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Abstract. As many people are concerned about sustainable urban transportation systems, Travel Demand Management 
(TDM) is getting more attention as a viable option to reduce automobile dependency on an efficient way. Especially, 
voluntary participation-based TDM by offering incentives has been applied in many cities in recent years. The city of 
Seoul with 10 million population is offering incentives including an annual vehicle tax discount to increase the partici-
pation of Weekly No-driving Day (WND) program, a voluntary TDM program encouraging drivers to leave their cars 
home at least one weekday a week. The compliance of the program rule is monitored by Radio-Frequency IDentification 
(RFID) systems. In this study, to check the efficiency of the RFID monitoring system, the flow capturing location model 
is utilized to evaluate the adequateness of the RFID reader locations. Also, this paper proposes an optimal detection 
rate for the WND program based on economic evaluation results in consideration of costs and benefits of the program. 
Keywords: travel demand management; monitoring; location problem; flow; Seoul.
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Introduction

As climate has change and severe air pollution become 
life-threatening, policy makers pay more attention to 
Travel Demand Management (TDM) as a way to reduce 
dependency on cars. Concerns about TDM arose from 
the recognition that there are problems and limits in the 
transportation supply approach such as a new highway 
construction. Especially, in such a high density city as 
Seoul, there is little land available for new transporta-
tion facility constructions. Furthermore, the necessity of 
TDM is increasing due to the budget constraints during 
years-long recession. TDM, which has been applied in 
cities around the world, includes various strategies such 
as congestion pricing, parking management and the pro-
vision of high capacity transit. The city of Seoul with 10 
million people and about 3 million automobiles has also 
applied various TDM strategies since late 1990’s due to 
severe traffic congestion (Ko, Cho 2009; Ko 2013). In 
order to apply TDM effectively, the ‘carrot and stick’ ap-
proach is useful (Meyer 1999). Specially, the efficiency of 
TDM programs can be maximized when citizens’ volun-
tary participation in the programs is active, which can 

be motivated by incentives (Brownstone, Golob 1992; 
Taylor 2007; Hensher, Puckett 2007). 

Examples of voluntary TDM policies are carpool 
started from 1970’s (Li et al. 2007) and voluntary travel 
behavior change schemes, a household-based behavior 
change technique primarily administered in Europe 
and Australia (Brög et  al. 2009; Taylor 2007; Taylor, 
Ampt 2003). The effectiveness of the programs was 
closely monitored and they were generally accepted as 
an effective way to reduce car dependency (Zhang et al. 
2013; Stopher et al. 2009). In the case of Seoul, a vol-
untary TDM program called the Weekly No-driving 
Day (WND) program began in 2003 to mitigate traffic 
congestion in particular in the downtown area (Ko, Cho 
2009). In order to motivate more people to participate 
in the WND program, Seoul Metropolitan Government 
(SMG) offers various incentives such as discounts of 
annual vehicle tax, annual traffic impact fee, congestion 
pricing, and public parking fee. However, such incen-
tives should not be offered to drivers who do not keep 
the rule of the WND program because public money 
should not be wasted for no gain. Therefore, in 2006, 



SMG introduced a WND monitoring system that re-
quires the WND program participants to attach a Radio-
Frequency IDentification (RFID) tag on the windshield 
of their vehicles, and checks the WND program compli-
ance rate by RFID readers installed on major highways. 
However, since it is not possible to install RFID readers 
on all roads due to a budget constraint, the monitoring 
system has a limitation to track all the participating ve-
hicles, implying the importance of determining optimal 
locations for RFID readers. 

Under this circumstance, this paper evaluates the 
efficiency of current and future RFID reader locations 
utilizing the Flow Capturing Location Model (FCLM) 
proposed by Hodgson (1990). More specifically, this pa-
per seeks optimal RFID reader locations that maximize 
the rate of detection for the WND program participat-
ing vehicles with a minimal cost in consideration of 
the spatial distribution and travel patterns of the WND 
program participating vehicles. It is expected that the 
evaluation framework presented in this paper may ben-
efit a future voluntary TDM program monitoring system 
development. 

1. Weekly No-Driving Day Program

The WND program, one of voluntary TDM programs, 
has been implemented in Seoul, South Korea since 2003. 
Typical passenger car demand control programs force 
people not to drive according to the last digit of vehicle 
license plate numbers. Unlike the typical programs, the 
participants of the WND program can choose one day of 
a week as their no-driving day considering their car use 
patterns. To encourage more people (especially, choice 
riders rather than captive riders) to participate in this 
program, SMG has offered incentives such as a 5% re-
duction in annual vehicle tax, a 50% discount on conges-
tion charge, and about 10% to 20% discount on public 
parking fees. At the same time, a system composed of 
RFID tags attached on the windshield of the program 
participants’ vehicles and tag readers installed on major 
arterials has been utilized to monitor the WND pro-
gram. Currently, 19 vehicle monitoring stations are op-
erated by SMG for verifying if the participating vehicles 
comply the no-driving day rule as can be seen in Fig. 1. 
Based on the verification, the incentives are not provided 
to the participants who violate the rule more than two 
times a year. 

As of September 30, 2013, the total number of the 
program participants is 781066 that accounts for about 
35% of total number of eligible passenger cars (non-
commercial cars that can carry less than 11 passengers) 
registered in Seoul (SMG 2013). A previous study con-
ducted by Ko and Cho (2009) investigated the effects of 
the WND program by two surveys that were to measure 
the WND program compliance rate and to identify the 
program participants’ characteristics. The WND pro-
gram compliance rate survey was done for five weekdays 
and revealed that the day-by-day RFID tag attachment 
rate and compliance rate for sampled 5884 vehicles were 

37.5% (2209/5884) and 21.1% (1244/5884), respectively. 
A recent study found that the estimated rates of tag at-
tachment and compliance were 45.7% (1295/2832) and 
26.1% (739/2832), respectively, showing potentially bet-
ter effectiveness compared to the previous study (SMG 
2013). These findings suggest that a monitoring system 
is a crucial element for the success of the voluntary pro-
gram with the incentives being properly provided to the 
participants complying with the program rule. Their 
study also found that the program participation is af-
fected by individuals’ characteristics such as the degree 
of car dependency and age. 

2. Location Problems and a Flow Capturing Model

2.1. Location Problems
The efficiency of the current RFID reader locations can 
be evaluated by checking whether their locations are 
adequate considering the travel patterns of the partici-
pants’ vehicles. In this sense, the evaluation process is 
likely to involve seeking solutions for optimally locating 
RFID readers. General location problems can be roughly 
divided into four categories: set covering problem, maxi-
mum covering problem, p-center problem and p-medi-
an problem (Daskin 1995). By solving the problems, the 
systems of facilities and the demand allocated to each 
facility can be determined. The methodology for general 
location problems is a good starting point for selecting 
RFID reader installment sites among numerous candi-
date locations. However, the general location problem 
methodology appears inappropriate since it assumes 
that the facilities are to serve the demand at nodes. This 
assumption requests special trips between the demand 
nodes and facilities, which may not be applicable for 
detecting vehicles traveling on roads. A RFID reader 
should serve the demand composed of vehicle travel 
paths through a network. Thus, the demand should be 
expressed as traffic flows as in the case of billboards. 

A simple approach for locating such facilities is to 
select sites with a sufficient amount of traffic flows, but 
the approach fails to deal with a potentially damaging 

Fig. 1. Current RFID reader locations
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self-competition problem. Traffic flow on a network may 
be served by several facilities located close together or 
on common paths. This multiple covering may result 
in more occurrences of unserved traffic. As a variant of 
maximum covering problem, Hodgson (1990) proposed 
the FCLM, in which p facilities are located so as to inter-
cept as many trips as possible. After the seminal work, 
the FCLM was further developed and applied to various 
location problems (Averbakh, Berman 1996; Berman 
1997; Berman, Krass 1998; Berman et  al. 1992, 1995; 
Hodgson, Rosing 1992; Hodgson et  al. 1996a, 1996b; 
Wu, Lin 2003). Recently, the FCLM was extended to lo-
cate charging facilities for alternative fuel vehicles with 
a limited driving range, resulting in a flow-refueling lo-
cation model (Kuby, Lim 2005, 2007; Kuby et al. 2009). 
These location models efficiently eliminate the self-com-
petition issue by adopting flow-based demand. 

2.2. Flow Capturing Location Model 
The FCLM model maximizes the number of trips that can 
be potentially detected by a given number of RFID read-
ers p (Hodgson 1990). Thus, the objective function is:
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This formulation is structurally identical to the 
maximum covering problem. The first constraint indi-
cates that the flow on path q can be captured only if 
there is at least one RFID reader on path q. The sec-
ond constraint means that exactly p RFID readers are 
located. For simplicity, all flows for an OD pair are as-
sumed to take the same path. Hodgson (1990) showed 
that the FCLM efficiently locates facilities to maximize 
traffic flow capture by considering all facilities as a sys-
tem rather than on a facility-by-facility basis. 

The model can be solved by stepwise location deci-
sions. At the first round, the solution simply locates a 
RFID tag reader at the most heavily traveled link, and 
then identifies non-captured flows by removing the cap-

tured flows from consideration. Then, the solution again 
selects the link most heavily traveled by non-captured 
flow in the previous round. This procedure is repeated 
until p facilities are located. This study locates RFID 
readers on links rather than at nodes. Although a facil-
ity installed at a node can theoretically capture all flows 
passing through the node, the limited communication 
range between a RFID tag and a reader does not always 
allow this. 

3. Analysis

3.1. Data
In order to determine RFID reader locations, it is neces-
sary to know the current WND program participants’ 
spatial distribution and travel patterns. As of September, 
2013, the total number of WND program participants is 
781066 according to the WND program database. Fig. 2 
shows the distribution of the WND program partici-
pants by the smallest administrative unit called ‘Dong’. 
Overall, it is found that citizens near the city boundary 
are more likely to participate in the WND program than 
citizens in downtown areas.

To find the optimal locations for RFID readers, it is 
necessary to identify the travel paths of the WND pro-
gram participating vehicles. In fact, however, it is impos-
sible to know every single vehicle’s travel path in detail. 
Therefore, this study assumed that their travel pattern is 
same as the pattern in the Seoul Travel Demand Model 
(STDM). In other words, the OD flow patterns of the 
WND program participating vehicles are assumed to 
follow the ones in the STDM. Based on the assumption, 
the authors estimated trips between two zones using the 
following formula:

= ⋅ ⋅
∑

_
  

_
ij

ij i
ij

j

SI Trip
Trip Car R

SI Trip
,

where: ijTrip   – WND program participating vehi-
cle trips between zones i and j; iCar   – number of 

Fig. 2. Distribution of the WND program participants
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trip assignment. In the assignment process, intra-zonal 
trips were excluded, with a total number of 524683 inter-
zonal trips being assigned. Fig.  3 shows the estimated 
link flows of the WND participants’ vehicles on the 
STDM network.

3.2. Locations of RFID Readers  
and Their Effectiveness
Through the flow capturing processes, top two locations 
(links) where the RFID system can most efficiently mon-
itor the program participating vehicles were identified as 
shown in Fig. 4. The first location is in the downtown of 
Seoul with an estimated detection rate of 2.6%. In other 
words, 2.6% of the WND program participating vehicles 
can be detected in the location. The detection rate can 
be increased up to 4.8% with the addition of the second 
location. 

Detection rates were estimated by varying the num-
ber of installed RFID readers as shown in Fig.  5. The 
detection rate becomes 10% when the RFID systems are 
installed on 5 locations and it increases up to 50% with 
62 locations. The figure suggests that 395 RFID reader 
locations are required to obtain a 90% detection rate and 
1252 locations for a 100% detections rate. As expected, 
since the marginal detection rate gradually decreases 
with more RFID reader locations, excessive reader loca-
tions may not be economically viable.

Fig. 3. Estimated link flows of the WND participants’  
vehicles in Seoul
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Fig. 5. Number of RFID readers and detection rates

the WND program participating vehicles in zone i; 
_ ijSI Trip  – vehicle trips between zones i and j in the 

STDM; ∑ _ ij
j

SI Trip – number of vehicle trips produced 

in zone i in the STDM; R  – average number of trips 
made by a passenger car

In the equation, 2.47 was applied for the value of 
R (SMG 2013). Based on the above OD distribution 
results, the estimated trips were assigned on the short-
est paths of the STDM network with 424 centroids 
and 19959 links utilizing Dijkstra’s algorithm, a graph 
search algorithm. Note that the simple algorithm gener-
ates only a single path for an OD pair, which may not 
fully reflect real world conditions. However, more real-
istic algorithms, thus more complex procedures require 
computational burden as they are likely to generate a 
tremendously large number of paths. In fact, for the 
network with 424 centroids, even the simple procedure 
generates 179776 paths. Future studies are encouraged 
to apply more realistic approaches for the procedure of 
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3.3. Evaluating the Efficiency of the Current  
RFID Reader Locations
The efficiency of the current 19 RFID reader locations 
was evaluated, resulting in an estimated detection rate 
of 7.8%. Note that as suggested in the previous section, 
only five optimal reader locations can allow a detection 
rate of 10%. Thus, it appears that the current monitor-
ing system with RFID readers installed on 19 locations 
is inefficient. In addition to the existing 19 locations, 16 
more reader locations (total 35 detector locations) are 
required to achieve a detection rate of 30% while only 
21 locations are required for the same detection rate if 
the existing 19 locations are not considered. To obtain a 
detection rate of 90%, 403 locations are required when 
considering the existing 19 locations, but it is 395 loca-
tions without considering the existing locations. 

Table 1 and Fig. 6 show the number of reader loca-
tions to obtain target detection rates with and without 
considering the existing reader locations. As discussed 
earlier, since the current RFID readers were not installed 
on optimal locations, additional detectors are required 
to obtain the same level of detection rate at the optimal 
locations. As the level of detection rate goes up, however, 
the difference of detection rates between with and with-
out considering the existing detector locations becomes 
smaller. It appears that the utility of the existing reader 
locations also goes up as more detectors are required to 
obtain higher detection rates. Thus, the effort to find op-
timal reader locations is essential especially when there 
is a certain limit in the number of readers due to the 
budget constraints. 

3.4. Assessment of Cost Effectiveness
It is natural that the detection rates will increase with 
more RFID readers. Considering budget constraints, 
however, it is necessary to evaluate whether more RFID 
readers are needed in terms of cost effectiveness. In or-
der to evaluate the more RFID option, it was assumed 
that the more RFID option results in a higher compli-
ance rate which means more traffic volume reductions, 
and thus more social benefits. Based on this assumption, 
a cost-benefit analysis was implemented.

The social benefit of reducing one vehicle trip 
in Seoul was estimated to be 2621846 KRW (about 
2500 USD) annually when traffic volume is reduced by 
5% compared to the current level (SMG 2013). The so-
cial benefit includes the cost reductions of travel time, 
vehicle operations, accidents, and air pollutions. Thus, 
the social benefit was simply computed by multiplying 
the number of reduced vehicle trips and the monetized 
social benefit per vehicle trip as below:

Social benefit = Reduced vehicle trips × 
Amount of social benefit per vehicle trip.

In this approach, the amount of social benefit per 
vehicle trip is set constant (i.e., 2.6 million KRW), by 
simply assuming that the social benefit is not affected 
by traffic congestion level. Although congestion cost by 
one car trip is to be varied depending on the referenced 
traffic conditions due to by the non-linear relationship 
between traffic volume and speed, this simplification 
renders the computation significantly easy. In order to 
examine how the approach with the constant social ben-
efit by one car trip reduction affects the result of benefit 
estimation, the range of the car trip reduction effect by 
the WND program was computed. As a result, the cur-
rent level of the car trip reduction effect was found to be 
about 5% (0.2×0.46×0.57) and it can increase up to 8% 
(0.2×0.46×0.90) when the compliance rate becomes 90%, 
showing a rather narrow variation. This examination 
suggests that the assumption of the constant social ben-
efit per vehicle trip may not critically influence the ben-
efit estimations. In addition, it is found that the benefit 
by one vehicle trip reduction decreases to 2.58 million 
KRW when the trip reduction rate becomes 10%. This is 

Table 1. Required number of RFID reader locations for achieving the target detection rate

Target detection rate
Number of locations required

Difference (A–B)
Ratio 

Considering current locations (A) No restriction (B) A/(A–B) B/(A–B)
10% 20 5 15 0.75 3.00 
20% 26 11 15 0.58 1.36 
30% 35 21 14 0.40 0.67 
40% 49 37 12 0.24 0.32 
50% 73 62 11 0.15 0.18 
60% 110 100 10 0.09 0.10 
70% 164 154 10 0.06 0.06 
80% 247 237 10 0.04 0.04 
90% 403 395 8 0.02 0.02 

100% 1268 1252 16 0.01 0.01 

Fig. 6. Number of RFID readers and detection rates
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only 1.5% difference (2.58 million vs. 2.62 million KRW) 
compared to the 5% reduction case. Consequently, at the 
current level of traffic conditions in Seoul and a nar-
row range of traffic volume reductions (from 5 to 8%), 
the assumption of the constant social benefit per vehicle 
trip reduction seems not to be critical for the benefit 
cost analysis. Note that, however, the constant amount 
of benefit may not be justified when the amount is sensi-
tive to traffic conditions and the range of traffic volume 
changes is wider. It is advised that the characteristics of 
the network of interest should be carefully examined 
before applying the simple approach used in this study.

The reduced vehicle trips by the WND program, E 
can be calculated by the following formula:

= ⋅ ⋅ ⋅ ⋅0.2E W A D R ,

where: W – number of WND program participants; A – 
RFID tag attachment rate; D – WND program compli-
ance rate.

In above formula, ‘0.2’ is a coefficient that reflects 
the program characteristics: the WND program partici-
pants should not drive on a day out of five working days 
every week. As of September, 2013, the values for W and 
A in above formula are 781066 and 0.46. (SMG 2013). 
The value of R is 2.47 as in the previous equation. The 
WND program compliance rate, D was considered as 
a function of the number of the RFID reader locations 
because the program participants are more likely to ob-
serve the rule when they are more monitored. It is as-
sumed that there is a simple linear relationship between 
the WND program compliance rate and the number of 
the RFID reader locations. Based on this assumption, 
the compliance rate, D, was estimated by the following 
formula:

( ) −
= + − ⋅

−
0

0 1 0
1 0

 
x x

D D D D
x x

.

In the above formula, D0 and x0 are the current lev-
els of compliance rate and detection rate, respectively. 
A recent survey (SMG 2013) identified that the current 
compliance rate is 0.57, and thus this study utilized the 
values of 0.57 and 0.078 for D0 and x0, respectively. Con-
cerning the values for D1 and x1, they are assumed to be 
0.9 and 1.0 respectively under the supposition that the 
maximum WND program compliance rate is limited to 
90% even with a detection rate of 100%. 

Items considered in the calculation of WND pro-
gram operation costs are as follows (SMG 2013): 

 – annual operation costs and incentives (such 
as annual vehicle tax discount) for the WND 
program (11.2 billion KRW; about 10.7 million 
USD); 

 – RFID reader installation cost (100 million KRW 
(about 95000 USD) per location) and mainte-
nance cost (10 million KRW (about 9500 USD) 
per year, 10% of the installation cost). 

The benefit to cost (B/C) ratio was calculated with 
a discount rate of 4.5 % under the assumption that the 
life of the RFID reader lasts 10 years. As a result, B/C 

ratio was found to be over 1.0 even when RFID read-
ers are installed on 1252 locations of which detection 
rate is 100%. However, as shown in Fig.  7, marginal 
B/C ratio increases up to a certain point and then de-
creases after the point as the number of RFID reader 
locations increases. In detail, marginal B/C ratio starts 
to decrease after the installation of RFID readers on 77 
road links of which estimated detection rate is 51.4%. 
In other words, the WND program benefit compared to 
the program cost will be maximized by installing RFID 
readers on 77 road links. Referentially, the maximized 
point of marginal B/C ratio was found to increase up to 
85 road links when 95% is applied for D1, the assumed 
maximum compliance rate of the WND program. 

Conclusions

As many people are concerned about sustainable urban 
transportation systems, TDM is getting more attention 
as a way to reduce automobile dependency. Especially, 
voluntary participation by offering incentives as a way 
of implementing TDM has been applied in many cit-
ies in recent years. In 2003, the city of Seoul with a 10 
million population initiated the WND program which 
requires participants not to use their vehicles for one 
working day a week. The SMG is offering incentives such 
as discounts of annual vehicle tax, annual traffic impact 
fee, congestion charge, and public parking fee to encour-
age WND program participation. These incentives are 
offered as long as the program participants do not vio-
late the rule more than two times a year. For monitor-
ing the compliance of the rule, the RFID-based system 
composed of RFID tags attached on the windshield of 
the participants’ vehicles and RFID readers installed on 
major highways is now under operation. 

In this study, as a task to examine the efficiency 
of the RFID monitoring system, the FCLM was utilized 
to estimate the detection rate achieved by the existing 
RFID reader locations. Analysis results showed that the 
estimated detection rate is only 7.8% for the existing 19 
RFID reader locations. However, if five optimal detector 
locations were selected regardless of existing 19 loca-
tions, then the detection rate can be 10%. In consider-
ation of this finding, the optimal RFID reader location 
selection appeared to be very important especially when 

Fig. 7. Number of RFID reader locations and marginal  
ratio of benefit to cost
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we should minimize the number of RFID reader loca-
tions. Moreover, the results revealed that the more RFID 
readers are installed, the less marginal detection rates 
were obtained.

For more effective WND program monitoring, it is 
necessary to increase the number of RFID reader loca-
tions even if the readers are fake ones that warn partici-
pating drivers. As discussed earlier, we need to find an op-
timal number of RFID reader locations in consideration 
of installation and maintenance costs. The results of an 
economic evaluation considering the cost together with 
benefits from the program showed that the maximum 
operation utility can be achieved at a detection rate of 
about 50%. Note that this result, however, can be affect-
ed by numerous factors such as the levels of compliance 
rates associated with detection rates and system instal-
lation and operation costs. Thus, cautions should be ex-
ercised when this methodology is applied in other cities.

It is expected that the evaluation methodology 
presented in this paper may be beneficial to other cities 
considering incentive-based TDM programs requiring 
efficient monitoring systems. Nevertheless, this study 
has a limitation in that the WND program participants’ 
travel pattern was assumed to be the same as that of 
general drivers. As suggested by the previous research 
efforts, the travel pattern or the degree of car depen-
dency of the voluntary TDM program participants may 
be quite different from that of non-participants (Ko, Cho 
2009). In addition, it is little known about how the mon-
itoring system affects the compliance rate of the TDM 
program. The sound understanding about such behavior 
would improve the accuracy of the monitoring system 
evaluations. 
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