ac |
delivering optimum solutions.

2. I13mpl i cations of the research gap

These resear cihs gianpmp | heanweeni tiealitheptt 0o ve ur ban green in
Research in the NédkehBafsoandst h@hi gaeeandnfrastruc:
humaentric considerations coul d( Qoetstudtt etn dlo.w, usC

la Fuente de Val, 2023; Derkzen et al.Ap 2017; N
i nvestigat ircermoirintackn s € $ ie dsetnotrsmbhypaairesrgad tee ths negati vel
descrtitbemgas ,opvoeorrgryowmai nt ai ned, and unsuitable
(Boogaard .eltn aHoegksZh®6 )Waar d, 84% of surveyed r

greenspaces as messy and wunappea(lRendga c tpieer cHao evk sncg
Ni euws ( F2)@32 4)

11
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Figlssues watdhptl vematteban green infrastr(uct:uree ollac k

gical greenspace may be viewed ashom&kssyhnardiwsaotnlgrd

/ 08/ 05/ gr oc-ied k& mtaded d amikesp e renfems p a nmao-gntgeaend s

i otpryde (b): stormwater green infrastructure may be

bl ic healibteh ngn & swailnlceabl el ei den. woredpft);e e(sd )ccomgrte g/ c

en infrastauseéucenmbhiyct with other ur ban kfi wanti ons,
d.com/ en/articles/ green_infrastructure

Unsatisfactory ipnefrlicgeepeteiro n sn® s oatstt ar mbbeaytttuircv@enn easlss o af f
public confidence in climate adadpthatmisamu deffefsor t s
show that resrtdbantadtapdgt vaesagilei so s ivveegresteitli d n,

pl antainmdg or mwat ersyseéepmnd omay resi st their i mpl
nei ghborhood or areconwmi ki nsgupportpr becdese of
unattractivene(sGriosrt iiampor aectt i ala.l,i t&023; Derkzen e
2019)

At a brobldepy |l emaddpportugirecieas i hdér astcroucture t
benefi hbgotshereenvi r onme n,t arl e saunlwteifsrfogc ¢ciiark ntg oiam ve st me nt
cosetfectiveness, and policies that f giClhotio ertef | e
al ., 2021; Shari fi et al ., 2021; Tzoul as et al .,

S3Met hodaecladgopportunities

3.1 Limitations of conventional met h

Constraints ofmaystkarzhr enes hmdbkeadi.ngTrtaodiltiinointad d

humamvironmentesmarchchkie®Omlodati ons, intervi ews,
though consideredara&c-hadarcwmtsamsd viedd la(bTIegqladmn | ity
et al ., 2024; .Z.GiWaenrgy tehe awi.d e P0r2eadd di stri buti o
scalesrgégeien i nfpraes,siuedt thfoedse ¢ h aclol nepnrgeehse nisni vely

and ef ficiimgetolpy edap&ampess esicels broadExingt ivimg i ed
reseatrhoohs sitd pdofno sipseci f i ¢p eratsiegsafloas Ity pes
12



Additional ly, t he eandearpgtiinvge nuartbuarne gorfe el iimmaftreast r

l'i mited devel opment of design met hodol ogi es, Wi
experiential knowlGadhge endagewdelddid raenacsiinngg | y

emphastiumad outcomes with environment al perfor mar
tredd s, c whiarcther dependencies that make the desigr
intuitive, requiring simultaneous consideration

objectives. Conventional desomni ragfpdrrio@acehimeitse vmanyg
opti mal out comes.

Thaedvemtnew digital technologies offers promising
3.Online crowdsourced dat a

Online crowdsourced daa&tpa eds iegaréosesioscii gagl n gnfealp par odaact ha
humanvironmenrnes ai®realatp medi ddes cont i-qaumairsatifd dws
content about urban | pee pplerrdcde(ERYipgadmairasc &s Fri efsilse c
sentimM2wmndds et, aln.d, bedadvhisohrasw etn alr.b,ban2 GlpaA)es.
I

everaging deep | earning techniques including co
is increasingl y hessoexshibdtei ctaot ea@x tirnascitght s t hr ough
i nf or matoindp Infet éeomranbd @ thtger descri ption and model ir
di f fticcaudttur e nlvi mammemnparcoici¢os e e nboim et al ., 2021

& Sinclair, 201.9;ThSepierk weitdealc.ove20alg%®) al so better
geographieanplpandgreatly expandiemgitrbeameadope nofer hi
rese(aBractht y ,F.igB8 13)

flickr wwEie a8 @

FigoOnl |wn e crowdso urcededawt noamehtysi Bt @€ o MMatmigmanr es e a
et al ., n.d.)
I't is worthespittiei ofgf d hiangnlaippareno wadavlasna ead ed at

someti mes queptoitemded afod i mhean s onudcattuarreachly whi ch
accurapgtemmnidal er bpaemxntsatiing ef forssdlawae corr
t y peeféfsect i venehsusmamyirredn mecrtti nign,t etrtacut g lo nm@rreo ciersssie
need8dl jecki & | to, 2Mm2l;poWielnkiins ecthaanln.e |l 20s2 it)hr

triangulation with other objective data types an
13



is believed to rephgcanpubhbl@owpderam g& eBwtsr y, 20

3.3 Virtual real ity

Anot her key advancement is the availability of v
heandunted displays (HMD) suchsaesmpgtlhtee rtHTCi wu lvat, i av
create immersive 3D virtual environments that of

readr | d Urmlaickes .urban data thatWRokehabétesxtresesiaveh
observe and as s e susr bpaeno pel nevisr ornensepnotnss e(si c.ea t,r odlelse dg |
experi ment aelb gsrectftfienrgisng det ai | e(dF.iggpd hi ghly accur

Alternative7 X=[1100110] Alternative 8 X=[1101001]

FigVRrased desi gsnouekdpeo i méntal ., 2024)

3.4 Mbljticti ve optimization met hods

I n addemponi ¢ al data ahdadvanoeas$ itechompoghéeson
opportuappi gs empiri ¢afiondwicd-sdaenngsn i n compl ex d
prob( EmgMultddh)j ecti ve, optitmprabifonesi gmedgtrismi zat

tocamput ati ontahlat a pspyrsotaecnthat i cal ly adj usts deci si
constraint sopatnidmaiod étsrtailfeitevse en confl icting object
Par-epoismdlut h @t saarle fooprt ign v e n( Hlewy g& Ha gpibd teimma, 20
Zhang et . allt, ha®G24t)he potenti al to enabl e si mu
performance criteria, such as environmental | mpa:
i nformed design decisions in complex diagrks that
appr o@Kkihmset al ., 2023; S. Zhang et al ., 2025)
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Encoder Text prompt |———{ Noise predictor Decoder

(U-Net)
+|
3 - Latent image
—_— Latent image f— | Predicted | : after N ——
noise
sampling steps
Algorithmicaily [ ‘ ] Optimized plan
generated plan
Noiset Noise Noise
1 2 N
Information of . .o
Park layout Design plan Optimized plan

external environment

A 8 c
[ Layout Design ] [ Design Visualization ] [ Design optimization ]
Fig. 10. Example of computational(sdeeihgenm geetnhealatj on
2025)

4Research objective and question

4. 1 Resear ch

Accordhngl ytahensi st o i ntegrate emergindunchagital t
expersoenchkidmgptta ve ur ban,agnrde eenx pitnofrrieansbtormupcotruartee h u
benefits in more hopliannicnagpand.nd @gesan ege d rud hu rlei
the intersection ofenwrilraonp sggroehead oigrnyf raansdt rbuechtauwvri eo,r |,
technol ogi es.

4. 2 Main research question

The main research question of this thesis is:
How can we understand and i ndgqmpat @ eh w
infrastructur e, |l everaging di

4, 3 Sub research questions

Tanswéis queaedtitdemsanaenti fied gapwestwiecomps:opose t}

Wh a't i s the reHuwmdmnlzsimdatagbteit weeear ban green in
(Theoretical question)

How do -a&d d pntaitwe ur ban green infrastructure and
affect peoplebs experiences? (Empirical quest:i

15



How can human beneficl $ mampithver pobathedyrieretno i n
pracfti(®eactical guestion)

4. 4 Research framewor Kk

Research Objective: Promoting human-centric climate adaptive urban green infrastructure

I

--------------- l~ ------------------iResearch Questions}------------------ s LEEELEELELTE
v

How do climate-adaptive urban
green infrastructure and its planning
and design characteristics affect
people’s experiences?

What is the relation between human
and climate adaptive urban green
infrastructure?

incorporated into climate-adaptive
urban green infrastructure practice?

1
How can human benefits be i
I
1

o E— e o - :

green infrastructure

. . Crowdsourced Data-driven Design optimization
Literature Review - N
Empirical Research application
I

Tt ----- Outcomes }---- ----------------------------- -
1 ‘ 1
i i
. Principles and computational |
| | Theoretical framework incorporating Insight on how urban green design optimization tools for |
H human and urban green infrastructure shape human balancing human and |
: infrastructure experience and benefit environmental benefits in urban i
1

: |
1 1

Chapter 2 and 3 | [ Chapter 4 and 5 I | Chapter 6 and 7

Fi fl.Research framewor Kk
5 Researanddmeit gaoadol ogy

5.1 Research design and structure

To achieve the researchtepjecamewor vealpropedewiat

guest(iFomsStEemi insc othod uct l'iteratura hwewmwametwsi cand
t heorfedumchdymntomesi zing existing research evidenc
out comes -adapcliivieat @r ban gr eeai nmsmafprpal syt reeme nugieng |
crowdsda, aedb aann dd avtiar,t u al e mpeicrhincod |lodédyyo wt navleisma tgea t
adaptive urban gr een ci nefxrpaesrtireunccteusr e specnubsti,unegn soens ppel
and eval uadii ma sta@fSit mdi npgl sa ninn thnog parni dn cal §pd weeh | as
computational design opttihmiynatriggn otf o onhusmafnorb esieg
environment al pealfiomatagptiege i artbanugereenThafrastr
research workfld®&w is detailed in Fig. 1

16



3. Practical Application
Design optimization application

2. Empirical Investigation
Crowdsourced and urban datq‘—drfven empirical research

1. Theoretical Foundation

Literature review ] /’-v—\

Planning and design
application

Literature review and : Research and
theoretical foundation ; empirical evidence

Findings and insight

Fi 2.Resewochfl ow

5.2 Researclsedietcg iaamd case

This study focuses dm.iqui ttihees Ranhatsh eahll e trelgs mlana © d s
The Netherlands is actively pursuing climate adaj
devel oped at both national and municipal l evel s.
contexts for eadveepsttiigeatumigarc |igrmadan ( Fild.r astruct ur e

. f {
& 3 /
L 1
,_a'J ]
L -
)
£ i 2 % r~
/@ Leiden D i
/@Den Haag ®Utrecht i
®Rotterdam .= il T o~

Fi 83.Maj or <ciRdnredsti aNletdhfe rtlhaen d s

Amsterdam amdvRotttaehdamtroduced gndenmphémaestedc
pi lpobjmaiknsghe m i dsetaukdyCc @84.. Mor eover, both cities
access dsbah dstwhe AMaps Amster damo dawhd cfhRott er c
provide valuabl edgmographiic iamfdorsmatiioon for rese:

17



Amsterdam Rotterdam

Fi 4Thle centr d&imstegdams aofl Roetutdérdam as case

Where relevant, and |l everagingt Hihe mahleesaihssagdse of
extended to other European =wowul Easal-clainmantdico ¢ § e
comparisons.

Subsedasngn andapptiowatdhoifeocus on representatiyv

adaptive green intaabteucphaeesnbdbr mbe begsearch.
Benthemplein Water Square i n ,RoitmpelradPaeidde dAlgininse s ek
pr ojceoanthi nes publ i c green space with stormwater

i nt egreanyviomo rorhe natnadl shoetnFeaff)iltudsded i t i onal case opti ol
Dakpark rooftomnmartkhei nwaRcetrt eorldaaymyr ound i n Amster

Fi tbh.Rott erdam water squar é€s aalrapnedeeznitn es lcuwdnsd ®da tsetrudy
hemp-bgianr bani st en

5.3 Research section one: t heoretica

Research question
What is the theoretical foundat taodna pftoirv eu nudrebrasnt agmc
infrastructure?

Sulheg ti ons
Wh a't types of human outcomeswdapti voee uarsbsaonci @t
infrastructure?
Whi ch planning and de saidganp tcihvaer aucrtbearni sgtriecesn oifn fcr

influence human outcomes?
18



How are enpermfoormmarn cadu man outcomes rel-ated in t

adaptive urban green infrastructure?
Wh a't met hodol ogi cal approaches are most suita
human and green infrastructure?

Research method
Literature review

Section One — Theoretical Foundation

1
Review of emerging i
methodologies

Review of climate-

Research and Planning and design

adaptive UGl and
human outcomes

Fi g6Wor kfl ow for research section one

Findings and insight

empirical evidence application

Section overview:

This first sect hteme carifestsi nciddald re ethlaéd | i slhat i onshi p be
and chdampteve urban, gaaednglriopufntddemtr rkuhcitci @jdh e si s
Empl oying systemattc alrimebreéreat uvarned rseyvnitehwess,i ze exi s
examnghe potenti al | i-andkeaapyteisv eb ed rweeeem  icH firnmeastter uct ur
out coamdlsenef iatss wel | as their interplay with gr
per f ortmaemeboyprogsn I ntegrative clomeegoahbl i §r ame weolr
definitions, delgiameatktemtivhaeddeppeyi de a theoretic
subsequent empirical investigation.

Thi s seaelcsta winews recent met hodo-epngi cabméemtma@\y a toino n
resefaireclhdyi andally assesses their applardambigl iotuy,
research scope and objectives.

5.4 Research section two: empirical

Research question
How do -a&ddpnaitwe urban green infrastructure and |
affect peopleds experiences?

Suduestions

How do peopl e-apleamd éivee uclbiamatgeg een i nfrastructu
How does-adcapitnmavtee ur ban green i nfrasatnrductur e |
exper?ences

How doesadcaptnavtee urban green infrastructure inf

How do planning and desaidganptd lvar aucrtbearni sgtriecesn oifn

19



shapehomessponses?

How wel |l does online crowdsourced data <captu
infrastructure?

Howel |l pdoeerty value dat a ervaflludaeti ommd acal iabnt &
green infrastructure interventions?

Research method
Soci al me,dirbaandlysi analysis, virtual experiment

Section Two - Empirical Investigation and Insight

Review of emerging AFV.‘Z?E":“S:“& |
methodologies (Flickr data)
Triangulation ]|
| v
Review of climate- i | Human response Emotion & Insight on . .
adaptive UGl and ‘ to climate- | Experience [ climate-adaptive UGI Plamamgli?:gfcjiodnes‘n
human outcomes | adaptive UGI (review data) & human experience PP
Triangulation : Triangulation T
v
Evaluation VR i
(property value [~ experiment !
data) verification i

Fi gr.Wor kfl ow for research section two

Section: overview

The seeomnidmsptpdy emer gi ng dadmpiarnidc atlelbyb nion voegsi teisg
cl i matagpti ve urbanagdetth sa b ftheuensatnr lextpews tein cae sf oc u s
on human perception, emoti on, anFd QdFwal uatsitcam caes,
FIl ickr social cmedibae iapmeel gdetfao o f publ i c percep
infrastructur e, Ccoaong | bee fMemppsh ireetivyi ssevs daft apubl i ¢ af
andxperofneens infrastrpet uy evcadann eb et aabpaphl| i @ecdo i fnogr
pubéval uandowsI|tlgaynaefsfsected by green infrastruc
crowdsourced s wljjedctriame adtaiti a naihrdsamoo eemaame e d
perspective.

Admi t,t eudrlbya o u d dotoft aecnet i a lr ell iardiatdaattigaumd i ty i ssues an
Wi t hd ¢-theer i msd ght, the | astcpadtucof VRhespeeCcmenohs:
tr i aneg,u lfairttde n ed aotua f Wen da insgeslteoc t r egprreeesne nitmaftriavset r uct
casiens the Nehdecomntdpsryese natndt hem in VR environme
model ing or Plaagearci a@aanrsi nvg .| | bédesecduifafnedd ea b d c a x
potendlosadi §yferent desi g bp eehveanteusa h pwintsh ot bgi cal

respomesasanddanal yzed.

Empl oyi ng -mehihsodmi xaepdr oach, the section aims to
uncover mechanisms |inking green infrastructure

20



5.5 Research secti oinnstihgrhete :i na ppll a rcrait

design experi ment

Research question:
How can human experiential b eandeafpittisve beur baoorgprec
infrastructure practice?

Suduesti ons:
What are the pl annii mige ghmahhadregbiegire f g-dtdsa pitenigvoe sc | i r
urban green infrastructure?
How camput at i mental(oedl says liothin ect i ve de)biegmutaptiizmidz a
to swppoaditagti ve urbanpgreden cieBUumastabeatinr €s ar
environment &l performance

Research met hod:
Computational design experiment

Section Three — Practical Application

Review of emerging A;vs::;;is;n& |
methodologies (Fiickr data) '
T 1
Review of climate- Human response Emotion & Insight on i Planning and Design optimization |1
adaptive UGI and to climate-adaptive — Experience [ climate-adaptive UGI —»|  design toolkit for balancing UGI | |
human outcomes UGl (review data) & human experience . guidelines human & climate benefit | ;
! ) \‘-—._.__,__._—/ :
. T :
Evaluation VR H
(property value [~ experiment
data) verification

.............................................

Fi 888Wor kfl ow for research section three

Section Overview:

The third seexcptlioorne atihmes apopl i c & Fi ®.n latf friersetar @ihmd
transésaé¢ a&r c hanfdi npdrédnjgassaidagpt i ve ur ban green infrast
whi ch coul d compl ement current Rgnné&«esmi amdtr avtorol
Ondernemend Nederl and, 2024

Based on this, ciotmpaitmesbgatdepeli mptrtanided toolpkiotvi
optimized design sdalndftriacpsafgceéecar® ubalrengirreeenboth
environmenTheée 1 omphkimp.l daiymgemher ati ve-obhjgorti véams,
optimizati ovihi @lhg emipttfomsan, t wobds empi-enciat ommeémtnce
i nteraction mechamipstmsmifzoart(iihauenacr ipteereidgathison and
established climate adaptation performance si mu
opt i miccraittiedrniea r, e dlueatrtido nventEimpé oiyd m)-b aas eddi g(uer.eg . |,

masterpl ans) computational Pas-epbi mplprtshealtbt i ons
achitelvee symérmagyi ng bot Bydideerdiopnsng such compu
opti mi zateisort opraodce®od ki t, it -taiinmms fteoe pbraecslk ndn utstee
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ofdi fferent desandn paksennattihveesopt ifnmmuomm owhtiicnhi z e d
practitioners can further develop detailed desig

To test our wer oapions etdo-ctrealdivietht, €£®ssi ons with pract
case sbutdess it sefafped tiRcneshaitdtdteigodnbeardsk woul d be | ev
i t er atmpwelvye tlhme sthoaltki tt.he objective is to operas
evi dleasdeeds i g n -niaekcitiregy lohaci | i t at i pmrga dthiec g ainrsitthion
framre conapmptoboa@désiasgnohe diomweamsdir@n iinvteegr at

appr oancihzionpgt ibot,h gu pnearstiiomg mo r-cee nhtorliics tfiwt varned ghr
infrastructure

6 Expected outcomes

6.1 Thefoowndahndlmame wor k

This isst uelywpectedi ntoe glreasteil wvep tameor et i cal framewor
relationshipadaepweea wildbhamtgeghemani héewasicthscouwut €
address the current theoretical gap, enhance t he

provide a more comprehensive foundation for futu

Expected publications
Towards an integrative green perspecti-ve: A sy:
being and their interacti ons-advagthi veenvid mtmaame gt
infrasivooukt ogeplamreni nd atna ssalprmi tantdd Ur ban Pl ann
Under st aneeinnvg r tou mam t interaction i«druvéan spa
approach: A systematic rWawigew Zaf, mwamnlgods. andli g
van der Sek,, €S67,2012066.346 . https://doi.org/ 10.

6.2 Empirical knowl edge
The study is expected toonhgwenelaampttéaewmei nirbaln gv
infrastructure influences human experience, and

including crawdsepubped dehdtaad wled of f ergrsad amlealbl e a
i nsiexptasmdi ng the current knowledge field.

Expected publications
How well does crowdsourced sochepemedpti dm? aAc
comparative analysis (feuBRomi tCommpamertshe ENet memnim
and USyba) ms
Mapping urbanspgtreahéirpns Aihg graeneonegn deRV I ,and
ggeenperygept socnmeldoafa i n (RoukmirEltaendr a oment al | mp a
Assessme)nt Revi ew
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Understandiagd atbgotitvee responses t o ur ban
crowdsourced approach

How does urban green infrastructure influence
Rotterdam, the Netherl ands

6.3 Planni ngodrkd tdesi gn

Lastly, this stymdhesszexpéechéeédgies t hautcchan be i
climate adapt altt oal dgeaviea ietdpsctoemgplut at i on all design ofr

tool kit, which coul dansk sad ®emese rftoed sgiurptpa r @pli atgfnderurs s
and policymakers
Expected publications

Optimizing urban green infrastructure for envi

A mwlbtjiecti ve approach

Ot hepeeotud d: o me
Anonl i ne fpdratdomput ati onal desidampt opei mirbatni g
infrastructure

7TRel evance and i mpact

I n face of growing challenges assocuralterd gwidéen cl
i nfrastneadruagrmes cenfdo cruardragwaantadoogpt mor e comprehensi
approach.

This thesis contributes to this shtiooffloiry off er

policymakers and deanoirhgunnearnsi zseede kai nndg rteos pcornesaitvee g r €
By supporting quartbtyi desagd bkobbtions, the res:
future green infrastructure with human <characte
all ocatmnobinng preefeficient depl oyment , and maxi mi .
benefits of these interventions.

The study employs emerging dicgiowals daeveRd ol ogi e s
environmamdt comput at i, o nahtixgdersed Jod aonlod @il sal approa
i nvesti gaetnivnigr ohnumeannt i nt er acti onsdemonusrioraant egr e e n
applications of digital technology in this domai

8 Limitations

This study's scope is |imited to examining human

property vaklueay wvaisl |ri engmesissepst i tvee alribmant egr een i n
23



Humamvironment interactions within green infras

processes and mechanisms than those addressed in
l' i mitations, this ssteucdtyi omaa |n.| nykl betywepd eotypsg yae scirdoesnst r
to urban green infrastructure may <change over

unexplored in the current investigation.

Al though this research aims to encompass diverse

and evolving |l andscape of contemporary practice
typol ogies or design approatcthesn. fAddietwioo rka lcloy,c etn
two primary climate adaptation functions: heat m
two primary human responses: perception and af
including water fmanhgememivestegaiti ®n in subseque
O9Pr acti cal I nf or mati on

91 Supervision

The author wildl coll aborat e ewi,t hPrPorfo.f . StPeeftfeern vNair
pr oenot, and Prof. Stefan van der Speler s( daarid y s uj
arranged( imoent,hl gvery 4$r ovlmaaketlesndwihngh &nodgr es s u
di scussions will, bwi hlel dh e&.hmmhh in®e giestaeardirsci pl i nar
team brings together a wealth of expertise that
practical aspetcucky,ofanditsh e raorproassregde sent both enha
of the research and ensures that the findings ar
domai ns.

The author wildl al so eppaeinthist hpatfeaciumnt gt heuchcaden
GlI'S group meeting and | andscape architecture PhD

9 2 Resources and tool s

Crowdsourcesd data source
Flickr API
Google Maps Pl aces API

Property value data sources:
Waardering Onroer entdlee ZM&teme r( IWMDIZd s dat a

Ot her data source
Maps.amsterdam (Amster dam)
Gi sweb (Rotterdam)
Act Hoelgt e Nesiteanmédnd (AHN, the Netherl ands)
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Rijksinstituut voor Vol ksgezondhei d en Mi

Centraal Bureau voor de

Statistiek (CBS,

OpenStreet Map (OSM, global)

Programming | anguage:
Pyt hon
Javascript

VRequi pment
Ocul us /QUWEAVE 3 ystem

Softwar e:

ArMa p

QGI S

Rhinoceros

Unr eal Engine
93Research ti meline
Tabl e 1. Research timeline

Is’Yea 22%ea I ¥ea 4WYea

St a Task

1/ 17 1/ 1/ 1/ 1/ 17 1/

1 Literature review

Literature revi e

framewor

x =

Research proposal

2 Pilot Study
Perception s t-audday p
urban green infrac
Af fection and e X
cl i matagpt i ve ur k
infrastructure
Housing property -

adaptive urban gr e

Summari zing findir

Virtual pl anning ¢

3 Summari zing pl ant
strategies

Devel oping tool ki
infrastructure p
optimization

4 Finalizing the the

Def ense
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94Jour nal publication pl an

Rel evant journal s:
Applied Geography
Building and Environment
Cities
Computers, Environment, and Urban Systems
| SPRS Journal of Photogrammetry and Remote Sen
Journal of Cleaner Production

Land Use Policy
Landscape and Urban Planning
Sustainable Cities and Societies

5 Conference attendance pl an
rst Year (2025)

Accepted Conference: I FLA Worl d Congress, N a
https://ifla2025.com/)

Second Year (2026)

I ntended Conference: AGILE confehéenhpes / Tagt U e
gi Jeu/

Backup Conferences: DLA (Digital Landscape Ar
Website: htctopnsf:e/r/ewvcve. .dcl oam/ )

Third Year (2027)

I ntended Conference WehGCGADlAs(eéstvwwNavadD2a7o0r g/
Backup Conferences: CAAD Futures (est. Jul 202
or eCAADe (est. Sepr 2027. Website: https://ec

Fourth Year (2028)

I ntended Conference: | SPRS Colgbhess s e: (est
https://www.isprs.)org/ society/ congress. aspx
Backup Conferences: AHFE (Applied Human Fact

Conference (est. July 2028. Website: https:// a

Addi ti onal conferences in the Netherl ands
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https://agile-gi.eu/
https://agile-gi.eu/
https://www.acadia.org/
https://www.isprs.org/society/congress.aspx

NCG Symposium, and AMS Scientific Conference

96Mastehéesis supervision plan

The author is expected to be able to supervise
geographic analysi s, environment al behavior and
public space desi Possi®dlreeandstapecdebsinghude:

Larsgeal e urban perception analytics with emergi

Urban green infrastructure and changes in WOZ
Assessments and realistic design experiments of
9.7 Graduate school course planning
Table 2. Course planning
Compl In Planne Total
eted progres d
s

Discipline-related skills

Python Programming for Geomatics 5

Research Proposal for Architecture and the B 4
Environment

Urban and Regional Research 5

Academic Writing Retreat

18

Research skills

The Informed Researchetnformation and Data Skills 1.5

Navigating Academic Publishing

Basic Problem Solving & Decisiemaking

How to selecimake a questionnaire and conduct
interview

Research Data Management 101

Writing the first journal article 2

Poster presentation, major international audience 1

Addressing a small audience 0.5

Addressing a major international audience

Supervising aMSc student / BSc project groups

15

Transferable skills
The PhD Network Hub (esampus)
Time Managementil Time Management Foundation
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Time Management 1l 7 Mastering Individual 0.5

Challenges

Project Management for PhD Candidates 2

PhD Starup Module Al 0.5

PhD Startup Module All 0.5

PhD Startup Module Alll 0.5

PhD Startup Module B 0.5
Datavisualisation a Practical Approach 1

Designing Scientific Posters

LinkedIn for Researchers

Cross Cultural Communication Skills in Academia 1
Scientific Storytelling

Foundations of Educational Design
Coaching Individual Students

PR RN

Career Development courses

16.5

9 . SBe-teff | ecti on of first year

Duri nfgi rmeyt year as a detsecand cupeali datthed wdet DadEH+tTg ¢
sever Akbst onesdeivne laoccpandeentti.c | have successfully tra
andommpglde tarhoaulnfd of the mandatparoygrdoqotf oemkentesdiuaat
suppl ementary training components.

Regarding myhRvE ¢ sS®arc olimdeudcetaerdc hp raeslititidvii mai leystr st u
generating promisiMyg worek i imn nhaahsg tprasandsidpegigeral | nt o
academic outputs: one psubldactheendd pcaytdermre nptdveo maenu £(
one working paper in preparation for submi ssi o
presentation.

Thgui danscuep earrfvdi @immo ieasndorisnit el | ectual iexcthtaen gmpa wti t F
yeanave vieaheenl pfhulrefining my research focus and me
interacenbamgbdmnderstanding of btohPeh®amyu o atsiecarr ¢ h
process

lamonfidentowhmebIlltiaosnned to advance to the next

Moving forward, | aim to enhance research effici
tools and methodol ogies, while expandy ngoanly ie®nga
toontribute meaningfully toohotamteeseaaechuabdnpr
anal yandscape, and eynvanrdo nbmeehnatv iposry.c hol og
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The development of information technologies and the advent of extensive digital data since the 21* century have
enabled more profound explorations and interpretations of the relationship between humans and the urban
environment. This study systematically reviews the application of emerging data-driven methods in measuring
human-environment interaction in urban spaces. The synthesis of 242 studies reveals a diversified application
landscape of data-driven methods, employing street view imagery data, social media data, positioning data,
physiological data, and video data, each carrying distinct information and addressing various research inquiries.
We also review the new insights generated by their application, which offered evidence for analyzing and
evaluating a wide range of established frameworks and classic theories concerning human perceptual, cognitive,
emotional, and behavioral aspects in urban spaces. Based on these findings, we describe the trends, advance-
ments, and limitations of this rising research field, and make recommendations for future researchers adopting

data-driven methods to understand relationships between humans and environments in urban spaces.

1. Introduction

As global urbanization continues to reshape human living patterns,
understanding the interaction between humans and the urban envi-
ronment offers significant potential for advancing evidence-based
planning and design practices that support more livable future cities
(Karakas & Yildiz, 2020). Urban spaces—including streets, parks, and
squares—function as essential venues for this interaction, enabling
residents” movements, relaxation, and social participation (Carr et al.,
1992). Creating high-quality urban spaces through such understanding
has become a central agenda for sustainable urban development (UN-
Habitat, 2017).

Since the mid-20th century, growing research has recognized that
urban spatial conditions shape human perception and experience,
thereby influencing emotional states and generating distinct behavioral
patterns. This has led to the development of many ground-breaking
theories that extensively examined and described human-environment
interaction processes. Theoretical contributions from Cullen (1961),

Alexander et al. (1977), and Berlyne (1974) elucidated the connections
between environmental perception and physical urban characteristics.
Lynch (1960) introduced the concept of urban legibility, extending
human understanding of cities to the cognitive dimension. Kaplan and
Kaplan (1989a, 1989b) and Ulrich (1984), employing psychological and
health studies, empirically validated the positive cognitive and well-
being impacts of urban nature. Pioneering observational approaches,
Jacobs (1961), Whyte (1980), and Gehl (1987) identified behavioral
patterns and proposed principles for vibrant spaces. These seminal
theories have had a lasting impact on human-environment interaction
research and inspired strategies for designing urban spaces that posi-
tively impact human experience.

Research in this field has traditionally relied on established methods
such as surveys, observations, interviews, and censuses. The recent rapid
advancements in information technologies and interdisciplinary in-
fluences have provided studies with broader data types and analytical
capabilities, allowing for more multidimensional and fine-grained cap-
ture of human-environment interaction. This represents an emerging
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data-driven research trend that brings new possibilities to the human-
environment interaction field (Batty, 2013a; Miller & Goodchild,
2015). Unlike conventional methods, emerging data-driven approaches
rely on digital systems and advanced sensors to gather and analyze
large-scale, diverse datasets that directly reflect human-environment
interaction processes (Goodchild, 2007; Kitchin, 2014). These datasets
range from what some call “big data”—such as social media and urban
sensor data—to other cutting-edge digital information—such as inter-
disciplinary physiological measurements—offering unprecedented
research perspectives and dimensions (Batty, 2013b). Coupled with
enhanced computational power, software capabilities (e.g., Geographic
Information System), and artificial intelligence methods (e.g., machine
learning), these approaches also often demonstrate enhanced efficiency
and scalability, overcoming cost and extrapolability limitations inherent
in traditional methods (Marshall, 2012; Ohly et al., 2016). This trend has
in recent years stimulated innovative projects including the PEACH
(Lachowycz et al., 2012) in the UK and the Place Pulse (Salesses et al.,
2013) in the U.S. that developed data-driven methods to quantitatively
observe human responses to urban environments, offering new insights
and profound impact.

The growing research interest and surge in publications in this area
underscore the need for a systematic review. Existing reviews have
typically focused on other domains such as urban auditing (Calabrese
et al., 2015), tourism (Li et al., 2018), and management (Wilkins et al.,
2021), and have often covered only specific data types (Biljecki & Ito,
2021; Ghermandi & Sinclair, 2019; Karakas & Yildiz, 2020; Kiefer et al.,
2017). These reviews are not fully grounded in the human-environment
interaction domain that this review focuses on, of which a more
comprehensive picture remains lacking. Furthermore, reviews of how
emerging data-driven approaches contribute to the knowledge base in
this area are also notably absent. The characteristics of emerging data
employed in human-environment interaction research as well as what
and how they can contribute to investigations remain unclear, poten-
tially obscuring broader prospects and hindering further research efforts
in a technically complex and rapidly evolving domain.

This paper addresses the research gap by conducting a systematic
review of the application of emerging data-driven approaches in human-
environment interaction research in urban spaces. Especially, we adopt
a disciplinary perspective and aim to address three questions:

1) What are the key characteristics of these new data-driven studies
compared to traditional research in this field?

2) What types of data are applied, and how are they utilized to support
research on human-environment interaction?

3) What insights are generated from data application, and how have
they advanced foundational theories in the field?

The paper is structured as follows: Section 2 covers the methodology,
Section 3 presents quantitative findings, and Sections 4 and 5 respec-
tively review new data types and evidence. Section 6 discusses emerging
trends, challenges, and future research opportunities. Section 7 con-
cludes the paper.

2. Methods

This review adopts the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) protocol (Page et al., 2021) as the
methodological approach, and is oriented along previous systematic
review exercises in this field (Ghermandi & Sinclair, 2019; Wilkins et al.,
2021).

2.1. Framework for human-environment interaction
Human-environment interaction can be studied from multiple per-

spectives (e.g., Markevych et al., 2017). This study adapted the
comprehensive framework proposed by Nasar (2014) to conceptualize it

Cities 167 (2025) 106346

through four core dimensions: (1) Perception refers to direct human
sensory reactions to and preferences for environments, serving as the
starting point of interaction. (2) Cognition involves how people cate-
gorize, remember, and represent urban experiences. (3) Emotion and
well-being are influenced by urban stimuli, eliciting various affective
responses. (4) Behavior is ultimately shaped by the combined influence
of the above processes along with environmental characteristics.

Nasar’s framework was employed because of its wide recognition
and its theoretically grounded yet practical lens for categorizing the
diverse types of human responses, which aligns with our research aim of
examining emerging data-driven approach applications across these
aspects. Admittedly, due to the complexity of the field and potential
controversies arising from different disciplinary perspectives, we
acknowledge that this framework may not encompass all dimensions.
Our findings can provide insights for future scholars applying the
knowledge in broader research contexts.

2.2. Search strategy

This research defines emerging data-driven approaches as those
employing novel data sources that directly capture human-environment
interaction processes. Specifically, they typically exhibit three distinc-
tive characteristics: First, the employed data or digital methods directly
reflect human perceptual, cognitive, emotional, or behavioral responses
to urban spaces. Second, the data types represent recent innovations,
particularly those that, according to scholarly consensus, have been
widely adopted only since the 21% century (Kitchin, 2014). Third, they
involve new data collection, processing, and analytical paradigms that
extend beyond conventional descriptive or analytical methods.

Given that many studies employ multiple data sources, we include
research that combines emerging data with traditional data sources,
while excluding studies that rely exclusively on conventional data
collected through observation, survey, census, or GIS methodologies.

Accordingly, four categories of search terms were defined: data-
driven (e.g., data, dataset, technology), human-environment interac-
tion (e.g., perception, cognition, emotion, behavior), human (e.g., peo-
ple, individual, resident), and urban space (e.g., urban environment,
built environment, urban space). The complete search terms are pro-
vided in Appendix A. Given the multidisciplinary nature of this topic,
broad search terms were used to achieve high sensitivity and collect
more relevant articles. For instance, we used both terms directly tied to
our focus like “data*” and more general terms like “technolog*”,
“sensor*”, and “device*” to account for other expressions of data-driven
research, aiming to ensure a comprehensive search. Following PRISMA
protocol, records were also identified from reference lists.

Scopus was selected as our literature search source due to its
extensive coverage as one of the largest peer-reviewed literature data-
bases. This approach aligns with previous systematic reviews in urban
research (e.g., Biljecki & Ito, 2021).

2.3. Inclusion criteria

Articles in English and published in peer-reviewed journals or con-
ference proceedings with full-text availability were included in the
identification phase. As the preliminary search returned many irrelevant
records, the search was further refined by limiting the subject area (e.g.,
environmental science, social sciences) and keyword (e.g., urban plan-
ning, built environment), and restricting publications to those from
2000 to 2023, considering the nature of emerging data.

Subsequently, all identified records from the initial pool were
screened and selected based on the following criteria:

(1) Only papers focused on human-environment interaction within
our theoretical framework were included, papers centered solely
on urban (e.g., management) or human aspects (e.g., biology)
were excluded.
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(2) Only papers employing emerging data-driven approaches that
directly capture human-environment interaction processes were
included, papers using only conventional data (e.g., census) or
digital tools without directly reflecting human-environment
interaction (e.g., geographic data) were excluded.
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combined contributed to over 40 % of the articles, followed by the UK (n
= 20), Hong Kong (n = 15), Japan (n = 13), and the Netherlands (n =
11) (Fig. 3). Most studies are conducted in the Global North, with the
Global South remaining underrepresented.

Nearly half of the articles (n = 112) address human behavior in urban
spaces, followed by emotion and well-being (n = 64), perception (n =
55), and lastly, cognition (n = 11). While behavioral aspects have been
the main focus in the early stages, in recent years there has been a
diversification of research attention (Fig. 4).

Streets are the most predominant urban space investigated, ac-
counting for nearly half of the articles (n = 108), followed by parks (n =
55). Among the other urban space typologies, waterfronts (n = 7) and
squares (n = 7) are relatively sparsely researched (Fig. 5).

VOSviewer (van Eck & Waltman, 2010) was employed to conduct co-
occurrence analysis of the keywords of the literature for analyzing
research themes, and identified four main clusters (Fig. 6). By examining
each cluster and its associated articles, we found that these clusters
largely align with different data-driven approaches, and thus catego-
rized the themes of each cluster and their corresponding data type as
follows:

(1) Cluster #1 includes studies applying street view imagery data,
featuring keywords like “google street view”, “walking
behavior”, and “perception™.

(2) Cluster #2 includes studies applying social media data, featuring
keywords like “social media”, “sentiment analysis”, and “park
visitation”.

(3) Cluster #3 includes studies applying positioning data, featuring
keywords like “gps”, “tracking”, and “mental health”.

(4) Cluster #4 includes studies applying physiological data, featuring
keywords like “heart rate”, “mood”, and “stress”.

Beyond these common themes, we also observed the adoption of
other emerging data in the literature. Notably, video data, first utilized
as early as 2005, has emerged as another important data type and is thus
grouped as a major data-driven approach in this review. Other emerging
data types with more limited application include accelerometer data,
wearable camera data, and unmanned aerial vehicle sensing data
(Fig. 7).

The relationship between data types, urban space typologies, and
human-environment interaction processes of the collected articles was
further analyzed (Fig. 8). Street view data-driven studies predominantly
focus on streets, reflecting the unique strengths of this data type, while
their research themes regarding human-environment interaction are
more diverse. Social media data are frequently employed in park studies,
while also showing a wide application across different human-
environment interaction processes. Physiological data are often used
to support street experiments or comparative studies between streets
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and greenspaces, and are notably applied to other human-environment
interaction processes except behavior. In contrast, positioning and video
data are almost exclusively utilized in behavioral research, reflecting
their common role as tracking data.

3.2. Analytical framework

We developed a framework with three dimensions to organize the
literature: the employed emerging data type, the researched human-
environment interaction processes, and the relationship between find-
ings and established theories (Fig. 9).

First, drawing from the clustered research themes and existing
classifications (Huang, Yao, et al., 2021; Li et al., 2018; van der Spek,
2008), studies were categorized into six categories based on the data
employed (Section 4): street view imagery data, social media data,
positioning data, physiological data, video data, and other data, with the
first five types being the focus and further subdivided based on their
characteristics (Fig. 10).

Second, studies were grouped based on human-environment inter-
action processes—perception, cognition, emotion and well-being, and
behavior—and their findings were classified depending on their com-
parison to established theories into four types (Section 5): (1) “sup-
portive”, when confirming established theories (though studies may not
address all aspects of the original theories); (2) “mixed”, when showing
both supportive and contradictory or not statistically significant evi-
dence; (3) “contrary”, when not generating any supportive evidence or
providing clear evidence against established theories; and (4) “non-
responsive”, when studies neither cited established theories nor pro-
vided clear responses (Fig. 11).

4, Data in reviewed studies
4.1. Street view imagery data

Street view imagery data allow for directly reflecting perceived
urban landscape through eye-level panoramic street photos. Articles
applying this data emerged around 2013 and account for around one-
third of the literature (n = 74).

4.1.1. Technical characteristics

Street view imagery is usually obtained from online map providers,
especially Google Street View (Dubey et al., 2016; Lu, 2019; Salesses
et al., 2013), Baidu (Chen, Lu, et al., 2022), and Tencent (Helbich et al.,
2019), with some studies also obtaining them from databases (e.g.,
OpenStreetMap, Mapillary), dashcams, or custom-collection (Biljecki &
[to, 2021). Images from map providers are typically collected by vehicle-
mounted cameras and subsequently standardized into 360° views (Lu
et al., 2018).
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4.1.2. Analytic technique

Images from map providers are commonly acquired through web
interfaces or application programming interfaces (APIs).

Street view images can either be applied to directly reflect or
approximate public’s perceived urban conditions (Lu et al., 2018; Wang,
Lu, et al., 2019), or employed as stimuli for participants to remotely
experience and navigate realistic streetscapes in experiments (Dubey
et al., 2016; Naik et al., 2014; Quercia et al., 2014; Salesses et al., 2013).
Both approaches increasingly involve further processing of images to
extract eye-level spatial-visual information, typically through low-level
feature (e.g., color and texture) calculation (Yang, Ao, et al., 2021) or
deep-learning based high-level information (e.g., semantic information)
extraction (Ki & Lee, 2021; Yin & Wang, 2016; Zhang et al., 2018)
(Fig. 12).

4.1.3. Research focus

Research employing street view data can be categorized into two
main groups. Early works often adopt the second approach, employing
street images as readily available material for perception experiments (n
= 22). Typical processes involve bulk downloading street images and
asking participants to rate each image’s perceptual attributes, such as
beauty (Quercia et al.,, 2014), safety (Salesses et al., 2013), and
uniqueness (Dubey et al., 2016). For instance, the Place Pulse project
developed a web interface for pairwise comparisons of street images
regarding six urban spatial qualities, gathering evaluations from over
80,000 participants on 110,000 images worldwide (Dubey et al., 2016).

Other studies, typically combining street view imagery with other
approaches like census and questionnaire, utilize these images to
approximate and audit perceived urban qualities, often assessing their
association with residents’ behavior (n = 33) and health outcomes (n =
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Fig. 9. Analytical framework.

16). A recurring focus is on exploring the relationship between urban
greenness levels calculated from street images and residents’ well-being
and health-promoting behavior, such as positive mood (Chen, Li, et al.,
2022), depression (Helbich et al., 2019), health (Wang, Liu, et al., 2019),
and physical activity (Lu et al., 2018; Yang et al., 2022; Yang, Ao, et al.,
2021). Other urban space qualities calculated include walkability
(Wang, Lu, et al., 2019), street design features (Koo et al., 2021), sky
exposure (Nagata et al., 2020), and vehicular traffic (Villeneuve et al.,

2018).

4.2. Social media data

Social media services have led to rich user-generated content pub-
lished online (Goodchild, 2007), which is utilized in this group of arti-
cles (n = 50) to gain first-person insights into users’ experience and
interaction in urban spaces.
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