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In current Mars relay communications, the Consultative Commit-
tee for Space Data Systems (CCSDS) Proximity-1 protocol is simple
and efficient but it exhibits low flexibility in optimal access orbiter
selection. Once connected with the first successful hailing orbiter, the
rover would not switch to other better orbiters until the end of that
connection, which makes it difficult to provide more convenient and
efficient data relay services. The entire system cost is essential for
optimal access orbiter selection, which includes both the Proximity-1
links’ transmission cost concerned with the data transmission energy
consumption and the orbiters’ storage cost concerned with the data
buffering energy consumption, thus minimizing the system cost on unit
data volume could reduce energy consumption and extend the deep
space vehicle’s life. We employ long-term simulations of the single
rover, simultaneously tracking two orbiters utilizing the improved
Hotelling oligopoly model, and reveal the potential improvements for
the current “first-come first-serve” selection strategy. In this article,
a complete solution is proposed to solve the optimal access orbiter
selection issues, including the geometric model, orbit design, oligopoly
model, storage cost, and optimal selection algorithms. Simulation
results show that our new algorithm outperforms current CCSDS
Proximity-1 protocols and distance-dependent selection algorithm in
the system cost on unit data volume with the selection gains 36.14%
and 29.59%, respectively, which could be used as the rover’s optimal
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access orbiter selection algorithm in Mars automatic relay communi-
cations.

I. INTRODUCTION

During the Mars rover exploration phase, it is necessary
to send the Mars surface exploration data back to Earth for
scientific research and other important applications. In order
to enhance the data transmission capacity, the Earth station
is designed to be powerful enough with an antenna of about
70 m diameter; however, due to the large deep space distance
between the Earth and Mars [1], along with the planet
rotation and revolution, the backward data transmission rate
is still as low as several bits per second—being constrained
by the simple direct-to-Earth (DTE) link transmitters on the
Mars rover.

In order to further improve the data transmission ca-
pacity, several data relay proposals have been studied and
developed in past years, such as the Lagrange points L4/L5
of the Sun–Earth system [2], the solar system satellite relay
constellation [3], and the Mars orbiter relay communica-
tion [4]–[6]. In the current space mission, the Mars orbiter
relay communication proposal is widely used in most of the
international Mars surface exploration missions by NASA
and ESA [7], such as NASA Mars Odyssey, ESA Mars
Express, etc.

The near-Mars link between the rovers and orbiters
is usually called the “proximity link,” as shown in
Fig. 1, which is characterized by the dynamically
changing distance and complicated medium access
control procedures. The Consultative Committee for Space
Data Systems (CCSDS) has studied and recommended a
series of “Proximity-1” protocols with the orbiter-mastered
hailing channel and single-access working channel related
to the Mars relay communications [8]. CCSDS Proximity-1
protocols are assembled in software-defined equipment
on most of the Mars orbiters [9], [10] and rovers [11],
along with the adaptive coding and modulation (ACM)
mechanism, which have obviously increased the backward
data volume as compared with the DTE link in the past
Mars exploration missions.

When there are multiple orbiters and rovers, the key
point of such access technology could be summarized as
“single access, random back-off, first-in first-serve,” with
the procedure shown in Fig. 2, which aims to simplify the
complexity of the rover communication equipment. How-
ever, there will likely be more and more rovers and orbiters
in the future according to the plans for Mars exploration and
immigration, and the CCSDS Proximity-1 protocols might
not be able to provide automatic and efficient access control
mechanisms. The main challenges are listed as follows.

1) Lack of fairness: When two Rovers R1 and R2 are
covered by one Orbiter S1, only one Rover R1 can get
access to the Orbiter S1. The multiple users’ access
problem has been studied in [12].

2) Lack of choice: When one Rover RM is covered
by two Orbiters S2 and SN , only one Orbiter S2 can
be chosen as the access point. The access interact
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Fig. 1. Mars orbiter relay communication diagram.

Fig. 2. Characteristics of current multiple orbiters and rovers relay
communication.

Fig. 3. CCSDS Proximity-1 multiple orbiters and single rover access
interact procedure.

procedure can be seen in Fig. 3. The optimal selection
problem will be studied in this article.

In current Earth satellite communications, the most stud-
ied access selection schemes [13] include the following.

1) Distance dependence: The ground station selects the
access satellite by space distance, which is widely
used in satellite constellation circumstance.

2) Time dependence: The ground station selects the
access satellite by contact time.

3) Hybrid scheme: The ground station selects the access
satellite by both distance and contact time.

However, there are some shortcomings associated with
these selection schemes. First, the current methods perform
well on the user access to low-Earth satellite constellations

Fig. 4. Distances between single rover and multiple orbiters with
different elevation angles.

under the situation that all the satellites are located on the
isomorphic orbits, because the space distance and contact
time period are both determined by the elevation angle,
which means that the smaller elevation angle corresponds
to larger space distance and longer contact time. For Mars
relay communications, the orbiters usually locate on het-
erogeneous orbits for different exploration purposes, so that
the orbiter with smaller elevation angle might not be of the
larger space distance, as shown in Fig. 4. Second, the current
methods mainly concern with the data transfer capability,
without consideration on the availability of orbiter’s storage
space. In addition to Mars relay communications, the Mars
orbiters also undertake other important exploration mis-
sions, which require the resource sharing of limited storage
space. Therefore, current access selection schemes should
be further improved based on the characteristics of Mars
relay communications.

II. SYSTEM MODEL

A. Terms and Definitions

1) Coordinate system: Two-dimensional (2-D) cartesian
coordinate system, marked as x-o-y.

2) Small circle: The orbiter coverage edge with lower
altitude h1 and radius D1 marked as Orbiter 1.

3) Large circle: The orbiter coverage edge with higher
altitude h2 and radius D2 marked as Orbiter 2.

4) Line-of-circles: The horizontal line from small circle
center to large circle center, marked as D12.

5) Edge point: The intersection of the circle and the line-
of-circles, marked as Ep1 on small circle and Ep2 on
large circle.

6) Edge forwarding terms: The distance between two
edge points, marked as dE p12 = Ep1 − Ep2.

7) Cross coverage area: The intersection area of the
small and large circles, marked as A.

8) Right cross subarea: The subarea of the cross cover-
age area in the right side of the vertical line through
the rover, marked as Sright.

9) Relative geometry weight: The probability of differ-
ent relationships between two orbiters based on the
2-D relative geometric positions, marked as w.
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Fig. 5. Independent coverage of Orbiters 1 and 2 with different
altitudes.

Fig. 6. Observation geometry between rover and obiters concerned with
elevation angle.

B. Geometric Model

Fig. 5 describes the 3-D geometric model of the dif-
ferent altitude orbiters’ beam coverage, where the param-
eter αi(i = 1, 2) means the antenna’s half beam width, hi

means the orbiter’s average altitude above the Mars sur-
face, and Di means the orbiter’s coverage radius on the
Mars surface, which could be calculated by the equation
Di = hi × tan(αi ). Without loss of generality, the altitude
of Orbiter 1 is lower than Orbiter 2 (h1 < h2). In order to
provide better data relay communication, the orbiter’s an-
tenna is usually omnidirectional, and αi could be calculated
by (1), as shown in Fig. 6

sin(90◦ + E )

Rm + hi
= sin(αi )

Rm
(1)

where E is the observation elevation angle of Rover r
(usually 5◦ in regular space engineering), v is the velocity
vector of Orbiter i, hi is the Orbiter i’s altitude, and Rm is
the Mars mean radius.

Fig. 7 describes the 2-D geometric model of Orbiters 1
and 2 covering Rover r in the x-o-y coordinate system, where
the subastral point of Orbiter 1 is located at the original
point (0, 0), the subastral point of Orbiter 2 is located at
the x-axis with the coordinate (D12, 0), D12 is the distance

Fig. 7. Cross coverage area of Orbiters 1 and 2 (shown as green
shadow).

Fig. 8. Geometric model for cross coverage area.

between the two orbiters’ subastral point, Rover r is located
at the point (x, y), d1 is the distance between Rover r and the
subastral point of Orbiter 1, and d2 is the distance between
Rover r and the subastral point of Orbiter 2. The distance
between Rover r and two orbiters are r1 =

√
d2

1 + h2
1 and

r2 =
√

d2
2 + h2

2, respectively, where d1 =
√

x2 + y2, d2 =√
(D12 − x)2 + y2.

Fig. 8 describes the 3-D geometric model, which is used
to analyze the cross coverage area distribution issues, and
the parameters are defined as follows.

1) x-y-z is the Cartesian coordinate of the 3-D geometric
model, with Orbiter 1’s subastral point located at the
origin O and Orbiter 2’s subastral point located at
D12, with D12 = D1 + D2 − dE p12.

2) hi is the altitude of Orbiter i, i = 1, 2.
3) di is the surface distance between rover and the

subastral point of Orbiter i.
4) ri is the space distance between rover and Orbiter i.
5) A is the positive intersection of two circles, with

−→
OA =

D1 and
−−→
D12A = D2.

6) B is the negative intersection of small circle and the
vertical line through rover, with

−→
OB = D1.
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7) β is the angle between the vector
−−→
OD12 and

−→
OB, as

β = arccos( x
D1

).

8) β1 is the angle between the vector
−−→
OD12 and

−→
OA, as

β1 = arccos( D2
1+D2

12−D2
2

2D1D12
).

9) β2 is the angle between the vector
−−→
D12O and

−−→
D12A,

as β2 = arccos( D2
2+D2

12−D2
1

2D2D12
).

C. Constrains and Assumptions

1) Contact Events: The optimal orbiter selection issue
should be constrained in such contact periods that the rover
are simultaneously tracking two orbiters, which could be
defined by {⋃n CTn

r1}
⋂{⋃m CTm

r2}, where CT denotes the
contact time period, superscript n, m denote the contact
sequences, subscript r denotes the Mars rover, and subscript
1, 2 denote the Mars Orbiters 1 and 2.

2) Data Rates: ACM mechanism embedded in current
Mars orbiters [9], [10] and rovers [11] ensures data rate
changes adaptively with dynamic channel status, which
means that with the decrease of space distance between the
rover and orbiter, the data rate increases gradually accord-
ing to CCSDS Proximity-1 protocols [14]–[16] as rate =
2n[kb/s], n = 0, 1, 2, . . ., 12, from 1 kb/s to 4096 kb/s.

3) Data Volumes and Storage Space: For Mars rover,
it is assumed that the rover has a massive detection data
source, which could send the backward data continuously
in any contact event. For Mars orbiter, it is assumed that each
orbiter has the limited data storage space of the same buffer
size for data transmission, and the initial storage space
status for Mars relay communications might be influenced
by other exploration tasks and diverse in different contact
events. In this article, the buffer size is defined as the upper
bound of the data transmitted by any single orbiter inde-
pendently in our simulation, and the initial storage space
status is defined as the initial storage percentage, that is, the
ratio of storage space used by other Mars exploration tasks
to total available buffer size, which is the important initial
condition in our simulation.

D. Optimization Function

1) System Cost Function: In this article, both the space
distance and storage percentage are considered in the entire
system cost, which includes the transmission cost concerned
with the data transmission energy consumption and the stor-
age cost concerned with the data buffering energy consump-
tion, thus minimizing the system cost on unit data volume
could reduce energy consumption and extend in deep space
vehicle’s life. The entire system cost function could be
described as (2) by the weighted summation method, both
the space distance r and storage percentage q should be
considered in the optimal selection decisions, because the
space distance is related to Proximity-1 link transmission
capacity in each time slot based on current adaptive coding
and modulation mechanism, and the storage percentage is
related to the orbiters’ data storage capability based on

Fig. 9. Algorithm architecture for optimal orbiter selection.

buffer shared with other scientific tasks

Cτ (q, r) = λ · c(q) + t (r) = λ · A · (
1 − q

)−α + t · r2

(2)
where Cτ (q, r) denotes the system cost function in the
τ th time slot, c(q) denotes the storage cost function, t (r)
denotes the transmission cost function related to the dis-
tance between the rover and orbiters, q denotes the orbiters
storage percentage, that is, the ratio of utilized storage
space to total available buffer size for data transmission,
α denotes the power factor for each storage curve function,
r denotes the space distance, and A and t denote the magni-
tude balance factor between storage cost and transmission
cost, calculated by the space distance as 1/ max(r2) and
storage percentage as 1/ max((1 − q)−α ), respectively, λ

is the parameter to adjust the weights of storage cost and
transmission cost.

2) Optimization Objective: As we all known, the power
supply subsystem is the essential component in deep space
vehicle, and the vehicles effective life is related to the total
power consumption. Zhu [17] evaluated the relationship
between the battery capacity CB and the depth of discharge
(DOD) as CB = Pe·Te

DOD·Ne·ηe
, where Pe is the power consumed

during the shadow period Te, Ne is the number of batteries,
and ηe is the battery conversion efficiency. The equation
shows that the battery’s DOD is inverse proportional to its
capacity CB, which means that if the Mars relay communi-
cations consume more power, it is necessary to increase CB,
which leads to lower DOD. Based on the relationship be-
tween the DOD and space vehicle’s effective life described
in [17], the lower DOD responds to the later period in ef-
fective life. Consequently, the balance between the on-orbit
energy consumption and the space vehicle’s effective life
should be reasonably considered in a comprehensive design.

Therefore, in this article, the optimization objective
is the minimization of system cost on unit data volume
as min{

∑
τ Cτ (q,d )∑

τ TPτ
}, where TPτ denotes data transmission

throughput in τ th time slot. The optimization objective
means that each orbiter should try best to transfer the data
as much as possible, however, both the transmission cost
on the Proximity-1 links and the storage cost on orbiters
should also be considered in order to provide the better data
relay services in a relatively longer time period.

III. OPTIMIZATION ALGORITHM

A. Algorithm Architecture

The solution architecture consists of several serial steps
as shown in Fig. 9, in which the terms are defined as follows.
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Fig. 10. Classical Hotelling model.

1) Input parameters are the repeated ground track pa-
rameters for each orbiter.

2) Orbit design is the repeating planet surface track orbit
design according to the input parameters, with the
outputs as the different orbiter altitudes [hi, h j].

3) Oligopoly model is the improved oligopoly model
with Nash equilibrium (NE) prices according to the
orbiter altitudes, with the output as the price ratio
[ci(q f )/c j (q f )], where q f is the storage threshold.

4) Storage cost is the storage cost prove and analysis
according to the price ratio, with the outputs as the
storage cost functions [ci(q), c j (q)].

5) Orbiter selection is the optimal orbiter selection for
the rover according to the storage cost functions and
orbiter parameters, with the outputs as the transmis-
sion status in time sequences.

6) Transmission status is total data transmission vol-
ume, total cost, average cost in unit data volume, and
the selected orbiter at each time slot.

7) Simulation platform is performance evaluation based
on above models and relevant parameters.

B. Oligopoly Game

The optimal orbiter selection issue is equivalent to the
price competition of several oligopolies in economics, in
which the orbiters act as the oligarchs to supply data relay
services and the rovers act as the customers to buy the
services from different oligarchs. The NE price solution
could be considered as the orbiter’s current storage service
price for unit data volume, and the ratio between any two
orbiters could be used as the input parameter for the storage
cost function.

1) Classical Hotelling Model: In order to explain the lo-
cation selections and price decision actions in the Oligopoly
market, the American economist H. Hotelling proposed the
Hotelling model [18] in 1929. In this model, different sup-
pliers provide identical services, but consumers located in
different positions pay for different transport costs. There-
fore, the consumers should focus on the balance between
service prices and transport costs.

Fig. 10 shows the classical Hotelling model of two
suppliers, with all the consumers and suppliers located
at 1-D coordinate axis of unit length. Assuming that 1)
suppliers 1 and 2 are located at a and 1 − b, respectively; 2)
1 − a − b ≥ 0; and 3) transport cost is a quadratic function
as t · d2, where t denotes the distance cost index and d
denotes the distance between consumer and supplier, let
x denote the consumer’s location, Di(i = 1, 2) denote the

TABLE I
Differences Between Hotelling Model and Orbiter Selection

consumer’s purchase probability for supplier i, and pi

denote the price of supplier i. Then, we get the following.
1) Equilibrium equation: p1 + t · (a − x)2 = p2 + t ·

(1 − b − x)2.
2) NE price: p∗

1(a, b) = c + t · (1 − a − b) · (1 + a−b
3 ),

p∗
2(a, b) = c + t · (1 − a − b) · (1 + b−a

3 ).

2) Similarities and Challenges: From the description
abovementioned, we could find that there are many mathe-
matical similarities between the Hotelling model and orbiter
selection issue.

1) Hotelling model introduces distance to evaluate the
transport cost, which should also be considered in
orbiter selection issue, because the transmission loss
is mainly determined by the space distance between
the rover and orbiters.

2) Equilibrium equation utilizes a quadratic function to
define the transport cost, which coincides with the
wireless channel propagation model.

3) NE price is symmetry in mathematical form, which
could eliminate the directional differences for mod-
eling simplicity when the orbiters fly over the rover
from different directions.

Therefore, it is reasonable for us to utilize the Hotelling
model as mathematical reference to design our oligopoly
game optimization algorithm. However, there are still some
differences between this model and the Mars automatic
relay communications scenario, as shown in Table I.

3) Improved Hotelling Model: In order to build the avail-
able oligopoly game model for the Mars automatic relay
communications, we revise the classical Hotelling model
according to abovementioned challenges with following
analysis.

a) Utilize cross coverage area Scross to evaluate the
double orbiters system relay capability: The cross coverage
area Scross is concerned with the geometric relationship
between two orbiters, it is obviously that the larger Scross

is equivalent to higher rover access probability, that is,
the double orbiters system could provide better data relay
service capability. The cross coverage area Scross shown
as the green shadow in Fig. 8 is divided into two parts,
respectively, marked as S1 and S2, where

S1 = β1 · D2
1 − sin β1 · cos β1 · D2

1

=
(

β1 − 1

2
sin 2β1

)
· D2

1 (3)
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Fig. 11. Geometric model of stage 1.

S2 = β2 · D2
2 − sin β2 · cos β2 · D2

2

=
(

β2 − 1

2
sin 2β2

)
· D2

2 (4)

Scross = S1 + S2 =
(

β1 − 1

2
sin 2β1

)
· D2

1

+
(

β2 − 1

2
sin 2β2

)
· D2

2. (5)

The right cross subarea Sright could be calculated based
on the cost equilibrium conditions under the cost function
to find the vertical line with the coordinate (x, y), as shown
in Fig. 8, i.e.

c1(q) + t · r2
1 = c2(q) + t · r2

2 . (6)

Let ci(q) = A · pi(q) and A = ξ · t , where A denote the
storage cost index, ξ denote the ratio between A and t , then
we have ξ · p1(q) + (x2 + y2 + h2

1) = ξ · p2(q) + ((D12 −
x)2 + y2 + h2

2). Therefore, we could get the coordinate of
vertical line as

x = D12

2
+ h2

2 − h2
1

2D12
+ ξ · [p2(q) − p1(q)]

2D12
(7)

where, the first part of abovementioned formula denotes the
central point of the line-of-circles, the second part denotes
the altitude difference effect, and the third part denotes the
storage cost difference effect. Therefore, we could get the
right cross subarea Sright shown as

Sright = β · D2
1 − sin β cos βD2

1 =
(

β − 1

2
sin 2β

)
· D2

1

(8)
where β = arccos( D2

12+h2
2−h2

1+ξ ·[p2(q)−p1(q)]
2D1·D12

).
Then, we get the cross coverage area belonging to

Orbiter 1 as A1 = Scross − Sright = S1 + S2 − Sright, and the
cross coverage area belonging to Orbiter 2 as A2 = Sright.

b) Utilize edge forwarding term dE p12 to evaluate the
dynamic changes of cross coverage area: The dynamic
changes of cross coverage area in Mars relay missions could
be classified into three stages, which is measured by the edge
forwarding term dE p12, as described in the following.

Stage 1: No cross coverage area:
This stage is not considered due to no cross coverage

area, as shown in Fig. 11, where Ep2 ≥ Ep1, dE p12 = Ep1 −
Ep2 ≤ 0.

Stage 2: Cross coverage area at the left side of large
circle:

Fig. 12. Geometric model of stage 2.

Fig. 13. Geometric model of stage 3.

Our research in this article mainly focuses on this stage,
as shown in Fig. 12, where the parameters are defined as
follows:

1) Lower Boundary: Ep2 <Ep1, dE p12 =Ep1 − Ep2 >0.
2) Upper Boundary: dE p12 = Ep1 − Ep2 < D1 + D2,

shown as the dotted circle inside the large circle.

Stage 3: Cross coverage at right side of large circle:
This stage is the geometric mirror image of stage 2, as

shown in Fig. 13, without further analysis.
c) Utilize relative geometric weight w(dE p12) to evaluate

the rover’s changing distribution probability: The relative
geometry between two orbiters is measured by edge for-
warding term dE p12, which denotes certain specific contact
scenario including all of the possible angles from 0 to 2π

between x axis and D12 vector, and the relative geometry
weight of different contact scenarios in stage 2 could be
calculated by the cumulative rings’ area with increasing
dE p12 inside the big circle, which ranges from 0 to D1 + D2.

The relative geometric weight could be divided into
three phases, as shown in Fig. 14, through the calculation
we could get piecewise function of the relative geometric
weight as follows:

w(dE p12) =

⎧
⎪⎨

⎪⎩

γ · π · [dE p12(2D2 − dE p12)], Phase 1

γ · π · [D2
2 + (dE p12 − D2)2], Phase 2

γ · π · [D2
2 + (2D1 − D2)2], Phase 3

(9)
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Fig. 14. Three phases of the relative geometric weight in stage 2.

where γ denotes the normalization weight index. The inte-
gral of piecewise (9) is shown as

wtotal = w1 + w2 + w3

= γ · π · D2
2

(
−2D1 + 4

3
D2 + 4

D2
1

D2
− 4

3

D3
1

D2
2

)
.

(10)

Let the total weight wtotal = 1, then we have the normal-
ization weight index γ as

γ =
{
π · D2

2

(
−2D1 + 4

3
D2 + 4

D2
1

D2
− 4

3

D3
1

D2
2

)}−1

. (11)

Then, we could get the normalized relative geometry
weight w as

w(dE p12) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

dE p12(2D2−dE p12 )
D2

2

(
−2D1+ 4

3 D2+4
D2

1
D2

− 4
3

D3
1

D2
2

) , Phase 1

D2
2+(dE p12−D2 )2

D2
2

(
−2D1+ 4

3 D2+4
D2

1
D2

− 4
3

D3
1

D2
2

) , Phase 2

D2
2+(2D1−D2 )2

D2
2

(
−2D1+ 4

3 D2+4
D2

1
D2

− 4
3

D3
1

D2
2

) , Phase 3.

(12)

4) NE Solution: Given the two orbiters’ storage status
q1 = q2 = q f = 70% as constant, we get the storage utility
functions of the Orbiters 1 and 2 as

{
u1(p1, p2, dE p12) = p1 · A1(p1, p2, dE p12) · w(dE p12)

u2(p1, p2, dE p12) = p2 · A2(p1, p2, dE p12) · w(dE p12).

(13)

Given the first order differential conditions as ∂ui
∂ pi

=
0 (i = 1, 2), we get the NE equation set with variables p1, p2

as
⎧
⎪⎪⎨

⎪⎪⎩

S1(dE p12) + S2(dE p12) − Sright(p1, p2, dE p12)

−p1 · ∂Sright (p1,p2,dE p12 )
∂ p1

= 0

Sright(p1, p2, dE p12) + p2 · ∂Sright (p1,p2,dE p12 )
∂ p2

= 0.

(14)

This is a typical nonlinear transcendental equation set,
which could be solved by the iterative mathematic method.
The solution of such nonlinear transcendental equation set is
{p1(dE p12), p2(dE p12)} with variable dE p12. Then, we could
further calculate the weighted price ratio [ci(q f )/c j (q f )] as
[

ci(q f )

c j (q f )

]
=

∫ [
p1(dE p12)/p2(dE p12)

] · w(dE p12) · d (dE p12)
∫

w(dE p12) · d (dE p12)
.

(15)

C. Storage Cost

In this article, the storage cost function is designed as
the power function c(q) = A(1 − q)−α , where q denotes the
percentage of utilized storage space, A denotes the storage
cost index (A > 0), α denotes the power factor. Next, we an-
alyze the effective range of parameters and verify the results.

1) First-Order Derivative: The first-order derivative of
function c(q) is shown as

c′(q) = α · (
1 − q

)−α−1
. (16)

The first-order derivative value of function c(q) is
mainly determined by parameter α: if α = 0, then the orbiter
would provide the data relay service with the same price in
any situation, which ignores the effects of different storage
status; if α < 0, then the orbiter would provide the data
relay service with lower price at higher storage percentage,
which is contrary to the principle of scarcity of resources in
economics. Therefore, the value of α should be larger than
0, that is α > 0.

2) Second-Order Derivative: The second-order deriva-
tive of function c(q) is shown as

c′′(q) = α · (1 + α) · (
1 − q

)−α−2
. (17)

If α > 0, then c′′(q) > 0. It means that if the orbiter
is of the larger available storage space (the lower utilized
storage percentage q), then the system would gain less
marginal utility as lower storage cost on unit data volume.
It coincides with the economic marginal utility theory, that
is, the more quantity you could get from the market, the less
utility you actually gain from the same commodity in unit.
Under the deduction result of the first-order derivative as
α > 0, we could get the second-order derivative c′′(q) > 0,
which prove that the power function c(q) = (1 − q)−α with
α > 0 coincides with classical economic market principle,
suitable to the orbiter selection issues in Mars automatic
relay communications.

D. Orbiter Selection

In this article, the CCSDS Proximity-1 protocols is
used as the baseline, in order to compare with the other
two methods, that is, generally used distance dependence
selection in Earth satellite constellation cases, and our new
proposed transmission-and-storage cost integrated depen-
dence selection.

1) CCSDS Proximity-1 Protocols: CCSDS Proximity-
1 protocols could be described as “single access, first-in
first-serve,” which means that the rover only selects the
first successfully hailed orbiter and communicates with this
orbiter at each time slot until the end of current contact
period.

2) Distance Dependence Selection: For the distance
dependence selection algorithm, the rover selects the or-
biter with minimum space distance at each time slot. The
selection criteria in τ th time slot is shown as

jτ = arg min
i

{
ri,τ

}
(18)
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where ri,τ is the space distance from rover to Orbiter i in
τ th time slot.

3) Our Algorithm: Minimum Entire System Cost Selec-
tion: For our algorithm, the rover selects the orbiter with
minimum entire system cost at each time slot, including both
the transmission cost and storage cost. Here, we utilize the
equivalent parameter conversion to define the transmission
cost and storage cost optimal selection rules, which means
that the selected orbiter should satisfy such equivalent
condition that transmission cost could be calculated by
the space distance and the storage cost could evaluate the
on-orbit energy consumption. The selection criteria in τ th
time slot for the minimum entire system cost method is
shown as

jτ = arg min
i

{
Ci(qi,τ , ri,τ )

}
(19)

where

Ci(qi,τ , ri,τ ) = λ · ci(qi,τ ) + t (ri,τ ) (20)

ci(qi,τ ) = A · (1 − qi,τ )−αi (21)

qi,τ = Vi,0 + Vi,τ

Vtotal
= Vi,0 + ρ · r−2

i,τ

Vtotal
(22)

Vtotal denotes the maximum buffer size, A denotes the
power function efficient, Vi,0 denotes the Orbiter i’s initial
storage space, and qi,τ denotes the storage percentage for
orbiter i in τ th time slot. Based on the data rates in Section II,
the rover’s access data rate is determined by the space
distance ri,τ between Rover and Orbiter i; therefore, the
data volume Vi,τ sent from Rover to Orbiter i in τ th time
slot could be expressed as Vi,τ = ρ · r−2

i,τ , where ρ is used to
convert the space distance to data volume, and λ = 1, which
means that both the transmission cost and the storage cost
have the equal weight of influence on the orbiter selection
decision in this algorithm.

IV. SIMULATION RESULTS

A. Simulation Situation

In this article, the repeated ground track orbit is chosen
as the orbit model, which was first defined and studied as
Flower Constellation with the corresponding applications
in telecommunication services in [19]–[21]. The repeating
planet surface track design with Np revolutions over Nd days
(generally integers) is shown as

Np · TO = Nd · TG (23)

where TO is the nodal period of the orbit, and TG is the
nodal period of Greenwich. Equation (23) could be further
improved by the satellite orbit elements [a, e, i, �, ω, M] in
the central planet Mars as follows:

Np · 2π
√

μ/a3 + ω′ + M ′ = Nd · 2π

ωm − �′ (24)

where a is the semimajor axis,
√

μ/a3 is the orbit mean
motion, e is the eccentricity, i is the inclination, � is the right
ascension of ascending node (RAAN), ω is the argument of
perigee, M is the mean anomaly, ωm is the Mars rotation

TABLE II
Repeated Ground Track Orbit Elements

Fig. 15. Distance between the rover and orbiters with connected cross
coverage time series.

rate, �′, ω′, and M ′ are the time rate of the corresponding
element’s changes.

In this simulation, the orbit parameters of two repeated
ground track orbiters are shown in Table II, and the rover
locates at the coordinate (30◦N, 15◦E ) on Mars surface.
The space distance between the rover and orbiters with
connected cross coverage time series in certain contact
periods could be seen in Fig. 15. Through the analysis on
the contact events, we find that the observation intersection
of two orbiters in view of single rover is about 47.55%
of the observation union, which proves that the observa-
tion intersection (cross coverage) is a common Mars relay
communication scenario in this simulation situation, so that
the orbiter selection optimization algorithms could play
an important role and benefit entire system obviously. In
addition, in our simulation the total available buffer size
for data transmission is calculate by the upper bound of
data transmitted by any single orbiter independently, which
could be simplified by the equation dataratemean × ttotal =
2,048 kb/s × 104s = 20.48 Gb = 2.56 GB.

B. Improved Hotelling NE

The simulation results of the improved Hotelling NE
could be seen as follows.

1) NE Price: The NE price solution is converted into
unit price in Fig. 16, changing with the diverse edge
forwarding terms. From the simulation result, we find that
the NE price of low Mars orbiter is always larger than high
Mars orbiter. In general, the low Mars orbiter requires more
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Fig. 16. NE price.

Fig. 17. NE relative geometric weight.

complex and frequent orbit adjustment operations with
more fuel consumption due to the orbital perturbation and
atmospheric drag. Meanwhile, there are usually more obser-
vation tasks assigned for the lower altitude orbiters, which
requires necessary storage space reserved for such scientific
goals. Therefore, the NE price solution is reasonable and
coincides with the actual space engineering situation.

2) NE Relative Geometric Weight: The NE relative
geometric weight is converted into unit weight shown in
Fig. 17, changing with the diverse edge forwarding terms.
The NE relative geometric weight increases with the edge
forwarding term. Based on the simulation results from
Figs. 16 and 17, the price ratio curve is calculated based on
the different NE prices from two orbiters, and the weighted
price ratio value is 1.9543 by the multiplication of price
ratio with the NE relative geometric weight, which is the
value of the storage cost ratio c1(q)/c2(q) at q f = 0.7.
The reason why we choose the storage percentage 70%
as the reference is that it reflects the conventional safety
threshold for buffer usages, which could be managed by
specific mission requirements.

3) NE Weighted Area and Cost: The corresponding NE
weighted area and cost associated with the NE solutions

Fig. 18. NE weighted area.

Fig. 19. NE weighted cost.

are shown in Figs. 18 and 19, respectively, changing with
the diverse edge forwarding terms. Simulation results show
that, even if the independent coverage area of non-NE so-
lution by low Mars orbiter is identical to the cross coverage
area of NE solution by two orbiters as shown in Fig. 18,
the weighted cost of non-NE solution is always larger than
NE solution, which indicates that the NE solution of the
improved Hotelling model could provide better cost saving
data relay services.

C. Storage Cost Function

Based on the value of the storage cost ratio c1(q)/c2(q)
at q f = 0.7 from previous procedures, we could get the
storage cost curves of different orbiters with power index
α1, α2, respectively. Assuming that the low attitude Orbiter
1’s power index is α1 = 1.0, then, we have

c1(q) = A · (1 − q)−α1 |q f =0.7 = A · (1 − 0.7)−1.0 (25)

c2(q) = A · (1 − q)−α2 |q f =0.7 = A · (1 − 0.7)−α2 (26)
c1(q f )

c2(q f )
= (1 − 0.7)α2−1 = 1.9543 ⇒ α2 = 0.44347.

(27)
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Fig. 20. Storage cost curve of different orbiters with diverse storage
percentage.

Fig. 21. Performance comparison of service acceptance probability.

The storage cost curve of different orbiters with increas-
ing storage percentage is shown in Fig. 20.

D. Orbiter Selection

Three optimal selection algorithms described in
Section III are modeled and compared with each other in
the following simulation tests, with the statistical measure-
ments as service acceptance probability, entire transmission
volume, and system cost on unit transmission volume.

1) Service Acceptance Probability: Service acceptance
probability (SAP) is the statistical mean value of the data
relay services successfully accepted divided by the services
arrived at the orbiters. The acceptance of certain data relay
service is mainly decided on the remaining storage space
of the selected orbiter, which means that if there were no
adequate storage space to keep the data volumes in buffer
in current time slot, the data relay service would be rejected
and the data would be discarded. The performance compar-
ison of different algorithms about the service acceptance
fraction is shown in Fig. 21. The simulation results show
the following.

Fig. 22. Performance comparison of entire system cost.

1) The SAP values of both CCSDS Proximity-1 pro-
tocols and distance dependence selection algorithm
decrease with the increasing initial storage percent-
age, which indicates that the service reject probability
becomes larger when the orbiter has less storage
space to store the data volume based on CCSDS
Proximity-1 protocols and distance dependence se-
lection algorithm.

2) The SAP value of distance dependence selection
algorithm performs better than CCSDS Proximity-1
protocols, because CCSDS Proximity-1 protocols
only selects the lower altitude Orbiter 1 with faster
orbit phase velocity, which contributes to the earlier
contact chance with the rover, but the storage buffer
of lower altitude Orbiter 1 is also filled with data
quickly.

3) The SAP value of our algorithm equals to 1.0, which
indicates that our algorithm could provide the data
relay service without any rejection.

2) Entire System Cost: In this simulation, we make the
minimum value of all three algorithms as the reference 1.0,
and calculate the ratio of the other algorithms by normal-
ization, as shown in Fig. 22. The simulation results show
the following.

1) For CCSDS Proximity-1 protocols, the rover only
selects the lower altitude Orbiter 1 with higher system
cost, but the rejection of services also contributes
to the decrease of system cost; therefore, the curve
is a little lower than distance dependence selection
algorithm with the quicker descent of the service
acceptance probability as shown in Fig. 21.

2) For distance dependence selection algorithm, it se-
lects the orbiter only by the transmission cost, whose
entire system cost is the highest in all three algorithms
and quickly decreases by the increasing initial stor-
age percentage. In this algorithm, the low altitude
Orbiter 1 would be chosen as the access point in high
probability due to the smaller space distance, even if
Orbiter 1 has larger storage cost as shown in Fig. 20.
The decrease of its system cost curve is due to the
increase of service rejection as shown in Fig. 21.
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Fig. 23. Performance comparison of data transmission volume.

3) For our algorithm, it selects the orbiter both by the
transmission cost and the storage cost, whose entire
system cost is the lowest in all three algorithms. In
this algorithm, the higher altitude Orbiter 2 would be
chosen as the access point in higher probability than
the other two algorithms due to smaller storage cost
in unit price as shown in Fig. 20.

3) Data Transmission Volume: In this simulation, we
make the minimum value of all three algorithms as the
reference 1.0, and calculate the ratio of the other algorithms
by normalization, as shown in Fig. 23. The simulation
results show the following.

1) For CCSDS Proximity-1 protocols, the rover only
selects the lower altitude Orbiter 1 with smaller
space distance for most time slots, but the rejection
of services also contributes to the decrease of data
transmission volume; therefore, the curve is lower
than distance dependence selection algorithm with
the decrease of the service acceptance probability as
shown in Fig. 21.

2) For distance dependence selection algorithm, it se-
lects the orbiter only by the transmission cost, whose
performance quickly decreases by the increasing ini-
tial storage percentage of low altitude Orbiter 1. In
this algorithm, the low altitude Orbiter 1 is chosen
as the access point in high probability due to the
smaller space distance. However, with the increasing
percentage of the storage space in lower orbiter used
for other exploration purpose, it would cause the
entire system performance into degradation, because
Orbiter 1 would refuse the data relay service as shown
in Fig. 21.

3) For our algorithm, it selects the orbiter both by the
transmission cost and the storage cost, whose perfor-
mance is better than other two algorithms when the
initial storage percentage is larger than 50%. Besides,
the curve slowly decreases by the increasing initial
storage percentage due to equalization effect from
storage cost. In this algorithm, the higher altitude
Orbiter 2 would be chosen as the access point in

Fig. 24. Performance comparison of system cost on unit data volume.

higher probability than the other two algorithms due
to smaller storage cost in unit price as shown in
Fig. 20, even if such orbiter transmits less data trans-
mission volume by the larger space distance from the
rover.

4) System Cost on Unit Data Volume: These curves in
Fig. 24 are calculated by the division of the entire system
cost and data transmission volume in each algorithm. The
simulation results show the following.

1) For all algorithms, the entire system cost curve slop is
larger than the data transmission volume curve slop,
so that system cost on unit data volume decreases
with increasing initial storage percentage.

2) The other two algorithms perform better than CCSDS
Proximity-1 protocols with the enhancement as
9.31% and 36.14%, respectively, which proves that
optimal orbiter selection really helps improving the
system performance compared with current CCSDS
Proximity-1 protocols.

3) For distance dependence selection algorithm, the en-
tire system cost and data transmission volume are
both larger than the other two algorithms. As shown
in Figs. 22 and 23, the ratio of entire system cost be-
tween distance dependence selection algorithm and
our algorithm is larger than the ratio of data trans-
mission volume, therefore, the distance dependence
selection algorithm has higher system cost on unit
data volume than our algorithm.

4) Our algorithm has the lowest system cost on unit
data volume and outperforms the distance depen-
dence algorithm with the selection gains as 29.59%
in statistical mean values.

The simulation results prove that the distance depen-
dence selection and our algorithm both perform better than
CCSDS Proximity-1 protocols with the balance of service
acceptance fraction, transmission volume, entire system
cost and its corresponding value on unit data volume, and
our new algorithm “minimum entire system cost” selection
algorithm performs best in all three algorithms, which is the
most cost efficient in the multiple orbiter access for Mars
relay communications.
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V. CONCLUSION

This article studies the cost efficient orbiter selection al-
gorithms in Mars relay communications based on the serial
optimization architecture. The classical oligopoly Hotelling
game is improved to adapt to the geometric characteristics of
multiple orbiters in view of single rover, whose NE solutions
could be used to determine the storage cost function of
each orbiter. Meanwhile, the new minimum entire system
cost selection algorithm performs better than other algo-
rithms with the balance of service acceptance probability,
data transmission volume, and entire system cost on unit
data volume, which could be considered as the option for
performance improvement in future Mars automatic relay
communications.

Next, with the research on current Mars orbiter maneu-
ver, we will study the cost and feasibility of our algorithm
in deep space missions, including the computation com-
plexity analysis and storage complexity analysis, and make
necessary algorithm improvements to consider the storage
cost as another variable besides transmission cost in the NE
situation.
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