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Introduction
Information provision and collection are essential to facilitating efficient movement 
in complex systems. Those navigating a system often benefit from updates on travel 
conditions, routing alternatives, the availability of services, as well as a wide range 
of other information to inform their movement decisions. Collection of informa-
tion about network conditions is vital in that respect as it often forms the basis of 
the intelligence that is conveyed to managers and users of a transportation system. 
Whereas transportation systems can serve a diverse range of needs, collection of data 
and/or providing information to users of the systems becomes complicated given var-
iations in travel behavior and the planning objectives of interest. For example, in the 
case of information provision, the value of information to travelers can be fraught 
with uncertainty as it depends upon how it relates to their activities and supporting 
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path(s) of movement as well as their ability/desire to receive and utilize additional 
information in their decision-making process. Likewise, in the case of information 
collection, the value of the collected information for a particular need, such as ori-
gin–destination (OD) flow estimation, depends on how well it represents the nature 
of movements in a transportation system as well as how it affects the performance of 
the analytical task (Gentili and Mirchandani 2012).

Intelligent Transportation Systems (ITS) employ many technologies for the col-
lection and distribution of information regarding the state of a transportation sys-
tem. For example, variable message signs (VMS) provide visual traffic information 
and guidance to drivers at specific sites within a system. VMS can be used to dis-
seminate a variety of information regarding incidents, detours and alternative routes, 
general information and warnings, availability of services (e.g., weigh stations, dis-
ease testing/ vaccination sites, etc.), road condition and weather, special events, high 
occupancy vehicle and contraflow lane designations, and reversible lane control (Jin-
dahra and Choocharukul 2013; Zhang et  al. 2014; Romero et  al. 2020). While VMS 
are usually stationary, the information content that is distributed can be tailored to 
the needs of those traversing the site. Aside from VMS, there are other intelligent 
transportation system technologies that are being explored for providing vehicles 
with relevant information such as vehicular ad hoc networks (VANETs). Like VMS, 
VANETs involve locating facilities in a transportation system. However, the facili-
ties serve to provide a virtual connection between the vehicles and the infrastructure 
(Lu et al. 2019). Along with providing vehicles with information in support of travel 
decisions, intelligent transportation systems are increasingly employing data driven 
applications such as detection of traffic parameters and characteristics of individual 
vehicles that rely upon intensive data collection from sensors in the network (Zhang 
et al. 2011). For example, traffic data collected via cameras, speed sensors, automated 
vehicle counters, personal GPS receivers, and social media apps are increasingly uti-
lized in transportation and mobility analyses (Zheng et al. 2016). For example, in the 
context of ITS, such data is used to provide real-time estimates of traffic conditions 
and insight into the number of trips between system origins and destinations (Yim 
and Lam 1998; Anderson and Souleyrette 2002).

Given that information provision and collection are expensive, resource constrained 
tasks, minimizing the cost associated with the facilities required to effectively conduct 
these tasks is an important planning consideration. However, it can be difficult to pre-
dict exactly how the transportation system will be utilized at any time as well as when 
and where the need (demand) for information (dissemination or collection) will arise. 
Therefore, instead of assuming a single traffic assignment protocol when modeling sys-
tem usage, a range of assignment scenarios should be considered. As adequate resources 
for providing and/or collection information are likely to be lacking, various provision/
collection service thresholds may also need to be considered. In this paper, an optimiza-
tion methodology is proposed to address these problems. First, background literature 
related to the proposed modeling approach is reviewed. Next, a probabilistic flow cap-
ture problem for siting facilities in a network is described. Following this, a multiob-
jective version of the model is applied to the siting of VMS to illustrate the tradeoffs 
between minimizing system cost and maximizing benefit to the system.
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Background
A variety of models have been proposed to assist in siting facilities in transportation systems 
to serve flow moving among network origins and destinations. In the context of providing 
information to travelers via facilities such as VMS, maximizing exposure to sited facilities is 
an important goal. The maximal covering location problem (MCLP) of Church and ReVelle 
(1974) and its network-based counterparts have proven very effective tools for identifying 
facility siting configurations that can best achieve such planning goals. The MCLP seeks to 
maximize coverage of demand in a geographic region provided limitations on the number 
of facilities that can be sited. Demand is viewed as covered when it is within a specified 
service range of a sited facility. To address cases where the demand to be covered is move-
ment in a networked system, Hodgson (1990) provides an extension to the MCLP, the flow 
capturing location problem (FCLM). The FCLM is a linear-integer model that maximizes 
coverage of flow moving among pairs of origins and destinations (ODs) in a network given 
that a specified number of facilities are to be sited. In the basic FCLM, it is assumed that 
all flow between an origin and destination are assigned to a single path and facilities can 
be located at nodes anywhere along a path. Facilities are also considered to provide equiva-
lent service, regardless of where they are positioned along the path. Variates of the FCLM 
have been described to address a range of planning problems. For instance, Kuby and Lim 
(2005) modify the basic FCLM to locate refueling stations for alternative fuel vehicles which 
sometimes require the availability of multiple fueling sites along a path. Matisziw (2019) 
also details a version of the FCLM in which multiple facilities can be sited along a path, 
where the ability of each facility to serve flow is probabilistic.

Another important objective when planning for the provision of information in a trans-
portation system is the minimization of costs. The cost to be minimized can be those asso-
ciated with traversing the transportation system (Huynh et al. 2003; Henderson 2004; Toi 
et al. 2005; Chiu and Huynh 2007; Boyles and Waller 2011). In this sense, the more flow 
that can benefit from the provided information, the more efficient the transport system 
becomes. Alternatively, the cost to be minimized can be those associated with acquiring 
and operating a set of facilities needed to serve network-based demand. To this end, Ber-
man et al. (1992) detail a location set covering problem (LSCP) to address cases in which 
a proportion ( � = [0, 1.0] ) of all flows must be covered. The paths m ∈ M each support 
flows fm (demand) in the network and can be covered by facilities sited at network nodes 
(indexed i ∈ N  ). A binary-integer variable Xi is defined for each candidate facility to reflect 
the decision to site (Xi = 1) or not to site (Xi = 0) . Likewise, a binary-integer variable Ym is 
defined for each path to represent whether (Ym = 1) or not (Ym = 0) path m is covered by a 
sited facility. Their flow covering problem can then be formulated as follows.

Subject to:

(1)Minimize
∑

i∈N

Xi

(2)
∑

i∈Rm

Xi ≥ Ym ∀m ∈ M
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Objective (1) minimizes the number of facilities to be sited and Constraints (2) ensures 
that the demand on path m cannot be covered unless a facility is sited at one or more of 
the nodes i in the set of nodes Rm capable of serving the path (i.e., the nodes traversed 
by the path). Constraint (3) ensures that at least some proportion � of the total network 
flow is served by the set of sited facilities. Constraints (4) and (5) are binary/integer 
restrictions on the decision variables.

In the context of locating sensors to collect information about a transportation system, 
a variety of applications exist for such flow covering models. For example, to help esti-
mate the flows between origins and destinations, traffic flows are commonly recorded at 
locations throughout a transportation system. Given that there are practical limitations 
as to how many sensors can be at work at any one time, a variety of approaches for iden-
tifying the best locations for traffic sensors have been proposed. For example, Yang et al. 
(2006) describe an integer model that minimizes the number of sensors to be located 
such that at least one sensor is placed along every path in the network. This condition 
equates to � = 1 in (3) and replacing Constraints (2) with Constraint (6).

Gentili and Mirchandani (2012) also seek to minimize the number of sensors needed 
to ensure that flow along network paths can be accurately estimated and employ a simi-
lar flow covering model. However, they implement additional constraints to ensure that 
the selected set of arcs are sufficient to obtain a unique solution to the path flow estima-
tion problem.

Coverage of demand by sited facilities in many instances can entail some level of 
uncertainty. That is, although a facility has been sited within a given service standard 
of a demand location, the probability facility i can effectively serve demand m (pim) can 
vary. Probability of coverage can be integrated into facility location models as part of the 
modeling objective and/or as a constraint(s) depending upon the desired outcome. For 
instance, the maximum covering location problem has been extended to maximize the 
probability of coverage (Daskin 1982, 1983; ReVelle and Hogan 1988) as has the FCLM 
(Matisziw 2019). Haight, ReVelle, and Snyder (2000) and ReVelle, Williams and Boland 
(2002) account for probabilistic demand coverage in the form of a threshold constraint 
as shown in (7).

For each demand m , it is assumed that a minimum level of service reliability αm must 
be achieved before m can be considered effectively covered. To this end, Constraints (7) 

(3)
∑

m∈M

fmYm ≥ �

∑

m∈M

fm

(4)Xi = {0, 1} ∀i ∈ N

(5)Ym = {0, 1} ∀m ∈ M

(6)
∑

i∈Rm

Xi ≥ 1 ∀m ∈ M

(7)
∏

i∈Rm

(1− pim)
Xi ≤ (1− αm)

Ym ∀m ∈ M



Page 5 of 18Matisziw and Gholamialam ﻿Appl Netw Sci            (2021) 6:28 	

state that m cannot be effectively covered unless the probability that it is not effectively 
served by the configuration of sited facilities is less than or equal to the acceptable level 
of ineffective service (1− αm) . While this probabilistic threshold constraint is inherently 
non-linear, Haight, Revelle and Snyder (2000) demonstrate that linearization can be 
achieved through a log transformation as in (8).

In efforts to provide or collect information in a transportation system, it is impor-
tant to determine how much flow among network origins and destinations would be 
served by a configuration of sited facilities. Provided estimates of demand for movement 
between OD pairs are available (i.e., OD flows), there are a variety of ways in which those 
flows could be assigned to paths. For example, all flow between an OD can be assigned to 
the shortest path, distributed among k-shortest paths, or any set of paths thought to sup-
port movement between the OD (Lam and Chan 2001). Once flows are assigned to the 
OD paths accordingly, the potential impact of a facility configuration can be evaluated. 
In some applications, a single assignment of flow is considered (Henderson 2004; Mat-
isziw 2019). In others, the assignment of flow to paths can be allowed to vary, reflecting 
dynamic traffic conditions (Chiu and Huynh 2007; Basu and Maitra 2010). Some stud-
ies have specifically explored methodologies for addressing recurrent congestion (Yang 
1999; Li et al. 2016) whereas others have focused on non-recurrent congestion (Huynh 
et  al. 2003; Chiu and Huynh 2007), addressing the placement of information to best 
assist with the diversion of traffic to alternative routes.

All the facility siting approaches detailed in this section in some way address the way 
demand for a service is met by a configuration of facilities. In planning for information 
provision and/or collection, minimizing the number of facilities needed to serve demand 
is critical given the expenses involved in such infrastructure development. Given that 
provision of information to flow between all OD pairs in a network may not be feasi-
ble due to resource constraints and that certain OD pairs may require differing levels 
of information, being able to ensure a base level of service is available is also an impor-
tant consideration (i.e., a threshold constraint on flow coverage). For information to be 
of use to network flow, aside from being observable, the information needs to be effec-
tively conveyed. However, given any range of variables, conveying information is rife 
with uncertainties that need to be accounted for in the siting process (i.e., probabilistic 
threshold constraint). Further contributing to the complexity of this problem is the fact 
that typically more than one path supporting movement from an origin to a destination 
exists. Thus, the OD flow or demand needing service is distributed over the network in 
some fashion. In the bulk of the flow capturing literature, only a single path among each 
OD pair is considered. Only in a few cases are multiple paths supporting flow among 
each OD pair postulated (Riemann et al. 2015; Matisziw 2019). Moreover, most appli-
cations only consider either a single assignment of flow in a system over one or more 
planning periods. However, given that the ways in which OD flow utilizes the system is 
constantly changing, there is a need to consider multiple potential assignments of flow 
in a system when making decisions regarding facility placement. Next, to better account 
for the various conditions described above, a modeling approach for identifying optimal 

(8)
∑

i∈Rm

log(1− pim)Xi ≤ log(1− αm)Ym ∀m ∈ M
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sites for provision and/or collection of information in a transportation system is pro-
posed. Following the introduction of this model, an application to truck flow in a high-
way network is provided to highlight its computational characteristics.

Methodology
Consider a transportation system represented as a directed graph G with N  nodes and A 
arcs G(N ,A) . This system supports flows (aod) among pairs of origin nodes (o ∈ O ∈ N ) 
and destination nodes (d ∈ D ∈ N ) . It is assumed that the flows between each origin and 
destination are distributed over a set of viable network paths φod according to some net-
work assignment strategy. That is, each path m ∈ φod ∈ M , supports a certain amount of 
flow fm ∈ aod . Facilities i can be sited along arcs (e.g., i ∈ A) (and/or at nodes) at a cost 
of δi . In keeping as much as possible with the notation presented earlier, a probabilistic 
flow covering problem is now formulated.

Probabilistic flow covering problem (PFCP)

Subject to:

Objective (9) minimizes cost of equipping network arcs with facilities that provide 
(and/or collect) information to network flows. Constraints (10) stipulate that at least �od 
percent of the flow between an OD pair is exposed to a facility and are akin to threshold 
constraint utilized by Berman et al. (1992). Thus, when �od = 1.0 , 100% of flow between 
the OD pair must be served by the sited facilities. When 0.0 ≤ �od < 1.0 , only �od per-
cent of flow is guaranteed to be covered. Constraints (11) follow the structure of the 
probabilistic threshold constraints (8) and state that path m cannot be effectively served 
unless the probability of ineffective service (e.g., insufficient reliable exposure) provided 
by the sited facilities is less than or equal to 1− αm . Given that multiple facilities may 
be needed to ensure the probabilistic threshold for exposure, the path reduction tech-
niques of Berman et al. (1992) no longer are applicable. Constraints (12) are binary/inte-
ger restrictions on all decision variables.

While model (9)-(12) addresses the coverage of OD pairs individually, it is also possible 
to do so in aggregate. For instance, an origin-specific approach can be adopted whereby 
a certain proportion of total outflow from an origin to all destinations may require cov-
erage. In other words, instead of imposing a threshold �od on flow among individual OD 

(9)� = Minimize
∑

i∈A

δiXi

(10)
∑

m∈φod

fmYm ≥ �od

∑

m∈φod

fm ∀o ∈ O, d ∈ D|aod �= 0

(11)
∑

i∈Rm

Xi ln(1− pim) ≤ Ym ln(1− αm) ∀m ∈ M

(12)Ym = {0, 1} ∀m ∈ M;Xi = {0, 1} ∀i ∈ A
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pairs, a threshold �o can be imposed on all flow out of an origin. This situation can be 
readily accommodated in the model as shown in (13).

In the proposed formulation, the way in which flow is assigned to a path connecting 
an OD is an input to the model. In other words, it is assumed that the way in which the 
network will be utilized is known. This is in fact a very common assumption in the flow 
capturing literature. In many models, only the shortest path connecting an OD is con-
sidered (Upchurch and Kuby 2010). More recently, variants of the flow capturing models 
have been proposed that consider multiple, alternative paths of movement among ODs 
(Gzara and Erkut 2009; Matisziw 2019). Regardless of how flow is modeled to utilize a 
network at any given time, there will always be uncertainty as if and to what extent that 
representation of network use will manifest over time. Therefore, instead of considering 
one or a few alternative representations of network flow, it may be worth exploring many 
potential ways in which flow could be assigned to paths within a system. This facet can 
be addressed in the model by identifying and comparing solutions for a range of alterna-
tive flow assignment scenarios.

To explore the robustness of a siting solution to multiple scenarios of flow assignment, 
the following experimental framework can be employed. First, derive a representative 
set of flow assignment scenarios s ∈ S . While an infinite set of such scenarios no doubt 
exists, scenarios could be selected based on factors such as observed or hypothesized 
locations of disruption (e.g., accidents, congestion, etc.), different assignment strategies 
(e.g., all-or-nothing, user equilibrium, etc.), proportion of flow to be served and different 
levels of likelihood for observing information on each path. Next, the model can be in 
turn solved for each flow assignment scenario and the resulting siting configurations can 
then be examined.

Empirical study
To illustrate the mechanics and applicability of the PFCP, a case study of siting VMS 
in a highway system is examined. In particular, the problem of identifying VMS siting 
configurations for providing information to truck flows utilizing the Interstate highway 
system in the state of Ohio, USA is considered. This system supports truck flow among 
15 metropolitan statistical areas (MSAs) (210 OD pairs). 68 directed arcs (Fig. 1), repre-
senting 7,561 km of roadway, function to provide connectivity among the OD pairs. For 
this experimental network, a minimum of 210 paths are needed to connect the OD pairs 
(i.e., one path per OD pair) while at maximum, 119,582 paths could theoretically func-
tion to support OD flow (Matisziw et al. 2007a, b). It is likely though that the number of 
paths that serve to support flow among origins and destinations in this network is some-
where in between these two extremes.

In the transportation sciences, a variety of ways of assigning OD flow to network paths 
have been proposed based on the hypothesized travel behavior. Thus, rather than focus 
on any single assignment of OD flow to network paths, a range of different assignments 
of flow between ODs are examined to better understand the solution characteristics of 
the model. Although 119,582 OD paths do exist in the system, only 118,114 connect 

(13)
∑

d∈N |d �=o

∑

m∈φod

fmYm ≥ �o

∑

d∈N |d �=o

aod ∀o ∈ O
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OD pairs having non-zero truck flows. Out of these paths, three subsets of paths were 
selected to represent viable alternatives for movement between the OD pairs based 
on different network flow assignment scenarios. Flow between each OD pair (aod) was 
assigned to paths m ∈ φod relative to the cost of traversing alternative paths. Specifically, 
the inverse cost for each path is powered by a coefficient β and is evaluated relative to 
the sum of powered inverse path costs of all paths serving an OD pair as shown in Eq. 
(14). Therefore, when β is high, assignment of flow will be more highly influenced by 
less costly paths and distributed over a small set of paths (e.g., less paths with fm > 0 ). 
Conversely, when β is low, assignment of flow will be less influenced by path cost and 
distributed over a larger set of paths (e.g., more paths with fm > 0).

Second, after an initial proportional assignment of flow, all paths allocated less than 1.0 
unit of flow, are removed from consideration and fm is recomputed. Next, in increasing 
order of path costs cm , flows assigned to paths are rounded down to integer values and 

(14)fm = aod







(1/cm)
β

�

l∈φod

(1/cl)β






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Fig. 1  Ohio, USA interstate highway network
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the fractional remainders are tracked. Whenever at least 1.0 unit of remainder becomes 
available, it is added to the flow of the incumbent path. Using this process ensures an 
integer assignment of OD flow on viable paths while also ensuring that total OD flow 
(aod) is conserved. In this study, these steps were repeated for β = 4 (flows distributed 
over 4,017 paths—many alternatives (~ 19) for each OD,), β = 8 (flows distributed over 
970 total paths—a moderate number of alternatives (~ 5) for each OD), and β = 12 
(flows distributed over 599 total paths—a few alternative (~ 3) paths for each OD). These 
three representations of network use (many paths, moderate paths, and few paths) will 
be used to evaluate the sensitivity of the PFCP to different assignments of network flow.

The probability that information sited along an arc i will be observed by flow along a 
path m (pim) could be based upon many different assumptions. Here, it is assumed that 
all arcs can provide the same base probability of exposure τ . It is also assumed that arcs 
that are longer or involve more travel time relative to that of the path will be associated 
with a higher likelihood of exposure (e.g., given they provide more opportunity for the 
traveler to integrate the VMS content into their decision-making process). To account 
for this relationship, the length ηi of each arc i ∈ Rm can be evaluated relative to that of 
the path 

∑

i∈Rm

ηi and calibrated by a scalar κ to represent the additional level of likelihood 

of exposure to be offered over the base level as shown in (15).

Studies have reported wide variation in the proportion of drivers observing VMS mes-
sages, anywhere between 33 and 97% depending on the context of the study (Chatterjee 
et al. 2002). In this application, all arcs are assigned a based likelihood of exposure of at 
least 0.7 (τ = 0.7) and are scaled by κ = 0.1875 to allow up to an additional ~ 19% likeli-
hood to be added based on the length of the arc in relation to the length of the entire 
path.

In this application, it is assumed that the cost of deploying VMS in network is consid-
ered as a function of length of the arc on which VMS is to be installed (i.e., δi = ηi ). The 
PFCP also requires selection of values for proportion of OD flow that must be served 
(e.g., �od or �o ) and the minimum level of service reliability that is required (αm) which 
would be determined based on the planning goals of those managing the infrastructure. 
As these parameters can vary in practice, a range of values are explored to examine their 
general influence on the model solution characteristics and output. For each of the three 
representations of the network (many paths, moderate paths, and few paths), 9 model 
parameterizations involving different combinations of �o and αm are considered. Three 
values of �o (the proportion of flow leaving each origin to be served) are examined: a) 
a low threshold ( �o = 0.20 ), a moderate threshold ( �o = 0.60 ), as well as 100% service 
( �o = 1.0 ). The �o values are then each paired with three values of αm (the minimum level 
of service reliability that is required for effective exposure): (a) αm = 0.78 , (b) αm = 0.82 , 
(c) αm = 0.86 . These values were chosen to be higher than the base level of probability of 
exposure that could be offered by any single arc. Values of αm > 0.86 were also consid-
ered, however, it was found that in this application context, there were cases in which a 

(15)pim = τ +






κ

ηi
�

i∈Rm

ηi






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feasible solution to the model did not exist for those higher thresholds (e.g., there were 
not enough arcs available in some paths to permit the threshold to be exceeded). The 
Gurobi 9.0 optimization solver was used to identify optimal solutions to each of the 
PFCP model parameterizations.

Discussion
Table  1 summarizes the optimal PFCP solutions for 9 model parameterizations for 
each of the three network flow assignment scenarios. For each assignment scenario and 
parameterization of �o and αm , the cost of the selected network arcs relative to the total 
cost of arcs in the network (MC) is reported as is the amount of flow covered relative to 
total flow in the system (FC). For any given combination of αm and �o in Table 1, the MC 
increases for higher �o coverage thresholds. For instance, in the scenarios involving many 
OD paths where αm = 0.78 , the MC increases from 6.9 to 14.7% as the �o increases from 
20 to 60%. That is, the cost of providing coverage to a minimum of 60% of the flow out 
of each origin is roughly double that required to meet the 20% threshold. Given that �o 
is a minimal threshold on the flow out of each origin that should be served, the propor-
tion of flow covered (FC) by the facility configuration for the system as a whole depends 
on how the flows are distributed in the network. For example, in the scenarios involving 
many paths where αm = 0.78 , when the coverage threshold is �o = 0.2 , 44.5% of system 
flow is covered and when the threshold is �o = 0.6 , 67.3% of system flow is covered. For 
the network assignment scenarios involving few paths, even greater amounts of flow are 
covered given that the OD flow is confined to a smaller set of paths. As the threshold on 
the minimum level of required service reliability increases from αm = 0.78 to αm = 0.86 , 
MC increases in all but a few instances. However, in many cases, the proportion of sys-
tem flow (FC) that is covered decreased as the αm reliability threshold increases.

Figure 2a–c illustrates three example optimal siting configurations for the assignment 
scenario involving many OD paths that are summarized in Table  1. When the origin 
outflow coverage threshold is relatively low (20%) and the minimum level of exposure 
reliability is 0.78, cost is low (6.9%) as VMS is needed only on a small number of arcs 

Table 1  Summary of optimal PFCP solutions

Summary of optimal PFCP solutions for the three network flow assignment scenarios and model parameterizations 
involving different combinations of �o and αm . MC = % of total system cost, FC = % of total system flow covered

Network assignment scenario �o αm

0.78 0.82 0.86

MC FC MC FC MC FC

Many OD paths 0.20 6.9 44.5 6.9 43.5 6.9 42.5

0.60 14.7 67.3 17.3 69.3 17.8 68.5

1.0 74.6 100.0 86.3 100.0 88.3 100.0

Moderate OD paths 0.20 9.8 47.6 10.1 43.3 10.1 43.8

0.60 17.7 68.5 21.1 69.8 21.1 70.5

1.0 74.5 100.0 80.9 100.0 83.6 100.0

Few OD paths 0.20 9.9 49.7 10.1 43.0 10.4 42.2

0.60 18.8 70.9 21.2 72.7 21.2 72.6

1.0 53.4 100.0 59.8 100.0 60.7 100.0
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constituting two subgraphs of the network to meet the threshold (Fig. 2a). As the thresh-
old on coverage of origin outflow is increased to 60% and the minimum level of exposure 
reliability is increased slightly to 0.82, cost increases (17.3%) as VMS is needed on more 
arcs to meet the elevated requirements. In this case, the selected arcs constitute four 

a

b

c
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Fig. 2  Arcs selected in optimal PFCP solutions for the ‘many OD paths’ network assignment scenario: a low 
flow threshold, lower reliability threshold (�o = 0.2, αm = 0.78) , b medium flow threshold, moderate reliable 
threshold (�o = 0.6, αm = 0.82) , c high flow threshold, higher reliability threshold (�o = 1.0, αm = 0.86)
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subgraphs (Fig. 2b). However, the proportion of the network that would be involved in 
such a solution is still relatively small. When the threshold on coverage of origin outflow 
is increased to 100% and the minimum level of exposure reliability is increased to 0.86, 
most of the arcs (88.3% of the system) require VMS (Fig. 2c). In scenarios in which flow 
is distributed over the moderate and few OD paths, the number of arcs needed to ensure 
flow coverage threshold is met is a bit more than those in the many OD paths scenario. 
The reason for this is that the routing alternatives for the moderate number and few OD 
paths involve of a smaller portion of the network and as such, less arcs are utilized to 
support movement between certain OD pairs.

One shortcoming of threshold-based optimization models is that once the threshold(s) 
for coverage has been met, there is no incentive to further benefit flow. For instance, 
should there exist more than one way to cover at least 20% of the flow out of each origin 
by siting VMS on three arcs, from a modeling standpoint, any of the alternative optima 
will suffice, even if one results in more flow coverage than the others. In such situations 
other evaluation criteria can be included to further distinguish among the alternatives as 
well as to add some comparative value to the solutions. For example, in addition to mini-
mizing the cost of siting facilities in a network, one might also be interested in assessing 
some measure of benefit the facilities provide to the system. To explore this notion, the 
PFCP cost minimization Objective (9) is paired with the opportunity for path diversion 
objective of (Matisziw, 2019).

Objective (16) maximizes the benefit that the facilities can present to flow in terms of 
providing information that can assist flow in identifying alternative ways of proceeding 
to the destination (i.e., options for rerouting/diversion). The benefit (bi) of locating infor-
mation on a particular arc i ∈ Rm along a path m can be measured as the percent of flow 
weighted path cost that could be avoided given that opportunities for diversion exists 
upon exiting arc i . In this way, more benefit will be accrued when a greater proportion of 
flow weighted path cost can be avoided given information is provided at an arc i . Given 
the biobjective formulation (Objectives (9) and (16); Constraints (10)-(12)), Pareto opti-
mal solutions to the experimental parameterizations were identified by way of the NISE 
method (Cohon et al. 1979) utilizing the Gurobi 9.0 optimization solver. In sum, all 1,311 
supported efficient solutions (Pareto optimal) were identified using this procedure.

While the 27 solutions described earlier relate explicitly to the PFCP, the 1,311 sup-
ported efficient solutions represent tradeoffs between cost minimization and benefit to 
path diversion. The 27 PFCP solutions are actually a subset of the set of supported effi-
cient solutions (e.g., anchor point solutions). Among the set of solutions for each param-
eterization there is a solution at which cost is the lowest (optimizing the PFCP Objective 
(9)) and at which benefit to path diversion is the highest (optimizing Objective (16)). All 
other solutions represent tradeoffs between the two objectives. For example, the trade-
offs between the 115 Pareto optimal solutions identified for the many OD path assign-
ment strategy αm = 0.78 , �o = 0.2 parameterization (Table 2), are shown in Fig. 3a. Three 
example solutions are labeled A, B, and C in Fig. 3a and the selected arcs corresponding 
with these solutions are depicted in Fig. 4a–c. Solution A represents a complete focus 

(16)� = Maximize
∑

i∈A

biXi
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Table 2  Number of supported efficient solutions

Number of supported efficient solutions for the three network flow assignment scenarios and model parameterizations 
involving different combinations of �o and αm . NS = Number of supported efficient solutions

Network assignment scenario �o αm

0.78 0.82 0.86

NS NS NS

Many OD paths 0.20 115 113 113

0.60 107 97 95

1.0 45 21 15

Moderate OD paths 0.20 91 89 78

0.60 81 71 2

1.0 33 23 13

Few OD paths 0.20 5 2 22

0.60 45 2 2

1.0 17 11 3
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Fig. 3  Objective tradeoffs among the supported efficient solutions identified for each network assignment 
scenario and coverage threshold given a reliability threshold αm = 0.78
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on optimizing the cost minimization objective (Fig. 4a). 14 arcs need to be outfitted with 
VMS to ensure that at least 20% of the outflow from the origin nodes is covered with 78% 
exposure reliability. The selected arcs form three subgraphs in different portions of the 
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Fig. 4  Arcs selected in supported efficient solutions for the many OD path assignment scenario given flow 
coverage threshold �o = 0.2 and reliability threshold αm = 0.78 for: a solution A, b solution B, and c solution 
C
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state. In all but two instances, arcs representing movement for both directions between 
pairs of nodes were selected. Solution B (Fig. 3b) provides nearly 75% more benefit for 
path diversion than solution A, but involves outfitting 37 arcs with VMS at more than 4 
times the cost of solution A. The arcs in this solution (Fig. 4b) form a single subgraph in 
the central portion of the network. Solution C (Fig. 4c) represents an intermediate trade-
off between cost and benefit. The 22 selected arcs build upon the three clusters in solu-
tion A, entailing about twice as much cost as A and about half that of B while providing 
approximately 42% more benefit to diversion than A and about 23% less benefit than 
B. In other model parameterizations there were solutions that were very close to that 
of the cost minimizing solution, but offered a significant improvement to opportunity 
for diversion. For example, among the 107 efficient supported solutions identified for 
the many OD path assignment strategy αm = 0.78 , �o = 0.6 (Table 2), there is only a 4% 
increase in cost between the solution that reflects full focus on cost minimization (solu-
tion D) and a solution that provides a 25% increase in opportunity for diversion (solution 
E) (Fig. 3a).

Figure 5 illustrates the number of times that each network arc appears in the 115 sup-
ported efficient solutions for the many OD path assignment strategy αm = 0.78 , �o = 0.2 
to provide a better perspective as to which arcs tend to be relevant to more solutions. 
Although all arcs appear in some Pareto optimal solutions, arcs on the periphery of the 
study region appear in far less solutions than arcs that provide more direct connectiv-
ity among the MSAs. The network assignment scenarios that involve a greater number 
of paths provide more alternatives for flow to move among the OD pairs and a richer 
set of Pareto optimal alternatives. While 115 Pareto optimal solutions were found for 
the many OD paths, αm = 0.78 , �o = 0.2 parameterization, 91 were found for the same 
parameterization for the moderate paths scenario and only 5 for the few paths scenario. 
Similarly, for the many OD paths, αm = 0.78 , �o = 1.0 parametrization, there were 45 
Pareto optimal alternatives but only 33 and 17 for the same parameterization of the 
moderate and few OD paths scenarios respectively (Table 2). Greater numbers of paths 
with flow also translate into more opportunity for diversion. For example, all solutions 

# solutions
14 - 76
76 - 143
143 - 197
197 - 230

0 40 80 120 16020
Kilometers

Fig. 5  Number of times arcs are selected over the 115 supported efficient solutions for the many OD path 
assignment scenario given flow coverage threshold �o = 0.2 and reliability threshold αm = 0.78
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for parameterizations based upon the many OD path assignment scenario (Fig. 3a) entail 
more opportunity for diversion ( 59, 756 ≤ � ≤ 119, 726 ) than those based upon the 
moderate ( 35, 073 ≤ � ≤ 54, 887 ) (Fig. 3b) or few ( 17, 114 ≤ � ≤ 32, 022 ) (Fig. 3c) OD 
paths scenarios. Typically, the lower the outflow from each origin that must be covered 
(e.g., �o = 0.2 ), a greater variety of lower cost solutions can be found. However, as the 
threshold for coverage of flow out of each origin increases (e.g., �o = 0.6 and �o = 1.0 ), 
the initial cost of simply satisfying the threshold becomes much more, prior to benefit 
for diversion becoming a major consideration.

Conclusion
This article presents a framework for siting facilities in a transportation system to 
provide (and/or collect) information to network flows. In particular, an optimization 
model is structured to minimize the cost of siting a configuration of facilities to serve 
flows between network origins and destinations. Unlike many other flow capturing 
models, any number of paths supporting flows among OD pairs can be considered. 
Given that there is typically uncertainty as to the extent to which information will be 
received and/or collected from flows passing by sited facilities, probabilities of expo-
sure are associated with candidate facilities. Probabilistic threshold constraints are 
then incorporated to ensure that the flows are reliably exposed to the facilities before 
they can be considered effectively served. While this type of threshold formulation 
can guarantee a base level of service for network flows, it does not place any value on 
exceeding thresholds should the ability to do so exist in light of alternative optima. 
As such, a biobjective formulation is explored by introducing a maximization objec-
tive to better evaluate the characteristics of the model structure. A NISE algorithm is 
applied to identify all supported efficient facility configurations for distributing infor-
mation to flows in an interstate highway system. To explore sensitivity of the model 
to variations in the representation of the transportation system, distribution of flows, 
exposure probabilities, and coverage criteria, a range of modeling parameterizations 
were examined.

Information provision and collection in transportation systems can be resource 
intensive given the complexities of modern urban transportation infrastructure and 
the ways in which it is used. In this study, various configurations of paths support-
ing flows among OD pairs and assignments of flow to those paths were examined to 
reason about impacts to solution characteristics. In the application, arc length was 
used to represent the cost of siting facilities to provide (or collect) information to 
network flows. However, there are alternative ways in which facility costs could be 
operationalized in this type of modeling approach. For instance, arcs could be split 
into smaller management units. Alternatively, the number of facilities that would be 
needed to effectively serve an arc could be explicitly calculated (e.g., based on some 
recommended minimum facility spacing). Given the spatial and temporal dynamics of 
flows in transportation systems, future work is needed to account for perturbations in 
flow when siting facilities for information collections/provision. Also, while managing 
the cost of siting facilities is an important consideration, other planning objectives 
often factor into the decision-making process. For instance, aside from general infor-
mation provision, this study considered another planning criteria, that of providing 
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information to facilitate the diversion of flows from upcoming portions of their paths 
that may be obstructed. To better leverage the capabilities of facility configurations 
over a broader range of purposes, future work is also needed as to how a wider range 
of planning criteria can be integrated in the modeling process. Further, while the net-
work modeling constructs described here were motivated and demonstrated relative 
to their utility in planning for information provision/collection in a transportation 
system, they are also broadly applicable to many other networked systems of any spa-
tial scale. Potential applications in this respect could include the location of sensors 
for disease surveillance and environmental monitoring, location of facilities to sup-
port humanitarian recovery efforts, siting law enforcement resources, positioning 
information in social networks, among others.

Abbreviations
FCLM: Flow capturing location problem; GPS: Global positioning system; ITS: Intelligent transportation systems; LSCP: 
Location set covering problem; MCLP: Maximal covering location problem; MSA: Metropolitan statistical area; NISE: 
Non-inferior set estimation; OD: Origin–destination; PFCP: Probabilistic flow covering problem; VANET: Vehicular ad hoc 
network; VMS: Variable message signs.

Acknowledgements
Not applicable.

Authors’ contributions
TCM formalized the mathematical model, contributed to the solution implementation routine, and led the manuscript 
development. AG tuned the optimization routine, analyzed a range of modeling scenarios and application results, and 
assisted with manuscript preparation. Both authors read and approved the final manuscript.

Funding
This material is based upon work supported by the National Science Foundation under Grant No. (2027891).

Availability of data and materials
The datasets supporting the conclusions of this article are available in the figshare repository, https://​doi.​org/​10.​6084/​
m9.​figsh​are.​12611​384.

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Geography, University of Missouri, 220 Stewart Hall, Columbia, Missouri 65211, United States of America. 
2 Department of Civil & Environmental Engineering, E1509 Thomas & Nell Lafferre Hall, Columbia, Missouri 65211, United 
States of America. 3 Institute for Data Science and Informatics, Columbia, Missouri 65211, United States of America. 

Received: 18 December 2020   Accepted: 22 March 2021

References
Anderson MD, Souleyrette RR (2002) Pseudo-dynamic travel model application to assess traveler information. Transporta-

tion (Amst) 29:307–319. https://​doi.​org/​10.​1023/A:​10156​14208​374
Basu D, Maitra B (2010) Evaluation of VMS-based traffic information using multiclass dynamic traffic assignment model: 

experience in Kolkata. J Urban Plan Dev 136:104–113. https://​doi.​org/​10.​1061/​(ASCE)​0733-​9488(2010)​136:​1(104)
Berman O, Larson RC, Fouska N (1992) Optimal location of discretionary service facilities. Transp Sci 26:201–211. https://​

doi.​org/​10.​1287/​trsc.​26.3.​201
Boyles SD, Waller ST (2011) Optimal information location for adaptive routing. Networks Spat Econ 11:233–254. https://​

doi.​org/​10.​1007/​s11067-​009-​9108-9
Chatterjee K, Hounsell NB, Firmin PE, Bonsall PW (2002) Driver response to variable message sign information in London. 

Transp Res Part C Emerg Technol 10:149–169. https://​doi.​org/​10.​1016/​S0968-​090X(01)​00008-0
Chiu YC, Huynh N (2007) Location configuration design for dynamic message signs under stochastic incident and ATIS 

scenarios. Transp Res Part C Emerg Technol 15:33–50. https://​doi.​org/​10.​1016/j.​trc.​2006.​12.​001
Church R, ReVelle C (1974) The maximal covering location problem. Pap Reg Sci Assoc 32:101–118
Cohon JL, Church RL, Sheer DP (1979) Generating multiobjective trade-offs: an algorithm for bicriterion problems. Water 

Resour Res 15:1001–1010. https://​doi.​org/​10.​1029/​WR015​i005p​01001

https://doi.org/10.6084/m9.figshare.12611384
https://doi.org/10.6084/m9.figshare.12611384
https://doi.org/10.1023/A:1015614208374
https://doi.org/10.1061/(ASCE)0733-9488(2010)136:1(104)
https://doi.org/10.1287/trsc.26.3.201
https://doi.org/10.1287/trsc.26.3.201
https://doi.org/10.1007/s11067-009-9108-9
https://doi.org/10.1007/s11067-009-9108-9
https://doi.org/10.1016/S0968-090X(01)00008-0
https://doi.org/10.1016/j.trc.2006.12.001
https://doi.org/10.1029/WR015i005p01001


Page 18 of 18Matisziw and Gholamialam ﻿Appl Netw Sci            (2021) 6:28 

Daskin MS (1983) A maximum expected covering location model: formulation, properties and heuristic solution. Transp 
Sci 17:48–70

Daskin MS (1982) Application of an expected covering model to emergency medical service system design. Decis Sci 
13:416–439

Gentili M, Mirchandani PB (2012) Locating sensors on traffic networks: models, challenges and research opportunities. 
Transp Res Part C Emerg Technol 24:227–255. https://​doi.​org/​10.​1016/j.​trc.​2012.​01.​004

Gzara F, Erkut E (2009) A Lagrangian relaxation approach to large-scale flow interception problems. Eur J Oper Res 
198:405–411. https://​doi.​org/​10.​1016/j.​ejor.​2008.​08.​024

Haight RG, ReVelle CS, Snyder SA (2000) An integer optimization approach to a probabilistic reserve site selection prob-
lem. Oper Res 48:697–708. https://​doi.​org/​10.​1287/​opre.​48.5.​697.​12411

Henderson JM (2004) A planning model for optimizing locations of changeable message signs. University of Waterloo
Hodgson MJ (1990) A flow-capturing location-allocation model. Geogr Anal 22:270–279. https://​doi.​org/​10.​1111/j.​1538-​

4632.​1990.​tb002​10.x
Huynh N, Chiu YC, Mahmassani HS (2003) Finding near-optimal locations for variable message signs for real-time net-

work traffic management. Transp Res Rec 1856:34–53. https://​doi.​org/​10.​3141/​1856-​05
Jindahra P, Choocharukul K (2013) Short-run route diversion: an empirical investigation into variable message sign design 

and policy experiments. IEEE Trans Intell Transp Syst 14:388–397. https://​doi.​org/​10.​1109/​TITS.​2012.​22158​54
Kuby M, Lim S (2005) The flow-refueling location problem for alternative-fuel vehicles. Socioecon Plann Sci 39:125–145. 

https://​doi.​org/​10.​1016/j.​seps.​2004.​03.​001
Lam WHK, Chan KS (2001) A model for assessing the effects of dynamic travel time information via variable message 

signs. Transportation (Amst) 28:79–99. https://​doi.​org/​10.​1023/A:​10052​35831​457
Li M, Lin X, He F, Jiang H (2016) Optimal locations and travel time display for variable message signs. Transp Res Part C 

Emerg Technol 69:418–435. https://​doi.​org/​10.​1016/j.​trc.​2016.​06.​016
Lu Z, Qu G, Liu Z (2019) A survey on recent advances in vehicular network security, trust, and privacy. IEEE Trans Intell 

Transp Syst 20:760–776. https://​doi.​org/​10.​1109/​TITS.​2018.​28188​88
Matisziw TC (2019) Maximizing expected coverage of flow and opportunity for diversion in networked systems. Networks 

Spat Econ 19:199–218. https://​doi.​org/​10.​1007/​s11067-​018-​9431-0
Matisziw TC, Murray AT, Grubesic TH (2007a) Evaluating vulnerability and risk in interstate highway operation. In: Proceed-

ings of the transportation research board annual meeting. Washington, DC
Matisziw TC, Murray AT, Grubesic TH (2007) Bounding network interdiction vulnerability through cutset identification. In: 

Murray AT, Grubesic TH (eds) Critical infrastructure: reliability and vulnerability. Springer, Berlin, pp 243–256
ReVelle C, Hogan K (1988) A reliability-constrained siting model with local estimates of busy fractions. Environ Plan B Plan 

Des 15:143–152
ReVelle CS, Williams JC, Boland JJ (2002) Counterpart models in facility location science and reserve selection science. 

Environ Model Assess 7:71–80. https://​doi.​org/​10.​1023/A:​10156​41514​293
Riemann R, Wang DZW, Busch F (2015) Optimal location of wireless charging facilities for electric vehicles: Flow capturing 

location model with stochastic user equilibrium. Transp Res Part C Emerg Technol 58:1–12. https://​doi.​org/​10.​1016/j.​
trc.​2015.​06.​022

Romero F, Gomez J, Rangel T et al (2020) The influence of variable message signs on en-route diversion between a 
toll highway and a free competing alternative. Transportation (Amst) 47:1665–1687. https://​doi.​org/​10.​1007/​
s11116-​019-​09976-8

Toi S, Kiyota M, Nomura T, et al (2005) A method for planning of road sign system in highway using straying index. J East 
Asia Soc Transp Stud 6:981–996. https://doi.org/https://​doi.​org/​10.​11175/​easts.6.​981

Upchurch C, Kuby M (2010) Comparing the p-median and flow-refueling models for locating alternative-fuel stations. J 
Transp Geogr 18:750–758. https://​doi.​org/​10.​1016/j.​jtran​geo.​2010.​06.​015

Yang H (1999) Evaluating the benefits of a combined route guidance and road pricing system in a traffic network with 
recurrent congestion. Transportation (Amst) 26:299–322. https://​doi.​org/​10.​1023/A:​10051​29309​812

Yang H, Yang C, Gan L (2006) Models and algorithms for the screen line-based traffic-counting location problems. Com-
put Oper Res 33:836–858. https://​doi.​org/​10.​1016/j.​cor.​2004.​08.​011

Yim PKN, Lam WHK (1998) Evaluation of count location selection methods for estimation of o-d matrices. J Transp Eng 
124:376–383. https://​doi.​org/​10.​1061/​(asce)​0733-​947x(1998)​124:​4(376)

Zhang G, Wang Z, Persad KR, Walton CM (2014) Enhanced traffic information dissemination to facilitate toll road utiliza-
tion: a nested logit model of a stated preference survey in Texas. Transportation (Amst) 41:231–249. https://​doi.​org/​
10.​1007/​s11116-​013-​9449-6

Zhang J, Wang FY, Wang K et al (2011) Data-driven intelligent transportation systems: a survey. IEEE Trans Intell Transp 
Syst 12:1624–1639. https://​doi.​org/​10.​1109/​TITS.​2011.​21580​01

Zheng X, Chen W, Wang P et al (2016) Big data for social transportation. IEEE Trans Intell Transp Syst 17:620–630. https://​
doi.​org/​10.​1109/​TITS.​2015.​24801​57

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.trc.2012.01.004
https://doi.org/10.1016/j.ejor.2008.08.024
https://doi.org/10.1287/opre.48.5.697.12411
https://doi.org/10.1111/j.1538-4632.1990.tb00210.x
https://doi.org/10.1111/j.1538-4632.1990.tb00210.x
https://doi.org/10.3141/1856-05
https://doi.org/10.1109/TITS.2012.2215854
https://doi.org/10.1016/j.seps.2004.03.001
https://doi.org/10.1023/A:1005235831457
https://doi.org/10.1016/j.trc.2016.06.016
https://doi.org/10.1109/TITS.2018.2818888
https://doi.org/10.1007/s11067-018-9431-0
https://doi.org/10.1023/A:1015641514293
https://doi.org/10.1016/j.trc.2015.06.022
https://doi.org/10.1016/j.trc.2015.06.022
https://doi.org/10.1007/s11116-019-09976-8
https://doi.org/10.1007/s11116-019-09976-8
https://doi.org/10.11175/easts.6.981
https://doi.org/10.1016/j.jtrangeo.2010.06.015
https://doi.org/10.1023/A:1005129309812
https://doi.org/10.1016/j.cor.2004.08.011
https://doi.org/10.1061/(asce)0733-947x(1998)124:4(376)
https://doi.org/10.1007/s11116-013-9449-6
https://doi.org/10.1007/s11116-013-9449-6
https://doi.org/10.1109/TITS.2011.2158001
https://doi.org/10.1109/TITS.2015.2480157
https://doi.org/10.1109/TITS.2015.2480157

	Optimizing facility siting for probabilistic collection and distribution of information in support of urban transportation
	Abstract 
	Introduction
	Background
	Methodology
	Probabilistic flow covering problem (PFCP)

	Empirical study
	Discussion
	Conclusion
	Acknowledgements
	References


