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Abstract—We live in a connected world. Both humans and
technical systems survive and thrive in a web of diverse interac-
tions. Computer networks and multi-modal transit networks are
two examples of such interactions. Such interactions have been
modeled as multidimensional networks. In real world networks,
the nodes and connections are not passive entities, but the
existing network models consider the nodes to be passive entities.
In order to overcome such limitations, we propose a new network
model named the Cell Model for the analysis of multidimensional
networks. In the cell model, we take structural, behavioural and
functional approach to modeling nodes and connections of a
network. We show equivalence between the cell model and other
network models. We apply the cell model to study the problems
in the domains of multi-modal (flight, train and bus) transit
networks and network measurements. We find that the cell model
enables researchers to model the rich tapestry of relations that
exist in multidimensional networks at the cost of increase in the
complexity of the network model.

I. INTRODUCTION

Multidimensional network models have been used for the
study of many real world networks like multi-modal transit
networks and computer networks. In both the application
domains, the participating entities are rarely passive. For
example, a transit station of a multi-modal transit network en-
counters dynamic conditions like rush hour traffic, arrival and
departure of vehicles etc. In computer networks, network pack-
ets are received, processed, forwarded or possibly discarded
by the participating computing nodes. Network measurement
engineers actively measure the connection characteristics in
order to create realistic models of network connections.

Another interesting feature of transit and computer net-
works is the causality of events in the network. Events at
one node cause a cascade of related events at neighbouring
nodes. For example, if an Internet router malfunctions and
reports wrong routes, then such a corrupt router can effect
the regular operations of routers in its’ neighbourhood.

The existing structural network models such as random
graphs, scale free networks and disease propagation models
emphasize on the structural properties of complex networks.
The often studied centrality measures [1] and the network
community detection algorithms [2] also emphasize on the
structural connections of a network. Some network models
such as those proposed for multidimensional networks and
disease propagation models use labels for nodes and connec-
tions. In the prior literature, the essential assumptions made
in the modeling of complex networks are:

∙ Nodes of a network are passive entities with no behav-
ioral or functional manifestations.

∙ Connections are binary relations whose strength may be
indicated by a weight or a function.

∙ Hierarchical representation of network has not been ad-
equately considered.

We propose a network model that considers structural,
behavioral and functional aspects of network participants -
both nodes and connections. Our network model helps in the
study of network phenomenon where participants exchange
messages via dynamic connections. We denote nodes and
connections of a network as cells and the network model built
using this paradigm as the cell model.

II. LITERATURE SURVEY

Network models help us create the right abstractions for
study of interactions in networked systems. Suitable notation
and semantics for nodes and connections are necessary for any
valid network model. Researchers have extended the regular
graph models to represent multidimensional networks. The
notational emphasis of the existing models has the following
highlights.

∙ A node may be present in all the dimensions. Thus
effective set of nodes in a multidimensional network is a
Cartesian product of nodes and network dimensions. Let
this set be represented as 𝑉 𝑑 .

∙ Connections may be any subset of 𝑉 𝑑 × 𝑉 𝑑 .
∙ Some network models attribute functions to connections

in order to model weighted, dynamic graphs.
Kivelä et al. provide a review of the existing multidimen-

sional models [3]. A common theme running through many of
the existing models is the focus on the connections. Network
structure is defined by the connections among the nodes. The
study of structural properties of networks such as the diameter
of the network, betweenness centrality measures, clustering
coefficients etc. is called the structural analysis of a network.
Existing literature on multidimensional networks focuses on
structural representation and analysis [3].

The existing network models have the following deficien-
cies.

∙ Nodes and connections are passive entities with no ability
to compute or respond.

∙ All the real-life networked systems have cascade events
happening in the system, messages flowing through the
system. This requires process oriented models for net-
works.



TABLE I
UTILIZATION OF STRUCTURE, BEHAVIOR AND FUNCTION MODELING APPROACHES IN PREVIOUS WORK.

Approach Prior Work Utilizing the Approach

Structure Review of multidimensional networks[3], multiple roles for nodes modeled as multiple layers [5], nested networks of ecological
systems theory (EST)[6], recursive network architecture [7], UML 2.0 with composite-structure diagram having ports[8].

Behavior Sufficiency of behavioral models for describing from reactive systems[9], [10], reactive animation (RA) based on StateCharts,
functional models and live sequence charts for modeling complex systems [11]

Function Review of functional modeling in engineering domains [12], [13], functions in nested systems [14]

∙ Multiple relations between two nodes get represented as
seemingly independent connections in different dimen-
sions. The mutual dependence among different relations
of any two nodes is not considered.

∙ There have been studies on the networks of networks
[4] for their structural properties and resilience. But the
notion of hierarchy to replace a sub-network with an
equivalent node is not considered.

In creating the cell model, we utilize the structure, behavior
and function (SBF) modeling approaches. The existing liter-
ature on the use of SBF modeling approaches is summarized
in Table I.

A. Solution Approach
Before we provide details of our approach, we list the

requirements for an ideal multidimensional network model.
An ideal multidimensional network model would have nodes
and connections that are responsive, i.e., they react to inter-
action. This reaction is necessary to consider the effect of the
environment on the network. An ideal network model sup-
ports selection from competing representations for nodes and
connections. An ideal model would also support hierarchical
representation for sub-networks.

We propose a network model with active (responsive)
participants; here we refer to nodes and connections of a
network as participants in a network. These active participants
can compute and provide a process orientation to network
phenomenon. We model the interactions between the network
participant as message exchanges. In real networks, partici-
pants do exhibit the ability to effect the messages / passengers
/ packets passing through them. This ability to effect the mes-
sages passing through them (participants) is transformational
in nature. Thus activeness allows the proposed network model
to represent the transformational capability of the participants.
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Fig. 1. Representation of a connection in a regular graph and in cell model.

III. CELL MODEL

A. Notation
A cell model of a network can be extended from the regular

network (graph) model. The regular network model can be
defined as:

Network: 𝐺 = (𝑉 ,𝐸) (1)
Nodes: 𝑉 = {𝑣1, 𝑣2, ..., 𝑣𝑚}

Connections: 𝐸 = {𝑒1, 𝑒2, ..., 𝑒𝑛}
= {𝑒𝑖 ∶ 𝑒𝑖 = (𝑣𝑗 , 𝑣𝑘) for 𝑖 = 1 to 𝑛}

An equivalent notation for 𝐺 (see Equation 1) using cell model
can be constructed as follows.

Network: 𝐺 = (𝑉𝑐 , 𝐸𝑐) (2)
Nodes: 𝑉𝑐 = 𝑉 ∪ 𝐸
Edges: 𝐸 = {𝑒11, 𝑒

2
1, 𝑒

1
2, 𝑒

2
2, ..., 𝑒

1
𝑛, 𝑒

2
𝑛}

= {𝑒1𝑖 , 𝑒
2
𝑖 ∶ 𝑒𝑖 = (𝑣𝑗 , 𝑣𝑘) ∈ 𝐸 and

𝑒1𝑖 = (𝑣𝑗 , 𝑒𝑖) and 𝑒2𝑖 = (𝑒𝑖, 𝑣𝑘)
for 𝑖 = 1 to 𝑛}

In the cell model, each connection of 𝐺 (i.e., 𝑒 ∈ 𝐸) is
given a node-like prominence in 𝐺𝑐 . Each connection 𝑒𝑖 ∈ 𝐸
becomes a node in 𝑉𝑐 , i.e. 𝐸 ⊂ 𝑉𝑐 . The connectivity between
vertices indicated by 𝑒𝑖 gets transformed into two equivalent
connections 𝑒1𝑖 , 𝑒

2
𝑖 ∈ 𝐸𝑐 . The edges of 𝐺𝑐 are unweighted,

undirected and unlabeled. The equivalent graphical represen-
tation is shown in Figure 1.

During the creation of a cell model, we consider the
principal participating entities and their relationships as nodes.
The edges of cell model are placeholders to help preserve the
information about relationships and the participating nodes of
each of the relationships. The cell network thus constructed
is a bipartite network.

IV. VIEWS ON NETWORK

We can use a combination of structural, functional and
behavioural views to provide computable models for all the
participants of the network.

A. Structural View
A structural model represents the topological connections

between participants of a network. The cell model has the
following effect on the structural properties of a network.



TABLE II
THE FOUR OPERATIONS PERFORMED BY THE NETWORK PARTICIPANTS IN

TERMS OF PROPERTIES ON A FUNCTION USED UNDER FUNCTION VIEW.

Operation Properties of Function

Generate 𝑓 (𝑥1, 𝑎1, 𝑎2, ..., 𝑎𝑛) = 𝑓 (𝑥2, 𝑎1, 𝑎2, ..., 𝑎𝑛)
Terminate 𝑓 (𝑥, 𝑎1, 𝑎2, ..., 𝑎𝑛) = 𝑛𝑢𝑙𝑙
Transform 𝑓 (𝑥, 𝑎1, 𝑎2, ..., 𝑎𝑛) ≠ 𝑛𝑢𝑙𝑙
Forward 𝑓 (𝑥, 𝑎1, 𝑎2, ..., 𝑎𝑛) = 𝑥

∙ The total degree of a node remains the same. Hence, the
total degree distribution of all the nodes belonging to
𝑉 ⊂ 𝑉𝑐 remains the same.

∙ The size of a network in cell model is equal to |𝑉 |+ |𝐸|
of the corresponding network modeled as a graph.

∙ All the connections of a network in cell model have a
degree of two.

In cell model, the connections are simple, static edges. All
the complexities of relations like weight, functions and labels
are hidden in nodes belonging to 𝐸𝑐 . Thus the structural analy-
sis such as determination of centrality measures, communities,
path length on a cell model of a network is equivalent to
structural analysis on bipartite network.

B. Functional View

As per Crilly et al. [14], functions have two broad meanings
in engineering. One is the role of transforming an input to an
output; this definition of function is closer to its mathematical
interpretation. The second meaning of function is the utility
derived from a system (or the goal / purpose of system as
seen) by its users. Thus a functional view can represent the
external effect of a network participant as seen by an external
observer. A functional model of an active participant is as
follows.

Input messages ∶ 𝑋 = {𝑥1, 𝑥2, 𝑥3, ..., 𝑥𝑚}

Environment variables: 𝐴1 = {𝑎11, 𝑎
2
1, ..., 𝑎

𝑘1
2 }

𝐴2 = {𝑎12, 𝑎
2
2, ..., 𝑎

𝑘2
2 }

...
𝐴𝑛 = {𝑎1𝑛, 𝑎

2
𝑛, ..., 𝑎

𝑘𝑛
𝑛 }

Function Input: Σ = 𝑋 × 𝐴1 × 𝐴2 × ... × 𝐴𝑛
Output messages: 𝑌 = {𝑦1, 𝑦2, 𝑦3, ..., 𝑦𝑝}

Function: 𝑓 ∶ Σ ⟶ 𝑌 ∪ {𝑛𝑢𝑙𝑙} (3)

The functional view of a participant provided in Equation
3 does not utilize the state of a participant. When considering
the state, we utilize the behavioral model of a participant.
Table II utilizes the functional model to represent the four
operations on messages that can be performed by the network
participants. A participant can use only one of the four
operations in Table II. In terminate operation, a participant
consumes an incoming message, but does not generate any
new message in response to the consumed message. This no
output message status is shown as null message.

C. Behavioral View
A behavioral view represents internal changes and external

responses to stimuli. We use the state machines to provide a
behavioral view and restrict the type of sate machines to finite
state machines (FSM). The notation used for representing the
behavioral view of an entity is shown in Equation 4.

Finite State Machine 𝐹𝑆𝑀 = (𝑆,Σ, 𝑌 , 𝑓 , 𝑔, 𝑠𝑖𝑛) (4)
Set of States: 𝑆 = {𝑠1, 𝑠2, 𝑠3, ..., 𝑠𝑜}

Input messages: 𝑋 = {𝑥1, 𝑥2, 𝑥3, ..., 𝑥𝑚}

Environment variables: 𝐴1 = {𝑎11, 𝑎
2
1, ..., 𝑎

𝑘1
2 }

𝐴2 = {𝑎12, 𝑎
2
2, ..., 𝑎

𝑘2
2 }

...
𝐴𝑛 = {𝑎1𝑛, 𝑎

2
𝑛, ..., 𝑎

𝑘𝑛
𝑛 }

Function Input: Σ = 𝑋 × 𝐴1 × 𝐴2 × ... × 𝐴𝑛
Output messages: 𝑌 = {𝑦1, 𝑦2, 𝑦3, ..., 𝑦𝑝}
Update functions: 𝑓 ∶ 𝑆 × Σ ⟶ 𝑆

𝑔 ∶ 𝑆 × Σ ⟶ 𝑌 ∪ {𝑛𝑢𝑙𝑙}
Initial State: 𝑠𝑖𝑛

V. AXIOMS OF CELL MODEL

The networks and participants of networks constructed
in the cell model adhere to four axioms, namely message
exchange, activeness, equivalence and hierarchy. The rest of
this section contains axioms and their interpretation.

message message

𝑣1 𝑒1 𝑣2

Fig. 2. A typical scenario of message exchange. A message is sent from
node 𝑣1 to its connection 𝑒1; 𝑒1 transfers the message to node 𝑣2.

A. Messages Between Participants
The participants in cell model of a network, i.e., both

nodes and connections, interact with each other by exchanging
messages. Thus the axiom of message exchange lays the
ground rule for interaction in the network.

Axiom 1 (Message Exchange). All network interactions hap-
pen via message exchanges.

In the cell network model, a connection (ex: 𝑒1 in Figure
2) is drawn from one participant of a network to another if
they exchange messages. A message is sent from a node to
another node via an edge. The message transfer between two
nodes facilitated by a connection is illustrated in Figure 2.

B. Active Participants
Both nodes and connections of a cell network are non-

passive entities. The axiom of activeness specifies the kind of
operations that these entities can perform.



Axiom 2 (Activeness). All the participants (nodes and con-
nections) are active:

1) Nodes can generate, terminate, transform or forward
messages.

2) Connections can terminate, transform or forward mes-
sages.

terminate generate
transform

forward

Fig. 3. Operations on messages performed by a participant of a network.
Each keyword denotes the kind of operation performed on a message. The
participants are nodes and connections.

The permitted operations performed on messages by the
participants of a network are: generate, terminate, transform
or forward. The permitted operations are illustrated in Figure
3. Nodes can perform any of the four operations; Connec-
tions cannot perform the generate message operation, but
can perform terminate, transform or forward operations. The
restriction of generate operation to nodes has been put in place
to limit causality of events in the network to only nodes. Only
nodes can generate new messages which can trigger further
events in the network. Connections only act on the messages
sent to them.

There is an influence of environment on all the participants
of the network. The environmental influence is modeled using
independent variables. The computational models of network
participants are dependent on the environment variables.

There is quite a close relation between the transform and
forward operations of a participant. A forward action is a
projection. In general, all the participants have memory (state).
A participant can switch between the allowed operations based
on the incoming message and state. The next state of a
participant is determined by the current state and the incoming
message.

C. Equivalence
We strive for a simplest possible representation of an

entity. Thus we often need to replace a very detailed FSM
with a more simple, abstract model for FSM. The axiom of
equivalence caters to this need for simplicity in representation.

Axiom 3 (Equivalence). Two models of a participant are
equivalent if both have equivalent Finite State Machines
(FSM), i.e., both the FSM’s are observational equivalent.

In order to understand the requirements of observational
equivalence, we need to understand the bisimulation equiva-
lence.

As per Hirshfeld et al. [15], two processes (for us, FSMs)
are bisimilar, or bisimulation equivalent, if, roughly, they

may evolve together in such a way that whenever the first
process performs a certain action, the second process is able
to respond by performing a matching action, and vice versa.

We use the FSM notation defined in Equation 4 to math-
ematically express the bisimulation equivalence between two
FSMs. A formal definition of bisimulation for two FSMs is
as follows.

Let 𝐹𝑆𝑀1 = (𝑆1,Σ, 𝑌 , 𝑓1, 𝑔1, 𝑠𝑖𝑛1 ) and 𝐹𝑆𝑀2 =
(𝑆2,Σ, 𝑌 , 𝑓2, 𝑔2, 𝑠𝑖𝑛2 ) with 𝑠1 ∈ 𝑆1 and 𝑠2 ∈ 𝑆2. A relation 𝑅
between 𝑆1 and 𝑆2 is bisimulation if the following conditions
are satisfied.

1) Start condition:
Both FSMs are in their respective initial states.
⇒ (𝑠𝑖𝑛1 , 𝑠

𝑖𝑛
2 ) ∈ 𝑅

2) Matching state transitions:
With 𝑠𝑖1 𝑅 𝑠𝑖2, the following two conditions hold true.

a) for 𝑠𝑖1, 𝑠
𝑖+1
1 ∈ 𝑆1 and 𝑠𝑖+11 = 𝑓1(𝑠𝑖1, 𝜎) ∃ 𝑠𝑖+12 ∈ 𝑆2

such that 𝑠𝑖+12 = 𝑓2(𝑠𝑖2, 𝜎)
b) for 𝑠𝑖2, 𝑠

𝑖+1
2 ∈ 𝑆2 and 𝑠𝑖+12 = 𝑓2(𝑠𝑖2, 𝜎) ∃ 𝑠𝑖+11 ∈ 𝑆1

such that 𝑠𝑖+11 = 𝑓1(𝑠𝑖1, 𝜎)
3) Matching outputs: 𝑦𝑖1 = 𝑦𝑖2
𝑆1 and 𝑆2 are bisimilar if 𝑆1 and 𝑆2 share bisimilar

relation. If 𝑆1 and 𝑆2 are bisimilar, then the corresponding
𝐹𝑆𝑀1 and 𝐹𝑆𝑀2 are bisimilar. A bisimulation equivalency
between two FSMs, 𝐹𝑆𝑀1 and 𝐹𝑆𝑀2 is indicated by
𝐹𝑆𝑀1 ∼ 𝐹𝑆𝑀2.

The notion of bisimulation defined above is a strong bisimu-
lation. The definition of strong bisimulation requires that each
transition in the behaviour of one FSM should be matched by
a single state transition of the other, regardless of whether that
transition is labelled by an observable action or by 𝜏 (adopted
from Section 3.4, [16]).

There exists a weak version of bisimulation. In weak
bisimulation, an FSM is allowed multiple internal transitions
(formally called 𝜏-action) to provide the same output sequence
for a given input sequence. The weak bisimulation equality is
also known as observational equivalence. The observational
equivalence abstracts away the internal behavior (state tran-
sitions and silent or uninteresting outputs) and only focuses
on the input - output equivalence. Hence, our requirement of
behavioral equivalence corresponds to observational equiva-
lence on FSMs. A weak bisimulation equivalency between two
FSMs, 𝐹𝑆𝑀1 and 𝐹𝑆𝑀2 is indicated by 𝐹𝑆𝑀1 ≈ 𝐹𝑆𝑀2.

𝑣1 𝑒1 𝑣2 𝑒3 𝑣3

𝑣4 𝑒2 𝑣5
𝑣′2

Fig. 4. Illustration of the axiom of hierarchy. Here 𝑣′2 is a representative for
the sub-network consisting of {𝑣2, 𝑣3, 𝑒1, 𝑒2}.
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Fig. 5. Elementary operations needed to create hierarchical FSMs.

D. Hierarchical Networks
Hierarchy is the natural way of building scalable systems.

Hierarchical technological systems like Internet and social
systems like metropolitan cities are a testament to the power
of hierarchy in building scalable systems. We use the same
principle in creating the axiom of hierarchy.

Axiom 4 (Hierarchy). A node can represent a sub-network.
The representative node must satisfy the equivalence axiom
with the sub-network being represented.

Figure 4 shows a graphical illustration of the axiom of
hierarchy. The nodes and connections highlighted by the cloud
which form a sub-network of a bigger network have been
abstracted out. In its’ place, we have a representative node
𝑣′2. The external connections of the sub-network remain the
same and 𝑣′2 provides observational equivalent behavior to the
sub-network it replaced.

In the context of message passing cell network, we utilize
a very restricted form of hierarchy via FSM equivalence. The
semantics of our hierarchical approach have been adopted
from David Harel’s StateCharts [17], [18]. As per the State-
Charts approach, the design of representative FSM involves
the following operations.
AND Two FSMs are put side-by-side and both run con-

currently. This arrangement gives concurrent processing
capability to the hierarchical FSM.

Cascade Two FSMs are connected sequentially so that the
output of first FSM becomes the input of the second
FSM.

Composite This operation has also been called an Or-
operation in prior literature [17]. An FSM can be in
any on of its valid states. For example, if an 𝐹𝑆𝑀 has
only three states 𝑠1, 𝑠2 and 𝑠3, then the FSM can be in
either 𝑠1 state or 𝑠2 or 𝑠3 state. Hence, the naming of
the arrangement as Or-operation.
The notion of composition comes from the fact that each
state of an FSM can contain with in it another FSM. In
Figure 5, 𝐹𝑆𝑀3 has three states of which 𝑠2 contains
another state machine inside it. Thus 𝑠2 is a composite
state and 𝐹𝑆𝑀3 is a composite state machine.

𝑥 ⟶ 𝑦 ⟶
𝑣1 𝑒1 𝑣2

Fig. 6. Modeling of the directed connections using functional view of a
connection.

These operations are illustrated in Figure 5. The AND
and OR operations on FSMs are thoroughly described in
StateCharts approach [18]. The state machines modeling of
Unified Modeling Language (UML) v2.5 is a modern adaption
of StateCharts approach [19]. The semantics of composite
operation defined here are in line with the definition of
composite state and FSM in UML v2.5 [19]. Modifications
on the StateCharts approach have been adopted for modeling
of cyber physical systems in Ptolemy II software [20] and
for modeling of biological systems using reactive animation
[21], [22]. The Cascade operations on FSMs are described in
Ptolemy approach [20], [23].

VI. GENERALITY OF CELL MODEL

In this section, we show the equivalent cell model represen-
tations for popular network models. We start with undirected
connections, proceed to work with directed connections, mul-
tiplex (multiple) connections and conclude with multidimen-
sional connections.

TABLE III
REPRESENTATION OF UNDIRECTED CONNECTIONS IN THE CELL MODEL.

Type of Con-
nection

Function Operation

Unweighted
and Undirected

𝑦 = 𝑥 with 𝑓 ∶ 𝑋 → 𝑋 Forward

Static weight 𝑦 = 𝑓 (𝑥, 2) with 𝑓 ∶ 𝑋×𝑤 → 𝑌 ,
𝑤 ∈ 𝑍+ and 𝑓 is bijective

Transform

Dynamic con-
nections

𝑦 = 𝑓 (𝑥, 𝑡) with 𝑓 ∶ 𝑋 × 𝑇 → 𝑌



𝑙1

𝑙2
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𝑣1 𝑣2

(a) Multiplex connections in a
regular graph.

𝑥 ⟶
all 𝑦𝑖 ⟶

𝑣1 𝑒1 𝑣2
(b) Representation of multiplex connection
in cell model.

Fig. 7. Modeling of multiplex connections using functional view of a
connection.

A. Undirected Connections

The connection illustrated in Figure 1 shall be used to
explain the representation for undirected connections. The
undirected connections may be of three kinds: unweighted,
static weights and dynamic connections. All types of undi-
rected connections can be represented using functional view.
We utilize the notation for functional view given in Equation
3 to provide an equivalent representation in Table III. Dy-
namic connections are modeled as connections whose weight
changes with time. We model time using one independent
variable 𝑡 = 𝑎1 ∈ 𝐴1 given in Equation 3.

The unweighted and undirected connections use forward
operation of functional view. The forward operation is a
projection operation, i.e., 𝑓 (𝑥, 𝑎1, ..., 𝑎𝑛) = 𝑥. The weight of
an undirected edge is represented as a function whose domain
is 𝑋, co-domain is 𝑌 and the function remains the same. The
last case of dynamic connection requires consideration of time
as well. We model the input of dynamic functions as input
messages and time.

B. Directed Connections

A directed connection has source node and a destination
node. We can extend the equivalence presented in Section
VI-A for undirected connections with one additional restric-
tion. All the input messages of a connection come only from
the source of a connection and all the output messages go

only to the destination node of a connection. The situation is
illustrated in Figure 6.

C. Multiplex Connections
We then consider the case of multiplex (multiple) connec-

tions between two nodes. The cell model equivalent repre-
sentation for multiplex connections is given in Equation 5.
The meaning of the repeated symbols such as Σ, 𝑋, 𝐴𝑖 is as
described in Equation 3.

Function Input: Σ = 𝑋 × 𝐴1 × 𝐴2 × ... × 𝐴𝑛
𝜎 = (𝑥, 𝑎1, 𝑎2, ..., 𝑎𝑛) ∈ Σ

Output messages: 𝑌 𝑖 = {𝑦𝑖1, 𝑦
𝑖
2, 𝑦

𝑖
3, ..., 𝑦

𝑖
𝑝𝑖
}

for 𝑖 = 1 to ℎ
Function: 𝑓 𝑖 ∶ Σ ⟶ 𝑌 𝑖 ∪ {𝑛𝑢𝑙𝑙} (5)

A multiplex connection is a set of ℎ connections between
two same nodes. For each function input (𝜎 ∈ Σ), every
connection that is part of multiplex connection sends one
transformed output messages (𝑦𝑖 ∈ 𝑌 𝑖). All the transformed
messages are received at the destination node. An example
scenario is shown in Figure 7a. These connections all repre-
sented using one single node in cell model; the illustration is
shown in Figure 7b.

D. Multidimensional Networks
Using the axiom of hierarchy, we can represent all the sub-

network induced by all copies of 𝑣𝑖 as a single node. Thus all
the inter-layer connections between copies of a single node are
abstracted away. The resulting multidimensional network will
be a labeled multiplex network. We can use the technique
discussed in Section VI-C to completely convert Figure 8b
into an equivalent cell model representation.

VII. MAPPING OF CELL MODEL TO APPLICATIONS

We apply the cell model to two different application do-
mains. The first is a transit scheduler which is responsible
for generating travel itineraries from public transit schedules.
Talasila et al. [24] contains further details on the transit sched-
uler. The second is a packet analyzer which is responsible

Layer 1

Layer 2

𝐻1
𝐻2

𝐻1
𝐻2

(a) A multidimensional / multilayer network with two layers
illustrated.

𝑙𝑎𝑦𝑒𝑟1

𝑙𝑎𝑦𝑒𝑟2

𝑙𝑎𝑦𝑒𝑟12

𝐻1 𝐻2

(b) An equivalent representation for multidimensional con-
nections.

Fig. 8. Multidimensional connections and their representation in cell model.



TABLE IV
THE MODELING OF DIFFERENT PARTICIPANTS USING THE CELL MODEL OF

NETWORK.

Transit Scheduler Packet Analyzer

Network Transit network Protocol graph
Nodes Transit stations Protocol analyzer
Connections Road links Protocol clients
Messages Transit vehicles Packets

TABLE V
THE VIEWS ADOPTED FOR DIFFERENT PARTICIPANTS OF THE CELL MODEL

OF NETWORK.

Transit Scheduler Packet Analyzer

Nodes Behavioral Behavioral
Connections Function Function
Network Structure Structure

for protocol analysis of network traffic. Prasad et al. [25]
contains further details on the packet analyzer. The modeling
conventions of two different application scenarios using the
cell model of network are shown in Table IV. Different views
adopted for nodes and connections of application networks
are shown in Table V.

VIII. CONCLUSION

We propose the cell model of a network for modeling mul-
tidimensional networks. We use three views, namely structure,
behavior and functional views, to represent the participants of
a network. The behavioral view helps create process view of
a network. All the network models built using the cell model
obey four axioms: activeness, message exchange, equivalence
and hierarchy. We have shown the generality of the cell model
by representing weighted and directed networks, multidimen-
sional networks using the cell model. We have applied our
cell model on two research problems. Our cell model-based
solutions have been tested on real-world multidimensional
network scenarios.
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