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ABSTRACT

Context. The main purpose of Correlation Extremal Navigation system is finding coordinates in case of absence of Global
Positioning System signal and as a result high-accuracy maps as the main source of information for finding coordinates are very
important. Magnetic field map as the main source of information can include errors values, as an example: not good enough
equipment or human factor can cause error value of measurements.

Objective. In order to create high-accuracy maps given work proposes to improve the process of creating magnetic field maps.
The given work represents delay tolerant networking as an additional approach for data transmission between magnetic observatory
and magnetic station and its improvement.

Method. Improved Dijkstra’s algorithm together with Ford-Fulkerson’s algorithm for finding path with minimum capacity
losses, earliest delivery time and maximum bit rate in case of overlapping contacts should be represented in the given work because
nowadays, delay tolerant networking routing protocols do not take into account the overlap factor and resulting capacity losses and
it leads to big problems

Results. For the first time will be presented algorithm that chooses the route that guarantees the minimum of capacity losses,
carliest delivery time and maximum bit rate in the delay tolerant networking with overlapping contacts and increases the
probability of successful data transmission between magnetic stations and magnetic observatories.

Conclusions. In order to perform high-accuracy measurement of magnetic field group of people allocate their equipment for
magnetic field measurement in remote areas in order to avoid the influence of environment on measurements of magnetometer.
Since magnitude of magnetic field can vary dependent on temperature, proximity to the ocean, latitude (diurnal variation of
magnetic field) and magnetic storms magnetic station from time to time adjusts its measurements with a help of reference values of
magnetic field (magnetic station sends request for reference values to magnetic observatory). The problem of the given approach is
that remote areas usually are not covered by network (no Internet) and as a result the adjustment of measurements is impossible. In
order to make adjustment of measurements possible and as a result improve accuracy of magnetic maps given work proposed the
usage of Delay Tolerant Networking that delivers internet access to different areas around the world and represented its
improvement to make its approach even better.The results are published for the first time.

KEYWORDS: Correlation Extremal Navigation system, Ford-Fulkerson’s algorithm, magnetic maps, Dijkstra’s algorithm.

NOMENCLATURE
) ABBREVIATIONS_ ) X; is a support time;
CENS is Correlation Extremal Navigation system; ] B )
DTN is Delay Tolerant Networking; IT;(%) is a utility function of X; ;
UAYV is Unmanned Aerial Vehicle; L (x) is a loss function of X, ;

CGR is Contact Graph Routing protocol;

TON is Interplanctary Overlay Network: St is a start time of acquisition of signal of the

LEO is low Earth orbit; satellite; _ _ . .
AOS is acquisition of-signal; end is a time when loss of signal of the satellite
LOS is loss-of-signal. occurs;

M ={S1,S2,...,S,} s a set of satellites;
[a;,b1,i=1,2,..,m is a time window for satellites.
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INTRODUCTION

CENS is based on the idea of comparison of current
realization of maps with those saved in memory and by
finding the maximal match between current and template
maps it identifies the coordinates of UAV when GPS
signal is absent.

Template maps can be of different types but in this
work attention will be focused on magnetic field maps
and their accuracy.

In order to increase the accuracy of magnetic field
maps given work proposes the usage of DTN as an
additional network that can guarantee the access to data of
magnetic observatory in any area around the world.

OneWeb worldwide satellite broadband network is
based on integration of LEO satellites and DTN. Given
network can be perfectly used as support for creating
high-accuracy magnetic field maps.

The minimum theoretical latency from ground to
satellite of OneWeb worldwide satellite broadband
network is about 1-4 milliseconds; a LEO satellite
constellation also provides more system capacity by
frequency reuse across its coverage; the data transmission
rate is about 400Mbit/sec (100Mbit/sec have standard http
protocols). The disadvantage of having a OneWeb
satellite constellation of 700 satellites is cost. While the
OneWeb satellites are physically much, much smaller—
about 150kg (3301bs) per OneWeb satellite vs. 4000kg
(90001bs) [1] for a geosynchronous communications
satellite-it costs a lot to build 900 satellites and launch
700 satellites into space (The extra 200 satellites will be
held back on Earth until they’re needed) [2].

Despite represented disadvantage given work highly
recommends OneWeb satellite constellation as support for
creating high-accuracy magnetic field maps [3].

Another aspect that is very important is that due to
large number of LEO [4] satellites and large surface
coverage the probability of overlapping contacts of the
nodes increases and consequently more data losses
happen. The cause why capacity loss of the channel
occurs, from technical perspective, is due to the fact that
single-antenna installation is incapable to maintain
uninterrupted  operations  from several satellites
simultaneously and support of multiple installations is
expensive; ground station selects only one satellite at a
point in time while the data of another satellite getting
ignored.

In order to have high quality support for creating high-
accuracy magnetic field maps in the given work the
mentioned above problem has to be solved. Improved
routing algorithm for finding path with minimum capacity
losses, earliest delivery time and maximum bit rate in case
of overlapping contacts should be represented in the given
work because nowadays, delay tolerant networking
routing protocols do not take into account the overlap
factor and resulting capacity losses and it leads to big
problems.

The object of study is the process of creation of
high-accuracy magnetic field maps.
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The subject of study is improvement of existing
approaches for magnetic field maps creation.

The purpose of the work: usage of improved DTN
as an additional approach for data transmission between
magnetic observatory and magnetic station and its
improvement.

1 PROBLEM STATEMENT

DTN is by default the best approach for delivering
internet access in remote areas where standard Internet
protocols cannot be used that’s why the benefit of usage
of the given approach as support for creating high-
accuracy magnetic field maps is obvious.

Problem statement: the given work should represent
the improvement for existing DTN thereby improving the
accuracy of magnetic field maps i.e. should be developed
an algorithm that aims to find out the optimal path that
guarantees the minimum of network losses, earliest
delivery time and maximum bit rate.

Let’s suppose we have instance: M satellites,

[a,b],i=12,..,m for S, reconfiguration time r=0,
IT,(x) for satellites S,,i=1,2,..,m and L(x) for
satellites S,i =1,2,...,m in the network with overlapping
contacts.

Objective: find path with maximum II,(X) and
minimum L (x,)-

Based on the mentioned above picture the following
rules for optimal path selection for default satellites Sl
and S2 can be distinguished.

—if TIg(xg) > Mg, (X)) & &Lg  (Xg) < Ly (%), then S1
node is selected.

— if T (xg) < TTgy (Xs3) & &L (X)) < Lga (Xsp) » then Sl
node is selected.

— i TIgy (%) > Mg (%) & &l (Xgp) = Lz (%) » then S1
node is selected.

—if II,(x,) <II,(x,) & &L, (x,)=L,(x,), then
S2 node is selected.

—if IT,(x,) <II,(X,) &&L,(x,)>L,(X,), then
S2 node is selected.

—if IT,(x,)>II,(X,) & &L, (X,)>L,(X,), then
S2 node is selected.

—if TI,(x,)=T_,(x,)&&L,(x,) ==L, (x,), then
other features should be analyzed.

These are the basic rules presented in this work based
on which the optimal path has to be selected.

2 REVIEW OF THE LITERATURE

CGR protocol as an implementation of DTN and basic
functionality of which should be improved in order to
solve the problem of overlapping contacts, proposed by S.
Burleigh, follows a distributed approach: the next hop is
determined by each DTN node on the path with a help of
recomputing the best route to destination, as soon as a
bundle is received. This routing procedure takes into
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account that a global contact plan [5], comprising all
forthcoming contacts, is timely distributed in advance in
order to enable each node [6] to have an accurate
understanding of the network [7].

Contact plan is the main source of information that
provides information about network i.e. neighborhood
nodes (the start and end time of their contacts) [8]. Routes
can thus be calculated by each node on demand, based on
extensive topological knowledge of the network (contact
plan) [9]. This workflow where a contact plan can be
initially determined by means of orbital propagators and
communication models, then distributed to the network,
and finally used by the DTN nodes to calculate routes to
the required destinations. CGR can dynamically respond
to changes in network topology and traffic demands. An
early version of CGR was flight-validated in Deep Space
[10] by National Aeronautics and Space Administration in
2008 and CGR has been estimated as the most studied
routing solutions for space networking since then [11].

CGR was documented in 2009 and later updated in
2010 as an experimental Internet Draft.

By the end of the same year, Segui et al. presented
earliest-arrival-time as a convenient monotonically
decreasing optimization metric that avoids routing loops
and enables the use of standard Dijkstra’s algorithm for
path selection. This enhancement was then presented in
the official version of CGR, included in the Interplanetary
Overlay Network DTN Stack developed by the Jet
Propulsion Laboratory. Later, in 2014, authors observed
the implementation of temporal route lists as a mean to
minimize CGR executions. In the same year,
Bezirgiannidis et al. proposed to monitor transmission
queues within CGR as they increase the earliest
transmission  opportunity. the same paper, a
complementary overbooking management innovation
enables proactive reforwarding of bundles whose place in
the outbound queue was presented by subsequent higher
priority traffic. Both ETO and overbooking management
are now presented in the official CGR version. Regarding
congestion management, further extensions were provided
as well. Most recently, in 2016, Burleigh et al. presented
an opportunistic extension as a means of enlarging CGR
applicability from deterministic space networks to
opportunistic terrestrial networks. The latter contribution
since it could, if successful; pave the way towards
implementing space DTN advances on ground-based
networks. At the time of this writing, CGR procedure is
being formally presented as part of the Schedule-Aware
Bundle Routing (SABR) procedure in a CCSDS Blue
Book. Finally, this software becomes an important point
of reference for the latest routing and forwarding
mechanisms for space DTNs.

3 MATERIALS AND METHODS
In order to find out the optimal path by considering
not only the shortest distance but also the network losses
and to perform scheduling of bundles of CGR protocol,
the following single processing steps should be examined
(Fig. 1):
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— Step 1. Initial configuration;

— Step 2. Selection of highest priority bundle;

— Step 3. Finding the max flow value in flow network;

— Step 4. Checking the size of bundle;

— Step 5. Calculation of optimal path;

— Step 6. Finding the max flow value in optimal path;

— Step 7. Updates in contact plan;

— Step 8. Finding the rest data.

In processing step Ne 1 “sender” should invoke some
function in application service to send a unit of
application data to a remote counterpart. The destination
of the application data unit should be expressed as a
bundle protocol endpoint identifier. The application data
unit should be encapsulated in a bundle. Each bundle
should have its own “sender-defined” priority and should
be forwarded over selected path build based on the
“sender-defined” contact plan. At the beginning program
asks the user to enter the following data: ID of source
node, ID of destination node, bundle itself (program reads
data from a file whose name is input by the user), bundle
priority and contact plan, represented as Json object. So to
say, user provides information about transmission details.
Data should be entered in specific order. If user wants to
forward several (more than one, as an example: 2)
bundles, user has to enter the ID of source node for first
bundle and after for the second one then in the same order
user should enter the ID of destination node for first
bundle and after for second one and bundle priority for
first bundle and after for second one, etc., the order is
important because program associates the bundle with its
index position and all the data belong to the bundle should
have the same index position. Program retrieves bundle
by highest priority (as was discussed bundle priority
should has the same index position as bundle to which it
belongs). After successful data forwarding, all the data by
certain index position will be removed, in order to avoid
infinite loop, after program will retrieve another bundle
by highest priority (lowest value — highest priority) and
everything will start again from the beginning. User input
example: tvg 10 sl4.json -pay bundle 1.txt
bundle 2.txt-s “FLOCK 1C-4” “FLOCK 1C-4” -¢ “gs18”
“gs18” -pr 12

In processing step Ne 2 is stating that processing logic
should be aware of the priority of bundles to guarantee
reduction of transmission delays. Exist different priority
levels: 2 = bulk, 1 = normal, 0 = expedited. In the
proposed approach bundles of low-priority value should
represent top priority. In processing step Ne 3 the max
flow value in flow network should be calculated. In the
proposed approach the Ford-Fulkerson’s algorithm should
be used in order to find max flow in the flow network to
identify amount of data that can be transferred from one
point to another. In order to truly understand the current
state of the network — maximum number of bits that can
be transferred from the source node to sink node (source
node and sink node are user inputs) program uses Ford-
Fulkerson’s algorithm. Program has contact plan — user-
defined (as an example: contact plan can be presented in
form shown by contact plan updater) and implementation
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Figure 1 — Overall process flow that is triggered in case optimization approach is applied

of Ford-Fulkerson’s algorithm represents a flow network
based on the contact plan where every edge has a
capacity. Capacity of an edge is the maximum number of
bits that can be transferred through this edge and equals:
end time of loss-of-signal (LOS) start time of
acquisition of-signal (AOS) * bit rate. The path between
nodes is characterized by start time of acquisition of-
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signal (AOS) and end time of loss-of-signal (LOS). As
was already discussed one node can has several start
nodes. When start node links to neighboring node it
requests the history of communications (earliest start time
and earliest delivery time; with regard to the size of
bundle) between neighboring node and other start nodes.
The main advantage of this algorithm is that it shows how
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much “flow” can the network (all existing paths) process
at a time for specified source node and sink node. After
that, program compares the size of bundle and max flow
value of the network, if the size of bundle is less than max
flow value then program transfers an entire bundle
completely otherwise bundle waits for updates in existing
contact plan (or fragmentation is applied). As an example
if the bundle size is 45 bits and max flow value is 25 bits
then 45-25 = 20, so 20 bits should wait for updates in
existing contact plan because current one has insufficient
capacity.

In processing step Ned4 the proposed approach
calculates the size of the bundle. A bundle itself plays an
important role. In case the size of bundle is bigger than
max flow value in flow network bundle can’t be
forwarded because current network has not enough
capacity to forward that bundle otherwise the processing
step Ne5 activates.

The network max flow value is value defined by Ford-
Fulkerson’s algorithm for specified source node and
destination node; and if the contact plan has a lack of
capacity for certain bundle (for certain destination of
bundle) it doesn’t mean that other bundles (other bundle
endpoints) can’t be transferred through the network. In
our example was determined the current state of the
network — max flow value for concrete bundle (for
concrete destination of bundle) i.e. was determined that
the size of bundle is bigger than max flow value and that
the part of this bundle which can’t be transferred should
wait for updates in existing contact plan while other low
priority bundles can be transferred. If the size of bundle
is less than max flow value then program calculates the
optimal path for this bundle — Dijkstra’s algorithm.

In processing step Ne5 proposed approach calculates
the optimal path. Our implementation of Dijkstra’s
algorithm gives top priority to the minimum cost path
(minimum of capacity losses). As was already
determined, the cause why capacity loss of the channel
occurs, from technical perspective, is due to the fact that
single-antenna installation is incapable of uninterrupted
operation from several satellites simultaneously; ground
station selects only one satellite at a point in time while
the data of another satellite getting ignored. When paths
costs are the same program starts checking their bit rates
and distances. In such way program improves the
performance of the network. Each node has parameters
which characterize path to this node: the cost of path,
distance, bit rate, earliest start time, earliest delivery time,
name of parent node (predecessor), losses of the path,
route flow and useless link. The cost of the node is the
cost of path to this node.

In order to find out the optimal path that guarantees
the minimum of network losses, earliest delivery time and
maximum bit rate such components as optimal path
finder, contact overlap finder and capacity loss calculator
should be applied. First of all, the contact overlap finder
extracts data from a contact plan. A contact is defined as
an interval during which it is expected that data will be
transmitted by DTN transmitting node and most or all of
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the transmitted data will be received by contact’s
receiving node. Knowing the contact plan of the whole
network the overlapping contacts can be easily
determined by contact overlap finder in the following
way: Let first condition A means that start time of AOS
and end time of LOS of the node S1 completely after start
time of AOS and end time of LOS of the node S2 (Fig.
2).

|--- AOS.LOS of §2 |
(Trueif AOS(S1)=1L0OS (S52))

Figure 2 — Example 1. Non overlapping contacts

Let second condition B means that start time of AOS
and end time of LOS of the node S1 is completely before
start time of AOS and end time of LOS of the node S2

(Fig. 3).

|---- AOS,LOS of S1 -
|--- AOS.LOS of §2 -
(True if LOS (S1) < A0S (S52))

Figure 3 — Example 2. Non overlapping contacts

If neither SI nor S2 is true — then overlap exists
(Fig. 4).

JAOS (S1) <=LOS (.52) and LOS (S1) >= AOS (52)|
Figure 4 — Example 3. Overlapping contacts

So wusing this statement contact overlap finder
determines the presence of overlaps. But this is not
enough because the goal is searching for paths with
minimum capacity losses.

As was already determined completed bundle
transmission or reception activity reduces the current
capacity of the applicable throttle by the capacity
consumption computed for that bundle. This reduction
may cause the throttle’s current capacity to become
negative.

A satellite is said to be available for a specified
interval of time, called its time window [12], if it is
visible to the ground station during this interval; let we
have: [0,L],L >0 M ={S1,52,...,S,}; a satellite is visible
for a subinterval of the

[st,end ]<[0,L] be the
S.i=12..m if

end, <st, thus the overlap values between satellites S1

planning horizon: let
visible for satellite

st, <st,and end, <end, and

and S2 can be denoted in the following way:

end, — st

Overlap, = —1—>2x100, 1
Ps end, —st, M

end, — st
Overlap, = ——1—2x100 2
Ps, end, - st, @
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This overlap values present the value of capacity
losses during overlap for overlapping nodes S1 and
S2.

So capacity loss values for overlapping nodes
provided by capacity loss calculator are used to find
the path with minimum capacity losses. Thus, optimal
path finder using information taken from contact
overlap finder and capacity loss calculator calculates
the optimal path. The base idea of the proposed
approach is assignment of the highest priority to the
path with maximum utility and minimum of capacity
losses. In some cases utility value can be neglected,
because in case of overlap, max flow value along the
path where affected node locates reduces and it leads to
severe network performance degradation (network
losses), that’s why should be avoided paths with
overlapping contacts. This is actually the main reason
why paths with minimum capacity losses and low
utility are more preferable than paths with maximum of
capacity losses and high utility. In case where paths
don’t have any overlapping contacts proposed
approach selects path with earliest delivery time and
maximum bit rate.

To find all possible routes in the contact plan, the
load route list routine performs a series of Dijkstra’s
searches over a contact graph derived from the contact
plan. Although complex algorithm, CGR is considered
to be among the most mature strategies towards
forwarding and routing in space DTNs. In this work,
should be developed an algorithm that aims to find out
the optimal path that guarantees the minimum of
network losses, earliest delivery time and maximum bit
rate and to perform scheduling of bundles in the
network with overlapping contacts. The main idea of
proposed approach can be presented by following
example.

The main advantages of the proposed approach are
following:

— Low scheduling overhead;

— Capacity losses control;

— Conceptually very simple.

The proposed approach is integrated into Dijkstra’s
algorithm to assure that the selected path is also the
shortest one (has earliest delivery time).

After optimal path selection processing step Ne 6
activates. In the processing step Ne 6 proposed
approach finds the max flow value in optimal path and
compares this value with size of bundle. If size of
bundle is bigger than max flow value then the
following problem appears:

— proposed approach calculates the value of
capacity losses with regard to the size of bundle, but in
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the case where some edge has a lack of bandwidth for
transferring bundle of the given size then bundle cut-
off happens and proposed approach can’t calculate the
cost of overlap for overlapping contacts with regard to
the size of bundle anymore because the size of bundle
was changed. In such situation proposed approach sets
the size of bundle to the max flow value in optimal
path and returns to step Ne 5 to calculate correct value
of capacity losses for overlapping contacts. If size of
bundle is less than max flow value in optimal path then
proposed approach moves to processing step Ne 7. In
the processing step Ne 7 proposed approach updates
central contact plan. It should be noted that due to the
application context of DTN, nodes are not able to
synchronize their contact plans instantly (every node
has an own contact plan independently of the contact
plans of the other nodes). Our approach proposes
central contact plan for all nodes. Before next bundle
selection central contact plan should be updated
because as was mentioned above completed bundle
transmission activity and contact overlap reduce the
current capacity of the applicable throttles by the
capacity consumption computed for that bundle.

In processing step Ne 8 proposed approach finds the
rest data. If size of bundle is bigger than optimal path
max flow value then proposed approach performs the
fragmentation. It is clear that in processing step Ne 8
the part of bundle that was smaller or equal to max
flow value in optimal path was scheduled already, but
if size of bundle is bigger than optimal path max flow
value then proposed approach subtracts bundle size
from max flow value in optimal path (fragmentation)
and performs scheduling for the rest of bundle starting
from processing step Ne 5. Thus, can be concluded that
all algorithmic enhancements for network with
overlapping contacts are configured to deliver bundles
not only as early as possible but also with maximum
favorable cost of performance. Proposed algorithm can
be integrated into DTN protocol implementation
software called “ION” (CGR - based protocols block)
as far as its configuration environment is simulated in
similar way and it provides solutions for problems
arose in network with overlapping contacts.

4 EXPERIMENTS
In order to develop and test code Eclipse Integrated
Development Envirinment was used, the code itself
was written in Python.
The program implementation can be described with
the following pictures (Fig. 5, Fig. 6, Fig. 7, Fig. 8, Fig.
9, Fig. 10 and Fig. 11).
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{" contacts":
{"contacts":
{"contacts":
{"contacts":
{"contacts":

Contact plan

[[48004.0, 48006.0, 32]], "vertices": ["FLOCK 1C-4", "gs121"]}
[[48002.0, 48004.0, 3211, "vertices™: ["FLOCK 1C-4", "gs144"]}
[[48009.0, 4801L.0, 64]], "vertices": ["gs121", "HUMSAT-D"]}
[[48012.0, 48016.0, 64]], "vertices": ["HUMSAT-D", "gs18"]}
[[48004.0,48006.0, 64]], "vertices":

["gsl44", "DEORBITSAIL"]}

{"contacts™: [[48012.0, 48017.0, 16]]. "vertices": ["DEORBITSAIL","gs18"}

Bundle size: 32 bits
Source node: FLOCK 1C-4

Destination node: gsl8

Priority: 1

=14

FLOCK 1C4 %

A

=111

64

Bundle size: 72 bits

Source node: FLOCK 1C-4
Destina tion node: gs18
Priority: 2

DEORBITSAIL

64

HUMSAT-D

Figure 5 — Initial internal configuration

Contact plan
{"contacts™: [[48004.0, 48006.0, 32]1, "vertices": ["FLOCK 1C-4", "gsl21"]} = = . .
{"contacts”: [[48002.0, 48004.0, 32]], "vertices”: ["FLOCK 1C-4", "gsl44"]} Bundle size: 32 bits Bundlesing: 72bits,
{"contacts": [[48009.0, 48011.0, 64]], "vertices": ["gs121", "HUMSAT-D"]} Source node: FLOCK 1C-4 Sourcenode: FLOCK 1C-4
{"contacts™: [[48012.0, 48016.0, 64]], "vertice "HUMSAT-D", "gs18"]} Dﬁil]].]il-llﬂn node: gsl8 Dﬁ:l]l']il-llt‘r‘ll node: gsl8
{"contacts”: [[48004.0,48006.0, 64]], "vertices": ["gsl44", "DEORBITSAIL"]} Priority: 1 Priority: 2
{"contacts™: [[48012.0, 48017.0, 16]], "vertices": ["DEORBITSAIL","gs18"1}
estigs144] =0 estDEORBITSAIL] = 0
edfigs144]=0 edi{DEORBITSAIL] = 0
path costigs144] = inf pathcosfDECRBITSAIL] = inf
pathlossigs144] = 0 pathloss[DEORBITSAIL] = 0
distancefgs144] = inf distance[DEORBITSAIL] = inf
ratefgs144] =0 rate[DEORBITSAIL] = 0
useless link[gs144] =0 useless_link[DEOREBITSAIL] =0
reute_flowigs144]=0 route_flow[DECRBITSAIL] =0
predecessofgs144] =Mone predecessor[DECRBITSAIL] =Mone
estFLOCK 1C-4] = start_t e
ediFLOCK 1C-4] = start_t 2144 DEORBITSAIL :ﬁ[LE‘slfé] =Do
pathcostFLOCK 1C-4] = 0 64 aﬂ'?cusl s18] = inf
pathloss[FLOCK 1C-4] = 0 gathlm[gm =0
distance][FLOCK 1C-4] =0 Histancefaei®] - inf
rate]FLOCK 1C-4]= 0 ratelos18] = D
useless_link[FLOCK 1C-4]=0 s uselens, linkjgs 18]= 0
route_flow[FL OCK1C-4] = inf routs, fowlgs18]= 0
predecessofFLOCK1C-4] = None 32 16 predecessorigs 18] = None
FLOCK 1C+4
A XS
esf=121] =0
edfigsi21]=0 esS{HUMSATD] = 0
pathcostigs121] = inf edfHUMSAT-D]=0
pathlossjgs121]=0 32 64 pathcostHUMSAT-D] = inf
distancefgs121] = inf pathloss[HUMSAT-D]= 0
ratefgs121]=0 distance[HUMSAT-D] = inf
useless linkjgs121]=0 A rate[HUMfSAT—D] =0
route_flowlgs121]=0 useless link[HUMSAT-D] =0
predecessorjgs121]= Nene 64 route_flow[HUMSAT-D] = 0
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Figure 6 — Selection of the start node

predecessor[HUMSAT_DO] =None
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Contact plan

{"contacts": [[48004.0, 48006.0, 32]], "vertices": ["FLOCK 1C-4", "
{"contacts": [[48002.0, 48004.0, 32]], "vertices
{"contacts": [[48009.0, 430110, 64]], "vertices'
i
i

{"contacts": [[48012.0, 48016.0, 64]], "vertices

121"}
["FLOCK 1C-4", "gsl44"}
["gsl21", "HUMSAT-D"]}
["HUMSATD", "gs18"]}

Bundle size: 72 bits
Source node: FLOCK 1C-4
Destination node: gsl§

Bundle size: 32 bits
Source node: FLOCK 1C-4
Destination node: gs18

{"contacts": [[48004.0,48006.0, 64]], "vertices": ["gs144", "DEORBITSAIL"]} Prierity: 1 Priority: 2
{"contacts": [[48012.0, 48017.0, 16]], "vertices": ["DEORBITSAIL","gs18"]}
estigs144] = estFLOCK 1C-4] est{DEORBITSAIL] = 0
edfgs144] = ed{FLOCK 1C-4] edi[DECRBITSAIL] = 0
pathcostigs 144] = pathcos{FLOCK 1 C-4] pathcos{DEORBITSAIL] = inf
pathlossfgs 144] = pathloss[FLOCK 1C-4] pathloss[DEORBITSAIL] = 0
distance [gs 144] = distance[FLOCK 1C-4] distance[DEORBITSAIL] = inf
ratefgs 144] = rate[FLOCK 1C-4] rale]DEORBITSAIL] = 0
useless_linkigs144] = useless_link[FLOCK 1C-4] useless_linkDECREBITSAIL] =0
route_flow[gs144] = route_flow{FLOCK 1C-4] route_flow[DEORBITSAIL] = 0
predecessorjgs144] = FLOCK 1C-4 predecessor[DECRBITSAIL] =Mone
estFLOCK 1C-4] = star_t est[es1§]=0
dtFLOCK 1C-4] = start_t =l DEORBITSAIL edtigs18]= 0
pathcostlFLOCK 1C-4] =0 64 pathcosfigs18] = inf
pathloss[FLOGK 1C-4] = 0 pathlossge18] < 0
distance[FLOCK 1C-4]=0 distance]gs18] = inf
rate[FLOCK 1C-4] =10 ratefgs1 8] - 0
useless_link[FLOCK 1C-4]=0 Uealess linkgs 18]= 0
route_flow[FLOCK1C-4] = inf route ﬂ&v[gsﬁ] -0
predecessofFLOCK1C-4] = None 32 16 predecessoris 18] = None
FLOCK 1C4
A b
estlzs121] =0
edfigs121]=0 es{HUMS AT-D]=0
pathcostigs 121] = inf edfHUMSAT-D] =0
pathlossjgs 121 32 G4 pathcostHUMSAT-D] = inf
distancejgs 121]=inf pathloss HUMSAT-D] = 0
ratejgs121] = 0 distance HUMSAT-D] = inf
useless linkigs121]= 0 A rateHUMSAT-D] = 0
route_flow{gs121]= 0 | useless_linkHUMSAT-D] =0
predecessorjgs121] = None 64 route_flow[HUMSAT-D] = 0

2121

HUMSAT-D predecessorfHUMSAT_D] =MNone

Figure 7 — Capacity losses calculation, optimal path selection and contact plan updates

Contact plan

{"contacts": [[48004.0, 48006.0, 32]], "vertices": ["FLOCK 1C-

- {"contacts": [[48002.0, 48003.0, 48004.0, 32]], "vertices": ["FLOC

+ - {"contacts": [[48009.0, 18009.5, 480110, 64]], "vertices"

* _ {"contacts": [[48012.0, 48012.5, 48016.0, 64]1, "vertices’
[48004.0, 48006.0, 64]], "vertices": [

: [[48012.0, 43012.5, 48017.0, 16]], "vertices":

HUMSAT-DY

I
1
]
'
V Updates dusto overlap ((sdt-=st)®cost 100), e 2. (4801448012) #25100 = 0.3
]

Updates due © bundle tansmussion (hundle szebirats), eg. (3232) =1

estigs144] = estFLOCK 1C-4]
edfigs144] = ed{FLOCK 1C-4]
pathcostigs 144] = pathcos{FLOCK 1C-4]
pathlossfgs144] = pathlossFLOCK 1C-4]
distancegs 144] = distance[FLOCK 1C-4]
ratefgs 144] = rate[FLOCK 1C-4]

"gs121"]}

"gs187]}

'DEORBITSAIL"]}
["DEORBITSAIL","gs18"]}

useless_linkijgs144] = useless_link[FLOCK 1C-4]

route_flow[gs144] = route_flow{FLOCK 1C-4]

predecessorjgs144] = FLOCK 1C-4

eStFLOCK 1C-4] = start_{
edtFLOCK 1C-4] = sta
pathcost[FLOCK 1C-4
pathloss[FLOCK 1C-4
distance[FLOCK 1C-4]=

=%

=14

64

sl
gs121", "HUMSAT D"}

Bundle size: 72 bits

Source node: FLOCK 1C-4
Destination node: gsl8
Priority: 1

Bundle size: 32 bits

Source node: FLOCK 1C-4
Destination node: gs18
Priority: 1

ovelapping contacts DEQORBITSALL - g518 and HUMSATD - gs18

overlapnE QRBITSALL - 215 = A{HUMBAT-D - 518, framsmision ime = 0.5] - ast
[DEORBITSAIL - £518]*100/edt[HUMS AT-D - £s18, transmmssion tune = 0.3] - est
[HUMSATD - g5l 00%

overlap HMSATD - =edt[HUMSAT-D - g=18, transmission time = 0.5] - est
[DEORBITSAIL - £518]*100/2dt[DEORBITSAIL - 2518, tansmissiontime = 1] - est
[DEORBITSAIL- gs18]=25%

estDEORBITSAL] = estjgs 144]
edtDECRBITSAL] = edigs144]
pathcostDECRBITSAIL] = pathcostgs144]
pathloss[DECRBITSAIL] = pathloss[gs144]
distance[DECRBITSAIL] = distance[gs144]
rate[DECRBITSAIL] = rate[gs14 4]
useless_linkDECREBITSAIL] = useless_link[gs 144]
route_flow[DEORBITSAIL] =route_flow[gs144]
predecessofDECRBITSAIL] = gs144

estlzs15] = estHUMSAT.D]
edtfgs 18] = edfHUMSAT-D]

pathcost{gs18] = pathcostHUMSAT-D]
pathloss[gs18] = pathloss HUMSAT-D]
distance[gs18] =distance HUMSAT-D]

DEORBITSAIL

rale]FLOCK 1C-4] = 0
useless_link[FLOCK 1C-4]=0

route_flow[FL OCK1C-4]=inf
predecessor[FLOCK1C-4] = None 32

FLOCK 1C4

estfzz121] = estFLOCK 1C-4]
edfigs121] = edtfFL OCK 1C-4]
pathcostigs121] = pathce sfFLOCK 1C-4]
pathlossigs121] = pathloss[FLOCK 1C-4] 32
distancegs121] = distance[FLOCK 1C-4]
rale[gs121] =rate[FLOCK 1C-4]

Selected
FLOCK 1C-4 - g=111 - HUMSATD - g518

path

rate[gs18] = rate HUMSAT-D]
useless_link[gs18] = useless_link[HUMSAT-0]
route_flowlgs 18] = route_fowHUMSAT-D]
predecessorgs18] = HUMSAT-D

:sw

estHUMSAT-D] = estfgs121]
edfHUMSAT.O] = edtigs121]

64 pathcostHUMSAT-D] = pathcosfigs121]
pathlossHUMSAT-D] = pathloss[gs121]

i

16

patheosDEORBITS AL - 215 = 100%0
patcostyyzato

useless_link{gs121] =useless_link[FLOCK 1C-4]
route_flow{gs121] = route_flow[FL OCK 1C-4]
predecessorfgs121] = FLOCK 1C-4

64
22111

distanceHUMSAT-D] = distance[gs121]
rate]HUMSAT-D] =ratejgs121]
useless_linkHUMSAT-D] =useless_linkigs121]

route_flow{HUMSAT-D] = route_flowlgs 121]

HUMSAT-D predecessofHUMSAT_D] = gs121

Figure 8 — Path selection for second bundle
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Contact plan Bundle size: 32 bits Bundle size: 72 bits
I T g . Source node: FLOCK 1C-4 Source node: FLOCK 1C-4
{"contacts": [[48004.0, 48006.0, 32]], "vertices": ["FLOCK 1C4", "gs121"]} Destination node: gsl8 Destination node: gsl8
- = .0, 48005.25, 48004.0, 32]]. i "FLOCK 1C Priority: 1 Prioritv: 2
b = ={"contacts": [[48009.5, 480010.625, 48011.0, 64]], "vertices": ["gs121", "HUMSAT-D"]} - v )

:. - ~{"contacts": [[480012.5, 48013.625, 48016.0, 64]]. "vertices”: ["HUMSAT-D", "gs18"]}
{"contacts": [[48004.0, 48006.0, 6411, "vertices": ["gsl44", "DEORBITSAIL"]}

i g e e T w oo qqeiy  overlppmg contats DEORBITSAL - £5 18 and HUMSAT-D - g518
:- {"contacts": [[480121.5, 48013.625, 48017.0, 16]], \er{]:ﬂo.“&i]igli?&s;\ﬂ. ,"gsl8"] ovedBrE CRETSATL - 2515 = SFHUMSATD - 18, transrmission fime = L125] - st

' L4 [DEORBITSALL - £:18]*100 edt[HUMS AT-D - £:18, trmsmission tme = 1.125] - ast
. . el (1 oo - 4E010.5 ,« 4RS00 11 [HUMSAT-D - gs18] = 100%
@eﬂ@ (et esf %eost100) e.£.(48012.5 {72 19 1801255251 00=1153 TR MR, ST, 18 it 15
[ - - [DEORBITSAILL - 22 18]#100 et DEORBITSAILL - 2518, transmissiontime = 4.3] -
G‘Eﬁmmv&mm{mﬂkﬂhﬁﬂ =£((1232 )( P ast [DEORBITSALL- £518] =23%
* Chat of bounds
Corrﬁpundﬂx:e problem esfgs144] = estFLOCK 1C-4] estDEORBITSALL] = estigs 144]
edfigs144] = ed{FLOCK 1C-4] ediDEORBITSAIL] =edfigs144]
pathcostigs 144] = pathcos{FLOCK 1C-4] pathcostiDECRBITSAIL] = pathcost[gs144]
pathlossigs 144] = pathloss[FLOCK 1C-4] pathloss[DECRBITSAIL] = pathloss[gs144]
distancefgs 144] = distance[FLOCK 1C-4] distance[DEORBITSAIL] = distance[gs144]
ratefgs 144] = rale[FLOCK 1C-4] rate[DECRBITSAIL] = rate[gs144]
useless linkjgs144] = useless_link[FLOCK 1C-4] useless_link[DECREBITSAIL] = useless_linkjgs144]
route_flow[gs144] = route_flow{FLOCK 1C-4] route_flow[DECRBITSAL] =route_flow[gs144]
predecessorjgs144] = FLOCK 1C-4 predecessorfDEORBITSAIL] = gs144
estFLOCK 1C-4] = stari_t
edtFLOCK 1C-4] = start_t =14 DEORBITSAIL eslles]8] - siLUMSAE D]
pathcost{FLOCK 1C-4]=0 64 edtigs16] = edffHHUMSAT-D]
pathloss[FLOCK 1C-4] = 0 pathcost[gs18] = pathcostHUMSAT-D]
distance[FLOCK 1C- 4] =0 pathloss[gs18] = pathlossHUMSAT-D]
rate[FLOCK 1C-4] = A distancegs18] = distance HUMSAT-D]
useless Iink{FLOCK 1041 = rate[gs18] =rateHUMSAT-D]
route_flow[FL OCK1C-4] = inf useless_link[gs18] = useless_link[HUMSAT-D]
pmugmssur[ﬂocm C-4] = None 32 16 route_flowlgs 18] = route_fowHUMSAT-D]
predecessorfgs18] = HUMSAT-D
FLOCK 1C-4 Salacted path B
FLOCK 1C4 - 121 - HUMBATD - gl FtheostngORBITS AL
A 218 pathcosty yza 8
estfe:121] = estFLOCK 1C-4]
edfigs121] = ediFL OCK 1C-4] estHUMSAT-D] = est[gs121]
pathcostigs121] = pathcosfFLOCK 1C-4] edfHUMSAT-D] = edtfgs 121]
pathlossigs121] = pathloss[FLOCK 1C-4] 32 g4  PpathcostHUMSATD] = pathcostgs121]
distancejgs121] = distance[FLOCK 1C-4] pathlossHUMSAT-D] = pathloss[gs121]
rate[gs121] =rate[FLOCK 1C-4] distance[HUMSAT-D] = dist: [gs121]
useless_linklgs121] =useless link[FLOCK 1C-4] A mte[HUMSAT—D] =ratefgs121] )
route_flowigs121] = route_flow[FLOCK 1C-4] useless_linkfHUMSAT-DO] = useless_linkjgs121]
prede cessorgs121] = FLOCK 1C-4 64 route_flow]HUMSAT-D] = route_flowjgs 121]
=121 HUMSAT-D prede cessofHUMSAT_D] = gs121
Figure 9 — Recalculation of the optimal path for second bundle
Contact plan Bundle size: 32 bits aleEns A
Source node: FLOCK 1C-4 Senrcenade: ELOCK 104
{"contacts": [[48004.0, 48006.0, 32]], "vertices”: ["FLOCK 1C-4", "gs111"]} Destination node: gsl3 P]?ef“‘f“_i")jn node: gs18
:' "{"contacts": [[48003.0, 48004.0, 48004.0, 48004.0, 32]], "vertices": ["FLOCK 1C-4", "gs144"]} Priority: 1 Tiority: <
contacts": [[48009.5, 48010.0, 48011.0, 64]], "vertices": ["gs121", "HUMSAT-D"]} v b
= ={"contacts": [[48012.5, 48013.0, 48016.0, 64]], "vertices": ["HUMSAT D", "gs18"]} 2 bits
1 " ”, . LI 21 "
i, Ploamtacts®: [[48804.0, AT06.0, G41], “vectices': |"ggldd?, "IRORAIISAILY. averlapping contacts DEORBITSALL - £518 ad HUMSAT-D - 516
: ;-{ contacts": [[48012.5, 48013.0, 48017.0, 16]], "vertices": ["DEORBITSAIL","gs18"]} verlapnE CRATSAL - 2515 = S HUMBAT-D - £518, transmissiom fime = 0.5] - st
" [DEORBITSALL - 25 18]#*100 et HUMS AT-D - 2518, transmmission time = 0.5] - est
1! Updates due to overlap (adt-2st)*cost 1007 ez (48014 5480125925 100 = 0.5) [HUMSAT-D - £518] = 100%
L overlap HUMSATD - gs1§ = edt{HUMSAT-D - gs18, transmission time = (5] - est
| Updates dine to bundle trans ission ua fow slong optimal petlybitrate) e.2 (3232 = 1) [[ngggﬂl 55'11’53]];1;3?0:&*@501?3”5& - £:18, transmission time = 2] - st
esfgs144] = estFLOCK 1C-4] estDEORBITSAL] = estjgs 144]
ed{gs144] = edfFLOCK 1C-4] edtDEORBITSAIL] =edfgsi44]
patcostigs 144] = pathcos{FLOCK 1C-4] pathcostDEORBITSAIL] = pathcostjgs144]
pathlossigs 144] = pathloss[FLOCK 1C-4] pathloss[DECRBITSAIL] = pathloss]gs144]
distance fgs 144] = distance[FLOCK 1C-4] distance[DEORBITSAIL] = distance]gs144]
ratelgs144] = rate[FLOCK 1C-4] rate]DEORBITSAIL] = rate[gs144]
useless linkjgs144] = useless link[FLOCK 1C-4] useless_link[DEOREBITSAIL] = useless_linkjgs144]
route_flow[gs144] = oute_flew{FLOCK 1C-4] route_flow[DECRBITSAL] =route_flow[gs144]
predecessorjgs144] = FLOCK 1C-4 predecessofDEORBITSAIL] = gs144
estFLOCK 1C-4] = start_t
edtFLOCK 1C-4] = stari_t =l DEORBITSAIL estizs18] = estHUMSAT-D]
pathcostFLOCK 1C-4] = 0 64 edtigs 18] = edHUMSAT-D]
pathloss[FLOCK 1C-4]= 0 pathcostgs18] = pathcostHUMSAT-D]
distance[FLOCK 1C- 4] =0 pathloss[gs18] = pathlossHUMSAT-D]
rate]FLOCK 1C-4] = A distance[gs18] =distance HUMSAT-D]
useless I\nk[FLOCK 1C-4]= rate[gs16] = rate[HUMSAT-D]
route ﬂEw[FLOCK1 C-4]=inf useless_link[gs18] = useless_link[HUMSAT-D]
det FLOCK1C-4]= M reute_flowfgs 18] = reute_flowHUMSAT-D]
Peresea =Moo, 32 15 predecessorgs18] = HUMSAT-D
FLOCK 1C4 Selected path
FLOCK 1C-4 - z=121 - HUMSAT-D - 518 pathoostoEORBITS AL -
A =18 pathcosty psaro -
estle=121] = estFLOCK 1C-4]
edffgs121] = edifFLOCK 1C-4] estHUMSAT-D] = esi{gs121]
pathcostigs121] = pathcosfFLOCK 1C-4] edfHUMSAT-D] = edtjgs121]
pathlossigs121] = pathloss[FLOCK 1C-4] 32 g4  PahcostHUMSAT-D]= pathcosfgs121]

distancegs121] = distance[FLOCK 1C-4] patlossHUMSAT-D] = patmuss[gs1 21]
rate[gs121] =rate[FL OCK 1C-4] disanceHUMSAT-D] = [gs121]
useless link[gs121] =useless I|r|k[FLOCK1C 4] mte[HUMSAT—D] =ratefgs121] )
route_flowigs121] = route_flow[FLOCK 1C-4; useless_link[HUMSAT-D] = useless_link[gs121]

prede cessorjgs121] =FLOCK 1C-4 route_flow[HUMSAT-D] = route_flowfgs 121]
HUMSAT-D prede cessofHUMSAT_D] = gs121

Figure 10 — Contact plan updates for second bundle
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Contact plan

seless link

A gs121", "HUMSAT.D"]}
{"contacts": [[48013.0, 48016.0, 6411, "vertices": ["HUMSAT-D", "gs18"]}

r = ={"contacts": [[48013.0, 48015.5, 48017.0, 16]], "vertices": ["DEORBITSAIL","gs18"

¥ Updates due to bundle trmsmission (bundle size bitrats) z

-
-

Test for trasmssion

esfgs144] = estFLOCK 1G-4]

edfigs144] = edfFLOCK 1C-4]

pathcostigs 144] = pathcos{FLOCK 1C-4]
pathiossgs144] = pathloss[FLOCK 1C-4]
distance [os 144] = distance[FLOCK 1C-4]

ratefgs 144] = rale[FLOCK 1C-4]
useless_linkjgs144] = useless_link[FLOCK 1C-4]
route_flow]gs144] = route_flow{FLOCK 1C-4]
predecessorjgs144] = FLOCK 1C-4

estFLOCK 1C-4] = start_t
SdtlFLOCK 1C-4] = start_t
pathcostiFLOCK 1C-4]= 0
pathloss[FLOCK 1C-4] = 0
distance[FLOCK 1C-4] = 0

64

Bundle size: 32 hits

Source node: FLOCK 1C-4
Destination node: gsl8
Priority: 1

Bundle size: 72 bits
Source node: FLOCK 1C-4
Destination node: gsl8
Priority: 1

v

:' = ={"contacts": [[48004.0, 48004.625, 48006.0, 64]], "vertices": ["gsl44", "DEORBITSAIL"]}

I

estDEORBITSALL] = estjgs144]

edtDEORBITSAL] = edfgs144]
pathcostiDECRBITSAIL] = pathcost{gs144]
pathiossDECRBITSAIL] = pathloss]gs144]
distance[DECRBITSAIL] = distance[gs144]
rate[DEORBITSAIL] = ratefgs144]
useless_link[DECREBITSAIL] = useless_link[gs 144]
route_flow[DEORBITSAI] =route_flow]gs144]
predecessoriDECRBITSAIL] = gs144

est{zs1 ] = estDEORBITSAIL]

edt[gs18] = ed{DECRBITSAIL]
pathcosfgs18] = pathcostDECRBITSAIL]
pathlossigs18]= pathlossDECRBITSAIL]

DEORBITSAIL

rate[FLOCK 1C-4]=0

useless_link[FLOCK 1C-4]= 0

route_flow[FL OCK1C-4] = inf
predecessorfFLOCK1C-4] = None 32

=l

=>

FLOCK 1C4

estlzs121] = estFLOCK 1C-4]

edfgs121] = edtFL OCK 1C-4]

pathcostig $121] = pathcos{FLOCK 1C-4]
pathlosslgs121] = pathloss[FLOCK 1C-4] 32
distancefgs121] = distance[FLOCK 1C-4]
rate[gs121] =rate[FLOCK 1C-4]
useless_link[gs121] =useless_link[FLOCK 1C-4]

Selectedpath
FLOCEK 1C4 - gsl44 - DECRBITSAIL - 518

distance[gs18] = distance DECRBITSAIL]
ralejgs18] = rale[DECRBITSAIL]
useless_linkgs 18] = useless_link[DEQRBITSAIL]
route_flow{gs18] = route_fow[DECRBITSAIL]
predecessorjgs 18] = DEORBITSAIL

o

=18

estHUMSAT-D] = estjgs121]
edfHUMSAT-D] = edtjgs 121]
64 path costHUMSAT-D] = pathcosigs121]
pathlossHUMSAT-D] = pathloss[gs121]
HUMSAT-D] = di 121]

route_flowigs121] = route_flow[FLOCK 1C-4]

prede cessongs121] =FLOCK 1C-4 64
=121

rate]HUMSAT-D] =ratefgs 121]
useless_link[HUMSAT-D] =useless_linklgs121]
route_flow[HUMSAT-D] = route_flowlgs 121]
predecessofHUMSAT_D] = gs121

h

HUMSAT-D

Figure 11 — Selection of optimal path for rest data

5 RESULTS
In this section experimental analysis of behavior of the proposed algorithm will be examined (Scenario 1,

Scenario 2).
Bundle size is 54 bits
Source node: gz18
Destination node: gs24

[48008.0, 48010.0, 64]

gsl44
Scenario 1 — Network
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48011.0, 64]
y: - /
7T M801L0, 48013.0,52]

Program output:

Dijkstra's algorithm:gs18 - FLOCKIC4 - g=121 - POPACS 2 _ gs24

Capacity losses =200 %

Proposed algorithm:gs18 - HUMSATD - gs144 - HORYUIV - gs24

Capacity Josses = 0%

POPACS 2

‘x > [48010.0, 48012.0, 18]

[48013.0, 48015.0, 64]

y:
b N

HORYUIV

[48010.0, 48012.0, 64]

topology
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Bundle size is 54 bits
Sonrce node:gs18
Destination node:gs24

FLOCK 1C4

[48004.0, 48006.0, 64]
n

gsl8
[48006.0, 48008.

HUMSATD

Program output:

Dijkstra’s algorithm: gs18 - FLOCKIC4 - gs121 - DEORBITSAIL - gs24
Capacity Josses: T4%

Proposed algorithm:gs18 - FLOCK1C-4 -gs121 - DEORBITSAIL - gs 24
Capacity Josses: T4%

DEORBITSAIL

[48007.0, 43009.0, 50] f %&014&, 641
- g4

\ Gt M / |
[48013.0, 48015.0, 64]
0, 64] : {‘% [48011.0, 48013.0, 64] f

STRAND-1

Scenario 2 — Network topology

In the first scenario the following network topology
will be evaluated (Scenario 1).

Network architecture (data flow) based on the central
contact plan (vertices are nodes and edges are node paths:
contacts + vertices), thus given a graph which represents a
flow network where every edge has a capacity. After
simulation given topology program provides the following

output:

— Dijkstra’s algorithm:

[['gs18', 'FLOCK1C-4', 0], [[FLOCK1C-4/,
'gs121', 100], ['gs121', POPACS 2', 100],
['POPACS 2', 'gs24', 200]].

— Proposed routing algorithm:

[['gs18', 'HUMSAT-D', 0], [HUMSAT-D/,
'gs144', 0], ['gs144', '"HORYU-IV', 0], [HORYU-
V', 'gs24', 0]].

Dijkstra’s algorithm selects the path with taking into
account earliest delivery time and available link capacity
and as a result the following disadvantages arise.

In Scenario 2 network architecture (data flow) based
on the central contact plan (vertices are nodes and edges
are node paths: contacts + vertices), thus given a graph
which represents a flow network where every edge has a
capacity. After simulation given topology program
provides the following output:

— Dijkstra’s algorithm:

[['gs18', FLOCK1C-4', 0], [FLOCK1C-4', 'gs121",
741, ['gs121', 'DEORBITSAIL', 74], 'DEORBITSAIL',
'gs24', 74]].

— Proposed algorithm:

[['gs18', 'FLOCKI1C-4', 0], [FLOCK1C-4, 'gs121",
741, ['gs121', 'DEORBITSAIL', 74], 'DEORBITSAIL',
'gs24', 74]].

6 DISCUSSION
Regarding Scenario 1. As was already discussed DTN
routing protocols (CGR-based protocols) does not take
into account the overlap factor and resulting capacity

© Babeniuk G. M., 2021
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losses. In presented example there are overlapping
contacts such as: FLOCKIC-4 - gsl21 &
DEORBITSAIL - gs121 & POPACS 2 - gs24 &
STRAND-1 — gs24 in gsl8 — FLOCKI1C-4 — gs121 —
POPACS 2 — gs24 path.

As far as single-antenna installation is incapable to
maintain uninterrupted operations from several satellites
simultaneously and support of multiple installations is
expensive; ground station selects only one satellite at a
point in time while the data of another satellite getting
ignored. Thus, capacity losses of gs18 — DEORBITSAIL
— gsl21 — STRAND-1 — gs24 path are ignored. In
comparison with algorithm used in CGR-based protocols
proposed algorithm selects another path by taken into
account overlapping contacts. Selected path has slightly
worse earliest delivery time but in given scenario given
path is optimal one. Thus, can be concluded that path
selected by proposed algorithm is optimal due to
following reasons:

— Bundle is forwarded without losses (high bit rate).

— Transmission delay in comparison with Dijkstra’s
algorithm is negligible small.

Regarding Scenario 2. In the given example proposed
algorithm selects the same path as Dijkstra’s algorithm.

As was discussed when capacity losses of both paths
are same then proposed algorithm selects path with
minimum transmission delay and high bit rate.

In the given example capacity losses due to
overlapping contacts such as: FLOCK1C-4 — gsl121 &
HUMSAT-D — gs121 of both paths are the same that’s
why proposed algorithm selected the same path as
Dijkstra’s algorithm. Thus, can be concluded that really
proposed algorithm selects not only paths with minimum
of capacity losses but also paths with minimum
transmission delay and high bit rate.

7 CONCLUSIONS
Proposed optimization algorithm finds the path with
minimum capacity losses, in the least amount of time
with the highest delivery ratio relative to the available
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data rates and performs bundles scheduling. This
algorithm is based on improved network management
model that includes: improved Dijkstra’s algorithm, Ford-
Fulkerson’s algorithm, central contact plan proposed in
this work. The proposed model allowed us to schedule
bundles with minimum capacity losses. The major
enhancements obtained from this algorithm were related to
four main aspects. First, was allowed to use improved
Contact Plan that provides up-to-date information only
due to global knowledge of nodes (nodes update contact
plan very often), this representation is more efficient than
in CGR-based protocols. Second, was performed bundle
scheduling using Ford-Fulkerson’s algorithm by
computing max flow in flow network, it allowed
performing bundles fragmentation in cases where it was
necessary to avoid unnecessary data losses.

Third, was computed the effectiveness of the paths
based on their capacity losses, data rate, delivery time
(distance). So to say, selected path fulfills the following
requirements:

— Maximum flow;

The proposed principle of capacity losses calculation
provides not only the path with minimum capacity losses
but also the path of highest rate, maximum flow and
minimum distance.

— Minimum bundle transmission time;

When paths costs are the same (capacity losses);
program starts checking their bit rates and distances
(Dijkstra’s algorithm).

— Maximum data rate;

Priority-aware logic used in this work provides good
performance (reduces transmission delay — rate control).

Finally, was computed the availability of the selected
path by checking max flow value in selected route. It
allowed performing bundle fragmentation in cases where
it was necessary to avoid unnecessary data losses. Thus,
can be concluded that proposed algorithm choose the route
that guarantees the minimum of capacity losses, earliest
delivery time and maximum bit rate in the network with
overlapping contacts and increases the probability of
successful data transmission between magnetic stations
and magnetic observatories. To validate this work, the
implementation of algorithm was integrated inside
environment similar to CGR protocol and was shown
that proposed algorithm can be efficiently used in the
network with overlapping contacts.

The scientific novelty is this article for the first time
was presented DTN as solution of CENS problems
connected with accuracy of magnetic field maps. For the
first time was presented an improvement of existing
algorithms of data transmission of DTN.

As it was described shown now the system chooses the
route with minimum of capacity losses, i.e the route with
earliest delivery time and maximum bit rate; instead of
choosing the route with 200% of looses it chooses the
route with 0% of looses.

The practical significance is developed improvement
of existing algorithms of data transmission of DTN in
Python.

© Babeniuk G. M., 2021
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Prospects for the further research are integration of
developed software into real DTN protocol presented by
National Aeronautics and Space Administration and
integration of DTN into magnetic field maps creation
software.
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BUKOPHUCTAHHSI MEPEXKI CTIMKOI IO PO3PUBIB JJIsI CTBOPEHHSI BACOKOTOYHHX
MATHITOMEHTPUYHHUX KAPT

Bab6eniok I'. M. — acmipanTka, dakynbTeT aepoHasiranii HarionansHoro asiariiiHoro yHiBepcutery, KuiB, Ykpaina.

AHOTAIIA

AxTyanbHicTh. OCHOBHMM NPH3HAYCHHSIM KOPEISLiHHO-eKCTPEMAaIbHOI HABIraliifHOI CHCTEMH € MOIIYK KOOpIHMHAT y pasi
BIJICYTHOCTI CHTHAJy TJI00aJbHOI CHCTEMH IO3UIIOHYBaHHSA, 1 SIK pe3yJbTaT BHCOKOTOYHI KapTH SIK OCHOBHE JDKepeno iHdopmarii
JUTSA TIOIIYKY KOOPAMHAT IyXKe BakIuBi. MarHiToMeTpHYHa KapTa SIK OCHOBHE JDKepeno iHdopmamii MOXke BKIIOUAaTH MOXHOKH, Ha
MIPUKJIAl: HEAOCTaTHBO N00pe 00IagHaHHs a0 MOACHKUI (HaKTOp MOYKE CHPUYMHHUTH MMOXUOKY BUMipIOBaHb.

Meta poGoTH. 3 METOI0 CTBOPEHHS BHCOKOTOYHHX KapT JaHa poOoTa IPONMOHY€E BIOCKOHAINUTH IIPOIEC CTBOPECHHS
MarHiTOMEeTpUIHHX KapT. [laHa poboTa mpencTaBise MEpexy CTiHKy IO pO3PHBIB SIK JOZATKOBUH MiIXim 10 Iepefadi JaHWX MK
MAarHITHOIO 00CEPBaTOPI€I0 Ta MATHITHOIO CTAHINIEI0 a TAKOXK ii BIOCKOHAJICHHS.

Meton. Ilokpamennii anroput™m [ledkcTpi paszom 3 amropurmom Dopra-dankepcoHa MO BUKOPUCTOBYIOTHCS UIS HOIIYKY
IUIAXY 3 MiHIMalbHUMH BTpaTaMd JaHHX, HAWIIBUIIIOrO Ta 3 MAaKCHMMAaJbHOIO LIBHIKICTIO Mepeaadi JaHUX Yy pasi MepeKpUTTs
KOHTAKTIB OBUHHI OyTH MpE/ICTaBIIeH] B JaHil poOOTi, OCKIIBKU B HALI Yac MPOTOKOJIK MEPEXi CTIHKOI 0 PO3PUBIB HE BPaXOBYIOTh
(bakT MEePEeKPUTTSI KOHTAKTIB 1 L€ MPU3BOAUTH [0 BETUKUX MPOOIEM.

PesyabTaTn. Brnepmie Oyzae mpencTaBieHH alrOpHTM, SKHH BHOMpae MapuIpyT, IIO TapaHTy€ MIHIMyM BTpaT OaHUX €
HaHIIBUAIINM Ta Ma€ MAaKCHMalbHY LIBHJKICTIO Nepefadi JaHWX B MepekaX CTIKHX 10 PO3PHUBIB 3 MEPEKPUTTSM KOHTAKTiB Ta
301IBIITy€ HMOBIPHICTD YCIIIIHOI ITepeiadi JaHUX MiXK MAarHITHUMH CTaHI[ISIMU Ta MarHITHUMH 00CepBaTOPIsSIMH.

BucaoBkn. [l mpoBeleHHS BUCOKOTOYHHMX BHUMIpPIOBaHb MarHiTHOTO MOJS TpyTa JIIOAEH po3Millye CBO€ oONajHaHHS Ui
BHUMIPIOBaHHS MAarHITHOTO TOJI Yy BiAJaJeHHX paloHax, MI00 YHHKHYTH BIUIMB HaBKOJMIIHBOTO CEpPEJOBHINA Ha IOKAa3HHKU
MarHitomerpa. OCKiIbKM BEeJIMYMHA MarHiTHOTO IMOJsI MOXKE 3MIiHIOBATHCS B 3aJIe)KHOCTI Bill TeMIlepaTypH, BiICTaHi 0 OKeaHy,
POty (10O0BOT 3MiHM MarHiTHOTO MOJISI) Ta MarHiTHUX Oyp, MarHiTHa CTaHIls 4Yac BiJl 4acy KOPUTY€E CBOI BUMIpH 3a JOIIOMOTOIO
CTaJIOHHUX 3HAYCHb MAarHIiTHOTO MO (MarHiTHa CTaHIS HaJACHWJa€ 3allUT Ha €TAJOHHI 3HAYCHHS OO MAarHiTHOI oOcepBaropii).
IIpobnema maHOrO MiAXOMy IMONSATAa€E B TOMY, IO BigJaleHi palioHU, SIK MPaBHIIO, HE OXOIUIEHI Mepexero (Hemae IHTepHery), i B
pe3yabTaTi KOPUTYBaHHS BHMIPIOBaHb € HEMOXJIMBHUM. Jlist TOro, 100 3poOMTH MOXJIMBHM KOPHUIYBaHHS BHMIDIOBaHb i, SIK
Ppe3yJIbTaT, MiIBUIIUTH TOYHICTh MATHITHUX KapT, B JaHIi poOOTi MPOIIOHYETHCS BHKOPUCTOBYBATH MEPEXKY CTiHKy O PO3pHBIB, sIKa
3a0e3MeYnTh TOCTYII 10 [HTEpHETY B Pi3HUX perioHax CBITy Ta ii BAOCKOHAJICHHS, 00 3pOOUTH TaHWH MiaXif e KPAIIKM.

OtpumaHi pe3ysbTaTh My OIIiKyIOThCS BIIEpILE.

KJIIOYOBI CJIOBA: kopensuiiiHo-ekcTpeMallbHa HapirauiitHa cuctema, anroputM ®opna-dankepcoHa, MarHiTOMETpHYHI
KapTH, anroput™ JleikcTpi.

VK 681.5 (048)

HCHOJb30BHUE CETH YCTOMYHABOM K PA3SPBIBAM JIJIS1 CO3JAHUS BBICOKOTOUYHBIX
MATHUTOMETPUYECKHUX KAPT

Ba6enok A. H. — aciupanTka, $paKyiIpTeT adpoHaBHranuy HarpoHaapHOTo aBHAIMOHHOTO YHHBEpcuTeTa, Kues, Yikpauna.

AHHOTAIIUA

AKTyaJlbHOCTh. OCHOBHBIM Ha3HAYCHHEM KOPPEISIUOHHO-IKCTPEMAIbHON HABHTAIIMOHHONW CHCTEMBI SIBIISICTCS TIOHCK
KOOPJIUHAT MPH OTCYTCTBUH CHTHAJIOB TJIOOANBHOW CHUCTEMBI MO3UIIMOHUPOBAHUS, U KaK pPE3yJbTAT BBHICOKOTOYHBIC KapThl B
KayeCcTBE OCHOBHBIX HCTOYHHKOB HMH(POPMAIMH IS MOWCKAa KOOPAWHAT BaKHBI. MarHMTOMETpUYECKas KapTa Kak OCHOBHOM
WCTOYHHK WH(OPMAIIMH MOXET BKIIOYATH MOTPEITHOCTH, HANPUMEP: HEAOCTATOYHO XOPOIIO 00OPYIOBAHUS WM YEIOBCUCCKHUIA
(haxTop MOXKET BBI3BAaTh NOTPEIIHOCTh H3MEPESHHIA.

Hears padorsl. C nenbio CO3AaHKsT BRICOKOTOUHBIX KapT JaHHas paboTa mpeiaraeT yCOBEpPIICHCTBOBATh MPOLIECC CO3MAHUS
MarHuToMeTpudeckass kapt. [laHHas pa0GoTa mpencTaBisieT CeTh YCTOHYMBYIO K Pa3pbhlBaM KakK JIOMOJHHUTENBHBIN MOIXOI K
nepefave JaHHBIX MEKIYy MATHUTHOW 0OcepBaTOpHell 1 MAarHUTHON CTAHIIMEH a TakKe €€ yCOBEPIICHCTBOBAHUE.

Metoa. Ynyumiennslii anroputm Jleiikctpel BMecTe ¢ anroputMoM Dopra-dankepcoHa yTo UCIONb3YIOTCA Uil TOUCKA MyTH C
MUHHMAJIEHBIMH [TOTEPSMU TAHHBIX, OBICTPOTO U C MAKCHMAIEHON CKOPOCTEIO TIEpeladl JAaHHBIX B CITydae MEPEKPHITUS KOHTAKTOB
JIOJDKHBI OBITH TIPE/ICTABICHBI B JAHHOW paboTe, TMOCKONBKY B HaIlle BPEeMs MPOTOKOJBI CETH YCTOWYMBOW K pa3pbiBaM HE
YUUTHIBAIOT (DAKT MEPEKPHITHS KOHTAKTOB M 3TO MPUBOJUT K OOJIBIIUM IIPOOIEMaMm.

Pe3yabTaThl. BriepBbie OyIeT MpeiCTaBIeH alrOPUTM, KOTOPBIH BBIOMpaeT MapLIpyT, YTO IapaHTUPYET MHHHMYM IIOTEpPb
JAHHBIX SBJIAETCS CaMbIM OBICTPHIM UM HMEET MaKCHMAJIbHYIO CKOPOCTb NEpeAayd NAaHHBIX B CETSAX YCTOMYHMBBIX K pa3pblBaM C
MEPEKPHITHEM KOHTAKTOB M YBEIUYMBACT BEPOSITHOCTh YCICUIHOM Mepedadd NAHHBIX MEXIYy MAarHUTHBIMH CTAaHIHAMH U
MarHUTHBIMU 00CEPBaTOPHUAMHU.

BuiBoabl. /[y mpoBeeHNsT BEICOKOTOYHBIX U3MEPEHUI MarHUTHOTO TIOJIS TPYIINA JIFOAEH pa3MelaeT cBoe 000pyIOBaHHE IS
M3MEpEHHsT MAarHUTHOTO TIOJNIA B OTHAJCHHBIX pailoHaX, YTOOBI W30€XaTh BIHMSHUEC OKPYXAlOMIeW cpeapl Ha IOKa3aTeln
Marauromerpa. [TockonbKy BelMYMHA MAarHUTHOTO TOJISI MOXKET MEHSThCS B 3aBUCUMOCTH OT TEMIEpaTypbl, PacCTOSHHS 0
OKeaHa, IMUPOTHI (CYTOYHOTO HM3MEHCHHS MArHHUTHOTO IOJisl) M MArHUTHBIX Oypb, MarHUTHas CTaHIMSA BpPEeMs OT BpPEMEHHU
KOPPEKTHPYET CBOM M3MEPEHHUs] ¢ MOMOLIBIO 3TAJOHHBIX 3HAYCHUH MAarHUTHOTO IMOJIs (MarHUTHAasl CTaHLUS MOChUIAeT 3alpoc Ha
JTaJOHHBIC 3HaYEeHHsI K MarHUTHON obcepBaTopun). [IpobiemMa TaHHOTO MOAXOJa 3aKJII0YACTCSI B TOM, YTO OTHAJICHHbIC PAHOHBI,
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KaK IIPaBHJIO, HE OXBaueHbI ceThlo (HeT MHTepHeTa), M B pe3ynbTaTe KOPPEKTUPOBKA U3MEPEHHH SBISETCS HEBO3MOXKHOM. Jlist
TOr0, 4TOOBI CAENaTh BO3MOXHBIM KOPPEKTUPOBKY U3MEPEHHMIT H, KaK Pe3yJIbTaT, IOBBICUTH TOYHOCTh MAarHUTHBIX KapT, B JAHHON
paboTe mmpejanaraeTcsi MCIONb30BaTh CETh YCTOWUMBYIO K pa3pbiBaM, KOTOpas o0ecrmeduT IocTyn B MHTepHETYy B paslHUHBIX
peTHOHAaX MHpa U €€ YCOBEpIICHCTBOBAHHE, YTOOBI CJeNaTh MOAaHHBIM MOAXoJ emie JydmuM. [lomydeHHBIE pe3ysbTaThl
Iy OIUKYIOTCSI BIEPBEIE.

KJIIOYEBBIE CJIOBA: xoppesiuoHHO-IKCTpeMalbHas HaBUTalOHHAs cUcTeMa, anroput™M dopra-dankepcoHa,
MarHUTOMETPUYECKUE KAPThI, AITOPUTM J{eHKCTpH.
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