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Governments, as well as companies and individuals, are increasingly aware of the damages to the envi-
ronment caused by human activities. In this sense, the reduction of CO, emissions is an important topic
that is pursued through a range of practices. A relevant example is carpooling, which is defined as the
act of individuals sharing a single car. In this paper we approach a practical case found in an Italian ser-

vice company. Our objective is to develop an integrated web application to be used by the employees of
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this company to organize carpooling crews on a daily basis, so as to reach a common destination. We
look for possible crews by the use of mathematical formulations and heuristic algorithms. The heuristic
algorithms are then embedded into the web application to provide users with carpooling solutions. Ex-
perimental results attest for a great potential in CO, savings by the use of carpooling in the real-world
scenario as well as in newly generated instances.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The debate on the negative effects of human activities on the
environment has been around for a long time, and nowadays the
concern about these issues is widespread. Pollution is a plague in
urban areas and a cause of illness for inhabitants. Large companies
daily require that thousands of individuals travel to work, heavily
increasing car use. This practice causes a wide range of problems,
including high emissions of CO, in the atmosphere, noise pollu-
tion, and parking issues (see, e.g., Gdrling and Friman [1]). Public
transportation systems could mitigate the problem, but, more of-
ten than not, they are incapable of serving all the demands in a
cost-effective manner, or are simply disregarded by many individ-
uals, who prefer not to use them.

In this sense, carpooling can be an effective tool to help reduce
traffic and pollution. Carpooling is a ridesharing practice that can
be defined as the act of a group of individuals that ride a sin-
gle car by splitting travel costs (see, e.g., Furuhata et al. [2]). This
practice has grown more common in recent years. It is an interest-
ing transportation habit for individuals as well as for companies,
as it can reduce transportation costs and directly affect CO, emis-
sions. It thus fits well with the millennium goal of the United Na-
tions [3] that aims at ensuring environmental sustainability. Gov-
ernments are also taking actions to support the carpooling prac-
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tice. For instance, in Italy a law for sustainable mobility was in-
cluded into the national legislation in 1998 to stimulate the use
of collective transportation methods and promote the creation of
innovative transport systems (see Italian Ministry of Environment
[4]). Consequently, in recent years several optimization methods
have been developed to provide good solutions to different car-
pooling practices, both focusing on the solution of real-world study
cases (see, e.g., Wolfler Calvo et al. [5]) and on the development of
general solution algorithms (see, e.g., Baldacci et al. [6]).

Carpooling is sometimes also denoted as ridesharing, although
this terminology is more common in dynamic contexts (see, e.g.,
Agatz et al. [7,8]). Also, it should not be confused with carsharing,
which is a kind of decentralized car rental service where travel-
ers are allowed to pick up a car at a station, use it for the time
needed, and then return it (to the same station or to a different
one, according to the implemented system). Carsharing has also at-
tracted research aimed at the minimization of CO, emissions. Lee
et al. [9] pursued indeed this objective by determining the opti-
mal carsharing service locations in Daejeon, a small Korean city.
The reader interested in the research conducted on carsharing is
referred to the recent survey by Jorge and Correia [10].

In this paper we focus our attention on carpooling and study
a practical case found in a large service company, Coopservice
S.coop.P.A., with headquarters in Reggio Emilia (Italy), whose aim
is to encourage its employees to carpool to reduce transportation
costs and CO, emissions. We focus on a pilot case in which all
employees are headed to the same workplace but may have dif-
ferent daily working shifts. People with the same shift can carpool
together to reach and/or return from the workplace at the same
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time. According to the classification by Wolfler Calvo et al. [5] our
case is a daily carpooling problem, because users offer or require
passages on the basis of working shifts that change day by day.
Our intention is to assess, by the use of optimization algorithms
and mathematical models, the amount of CO, emissions that can
be saved in this pilot case and on newly generated instances, and
then develop a web application in which employees can commu-
nicate and agree with each other on sharing rides.

The remainder of the paper is organized as follows. In
Section 2 we present a brief review of the carpooling lit-
erature. In Section 3 we formally describe the problem. In
Section 4 we present mathematical models and heuristic algo-
rithms. In Section 5 we discuss the details of our study case. In
Section 6 we evaluate our optimization methods by means of ex-
tensive computational results. In Section 7 a prototype of the web
application is shown and then some conclusions are drawn in
Section 8.

2. Brief review of carpooling literature

The practice of carpooling (also known as ridesharing) has at-
tracted the interest of many researchers from different areas, con-
sequently leading to a huge literature. In this section we present
a brief review of some interesting results in the field. The reader
interested in a deeper review is referred to the following papers:
Furuhata et al. [2], who present a framework to identify key chal-
lenges in ridesharing and foster the development of effective for-
mal ridesharing mechanisms; Chan and Shaheen [11], that focus
on how the use of Internet, mobile phones, and social networking
has been integrated in carpooling programs; Battarra et al. [12] and
Dorner and Salazar-Gonzalez [13], that survey pickup and delivery
problems for freight and passenger transportation, respectively.

The carpooling literature can be roughly divided into two major
approaches: a deductive approach and an inductive one. The former
approach looks at carpooling through the lenses of existing litera-
ture from different research areas, and thus tries to apply existing
theories (deriving from fields such as behavioral theories and ap-
plied psychology) to draw conclusions on the usage and effective-
ness of possible practical carpooling systems. From this perspec-
tive, deductive studies share a somehow top-down approach. In-
stead, the latter approach examines existing carpooling initiatives
in order to understand what correlations among variables arise in
real contexts, or what individuals think that might lead them to
carpool. In this sense, inductive studies start from reality and try to
draw general conclusions about the carpooling phenomenon, thus
sharing a bottom-up approach.

The main results on deductive and inductive approaches
are surveyed in Sections 2.1 and 2.2, respectively, whereas in
Section 2.3 we describe the main models and algorithms that have
been developed to provide optimized solutions to carpooling prob-
lems.

2.1. The deductive approach

The deductive approach roughly follows the call of Garling and
Schuitema [14]| for a behavioral framework able to help policy
makers and carpooling system designers to develop effective car
use reduction programs, as well as to support individuals to de-
velop their own car use reduction goals. Gardner and Abraham
[15] proposed an analysis of the literature on psychological cor-
relates of car use with data taken from fourteen previous stud-
ies. Their research aim was to verify the impact of the theory of
planned behavior (TPB) by Ajzen [16] on car reduction behavior. TPB
is an expectancy-value theory in which the subjective perception
of the probability of happening of a given behavior directly influ-
ences the process of creation of attitudes towards that behavior.

Following [15], Abrahamse et al. [17] measured the impact of TPB
and of the norm-activation theory (NAT) by Schwarz [18] on sam-
ple data from Canadian workers. While TPB looks at the mecha-
nism through which behavioral intentions are formed, NAT is more
about moral issues, i.e., about how problem awareness and per-
ceived responsibility for consequences may modify individual at-
titudes towards a certain behavior. The authors highlight that in-
dividuals’ attitudes and the perceived possibilities and difficulties
related to reducing car use strongly influence the transportation
choice.

Bamberg et al. [19] also considered TPB and NAT. They proposed
and tested a conjoint self-regulation theory asserting that changes
in behavior are a process of transition through successive stages. In
particular, in the case of a car use reduction goal, the theory starts
from the formation of the goal, then it passes through the forma-
tion of the behavioral intention to do it, and lastly it comes to
choosing the alternative travel option that reduces car use. Shew-
make [20] reviewed studies on the impacts of high occupancy vehi-
cle lanes on carpooling, with a focus on behavioral models. Differ-
ent performance measures related to welfare, congestion, and air
pollution effects were surveyed, by taking into consideration pa-
pers that explicitly model carpool formation. In conclusion, behav-
ioral theories seem to indicate that, in order to foster mixed trans-
portation methods, both personal interest variables (e.g., the per-
ception of alternatives), as well as personal norms should be taken
into account when proposing carpooling systems.

Other important contributions derive from proposals of new
models for web or app-based carpooling systems. These models try
to devise carpooling systems by taking into account both contribu-
tions from the literature and from practical experiences, consid-
ering different perspectives such as social, technical, and business
sustainability. Selker and Saphir [21] proposed a carpooling system
that takes into account individual interests, goals, and preferences.
They argued that having the same interests can reduce some nega-
tive psychological drawbacks of carpooling, as, for instance, privacy
issues. They also conducted a promising pilot test within a uni-
versity setting. Chen and Hsu [22] extended the model in [21], by
defining other options aimed at improving the carpooling applica-
tion. Ribeiro et al. [23] developed a web and app-based carpooling
system, whose design benefits from an analysis of existing carpool-
ing systems. Other web applications, more focused on optimization
aspects, are discussed in Section 2.3.

2.2. The inductive approach

Governments and private organizations have created several
travel plans to reduce environmental costs. This has provided re-
searchers with the opportunity to go into the field and study ex-
isting applications. In what we call inductive studies, the authors
analyzed existing carpooling initiatives and assessed whether and
why individuals decided to participate.

In the United Kingdom, Cairns et al. [24] analyzed the efficacy
of the travel plans of twenty employers. Their findings show that
the presence of travel plans, in conjunction with parking man-
agement techniques, is capable of reducing car use. They also
show that this practice can offer positive economic returns for the
proposing companies because of the reduction in car parking re-
quirements.

In Belgium, Vanoutrive et al. [25] studied commuters’ choices
by clustering individuals by company. This strategy is grounded on
three arguments: employers can foster internal commutation pat-
terns among employees; neighbor companies can have different
accessibility options; companies are social settings where organi-
zational culture and social norms can exert a great influence on
the individual choice to commute. The authors found that carpool-
ing initiatives could be effective only where public transportation
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is either weak or absent, which is consistent with previous find-
ings by Teal [26]. They also reported that the carpooling practice
had its best results in those sectors where individuals must travel
to working sites that change during time, as, e.g., in the construc-
tion sector.

In Canada, Buliung et al. [27] studied CarpoolZone, a free-to-
use online service that proposes ride matches to commuters living
and/or working near each other and having similar travel times.
From an analysis conducted on real data, it emerged that indi-
viduals living within 1 km of a carpool lot have greater chances
of successfully creating a carpool crew. Moreover, individuals with
higher auto availability feel a stronger urge to carpool, perhaps
in order to share the costs associated with car travel. In a sub-
sequent study, Buliung et al. [28] extend the analysis in [27] by
using data from employers. Their study showed that the typical
commuter is relatively young (less than 40) and well-paid, she/he
works non-standard hours within small to medium sized compa-
nies, and she/he has access to few household vehicles. Females ap-
peared to carpool more frequently than males. In addition, com-
pany travel plans proved to be the strongest indicator of carpool
formation, especially with designated carpool parking places and
emergency ride home services.

Abrahamse and Keal [29] conducted a study regarding Let’s Car-
pool, a New Zealander initiative similar to CarpoolZone but aimed
at increasing vehicle occupation. This service is based on a web-
site with an online ride matching algorithm that enables users to
organize carpoolings to and from work. Match search options are
many and range from a certain maximum distance from home, to
other criteria such as non-smoking or gender. The website shows
possible matches on a map with markers indicating trip starting
and arriving points and generates a list containing contact details
of matches. Users are then free to contact potential matches. The
study in [29] showed that the aspects of carpooling that make it
preferable over public transportation are many, including money
and time saving, reliability, and sociability. However, users also in-
dicated some negative aspects of carpooling, such as lack of flex-
ibility, absence of emergency cars, and difficult arrangement of
costs.

A few studies concentrated on the assessment of individuals’
opinions about carpooling. Nielsen et al. [30] analyzed, through
qualitative interviews and focus groups, the perceptions of individ-
uals from Denmark regarding carpooling. The authors highlighted
that respondents never reported the environmental impact as a
source of motivation towards carpooling. They also suggested that
carpooling systems should be integrated with social networks, in
order to build on the positive sides of carpooling that individuals
perceive. A related study was held in the USA by Lee et al. [31].
Through survey data analysis the authors found out that females
and younger men are more inclined towards carpooling. Moreover,
commuters from urban areas to country areas are more likely to
participate in carpooling. Quite surprisingly, attitudinal variables
did not help in explaining the attitude towards carpooling.

2.3. Mathematical models and optimization methods

When looking for optimized carpooling solutions, the consid-
ered time frame becomes an important problem dimension. In this
sense, two types of problems emerged in the related literature: the
daily carpooling problem (DCPP), where users must agree on how
to carpool on a daily basis, and the long-term carpooling problem
(LCPP), where users form groups and organize shared rides that
persist during a certain period of time.

Wolfler Calvo et al. [5] approached a real-life DCPP and de-
veloped an integrated system to organize and manage carpool-
ing groups. Given the necessity for a fast response from the sys-
tem, they opted to use a heuristic algorithm to provide optimized

groups. This algorithm is the core of their optimization module and
operates as a two-step procedure. In the first step a graph contain-
ing the shortest distance among each pair of users is built by using
a modified version of the Dijkstra algorithm that considers traffic
congestion. In the second step a problem solution is obtained by
executing on the graph a greedy constructive heuristic and a re-
finement based on local search. Results show that instances with
up to 400 employees are handled effectively. Another DCPP was
solved by Baldacci et al. [G], by the use of an exact and a heuristic
solution method. The exact method is a bounding based iterative
procedure where at each iteration a reduced set-partitioning prob-
lem is solved, whereas the heuristic is a Lagrangian constructive
procedure. Both approaches were tested on instances derived from
the literature and yielded good results.

As for the LCPP, Varrentrapp et al. [32] gave a formal defini-
tion of the problem and proved its NP-completeness. Yan et al.
[33] considered groups of individuals that would like to travel
together rather than single individuals. They proposed a multi-
ple commodity network flow formulation, whose objective func-
tion considers both the reduction of global costs and a fair sharing
of costs among users. Furthermore, they developed a Lagrangian
relaxation with subgradient optimization to provide valid lower
bounds, and a Lagrangian heuristic to efficiently obtain upper
bounds. The resulting solution method was tested on instances
from the literature and the results indicated that it could be used
to efficiently solve large size instances in a real case.

Naoum-Sawaya et al. [34] also studied a LCPP derived from a
company application. In their problem a fleet of company owned
vehicles must be distributed among employees. An employee that
is assigned a vehicle is expected to participate in a carpool, bring-
ing other employees to and from work. They proposed a stochas-
tic mixed integer programming model to solve the problem while
considering events in which a vehicle may be unavailable, possi-
bly requiring rerouting. They also presented a two-step heuristic
in which, at first the carpooling crews are created using the well
known savings heuristic, and then the stochastic model is used
to define which employees should be given the vehicles. Both ap-
proaches were tested on several instances of different sizes obtain-
ing a good computational performance.

Instead of focusing on a particular time frame, Xia et al.
[35] distinguished carpooling mainly by how users are matched
into carpools and what type of information is used to achieve that.
Indeed, some services consider only users requests and do not take
into account spacial information to provide more suitable match-
ings. The authors focused on a carpooling application that makes
use of both network and spacial information to match users. They
proposed an integer linear programming approach, a tabu search,
and a simulated annealing algorithm to solve the problem. The ef-
ficiency of their approach was evaluated under different scenarios.
Another interesting study focusing on a specific scenario was per-
formed by Bruglieri et al. [36], who designed a web application to
support the use of carpooling in two universities in Milan. The core
of their system is built upon a heuristic based on a guided Monte
Carlo method and minimizing a multi-objective weighted function
that considers distance traveled, level of service, and user prefer-
ences. Computational tests indicated that their algorithm was ca-
pable of generating good quality solutions.

3. Problem description

To formally introduce our DCPP, let us define G= (V,A) as a
directed graph, where V = {0} UV’, vertex O represents the work-
place, vertices in V' are the employees, and A= {(i, j) :ieV’,je
V,i# j}. For convenience of notation, let us partition the set of
employees into two subsets, namely, those that own a car, V., and
those that do not, V;,. Each employee i € V. either uses her/his own
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Fig. 1. Problem types DCPPpg (left) and DCPPry (right). Vertex O is the workplace, vertices in solid (resp. dashed) lines are employees that own (resp. do not own) a car.

car to go directly to the workplace, possibly picking up other em-
ployees, or takes a ride from another employee owning a car. Each
employee i € V, either carpools, thus taking a ride from another
employee that owns a car, or uses the public transport to reach the
workplace. Vehicles have a maximum capacity of Q people. With
every arc (i, j) € A is associated a non-negative cost c;, specify-
ing the distance in km between the two vertices. In our problem
we consider real distances on an urban area, so the cost matrix ¢
is asymmetric. Let y. and y;, be two coefficients estimating the
amount of CO, emissions in kg for each km traveled by car and by
public transport, respectively. Let also § be the maximum detour,
that is, the maximum allowed distance of an employee path with
respect to the shortest path connecting directly the employee to
the workplace. In other words, an employee i is not willing to car-
pool with her/his car for a path that requires more then §c;, km.
Our DCPP is to drive all employees to the workplace by satisfying
the maximum detour constraint, with the aim of minimizing the
total CO, emission.

We consider two different problem types according to the spe-
cific solutions that we allow. In the first type, called direct-route
DCPP (DCPPpR), a solution is a set of routes such that each of
them begins at the house of a given employee i € V, and ends at
the workplace. In this case, the first employee on the route drives
her/his car and picks up the others along the route. In the sec-
ond type, called tree-route DCPP (DCPPrr), we allow employees to
drive to intermediary points and then use a single car from there
on. These intermediate points can be, in general, parking lots or
employees houses. The latter type of solutions allows for some
additional flexibility, but it also requires more organization and
commitment among participants. This might become an inconve-
nience in some cases, due to waiting times and lack of parking
spots at the meeting points. Note that, to limit the complexity of
the DCPPrg problem at hand, in our tests we allowed employees
to meet only at their houses, and did not include locations corre-
sponding to parking lots. On the other hand, because of their more
restrictive nature, direct-route solutions tend to result in higher
costs in terms of both traveled distance and CO, emissions. Exam-
ples of direct-route and tree-route solutions are shown in Fig. 1(a)
and (b), respectively. The workplace is vertex 0, vertices in solid
and dashed lines are employees that own or do not own a car, re-
spectively. The values on the arcs correspond to the ¢; distances
and Q =4.

The DCPPrg is more general than the DCPPpg. The DCPPpR is
already NP-hard because it contains as a special case the vehicle
routing problem with unit demands (see, e.g., Baldacci et al. [6]).

4. Solution algorithms

In this section we present some solution algorithms that we im-
plemented. We first propose a three-index integer linear program-
ming formulation for the case of tree-route solutions. The formu-

lation makes use of three sets of binary variables: le‘(j takes value 1
if employee k travels along arc (i, j), for (i, j) € A, k € V'; y;; takes
value 1 if arc (i, j) is traveled by a vehicle, for (i, j) € A; and v;
takes value 1 if employee i uses public transport instead of car-
pooling, for i € V,. The DCPPrg can be modeled as the following
tree-route formulation (Fig).
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Objective function (1) minimizes the total CO, emissions. Con-
straints (2) impose that all employees that own a car must be in
a route, whereas (3) state that employees without a car might go
to work by carpooling or by public transport. Constraints (4) and
(5) ensure that all employees that are in a route arrive at the work-
place, whereas (6) impose vehicle flow conservation. Car capacity
and maximum detour cannot be exceeded, as stated by (7) and
(8), respectively. Constraints (9) and (10) define that if an em-
ployee carpools, then exactly one car leaves from her/his house,
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Fig. 2. Savings evaluation for algorithm Hrg.

and (11) specify that an employee i € V, is either picked up by
someone or does not carpool. Finally, (12), (13), and (14) define
the variables’ domains. Note that, if one wanted to include loca-
tions for public parking lots in the network, then formulation Frg
should be conveniently modified to allow more than one carpool
group to use a particular parking.

Formulation Frg allows tree-route solutions because the num-
ber of arcs entering a given vertex is not restricted. It can be eas-
ily adapted to the case of direct-route solutions by introducing the
following set of constraints:

Zyij <1

ieV’

VijeV. (15)

Thus, the DCPPpr can be solved by a direct-route formulation (Fpg)
defined by (1)-(15).

We notice that our formulations are indebted to the three-index
model proposed by Baldacci et al. [6]. The main difference lies in
the fact that the latter model takes into account the arrival time
of a car at the workplace, and imposes this time to be compatible
with the starting time of the working activity of each passenger
in the car. Our decision problem is simpler, because the starting
times of the working activities are grouped into shifts that have
been predefined by the company (see Section 5 below for details).
Thus, we can run our formulations for each single shift, disregard-
ing constraints on the arrival times, as the solution will be inde-
pendent from the decisions taken in the other shifts. Because of
this difference our results are not directly comparable with those
in [6].

Formulations Frg and Fpg can be strengthened by fixing arcs
that violate the maximum detour. Indeed, we can set y;; = 0 for all
i,jeV' :cj=ci(1+3). These formulations are very simple and
could be improved in many other ways. However, in this work we
use them only with the purpose of providing an estimation of the
total CO, emission that could result in our practical application.
Our formulations could solve to proven optimality the instances
of our study case in small computational times. Their execution
was, however, much slower for larger-size instances and proved to
be particularly sensitive with respect to some problem parameters
(refer to Section 6 below). We thus focused on the development
of heuristic and local search algorithms, that proved to be quick,
effective, and robust, and then embedded them into our web ap-
plication.

The first heuristic algorithm that we developed solves the
DCPPqR. It is based on the heuristic proposed by Esau and Williams
[37] for the capacitated minimum spanning tree, and it is guided
by the evaluation of savings. Consider the example depicted in
Fig. 2 and, for the sake of simplicity, assume that the route capac-
ity is 5. Let us define the gate g(i) of a vertex i as the next vertex in
the current route of i to the workplace. Then, the saving of insert-
ing a vertex i in a different route after a vertex j is s;; = ¢j 45y — Cij-
For instance, in Fig. 2, g5 =4 and s5 =5—1 =4, so it might be

profitable to connect 5 with 2. This choice clearly affects customer
6, whose route is changed, and customer 4, who should become a
driver.

Our heuristic algorithm initially builds a solution in which ev-
ery employee is directly connected to the workplace by a single
arc. In this initial solution employees i € V; use their car and em-
ployees i € V; use public transport. Then, the following 4-step pro-
cedure is invoked:

Step 1: Find two vertices i and j belonging to different routes and
yielding the feasible saving of largest positive value, if any.
If no such pair is found, then go to Step 3;

Step 2: Remove arc (i, g(i)) from the solution, add arc (i, j), set the
new gate of i as g(i) = j, and then return to Step 1;

Step 3: Remove from the solution the arc (i, g(i)) of any i € V,
that is assigned to the beginning of a route (as she/he can-
not be a driver), and reroute i directly to the workplace by
public transport. Repeat until all routes begin with a vertex
ieVe,

Step 4: Evaluate the resulting CO, emissions.

The solution obtained by our constructive heuristic is then
passed to two local search algorithms. The first algorithm is based
on a standard swap operator that attempts interchanging all pos-
sible pairs of vertices, both belonging to the same route or to two
different routes. Each interchange is evaluated with respect to fea-
sibility and the one yielding the largest cost reduction, if any, is se-
lected. The second algorithm also works using a best improvement
policy, and is based on a standard move operator that attempts to
move each vertex to any other position in any route. The two local
searches are invoked one after the other, until none of them pro-
vides an improvement. The heuristic procedure composed by first
invoking the constructive algorithm and then the two local search
algorithms is denoted as Hrg in the following.

The second heuristic procedure that we implemented, called
Hpg in the following, solves the DCPPpg instead. It is based on sim-
ple adaptations of Hry that verify that each step of the constructive
heuristics and of the two local search algorithms maintains direct
routes.

5. Case study

Coopservice S.coop.P.A. provides services on several sectors, in-
cluding facility management, security, waste disposal, and third-
party logistics. It has a total workforce of about 11,000 people and
operates all over the Italian territory. The company provided us
with a pilot case containing data for 135 employees working at the
hospital Santa Maria Nuova, located in Reggio Emilia (Italy), close
to the company headquarters. Most employees perform sanitation
services at the hospital and have working shifts that change day-
by-day.

The data include detailed information on the shifts for a pe-
riod ranging from February to December 2012. A first analysis that
we performed to understand the distribution of the shifts along
the week is shown in Fig. 3. The figure shows the number of em-
ployees working per week day. This number is usually around 80
during working days, decreasing to about 70 during Saturdays, and
to 40 on Sundays. A direct consequence of the small number of
employees working on Sundays is that there are considerably less
carpooling options on these days. Therefore, we removed data re-
garding Sunday shifts from our study, ending up with a set of 276
days. The few evident fluctuations in Fig. 3 represent holidays with
a small number of employees at work. These situations are pre-
dictable and do not have a significant impact on the overall per-
formance of the carpooling application.

Table 1 provides further insight into the study case by divid-
ing the employees in those driving their own car and those taking
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Fig. 3. Distribution of employees per weekday.

Table 1
Average number of employees per transportation method.
Transportation ~ Weekday
Mon Tue Wed Thu Fri Sat
Car 3357 3343 3289 3352 3372 3058
Public 46.77 46.74 45.76 45.87 46.72 43.67
All 8034  80.17 7865 7939 8043 7424

Table 2
Average number of employees per shift.
Shift type Weekday
Mon Tue Wed Thu Fri Sat

Outbound 6.19 6.80 6.33 6.80 6.48 4.87
Return 10.30 9.33 1011 10.15 9.61 9.96
Both 14.11 1400  14.22 1487 1396  13.18

public transport. By looking at the numbers, we can notice there
is large space in the cars to accommodate the people that are now
using the public transport.

An important factor, that might heavily affect the probability of
success of a carpooling application in this context, is the number
of different shift typologies. The higher is the number of different
shifts, the fewer are the possible matching options for carpooling.
Indeed, in our study case only employees that start and/or finish
working at the same hour on that day are allowed to carpool to-
gether. We found a total of 171 different shift typologies during the
period considered on the study. However, some of them are much
more common than others. For instance, the shifts 6:00-12:30 and
14:00-20:30 are the most frequent, with frequency rates of 27%
and 22%, respectively. Furthermore, the 11 most common shifts ac-
count for more than 80% of all entries. Table 2 shows the aver-
age number of employees per shift considering shifts that share
the same starting time (outbound), the same ending time (return),
and the number of shifts sharing both the starting and ending time
(both). The results indicate that possible carpooling groups sharing
only one leg of the trip are probably denser and may yield higher
savings. Altogether, these findings seem to suggest that deploying
a carpooling application in this scenario could lead to interesting
reductions in traveled distance and CO, emissions.

To evaluate the distances between each pair of vertices, we de-
veloped an application that takes as input a digital map of the re-

(a) Nearest point in range (b) Nearest edge projection

Fig. 4. Details of the map-matching procedure.

gion and a list of the geographic coordinates of employee houses
and workplace, and produces as output a matrix containing the
value of the shortest paths between each pair of points. The ap-
plication first reads the map and represents it as a directed graph.
Then it takes the list of coordinates for which the distance matrix
should be evaluated.

A map-matching procedure is necessary to properly insert the
set of coordinates into the graph. Map-matching is the problem
of inserting recorded geographic coordinates of the real world in
a map, typically making use of a Geographic Information System
(see, e.g., Quddus et al. [38]). The problem is particularly challeng-
ing when the coordinates originate from a path, that should thus
be allocated to existing roads. In our case, the problem simply re-
quires to match the static coordinates of the employees’ houses
and of the workplace into the graph that we use to represent the
road network. To this aim we implemented a simple two-step pro-
cedure that works as follows. Suppose a given point p must be lo-
cated in the map. At first, we search for all vertices in a given dis-
tance range from p and select the nearest vertex as the best candi-
date for the matching. An example is depicted in Fig. 4(a), where
the nearest vertex is a. In case no vertex is found, we expand
the diameter of the range and repeat the process until a match is
found. Secondly, we project p into all edges in a given range, and
determine the nearest projection. In the example shown in Fig. 4(b)
the nearest projection is e, over the arc (a, c¢). The option giving
the minimum distance is then chosen. If this results in the nearest
vertex, then we simple match p into this vertex. If instead it results
in the nearest projection, then we divide the selected arc into two
arcs, create a new vertex corresponding to the projection, and then
map p into the new vertex.
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Table 3
Average results for the 2-way scenario on Set 1 instances (CO, in kg).
Weekday No CP  Frg Hr For Hpgr
CO, CO, Red(%) sec CO, Red(%) sec  CO, Red(%) sec CO, Red(%)  sec
Mon (47) 994 781 213 05 791 20.4 00 789 205 05 799 195 0.0
Tue (46) 97.3 758 220 05 769 209 00 767 210 05 777 201 0.0
Wed (46) 98.1 759 229 06 769 219 00 768 220 07 778 210 0.0
Thu (46) 99.7 779 218 04 789 208 00 788 209 05 798 199 0.0
Fri (46) 100.9 784 222 05 795 211 00 794 212 05 805 201 0.0
Sat (45) 94.6 69.7 263 06 705 255 00 704 255 06 717 242 0.0
avg 98.4 76.0 227 05 770 217 00 769 218 05 779 2038 0.0
Table 4
Average results for the 1-way scenario on Set 1 instances (CO; in kg).
Weekday No CP  Fr Hrg Fpr Hpr
CO, CO, Red(%) sec  CO, Red(%) sec  CO, Red(%) sec CO, Red(%) sec
Mon (47) 99.4 721 27.3 22 734 261 00 729 265 24 744 250 0.0
Tue (46) 97.3 70.0 279 25 713 265 00 709 270 29 723 254 0.0

Wed (46) 98.1 704 284 2.7 71.8 270
Thu (46) 99.7 720 276 2.7 734 263

Fri (46) 100.9 724 281 2.6 73.8 268
Sat (45) 94.6 66.2 299 1.9 674 287
Avg 98.4 706 282 24 719 269

0.0 712 276 2.8 728  26.0 0.0
00 729 267 3.0 743 253 0.0
0.0 734 272 2.7 750 256 0.0
00 670 290 1.8 688 271 0.0
0.0 714 273 2.6 73.0 257 0.0

6. Computational evaluation

In this section we present a computational evaluation of the
mathematical formulations and heuristic algorithms that we de-
veloped. The coefficients for relating CO, emissions to the traveled
distances have been set to y. = 0.17 kg/km and y;, = 0.07 kg/km,
following LCA-lab [39]. Unless stated otherwise, the maximum
detour from the direct path to the workplace has been set to
8=17%, in accordance with Rietveld et al. [40]. The digital map
of the region was taken from the free OpenStreetMap database
(http://www.openstreetmap.org/). Some manual adjustments were
needed in order to complete the information given by the database
(concerning roundabouts, rural areas, etc.). All algorithms were
implemented in C++ and the computational experiments were
performed on a PC with Intel Core i7-3770 3.40 GHz and 8
Gb of RAM. The integer linear programs were solved with IBM
Cplex 12.6.1, using the default options. We evaluate our algorithms
on two sets of instances: Set 1 (whose results are discussed in
Section 6.1) corresponds to all shift groups in the 276 days of
our study case, whereas Set 2 (discussed in Section 6.2) contains
80 more challenging instances obtained by merging together cus-
tomers from instances in Set 1.

Clearly, an employee has to perform two trips every day, one
to go to the workplace and another one to return. This allows for
some flexibility on how to select which employees can carpool to-
gether. Basically, we decided to perform our evaluation on two dif-
ferent scenarios. In the first scenario, called two-way grouping (2-
way), we attempt to group employees that have the exact same
shift, i.e., the same start times for both outbound and return trips.
Our algorithms are then invoked to determine the CO, emissions
for the outbound trip. The emissions for the return trip are evalu-
ated by reverting the (asymmetric) cost matrix by setting c¢;; = ¢j;
for all (i, j) € A, and then executing again our algorithms. The daily
emissions are evaluated by summing the two solution values. In
the second scenario, called one-way grouping (1-way), we propose
a different solution for each of the two trips, attempting to group
employees that have the same start time in the outbound trip in-
dependently from the return trip, or vice versa. In this case car-
pooling solutions are computed for both trips, once again taking
into account the asymmetric matrix but in this case also consider-
ing possible different groups.

6.1. Results for the study case

In Table 3 we present average results per weekday for the 2-
way scenario on the instances in Set 1. The first column gives the
weekday and in parenthesis the number of days for the particular
weekday. In column ‘no CP’ we provide the average daily emissions
for the non-carpooling case (average values are evaluated with re-
spect to all days in the row). This corresponds to the solution in
which every employee i € V. takes her/his car to go directly to the
workplace and every employee i € Vj, uses public transport. This
provides an upper bound on the optimal solution value. For each of
our four approaches we then show the average CO, emissions in
kg, the percentage reductions with respect to the no CP case, and
the elapsed computational time in seconds.

The exact approaches manage to reduce on average the emis-
sions by around 22%, which is a great improvement and shows the
potential benefits of carpooling. Also the heuristic algorithm Hpg
significantly reduces CO, emissions, showing a surprisingly great
potential for the practical application and yielding high quality so-
lutions that are very close to the optimal ones. The same holds for
Hpg, that provides reductions that are on average just 1% far from
the optimal ones. We also notice that the behavior of the construc-
tive heuristics is quite good even if the local search is not used: the
average reduction would decrease from 21.7% to 21.4% for Hrg and
from 20.8% to 20.3% for Hpg.

Similarly, Table 4 shows average results for the 1-way scenario.
The gain within this type of scenario is even greater, and formula-
tion Frg manages to reach an average reduction of about 28%. The
larger reductions obtained with respect to the 2-way scenario are
due to the fact that, for the 1-way, the sizes of the groups of em-
ployees that can carpool together are larger. The larger group sizes
are also the cause of the slightly longer computing times required
by the formulations, which however remain very low. Also in this
case the performance of the heuristic algorithms is satisfactory, as
they provide in very quick times solutions that are very close to
the optimal ones.

In Fig. 5 we depict once again the average percentage reduc-
tions in CO, emissions with respect to the no CP case, but in this
case we highlight the evolution for the 45 weeks of the considered
time interval. The number of the week is reported on the x-axis,
and the average percentage reduction obtained in the week by a
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Fig. 5. Average % reductions per week over the non-carpooling case on Set 1.

given optimization technique on the y-axis. Results by all the de-
veloped techniques are presented, by considering the 2-way sce-
nario in Fig. 5(a) and the 1-way scenario in Fig. 5(b).

By looking at the figure, it is evident that the solutions pro-
vided by the heuristics and by the formulations are very close. The
highest possible reductions are obtained for the 1-way case, for
which the two formulations yielding tree-route and direct-route
solutions show quite similar results. The potential savings found
by Frg ranges between 5.7 and 38.8 CO, kg per week, which cor-
responds to reductions from 14.5% to 41.6%. Also the results by the
heuristics are very good and quite close to those of the two for-
mulations. Overall our techniques allow to obtain reductions that
are usually between 10.8% and 41.6% of the emissions of the non-
carpooling case. Comprehensibly, the 2-way case shows lower re-
ductions, but also in this case the performance of Frg, Fpr, Hrg, and
Hpg are very close to one another, usually ranging between 8.1%
and 40.8%. By evaluating the total emissions in the whole period

of 276 days, we found out that the total difference between the
non-carpooling case (worst scenario) and the solution by Frg un-
der the 1-way case (best scenario) amounts to approximately 7.7
tons of CO,.

6.2. Results on randomly created instances

As it will be described in the next section, the optimization al-
gorithms that we developed must be invoked a large number of
times within our web application. They must indeed suggest car-
pool solutions for any possible starting and ending time of a shift,
considering the next seven days. Thus, they must be both quick
and robust. Both the heuristic and the mathematical formulations
quickly obtained good results for the instance in Set 1, which are
however of quite limited size. In this section we discuss their be-
havior on larger-size instances that could better reflect other real-
world cases. We build our second set of instances by randomly se-
lecting n customers among those available in the instances of Set
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Table 5
Average results for Set 2 instances (CO; in kg).
n NoCP  Frg Hrg For Hor
CO, CO, Red(%) sec CO, Red(% sec  CO, Red(%) sec CO, Red(%) sec
10 (10) 121 10.4 143 0.0 10.4 13.6 0.0 10.4 13.8 0.0 10.4 13.5 0.0
20 (10) 27.0 222 17.2 0.1 225 16.2 0.0 225 16.2 0.1 22.7 154 0.0
30 (10) 42.6 323 23.7 0.6 329 223 0.0 32.6 229 0.7 331 21.8 0.0
40 (10) 59.2 42.7 27.8 2.5 43.4 26.6 0.0 42.8 27.5 24 437 259 0.0
50 (10) 71.2 48.0 324 1.2 48.9 311 0.0 48.2 32.2 8.3 49.1 30.8 0.0
60 (10) 80.6 53.6 334 60.7 54.5 323 0.1 53.8 331 55.0 55.0 31.7 0.0
70 (10) 91.7 594 352 343.2 60.5 34.0 0.1 59.8 34.7 253.2 61.2 332 0.1
80 (10) 1014 640 369 1586.8 654 356 0.1 644 365 12912 658 351 0.1
Avg 60.7 41.6 27.6 250.7 423 26.5 0.0 41.8 271 2014 426 25.9 0.0
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Fig. 6. Average results per instance

1 and supposing them to work on the same shift. We attempted
8 values of n (10, 20, ...,80) and created 10 random instances for
each value, thus producing 80 instances in total. As all employees
share the same shift, there is no difference between 2-way and 1-
way scenarios. The results that we obtained are given in Table 5.

The mathematical formulations solve very quickly the small in-
stances to proven optimality, but they require much larger times
when n increases. In particular, for n=80 both Frg and Fpp re-
quired more than 1000 s for a couple of instances. The heuristic
algorithms are always very quick and provide solutions that are on
average just 1% away from the optimal ones. In this case the lo-
cal search algorithms are a bit more effective than for the Set 1
instances: if removed, the average reduction would decrease from
26.5% to 25.2% for from Hrg and from 25.9% to 25.0% for Hpg.

The computational behavior of our algorithms is also depicted
in Fig. 6. The left part shows the evolution of the average CPU time.
The right part shows that the solution quality is very similar for
the four algorithms, and that the opportunity for CO, reduction
gets larger when n increases.

We also evaluated the sensitivity of our algorithms with respect
to some problem parameters. We first varied the maximum detour,
originally set to §=17%, by considering also 34% and 51%. We gave
a time limit of 600 s (300 for the outbound trip and 300 for the
return trip) to our formulations. We found that the heuristics re-
mained very quick and efficient. On the other side, the formula-
tions required larger times when § increases. For Frg, the num-
ber of instances unsolved to proven optimality both in the out-
bound and in the return trips showed a sharp increase, being 10
for 6=17%, 27 for 6=34%, and 32 for 6=51%. Similarly, for Fpg, this
value was 9 for 6=17%, 24 for 6=34%, and 32 for 6=51%.

The formulations were also sensitive to the number of employ-
ees owning a car. For example, considering again a time limit of
600 s, keeping §=17%, and supposing that all employees owned
a car, we experienced an increase in the number of solutions un-

20 40 60 80

instance size
(b) Average reductions over the no CP case

size for the instances of Set 2.

solved to proven optimality in both trips from 10 to 23 for Fg, and
from 9 to 18 for Fpg. Also in this case the heuristics showed instead
a robust behavior in terms of CPU effort and solution quality.

7. Web application

A working prototype of a web application has been deployed at
the company for testing. The application is divided into two main
modules, the optimization core and the visual core, that communi-
cate with each other by means of a MySQL database to store and
retrieve data processed during operations.

Fig. 7 depicts the basic structure of the application. The op-
timization core contains two subroutines and, similar to what is
done in Wolfler Calvo et al. [5], it runs on a daily basis to pro-
vide carpooling solutions for every shift starting and ending times
of the following seven days. The MapAnalyzer is first run to ana-
lyze information regarding the employees of the company and up-
date the file containing the shortest paths, if needed, by accessing
the OpenStreetMap database (saved in ShapeFile format). Then, the
routine GenSolutions reads information regarding the employees
and their shortest paths, invokes one of our heuristic algorithms,
and stores the solutions in the database using a GeoJSON format.
The prototype is equipped with both heuristic algorithms that we
developed (so it can solve both DCPPpg and DCPPg) and uses Hpg
as default. The server side part (the back-end in Fig. 7) of this mod-
ule was built using Java EE technology interacting with a MySQL
database, while the client side part (the front-end in Fig. 7) was
implemented using HTML, JavaServer Pages, and JavaServer Faces.

The application is available only to those employees of Coopser-
vice S.coop.P.A. who decided to participate in the carpooling pro-
cess. Every time a user accesses the application via the web, the
visual core reads from the database the suggestions proposed by
the optimization core and shows the appropriate ones to the user.
The user can then communicate via email with other participants,
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Fig. 8. Web application prototype: view of the direct route to the workplace.

choosing them among the suggested carpools or by simply looking
at the closest ones. Fig. 8 shows a simple screen shot of the appli-
cation, where a user sees on the map her/his location, the work-
place, and the shortest path to get there. Notice that the system
does not force any carpool and users are able to refuse to accept a
ride request. Moreover, it does not suggest a way for sharing costs,
as this aspect is left to common agreements among participants.

8. Conclusions

In this paper we approached a practical daily carpooling prob-
lem with the aim of reducing CO, emissions. We presented a brief
survey of the related literature, and then we solved a real-world
case study by means of two mathematical formulations and two
heuristic algorithms. Moreover, we developed a prototype of a web
application. In this application users are provided with the sug-
gested carpools obtained by the use of the heuristics, and can eas-
ily communicate with each other to organize carpools according to

their wishes. The computational experiments that we performed
indicate a great potential for CO, reductions. More specifically, un-
der the 2-way grouping strategy (where employees use the same
carpool both on the way to work and on the return way) the po-
tential reduction is about 22%, while for the 1-way grouping strat-
egy (where employees can use different carpools for the two trips)
this number increases to about 28%. The results also indicate that
the company can directly affect the efficiency of the carpooling
practice by optimizing employees’ shifts in order to create denser
groups, which is an interesting direction for future research. An-
other interesting direction consists in finding appropriate strategies
for sharing costs among users.
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