
 
 

Electronic Research Archive of Blekinge Institute of Technology 

http://www.bth.se/fou/ 
 

 

This is an author produced version of a conference paper. The paper has been peer-reviewed 

but may not include the final publisher proof-corrections or pagination of the proceedings. 

 

 

Citation for the published Conference paper: 

 

Title: 

 

 

 

Author: 

 

 

 

Conference Name: 

 

 

 

Conference Year: 

 

 

Conference Location: 

 

 

 

Access to the published version may require subscription. 

Published with permission from: 

 
 
 



HET-NETs 2010
ISBN XXX–XXX

pp. xx–xx

A Multi-Dimensional CAN Approach to CRN Routing

ALEXANDRU POPESCU a,b DAVID ERMANa MARKUS FIEDLERa

DEMETRES KOUVATSOS b

aDept. of Communications and Computer Systems
School of Computing

Blekinge Institute of Technology
371 79 Karlskrona, Sweden

bDept. of Computing
School of Informatics
University of Bradford

Bradford, West Yorkshire BD7 1DP, United Kingdom

Abstract:
The paper reports on an innovative approach to the management of Cognitive Radio Networks (CRNs).

As part of achieving this functionality, a new architecture implemented at the application layer is presented.
The research challenges for developing a CRN management solution are on addressing, sensing and prediction,
routing, decision making and middleware. Cognitive radio networks are expected to address and to solve several
important challenges like, e.g., opportunistic spectrum access, spectrum heterogeneity, network heterogeneity
and the provision of diverse Quality of Service (QoS) to different applications. Consequently, a number of
management functions are necessary to address the associated challenges with the management of CRNs. The
paper provides a brief introduction to these components while focusing on the CR routing, addressing and content
representation.
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1. Introduction

Given that an overcrowding of the available frequency bands is present today, there is a
need to do research on and develop Cognitive Radio Devices (CRD) able to sense and iden-
tify vacant domains in the spectrum. A CRD is simply put a device that is able to learn from
experience and can adapt its operational parameters to function under any given conditions,
thus being able to make use of the underutilized parts of the available spectrum. In order
to successfully employ a Software Defined Radio (SDR), intelligent management and con-
trol facilities need to be conceptualized. By harvesting the benefits offered by P2P systems
we aim at advancing a new architecture implemented at the application layer for the man-
agement of cognitive radio networks (CRNs). This can be achieved by invoking a specific
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adapted distributed P2P addressing system, together with additional functionality dissemi-
nated throughout several overlays connected through a middleware. The paper reports on the
framework of a new architecture while focusing on the Cognitive Routing (CR), addressing
and content representation.

The remainder of the paper is as follows: In Section II we present an overview of gen-
eral Content Addressable Network (CAN) operation as well as a short introduction to the
suggested Multi-Dimensional CAN (MD-CAN) approach to CRN management. Section III
presents the architectural solution for management and the main elements are described. In
Section IV we comment on modeling aspects of the MD-CAN. Section V is dedicated to
describing the solution adopted for CRN routing. Finally, Section VI concludes the paper.

2. Multi-Dimensional CAN

As part of the CR management solution, we suggest an architecture where a modified
MD-CAN (a multi-dimensional extension to the standard CAN implementation [5]) over-
lay is used for the information representation of a multihop CR-network. In regular CAM
implementation member nodes have Θ(2d) neighbors and the average path lengths are of
Θ(d/4)(n1/d) hops [5]. By increasing the number of dimensions we gain the benefit of
shorter path lengths, though at the price of higher per-node-states. Every node now has to
keep track of its neighbors in all neighboring dimensions not solely its own dimension. How-
ever, by utilizing a MD-CAN approach we have a solution that can be modified to suit the
particular needs for the management of CRNs. Different CAN dimensions can be used to
represent different CR-dimensions like, e.g., space, frequency, power, code. All of them are
functions of time and with independent coordinate spaces for every node. Rendezvous points
are selected within a maximum geographical radius, for bootstrapping purposes to populate
the available operational zones [5]. Joining of unlicensed users is done through a scheduler
in order to fairly partition the available spectrum holes given as these are a limited resource.
Figure 1 shows an example of Multi-Dimensional CAN (MD-CAN) representing N nodes in
different CR-dimensions during the time period ∆t.

Fig. 1. Overview of a Multi-Dimensional CAN.
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In our approach, the frequency domain is represented as a CAN dimension named Chan-
nels. This lets us depict all available operation opportunities (channels) in the available fre-
quency spectrum. Depending on the employed technology different types of multiplexing
in the available frequencies are used, enabling for instance the CR users to exploit the same
frequency though at different time periods. Through the Channels dimension in an MD-CAN
we can gather and depict the maximum amount of users that can inhabit the available spec-
trum simultaneously. This allows CR users to fully use the available resources when making
adaptations to receive service.

The stored operational parameters for a node in different CR-dimensions are identified
with the Cartesian coordinates n(t) = (x(t), y(t), f(t), p(t)), where x(t) and y(t) denote the
space dimension (we assume 2-dimensional space for now, though a third space dimension
might be required later for depicting height), f(t) the frequency dimension (partitioned into
channels) and p(t) the power dimension, all of them as functions of time. This means that
n(t) can, at any given time, characterize a CRD occupying the operational zone at coordinates
x, y in the space dimension, channel c in the frequency dimension and using transmission
output power p in the power dimension. Naturally, some parts of the MD-CAN functionality
are rendered inactive, since different CR-dimensions are represented with every dimension
instead of space alone, which otherwise is the case in regular CAN implementation. The
defining characteristics of each dimension can also be changed independently of each other.
A vacant position (zone) in a CAN dimension represents a hole in a particular CR-dimension
as a function of time. Optimization can hence be achieved from the perspective of every
single CR user, enabling pro-active adaptation to network changes. Users might need to adapt
in one or more CR-dimensions to keep the location in the space dimension. For instance, a
slight change of the operating frequency or the transmit power output might be required to
maintain a position in the space dimension and thus retain service.

The MD-CAN information is updated per dimension for all registered changes (e.g.,
new vacant positions in different dimensions, arriving licensed users pushing out unlicensed
users) through the standard CAN control and takeover mechanisms. In regular CAN imple-
mentation only the affected neighbors are informed of the changes in the topology through
the immediate updates. On the other hand, in our solution, all member nodes (not just the
affected neighbors) are informed of the changes, with updates that spread outwards from
the affected neighbors. Having all CAN members storing global network topology informa-
tion is contrary to regular CAN implementation. However, since CR users depend on fast
adaptations in one or more CR-dimensions, to minimize lookup delays and retain service,
every user is responsible to store relevant information related to possible future adaptations.
To retain the operational zone < x2, y1 > in the space dimension an adaptation in the fre-
quency and power dimensions may be necessary, for instance from: < x2, y1, f4, p5 > to
< x2, y1, f9, p3 >. These adaptations are bounded by t and represented as MD-CAN di-
mensions. In other words, this is the process of spectrum mobility represented as multi-
dimensional routing with the goal of providing smooth and fast transition, with a minimum
of performance degradation [2].
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3. Management Architecture

Cognitive Radio Devices (CRDs) are able to change their operational parameters on the
fly, depending on the surrounding environment and consequently emerging as a viable solu-
tion to spectrum shortage problems [2]. A CRD collects information about the characteristics
of the surrounding environment like, e.g., frequency, modulation and transmission power and
is able to adapt and learn from experience. The challenging research task is to develop CRDs
able to sense and identify vacant domains in the spectrum. The so-called spectrum holes (un-
used spectrum available for unlicensed users) are present at different time periods and places,
thus new facilities have to be devised to utilize them for communication. Cognitive radio net-
works provide these facilities by sharing the temporally unused resources in an n-dimensional
space with unlicensed mobile users. Examples of such dimensions are geographical space,
power, frequency, code, time and angle [1, 2, 9]. Four fundamental operations are needed for
the management of a CRN [1, 2, 17]: Spectrum sensing, spectrum decision, spectrum sharing
and spectrum mobility.

These operations are necessary in order for the two CRN user classes (licensed and un-
licensed) to function seamlessly. The licensed users exploit the licensed part of the spectrum
band and the unlicensed users use the available spectrum holes (free spaces) in the spectrum
band. Whereas the control for the licensed band is focused on the detection of primary users,
the control for unlicensed bands is trying to minimize possible conflicts and interference to
primary users when accessing the spectrum holes. Given the extreme complexity present in
the process of managing CRNs, we propose a new architecture to achieve this functional-
ity. To control the four fundamental operations in the management of a CRN, we base our
solution on the use of a middleware with a common set of Application Programming Inter-
faces (APIs), a number of overlay entities and a multi-dimensional routing. The proposed
architectural solution is shown in figure 2.

Fig. 2. CRN Management Architecture.

The specific middleware presented in figure 2 was originally developed by the BTH re-
search group and it is a software that bridges and abstracts underlying components of similar
functionality, exposing it through a common API [3]. Through the deployment of our mid-
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dleware (and using different overlays) we can ensure a flexibility of adding new services,
through future overlays.

An overlay is defined to be any network that implements its own routing or other control
mechanisms over another already existing substrate, e.g., TCP/IP, Gnutella. With reference
to the addressing type, we can partition the overlays into two categories, namely structured
and unstructured. Structured overlays implement DHT to decide the type of routing geom-
etry employed by the particular network. Unstructured overlays use IP addresses or other
forms of addressing like, e.g., in the case of Gnutella, which uses Universal Unique IDs
(UUIDs) [8]. Underlays are defined by us as being forwarding or transport substrates, which
are abstracted using a common API and can also in their turn be either structured or un-
structured. The topology of structured underlays is imposed meaning decided beforehand
like in the case of Chord [4], whereas unstructured overlays topology can instead be viewed
as emergent. Furthermore, to move away from the current incompatible overlay implemen-
tations and facilitate the integration of different overlays in our CR management solution,
a middleware based on the Key-Based Routing (KBR) layer of the common API has been
implemented [7]. This way an independent development of overlay protocols, services and
applications is viable. We employ two different sets of APIs, one for application writers and
one for interfacing various overlays and underlays. An exported API by one overlay can be
used by other overlays, like in the case of "Sensing", "Prediction", "Decision Making" and
"Routing", where all have to work together to provide the needed functionality.

The following overlays are proposed: Control Entity, Spectrum Sensing, Multi-
Dimensional CAN (MD-CAN), Historical Statistics Database, Decision Maker and Predic-
tion and Dimension 1-4 Routing. The management solution used in our system is an intelli-
gent wireless communication system, defined to represent a set of algorithms. Its purpose is
to perform sensing, learning, optimization and adaptation control of the CRN [11].

A CRN is a dynamic distributed network that changes constantly. Given the difficulty of
accurately predicting future changes in advance (e.g., an unlicensed user that occupies a spec-
trum hole at a certain time period might be pushed out by an arriving licensed user taking over
that particular spectrum band), the routing decisions have to be flexible, adaptable and per-
formed on the fly. These decisions are depending on both current environmental constraints,
(e.g., spectrum availability, power output, coded signal type, angle of arrivals) and the con-
sidered statistics. The statistics are uniquely collected for every CR-dimension. To make
accurate decision, several mechanisms are used depending on the scenario at hand, e.g., Mul-
tiple Criteria/Attribute Decision Making, Fuzzy Logic/Neural Network and Context-Aware
mechanisms. Since CRN are enabled to learn from experience, this entails compiling statis-
tics from previous network changes like, e.g., cost, throughput, delay, primary user activity.
These statistics are stored on the nodes (CRDs) participating in the MD-CAN overlay (a ge-
ometric multi-dimensional representation of the CR dimensions) and are gathered for each
node through spectrum sensing. In other words, occupancy in an n-dimensional CR space
is identified and in our case stored and represented through an MD-CAN. Simply put, this
is the ability of a CRN to measure, sense, learn and be aware of environmental changes and
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restrictions i.e., find opportunities in the different CR domains [1, 9]. These parameters can
be related to things like network infrastructure, radio channel characteristics, spectrum and
power availability, local policies and other operating restrictions.

For a functional architectural solution the complexity is disseminated to different over-
lays. Further, even though we employ a modified MD-CAN for the suggested CR man-
agement architecture, typical CAN mechanisms for topology construction, maintenance and
addressing are assumed [5]. We also assume a bounded number of users per dimension. Op-
timization is performed from the perspective of all CRN users and every CR dimension. The
maximum number of users that a CAN dimension can accommodate is determined by the
limiting CR dimension placing an upper limit Nmax on the network size. If the spectrum
band becomes the limiting dimension, all other CAN dimensions inherit the particular upper
limit of users that can be accommodated, i.e., all users are represented in every dimension.

To achieve this, a lightweight control mechanism is required (minimizing the signaling
overhead) together with a low out-of-band frequency utilization in the unlicensed spectrum.
This is a so-called Common Control Channel (CCC). The CCC is conceived to cover long
distances, though operate at low rates [1, 10]. Furthermore, carrying all control information
on a single channel eliminates synchronization problems, which otherwise can arise from
having users tuned to different channels. We suggest to place the CCC in the unused parts
of the UHF band, known as UHF white spaces which operates over long distances, perfectly
matching our requirements [12]. Replacing the need for large-scale broadcasts over multiple
channels, the CCC has to be available to all nodes in the network at all times, enabling so
the MD-CAN overlay to maintain its topology and stored information up to date. However,
the time needed until information (regarding a node’s profile) updated on the CCC is avail-
able for every node has to be considered. This time is bounded to the number of CR users
present in the network [10]. It takes longer for the information to reach the CR users farthest
away from the source in case of a large CRN. Changes are furthermore registered through
the collaboration with the Spectrum Sensing overlay and the Control Entity overlay. The
Spectrum Sensing overlay collects connectivity parameters for each CR user and for a group
of CR users as well. The collected connectivity parameters per user are communicated to the
MD-CAN overlay for statistics computation. The computed statistics per user and per CR-
dimension are saved on the participating nodes (CRDs) represented in each corresponding
virtual CAN dimension.

Naturally, the MD-CAN stored statistics per CR user are subject to constant changes,
meaning users come and go. The Decision Maker and Prediction overlay takes therefore
decisions based not only on current available user statistics, but also on statistics computed
over a longer time period. Statistics of the CRN changes gathered over time for a group
of CR users are stored in the Historical Statistics Database overlay. This enables the Deci-
sion Maker and Prediction overlay to learn from experience and to predict future changes
more accurately. This also means that the available spectrum holes are identified, creating
so opportunities for unlicensed users to receive service. This identification provides relevant
information for both unlicensed users already present in the CRN (to adapt their operational
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parameters and retain service) and for unlicensed users wishing to join the CRN and to re-
ceive service.

An important aspect for the MD-CAN spectrum hole representation to work properly
is the need to consider real geographical distances between users present in the CAN space
dimension. This distance radius is bound by the members ability to operate in the place
of any other member present in this domain. In short, a CR user should be able to adapt
its operating parameters to function in every opportunity that may be presented in the MD-
CAN. If the geographical locations are too distant, a user in one corner of the space domain
might not be able to exploit a spectrum hole present in the other part of the space domain.
This is simply due to the limited transmit power output and the ability to access the particular
available spectrum that might be too far away. Accurate information representation in the
MD-CAN overlay is therefore vital for the overall CR management functionality. The e2e
source based routing is locally computed by the Decision Maker and Prediction overlay at
the request of a communicating CRD considering factors like, e.g., QoS/QoE, cost, service
availability, security, privacy levels and user defined preferences. This is possible through the
use of the connectivity statistics per individual user stored in the MD-CAN overlay together
with the group operational statistics stored in the Historical Statistics Database overlay.

The routing path is computed by predicting the CRN changes that may occur due to
CRD adaptations. However, the accuracy of the computed path also depends on the quality
of the available statistics. Furthermore, the Control Entity overlay is responsible for the
actions related to user control, context-aware and security facilities. This particular overlay
informs the MD-CAN and hence the Decision Maker and Prediction about user, context
and service defined preferences as well as other relevant information, offering so the end
user facilities for Always Best Connected (ABC) decisions. Since the e2e path is computed
locally from the information stored in the MD-CAN and Historical Statistics Database, a
simple lookup query in the locally stored virtual CAN space dimension suffices to find the
desired destination. Retaining service in a CRN is however not only a matter of reacting to
traffic load changes. A number of factors have to be considered to model and to predict user
activity and mobility under the QoE framing. Users are also expected to perform their own
measurements, contributing so to the MD-CAN overlay connectivity statistics buildup. The
considered factors can furthermore affect one or more CR-dimensions simultaneously.

Finally, the Dimension Routing overlays are employed in collaboration with a global
time dimension common to all CR-dimensions. The Dimension Routing overlays are re-
sponsible for performing the actual physical routing to reach the destination. Packets are
forwarded in the space domain through the multi-objective optimized path compiled by the
Decision Maker and Prediction overlay. The Dimension Routing overlays also need to main-
tain an updated MD-CAN structure to offer the needed functionality, meaning their topology
updates are synchronized with the MD-CAN overlay. Furthermore, the actual MD-CAN
overlay topology might change during the time spent for compiling the source based e2e
path in the Decision Maker and Prediction overlay. Therefore, when the actual physical rout-
ing begins, the Dimension Routing overlays might have more up-to-date information. An
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important responsibility for reaching the destination lies thus with these overlays. Own deci-
sions have to be taken by them, adapting the precompiled e2e path according to the particular
network conditions.

Fig. 3. Overlay functionality and operational sequence.

Figure 3 shows an overview of the overlay functionality and operational sequence de-
scribed above.

1 Information gathering and statistics computation operations.

2 Source based e2e path computation from the statistics compiled in operational se-
quence 1.

3 Physical routing and adaptations to intermediate CRD along the precompiled e2e path
from sequence 2. Enables communication packets to reach their destinations.

4 Allows for the destination to be reached even though the precompiled e2e path has
changed. Own decisions and adaptations are made on-the-fly by the Dimension Rout-
ing overlays according to current environmental constraints received by synchronizing
with the MD-CAN overlay.

To reach the destination a node forwards a received packet to neighbors along the path
through the information written in the packet header. Due to the approach used for an e2e
source-based route compilation in a multi-hop scenario, the risk does exist that a destination
becomes unavailable before it is reached. In such case packets are either discarded according
to a Time to Live (TTL) counter added to all packets send on the network or by an intermedi-
ate node having more up-to-date knowledge of the destination availability. Finally, a scheme
to prioritize between CR unlicensed users competing for free-spaces has to be devised. Such
a solution can be based on cost (users who can afford the available spectrum hole to receive
service) or power (users who can meet the required power outputs for the available spectrum
hole to receive service) or a balanced approach (several unlicensed users can share the cost
and the available spectrum).
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4. Modeling Aspects

The CR space-dimension depicted as a MD-CAN dimension needs to be able to visualize
three different categories: licensed users, unlicensed users and free space. These categories
are highly important while executing one of the two primary activities performed by the CR
management system, i.e., to compute an e2e routing path to the destination or to adapt the
operational parameters of a CR user to retain service. For instance, an e2e routing path has to
be computed for reaching the destination without interfering with the present licensed users.
For doing this, the following pieces of information are needed to characterize the attributes
of spectrum holes in the space dimension: Geographical location, First and second order
statistics of the busy time. Another example is given by the power spectra of incoming RF
stimuli. The following three categories can be distinguish when passively sensing the radio
domain [13]:

• Black spaces, which are occupied by high-power local interferers and should be
avoided in most cases due to the need for sophisticated spectral detection, analysis
and decision. However, when the interferers are inactive these spaces can be used in
an opportunistic manner.

• Gray spaces, which are partially occupied by low-power interferers and are potential
candidates for use by the unlicensed users when the interferers are closed.

• White spaces, which are free of RF interferers and influenced by ambient noise only.
These are the best candidates for use by the unlicensed users.

We regard a CRN frequency spectrum as consisting of a number of N channels (syn-
chronous slot structure), where each channel has the bandwidth Bi, for i = 1, 2, ..., N .
These channels can be used either by licensed users or by unlicensed users if they are free.
The unlicensed users use these channels in an opportunistic way. Furthermore, we use the
discrete-time Markov models to model different statistics related to these channels like, e.g.,
occupancy of the N th channel.

Available spectrum bands at a given node may be different from the spectrum bands
at other nodes. They may even be flexible and not fixed, with unpredictable channel vari-
ations, meaning the spectrum bands could even differ drastically. The consequence is that
such aspects should be captured in the process of modeling. Our employed model offers
the possibility to do this, given the rather general data structure used for decision making
and prediction. Other elements that can be captured and used in the process of CRD routing
are, e.g., geographical distance between nodes, number of nodes in the network, number of
available bands at a particular node, number of available bands in a network, maximum trans-
mission power, spectral density at a transmitter node, minimum threshold of power spectral
density to decode a transmission at a receiver node, link layer delay and others [14]. The
diversity of the data collected, together with the hard requirements for fast routing decisions
in the case of opportunistic routing leads to demands for efficient multidimensional data rep-
resentation based, e.g., on multiple correspondence analysis (MCA) [15]. Tools like MCA,



10

in combination with On Line Analytical Processing (OLAP), may help towards a better data
summarizing, exploration and navigation in data cubes as well as detection of relevant infor-
mation to help performing an efficient and fast opportunistic routing.

5. Routing Aspects

Routing in cognitive radio networks is challenging due to the large diversity of network
configurations, diversity of network conditions as well as user activities [10]. The conse-
quence is in form of large variations in the topology and connectivity map of the CRN as
well as the available frequency bands of licensed users and their variations (e.g., power spec-
tra). Furthermore, it is also important to consider possible spectrum handover when changing
the frequency of operation. This in turn creates difficulties in finding an appropriate path be-
tween a particular source node and a particular destination node. Considering the activity
and holding times of licensed users as a reference framing, we can partition the CRN routing
as follows [1, 2, 10]:

• Static routing, used given that the holding times of the licensed bands are relatively
static processes, i.e., with variations in the order of hours or days. Although this shows
resemblance to multi-radio multi-channel mesh networks, there is the need to deal with
transmissions over parallel channels as well as handling interference among licensed
users and unlicensed users.

• Dynamic routing, licensed bands are intermittently available. Smaller temporal fram-
ings in the order of hours down to minutes, demands for more dynamic routing deci-
sions. The main challenges are to find stable routing paths able to provide the expected
e2e performance and to define appropriate routing metrics able to capture spectrum
fluctuations. The routing algorithms used are those for wireless ad-hoc networks, com-
binations of static mesh routing and per-packet dynamic routing.

• Opportunistic (or highly dynamic) routing, the licensed bands show very high varia-
tions with temporal framings in the order of minutes down to seconds. Demands for
routing algorithms able to take quick, local decisions. Solutions encompasses, per-
packet dynamic routing over opportunistically available channels. Adapts the routing
to the particular conditions existent at a specific time moment. This type of self-aware
routing is also called cognitive routing protocols [16].

Our solution for CRN routing is a combined routing solution. The Decision Maker and
Prediction overlay uses a static routing model to compile the e2e routing path locally. The
computed path takes into account all available resources like, e.g., gathered network param-
eters from the MD-CAN overlay and the Historical Statistics database overlay, user prefer-
ences, environmental constraints and predictions of future network adaptations. Learning
from previous experience, the predictions are performed with increased accuracy over time
leading to further improved e2e path compilations that hold for the expected time period.
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However, the "Dimension Routing" overlays responsible for the actual physical routing
and adaptations can easily update and adapt the precompiled path if needed, according to
the present network conditions and through the employment of dynamic and opportunistic
routing. For every hop along the way the validity of the e2e path and destination is examined
and reevaluated if necessary through a dynamic routing approach. All CRN users are respon-
sible to keep their MD-CAN topology representation as accurate as possible. Obviously,
peers located closer to the source of occurring changes are likely to be updated faster than
those farther away. In case of peer failures a new path is computed by the intermediate peer,
which currently holds the packet. The recompiled path stretches from the current location
to the destination. In the case of destination node failure the packet is discarded. It is also
necessary to consider the scenario where all original CR users in the CAN space dimension
(from the original e2e path compiled by the "Decision Maker and Prediction" overlay) are
still valid, though the destination has become unreachable due to adaptations in the other
domains. In such a case an opportunistic adaptation is used for the remaining CR dimensions
to adapt some parameters (e.g., in the frequency or power domains) and thus still be able to
reach the destination compiled in the original path.

6. Conclusions

The paper has advanced a novel architectural solution for the management of cognitive
radio networks. The architecture is based on the use of a middleware with a common set
of Application Programming Interfaces (APIs), a number of overlay entities and a multi-
dimensional routing. A short description of this architecture has been presented, with a par-
ticular focus on the research challenges associated with this architecture. Furthermore, two of
the most important elements of the above-mentioned architecture are the Multi-Dimensional
CAN (MD-CAN) and the CRN routing. The paper has particularly developed on the solu-
tions adopted for these elements. Future work is three-fold. First of all, we intend to develop
a solution for the Decision Maker and Prediction overlay. Further, we want to develop an-
alytical and simulation models of this architecture and to do performance evaluation and
validation. Finally, we want to implement this architecture.
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