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When orange trees grow south of the Huai River, they produce sweet oranges, but when they are grown north of the Huai River,
they produce bitter trifoliate oranges. Though the leaves appear similar, the taste of the fruit is different, due to the differences in

soil and water.----(Yanzi, ~700 B.C.)



Background: spatial heterogeneity

» A candidate second law of geography by Goodchild (2004)

v’ The principle of spatial heterogeneity

v “Spatial heterogeneity or non-stationarity in the statistical meaning of that term,

implies that geographic variables exhibit uncontrolled variance.”

v “A corollary of uncontrolled variance in space is that the results of analysis
depend explicitly on the bounds of the analysis: move the study area, and the

results will change™
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Background: spatial dependence — weighting

» The first law of geography by Tobler (1970)

v'“Everything is related to everything else, but near things are more

related than distant things”

v'Spatial dependence

»Modelling rule: Geographically weighting by distance or

spatial proximity - decaying



Geographically Weighted Regression

» General expression:

Vi = ﬂO(uiﬂvi)_I_ﬂl(ui?Vi)xil +"'+:Bm(uiovi)xm1 T &,

» Weighted least square (WLS)
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» Global model

» QGaussian

» Exponential

> Box-car

» Bi-square

» Tri-cube

|l
Wij =exp| — b

_{1, if d, <b

w,
Y10, otherwise

| 1—(dl.j/b)2)2, ifd <b

, otherwise

, otherwise

weight

1.0

08

0.6

0.4

0.2

0.0

f.-"' !

’ i
; 1

—  axponantial
gaussian
boxcar
-=- bisquare
— = fricube N
@
E
e
J—
c
(g
=
i @
7/]
! T
0 200 400 600 800 1000
distance
s / N=3 > 7
/ T .-'(: f_ l,?
4 L] -'/I. it . J ¢ ¢ - /' '-I'(
7 = i A ; 4 - F p /,
f e I \ Iy Vi | ]
o h 1 = i g | .'! !
= / ) e vy xrf L ‘7{“:.' :j
{ LI o ! i I -, Fard . .
! 8 =" / = Regression point / '«.\ f" L S # Regression point
; / e y
4 = Data point ’ 4 = Diata point ..

Fixed weighting scheme

= (1 _(dU / b)3 )3 , if dzj <b f 1
0

Adaptive weighting scheme



prevalence rish=lwetors
epidemiology b4 r
Keyword Co-occurrences = children Epedemic
1 ‘iil’:l’”“i'" associations
o
CXPOSUre

D COKRIGING
Lo N?g:é’ Environmental studies
spatinl-analysis

MARARIAGRTTEN GRS
SPA“ATE Eﬂslﬂ wﬁ; FLPPALA ﬂé pollution "i'l'_l:“"“'i"'" L] neighborhood
RITY L] - ! o
?‘CPR mﬂ CH g Hﬁnﬂun Rmmﬁ?.gé? spotial-distribwtion maortality | '!'-1“ { '.'u"hr-lulmllﬂnn
SPATIAL STA'I'IETICS NA "’ EL n‘as . i - 8 5 @ pchiins bevel
(J'\-'U'MGD L oy ‘}O ENIC alrauality ksl @ @
ﬂq“"-‘ —— Ir% . trends . A
cHILE' Q. uﬂﬂ-“' ° opitsd-sfles weighted reggplion
PORTUGAL BiM ,_W_,Ewm = qudm-'f"l “: ‘-:inﬁuu :u:sa-lhllll
@ = rates
piipad - consumpion
L & =

SPATIAL REGRE
RE R NGISG 1 M"‘“f:i"“ i i .
C’i SPATIAL NON-STATIONARITY o
B FOREST FIRES . x impacts
Ll er . E i

J,f_,lz O BI& D AT ADIFFUSIDN - e

C31°DIGITAL SOIL MAPPING s B
p L

maller

prices
™

area determinanisily
L]

i l'ﬁl'ﬂ:!!'-'“l"
urbameaticon

time

heterngegirre ftion
G o spatial nonstationafiiy

lemperature

et ]
ansion method

o Jj daii
Articles ip CI | mate . =
valkdntion 2 E wwih
vegetation  prediction ‘“mml o 5 ] vstem
resclution [ P " .
o el sealke . esis .
precipiiain o[ & unmmtmunrg spendence !
P c waat economic-growth
o . PE grnphlnllh “truhtn-d regression a
UL i spatial awivcorrelation
qlml sinse change
general fra Qe nrk
-}
logistic-regression ; ENErLY H H
= ¥ pt . forest  peglogy selection ® SOC 10-economic
framework - L ®
L] biodiversity diversity
o
conservaiion gy
]
1 T W A W0 T A
productiviey
Q

|'illi"l .-".:l'll 200)

Yenr




Bandwidth=100
» Mixed GWR (Brunsdon et al., 1999)

v = Y ax @+ 3 b v)x@)re

jzl,ka jzl,kb

» GWR with flexible bandwidths (Yang, 2014)

Bandwidth=50

-VJ' = ﬁbWO <U1" Vj) + Z leWk <U1" VJ')XJ'k + gj

k=1,n

Logand
FLOORET
" N

LM Bandwidth=10




Multiscale Geographically Weighted Regression

» GWR with parameter-specific distance metrics (PSDM GWR, Lu et al. 2017,

2018)

Vi = IBDMO,bWO (UJ" Vj) + Z IBDMk,ka (Uz" VJ')XJ'k + 81'
k=1,n

» Multiscale GWR (FBGWR, Fortheringham et al. 2017)
» Conditional geographically weighted regression (CGWR, Leong and Yue 2017)

» Multiscale geographically and temporally weighted regression (Wu et al. 2018)



Multiscale Geographically Weighted Regression

Spatial data set
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Geographical Analysis 55 (1), 155-178.

Secondary model decisions
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ultiscale Geographically Weighted Regression

Variable Description

Avg HP Average house price at the community-level (Yuan/m?)
Annual AQI Annual air quality index (AQI)

Pop Den Population density (*10° / km?)

Green Rate
GDP per Land
Rev _per Land
FAI per Land
Tertl Rate

Den POI

Percentage of green space (%)

GDP per land area (*10? Yuan/ km?)

Revenue per land area (*107 Yuan/ km?)

Fixed assets investment per land area (*10% Yuan/ km?)
Percentage of tertiary industry (%)

Density of places of interest (POI) (*107/ km?)
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Multiscale Geographically Weighted Regression

Avg_HP

= [y + B * Green_Rate + , * GDP_per_Land + (3 * Rev_per_Land
+ B4 * Den_POI + (s * Pop_Den

» Spatial regression models
v’ Linear regression, LR
v’ Spatial lag model , SLM
v’ Basic GWR

v Multiscale GWR



Avg_HP = [, + [ * Green_Rate + [, * GDP_per_Land + (3 * Rev_per_Land + 4 * Den_POI + 5 * Pop_Den

Multiscale Geographically Weighted Regression

2015

Adjusted Adjusted
R? 0.114 R? 0.094
LR AlCc 18267.87 LR AlCc 18715.25
AIC 18267.75 AIC 17823.47
RSS 7856055677 RSS 12436195146
A;l_]usted 0213 A;ijusted 0272
R R
SIM AIC 16511 SIM AIC 17162
RSS 1005346118 RSS 1958635540
Bandwidth 45 (number of nearest neighbors) Bandwidth 47 (number of nearest neighbors)
Adjusted Adjusted
R 0.868 2019 R?2 0.807
GWR AlCc 16757.53 GWR AlCc 17539.42
AIC 16240.47 AIC 17042.59
RSS 744307992 RSS 1707951694
Coefficient | By B B2 B3 Ba Bs Coefficient | Sy B1 B2 Bs Ba Bs
Bandwidth 14 398 22 145 | 328 22 Bandwidth 12 50 24 107 27 24
Adjusted Adjusted
e 0.941 e 0.919
MGWR | R MGWR | R
AlCc 16108.75 AlCc 17101.01
AIC 15342.66 AIC 15954.91
RSS 274926241 RSS 474525718

Lu, B, Ge, Y., Shi, Y., Zheng, J., Harris, P., 2023. Uncovering drivers of community-level house price dynamics through multiscale geographically weighted regression: A case study

of wuhan, china. Spatial Statistics 53, 100723.




Multiscale Geographically Weighted Regression
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Multiscale GWR - Locally overfitting? Validated by cross-validation approach
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Calibration at location i:

Spatial heterogeneity £ {var, (u,v,) Var, (u,v,) -
Gaussian: w. = eXP[—l(dg)E] if d; <b
Spatial dependence ausstan: Wy = 20b
0 otherwise
Spatial interaction Spatial distance metric: d,

Poise
s sy

[uantitative

Distance-decaying

Location specific
® Calibration point

Mappable-GIS friendly

® Data point




GW mean

GW standard deviation

GW correlation coefficient

GW covariance

a 2010

]
A 8
iz
.,-——' Zipil r
- o =
xk e
: 5
[ :
]
e RN B
L1 I - - o
- ¥ ==
Popuatisn aged 86 and abeve %) _ll
-5 [
5-10 i I 1 T
10-15 L !
115-20
. -0
na dali T e T T

A




GW Summary Statistics

Variable Description Reference

Aging Proportion of individuals aged over 60 in the total population (%) Population Aging Level

GDP Gross Domestic Product of the region (in ten thousand yuan) Economic Development Level
PBE Proportion of public budget expenditure in GDP (%) Government Intervention Level
FB Proportion of yearly financial institution loan balance in GDP (%) Financial Development Level

Ratios between the added values of the tertiary and secondary Advanced Level of Industrial Structure
TS

industries
RS Total retail sales per capita (Yuan) Social Consumption Level

NMP Number of medical practitioners per thousand people Medical Level
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GW principal components analysis

» GW principal components analysis )
v" Conventional principal components analysis _
[ cov(X,,X,) - cov(X,X,)
(cov(X,,X,) - cov(X,.X,)
v’ Global variance-covariance matrix [ V] = Z
v’ Local variance-covariance matrix 0 oo
CoT : i S
Y(u,v)=X"W(u,v)X | e
v’ Local eigenvalues and local eigenvectors (or loading vectors) B2 " " _____ [ ______
T i : Vo ravwanr iy : | pE r
L(llj,vj)V(uj,vj)L(uj,vj) _Z(uj,‘)j> W .//_.,-_'/ ' : ;..x;/:'q
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Wuhan

v’ the capital city of Hubei
province

v’ the largest city in central
China

v a total area of 8569.15
square kilometers

v a

residential  population

11.12 million



GW principal components analysis

Ing capacity

Urban land resource carry

Carrying object Variable / Indicator Description Unit s;?:z End value [ Comprebensive Carrying Pressure (CCP) ]
Resident population density | RPD per square thousands 8.676 9.430 T
(RPD) kilometer / km? (2015) (2018)
Cicographically Weighted Principal Component Analysis
Population Employment population | EPD per square thousands 5.920 6.102
P density (EPD) kilometer / km? (2017) (2020) -~
Transient population density | TPD per square thousands 3.31 3.34 Selection of Key Indicators
(TPD) kilometer / km? (2017) (2020) P R R e o el X AETPSERE el T b e »
i L] ]
i REFL | Ll " FR | 4 By i . RND i
GDP per square million 979.74 1452.68 e 5 ol W VI bt s ; erliode ol s P sy
GDP per land area kilometer yuan/km?| (2015) | (2019) t
Economy Fiscal revenue (FR) per land | FR per square million 198.99 274.71 Analytic Hierarchy Process
area kilometer yuan /km?| (2015) (2019)
[
Investment in Fixed Assets | IFA per square million 347.55 347.85 [ [ ]
(IFA) per land area kilometer yuan / km? (2015) (2019) [ Residem F:ﬁilll;tlmu diensity ] GLP per land orea Plat ratia (PR [ Foad ||n.i|::‘l|utld;uh| 5 ]
. The proportion of 0.823 0.903 I
Plot ratio (PR) the building area (2015) (2019) [ Public transit demsity ]
- FTD
The pI'OpOI'thl’l of Employment population Frscal revemue {FR ) per land ':
Construction Building density (BD) | the building base % 19.88 2093 [ a E(.u:l:.:;-L (EPD) ] it ek A, PREKIeE Sersiity ()
area (2015) (2019) Owvermhil parkmg defisity
|UF‘[}:-
Green field density (GFD) | F2Tk and gf.?“ arca 3(')2155 3'327 g
per square kilometer ( ) ( ) Transiemt population density Investment in Fixed Assets Green ficld densiéy (GED) Con 'l.‘-l 1 e
. (TR ':”"1||'hl aid e rreeih field density i
Road network density Road network length Km/km? 4.62 5.29 ¥ 3 k 3 F
(RND) per square kilometer (2015) (2020)
Bus line length and Population Economy Construetion Teansportation
. . . rail transit line ) 13.34 17.39
Public transit density (PTD) length per square km/km’ (2015) (2020) 1. T T 1.
kilometer |
Transportation Number of overnight , o :
Overnight parking density parking per square vehicles/ 335 433 Land resource carrying capacity
2
(OPD) Kilomoter km (2017) (2020) vy
The ratio of actual I I I I
. transit time to 1.317 1.431 Gengraphic condition Administrative e ; Themalic survey i
Congestion index (CI) unimpeded transit (2019) (2020) { i ] [ IV } { Stabistical data ] [ Yot VG data

time




GW principal components analysis

Resident population density

Frovincinl povammest |

Al !

TPy

Urban land resource carrying capacity

» How to evaluate a comprehensive
carrying pressure (CCP):

v’ traditionally global methods
(entropy weighting)

v’ urban functional

heterogeneities - Local -

GWPCA
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(a) Subdistrict level (b) Grid level

Comprehensive carrying pressure (CCP) via the GWPCA scores for the first PC



GW principal components analysis

{a) Subdistrict (b Grud
Winning variable Building density GDP per land area Plot ratio Resident population density Road network density
o 35 7 14 21 28 35
----- Third ringroad & Provincial government = Muonicipal government — 1 kilormeters
(a) Subdistrict level (b) Grid level

Dominant indicators of CCP via the largest eigenvalues (winning variables) from the GWPCA



Descriptive ;» = L x B EE

= |E% EEAER

T =

Y | S—
%WTHF.

g
o A
W g

=0 o
o2

=
-LE
g

+ the conrect ¢ lmaification

GW Discriminant Analysis

Explor;tory

=

ﬁ | 3, * W Inpust
e T e et layer
Loadings far PG T

Eloatsa warkainl e oI
with goidined +-}

e
Fo
P = -
-
g PwT T | T Y TN e 1T R i R g -
S e ———

Classification risulls using GW DA

Predictive
B A

GW ANN
+ Interpretive



GWmodel — the R package

Package ‘GWmodels’

July 13, 2012
Version 0-1
Date 2012-07-12
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Author Binbin Lu, Isabella Gollini, Paul Harris. Martin Charlton,Chris Brunsdon
Maintainer Binbin Lu <lubinbinZZ0@gmail.com>

Depends R (== 2.10.0), maptools (>=(L.5-2)
62 versions
—_—

Description Functions for computing geographically weighted
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License GPL (>=2)
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siod (Brumsdon et al., 7996 kadod: TILT TG, 15384632 19960009 36, 8> some of which g
vided in basic and robust {outher resistant) forms.
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License GPL (== 2)
Repository CRAN
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Date/Publication  2024-07-29 [ 240002 UTC
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GWmodel — the R package
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GWmodel — the R package

» GW models—Big Models

v" The original GWmodel is slow
v" The storage limit in R~2GB~16000*16000

Calibration at location §: .
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PGV < ) )
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GWmodel: High performance GW regression

> Storage efficiency: O (n?)-> O (nm)
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» Parallel computing:

v Multi-core parallel

v" Compute Unified Device Architecture (CUDA)
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GWmodel: High performance GW regression

» Parallel computing strategies
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GWmodel: High performance GW regression

» Parallel computing strategies el /el

< - —>
Low Speed(relative) High
Small A Sample size: (0, 2000] &— #-0—e> Speed(relative)
= Sample size: (2000, 10000] *— - —oo » Speed(relative)
3
&
3 Sample size: (10000, 100000] *— - —o - » Speed(relative)
Large v gample size: (100000, 1000000] . »Speed(relative)

® GWmodel MGWR o FastGWR e GWR-MP ® GWR-CUDA Smtegeaiaal <



GWmodel: bottlenecks...

» The GWmodel R package is becoming popular, but,

v Programming skills with R are required, particualy with a manual of 85

pages in length.

v Memory and computational limits explicitly exist in R, although high-

performance solutions could be applied with specifically configurations.

v Data processing and mapping are always required for GW models.
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GWmodelS: a standalone software
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GWmodelS: a standalone software

! Untitled Project * - GWmodelS - O X
File Layer/Data GWR GWSS GWPCA SWIM About
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. v" Single thread: 15 seconds
v' Multiple threads(3): 9
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select a featme o shov sts moverties. ¥V oW many  threads could

be adopted i1s up to the

configuration of your PC

High-performance solutions are internally incorporated in GWmodelS, and the data
volume could be up to millions



(]
i . - . e
VCLER 0D 2 BEE m o o 3
FRAIEES
~ [FIsLNP G, S
= Cwigin L]
e -
« [ e e T @ [ =
11 -1 L
His -
. L ®
VANz =
[ PR ] L . a " -: -
LFE a - ""_ -
- P -
1= Lssktpin " "‘t' : W o8
- L - - » L3 -
" - - - ey - ]
.y " ']J s " nts A l-.‘ — Ym
I T
L]
,.."‘ ." [ -
LE
[ ] -
# L
L g " at B
. . . 1 = kv e
L . e Pk wpmbal
L s w HHAE O
B -.i. .- i & WORER 515330 aarpd TISDAE . EITEEA 3IIELY 3y
¥ L] b p e i s HOORED. yps  1ever | amuD 1§ * s
. et o ETUMHPTI DIATA Gl Ll 1,1 14171 wis T arma FAnAA
L ]
- .
-
*s - ¥ .
gy g ®
L ‘- i & @
- - - &
- '..I".
¥
- L ™
1]
1 . e
' = &
-
-: [
e -
-

Batch mapping tool: setting all the cartographical parameters as one-off and

producing all the maps accordingly

¥ ' images fipor Opsong

Laondom Homse Price

-,
=

Landom Fnase Price

e
-

o ._‘.r-l.u I.-_',: o .
i e I 2 nd
I B <
5 LS pon
'y SR
UL IR
PLITER L.-}' : -,u,'
g WAKTEnT At ey
fo - 0 | Iru...-.? e A A
LI . o rgls R .
L7 GRS
L P P
& ¥ i
X i P .

Laondom Homse Price

-,
=

i}



» libgwmodel library
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Ending remarks

> A family of GW models: a comprehensively technical framework for modelling
spatial heterogeneities or non-stationarities in geographic variables and their
relationships
v" Descriptive, exploratory, interpretative and predictive analysis
v' Keep evolving with new GW techniques, temporally and spatio-temporally

» GWmodel and GWmodelS
» Keep updating with new functionalities
» New products, e.g. pythoh package and cloud APIs with the C++ library libgwmodel

> More case studies...
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