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Abstract— Designing a transport network requires finding Al A

the most cost-effective combination of electronic and optal Nope 2
switching to support the given demands. This task is not triial
because the solution space is so large. Furthermore, theraea
many interacting design variables. In electronic switchig, the
cost is a function of the number of packets that are switched
in the routers, which directly corresponds to the average hp

count (H). The dominant cost of optical switching is a function - [ e
of the total number of wavelengths used in the network §) orthe | --=====semeees il DN AR N A i > NODE 3
maximum number of wavelengths used on any fiberl{’) and the <l s

number of transceivers () used. In this paper, we show that there
is a power-law relationship between each pair of these varlades,
and we quantify the power-law exponent for many different types
of topologies. Our results allow a network designer to cho@snot
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|. INTRODUCTION Fig. 1. Detail of node equipment and optical & electronicnsig.

It is widely recognized that fiber optic communications
is and will continue to be an essential part of the Internet
infrastructure, from access networks to long-haul netaork€twork. These demands are outside the scope of our study,
There are no better means to support the high volume &1d therefore self-traffic is always considered to be zero.)
traffic demanded by today’s applications, over sufficietulyg The next-generation Internet backbone is likely to employ
distances. both optical and electronic switching, not only to reduce th

Digital audio and video are already in widespread use t@tal cost, but also to balance the advantages and disajest
both business and personal arenas, and users are no longer@beach technology, as we shall explain.
fined by geographical locality in the multimedia contentythe Optical switching is a widely-accepted answer to the prob-
request. Such content is now routinely downloaded throutgm of having large demands which need to be carried over
the Internet from geographically remote sites for playbadkng distances. An optical cross-connect (OXC), or optical
on personal computers and portable players, from contemtitch, (made possible by advances in MEMS, thermo-optics,
distribution stores or via peer-to-peer networking. Thase and liquid-crystal technologies), allows the establishimef
large aggregate demands over long distances. lightpaths[1], end-to-end all-optical channels, between pairs

The type of network considered in this work is a backbor® nodes. An incoming optical signal at a node is routed to
transport network which connects multiple cities togetigh  the appropriate outgoing fiber without termination (thus no
fiber links, employing dense wavelength-division multipteg  transceivers involved) or electronic processing. In addijtas
(DWDM). The job of the transport network is to carry traffigndicated in Fig. 1, the optical switch routes the lightgath
between the various cities. Each city corresponds to a no@#&ginating or terminating at the node between the transcsi
or Point-of-Presence (POP). Such a node is shown in Fig.and the appropriate fiber links.
It connects the transport network to the metropolitan areaThere are many advantages of employing optical switching.
network serving the city, i.e., various local clients in thdét reduces the cost of transporting large quantities of ,dad&
metropolitan area around a city send and receive traffiocio/f only by eliminating costly opto-electronic conversiont biso
other cities via the POP. Because the node is part of thg avoiding per-packet inspection. Because no buffer isl use
transport network, it also handles transit traffic pasdimgugh in optical switching, there is no queueing delay. Furthenano
the node on its way to its destination, e.g., from Node 1 taptical switching is agnostic to the underlying data rataof
Node 3 in the figure. (A POP may also need to serve tlogptical channel (up to a certain point, as the channel badfttiwi
local traffic among the various clients or service providetsnits the maximum data rate), and thus, the OXCs do not have
connected at a city, i.e., data which never enter the trabspm be upgraded when the interface speed is increased.



Electronic switching, on the other hand, also offers sdvera Employing several methods of analysis, we characterize the
benefits. With electronic switching, data packets or flowlationships among three measures of cost—the wavelength
can be processed and aggregated at a much finer granulagtuirement (corresponding to optical switching and trans
compared to the large bandwidth of a lightpath, which is-typmission costs), the number of lightpaths (corresponding to
cally greater than that required between two nodes. Gdperalransceiver costs), and the number of lightpath hops (eorre
electronic switching increases the capacity utilizatimom sponding to electronic switching and performance costg. W
both aggregation and statistical multiplexing, and redube find that the distribution of the physical lengths of the tigh
wavelength requirements, in terms of both the wavelengtlaths is the dominant factor influencing these relatiorship
multiplexing density and the total number of optical chdane The interaction between optical switching and electronic

To handle local traffic, i.e., traffic to/from the metropalit switching has been studied before. In [2], the authors studi
area network, a node must properly sort and multiplex thiee fractional reduction in router size when optical switchis
traffic to go on the various optical signals originating at cadded. However, they did not consider how optical switching
terminating at a node. We consider this functionaliogal- trades off with electronic switching, the focus of this pape
interface switchingto be part of the transport network (i.e., i
in our scope of study), and it requires electronic proc«g;ssirp' Outline of paper
Furthermore, the node may perform electronic processing ofin the next section, we describe the models, assumptions,
transit traffic—data not destined to it. Every node has a@nd approach we use. We also explain the three methods we
electronic switch to handle the local-interface switchamgd follow to analyze different aspects of the problem.
the switching of transit traffic, as indicated in Fig. 1. Then, we examine the tradeoffs among the cost measures

No discussion of switching cost is complete without includfor two different types of topologies—rings in Sec. Il and
ing the cost of transceivers. When an optical signal, ortlighshort-fiber topologies in Sec. IV. We have also analyzedrothe
path, is terminated at a node, it is converted to/from an-eldopologies, such as stars, unbiased random topologies and
tronic signal. The termination equipment is a transceiver, biased random topologies using the Waxman model [3]. We
every lightpath established requires one pair of transesiv have shown that the tradeoffs in these topologies alsowollo
Now, consider a demand, which may take one or more |igm-power-law. Because of space limitations, we refer inteces
paths from source to destination. Transceivers are neededeaders to the technical report [4].
both the source and destination nodes. At intermediatesjode These power-law tradeoffs are useful for the design of
transceivers are needed at every electronic switch imterfanetworks, and in Sec. V we show how the entire switching
but not needed when the signal is optically switched. In sortri@deoff can be determined by three topological parameters
cases, the total number of transceivers may be reduced th@ number of nodes, the number of edges and the average
to optical bypass, while in other cases, transceivers may [eysical distance between node pairs; we also show how
reduced due to the aggregation advantages of using elactrdéa find the optimal fiber layout and the optimal switching
switching. hardware configuration.

In the design and dimensioning of a network, it is very In Sec. VI, we explore the case when not all nodes may
useful to be able to capture simply how the costs of opticae equipped to perform electronic switching of transitficaf
switches, electronic switches, and transceivers relatath Lastly, Sec. VIl deals with generalized traffic patternswho
other, as well as to the fiber topology. Choosing the rigithe tradeoffs are affected by the magnitude of the traffic and
combination is very hard without an understanding of thigy non-uniform traffic.
guantitative relationships among optical switching, &latc
switching, transceiver requirements, and topology, sithee
number of possible solutions is enormous. But when arméd Architectural model and key cost measures
with an understanding of the fundamental tradeoffs, sohisti  \We consider WDM optical networks in which nodes are
to fundamental design issues can be roughly but quicki¢pable of both optical and electronic switching. There are
determined. It is important to understand the entire spettr no restrictions on the presence of or amount of equipment
between the electronic switching extreme (lightpaths eetin (transceivers, optical cross-connects, electronic rejitesed
ing only physical neighbors) and the optical switchingexte at any node, i.e., they are available should we choose to
(all node pairs are connected by dedicated lightpathshi temploy them. Furthermore, we are free to choose the optical
paper, for the first time, these relationships are quantified routes (the fiber links taken by lightpaths) without regard t
the availability of a particular wavelength (color); rediss,
we have found nearly identical results with and without the

The primary focus of this paper is to quantify the rewavelength continuity constraint.
lationships among optical switching, electronic switchin A traffic demand from one node to another, also called a
transceiver requirements, and topology. We show that powé#ow, is handled by either an optical switch or an electronic
law relationships exist for all topologies that we analyaegd switch at each intermediate node along the path. We use the
we quantify the value of the exponent for various topologieterm physical hopsto refer to the number of fiber links a
Based on these tradeoffs, the lowest-cost network designlightpath or a packet passes through. Tightpath lengthis
determined. expressed in terms of the number of physical hops. We use

Il. MODELS, APPROACH AND ASSUMPTIONS

A. Contributions of this paper



the termlogical hopsto refer to the number of lightpaths a Transceiver cost:.The number of transceivers is an impor-
packet in a flow traverses, also known as the hop count. @t contributor to the total cost, as the lasers used in the
assume that the traffic always takes the shortest path irstetmansceivers tend to be costly components. The total number
of the number of logical hops. of lightpaths in the systeny,, corresponds to the number of
Throughout this paper, a lightpath refers to a symmetricansceivers; thus, the cost of the transceivers is primpatt
pair of transparent optical channels, ahdepresents the total to L.
number of lightpaths in the system. That is, if there is an _
optical channel from node A to node B, there will be af- Traffic model
optical channel from node B to node A, routed along the sameTo facilitate discussion and analysis, in Sections Il and
physical path, constituting one lightpath. We also assumae t1V, we consider uniform all-to-all traffic and assume thag th
they are established on the same wavelength (color). lightpath capacity is large enough to accommodate anydraffi
Optical switching costThere exists at every node an opticatiemands that need to be multiplexed onto a lightpath, such
cross-connect that has no connectivity or size constraitits that all demands can be routed along the shortest path. This
amount of optical switching performed at a node depends molates the tradeoff behavior from the effect of a partcul
the number of lightpaths the switch needs to handle, and weffic matrix. In Sec. VII, we examine the effect of having a
consider that the cost is proportional to the total number bandwidth constraint on the lightpaths and the effect ofritav
optical switching occurrences, defined as the sum over allnonuniform demands.
lightpaths of the number of times each lightpath is switched )
If lightpath I traversesz; physical hops, it is switched; —1 C- Approach to solution
times at intermediate nodes, and 2 times at the terminalsjode Our goal is to explore the entire region of the tradeoff,
once at each end. The total optical switching is from the electronic switching extreme to the optical swich
extreme. The basic approach to finding the tradeoff is simple
vary, from one extreme to the other, the available resources
corresponding to optical switching cos$ (@nd/or W), and
find at each point the design having the minimum electronic
In our analysis, we defin€ = Zle x;, equivalently the switching cost (directly proportional té/ + 1). This is the
sum over all fiber links of the number of utilized wavelengthsame objective as that in [5] and is a variant of the logical
on each link. Thus, the total optical switchimg= S + L. topology design problem [6] [7] [8] [9]. That is, for a given
Although cost is measured hy, we characterize the tradeoffsphysical topology, and for each given value$f{or ), find
using .S and L. the logical topology that minimizes the average logical hop
The second measure of the optical requiremeri/isthe countH, while satisfying demands between all pairs of nodes.
maximum number of wavelengths used on any fiber link in the Design of the logical topologyOur approach to finding
entire networkW (along with the nodal degree which is fixecthe logical topology—the set of lightpaths, specified byirthe
for a given topology) determines the size of the OXC used sturces and destinations—is to maximize the total number of
every node. The bigger the size, the more costly the OXClightpaths set up[, as doing so maximizes the number of
likely to be. W also determines the channel spacing betweeme-hop connections and minimizes the number of node pairs
neighboring wavelengths. A small@r allows coarser channel requiring multiple logical hops. Since in generHr, (or S) is
spacing; as a result, less expensive lasers could be usethdbsufficient to allow the establishment of a lightpath besdw
originate lightpaths. Conversely, a largjé forces one to use every pair of nodes, the way to maximiZeds to set up shorter
denser channel spacing in order to fit all wavelengths in thightpaths before setting up ones requiring more physioakh
same fiber. Therefore, costly lasers such as those witk lit{l.e., more resources). First, at the electronic switchéxg
thermal drift have to be used. treme, only neighbors are connected with lightpaths. Asemor
Electronic switching costWe measure electronic switchingwavelengths become available, longer and longer lighgpath
by the total volume of switched traffic, i.e., the number ofay then be established. Besides producing good resubls, th
times each flow is switched electronically, weighted by thapproach has the added advantage of allowing mathematical
magnitude of the flow. As discussed in the introduction, thenalysis in a number of regular topologies.
electronic switching at a node is composed of the local- Unifying variable: Above (Sec. 1I-A) we identified several
interface switching and the transit-traffic switching. Bvlow key cost metrics: the number of wavelengths (or S), the
undergoes local-interface switching once upon enterirgy thverage number of logical hopd, and the total number
network and once when it arrives at the destination nod#. lightpaths L. In order to determine their mathematical
In addition, a flow undergoes transit-traffic switching everrelationships, for instance, to writd in terms ofL, we relate
time it is electronically switched at an intermediate noflee each of the three metridd’, L, and H to a common variable,
total number of times a flow incurs electronic switching is tht.
number of logical hops + 1. The variablet represents the longest lightpath length among
Thus, the electronic switching cost is proportional to thall lightpaths in the logical topology. In other words, itthse
average number of times a flow is switchédl+ 1, where I number of physical hops to the most distant node reachable
is the average logical hops taken by all demands. via one lightpath. This is a measure which can be used in all

0 =
l

(x1+1).

L
=1



scenarios, because the shorter lightpaths are establigliec: For a given value of, S is found by summing all lightpaths
the longer ones. A givefi’ determines that lightpaths up to
a certain lengtht can be established; conversely, giverwe =
can find how many wavelength¥ are required. Given, we less thanM W (M is the number of fiber links in the physical
also know exactly which lightpaths may be established, thi@Pology), we can also determine the lower bound/%tnThe
yielding L. Since the logical topology is knowr/ can also corresponding number of lightpaths established is 3 n;.
be determined. _ i=1

As we shall see, there are pairwise power-law relationshifé can also calculate the average hop canby assuming
amongW (or S), L, H, andt. This means that the relationshipthat a flow that goes throughphysical hops will go through
between any two of these variablesandy can be written as |7 | logical hops, since the longest lightpaths are taken tdreac
y = ax®, wherea is a constant and is the exponent of the the destination in minimal hops._Once we calculateSh@nd
power law. We use the notatigy(z) to denote the exponentthe lower bound ofi¥), L, and H values for each, we can
relatingy to z, i.e., y(z) = . plot them on a log-log scale and use the least squares method

Lightpath length distribution:Our work reveals that the to find the exponents, thus deriving all pairwise relatiopsh
lightpath length distribution (LLD) greatly influences the Both the analytical and semi-analytical methods allow us to
tradeoff. The LLD is described by, which denotes the evaluate very large topologies. However, neither can tate i
number of node pairs that arephysical hops apart alongaccount the actual packing of wavelengths, except for very
the least-hops path (the physical route taken by a lightpaiinple topologies in which the wavelength routing is known.
connecting the node pair). Generally, the packing of wavelengths becomes progrdgsive

The LLD is important to the tradeoff because it affectgrore difficult as longer lightpaths are added, and it is fesi
which, and how many, lightpaths can be supported for a givérat a particular wavelength color is not used on most fiber
limit on W (or S). At the optical switching extreme, lightpathslinks. This leads to a higher value ®F as compared to the
are established between all pairs, butEs(or S) is reduced, lower bound given by% To see this effect, actual simulation
the longest lightpaths are the first to be removed. Therefog the scenario must be carried out. Simulation is the method
for each value of¥ (or S), the number of lightpaths is known,showing the most realistic results, but even with an efficien
their lengths (“reach”) are known, and the average hop courauristic like ours, it is limited in the number of cases anel t
is determined. number of nodes that can be handled.

Because of its importance, we shall pay particular attentio 3) The simulation methodThe simulation method is only
to the influence of the LLD when examining the varioussed whenW (rather thanS) is the metric of interest. The
topologies. problem of minimizingHl subject tol wavelengths can be
D. The particular methods employed readily formulated as an Irjteger Linear.Progra.lmming _(ILP)

I .”problem [5]. However, solving the ILP directly is very time
all ust nsuming. Therefore, heuristic algorithms are neede@. Th

ts. but iudicious! loved and | | rk in [5] considered the same objective as ours, but the
accounts, but judiciously employed and properly analyzey, neistic algorithms proposed assume there is a limit on

these three methods provide a complete picture to explain e number of transceivers and also that the traffic matrix is

Iradeoff relationships. We hereby describe these methwds fot uniform, so that the structure of the traffic matrix could
when they are used:

t
up to¢ physical hopssS = > i-n,. Since this sum has to be

We employ three particular methods in our study,
the same design principles. No single method is best on

be exploited. In many cases, the algorithms will route lange

1) The a_nalytlcal methadFor sev_eral regular tOpOIOg'eS’Iightpaths before the shorter ones, which is very diffefeorn
we can derive closed-form expressions relatifig(or S), L ! . ;
our approach of first routing the shorter lightpaths.

and H and, therefore, directly express their tradeoffs. This We propose and employ a heuristic algorithm, caBibrt-

I)nbestz;)vde lends insight into the behavior of the curves Wgst Lightpaths Firs{SLF). As in all three methods, establish-

When deriving the equations, especially 6t a ceiling or ing shortest lightpaths first is the strategy used to max@miz

flooring operator may be needed in order to be mathematical total pumber of .Ilghtp.aths established, The algorithm
precise. However, for simplicity, we ignore such operaiars takes as input the given f|per topology arid

our derivations. This approximation is quite crude and can 1 N€ SLF heuristic algorithm has four phases.

result in a noticeable difference from the real behavioralde « Route allw lightpaths using the shortest path. Note
make other approximations, e.g., ignoring lower-ordemter that at this point, some links may leerloadedmeaning

in order to make the analysis tractable. These approximatio  that more thari¥ lightpaths are routed over it.

are more accurate, producing results very similar to thé reas Examine each lightpath in turn, in decreasing order of
behavior. Although taking these necessary approximations physical hop length. If every fiber link on its shortest
allows the trends to be highlighted, some details of theadctu  path is overloaded, remove the lightpath.

behavior are obscured, leading us to also employ the nexe Rank all routed lightpaths based on the number of over-

method. loaded links on their shortest path. The one using the
2) The semi-analytical methodn this method, employed most number of overloaded links is removed. Repeat this
when the LLD is known,W (or S), L and H values are phase until no link is overloaded. At the end of this

numerically computed for each value ofbased on the LLD. phase, the lightpaths which remain routed can be feasibly



established using” wavelengths. Because of symmetny is simply NW.

« In order of increasing physical hop length, attempt to There areN lightpaths that are physical hops long for all
add each of the removed lightpaths over alternate pathsxcept: = % Wheni = % there are only% lightpaths.
(considering the unused wavelengths). For simplicity of analysis, we will ignore this and assumatth

Employing this simulation method, we collebtand 4 data n; = N V4. Summing up all lightpaths that are upttphysical

for various values of¥, then use least squares curve fittingiops long, we have
to determine the power-law tradeoff. L=N-t

E. Solution approach comparison In determining the average hop couiif because of symme-

Throughout this paper, we focus on quantifying the tradedf: it is s_ufficient to consider only the Iightpgths thatgiliate_
under the shortest lightpaths first approach. We have ddf@™ @ single node. Without loss of generality, let us coesid
extensive comparison with other solution approaches, asch@ll lightpaths from node 0. Since we have established all
the one in [5], where node pairs that are farthest apart lightpaths up tot physical hops long, the traffic from node
the current logical topology are connected first by a direftto nodei will take [£] logical hops. Similarly, the traffic
lightpath. We note that our approach performs better in mafigm node 0 to nodeV/2 + 1 — i will take [%1 logical
cases, especially wheW (or S) is large. WhenW (or S) hops. Ignoring the ceiling operators, the average of the two
is smaller, the difference i is small enough such that itis “%. Since this is true for ali, we have the following
will not affect our power-law observation. The comparisofelationship, which shows thd{ scales inverse-linearly as
between the two different approaches is shown in Fig. 2 for a _ N/24+1 N

ring topology with 50 nodes. We also compared results from H T T u 1)

our solution approach with the optimal solutions from ILP Having derived the expressions fgf, S, I, H as a function
formulations for many problem instances and found that O4F ; we can now derive pairwise relationships between all

approach produces near-optimal results. variables. In particularL(W) = L(S) = 0.5 and H(W) =

10 H(S) = —0.5, i.e., for a constant increase inand, hence, a
g ;;'f;"“hm from [banerjee00] constant decrease i, the wavelength requiremenii{ and
s S) increases much faster. This is because we establish longer
F lightpaths, which require more wavelengths, after we distab
5 shorter ones first.
° ‘ ‘ The approximation used in equation (1) (ignoring the cgilin
100 1000 10000 100000 operators) is very crude. To illustrate what really happésts
S tm = % denote the length of the longest lightpatht K L=
Fig. 2. Comparison with the solution approach in [5] in a riogology with node 0 Can_ at most reach tl%f;apart nelghbor’ therefore, half
50 nodes. of the traffic from node O will go through one hop and the
other half will go through two hops. The average hop count
I1l. TRADEOFFS IN RINGS H = 15. Similarly, whent = tTm, H = 2.5. Whent = %’L,
In this section, we study tradeoffs for the ring topology? = 4:5 @nd so on. This is shown in Table I.
We employ the analytical and semi-analytical methods and TABLE |
compare their results. Due to the well-defined topological H AS A FUNCTION OF¢.
structure, simulation is not needed.
We consider a ring physical topology in which the nodes are P Tm tm Im Im fm Im
. . . . . 2 4 8 16 32 64
numbered from O taV — 1 in the clockwise direction. Traffic i I 15 25 45 85 165 325 ...

and lightpaths on the ring can be routed in either directmal,
the shorter path is always taken. For simplicity of disomssi -
we analyze rings with an even number of nodes. Every time ¢ is reduced by half,i/ does not double.
In a ring topology, the lightpaths range in length from Therefore, H does not exactly scale inverse-linearly as
to N/2 physical hops. It takes exactly one wavelength tdsing the semi-analytical method, we find thdtt) = —0.8
establish all lightpaths that are one physical hop longsThand H (W) = —0.4. B
one wavelength is reused on every fiber link to connect theln Fig. 3, we show the tradeoff betwedi and H for
two neighboring nodes. Similarly, it takes two wavelengthearious values of N, as found using the semi-analytical
to establish all lightpaths that are two physical hops Idng. method, along with the corresponding fitted curve.
general, to route all lightpaths that ar@hysical hops long; ~ Even thoughH is not exactly a linear function df’ in the
wavelengths are needed. log-log plot as shown in the figure, we find that the correlatio
As discussed above, our method sets up shorter lightpagesfficient to a straight line is more than 99%, suggestiag th
first. Let us assume that lightpaths upttphysical hops long a power-law is a good fit. The non-linear shapefbfis an
can be established. Then we have effect of the ceiling operator. Although not shown, we nbtt
tt4+1) ¢ the L curve as a function of’ is almost perfectly straight on

W=1+2+...+t= SR a log-log plot.




£ - N=20 by ¥ because of symmetry. Thél factor comes from
S 100 ]+ x N=100 the fact that there are 4 quadrants, that we have to sum
2 + N=1000 up lightpaths originating from allNV nodes, and that the
;'f’ 10 bidirectional lightpaths have been double counted. Froen th
g highlighted quadrant in the figure, we see one node 1 hop

! L 1(‘)0 10(‘)00 1000000 away, two nodes 2 hops away, ..., ending with one node 6

W hops away. Thusy; = 2Ni for i < k, andn, = 2N (2k+1—1)
for i > k.

Fig. 3. H as a function ofi¥ in the ring topology, found using the semi- Again because of symmetry, Iightpaths of |en@mom all
analytical method. . .
nodes need exactly wavelengths. Let us assume lightpaths
up tot physical hops long can be established and k. The

IV. TRADEOFFS IN SHORTFIBER TOPOLOGIES number of wavelengths used by lightpaths upttphysical
In this section, we consider a particular type of mesioPs long is
topology called the short-fiber topology. Many real life odgp- t 1 1, 1 1
gies could be classified as short-fiber topologies. A common W = ZZ = gtg + 515 + gt ~ gtg (2)

characteristic of these topologies is that fiber links tead t i=1

be short, connecting physically neighboring nodes. In goin Note that, because of symmetty,is exactly2 N/ .

so, the diameter of the network tends to be larger, and thereMe can derive the number of lightpaths established as
are many long lightpaths. Short-fiber topologies can also Balows

characterized by a small expansion factor, i.e., fewer new AN &
nodes are reached when we connect more and more longer L = oy i~ Nt? 3)
lightpaths. i=1

In a short-fiber topology, the maximum hop count is on the To derive the average hop count, we can apply the averaging
order of VN at the electronic switching extreme; thus, it iargument that we used for rings. We note that flows that are
considered a two-dimensional topology. Compared to thg rihysical hops long will go througfi:] logical hops, and flows
(one-dimensional), there is a large constant reductio®/in that are2k+1—i physical hops long will go througpit1=:]

On top of that, we will see that the power-law exponent iggical hops. Ignoring the ceiling operators, the averdgb®

also smaller. two is 251 Since this is true for all, we have

To understand the tradeoffs in short-fiber topologies, we
first look at two special instances—the torus and regular H = 2k +1 ~ k (4)
mesh topology. Their regular structures allow us to appéy th 2t t -
analytical and semi-analytical methods. Then, we move toHaving derived the expressions fdf, S, L, H as a function
arbitrary short-fiber topologies. of ¢, we can now derive pairwise relationship between all
A Tori variables. W (t) = S(t) = 3 and L(t) = 2, therefore,

_ _ o L(W) = L(S) = 2. Also, H(t) = —1, therefore, H(W) =
We first consider the Torus topology, as shown in Fig. 4. F‘H(S) _ _%_
simplicity of presentation, we assume there 2ket 1 nodes We can similarly derivéV (or S), L and H for the case of

on each side of the torus, aridk + 1) nodes in the torus ; . 1 The full derivation is shown in the technical report [4].
altogether. Nodes are symmetric to each other. Therefoie, i\wnhen ¢ is just a little larger thark, W (and S) and L still

sufficient to only consider Iightpath_s or_iginating from agle gcgle ag?® and 2, respectively. However, whengets closer
node, e.g., the center black node in Fig. 4. to 2k, W (and S) and L get further away from: and 2,
,,,,,,, e respectively.
4?@7@@% In Fig. 5, we showZ andW as a function ot for k = 5
4 and & = 50. For the most part, bott. and W are straight
lines in the log-log plot. However, whet approache2k,

both L and W curve down and the slope @f seems to flatten
proportionally to the slope of’. As a result, when we plot
L as a function ofi¥’ on a log-log scale, it appears to be a
straight line with a slope of, i.e., L(W) = 2.

If we plot H as a function oft using the semi-analytical
method, the shape of the curve is very similar to that in Fjig. 3
ﬁ%ﬁ suggesting that equation (4) made the same approximation as

we have seen for rings. However, if we plat as a function
Fig. 4. A torus network with 7x7 nodes. = 3. of W, as shown in Fig. 6, the shape is slightly different. In
particular, H curves up whelV is large. This is becausé”

To derive the lightpath length distribution (LLD), we candoes not grow as® any more whert is large, as shown in
just focus on the upper-left quadrant and multiply the rssulFig. 5.
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100000000

10000000 | B. Regular meshes
1000000 - Moving one step closer to arbitrary short-fiber topologies,
5 100000 | we now consider the regular mesh topology, i.e., the grid
5 100007 s topology. Letm denote the number of nodes on each side
1000 / L k5 (N = m?). An example withm = 4 is shown in Fig. 7.
122 — W, k=50 Compared to the torus, there are more long lightpaths in the
g | Tohkeso regular mesh because they can not wrap around as in the torus.
1 10 100 Furthermore, because of the asymmetry between the edge and

t center nodes, the fiber links in the center use more wavdisngt

Fig. 5. L and W as a function oft in the torus topology fork = 5 and than the fiber links on the edge.

k = 50.
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Fig. 7. A regular mesh topology with 4x4 nodes.= 4.

We find the LLD as follows. We number the nodes on a
Cartesian coordinate system from (0,0) to-€ 1,m — 1). With
shortest path routing, the length of a lightpath betweenia pa
of nodes §,q) and ¢,s) is the number of hops taken in the Y
direction plus the hops in th& direction: |r — p| + |s — ¢

In Table I, we show the exponents from curve fitting usinghus’ the number of lightpaths of lengthis expressed as
the semi-analytical method for several valuescofAll curve

Fig. 6. H as a function ofi¥/ in the torus topology fok = 5, k = 25 and
k = 50.

m—1lm—1m—1m-—1

fittings have a correlation coefficient of more than 0.994. L(lr—p|l+|s—
9 ”i:ZZZZZ(l P|2| q))
TABLE Il p=0 g=0 r=0 =0
EXPONENTS FROM CURVE FITTING USING THE SEMIANALYTICAL wherel;(|r — p|+ |s — ¢|) is the indicator function with value
METHOD IN THE TORUS TOPOLOGY 1ifi=|r—p +]s—q|, and O otherwise. A closed-form
expression fon; has also been derived; the details are in [4].
A 5 50 500 Ir_1 Fig. 8, we show thg LLD«;) for different values ofn as
W), S 231 269 280 derived from the _eq_uatlons above. All curves follow the same
L() 154 179  1.86 shape._ In fact, this is also true for larger regular_meshbe. T
A(t) 074 -081 -083 shape is close to that of the Torus topology, wherencreases

LW), L(S) | 067 066 066 close to Iinearly and then dgcreases clqse to linearly. Iv_lewe
AW), 8(S) | 032 030 -0.29 th.ere are two differences. First, the top is more rounded;lwh
A(L) 048 045 -0.44 will cause S and_L to grow slower. Sﬁecond,_ the_ curve is no
longer symmetric, which means thaf(¢) will differ from

that of the torus topology because the averaging argument no
longer holds.

As shown,W (¢) is not 3 andL(¢) is not 2 as suggested
by equations (2) and (3), although they do approach 3 and 2 1600
respectively wherV is large. This suggests that the flattening

1400 +

—m=7
of W and L in Fig. 5 has less effect wheN is large.L(W) 1200 —~—m=10
stays roughly constant %t suggesting that. and W indeed 1000 + :m:ii

flatten at the same ratél (¢) is roughly—0.8, as we have seen 8007

for rings. W (t), L(t) and H(t) together determine the values 0007
of H(W) and H(L). In particular,H (W) is very close tot,

400 +
. . 200 +
as suggested by our analysis, and its absolute value desreas o ‘

slightly when N is large, mostly becausé’ (t) increases. 1 6 1 16 21 26
. . . . . = . lightpath physical | h, i
In tori and in short-fiber topologies in generdl,(W) is onipeih physicaienaih ¢
close tO% and is not significantly affected byv. However, Fig. 8. LLD in the regular mesh topology for different valuetsm.
this is not true for random topologies, where the absoluligeva
of H(W) decreases a& gets larger. For detalls, please refer Because of the similarity in LLD, the tradeoffs are very

to the technical report [4]. close to that of the torus topology. In Fig. 9, we plbotand

lightpath length distribution (n_i)




S as a function oft using the semi-analytical method. Thesimulation method to accurately account for the uneven wave
shape is very similar to that in Fig. 5. However, b&ttand L. length usage of different fiber links. In Table IV, we show
curve downwards more whenis big compared to the torusthe exponents from curve fitting using the simulation method
topology. In Fig. 10, we ploff as a function ofS. Again, the for several values ofn. In addition toW, L and H, we also
shape is very close to that in Fig. 6. show the utilizationu, which is defined as—=-. Compared

to the semi-analytical method (Table IIl), both(1¥) and
H(W) are smaller than.(S) and H(S) respectively. There
are two reasons that cause this difference. The first is the
reduced wavelength utilization d% increases. WhenmV is

10000000000
1000000000 -
100000000 +
10000000 -
1000000 -

5 100000 | large, many lightpaths, including long ones, are routea:seh

— 10000 /&fgﬁ ——S, m=100 long lightpaths make it hard to fully utilize all wavelength
lggg: —L, m=100 provisioned on each fiber link. Conversely, whnis small,

10 { only short lightpaths are routed. Therefore, the utilizati

1 ‘ ‘ could be greatly improved. For the cases we studied, the
1 10 100 1000

¢ utilization ratios range from 80% or 90% whé# is small

to around 66% wheriV is large. Asymptoticallyu(W) is
around—0.15 as shown in the table. The second reason is that,
because of the limit ofi’, some lightpaths are routed through
non-shortest paths, which use more wavelength resources.

Fig. 9. L andS as a function ot in the regular mesh topology for. = 10
andm = 100.

100

g TABLE IV
§ EXPONENTS FROM CURVE FITTING USING THE SIMULATION METHOD IN
é 107 THE REGULAR MESH TOPOLOGY
©
1 ‘ ‘ ‘ ‘ m 7 10 12 14
1.E+01 1.E+03 1.E+05 1.E+07 1.E+09 1.E+11
L(W) | 054 055 056 057
S H(W) | -027 -0.27 -0.26 -0.26
Fig. 10. H as a function ofS in the regular mesh topology fon = 10, H(L) 051 -049 -047 -0.46
m = 50 andm = 100. w(W) | -013 -015 -0.15 -0.15
In Table Ill, we show the exponents from curve fitting

using the semi-analytical method for several values:ofAll ) ) )
curve fittings have a correlation coefficient of more tharg@.9 C- Arbitrary short-fiber topologies

Compared to the torusi(t) and L(t) are further away from 3 We now consider topologies that have been designed by a
and 2 respectively because of the rounded LLD, which causepological design algorithm under a fixed fiber-to-nodéorat

S and L to flatten more whert is large, as shown in Fig. 9. (roughly equivalent to the edge-to-node ratio if short fiber
As in tori, S(t) and L(t) increase slowly wherV increases. are used). The design algorithm is very conscious about fiber
S(t) and L(t) increase at roughly the same rate becalis®) usage and tries to use shorter fibers as much as possible. The
stays around 0.63/(t) ranges from-0.62 to —0.73, smaller designed topologies are very similar to the regular mesh or
than that in the torus topology. This is mostly because of thiee torus topology. In Fig. 11, we show the measured LLD
asymmetrical LLD.H (S) decreases from-0.36 to —0.32 as for four generated topologies\( = 50, N = 100, N = 150

N increases, and the exponents are higher than those in dag N = 200) with a fiber-to-node ratio of 2 (average node
torus topology. degree of roughly 4). The graph is very similar to Fig. 8. The
graphs will be similar if other values of the fiber-to-nodéaa

are chosen. Because of the similarity in LLD, the tradeofés a
very close to that of the regular mesh. In the interest of spac
the detailed results are reported in [4].

TABLE Il
EXPONENTS FROM CURVE FITTING USING THE SEMIANALYTICAL
METHOD IN THE REGULAR MESH TOPOLOGY

m 7 10 12 14 100 1000 D. Several real topologies

igg i;; iij 1?; 123 i;g i:ii Many real-life topologies are short-fiber topologies. F_or

A(t) | 062 -064 065 -066 071 -0.73 example, I__evel 3 Networks’ (an Intemet backbor_le service
L(S) | 063 063 063 063 064 064 prowder)_ fiber topology, as shown in Fig. .12 [10], is clearly

Aes) | 036 -035 035 035 -033 -032 a short-fiber topology since many short fibers are used. In
A(L) | 058 -056 -055 -055 -051 -0.50 Table V, we report the power-law exponents for the NSF,

ARPAnNet and Level3 topologies. The numbers match very well
with the results for the arbitrary short-fiber and the regula
If W is the metric of interest, we have to employ thenesh topologies.



Fig. 11.
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one with the maximum amount of optical switching, one with
the maximum amount of electronic switching.

If we use only one wavelength on each fiber link to connect
the neighboring nodesii{ = 1 and S = M), the logical
topology is the same as the physical topology and maximum
electronic switching will result. We denote the averagedab
hop count asfd in this extreme case. If we connect all node
pairs using a direct lightpath, the logical topology is al ful
mesh and minimal electronic switching will resull (= 1).

At this extreme,s = Y -U

In Fig. 13, we find these two solution points for various
topologies and connect a direct line between them. The ring
and star topology haw® = 100; the torus topology hals = 5;
and the random topology has = 100 and M = 200. The
direct lines are in good agreement with our earlier analyss
simulations, suggesting that they are good approximafions
the actual tradeoff. Note thd¥ is small in the star topology
when S is large. This is because all lightpaths in the star

S— ,/'""““'9“ B Mmmm_my/ Chariote topology have the same length, and the smalfecomes at
gl < T a \m //, —aGana the cost of long fibers (details in [4]). We can similarly plot
%w Fovorn Qe = the tradeoff lines betweeh and H, and they are also in very
1N =T k_,\_,\qmmnwnc -
B &oue good agreement with our results.
San Antonio Houston ampe \\\. o
Miami 100
: ) 3 § A star
Fig. 12. Level3's backbone fiber topology. 3 . o ring
é‘ 10 4 + torus
9 X random
V. APPLICATION TO NETWORK DESIGN §
[
In the previous sections, we have shown that the tradeoff 1

between optical and electronic switching follows a poveer-|
relationship. Understanding the tradeoff has very impudrta

applications in many network design scenarios. For exarifpleFig. 13. The tradeoff curve obtained from two solution psiimt the log-log
the power-law exponent is known, one can quickly determifiot for different topologies.

how the cost will shift if a network design were to change

such that different amounts of optical and electronic dvittg

are employed. In this section, we will show another exampﬁ
of application to network design. We will show that, usindj
the power-law information, the network designer can nét
only choose the best combination of optical and electronﬁ%
switching, but can also choose the best fiber topology ?(5

balance the cost of fiber and switching.

A. Deriving the tradeoff relationship
Knowing that the tradeoff follows a power-law allows dn the log-log plot and divide the two values.

network designer to quickly derive the tradeoff curve. Oragw
is to derive two solution points and then connect a straiglet |
through them in a log-log plot. For example, we can derive
the two solution points from the two extremes of the tradeoff

TABLE V

POWER-LAW EXPONENTS FOR SEVERAL REAL NETWORK TOPOLOGIES

Exponent| L(W) H(W) L(S) H(S)

Level3 0.52 -0.29 0.60 -0.37
NSF 0.52 -0.28 0.65 -0.35
ARPAnet 0.56 -0.28 0.65 -0.34

10000 100000 1000000

S

100 1000

If we know the value offH,, and since we already know
I‘:;le values ofV and M, we can compute the slope of the line,
e., the power-law exponent. Let us assufig= aN =. Both
and z are constants, and indicates the dimension of the
pology. For anc-dimensional topologyH, should be on the
der of O(N=). For example, in the ringfl, = 1N, and

the torus,H, = %N%.

We can find the slope (or the exponentby finding the
distance between the two points in both the X and Y directions

In

InaNz —Inl InaN=
e ~
meN: XD iy maN=82 —In M
%th—i—lna 1

1+ ImN+Ing T4z

Forz =1, e = 0.5, which is a good approximation for the
ring. Forz = 2, e =~ % which is a good approximation for
short-fiber topologies. Clearly,, the dimension of a topology,
largely determines the power-law exponent. As mentioned in
Sec. IV-A, the power-law exponents for random topologies
decrease for larger networks. This can be explained by the
increase in the effective dimension of a random topology
because of its large expansion factor.



B. Fiber and switching cost tradeoff design the fiber topology, for varying fiber distance budget.
Now, we make use of these tradeoff lines to design coor €ach topology, we solve equation (5) to achieve the

effective networks. The tradeoff line exhibits a knee omadr OPtimal switching cost. We set the following parameters for
graph, and there is a point on it where the total switchid§is scenario (though any weights may be used): = 1,
cost is minimized, as determined by the cost function. Thise = 10, Ci = 2Na]r\;de 0.1. The resulting optimal, L,

is an optimal point given a particular topology. However, fol! (where H = &=L 1), and total switching cost’, are

a set of nodes, there are many possible topologies, depeffewn in Fig. 15.

ing on the physical connectivity, i.e., which fiber links are
.

established. The position of the tradeoff line depends en th
4000 -

3] @
o o
o o
o o

actual physical topology. To be precise, the position of the

tradeoff line is determined by, (and N and M), because

the coordinates of the end points on thevs. S graph are

(M, Hy) and (Ho ™= 1). In Fig. 14, we show tradeoff

lines corresponding to different amounts of fiber used for

a 50-node network. Wheiil, decreases (corresponding to

higher physical connectivity, or large¥/), the tradeoff line a0 o0 600

moves in the direction of the origin. In other words, the fiber distance

switching requirements decrease (and thus the optimal tota _ i . . o
L . Fig. 15. S, L, H andC; in the optimal solution for various topologies in

switching cost decreases) as the physical topology becorg%@_node network.

more highly connected. Thus, we find not only a tradeoff

between electronic and optical switching, but also a trideo At the beginning, as we increase the fiber length, the costs

between the switching cost and the fiber cost. of both optical and electronic switching (and /) decrease.

The decrease ifil is a direct result of the increase In In this

region, the total switching cost; decreases, at the expense

3000 -

2000 -

1000 4| s

optimal S, L, H, and switching cost

o

o

10

€
= M=49 . . . . .
8 ;M=259 of the fiber distance cost. The optimal solutions in thesesas
2 X M=683 use a combination of electronic and optical switching.
(3] . . .
g 4 M=1107 As S continues to decrease and Agontinues to increase,
2 NS at some point (when the fiber distance is around 150, in this
1 . .
10 100 1000 10000 100000 scenario),S becomes the same ds The number of links

S becomes so large that even setting up a single lightpath on
each fiber link (the electronic switching extreme) incurghhi
Fig. 14. Tradeoff lines for topologies with different amaowifiber, N = 50. optical and interface cost. Beyond this point, there is n@emno

tradeoff between switching cost and fiber cost—adding fiber

Given a;et of nt_)de locations and_a_fipgr Iength pudget, Wfiks pushes up the fiber cost but does not help decrease
should design the fiber topology to minimizk, which in turn the switching cost. In the figure, we show what happens if

minimizes the total switching cost. We use the following a}lt'he fiber distance continues to increase: the optimal operat

gorlth_lr_‘rrl]. First, vlve connehct zfalltljno;jes uhSIbngda m|r1|mal spagm:?)o-nt is the electronic switching extreme, the interface an
tree. Then, as long as the fiber length budget is not exceeqgli | costs dominate, and the total switching cost goes up

\éve a(tjd tc;]ne fibeLat aftimt:a tq emance the gonnfct:\r/]ity?t,et The point at which adding more fibers does not help lower the
enote the number of physical hops afigl denote the fiber total switching cost is dependent on the relative cost safio

distance betweenand; in the current fiber topology. When C, andC; are higher, the transition will happen when the total

\;zv? add a fiber, we choose the pair of nodes with the highgﬁ;fer length is smaller.

7. thereby making the most effective use of the fiber. The || summary, we have shown how the optimal network

t(ipolpﬁies shown in Fig. 14 have been designed using thssign can be found readily, given only the cost weights and
ag_;rohnt m. | ¢ switching includ h ¢ . a:{]e node locations, and making use of the power-law tradeoff
e total cost of switching includes the cost o Opt'cqflationships. The solution yields the optimal fiber dis&n

switching, the cost of electronic switching and the cost nd specifies the optimal amount of switching equipment—
the interfaces. LetC, be the cost of optically switching routers, OXCs, and transceivers—at every node
one lightpath at a node, l&t. be the cost of electronically ' ' '

switching one unit of traffic at a node, and I€; be the VI. LIMITED NUMBER OF SWITCHING LOCATIONS
interface cost for the transceivers required to terminate o Thys far, we have assumed that switching may be performed
lightpath. Then the total switching coSt could be expressed 4t any node where it is needed. However, in some imple-
as. mentations, the local-interface switching hardware may be
(H+ 1T +CL (5) separate from the eI_ectronic_ switches handling_transﬁﬁara
e.g., implemented using multiplexers and demultiplexatisar

To illustrate a network design scenario, we consider than more complex switches. This raises a question—whether

network with 50 nodes. The above algorithm is used toansit traffic switching is needed at &l nodes. Because there

Cs = Co(S+L) +CEJV(Nf_1)



is a fixed cost associated with installing a switch at a nodlee number of routers needed and the corresponding increase

(e.g., the cost of a router chassis), regardless of swigdoizxd, in hop count if switching locations are limited. First] is

it is desirable to minimize the number of switching locaionalmost the same if many wavelengths are available. Wien

(routers)R. In this section, we show that routers for switchings limited, A increases because the logical topology becomes

transit traffic need to be installed at a small percentage lebs and less well-connected, such that many flows take one

nodes, and the average hop count does not increase mextia hop. For all the cases we studiddl,always increases

when packets are forced to route through these fixed swichiny less than 1. Considering the number of rout@rsvhenv/

locations. is large, few routers are needefd;is 1 or 2 for a large range
Let us first consider the ring and assume all lightpaths @b 1. Only whenW is very small,R starts to increase. With

to ¢ hops long are established. To minimiZ we just need a factor of 20 reduction i/’ compared to the value d# at

to add switching capability to everynodes. This allows any the optical switching extreme, for the topologies we stddie

node to reach a switch node, and each switch node to readgth N ranging from 50 to 200R ranges from 6 to 16. This

at least one other switch node. Therefofe,= % As we is a very small number of routers compared to the size of the

establish more and more lightpathsiricreases), we need tonetwork that we are studying.

install fewer and fewer routers.

Let us now consider a two-dimensional topology: the torus. 35 " average hop count, switching | 19

Because all lightpaths up tohops long are established, we =3 everywhere . 16
. . oy . Sos4 ——average h_op_ count, switching e
can add switching capability to evetynodes in a row and we 3 locations limited 8
. . e 125
only need to do this for everyrows. Since there argk + 1 g 2 #of routers | 102
nodes in a row and there ag& + 1 rows, we have 5151 ts ¢
5] 1 +6 2

2 >
R_2k+12k+1_(2k+1) o5 | 3
t t t 0 : ‘ : 0
. . 0 200 400 600 800
Compared to the ringsR reduces faster in the torus topol- W

ogy ast increases, because is proportional tot—2 instead 6. Min ber of ded and th facese in th
—1 . . H . . inimum number of routers needed and the resulticgease in the
Pf t~". Because of the Slmlla_my’ we eXp?Ct the fast reducnda:[\l}%rage hop count for a short-fiber topology with= 200 and an average
in R to be true for all short-fiber topologies as well. node degree of 4.
For both rings and tori, when switching is forced to go
through these fixed locations, the average hop count should
increase at most by 1. This is because a packet will take at VII. TRADEOFFS UNDER GENERALIZED TRAFFIC
most one logical hop to get to one of the routers (because gll \when is traffic relatively small?
lightpaths up tof hops long are established), and from there, )
it will hop through t-hops-long lightpaths before it reaches So far we have assumed that the am?””t of tréﬁd:or
the destination, just like it would do without the switchingeaCh flow is small com_pared to the bandwidth of the lightpaths
location restriction. Essentially, thehops-long lightpaths be- @nd. therefore, all traffic can be routed along the shorit. p

tween routers become the backbone of the network. Withd{t thiS section, we determine when this holds true, and in
the switching location restriction, packets will still wato ©€C- VII-B we will show that/7 will increase by at most a

use t-hops-long lightpaths as much as possible to redusmall constant factor if rerouting onto alternate pathsobees

the hop count. The switching location restriction only fesc N€cessary. _ .

the packets to go on a limited number of theseops-long We are interested in the value @fsuch that all traffic can
lightpaths and may also force some packets to go through diferouted along the shortest path, i.e., the maximum magmitu
more hop in order to get onto the backbone. of the traffic demands such that the lightpath capacity isanot

For non-regular topologies, we use the following algorithr$Sue- In this range, we know that the power-law relatiomshi
to determine where to place routers. Givéh(or S), we first nolds. _ _
use a modified version of the SLF algorithm [4] to establish L&t us first consider rings. Let us assume that we can
the logical topology. We then pick the node that has iestablish all lightpaths that are uptt@hysical ho_ps long. All
highest node degree in the logical topology as it has the md&Ws that are more thanphysical hops long will try to use
neighbors, place a router there, and then mark all nodes tHiS€t-hops-long lightpaths as much as possible in order to
are one logical hop away (the neighbors)aered Next, Minimize the logical hop count. As a result, thetsleo_ps-lo_ng
among all the covered nodes, we pick the one that reacwggtpathg are the most overloaded; thus, we are interésted
the most number of un-covered nodes in one logical hop. el traffic load. _
place a router at that node and mark all of its logical neigabo For flows that are physical hops long, each one of them
as covered. We repeat the last step of picking the node witfl! Use | ;| separaté-hops-long lightpaths. Due to symmetry
the most un-covered neighbors until all nodes are covered!" theNle_Dl, flows that areN/2 +1 — i physical hops long

To illustrate the effect of limiting the number of routerstake | X211 | separate-hops-long lightpaths. Ignoring the
we consider an arbitrary short-fiber topology with = 200 flooring operators, the average of the two4+, which
nodes and an average node degree of 4. In Fig. 16, we shuolds for alli. Summing over alw flows, then dividing



by the number of-hops-long lightpaths (assuming traffic isThe internal trafficT;,; refers to the total traffic carried
evenly spread among them), we find the traffic carried on edgy all established lightpaths, i.e., as seen from the reuter

of the t-hops-long lightpaths. perspective. The ratio of the two defines the average hoptcoun
_ 2 i-e-aﬁ:/rint/Temt-
T, = %N(]\; D) N/;j_ 1T = ];]—tT WhenT = % all established lightpaths should be carrying

) traffic at their full capacity in order to accommodate the
When thet—hogts—long lightpaths are fully loaded; = 1. jncreased load. Since each lightpath has capacity of Lothb t
Therefore,T" <  will guarantee that all demands can ggnternal traffic should be just the total number of estalslish

through the shortest path routes. The traffic limit is PréPOfightpaths. For rings7;.. = Nt. Therefore, the average hop
tional to¢ because as we increasewe increase the numberyqynt is

of established lightpaths proportionally. In additione thaffic
gntp prop Yy ne T Ntﬁ%(N)QN

limit is proportional toN —2 because there are only two fibers 77 — - -
2t 2t

in any cross-section cut in the ring topology, but there are o Text T N N

2 i _
the order OTN. flows crossing the _C_Ut' Compared to equation (1}{ doubles. This can be intu-
We can similarly derive the condition for the torus tOpOI_OgXtively explained as follows. When traffic increases, wergan
V\(]e V.V'" Ijllf]St IO?k at thg fcasf<|e of Sh k. For ﬂOWS,th‘;:t a_ral use thet-hops-long lightpaths because they are overloaded.
physical hops long and for flows that azé -+ 1 — i physica However, we can first send traffic to an intermediate node by

hops I_ong, 2,’;‘;’;“’”""98' ignoring the flooring opergtqrs, eaﬁ&ng a lightpath that ig < ¢ hops long, then send the traffic
one will use=== separate-hops-long lightpaths. This is true o lightpath that ig — j hops long in order to reach the

2t
for all i. As we did for the ring, we find the traffic carried 0N ode that is hops away. Since al— 1 nodes in between can
each of the-hops-long lightpaths. be used as relay nodes, we can spread out the traffic evenly
1 N(N-1)2k+1 k3 onto all lightpaths. By using only one intermediate node, we
~ 9Nt 2 2 T~ t_2T only double the average hop count. X

Theref heri” < £ 82 all traffi th h Similarly, we can deriveld for tori whenT = - Again,
eretore, wnent = gz ~ g all raflic can go through o s only focus on the case of< . In tori, W, ~ k3

the shortest path. The traffic limit is proportionalifobecause (details in [4]). We can then derivg = %s — 31;_: Since
we incrementally establish more lightpaths as we increase t
In addition, the traffic limit is proportional tov—% because the total internal traffic i€l},,, = %3 3° i ~ Nt*, the average
there areO(N%) fibers in a cross-section cut in a two+op count is =t
dimensional topology, such as the torus, and there 4rg?)
flows crossing the cut. H= NTLQ — 2_’52 Q_’QE ~ Q_’QE - §E

The limit onT', below which traffic can be considered small NTT N N Ak? 13 2t
compared to the lightpath capac_ity, increa_sest axreases. | the derivation above, we used the fact thate 4%2.
Therefore, we can alway_s estabhsh more I!g_r\tpaths to ensur Compared to equation (4), the average hop count increases
shortest path routing, which results in the minimum hop ¢ourhy 5 factor of2, less than the increase in rings. This is because
is used. there are more longer lightpaths. When traffic is spread alver
B. What happens when traffic is not small? lightpaths, the longer lightpaths tgke more traffic. As ailtes
fhe average hop count does not increase as much.

We should point out that the factor of 2 increase in rings
nd the factor og increase in tori are the worst case when the
fhffic is at its highest. If the traffic is less than the maximu

T:

If T is not relatively small, the results derived in Sec. Il
and Sec. IV no longer hold. The average hop count wi‘lel
inevitably increase because traffic has to be diverged te nQ
shortest paths to even out the load. In this sect_i(_)n, we eler bssible, the increase il will be less.
the average hop count under the extreme conQ|t|on where For arbitrary physical topologies, we can also determine
traffic T is scaled up to as much as the capacity can SUPPQY}

Let us first determine th : t of traffi¢chat e maximum amount of traffic that can be hangled in the
et us Tirst determine the maximum amount ot traffiéha logical topology and the corresponding increasefin This
can be carried. Lel¥, denote the number of wavelength

ded wherl” — 1. 1 h direct liahtoath de t roblem turns out to be the well knowninimum congestion
Eee et bvl\'/ ﬁ d t;t’ €., W En a |rfec (;g pla _neef roblem or the maximum concurrent flow problenm the
€ establis eN e]\\[/\zleenNeachpalr ot hodes. In ribigs, = algorithm community. The problem can be formulated as a
1+2+...+ 5 =5+ =~ . If Wis afraction ofW,,

) W , ) i Linear Program or can be solved by efficient algorithms such
e, W= =, the capacity (the bandwidth distance producgS the flow deviation method [11] [12].

is reduced by a factor of. In the best case, we should be In Fig. 17, we show the increase i when the traffic is at
able to routel” = % traffic per flow. We can determing =

) its highest for an arbitrary short-fiber topology with = 100
% = ZZQ—/QS = (%)2. nodes and an average node degree of 4. The increase is large
To derive the average hop count, we defexternal traffic only whenW is small, where the logical topology is poorly
andinternal traffic External traffic is the total amount of trafficconnected and the logical path lengths are large. When macke
injected into the network from outside, i.e., from the metrare rerouted away from the shortest path, the increase in pat

area network. In our case, it B.;; = WT A N;T. length will be larger. In an arbitrary short-fiber topologye



have found that the maximum amount of traffic that can Bghtpaths are first placed among these node pairs; the éreavi
carried could be very low, e.g., around 30% or 4O%J17of weight of the large demands affects significantly. Toward
the optical switching extreme, the tradeoff is determingd b

£ 3-2 1 _ the LLD for the remaining node pairs; as additional optical
8,5 | — low traffic resources are offered, the reductionAhis minimal.
g 5] —— high traffic
<15/ VIIl. CONCLUSION
go.é i We have shown that the tradeoff between optical switching
& o ‘ ‘ (W, S and L) and electronic switchingH) can be described

0 100 200 300 by a power-law relationship. We have quantified the power-

w law exponents for many classes of topology and have shown

Fig. 17. Average hop count wheR is low and whenT is high for a how this exponent may vary for very large networks.

short-fiber topology withV = 100 and an average node degree of 4. We have also identified a simple, but important, design
principle. Namely, when designing a network with a combi-
C. Non-uniform traffic demands nation of optical and electronic switching, shorter ligditps

' hould be favored. This is because shorter lightpaths wgerfe
In Sec. lll and Sec. IV, we assumed that the traffic demangs. . ghtp .
) , . optical resources, and, to a certain degree, a short lightpa
are uniform. If the traffic demands are not uniform, the analy. . . . .
is equivalent to a long lightpath from the point of view of

ical methods cannot be applied. However, it is straightéoov : . ) ;

: ; ) . supporting traffic. Network designers can benefit greatiynfr
to extend the simulation method to study non-uniform traffic _". . he liahtoath | h distributi
Instead of first picking the shortest liahtoath ick theaving attention to the lightpath length distribution.
l_nshtea tho 'trﬁ thpIC mg" g%s orr] esh_|_g_ ?ﬁ SF] we pllﬁ € Knowing that the tradeoff follows a power-law, a network
(;g ¢ paths W(IT ) etima ©5F, ’th tereﬁ_” I;St ep ySI(C;Z (()jp designer can quickly derive the tradeoff curve by finding two

Istance and;; 1S the amount ot traflic DEIWeen noaeand ., ginates—one at the optical switching extreme and one at

J- Under this extended algorithm, short lightpaths thaty:ar[he electronic switching extreme. We have shown how this

m?/(/e c]ic!retct traﬁ!g are (;onngctgtd ff'fr.St' q d h th procedure can be applied to evaluate the tradeoff between
€ first considerandomizedtraflic demands, where heg, .. ong switching equipment. Finally, we have shown how

tra_ffﬁc d?magwij bftween node andj t'rS] "’: r_andom varlafble to employ these insights and understanding of the tradeoffs
UIT' or;ny ¢ oseln Fr_omlg rangér?,p) th at 'Sd Cofrrngut)néé)r to design a fiber network that achieves the minimal total
a dng fe ptalrs.d_frfl Ig.t B_ENe S ﬁwt f'eb raé eol W 3 cost, which includes the fiber cost, as well as the electronic
an or two ditierent arbitrary short-liger topologies un erswitching, optical switching, and transceiver costs.
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