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Communications with low earth orbit (LEO) nano-satellites (nanosats) are challenging due
to the short contact time intervals with ground nodes and uncertainty in successful delivery
of messages due to the varying signal-to-noise ratio (SNR) in the environment. This thesis
presents optimization models to enable minimum-delay store-and-forward communications
between terrestrial gateways and remote users (e.g., ships) via nanosats. Optimization mod-
els are formulated to enable timely delivery of messages between nanosats and remote users.
Unit-sized messages destined for remote users must be routed from gateways to nanosats
to final remote destinations. The connection between nanosats and remote users may not
always be well established. The uncertainty in knowing if a message needs to be sent again
or was successfully delivered is modeled using a chance constraint in the optimization model.
A network flow program is formulated to optimize the scheduling and routing of messages
from a central command and control center (CCC) to gateways to nanosats and ultimately
to the remote user. The decisions are chosen to minimize the total message delivery time
while considering the nanosat contact time windows with gateways and remote users and the
solar charging time windows of the nanosats. Although the scheduling and routing decisions
are binary variables, the optimization models are shown to satisfy the integrality prop-

erty. Therefore the relaxed network model can be solved much faster than a binary integer



problem. Results on a realistic problem are presented. Comparisons are made to consider
the difference between a basic deterministic model, a model with energy constraints, and
a chance-constrained model (with and without energy constraints). Comparisons are also

made to simple greedy heuristics to demonstrate the value of optimization.



TABLE OF CONTENTS

Page
List of Figures . . . . . . . . . . e iii
List of Tables . . . . . . . . . v
Chapter 1:  Introduction . . . . . . . . . ... . ... 1
1.1 Research Motivation . . . . . . .. .. ... ... 1
1.2 Research Contribution . . . . . .. ... ... .. 2
1.3 Organization . . . . . . . . . .. 3
Chapter 2:  Background . . . . . . . . ..o 4
Chapter 3:  Deterministic Optimization Models and Small Examples . . . . . . ..
3.1 Deterministic Demand without Energy Constraints (P1) . . .. ... .. ..
3.2 Minimum Cost Flow Representation of (P1) . . . ... ... ... ... ... 19
3.3 Deterministic Demand with Energy Constraints (P2) . . . .. .. ... ... 21
3.4 Min-Cost Flow Representation of (P2) . . . ... ... ... ... ...... 29
Chapter 4:  Probabilistic Optimization Models and Small Examples . . . . . . . . . 33
4.1 Probabilistic Demand without Energy Constraints (P3) . . . .. . ... ... 33
4.2 Min-Cost Flow Representation of (P3) . . . ... ... ... ... ...... 39
4.3 Probabilistic Demand with Energy Constraints (P4) . . . . .. ... ... .. 39
4.4 Min-Cost Flow Representation of (P4) . . . . . ... ... ... ... .... 42
Chapter 5:  Realistic Problem Description . . . . . .. .. .. ... ... ... ... 43
5.1 Results . . . . . o 43
5.2 Discussion . . . . . ..o 48



Chapter 6: Comparison of Greedy Policies and Optimization Policies . . . . . . . . 51

6.1 Simulation Framework . . . . . . . . . .. .. 51
6.2 Greedy Policy with Small Example . . . . . ... ... ... ... ... ... 54
6.3 Simulation Results on Realistic Problem . . . . . . .. ... ... ... ... 55
Chapter T7: Maximum Flow . . . . . . . . . ... 59
Chapter 8: Conclusions and Future Work . . . . . . .. .. ... ... .. ..... 62

i



Figure Number

1.1

2.1
2.2

3.1

3.2

3.3

3.4

3.5
3.6

3.7

LIST OF FIGURES

Comparison of orbit altitude between a small satellite and a traditional com-
munication satellite [6]. GSO refers to a satellite that is in a geosynchronous
orbit (orbital period matches the Earth’s rotation) and ES is the earth station
that receives signals from the GSO satellite. . . . . . .. ... .. ... ...

Representation of network architecture. . . . . . . . ... ... ... .. ...

An example of a nanosat’s orbit and ground contact range [9]. The nanosat
cannot come in contact with ground nodes GS-2 and GS-4 at this time. . . .

Contact time windows for a small example with two ground nodes, two nanosats,
and two remote users, e.g., (9=1, n=1) represents (ground node 1, nanosat 1)
and (n=1, r=1) represents (nanosat 1, remote user 1). . . . ... .. .. ..

Discretized contact time intervals for small example (as in Figure 3.1) two
ground nodes, two nanosats, and two remote users, e.g., (9=1, n=1) represents
(ground node 1, nanosat 1) and (n=1, r=1) represents (nanosat 1, remote user

D) o

This is a network flow representation of the model. CCC is Central Command
and Control, Gy denote ground nodes, N, denotes nanosat n at time interval
k, R, denotes remote user r at time interval k. The decision variables wy,g,
Umgnks Umnri Tepresent the flow between CCC, Gy, Ny, and R, respectively.

Visual representation of (P1) small example results with two gateways G1 and
G2, two nanosats N1 and N2, and two remote users R1 and R2. Each line
represents a message (m = 1,2, ...,6). For example, message 1 was delivered
from gateway 2 to nanosat 2 at time 10 seconds. Message 1 was then delivered
from nanosat 2 to remote user 1 at time 50 seconds. . . . . . . . .. ... ..

Minimum cost network flow representation of (P1) . . . . ... ... ... ..

Contact time windows for small example as in Figure 3.1, with additional
nanosat solar charging time windows, for small examples (A) and (B). . . . .

Visual representation of (P2) small example (A) results with two gateways G1
and G2, two nanosats N1 and N2, and two remote users R1 and R2. . . . . .

1ii

Page

14



3.8

3.9

4.1
4.2

4.3

5.1

5.2

5.3

5.4

6.1
6.2

6.3

6.4

Visual representation of (P2) small example (B) results with two gateways G1
and G2, two nanosats N1 and N2, and two remote users R1 and R2. . . . . .

Minimum cost network flow representation of (P2). . . . ... ... ... ..

D, cumulative distribution function for three messages. . . . . . . . . .. ..

Visual representation of (P3) small example results with two gateways G1 and
G2, two nanosats N1 and N2, and two remote users R1 and R2. . . . . . ..

Visual representation of (P4) small example results with two gateways G1 and
G2, two nanosats N1 and N2, and two remote users R1 and R2. . . . . . ..

Network representation of (P1) message paths. CCC is the Central Command
and Control Center, G1 representations gateway 1, N1 is nanosat 1, and R1
isremote user 1.. . . . . . . ...

Network representation of (P2) message paths. CCC is the Central Command
and Control Center, G1 representations gateway 1, N1 is nanosat 1, and R1
isrTemote user 1.. . . . . . . ...

Network representation of (P3) message paths. CCC is the Central Command
and Control Center, G1 representations gateway 1, N1 is nanosat 1, and R1
Isremote user 1.. . . . . . ... Lo

Network representation of (P4) message paths. CCC is the Central Command
and Control Center, G1 representations gateway 1, N1 is nanosat 1, and R1
isremote user 1.. . . . . . . .

Block diagram of main scheduling simulation architecture. . . . . . .. . ..

Network representation of greedy message path for small example. CCC is
the Central Command and Control Center, G1 representations gateway 1, N1
is nanosat 1, and Rl isremote user 1. . . . . . . . . . . . . .. ... .....

Visual representation of Greedy (P2) small example result with two gateways
G1 and G2, two nanosats N1 and N2, and two remote users R1 and R2. . . .

Network representation of greedy message paths and (P4) message paths.
CCC is the Central Command and Control Center, G1 representations gate-
way 1, N1 is nanosat 1, and R1 is remote user 1. . . . . . . . .. . ... ...

v



LIST OF TABLES

Table Number

3.1
3.2
3.3
3.4

3.5

3.6
3.7

3.8

3.9

4.1

4.2

4.3

5.1
5.2
5.3
5.4

6.1

Sets, parameters, and decision variables used in Model (P1). . . . . . .. ..
Contact time windows between gateways and nanosats. . . . . . . . .. ...
Message demand for each remote user. . . . . . . . ... ... ... ... ..

Results for the small example showing the path that each message takes and
the times when the message was delivered to a nanosat and user.. . . . . . .

Energy charged during each time interval k& (in terms of unit-messages) for
small example (A) with P2. . . . . ... ... ..

Values for €,,in, €maz, and Eng . . . . . . . . o

Results for the small example (A) showing the path that each message takes
and the times when the message was delivered to a nanosat and user.

Energy charged during each time interval k (in terms of unit-messages) for
small example (B) with P2. . . . . ... ... o oo

Results for the small example (B) showing the path that each message takes
and the times when the message was delivered to a nanosat and user.

Integer value for F 5} that ensures the demand D, is met at least 90% of the

Results for the small example showing the path that each message takes and
the times when the message was delivered to a nanosat and remote user.

Results for the small example showing the path that each message takes and
the times when the message was delivered to a nanosat and remote user.

Message paths and delivery times for (P1). . . . . . ... ... ... ... ..
Message paths and delivery times for (P2). . . . . . ... .. ... ... ...
Message paths and delivery times for (P3). . . . . . . . ... ... ... ...
Message paths and delivery times for (P4). . . . ... ... ... ...

Deterministic simulation results showing Greedy, simulated (P1), and simu-
lated (P2) policies. . . . . . . . . ..

26

27

29

37

39



6.2 Probabilistic simulation results showing Greedy, simulated (P1), simulated
(P2), simulated (P3), and simulated (P4) policies. The average of 10 trials is

vi



ACKNOWLEDGMENTS

To my advisors, Zelda B. Zabinsky and Cherry Wakayama - Thank you for the guidance
that you have provided to me throughout my master’s thesis journey. I am thankful for your
patience and understanding while helping me progress through my graduate studies. I am
grateful for the opportunity to have worked with two incredible role models; your passion

towards research has inspired and motivated me throughout the past year.

To my committee, Youngjun Chou - Thank you for your support, advice, and guidance

during my graduate studies. I am grateful for the time you have taken to review my thesis.

To the Industrial and Systems Engineering Faculty and Staff - Thank you for all your sup-
port and help throughout the past two years.

To my fellow (past and present) graduate students - Thank you for helping me through
classes, research, and life in Seattle. I am grateful for all the friendships that I have formed

and the guidance that everyone has given me.

To San Diego State University Research Foundation and SPAWAR - Thank you for your
contribution towards my education and for granting me the opportunity to work on this

research project.

To my family - Thank you for the unwavering support and faith in me throughout my

education journey and for being shining examples of pursuing graduate degrees.

vil



DEDICATION

To my family, who inspired me to continue my education

viil



Chapter 1

INTRODUCTION

Low cost, low earth orbit nano-satellites (nanosats) are finding new applications in defense,
public and commercial services [7]. Applications using nanosats include remote sensing,
weather monitoring, science, and communications. A constellation of nanosats may po-
tentially be used to relay messages between ground nodes, including gateways and remote
hard-to-reach areas. This thesis discusses some current challenges in scheduling nanosats
to enable timely communications, and presents several optimization models to determine
routing decisions while accounting for short contact time windows and uncertainty in link

quality when delivering messages.

1.1 Research Motivation

Small satellites including nanosats orbit the earth at a much lower altitude than traditional
communication satellites (Figure 1.1). The low earth orbit limits nanosats to short contact
time intervals with ground nodes. In this thesis, two types of ground nodes, gateways
and remote users, are considered. The connectivity between gateways and remote users is
achieved with a “store-and-forward” approach using nanosats which serve as message ferries
from gateways to remote users. There are many ways to route messages for delivery; however
messages should be delivered in a timely manner. There is also uncertainty in the stability of
the connection between nanosats and remote users due to environmental and communication
systems noises. Simulation software, for example, Systems Tool Kit (STK), can provide data
on when a nanosat comes into contact with a remote user, however this connection is not
always stable enough to successfully transmit a message [2]. Nanosats are also constrained

by their small size and cannot contain large batteries. There is a maximum energy level that
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Figure 1.1: Comparison of orbit altitude between a small satellite and a traditional com-
munication satellite [6]. GSO refers to a satellite that is in a geosynchronous orbit (orbital
period matches the Earth’s rotation) and ES is the earth station that receives signals from
the GSO satellite.

each nanosat can store. The simulation software provides data on when there is sunlight
to charge a nanosat’s battery using its solar panels. A nanosat cannot send messages if its
energy storage falls below a minimum threshold required for message transmission. These
challenges necessitate the formulation of energy aware optimization models to derive efficient

message delivery schedules for gateways and nanosats in a store-and-forward architecture.

1.2 Research Contribution

The objective of this research is to develop and analyze optimization and scheduling meth-
ods that can assist with the timely delivery of messages using nanosats. This thesis develops
models to select an optimal route and schedule to minimize total message delivery times. We
formulate network optimization models to optimize the scheduling and routing of messages
from a central command and control center (CCC) to gateways and nanosats to remote users.
Two deterministic optimization models are developed, with and without energy constraints
to incorporate threshold values on the energy level in the battery. The connection between

nanosats and remote users may not always be well established; the uncertainty in knowing if



a message was successfully delivered is modeled using a chance constraint in the optimization
model. The decision variables for sending messages are binary variables, and in general, it
is a challenge to solve integer programs quickly. The deterministic and chance-constrained
optimization models formulated in this thesis are shown to fit the form of a minimum cost
flow network problem so integrality is ensured and there are quick algorithms that can be

used to solve these models.

Comparisons are made to consider the differences between a basic deterministic model with-
out energy constraints and a deterministic model with energy constraints. Comparisons
are also made to consider the differences between the deterministic models and the chance-
constrained models (with and without energy constraints). Comparisons are also made to

greedy heuristics to highlight the benefit of optimization.
1.3 Organization

Chapter 2 discusses background on nanosats, previously solved routing and scheduling prob-
lems related to nanosat constellations, simulation tools used to define nanosat constellations,
and minimum cost flow network problems. Chapter 3 presents the formulation of two de-
terministic optimization models, with and without energy constraints, and illustrates with
a small example. Chapter 3 also shows that the deterministic models can be cast as mini-
mum cost network flow problems, ensuring integrality. Chapter 4 presents the formulation
of probabilistic optimization models, gives small examples, and provides a min-cost flow
representation of these models. Chapter 5 describes the results from a realistic problem.
Chapter 6 compares greedy policies to the optimization policies formulated in Chapters 3
and 4 and gives simulation results of the different policies. Chapter 7 discusses a maximum
flow formulation of the models discussed in Chapters 3 and 4 that can be used to analyze the
maximum number of messages that can be supported by a given constellation of nanosats.

Chapter 8 summarizes the overall results and conclusions and discusses future work.



Chapter 2

BACKGROUND

The small satellite and nanosat segments of the space industry have been growing rapidly
in recent years. These satellites are dramatically smaller, lighter, less expensive to build
and launch than their traditional counterparts. With multiple technology advances, these
low-cost small satellites are finding exciting applications of interest to defense, public and
commercial sectors, including remote sensing, weather monitoring, unique science exper-
iments, and communications. In this thesis, a communication network application using
nanosats where nanosats serve as message ferries between ground gateways and remote user
terminals is considered. Previous work has looked into solving routing and scheduling prob-
lems involving nanosats in a given network architecture [9]. Wakayama et al. looks at a
scheduling methodology for sending messages from one nanosat to multiple ground nodes
[9]. In Wakayama et al., messages are assumed to be already in the nanosat and the problem
is how to schedule timely delivery given energy constraints and short contact intervals [9].
In this thesis, the complete routing of messages from gateways to nanosats to remote users

is addressed.

Wakayama et al. assumes the “store-and-forward” approach for message delivery [9]. The
“store-and-forward” approach is when there is no communication between nanosats and any
message that is sent to one nanosat must be delivered to its final destination by that same
nanosat. In contrast, Cahoy et al. considers crosslinks between nanosats [4]. Crosslinks refer
to nanosat-to-nanosat communication; a message sent to one nanosat can be transferred to
another nanosat before being delivered to the final destination. Not all nanosats may have

the capability to communicate with other nanosats. This thesis focuses on a “store-and-



forward” approach.

The Central Command and Control center (CCC) is a centralized system that has access
to large power supplies and readily available internet connectivity. Gateways are terrestrial
ground nodes that are part of the centralized CCC network. The CCC initiates the route
for a message by first choosing a gateway on the ground. Gateways are part of a central-
ized internet-connected system, so messages may be broken up between different gateways.
Gateways are considered to be stationary and have knowledge of the contact windows with
the nanosats in the constellation. Remote users (e.g., ships) are located in regions which
may not have access to large power supplies and do not have internet connectivity. This
work focuses on a “store-and-forward” communication network architecture, where messages
originate at the CCC and gateways, travel through nanosats, and are delivered to their final

destination (a remote user) (Figure 2.1) [1].

The STK (Systems Tool Kit) software tool allows users to define a constellation of nanosats
and ground nodes (gateways and remote users). The STK can determine the time dura-
tion of each nanosat-to-ground node contact window by the ground node’s location and the
nanosat’s orbital parameters. The contact window is the time during which a nanosat can
communicate with ground node. During a contact window, nanosats can send and/or re-
ceive messages to and from gateways and remote users. Figure 2.2 shows an example of a
nanosat’s orbit and ground contact range. It can be seen that the nanosat comes into contact
with a gateway at GS-5 during its orbit. The STK can also determine the solar charging
time windows for nanosats. The solar charging time windows are the periods of time when

a nanosat is able to charge its batteries via sunlight using solar panels.

Nanosats can send and receive messages from both gateways and remote users. Uplink
refers to gateway-to-nanosat communication and downlink refers to nanosat-to-remote user

communication. Full Duplex refers to two-way communication where a nanosat can simul-
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Figure 2.1: Representation of network architecture.

Figure 2.2: An example of a nanosat’s orbit and ground contact range [9]. The nanosat
cannot come in contact with ground nodes GS-2 and GS-4 at this time.



taneously send and receive messages. Half Duplex refers to one-way communication where
a nanosat can either send or receive a message at a given point in time. This thesis assumes

full duplex is available.

Wakayama et al. [9] shows that an optimization model of a network of remote users and
a single nanosat can be represented as a minimum cost network flow problem. Minimum
cost network flow problems have the feature that when the problem data and constraints
are integer valued, then the optimization model satisfies the integrality property [3]. This
implies that the optimization problem can be solved without constraining the variables to
be integer-valued, and given integer data, will provide an optimal integer-valued solution.
Therefore minimum cost network flow problems can be solved with efficient algorithms that
are much faster than solving a general (NP-hard) mixed integer problem. A minimum cost

network flow problem is typically in the form:

minimize Z((costﬂow) x (flow))  Vflow

subject to
'supply if source node (2.1)
flow out — flow in = ¢ —demand if sink node
0 if intermediate node.

\

Multi-commodity minimum cost network flow problems do not necessarily satisfy the inte-
grality property that single-commodity minimum cost network flow problems satisfy due to
shared resources [8]. Although initially the model in this thesis was cast as a multi-commodity
minimum cost flow network problem, it has sufficient structure to be reformulated as a single

commodity minimum cost flow network problem, and this ensures the integrality property.



Chapter 3

DETERMINISTIC OPTIMIZATION MODELS AND SMALL
EXAMPLES

Two deterministic network models are formulated in this chapter. The models only consider
messages being sent from gateways to remote users. Messages are discretized into unit-sized

messages (referred to as unit-messages) to avoid being broken up between different gateways.

Section 3.1 discusses the model formulation for deterministic demand with no energy con-
straints (P1) and gives a small example. Section 3.2 discusses the minimum cost flow rep-
resentation of (P1). Section 3.3 discusses the model formulation for deterministic demand
with energy constraints (P2) and gives a small example. Section 3.4 discusses the minimum

cost flow representation of (P2).

3.1 Deterministic Demand without Energy Constraints (P1)

A model with deterministic demand and no energy constraints is formulated in (P1). In this
model, the messages to be delivered to the remote users are referred to as demands. This
model follows the framework of a network flow problem. Messages flow from the CCC to
gateways to nanosats to remote users. The connections between nanosats and ground nodes

are known in advance using STK simulation results.

A few key assumptions are made:

1. There are no crosslinks between nanosats. This means that connectivity between

ground nodes and remote users is achieved with a “store-and-forward” approach.



2. There is two-way communication (Full Duplex) between ground nodes and nanosats

such that nanosats can simultaneously receive and send messages.

3. The time for “control requests” is negligible (e.g., the handshake protocol is negligible).

4. The energy consideration for uplinks is negligible to nanosats.

5. Nanosats have sufficiently large memory capacity so memory capacity will not be con-

sidered as a constraint.

6. All messages will be in queue at the CCC at time zero.

7. Remote users’ movements are negligible relative to nanosats and are considered sta-

tionary.

(P1) has five sets: gateways, nanosats, remote users, messages, and time intervals, see Ta-
ble 3.1. Since each message is unit-sized, the units used for the models will be in terms of
“unit-messages”. For example, the length of each discretized time interval is the amount
of time it takes to deliver one unit-message, typically 10 or 100 seconds. There are five
parameters used in model (P1): the start time of each contact time interval, the destination
of each message, the contact time intervals between gateways and nanosats, the contact time
intervals between nanosats and remote users, and the deterministic demand at each remote
user. The parameter for the start time of each contact time interval is necessary because the
contact windows between nanosats and gateways/remote users are discretized for the entire
time horizon. Figure 3.1 shows an example of contact time windows for two ground nodes,
two nanosats, and two remote users. Discretizing the time horizon allows us to disregard the
large time windows where no contact is possible. Figure 3.2 shows the discrete time inter-
vals associated with the same contact time windows in Figure 3.1. There are four decision

variables that represent the flow of messages between gateways, nanosats, and remote users.
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Table 3.1: Sets, parameters, and decision variables used in Model (P1).

Sets
g gateways g=12 ...,G
n nanosats n=12 .. N
r remote users | r=1,2, ..., R
m messages m=1,2,... M
k time intervals | £k =1, 2, ..., K
Parameters
Tk Start time of contact time interval k
o 1 if destination of message m is remote user r
destination,,,
0 otherwise
_ 1 if the connection between gateway g and nanosat n exists at time 7
connectiong,
0 otherwise
. 1 if the connection between nanosat n and remote user r exists at time 75
connection,
0 otherwise
p (deterministic) demand to remote user r; can also be defined as the number

of messages to remote user r

Decision Variables

1 if message m is delivered from gateway g to nanosat n in time interval k

fmank 0 otherwise
1 if message m is delivered from nanosat n to remote user r in time interval &
ok 0 otherwise
1 if message m is delivered to gateway g
fims 0 otherwise
Zmnk flow of message m in nanosat n between time k and (k + 1)
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Figure 3.3 shows an example of the network flow formulation using two ground nodes, two
nanosats, and two users. In general, the maximum number of decision variables is M*G*N*K
for vpgnk, M*N*R*K for wmprie, M*G for wy,,, and M*N*K for z,,,,. However, not all com-
binations of vp,gnr and . exist, but all combinations of w,, and 2y, exist. In the small
example, there are 2 gateways, 2 nanosats, 2 remote users, 6 messages, and 36 time intervals.
This leads to a total of 2,172 decision variables. Larger nanosat/ground node network will

have a much larger number of decision variables.

The following equations are used to define the decision variables. The CPLEX model cre-
ates a decision variable for all possible combinations of vy,g,1 and Ui, and destination,,,
is a binary value equal to one if message m is to be sent to remote user r, connectiong,
and connection], are also binary values equal one when contact between nanosats and gate-

ways/remote users is possible at time 7y,

Upnrk < destination,,, V(m,n,r, k) (3.1)
Umgnk < connectiongy, — V(m,g,n, k) (3.2)

Umnrk < connection,,  Y(m,n,r k). (3.3)



14

Manosat and time

“" ' \ Remote
Gateway | ;\‘
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Figure 3.3: This is a network flow representation of the model. CCC is Central Command
and Control, G, denote ground nodes, N, denotes nanosat n at time interval k, R,;, denotes
remote user r at time interval k. The decision variables wy,g, Vpmgnk, Umnsk Tepresent the flow
between CCC, Gy, Ny, and R, respectively.



Model (P1)

objective function
D 5535 ) DRI
m n T k
subject to

Wing = Z Z Umgnk V(m, g)
n k
(Z vmgnk) = Zmnk T+ Z Umnrk v<m7 n, k= 1)
g r

(Z vmgnk) + Zmn(k—1) = “mnk + Z Umnrk V(m, n, k= 27 ey K — 1)

g T

<Z vmgnk> + Zmn(k—1) = Z Umnre  V(m,n, k= K)
g r
SN otk <1 V(1 k)

iium”’”k <1 V(nk)
iivmgnk <1 V(nk)
m. g
szmgnk,‘ <1 V(g,k)
m nZwmg =1 Vm

g
Z Z Z Upnrk = 1 VM
noor ok
Z Z ; Umgnk = 1 Vm
g n
Z Z Zu’”"’“k =d, Vr
m o on ok
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(3.4)

(3.8)

(3.9)
(3.10)
(3.11)
(3.12)
(3.13)
(3.14)
(3.15)

(3.16)
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Umgnk s Umnrk; Wmg, Zmnk € {Oa ]-} (317)

The objective function in (3.4) minimizes the sum of the delivery times of messages. Con-
straint (3.5) is the flow constraint for gateways; constraints (3.6), (3.7), and (3.8) are the
flow constraint for nanosats. Constraint (3.9) ensures that a remote user receives at most
one message in each time period. Constraint (3.10) ensures that a nanosat sends at most
one message in each time period. Constraint (3.11) ensures that a nanosat receives at most
one message in each time period. Constraint (3.12) ensures that a gateway sends at most
one message in each time period. Constraint (3.13) ensures that each message is delivered
to gateways once. Constraint (3.14) ensures that each message is delivered to remote users
once. Constraint (3.15) ensures that each message is delivered to nanosats once. Constraint
(3.16) ensures that user demand, d,., is met. Constraint (3.17) restricts the decision variables
to be binary. Equations (3.1), (3.2), and (3.3) are added to ensure contact time windows are

respected.

Small Example with (P1)

A small example is created with 2 gateways, 2 nanosats, 2 remote users, 6 messages, and
36 time units. CPLEX is used to solve this small example using (P1). The contact time
windows (with values for 7;,) between nanosats and gateways and remote users are shown in
Table 3.2. The contact times in Table 3.2 correspond to contact times in Figure 3.2; only
the first 18 time intervals are shown in the table. The demand at each remote user, d,., is

shown in Table 3.3.

Model (P1) is solved for the small example. All six messages were delivered within eight
time intervals with the last message being delivered 70 seconds after the start time. The

results for (P1) are shown in Table 3.4 and Figure 3.4.



Table 3.2: Contact time windows between gateways and nanosats.

Gateway 1 Gateway 2 Nanosat 1 Nanosat 2
time Nano | Nano | Nano | Nano | Remote | Remote | Remote | Remote
(k, 1) 1 2 1 2 User1 | User2 | User1l | User 2
1,0 Yes
2, 10 Yes Yes
3, 20 Yes Yes Yes
4, 30 Yes Yes Yes Yes Yes
5, 40 Yes Yes Yes Yes Yes
6, 50 Yes Yes Yes Yes
7, 60 Yes Yes Yes
8, 70 Yes
9, 80 Yes
10, 5380 | Yes
11, 5390 | Yes Yes
12, 5400 | Yes Yes Yes Yes
13, 5410 | Yes Yes Yes Yes Yes
14, 5420 Yes Yes Yes Yes Yes
15, 5430 Yes Yes Yes Yes
16, 5440 Yes Yes Yes
17, 5450 Yes Yes
18, 5460 Yes

Table 3.3: Message demand for each remote user.

Remote User (r) | 1| 2

Demand (d,)

17
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Table 3.4: Results for the small example showing the path that each message takes and the
times when the message was delivered to a nanosat and user.

Message | Gateway | Nanosat Time delivered | Remote | Time delivered to
to Nanosat (k) | User Remote User (k)
1 2 92 9 1 5
2 1 1 9 1 5
3 1 1 1 9 6
4 2 1 6 5 3
5 2 92 4 9 .
6 1 2 3 1 4

Message

Time T, (seconds)

30, 40|

50

Figure 3.4: Visual representation of (P1) small example results with two gateways G1 and
G2, two nanosats N1 and N2, and two remote users R1 and R2. FEach line represents a
message (m = 1,2, ...,6). For example, message 1 was delivered from gateway 2 to nanosat
2 at time 10 seconds. Message 1 was then delivered from nanosat 2 to remote user 1 at time

50 seconds.
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3.2 Minimum Cost Flow Representation of (P1)

A minimum cost flow network problem, shown in (2.1), satisfies the integrality property if the
right hand side of the constraints are integer valued [3]. Model (P1) can be shown to satisfy
the integrality property by creating additional dummy nodes for messages and representing
it in the form of (2.1). An equivalent model to (P1) is created with nodes CCC', Gy, Nk,
and U,y,,. The flow decision variables are denoted f;) ;) where ¢ and j are in the node sets.
The demand at each remote user r of message m is given to be one, i.e. d,,.. The capacity
of flow from nodes i to j is given to be one for all flows. The supply at CCC is > > dpy-

The cost for flows not from nodes N,,,. to R,,,. is zero; cost for flows from nodes N, to

Rmr iS Tk- The ﬂOW Varlables fCCC ( f(Gmg (Nmnk) f(Nmnk)v(RmT ’ and f Nynk (Nmn(k 1))
can be mapped t0 Wing, Vmgnk, Umnrks and Zmuk from (P1). The equivalent problem written

with the expanded network flow is given as:

objective function

min Y > Y N ek f N (Rowr) (3.18)
m n r k

subject to

> D fecor@my =D Y dur (3.19)
m g m r
DD fmg Vi) = FCCO) Gng) = O Vg (3.20)
n k

f(Nnmk)v(Nmn(k+1))+f(Nmnk)7(Rmr) _f( mn(k 1) mnk: Z f ’mg mnk: = O Vk = 27 ) (K_l)

f(Nmnk)y(Rmr) - f(Nmn(k 1) mnk Z meg mnk - O Vk = K (323)
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=D i ) = o (3.24)

n k
0< fayg) <1 Vnodes (1)&(j). (3.25)

Constraint (3.19) ensures that flow into the CCC is equal the total number of messages at
all remote users and corresponds with constraint (3.16). Constraint (3.20) ensures that the
flow into each gateway is equal to the flow coming out of the gateway and corresponds to
constraint (3.5) in (P1). Constraints (3.21), (3.22), and (3.23) ensure that the flow into
each nanosat is equal to the flow coming out of the nanosat and corresponds to constraints
(3.6), (3.7), and (3.8) of (P1). Constraint (3.24) ensures that the flow to each remote user
is equal to the demand at that remote user and corresponds to constraints (3.13), (3.14),
and (3.15). Constraint (3.25) ensures that the flow capacity on each arc and corresponds
to constraints (3.9), (3.10), (3.11), (3.12), and (3.17). Figure 3.5 shows an example of the
min-cost flow representation of (P1) using two gateways, two nanosats, two remote users,

and two messages.
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ficconeme)

%rdmr >

Figure 3.5: Minimum cost network flow representation of (P1)

3.3 Deterministic Demand with Energy Constraints (P2)

Model (P2) differs from (P1) in that energy constraints are considered. Four additional
parameters are included, €,,:n, €maz, Fno, and d,x, where e,,;, and €,,,, represent the mini-
mum and maximum energy capacity for nanosats in terms of number of unit-messages, F,
is the remaining energy for nanosats at 7y in terms of number of unit-messages, and 9, is
the energy harvested during time interval k in terms of number of unit-messages. A nanosat
charges enough energy to send one unit-message during each unit-message time interval. The
amount of energy (in terms of unit-messages) charged during each time interval k is calcu-

lated based on the solar charging time windows obtained from the STK Scheduler. Figure
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3.6 shows the ground node to nanosat contact windows that correspond to Figures 3.1 and
3.2 for the small example. It also shows two sets of solar charging time windows used in
small examples (A) and (B). In (P2), h, is an intermediate (decision) variable to capture

spilled energy or extra energy not needed for message delivery.



23

(g) pue (y) sojdurexo [[euIs I0J ‘SMOpUIM
oI} SUISIRYD IR[OS JBSOURU [RUOINIPPE M ‘T°¢ oINSI] Ul se ojdurexs [[euWs I0j SMOPUIM OUWII)} JORIUO)) :9°'¢ 9INJL

Ul

DEFS DRES an

(spuoaas)  QsI91

" T 1BSOUBN () smopulm aw|L
i T JESOUEN Audieyy Jejog
V7 jesiiey (W) sMopuim aw| L
1 Tiesougy  PUiBiey) sejos

...“wnk_‘mur_

o] T=d 'T=U

- " 7=1'T=U
g T=d T=u

-l 7=l 7=8

" T=U‘7=8

—_ 7=U ._ﬂ.nm SMOPUIAY

= 1=u‘1=8 FUILL PEIO

BEEN N DU



24

Model (P2)

objective function

min Z Z Z Z(Tk * Upnrk) (3.26)
m n r k

subject to

Constraints (3.5 - 3.17)

et =Fno— Y > Uk + Ok — hugor V(n k=1) (3.27)

Enk = en(k_l) — Z Z Umnrk + 5nk — hn,k,1 V(n, k= 2, K) (328)
Emin S Enk S Emaz V(’F, k) (329)

hoi > 0 (3.30)

The objective function in (3.26) minimizes the sum of the delivery times of messages. Con-
straints (3.5) - (3.17) are from (P1). Constraints (3.27) and (3.28) are the energy constraints
which ensures that energy is stored or used according to nanosat specifications. Constraint
(3.29) ensures that a nanosat energy level stays within the appropriate levels. Constraint

(3.30) ensures that h, is collecting extra/spilled energy.

Small Example (A) with (P2)

The same parameters from the small example for (P1) are used. Table 3.5 shows the amount
of energy that each nanosat gains during each time period k. Values for €,.in, €maz, and E,g
are shown in Table 3.6. The results of small example (A) are shown in Table 3.7 and Figure
3.7. The six messages were all delivered within 70 seconds after the start time. For this
example, the energy constraints do not make a difference on message delivery times, however

the routes are slightly different. In particular, messages 2 and 4 had different routes.
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Table 3.5: Energy charged during each time interval k£ (in terms of unit-messages) for small
example (A) with P2.

perp | 11|11 [ 1] 1] 1| 1]352
peap | 1|1 |11 |11 ]1]|1]358

Op=1p | 1 |11 | 12|11 11 1
Op=or | 1L |1 0| 0]0]0[0]O0 0

perp | 11|11 [ 1] 1] 1| 1]352

Op—op | 1 |1 2| 1|11 |1]1]358

R I I T T O T S W R S
peop | 112|000 ]0O]0]0] O

Table 3.6: Values for €., €maz, and E,g

Emin 1

€maz 10

Ey |1
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Table 3.7: Results for the small example (A) showing the path that each message takes and

the times when the message was delivered to a nanosat and user.

Time delivered | Remote | Time delivered to
Message | Gateway | Nanosat
to Nanosat (k) | User Remote User (k)
1 2 2 2 1 6
2 1 2 3 1 4
3 1 1 1 2 6
4 2 1 6 2 8
) 2 2 4 2 7
6 1 1 2 1 )

Time (seconds)

Figure 3.7: Visual representation of (P2) small example (A) results with two gateways G1
and G2, two nanosats N1 and N2, and two remote users R1 and R2.
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Small Example (B) with (P2)

The same parameters from the small example (A) for (P1) are used in (B) except for d,.
New 6,,; values are shown in Table 3.8. The results are shown in Table 3.9 and Figure 3.8.
Small examples (A) and (B) show that energy is not always a binding constraint. Solar
charging time windows delay the delivery of messages in small example (B). Small example
(A) shows that (P2) is able to deliver the messages within the same time from as (P1) but
with slightly different routes. Small example (B) shows that message delivery times can be
delayed if nanosats do not have sufficient energy. Both routes and delivery times for small

example (B) differ from small example (A) for both (P1) and (P2).

Table 3.8: Energy charged during each time interval k (in terms of unit-messages) for small
example (B) with P2.

Gpei | 0| O[O0 1] 1] 1]1]35
Sueak | 0L O[O]O]0O]0|0]O0]162

Oop=1x | 1L O L O] 0]0]0[0]O0 0
Op=op | 1 |1 | 12| 12|11 [1]0 0

Sueie | 0| O[O0 1] 1] 1]1]35
Suear | 0L O[O OO 0|0]O0]162

o | 1 O] 0O]O]lO0O]0O]0O]0O] O
peop | 11| 121|121 ]0] 0




28

"ZY pue T} SIoSn 9j0uIdl OM) puR ‘gN pUe

IN Sjesouru om} ‘zr) pue [r) sfemoyed om) yiym synsol (¢) ojdurexo [[ews (gJ) jo uoryejussordor ensip :g'¢ o3I

0zvs | 0TvS | 00vS | 06€S | 08€S |

| o8 [ or | 09

afessay

(spuodas) "1 awi|




29

Table 3.9: Results for the small example (B) showing the path that each message takes and
the times when the message was delivered to a nanosat and user.

Time delivered | Remote | Time delivered to
Message | Gateway | Nanosat
to Nanosat (k) | User Remote User (k)
1 1 1 3 1 d
2 2 1 6 1 6
3 2 2 2 2 9
4 1 1 2 2 7
) 1 1 1 2 8
6 2 2 11 1 13

3.4 Min-Cost Flow Representation of (P2)

Model (P2) can be shown to satisfy the integrality property by creating dummy nodes and
recasting it in the form of (2.1). (P2) has the same nodes and edges as (P1). However,
energy and messages share the same edges. An equivalent model is created with nodes e,
Gmgnk, Nimnk, Bmr, and Eegyrq. The CCC node in (P2) is now represented by the multiple
enr Nodes. The demand at each remote user r of message m is limited to be one. The supply
to each ey, node is d,; and E, (if & = 1). The flow decision variables are denoted f;
where i and j are in the node sets. Unlike (P1), the capacity of flow from nodes i to j is not
given to be one for all flows. The demand at each remote user r of message m is given to be
one, dp,.. The supply at CCC is > > d,,. The cost for flows not from nodes N, to R
is zero; cost for flows from nodes T?Vn:nk to R, is 7. The capacity of flow from nodes 7 to
J is given to be one for all flows except for the flow of energy. The flow of energy between
the e, nodes is bounded by €, and emqe,. The flow variables fie,,) (Eevira)s J(en)\(Gmgni):

Jeni)ente)r S Cmgni)sGmgnter)® (Gmgni)Nomnk)s S (Nt (Nownosry)s A0A (W), (Rinr)s A1 DE

mapped t0 €k, Pnk, Wmg, Vmgnk, Umnrks a0d Zpni from (P2). Figure 3.9 shows an example
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of the min-cost flow representation of (P2) using two gateways, two nanosats, two remote

users, and two messages. The equivalent problem written with the expanded network flow

is given as:

objective function
mln Z Z Z Z Tk * f(Nmnk)v(Rmr)
m n T k

subject to

Snk + Bno = fiewoengessy) T Do D FeniCongu) T lewo)(Fenra) V(0 k= 1)
m g

(57Lk + f(en(kfl))v(enk) = f(enk)v(en(k+1)) + Z Z f(enk)a(Gmgnk) + f(enk)y(Eextra)
m g
Vi k=2, ..,(K —1))

5nk + f(en(k—l))v(enk) = Z Z f(enk)v(Gmgnk) _'_ f(enk)7(Ee.rtra)
m g

f(enk)’(Gmgnk) = f(Gmgnk)z(Gmgn(k+l)) + f(Gmgnk)7(Nmnk) v(m’ g’ n’ k = 1)

f(enk)v(Gmgnk) + f(Gmgn(krfl))v(Gmgnk) = f(Gmgnk)v(Gmgn(k+1)) + f(Gmgnk)v(Nmnk)

Y(im,g,n,k=2,...,(K—1))
f(enk)v(Gmgnk) + f(Gmgn(kfl))a(Gmgnk) = f(Gmgnk)a(Nmnk) V(m, g7 n, k = K>

Z f(Gmgnk)v(Nmnk) - f(Nmnk)(Nmn(kJrl)) + f(Nmnk)(Rmﬂ") v<m’ n’ T’ k = 1)
g

Z f(Gmgnk)v(Nmnk) + f(Nmn(k—l))(Nmnk) = f(Nmnk)(Nmn(k+1)) + f(Nmnk)(RmT)
g

V(im,n,r,k=2,... (K —1))

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)
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Z f(Gmgnk)a(Nmnk) + f(N'mn(k—l))(Nmnk) = f(Nmnk)(RTnT‘) v<m7 n’ r’ k = K) (340)
g
Z Z f(enk)y(Eemtra) = Z Z((S’nk + EnO) - Z Z dmr- (342)
n k n k m T
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Chapter 4

PROBABILISTIC OPTIMIZATION MODELS AND SMALL
EXAMPLES

Two probabilistic network models are formulated in this chapter. Similar to Models (P1) and
(P2), these models consider unit-messages being sent from gateways to remote users. Section
4.1 discusses the model formulation for probabilistic demand with no energy constraints
(P3) and gives a small example. Section 4.1 also shows how the chance constraints are
linearized. Section 4.2 discusses the minimum cost flow representation of (P3) that satisfies
the integrality property. Section 4.3 discusses the model formulation for probabilistic demand
with energy constraints and gives a small example. Section 4.4 discusses possible reasons

why (P4) does not satisfy the integrality property.

4.1 Probabilistic Demand without Energy Constraints (P3)

The connections between nanosats and remote users are known, however the connection may
not be strong enough for the nanosat to successfully deliver a message. There is uncertainty
in knowing if a message was successfully delivered or if it needs to be sent again due to an
unstable connection. This can be modeled by changing the deterministic demand d, that

was used in (P1) and (P2) to a random variable D,.

A chance constraint similar to that used in Li & Zabinsky’s supplier selection problem [5] is
used to model the uncertainty of the quality of connection between the nanosat and remote
user. The demand constraint (3.16) from (P1) is changed into a chance constraint (4.1)

where user demand is a random variable, D,.,

P (ZZ;UWW’“ > Dr> >1—a Vr (4.1)
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Linearizing Chance Constraint

Constraint (4.1) can be rewritten as > > > wpnnrk > F' (1 — @) Vr, where Fp,_ denotes the
cumulative distribution function (cdf? onZ Dkr and 0 < o < 1. Different distributions can be
used to define F' 5}(1 — ). In this thesis, each message can be successfully delivered in three
or less message delivery attempts. To capture the uncertainty of a successful transmission
of a message, we let the probability that one attempt is needed to deliver a message be py,

the probability that two attempts are needed to deliver a message is ps, and the probability

that three attempts are needed to deliver a message is p3. The probabilities are given in (4.2).

;

07 i=1
Pi=402 i=2 (4.2)

01 i=3

\

Note that the probability of a message being delivered in three or less attempts equals one.
The D, cdf for each remote user is calculated using a multinomial distribution. The multino-
mial distribution is used to calculate the probability of having n message delivery attempts.
The number of message delivery attempts n ranges from d, to 3d, for each remote user r.
A cumulative distribution function (cdf) is calculated for each remote user. It is assumed
that « is 0.1, so the probability of meeting demand D, must be greater than or equal to 0.9.
The cdf for each remote user is used to determine the number of message delivery attempts
needed to ensure that the probability of meeting demand D, is be greater than or equal
to 0.9. The smallest integer value that satisfies this probability is Fj,'(1 — a). Constraint
(4.1) is equivalent t0 Y 3" tee > Fp' (1 — @) Vr and is now represented by r linear

m n k
constraints.
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Model (P3)

objective function

min Z Z Z Z(Tk * Upnrk) (4.3)
m n r k

subject to

Constraints (3.5) - (3.12), (3.17)

D owmg =1 Vm (4.4)

> Zg D Uk 21 ¥m (4.5)

i Z i Ungnk 2 1 Vm (4.6)
2.0 Z Ui > Fpl(1— ) ¥r (4.7)

The objective function in (4.3) minimizes the sum of the delivery times of messages. Con-
straint (4.4) ensures that each message is delivered to gateways at least once. Constraint
(4.5) ensures that each message is delivered to remote users at least once. Constraint (4.6)
ensures that each message is delivered to nanosats at least once. Constraints (4.4 - 4.6) differ
from constraints (3.13) - (3.15) in (P1) and (P2) because each message can be sent more
than once in (P3). Constraint (4.7) is the equivalent representation of the chance constraint
(4.1) which ensures that the probability that remote user demand, D, is met will be greater

than or equal to some large value, (1-a).

Small Example for (P3)

The same parameters from the small example for (P1) are used. Table 4.1 shows the values
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used for constraint (4.7). Figure 4.1 shows the cdf used for both remote users 1 and 2. Three
messages are destined to each remote users 1 and 2. These values are used in place of the
demand constraint (3.16) for (P1). The results of the small example are shown in Table 4.2
and Figure 4.2. While there can be multiple delivery attempts for each message, only the
message path that first delivers the message is used as the solution. The uncertainty of a
successful message transmission resulted in both different message paths and longer delivery

times.

Table 4.1: Integer value for F D_Tl that ensures the demand D, is met at least 90% of the time.

Remote User (r) | 1|2
Fp! 6|6

0.9
0.8
0.7
0.6
0.5
0.4
03
0.2
0.1

Figure 4.1: D, cumulative distribution function for three messages.
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Table 4.2: Results for the small example showing the path that each message takes and the
times when the message was delivered to a nanosat and remote user.

Message | Gateway | Nanosat Time delivered | Remote | Time delivered to
to Nanosat (k) | User Remote User (k)

1 1 2 A 1 1

2 1 1 9 1 .

3 1 92 3 9 g

! ! ! 10 2 15

5 1 2 5 9 6

6 2 2 9 1 6

4.2 Min-Cost Flow Representation of (P3)

Model (P3) can be shown to satisfy the integrality property by using the min-cost flow
representation of (P1), which is discussed in Section 3.2. Model (P1) is shown in standard
form. Adding surplus variables to constraints (4.4) - (4.7) creates a standard form model that
is equivalent to (P1). Since (P1) can be mapped to its respective min-cost flow representation,

(P3) can also be mapped to the same min-cost flow representation.

4.3 Probabilistic Demand with Energy Constraints (P4)

This model includes both probabilistic demand and energy constraints. It uses parameters

and variables that were used for (P2) and (P3).

Model (P4)

objective function

min Y Y 3 (7 # k) (4.8)
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subject to

Constraints (3.5) - (3.12), (3.17)
Constraints (3.27) - (3.50)
Constraints (4.4) - (4.7)

The objective function in (4.8) minimizes the sum of the delivery times of messages. Con-
straints (3.5) - (3.12), (3.17) are from (P1). Constraints (3.27) - (3.30) are the energy
constraints from (P2). Constraints (4.4) - (4.7) are from (P3).

Small Example with (P4)

The same parameters from the small example for (P3) are used. The results of the small
example are shown in Table 4.3 and Figure 4.3. While there can be multiple delivery attempts
for each message, only the the message path that first delivers the message is used as the
solution. (P3) and (P4) have similar message delivery times but the message delivery paths
differ. In (P3), all but one message was delivered from Gateway 1. The message paths chosen

by (P4) are more well balanced.
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Table 4.3: Results for the small example showing the path that each message takes and the
times when the message was delivered to a nanosat and remote user.

Message | Gateway | Nanosat Time delivered | Remote | Time delivered to
to Nanosat (k) | User Remote User (k)

1 1 2 5 1 5

2 1 2 4 1 i

3 2 92 3 9 .

! . 2 12 2 16

° ! ! 11 2 15

6 1 1 1 1 .

4.4 Min-Cost Flow Representation of (P4)

(P4) does not satisfy integrality because combining energy and multiple message delivery
attempts eliminates the special problem format that allowed (P1), (P2), and (P3) to be
modeled as single commodity network flow problems. For (P4), the flow arcs now share
capacity between each message. For example, since each unique message m may have multiple

message delivery attempts, those arcs now have a shared capacity between the same message.
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Chapter 5
REALISTIC PROBLEM DESCRIPTION

Models (P1), (P2), (P3), and (P4) are run using data from a realistic problem. Simulation
data from STK is used to determine contact time windows and solar charging windows. A
12-hour time window is simulated using 2 gateways, 5 nanosats, and 6 remote users. The time
window is from 72,000 seconds to 115,200 seconds. The 12-hour time window is discretized
into 335 time units (kK = 335). A total of 21 messages were used. Three messages were
destined for remote user 1, seven messages for remote user 2, three messages for remote user
3, five messages for remote user 4, one message for remote user 5, and two messages for

remote user 6. Thirty-nine message delivery attempts were used for (P3) and (P4).
5.1 Results

Tables 5.1 - 5.4 show the optimization solution for realistic problems (P1), (P2), (P3), and
(P4). Message paths and delivery times are shown in the tables. For (P1), the 21 messages
were delivered within 218 time units. For (P2), the 21 messages were delivered within 260
time units. For (P3), the 21 messages were successfully delivered within 270 time intervals.

For (P4), the 21 messages were successfully delivered within 280 time intervals.



Table 5.1: Message paths and delivery times for (P1).

Time Time

Message | Gateway | Nanosat Delivered | Remote | Delivered
to Nanosat | User to Remote
(k) User (k)

! ! 4 3 2 178

’ ! 4 89 5 218

3 1 3 92 ) 92

4 2 3 88 A o

0 2 2 64 4 -

0 ! 4 2 3 215

! ! 4 41 1 179

8 2 3 91 ) 91

i ! 4 43 1 181

10 2 3 89 9 20

H ! 4 42 2 180

12 ! 4 1 1 177

13 2 2 66 4 66

14 2 9 63 3 61

15 2 3 90 9 %0

10 ! 4 39 4 216

17 2 3 87 6 o7

'8 ! 4 7 6 217

Y ! 4 8 1 182

20 2 9 65 9 o5

21 1 1 A 3 4
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Table 5.2: Message paths and delivery times for (P2).

Time Time

Message | Gateway | Nanosat Delivered | Remote | Delivered
to Nanosat | User to Remote
() User (k)

1 1 4 178 9 5

2 2 2 67 5 66

’ : 5 90 2 90

: . 3 91 4 91

° : 4 260 4 260

6 2 3 87 3 87

7 1 4 218 1 g8

8 1 1 A 9 1

! ’ s 88 1 88

10 1 4 216 2 6

H L 1 215 2 7

12 1 4 180 4 g

13 1 4 177 4 A1

14 2 9 64 3 61

o 2 4 259 2 259

16 1 4 217 1 5

17 1 4 179 6 )

18 2 3 39 6 29

19 2 2 66 1 61

20 1 3 99 9 9

21 2 9 65 3 62
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Table 5.3: Message paths and delivery times for (P3).

Time Time

Message | Gateway | Nanosat Delivered | Remote | Delivered
to Nanosat | User to Remote
(k) User (k)

! ! 4 42 2 218

’ 2 o 19 5 265

k ! 4 2 2 259

4 1 4 40 4 9

o 1 4 224 4 260

0 ! 4 7 3 89

! 2 2 61 1 267

8 1 4 39 5 %0

i 2 0 21 1 270

10 1 4 8 9 ”

1 1 5 149 9 269

12 ! 4 3 4 221

13 2 1 41 4 217

1 ! 4 1 3 182

1o . 4 43 2 216

16 2 3 90 4 o1

17 1 4 A1 6 o7

18 2 1 40 6 219

1 2 2 63 1 215

20 1 4 87 9 o7

21 1 1 A 3 4
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Table 5.4: Message paths and delivery times for (P4).

Time Time

Message | Gateway | Nanosat Delivered Remote | Delivered
to Nanosat | User to Remote
(k) User (k)

! L 4 43 2 280

: 2 3 89 5 259

; 2 1 41 2 283

1 L 4 6 4 181

5 1 4 40 4 %9

6 2 1 34 3 216

! L 4 89 1 219

° 2 1 83 2 270

9 1 4 41 1 66

10 L 4 1 2 217

11 1 92 33 9 65

12 L 4 2 4 179

13 L 4 39 4 180

H ! 5 10 3 265

1o 2 1 40 2 215

16 1 4 3 4 o7

17 1 1 A 6 1

'8 ! 4 90 6 92

Y ! 4 8 1 91

2 2 3 86 2 88

! ! 2 32 3 64

46
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5.2 Discussion

Thirty-nine message delivery attempts were made for (P3) and (P4). The number of total
delivery attempts was calculated using the method detailed in Chapter 4. Model (P3) took
longer than (P1) and (P2) to successfully deliver the 21 messages. Model (P4) took the
longest to successfully deliver the 21 messages. Not all the message delivery times for (P3)
and (P4) are implementable in reality. For example, in (P3) the first attempt to deliver
message 8 has a delivery time of £k = 92 and k£ = 90 to the nanosat and remote user respec-
tively. This is a feasible solution given the network flow formulation of (P3), however this
is not achievable in the real world. For each message at least one delivery attempt will be
achievable because for the flow conservation constraints to be fulfilled, there must be at least
one flow vp,gni that is less than or equal to a flow uy,, for all m and n. Tables 5.3 and
5.4 show one message delivery time and path. If multiple delivery attempts were made, the

path with the quickest feasible delivery time to the remote user is chosen.

For (P1) and (P2) only four of the five nanosats were used to deliver all the messages;
all five nanosats were utilized for (P3) and (P4). This may to due to the fifth nanosat’s
orbital parameters or to the fact that (P3) and (P4) required 39 message delivery attempts
instead of the 21 attempts for (P1) and (P2). Figures 5.1 - 5.4 show a graphical representa-
tion of the message paths for (P1), (P2), (P3), and (P4). The message paths taken in (P3)
and (P4) in Figures 5.3 and 5.4 are more well balanced than the paths taken in (P1) and
(P2) in Figures 5.1 and 5.2.
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Figure 5.1: Network representation of (P1) message paths. CCC is the Central Command
and Control Center, G1 representations gateway 1, N1 is nanosat 1, and R1 is remote user
1.

Figure 5.2: Network representation of (P2) message paths. CCC is the Central Command
and Control Center, G1 representations gateway 1, N1 is nanosat 1, and R1 is remote user
1.
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Figure 5.3: Network representation of (P3) message paths. CCC is the Central Command
and Control Center, G1 representations gateway 1, N1 is nanosat 1, and R1 is remote user
1.

Figure 5.4: Network representation of (P4) message paths. CCC is the Central Command
and Control Center, G1 representations gateway 1, N1 is nanosat 1, and R1 is remote user
1.
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Chapter 6

COMPARISON OF GREEDY POLICIES AND OPTIMIZATION
POLICIES

A simulation is created to compare different scheduling policies. Section 6.1 discusses the
simulation framework and defines an easily implemented greedy policy for routing messages.
In Section 6.2, the greedy policy is compared to the solutions of (P1) and (P2) for the small
example (B) by evaluating the objective functions.. In Section 6.3, the greedy policy and

solutions from (P1)-(P4) are simulated and the results are presented.

6.1 Simulation Framework

The simulation has six main components: the STK Simulation Database, Nanosat, Central
Command and Control (C3), Ground Gateways, Remote Users, Main Simulation, and Per-

formance Evaluation. A block diagram for the simulation framework is shown in Figure 6.1.

The STK simulation database is generated by the STK software. A scenario with a constel-
lation of nanosats and various ground node locations for gateways and remote users is set
up using STK. Coverage analysis is performed to generate contact time windows between
nanosats and ground nodes (gateways and remote users). Solar charging time windows are

generated for nanosats through sunlight analysis.

A nanosat object stores the database, which includes sunlight time windows and contact
time windows between ground nodes and nanosats. Each nanosat object includes methods
for updating the message queue, remaining energy, and message arrival and departure times

as it receives and transmits messages. In the main simulation, several nanosat objects are
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STK Simulation

»> Nanosats
Database
Ground
i Gateways
Central
Main Simulation »] Command &
Control
» Remote Users
.| Performance
| Evaluation

Figure 6.1: Block diagram of main scheduling simulation architecture.

constructed to form a constellation. Gateways and remote users include the identification of

ground nodes which represent gateways and remote users respectively.

The C3 object stores the database for ground nodes and nanosats including contact time
windows. The C3 object includes methods for message generation, route generation using a
greedy policy or solving the optimization models (P1), (P2), (P3), and (P4), and updating
message queues and arrival times at gateways and remote users. Messages are generated at
C3 using a Poisson process with a specified mean message generation rate. The destination
for each message is randomly assigned to a remote user from a set of remote users in the

database.

The main simulation module executes a discrete event simulation. It creates a time-ordered
event list is created based on the beginnings of contact time windows between ground nodes
and nanosats. For each contact event, uploading (reception at nanosat from gateway) and/or

downloading (transmission from nanosat to remote user) of messages are performed based



o2

on the contact nodes (nanosat and gateway or remote user) and the message queue on the
nanosat and/or gateway. With each download and upload event, message queues and arrival
times of messages are updated. With each download event, remaining energy on the nanosat

is updated.

Route generation (selection of gateway and nanosat for a message) by a greedy policy is
based on the earliest delivery time to the remote user considering contact time windows
only. Route generation by an optimal policy is based on solving a specified optimization

model (P1), (P2), (P3), (P4). The optimization routes used are shown in Tables 5.1 - 5.4.

Two types of message delivery simulations are performed: deterministic and probabilistic.
In the deterministic simulation, the download for each message happens only once (100%
delivery success is assumed). In the probabilistic simulation, the number of downloads for
each message is sampled from a given discrete probability mass function (e.g., Pr(number of
downloads = 1) = 0.7, Pr(number of downloads = 2) = 0.2, Pr(number of downloads = 3)
= (0.1). Based on the sampled value, a message may be transmitted from the nanosat one,
two or three times. The message delivery time and the remaining energy on the nanosat are

properly updated based on the number of transmissions.

The performance evaluation calculates the delay for each message which is calculated as
the difference between the arrival time at the user and the message generation at the C3.
This is done once all the messages have been delivered to remote users. The statistics on
the delay performance of all messages for a specified scheduling and routing policy (greedy,
(P1), (P2), (P3) or (P4)) are evaluated including mean, minimum, maximum, and standard

deviation.
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6.2 Greedy Policy with Small Example

The greedy policy was first evaluated under the model (P1) and obtained the same objective
function value as the optimal solution presented in Section 3.6. The objective function value
was the same as the original (P1) optimization objective function value, because there are
many message paths that lead to the same objective function value so both (P1) and the
greedy policy are optimal solutions to (P1). Then the greedy policy was evaluated under
model (P2) with energy constraints, and the objective function value of 16,440 was higher
than the (P2) optimization objective function value of 5,710. The greedy policy message

paths can be seen in Figure 6.2. The visual results for (P2) optimization and greedy policy

(P2) are shown in Figure 6.3

Figure 6.2: Network representation of greedy message path for small example. CCC is the

Central Command and Control Center, G1 representations gateway 1, N1 is nanosat 1, and
R1 is remote user 1.
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Figure 6.3: Visual representation of Greedy (P2) small example result with two gateways
G1 and G2, two nanosats N1 and N2, and two remote users R1 and R2.

6.3 Simulation Results on Realistic Problem

The simulation ran using the parameters of the realistic problem that were presented in
Chapter 5. However, a 24-hour time window was used for the simulation (instead of the
12-hour time window used in Chapter 5). The deterministic simulation where each message
was successfully delivered on the first attempt was run once using the greedy policy and the
optimal routes from (P1) and (P2). The results are shown in Table 6.1. The probabilistic
simulation was run ten times using the greedy policy and the solutions from (P1), (P2),

(P3), and (P4). The results are shown in Table 6.2.

The greedy policy performed better than simulated (P1) and simulated (P2) for the deter-
ministic simulation in terms of total delivery time. This may be explained by the contact
time not being discretized in the simulation. the 12-hour/24-hour time horizon difference
between the realistic example and the simulation, or other small differences between the
optimization problems and the simulaton. Simulated (P1) performed better in terms of the

maximum delivery time. This means that all the messages were delivered in a shorter time
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Table 6.1: Deterministic simulation results showing Greedy, simulated (P1), and simulated

(P2) policies.

Greedy | Simulated (P1) | Simulated (P2)
Total Delivery

1,848,100 | 1,990,400 1,873,300
Time (seconds)
Minimum Delivery

72,800 72,800 72,800
Time (seconds)
Maximum Delivery

118,900 | 110,700 129,800
Time (seconds)

Table 6.2: Probabilistic simulation results showing Greedy, simulated (P1), simulated (P2),
simulated (P3), and simulated (P4) policies. The average of 10 trials is shown.

(seconds)

Greedy Simulated | Simulated | Simulated | Simulated
ey (e ey | @)

Average Total
Delivery Time 1,999,760 | 2,078,320 | 1,998,210 | 2,056,150 | 1,925,410
(seconds)
Average Minimum
Delivery Time 72,830 75,690 72,850 72,830 73,510
(seconds)
Average Maximum
Delivery Time 129,520 | 113,410 135,660 138,620 126,270
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for simulated (P1) than when using the greedy policy. There is abundant energy during the
deterministic simulation due to the smaller number of message delivery attempts. Energy

does not constrain the network when there is a small number of message deliveries.

On average, simulated (P4) performed the best for the probabilistic simulation in terms
of the average total delivery time. The greedy policy performed better than simulated (P1)
and simulated (P3). Neither (P1) nor (P3) take energy constraints into consideration, which
may be why neither simulated policy performed better than the greedy policy. Simulated
(P2) performed slightly better than the greedy policy in terms of average total delivery time,
however it is not a significant improvement and on average, it took longer for all the messages
to be delivered for simulated (P2) than for the greedy policy. A larger number of message
delivery attempts can be accommodated using more well-balanced message paths. (P4) has
a more well-balanced use of paths than the greedy policy. Refer to Figures 5.1 - 5.4 for the
message paths taken for (P1), (P2), (P3), and (P4). The greedy policy only utilizes one
of the two gateways and does not utilize nanosat 3. (P4) uses both gateways and all five
nanosats (including nanosat 3). The greedy and (P4) message paths can be seen in Figure
6.4. Note that the initial, maximum, and minimum energy parameters for (P4) are not the
same as simulated energy parameters. This is okay because in real life, we can plan for this

but simulate something else.
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Figure 6.4: Network representation of greedy message paths and (P4) message paths. CCC
is the Central Command and Control Center, G1 representations gateway 1, N1 is nanosat
1, and R1 is remote user 1.
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Chapter 7
MAXIMUM FLOW

A maximum flow network problem is formulated to analyze the maximum number of mes-

sages that can be sent using a given constellation of nanosats and within a given time frame.

objective function
max ZZZZummk (7.1)
m n r k

subject to

DY wmg <M (7.2)

Wing 2 Z Z Umgnk V(m,g) (7.3)
n k
(Z Umgnk) Z Zmnk + Z Umnrk V(m, n, k= 1) (74)
g r

(Z Umgnk) + Zmn(k—1) > Zmnk + Z Umnrk ‘v’(m, n, k= 27 B K — ]-) (75)

g T

(Z Umgnk:) + Zmn(k—1) Z Z Umnrk V(m7 n, k= K) (76)

g T

DD e <1 (k) (7.7)

m n
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YD tmgn <1 V(n,k) (7.9)
> i”mgnk <1 V(gFk) (7.10)
: nZwmg =1 Vvm (7.11)

ZZgZumm =1 Vm (7.12)

SY st -
PREE

Cnk = EnO - Z Z Umnrk + 5nk - hn,k—l v(ny k= 1) (714)

Enk — en(k_l) — Z Z Umnrk + 5nk - hn,kfl V(n, k= 2, K) (715)
Cmin S Enk S €max V(’I’L, k) (716)

Bt > 0 (7.17)

Umgnk s Umnrks Wmg, Zmnk < {Ou 1} (718)

The objective function in (7.1) maximizes the total number of message deliveries. Constraint
(7.2) ensures that the total number messages delivered from the CCC to gateways is less than
or equal to the total number of messages (M) waiting to be sent from the CCC. Constraint
(7.3) is the flow constraint for gateways; constraints (7.4)-(7.6) are the flow constraint for
nanosats. Constraint (7.7) ensures that an user receives at most one message in each time
period. Constraint (7.8) ensures that a nanosat sends at most one message in each time
period. Constraint (7.9) ensures that a nanosat receives at most one message in each time
period. Constraint (7.10) ensures that a gateway sends at most one message in each time
period. Constraint (7.11) ensures that each message is delivered to gateways at least once.
Constraint (7.12) ensures that each message is delivered to remote users at least once. Con-

straint (7.13) ensures that each message is delivered to nanosats at leastonce. Constraints
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(7.14) and (7.15) are the energy constraints which ensure that energy is stored or used ac-
cording to nanosat specifications. Constraint (7.16) ensures that a nanosat energy level stays
within the appropriate levels. Constraint (7.17) ensures that h, is collecting extra/spilled
energy. Constraint (7.18) restricts the decision variables vy,gnk, Unmnrk, Wing, Zmnk, to be bi-

nary.

The two small examples from Section 3.3 and the realistic problem from Chapter 5 are used
for the maximum flow problem. Small example (A) has a maximum capacity of 32 messages
while the small example (B) has a maximum capacity of 29 messages. The realistic problem
has a maximum capacity of 58 messages. The solar charging time windows play a role in
determining the maximum message delivery capacity for a given nanosat and ground node
constellation, which is illustrated by difference in maximum capacity for small examples (A)

and (B).
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Chapter 8

CONCLUSIONS AND FUTURE WORK

Short contact intervals between ground nodes and nanosats, along with uncertainty in suc-
cessful delivery of messages due to noise in the environment, create challenges when using low
earth orbit nanosats for communication. This thesis presented four optimization models to
enable store-and-forward communications between gateways and remote users via nanosats.
Model (P1) was a deterministic demand model without energy constraints. In (P2), energy
constraints were added to see the effects that energy would have on the network of nanosats
and ground nodes. To model the uncertainty in successful delivery of messages, a probabilis-
tic chance constraint was introduced in (P3). Model (P4) built upon the foundation of (P3)
by including energy constraints. Models (P1), (P2), and (P3) were shown to satisfy integral-
ity by formulating an equivalent single commodity minimum cost network flow problem for
each model. This allowed for (P1), (P2), and (P3) to be solved quickly as linear programs
as opposed to large integer programs. A maximum flow network problem was formulated to
analyze the maximum number of messages that can be supported by a given constellation of

nanosats with a time horizon.

Small examples were used to illustrate models (P1), (P2), (P3), and (P4). A realistic prob-
lem was solved using the four optimization models. The results showed that (P3) and (P4)
had more well-balanced use of message paths, while (P1) and (P2) only used a small subset
of message paths to deliver all the messages. The results from the realistic problem were
used to simulate different policies for the simulation presented in Chapter 6. The simulation
results showed that a greedy policy is sufficient when there is abundant energy in the sys-

tem and a small number of message deliveries, and when messages are successfully delivered
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on the first attempt. The probabilistic simulation, where messages may not be successfully
delivered on the first attempt, showed that (P4) was the best policy. The greedy policy only
utilized one of two gateways and therefore had limited ways to send messages to the remote
users. The more well-balanced use of message paths for (P4) provided more flexibility in

delivering messages to remote users.

Several assumptions were made when modeling message deliveries using a constellation of
nanosats. This thesis assumed two-way communication between ground nodes and nanosats.
In future work, models should be created for one-way communication where nanosats cannot
simultaneously receive and send messages. The current models also assume a “store-and-
forward” approach where nanosats do not communicate with one another. Crosslinks (where
nanosats can communicate amongst each other) should be modeled and the effort on message
delivery times should be compared to the “store-and-forward” approach. While this thesis
did not allow message preemption, as done in [9], or message priority, future work should
delve into the effects of message priority and preemption on the delivery times for a given

nanosat constellation network.
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