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exceed the capacity of the robot for
any of the tours
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Practical benefits of the formulation:
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I Can handle multiple robots, capacity (energy) constraints, and asymmetric
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MILP Formulation

Mixed Integer Linear Programming formulation:

I Capacitated Arc Routing Problem [Gouveia
et al., 2010]

I Based on generalized flow constraints
I Incorporates asymmetric costs and demands
I Incorporates deadheading demands
I Gives optimal solution
I Fast for small instances (∼50 edges)

TABLE I
THE LINE COVERAGE PROBLEM, WITH ITS SPECIAL CASES

Literature Number of
robots

Deadheading Service

Cost Demand Cost Demand

Line coverage K A A A A
Mixed-CARP [22] K A − A A
CARP-DD [19] K S S −* S
CARP [4] K S − −* S
WRPP [18] 1 A − −* −
kRPP [14], [15] K S − −* −

S: symmetric, A: asymmetric, and −: not considered.
*: The service costs are equal to the deadheading costs.

III. LINE COVERAGE PROBLEM

We now define the line coverage problem. We are given
a connected graph G = (V,E,ER) where V is the set of
vertices, E is the set of edges, and ER ⊆ E is the set of
required edges. The task is to find a set of tours on the graph
that minimizes the total cost of travel, such that (1) the tours
start and end at a specified depot location v0 ∈ V , (2) all the
required edges are serviced, and (3) none of the tours exceed
the capacity Q of the robots. The costs and the demands are
provided as inputs along with the graph.

Each edge is represented by a pair of vertices (i, j). When
a robot traverses edge (i, j) from vertex i to vertex j, we also
say directed edge (i, j) to emphasize the direction of travel.

We now describe the costs and demands. (1) If a robot
services a required edge (i, j) ∈ ER from vertex i to vertex j,
then a service cost csij and a service demand qsij are incurred.
These are also denoted as cs(i, j) and qs(i, j). (2) If a
robot traverses an edge without servicing it, the robot is
said to be deadheading and deadheading cost and demand
are incurred. This occurs when a robot is traveling from a
vertex of a required edge to that of another required edge, and
both required and non-required edges may be deadheaded.
Deadheading cost is denoted by cdij and demand by qdij for
edge (i, j) ∈ E from vertex i to vertex j. These are also
denoted as cd(i, j) and qd(i, j). When the triangle inequality
does not hold for a graph, or a direct path does not exist
between two given vertices i and j, cdij and qdij correspond
to the shortest cost path from i to j.

We consider the edge costs and demands, for both service
and deadheading, to be direction dependent (for example,
csij(q

s
ij) may differ from csji(q

s
ji)). The service and deadhead-

ing costs and demands can all be arbitrary positive numbers.
The costs affect the objective function, and the demands are
related to the robot capacity, i.e., the sum of demands for a
tour should not exceed the robot capacity Q. For example,
the travel time may constitute the costs, and the energy
consumed may represent the demands.

The line coverage problem can be thought of as a fully
asymmetric CARP with deadheading demands, i.e., the ser-
vice and deadheading costs, and service and deadheading
demands are all asymmetric. The fully asymmetric nature of
the problem, coupled with deadheading demands, poses seri-
ous computational challenges, especially when applications
require fast generation of tours on large graphs.

A. Mixed Integer Linear Programming Formulation
We develop a mixed integer linear programming (MILP)

formulation for the line coverage problem, by extending
that for CARP on mixed graphs [22] and incorporating
deadheading demands. In a mixed graph, arcs are used
to represent one-way streets. Hence we assign two arcs
(representing the two directions of travel) for each of the
edges in the original graph. The formulation uses network
flows to represent the demands. The depot v0 (i.e., vertex 0)
acts as the source for the flow and the flow is absorbed along
the arcs. The flow constraints ensure that the generated tours
are connected and the robot capacities are respected.
MILP formulation and notation:
• K: Maximum number of tours; to be specified
• A: Set of arcs {(i, j), (j, i) : (i, j) ∈ E}
• AR: {(i, j), (j, i) : (i, j) ∈ ER}, AR ⊆ A
• xkij : Binary variable denoting whether arc (i, j) ∈ AR

is serviced in tour k
• ykij : Integer variable denoting the number of times arc

(i, j) ∈ A is deadheaded in tour k
• fkij : Continuous variable denoting the flow across arc

(i, j) ∈ A in tour k
• Q,λ: Robot capacity, and tour setup cost

Minimize:
K∑
k=1

 ∑
(i,j)∈AR

csijx
k
ij +

∑
(i,j)∈A

cdijy
k
ij + λ

∑
(0,i)∈AR

xk0i + λ
∑

(0,i)∈A

yk0i


(1)

subject to:∑
j:(i,j)∈AR

xkij +
∑

j:(i,j)∈A

ykij =
∑

j:(j,i)∈AR

xkji +
∑

j:(j,i)∈A

ykji ∀i, k (2)

K∑
k=1

(xkij + xkji) = 1 ∀(i, j) ∈ ER (3)∑
j:(0,j)∈AR

xk0j +
∑

j:(0,j)∈A

yk0j ≤ 1 ∀k (4)

∑
j:(j,i)∈A

fkji −
∑

j:(i,j)∈A

fkij =

∑
j:(j,i)∈AR

qsjix
k
ji +

∑
j:(j,i)∈A

qdjiy
k
ji ∀k, i 6= 0 (5)

∑
j:(0,j)∈A

fk0j =
∑

(i,j)∈AR

qsijx
k
ij +

∑
(i,j)∈A

qdijy
k
ij ∀k (6)

∑
i:(i,0)∈A

fki0 =
∑

i:(i,0)∈AR

qsi0x
k
i0 +

∑
i:(i,0)∈A

qdi0y
k
i0 ∀k (7)

fkij ≤ Q(xkij + ykij) ∀(i, j) ∈ A,∀k (8)

xkij ∈ {0, 1} ∀(i, j) ∈ AR, ∀k (9)

fkij ≥ 0, ykij ≥ 0, ykij ∈ Z ∀(i, j) ∈ A, ∀k (10)

It is assumed that the robot capacity Q is suffi-
ciently large to service any of the edges, i.e., Q >
min (qd0i + qsij + qdj0, q

d
0j + qsji + qdi0) ∀(i, j) ∈ ER.

The objective function (1) is the total cost of the mission
and is to be minimized. The constraints (2) ensure con-
nectivity of tours at each vertex—the number of traversed
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CARP-DD [19] K S S −* S
CARP [4] K S − −* S
WRPP [18] 1 A − −* −
kRPP [14], [15] K S − −* −

S: symmetric, A: asymmetric, and −: not considered.
*: The service costs are equal to the deadheading costs.

III. LINE COVERAGE PROBLEM

We now define the line coverage problem. We are given
a connected graph G = (V,E,ER) where V is the set of
vertices, E is the set of edges, and ER ⊆ E is the set of
required edges. The task is to find a set of tours on the graph
that minimizes the total cost of travel, such that (1) the tours
start and end at a specified depot location v0 ∈ V , (2) all the
required edges are serviced, and (3) none of the tours exceed
the capacity Q of the robots. The costs and the demands are
provided as inputs along with the graph.

Each edge is represented by a pair of vertices (i, j). When
a robot traverses edge (i, j) from vertex i to vertex j, we also
say directed edge (i, j) to emphasize the direction of travel.

We now describe the costs and demands. (1) If a robot
services a required edge (i, j) ∈ ER from vertex i to vertex j,
then a service cost csij and a service demand qsij are incurred.
These are also denoted as cs(i, j) and qs(i, j). (2) If a
robot traverses an edge without servicing it, the robot is
said to be deadheading and deadheading cost and demand
are incurred. This occurs when a robot is traveling from a
vertex of a required edge to that of another required edge, and
both required and non-required edges may be deadheaded.
Deadheading cost is denoted by cdij and demand by qdij for
edge (i, j) ∈ E from vertex i to vertex j. These are also
denoted as cd(i, j) and qd(i, j). When the triangle inequality
does not hold for a graph, or a direct path does not exist
between two given vertices i and j, cdij and qdij correspond
to the shortest cost path from i to j.

We consider the edge costs and demands, for both service
and deadheading, to be direction dependent (for example,
csij(q

s
ij) may differ from csji(q

s
ji)). The service and deadhead-

ing costs and demands can all be arbitrary positive numbers.
The costs affect the objective function, and the demands are
related to the robot capacity, i.e., the sum of demands for a
tour should not exceed the robot capacity Q. For example,
the travel time may constitute the costs, and the energy
consumed may represent the demands.

The line coverage problem can be thought of as a fully
asymmetric CARP with deadheading demands, i.e., the ser-
vice and deadheading costs, and service and deadheading
demands are all asymmetric. The fully asymmetric nature of
the problem, coupled with deadheading demands, poses seri-
ous computational challenges, especially when applications
require fast generation of tours on large graphs.

A. Mixed Integer Linear Programming Formulation
We develop a mixed integer linear programming (MILP)

formulation for the line coverage problem, by extending
that for CARP on mixed graphs [22] and incorporating
deadheading demands. In a mixed graph, arcs are used
to represent one-way streets. Hence we assign two arcs
(representing the two directions of travel) for each of the
edges in the original graph. The formulation uses network
flows to represent the demands. The depot v0 (i.e., vertex 0)
acts as the source for the flow and the flow is absorbed along
the arcs. The flow constraints ensure that the generated tours
are connected and the robot capacities are respected.
MILP formulation and notation:
• K: Maximum number of tours; to be specified
• A: Set of arcs {(i, j), (j, i) : (i, j) ∈ E}
• AR: {(i, j), (j, i) : (i, j) ∈ ER}, AR ⊆ A
• xkij : Binary variable denoting whether arc (i, j) ∈ AR

is serviced in tour k
• ykij : Integer variable denoting the number of times arc

(i, j) ∈ A is deadheaded in tour k
• fkij : Continuous variable denoting the flow across arc

(i, j) ∈ A in tour k
• Q,λ: Robot capacity, and tour setup cost

Minimize:
K∑
k=1

 ∑
(i,j)∈AR

csijx
k
ij +

∑
(i,j)∈A

cdijy
k
ij + λ

∑
(0,i)∈AR

xk0i + λ
∑

(0,i)∈A

yk0i


(1)

subject to:∑
j:(i,j)∈AR

xkij +
∑

j:(i,j)∈A

ykij =
∑

j:(j,i)∈AR

xkji +
∑

j:(j,i)∈A

ykji ∀i, k (2)

K∑
k=1

(xkij + xkji) = 1 ∀(i, j) ∈ ER (3)∑
j:(0,j)∈AR

xk0j +
∑

j:(0,j)∈A

yk0j ≤ 1 ∀k (4)

∑
j:(j,i)∈A

fkji −
∑

j:(i,j)∈A

fkij =

∑
j:(j,i)∈AR

qsjix
k
ji +

∑
j:(j,i)∈A

qdjiy
k
ji ∀k, i 6= 0 (5)

∑
j:(0,j)∈A

fk0j =
∑

(i,j)∈AR

qsijx
k
ij +

∑
(i,j)∈A

qdijy
k
ij ∀k (6)

∑
i:(i,0)∈A

fki0 =
∑

i:(i,0)∈AR

qsi0x
k
i0 +

∑
i:(i,0)∈A

qdi0y
k
i0 ∀k (7)

fkij ≤ Q(xkij + ykij) ∀(i, j) ∈ A,∀k (8)

xkij ∈ {0, 1} ∀(i, j) ∈ AR, ∀k (9)

fkij ≥ 0, ykij ≥ 0, ykij ∈ Z ∀(i, j) ∈ A, ∀k (10)

It is assumed that the robot capacity Q is suffi-
ciently large to service any of the edges, i.e., Q >
min (qd0i + qsij + qdj0, q

d
0j + qsji + qdi0) ∀(i, j) ∈ ER.

The objective function (1) is the total cost of the mission
and is to be minimized. The constraints (2) ensure con-
nectivity of tours at each vertex—the number of traversed



MILP Formulation

Mixed Integer Linear Programming formulation:
I Capacitated Arc Routing Problem [Gouveia

et al., 2010]
I Based on generalized flow constraints
I Incorporates asymmetric costs and demands
I Incorporates deadheading demands

I Gives optimal solution
I Fast for small instances (∼50 edges)
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CARP [4] K S − −* S
WRPP [18] 1 A − −* −
kRPP [14], [15] K S − −* −

S: symmetric, A: asymmetric, and −: not considered.
*: The service costs are equal to the deadheading costs.
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a connected graph G = (V,E,ER) where V is the set of
vertices, E is the set of edges, and ER ⊆ E is the set of
required edges. The task is to find a set of tours on the graph
that minimizes the total cost of travel, such that (1) the tours
start and end at a specified depot location v0 ∈ V , (2) all the
required edges are serviced, and (3) none of the tours exceed
the capacity Q of the robots. The costs and the demands are
provided as inputs along with the graph.

Each edge is represented by a pair of vertices (i, j). When
a robot traverses edge (i, j) from vertex i to vertex j, we also
say directed edge (i, j) to emphasize the direction of travel.

We now describe the costs and demands. (1) If a robot
services a required edge (i, j) ∈ ER from vertex i to vertex j,
then a service cost csij and a service demand qsij are incurred.
These are also denoted as cs(i, j) and qs(i, j). (2) If a
robot traverses an edge without servicing it, the robot is
said to be deadheading and deadheading cost and demand
are incurred. This occurs when a robot is traveling from a
vertex of a required edge to that of another required edge, and
both required and non-required edges may be deadheaded.
Deadheading cost is denoted by cdij and demand by qdij for
edge (i, j) ∈ E from vertex i to vertex j. These are also
denoted as cd(i, j) and qd(i, j). When the triangle inequality
does not hold for a graph, or a direct path does not exist
between two given vertices i and j, cdij and qdij correspond
to the shortest cost path from i to j.

We consider the edge costs and demands, for both service
and deadheading, to be direction dependent (for example,
csij(q

s
ij) may differ from csji(q
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ji)). The service and deadhead-

ing costs and demands can all be arbitrary positive numbers.
The costs affect the objective function, and the demands are
related to the robot capacity, i.e., the sum of demands for a
tour should not exceed the robot capacity Q. For example,
the travel time may constitute the costs, and the energy
consumed may represent the demands.

The line coverage problem can be thought of as a fully
asymmetric CARP with deadheading demands, i.e., the ser-
vice and deadheading costs, and service and deadheading
demands are all asymmetric. The fully asymmetric nature of
the problem, coupled with deadheading demands, poses seri-
ous computational challenges, especially when applications
require fast generation of tours on large graphs.

A. Mixed Integer Linear Programming Formulation
We develop a mixed integer linear programming (MILP)

formulation for the line coverage problem, by extending
that for CARP on mixed graphs [22] and incorporating
deadheading demands. In a mixed graph, arcs are used
to represent one-way streets. Hence we assign two arcs
(representing the two directions of travel) for each of the
edges in the original graph. The formulation uses network
flows to represent the demands. The depot v0 (i.e., vertex 0)
acts as the source for the flow and the flow is absorbed along
the arcs. The flow constraints ensure that the generated tours
are connected and the robot capacities are respected.
MILP formulation and notation:
• K: Maximum number of tours; to be specified
• A: Set of arcs {(i, j), (j, i) : (i, j) ∈ E}
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• xkij : Binary variable denoting whether arc (i, j) ∈ AR
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• ykij : Integer variable denoting the number of times arc

(i, j) ∈ A is deadheaded in tour k
• fkij : Continuous variable denoting the flow across arc
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• Q,λ: Robot capacity, and tour setup cost
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xkij ∈ {0, 1} ∀(i, j) ∈ AR, ∀k (9)
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It is assumed that the robot capacity Q is suffi-
ciently large to service any of the edges, i.e., Q >
min (qd0i + qsij + qdj0, q
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The objective function (1) is the total cost of the mission
and is to be minimized. The constraints (2) ensure con-
nectivity of tours at each vertex—the number of traversed



MILP Formulation

Mixed Integer Linear Programming formulation:
I Capacitated Arc Routing Problem [Gouveia

et al., 2010]
I Based on generalized flow constraints
I Incorporates asymmetric costs and demands
I Incorporates deadheading demands
I Gives optimal solution

I Fast for small instances (∼50 edges)

TABLE I
THE LINE COVERAGE PROBLEM, WITH ITS SPECIAL CASES

Literature Number of
robots

Deadheading Service

Cost Demand Cost Demand

Line coverage K A A A A
Mixed-CARP [22] K A − A A
CARP-DD [19] K S S −* S
CARP [4] K S − −* S
WRPP [18] 1 A − −* −
kRPP [14], [15] K S − −* −

S: symmetric, A: asymmetric, and −: not considered.
*: The service costs are equal to the deadheading costs.

III. LINE COVERAGE PROBLEM

We now define the line coverage problem. We are given
a connected graph G = (V,E,ER) where V is the set of
vertices, E is the set of edges, and ER ⊆ E is the set of
required edges. The task is to find a set of tours on the graph
that minimizes the total cost of travel, such that (1) the tours
start and end at a specified depot location v0 ∈ V , (2) all the
required edges are serviced, and (3) none of the tours exceed
the capacity Q of the robots. The costs and the demands are
provided as inputs along with the graph.

Each edge is represented by a pair of vertices (i, j). When
a robot traverses edge (i, j) from vertex i to vertex j, we also
say directed edge (i, j) to emphasize the direction of travel.

We now describe the costs and demands. (1) If a robot
services a required edge (i, j) ∈ ER from vertex i to vertex j,
then a service cost csij and a service demand qsij are incurred.
These are also denoted as cs(i, j) and qs(i, j). (2) If a
robot traverses an edge without servicing it, the robot is
said to be deadheading and deadheading cost and demand
are incurred. This occurs when a robot is traveling from a
vertex of a required edge to that of another required edge, and
both required and non-required edges may be deadheaded.
Deadheading cost is denoted by cdij and demand by qdij for
edge (i, j) ∈ E from vertex i to vertex j. These are also
denoted as cd(i, j) and qd(i, j). When the triangle inequality
does not hold for a graph, or a direct path does not exist
between two given vertices i and j, cdij and qdij correspond
to the shortest cost path from i to j.

We consider the edge costs and demands, for both service
and deadheading, to be direction dependent (for example,
csij(q

s
ij) may differ from csji(q

s
ji)). The service and deadhead-

ing costs and demands can all be arbitrary positive numbers.
The costs affect the objective function, and the demands are
related to the robot capacity, i.e., the sum of demands for a
tour should not exceed the robot capacity Q. For example,
the travel time may constitute the costs, and the energy
consumed may represent the demands.

The line coverage problem can be thought of as a fully
asymmetric CARP with deadheading demands, i.e., the ser-
vice and deadheading costs, and service and deadheading
demands are all asymmetric. The fully asymmetric nature of
the problem, coupled with deadheading demands, poses seri-
ous computational challenges, especially when applications
require fast generation of tours on large graphs.

A. Mixed Integer Linear Programming Formulation
We develop a mixed integer linear programming (MILP)

formulation for the line coverage problem, by extending
that for CARP on mixed graphs [22] and incorporating
deadheading demands. In a mixed graph, arcs are used
to represent one-way streets. Hence we assign two arcs
(representing the two directions of travel) for each of the
edges in the original graph. The formulation uses network
flows to represent the demands. The depot v0 (i.e., vertex 0)
acts as the source for the flow and the flow is absorbed along
the arcs. The flow constraints ensure that the generated tours
are connected and the robot capacities are respected.
MILP formulation and notation:
• K: Maximum number of tours; to be specified
• A: Set of arcs {(i, j), (j, i) : (i, j) ∈ E}
• AR: {(i, j), (j, i) : (i, j) ∈ ER}, AR ⊆ A
• xkij : Binary variable denoting whether arc (i, j) ∈ AR

is serviced in tour k
• ykij : Integer variable denoting the number of times arc

(i, j) ∈ A is deadheaded in tour k
• fkij : Continuous variable denoting the flow across arc

(i, j) ∈ A in tour k
• Q,λ: Robot capacity, and tour setup cost
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xkij ∈ {0, 1} ∀(i, j) ∈ AR, ∀k (9)

fkij ≥ 0, ykij ≥ 0, ykij ∈ Z ∀(i, j) ∈ A, ∀k (10)

It is assumed that the robot capacity Q is suffi-
ciently large to service any of the edges, i.e., Q >
min (qd0i + qsij + qdj0, q

d
0j + qsji + qdi0) ∀(i, j) ∈ ER.

The objective function (1) is the total cost of the mission
and is to be minimized. The constraints (2) ensure con-
nectivity of tours at each vertex—the number of traversed



MILP Formulation

Mixed Integer Linear Programming formulation:
I Capacitated Arc Routing Problem [Gouveia

et al., 2010]
I Based on generalized flow constraints
I Incorporates asymmetric costs and demands
I Incorporates deadheading demands
I Gives optimal solution
I Fast for small instances (∼50 edges)

TABLE I
THE LINE COVERAGE PROBLEM, WITH ITS SPECIAL CASES
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Deadheading Service

Cost Demand Cost Demand

Line coverage K A A A A
Mixed-CARP [22] K A − A A
CARP-DD [19] K S S −* S
CARP [4] K S − −* S
WRPP [18] 1 A − −* −
kRPP [14], [15] K S − −* −

S: symmetric, A: asymmetric, and −: not considered.
*: The service costs are equal to the deadheading costs.

III. LINE COVERAGE PROBLEM

We now define the line coverage problem. We are given
a connected graph G = (V,E,ER) where V is the set of
vertices, E is the set of edges, and ER ⊆ E is the set of
required edges. The task is to find a set of tours on the graph
that minimizes the total cost of travel, such that (1) the tours
start and end at a specified depot location v0 ∈ V , (2) all the
required edges are serviced, and (3) none of the tours exceed
the capacity Q of the robots. The costs and the demands are
provided as inputs along with the graph.

Each edge is represented by a pair of vertices (i, j). When
a robot traverses edge (i, j) from vertex i to vertex j, we also
say directed edge (i, j) to emphasize the direction of travel.

We now describe the costs and demands. (1) If a robot
services a required edge (i, j) ∈ ER from vertex i to vertex j,
then a service cost csij and a service demand qsij are incurred.
These are also denoted as cs(i, j) and qs(i, j). (2) If a
robot traverses an edge without servicing it, the robot is
said to be deadheading and deadheading cost and demand
are incurred. This occurs when a robot is traveling from a
vertex of a required edge to that of another required edge, and
both required and non-required edges may be deadheaded.
Deadheading cost is denoted by cdij and demand by qdij for
edge (i, j) ∈ E from vertex i to vertex j. These are also
denoted as cd(i, j) and qd(i, j). When the triangle inequality
does not hold for a graph, or a direct path does not exist
between two given vertices i and j, cdij and qdij correspond
to the shortest cost path from i to j.

We consider the edge costs and demands, for both service
and deadheading, to be direction dependent (for example,
csij(q

s
ij) may differ from csji(q

s
ji)). The service and deadhead-

ing costs and demands can all be arbitrary positive numbers.
The costs affect the objective function, and the demands are
related to the robot capacity, i.e., the sum of demands for a
tour should not exceed the robot capacity Q. For example,
the travel time may constitute the costs, and the energy
consumed may represent the demands.

The line coverage problem can be thought of as a fully
asymmetric CARP with deadheading demands, i.e., the ser-
vice and deadheading costs, and service and deadheading
demands are all asymmetric. The fully asymmetric nature of
the problem, coupled with deadheading demands, poses seri-
ous computational challenges, especially when applications
require fast generation of tours on large graphs.

A. Mixed Integer Linear Programming Formulation
We develop a mixed integer linear programming (MILP)

formulation for the line coverage problem, by extending
that for CARP on mixed graphs [22] and incorporating
deadheading demands. In a mixed graph, arcs are used
to represent one-way streets. Hence we assign two arcs
(representing the two directions of travel) for each of the
edges in the original graph. The formulation uses network
flows to represent the demands. The depot v0 (i.e., vertex 0)
acts as the source for the flow and the flow is absorbed along
the arcs. The flow constraints ensure that the generated tours
are connected and the robot capacities are respected.
MILP formulation and notation:
• K: Maximum number of tours; to be specified
• A: Set of arcs {(i, j), (j, i) : (i, j) ∈ E}
• AR: {(i, j), (j, i) : (i, j) ∈ ER}, AR ⊆ A
• xkij : Binary variable denoting whether arc (i, j) ∈ AR
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• ykij : Integer variable denoting the number of times arc
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xkij ∈ {0, 1} ∀(i, j) ∈ AR, ∀k (9)

fkij ≥ 0, ykij ≥ 0, ykij ∈ Z ∀(i, j) ∈ A, ∀k (10)

It is assumed that the robot capacity Q is suffi-
ciently large to service any of the edges, i.e., Q >
min (qd0i + qsij + qdj0, q

d
0j + qsji + qdi0) ∀(i, j) ∈ ER.

The objective function (1) is the total cost of the mission
and is to be minimized. The constraints (2) ensure con-
nectivity of tours at each vertex—the number of traversed



MILP Solution
UNC Charlotte road network (2.29 km2)



Modeling of Linear Features as Graphs
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Graph Partitioning
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Tours and Orthomosaic
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Heuristic Algorithms

I The line coverage problem is NP-hard

I The MILP formulation can take exponential time
I MILP not always suitable for robotics because of computation time

I Two heurististic algorithms: Extended Path Scanning and
Merge-Embed-Merge

I We discuss the Merge-Embed-Merge (MEM) heuristic algorithm
I Complexity O(M2 log M), M is the number of required edges
I Fast for real-time robotics applications
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Savings from a Merge of Two Tours



Eight Different Permutations to Merge Two Tours
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No Savings Feasible with Newly Merged Tour



MEM Ends: No Further Merges Possible



MEM Solution
UNC Charlotte region (16 km2)
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Results

Road
network

No. of
edges

Area
(km2)

Network
length (km)

No. of
clusters

No. of
tours

Compute time (s)
Cost percentage
gap from MILPMILP MEM

Mumbai 329 (220) 0.86 13.56 3 5 83 0.050 3.39
Rio 407 (264) 1.65 20.00 6 8 16 0.038 4.05
Manhattan 544 (440) 2.71 38.33 5 13 7919 0.073 4.39
Naples 644 (232) 0.90 11.20 4 5 66 0.042 4.12
UNCC 768 (282) 2.29 14.16 6 6 24 0.055 2.59

I Empirical results for example road networks
I MILP can take substantially longer to solve
I MEM solution within 2–5% of MILP solution
I Fast for real-time applications (<0.1s)
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Contributions

I The line coverage problem as an optimization problem, with a mixed integer
linear programming (MILP) formulation

I Computationally efficient Merge-Embed-Merge heuristic algorithm
I Algorithm designed to handle the fully asymmetric nature of the problem,

deadheading demands, and capacity (energy) constraints
I Efficient partition of graphs using clustering based approach
I Presented simulation results on six different real-world road networks, and an

experimental validation on the UNC Charlotte campus
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I Incorporate turning costs and non-holonomic constraints
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