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Abstract

Capital expenditurd CAPEX), i.e. equipment cost, is a decisive criterion fag ttesign of a new network infras-
tructure. The design of efficient transport networks reggithe interconnection of multiple technologies which
form separate layers with their own networking view and iregit This leads to the notion ofiulti-layer networks
CAPEX-aware design of such networks requires algorithmighvpropose multi-layer hardware configurations
that are able to carry a given set of traffic demands at min@A&®EX. We present a generic algorithm for CAPEX-
aware multi-layer network design as well as a computatlgwédble implementation and perform evaluations on
realistic network topologies. The underlying CAPEX and tirlalyer technology models are explained in detail.

of parametric studies within a short time even for large

network instances and detailed CAPEX models.

In this paper, we present a generic CAPEX-aware al-
1 Introduction gorithm for multi-layer network design with a detailed

) ) ) ) CAPEX model and a computationally viable imple-

Ongoing exponential growth in Internet traffic, de- mentation which proves reasonable runtimes even for
creasing revenues, and the emergence of new servicggrge network instances. We develop a software tool
like Carrier Ethernet, trigger network providers to up-[3] to evaluate multi-layer network design algorithms.
grade and optimize their network configurations. The remainder of this paper is structured as follows.
The basis of most carrier networks is optical fibergection 2 introduces the problem formulation and gives
which connectpoints of presencéPoP), callecsites  an overview of related work. Section 3 explains the
over large distances. Several technologies mustaAPEX and multi-layer technology models. In Sec-
be insta"ed at a site to prOVide different SerVicestion 4, the generic a'gorithm for mu'ti_'ayer network
like data transmission on the |P/MPLS, Ethernet, Ordesign is presented a|0ng with an efficient imp|ementa_
SDH/SONET protocol. Each offered service and itstion which is evaluated on several network instances in

technology form a separa@yerwhich has its own net-  section 5. Section 6 summarizes this paper.
working view. These separate views lead to the notion

of multi-layer networks 2 Problem Formulation
To achieve cost-efficiencynulti-layer network design
has to respect all available technologies, their features, and Related Work

and economics. This requires detailepital expen- |, this section, we formulate the considered optimiza-
diture (CAPEX) models for multi-layer networking iqn nroblem and give an overview of related work.
equipment which have been recently published [1, 2].

The level of detail of these CAPEX models allows for 2.1 Problem Formulation

a more realistic network design, but also increases the ) ) ]

runtime complexity of CAPEX-aware multi-layer net- There mainly are two reasons to install multiple tech-
work design. For parameters sets of this sineeger ~ nologies at a site. On the one hand, the provision of
linear programs(ILP) tend to have long runtimes even multiple networking services, like the connectivity via
for medium-sized network instances. Hence, we delnternet Protocol(IP) or Ethernet, requires the instal-
velop heuristics for CAPEX-aware multi-layer network lation of different networking equipment per service.
design which can yield sub-optimal results within fea-FOr instance, IP- connectivity requires routers whilst
sible time. Such heuristics are interesting for science agWitches are used for Ethernet. Hence, two technolo-

well as economy due to their ability to perform a plenty 9i€S have to be installed to provide both connectivity
services at a site.

The authors have been funded by the Federal Ministry of Ed-On the other hand, the installation of multiple technolo-
ucation and Research of the Federal Republic of Germany (BMB gies can lead to lower CAPEX of a network. For exam-
Forderkennzeichen 01BP0775). Their work is part of the EKIRE ; : _
project “100 Gbit/s Carrier-Grade Ethernet Transport Tiedbgies ple, th? easleSt way to Set,Up a ConneCt,lon betw?en re
(CELTIC CP4-001)". The authors alone are responsible fertn- ~ MOte sites is the usage of interfaces which can directly

tent of the paper. connect to the physical topology of a network and
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cost. The authors of [5] consider multi-layer switches
in optical transport network§OTN) which can deal
with wavelengths, wavebands, and fiber as aggrega-
tion levels. Evaluations are performed for a simple
non-linear cost function that maps the utilization of the
used aggregation level. The problem is approached by
an ILP as well as a heuristic which is faster, but less
successful. In [6], an additional “grooming layer” is
introduced and ILPs are given for the optimization of
CAPEX that rely on pre-calculated paths to speed-up
the optimization. A simple CAPEX model is used for
the optimization to state the benefit of optical multi-
plexing equipment. In [7], we present ILPs that do not

depend on pre-calculated paths and develop heuristics

Demands starting
at site A on L2

L

H

H

1L, < Layers

Figure 1: An abstract view on an exemplary multi-
layer network with three demands.

transmit the signal over long-haul distances. The con
figuration of suctpoint-to-pointconnectivity is simple,

but the required long-haul interfaces are expensive an
use the physical transmission medium exclusively. In
stead of giving exclusive access, one or more interm
diate transport networksan be used which allow to
aggregate several data signals of arbitrary technologie
These intermediate technologies form sepalageal

fé)r this problem.
The second group of papers relies on (detailed) technol-

£0gy and CAPEX models to interconnect different tech-

nologies. The authors of [8] develop an ILP for a de-
tailed equipment model but give no evaluations. In [9],
they enhance their ILPs by heuristics within a branch-

layers with their own routing and serve as wrappers@nd-cut algorithm and focus on two-layer network de-
for the physical or underlying logical topology, respec-Sign- In [10], a comparison of different networking ar-
tively. Although this can increase cost-efficiency andchitectures is presented by evaluating a dimensioning
resource utilization, the transport technology must ber0cess for multi-layer networks, but no algorithms are
efficiently used to justify its initial acquisition. given. In [11], we consider a multi-layer network de-

An exemplary result of a multi-layer network design for sign containing ”_3 ar_1d OTN technolog)_/. The focus is
a simple topology is illustrated in Figure 1. It shows the®" CAPEX optimization under shared risk link groups

physical layerL, and two logical layerd., and L, as caused by single link failures in_ the physical network.
well as the routing of three demands which starfLat In [12], we model a CAPEX optimization for transpar-
and partly use.; for transport. ent, semi-transparent, and opaque optical networks by

In this paper, CAPEX-aware designmiulti-layer net- ILPs in a canonical way.

works means to interconnect multiple services (i.e.Both groups of papers applyraulti-layer network de-
technologies) across remote sites by the installation o$ignwhich means the creation of a network equipment
networking equipment to set up cost-efficient |Ogica|configuration such that given traffic demands can be
topologies upon the physical topology. Connections irfarried by a network. This makes it different from mere
alogical layer are realized as concatenations of connednulti-layer routingwhich denotes the path finding pro-
tions in a lower layer. We use a detailed CAPEX modelcess in a multi-layer network with an immutable net-
[_‘]_] to design a network that can carry a given set Of\Nork Configuration. For instance, the authors of [13]
traffic demands of a certain service upon an immutabl&onsider the routing of traffic flows in multi-domain
physical topology which consists of optical techn0|ogy_networks with multiple services that have to be compat-

This optimization problem is approached by heuristicsibly interconnected. Their routing bases on the ITU-T
recommendation G.805 elaborated in [14].
2.2 Related Work

For all kinds of network design, there are two basic
The meaning of the termrmulti-layer slightly varies in  approaches concerning the premises of existing legacy
publications on multi-layer network optimization. On equipment. First, a network can be designed from
the one hand, it is used for multiple abstract views orscratch merely respecting a couple of fixed parameters
a single technology to separate available functionalitieike site locations and physical adjacencies as in, e.g.
into logical layers. On the other hand, it is used for the[6, 7]. Second, an existing network can be migrated
existence of multiple interconnected technologies eacby updating and extending existing network technol-
forming a separate layer with its own routing. ogy as in, e.g. [8, 15]. The latter is more realistic but
The first group of papers focuses on the aggregatiostill lacks sufficient models which have to respect, e.g.,
of data, so calledgrooming in optical technology. In  moving hardware between sites, intentional violation
[4], a graph model is developed for traffic grooming of service level agreemen{SLA), or financial budget
that facilitates the change of the optimization objectiverestrictions for migration. In [15], several strategies fo
and two algorithms for the optimization of these graphsmulti-period planning are analysed using the CAPEX
are presented. The number of wavelength links andnodel of [16] — the predecessor of [2] — and only in-
transponders is reduced to indirectly minimize networkcludes optical equipment.
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In this paper, we consider the CAPEX-aware design of ! 1" |[Basic node--| St card j‘@gg, Tl
multi-layer networks from scratch. We use the CAPEX | T 2ol |5|E
model from [1] to interconnect several technologies | i . B RS
while minimizing CAPEX. Due to the complexity of o | Emad Comeo

the CAPEX and technology model, fast heuristics are E

the only means to perform evaluations on network in- @\ ! ! |Basic node

stances of realistic size within feasible time. Further- : '

more, fast heuristics allow to perform a plenty of para- VO totcad L
metric studies within a given time span. To the best of b i g%% f
our knowledge, no heuristics have been published that L St | |Crea| (SO0 |22

are fast and cover multi-layer network design on a de-F

igure 2: f nnection within i n
tailed CAPEX model. igure 2: Setup of a connection within a site betwee

two technology layerd,; andL;.

3 Modeling 3.2 Multi-Layer Interconnection Model

In this section, we describe a network technology. h v of the f ithi
model and the CAPEX model used for evaluation. T, e assembly o t.e our component groups ‘.N't na
single technology is only restricted by switching ca-

pacities and numbers of slots, ports, or connectors. The
3.1 Network Technology Model setup of connections via interfaces across layers and

Networking equipment is constructed in a moclularsites underlies several technological constraints.

fashion. Hence, we strictly divide the equipment of all A €Onnection can only be established between two
considered technologies into four component groups agompaublmmerfgces. Depending on Fhew tec.hnol-
in the CAPEX model of [2]. The component groups °9Y and ability, interfaces use a specific framing to

are: basic nodes, slot cards, port cards, and interface€n/decapsulate data. The framed data is transmitted

A basic nodés the main component in each technol- °" @" interface specific bit rate, the interface’s capac-

. . ity. Two interfaces must use the same encoding of data,
ogy. It provides power supply as well as cooling for all . . . .

. i.e. framing and capacity, to be compatible. Further-
components of this technology and a number of slots,

In this model, a basic node deals with the switching ofgnr z:oeérttri]e?sdeit[? f;:;? IQS dogzr;]:g;eg%cnegae;):l;ﬁ; on_l_trv]\; °
data and has a switching capacity. ’ )

reach of an interface is the transmission distance up
A slot card of the same technology can be plugged, \hich an encoded signal can still be decoded. It

into each slot of a basic node and also has a switchingy, range from several to thousands of meters. For in-
capacny._ The sum of the switching capacities qf thestance, cheap short-reach interfaces are sufficient for
plugged-in slot cards must not exceed the maximumpe interconnection of different technologies within a
switching capacity of a basic node. Hence, a mOrgnyie site as depicted in Figure 2. Thggregation
powerful basic node must be installed if more overallohajlity of an interface is used to multiplex several
switching capacity or slots are required. Every slot cardq,yer pit rate data flows and send it as a single higher
provides a number of ports. bit rate data flow. In turn, a compatible interface must
A port card of the same technology can be pluggedpe used that can demultiplex this data at the sink. The
into each port of a slot card and also has a switchingprincime of aggregation can be any multiplexing tech-
capacity. The sum of the switching capacities of thenjque and depends on the technology.

plugged-in port cards must not exceed the maximumy,, kinds of interfaces are used to set up connections:
switching capacity of a slot card. If more switching ca- yrnk interfacescommunicate data downwards in the
pacity or ports are required, a further slot card has tQayer hierarchy, whereasbutary interfacessommuni-

be installed. In [2], some technqlogies have either slot44e upwards. A compatible pair of trunk and tributary
cards or port cards. \We generalize our model and properfaces is needed to set up a connection between two
vide all technologies with zero-cost dummy slot or POrtjayersL; andL;. This is illustrated in Figure 2 which
cards, respectively. Finally, port cards provide a nNUMypows a trunk interface in layer; that connects to a
ber of connectors and there can be several types of poffipytary interface in layek; while both are embedded
cards with different connectors. in a valid hardware configuration of their layer. The
An interfacecan be plugged into each connector of anhardware configuration for a connection across several
adequate port card. Interfaces are the components thglyers and remote sites is depicted in Figure 3. Herein,
send or receive data using a certain encoding. If more connection is set up from layér, at site A to Lo
connectors are required, a further port card has to bgt siteC using layerL; as a transport network which

installed. passes sitd. As a consequence, there is a direct log-
The principle of assembling these four componenical connection from sitel to C' on layerL, which is
groups is illustrated in Figure 2. realized as the concatenation of the connections from
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Input Output

The TDM technique transmits data flows divided in
fixed time slots as a single higher bit rate data flow
and is available in SDH/SONET byirtual contain-
ers(VC), and in OTN by muxponders. In the CAPEX
model, two kinds of TDM are defined: multiplexing
four 2.5 Gbit/s data flows to oné0 Gbit/s and multi-
plexing four10 Gbit/s data flows to oné0 Gbit/s data
flow. Statistical multiplex of packet-switched services,
like IP and Ethernet, is not considered in this model.

In general, a higher capability leads to a higher CAPEX
in this model. For instance, a higher reach, a higher
capacity, or the ability to aggregate data increases the
TAPEX of an interface and a higher switching capacity
increases the CAPEX of a basic node. The model also
reflects certain specifics of network equipment markets,
e.g. the relative high cost of IP equipment. This infor-

[eferel=|
EEEs]
T

Figure 3: Setup of a connection across remote sites vi
multiple technology layers.

L . . . .
: mation will be considered in future work.
B We use the CAPEX model of [1] as a basis and slightly
s per extend its equipment by zero-cost dummy components

to fit in the four-components structure described in

Figure 4: An abstract view on the topologies resulting Section 3.1. Furthermore, we strictly separate the

from the hardware interconnection in Figure 3. OTN technology into aroptical channel(OCh) layer
handling wavelengths and amptical multiplex section

site A to B and from siteB to C on layerL; while (QMS) Iayer.dealing with bundles of wavelengths mul-

each of these two connections is realized as direct corjiP!exed on fibers.

nection on the physical layef,. Figure 4 illustrates UPON these multi-layer technology and CAPEX mod-

the topologies in each layer resulting from this hard-€!S, We develop algorithms for a CAPEX-aware design

ware configuration. of multi-layer networks.

In our_model, _aII data is finally t_ransmitted on layer 4 Algorithm

Lo which consists of bundles of fibers, so calfdaer

ducts The ducts physically connect remote sites.

In this section, we introduce a generic algorithm for
CAPEX-aware multi-layer network design and present
3.3 CAPEX Model an efficient realization, callec@uxiliary cross layer

(AXL) algorithm.
So far, we have described the modular setup and in-

terconnecting of network technology. The CAPEX4.1 Terminology

model not only associates cost values with equipmenQur generic algorithm for CAPEX-aware multi-layer
but also defines which network equipment is availablenetwork design requires three input parameters: a phys-
and possible interconnections. We use the CAPEXcal network topology, a CAPEX model, and a set of
model of [1] which respects the modular structure oftraffic demands.

network equipment described in Section 3.1. It con-The immutable physical layek, incorporates a net-
tains IP/MPLS, Ethernet, SDH/SONET, and OTN tech-work topologyG(V, &) which contains a set of sites
nologies which currently are widely deployed. Fur-) and connects these sites by a set of fiber ducts
thermore, the cost values in this model are vendoré, C V x V. We denote the topology of a layér;
independent and normalized to the cost of a 10 Gbhit/dy G(L;) = G(V, &;) since the site®’ are the same in
WDM transponder. A list of all available network all layersL; € £, and each layef; contains all infor-
equipment and possible interconnections in this modekation on its edges; C V x V.

is given in [2], so we focus on its main properties in thisThe CAPEX modelC defines a set of available tech-
paper. nologiesZ and their components. The possible inter-
In this model, all interfaces have a capacity of eitherconnections of a layef. € £ given by the CAPEX
2.5, 10, or 40 Gbit/s which corresponds to the data modelC are represented by a set of layéid.) C £

rate ODU-1, ODU-2, and ODU-3, respectively, usedcontaining all layers to which laydr can connect. As

in OTN networks. There are two kinds of aggrega-each layerL is connected to itself. € £(L) always
tion techniqueswavelength division multiplg®vDM)  holds.

andtime division multipleXTDM). The WDM tech- We consider a multi-layer traffic matri® of directed
niqgue can be used in OTN networks to transtfitor ~ demandg € D C VxV x L x B each being a quadru-
80 wavelengths via a single fiber in parallel. We only ple (S(d), T'(d), L(d), B(d)) whereS(d),T(d) € V

use 40 wavelengths for the evaluations in this paper.are the demand’s source and target, respectively, while
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Algorithm 1 GENERICALGORITHM Algorithm 2 FINDROUTINGS

Input:  Physical topology(Lg), Input:  Demandd € D, current layetl € L,
CAPEX modelC, traffic demand® CAPEX modelC
R =0 ({initialization} R =0 {initialization}
forall d € SORTDEMANDS(D, G(Ly),C) do forall L’ € £(L) do
R =R UFINDROUTINGS(d, L(d),C) R =R UROUTE(S(d),T(d),G(L"))
end for if L' # Lo then {abort recursioh
Output:  SELECTROUTINGS(D, R, C) R = RU{R(d) : FINDROUTINGS(d, L’,C)}
end if
L(d) € L is the layer it starts from and(d) is its end for
requested bandwidth. Output: R {routings found in recursich

The multi-layer network design algorithm creates
edges in logical layers to route a traffic demahd D.

Before

Such an edge € G(L;) in alogical layerL; € L is re- e B L
cursively defined as a concatenation of edges in layers  comecton |7~ 5=

L; € £,0 < j < i, as depicted in Figure 4. Anal- R Dot RS
ogously, the routingR(d) € G(L(d)) of a demand = o]
d € D is defined as a concatenation of edges in layer B
L(d) between site§(d) and7'(d). /\
4.2 Generic Algorithm A iC!

Our multi-layer network design algorithm creates log-
ical topologiesG(L;) upon the immutable physical
topology G(Lg) such that all considered traffic de-
mandsi € D can be carried by the network.

In Algorithm 1, we present a formal description of runtime and accuracy.

our generic multi-layer network design algorithm. TheOur algorithm can also use and re-configure legacy
algorithm uses generic subroutines which can be exequipment. Nevertheless, we only consider empty log-
changed. The algorithm sequentially processes the décal layers in this paper.

mands in their given order. Since, the order of the

demands has an impact on the resulting multi-layeé.3  Auxiliary Cross Layer Algorithm

network structure and CAPEX, the demand order caror an efficient realization of Algorithm 1, it is neither
be changed in SRTIDEMANDS before the actual algo- feasible to evaluate all demand orders in the subrou-
rithm starts. Then, the subroutineN® ROUTINGS de-  tine SORTDEMANDS nor to calculate all possible paths
fined in Algorithm 2 is called for each demand. Ba-in subroutine RUTE which would yield the optimum
sically, HNDROUTINGS tries to find a routing for a for sure. Instead, we introduce an efficient realization,
demandd within the currently considered layérand  calledauxiliary cross laye(AXL) algorithm.

also recurses in all layerd(L) that may be connected To keep the runtime of the AXL algorithm feasible, we
to L. The recursion ends when the considered layer istroduce two fundamental restrictions. First, we do not
the physical layer which must contain a routing pathchange the demand order 1, i.e. SORTDEMANDS

for all demands. Otherwise, no connection between thg the identity function, and leaves the demand order
requested source and target is possible. unchanged. Second, we use the Dijkstra routing algo-
The algorithm FNDROUTINGS yields a set of possi- rithm [17] for the subroutine BUTE to find a routing

ble routings for a demand by calling the subroutine in a topology. In the development of the AXL algo-
RouTE. The resulting routings for a demantlare  rithm, we focus on relieving the consequences of using
added to the seR of all routings found by the algo- a non-optimal demand order.

rithm. The routing algorithm BUTE can be any single- The generic algorithm Algorithm 1 only examines the
layer routing algorithm that is applicable on the consid-topology of a single layer. at a time in subroutine
ered topology. RouTE. During the network design process, new edges
When all demands have been processed, the algorithare created in layek sequentially. As a consequence,
calls the subroutineEB.ECTROUTINGSIn Algorithm 1 no path may exist that could be used to route a traffic
to select one routing per demadiéh the set of routings demandd € D in layer L at the timed is processed.
R. Since we strive for CAPEX-aware design of multi- In this case, the algorithm installs a new direct logi-
layer networks, SLECTROUTING should consider the cal connection betweefi(d) andT'(d) in layer L, but
CAPEX of such routing selections. cannot make use of any existing connections in layer
The definition of the algorithm is intentionally kept L. This is illustrated by Figure 5 in which a new di-
generic to be able to control the trade-off between itgect connection is installed in layér between sitesl

Figure 5: Algorithmic limitation due to a fixed view
on layerL; and sequential demand routing.

© VDE, 10. ITG Fachtagung Photonische Netze, Leipzig, Gegiday 2009 — Page 5 of 8



Before

Existing B L AUXILIARY LAYER
logical =~ iy L()\/L]

connection | T-x ¢

Al
Figure 6: Construction and usage of an auxiliary layer (a) Nobel Germany (G17) (b) Nobel Europe (EU)
to find cross layer paths. (VI =17, || = 52) (V] =28, &l = 82)

andC' including resource usage iy depicted by dot-
ted lines. The existing connection in layky from site
A to B and its resources ih( (dashed line) cannot be
used since the algorithm is not able to recognize tha
only a connection between sif¢ andC' is required to
set up a path between siteandC'.
The limited view on a single layef; can be resolved
by introducing the concept of an auxiliary lay€gux
that unites the edges of all logical layers below layer
Lj, i.e. G(Lau) = Uo<i<;G(L;). This auxiliary layer =
is not part of the multi-layer network itself, but is used (€) Nobel U.S. (US) (d) Germanys0 (G50)

. . 2 (V| = 14, |&| = 42) (V| = 50, |Eo| = 176)
to find a routing considering several layers when call-
ing the subroutine BUTE. Figure 6 illustrates the con- Figure 7: The four considered physical topologies
struction of the auxiliary layer for the example shownfrom [18] with directed edges.

in Figure 5. In the auxiliary layer for layer, and Jpources is changed and the additional demand is routed

L4, a path can be found that uses the existing logic . .
connection in layer; and a multi-layer routing can be along this path. If no routing can be found for a demand
at all, the demand is blocked.

found that only needs to install one additional connec-
tion from site B to C' in both layers. In general, the :
algorithm is able to find routings using several Iayers5 Evaluation
which is impossible merely considering a single layer. In this section, we evaluate the implementation of the
Another shortcoming of the current algorithm is its in- @uxiliary cross laye(AXL) algorithm on four network
ability to work around blocked network resources. Dueinstances from [18] which span intra- to inter-country
to the sequential routing of the demands, a resourcBetworks from medium to large size and are depicted
can be completely occupied by a single demand whicti Figure 7. We introduced directed edges in all four
blocks the routing of any further demands via this re-topologies as our models work on directed demands
source. For instance, a demand will be routed via &nd network equipment. Hence, there is a pair of op-
fiber without using WDM equipment, since it is not re- Posite edges between each pair of connected sites. For
quired for the routing of this demand and it is cheaperTable 1: Performance of the algorithm

not to use the technology. As a consequence, no further

demands can be routed using this fiber, the resource |sTopo- || Traffic demands Runtime | CAPEX
blocked. logy k-unif., (total/blocked) (s)

To decrease the number of blocked resources, we intr¢-G17 1-unif., (272/0) 455 | 4716.06
duce agroomingmechanism, i.e. a routing optimiza- | G17 || 3-unif,, (816/0) 19.46 | 14935.20
tion to achieve more efficient traffic transport. When| G17 || 6-unif., (1632/0) 52.97 | 29243.58
no routing can be found for a demand, we are looking G17 7-unif., (1904/23) 67.46 | 33411.49
for resources that can be unblocked by using additional G50 || 1-unif., 2450 172.73 | 51566.25
aggregation equipment on existing connections. Therg-G50 || 2-unif., (4900/742) 615.40 | 87824.44
fore, the algorithm considers paths that could be used EU 1-unif., (756/0) 22.06 | 13792.95
for routing if there still was spare capacity and tries to| EU 2-unif., (1512/0) 57.10 | 29412.93
aggregate the traffic on such candidate paths. The canEY 3-unif,, (2268/250) 117.59 | 38928.05
didate paths are not only considered in a single layer, US 1-unif., (182/0) 230 | 3290.74
but also cross layer paths found via an auxiliary layer US 3-unif., (546/0) 9.76 | 10101.28
Laux can be used. If a grooming process is successful, YS 10-unif., (1820/0) 55.41 | 30101.13
the routing of all traffic demands using the modified re-.YS 12-unif., (2184/128) 82.69 | 33835.67
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Figure 8: Study of installed components. Figure 9: Study of traffic load.

the evaluation, we developed a graphical software took o Equipment and CAPEX Distribution

3] for multi-layer network design and used it for all . .
[e\}aluations in i/his paper d Besides the overall network CAPEX, our tool [3] yields
We apply the AXL algorithm to these four network in- a detailed view on the installed network equipment
stances using the CAPEX and technology model fromwhich allows insights on the structure of a multi-layer
[2] which was described in Section 3 and includes thenetwork. We use thNObel Germanyopology as an
IP/MPLS, Ethernet, SDH/SONET, and OTN technol_e>_<ample for such evaluations wnh the AXL algorithm.
ogy. We consider directeti-uniform traffic matrices First, we analyse the number of installed components

with a fixed demand bit raté of 10 Gbit/s (ODU-  P€r technology split up into the four component groups
1). In this paper, traffic demands always start at thedef'ned by the CAPE).( model in Section 3. Figure 8
IP layer. A bit rate ofl0 Gbit/s is realistic for today’s shows the qumber of |n§talled gomponent that results
core networks and, hence, other bit rates have not beéﬁom a 1-uniform IP traffic matrix. Inte_rfaces are the
considered in this paper. Furthermore, no networkin _OSt numerous group of_compon_ents_ in the IP layers,
equipment failures are considered and fiber ducts onl ince the considered traffl_c starts In _thls Iaygr.

contain a single fiber strain to show the performance o ecpnd, we evaluate the Impact of increasing network
the algorithm with limited resources. All evaluations traffic on network CAPEX. Figure 9 shows the CAPEX

were performed on a Linux machine with Java 6 on arfor the Nobel Germanytopology with 1-, 3-, and 6-

Intel(R) Core(TM)2 Duo CPU at.4 GHz using [3]. uniform IP traffic split up by technology. It shows
that the OMS layer is already fully equipped with 1-
51 Runtime and Traffic Load uniform traffic, but still has spare capacity for further

o ) wavelengths. In constrast, the CAPEX almost linearly
The results of a study on the algorithm’s runtime andincreases for all other technologies up to 6-uniform IP

the amount of traffic it can route are compiled in Ta-affic which was the maximum amount of traffic for

ble 1. We used different values bin k-uniformtraffic  ne Nobel Germanyopology as of Table 1. The Fiber
matrices, i.e. there are directed demands from each |aver which is shown in Figure 8 is not contained in

site to each other site on the IP layer. The runtime of thg=jgyre 9 since the components installed in this layer
AXL implementation is belowi 1 minutes for all con- 5,0 only zero-cost dummy components introduced in

sidered scenarios. The amount of traffic the algorithm,,r model and do not have an impact on CAPEX.
can route depends on the distribution of the nodal de-

gree in the physical topology graph which is the finalg Summary

limitation for routing any traffic. A full study of this We introduced a generic algorithm for CAPEX-aware

dependency will be covered in future work. . . .
. . . . multi-layer network design. We formulated the multi-
While the resulting CAPEX of a network increases lin- e
layer network optimization problem and presented

o e e T Fom o 008 or CAPEX and mul-ayer echnoogyas vl
T ) as the interconnection of such technologies.
computation time that has to be spent for the groomy, ted fficient realizati fh i al-
ing mechanism described in Section 4.3 which is per- € presented an eflicient realization of the generic a
formed for every demand that cannot be routed WithougOrlthm which is callecauxiliary cross layer(AXL)

multiplexing previously routed demands. The Compu_algorithm and is implemented in a graphical software

T . o ..tool which is used to evaluate multi-layer network
tation time for the grooming mechanism increases with

increasing traffic load since more demands have to pacenanos with multi-layer traffic. - The AXL algo-

multiplexed. We further notice that several demandgIthrn proves to find multi-layer network configurations

are blocked for higher traffic loads since resource uti=ven for large network topologies and high traffic load

o . . within minutes.
lization reaches its maximum. utes

© VDE, 10. ITG Fachtagung Photonische Netze, Leipzig, Geyiday 2009 — Page 7 of 8



We showed the performance of the AXL algorithm by [9] S. Orlowski, A. M. Koster, C. Raack, and
performing several evaluations with increasing network

traffic on several network topologies and use these re-

sults to provide an initial evaluation of the CAPEX
structure within the resulting network configurations.
In future work, we will extend the model of the generic
algorithm and enhance its realization and implemen
tation. Special focus will be on an improved demand

order and reduced blocking rate of demands. Further-

more, we will take multi-layer traffic and multi-layer
resilience into account.
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