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1.1. Introduction - Motivation

Models are usually domain specific and even trad#ily strictly system-specific.
Various modeling tools have sprung up to try to caemodate many systems
simultaneously, such as state space and nonlingaandcs models. As system
complexity and data quantity creep up, attempts ainified systems theory have
become more rampant. Network theory is one of tbkld that has been recently
engaged in this effort, even termed « network s@en Network theory tools exist in
many domains, and have been used widely withowaatating efforts for at least 40-
50 years. In this paper, we examine the relevameeefits and deficiencies of network
representation and analysis for engineering systeansl at the end recommend
alternatives.

The overall difficulty with applying simple netwonkodels to engineering systems is
that often nodes and links or node relationshipsnat uniform and not transitive. In an
acquaintance network, for example, the relatioknmfwing someonis reversible, thus
the network is undirected. All nodes are uniformefe in modeling hierarchies, nodes
are of the same type), and all links are the safoerepresentation purposes geometry
or order is irrelevant. This is not the case forstmengineering systems, where at any
level of abstraction components are assembledranged in particular ways to work
properly. Moreover, the nodes and links rarely barput in the same category. These
arehybrid networks: in other words, networks comprised ofewthnd maybe links) of
different types.

For example, modeling the components of a vehitie,parts (or subsystems) of an
airplane or the states of a formation of flying iedds, is not as simple as pointing out
the nodes and the physical connections. Dependintp® level of abstraction chosen,
links can meamphysicalconnections, like an electric connector, weldeohpinfluence
connections, like magnetic fields, chemical bondsconcentration levels, in fuel
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mixtures; abstract connections, such as a transportation route. Larkd nodes can
have different capacities and costs, maintenanaggénes, dynamics. Link existence can
vary with time. All of these properties of real ®ms make simple graph
representations inadequate for a useful model.

This does not mean that simple metrics from a geaph model could not be useful for
engineering analysis. The key in this type of mougls i) picking the right level of
abstraction, ii) encoding the right level of detale call this approach “augmented
network modeling for engineering design”.

Various fields have applied network modeling to iaegring applications, such as
operations research (supply chains), electricainemging (circuit (controls) theory),
and more recently systems engineering (new systEnsystems approaches). Most
have found good algorithms to solve particular peots but met overall difficulty in
applying general models due to domain knowledgeiipy. Some of the successful
models are discrete-continuous state-space modelsobject-process networks for
formation flight vehicle networks and space missigilanning [Bounova
2005][Simmons 2005][Hybrid Lab].

In this paper, we propose a state-spacedikgmentedhetwork model, with high-level
simple abstract network description and deeperl leizengineering detail description
content.

We first give examples of real systems models, #itir network description and brief
discussion of simple network statistics. Then, wsaiibe in detail one of the models
and discuss the benefits and deficiencies of ndétwepresentation and how it can be
adjusted.

1.2. Model — System Examples

An augmented network model is an attempt to caploreain-specific knowledge and
yet be able to extract and analyze higher-levelvaet properties. This method does
not claim to solve the modeling problems of allteyss imaginable, and it does require
hard additional work for application adaptation.wwéwer such a hybrid representation
allows a general plug-in of many models to the sa®vork analysis toolbox. To
investigate the relevance of network models, wédyapdive different systems, some of
which biological, social and technological. Those described briefly in the following
sections.

1.2.1. Journal Publication Network for the MIT Engineering System Division
Community

This is a social network example, consisting of j@@nals as nodes: two journals are
connected if one faculty member publishes in bAthnodes and links are of the same
type and all links are bidirectional by definitiohhe data is gathered by taking a poll
and recording citations. Figure 1 shows the erdataset with its giant component and
isolated clusters. The general journal area/topialso indicated for the different
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clusters. The clustering per topic confirms thagrgvfaculty member publishes in a
certain area, as expected. The more heterogenéants aqpmponent (labeled “core”

indicates that many researchers that publish irewa fields thus leading to an
interdisciplinary department. The most connectedrjal iEManagement Science
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Figure 1: Journal publications network: two journals aremected if one faculty member
publishes in both. 16 connected clusters are ffiedtias labeled.

1.2.2. MAPK Reference Pathway Network

The Mitogen-Activated Protein Kinase (MAPK) pathwayansduce a large variety of
external signals, leading to a wide range of caflulesponses, including growth,
differentiation, inflammation and apoptosis. In sthbiological network example,
proteins are modeled as nodes and two proteinscemeected if they interact. The data
is experimentally verified, available from the KEGlatabase [KEGG dat]. Nodes are
of the same type (but different molecules), links cvary depending on the type of
interaction, such as activation or inhibition. Ttpathway was analyzed for three
species, drosophila, yeast and human , includebledtang structural similarity via
coarse-graining and motif analysis.
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Figure 22 MAPK pathway representations: traditional repréation (left) from KEGG database
[KEGG dat] and Pajek representation of the samievwsf.

1.2.3. Car Frame Assembly Network

The assembly network of passenger car frame conmp®rieas been studied in the
context of looking for multiple design alternativésr embedding flexibility into
product components [Suh 2004]. In Figure 3 the amgies represent individual
components, i.e. nodes in the component networke @&thcs represent physical
connectivity between the components. The nodesarddentical: each one of them
represents a uniquely different item, even thoughesnodes might be very similar, i.e.
mirror images of each other due to symmetry ofuéhicle. This is an example of a
mechanical network in which geometry and relatiesifion matters as much as pure
connectivity for the proper operation of the syst&ach component can be identified
by its different name, position with respect toestbomponents and different structure
and function.
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Figure 3: Car frame component network — wiring diagram Ytapd Pajek plot (bottom). 3D
location optimization algorithm preserves symmetng relative positions. Right and left-hand
sides are flipped in the Pajek plot.
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1.2.4. Space Transportation Network Model

There are states in space which a spacecraft oagitpyminimal energy expense (ex.
orbiting). State transitions require energy leapghe form of fuel burns, provided by
the vehicle itself or an external force (anothehigke, by-passing a planet etc).
Naturally, states can be modeled as nodes andtioassas links, so that the mission
time-value is concentrated in the nodes, while thission cost-energy spent is
contained mainly in the links. This is not a petfassumption, because transitions are
not instantaneous and states are not cost-free dgtionkeeping and correction
maneuvers). This representation without the inttedgmamics is shown in Figure 4.
Here, neither all nodes, nor all links are of tlaene type. There are three types of
nodes,surface orbit and operational sequencaodes, and around 16 types of links,
such ageorbit burn orbit injection landing and so on. This model was created with
the purpose of generating and evaluating many t&atores (scenarios) for lunar
missions.
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Figure 4: Space transportation network model flumar mission scenario. OPN (Object-Process
Network, [Simmons 2005]) representation (left) &ajek plot (right).

1.3. Comparative Analysis, Network Statistics

For all the systems discussed above, we discusstgte and dynamics analyzed with
network modeling tools. Traditional network metrisgnilar to the literature [Newman
2003], are shown in Table 1. Even from a coarsg,ltiee simple network metrics in
Table 1, show that even among technological netsyothkere is a great variety of
directed versus undirected models, many versus riewmber of nodes, physical
networks versus abstract (state transition) modé&le average path length and
diameter measures show the relative size of theankt For example, an average path-
length which is a small percentage of the numberoafes, is one of the characteristics
of a small world. For the systems presented hargeneral technological systems are
not small worlds because of the effect of geomatrg the importance of Euclidean
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distance. Degree correlations vary regardless eof tifpe of system, sociological,

biological or technological, contrary to claimsttlitashould either positive or negative
[Newman 2003]. Mean degree is smaller for techrnichigsystems in general, due to
capacity, geometry and degrees of freedom consdrdint that varies from abstract to
physical models. The space transportation netwdriclwis an abstract network, has a
twice higher average nodal degree. Finally, altesys have different objectives for

operations or performance measures.

A lot of network analysis concentrates on undeditap system structure, modules,
cohesiveness and hence critical components or ndees structural experiments were
done to gauge the relevance of these methodsdbnddogical systems. Figures 5 and
6 show the comparison of physically meaningful congnt breakdown versus the
Newman-Girvan algorithm [Newman 2003] results fog tar component network and
the spacenet model. The top drawing in each fighiewvs the physically meaningful
grouping of nodes. For example, on Figure 6, Eartth near-Earth nodes are grouped
together. All transfer nodes together with Lagramgént orbits make another set.
Finally all near-Moon with lunar surface nodes emenbined together (all color coded).
The bottom two plots in each figure show two diffetr iterations of the Newman-
Girvan algorithm with the resulting clusters coldrdifferently. Clearly, there is no
good match in either case. This means that clugteand linkage are designed in
specific ways in mechanical systems, with charé&ties and purpose that cannot
necessarily be uncovered by traditional r]etworl»{)miﬁa

Figure 5: Modular structure of car component nekwtwp 2 are Newman-Girvan splits, the
bottom is the physically meaningful representation
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Figure 6: Spacenet modularized: constraining Newgwman up to min 4 clusters gives three
individual nodes as clusters, earth surface, esatier and lunar surface, which does have some
meaning, as in final destination nodes, but notlpirayides the expected near-Earth, near-Moon,
and transfer trajectories.

Another focus in the network literature for systamalysis is node centrality. Various

measures of centrality exist, the simplest of whiale degree centrality and

betweenness centrality (also closeness, eigenatptretc). Degree distributions and

node significance have been widely employed in stdading structure and dynamics
of social networks. To see how these consideratielate to the variety of systems we
explore, we look at adjacency matrix dot alignmemtsat means aligning nodes against
nodes and drawing dots if a link between two ofithexists. Depending on the node
order in this plot, interesting or no patterns e@merge. Figure 7 shows the matrix
alignments for the systems in this study. The roesriare ordered by design (as
recorded), by increasing nodal degree, increasieigvdenness and then increasing
eigen-centrality. It is evident right away that fo different system, different metrics

contain the important structural information. Forample, the design plot and the

degree plot do not tell much about the MAPK pathwBlye betweenness plot on the
other hand shows obvious structure. In the caskeofechnological networks, it can be
argued that the design plot (which is probably rded component-wise) contains the
most information. In any case, our aim was to shwat traditional network metrics and

structural considerations cannot be applied teyatems equal.
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Figure 7: Adjacency matrix dot-alignments, nodeeoirty by (design), increasing degree,
increasing betweenness, and eigen-centrality; aPKlAuman pathway, b) ESD journal faculty
network, ¢) spacenet model, d) car component fraeteork, ) Tokyo subway.

In engineering systems, compared to node analgsith findingis more important.
This is because parts and components are morg likebe well-defined, engineered
and understood, whereas the whole system might &iavemergent behavior. Often an
engineer cares about change propagation (streaskscrinnovation) or in mission
analysis, optimal path finding, given thousandsopfions. Thus understanding the
network relationships in the system has an inhgralifferent purpose. Technological
systems have to be operated, often fulfill a single#pose or have some finite
functional spectrum. The main difference is thaytdo not emerge, but are designed to
operate. So any structural analysis, should atranmiim uncover the schematics of the
designer. As we saw, simple network models do eptasent the structure of complex
engineering systems very well. Our interest is l@ssstructure, but more so in
dynamics, operation at various levels and eventuabwth, expansion or shrinking of
the system. A car frame propagates vibration argl thabe integral, yet somewhat
modular to withstand design changes without corepletplacement. A space
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transportation network only serves to provide raypéimization for mission planning.

To serve a design challenge right, such a modelthasonvey the right level of

information — where can one get to physically and/imuch effort does it take? While
there is politics involved in design decisions, oren only attempts to make an
objective decision, as many design teams have done.

Table 1: Simple graph statistical measures for &hfferent systems: a journal publication
network, a car frame component network, a spacspatation model and the MAPK reference

pathway.

MAPK Journal Space Car Tokyo
Reference publication Transportation Component Subway
pathway network for Net Network
network MIT ESD
Network Biological Social Technological Technologicgl  Teolowi
type cal
N 143 196 15 21 191
M 176 547 48 39 297
m/n 1.2308 2.791 3.2 1.8571 1.555
Directed? No (as No Yes No No
modeled)
Hybrid Yes No Yes Yes No
nodes?
Hybrid Yes No Yes No No
links?
Dynamic? Static (as Static (as Dynamic (as Static Static
modeled) modeled) modeled)
Number of 15, {GC - 126} 16 {GC -131} In: 2 {14,1} 1 1
conn.
components
{max, {15, 2.831, 1} {33, 6.565, 1} Tot {16, 6.4, 1},| {8,3.7143,1} {9,3.11,1}
mean, min in {8, 3.2, 1},
}degree out: {10, 3.2, 0}
Most p38 (deg = 15) Management| Tot: TO, in: 5, Body Inner 51
connected Science out: TO Panel (left and
node right)
Degree -0.306 -0.0229 0.0402 (GC -0.5255 0.016
correlation 0.2011)
{max, mean | {4639,1035.5, {1029, 375, {89, 48.714, {940,
, min} betw 384} 228} (5.25 32} 420.288,
(32.44 times n) times n) (4.23 times n) 289}
Clustering 0.008 0.807 (GC) 0.1389, in: 0.2512 0.081,
coefficient 0.1792 0.059
Number of 3 697 10 10 23
triangle
loops
Number of 400 76 0 52 148
rectangular
loops
Network 17 (11%n) 6 (3% n) 7 (46% n) 5 (23%n) 14
diameter
Mean path 6.454 (37% d, 3.3 (55%d, 2.5561 (36%d, | 2.3333 (46%d, 6.194
length 4% n) 1%n) 17% n) 11% n) (44.2%d,
3.2%n)
Number of Newman- 7 Phys: 3, Phys: 3, 13-14
communities Girvan: 4 Newman-Girvan: Newman-
(clusters) 3or8 Girvan > 5
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1.4. Augmented Network Model

The key characteristics of an augmented networkemade that i) it contains more
information than an edge list, ii) every model igndhin-specific and iii) network
theoretical tools can be used for global analysépecially in pointing to interesting
areas for research.

1. Node refinement
As argued in previous sections, understanding asgigding an engineering system
required domain knowledge and models augmented avitlineering detail. We have
tested a simple methodology for such proposed aisalising the space transportation
model, described in Section 1.2.4. Nodes have ttypes (surface, sequence and orbit)
and are described with relevant names, types, geigalecoordinates, set of states,
internal node time counter, associated delta VVr(ghan velocity magnitude), if any.

Figure 8: Example of transfer orbit (TO) node diiiom.

2. Edge refinement
The next step is edge refinement. Given the modeldu state-space, physical,
geometrical, links can have different meaning. Aquaintance link can be described
simply as a node pair, while a protein interactiedge can be augmented by
environmental conditions under which interaction swaetected, frequency of
interaction, activation or inhibition and so on.the case of the spacenet model, a link
has associated delta V (fuel burn) and associgqesl (describing the state transition).
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For example, the TMI link described in Figure 8nuects an orbit node to another
orbit node, hence its type is orb2orb.

Figure 9:Translunarinjection link example. It is specified in an acBacy matrix, as a link
between EO (Earth orbit) and TO (transfer orbit)

3. Rules of Dynamics
The use of more detailed, design-relevant node limkddescription is to be able to
encode rules of dynamics. For example, a link mightemporal, that is, it exists, but
not at all times. There is a tight launch windoanfr Earth orbit to lunar orbit, and then
the lunar surface, that depends on the desirednigridcation. In general, the rules of
dynamics describe what transitions (links) are jpbssinder what conditions.

4. Physical Simulation
The system or parts of it can be simulated witregiinitial conditions or for a given
purpose. The output, such as evaluating a patheay,be linked to another set of
models for dedicated component design for example.

5. Network feedback: inferring centrality and meaningful paths from
network analysis for further inspection
After the physical simulation and a better undeditag of the system, this process can
be iterated with investigating different networkgeectives of the entire model.

1.5. Conclusion

These are apparently systems of different domaims,and level of heterogeneity. The
relevance of network modeling is variable in eaake; because of the domain biases
and data collection problems, as well as the imgibnis for analysis and design. For
example, social network studies have long been e&yedl to study community
structure, functional clusters and prominent nodéstwork structure and topology
studies are fairly straightforward to do with horaeagous networks. In biological and
technological systems domain knowledge becomesiggkaNe discussed examples of
technological systems where structure is not sintpleletect, and which cannot be
modeled with homogeneous models. Finally, we mieaa augmented methodology
for engineering design. Our model has been appbedo design in the case of the
space transportation network [Bounova 2006].
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