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Abstract. This paper addresses a novel route plan-
ning problem of an air-ground collaborative system
for intelligence, surveillance, and reconnaissance mis-
sion. In the collaborative system, a ground vehicle
(GV) travels on the road network and its carried un-
manned aerial vehicle (UAV) travels in areas beyond
the road to visit a number of targets unreached by
the GV. The UAV needs to launch and land on the
GV frequently to change its battery. We model the
two-echelon cooperative route planning problem for
the GV and the UAV as a constrained optimization
problem which tries to minimize the overall execu-
tion time for completing surveillance tasks. To solve
this problem, a splitting-based heuristic is proposed
to rapidly construct GV and UAV routes. A node se-
lection algorithm is developed and embedded to select
the appropriate rendezvous nodes between UAV and
GV. Computational results show that the proposed ap-
proach can effectively generate better cooperative GV
and UAV tours to complete the surveillance missions
in a shorter time when compared to other two compet-
itive approaches in the literature.

Keywords: Two-echelon routing, air-ground collabora-
tion, route planning

1. Introduction

Due to the rapid development in embedded control sys-
tems, sensors, and communication technologies in re-
cent decades, a variety of small and low cost unmanned
aerial vehicles (UAVs) are developed and widely used in
intelligence, surveillance and reconnaissance (ISR) mis-
sions[1]. UAVs are prime candidates for ISR missions
since they provide a broad view and have a fast speed in
the air. A typical ISR mission would require the UAVs to
collect images, videos, or sensor data and transmit them
to a ground/base station[2]. However, with the limited ca-
pacity of battery power, small UAVs cannot execute tasks
for a long time/distance, which greatly restricts their uti-
lization. The ground vehicles (GVs) have sufficient load

capacity and can serve as amobile platforms to provide
the UAV’s battery.

The great heterogeneity and complementaries between
UAVs and GVs in dynamics, speed, sensing, communi-
cation, functions, and so forth, making UAVs and GVs
powerful to complete a variety of complicated task more
efficiently with lower cost, such as surveillance [3], res-
cue [4] , and agriculture [5]. Our previous work [6] sys-
tematically reviewed the advances in UAV-UGV coordi-
nation systems during the period of 2015-2020, and of-
fered a comprehensive investigation and analysis of the
recent research. Chen et al. [7] reviewed a number of
influential and successful types of the unmanned aerial
and ground vehicles systems (UAGVSs) and proposed a
taxonomy for classification of existing UAGVSs in which
different types of UAGVSs can be described in a unified
way.

In this paper, we study a route planning problem for the
air-ground collaborative surveillance system. In the air-
ground collaborative system, the GV travels on the road
network and its UAV travels in areas beyond the road.
There are a set of targets outside the road, which can only
be visited by the UAV. There are a number of rendezvous
points in the road network where the GV can stop and al-
low the UAV to take-off and land, as shown in Figure 1.
The GV carries the UAV, departs from the base, selects a
stopping node to launch the UAV, and then travels to the
next rendezvous node. At the same time, the UAV needs
to access the targets to collect the information and then
return to the GV before its battery runs off. The mission
is to minimize the overall execution time for completing
surveillance tasks. The route planning problem for the air-
ground collaborative surveillance system can be regarded
as a two-echelon GV and UAV cooperative routing prob-
lem (2E-GUCRP) [3]. There are three routes that need to
be planned: planning the GV’s route, determining where
to stop the GV, and planning the UAV’s route for visiting
targets during each flight.

There have been many pioneering works investigat-
ing the route planning problem for cooperative GV and
UAV. One typical problem is the Flying Sidekick Travel-
ing Salesman Problem (FSTSP)[8, 9], in which a drone at-
taches to the top of a truck that can make a delivery at the
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Fig. 1. Illustration of the air-ground collaborative surveil-
lance system

same time that the truck is making another delivery. Once
the drone finishes making a delivery, it needs to fly back to
the truck at the current delivery location or along its route
to the next delivery location. Murray and Chu [8] de-
signed heuristic algorithms for two UAV delivery FSTSP
problems. Recently, Wang et al. [10] derived a number
of worst-case results on FSTSP, i.e., the maximum sav-
ings that can be obtained from using drones. Agatz et al.
[11] developed another type of traveling salesman prob-
lem with drones (TSP-D), in which a truck and a drone
make deliveries in parallel. Kitjacharoenchai et al. [12]
presented a mixed-integer programming (MIP) formula-
tion for TSP-D and developed an algorithm based on in-
sertion heuristics to solve problems containing up to 100
locations.

FSTSP and TSP-D restrict the UAV to access only one
customer (target) per flight. In ISR mission, UAVs often
need to access multiple targets in one flight to acquire the
information. Liu et al. [3] introduced the two-echelon co-
operated routing problem in which UAVs can access mul-
tiple targets in one flight and proposed two heuristics to
solve the problem. The first heuristic constructs a com-
plete tour for all targets and splits it by GV routes, while
the second heuristic firstly generates several clusters and
then constructs the feasible routes for GV and UAV in
each cluster.

In this paper, a heuristic method is proposed to effi-
ciently solve 2E-GUCRP. As a first step, a splitting-based
heuristic is proposed to rapidly construct UAV tours. A
node selection algorithm is developed and embedded to
select the appropriate rendezvous nodes between UAV
and GV. Then, a transformation technique is developed to
reformulate the GV routing problem as a Traveling Sales-
man Problem (TSP), and the established algorithms for
solving the TSP can be used to plan GV routes. Com-
pared with two state-of-the-art algorithms in the literature,
the proposed algorithm can obtain better tours in various
2E-GUCRP cases.

The paper is organized as follows. Section 2 will give
a problem formulation. Section 3 will present a heuris-
tic to construct the GV and UAV cooperative routes for
the surveillance mission. Section 4 will demonstrate the

performance of the proposed algorithm with some simu-
lations. Finally, section 5 will conclude the paper.

2. Problem Formulation

Define an undirected graph G = (V,E) where V is
the set of all vertexes and E is the set of edges be-
tween vertexes. V is composed of the following sets:
V = n0 ∪ nd ∪VS ∪Vt . n0 is the starting assembly area
or base of GV and UAV, nd is the destination node of GV
and UAV. Vs = {n1,n2, . . . ,nm} is the set of all optional
stopping nodes and Vt = {nm+1,nm+2, . . . ,nm+n} is the set
of all target nodes. The optional stopping nodes are avail-
able in the road, where the GV can launch and/or recycle
the UAV. The targets are locate outside the road network
and cannot be accessed by the GV.

The GV departs from a depot with its carried UAV, se-
lects a stopping node (e.g., node i) to launch the UAV. The
GV then departs from node i (the departure time is de-
noted by ti) to the next rendezvous node (e.g., node j) to
wait for UAV. The waiting time of GV at node j is denoted
by s j. The access order of the node j is denoted by Tj. Si-
multaneously, the UAV will fly to the targets. Each target
j ∈ Vt has a service time Ci to implement a surveillance
task for UAV. After collecting the target information, UAV
returns to the GV before the battery powers off (the max-
imum flight time of UAV is denoted by θ ). Assume that
GV and UAV are moving at a constant speed, denoted by
vG and vA, respectively. As a result, the residual power of
UAV can be converted directly to the remaining time. To
formulate this problem, the following binary variables are
also defined:

xi j =

{
1, if GV moves from node i to node j
0, otherwise

. (1)

yi j =

{
1, if UAV moves from target i to target j
0, otherwise

(2)

Si j =

{
1, if UAV moves from node j to target i
0, otherwise

(3)

The objective of the 2E-GUCRP is to determine routes
of UAV and GV with the minimum overall task com-
pletion time t∗. Therefore, the 2E-GUCRP optimization
problem can be formulated as a linear integer program-
ming as follows:

J = min t∗ . . . . . . . . . . . . . . (4)

s.t.

∑
i∈n0∪VS

xi j = ∑
i∈nd∪VS

xi j ≤ 1,∀ j ∈VS . . . . . (5)

∑
i∈VS

xind = ∑
i∈VS

xn0i = 1 . . . . . . . . . . (6)

∑
i∈VS

xnd i = ∑
i∈VS

xin0 = 0 . . . . . . . . . . (7)
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N−1≥ Ti−Yj +N× xi j,

∀i ∈ n0∪VS,∀ j ∈ nd ∪VS
. . . . . . (8)

∑
i∈V

yi j = ∑
i∈V

y ji = 1,∀ j ∈Vt . . . . . . . . (9)

M× (1− yi j)≥ |C j +di j/vG−Q j|+ |S ji−1|,
∀i ∈ n0∪VS,∀ j ∈Vt

(10)

M× (2− yi j−S jk)≥ |Qi +C j +di j/v1−Q j|+
|Sik−S jk|,∀i, j ∈Vt ,∀k ∈ n0∪VS

(11)

M× (1− yi j)≥ (Q j +di j/vG−θ),
∀ j ∈ n0∪VS,∀i ∈Vt

. . . . . (12)

M× (2− yi j−Sik)≥ |xk j−1|,
∀i ∈Vt ,∀ j,k ∈ n0∪VS, j ̸= k

. . . . . . (13)

M× (3− yi j− xk j−S jk)≥ |dk j/vA−di j/vG−Qi|,
∀i ∈Vt ,∀ j ∈ nd ∪VS,∀k ∈ n0∪VS

(14)

yi j = 0,∀i, j ∈ n0∪nd ∪VS . . . . . . . . (15)

∑
i∈n0∪VS

xi j ≤ ∑
i∈Vt

xi j + ∑
i∈Vt

x ji,∀ j ∈ nd ∪VS . . (16)

M× (2− yi j−S jk)≥ |s j−Q−di j/vA|,
∀i ∈Vt ,∀ j ∈ n0∪nd ∪VS

. . . (17)

M× (1− xi j)≥ ti− t j +di j/vG,∀i ∈ n0∪VS,

∀ j ∈ nd ∪VS
. (18)

M× ∑
i∈n0∪VS

xi j ≥ t j,∀ j ∈ nd ∪VS . . . . . . (19)

∑
j∈n0∪nd∪VS

Si j = 1,∀i ∈Vt . . . . . . . . . (20)

0≤ Qi ≤ θ ,∀i ∈V . . . . . . . . . . . (21)

Constraint (5) ensures that each optional stopping node
can be accessed at most once, and for each node except
for the start node and the end node, its indegree and out-
degree must be the same. Constraint (6) ensures that the
indegree of the end node must be 1 which is equal to the
outdegree of the starting node. Constraint (7) ensures that
the outdegree of the end node is also the same as the inde-
gree of the starting node, both equal to 0. Constraint (8) is
a typical Miller-Tucker-Zemlin subtour elimination con-
straint [13], which prohibits subloop in GV route through
marking the access order of the rendezvous nodes. Con-
straint (9) guarantees that all target nodes must be served
only once.

Constraint (10) describes the taking off progress of
UAV, where M is a large positive number. When the UAV
takes off from node i and heads to the target node j, S ji
should be equal to 1 and the consumed capacity of battery
in node j should be equal to the sum of the duration of the
flight and the duration of the service time in node j. Con-
straint (11) describes the flying progress between targets.
When the UAV flies from target i to target j, the node i and
node j should be in the same segment. Thus, if Sik equals
to 1 and yi j equals to 1, then Sik = S jk . Under this circum-

stance, the consumed capacity of battery in node j should
be equal to the sum of the duration of the flight, the con-
sumed capacity of battery in node i, and the duration of
the service time in node j. Constraint (12) describes the
landing progress. When the UAV lands at a rendezvous
node j, then yi j equals 1. At this circumstance, the left-
hand side of the inequality is zero. In order to meet the
constraint, Qi + di j/vG ≤ θ holds, which means that the
entire flight process in each UAV route will not exceed the
endurance limit. Constraints (10)– (12) ensure the conti-
nuity of UAV’s flight in each segment, and assign a value
to Qi through those constraints, thus it ensures that each
flight can meet the endurance capability.

Constraint (13) ensures that if the UAV lands at a cer-
tain rendezvous node, then this rendezvous node must be
on the GV’s route. Constraint (14) means that the GV
must arrive at the designated landing rendezvous node be-
fore the UAV. Constraint (15) ensures that the UAV does
not fly on the road network. Constraint (16) guarantees
that if the vehicle has access to an optional stopping node,
this node must be a rendezvous node at which the UAV
takes off or lands.

Constraint (17) is the calculation of the waiting time
when the GV waits at a closer rendezvous node to recy-
cle the UAV. Constraint (18) ensures the consistency of
the time to leave the rendezvous node and the order of
the rendezvous node. Constraint (19) makes sure that the
values of ti j for all unvisited stopping nodes are equal to
0. Constraint (20) ensures that each UAV’s target node is
assigned to a certain segment. Constraint (21) means the
consumed capacity of battery.

The model is very complicated, and the number of con-
straints will grow exponentially with the increase of prob-
lem scales. Assume that the number of targets is n, the
number of optional stopping nodes is N. The problem
contains 3×N2×n+3×N2 +N×n2−4×N×n−n2 +
5×n+5 constraints.

3. Construction Heuristic

From the above model in the previous section, it can be
seen that the solution of 2E-GUCRP consists of two parts:
the UAV route to access each target and the GV route to
transport the UAV. The UAV route to access each target is
restricted by the UAV’s endurance and the length of the
GV route (GV must arrive at the stopping node before the
UAV).

In order to solve the 2E-GUCRP problem, a construc-
tion heuristic is proposed. Algorithm 1 gives an overview
of the proposed method. First, the UAV’s visiting route
for targets is constructed from the start node to the end
node without considering the constraints of UAV en-
durance, and then the UAV route is divided into some fea-
sible segments according to the problem constraints. Dur-
ing the splitting process, multiple targets can be visited
by the UAV. The appropriate rendezvous nodes between
UAV and GV are selected by a node selection algorithm.
The GV tour is finally constructed by the transformation
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Fig. 2. The split-based tour construction

method according to the split routes.

Algorithm 1 The construction heuristic
1: Initialization: the number of targets is denoted by m.
2: Construct a visiting route for targets, denoted by

Lbigtour, without considering the constraints of UAV
endurance.

3: n = 1
4: for k = 1 : m+1 do
5: Construct route rt(1,k)← Lbigtour(n,k)
6: if Route length L(rt(1,k))> θ then
7: Obtain subtour rt(1,k−1)
8: Determine the set of stopping nodes
9: Determine the node set to land and take off

10: Determine nodes to land and take off
11: n = k−1
12: end if
13: end for
14: Construct GV route by the transformation method.

3.1. Split-based tour construction for UAV
The UAV tour is constructed by the splitting method.

Initially, a Travelling Salesman Problem (TSP) for all tar-
gets is solved to construct a complete UAV tour without
the limitation of UAV’s endurance. The UAV tour starts
from the start node, visits all the targets, and then re-
turns to the end node (Line 1 in Algorithm 1). The com-
plete tour then is split into multiple feasible sub-routes,
as shown in Fig. 2. During the split process, each sub-
route will contain as many targets as possible under the
endurance constraint, i.e, constraint (11) (Line 5). How-
ever, when target’s addition can cause the sub-tour to ex-
ceed the UAV’s endurance (Line 6), the target will not be
included in the sub-route (Line 7). This target will be set
as the first visited target in the next sub-route.

3.2. Selecting stopping nodes
After accessing all targets on the sub-route, UAV needs

to fall back to the GV for charging at a rendezvous node,
and the GV will carry the UAV to the next rendezvous
node. The departure/arrival time of the UAV will affect
the overall task time t∗. On another hand, since the UAV

t t

Fig. 3. The landing and take-off nodes determined by the
greedy strategy

cannot access targets during the delivery process of the
GV, the delivery time will also affect t∗.

Liu et al.[3] proposed a greedy strategy to find ren-
dezvous nodes. The rendezvous nodes are the nearest
optional stopping nodes for the first and last targets in
each subtour. However, the greedy strategy only considers
the departure/arrival time of UAV and does not consider
the delivery time of GV, which may not obtain a high-
quality solution in some cases. The nodes to land and
take off obtained by the greedy strategy are denoted as sgl
and sgo , respectively. As shown in Fig. 3, two optional
stopping nodes near the target points tI and tO are de-
noted by s1 and s2. When vA > vG, dtIsgl

/vA+dsgl sgo/vG+

dtOsgo/vA > dtIs1/vA+ds1s2/vG+dtOs2/vA holds. The tran-
sit time Dg is defined as the sum of the departure/arrival
time of the UAV and the delivery time of GV, that is
Dg = dtIsgl

/vA +dsgl sgt
/vG +dtOsgt

/vA.
In order to find the appropriate stopping nodes, the set

of optional stopping nodes is firstly selected according to
the position relation between stopping nodes and targets,
and some redundant stopping nodes will be discarded.
Then according to the constraints (11) and (14), the node
sets to land and take off for UAV are determined from the
set of optional stopping nodes. Finally, the minimum flow
algorithm[14] is adopted to find the optimal landing node
and take-off node for the UAV.

3.2.1. Selecting the optional stopping nodes

According to the constraint (5), all the stopping nodes
that have not been visited before can be used as the stop-
ping nodes of the UAV. However, in order to reduce the
calculation cost, only the stopping nodes near the target
points tI and tO are selected. The set of optional stopping
nodes near the target point tI and tO is recorded as Ns. For
any stopping node j that has not been visited before, cal-
culate the sum of the distances from the node to tI and tO,
that is dtI j + dtO j. If (dtI j + dtO j)/vA ≤ Dg, the node will
be reserved and added to Ns, that is

Ns = { j ∈ Ns|dtI j +dtO j/vA ≤ Dg}
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Fig. 4. Minimum cost maximum flow problem for the se-
lection of the landing and take-off nodes

3.2.2. Determination of the node sets for landing and
take-off

Not all the nodes in Ns can be used as for the UAV
to land and take off. The landing and take-off processes
of the UAV, especially the landing process, need to meet
constraints (11) and (14).

During the landing process of the UAV, the comple-
tion time to visit all targets on the sub-route is denoted
by TI , and the starting node of the sub-route is denoted by
sα . For the node nl ∈ NL, the UAV’s flight time on the
sub-route cannot exceed its own endurance, that is, TI +
dtInl/vA ≤ θ . At the same time, it is necessary to ensure
that the GV needs to reach the landing rendezvous node
in advance of the UAV, that is TI + dtInl/vA ≥ dsα nl/vG.
Therefore, the node set to land, denoted by NL, is defined
as follows:

NL = {nl |TI +dtInl/vA ≤ θ and
TI +dtInl/vA ≥ dsα nl/vG,nl ∈ Ns}

. . . . (22)

After the GV and the UAV arrive at the take-off ren-
dezvous node, the UAV will take off and visit the first tar-
get (denoted by tO) in the next sub-route. Since the UAV
is flying in a new section of the sub-route, only the con-
straint (11) needs to be considered. The node set to take
off, denoted by NO, is defined as follows:

NO = {no|dtOno/vA ≤ θ ,no ∈ Ns} . . . . . (23)

3.2.3. Node Selection for landing and take-off

After determining NL and NO, two rendezvous nodes
are selected from NL and NO, respectively, denoted by nl
and no. The UAV moves from tI to nl and land on the GV
at nl . After that, the GV will carry the UAV to no, and
finally, the UAV will take off from no to tO. To minimize
the total time of the above process, it is necessary to select
one appropriate node in NL and NO, respectively. This
problem can be regarded as a minimum cost maximum
flow problem.

Start and end nodestarget
rendezvous nodeUAV tour

GV tour

Fig. 5. Route construction for GV

The problem of minimum cost maximum flow is a typ-
ical problem in economics and management. Under the
condition that each route in a network has two limitations
of “capacity” and “cost”, the minimum cost maximum
flow tries to find out the cheapest possible way of send-
ing a certain amount of flow through a flow network from
source to sink. Since there is no limit on the capacity, set
it to infinity. Let G′ = (V ′,E ′) be a directed graph, where
V ′ = NL∪NO∪ tI∪ tO and edge (u,v)∈ E ′. tI is the source
of all streams, and tO is the end of all streams. The cost of
the edge ω(u,v) is defined as

ω(u,v) =


d(u,v)/vA, u = tI ,v = NL

d(u,v)/vG, u = NL,v = NO,u ̸= v
d(u,v)/vA, u = NO,v = tO

M, otherwise

(24)

where M is a large positive number.
The Bellman-Ford algorithm[14] can be used to

quickly solve the minimum cost maximum flow problem
to select appropriate landing and take-off nodes from Nl
and No.

3.3. Route construction for GV
In the previous section, many feasible UAV sub-routes

are constructed to visit all targets, and each sub-route can
form a feasible route segment with its corresponding GV
route, as shown in Fig. 5. However, these route seg-
ments may not be connected and cannot directly consti-
tute a feasible solution for 2E-GUCRP. The last stopping
node in the previous sub-route may not be the first stop-
ping node in the latter sub-route. To connect these un-
connected segments to generate feasible solutions, a route
planning method based on transformation is proposed in
which the GV route planning problem can be transformed
into a traditional traveling salesman problem (TSP).

For each route segment, its start or end nodes can be
selected as a joint node to connect the previous route seg-
ment. The set of the start and end nodes in all route seg-
ments is denoted as NGV . Consider a completely undi-
rected graph Gg = (Vg,Eg), where Vg = n0 ∪ nd ∪NGV ,
Eg = {(vi,v j)|vi,v j ∈ Vg, i ̸= j} are the edges of Gg. C =
[ci j] is the corresponding cost matrix of Eg and represents
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the Euclidean distance between vi and v j. The purpose
of GV route planning is to find a shortest route to pass
through all the nodes in NGV from the starting node n0
to the destination nd , while ensuring that the original GV
routes are reserved.

To ensure that the generated route can pass through the
original GV routes, C = [ci j] needs to be modified as fol-
lows:

ci j =

{
0, if vi and v j belong to the same route

ci j, otherwise
(25)

After the transformation, any exact algorithm for TSP
can be applied to find the GV routes exactly. The Lin-
Kernighan heuristic [15] proposed by Helsgaun et al. is
very effective to solve TSP. The GV routes will be ob-
tained utilizing the Lin-Kernighan heuristic with respect
to the transformed matrix.

4. Computational experiment

This section performs experiments to evaluate and test
the proposed algorithm for the 2E-GUCRP, named split.
This algorithm is implemented in MATLAB 2018b, and
all experiments are executed on a PC with Intel Core(TM)
i7-7700T 2.9 GHZ and 16 GB RAM.

Liu et al. [3] proposed two heuristic methods to gener-
ate the 2E-GUCRP solution. One method is a clustering-
based heuristic, denoted as CA. In CA, the number of
clusters is given firstly and targets are then clustered into
the given number of clusters. A shortest route is con-
structed in each cluster by solving the Open Traveling
Salesman Problem (OTSP) to visiting all targets. Then
each constructed route is checked whether it can construct
a feasible segment. If there are any clusters that cannot
generate a feasible segment, add up the cluster number
and re-cluster the targets until all clusters satisfy the con-
straints. The other method is a greed split-based method,
denoted as g-split. First, the UAV route is constructed
without considering the endurance constraints, and then
the UAV route is divided into feasible segments. The
stopping points are determined by the nearest neighbour
method, and then the GV route is constructed according
to the stopping points.

In this part, a series of random instances with different
scales are used to analyze the performance of all tested
algorithms. The test instances are labeled as Nt −Nd − i,
where Nt is the number of targets, Nd is the number of
optional stopping nodes and i is the instance identifier.
For example, 12-20-1 indicates the 1st instance with 12
targets and 20 optional stopping nodes. In this part, the
service time of UAV to the target satisfies a uniform dis-
tribution of 5˜10s, and the UAV’s duration Q is set to 100s.

The results obtained by the three algorithms over a set
of the 20 benchmark instances are reported in Table 1.
The location of optional stopping nodes and targets is
randomly generated according to a uniform distribution
within a square area with 50 units. The bold in the ta-
ble indicates the optimal solution obtained by the three

(a) CA (b) g-split

(c) split

X(m)X(m)

X(m)

Y
(m

)

Y
(m

)

Y
(m

)

UAV tour
GV tour
Optional stopping node
Target

UAV tour
GV tour
Optional stopping node
Target

UAV tour
GV tour
Optional stopping node
Target

Fig. 6. The shortest tours obtained by different methods for
instances 12-12-1.

methods, and ‘–’ indicates that the corresponding method
cannot obtain a feasible solution. The elapsed time for
the computation of each algorithm recorded in Table 1,
denoted by Tc, is the average time of running 10 times.

As shown in Table 1, the split method outperforms
its competitors in all instances, no matter how sparse or
dense the distribution of stopping nodes and targets is.
The split method can obtain feasible solutions for all in-
stances. On the other hand, our splitting method can ob-
tain high-quality 2E-GUCRP solutions at a low time cost
in all instances. Although both split and g-split methods
adopt the split-inspired idea to construct solutions, split
performs better than g-split, and even can get a 25% im-
provement on some instance (such as 12-12-4). This is
because split method not only considers the route from
the UAV to stopping nodes, but also considers the GV
route between stopping nodes.

When the number of target points and optional stop-
ping points increases, g-split method may not be able to
obtain a feasible solution, such as instance 50-20-5, 100-
100-2, 100-100-3. The possible reason is that g-split does
not consider the constraint (14) that the GV needs to ar-
rive at the stopping point in advance of the UAV when
constructing the solution. The influence of this constraint
becomes more prominent with the increase in scale. Our
split method properly considers the constraint (14) when
constructing the UAV tour to avoid infeasible solutions.
Computation time for split is higher than that for g-split.
However, the quality of the solutions obtained by split is
significantly higher than that of g-split.

The solution obtained by CA is inferior to those of g-
split and split. Possible reasons include: 1) since the in-
stances satisfy uniform distribution, CA may not be ap-
propriate; 2) the greedy nature of CA itself. Fig. 6 and
Fig. 7 show the obtained routes by the three algorithms
on instances 12-12-1 and 50-20-1, respectively.

The 7th International Workshop on Advanced Computational Intelligence and Intelligent Informatics (IWACIII2021)
6 Beijing, China, Oct.31-Nov.3, 2021



A Heuristic Route Planning Algorithm for Air-Ground Collaborative Surveillance

Table 1. Computational result of CA, g-split and split on
different scales when stopping nodes and targets satisfy uni-
form distribution

Instance CA g-split split

J(s) Tc(s) J(s) Tc(s) J(s) Tc(s)

12-12-1 256.3 1.3 188.7 0.2 174.1 0.3
12-12-2 316.1 1.3 217.0 0.2 217.0 0.3
12-12-3 330.7 1.4 239.5 0.2 213.0 0.3
12-12-4 281.2 0.7 239.4 0.2 179.9 0.3
12-12-5 304.2 1.1 200.8 0.2 183.4 0.3
12-20-1 313.1 0.9 206.3 0.2 174.5 0.3
12-20-2 304.6 1.1 173.4 0.2 167.2 0.3
12-20-3 308.2 1.0 195.4 0.2 194.6 0.3
12-20-4 313.5 1.0 203.8 0.2 194.7 0.3
12-20-5 299.8 0.9 184.9 0.2 184.3 0.3
50-20-1 883.8 8.3 624.4 0.3 573.0 0.4
50-20-2 871.2 10.2 623.8 0.3 583.0 0.4
50-20-3 819.6 8.5 594.1 0.3 573.9 0.4
50-20-4 802.8 8.1 634.0 0.2 574.8 0.4
50-20-5 924.4 11.6 – – 573.7 0.4
50-100-1 848.3 8.7 594.9 0.2 539.0 0.4
50-100-2 933.7 7.3 573.6 0.2 561.4 0.4
50-100-3 952.5 11.5 539.2 0.3 530.0 0.5
50-100-4 787.3 7.3 554.5 0.2 531.3 0.4
50-100-5 850.4 6.7 546.0 0.3 531.3 0.4
100-100-1 – – 1024.0 0.5 999.6 0.7
100-100-2 – – – – 986.0 0.7
100-100-3 – – – – 988.6 0.6
100-100-4 – – 1061.7 0.6 978.3 0.8
100-100-5 – – 1052.9 0.5 961.3 0.7

(a) CA (b) g-split

(c) split

X(m)X(m)

X(m)

Y
(m

)

Y
(m

)

Y
(m

)

UAV tour
GV tour
Optional stopping node
Target

UAV tour
GV tour
Optional stopping node
Target

UAV tour
GV tour
Optional stopping node
Target

Fig. 7. The shortest tours obtained by different methods for
instances 50-20-1.

5. Conclusion

In order to solve the route planning problem for an air-
ground collaborative surveillance system effectively, this
paper proposes a heuristic algorithm. A splitting-based
heuristic is used to rapidly construct GV and UAV routes.
A node selection algorithm is developed and embedded
to select the appropriate rendezvous nodes between UAV
and GV. Experimental results demonstrate that the pro-
posed method can guarantee high-quality solutions in a
reasonable time by comparison with two state-of-the-art
algorithms.

In future research, we will further expand the current
study to include multi-UAV and multi-vehicle coopera-
tive route planning on the basis of this paper and study
the task allocation and route planning process of multiple
cooperative UAVs and vehicles for surveillance missions.
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