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Abstract—In this paper, we approach new problems of resource
dimensioning and routing for multi-domain networks supporting
future user-driven dynamic traffic. Three basic dimensioning
approaches—independent, global, and normalized—are studied in
conjunction with the appropriate routing schemes that match
each dimensioning policy based on how much information is
shared across domains. We quantify the performance of inter-
domain and intra-domain traffic while considering changes in
traffic loads as well as network rescaling. We introduce the
notion of fairness, which raises questions about how network
domains with separate ownership and possibly conflicting eco-
nomic interests should decide on co-providing bandwidth-on-
demand services. The results motivate further research in fair,
multi-domain resource provisioning, and highlight the need for
new cost-models that are critical in designing multi-domain
provisioning and peering policies.

I. INTRODUCTION

The ability to dynamically establish high-bandwidth optical
network connections is increasingly important to support ap-
plications. Given the diverse geographic locations of end-users
and service providers, many of these requests will require
dynamic provisioning across multiple network domains with
varying protocols and standards (as well as ownership and
management policies). Interoperability between domains has
received substantial attention in recent years. In contrast, few
studies have examined the problem of dimensioning network
resources such as transceivers to support a mix of inter-
domain and intra-domain traffic routed dynamically through
the domain. In this paper, we examine the relationship be-
tween the amount of network information shared between two
domains and metrics of cost, such as blocking probability
and capacity, demonstrating that more complete information
can provide substantial benefits. The degree to which today’s
pre-negotiated agreements, possibly based on inferences about
the peer networks, can match these benefits, we leave as the
subject of future work.

In order to illustrate the main idea that generally applies
on many existing network architectures and cost models, we
assume in this paper a network model with full wavelength
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conversion at each node and uniform link cost. The dimension-
ing problem is to allocate the number of wavelength channels
(or capacity) on each link to support dynamically routed node-
to-node requests (here “provisioning” is used interchangeably
with “dimensioning”). We define path cost as the number
of hops. Online state-based routing algorithms are used to
route connection requests. Our study is a first step toward
the determination of equipments, such as switches, ampli-
fiers and transceivers, with specific defined costs/weights on
practical multi-domain architectures, considering reachability,
wavelength-continuity, and survivability.

Dimensioning in a single domain [1] has shown that an
unbalanced network can artificially obscure the differences
in performance between various routing algorithms and that
a dynamically routed network must be dimensioned properly
in order to take full advantage of the overall capacity set in
place. When considering a multi-domain network, each do-
main should not only be dimensioned for its own intra-domain
(internal or local) traffic, but must also provide support for
inter-domain (external) traffic. Resource usage in each domain
becomes more complicated. As resources internal to each net-
work are shared between intra- and inter-domain connections,
poorly dimensioned/managed networks can adversely impact
the resources available for routing intra-domain traffic in other
domains. Although such effects can be (and currently are)
limited to some extent through peering agreements, adding
such constraints cannot match the performance available in
a singly-managed domain, and their negative impact on per-
formance in the presence of dynamic inter-domain traffic is
unclear. Due to the interdependence between domains and
resources, simply dimensioning each domain independently
produces poor results. Improving these results requires a better
understanding of the interaction between the amount and type
of information shared between domains (for dimensioning and
routing) and the impact of this sharing on overall performance.

Routing through multiple domains, especially when the
domains are bound by conflicting economic interests, raises
questions about fairness issues that require careful attention.
A simple example of a conflict between two domains is
shown here. Figure 1 is a two-domain network connecting
NSFNET and ARPANET (these topologies are only used for
illustration. Real domain networks can have arbitrary topolo-



gies using different control planes, such as GMPLS/ASON,
SONET/Ethernet over WDM, etc). Each network assumes
three border nodes (marked in solid color) connected to the
borders of the other domain. Various sub-domains may exist
(in different format depending on the whether the overall net-
work has a hierarchical structure), but for illustration purposes
we use a simple two-domain scenario. Between the node pair
(A, B), we have two choices of global shortest paths denoted
path 1 and path 2. Assume uniform link cost, path 1 favors
ARPANET because less resources are used on the ARPANET
side. However, path 2 favors NSFNET. When both paths are
available, which network should bear the extra cost to establish
a connection from A to B? This question not only requires
a closer look at performance tradeoffs, but motivates cost
models for dimensioning and routing policies that take into
consideration the notion of fairness. At the same time, fairness
can subjective, but it is dependent on the economic model
that each domain must agree on. The question of building an
mutually attractive cost model between peer domains cannot
be solved without understanding the impact of various routing
and dimensioning choices made. As networks become fully
autonomous at the WDM layer, these problems will become
more important.

In this paper, we quantify the performance of three network
dimensioning approaches paired with appropriate routing algo-
rithms. We propose a fairness measure to capture the penalty of
inter-domain traffic on each network. We utilize the two basic
routing schemes presented by [2], End-to-End global shortest
path routing and source initiated concatenated shortest path
routing (equivalent to single node for two domain case), to
illustrate potential fairness issues in peer-viewed domains. We
also introduce a normalized (and more fair) routing scheme
while considering limited information sharing, and show the
impact of network scaling as well as traffic load deviations.
Our study of multi-domain provisioning for dynamic traffic
motivates a new direction in network design where fairness in
network operation cost and benefit is considered.

II. BACKGROUND

Recent progress in new standards development and multi-
domain control plane design improves support for multi-
domain services at the optical layer and introduces new
problems that arise in designing algorithms and evaluating per-
formance of multi-domain provisioning, routing and manage-
ment [3], [4]. Network domains are divided based on different
reasons from management and geographic locations to vendor-
specific component technologies. Multi-domain networks can
be defined by joining of peer individual networks (eg. single
routing areas (RA)) through a set of connected border nodes
(external network-network interface (E-NNI) as defined in OIF
or edge routers (ER) in GMPLS networks). Domains can also
be defined hierarchically corresponding to multiple layers of
the optical network that have been historically implemented in
many carrier networks [5]. Many studies have been devoted
to designing control and signaling platforms to enable inter-
domain path computation. [6], [7] proposed path computation

schemes with various QoS constraints in a multi-domain
context. A network service plane has been developed to inte-
grate diverse transport network systems [8]. Path computation
element (PCE) framework has been extended to support cross-
domain shortest path selection [9]. [10] proposed a framework
for wavelength path establishment using a ranking database.

Performance study with different levels of information shar-
ing has been the main research focus. Sharing complete net-
work state information across multi-domain can be impractical
for two reasons: the scale of the aggregated domain exceeds
the signaling capacity to flood all link states and information
such as the complete network topology is often considered
proprietary/private. With regards to the scalability issue, [11]
proposed an efficient information aggregation and updating
system for large scale networks. [12] is a theoretical study
on minimal information needed between network domains
to route within a tolerable error rate. Topology aggregation
techniques have been used to reduce the amount of information
shared between domains, often utilizing virtual topologies to
provide more compact and abstract information. [2] compared
the performance of global shortest path, concatenated SPF
(similar to source routing in other studies), and single node
aggregation/hierarchical routing (equivalent to stitched path
routing). They also proposed three different border selection
criteria for source routing: random selection, closest border,
and least loaded path to border. [13] further proposed a quan-
titative study on hierarchical routing performance by using
simple node (same as single node), full mesh and symmetric
star aggregation schemes.

The study of routing algorithms generally falls into three
categories with different levels of information sharing: i. End-
to-End global shortest path routing (complete information
sharing, though not necessarily needed as discussed in later
sections). ii. Source initiated concatenated shortest path rout-
ing that searches for a path domain by domain starting from the
source (minimum information sharing). Crankback signaling
may be used to re-attempt a failed search in a segment. iii.
Hierarchical/hybrid routing with various topology aggregation
techniques (and thus varying amount of information shared
depending on topology exposure). Generally, the performance
improves as more information is shared, but the scalability
problem increases (in addition to inter-domain privacy issues).

III. MULTI-DOMAIN NETWORK DIMENSIONING

A dynamic network domain must provision enough capacity
(or wavelength channels) on each link (or hop) to support both
inter-domain and intra-domain traffic. Inter-domain traffic is
routed through its border nodes (selection of border nodes
critical to the performance and fairness for both domains),
introducing additional loads between internal nodes to border
nodes in each network domain. In this section, we discuss gen-
eral multi-domain dimensioning algorithms. For illustration
purposes, all discussions are presented for two-domain sce-
narios, but our results can be readily extended to an arbitrary
number of domains using standard information sharing/hiding



NSFNET

Fig. 1: NSFNET-ARPANET joint topology (link # is shown on each link).

TABLE I: Network notation

N Set of nodes in the local network.

N’ Set of border nodes in the local network. N/ C N

S Set of nodes in the foreign network.

S’ Set of foreign border nodes. S’ C S, |S’| = |[N’|

E Set of links in the local network.

Ce Total capacity of link e € E provisioned for internal traffic.

C! Total capacity of link e € E provisioned for for external
traffic.

Cg Total capacity of inter-domain link connecting border nodes

be N', b’ € S provisioned for external traffic.

Set of all intra-domain connection request pairs. R = N X .
Mean arrival rate for internal traffic.

Mean arrival rate for external traffic.

Mean departure rate for internal traffic.

Mean departure rate for external traffic.

Mean capacity request for internal traffic.

Mean capacity request for external traffic.

Topological shortest path length (TSL) for pair 7 € R
Internal traffic matrix

T; Equivalent external traffic matrix on the local network
Pn,s,b | The probability that border b is used to connect a local node
n € N to a foreign node s € S. 37y - nv Prys,p = L

AT >
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n
&

techniques such as topology aggregation or virtual topology
abstraction.

In our study, we assume that every node in each domain
will initiate a connection request to all other nodes in the same
domain and to all other nodes in the other domains (equivalent
to a global full mesh demand). Domains are joined through
their border nodes, where each border node is connected to
a border in in the other domain. In our model, we assume
that external and internal traffic share the wavelength resources
provisioned on each link. In the two-domain case, the numbers
of border nodes in both domains are the same. There is a link
connecting each pair of border nodes (as shown in Figure 1). In
practice, it is possible for some of the border node pairs to be
situated in the same building/site. In such cases, they may be
viewed logically as a single node with finite capacity (equal to
the inter-domain link capacity). The mapping between border
nodes between two domains may also not be one-to-one.
However, such variations do not affect how dimensioning and
routing techniques are designed.

Dimensioning for external traffic for each domain is equiv-
alent to dimensioning for additional traffic between each pair
of internal nodes to border nodes. The network parameters

are defined in Table I. We separate the capacity for external
and internal traffic load for the purpose of analysis, but , the
resources are still shared in our study model. We also define
the capacity C’lf for the inter-domain links that connect border
node pairs. Each dynamic connection pair (internal or external)
has arrival/departure/capacity rates defined.

The intra-domain traffic matrix is defined the same way as
in a single domain (T" = {(\;, pi, K4)|¢ € R}). Here, \; is
the arrival rate drawn from a distribution of averaged value
A for request ¢ in a particular traffic matrix. u; and x; mean
the same. The external traffic generated from each node n
(including border nodes themselves) is an aggregated arrival
rate i,y A; that is effectively augmented on the rate
from n to all border nodes split based on probability p,, s .
The equivalent external traffic matrix (on the local network) is
defined in Equation 1. The entire traffic matrix including both
is then the sum of 7" and T for the same pair of nodes.

The projected load of a network is the amount of traffic
that the total given network capacity can support (without
being overloaded). Equation 2 defines the projected load for
the internal traffic. It is the ratio of average traffic load
(stochastic arrival/departure rate times the topological shortest
path lengths) to the total available network capacity. E is an
operator that computes the expected value for a set. One can
use single call rate rate parameters (\;, p;, k;) to substitute
the averaged rate if one particular traffic matrix is considered.
Topological Shortest Length (TSL) is the minimum number
of hops for a connection in an empty network (Obviously,
TSL may be less than the length of the actual path selected
in a dynamic network using available shortest paths). For
external traffic, the average amount of resources used for
each connection is the average shortest path lengths to all
border nodes. Equation 3 defines the external traffic load. Same
load computation metric will be used on all dimensioning
techniques to provide a fair comparison.

Note that dimensioning each network domain to support
traffic to the other domain can be the same as dimensioning a
single network with an estimate of external traffic distribution
on borders. Once we have the traffic matrices, the basic
dimensioning algorithm proposed in [1] can be extended
(Algorithm 1) to dimension each network separately. The
dimensioning algorithm basically provisions capacity for each
simulation request over a random selected topological shortest
path (more than one shortest path exist for most requests) and
uses the steady-state result to provision the network. Using a
similar load estimation technique, the capacity of inter-domain
links is determined according to Equation 4. By symmetry, the
computed inter-domain link capacity from the other domain is
the same.
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: Set infinite available capacity on each link Ce < 00 Ve € E

: while System has not reached steady state do

Generate a new request ¢ from one or more traffic matrices 7"+ 77 .
Route 7 by shortest path first algorithm (SPF).

: end while > C. is the actually used network capacity of each link.
: Repeat from Line 1 to get the distribution of Ce, mean El(Ce)

Algorithm 1: Dimensioning with internal and external traffics.
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IV. SEVERAL ROUTING AND DIMENSIONING TECHNIQUES

In this section, we discuss three dimensioning techniques
that estimates the amount of traffic loads to each border node
(i.e. pn,s,p) depending on the amount of information shared
crossing domain borders and inter-domain routing agreement.

Three dynamic routing algorithms are used here. The first
two are same as the algorithms found in [2]. In source
initiated concatenated shortest path routing (CSR) , the
requesting node chooses the closest border node and uses
the shortest path. Starting from this border node, the path
in the other domain is selected. No information (other than
the destination) is shared between the border nodes. If the
downstream domain cannot find a path to the destination
through the selected border or the inter-border link is full, the
call is rejected. ! End-to-End global shortest path routing
(E2E) chooses the border nodes that result in global available
shortest paths. The PCE-based BRPC approach [9] imple-
mented such global optimal routing without domain topology
disclosure. Equation 5 shows the computation of shortest paths
between connected border pairs in two-domain networks. The
border pair is picked with minimum /{7”. Normalized global
shortest path routing (nE2E) is similar to E2E, but each
reported distance is normalized by the average TSL of each
respective domain before being advertised and summed up.
Equation 6 shows the computation of nE2E path length. The
pair of border nodes is picked with minimum normalized
distance 13'4;*”. nE2E is important because E2E favors the
border node selection for the larger network when two domains
are of different sizes. The larger domain is more likely to

'We omit crankback path selection because paths found by other shared
routing algorithms present similar property to those found by fail and retry
mechanisms in two-domain cases.

1: for each inter-domain connection pair (n, s) do

2 for each border node pair (b,b’) from each domain do

3 Compute the total path length lﬁ?ﬁ) (or l;f,QE for NS).

4: end for

5: pick up the set of borders B € N’ of minimal total path length.
6 for each shortest path border nodes b € N’ do

7 pnsb—lB‘forbEBpnsb_Oforb¢B

8 end for

9: end for

Algorithm 2: Computation of p,, ¢ for GS/NS.

have longer paths to the border, their shortest path length can
dominate the length of the global shortest path and force the
smaller domain to pick unfavorable paths. For example, the
available SPF length from a source node to three borders are
5,7, and 11 hops in the larger domain A (average TSL=7). In
the smaller domain B (average TSL=2), three corresponding
borders to the destination node can be 3, 2, and 1 hops away.
In E2E, the path with 5 hops in A and 3 hops in B is chosen.
In nE2E, the path with 7 hops in A and 2 hops in B is chosen.
Although the path picked by nE2E is longer, it is a fairer path
for B because the hops used in each domain is comparable to
their sizes. Fairness will be defined in the next section.
Next, we discuss the computation of p,, 5 in three dimen-
sioning algorithms. Once the distribution is computed, we
can use the general dimensioning algorithm (Algorithm 1)
to dimension each network separately. Independent stitched
path dimensioning (IS) is used for two networks that only
share node information (minimum amount of shared informa-
tion to enable end-to-end connection services). In this case,
an internal node has no idea which border node(s) external
calls will come from. Therefore, external traffic is splits
uniformly (random) across all border nodes. In this case,
Dn,s,b ™7 N’I' Global shortest path dimensioning (GS)
provisions the network using least cost routes crossing two
domains (assuming E2E). This is used when two networks are
willing to share some form of cost information (in this paper
we use path lengths) at the border node (at the appropriate
E-NNI interface) to pick the global shortest path. The traffic
rate to each border node is then weighted by the likelihood
each border node is chosen by using E2E. Algorithm 2 shows
the computation of p,, ,; for each inter-domain connection
pair (n,s). Normalized shortest path dimensioning (NS)
is similar to GS, except the metric used to compute the
concatenated shortest path length. Algorithm 2 also shows the
procedure to compute p,, 5 ; for NS assuming the use of nE2E.

V. FAIRNESS MEASUREMENT ON SHARED MECHANISMS

We propose penalty ratio to measure the fairness of resource
usage on each network domain for shared routing and dimen-
sioning. The penalty incurred by each network is computed by
Equation 7. It basically sums the normalized number of extra
hops used for each inter-domain routing. For example, if the
TSLs of an internal node to three borders are 1, 4, 10 and the
selected path uses the border that is 4 hops away, the penalty
for that connection is 3. The total penalty for the dimensioned
network is the weighted sum of penalties to all border nodes



according to the traffic load distribution. Then, penalty ratio
of two networks is the ratio of the penalty of each domain.
This inherently assumes the use of a global fairness notion (for
illustration purposes) without considering billing models. The
metric can be weighted to conform to the needs of different
peering agreements. Therefore, it is important to note that our
presentation motivates the need for cost-performance studies
given a fairness model that the domains have agreed upon.

VI. SIMULATION RESULTS AND DISCUSSION

Simulations were performed on the joint NSFNET-
ARPANET (Figure 1) with uniform arrival rate, departure rate
and requested capacity for Poisson traffic. The 95% confidence
interval falls within +5% of the results. The dimensioned
capacity on each link (link # matches the number in Figure 1)
using IS, GS and NS dimensioning algorithms are shown
in Table II-III. As a result, the computed penalty ratio for
NSENET to ARPANET using GS is 2.46 and the ratio using
NS is 0.99. If global fairness policy is enforced (where both
networks should have comparable penalty), NS-nE2E is more
fair compared to GS-E2E since its ratio is closer to one.

We first compare the performance of different schemes with
varying loads. For each experiment, blocking probabilities of
inter-domain traffic, NSENET internal traffic and ARPANET
internal traffic are separately shown to illustrate the impact
of varying conditions on one or both domains. Blocking
rates with varying inter-domain traffic loads are shown in
Figure 2. Both domains gain significant reduction in blocking
using shared information provisioning (GS and NS) compared
to IS. At load 0.95 in Figure 2(b), over 80% reduction of
internal blocking in NSFNET can be seen between IS and GS.
NS-nE2E further improves blocking by 90% over GS-E2E.
However, IS-E2E does not show much improvement over IS-
CSR. This, in particular, shows the importance for domains to
share information at the resource dimensioning stage. Joining
two existing domains without re-provisioning may can result
poor performance, even when a joint routing approach is used.

We next show how scaling of one network domain may
affect the performance of other domains. Figure 3 shows the
blocking performance when the size of NSFNET is scaled
(under- or over-provisioning each link by the same ratio).
Figure 3(c) shows that the internal blocking of ARPANET
can increase with IS when NSFNET increases capacity. It is
because an over-provisioned network can sustain more traffic
(both internally and externally) and push additional inter-
domain traffic to the other networks to compete with their own
internal traffic. When one network continues to over-provision,
with limited capacity provisioned for inter-domain links, the
blocking probability of inter-domain traffic and internal traffic
of the other domain will converge. This trend occurs as inter-
domain links become saturated and limits the volume of the
external traffic to the other domain. When one network is
under-provisioned, the inter-domain traffic will suffer more
blocking due to reduction in resources. ARPANET scaling
can influence NSFNET in the same way, but the figures are
omitted for brevity. Figure 4 shows the case where there

TABLE III: ARPANET capacity
(total 2496)

link # IS GS NS
0 26 26 26
1 71 67 64
TABLE II: NSENET capacity (total 2 144 116 | 118
1491) 3 93 | 93 | 9
Tk # | 15 | G5 | NS 4 48 | a8 | Sl
5 123 114 115

0 60 65 74
6 89 78 81

1 31 38 37
7 55 53 51

2 75 68 70
8 29 40 37

3 79 62 61
9 116 95 92

4 108 94 91
10 118 80 75

5 126 114 112
11 127 81 90

6 65 57 52
12 145 126 125

7 104 88 79
13 135 166 165

8 80 105 119
14 49 59 60

9 43 57 66
15 10 19 17

10 92 96 97
16 41 52 51

11 44 45 42
17 42 56 51

12 36 38 38
18 67 111 106

13 84 91 94
19 50 82 75

14 34 45 48
20 100 91 101

15 21 31 34
21 68 99 96

16 82 62 48
22 205 153 172

17 90 113 117
23 63 80 80

18 122 97 86
24 38 48 48

19 49 49 47
20 66 76 79 25 65 91 84
26 34 45 46
27 36 39 37
28 31 60 55
29 167 119 124
30 65 62 61
31 46 47 46

is no capacity limit on inter-domain links (it is possible to
have a significantly more capacity allocated for long reach
cross-domain links or intra-office/site links). Similar trends are
shown, but much lower blocking can be achieved for shared
provision algorithms. Sufficiently large capacity available in
inter-domain links prevent external traffic from being routing
through unfavorable paths (much longer than TSL) via non-
optimal border nodes.

In terms of resource allocation, NSFNET has a higher
external/internal capacity ratio (2.82) compared to ARPANET
(1.38) because NSFNET is a smaller network. It is important to
note that, in general, a smaller network, such as NSFNET, has
to pay more for in capacity to sustain the inter-domain traffic
in proportion to its own size when it is joined with a larger
domain. If equal cost-profit model is assumed, fair routing
(as discussed earlier) can greatly improve internal blocking
on small networks. As shown in Figure 2(b) and 3(b), nE2E
improved the performance of NSFNET without affecting the
performance of the other domain.

VII. CONCLUSION

We quantified the performance and fairness of various rout-
ing and dimensioning schemes in a multi-domain environment
with a simple abstract levels of information sharing between
the domains. We proposed the metrics to measure the loads
of multi-domain traffic and the fairness of dimensioning and
routing schemes. Our results showed that joint provisioning (in
both dimensioning and routing) and playing fair is crucial to
the performance of both networks for both internal and exter-
nal traffic. We also showed that scaling of one network domain
can affect the performance of the other network, especially if



Fig. 2: Blocking probabilities in dimensioned networks with varying external offered loads.
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