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Abstract : This paper presents an effective model for analyzing
dynamic urban network O-D distributions. The proposed model
incorporates signal effects on the computation of travel time variability
and thus is capable of providing realistic estimation of time-varying O-D
distributions in urban signalized networks. To accommodate the variation
of traffic sensor density and distribution in various networks. this paper
has discussed the flexibilitv of constructing intersection-based cordonlines
under the available surveillance svstem. With the additional constraints
constructed from observed cordonline and intersection flows, the proposed
method substantially increases the observability of a dvnamic O-D system.
and vields significantly improved results.

1. INTRODUCTION

As the estimation of time-varying O-D distributions at different
aggregation levels provides a direct and cost-economic way for
understanding urban traffic flow patterns. it has considerable number of
methods for O-D estimation has been reported in the literature. Depending
on whether a dvnamic traffic assignment model is needed or not, one may
classifyv all such studies into assignment-based and non-assignment-based
methods.

Methods in frist category are based on the assumption that a reliable
descriptive dynamic model for network flow assignment is available for
generating the link flow usage pattern. To circumvent the need or
oxtensive data. some researchers have dJeveloped revised modeiling
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procedures.

With respect to the non-assignment-based methods, their key features lie
in the direct estimation of O-D parameters from time-series measurements
of network input-output and link flows, without applying dynamic traffic
assignment matrices and any prior O-D information. To date. most
literatures in this category discussed the O-D estimation only for a single
intersection or a small freeway segment. Dynamic O-D estimation for an
urban network has not yet been addressed.

The core concept of such dynamic O-D estimation models was originally
proposed by Cremer and Keller(1981) and Cremer(1983) for id&ntifying
turning flows from traffic counts at complex intersections. To improve the
system observability for a network in which each O-D pair may distribute
along several routes, Chang and Wu(1996) have further revised their
model to include constraints established from dynamic screenline flows.
As each urban network may exist numerous independent screenlines. one
can establish sufficient constraints for O-D parameters and thus obtain a
reliable estimate for time-varying O-D patterns.

The purpose of this study is to extend the work by Chang and Wu(1996) to
signalized networks. The proposed model has the following distinct
features:

* Utilization of dynamic constraints established from the cordonline
flows- to increase the system observability without additional
surveillance systems.

* No need to rely on any prior O-D information and a dynamic assignment model.

* Incorporation of the signal effects on travel time variability.

* Computationally efficient for potential applications in large-scale networks.

2. MODEL FORMULATION WITH THE CORDONLINE FLOWS

Consider a network of N nodes, where any node can be either an origin. a
destination, or both. The interrelations between its dynamic O-D patterns
and resulting link flows can best be described with the following equation.

v, (kEY ipj’(’k)x;(k—m)=_v_,('k)=i Zp,‘b,(k—mlf[‘ (k —m) (1)

=2
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Eqn(l) is subjected to two natural constrains:

J
> b, (k)=1 i=12,..,]1
Jj=1

b,(k)=0 i=1,2, ... L j=12. ...

y,(k) : the number of vehicle trips arriving at destination node j during interval k;

X, (k) - O-D vehicle trips from origin node i to destination node j during time interval k;
b, (k) : the proportion of demand q(k) heading toward destination node j during interval k;
g.(k) : the number of vehicle trips generated from origin node i during interval k;

o (k) : the fraction of x,(k-m) trips arriving at destination node j during interval k;

[ - the number of origin nodes;
J - the number of destination nodes;
M: the maximum number of time lags

Both p;"(k) and are unknown parameters to be estimated. Such a dynamic

interrelation represents the fact that venicles arriving at the same
destination during the same time interval may come from either the same
origin but different departure times. or different origins and different
starting intervals due to the discrepancy in their selections of route and
travel speed.

Assuming that a basic surveillance system for traffic counts is available in
a network, the directly obtainable information for dynamic O-D estimation
this includes:

* The time-varving input flows arriving at each network entry or trip generation node {q, ('k)} ;

* The time-varving flows arriving at each network exit or destination node ty(k)} :and

* The time-varving link flow rate and intersection vehicle arrival as well as departure rates.

Clearly, each observable set of flows, regardless of the differences in
location(e.g., entry, exit, or link), constitutes a set of dynamic constraints
for Eqn(1). Hence, one can perform an estimation of the dynamic network
O-D patterns with a sufficient number of such constraints. Unfortunately,
using only the information from link and node flows as constraints. Eqn(1)
is certainly underdetermined. and its resulting solution may not be unique
and stable. To increase such a syvstem observability and stability. without
incurring additional costs for surveillance. Chang and Wu(1993) have
proposed the use of the dynamic screenline concept to increase the model
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constraints. Along the same direction, in this study, We have introduced
the cordonline concept, a special type of screenline, to further capture the
dynamic interactions between the network flows and their O-D patterns.

2.1 Cordonline Formulations for Signalized Networks

A cordonline is defined as a hypothetical closed curve that intersects with
a set of links, and divides the network into two parts: inside and outside
the encircled subnetworks. For convenience of presentation, the
cordonlines are so selected as to satisfy the following assumptions: trips
originating from the encircled subnetwork and destined to the outside
subnetwork will have only one crossing over the cordonline. and no trip
will cross the same cordonline more than twice. Each cordonline thus
contains two sets of dynamic flow information(i.e., from inside to outside
of the encircled subnetwork and from the opposite direction) for
developments of constraints for Ecn (1).
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Figure 1. A graphical illustration of a cordonline

To facilitate the presentation, the notation for all variables involved in
constructing such constraints is defined below. To compress the notation.

¢ for a given cordonline is eliminated in the following illustration. and the
remaining variables are defined below:

O, the set of origin nodes not within the cordoniine.

0. 1 the ser of origin nodes within the cordoniine:
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D, : the set of destination nodes not within the cordonline;

D, : the set of destination nodes within the cordonline;

k - time interval index;

1"~ (k) : the total cordenline flows moving into the encircled subnetwork during time K
(see figure 2);

1" (k) : the total cordonline flows moving out of the encircled subnetwork during time k:

Vll' (k) - partof v (k) coming fromO, and destined to D, (see Figure 2):

v (k) partof 1"+ (k) coming from O, which have crossed the cordonline and destined to D,
(see Figure 2);
Vl’(k) - part of ¥ (k) coming from O; and destined to D, (see Figure 2):
5 (k) : partof ¥~ (k) coming from O, which have crossed the cordonline and destined to D,
(see Figure 2);
Pity (k) - the fraction of X (k- m) trips which arrive at cordinlin ¢ during interval k:
alk) : fraction of :’ («) which will have experienced the second crossing over the same

cordonline during time interval k.
Blk) - fractionof g; (&) which will arrive at a cordinline encircling node j during ime interval k.
S. - a subnetwork encircled by the cirdonline;
S. - the set of link detector stations. viewed as nodes and used to constitute a hvpothetical cordinlie:
5

- a cordinline-associated network, consisting of nodes in S, and S,

With the above definitions, the observable flows. 1"~ (k) and 17 (k), for

cordinline | are the sums of the following two components(see Figure 2):

ve(k)=V" (k) =V (k) (2)

volk)=V, (k) + V< (k) (3)
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Cordenline

€

Figure 2. A graphical illustration of a cordonline flows

(k) and 7 (k) can further be expressed as:

A EDINDY ip,; (k) x, (k = m)

€0, =D, m=

=Y 3 >0 W)b,k-m)q,(k-m) "

s
20,

=Y S S o) x, (k-m)

=2 2 gpll(/‘)bl,(k-m)q;(k—M) (5)

As all flows in are from flow V:(k-m) with a time lag m(see Figure 2).

Thus, the interrefation and can be expressed as foilows:
P = I T =) - ) (6)

where f is a runction. If the cordonline covers a relatively small
subnetwork. then most trips in V= (x) will come from 7 (k) and e )

Thus, the above equation can be simplified as
Volk) = alk )V (k)=[1-alk - )37 (k-1) (7

where  alkj is the fraction of J7(k) having the second Crossing over ine

cordonline during time interval k. Based on Eqns (4). (3 and (7). ws can
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construct the following relations between cordonline flows and OD
patterns:

alk)V (k) +[1-alk 1))V (k-1)-V"(k)=
S 5 S lalkhos ()~ - alie =l (e~ Dl e = m)b (k-

-2 2 Y p;(k)q,(k—m)b,(k - m) (8)

If the fraction parameters f{a(¢)} and {p:(k)} are known, Eqn (8) can be

used to estimate OD parameters along with Eqn(1).

Note that with a relatively long time interval, most trips in 7 (:) may
have their second crossings over the same cordonline during the same time
interval k, and {a(k)} can thus be approximated to one. Consequently,
Eqn(8) can be simplified as:

PO 5 5 Ao 5 5 e eo)o, ()0

o Puy
1

Note that one may assume the set of parameters {e(k)} to remain constant
over the peak period and perform the estimation with the above derived
constraints. However. parameters {a(k)} in some scenarios may be time-
varving and thus need to be computed. The computation of {a(k)} is not
straight forward as it needs the unobservable flows {V;(A)} and {i':_(a-)} To
solve this issue. We propose a two-stage estimation process. At the first
stage. one can estimate flows {l-(k)} and {i':_(;-')} with our proposed O-D
estimation method on a small dubnetwork encircled by the cordinline. and
compute the parameters 'a{k)}. The estimated results from the first stage
vill then be used in the second stage along with Eqn(8) for estimation of
the entire network O-D pattern.

More specificallv, with the cordinline introduced in the :xample network

isee Figure 1) the subnetwork encircled by the cordoniine consists of twd

Journal of the Eastern Asia Society for Transportation Studies, Vol.3, No.5, September, 1999



220
Dong-Sun KIM and Kyung Soo CHON

sets of nodes: intersections within the cordonline and the link detector
stations on the cordinline. Those flow counting stations are viewed as
entry or (and) exit nodes of the subnetwork. Let S and S, represent
these two sets of nodes, respectively. One may select a subnetwork which
contains only a small number of § nodes. The O-D estimation for such a

small network § and its sensitivity is available elsewhere(Chang and Tao,
1996).

Let ¢/(k) and yj(k) denote the node entry flows and exit flows,
respectively, for subnetwork S, and x‘_,(k) represent the O-D flows from
node i to node j estimated from subnetwork S. Thus, J"7(x). }(x) and

VS (x) can be computed as

Vo(k)=>q,(k) =Z inj(k)

165

VI-(k):Z Zx.'j(k)

165y &5

=Z le’_j(k) (10)

Likewise. V(). }7 (k) and ¥ () can be obtained with the following

€Xpressions:

FR)=Zy )= T T le-me)

~
I
=
SN—
I
5.1
it
=
~
I
=
i)
!
=
=
[,

2.2 Formulations for Node-specific Cordonlines

Now consider a special type of cordonline which encircles oniv one
destination node. In such a case, the model can be retformulated more
compactly, and the estimation will be more erficient.

For a cordoniine enciciing oniy one destination node. ienoted as j, flows
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{1"1_(/.-)} can be expressed as
VoK)= Bk) q,(k) = (1- Bk)) q,(k 1) (12)

where p(x) is the fraction of qj(a-) which arrive at the cordonline during

time k. The procedures for computation of {B(:)} are similar to those for

estimating {g(k)} . Let
Z (k)= alk)V-(6)+[i-alk - (k=1)-7" (k)= Blk)q, (k)+ 1= Bk - D,k -1) (1)

then, Eqn(8) can be rewritten as
2 0)=3 3 etk ()1~ alk = oz (k= 1)] g (= m)e, (k= m) (14)

To compress the notation, let

B (k)=(b, (k). b, (k), ... b (k)f

?[a<k’)p:,,<k‘>-—(1—a(k—1i>)p::i‘<.'k—1i>]q|(k—m)7
O (k)=| SRR (15)

|

k) (k) (1-alk-1) o (k1) gk =m) |

\ i
N - /

Thus. Eqn(14) can be expressed compactly as

Z (k)=3 B (k-m) Q7 (k) (16)

m=0

Note that Eqn(16), for the relation between O-D parameter {b(a)} and

cordonline flows. provides a set of effective constraints for use in the O-
D estimation. As each set of constraints from Eqn(l6), based on
speciallv-designed cordonlines with each encirciing onlv one destination
node. involves relativelv few unknown parameters, it will certainiy
contribute significantly to the improvement or sstimation accuracy

3. AN ILLUSTRATIVE EXAMPLE

Journal of the Eastern Asia Society for Transportation Studies, Vol.3, No.5, September, 1999



222
Dong-Sun KIM and Kyung Soo CHON

This section presents some numerical results with the proposed models. As
none of the existing traffic simulation models is capable of tracking
individual vehicle routes at the microscopic level, We have to employ a
time-consuming way of tracking vehicles by placing detectors extensively
in the entire network and simulate the system with TRAF-
METSIM(FHWA, 1992).The experiment consists of three scenarios. The
results of scenario-1, based only on entry and exit flows, are with the
method in the literature. In scenario-2, two cordinlines, each surrounding
only one destination node, are introduced. Dynamic flow information in
those two cordonlines is used along with the entry and exit flows for
estimation. In scenario-3, two additional cordonlines. each encircling two
destination nodes are selected to evaluate their compound effects on the
dynamic O-D estimation.

3.1 Example Network Design

The example network, shown in Figure 3, has two entry links, denoted as

) ¢ 1 1 C ¢ I ¢ £
AP and four exit links, denoted as Lor Teg fus foye Fot

/

59. 7610 AEE

convenience of computation, those trips exiting from links, ¢

assumed to destine to nodes 5, 6 respectively. Thus, the network has two
origin nodes and four destination nodes. There are two entry streams,
4,.q. at nodes 1, 2 and four exit streams, v_. vy

< y.. V. at nodes 35, 6, 7.

6 7 8
8. Since each entry stream can reach anv exit node, there exists up to the

folliwing 8 O-D parametes:
Note that to realistically represent the urban network condition, nodes 3.
6. 7. 8 are designed to be pretimed signalized intersections.

3.2 Data Set Generation

As NETSIM only takes entrv volum

e
intersections rather than O-D fiows for its input. up 10 1) sers of dirferent
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entry volumes @l(a) Vz(k)} and turning fractions have been specified,

where k=1, 1, ..., 10 represents the time interval index. Each time interval

is 2 minute. The entry volumes, {ll(k) I(A)} were generated randomly

and shown in Table 1. The actual O-D splits for each time interval were
identified with loop detectors, and shown in Table 2. As a large portion of
O-D trips need more than one time interval to reach their destination
nodes, the actual O-D splits for the last time interval is unobtainable.

3.3 Experimental Design

All data involved in each of the following three scenarios are summarized
below:

Scenario-1:
* Entry flows from nodes 1. 2:
o Exit flows from nodes 5, 6, 7, 8
Scenario-2:
* Entry flows from nodes 1. 2;
e Exit flows from nodes 5, 6, 7, 8
+ Cordonline flows from two node-specific cordonlines ¢ . .,
(see Figure 4).
Scenario-3:
* Entry flows from nodes 1. 2;
* Exit flows from nodes 5, 6, 7, 8
* Cordonline flows trom four cordonlines £ . 7, /. A,
(see Figure 3).

©)
O S O

D)

g

Figure 3. A graphical iilustration of tae 2xampie nerwork
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Table 1. The Time-Series of Entry Volumes Generated Randomly for
NETSIM Simulation

K it 2 3 4 S 6 7 8 9 ! 10
vi(k) 900 903 911 907 901 899 896 902 909 ! 913
v.(k) 703 712 722 709 718 707 704 726 728 iL 701

Table 2. The Actual O-D Splits for Each Time I[nterval
K | by s L b, [ b, - | LI
1 0.241 0.253 0.265 0.242
2 0.290 0.221 0.285 0.204
3 0.241 0.229 0.252 0.278
4 0.259 0:255 0.270 0.216
5 0.321 0.261 0.261 0.157
6 0.252 0.252 0.252 0.244
7/ 0.267 0.279 0.232 0,222
8 0.268 0.195 0.305 0.233
L 0279 0.279 0.232 0.211
Table 2. (Continue)
K | b s I b, , | b, i b. ;
1 0.202 0.261 0.306 0.251
2 0.238 0.253 0.242 0.267
5 0.253 0.224 0.255 0.268
4 0.327 0.195 0.254 0.224
5 0.242 0.169 0.562 R
6 0.328 0.268 0.181 0.223
7 0.261 0.246 0.247 0.246
3 0.268 0.163 0.328 0.239
9 0.528 0.134 03115 9223
In scenario-2, cordonlines 7 . ¢. are node-based and are used to capture

the node specific information, such as trip time variances from origin
nodes to the destination nodes 5. 6. Hence. it is expected that the
estimated O-D splits for trips destined to nodes 5, 6 be more accurate
when these two cordonlines are introduced. In Scenario-3. all estimated
O-D splits are expected to be improved with those tfour speciallv-designed
cordinlines.

As the focus of this paper is on the modelling concept rather than the
effectiveness of various estimation algorithms. We simple apply the
Kalman-filtering approach in all three scenarios. To reduce the
computation work., the state equation is assumed o foilow an
autoregression process:
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b,(k)=rb,(k=1)= ...~ r"b,(k—m)+wlk)

where w(k) is an input vector of random white noise terms with zero
means and known covariances. The parameters m and r are chosen to be Z
and 0.4 respectively, based on the results of exploratory analyses.

Note that to estimate the dynamic O-D matrices for urban networks, one
needs to specify a set of unknown parameters, pvj',"(a—) and P (c) to capture

the travel time variability. To focus this study on the impacts of
screenline information on O-D estimation, We take the travel time

information as given, and compute all those parameters p;'('fc') and p",’()

with the trip times identified from a surveillance system in simulation. In
reality, the distribution of O-D trip times may be estimated with the link
travel time information, depending the available surveillance system.

In this example, the initial variances of all b:](c) are set to be 0.001, and

the initial values of b”(k) are set as follows:

=0.20
= 0.20

b, =0.30 by, = 0.20 b. -
0.10 b- -

]
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n
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|

(o
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|
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(o
o
O
]

In scenario two and three, the dvnamic O-D estimation as discussed in

Section 2 needs the values of flows V7 (k) and F7 (¢) for each cordonline.
In this example, We compute flows F7 (k) and F7[(x) for each cordonlines

with existing methods for turning fraction estimation.

Using rooted-mean-squared(RMS) errors as a criterion. the comparison
results between scenarios one and two. and between one and three. are
reported in Tables 3 and 4. As expected. with two one-node cordinlines
has vielded a better estimation results than scenario-1 on any O-D pair.
Scenario-3 that emploves additional four cordonlines has achieved the best
estimation results. Compared to scenario-1. the improvement on some O-D
pairs has been up to 16%. Overall. it has achieved an average of 9 4%
improvements over scenario-1. Hence. the contribution ot such cordonliines
in capturing the dynamics of the time-varying O-D distribution is certainly
invaluable.
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Figute 3 Four cordonlines introduced in scenario -3

4. CONCLUSIONS
This paper has presented an etfective model for estimation of dvnamic O-
D distributions in urban networks. The proposed methodoiogy offers the
flexibilitv o construct various system constraints rom observed
cordonline and intersection flows. and allows traffic operations to rake
fui! advantage of the available surveillance system. As :he formuiations
:ake iato account the effects of signal delay on the dvnamic O-D
iistribution. it has the potential 10 de applied in urban nerworks,

Due 10 the lack or available simulation models o track individual network

vehicles ar the microscopic level in the current transper:ation fieid. We
ire 10t 12ie o conduct comprehensive 2valuarion 97 1 proposad model
with vatious urban aetwerks Or reaiisiic iz vever., soth rhe

Journal of the Eastern Asia Society for Transportation Studies, Vol.3, No.5, September, 1999



227
A Dynamic O-D Estimation Model for Urban Networks

mathematical formulations and the results of example analysis have shown
the promising properties of a proposed method.

The authors fully recognize that much remains to be done to have a
reliable dynamic O-D system for efficient use in practice. Grounded .on
this step of advance We will further pursue the research on some critical
aspects, such as the development of an efficient decomposition algorithms
for real time applications, and the estimation of time-varying trip time
under a network of sparsely deployed surveillance systems.

Table 3. Comparison of RMS between Scenario-1 and Scenario-2

[ Scenario-1 Scenario-2 Imptovement
bl.5 0.0306 0.0295 3.7%
bl.6 0.0348 00301 15.6%
2.5 0.0411 i 0.0397 3.5%
b2.6 l 0.0407 I 0.0372 9.4%

Table 4. Comparison of RMS between Scenario-1 and Scenario-3

i Scenario-1 ! Scenario-3 ! Imptovement
bl.5 0.0306 0.0288 6.3%
bl.6 0.0348 0.0300 16.0%
bl.” 0.0351 0.0303 15.8%
bl.8 0.0402 0.0389 3.3%
b2.5 0.0411 0.0378 8.7%
b2.6 0.0407 0.0381 6.8%
b2.7 0.0384 0.0333 14.6%
b2.8 ] 0.0422 0.0406 3.9%
overall | 0.0379 % 0.0348 ‘ 9.7%
ACKNOWLEDGEMENTS

Funding for this research was prbvided by
University of Daejin, Korea.

REFERENCES

Ashok K. and M. E. Ben-Akiva (1993). Dyvnamic origin-destination matrix
estimation and prediction for real-time traffic management systems.
In - Proc. 12th Int. Sump. on Transp. and Traffic Theory. pp
163-184_ Elsevier Science Publishing Company, Inc..

Bell M. G. H. (1991). The real time estimation of origin-destination flows in the
presence of platoon dispersion. Transpn. Res.25B. 115-125

Cascetta E.. D Inaudi and G. Marquis(1993}. Dvnamic estimators 21
origin-destination matrices using rraffic counts. Transpn. Sci.. Vol

Journal of the Eastern Asia Society for Transportation Studies, Vol.3, No.S, September, 1999



228
Dong-Sun KIM and Kyung Soo CHON

27, No. 4, 363-373.

Cascetta E. and S. Nguyen (1988) A unified framework for estimating or updating
origin/destination matrices from traffic counts. Transpn. Res., 22B,
437-455.

Chang G. L. and J. Wu (1996). Estimation of dvnamic network O-D with
screenline flows. Transpn .Res. C (under review),

Cremer M. (1983). Determining the time dependent trip distribution in a complex
intersection for traffic responsive control. In: Preprint of the 4th Int
IFAC/TFIP/IFORS conf. on control in transpn, systems,
Baden-Baden, Germany. _

Gremer M. and H. Keller (1981). Dynamic identification of O-D flows from tratiic
counts at complex intersectiona, In: Proc. 8th Int. Symp. on
Transp. and Traffic Theory, University of Toronto press,
Toronto, Canada.

Gremer M. and H. Keller (1984). A systems dynamics approach to the estimation
of entry and exit O-D flows. In: Proc. 9th Int. Symp. on
Transp. and Traffic Theory(J, Volmuller and R.Hamerslag,
eds.), VUN Science Press, Utrecht. the Netheelands.

Gremer M. and H. Keller (1987). A new class of dynamic methods for the
identification of origin-destination flows. Trans. Res. 21B, 117-132.

Dong-Sun Kim (1994). A Dynamic O-D Estimation Model for Freeway Trarfic
Flows. Ph. D dissertation Seoul National University, Korea.

FHWA (1992). TRAF User Reference Guide. Publiication No. FHWA-RD-92-060.
U.S. Department of Transportaion, Federal Highway Adiministration.
Mclean, VA.

Niham N. L. and G. A. Davis (1989). Application of prediction-error minimization
and maximum likelihood to estimate intersection O-D matrices from
iraffic counts. Transpn. Sci., Vol. 23B, 77-90

Niham N. L. and M. M. Hamed (1992). Fixed-point approach to sstimating
freeway origin-destination matrices and the effedt of erroneous datd
on estimate precision. Transpn. Res.. Record 1357, 18-28

Okutani I. (1987). The Kalman filtering approaches in some rransportation and
tratfic problems. In: Proc. 10th Int. Symp. on Transp. and Traffic
Theory(N. H. M. Willson. eds.), pp. 397-416, Elsevier Science
Publishing Companv, Inc..

Rooertson D. I. (1969). TRANSYT: a :raffic network study tooi. RRL Report
LR253 :

Willtmsen K. G, (1984). Estimating time-dependent irip matrices from trarfic
counts. In: Proc. 9th Int. Symp. on Transp. and Traffic
Theory(J. Volmuller and R. Hamerslag, eds.). pp. 397-4{1. VNU
Science Press.

Journal of the Eastern Asia Society for Transportation Studies, Vol.3, No.5, September, 1999



