
J ournal of K or ean
D ata & I nf ormat ion Science S ocie ty
2 002 , Vol. 13, N o.2 pp . 261∼2 70

S patial - T em poral M ode llin g of Ro ad T raffic D at a
in S e oul City

S ang y e ol Le e 1) , S ooh an A hn2 ) , Ch ang y i P ark3 ) an d Jon g w oo
Jeon4 )

A b s tra ct

Recently , the dem an d of th e Int ellig ent T ran sport at ion Sy st em (IT S )
has b een increa sed to a larg e ext ent , an d a real- tim e traffic inform ation
service based on th e intern et sy st em becam e v ery import ant . W h en IT S
companies carry out real- t ime traffic services , th ey fin d som e traffic dat a
missin g , an d u se the conv entional meth od of recon struct in g missing v alu es
by calculating av erage t im e tren d. H ow ev er , the meth od is foun d
un sat isfactory , so that w e dev elop a n ew m ethod based the spatial an d
spatial- t emporal m odels . A cross - v alidat ion t echniqu e show s that th e
spatial- t emporal m odel outperform s th e other s .

K ey w ord s : Intellig ent T ran sport at ion Sy st em (IT S ), spat ial m odel,
spatial- t emporal model, spat ial n eighb orhood stru cture, t im e series m odel,
cros s - v alidat ion m ethod.

1. Introduction

In recent y ear s , the dem an d of the IT S has been rapidly in creased, an d the
t ask of collect in g real- tim e traffic inform ation has becom e crucial in running the
IT S bu sin ess . F or obtainin g accurat e inform ation , IT S companies hav e m ade
effort s for an aly zing the traffic dat a in lines w ith the int ernet bu sin ess . H ow ev er ,
such an effort often ends up w ith undesirable result s . T h e ROT IS , an IT S
company located in th e m etropolit an areas of Seoul city , has been collect in g th e
real- t im e traffic data . T h e dat a con sist s of the inform ation obtain ed through the
b eacon - based infrastru cture at ev ery 15 minutes . It provides cu stom er s w ith u seful
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traffic inform ation via calculat in g th e trav elin g v elocity betw een tw o preassign ed
location s , m easured from the road- side beacon s and probe car s equipped w ith
in - v ehicle m odule. H ow ev er , som e portion s of dat a are foun d missing sin ce the
traffic inform ation s are collect ed only from probe car s .

A simple w ay to solv e the mis sing dat a problem is to u se a t im e trend. F or
illu str at ion , let u s as sum e th at durin g 7:01- 7:15 p .m ., th e tr affic data on A road
is mis sing . In this case, a conv entional m eth od to est im ate the mis sing dat a is to
u se a t im e tren d, calculat ed as th e av erage of ob serv ed past dat a corresponding to
7:01- 7:15 p .m . on A road. An other w ay is to u se the traffic dat a on A road
obtain ed durin g , say , 6:46- 7:00 p.m . and prediction algorithm of fitt ed t im e series
m odel for dat a on A road. A ctu ally , this is the w ay th at th e ROT IS han dles the
problem . H ow ev er , in ut ilizing the m ethod on e u su ally fin ds a large gap betw een
the real an d predicted v alues . T h e neg at iv e result is du e to the fact that the
tr affic flow does n ot alw ay s follow on e patt ern in t ime. In that case, an extra
inform ation sh ould b e t aken for compen sat ion from an other source. T herefore, w e
con sider ut ilizin g th e dat a on other roads to set up m ore sophist icat ed st at ist ical
m odel, especially the dat a on th e neighboring roads . F rom this reasonin g , a spatial
m odel is tak en into con siderat ion . So is the spat ial- temporal m odel since traffic
dat a has a stoch ast ic tr end both in t im e an d space .

T h e spat ial m odels are w idely u sed in m any applicat ion fields . Cliff an d Ord [9]
sug gested th e spat ial autoregressiv e, m oving av erage an d regres siv e m odel and
analy zed th e dat a Casett i an d Semple [5]. Ali [2] analy zed the ST AR (spat ial
t emporal auto- regres sion ) process w ith unit spatial order . P feifer and Deut sch
[12], [13] an d Deut sch an d Pfeifer [14] ext en ded th e ST AR model to the
ST ARMA (spat ial t emporal auto- regressiv e moving av erag e) m odel. See also Nui
and T iao [11], Cressie an d M ajure [7] an d Hu ang and Cres sie [10].

T his paper is org anized as follow s . In Section 2, w e introduce a spat ial m odel
w ith cert ain spatial neighborhood structure suit able for tr affic dat a . Based on this ,
w e also introduce a spatial- t emporal m odel, and dev elop a predict ion procedure. In
Section 3, w e compare six predict ion procedures through real data analy sis . T hey
are the procedures u sin g th e av erage t im e tren d, th e t ime series m odel, the spat ial
m odel, an d the spat ial- t emporal m odel. T he dat a u sed here is the traffic v elocity
dat a at Gan gn am - Gu , a dow ntow n area of Seoul city w ith 64 link s . It is show n
that the m ethod based on spat ial- temporal model outperform s the oth er m ethods .

2 . Pre diction of m is s in g dat a

Before w e proceed, w e introdu ce som e notation s and termin ologies origin at ed
from the tran sportat ion engin eerin g (cf. Bank s [3]). A crossroad is called a node
and is giv en a unique id number . A road betw een tw o contigu ou s nodes is called
a link . It is import ant to notice that there are tw o link s betw een contigu ou s nodes .
F or ex ample, for n odes A an d B , there is the link from A to B (A - B link ) an d
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the one from B to A (B - A link ). In th e meantim e, w e define N i at link i as th e

family of n eighborin g link s either throu gh w hich car s can reach the link i or
w hich on e can reach through the link i. Ev eryt ime th ey pas s a link , probe car s
send the control cent er a v elocity dat a . N ow let X i ( t) , i=1,…, L , t =1,…, J , denote

the ob serv ed v elocity (km/ h ) data at link i and tim e t. In our an aly sis , w e

con sider the m ean - adju st ed r .v .' s
Y i ( t) = X i( t) - i ( t) , i=1,… L ,, t=1,…, J , (1)

w here i( t) is th e tim e tren d at link i t ime t.

2 .1 S p atial m odel

2 .1 .1 F irs t order N e ig hb orh o od s tru c tu re

F or t=1,…,96, w e con sider th e spatial m odel:

Y i( t) =
j N i

c 1
i , j (

1( t) ) Y j ( t) + i ( t) , i = 1,… , L , (2)

cf . Cressie [6]) w here { i( t) , i = 1 , , L } is a family of independent r .v . ' s

w ith mean 0 and v arian ce 2 . Note that c 1
i , j (

1( t) ) , w hich are the spat ial

dependen ce parameter , can be defined as the (i,j )- th component of the symm etric

L L matrix C 1( 1( t) ) :

C 1( 1( t) ) = 1
1( t) C 1

1 + 1
2 ( t) C 1

2 + 1
3 ( t) C 1

3 , (3)

w here 1( t) = ( 1
1 ( t) , 1

2 ( t) , 1
3 ( t) ) ' an d the (i,j )- th elem ent of C 1

1 , C 1
2 , C 1

3 is as

follow s :

( C 1
1) i , j = {

1

0

if i and j are linked by g oing straight

o.w.

( C 1
2 ) i , j = {

1

0

if i an d j are linked by turning to th e right

o.w. (4)

263



San gy eol Lee·Soohan Ahn·Ch angyi Park an d Jong w oo Jeon

( C 1
3 ) i , j = {

1

0

if i an d j are linked by turning to th e left

o.w.

T h en , w e can w rit e

[I - C 1( 1( t) ) ]Y (t ) = (t ) (5)
w here Y (t ) = (Y1 (t ),…,YL (t)) ' and (t) = ( 1 (t),…, L (t )) ' .

2 .1 .2 S e c on d order N eig h b orh o o d s tru cture

Here w e con sider the spatial m odel for each t im e t :

Y i ( t) =
j

c2
i , j (

2 ( t) ) Y j ( t) + i ( t) , i = 1,… , L , (6)

w here { i( t) ; i = 1,… , L } is a family of in dependent r .v .' s w ith m ean 0 an d

v arian ce 2 , and c 2
i , j (

2( t) ) is th e (i,j )- th compon ent of the follow in g

symmetric L L m atrix :

C 2 ( 2 ( t) ) C 2 ( 2 ( t) ) =
9

k = 1

2
k ( t) C 2 ,

k (7)

w here 2 ( t) = ( 2
1 ( t) , … , 2

9 ( t) ) ' and the (i,j )- th elem ent of the symm etric

m atrices C 2
1 , , C 2

9 are defin ed a s follow s :

( C 2
1) i , j = {

1

0

if i an d j are link ed by g oing straight

o.w.

( C 2
2 ) i , j = {

1

0

if i an d j are link ed by turnin g to the right

o.w. (8)

( C 2
3 ) i , j = {

1

0

if i an d j are link ed by turnin g to the left

o.w.

( C 2
4 ) i , j = {

1

0

if i an d j are link ed by g oing straight tw ice

o.w.
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( C 2
5 ) i , j = {

1

0

if i an d j are linked by turning to the right and on e- t im e

g oing strait

o.w.

( C 2
6 ) i , j = {

1

0

if i an d j are link ed by turnin g to the left an d then goin g

straight

o.w.

( C 2
7 ) i , j = {

1

0

if i and j are linked by turnin g to th e right and then turning

to the left

o.w.

( C 2
8 ) i , j = {

1

0

if i an d j are link ed by turnin g to the right tw ice

o.w.

( C 2
9 ) i , j = {

1

0

if i an d j are link ed by turnin g to the left tw ice

o.w.

T h en , w e obtain

[I - C 2 ( 2 ( t) ) ]Y (t) = (t) (9)
w here Y (t) = (Y1 (t), ,YL (t )) ' an d (t ) = ( 1 (t ), , L (t)) '

2 .1 .3 P aram e ter e s tim at ion an d pre dic t ion

T h e est imator s v( t) of , v( t) v=1, 2, are obtain ed as the ones th at minimize
the error sum of squ ares , th at is ,

v( t) = argmin Y ' (t)[I - C ( v ( t) ) ] ' [I - C ( v ( t) ) ]Y (t )
(10)

If w e set N 1 = 3 an d N 2 = 9 , it follow s that

v
( t) = (A v ) - 1 bv , v=1,2, (11)

w here A v is an N v N v m atrix and it s (l,m )- th compon ent is

Y ' ( t)( C v
l ) ' ( C v

m ) Y ( t) an d

bv = ( b v
1 , … , bv

N v
) ' , b v

k = Y ' ( t)( C v
k) ' Y ( t) , k = 1,… , N v , v = 1,2 .
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Now let u s con sider the case that data missing occur s . Let M den ote the set

of link s w h ere the dat a is missin g , and let Y ( M ) ( t) den ote the v ector of

ob serv ed dat a only . T hen , t aken into con sideration Y ( M ) ( t) , redefine the m atrix

C v , v = 1, 2 , in Equation s (3) and (7), an d the m atrices

C v
k , k = 1,… , N v , v = 1, 2 , in Equ ation s (4) an d (8). T hat is , if i M , then w e

rem ov e the i- th column an d row from th e m atrices C v 's an d C v '
k s. Denote th em

by C v , M an d C v , M
k , k = 1,… , N v , v = 1, 2 , an d find the est im ator s

v ( M )
by

minimizin g the error sum of squares :

v ( M )
=argmin ( Y ( M ) ( t) ) ' ( I - C v ,M ) ' ( I - C v ,M ) Y ( M ) ( t) (12)

F inally , w e predict the missing data X i ( t) of the link i M as follow s :

X i
v , S

( t) = i ( t) +
j M ,j N i

c v
i , j (

v ( M )
( t) ) Y j ( t) , v = 1, 2 . (13)

2 .2 S p at ia l - t em poral m o del

In this sub section , w e con sider the spat ial- temporal m odel:

Z v
i ( t) = Y i ( t) -

j N i

c v
i , j (

v ( t) ) Y i ( t) ,

Z v
i ( t) -

p

l = 1

v
i , lZ

v
i ( t - l) = i ( t) +

q

m = 1

v
i , m

v
i ( t - m ) , v = 1, 2 (14)

w here {Z v
i ( t) } are indepen dent of {Z v

j ( t) } for j i, and

{ v
i ( t) , t = 1, 2 ,… , J }, a family of i.i.d. r .v . ' s w ith the m ean 0 and v arian ce ( v

i ) 2 ,

are in dependent of { v
j ( t) , t = 1, 2 ,… , J } for j i. W e call Z i( t) th e spat ial

r esidual of link i at t im e t.

Note that the fir st equ at ion in (14) is the spat ial m odel con sidered in Section
2.1 an d the secon d equ at ion form s a st at ionary ARMA ( p , q) t im e series m odel.
T he m odel in dicat es that the spat ial r esiduals obt ained aft er removing the effect s
of neighboring link s st ill hav e a correlat ion , but only in tim e n ot in space. F or
est im atin g the param eter s , w e u se a sort of the plu g - in m ethod. T hat is , w e
adju st th e m odel in (14) as follow s :
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Z v *
i ( t) = Y i ( t) -

j N i

c v
i , j (

v ( t) ) Y i( t) ,

Z v *
i ( t) -

p

l = 1

v
i , lZ

v *
i ( t - l) = i ( t) +

q

m = 1

v
i , m

v
i ( t - m ) , v = 1,2 (15)

w here v ( t) is the on e defined in Equation (11). In han dlin g missing v alu es ,

w e replace v ( t) by v ( M )
( t) defin ed in Equ ation (12).

F or each link , w e det ermin e th e order s p an d q u sing spat ial r esidu als

{Z v *
i ( t) , t = 1, 2 , ¨ ,J } defin ed in Equ ation (15) based on Akaike ' s Inform ation

Criterion (AIC). T hat is , w e con sider ARMA (p , q) m odels , p , q = 1, … , 6 , at each

link an d choose the ARMA (p v ,
i q v

i ) m odel w hich has th e sm allest A IC v alu e

among those m odels . Once w e choose an optim al m odel, w e can est im ate the
param eter s ' s , ' s an d ' s based on the least squares m eth od.

Now , in predict ion of missing v alues w e u se the Kalm an filt er alg orithm . F or
this , w e need a form of a st at e space m odel for the secon d equ at ion of M odel (15)
(cf . H arv ey [1]). T hen , similarly to (13), w e can predict mis sin g dat a . T he det ails
are omit t ed for brevity .

3 . D at a A n aly s is

From the y ear 1998, the ROT IS has been collect in g the real- t im e traffic
inform ation s in Seoul m etropolit an areas u sin g about 15,000 link s through the
b eacon - based infrastructure . At present , about 5 million number of data are
g athered ev ery day . In this

section , w e compare our proposed predict ion procedure w ith th ose b ased on th e
t ime trend m eth od and tim e series analy sis . F or the comparison , w e con sider only
dat a ob serv ed in th e 64 link s of the Gangnam - Gu area in Seoul from F ebruary 7
to F ebru ary 28 in 2001 y ear ex cept Saturday s an d Sun day s , 16 day s in tot al. W e
fir st obtain the t im e trend i( t) in E qu ation (1) and th e t ime series param eter s

in Section 2.2 for each link u sing dat a .

' s an d ' s an d 2 's
A . A v erag e t im e tren d m o del

T his model predict s X i( t) only u sing i( t) of dat a obtain ed at link i an d

time t.
T . T im e s erie s m odel
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F or each link i , w e choose an optim al A RMA ( p , q) m odel out of the
A RMA m odels w ith p , q = 0 ,… ,6 , for {Y i ( t) } , i = 1,… , L , w here

{Y i ( t) } is defin ed in Equation (1). If Y i ( t|t - 1) is th e one- st ep predictor ,

the predict ed v alu e X i
T

( t) of X i ( t) is giv en as follow s (cf. H arv ey [1]):

X i
T

( t) = i( t) + Y i ( t| t - 1) . (16)

S 1. S patial m odel w ith th e f irs t order n e ig h b orh o o d s tru cture
W e predict th e missin g dat a u sing spatial m odel w ith the fir st order

n eighb orhood structure in Sect ion 2.1. T h e predictor is X i
1 , S

( t) as in

Section 2.1.

S2. S patial m odel w ith th e s e c on d orde r n e ig hb orh oo d s tru cture
W e predict th e missing dat a u sin g spatial m odel w ith th e secon d order

n eighb orhood structure in Section 2.1. T he predictor is X i
2 , S

( t) as in

Section 2.1.
ST 1. S p at ia l - t em poral m o del w ith th e f irs t order n e ig h b orh o od s tru c tu re

W e predict th e mis sing data u sin g spat ial- t im e m odel w ith th e fir st order

n eighb orhood structure in Sect ion 2.2. T h e predictor is X i
1 , S T

( t)

a s in Sect ion 2.2.
ST 2. S p at ia l - t em poral m o del w ith th e s e c on d order n e ig h b orh o o d s tru cture

W e predict th e mis sing dat a u sing spatial- t ime m odel w ith the second
order neighborhood structure in Section 2.2. W e den ote the predictor by

X i
2 , S T

( t) .

A T S 1 ST 1 S2 ST 2

CRV 7.24 7.13 6.84 6.78 6.24 6.19

rat io of CRV (% ) 100 98.6 94.5 93.7 86.3 85.5

T able1.: Comparison of cross - V alidation st atist ics of 6 m odels

F or the comparison , w e u se th e cross - v alidation t echnique for th e abov e 6
m odels . If w e let X i , d ( t) , i = 1,… , 64 , t = 1,… , 96 , d = 1, … , 16 , be th e

ob serv ation at t t im e and i link on d - th day , th e cros s - v alidat ion is
implem ented by removing the dat a X i , d ( t) an d predict ing it from th e rem aining

dat a . H ere w e u se the cros s - v alidat ion st at ist ics (CRV ) in Huan g an d Cressie [10]
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a s follow s :

CR V L , i = 1
16

d = 1
|M i , d |

16

d = 1

96

t = 1, t M i , d

[X i , d ( t) - X d
( - i , - t)

] 2

1
2

, (17)

CR V = 1
16

d = 1

64

i = 1
|M i , d |

16

d = 1

64

i = 1

96

t = 1 , t M i , d

[ X i , d ( t) - X d
( - i , - t)

] 2

1
2

(18)

w here X d
( - i , - t)

denotes the predictor of X i , d ( t) by rem ovin g X i , d ( t) and

M i , d , |M i , d | ar e th e set of tim es w h en ob serv ation s are not missin g at link i on

d - th day an d the number of elem ent s of M i , d , r espectiv ely .

In T able 1, w e summ arized the CRV v alues of all those m ethods and the
rat ios of the CRV of each m ethod to that of M ethod A . T able 1 show s that the
spat ial- t emporal model u sin g the second order n eighb orhood stru cture, is bett er
than the oth er s . In av erag e, th ere w as about 14% improv em ent in CRV w hen
u sing the spat ial- t emporal approach w ith second order n eighb orhood stru cture.
T his strongly recommends to u se a spat ial- temporal m odel for h andling missin g
v alu es .

4 . Conclu din g Rem ark s

In this paper , w e proposed an algorithm u sing the spat ial- temporal m odel to
recon stru ct th e missin g v alues . A significant improv em ent in CRV w as seen in
u sing the spat ial model compared w ith a t im e series m odel. A s w e can see in
Section 3, the spatial- t emporal m odel outperform s the pure spat ial m odel, but the
differen ce of improv em ent in CRV betw een tw o models is n ot rem arkable. T his
indicat es that spatial effect s dominate t emporal effect s in our tr affic data analy sis ,
and the con cept of spatial m odelin g should be t aken into con sideration . T o our
know ledge, our w ork is the fir st at tempt to u se spat ial- t emporal m odel in IT S
relat ed fields in Korea . W e believ e that th e result obt ain ed here giv es a
funct ional tool to solv e the missing v alue problem .

A ckn o w le dg em en t s . W e are grateful t o the ROT IS Inc. for providing dat a
and relev ant tr affic inform ation s . W e also w ish to th ank th e editor and the tw o
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(KRF - 99- 042- D0021 D1200).
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