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Abstract— The Valiant Load-Balancing (VLB) design has been load balancing on intermediate nodes.
proposed for a backbone network architecture that can effi- The VLB two-phase load-balancing scheme has many ad-
ciently provide predictable performance under changing taffic vantages for the network operator. It handles the unpraiiet

matrices [1]. In this paper we show that the VLB network has . . . . .
optimal performance when nodes can fail, in the sense that it can ity of traffic, by being able to suppor@ny traffic matrix as

support the maximal homogeneous flow for any number of node long as it falls within the capacity constraints of ingregsessl

failures. We generalize the VLB design to enable interconretion  capacity of each node (“hose model”). Moreover, it avoids
of multiple VLB networks, and studyinter_connection via bilateral congestion without any dynamic or real-time configuration
peering agreements as well as transit agreements. We showt the network. Routing is oblivious and independent of the

that using VLB as a transit scheme yields the lowest possible o . . . . . .
network and interconnection capacities, while VLB peeringcan specific traffic matrix. Finally, it is efficient in the senseat

also achieve near-optimal use of capacity. it has minimal total capacity provisioned [1].
As network operators begin to contemplate the VLB back-
. INTRODUCTION bone design, the natural next question arises: how should

The Internet core consists of multiple interconnected backultiple VLB networks interconnect with one another? This
bone networks, with each backbone network independenifyerconnection problem actually encompasses many specifi
provisioned, deployed, and administered by its owner. Tihe iopen questions, including: how should the load-balanced ro
terconnection regime evolves over time, as networks nagpotiing algorithm be generalized across multiple VLB networks?
interconnection agreements with one another. It has becokew should the interconnection points be selected? Can the
so complex and opaque that researchers have to devisevarMB design support different interconnection relatiomshi
probing methods to infer the topology of the Internet. Oa.g., transit and peering? Are the efficiency and robustness
top of this, the traffic matrices experienced by the backbopeoperties of a single VLB network retained for multiple
networks are becoming increasingly variable at both largk ainterconnected VLB networks? Different methods of inter-
small timescales. This is due to a number of factors, inclgdi connecting VLB networks are possible, and they should be
the popularity of new application classes characterized bpmpared against one another along dimensions such as ef-
dynamic overlay routing of large data flows. This makes tHiiency, robustness, evolvability, and support for corjmet
tasks of traffic engineering and network provision/upgrexie and innovation.
tremely challenging for the network operators. Conseduent In this paper, we will focus on establishing the optimality
many backbone operators have resorted to over-provigionof the VLB design for a standalone network as well as for
by a factor of up to ten in order to maintain low latency irvarious forms of interconnections. First, we will extena th
their networks. analysis of [1], [4] and establish the universal optimality

This has led the networking community to revisit thehe VLB design to node failures (Section Ill). Next, we will
design of the backbone network architecture. In particulgoropose a generalization of the VLB network that faciligate
researchers at Stanford and Bell Labs have separately im#rconnection, namely the-hubsVLB network and them-
forward two-phase load-balancing network designs that chabs I-tolerantVLB network (Section 1V). This allows us to
provide predictable performance for highly variable t@affiestablish optimality results for the cases of transit aneripg
matrices [1], [2]. For example, the Valiant Load-Balancingetween multiple VLB networks (Section V).

(VLB) design from Stanford [1] imposes a specific topologjica

structure (logical full mesh) on the backbone network, arfty Related Work

routes data via exactly two hops over the full mesh using Our paper follows a line of research that aims to design
a simple load-balancing scheme (equal load-balancing lon métworks under unpredictable traffic, thus replacing the as
nodes). This allows the network to efficiently support chiagg sumption of a fixed traffic matrix by the “hose-model” [5] in
traffic matrices with robustness against failures. The twaevhich only a bound on the ingress and egress rates of each
phase routing scheme [2], [3] generalizes the above loatbde in the network is known. The goal is to build efficient
balancing scheme to any network topology, using non-equedtworks that suppogny traffic matrix that is consistent with



the rate bounds. We next discuss some related literature on Il. MODEL
network design under the hose model. A. The Single Network Model

Our paper is most closely related to the papers by Zhang-We begin by presenting the model of a single network with
Shen and McKeown [1], [4] which consider the problem ofiomogeneous access capacities. The netwérkonsist ofn
Internet back-bone IP routing. They suggest to use a twoedes.The network can be represented as a directed graph,
phase routing, which they call the Valiant Load-Balancingith set of vertexes of size, and an edge between each pair
(VLB) scheme (following Valiant [6]), on a logical full mesh of nodes. We assume that there are no constraints on the’ edges
Routing is done in two phases, first, each flow is equally sptiapacities.
on all nodes, and then forwarded to its destination. Thiimgu A traffic matrix A is ann x n matrix such that a flow (rate)
scheme is shown to be optimal (with respect to total capacitpf size \;; > 0 needs to be sent from nodeo node;. We
We show that it has the best performance with respect to nastenetimes refer to;; as thestreamfrom i to j. As traffic is
failures, and that its generalizations can be used for effici dynamic and changes over time, our goal is to build a network
interconnection of networks. that can support a large set of traffic matrices. We adopt the

) “hose-model”([5]) in which each node in the network has an
Kodialam, Lakshman and Sengupta [2] suggest two-phas§mogeneous boundon its ingress and egress rates, and we

routing schemes that can be_viewed as a ger_leralization _of #&h to provision the network to suppamytraffic matrix that

VLB scheme. They provide Linear Programming formulationg consistent with the rate bounds.rduting schemelefines

for various goals [3], [7] and argue that it has many advagBaghe way that traffic is routed in the network, and given a mugti

over direct routing. The paper [8] considers the issue gtheme, we can find the minimal capacity on each edge that

resilience to a single router (node) failure with through@si s required to support all desired traffic matrices. We agsum

the optimization goal. Our universal optimality of VLB to®® 5t the flows are splittable.

failures is, as far as we are aware of, the first result showing,:orma”y a traffic matrix idegal with rater if for any i €

that the VLB_ scheme_z performs op_t|mally with respegt to any; ZjeN \ij <, and for anyj € N, Y, \ij < r. Given

number of failures, with total capacity as the optimizag@a@l. 5 network with anm x n capacity matrixC, we say that the

: network carsupporta traffic matrixA if there exists a solution

b }|<eslgssy et al. [9.] c_on5|der t.he use 9f a two phgse_ o .dethe multi-commodities flow problem [12] defined by the
alancing scheme inside a switch. While the application ggemandsA and the capacity constraints, on the directed

different, the basic model and goal is very similar to th . .
model of a single network that we consider. The paper al 6aph of the network. A network with capacify cansupport

considers routing under the homogeneous hose model Onomogeneous rate of if for any legal traffic matrixA with
9 9 ra%r, the network can support the traffic matrix We define

full mesh. The objective of Keslassy et al. is to minimize thef\1e capacitvof a network with an capacity matrixC’
sum of capacities of all edges in the network including seﬁf pacity 1 X n capacity '

edges, while our goal is to minimize the sum of capacitieg be the sum of the edges’ capacity, without self edges:

excludingself edges (as in [1], [4]), as this makes more sense C = Z Z cij
for back-bone networks. [9] shows that optimizing for thensu ieN jen
of all edges capacities results with a unique optimal ndtwor J#i

that is bias.ed (self edge_s _hav.e half the capacity of non-selfy network is optimal if it has minimal capacity over all
edges), while for our optimization goal we observe thatéhepeyorks that support all legal traffic matrices with rate
are multiple optimal networks, a fact that we show useful in p|| the networks that we present will use local routing

networks interconnection. decisions (oblivious routing) and will not require any sty
of multi-commodities flow problems (or any other Linear

Network (VPN) under the hose model can be viewed g’srogramming),(_)r the knowl_edge of the_ specific tratffic _matr_ix

a generalization of the single network model considered inwe_ also consider node failures. A fa|l_ure of a ”00_'3 implies
this paper. This generalization allows for heterogeneatssr that it can no Ipnger generate or receive any trafiic, and. all
at the nodes, capacity bounds on the edges and possﬁ) es that_ incident on the node are ot used for routing.
different cost of unit capacity for different edges. Gupta & ormally, gl\r/]en that thle n?d?E < Jf\flfagefdf a legal traffic

al. [10] consider routing along fixed routes and show th&atrix A with rater is legal after I” failed if for any i € F',

the problem of finding an optimal tree routing or single-path-jeN Aij » 0, and_ foranyj € F, 3 ;e Aij = 0. A network
routing is NP-hard. Erlebach and Riegg [11] allow for rnultiWlth capacity matrixC' supports homogeneous ratesofifter
odes F' failed if any A with rate » that is legal afterF’

path routing of splittable flows and show that the optim iied b 4 with olating th : ;
provisioning problem can be solved in polynomial time usinff ¢ ¢an b€ routed without violating the capacity conatsa

Linear Programming (LP). In contrast, our paper addresdgy0sed byC', with flow of 0 on each edge that incident on
resilience to failures and interconnection of networksg arf -

offer_s a simple routing scheme with Ioad_-ba_lancmg SPHEEt  1yye apuse notation and us@ to denote the capacity of network with
are independent of the source and destination. capacity matrixC.

The literature on bandwidth provisioning for Virtual Priga



B. The Multiple Networks Interconnection Model each stream is sent to its destination. In [4] it is shown that

We are interested in the interconnection of networks. Ar this routing scheme, capacity @ir/n on each edge is
sume that there akenetworks:X = {1, s, ...z, }. Network sufficient, yielding total capacity or(n — 1) for. the entire
z € X hasn, nodes, and has homogeneous raterpfat network. The paper also shows that total capacityi¢f—1)
each nodg Similar to the case of a single network, we ddS necessary to support all traffic matrices. The followia@i
not want to assume knowledge of a specific traffic matrix f&erollary of Theorem 1 of [4].
the interconnection traffic. Rather, we adopt a similar thos Lemma 1:The capacity of a network with nodes that
model” for the interconnection traffic. We assume that theRelpports homogeneous ratds at least27(n — 1).
exists an homogeneous boui® on the ingress and egressThe proof of the above is based on the observation that in
rate of each network to the other networks. The netwodtder to support the matrix in which each node.(.,n —

operators decide oR? by negotiation. 1) is sending7 to the next node, total forward capacity
Formally, we call an interconnection traffic matiegal if (3, >~ ;c v j»; ci;) of at least the size of the total forwarded
it flow of F(ﬁ — 1) is required (as each forwarded flow must

« respects the constraint on local traffic: for any networkavel forward at least once), and the same for the transpose
z € X and for any nodé € z, Zjez \ij <7z, and for matrix and backward capacity. Note that the capacity needed
anyj e, Y . Nij < 1a. to support any traffic matrix is less than twice the capacity

« respects the constraint on interconnection traffic: for amgeded to support one specific matrix.

networkz € X it holds thaty_,. >°.., Aij < RF, and ~ What if nodes can fail? How well does the VLB network

Zi@ Zjez Aij < RP. perform when nodes might fail? In this section we show that
We further assume that each network is able to generatectra¥fiB has thebest possible performance with respect to any
of size RP, that isRP < mingex{n. - r.}. number of failuresand is theonly network with this property.

While in the single network case we did not restrict théVe show that for any given capacity of a network (total
capacities of the edges inside the network, we impose ratu¢apacity of all non-self edges), the VLB network has the best
restrictions on the capacities on edges between differefat mesistance to failures over all networks with the same dapac
works. We assume that each node has some location, andithée following sense. Assume that the capacity of the nekwo
locations of two nodes in the same network are different. @ C = 2 -7 - (n — 1) (minimal capacity to support a rate
the other hand, two nodes from different networks can sha@kr). For anyl € {1,...,n}, after( failures (worst case
a location. We only allow such nodes that share a location f@ilures, done by an adversary), the VLB network can support
create a connection between them. Formally,lebe a set the maximal possible homogeneous rategf - r, and no
of locations. For each nodg let I(i) € L be the location of other network has this property.
nodei. Forz € X andi, j € z, I(i) # I(j). For two different  Consider the VLB network in which each edge has a
networksz,y € X, = # y and nodes € x, j € y it holds capacity of2, this network can support an homogeneous rate
that if {(7) # I(j) (they are not in the same location) it impliesof » at each node. Now assume that therelanede failures
that there is no link between the nodeandj (c;; = 0). - as the network is symmetric it does not matter which nodes

Let S, = {¢ € z|3j € y s.t. (i) = I(j)} be the set of have failed. We next show that after the failures the network
nodes in network: that can be peered to nodes in networkan now support an homogeneous rategf - r at each
y. That is, S, is the set of nodes from which traffic cannode. In the first stage, each node sends of each stream
be sent from networle to networky. We assume that theseto each of the remaining nodes, and at the second stage all
connections are bidirectional, that is, every nodeSiy, is traffic is sent to its destination. On each edge, at each stage

connected to a node ifi,, and vise versa. there is a flow of at most”— - r) - (-1;) = Z, thus there
For the case of multiple networks we care about the capacityenough capacity for this scheme. We note that the VLB
of each network, that is for network € X, C(x) = network after any € {1,...,n} node failures has a capacity

> icx 2jex Cij- We also care about thiaterconnection ca- of 22 - (n —1)(n— 1 — 1).

pacity (tcj)?alll capacity between the networks), defined to be Next we prove that for any network with capaciy =
Yrex Diew 2 ja Cis- 2.r-(n—1), after! (worst case) failures, the network has at
most the capacity of the VLB network aftéfailures.
Lemma 2:Given a network that has minimal capacityr -
(n—1) needed to support homogeneous rate,dhere exists
In this section we consider a single network using the VL set of nodes of sizk such that after all these nodes fail, the
scheme. The VLB network sugge_sted by Zhang-Shen agfial remaining capacity is at most - (n —1)(n — 1 — 1).
McKeown [4] routes each stream in two stages. First- Proof: Let C' denote the capacity matrix of the network.

fraction of each stream is sent to each of the nodes in thgsme in contradiction that for every set of sizehe total
network (each stream Isad balancedn all nodes), and then remaining capacity is greater tha - (n — I)(n — [ — 1)
t :

2All nodes at the same network has the same rate, but differetmiorks LetS de_nOte the collection of all sets of size— I. By our
might have different rates. assumption, for any sef € S,

I1Il. UNIVERSAL OPTIMALITY OF VLB TO NODE
FAILURES



S>> 2—T-(n—1)(n—z—1)
i€S jES n
J#i
As the size ofS is (7) by summing over allS € S we get

NN Y e > (") 2 —ln—1—-1)

Sesies jes
J#i

We use the symmetry between all nodes to figure out h(ﬁﬁ” sug)port less
many times eacld;; is counted in the above summation. Fo& r=

any given pairi < j, there are(",?) ways to chose thé
nodes to remove, out of all nodes huandj (there aren — 2
such nodes). Thus

2.0 D =

SeS €S jES
J#i

We conclude that

(”;2)22@»

i€EN jEN
As (%) @=0(—1-1) \ve derive

")z

€N jEN
J#i

(7) 27: (n—1)(n—1-1)

J#i
l (?) ’ n(n—1)

N Ei>2r-(n-1)
iEN jJEN
J#
which is a contradiction. ]
Corollary 3: A network that has capacitg - r - (n — 1)
cannot support homogeneous rate of more tﬁgﬁ -1 for
every! nodes that fail.

Proof: By Lemma 2 for some set dffailing nodes the
remaining capacity is at mosf - (n—0(n—1-1). By
Lemma 1, if a network with capacrt@ hasn = n — [ nodes,
it can support homogeneous rate of at mg&@ Thus if

the network capacity i€ < 2L (n—1)(n—1-1), the network
can support homogeneous rate of at mesf"lx#l1

(n—1-1)
nl g, [ ]
n

2.7 (n—1) cannot support homogeneous rate of more than
n=l . for every! nodes that fail, thus VLB has optimal
failures performance.
Next we show that no other network has the property
(support the same maximal flow as the VLB, for aby If
a network does not have exactly the same edge capacities as
the VLB network, but has the same network capacity, this
implies that there is an edge, j) such thate;; < 2. Thus,
for | = n — 2, if all nodes other than, j fail, the network
traffic than VLB. VLB can support a flow of
2 while the other network cannot. ]
There is another way to view the above results. Given a
“capacity budget'C, the above results gives the optimal use of
such capacity, if one wishes to build a network with maximal
homogeneous rate for any number of node failures VLB
network will enable an homogeneous rateret 5—— wrth

no failures, and an homogeneous rate ¢t = 2(0 0 "T‘l
after [ failures (for anyl). No other network can use the
capacity budget in a better way.

Zhang-Shen and McKeown [1] considered the problem of
designing a network that can support homogeneous rate of
after [ node failures (ari-tolerant VLB network). The paper
suggests to use capacitygf—l on each edge, and load balance
each stream on all surviving nodes, this gives total capacit
of 25 n(n —1). [1] pointed out that the functiof?; is very
flat for small values of, but gave no proof for the optimality
of this scheme. Our result shows that the network capacity of
their [-tolerant VLB network is actuallpptimal

Corollary 6: Any network that can support any legal traffic
matrix with homogeneous rate ofafter any! nodes failures,
has capacity of at least;n(n — 1).

Proof: We have seen that a network withnodes and
rater’, can support homogeneous rate of at mos‘tﬁ;l after!
failures. If we like to support rate of after thel failures, then
r=r. ”T*l thusr’ = r- -5 and by Lemma 1 the necessary
capacity to support this rate 8'(n — 1) = 2r-25(n — 1) as
required. ]

IV. GENERALIZATIONS OF THEVLB NETWORK

Given the corollary we can now define optimal performance

after any failures.
Definition 4: A network that has minimal capacity - r -
(n—1) needed to support homogeneous rate basoptimal
[-failures performancéf for any setF' of sizel of nodes that
fail, it can support the maximal homogeneous ratél;et 7
after I’ failed.
We next present the main result of the section.
Theorem 5:The VLB network has optimdHailures perfor-
mance for anyi € {1,...,

We now generalize the VLB scheme of [4] and show that
if each stream is load balanced @m nodes (hubs) instead
of all n nodes (this can be viewed as a special case of the
generalization of [2]), the total capacity of the networkedo
not change. This/h-hubs VLB network” would be useful later
in designing optimal interconnection network.

Additionally, we discuss a generalization of this network
that can support up tbnode failures. Our7h-hubsi-tolerant

n}, and is the only network with VLB network” can be viewed as a generalization of the

this property (any network with this property has the sanszheme of Zhang-Shen and McKeown [1] which handles node

capacities on all edges).

Proof: The VLB network after any € {1,...,n} node
failures has a capacity of* - (n — I)(n — I — 1), and as we
have seen above, can support ratélgllE -r after any failures

failures but load balances each stream on all nodes. Owgrdesi
load balances each stream only mnnodes, and this implies
some increase in capacity. Nevertheless, this schemeas als
useful in designing optimal interconnection networks ie th

of up tol nodes. By Corollary 3 any network that has capacitgresence of node failures.



A. Them-hubs VLB Network

The m-hubs VLB network load balances each streammon
hubs.

Definition 7: The m-hubs VLB networkis an n nodes
network wherem nodes serve as hubs.

Routing: For a given legal traffic matrix, it load balances
each source-target streaky;, on each of then hubs: At the
first stage each nodriesends% of each stream\;; to each of

B. Them-hubsi-tolerant VLB Network

We begin by defining tolerance to at mdduilures.

Definition 9: A network is(-tolerantif it can support any
legal traffic matrix afterF’ failed, for any ' C N of size at
most!.

The m-hubs [-tolerant VLB network load balances each
stream onm hubs, and id-tolerant.

Definition 10: The m-hubsi-tolerant VLB networks ann

them hubs, and at the second stage each stream is forwardedes network which has. hubs. LetH be the set of hubs,

to its destination.

Capacities: Let H be the set of hubs,H| = m. The
capacity of the edgéi, j) is

e Oifi¢ H,j¢ H.
if i ¢ H, j € H (for the first stage).
if i € H, j ¢ H (for the second stage).
if i € H, j € H (5 for each of the two stages).
The capacity of the network i&r(n — 1) as

T 2r
C= Z Z Cij = 2(n—m)mE—|—m(m—1)E =2r(n—1)
€N jEN

3N Is30-

Note that”z;Z star network is a special case where- 1, and

the VLB scheme is the special case whete= n. Observe

that the capacity is optimal ariddependentf m !
Observation 8:For anym, the m-hubs VLB network sup-

ports homogeneous rate of It has the same capacity of

|H| = m. Assume that the seF' of nodes failed, and that
|F| < 1.

Routing: For any legal traffic matrixA, it load balances
each source-target streaxy; on each of the hubs that are not
in . That is, fractionrz < - of A;; is sent from node
i to each nodé: € H \ F in the first stage, and forwarded to
the destination in the second stage.

Capacities: The capacity of the edgg, j) is

e 0ifi¢ H,j¢ H.

« —— if i ¢ H, j € H (for the first stage).

——if i€ H, j ¢ H (for the second stage).
2t if i € H, j € H (for the two stages).

The capacity of the network i€’ = 2r(n — 1)-".

Lemma 11 shows that the-hubsi-tolerant VLB network can
indeed support up td node failures.

Lemma 11:The m-hubsi-tolerant VLB network supports

—
l

3

2r(n —1), and this capacity is necessary to support any legahmogeneous rate ofafter F failed, for any set” c N with

traffic matrix.

Proof: At the first stage, each nodesendl/m fraction
of each stream\;; originating froms, to each nodé& € H.
As > icn Aij <1, capacity ofr/m is sufficient for the traffic
on the edge fromi to k € H.

At the second stage, as each nddes H receivedl/m
fraction of each stream with destination noflecapacity of
YieN Amf < .~ is sufficient from nodek to node; for the
second stage.

The network has capacity @f-(n — 1), and this capacity is

shown to be necessary in [4]. ]

We use then-hubs VLB network to build optimal intercon-
nection of networks by peering agreements. In Section V-B.1

we show that if all networks has: > 0 shared location, no

extra capacity in the networks is needed to support peerihfus on the edgéto &, a capacity o=

traffic. Each network runs am-hubs VLB network on the

|F| <.

Proof: After the setF' of nodes failed || < [) the flow
sent on the edges is as follows. At the first stage, if¢ F
andk € H, i sends tok a flow of size% out of the
flow \;;, foranyj ¢ F (as it sendsm fraction of any
flow fromi ¢ F to j ¢ F through any nodé € H \ F). This

implies that on the edges froimto k, the flow that is sent is

of size

/\ij 1

Zm—|FﬂH| m— |F N H| Z 7=
J¢F j¢F

r r
<
m—|FNH| ~— m-1

is enough for the
first stage.

set of them shared locations. Routing is done by first load- At the second stage, if.k ¢ I andk € H, k sends toj
balancing traffic on the hubs of the source network, thel the flow it has received in the first stage, that is destidat

peering interconnection traffic to the destination netwairkd
finally sending all traffic to its destination node. Not onlyes

this scheme has optimal capacity in each network, it also has

optimal interconnection (peering) capacity.

We note that then-hubs VLB network can also be useful
in cases where one wishes to reduce the number of hubsTtas on the edgé to j, a capacity of—=_

to j. k has received from node¢ F' the flow m that

is destinated tg. This implies thatt has received at most

>

i¢F

)\ij T
<
m—|FNH| ~— m-1I

is enough for

m—1

be managed, as well as when there is economics of scale with second stage. We conclude that capacity ofrthbubs
respect to edge capacities (as now each non-zero capagiy detolerant VLB network is enough to support both stages.
has larger capacity). On the other hand, lower number of hubefinition 12: The [-tolerant VLB networks defined to be

reduces the tolerance to failures.

the n-hubsi-tolerant VLB network.

Next we consider node failures, and generalize the aboveNote that the function.™; is monotonically decreasing with

definition.

m, thus load balancing on all nodes (using thHelerant VLB



network for whichm = n) minimizes the network’s capacity. Routing: The VLB scheme in the transit network runs
The “m-star” network is then-hubsi-tolerant VLB network. between the two stages of the VLB scheme of the stub
The above implies that thietolerant VLB schemerf = n) is networks. Stream,;; going from node in networkz to node

better than therh-star” for anym < n. j in networky is routed as follows:
Observation 13:Thel-tolerant VLB network (withn-hubs) 1) The stream is load balanced on the hubs of network
has lower capacity than the-hubsi-tolerant VLB network If z =2z go to step 4.
(the “m-star” network), form < n. 2) the stream is peered to the transit netwerkrom S,
Moreover, Corollary 6 shows that thetolerant VLB net- t0 5. ..
work is optimal, that is it has minimal capacity over all 3) Itisload balanced frons., on all hubsS. of z (without
networks that support homogeneous rateroéfter [ node load balancing fron®s., to S.,)3
failures. 4) If y=2goto step 7.

5) The stream is load balanced frofy on the peering
nodessS., with networky (without load balancing from
We are now ready to present interconnection schemes for S., 10 S.,).

multiple VLB networks based on transit and peering agree-g) |t is peered to the stub netwogk from S., t0 S,., the
ments. In addition to quantifying the capacity requirersent hubs ofy. ‘ ‘

for different schemes, we will also discuss the implicasion 7) The load balanced traffic on the hubsyois sent to the
on the design of interconnection networks. destination;.
Consistent with established terminology, when a VLB net- Capacities: In network = capacity of2 - r, - (n, — 1)
. z z

work plays the role of a transit network, it may carry traffiat (defined by theS.|-hubs VLB network capacities) is needed
neither originates nor terminates within itself. With pegr ;4 support stages 1 and 7. Additional to the capacities requi
non-local traffic with origin in network: € X and destination ¢y, |ocal traffic, in order to support stage 3 we add capacity
in networky € X s.t.y # x cannot go through any other ¢ R?/(|S-4| - 1S.]) from each node € S., to each node

netvv_ork z € X st z _;A x,y. In this section (excep_t in_j € S.\S.,. To support stage 5 we add capacity/dst/(|S., |
Section V-B.1) we consider that networks only have paiewiS g 1y from each node € S. \ S., to each nodg € S.,. The

shared locations, i.e., no location is shared by more than Wapacity of the transit networkis 2-r (n.—1)+2-RP-(q—2).

networks. The capacity of each stub netwarkis 27, - (n, —1). The
A. Transit interconnection capacity 8- R? - (¢ — 1).

' : . . _ _ Note that given an “interconnection network by VLB tran-
We first consider a single transit network to which multiplgje» \yith g > 2 networks, adding a stub network causes an

stub networks are connected, and show that using the Vi ease in capacity of - R? in the transit network (this
scheme is optimal. This architecture may be appropriate 19f4s for any stub network other than the first), and addition
a national utility model or a regulated monopoly model, a§terconnection capacity & R is needed between the new

the single transit netwprk exercises monopolistic POWEETOVst )1y and the transit network. The transit network operator ¢
the stub networks. This scheme may also be appropriate E‘P\rarge this extra cost to the stub network operator.

a singlg network _domain distributed over a Iargg geographiCrhaorem 15:The “interconnection network by VLB tran-
area with low traffic volumes between regions, as it reduges tg;» .o support any legal interconnection traffic matrixd-A

latency of traffic t_hat is local to a region. We also considher t ditionally, any interconnection network that can suppary a
case of two fransit networks, such that each network alone q@gal interconnection traffic matrix and uses a transit oekw

support any legal |nte_rconnect|0n traff_|c matrix. Th|§ s_mlae has at least the same capacity in each network and at least the
ensures that no transit network exercises r.nonopollstloepovyé(,ime interconnection capacity.

over the st.ub networks. We can als_o view this scheme as robust Proof: First observe that capacity of (n, —1)
against failure of one of the transit networks.

1) A Single Transit Network:Assume that there are
networks: X = {z1,z2,...24} and letz = z, be the transit
network. Recall that,, denotes the nodes of netwotkthat
share common locations with nodes of netwgrk

Definition 14: The interconnection network by VLB transit
is an internetwork consisting of a transit netwarlandq — 1
stub networksX \ {z} = {z1,22,...24-1}. On each stub
network  we build a|S,.|-hubs VLB network, using the
nodes ofS,.. as the hubs.

Let S, = UgexS.. be the set of location in the transit 3This means that each node$z. sendsl/|S;| fraction of each stream to
network that are shared with the stub networks. In the tran&fch node irs. \ S.. As each stream is already load balancedson, there
networkz we build a5, |-hubs VLB network using the nOdeSIS no need for load balancing traffic between nodesin: it uses capacity

but at the end of the stage each node will have the same fnaofi@ach
of S, as the hubs. stream as in the absence of this load balancing.

V. INTERCONNECTION OFVLB NETWORKS

is indeed
sufficient for each of the steps 1 and 7, to handle traffic that
its origin or destination is network.

In order to support stage 3, a capacity®f/(|.S,.| - |S:|)
from each node € S, to each nodg € 5.\ S., is sufficient.
This is true because, after the load balancing of step 1, each
nodei € S,, has1/|S.,| of at mostR? of interconnection
traffic with origin atx, and it needs to send/|S,| of itto j €
S\ S... A similar argument holds for the capacity needed to
support stage 5. We are left to show that the capacity akolcat



in the transit network: to support each of these two stages 2) Two Transit Networksit is possible to generalize the

sums toR? - (¢ — 2). Indeed, for stage 3 it holds that construction presented in the previous subsection to build
» B an interconnection network with multiple transit networks
Z Z Z RP/(|Szz] - 18:1) = 4. Assume that we would like to create an interconnection
2EX\{2}1€520 €S\ Sze network with two transit networks ang — 1 stub networks
Z 1Sze] - 152\ Saal - RP/(|S:al - 15:]) = (the number of stub networks is the same as in the previous
seX {2} section), such that even if one of the transit networks féils
other transit network could support any legal interconioect
RPNy (1= [Sul/[S:]) = traffic matrix.
zeX\{z} Assume that no traffic from one transit network is sent to
the other transit network (removing this assumption willsa
RPg—1-— Z 1S.a1/15:] | = RP(q — 2). minor changes in the following observations). In each of the
reX\{2} transit networks the same capacity as in the “interconagcti

network by VLB transit” network is necessary and sufficient.

Similarhcalcu?tiorls |9in abccl':lpacitg/ ﬁp ' (q;]2) fobr stage 5|'( Additionally, the interconnection capacity will doubleggn,
As the traffic is load balanced in each stub network, ;¢ necessary and sufficient).

capacity of R? from the stub to the transit network is clearly At each stub networke. if = has a shared location with

Sfﬁ'c'egt ;\ortﬁtage 2. Thle ?akr)ne mpalfltytrlls ?u:ﬁlm_ertn f%roth transit networks, we could build its hubs on the set of
stage ©. As here arg — 1 Stub networks, he total INter -, mmon locations to the three networks, and no extra capacit

i ity i8 - RP(q — X .
connection capacity i8 - B”(q —1). wi]l be needed at the stub network. If there are no locations

TEe n?xt Iimma:jptrﬁse{ntts lower b?_unds on t_f;e (fl_ahpa?tys ared by all three networks, we can consider either one hop o
€ach network, an € Interconnection capacity. 1he lowgl, hops schemes for routing of interconnection trafficdasi

bounds match the capacities that we achieve using the Vln tworkz. In case of one hop, capacity 8f (21, (n, — 1))

scheme. is sufficient (by allocating capacities as if the hubs arehan t

Lemma 16:Given g networks su_ch that no more than twgpeering nodes with one of the transit and with the other).
networks share a common location. If we wish to support In case of two hops, we can use the following scheme. We
all legal interconnection traffic matrices using a singknsit . ' . . '

. . build the hubs ofz on a set of peering nodes with the two

network, then it is necessary to allocate capacity of attleas . ) i .
o - RP (09 in the transit network transit networks, wnh equal number of peering nodes_ with

« 2:r-(ns—1)+2-R h(q b) f * each of the two. That s, lef,., andsS,., be the set of peering

* 2:73 - (ng — 1) in each stub network. nodes with transit network; and z,, respectively. Assume

* 2. RP-(g—1) for interconnection. W..0.g. that|S,.,| < [S,..|, then we build the hubs off,.,
Proof: By Lemma 1, in order to support the local trafflcand a set of nodes of siz,., | from the nodes of,.,. If at
in network z, we need capacity of at least r, - (n, — 1). ! 2

o ._some time transit network; is used (fori € {1,2} andj # i),
Additionally, each of they — 1 stub networks needs a capacity, o, routing is done as follows. First traffic is load balahce

he i . i qf hi K Th,ton all hubs, then from each hub that belongsjtove send
the interconnection traffic to and from this network. Thig,e jnterconnection traffic to a hub that belong fasing one-

gives the Iowqr boqnd o2 kP (g . 1) on the INtereon- 15_one matching between the two sets of hubs). This requires
nection capacity. Finally, we consider the capacity of the, - of RP/(2|S,,|) on each edge, and total capacity of
transit network. Consider some ordering over the nodes of .

h th q d de all nod RP /2. When interconnection traffic is received from, we
such that a node connected to netwarlprecede all nodes do the same in reverse order. The total capacity ithat is
connected to networky, wheneverr < y. For any legal

. . p i th |t q > sufficient for this scheme &r,(n, — 1) + R? (if network j is
mterconqecuon traffic ’.“a”'x’ the total forward capacty used for transit, the usage of capacities between the hubs wi
the transit network, defined to Be,,., >, ,; ci; must be

t least the si ¢ the total f JAaesi=l e total be in reverse order, but the same capacities will be sufficien
atleast the size of the total forward Tfow i plus the total - rpis s |ess than the capacity needed for one hop routing,

forward interconnection flow between the stub networks, i.; . instead of adding capacity f, (n, — 1) we are adding

Z ZCU > Z Z Nij + Z Z Z Z)‘ij RP < r,n, (which is smaller for any:, > 2).

i€z jEz i€z jEz TH#z YyF#z 1€XT jEY .
J>i G>i y> B. Peering

This holds in particular for the matrix in which each of the2 We now consider the interconnection of multiple VLB

first stub networks sends a combined interconnection flow l%tworks using only peering agreements. We first consider th
RP 10 the;next sturl]) network, g”‘?' eacrrl] ofblngl—]} first goftljes case where there exists at least one location that is shgred b
In z sendsr. to the next node ir:. The total forward flow o the networks. In this case, we show that no extra capacity

of this matrix isr(n. — 1) + k(¢ — 2). The same bound js needed in each network to support the peering traffic. We
holds for the transpose matrix and backward capacity, and

when combined we conclude that the CapaCity of the tranSit‘In the interest of space we only present the basic ideas asehatiions,
network must be at leagtr,(n, — 1) + 2RP(q — 2). B details can be found in the extended version of the paper [13]



then consider the case where each location is shared byoaé can show that such peering (interconnection) capagity i
most two networks. necessary to support failures of up teodes (Lemma 22 in the
1) Peering with Universally Shared Locations: Appendix). Moreover, if all networks have the same number of
Definition 17: Assume thatS, the set of location that are nodesn, and each of the locations is shared by all networks,
shared by ally networks, is not empty. Thpeering on uni- €ach network could run thetolerant VLB network which has
versally shared locations VLB netwoik an interconnection optimal network capacity (by Corollary 6).
network in which each of the networks run gS|-hubs VLB~ 2) Peering with Pair-Wise Shared Locationgbove we
networks with hubs on the nodes 8f The ¢ networks peer observed that if there is at least one interconnection iocat
at all nodes ofS. universally shared by all the networks, no extra capacity is
Routing: Routing in this network is done in three stagedleeded to support the peering traffic. We next consider the
In the first stage each stream is load balanced on all hubso#fer extreme, in which each location is shared by at most two
the originating network, then any peering traffic is sentfom t networks. We leave the intermediate cases for future resear

peering edges to the destination network, and in the fingesta Definition 19: Assume that any location is shared by at
all the traffic is forwarded to its destination. most two networks. Theair-wise peering VLB networis an
Capacities: Each networkz has a capacity ofr,(n, — internetwork in which each of the networks runs &S,.|-hubs
1). There is interconnection (peering) capacity/tt between VLB networks with hubs on the nodes 6 = U, 5.y, the
any of theq(q — 1) ordered pairs of networks, thus the totaet of locations that: share with other networks. Networks
interconnection capacity i&” - q(q — 1). x any y peer at the set of common locatioss, and .S,

Theorem 18:The “peering on universally shared IocationéeSpeCt.ive_ly- . _
VLB network” can support any legal interconnection traffic Routing: After load balancing all traffic on the hubs, all
matrix by peering. Additionally, any network that can Sumoopeer_mg_trafflc is sent to the npdgs that are peering with the
any legal interconnection traffic matrix by peering, has Sestination network. The traffic is then handed off to the

least the same capacity in each network and at least the s&Agesponding peering nodes, load balanced on the hubs of th
interconnection capacity. destination network, and sent to the final destination. Fdigm

Proof: The same arguments as the ones presented in fi¢2@MAi; from nodei in networkz to nodej in networky

proof of Observation 8 also can be used to prove that therouted as follows:
“peering on universally shared locations VLB network” can 1) The stream\;; is load balanced on the hubs of network

support any legal interconnection traffic matrix. (It makes . If 2 =y go to step 5.

difference if the traffic with destination nodeis local or not. ~ 2) The stream is forwarded from the hubszofo S, the
The important observation is that the rate of all the traffitiw peering nodes witly.

destination node, from all origins, is at most). 3) Itis handed off to networly, from S, t0 Sy,

By Observation 8, a capacity @f-,(n, — 1) is necessary 4) It is Ioaq balanced fron%,,, on all hub; of netw_orly_.
in network 2 to support anylocal legal traffic matrix, even ) I’t is delivered from the hubs af to the final destination
without any peering traffic. Thus this amount is clearly nec-  J-
essary. Additionally, recall that we assume that each métwo Capacities: In network z, a capacity of2 - r; - (n, — 1)
can generate and receive interconnection traffic at theafatels sufficient to support stages 1 and 5. In order to support
RP. Thus for any of they(¢ — 1) pairs of networkse  y, a Stage 2 we add capacity @t /(|S,| - [S:|) from each node
peering capacity oR?” is necessary betweenandy. m i€ Sy toeach nodg € S, \ Sy, To support stage 4 we
We conclude that if universally shared locations exist pegtdd capacity of”/(|.S,.|-[S,|) from each nodé € S, \ Sy,
ing using them-hubs VLB scheme on the shared locationt €ach nodej € S,.. Each netwc_)rkx has a capacity O_f
is optimal. Moreover, an increase iR? only results in 27z(n= — 1) +2R"(¢ — 2), and the interconnection capacity
an increase in the interconnection capacity, but not in theof size R” - ¢(q — 1). _ _ _
capacities of the individual networks. While we cannot prove that this peering scheme vyields
With some additional assumptions, the above result can BRtimal capacity in each network, we can prove that it is imith
generalized to the case of node failfrd§ we like to support & constant factor of the optimal. This constant is indepetde
I < m node failures, each network could use thehubs ©f ¢; the number of networks that are peering.
Itolerant VLB scheme with hubs on the peering nodes |neorem 20:The “pair-wise peering VLB network™ can
(S| = m). Now traffic is load balanced on the hubs tha?UpF_’c,’rt any legal interconnection traffic matrix by peering
survived failure. The capacity of each network, as well as tfdditionally, any network that can support any legal inter-
interconnection capacity, grow by a factor gf-. Under the cOnnection traffic matrix by peering, has at leago of the
stronger assumption tha” is no larger than the post-failurecapac!ty in each network and at least the same intercommmecti
rate of each network, i.eRP < mingex{rs(ne — 1)}, by CaPacity.

arguments similar to those presented in the proof of Lemma 2 Proof: Clearly the routing scheme can route any legal
Interconnection traffic matrix, and the capacities are cigffit

5In the interest of space we only present the basic ideas asenhaitions, for thi_s routing SCheme'_ V_Ve only need to verify that the
details can be found in the extended version of the paper [13] capacity of each network is indee®r;(n, —1)+2RP(q—2).



The proof for this is very similar to the proof of the transity — 2 networks (excluding: and possibly the network that this

network capacity of Theorem 15, and is omitted in the interesode share location with). Thus capacity of at least, (¢—2)

of space. is necessary for this scheme, andrif is small enough this
Interconnection capacity oRP - g(¢ — 1) is proved to capacity is much larger than the capacity of the network when

be necessary for interconnection by peering in Theorem 1&ing 2 hops in each network.

We next consider the capacity in each of the networks. By

Lemma 21 below, if we like to support all legal interconnenti

traffic matrices using peering, then it is necessary to atkec

capacity of at leastnaxz{2r,(n, — 1), RP(¢ — 2)/2} in each

VI. CONCLUSIONS

In this paper we have established the optimal resilience of
the Valiant Load-Balancing network to node failures, ared it
network z. The capacity of networks in the “pair-wise usefulpess as a puilding blc_)ck for iqterconnecteq networks
peering VLB network” is2r, (n, — 1) + 2RP(q — 2). As In _pamcular, building atran_slt—based_mterconnec_:tum/\rork
4 -maz{2rs(ne — 1), RP(q — 2)/2} > 2 - RP(q — 2): using the VLB scheme yl_elds optlma_l capamty for each

network as well as optimal interconnection capacity.
This work can be extended in the future by considering
5-maz{2r;(n,—1), RP(¢—2)/2} > 2ry(n,—1)+2R"(¢—2) heterogeneous rates, edge capacity constraints, as well as

which implies that in any interconnection network by peefleerogeneous edge cost structures (possibly by extettung

ing, each network has at least5 of the capacity of network LP formulation of [11]). It would also be important to consid

2 in the “pair-wise peering VLB network”. the resilience of the design to edge failures in additiondden
Lemma 21:Giveng > 2 networks such that no more than Failures. Additionally, networks may be interconnectedhgs

networks share a location. If we like to support all legaéimt & combination of transit and peering agreements. Therefore

connection traffic matrices using peering then it is neagssa W€ should extend, in future work, our understanding of the
allocate capacity of at leastaz {21, - (n, —1), R?-(q—2)/2} possible use of the VLB scheme in such a hybrid environment.
x x I
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