
Received November 10, 2019, accepted November 29, 2019, date of publication December 3, 2019,
date of current version December 17, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2957303

Heuristic Approaches to Solve E-Scooter
Assignment Problem
MAHMOUD MASOUD 1, MOHAMMED ELHENAWY 1, MOHAMMED H. ALMANNAA 2,
SHI QIANG LIU 3, SEBASTIEN GLASER 1, AND ANDRY RAKOTONIRAINY 1
1Centre for Accident Research and Road Safety - Queensland (CARRS-Q), Queensland University of Technology, Brisbane, QLD 4000, Australia
2Civil Engineering Department, King Saud University, Riyadh 11451, Saudi Arabia
3School of Economics and Management, Fuzhou University, Fuzhou 350108, China

Corresponding author: Mahmoud Masoud (mahmoud.masoud@qut.edu.au)

ABSTRACT Nowadays, rapid urbanization causes a wide-range of congestion and pollution in megacities
worldwide, which bears an urgent need for micromobility solutions such as electric scooters (e-scooter).
Many e-scooter firms use freelancers to charge the scooter where they compete to collect and charge the
e-scooters at their homes. This competition leads the chargers to travel long distances to collect e-scooters.
In this paper, we developed a mixed-integer linear programming (MILP) model for a real-world e-scooter-
Chargers Allocation (ESCA) problem. The proposed model allocates the e-scooters to the chargers with an
emphasis on minimizing the chargers’ average travelled distance to collect the e-scooters. The MILP returns
optimal solutions in most cases; however, the ESCA is identified as a generalized assignment problem which
classifies as an NP-complete combinatorial optimization problem. Moreover, we modelled the charging
problem as a game between two sets of disjoint players, namely e-scooters and chargers. Then we adapted the
college admission algorithm (ACA) to solve the ESCA problem. For the sake of comparison, we applied the
black hole optimizer (BHO) algorithm to solve this problem using small andmedium cases. The experimental
results show that the ACA solutions are close to the optimal solutions obtained by the MILP. Furthermore,
the BHO solutions are not as good as the ACA solutions, but the ACA solution consumes more time to
solve large-scale real cases. Based on the obtained results, we recommend applying the ACA1 to find the
near-optimal solution for large-scale instances, as the MILP is inapplicable to find the exact solution in
comparison.

INDEX TERMS Micromobility modes, e-scooter-chargers allocation, mixed-integer linear programming,
heuristic.

I. INTRODUCTION
Nowadays, transportation systems are an important part of
human activities. In recent years the dependency of people on
the transportation system has increased. Currently, an average
of 40 per cent of the world’s population spends at least
1 hour on the road each day. As the dependency of people
on transportation systems increases, these systems face sev-
eral challenges. Congestion is one of these challenges facing
transportation systems and has a direct impact on people.
Firstly Congestion has an environmental impact where it
increases fuel consumption and consequently, air pollution
[1]. Congestion is also one of the major factors influencing
emissions. It increases the emission by 40% at 45 km/h [2].
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Lastly, congestion increases travel time and wastes com-
muters’ time. The annual hours spent in road congestion in
the UK, Belgium, Italy, Luxembourg and Greece are 45.73,
39.37, 37.36, 36.88 and 36.28 respectively; thus, costing the
EU nearly EUR 100 billion, or 1% of the EU’s annual GDP.
The situation in Australia is no better than Europe, average
driving speeds in the big Australian cities have significantly
dropped. For example, the speeds in Sydney, Brisbane and
Melbourne fell by 3.6 per cent, 3.7 per cent and 8.2 per
cent respectively. Moreover, congestion cost the Australian
economy $16.5 billion in 2015 and is expected to reach
between $27.7 and $37.3 billion by 2030 [3].

The above numbers suggest that there is a real need to find
solutions to reduce traffic congestion and enhance transporta-
tion safety. Most of the traditional solutions tend to build new
infrastructure. As a result, these solutions need land resources
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FIGURE 1. Comparison of trips taken by station-based, dockless, and
scooter systems (source: https://nacto.org/shared-micromobility-2018/).

and significant funding and pose social and environmental
problems. Recent studies have shown that drivers tend to
use their personal cars or even the ridesharing services for
short trips more than long ones [4]. According to the US
Department of transportation 2017, 45.6 per cent of the trip
distances is three miles or less. In Australia, the distribution
of the commuting distance for Australians shows that 29 per
cent of the trips are less than 5 km and 50 per cent of the
trips are 10 km or less [5]. For the ridesharing services,
the trip distances of Uber is skewed toward the low end.
Meaning Uber trips are more likely to be short (< 5 mi).
Consequently, around 50% of Uber trips might be replaced by
micro-transportation modes such as a bike or e-scooter shar-
ing systems, and thus, reducing congestion and emissions.

As an effort by governments to replace short trips by
offering micro-transportation modes, bike-sharing systems
(BSSs) have been introduced in over 50 countries [6]. This
system aims to encourage people to travel via bike by dis-
tributing bicycles from stations located across an area of
service. Residents and visitors can borrow a bike from any
station and then return it to any station near their destination.
Yet, the imbalance problem has happened where some of the
stations run empty, and others become full. In response, a new
micro-transportation mode: the e-scooter-sharing system has
emerged side-by-side to the bike-sharing system and bloomed
remarkably in 2018, as shown in Figure 1. This system works
similarly as the BSS, yet it provides more flexibility to users
as it is the station-less system. Since 2017, e-scooter sharing
system reachedmore than 85 city schemes with more than 1.8
million registered users [7]. These e-scooters need charging
in order to continue in service. There is no assignment of
e-scooters to the chargers and the state of practice is based
on first come first serve which creates competition, increases
violence and results in travelling longer distances to collect
e-scooters.

As the system has expanded remarkably, keeping the
e-scooters charged to become a challenge for the operators.
Consequently, many companies took advantage of technol-
ogy and promoted a new model where e-scooters are made
available through an application for the public and charging

of these e-scooters are under the responsibility of ‘‘chargers’’
who are participants remunerated depending on specific con-
ditions. The task of the charger is locating e-scooters which
needs charging on the app, driving to the e-scooters locations
for pick up, and charging at home. This job sounds easy;
however, it is not, and it has two major problems.

Firstly, freelance chargers spend a long time searching
for the e-scooters because of the inaccuracy of the locations
of the e-scooters on the app, which does not correspond to
its location in real life [8]. Moreover, the current state-of-
practice to charge e-scooters is based on the first-come, first-
serve. It has been reported by chargers that they showed up to
collect an e-scooter at the same timewhen others did the same
[9]. This strategy encourages competition among chargers
and may lead to physical violence [10].

Secondly, the chargers are independent contractors as
defined by the gig economy, which describes the peer-to-peer
arrangement between the e-scooter company and the charger.
Although this gig economy offers flexibility and freedom
to the chargers, there is no grantee for minimum wage and
maximum hours [4], [11].

To the best of our knowledge, we are among the first to
propose a solution to this problem. So, there are no previous
published papers that address such an e-scooters/chargers
assignment. In this paper, we hypothesize that if we pro-
duce an optimal assignment of the e-scooters to the chargers
then, the competition and possible physical violence will be
eliminated. Where we assumed that, the proposed assign-
ment algorithm/model will run on a central computer at the
e-scooters’ operator data center. This central computer is fed
with the locations of the e-scooters needing charging and the
chargers.

Using locations of the e-scooters and the chargers the
distance matrix between e-scooters and chargers can be cal-
culated using google API or any similar software. Conse-
quently the assignment problem is solved and each group
of e-scooters (i.e. unique IDs) are assigned to a charger (i.e.
unique ID as well). Therefore, the central computer commu-
nicate with the charger mobile application and give it the
e-scooters IDs and locations. Now it is the responsibility
of charger to travel to the e-scooters locations. Once he
reaches an e-scooter location he scans the e-scooter ID using
his mobile application. Then, the application matches the
e-scooter ID with the assigned e-scooters IDs. If the appli-
cation found a match then it unlocks the e-scooter and the
charger take it for charging otherwise it displays a message
informing him this is the wrong e-scooter. So, there is no
competition since the application only unlock the assigned
e-scooter and the chargers know no one else can take his
assigned e-scooter for charging.

Moreover, it can reduce the cost of the e-scooters’ charging
and the renting cost at the same time, and increase the hourly
rate of the charger. To confirm our hypothesis, the e-scooter-
Chargers Allocation (ESCA) Problem is formulated as a
mixed-integer linear programming (MILP) model. Because
of the time complexity of the MILP, we adopted two other
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algorithms, namely the ACA and the BHO, which has poly-
nomial complexity [12], [13]. Consequently, we compared
the solutions of the ESCA using the three approaches and
recommended ACA for large instances.

The remainder of the paper is organized as follows. The
mathematical formulation is given in Section II. Heuristic
algorithms to solve the proposed problem are developed in
Section III. The experimental work is presented in Section IV.
Finally, the concluding remarks are drawn in Section V.

II. MATHEMATICAL FORMULATION
The assignment problem is common in the fields related to
the network flow theory. The standard assignment problem
is to determine an optimal assignment of assigning n jobs
and n individuals using the cost or profit as an objective
function. In this problem, any individual can be assigned to
perform any job, including some costs and profit that may
vary depending on individual-job assignment. In addition,
each has a budget, and the sum of tasks assigned to it cannot
exceed this budget. It is necessary to find an assignment in
which all individuals do not exceed their budget, and the total
profit of the assignment is maximized. In this paper, we adopt
an extended assignment problem to be applicable for the
e-scooters and chargers assignment problem by assigning
each charger (individual) to some e-scooters (jobs) under a
group of constraints.

The capacitated facility location (CFL) problem is a clas-
sical optimization problem for determining the potential sites
in order to minimise costs, where demands at several points
must be satisfied by the established facilities under limited
capacity. The local search techniques and hybrid algorithms
have been proposed to solve the CFL problem for many
real applications [20], [22], [23]. Furthermore, the k-median
problem is another example of facility location problems,
where seeking to establish k facilities, without considering
fixed costs. The k-median problem is applicable for many real
applications and heuristic algorithms are used to obtain good
solutions. [20], [21], [24].

The ESCA problem is formulated mathematically as
a MILP model to optimize the number of chargers,
the e-scooter allocation for each charger and freelance charg-
ers’ location with a particular emphasis on the associ-
ated costs. The extended model will consider the optimal
e-scooters assignment for each charger to minimize the total
cost. The charger is joined at locations with high charging
potential based on demand and distance between charger and
e-scooter. In the proposed model, optimizing the number of
chargers in the system can lead to increase the hourly rate
of each charger. For that reason, we added a penalty term in
the objective function to restrict the number of new chargers
that will join to meet the requirements for the number of
e-scooters. Figure 2 shows the proposed framework of the
ESCAbased on different types of data and optimizationmeth-
ods to minimizing the associated costs and solving the allo-
cation problem for small and large-scale size real cases. The
proposed framework includes five stages that inherited in data

FIGURE 2. The proposed framework of the ESCA problem.

FIGURE 3. Illustration of deploying more than one chargers in one
location (block).

Centre, operator management and best assignment dataset.
The data centre includes data collection, data cleaning and
filtering, while best assignment dataset includes output and
final solutions, and minimum associated costs. The operator
is managing the data processing with the proposed models
and methodologies.

In this paper, we suppose that there is one charger which
starts the service at a location. Multiple chargers can be
deployed from different close points but not the same point
at a location.

Also, we assumed that the e-scooter operators only provide
six chargers per person hence the maximum number a person
can collect is six. So if a certain location (block) hasmore than
six e-scooters need charging the model will deploy more than
one charger as shown in the illustration below in Figure 3.

Consider the complete graph G = (N ,A), where N is the
set of nodes with two subsetsV and S;V ⊆ N and S ⊆ N . Set
A is the edge set of graph G, where A ⊆ N × N .G is adapted
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to be the route network, and N is the number of locations.
V is the total number of e-scooters in the system and S is
the total number of chargers in the system. Optimizing the
number of chargers and their locations with producing an
optimal e-scooters assignment to a charger is the main aim of
this model. Let zik ∈ {0, 1} be 1 if e-scooter located at node
i is allocated to a charger located at node k and 0 otherwise.
Based on N of set nodes (Locations), ykk means a specific
location is assigned for a charger. In particular, ykk = 1
implies that the location at node k is selected as a charger.
We assumed in the proposed model that one charger will
start the service at a location; however, many chargers can
be deployed from different close points (locations), but not
the same point.

Indices and Sets
V : Total number of e-scooters in the system
i: Index of an e-scooter; i = 1 . . .V
S : Total number of chargers in the system
k: Index of a charger; k = 1 . . . S
Parameters
dik : Distance between e-scooter i and charger k; k =

1 . . .V and k = 1 . . . S
Dk : Maximum number of e-scooters assigned to the

charger; k = 1 . . . S
bk : Penalty of using one charger k; k = 1 . . .S
B: Total investment for joining all chargers
f : Total cost for the given system
Decision Variables

zik =


1 : e-scooterihasbeenassignedtochargerk;

i = 1 . . .V andk = 1 . . . S
0 : otherwise

ykk =



1 : charger k is ready to work at a specific
location; k = 1 . . . S

0 : otherwise

Objective function
The objective function in Equation (1) is to minimize

the associated costs for the e-scooter charging. The devel-
oped equation demonstrates two terms of costs; the distances
from the e-scooter location to the charger location, and the
penalties of joining new chargers. The joining penalties term
has been identified in the objective function to optimise
number of chargers in the systems and increase the num-
ber of assigned e-scooters for each charger considering the
maximum number of assigned e-scooters for each charger.
Consequently, optimizing the number of chargers can lead to
an increase in the hourly rate for a charger who are already
in the system by assigning mostly the maximum number of
e-scooters is (6) that has been identified in advance based
on practices. In the objective function, the costs included the
distances and penalty of adding each charger. We chose the
magnitude of the b_k such that it is close to the longest link

in the graph. Thus we do not need to do normalization.

f = Min

(
V∑
i=1

S∑
k=1

dikzik +
S∑

k=1

bkykk

)
(1)

Constraints
Constraints (2) impose that each e-scooter i is assigned to

exactly one charger k;

S∑
k=1

zik = 1 ∀i ∈ V . (2)

Constraints (3) ensure that no e-scooter i is assigned to
a charger k unless a charger is ready to work at a specific
location.

zik ≤ ykk ∀i ∈ V , k ∈ S, (3)

Constraints (4) ensure that the total costs of joining S
chargers are less than the total investment B, where the cost
of each charger k is bk .The penalty of joining new charger,
bk is given in advance.

S∑
k=1

bk ykk ≤ B (4)

Constraints (5) ensure the assigned number of e-scooters to
open charger k is less than the maximum number of assigned
e-scooters for this charger. In the next sections, the maximum
number of scooters will be found based on the historical data
for Brisbane city. In this case, the maximum assigned number
of e-scooters for each charger is six to give a fair hourly rate
for chargers based on practices.

V∑
i=1

zik ≤ Dk ykk ∀k ∈ S, (5)

Constraints (6) ensure that the assignment decision will
result in either no assignment, Zik = 0, or assignment, zik =
1.

zik ∈ {0, 1} ∀i ∈ V , k ∈ S, (6)

III. METHODS
The developed MILP model is solved to find the exact solu-
tion of the ESCA problem using the Branch and Bound
method [14]. However, as the ESCA problem is NP-hard,
the mathematical programming will be used to solve small-
size cases but intractable to handle large-size case studies.
As a result, two algorithms are proposed to solve large-size
instances. The exact solution obtained by the MILP model
will be used to test the performance of the other proposed
algorithms. The real case study will be solved using the
developed MILP model, which we restricted its running time
to a maximum of two hours. We compare solutions obtained
from the MILP to the ACA and BHO solutions.

The hyper-parameters of the Heuristic algorithms is criti-
cal, time consuming and may change based on the size of the
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TABLE 1. ACA algorithm for the ESCA.

problem and distribution of distances. So that we chose the
heuristics which has small number of hyper-parameters.

In the case of the ACA, there is no hyper-parameters at all
which make it a great choice for us. In the case of the BHO,
the number of the hyper-parameters is small which made it
easy for us to find a good values for the hyper-parameters.

A. ACA ALGORITHM
The ACA algorithm is developed based on the college admis-
sion (CA) algorithm to formulate the ESCA problem. The
CA problem is many to one matching algorithm [13]. In the
context of ESCA Problem, there are two sets of players,
namely the chargers (colleges) and the e-scooters (students)
that need to be matched, as shown in Figure Each charger
builds a preference list (ranked list) of the e-scooters based on
the distance, where the most preferred e-scooter is the nearest
one.

Similarly, each e-scooter builds a preference list of charg-
ers based on the distance. However, the e-scooters oper-
ator can choose any criteria such as the charging price
per e-scooter requested by the charger. The best-qualified
e-scooters are offered to charge first, followed by the lesser-
qualified e-scooters. The ACA algorithm finds a stable
matching solution through a series of iterations, as described
in Table 1. At each iteration, the chargers offer to charge the

best-qualified e-scooters, and the e-scooters have to reply by
either deferred accepting the offer or not. Deferred accepting
means that the e-scooter will ‘‘holds’’ the most preferred pro-
posal (deferred acceptance) if it receives more than one pro-
posal. In other words, the e-scooter uses his own preference
list to compare the incoming proposals from the chargers and
hold its most preferred proposal. In the next iteration, if that
e-scooter received a better proposal than the current match
(deferred acceptance), it breaks the tie with the old match and
holds the better proposal. At the end of the iteration, some
e-scooters have temporary assigned to chargers, and others
do not. Chargers then update their list accordingly in the next
iteration and offer to charge to e-scooters who did not receive
an offer in the previous iterations, regardless of whether they
are assigned to other chargers or not. The e-scooters’ lists do
not change, but e-scooters can change their decision at each
iteration if they are offered to charge service with a better
charger. The algorithm continues iterating until it reaches a
stable matching solution.

The idea of stability of the solution which means that there
is no blocking pair of (charger C , e-scooter b). If there are
two e-scooters a and b who are assigned to chargers C and
D, respectively, although b prefers C to D and C prefers b to
a then the pair (charger C , e-scooter b) is blocking and the
solution is unstable.

In ACA, the stable matching solution is not a grantee to be
optimal. However the solution is still good. The advantage of
the ACA algorithm:

1- It has O(VS), where V is the total number of e-scooters
in the system and S is the total number of chargers.

2- This algorithm allows each charger and each e-scooter
to have its preference list. Each preference list could be built
based on different criteria. For example, in future work we
will allow e-scooters to build their preference list of chargers
based on how much they are asking to charge an e-scooter.
At the same time we will allow chargers to build their prefer-
ence list of e-scooters based on distance.

3- It does not suffer from comparing different quantities
such as money and distance because at the end the matching
is done based on the preference list which is rank-based list.

Recall that, the complexity of this matching algorithm is
(VS) given that the preference lists are constructed. This
algorithm can consider any other factors during constructing
preference lists such as the charging costs and the battery
level. Moreover, in the case of S > V/6, we can use the
above algorithm to select a good subset of chargers and assign
the e-scooters to this subset, where we assume the charger
can collect six e-scooters. The cardinality of this subset of
chargers is dV/6e where d e is the ceiling function maps V/6
to the least integer greater than or equal to V/6. We can do
the subset selection and assignment by running the above
algorithm using the full set of the chargers until the best match
achieved. Consequently, we sort the charger based on the
number of assigned e-scooters and remove that charger that
has the least number of assigned e-scooter. Then, we run the
algorithm again using the new reduced set of chargers. We
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FIGURE 4. ACA based assignment.

repeat the matching and removing steps until we reach the
desired several chargers.

B. OTHER RECOMMENDATIONS
The BHO algorithm is an optimization algorithm inspired by
the black holes found in deep space [15]. The first step of
the BHO is selecting a large number of solutions at random
points in the search space. The algorithm evaluates the initial
solutions using the objective function, naming the best solu-
tion the ‘‘black hole’’ and the other solutions ‘‘stars.’’ At each
iteration, the algorithm moves the stars randomly toward the
black hole and re-evaluates the cost associated with each new
star. If a star has a cost better than the black hole, it becomes
the new black hole, and the old black hole turns into a star.
If a star gets close to the black hole, it is removed from the
solutions population, and another one is randomly generated.
The BHO keeps iterating until a stopping criterion is reached.

In this paper, we used the BHO to assign the e-scooters to
the chargers. We divide the set of e-scooters G into smaller
sets {g1, g2, . . . ,gp}, where g1∪g2, . . . ,∪gp = G and |gi| ≤
6 for ∀i. The number of the small subset equals or less
than the number of chargers. The algorithm is initialized by
randomly generating a large number of initial solutions. Each
initial solution is a random permutation of the e-scooters.
If the number of e-scooters is less than the number of the
chargers multiplied by six, then each initial solution will be
padded with zeros at random locations. Such that the length
of each initial solution will be six multiplied by the number
of the chargers. We evaluate each solution by dividing it
into p contiguous sub-vectors, where the length of each sub-
vector equals six. The cost of each solution is computed using
objective function (1) that includes two costs; the distances
from the e-scooter location to the charger location, and the
costs of joining new chargers. The main procedure of the
BHO is detailed below in Table 2.

The BHO assigns the black hole role to the solution that
has the lowest cost, while other solutions become stars. Then
the following is applied to each star, Figure 5:

TABLE 2. BHO algorithm for the ESCA.

FIGURE 5. Illustration of the modification of the STj solution to converge
towards the black hole solution [16].

Then the BHO randomly chooses one of these eight loca-
tions and makes it identical to the same location as the black
hole. The change is done such that each e-scooter appears in
only one location on the modified ST J .
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After the four steps of the BHO are applied to each star in
the population, all the costs are re-evaluated and a new black
hole, having the lowest cost, is selected for the next iteration.
The BHO continues until the stopping criterion is satisfied.

After BHO stop, we examine the best solution, where we
may have two sets of chargers; a complete and incomplete
set.
Definition 1: a complete set of chargers is a set that includes

at most one charger who is assigned less than six e-scooters.
Definition 2: an incomplete set of chargers is a set that

includes more than one chargers who is assigned less than
six e-scooters.

If the best solution doesn’t have an incomplete set, then
this solution is the final one. Otherwise, we need to reduce
the number of chargers by keeping the complete chargers
of the solutions and try all possible swaps of the e-scooters
between the incomplete chargers. In this way, we create from
the best solutionmany other solutions which will be the initial
solutions for another BHO run to find a fine-tuned solution.
In the BHO algorithm, a grid search approach to set up these
hyper parameters such as the size of the initial population.
A grid search approach iterates through BHO parameter com-
bination to find the best parameters to use. Although grid-
searching is simple but it can be computationally expensive
if the number of the hyper-parameters is large.

C. ALGORITHMS ACA1 AND HYBRID ACA-BHO FOR
LARGE INSTANCES
As shown in the experimental work section, the proposed
solution methods of the mathematical model (MILP) pro-
vide the best results in most cases. However, the generalized
assignment problem is identified as NP-complete problem
combinatorial optimization problem, [19]. So for large scale
instances, the model implementations take longer time than
the time accepted by the e-scooter operator. On the other
hand, the adapted college admission algorithm returns a good
solution in most of the instances. Moreover, in the case of
large instances, its computational time is relatively smaller
than the mathematical model. The drawback of the ACA
is selecting a subset of chargers by running the ACA algo-
rithm to find the stable match between the e-scooters and
the chargers then eliminates the charger which has the least
number of assigned e-scooters. This procedure continued
until the required number of chargers is achieved. For exam-
ple, if there are 90 e-scooters need charging and there are
30 chargers available. Because each charger can collect up
to six e-scooters. So, we need 15 chargers out of the 30
chargers. In order to choose the 15 chargers and assign the
e-scooters to them, we start by matching the 90 e-scooters to
30 chargers then we eliminate the charger which is assigned
the minimum number of e-scooters. Consequently, we match
the 90 e-scooters to the remaining 29 chargers and again elim-
inate one charger. Therefore, we alternate between matching
and eliminating until we reach the required number of charg-
ers and their assigned e-scooters. In this example, we run the
matching 16 times to reach the assignment solution. For the

TABLE 3. ACA1 for the ESCA.

TABLE 4. The hybrid ACA-BHA for the ESCA.

instances where we have a larger number of chargers M to
choose from them a smaller set of chargers m, we proposed a
modification to the ACA1 as shown in Table 3.

ACA1 estimates the expectedmarginal cost of each charger
in step nine and then finds the best s chargers based on this
estimated cost. Finally, in step twelve, we run the matching
algorithm once to find the final matching/assignment of the
e-scooters.

For the sake of completeness, we proposed hybrid ACA-
BHA, which uses the BHA to solve large instances with a
simple modification. This modification is improving some of
the initial solutions at the hope this will lead to a better final
solution. Table 4 shows the hybrid ACA-BHA

IV. EXPERIMENTAL WORK
To compare the model with the college-based algorithm
and the black hole based algorithm, we used two different
datasets. The first dataset is simulated data where we ran-
domly generate the coordinates of the e-scooters and the
chargers according to uniform distribution inside a square that
has an area of 25 km^2. In the simulation data, the distances
between e-scooters and chargers are Euclidean distances.
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FIGURE 6. Comparison of the three proposed approaches.

The second dataset consists of 12 small and medium-size
benchmark instances and ten large size benchmark instances
[17], [18]. The benchmark instances are real world instances
and the distances between the e-scooters and chargers are
calculated using road network.

In each instance, we assume the following;
1- There is only one e-scooter at each location.
2- The chargers are initially located at the e-scooters.

In other words, if we assume there are M chargers at
different locations, then the first M e-scooters are posi-
tioned at the same chargers’ locations.

The experimental work consists of three steps. In the first
step, we compared the solution of the proposed mathemati-
cal model and the other two algorithms using the simulated
dataset. The comparison is made in terms of the total travelled
distance of all the chargers, and the average travelled distance
of the chargers to collect six e-scooters. In the second step,
based on the comparison measures, we selected the best two
out of the MILP, ACA and BHO. Then we tested the selected
methods using the small and medium-size instances using
the same measures plus the running time. In the third step,
we again tested the two selectedmethods plus algorithm 1 and
algorithm two using the large instances hoping that algorithm
1 and algorithm 2 run in less time and return good quality
solutions. The PC used to solve these simulated and real-
world instances has Intel R©CoreTMi7-8650 CPU@1.90 GHz
2.11 GHz and 16.0 GB RAM. The MILP was solved using
the ‘‘intlinprog’’ MATLAB function. We coded the other
algorithms in MATLAB.

A. THE SIMULATED DATASET
We simulated four scenarios. In the first scenario, the number
of e-scooters needing charging is 120, and the number of
chargers is 20. In the second, third and fourth scenarios,
we increase the number of chargers while keeping the number
of e-scooters unchanged. In all scenarios, the allowed maxi-
mum number of collected e-scooters per charger is six that

TABLE 5. The average travelled distance based on the proposed methods.

TABLE 6. The fixed effect coefficient estimates and its p-value.

FIGURE 7. Visualization of the optimal e-scooter assignment using the
mathematical model and the distance matrix returned by Google
directions API.

have been identified to give a fair hourly rate for chargers
based on practices.

To capture the stochastic nature of the average travelled
distance, each scenario has been repeated 100 times, and the
histogram and the total travelled distance by all chargers and
mean of the travelled distance for a charger are estimated.
We shouldmention that in the current state of practice, there is
no assignment and a charger can visit an e-scooter’s location
and do not find it because another charger collected it before
him. On the other side using the proposed assignment model
and algorithms fulfil that;

There is no competition between chargers at the time of
collecting e-scooters, and hence the charger only visited six
locations to collect the e-scooters.
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TABLE 7. Comparison of MILP and ACA using small and medium-size benchmark instances.

The proposed assignment approaches are based on dis-
tance, and hence, the six assigned e-scooters are clustered,
and average travelled distance will be reduced.

We calculated the total, and the average travel distance for
the three proposed approaches for each scenario for each of
the 100 randomly generated a dataset of the e-scooters and
chargers locations.

Figure 6 shows the histograms of the total travelled dis-
tance for the four scenarios. As shown in the figure, in each
scenario, the BHOhistogram is well separated from theMILP

algorithm while the ACA histogram is close to the MILP
histogram.

Table 5 shows compare the three approaches. It is obvious
that increasing the number of chargers improves the total
travelled distance because the program has more options. For
the black hole based algorithm, this trend is not as clear as in
the case of the mathematical model and the college admission
based algorithm.

As shown in Table 5, ACA algorithm solutions are close
to the solutions of the MILP model using the ‘‘intlinprog’’
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TABLE 8. Comparison of MILP, ACA and the two algorithms using large size benchmark instances.

MATLAB function. As a result, the ACA and MILP tech-
niques will be used in the Section below to solve real-world
benchmark instances at a different number of chargers.

B. THE SIMULATED DATASET
In this section, we used 12 real-world benchmark instances.
The size of the instances varies from 13 to 116.

TABLE shows the same trend. Increasing the number of
the available chargers gives a better solution because we
have the chance of selecting a better subset of chargers.
Furthermore, we observed that the solution obtained using
the ACA algorithm is close to the MILP solution. So that
ACA would provide good solutions for the prospective large
instances based on its polynomial complexity.

C. THE SIMULATED DATASET
In this section, we used ten real-world benchmark instances.
The size of the instances varies from 150 to 564. TABLE
8 shows a comparison of the four approaches.

From this table we observe the following;
1- The ‘‘intlinprog’’ MATLAB function researches its pre-

set maximum running time in many instances before
researching the optimal solution.

2- For many large instances, ACA found good solutions in
a short time compared to the function solving the MILP.

3- In some instances, ACA found a better solution bet-
ter than the MILP solver. This is because the MILP

is solved based on MATLAB heuristic function, (i.e.
‘‘intlinprog’’). The overall algorithm of this func-
tion depends on using cut generation to tighten the
LP relaxation of MILP, then using the branch-and-
bound heuristic to find an upper bound on the objec-
tive function and feasible solution. The branch and
bound methods produce a sequence of sub-problems
that try to converge to a solution of the MILP. The
sub-problems provide a sequence of upper and lower
bounds on the solution of the given objective func-
tion. The first upper bound is any feasible solution,
and the first lower bound is the solution to the relaxed
problem.

4- The running time (i.e. CPU time) of MILP for small
cases is shorter than the proposed algorithm; however,
the MILP starts to increase exponentially more than the
proposed algorithms for large scale size problems. So,
the proposed algorithms are more suitable in case of
solving large size sale problems.

5- Algorithm 1 is good in terms of time compared to ACA.
Its running time for very large instances is better than
the ACA, but its solution quality is not as good as
the ACA.

6- Algorithm 2 is not an option to solve this problem
because of its solution quality and running time.

In order to get a better idea of how these algorithms are
performing in terms of the total travelled distance in Table 8,
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we did statistical comparison between these algorithms. The
analysis should consider the dependency between the obser-
vations. In other words, we should realize that the total dis-
tances of different algorithms solutions for the same instance
are correlated. Therefore, we used a generalized linear mixed-
effects model to explain the variability of the total distance as
a function of the algorithm used and the number of available
chargers. We used three indicator variables to code the four
algorithms. We set MILP as the baseline.

As shown in Table 6:

1. All factors (i.e. ACA, ACA1, Hybrid ACA-BHO and the
Number of chargers) are statistically significant.

2. Keeping the algorithm unchanged and increasing the
number of charger by one reduce the total distance by
2.96 km.

3. Keeping the number of chargers unchanged and chang-
ing the algorithm from MILP to ACA, ACA1, Hybrid
ACA-BHO increases the total distance by 43 km, 58 km
and 101 km respectively.

For the sake of completeness, we used google maps to
generate a toy example. Consequently, we used Google direc-
tions API to calculate the distance matrix of the chargers and
e-scooter.

Finally, we solved this toy example using the mathematical
model and visualized the optimal assignment based on the
calculated distance matrix returned by Google directions API
in Figure 7.

As shown in the paper and the statistical analysis above
ACA provides good solutions in a short time. Recall that;

1- The e-scooters/chargers assignment needs solutionmore
than once a day

2- The key point here is finding a good solution in a short
time to this e-scooters/chargers assignment problem.

3- ACA is based on the college admission algorithm which
is hyper-parameters free algorithm. So it is easy for the
operator to run it.

4- As defined by [13] ‘‘A stable assignment is called opti-
mal if every applicant is at least as well off under it as
under any other stable assignment.’’.Moreover, themen-
tioned ‘‘Thus the principles of stability and optimality
will, when the existence questions are settled, lead us to
a unique ‘‘best’’ method of assignment’’. So based on
that, we will advise the operator to Run ACA to find the
first stable solution then break the tie between one pair
and find another stable solution. The operator repeats
this breaking and matching several times to find many
stable solutions and then find the best.

V. CONCLUSION
This paper investigates the ESCA problem to minimize the
associated costs by optimizing the e-scooter allocation for
each charger and chargers location. The MILP formulation
model is developed with two adapted algorithms to solve
the ESCA problem. The ESCA problem is an NP-hard com-
binatorial optimization problem. The proposed MILP was

formulated to solve the small case study and compare with
the two adapted algorithms (i.e., ACA and BHO) for testing
the performance of these two algorithms. The results of the
simulated dataset show that the ACA solutions are better
than the BHO in solving medium- and large-scale real-world
instances. These instances vary in size from 150 to 564.More-
over, we proposed a method to speed up the ACA and yield
good quality solutions as well. In computational experiments,
22 small-scale instances are used for the comparisons of the
exact solutions by MILP with those of the ACA algorithm,
which points out that ACA is much more efficient than the
MILP method. For the large scale size real cases, the results
proved that ACA1 is more efficient than other algorithms
based the accuracy of the solutions and implementation times.

Successful application of this approach can help the
e-scooter companies to meet the customer’s demand with
considering the renting cost, and at the same time, increase
the hourly rate of the charger. Future research will investigate:

1-How to generalize the model to ensure it is broadly
applicable based on the collected real data from too many
areas in Australia such as Queensland.

2- How to find the good solution (i.e. near optimal solution)
for large e-scooters operators who may need to solve this
problem for thousands of e-scooters

3- The current solution to the problem does not consider
the inaccuracy of the e-scooters positions so we will work on
improving the solutions by developing a scholastic approach
considering the uncertainties in e-scooters positions.

4- Our solution assumes that the chargers will accept
the assignment solution which maybe not the case.
Thus a fuzzy logic-based solution will be developed to
address the uncertainty of accepting the solution by the
chargers.
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