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The Value of Optical Bypass in Reducing Router Size in Gigabit Networks

Jane M. Simmons and Adel A. M. Saleh
AT&T Labs - Research

Abstract - With the expected explosive growth in data traffic, routers. Assume that some of the traffic sent by Router 1 on
the required processing demands at network nodes, e.g., in A1 and A3 needs to be processed by Router 2. Further
routers, will likely present a significant bottleneck. Optical z55ume thak2 carries no traffic that needs to be delivered to

bypass potentially alleviates this bottleneck by allowing a Router 2; allA2 traffic is destined for Router 3. In typical,

wavelength to bypass a node if it contains no traffic that needsto . -
be processed there. We explore the value of optical bypass inPOINt-to-point. WDM networks, all three wavelengths are

gigabit networks by measuring the fractional decrease in delivered to Router 2, as shown in Fig. la; thAB, is
required router size one can expect. We consider both ring and needlessly processed by Router 2. However, by
mesh topologies, and both uniform and distance-dependent implementingoptical bypassA2 completely bypasses Router
traffic. We show that the reduction in router size can be very 2 as shown in Fig. 1b. In this figure, a cross-connect with a
significant, Wit_h the fractional savings increasing as the size of full-wavelength granularity direcisl andA3 to Router 2, but
the network increases and the amount of traffic increases, . - S
indicating that this technique will scale well in future networks. directly delivers\2 to R_outer 3 thus_ ellmlnf’:ltlng any n_eed for
Router 2 to process this traffic. (It is possible to eliminate the
|. INTRODUCTION cross-connect and permanently hadV2 optically bypass
With the expected explosive growth in data trafficRouter 2, however, the cross-connect allows the network
backbone and access networks will be strained in terms t@bo|ogy to adjust to traffic demands. AlSO, for a bus or ring
both transport and processing requirements. WavelengiBtwork, with only one input and output direction, a
Division Multiplexing (WDM) has emerged as the favoredyavelength Add/Drop Multiplexer can replace the cross-
transport technology for backbone networks, where systemsnnect.)
will be deployed with tens of wavelengths, each carrying a The overall result of the optical bypass approach is that
2.5 or 10 Gbit/sec signal. WDM will eventually be extendedmaller routers are required, at the expense of adding cross-
to the regional access environment, especially to provig@nnects that operate on a much coarser granularity than a
access for large business customers. While point-to-pojigfuter and are thus more efficient at handling large amounts
WDM systems will likely meet the enormous transporpf traffic. In fact, the optical bypass approach performs more
demands, the processing demands at network nodes, e.geffitiently as network traffic increases, since it becomes more
routers and switches, are likely to present a significankely that full wavelengths worth of traffic will be sent intact
bottleneck. over a long distance. Furthermore, as the traffic continues to
There are currently two major approaches for alleviatingicrease, cross-connects that operate on coarser granularities

this nodal bottleneck. ~One approach is to dramaticallg.g., wavelength bands or entire fibers) are feasible, so that
increase the thrOUghpUt of routers and switches, for exam overall port count, of both the router and the cross-

through the development of application specific hardware ag@nnect, remains tractable.
the implementation of sophisticated scheduling algorithms
[1]. While switches and routers operating at hundreds of

: ; . o . a
Gbit/sec are certainly possible, it is not clear how well this ) Router Router Router
approach will scale. Also, this approach does not reduce the 1 2 3
port count, and hence, to a large extent, the physical size, of
the switch. Alternatively, one can alleviate the nodal I;_l/l\ I%,\
bottleneck to some degree by lessening the processing )\2 )\2
requirements. For example, in Multiprotocol Label 2 .
Switching, the processing requirement of IP routers is b)
reduced t_)y_ assigning labels to tr_afﬁc_: streams, and performing Router Router Router
more efficient label-based switching as opposed to IP- 1 2 3
Header-based routing [2, 3]. Again, there may be scalability
issues with such schemes, as the labeling and switching A, MY T2 .
processes themselves may become bottlenecks; also, the X, Waée'ength A,
overall port count of the “label switching router” is not N conmon [
reduced.

A more scalable solution to the nodal bottleneck is to malk&ure 1. a) In the top figure, all three wavelengths are delivered to Router 2,

; ; int_ta-nairgven though, carries no traffic that needs to be processed by Router 2. b) A
use of WDM optical networking (as opposed to point-to po'@ross-connect (or wavelength add/drop multiplexer) operating at the

WDM), and optically bYPQSSWOdeS’ _as shown in the Simplegranularity of a wavelength is used to drop or pass wavelengths at Router 2
example of Fig. 1. This figure depicts a very small networks needed. In this figurg; optically bypasses the router, thus reducing the
with just three wavelengthsAZ, A2, and A3) and three required capacity of the router.
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In this paper, we explore the value that can be provided byOur general strategy is to first calculate the through-to-total
optical bypass by measuring the fractional decrease ratio achievable through optical bypass for various topologies
required router or switch size one can expect. F@nd traffic patterns, assuming the traffic demand between any
concreteness, we refer to routers, and consider cross-connéets nodes is amtegral number of wavelengths. This ratio is
that operate on the granularity of a wavelength; however, theecisely the router-size savings one can achieve. (We
results are very general. We consider two netwotkssume there is one router per node.) The next step is to
topologies: ring and mesh; and two traffic patterns: uniformonsider more moderate traffic, where the internodal
all-to-all traffic and distance-dependent all-to-all traffic. Welemands are less than a full wavelength. In this case, it is
show that the reduction in router size can be very significamecessary to bundle the sub-wavelength internodal demands
with the fractional savings increasing as the size of thiegether in order to form full wavelengths. For example, in
network increases and the amount of traffic increases. Aldéig. 1, Router 1 may send one half-wavelength worth of
uniform traffic yields greater savings than distance-dependdmaffic to both Routers 2 and 3; both connections can be
traffic, for the same amount of traffic. multiplexed onto\1. The goal is to bundle the traffic in such

Related work on Add/Drop Multiplexer savings achievabla way as to maximize the Through Traffic. By judiciously
through optical bypass in rings was presented in [4-7]; theapplying the “super-node approximation” technique of [9],
results are used below to analyze router-size savings. Optia@ attain approximate router-size savings for the sub-
bypass in access rings, where the traffic is typically directeghvelength internodal problem.
to a small number of hubs, was previously analyzed in [5, 8],
and is not included here. lll. RING TOPOLOGY

Il. ROUTERSIZE First, we consider implementing optical bypass in a ring

When considering router size in this paper, we in generf@pPology with bi-directional routing; we assume traffic is
are referring to the capacity required to handle the sum of tAvays routed over the shortest distance. We assume the
router traffic. To better illustrate this, refer to the routefumber of nodes in the ring, represented by N, is odd, so that
shown in Fig. 2. Here we assume the router receives a tgigprtest distance is unambiguous; the results are similar for N
of T, traffic units from other routers. Of this traffic, Ts €VeN.
destined for the local subnetworks attached to the router; we
refer to this traffic ad.ocal Traffic We assume traffic is ) ) ) )
symmetric, such that there are [6cal incoming traffic units We first con5|d_er uniform all-to-all traffic, where every
and T, traffic units sent out to other routers, whegg=TT,. node sends precisely 1/G of a wavelength to every other
The required router Capacity is then: nOde, for some G 1. For fU”-WaVElength internodal trafﬁC,

C=Ti+T=To+T. 1 i.e., where G equals 1,5 N-1 wavelengths, all of which is

If optical bypass is implemented, there may also be traffielivered locally to the router (i.e.; &uals T), and T+ Tt

that completely bypasses the router, as represented by T. N?-1 (N-1)(N-3)

Fig. 2. We refer to this @Bhrough Traffic Without optical 'S ~ wavelengths [10]. Thus,Tis )

bypass, T would have to be processed by the router. Thugsing (2), the through-to-total ratio of each router is:
the fractional decrease in router-size provided by optical N-3
bypass is: NPT (3)

_Tr @ This ratio is precisely the fractional savings in router size
Tr+C that can be attained through the use of optical bypass with
This Through-to-Total Ratiavas similarly defined in [9] as a full-wavelength internodal traffic. The savings increases with
means of measuring the benefit of optical bypass. N since the relative amount of through traffic expands as the
ring is enlarged; for N equal to 10, the fractional savings is
close to 50%.
Next, we consider more moderate traffic, were G > 1.
Using the technique of [9], we partition the N nodes into

Uniform Traffic

Local
Subnetwork

TLT T, Local Traffic groups of +/G nodes and form ‘super-nodes’ from each of
) Router | To, these groupings, such that we have/S/ super-nodes, as
Traffic From Traffic To illustrated in Fig. 3 for N=20 and G=16. Consider sending
Other Routers Other Routers
T, 1/G of a wavelength worth of traffic from each of thi&

»

Through Traff .
rougn Traflic nodes comprising one super-node to each of+fBe nodes

Figure 2. The required capacity of the router is determined by the traffic 'ttzomprising any other super-node. In total, then, there are G

receives from other routers and the traffic that is delivered to its loc : ; :
subnetwork. With optical bypass, some of the traffic from other routers me%anneCt'ons’ with the aggregate traffic sent from one super

completely bypass the router and thus not contribute to the required capacide to the other being exactly a full wavelength
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Figure 4. Distance-dependent traffic demand patterns used in the ring and
mesh analyses, where F represents the distance of the nodes that are furthest
apart. In the ring topology demand curve, the nodes furthest apart exchange
Figure 3. The super-node approximation, for 20 nodes and granularity 1/Ihe unit of traffic, and the internodal traffic demand increases by one unit as
of a wavelength. The 20 nodes are partitioned into 5 super-nodes, each With internodal distance decreases by one link. The mesh demand curve is
4 nodes. Each node within a super-node sends 1/16 of a wavelength wortkhifted up by one unit to simplify the analysis, as described in the text.

traffic to each node in every other super-node; thus, a total of one full

wavelength is sent from each super-node to every other super-node. The amount of traffic between the most distant nodes is

i i one unit, and the traffic demand increases by one unit as the
Replacing N by N/G  in the formulas for full-wavelength distances decrease by one link. We consider bi-directional
L . -~_ N _ 10N N rings, so that the shorter path between two nodes is used as
raffic yields: -ﬁ_ﬁ_l and ¥ = Zéﬁ_l%_:;% the internodal distance.
For the case of full-wavelength internodal traffic (G = 1), it
Only 1///G of the traffic delivered to each super-node is 2
can be shown that, 5

-1 I
delivered locally to any single node; thus, ¥ TI/\/E. wavelengths, all of which is

Using (2), the through-to-total ratio of each router is: delivered locally to the router (i.e., €quals T), and F is
N-3JG (N2 -1)(N-3)
— 4) ~——=— =/  Using (2), the through-to-total ratio, and
N+/G+4 ) 24 g (2) 9
Note that the super-node construction does not account fsnce the fractional router-size savings, is:
traffic between the nodes comprising a super-node, thus we N-3 5
expect this approximation to slightly overestimate the N+9 ®)
possible savings. Also, the quantities involved (e/.@_.,) do For the case of G > 1, we again use a super-node

not always represent integers. Nevertheless, it can be sho@@proximation. If a super-node is comprised of X nodes, then
using the enumerative methodology of [6], that the optima$Sind the ring internodal demand pattern of Fig. 4 yields a
fractional savings are extremely close to that of (4). total of X" traffic units sent from any super-node to the super-
It is also possible to use the nodes at the extreme edge &©4€ most distant from it (for any N). As the super-nodes get
super-node (e.g., Nodes 1 and 4 in Fig. 3) to groom traffge unit clloser, there is an additional affic units sent. _
such that more traffic bypasses the interior nodes of tH&WUS, in Fig. 3, where X equals 4, the total amount of traffic
super-node (e.g., Nodes 2 and 3). For example, the extre®§®t from super-node 1 to 3 is 64 units (i.€), and from
nodes could use individual wavelengths to send to the interi#Per-node 1 to 2 is 128 units, where each unit is 1/G of a
nodes only the traffic that is local to them, possibly at th¥avelength. .
expense of using more wavelengths. The fractional router-The super-node size should be chosen such that each

size savings at the interior nodes would then be larger. super-node sends an integral number of wavelengths to every
other super-node. Thus, for 1/G of a wavelength worth of

B. Distance-Dependent Traffic internodal traffic, the super-node size, X, is chosen to'fe G
In real networks, traffic demand has historically beegielding an inter-super-node traffic pattern that precisely

correlated with distance, with nodes that are closer in distanoémics the solid line in Fig. 4 (with the x-axis representing

exchanging more traffic. In this section, we incorporate thisuper-node distance). Using the full-wavelength results

feature using the distance-dependent traffic demand curyields:

represented by the solid line in Fig. 4, which is chosen

because of its analytic simplicity and reasonable depiction m‘:l %%HZ —1I%and = 1 |\1|/3 HZ —155%—35_

AG"0 g 24 0 Hoe C

reality. 4
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Only 1/G*® of the traffic delivered to each super-node is 1

delivered locally to any single node; thus, ¥ T,/G" 00
Using (2), the through—to-total ratio, or the fractional size 0.5 |_Dashed Line = Uniform Allo-All Traffic
saving, of each router is: % Solid Line = Distance-Dependent Traffic
_o~1/3 5 0.7
- 3lG/3 6 go° ®G=1 o *
N+3G~+6 £ 05 i

The router-size savings predicted by (6) somewhd , A= o -
underestimates the savings that were obtained in the bgs(;c3 ®G=16 7 -
manual constructions. The difference is larger when N &~ A
large and G is small (excepting G =1, which is exact). The °? * = A
savings underestimate occurs because fewer than 8l G ox / — e
nodes in each super-node may need to process a particular : : .—-/3/ P : :
inter-super-node wavelength. For example, assume G equals o© 2 4 6 8 10 12 14 16
8, such that the unit of traffic is 1/8 of a wavelength and the Number of Nodes in Ring

super-node size is two. As the inter-super-node distanggure 5. Fractional router-size savings with uniform traffic vs. distance-
grows, a point is reached (assuming N is large enough) wheegendent traffic on a ring. The internodal demand for the uniform traffic

; s~ (G scenario is 1/G of a wavelength, for G = 1, 4, 16. The internodal demand for
one node sends 8 units of traffic (i.2.full wavelengthto a tre distance-dependent traffic is adjusted accordingly so that the amount of

node in another super-node. This particular wavelength ONt¥tfic sourced/sunk at each node equals that of the uniform traffic scenario.
needs to be processed by one node, not both nodes, of each

super-node. As N in_creases and G decreases, there is a IV. MESHTOPOLOGY
greater occurrence of inter-super-node wavelengths that need i , ,
to be processed by only a fraction of the nodes comprising"V€ Néxt consider optical bypass in a mesh topology, where
the super-nodes. Thus, (6) underestimates the attainaNlenodes are arranged in éﬁxmgrid, and each node is
router-size savings. Nevertheless, for simplicity, we use (Bjrectly connected to four neighboring nodes (except for the
as a reasonable approximation to the savings. “edge nodes), as shown in the 6x6 example of Fig. 6. The
In addltlon, as discussed for the uniform traffic scenarigqrce-to-sink routing strategy that we follow is to route by
grooming could be performed by the extreme nodes of thgy and then by column. As with rings, we consider both
super-node so that the interior nodes realize a greater savingSiorm and distance-dependent traffic. The fractional
C.  Uniform vs. Distance-Dependent Ring Traffic router-size savings depends on the position of the node in the
In order to compare the savings that can be obtained usimgsh — the savings are greater for the nodes nearer the center
optical bypass with uniform traffic as opposed to distancef the mesh since they are passed by more through traffic
dependent traffic, we normalize the traffic such that there tisan the nodes near the edge. The calculations below are for
an equal amount of traffic sourced at each node. For 1f@e node at the very center of the mesh, for N odd (the results
uniform internodal traffic, the total amount of traffic sourcedire similar for N even). However, the fractional router
N-1 . ) savings drop off very slowly as one moves away from the
at each node 'SG_ ; for 1/G distance-dependent traffic, thecenter so that the formulas approximately hold for most of the

. N-1N+11 ) nodes in the mesh.
total is —— — . Thus, for comparison purposes, we
2 G A. Uniform Traffic

use 1/G uniform traffic and 1/Glistance-dependent traffic, \yo first consider uniform full-wavelength traffic, where

where G equalsN—JrlG. every node in the mesh sends precisely one wavelength worth
of traffic to every other node. It can be shown that, for the

The comparison between the two traffic demand patternsdenter node of the mesh, i N-1 wavelengths, all of which

shown in Fig. 5 for a range of ring sizes and for G equal to i, delivered locally to the router (i.e., @quals T), and T is

4, and 16. The s_avings with uniform tra_ffic_: is greater than_ Qi —l)(\/ﬁ—l). Using (2), the through-to-total ratio is:

equal to that of distance-dependent traffic in all cases. Thisis

expected because distance-dependent traffic favors JN-1 )

connections that are close, resulting in less through traffic. JN +1

The differences are smaller for finer granularity traffic (i.e.Equation 7 represents the fractional router-size savings that

larger G); more connections need to be bundled togetherdan be achieved, for full wavelength traffic, at the center node

form a full wavelength so that it is less likely a wavelengthy taking advantage of optical bypass. The savings increase

can bypass a node in either traffic demand scenario. with the size of the mesh.
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SuperNode 1 Sup__e_[[\.lode 2 .. .
----- s %(N—l)(\/ﬁ ~-1)(5/N -1). Using (2), the through-to-total
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ratio at the center node is:
y WN-)EN-1) . 2
:,SuperNodeG (\/ﬁ+1)(5\/ﬁ+1) 1 \/ﬁ (9)

tt*’,@ . Next, consider applying the super-node approximation for
Sttgggs i SuperNode 9 sub-wavelength internodal demand (G > 1). Assume that the

super-node bundle size is X, i.e., al?X X“?square. Using
Figure 6. A 6x6 square mesh topology. For 1/16 of a wavelength unifothe mesh internodal demand curve of Fig. 4, the number of
inter-nodal traffic, the 36 nodes are partitioned into 9 super-nodes, each Qfﬁc units between the most distant super-nodes 2oy
4 nodes. One full wavelength is sent from each super-node to every 0% .. .
e traffic increases by ¥ as the super-nodes get one unit

super-node. ! ] / g
closer; the increase is slightly less when moving to a super-

The Super-node approximation can be app“ed to the mé@(wje that lies in the same row or column. To illustrate this,
for sub-wavelength traffic. Nodes are grouped into squar@e consider Fig. 6, where X=4. 5
shaped super-nodes as shown in Fig. 6. For 1/G of a Traffic Units Between Super-nodes 1 and 9 =2 64

wavelength worth of internodal traffic, the super-nodes are Traffic Units Between Super-nodes 1 and 6 23X 96

comprised ofJ/G nodes, which yields one full wavelength Traffic Units Betwee:nlszlép((a{—gtr)‘ge:;s ;rs ?r? Sar:nziisvf/()

worth of traffic_ between each super-node pair (same bundlingye round up the traffic between super-nodes in the same
size as the ring topology). Applying the full-wavelength,y, and column to the nearest multiple 6¥2Xin essence,

results to the center super-node yields: this assumes there ®lightly more traffic between some
_ N _ BN N super-nodes than is actually present). (If the solid line in Fig.
= ﬁ_l and = G -1 G ~1n 4 had been used as the internodal demand curve, the amount

. . L of traffic between the most distant nodes would b&?2xx?
If we assume there is no grooming within the super-nodge traffic would still increase by as the super-nodes get

then each node in the center super-node recejvasndunt of closer.)

traffic, of which a fraction H/G is local. The through  For internodal traffic granularity of 1/G, we choose X to be
traffic for each node in the center super-node i§- to yield an inter-super-node demand pattern that exactly
approximately F/GY* (the super-node through traffic doesmimics the dashed line in Fig. 4.  Applying the full-
not pass by all nodes in the super-node; on average, a throligtvelength results to the center super-node yields:

wavelength passes through“‘@odes out of the/G nodes =3 | N HN _Fond
in the super-node). Using (2), the through-to-total ratio of the 2\ G?° 0G*®

nodes in the center super-node is approximately: 10 N N N
_ L4 T :—B——l —=-1 /——1 .
VN -G ®) T2 25 G25 % G5 @

IN-G¥+4G+1 - - -
L S , If we assume there is no grooming within the super-node,
If grooming is performed, which is very likely to be they,en each node in the center super-node recejvasdunt of

case in a real network, the router size of all the nodes in @& of which a fraction 1/&°is local. The through traffic
super-node is decreased, and greater savings is achieved.

at any node in the super-node is approximatepnG>>
S(ﬁame reasoning as for uniform traffic). The fractional

Thlzeé(igt;ieczrg\l/s:énd{a}gnrzz_sdheﬂiggir}ts tcrj?:‘fiﬁegnastrrre “Sduter-size savings for 1/G internodal distance-dependent
FaHic is then approximately:

of the horizontal distance and the vertical distance (i.e., the
number of links that must be crossed). The traffic demand (N -VG?®)(5J/N -VG?®)
pattern that we consider is represented by the dashed line in _ [~2r5 _ [~25 2/5
Fig. 4; compared to the demand pattern used for the ring (\,/N ‘/G )(W ‘/.G )+6\/W(G +1). )
topology, the amount of traffic between the most distant AS discussed for the distance-dependent ring scenario,
nodes is 2 units as opposed to 1. This adjustment allows ¥§pen N is large and G is small (excepting G=1), (10)

the application of the super-node approximation as will b_cé)mewhat underestimates the router-si;e savings due to some
discussed below. inter-super-node wavelengths not needing to be processed by

With this traffic demand pattern, and full-wavelengtrf!l nodes comprising the super-node.
internodal traffic, it can be shown that for the center node of Additionally, if grooming were performed at the nodes, the
savings would be even greater than indicated by (10).

B. Distance-Dependent Traffic

(10)

the mesh, Tis g\/ﬁ(N—l) (T, equals T), and T is
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TABLE 1. SUMMARY OF RESULTS

N-Node Ring Topology N-Node Mesh Topology
Uniform Distance-Dependent Uniform Distance-Dependent
Fractional Router-Size  Savings 'for N-3 N-3 \/ﬁ -1 1 i
Integer Number of Wavelengths Traffic N+5 N+9 \/ﬁ o \/ﬁ
Fractional Router-Size Savings for 1/G| N -3/G N -3cl/3 JN -GV4

Granularity Traffic \/W—G:U—4+G+1 Equation (10)

N+vG+4 N+3cY3+6
Total Amount of Traffic Sourced for 1/G N(N-J N(N-D(N+D 1 N (N-D) AN(N-VN 1
Granularity Traffic G 2 2 G 3 G
G
C. Uniform vs. Distance-Dependent Mesh Traffic V. SUMMARY

We compare the savings that can be obtained with uniformWe have analyzed the benefit that can be provided by
traffic as opposed to distance-dependent traffic on the megmploying optical bypass in gigabit networks. The formulas

topology. For 1/G uniform internodal traffic, the totalcorresponding to the various topologies and traffic demand
N( patterns are summarized in Table 1. The fractional router-

N-1) .

G for /G sjze savings for integer number of wavelengths traffic (i.e.,
e% =1) are shown in the first row. The approximate fractional
router-size savings for 81, obtained using the super-node
4N(N‘1)\/Wi_ Thus, in order to equate @PProximation technique, are shown in the second row.

’ (Note that setting G equal to 1 in the formulas of the second
the total sourced traffic, we use 1/G uniform traffic and’' 1/Gow yields the exact results of the first row.)

YNIN] We have shown that optical bypass can result in

G. significantly smaller routers. Furthermore, the relative
savings increase as the size of the network and the internodal
i

amount of traffic sourced all nodes is

distance-dependent traffic, the total amount of traffic sourc

at all nodes is

distance-dependent traffic, wheré &guals

The comparison of savings between the two traffic dema
patterns is shown in Fig. 7 for a range of mesh sizes and
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