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On the application of network theory in naval engireering
Generating network topologies

P de VoS Msc CEng CMarEng MIMarEST
Delft University of Technology, The Netherlands

SYNOPSIS

Network topology of technical systems (i.e. the wawhich components of technical systems are cctede

to each other through connections like pipes, caldkafts, etc.) in naval vessels is quickly fikedurrent
design methods. This means the vulnerability oe¢hsystems is also quickly fixed. Variation in natkv
topology may lead to new, unknown topologies thatehbetter survivability characteristics. Therefaneew
approach to designing technical systems is explamethis paper. This approach applies mathematical
network theory in a naval engineering context. Basitcepts of network theory are explained and trsau

to make automatic network topology generation pbssiPreliminary results using a first version of a
network topology generation algorithm are presemted discussed. Future work within the PhD reseafch
which this network topology generation is one asfethen described.

INTRODUCTION

Where do the initial designs of ship machinery eyst in naval vessels originate from? How is a fonet
specification of a platform system transformed iatoinitial design of that system? These and offuesstions
concerning the conceptual design of ship systeme l@spired a research that aims to apply mathealati
network theory in a naval engineering context. Teasons to research this possible application tfar&
theory will be explained later in this paper. Fomnonly the potential benefits of this approach lated: the
possible discovery of new network topologies (tlee way in which components of technical systemes ar
connected to each other through connections ligegjicables, shafts, etc.) may lead to improvefbimeance
and reliability of systems, the possibility to aysd more network topologies in early ship desiges which
leads to a mitigation of risks for required majesign alterations during detailed design and img@doaccuracy
of initial cost calculations.

The idea for this approach spawned fream Oers [1]. He assumed that the number and dimensiorargé
components of machinery systems are already knaveiily ship design stages and started from thétehis
automated ship configuration to place those compisnen board using a packing approach. Naval actsitare
supported by this approach as it helps them torciinecomplete design space in early ship desigtevaeing
able to quickly focus on promising ship configuoas at the same time. In his recommendati@nOers states
that “Developing the parametric model can onlytstdirer the ship’s systems and the design requingsnare
available. Designing the systems and deriving mequénts are both important (due to their impactttoan
resulting ship design), and time-consuming. Heso@port for this part of the design process is ragdé [1].
Because of this recommendation and because ofubstign whether similar benefits of such an autemhat
conceptual design approach can be achieved in enarigineering as were done for naval architectufellow-
up PhD research, named MOSES-CD, was defined. ©tie aifferences betweeran Oers [1] and MOSES-
CD is that where the packing approach was usedudtomated ship configuration lvgn Oers, another field of
mathematics is identified to help with the autordatenceptual design of technical systems in naeabkels;
namely network theory. This paper aims to desctibe progress of this research and will show some
preliminary results on the application of netwdnkary in naval engineering.

In the first section of this paper, following thigtroduction, the early design process of techngyetems on
board naval vessels is evaluated. At the end efdéction the conclusion is reached that netwqgrkltmies of
technical systems are rarely varied in early stépigh stages, mainly because of time limitatiorfse Tain
drawback of this situation is that the designemcarbe sure whether the most suitable network tapohas
been chosen. To address this drawback and enablioa in network topology network theory is nedde
therefore the second section of this paper intredisome basic concepts of network theory aftertwthie third
section discusses automatic network topology gé¢inerdNTG) using these basic concepts. Then prekmyi
results of this approach are shown, which is fodldviby a section with a discussion of the results research
and a description of future work. After this senttbe paper is concluded.
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DESIGN OF TECHNICAL SYSTEMS IN NAVAL VESSELS

The ambition to build a new (class of) naval ves3eb first materialized in a mission statementohtdefines
the purpose of the future naval vessel. The missfdhe ship is subsequently divided into sevewakfions and
sub-functions of the ship in a functional decompesij ref. [2] and [3]. Once a functional decompiosi is
known marine engineers can start designing aciisdésis consisting of components and connectionseest
them.

This step in the design process can be perceivéthaterializing” the defined functions of (sub-)sys, i.e.
the (sub-)functions of the ship are transformed technical system for the first time. This does mean that
actual systems are being build; a lot more detailesign and engineering is still needed beforeahdtuilding
of the ship and its components can start. Whateamnis that this step is the first time in theigleprocess that
known equipment is linked with the “ideas behind thew ship”. Ideas are turned into drawings repréasg
real technical systems; obviously this step i g&ty early in the design process. But it is aanatep and the
guestion that is now raised is: how does a marimggneer manage to do this (i.e. turning ideas tathnical
systems)? This is a rather philosophical quest®practical marine engineers often hardly distisljletween
function and technical systems or components. foisinstance very natural for a marine engineet tine
function mobility is provided by the propulsion s and the function cooling is provided by a hleathanger.
Thus a marine engineer immediately starts thinkmgolutions (systems and components) when cordobnt
with a design objective.

These solutions are often visualised using bloelgdims this early in the design. Such block diagrahow the
system’s components and the connections between fhige block diagrams can be independent of the &g
engineering that the represented system belongs&etoprincipal block diagrams. But field-specifidock
diagrams are perhaps better known; e.g. one-linsifgle line) diagram for electric systems, pipitiggrams
for hydraulic systems and a propulsion system diagfor the largest mechanical system on board. maie
difference between field-specific block diagramgd grincipal diagrams is the application of fieldesfic
symbols representing field-specific components.

The function of such diagrams is however similaalincases: to show the main components of theegysind
the overall topology of the system, i.e. the wag domponents are connected. This system lay-cdgdiled
upon by the marine engineer on basis of expectatatipnal modes and previous experience. The block
diagram is used by the marine engineer to “geehnig’ of the operational performance of the system

The operation of the system is however not the rfains of naval architects and cost calculationire®ys in
these early design stages. Naval architects géyavaht to know the number of components and theain
dimensions so they can place the components ireppriesigns of the complete ship. Cost calculagingineers
need to know the number of main components as avellthe possible manufacturers of these comporsents
they can gather cost data on the system. Apparémlyfocus is on components and the connectionselaet
components have lower priority during these eadgigh stages. The connections are left to be fijorg in
more detail in later design stages. Clearly thisksavell when overall concept design and cost datmn are
the main objectives of the early design stages. éd@was soon as other performance aspects of ifheabds
to be taken into account, e.g. survivability, thiproach fails and the connections become veryritapb That
is why in this research the focus is on the conioestbetween components; trying to find ways to enék
possible to take these connections into accouaaily ship design.

Generally the above applies to any technical ndtvaor(energy) distribution system on board navaiseds.
Some typical examples of these systems includiaiy tomponents and connections are listed in Table

Table 1 Examples of technical distribution systems on boeehl vessels, their main components and conmectio

Systems Main components Connections
Electric power distribution system Generators, tEled/otors, Switchboards Electric cables
FiFi system Pumps, Nozzles, Valves Pipes
Chilled water distribution system Pumps, Heat erdess, Valves Pipes
Propulsion system Diesel Engines, Propellers, Gaad Shafts
Data acquisition network Sensors, Computers, Reuter Network cables
Control signals network Computers, Actuators, Rute Network cables
Fuel loading and distribution system Pumps, Takkéve(s) chests Pipes
HVAC system Air Conditioning Units, Rooms, Valves udds
Ballast water system Pumps, Tanks, Valves Pipes

Etc.
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Some of these systems are considered in early rdssages, while others are not considered at allthair
design is entirely left to later design stagestt{gir main components are sufficiently small anéag). If a
system is considered the focus is on the main coemts and the topology of the systems is rarelglistuin
more detail as stated above.

Using current methods studying the topology by mgkvariations to it is indeed a time-consuming \digtj
which is probably one of the more important reasmngot do this in early ship design stages. Nexthis,
variation of network topology may be considered agassary as well-knowfixed templates exist for most
distribution systems and depending on the expespedational modes of the system one of these téegpla
chosen or copied from previous designs. Sometimesnetwork topology template is varied in earlyigies
stages, e.g. whether to apply CODOG, CODELOG ofPliEBnfiguration for the propulsion system of a hava
surface combatant can be a topic of discussioalsasbecame clear during INEC 2012, ref. [4] & [8hd even
in this case of the fairly small network of propals systems the study on variation in topology &sas on a
limited amount ofixed templates for network topology.

The purpose of the research described in this gapgerfind out possible benefits if this fixed tplate approach

is completely abandoned. What network topologiesild@rise if we start with a blank sheet of papeabula
rasa)? Would we find the same network topologies that mow captured in the fixed templates or would we
find new topologies with additional benefits liketter survivability characteristics? Such questinesd to be
answered using network theory, which is the stuflynetwork structures. Basic concepts of this field
mathematics are introduced in the next sectiorer afthich these concepts are applied to generaigoriet
topologies using thabula rasa approach.

BASIC CONCEPTS IN NETWORK THEORY

The most fundamental concepts in network theorytlagevertex (or node) and the edge (connection dwtw
vertices) [7]. In technical systems on board naealsels the components as listed in the middlenuolof Table
1 would be the vertices of the network and the eetians as listed in the right column would be ¢dges of
the network. The network topology, i.e. the waytieels are connected by edges, is defined by thecadgy
matrix which is amxn-matrix with n being the number of vertices. In an undidchetwork element;af the
adjacency matrix equals one if an edge exists miwertex i and j and zero otherwise. Thus thecadiey
matrix can be used to make a graph that represiemtsetwork topology visually, i.e. in a way thatcloser to
the more familiar block diagram approach. An exaniplgiven below.

But first an important difference in the way neti®are represented in network theory and marineneagng
is explained. There is no “main line” in networletiny since edges cannot have edges connectednio(&uges
can only be connected to vertices). This meansahapresentation of a network like in Figure 1 ldonot be
encountered in network theory. The main line itgedtild be considered a vertex (a component), wisictot as
strange as it may seem since the main line in diayrams represents for instance a switchboard ielectric
system.

1 Suppliers 2

Main line
9

3‘ user ‘ 4‘ user ‘ 5‘ user ‘ 6‘ user ‘ 7‘ user ‘ 8‘ user ‘

Figure 1 “Tree distribution” (figure taken and adapted from [6]).

Figure 1 shows what is considered a typical madngineering representation of a network topologye T
suppliers can be generators, pumps or diesel enfiménstance. The main line may be a switchboardhain
pipe line or a gearbox (although it is rare to fsid mechanical power users connected to a gearht) users
are consumers of whatever the suppliers are supplge.g. electric power, hydraulic power or mecbahi
power).

As said in network theory the main line is a veriself. Such a vertex has many edges connectdd Tdis
brings us to the introduction of a “hub”, whichasvertex inside a network with an unusual high dedthe
degree of a vertex is the number of edges connéotéll compared to other vertices inside the saetsvork.
Hubs are found in many networks, including the aore®oard naval vessels. In their review and sgishgaper
on the hub network design problem O’Kelly and Milltate that hubs “allow the construction of a roekwv
where direct connections between all origin andtidaon pairs can be replaced with fewer, indirect
connections” [8], i.e. a network that resembles tthgology of Figure 1 instead of that of FigureStich hub
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network topologies “ reduce and simplify networlastyuction costs, centralize commodity handling soding
and allow carriers to take advantage of scale eana®through consolidation of flows” [8]. Althoudghe paper
of O’Kelly and Miller focusses on transportationtwerks, the mentioned arguments to introduce hubs i
networks are just as valid in energy distributigsstems on naval vessels. Furthermore hubs in thgstems
may have an important function; which is converting effort and flow variables of the energy flamhigher or
lower values, e.g. a gearbox converting a hightiarial speed of connected engines to a lower lérethe
propeller or a transformer inside a switchboardawveoting a high voltage level to a lower voltageele What is
not mentioned in [8] but is mentioned in [6] istiae tree distribution of Figure 1 is much mordnesable (in
case of a break in the main line the whole systaits)fthan the star distribution of Figure 2. Thésa good
example of how closely related vulnerability andwark topology are, which is a good reason to redea
variation of network topology of technical systeomsboard naval vessels.

‘ user ‘ ‘ user ‘ ‘ user ‘ ‘ user ‘ ‘ user ‘ ‘ user ‘

Figure 2 “Star distribution” (figure taken from [6] ).

Now the hub has been discussed as a separate wertean build the adjacency matrix of the netwdréven in
Figure 1 as an example. The vertices have been enanhtstarting with the suppliers then the usersfaady
the hub. The adjacency matrix is:

O O O OO o o o
O O O OO o o o
O O O O o o o o
O O O O O o o o
R O O O O O o o o
O O O O o o o o
O O O O o o o o
O O O OO o o o
P2 = e B

111 111090

As said a graph can be made using this adjacentiyxnb@ make a more visual representation of theevoek
closer to the familiar block diagram. A short alfun that was developed within this research shdves
network of Figure 3, which may be compared to Feglr

4 T I I

0.5+ -

0 | | | L L |
0 1 2 3 4 5 6 7

Figure 3 Network theory representation of tree distibution as shown in Figure 1.

Although the figures do not exactly look similaethdo represent the same simple network topolodyctw
proves network theory can be applied in a navaineeging context. Now let’s see if we can use ispeed up
network topology variation so more topologies carstudied in early ship design stages.
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NETWORK TOPOLOGY GENERATION (NTG)

Now that basic concepts of network theory have begaduced we can address the research questsedpat
the end of the section on technical system deSiyhat network topologies would we find if we sténe design
of technical systems on board naval vessels witlaiak sheet of paper?” This approach is calleddhela rasa
approach which differs from théixed template approach that is normally used by having no cotimes
between components defined at the start of techsigstem design. Instead the connections are geadera
randomly to see what network topologies would arise

It was soon discovered that completely random NT@lds not make much sense and result in enormous
computational times for actual systems since thmbar of possible networks is given by (ref. [7]):

[n[(]n—])]
=2 2

Nnetworks
Now imagine a network consisting of four suppligrgo hubs and ten users (e.g. the top level ohglsiline
diagram with four generators, two switchboards terdlarge electric power consumers or distributioards
connected to them). That network would consist®f/értices, so the number of possible networks raiiecg to
the formula above would be 1.329¢°°. Clearly such a high number of possible netwogotogies would not
support a marine engineer with designing this sysie would merely confuse him/her to the pointttha/she
gives up.

So additional constraints on the network to be giesi are necessary. These constraints should fdttmnw
what a designer already may know about the syskeminstance, a logical constraint would be “theteyn
needs to be fully interconnected” meaning that th gaould exist between all users and at leastsopelier.
Otherwise put, each user needs to be reachedr, ei¢ha hub or directly, to be able to receive gger

Such a constraint could be met by starting diffdyerWith the above formula it is assumed all vest are
placed on our blank sheet of paper and we just dtawing lines between them and count the numliber o
possibilities. Now let's start by placing one suppbnd one user on our sheet of paper. Therelysome option
following from the fully interconnected constraititere is a line between the supplier and the iéew place
the next user. There are two options; either ther issdirectly connected to the supplier as wetiofaer star
connection) or the user is connected to a hub ribat “appears” on the initial line between user d dne
supplier (in this case it is assumed users canm@bbnected in series; otherwise there would beetbptions).
Now place the third user. There are three optioosnect to the supplier, connect to the existing druconnect
to a new hub. Now place a second supplier. Manipogtexist; direct connections between supplien@ asers
1, 2 and 3, connections to existing hub(s), conoestto new hubs (which then in turn need to beneoted to
users again). Thus this approach quickly runs joradblems as well because of the many choices t®@ma

Now a parametric approach is proposed. By paraimetgrNTG steering of the generation process besome
possible. So far two steering parameters have thefmed that can help establish this. The first is:

nv - nu+ nst nh
Where hd is the hub density defined by the numlfdrubs (nh) divided by the number of vertices (fve
number of vertices is the sum of the number of augeu), number of suppliers (ns) and number of Huabs.
The second steering parameter is:

St:%

N€,0s
Where st is the “starness” of a network definedh®syactual number of edges {gein the network divided by
the possible number of edges fgdein the network. This second steering parameter l used at different
levels of the network. “stus” for instance is thergmeter defining starness of direct connectiomwdxn users
and suppliers. In a similar manner “stuh” is tharséss between users and hubs and “stsh” is theesta

between suppliers and hubs.

Using these steering parameters an algorithm hes fbeitten to automatically generate network topas.
Edges are still randomly placed within this aldamtto ensure that the network topology is unknoefotehand
thereby still making it possible to discover unkmot@pologies. But now the algorithm continues to wntil a
pre-defined set value for the steering parametas theen reached, which leads to fully interconmicte
somewhat realistic networks. Two methods exishan ¢urrent algorithm. Method 1 uses set valueshferhub
density and the starness of the overall networkhbti 2 does not require the hub density but usesadges for
the starness on different levels of the netwonk, &tus, stuh and stsh. Results of this algorithith Wwoth
methods using different set values and a diffenentber of components are shown in the next section.
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RESULTS

The NTG algorithm is still under development as barconcluded from the text in the previous sesti@till,
using the formulas for steering parameters hd angdrsliminary results can be shown for differeatues of
these steering parameters and for different vailuethe number of vertices. These results for déffe network
topologies are shown in Figure 4. The main conoluss that it is indeed possible to automaticalgnerate
network topologies using the described approactchwhieans we can start researching network topobdgy
technical systems on board naval vessels in motald&he figures on the left hand side in Figurea#
generated using the first method (hd and st agiste@arameters), the figures on the right hand sde
generated using the second method (stus, stuhtsim@s steering parameters). The top 4 figures sliff@rent
networks using the same set values for the ste@amgmeters and the same number of vertices. Tipses
prove that different network topologies are fouretdwuse of the random function that is used in tA& N
algorithm. The bottom 4 figures shows the diversitpumber of vertices the algorithm can handles aherage
runtime of the algorithm for generating two netwsrksing both methods is below 0.05 seconds (evethé
larger networks at the bottom of Figure 4). Thitee is important to allow for filling the entidesign space of
network topologies; i.e. the complete range of fidssolutions for the distribution system a maramgineer is
designing.

nu=10 nu=10

nh=2
3 stus,, = 1/ (nu'ns) = 0.025
stuh_, = 12/ (nu™nh) = 0.60
sﬁshsﬂ =5/ (ns"nh) = 0.625

11 [4] 1 2 3 4 5 ] 7 8 a 10 1
4 ; r T
[nu=10
35 |ns=4
nh=2
3-|stus_ = 1/ (nu'ns) = 0,025 -

set
stuh, i 12/ (nu*nh) = 0.60

sa
‘slshm =5/ (ns*nh) = 0.625
2

251

1.5+

05 as
0 | L 0 | L |
Q 1 2 3 4 5 6 7 8 9 10 11 [4] 1 2 3 4 El B 7 8 9 10 11
4 T 4 T
nu=2 nu=2
35-|ps=2 B 35 ns=2
nh=1 nh=1
3 nd=1/5 3 stus_, =3/ (nu'ns) = 0.75
sl stse‘=D2 | 5% stuhwl=0f(nu‘ﬂh)=0

[ |stsh__ =0/ (ns*nh) =0
set

15 15

1k 3 g 1
05 4 08

o I I | | I 0 | | | | |

0 05 1 15 2 25 0 05 1 15 2 25 3

IS
IS

. T T T T T ———
nu =40 nu =40

35-|ns=15 1 88r|ns=15 .

nh=15 nh=15
el £ 3 |stus_, = 15/ (nu"ns) = 0.025

stuh_, =500/ (nu"nh) = 0,833

|stsh_, =2

05 . 05 .
0 L L L L L 0 L L L L L
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Figure 4 Results of automatic network topology gemation algorithm for different values of number of vertices and steering
parameters.
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DISCUSSION AND FUTURE WORK

Clearly a lot of work still needs to be done, tesults shown should be considered preliminary tesrly. A

first critique on the current networks would betttteey only consist of three layers; suppliers, shabhd users.
Actual distribution systems on board naval veskalse many more layers, especially if you take tiegration

of systems into account. These systems are higithgiated since a user in one type of energy bigtan

system may well be the supplier in another enerngjridution system. Increasing the number of layisrs
therefore part of the future work.

Note also that in the current approach the manggneer designing the system is supposed to knevatimber
of components or that he/she varies this numbérinve certain range to find possible and applicalgisvork
topologies. This assumption is considered plausibikit serves as the starting point of the NT@uatlgm. It is
also assumed that he/she has an idea for the galage of values for hub density and/or starn&kbough
these steering parameters are new for marine emgireefeeling for these parameters will soon benkgh as
wrong values will quickly lead to unrealistic netis.

Other steering parameters can be defined as welitlese will be investigated in the near futureestablish
which parameters can best be used for NTG.

Once the right steering parameter(s) have beerdfamd the right constraints have been set a NTGrithmn
will have developed that functionally resembles plaeking algorithm as used by van Oers [1] to gaeeship
configurations for supporting naval architects, luthis case network topologies are generatedtipporting
marine engineers designing technical systemsidfttas been achieved the NTG algorithm can bectait®n
many times by a genetic algorithm that varies inpatameters like number of components and steering
parameters. This was done by van Oers with theipgckgorithm as well and it quickly showed theient
design space. For this it is important that theins@ of the NTG algorithm is small, which it is w&as shown in
the results section. With such an approach the mpesign space for different kinds of energyritistion
systems (including their integration) can be aredys early ship design. If the many networks ti@he out of
the NTG algorithm driven by a genetic algorithm argsequently introduced in a vulnerability analyai
marine engineer might soon learn which network kogies are most promising concerning vulnerabilitgxt
to that it should be possible to use the adjacenafrices of the many networks to analyse performarfche
networks under different circumstances as wek bmponent library is available).

CONCLUSION

This paper has raised the question how marine eagirdesign distribution systems on board navaelesThe
current approach, which quickly fixes network tapgies and interdependencies between systems os diasi
previous experiences has been reviewed. A disaagardf the current approach is the fact that orggnall part
of the total design space is covered; many morearkttopologies could probably have worked jusivesd or
even better but these designs are now not anabsétdis considered too time-consuming to analyfferdnt
topologies. The experience from different projantsndustry is that this approach might lead to enajesign
alterations during detailed design, because ithentdiscovered that the chosen network topologyods
vulnerable or simply not functional. Exceeding loé tbudget is easily caused by such major designaitins.
By investigating more network topologies and thgreovering a larger part of the design space tsigther
can be more confident about choosing the righesystnd risks for budget overruns are mitigated.

The paper has shown that different network top@egian be generated automatically and quickly usiNg G
algorithm. This algorithm is still under developméuat important first steps have been made. Thgdespace
for naval technical systems can be filled usinchsaidNTG algorithm, which uses network theory cotseép a
naval engineering context. To the authors knowldtigehas never been tried before.
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