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Abstract—Network operators connect their backbone networks providers, and so there is little point in increasing theacity
together at peering points. It is well known that the peering points  of the links. Even if the operator wanted to increase theipger
are the most congested parts of the backbone network. Netwlr i ks it is hard to know how large to make them. The size
operators have little incentive to provision them well, and have T . )
few tools to decide how best to route traffic over them. of the links depepds not only on the future behavior of their

In this paper we propose how peering networks can be OWN F:ustomer;, it also depends on thg number, beha.wor, and
congestion free, so long as we know the total amount of traffic location of their peer’s customers, which they are unlikely
between them. In particular, we propose the use of Valiant pe able to estimate. If they estimate badly, then some links
Load-Balancing (VLB), which has been previously studied for i pe swamped, while other links sit idfe.

individual backbone networks. In our approach, the backbone L
networks do not need to use VLB internally—they simply load- In summary, it is not clear how a network operator could

balance traffic over their peering links. Our analysis shows how Size their peering links so as to give good performance at a
the load-balancing should be done, and we conclude that no other reasonable price, and in the absence of such a method they do
method is more efficient than VLB in achieving a congestion-free not have much incentive to over-provision instead.
network. In this paper we propose a solution. First, we show a
l. INTRODUCTION simple mechanism (based on a technique called “Valiant Load
Balancing”, or VLB) that allows us to size peering links
A. Background so as to prevent all congestion, regardless of the particula
Today, most congestion in backbone networks takes plasaths or traffic matrices between two networks. We just need
on the peering links between network operators [5], [1].sThto estimate the total amount of traffic between them. This
is because peering links tend to be under-provisionied; then leads to a simple evolutionary model, in which new
the network operators use links that are too small to caregpacity can be added to any peering link and will improve the
all the traffic during peak periods. It might be surprisinatth performance of the whole network. Second, we will show that
operators do not just increase the capacity of each link this mechanism is the most efficient and cost-effective veay t
over-provision them — so the network will perform bettemprevent congestion in peering networks.
After all, each operator’s backbone network is heavily ever ) )
provisioned — often by an order of magnitude or more [4f- Valiant Load-Balancing
Operators over-provision their backbone networks becafise In the early 1980s, L.G. Valiant proposed the idea of routing
three main types of uncertainty: (Buture traffic. When packets through random midpoints for the communication
they deploy a network, it will have to operate for severamong sparsely connected parallel computers [14], [15]. In
years, even as an unpredictable number of new customessent years, VLB was used to design Internet routers with
start to use the network, and as new applications create ne#vformance guarantees [2], [3], [6], as well as in achigvin
traffic patterns; (2failures and re-routing. When links and high worst-case performance without sacrificing average- a
routers fail, traffic is routed, and any link might have tdest-case performance in interconnection networks [14y- S
carry additional traffic; and (3Rueueing delay.Customers eral groups independently applied the idea of Valiant Load-
do not like queueing delay and will frequently move to ®8alancing to backbone network design and traffic engingerin
new operator with lower delay and jitter performance. All ofo efficiently support all possible traffic matrices [10]],[§7],
these factors provide ample incentive for an operator ta-ov¢g], [16], [17].
provision their backbone network — at considerable add#io The Homogeneous Cas€lo illustrate VLB in a backbone
cost — making the network easier to manage, have a longtwork, consider the mesh of long-haul links (represebted
deployment lifetime, and to keep their customers happy. the cloud) in Figure 1 that interconnedt backbone nodes.
So why don't operators over-provision the peering link€urrent backbone networks have abdut= 50 nodes. The
too? Apparently, they do not have enough of an incentive betwork is hierarchical, and each backbone node connects
do so. If a user’s traffic is traversing two networks, and the
performance is poor, the customer cannot tell which back&bon IMatters are made worse by the common and seemingly cheeky practic
. . . . of hot-potato routing[12], [13], in which network operators push traffic to
network is at fault, or if the peering links are congestedt N%eir peer’'s network as soon as they can, so as to minimize #teiiotheir
knowing which network to blame, the user is unlikely to s\itc own network.



Fig. 3. Valiant Load-Balancing in a heterogenedisnode network.

Fig. 1. A hierarchical network withV backbone nodes

at a maximum rate of and receive% of the traffic from

N N Jr every node, the traffic on each link due to the second hop is
also at mostg;. Therefore, the full-mesh network (with link
capacities%) can support all traffic matrices. The advantage
of VLB for the backbone operator is that they can design
their network knowing only the capacities of the access spde
without knowing anything about the traffic patterns or how
they evolve over time. The cost is that the total network has
twice the capacity needed, if we knew the actual traffic matri
It is clear today that backbone operators have little ideatwh
traffic matrices to expect, which explains (in part) why they
use five or ten times the minimum capacity. As we have shown
elsewhere, VLB networks can be very easily designed to
Fig._ 2. Valigint Load-Balancing in a network @¥ identical nodes each continue working when links and nodes fail, with much lower
having capacity capacity requirements than existing backbone networkp [18

The Heterogeneous Caséf course in practice, the capac-

an access network to the backbone. We assume we an(tXNOf each access network is different. VLB can be extended

(roughly) the total capacity of each access network. guite easily to the heterogeneous case [17]. Uniform load-

W t the traffic d d bet the backb balancing is no longer the best solution, and it is better to
¢ represent the taflic demand between the DackboRgy pajance by sending different amounts of traffic to each
nodes by aV x N traffic matrix, where\(i, j) is the average

. i node, as a function of the size of the nodes. To illustratg thi
rate of traffic from nodei destined to nodeg. We say the &

) . . . consider theN-node network shown in Figure 3. The access
network cansupporta traffic matrix if the capacity between

. ! o . capacities of the nodes , T2, ..., TN, ande;; is the link
andj (either directly or indirectly) is greater thax(i, j). cagacity from nodse to nggee;% N €ij

We will start with the simple (but unrealistic) homogeneous The interconnection capacity;,
case where all the backbone nodes have the same capagity
r. In this case, a VLB network consists of a full mesh of
logical links with capacity2-, as shown in Figure 2. Traffic l; = Z Cij- (1)
entering the backbone is load-balanced equally acrosa/all Jig#i
one- and two-hop paths between ingress and egress. A pagifd total capacity of the networlf,, is simply
is forwarded twice in the network: In the first hop, a node N
uniformly load-balances each of its incoming flows to all the I — Zl' _ Z .

N nodes, regardless of the packet destination. Load-baignci — ! R

can be done packet-by-packet, or flow-by-flow, and each node

r/ \r

is the total capacity of all
'links between nodéand other nodes, i.e.,

)

4,517

all packets are delivered to the final destinations. bring to the network R, is given by

VLB has the nice characteristic that it can support all teaffi N
matrices that do not oversubscribe a node. Since the ingpmin R= Z 4. 3)
traffic rate to each node is at mastand the traffic is evenly i=1

load-balanced toNV nodes, the actual traffic on each link , o ) )
We assume that a node can send traffic to itself without usipgatwork

_due to the first hOp rOUt"_]g is at mogt. The Secon_d hop resource, so we sef; = co. Equivalently, we can set the diagonal entries
is the dual of the first. Since each node can receive traffitany given traffic matrix to zero.



