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Abstract Link traffic volume, which is crucial for trans-

portation planning, requires sufficient observations while

minimizing costs. When link traffic volume observa-

tions achieve screen-line coverage, all routes between

OD pairs can be monitored, enabling comprehensive

network traffic analysis, including OD trip matrices.

The screen-line traffic counting location problem is to

determine the minimum set of links that effectively sep-

arate OD pairs. This paper extends the problem to real-

world road networks where some links are already ob-

served by pre-installed sensors. We formulate an addi-

tional sensor location problem that accounts for exist-

ing infrastructure to achieve complete screen-line obser-

vation. By applying our approach to the road network

of Kochi Prefecture, we provide insights into the spatial

relationship between current pre-installed sensors and
optimal locations for additional observation sensors.

Keywords screen-line traffic counting location

problem · traffic observation · cut · additional sensor
location

1 Introduction

Link traffic volumes on specific road network segments

are foundational data not only for understanding cur-

rent road conditions and for transportation planning
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but also for constructing and analyzing traffic theoreti-

cal models. In particular, to properly implement traffic

model analyses, a sufficient number of link traffic vol-

ume data are required. For example, in OD trip matrix

estimation models, input from a considerable number

of link traffic volume measurements is necessary for

high-precision estimation. Furthermore, collecting ad-

equate link traffic volume data is vital for the proper

execution of various traffic theory models. Currently,

in many regions, extensive link traffic volume counts

are conducted on major road segments. However, traf-

fic observation poses substantial costs for installing and

maintaining monitoring equipment. Therefore, appro-

priate selection of observation locations is necessary to

maximize effectiveness at minimal cost.

The study of mathematically determining locations

of traffic volume observation is traditionally known as

the traffic sensor location problem [11]. Such research

identifies the optimal locations of traffic volume ob-

servation devices (“sensors”) capable of achieving ob-

servation objectives. Various such objectives have been

proposed, principally including observation of link flow

[7,8] and path flow [4,5].

This research focuses on the screen-line observation

objective. Here, “screen line” refers to a set of links

that separate OD pairs, namely a set of links that ob-

serve all routes between OD pairs at least once. The

problem of mathematically determining the set of links

that constitute screen lines in a road network was pro-

posed by [16] as the screen-line traffic counter location

problem (SLTCLP). The SLTCLP consists of two sub-

problems:

– Locating sensors to form a screen line considering

the minimum number of sensor locations that sepa-

rate all OD pairs (SLTCLP1)
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– Locating sensors to form a screen line that maxi-

mizes the number of separated OD pairs under an

upper limit of available sensors (SLTCLP2)

Many path-based approaches to solving the SLTCLP

have been proposed, which premise the enumeration of

routes between OD pairs [10, 12]. However, the com-

putational cost of OD route enumeration is enormous,

making application to realistically large-scale road net-

works difficult. To address this challenge, many con-

ventional methods have adopted heuristic solution ap-

proaches that do not necessarily achieve OD separa-

tion [6, 15]. However, these solution methods do not

guarantee perfect OD separation nor necessarily solve

for link sets that satisfy the original definition of screen

lines. Recognizing this, we previously constructed a so-

lution approach based on OD cuts as a method to effi-

ciently solve the SLTCLP exactly [13]. This OD cut-

based solution is advantageous as an exact solution

method for the SLTCLP, making it possible to obtain

solutions even in realistically large-scale road networks.

Traffic volume observations have been continuously

conducted for many years, and numerous sensors have

been installed on actual road networks. However, the

traditional SLTCLP does not consider such pre-installed

sensors. If the SLTCLP could be constructed to mini-

mize the addition of sensor-located links given the loca-

tions of pre-installed sensors, the practical utility of this

research topic for analyzing road networks equipped

with numerous existing devices could be significantly

improved.

Recognizing this possibility, this research extends

the authors’ SLTCLP1 formulation [13] to formulate a

problem of additional sensor locations to achieve screen-

line observation given initial sensor locations. In addi-

tion, using the proposed method, we analyze the road

network of Kochi Prefecture based on the SLTCLP and

its extension problem regarding link traffic volume ob-

servation location. Through this analysis, we examine

the relationship between pre-installed sensor locations

and additional sensor locations when screen-line obser-

vation is the goal. The main contributions of this paper

are as follows:

– We extend the SLTCLP to formulate an additional

sensor location problem that considers current sen-

sor configurations.

– We use the proposed method to analyze the road

network of Kochi Prefecture, providing insights into

the relationship between pre-installed sensors and

additional sensors under the objective of screen-line

observation.

2 Abstract of cut-based formulation for

SLTCLP1 proposed by the authors [13] and its

extension

2.1 Abstract of cut-based formulation for SLTCLP1

proposed by the authors [13]

2.1.1 Concept of cut-based solution approach

[13] proposed a solution method for the SLTCLP based

on OD cut optimization. This section outlines the for-

mulation of SLTCLP1, which is the focus of this re-

search. For detailed discussion, please refer to [13]. To

explain the formulation shown in [13], we first present

two definitions as properties of graphs related to OD

separation by screen lines and OD cuts:

Definition 1. In a directed graph G(V,E), an OD

pair (s, t) is said to be separated if there exists no di-

rected path between the two nodes (s, t).

Definition 2. In a directed graph G(V,E), a cut

Cst for an OD pair (s, t) is a set of links such that there

exists no directed path between (s, t) in V \ Cst.

In particular, a cut that satisfies Definition 2 with

the minimum number of links is called a minimum cut.

Given Definitions 1 and 2, the screen lines in the

SLTCLP correspond to cuts between OD pairs. That

is, the optimal screen lines can be considered as a set

of cuts that separate all OD pairs with the minimum

number of links.

2.1.2 Cut-based formulation for SLTCLP1 [13]

The mathematical problem of minimizing the number

of links included in the set of links that separates all OD

pairs is well known as the minimum cut problem. Based

on this problem, [13] proposed a cut-based formulation

for SLTCLP1. The fundamental idea is to consider the

minimum cut problem independently for all OD pairs

in parallel and then integrate the results. Notably, the

union of the sets of links, Cst, which represents the opti-

mal cuts for each OD pair,
⋃

(s,t)∈W Cst, does not nec-

essarily constitute the optimal solution to SLTCLP1,

i.e., the link set that separates all OD pairs with the

minimum number of links. Therefore, the optimal cut

that separates all OD pairs cannot be obtained solely

by determining the optimal cut for each OD pair in-

dividually. To address this, one should formulate the

minimum cut problem for each OD pair in parallel, in-

troduce variables that are shared across all these formu-

lations, and determine the globally optimal cut through

these variables common to all OD pairs.

Furthermore, the set of minimum cut problems de-

scribed in parallel for each OD pair can be consoli-
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Fig. 1: An extended network for solving the minimum

cut from the centroid s between other centroids Q\{s}.

dated into formulations based on each centroid. Specif-

ically, the minimum cut problem for each OD pair,

(s, t)|(s, t) ∈ W, s, t ∈ Q ⊂ V , can be reduced to a min-

imum cut problem between each centroid q ∈ Q and its

complement Q\{q}. Such centroid-based minimum cut

problems can be formulated on an extended network

constructed by adding dummy sink nodes and dummy

links to the original network. As illustrated in Figure 1,

a dummy sink node t̄s ∈ V̄ is introduced to represent

all the destination nodes other than the origin s, and is

connected to each actual destination node via dummy

links. Each dummy link is assigned a sufficiently high

link cost M(< |E|). In this extended network, the mini-

mum cut that separates three OD pairs can be obtained

as a minimum one-to-one cut between the origin s and

the dummy sink node t̄s. This formulation can be jus-

tified as follows: because each dummy link has a suffi-

ciently high cost M , it is guaranteed that these links

will not be included in the minimum cut. Therefore,

the minimum cut between (s, t̄s) consists solely of real

links, effectively separating all the destination nodes

from the origin. Consequently, this minimum cut also

separates each OD pair, and thus constitutes a link set

that separates all OD pairs with the minimum number

of links.

Based on the above discussion, the cut-based formu-

lation of SLTCLP1 can be denoted COP1. In this for-

mulation, for each centroid q, we consider the minimum

cut problem on the extended network as illustrated in

Figure 1, treating q as the origin node. Note that the

extended network satisfies Ė = E + Ē, V̇ = V + V̄ .

COP1 [13]

min
k,l

∑
e∈Ė

cele (1)

subject to

−kqi + kqj − le ≤ 0, ∀q ∈ Q,∀(i, j) = e ∈ Ė (2)

−kqs + kqt = 1, ∀q ∈ Q,∀(s, t) ∈ V̇ (3)

0 ≤ kqi ≤ 1, ∀q ∈ Q,∀i ∈ V̇ (4)

le ∈ {0, 1}, ∀e ∈ Ė (5)

where

ce =

{
1 if e ∈ E

M if e ∈ Ē
(6)

Equation (1) represents the objective function of COP1,

which minimizes the number of links that separate all

centroids. Equation (2) defines the constraint on the la-

bels of link e and its incident nodes (i, j). When link

e is included in the cut, the corresponding node labels

become (kqi , k
q
j ) = (0, 1). In contrast, when link e is not

included in the cut, the labels of its two endpoints must

be equal. Equation (3) constrains the label of the OD

pair (s, t) to be (kqs , k
q
t ) = (0, 1). Equations (4) and (5),

respectively, constrain the variables to be continuous

and binary integers. The variable le | e ∈ Ė must be bi-

nary because the coefficient matrix associated with the

left-hand side of Equation (2) is not totally unimodu-

lar, and thus the integrality of the solution cannot be

guaranteed.

2.2 Formulation of the additional sensor location

problem as an extension of COP1

In this section, we extend COP1 to derive the addi-

tional sensor location problem required for implement-

ing screen-line observations, taking into account that

some sensors are already installed on particular links.

The links that already contain sensors in the initial

state (termed pre-installed links) are given as input,

and are denoted by ẽ ∈ Ẽ | Ẽ ⊂ E. Suppose that

ce = 0 | e ∈ Ẽ. In this case, the number of additionally

placed links, i.e., the objective function value, remains

the same; however, multiple equivalent optimal solu-

tions may emerge in which the number of pre-installed

links included in the screen line differs. Such a solution

represents a screen line consisting of a larger number

of links. Placing sensors on a screen line that includes

more pre-installed links may be undesirable when con-

sidering the maintenance costs of sensors. This can be

taken into consideration by assigning a very small value

ϵ to ce. By setting 0 < ϵ ≪ 1, we ensure that the deci-

sion regarding additional locations is not affected, and

that only those pre-installed links necessary for form-

ing the screen line are selected, le = 1. Specifically, it

suffices that the increase in the objective function when

sensors are installed on all links Ẽ is smaller than the

increase incurred by installing a sensor on a single link

e ∈ E. In other words, we require 0 < ϵ < 1
|Ẽ| .
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Fig. 2: Configuration of centroids and pre-installed sensor locations in Kochi road network.

Based on the above, the objective function of COP1

is modified as follows:

min
k,l

∑
e∈Ė

θele (7)

where

θe =


ϵ if e ∈ Ẽ

M if e ∈ Ē

1 otherwise

(8)

That is, the problem with the objective function given

by Equation (7), and with constraints (2)–(5) and (8)

added, constitutes the additional sensor location prob-

lem as an extension of COP1. Hereafter, we denote this

problem as COP1’.

3 Application to Kochi road network

3.1 Overview of data used

Using the COP1 and COP1’ methods explained above,

we analyzed the sensor location problem for screen-

line observation in an actual road network. We selected

Kochi Prefecture as the target area for analysis, which

contains many rivers and, consequently, numerous bridges

spanning them. Kochi City, the economic center of the

prefecture, has a population of around 330,000 and a

population density of around 1057 people/km2, while

Kami City, for example, has a population of around

27,000 and a population density of around 49 people/km2

[14]. Thus, due to varying geographical conditions and

differences in economic activity concentration, the road

network consists of a diverse distribution of connection

densities. Given these regional characteristics, the link

sets constituting screen lines were expected to reflect

these features. The road network data for Kochi Pre-

fecture were obtained from OpenStreetMap [9] using

OSMnx [3] by specifying highway tags including motor-

way, trunk, primary, secondary, and tertiary, and took

the form of a directed network considering traffic di-

rection.The resulting network consisted of 2,387 nodes

and 6,697 links.

The locations of traffic-counting stations were taken

from JARTIC’s Cross-sectional Traffic Volume Infor-
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mation, detailed version B dataset [1]. Although the

dataset records the flow direction at each station, di-

rectionality was omitted in the present study because

of constraints in network preprocessing. Instead, the

links geographically close to each observation point was

treated as a “pre-installed” link. We judge that this sim-

plification does not materially affect the interpretation

of our results; however, if truly bidirectional observa-

tions become available, they would allow a more refined

analysis. The procedure identified 812 pre-installed links

in total. Next, centroids were set up to represent points

in population-concentrated areas. Specifically, based on

the 2015 population mesh data [2] , meshes with high

population were extracted. Based on these extracted

population-concentrated area meshes, 30 centroids were

established on the road network near the centers of each

such area. The locations of pre-installed links and cen-

troids identified are shown in Figure 2.

3.2 Computational analysis

Using the data created through the procedure described

in the previous section, the following three aspects were

analyzed:

1. Identifying screen lines formed by pre-installed sen-

sors and the OD pairs separated by these screen

lines

2. Solving the SLTCLP without considering pre-installed

sensors (COP1)

3. Solving the additional sensor location problem to es-

tablish screen-line observation, given the pre-installed

sensors as conditions (COP1’)

In this analysis, to prevent link sets directly connected

to centroids from being designated as sensor-located

links, nodes up to two adjacent away from each centroid

were set as “deemed centroids.” The original statement

describes a challenge in traffic modeling where OD traf-

fic volumes observed on screen lines cannot be solely

attributed to centroids. Therefore, observing only links

directly connected to centroids may not accurately cap-

ture the actual OD traffic patterns. The solution pro-

posed is to make a simplifying assumption that traffic

is generated and attracted in the areas surrounding the

centroids. For this reason, COP1 and COP1’ were cal-

culated for dummy nodes representing these deemed

centroids. The network operations described here are

illustrated in Figure 3. However, for the set of deemed

centroids corresponding to each centroid, we excluded

other centroids and nodes included in the two-adjacent

node sets of other centroids. In addition, in the compu-

tation of COP1’, we set a very small value ϵ|0 < ϵ < 1
|Ẽ| .

Fig. 3: Network setting with deemed centroids and

dummy centroid representing the sum of the centroid

and deemed centroids of the corresponding centroid

3.3 Computational results

3.3.1 Analysis 1. Relationship between the locations of

the pre-installed sensors and the screen line

We analyzed the extent to which pre-installed sensors

form screen lines between OD pairs. This can be eval-

uated by checking whether paths containing no pre-

installed links exist between each OD pair. Specifically,

we excluded pre-installed links from the overall road

network, executed shortest path searches between OD

pairs, and examined whether paths consisting of links

not currently being observed existed. In this way, we

found that 408 OD pairs (47%) out of a total of 870

(=30×29) OD pairs already had cut structures formed

by pre-installed links. Considering that the screen-line

requirement in SLTCLP is the strict condition of satis-

fying the constraint of observing all potential paths in

the network at least once, it can be considered that the

sensor location had already been established to form

screen lines for many of the OD pairs.

Table 1 summarizes the observation rate of OD pairs

captured by screen lines for each municipality in which

centroids are located. Note that both the number of OD

pairs and the number of observed OD pairs presented in

Table 1 include all OD pairs in which either endpoint is

associated with a centroid within the respective munic-

ipality. As a result, there is an overlap between munici-

palities, and the sum of OD pairs across municipalities

does not match the total number of unique OD pairs.

It is also worth noting that the number of centroids

in each municipality is approximately proportional to

the population distribution within the prefecture. From

Table 1, it is evident that Kochi City contains about

half of all the centroids, which results in its having

a higher number of OD pairs and observed OD pairs.

The observation rate of OD pairs in Kochi City is 48%,

which is roughly the same as the overall average for the
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prefecture. Among all municipalities, Tosa exhibits the

highest observation rate of 100%, followed by Shimanto.

The lowest observation rates are observed in Nankoku,

Susaki, Konan, Kami, and Ochi.

As shown in Figure 2, a large number of pre-installed

sensor links are concentrated in the central area of Kochi

City, while the number of such links in areas outside

Kochi City, namely, suburban regions, is relatively small.

As many of the links adjacent to centroids in the cen-

tral area are already equipped with sensors, OD pairs

involving these centroids are, in many cases, already

separated under the current observation conditions. In

contrast, some centroids located in the outer areas lack

any surrounding pre-installed sensors, meaning that the

separability of OD pairs involving these centroids de-

pends on the observation status around the correspond-

ing paired centroid. Focusing on Kami, although it con-

tains a single centroid located in the central part of

the municipality, it has no pre-installed sensors. This is

the primary reason for its low OD pair separation rate.

That is, the separability of OD pairs involving the cen-

troid in Kami is entirely dependent on the observation

status near the other endpoint of each OD pair.

From the above, it can be confirmed that the num-

ber of pre-installed sensors in each municipality of Kochi

Prefecture is generally proportional to its population

size. In Kochi City, the central urban area of the pre-

fecture, a biased distribution of pre-installed sensors

is observed between the city center and its suburbs.

Nonetheless, there are regions where many OD pairs

have already been separated under the current condi-

tions. However, in municipalities with smaller popula-

tions, the number of sensor links is limited, and the sep-

arability of OD pairs involving centroids in these areas

depends heavily on the observation conditions around

the corresponding paired centroids.

3.3.2 Analysis 2: Results of the screen-line location

problem without pre-installed sensors

First, the sensor location problem defined as COP1 was

applied to the road network of Kochi Prefecture, assum-

ing the predefined centroids. Figure 4 illustrates the

resulting sensor-located links, which are highlighted in

red. A total of 192 links were selected for sensor instal-

lation in the solution.

It can be observed that, due to the use of centroids,

many of the selected links are located slightly away from

the original centroids. However, in some areas, such as

Kochi City and parts of Shimanto, centroids are densely

clustered, preventing the assignment of deemed cen-

troids. In these cases, links directly connected to the

centroids were selected. Additionally, in areas such as

Susaki, Tosa, Ochi, and parts of Shimanto, some se-

lected sensor-located links are not adjacent to any cen-

troid. In particular, in Susaki, Tosa, and Ochi, links

located far from the centroids were selected. This in-

dicates that these parts of the network have low path

redundancy. In Shimanto, the structure of the road net-

work is influenced by rivers, and certain bridge seg-

ments with limited redundancy were selected as sensor-

located links.

These observations suggest that COP1 tends to form

screen lines by selecting links that serve as bottlenecks

in terms of OD path redundancy. Therefore, these re-

sults indicate that the solution to COP1 is significantly

influenced by the topological structure of the road net-

work, and the selected sensor locations are predomi-

nantly concentrated in areas with limited path redun-

dancy.

3.3.3 Analysis 3. Results of the additional sensor

locating problem with pre-installed sensors

Next, we present the results of solving COP1’ under the

condition that the pre-installed sensors are treated as

fixed. The optimal solution consists of 111 pre-installed

links and 110 additional sensor-located links. Compared

with the 192 links selected in the solution to COP1, the

total number of sensor-located links has significantly

increased. This is because, while COP1 tends to select

links directly connected to centroids or deemed cen-

troids as optimal observation locations, COP1’ selects

additional links in such a way that they capture only the

unobserved routes, given the pre-installed sensor cover-

age already distributed across the network. Therefore,

the resulting screen lines include links that are not nec-

essarily adjacent to centroids or deemed centroids. In

contrast, compared with the case where all sensor loca-

tions are newly determined as in COP1, the number of

newly required sensor locations is significantly reduced

in COP1’ by leveraging the pre-installed sensors.

Figure 4 illustrates the solution of COP1’ in the

Kochi Prefecture road network, i.e., the location of the

pre-installed links and the additional sensor-located links.

Note that the red links are the pre-installed and addi-

tional sensor-located links, which are the solutions of

COP1’ that do not distinguish the current location, the

blue links are the pre-installed links in the current sit-

uation, and the red and blue overlapping links are the

pre-installed links among the sensor-located links of the

COP1’ solutions. It can be seen that in many places, a

set of links similar to the sensor-located links obtained

in Analysis 2 is selected for the additional sensors.

The fact that the solutions for COP1 and COP1’ are

almost identical—because this solution aims to achieve
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(a) Kochi (b) Susaki/Tosa/Ochi

(c) Shimanto
(d) Kami/Konan

Fig. 4: Sensor-located links resulting from solution of COP1 in four regions

the screen lines with the minimum number of both

pre-installed links and additional sensor-located links—

means that the pre-installed links are inferred to have

already partially achieved the screen line consisting of

the minimum number of links.

However, there are some locations in various regions

where a large number of additional sensor-located links

are required. Table 2 shows the results of the number of

pre-installed links and the number of additional sensor-

located links for each municipality in the solution for

COP1’. Note that there were 23 links where a single

link spanned multiple municipalities, and these were

duplicated and accounted for in each municipality. The

overall data shown in the last line of Table 2 are the

figures for the whole prefecture without considering this

duplication.

As confirmed in Analysis 1, Kochi City has a large

number of pre-installed links. Therefore, it is assumed

that the screen lines were formed with a minimum of

additional sensor-located links while making use of the

pre-installed links. The additional sensor-located links

in Kochi City account for only about 27% of the total

links constituting the screen lines in the area, which is

the lowest percentage except for areas that do not re-

quire additional sensor-located links. Similarly, in Shi-

manto, 44% of links are additional sensor-located links,

which suggests that screen-line-like observations can

be achieved with a small number of additional sensor-

located links by taking into account the links that are

initially observed. In contrast, in Nankoku, Ino, Susaki,

and Tosa, more than half of the total number of links

are additional sensor-located links, indicating the rel-

atively high cost of achieving screen-line-like observa-

tions. The solutions for Konan, Kami, Sagawa, Niyo-

dogawa, and Hidaka contain no pre-installed sensors

at all. However, the installation cost is small because

the number of additional sensor-located links needed is

small.

The analysis results show that the number of addi-

tional links required depends strongly on the density of

the pre-installed links, so that the additional locating

cost is small in urban centers and along main roads,
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Table 1: Number of centroids, OD pairs, and observed

OD pairs by municipality

centroids OD pairs observed OD pairs rate

Kochi 14 630 300 0.48
Nankoku 3 168 48 0.29
Shimanto 3 168 126 0.75
Ino 3 168 86 0.51
Susaki 2 114 32 0.28
Konan 2 114 32 0.28
Tosa 1 58 58 1.0
Kami 1 58 16 0.28
Ochi 1 58 16 0.28

Total 30 870 408 0.47

Table 2: Solution of COP1’ in Kochi Prefecture road

network: pre-installed links and additional sensor-

located links

pre-installed additional additional ratio

Kochi 114 31 0.27
Nankoku 35 21 0.60
Ino 23 14 0.61
Konan 20 20 1.00
Shimanto 18 8 0.44
Susaki 14 11 0.79
Tosa 9 6 0.67
Kami 6 6 1.00
Kuroshio 2 0 0.00
Sagawa 1 1 1.00
Niyodogawa 1 1 1.00
Hidaka 1 1 1.00

Total 221 111 0.50

where there are many pre-installed links, while a large

number of additional sensor-located links are required

in outer fringe areas and suburban areas, where there

are few pre-installed links.

3.4 Analysis of the effect of road type in the solution

of COP1’

Then we examine the types of roads on which pre-

installed and additional sensors are placed, based on the

results of Analysis 3. Through this analysis, we dis-

cuss the configuration of link-based observation sensors

required to achieve screen-line observation. Figure 6 fo-

cuses on the network obtained as a solution to COP1’ in

Analysis 3 and presents the distribution of road types.

From left to right, the figure shows the proportion of

each road type for (1) all links, (2) pre-installed links,

(3) pre-installed links included in the screen-line solu-

tion, and (4) additional sensor-located links included in

the screen-line solution.

In the set of all links, municipal highways account

for the largest proportion, followed by national high-

ways and principal local roads. In contrast, within the

set of pre-installed links, national highways represent

the largest proportion, showing a significant increase

compared with their share in the overall network. This

indicates that the initial sensor deployment is primar-

ily concentrated on national highways. Among the pre-

installed links that are included in the screen-line so-

lution, the proportions of motorway, national highway,

and principal local roads are approximately consistent

with their ratios in the initial observation set. However,

the share of municipal highways is lower, which corre-

sponds to an increase in the proportion of general pre-

fectural roads. However, the additional sensor-located

links included in the screen-line solution that were not

part of the initial observation set show a different trend.

Specifically, the proportion of national highways is sig-

nificantly lower, while the proportion of general prefec-

tural roads is noticeably higher. This can be attributed

to the fact that the pre-installed sensors were concen-

trated on higher-order road types. As a result, addi-

tional sensor-located links were required on links be-

longing to lower-order road types, particularly those

that were insufficiently covered in the initial deploy-

ment, to fully intercept OD routes missed by the pre-

installed sensors’ configuration.

The fact that the pre-installed sensors within the

target road network were concentrated on higher-order

road types implies that to achieve screen-line observa-

tion, it is necessary to also install sensors on links be-

longing to lower-order road types. Naturally, the objec-

tives of link-based sensor observation are diverse. For

example, from the perspective of monitoring traffic con-

ditions on individual links, it is crucial to focus observa-

tions on high-traffic links where transportation policies

may need to be implemented. However, if screen-line-

based link observation can be achieved, it is possible

to observe all routes between OD pairs, thereby en-

abling the estimation of OD traffic volumes. This, in

turn, facilitates the implementation of policies target-

ing the entire road network. Therefore, as emphasized

in this study, it is of significance to design sensor lo-

cation strategies that also enable observation of lower-

order road types, to make screen-line-based monitoring

feasible.

4 Conclusion and discussion

We proposed an extension of SLTCLP1 to incorporate

pre-installed sensors for practical analysis of real-world

road networks. Based on this extended formulation, we

presented an example analysis applied to an actual road
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(a) Kochi (b) Susaki/Tosa/Ochi

(c) Shimanto (d) Konan/Kami

Fig. 5: Additional sensor-located links resulting from solution of COP1’ and pre-installed links in four regions

network. Specifically, we formulated an extended ver-

sion of COP1 as COP1’ that preserves the mathemati-

cal structure of the original cut-based optimization model

proposed by [13]. This extended model was applied to

the road network of Kochi Prefecture, demonstrating its

effectiveness for analyzing sensor location and screen-

line observation in real-world networks.

Through the analysis presented in this paper, we

provided insights into the characteristics of the solu-

tions obtained from the extended model, particularly

regarding the connectivity structure of the road net-

work. The solution of COP1’ retains this property while

achieving screen-line observation by supplementing un-

observed links with the minimum number of additional

sensors, considering the pre-installed sensor configura-

tion. Furthermore, the analysis focusing on the road

types of links with pre-installed and additional sen-

sors revealed that pre-installed sensors were installed

on higher-order roads. As a result, the additional sen-

sors required to achieve screen-line observation tended

to be located on lower-order road types. These find-

ings indicate that to realize screen-line observation, it

is necessary to install sensors not only on links with pre-

installed coverage but also on lower-order road types.

Screen-line observation is considered highly valuable for

implementing traffic policies from a network-wide per-

spective, and enabling its realization holds great impor-

tance. The insights gained from this study are expected

to offer meaningful implications for future transporta-

tion planning and policy development.

One of the principal challenges for future research

concerns data preparation. The road-network dataset

employed in this study did not contain every exist-

ing road; in reality, the network is much denser. Ac-

cordingly, some routes that rely on finer-grained links

may have been omitted when constructing screen lines

between OD pairs. From a cost-efficiency perspective,

however, surveying every conceivable route is seldom re-

quired. The appropriate level of network detail should

be selected in light of practical needs and resource con-

straints. In addition, when mapping the locations of

current traffic counters onto the road network, the di-
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Fig. 6: Link type distribution of the Kochi road network

rectionality of observation was not taken into account.

If data that include observation direction were avail-

able, more accurate analytical results could likely be

obtained. Moreover, the solution to the SLTCLP is sen-

sitive to the location of centroids. Determining their lo-

cations is thus a critical design choice that must be ex-

amined carefully. Taken together, these considerations

are essential for interpreting the solutions obtained in

this study and for guiding subsequent analyses.
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