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ABSTRACT

A federated network can be seen as a collection of network domains,
typically under different authorities, who collaborate and share net-
work resources to enable the provision of end-to-end multi-domain
services with possibly performance guarantees. To provide these
services, domains need to disclose a compact portrayal (or an ab-
straction or aggregation) of their topology. The interconnection of
all exposed abstracted topologies serves as input to compute the
appropriate paths (and the resources along these paths) that are
needed to support an end-to-end service. Domains basically resort
to a topology abstraction that reduces to a mesh of abstract links
that connect to their border nodes. Such an abstraction voluntar-
ily limits the information disclosed to other domains, but, on the
other hand, leads to inefficient resource usage. In order to enable
effective collaborations between domains, in this paper, we pro-
pose to enrich the topology aggregation exposed by domains by
including additional abstract topology constructs, e.g. abstract non-
border nodes, domain-level slices, etc. We then revisit the virtual
link embedding problem to include the proposed aggregation. Our
evaluations on real and random topologies show significant gains
in terms of admission ratios and resource usage.

CCS CONCEPTS

« Networks — Network resources allocation; Network con-
trol algorithms; Network design and planning algorithms;
Programmable networks; Network domains; Logical / virtual
topologies; Topology analysis and generation;

KEYWORDS

Link embedding, multi-administrative multi-domain networks, topol-
ogy aggregation, network slicing, QoS

© 2025 Copyright held by the author(s). This work is based on an earlier work: Virtual
Link Embedding in Collaborative Sliced Multi-administrative Multi-Domain Networks,
2024, ACM 979-8-4007-0243-3. http://doi.org/10.1145/3605098.3636067

Dallal Belabed
Airbus Defence and Space, France
Issy-les-Moulineaux, France
dallal.belabed@airbus.com

1 INTRODUCTION

When embedding an end-to-end service in a multi-administrative
multi-domain network, the domain in charge of setting up the ser-
vice solicits the cooperation of multiple domains to support portions
of the service, usually with a financial reward. Classically, the goal
of the service initiator is to succeed in setting up the service with
the required performance at minimum costs (regarding its resource
usage and monetary costs that it pays to the other domains). On
the other hand, the goal of the solicited domains is to provide the
most competitive offer to one or multiple portions of the end-to-end
service to maximize its profits. To identify the appropriate portions
compliant with the performance guarantee needs and to compose
the requested service by combining them, the service initiator re-
lies on the aggregated topologies exposed by other domains (i.e.,
a more or less simplified representation of the network topology
with the available resources of each domain). In practice, domains
restrict the topology information they expose to other domains.
This aggregated topology is commonly reduced to the border nodes
(Edge nodes connected to other domains), which are wholly or
partially interconnected through abstract links. Some QoS (Quality
of service) information may be attached to these latter, such as the
maximum and available capacity, the maximum transfer delay, the
maximum packet loss rate, etc. Some cost information may also be
used to enforce some policy-based decisions. Below, we name this
way of aggregating the network topology of a domain as the legacy
aggregated /abstracted topology.

In a federation of networks, even if each domain has some in-
dividual goals, domains work together and collaborate to achieve
a shared ultimate goal. This latter can be: optimally spreading the
overall load on the different domains to improve the admissibility
of forthcoming demands; minimizing resource usage in all domains;
minimizing the end-to-end service provisioning time, etc. This is,
for instance, the case in federated military networks where ally
nations connect and share some of their network infrastructure to
build a multi-domain Federated Mission Network (FMN) to sup-
port the communication services needed during military missions
[1]. In this case, all nations share one ultimate goal, which is to
efficiently use the federated resources and maximize the support
of the end-to-end communication services needed during military



missions. A similar situation exists in the civilian context since
service providers usually have privileged partners; their respective
domains may be federated and set to work in close collaboration.
When belonging to a network federation, we argue that domains
need to expose a more detailed topology abstraction than the legacy
aggregation to avoid overestimation or underestimation of the avail-
able resource and, consequently, generate less efficient resource
utilization, more service demand denials, etc. To that end, we pro-
pose two main additions. First, domains can expose non-border
nodes, which allow them to abstract or compact some of their
infrastructure topology constructs. As shown in the evaluations,
their inclusion allows more precise abstractions, leading to signifi-
cant improvements in service demand admissibility and a decent
decrease in service demand admission delays as well as network
and computing overhead. Still as part of the disclosed topology
aggregation, domains can also expose domain-level slices. Indeed,
as network slicing is gaining momentum, domains may support
multiple domain-level slices, each providing predefined types of
domain-level services. Some may be exposed and made available
to other domains (with the characterization of the type of services
provided by the slice and the available capacity) in order to com-
pose their end-to-end multi-domain services. In this work, we focus
on transport slices, i.e., slices providing connectivity with some
predefined QoS between exposed nodes. One example of such a
slice is a Low-latency slice, which interconnects a set of nodes ex-
posed by the domain with a transfer delay of a couple of tenths of
milliseconds. Another example is a slice providing efficient point-
to-multipoint transmission services between a set of nodes exposed
by the domain.

In this paper, we address the problem of embedding point-to-point
and point-to-multipoint end-to-end virtual links with QoS require-
ments in a federation of networks, where network domains are
allowed to expose an aggregated topology that combines border
nodes and their connecting abstract links, and also, non-border
abstract nodes and domain-level slices. We formulate the corre-
sponding resource algorithm and then evaluate its performance
regarding service admission and resource utilization. We also assess
the benefit of the proposed topology aggregation when compared
to the legacy aggregated topology.

This paper is organized as follows. Section 2 reviews the state of
the art. Then, by considering an example of a real network topol-
ogy, we describe the motivations behind the proposed topology
aggregation and then define it. Based on this, section 4 revisits the
virtual link embedding problem in a collaborative multi-domain
network context. Section 5 evaluates the performance impact of
the proposed topology aggregation compared to the legacy one.

2 STATE OF THE ART

Virtual link and virtual network embedding have been extensively
researched during the last decades [11] by implicitly assuming a
single administrative domain with a detailed knowledge of the
substrate network. This has particularly concerned data-center
networks [13]. With the advent of network slicing and Service
Function Chaining (SFC), some recent research is considering the
context of multi-administrative multi-domain networks [25]. In

this respect, one key factor influencing the embedding technique
is the data shared with others, such as domain topology and net-
work resources linked to domains’ topology abstraction. To the
best of our knowledge, four main approaches were considered in
the literature. First, exposing the full substrate topology with lim-
ited node and link attributes. This is the case of the work in [14]
where domains expose their full topology with a limited set of static
attributes, e.g. Forwarding table, geographic location and cost. Dy-
namic attributes such as the current available capacity or live QoS
performance are not shared between domains. This approach is
also adopted in other pioneering work on network virtualization
in a multi-administrative context, e.g. [6].

The second approach restricts the disclosed information to a mesh
of abstract links between border nodes. This approach is the most
common and legacy one, which finds its roots in previous research
addressing the problem of providing end-to-end communication
services in ATM networks [17] and multi-domain optical networks
[9]. Shen et al. [23] assume the legacy abstraction and disclose node-
related localization and cost information, as well as link-related
costs and inter-domain links capacities. Dietrich et al. [8] addi-
tionally expose the virtual node types that each domain supports
along with the associated cost. A legacy-based domain abstraction
is also considered in the context of multi-domain SFC embedding
in [5, 16, 18, 26].

A third approach, known as the “Big Switch “[24], reduces the
domain to a single compact abstract switch that connects to the
inter-domain links. It is considered in [21]. The last and the most
conservative approach is to avoid disclosing topology information.
In return, the service initiator queries the domains to assess their
ability to support portions of the end-to-end service, e.g., [10, 20]. Al-
ternatively, some works propose disclosing a set of mathematical in-
equalities or relationships that characterize the available resources
instead of any domain-related topology information [4, 19, 28].

It is worth to state that some works have also addressed the spe-
cific problem of topology abstraction or topology simplification
with the motivation of improving the scalability of maintaining,
processing and exchanging large network topologies. [27] classi-
fies and compares topology summarization techniques that can
be used in the context of QoS routing on the Internet. Different
abstractions are considered: legacy abstraction, star abstraction,
and tree abstraction, with some variants including bypass links.
A comparable abstraction survey is also discussed in [4] in the
context of TE (Traffic Engineered) networks. Again, three types of
abstractions are distinguished: the white abstraction (full topology
is exposed), the black (a.k.a Big switch abstraction) and the grey one
(legacy mesh abstraction). Last, [12, 22] respectively propose graph
transformation rules and methods that contract network topologies
into smaller and resource (bandwidth) equivalent topologies. Some
of the proposed rules ensure that any bandwidth allocation on the
contracted topology is feasible with the initial topology.

In this paper, we take the opposite direction of most of the above-
cited works and promote the adoption of an enriched domain ab-
straction. We then investigate its benefits in the context of federated



networks, where increased collaboration between domains is plau-
sible. The domain abstraction that we propose and the associated
virtual network embedding method differ in the following aspects:
they allow the disclosure of non-border abstract nodes, as well
as domain-level network slices. They also consider network node
switching resources.

3 TOPOLOGY AGGREGATION IN FEDERATED
MULTI-ADMINISTRATIVE NETWORKS

By considering an example of a real network, this section introduces
some topology contraction rules and delves into some intuitive
methods of contracting a network topology with the associated
trade-offs. It also illustrates how non-border abstract nodes can
be derived from the initial topology. Then, our proposed domain
topology aggregation is described. Last, we present the abstracted
multi-domain resource graph, which is derived from the aggrega-
tions of the topologies of the domains that compose the federation.
This graph is used for the embedding of end-to-end virtual links.

3.1 Motivating example

Consider the topology of Figure 1, which describes the real topol-
ogy of a Polish network domain taken from [2] with its physical
nodes and links. The labels attached to the links represent their
capacity in units of bandwidth; Link delays are omitted for clarity;
The borders nodes of the domain (edge nodes) are represented in
green, i.e., nodes E1, E2, and E3; Last, the red clouds correspond
to clients that can be the initiator or one of the destinations of
an end-to-end virtual link demand. Various aggregated topologies
may be derived based on the aggregation policy employed by the
domain. Below, we elaborate on an intuitive method, which leads to
different aggregated topologies that can be exposed by the domain.
We discuss the advantages and flaws of each obtained topology.
The initial goal is to sequentially identify basic local patterns that
can be reduced to a single node. This reduction ensures that any
set of demands admissible in the original non-contracted subgraph
is also admissible in the contracted subgraph and vice versa.

Figure 3 illustrates a first rule, which shows that any set of band-
width demands assigned on the link (n1,n2) can also be supported
on the link (E3,n1) in both directions. From a bandwidth allocation
perspective, nodes E3 and n1 can be merged into an abstracted node
A2. The capacity of the directional links between this abstracted
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Figure 1: Polish network domain.

node and n2 (right-hand figure) captures the bandwidth constraints
on all the demands that flow between nodes E3 and n2.
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Figure 2: Contraction rule application example.
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Figure 3: Illustration of contraction rule 1.

At the first step of the contraction process, the defined rule can be
applied twice. The first time on the top left corner of the topology
(highlighted by the dotted red circle Al). And a second time in
the bottom right corner of the topology (highlighted by the dotted
red circle A2). The result of applying this first rule to these two
particular areas of the topology can be observed in the second step
depicted in figure 2.

Figure 4 illustrates the second contraction rule that applies to the
group of three nodes. All bandwidth demands that meet the band-
width constraints of the external links that connect the group of
three nodes to other nodes can be supported by bandwidth al-
locations on internal links (connecting the three nodes). From a
resource allocation perspective, the three nodes can be merged into
an abstract node A3. This rule is applied for the first time to the
Polish topology in the red-dotted zone A3, visible in the second
part of Figure 2. The outcome of this contraction can be seen in
the third step of the same figure. Step 3 also emphasizes the second
use of the rule (shown by zone A4). Lastly, the rule on topology is
implemented for the third time. Zone A5 is depicted in part 4 in
Figure 2, indicating the location of this application. It results in the
contracted topology shown in Figure 2 part 5.

It is worth to state that any demand that the contracted topology
can support is also admissible by the non-contracted initial topol-
ogy of Figure 1 and vice versa. Also, at this point, the obtained
graph includes a non-border node e.g., which is an abstracted node
obtained after topology contraction. With our proposed topology
aggregation, the contracted graph of Figure 5, which includes a
non-border node (depicted in blue), can be disclosed by the con-
sidered domain. If the domain’s policy requires the exposure of
the legacy aggregated topology with only border nodes, additional
contraction of the preceding graph becomes necessary. Two options
can be considered:

- Exposing an over-provisioned topology : A topology that ad-

vertises more resources than what is available. In such cases,
some demands may be accepted at the multi-domain level,
but when they go through the domain-level admission con-
trol for confirmation, they are rejected. An over-provisioned
aggregated legacy topology can be obtained by artificially
increasing the link (A1, E3) capacity in both directions to 2
units. The resulting aggregated topology that the considered
domain can expose is depicted in left-hand Figure 6.

- Exposing an under-provisioned topology : A topology that
advertises less resources than what is available, ensuring
that any demand that is admitted at the multi-domain level
is admitted at the domain level. In such cases, some demands

Figure 4: Illustration of contraction rule 2.

may be rejected uselessly at the multi-domain level while
sufficient resources are available. An under-provisioned ag-
gregated topology can be obtained by removing link (E1,A1)
from the topology of Figure 4. The resulting aggregated
topology that the considered domain can expose is depicted
in right-hand Figure 6.

As summarized in table 1, the aggregation allows a significant graph
size reduction. Considering the number of links and the total num-
ber of nodes, the aggregation composed of non-border nodes is
64% smaller than the original. However, despite this important re-
duction, the total sum of the capacities provided by the ingress
and egress links of border nodes remains similar. By keeping the
non-border node, the domain can share relevant network capac-
ity information (in terms of bandwidth) without revealing its real
network topology. If the non-border node is removed to stick to
the legacy aggregation, the topology is smaller (9% less disclosed
information than the aggregation with the non-border nodes), but
this has an impact on the network capacity veracity (+ 7% increase
or decrease of the overall exposed bandwidth). Similar results are
presented in table 1 for the french network topology depicted in
Figure 15.
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Figure 5: Aggregated topology with non-border node.
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Table 1: Topology contraction results for two real topologies

Total Nbof Nbof Nb of non- Nb of Nb of Total E-nodes’ Total E-nodes’

Nodes E-nodes E-nodes End-Users Links Egresslink cap Ingress link cap
- Initial topology 12 3 9 3 42 14 14
g Non-border nodes 4 3 1 3 16 14 14
E Over-provisioned 3 3 0 3 12 15 15
Under-provisioned 3 3 0 3 12 13 13
Initial topology 25 5 20 9 102 34 34
g Non-border nodes 7 5 2 9 44 31 31
S Over-provisioned 3 5 0 9 34 33 33
) Under-prov-1 5 5 0 9 32 26 26
Under-prov-2 5 5 0 9 34 29 29

3.2 Proposed topology aggregation

The aggregated topology that a domain exposes is classically com-
posed of a list of border nodes with a list of links connecting them.
These latter are typically abstract links and correspond to one or
multiple data paths (with multiple physical hops) followed by the
traffic flowing from one border node to the pair node. Each has an
SLA associated with it, which specifies the expected performance
in terms of maximum and available capacity, maximum transfer
delay, maximum packet loss rate, etc. Links may also be labeled
with cost information or any other information that can be used to
enforce some policy-based decisions.

The proposed aggregation paves the way for including additional
(non-border) network nodes with their associated links to capture
some topological specificities. Even if they are typically not physi-
cal (i.e., abstracted), non-border nodes are considered as switching
nodes and share the same characteristics as border nodes. The ag-
gregation may also include the network slices supported and made
available by the domain. We consider the following attributes to
characterize the exposed slices:

- Entry & Exit points: It lists the exposed nodes’ interfaces
that are connected to the slice, i.e., from where packets will
benefit from the service provided by the slice; Slice entry or
exit points are characterized by:

« Maximum flow rate defines the maximum packet flow
rate allowed when entering or leaving the slice at the
considered point.

« Access delay, when needed. It reflects that an excess delay
may be needed to capture the time required to reach the
slice from the entry/exit point.

— Slice type: Specifies the type of network services the slice
provides. Slice types are shared and agreed upon between all
domains. We assume two different families of slice types: (1)
Transport slices, which provide raw network connectivity
services with a predefined SLA; (2) SFC (Service Function
Chaining) based slices, which provide network services that
include network capabilities defined in the SFC with a pre-
defined SLA. Without losing generality, we only consider
transport slices in the mathematical formulation below.

- SLA: Expressed, as classically, in terms of max transfer delay,
packet loss rate, etc.

— Maximum throughput: Specifies the maximum amount of

incoming traffic (whatever the entry point) the slice can
handle, i.e., the sum of the rates of all packet flows entering
the slice must not exceed this capacity.

— Provisioning time: Indicates the time required to provision
the slice on the infrastructure of the domain.

3.3 Abstracted multi-domain graph

Aggregated topologies are collected and gathered by each domain,
then used as input to build their own view of the aggregated multi-
domain topology, derive their multi-domain resource graph, which
is then used as input for their resource allocation algorithm.

We adopt a classical representation of the abstracted multi-domain
resource graph. Border and non-border nodes are represented as
vertexes with switching resources expressed as a forwarding table
size and a forwarding rate. We also model each exposed slice as a
graph vertex that inherits the forwarding rate of the slice. Links
connect the different types of vertices. They are classically charac-
terized with classical performance metrics, e.g., delay, capacity, etc.
For the links that enter or leave a slice, their bandwidth is respec-
tively set to the maximum flow rate of the corresponding entry or
exit point of the slice. The max transfer delay is reflected by the
incoming links of the slice. Access delays are assigned to incoming
and outgoing links of the slice. For illustration, let us reconsider the
network of Figure 1 and assume that the domain is also providing
a low latency slice with a max throughput of 2 units of bandwidth
and a max transfer delay of 50 ms. We also assume that all border
nodes are connected to the slice, and that node E3 requires an extra
delay of 10 ms to reach the slice. Figure 7 depicts the resulting
topology aggregation with the labels assigned as explained above
(for clarity, delays of edge-to-edge links are hidden).

4 MATHEMATICAL FORMULATION

The abstracted multi-domain resource graph used for resource
allocation does not exhibit any peculiarities that would prevent
applying any algorithm devised for the single-domain case. Below,
we revisit the resource allocation algorithm of [3] by including
abstracted non-border node, slice node and frame switching rate.
Requests arrive and are treated in sequence with no information
on future requests (i.e., online). Each demand gathers multiple
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Figure 7: Abstracted topology with abstracted slice.

concurrent end-to-end virtual link requests concerning a point-to-
point or point-to-multipoint virtual link with bandwidth and delay
requirements. By default, the objective of resource allocation is to
distribute network traffic fairly, use network resources efficiently,
and, when needed, favor the use of slices at the expense of border
node-to-border node links. Below, the multi-domain resource graph
and virtual links demand models are described. Then, the variables
and problem constraints are listed. Lastly, the considered objective
function is defined.

4.1 Multi-domain resource graph model

It is a unidirectional graph G’ = (V’, A”) where V' = N; U N is the
set of disclosed network nodes (border nodes + non-border nodes €
N;) and disclosed network slices (€ Ng), and A’ (JA’|, A’ C V' xV’)
is the set of exposed abstract links connecting exposed network
nodes to each other or to exposed slices, and, lastly, inter-domain
links. For each network node or slice i € V’, we respectively denote
by FR{" and FR; the maximum and remaining forwarding rate.
For each network node i € Ny, we respectively denote by TE[®*
and TE; the maximum number of flow table entries (or flow table
size) and the available number of table entries. Lastly, for each
link (i, j) € A’, we respectively denote by ygljax, Yi,j and [; j, the
maximum capacity of the link, its remaining bandwidth and the
maximum packet transfer delay along the link.

4.2 Demand model

Each demand is composed of a set of D end-to-end virtual unidi-
rectional links. Each virtual link k is characterized by:

- A source node o € Ny, and a set of destination nodes Ty C
Ny — {o} (when |Ti| = 1, the virtual link is point-to-point;
otherwise, it is point-to-multipoint).

- A bandwidth requirement of by, a maximum transfer delay
of Ly, and a maximum packet size of py.

4.3 Resource-related assignment variables

The output of the resource allocation considered in this section is
the set of data paths (with the bandwidth allocations at each sup-
porting substrate link) that support each of the virtual links com-
posing the demand. Since virtual links may be point-to-multipoint
variables are related to a specific destination of a virtual link as
follows:

- q‘)lk]t represents the bandwidth assigned to the packets of
virtual link k that flow from the source node oy to a destina-
tion node ¢ from Tj at link (i, j) € A’. Also, qﬁl].f) refers to the
amount of bandwidth used on link (i, j) by the virtual link
k regardless of the destination. It is set to the maximum of
(ﬁlkf for all destinations t € Tj.

l{f’jt: is a Boolean variable which reflects whether the flow
of packets of virtual link k destined to ¢ is supported by link

L. okt _ e kit k.t
(i,j) € A (xi’j = 0if qﬁi,j = 0 and X

Variables xf}t, t € T, are used to derive the Boolean variable

- X

= 1 otherwise).

xﬁf 7 which indicates if some bandwidth from link (i, j) € A’
is assigned to k.

- TEQc : specifies the number of entries that are installed in node
i forwarding table to support virtual link k with the assump-
tion that all entries consume the same amount of resources
regardless of the complexity of the fetch operation and the
related forwarding action to perform (forwarding with or
without path splitting). The required number of entries is,
in fact, dependent from the type of device (IP router, Open-
flow switch, etc.) Many alternatives can be considered. By
default, we assume that the number of table entries needed
by virtual link k equals the number of node i ports that are
sending traffic from k. More formally, TEi.c is derived from
the following equation (1).

Vk € D,Yj e V', TEK = Z xK, 1)
jev’
(ij)eA’

Another option is to have the number of entries correspond-
ing to the number of node i ports that are receiving traffic
from virtual link k (which assumes that we have a forwarding
table per input port) and is derived from equation 2.

VkeDVjeV, TEF = " xk, )
jev’
(j.i)eA’
A last option is to consider TEf as a Boolean variable and add
one flow table entry if at least one node i port is receiving
traffic from k (i.e. handling traffic from k). It is derived as
shown in inequalities (3a and 3b).

Vj€E\V(j.i) e A" : xk, < TEF (3a)
TEf < > K (3b)
jev’
(ji)ea’

- Lf’t: represents an upper bound on the time needed for a
packet of virtual link k destined to t to reach node i from its

originating node oy.

4.4 Problem constraints

The constraints on bandwidth allocations are described in equations
(4) to (9). Inequalities (4) reflect the linearization of the Max operator



applied to variables ¢> to get ¢k

Vk € D,¥(i, j) € A"Vt € Tk : ¢’Fn’ < ¢

< Y ot (4)

teTy

Vk € D,V(i,j) € A" :

Inequalities (5) ensure that the bandwidth assigned to each vir-
tual link k at link (i, j) does not exceed the remaining bandwidth.
Equation (6) represents the usual flow conservation constraints.

Vi e D ok <y 5)
keD
Vk € D,Vt € Ty,Vi € V':
b ifi =og
k, s
Z ¢ Z ¢]lt— —b, ifi=t (6)
jev’ jev’ 0 else

@, J)eA’ (J eA’

Inequality (7)isa channeling constraint between integer and Boolean
variables: ¢k and x Addltlonally, they impose a constraint on
the bandw1dth a551gnment of virtual link k at a substrate link, re-
stricting it to the requested bandwidth by.

VkeDV(Gi,j) €A xf;<¢f, and ¢F <bpxf (D)
The constraints related to switching resource allocations are de-
scribed in equations 8. They simply ensure that with the addition
of flow table entries needed by the virtual links composing the
demand D, the size of network nodes’ forwarding tables remains
below their maximum size.

VieV’: Z TEK < TE; (8)
keD
As part of the aggregated topology exposed by a domain is the
maximum forwarding rate of incoming packets, which holds for
network nodes and slices. Inequality (9) ensures that bandwidth
allocations respect these max throughputs.

D, D, $hisFR ©)

keD (j,i)eA’

VieV’:

Virtual links have end-to-end delay requirements. For point-to-
multipoint links, they must be met for all of their end destinations.
These requirements are considered by inequalities (10). As path-
splitting is not considered in this paper, the transfer delay that a
packet from virtual link k destined to t experiences is the accumula-
tion of the delays experienced at each hop. Each hop, through either
a transport node or slice node, induces a packet transmission time,
bounded by and switching and propagation delays bounded by
latency I; ; for any link (i, j) € A’. Indeed, as explained in section
3.3, the slice delay is reported on incoming links.

Zxkt(

(Lj)eA

Vk € D,Vt € Ty : +1ij) < Ly (10)

4.5 Objective function

The objective function aims at minimizing link and node resource
consumption but also at distributing the consumed resources among
nodes and links in order to reduce the creation of bottlenecks. To
that end, referring to inequalities (11), variable gmax captures the
maximum link utilization (when considering all network links)

after demand D acceptance. ¢max being minimized by the objective
function.

V(i j) € A 1- ( max (Yl] Z ¢”)) X (11)

keD

Similarly, TE™* captures the maximum flow table utilization (when
considering all network nodes) after demand D acceptance. It con-
forms to the constraints of inequalities 12 and is minimized by our
objective function to reduce the disparity between the flow table
occupancy of nodes.

1
VieV’: 1- (W . (TE; - Z TE?)) < TE™m& (12)
i keD

Expression (13) defines our general and tunable objective function.
It consists of five components, each weighted with a parameter that
controls the impact of the component on the resolution process. The
first two terms concern bandwidth allocations and the subsequent
two others are their analogue for flow table entries allocations. We
focus hereafter on the former expressions. In the first term, the
aspect that is minimized is the average utilization of network links
after allocating bandwidth to the considered demand D (weighted
by @1). In the second term, the aspect that is minimized is the
maximum network link utilization (resp. a2 then called spreading
factor). This means that the allocations devoted to the request are
distributed over different links (load balanced) in such a way that
link load disparity is reduced. When activated (@3 # 0), the last
term favors the use of slices at the expense of border node-to-border
node links (with constants c1 < c¢2).
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5 PERFORMANCE EVALUATION

This section quantitatively evaluates the impact of the proposed
topology aggregation on the resource allocation of multi-domain
end-to-end virtual links under different topologies and service re-
quests, as described in section 4. For clarity, we focus on optimizing
bandwidth allocations. In other words, 1 and S, are set to zero,
which means that the optimal allocation must only satisfy the
switching resources availability.

Two different aspects are primarily evaluated below:

— The benefits of allowing the disclosure of non-border net-
work nodes with respect to the legacy topology aggregation;

— The benefits of disclosing domain-level slices compared to a
multi-domain aggregation without slices.



Before, we study the general performance of the algorithm (without
considering the specificities of the proposed topology aggregation)
in terms of resource utilization efficiency. We particularly analyze
the impact of load-distribution on the performance of our method.
More precisely, we focus our evaluation on the acceptance (ad-
mission) rate of end-to-end virtual link demands, maximum and
average link utilization, and the overall bandwidth allocated to a
demand. The next section summarizes these evaluations.

5.1 Impact of load-distribution

5.1.1 Sensitive analysis on (a1, az). As mentioned in section 4.5,
the objective function of expression 13 introduces two weights
(a1,a2). These latter can be tuned to either minimize the overall
assigned bandwidth or to more evenly distribute the assigned re-
sources (load) and avoid the early saturation of some crucial links.

The question of the choice of these weights is essential. During net-
work operation, their values can be adjusted according to the load
conditions; for instance, at low loads, resource minimization should
be favoured, while when a load of some links start exceeding some
predefined thresholds, spreading the load should be favoured. In
our experiments, a; and oy are fixed during a simulation run. As we
are focused on assessing the benefits of load-distribution (LD), we
need to set a representative value of the pair (a1,a2), which will be
considered for the comparison to the case where load-distribution
is inhibited (a2=0). To determine the optimal values that should
be used to maximize the acceptance rate over time, a sensitivity
analysis (not detailed here for space reasons) was conducted. It
shows that (a1 = 1, az = 50) provides the best average admission
ratio computed over the different network loads. As the use of slices
is not considered in this evaluation, the value of the third weight
a3 is set to 0.

Then, the performance evaluation will be conducted with the com-
binations of the weights presented in table 2. C1 considers only
the minimization of link utilization and, hence, corresponds to a
bandwidth-constrained shortest path algorithm. Conversely, C2
provides priority to load distribution.

Table 2: Objective function’s selected weights

l H without LD [ with LD ‘
[ Ci= [a1, a2, a3, B1, B2] || C1 = [1;0;0:0:0] | C = [1;50;0;0;0] |

5.1.2  Simulation set-up. We consider a randomly generated topol-
ogy composed of 100 domains and 50 sources and destinations
randomly spread over the multi-domain network. Each domain is
composed of 1 to 4 edge nodes with decreasing probability. We
generate a random and consistent partial mesh topology at the
domain and multi-domain level, where each domain has a random
number of neighbours between 1 and 4 with decreasing probabil-
ity. Internal and federated link capacities are randomly generated
between [100,300 Mbps] and [300,400 Mbps]. Without loss of gener-
ality, service demands are composed of one single end-to-end link
(which can have between 1 and 8 destinations) with bandwidth and

delay requirements. We generate up to 1000 requests to ensure over-
load situations regardless of the generated topologies. Demands
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Figure 8: Global experimentation overview comparison.

100.0 f--
£ 975
2
& 95.0
s
= 925
g Acceptation rate
@ 90.0 17 ; :
= —— With load distribution
< 87.5 1+ ——- Without load distribution

; ;
0 S0 100 150 200 250 300 350 400
Figure 9: Admission ratio as a function of time.

With load distribution Without load distribution 100+

100 1 o1 o3 3
1 1
12
3 2
80 o 1
1 1 2
o 1 2 1
=1
o 5 1
<
o 60 2 3 s
&
3 3 3 2 -
= 1 2 s 5 5 4
b=
& 7 10 1 3 4 71 9 m
3
40 Y 1 2 3 s u s w0 ou
1 1z - % = 1 4 9 7 6 9 15 B
2 s a4 @ @ 1 1 7 s 1 2 1B 1B 2
w4 3% 4 @ 4 12 7 7 2 1 2 ¥V 1 1 2
£
20 W w0 T 62 e 5T 61 4 2 8 w 2 2 1 3B M 2 a2
S
8 30 64 M T T3 6 & 57 51 8 1B 2 ¥ I ® A1 N n B 5
-1
55 95 11 14 105 M T8 7L 64 66 0 @ 7 & 6 B & & & M g
z
Q-5 {653 589 w5 as9 s an o7 9 392 me| [673 635 ses 53 w3 see me sw s sz

200 40 60 80 100 20 40 60 80 100

Request Number Request Number

Figure 10: Comparison of percentage link utilization.



Brussel
‘
6 / q Frankfurt
| 4

"% Zurich

o

Barcelone " Rome

v i
Madrid Madrid

Over-provisioned

\ T
i \
“* Rome Barcelone ~“* Rome

>
Barcelone

Under-provisioned (optionl)

> Zurich

Under-provisioned (option2)

Figure 11: Over-provisioned and under-provisioned (option 1 and 2) legacy abstraction of the French domain.

are solved individually, and the available network capacity is up-
dated accordingly. In this way, we can observe a gradual increase
in network load and compare the implications of the different re-
source allocations over time. To assess the smooth operation of the
algorithm and highlight the impact of load distribution, each ran-
domly generated request is solved in two different ways: without
load distribution and with load distribution (Table 2). Allocations
without load distribution consist of identifying the shortest path
that fulfils the required bandwidth needs (Dijkstra’s algorithm with
bandwidth constraints as classically used when dealing with QoS
routing [7, 15]). Each resource allocation is then subtracted from
the network’s available resources to simulate its deployment. The
network load increases gradually each time a request is solved and
deployed. This process is used for all the evaluations below.

5.1.3  Performance results. Figure 8 describes the admission ratio as
a function of time for the first 400 demands. When load-distribution
is not activated (C1 configuration), some links reach saturation as
early as the 50th request. When the load-distribution is activated (C2
configuration), this situation only occurs from the 260th request.
This unequal use of links is detailed in Figure 10. This diagram
summarizes how links’ utilization ratio evolves as requests get
accepted, when load-distribution is turned on (left side) or turned
off (right side) for the initial 100 requests. More precisely, it shows
the number of links (out of more than 700) whose utilization ratio
sits within some predefined ranges (y-axis) as demands are accepted.
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Figure 12: COST 266 based multi-domain network.

The positive impact of load-distribution on smoothing the link
utilization ratio is easily observable, where few links suffer from a
high level of utilization (most of them are below 50% of usage). It
is worth to note that load-distribution does not have a noticeable
effect on the average link utilization as the black curves in Figure
8 are close. Truly, occasionally distributing the load may involve
taking a few longer routes; nevertheless, this leads to just a 4%
increase in the average link utilization ratio. Also, this does not
negatively impact the acceptance rate. Indeed, as illustrated in
Figure 9, the acceptance rate is better when load-distribution is
considered and starts to decrease much later. This is due to the fact
that load-distribution prevents the early saturation of some crucial
core links. By so doing, it allows the acceptance of demands that
need to be supported by these links.

5.2 Evaluation of the impact of the proposed
topology aggregation

5.2.1 Simulation set-up. To consider a realistic scenario, we con-
sider the Cost266 topology [2] presented in Figure 12. It is composed
of 22 domains from different countries. Apart from the English
domain, all other domains expose exclusively border nodes with
border-to-border node links. Usually, border nodes from the same
domain are not connected in full mesh. The capacities of exposed
links are presented in Figure 12. Out of the 22 domains, we vary
the Polish and French aggregated topology by considering different
legacy aggregations, in addition to the aggregation promoted in this
paper. The physical topologies of the Polish and French domains
are respectively presented in Figure 1 and on the left-hand Figure
15 and are taken from [2]. As the link information is unavailable,
we assume all links have the same capacity of 1 Gbps. Also, we
assign 9 clients to the French domain. By connecting the different
versions of the Polish and French aggregated topologies to the 20
other domains, four multi-domain topologies are hence considered
for the evaluation:

— Topology “proposed”: The Cost266 topology with the pro-

posed aggregated topologies of the Polish and French do-
mains as shown in Figure 1 (Polish) and right-hand Figure
15 (French). For both domains, any demand that can be sup-
ported by each of the aggregated topologies is admissible by
the corresponding physical topology;

- Topology “over-p”: The Cost266 topology with the over- pro-
visioned legacy aggregation of the Polish and French as re-
spectively presented in left-hand Figure 6 and Figure 11;



— Topology “under-p1”: The Cost266 topology with a first op-

tion of the under-provisioned legacy aggregation of the Pol-
ish and French domain, as respectively presented in right-
hand Figure 6 and Figure 11. This latter is obtained by re-
moving links (L,13) and (B,M) (right-hand Figure 15) before
the final contraction;

— Topology “under-p2”: The Cost266 topology with a second
option of the under-provisioned legacy topology aggregation
of the Polish and French domain as respectively presented in
right-hand Figure 6 and Figure 11. This latter is obtained by
reducing the capacity of links (L,13), (L,M), (P,13) and (B,M).

Service demands are composed of one single end-to-end link
(which can have one or multiple destinations) with bandwidth and
delay requirements. The number of service demands is varied in
order to consider different loads (from low/medium loads up to
very high loads (with 1000 demands). The source and destination of
the end-to-end link are randomly generated from the set of French
and Polish clients.

5.2.2  Performance results. Figure 13 describes the admission ratio
as a function of time for the four topologies, as well as the corre-
sponding number of admitted demands at the end of the simulation.
As expected, the overprovisioned legacy topology aggregation ex-
hibits the best admission ratio, with, at the end of the simulation,
9 more accepted demands when compared to the aggregation pro-
posed in this paper. It is worth to note that these 9 demands are in
reality not feasible and even if they are considered by the resource
allocation of the multi-domain level (i.e., using the overprovisioned
legacy aggregated), the resource allocation running at the domain
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level will reject them. Consequently, a new admission must be trig-
gered to compute a new allocation. In other words, the overprovi-
sioned topology aggregation induces computing/network overhead
as well as extra delays in addressing a service demand. These could
be avoided with the proposed aggregation. Figure 13 also shows
that when using an under-provisioned legacy aggregation, at the
end of the simulation, more than 10% of the demands are rejected
while in fact, they are feasible (as shown with the “proposed” ab-
straction). Hence, resources are wasted. Indeed, while available,
they are not assigned to arriving demands because of an unprecise
abstraction. Our simulations show that these observations are also
valid when load-distribution is activated.

Next, we assume that all the demands are originating from the
French domain (the nine clients associated with the French domain).
The resulting performance is described in Figure 14. Compared to
the previous results, the difference between the considered topol-
ogy aggregations is exacerbated. More precisely, the portion of
unfeasible demands accepted by the overprovisioned legacy aggre-
gation increases from 1% to more than 10 % of all demands. On
the other hand, the portion of erroneously rejected demands with
under-provisioned aggregations increases from 10% to more than
30%, which is very significant. Also, for this load model, the sec-
ond option of the under-provisioned aggregation exhibits better
performance than the first one.

5.3 Evaluation of the impact of domain-level
slicing

In this evaluation, we assume that some domains are implementing
and exposing a domain-level slice providing point-to-multipoint
(P2M) services within the boundaries of the domain and with some
predefined quality of service. The rationale for exposing such slices
is to allow, when possible, other domains to adopt these slices (i.e.,
assign slice resources from different domains) in order to build their
end-to-end multi-domain P2M services, with the required QoS. We
assume that if a domain exposes a P2M slice, this implicitly means
that it considers that using the slice for an end-to-end P2M link is
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Figure 16: Overview allocation comparison (75% domains with P2M) .

much more effective than relying on border node-to-border node
links. The objective of this evaluation is to compare the efficiency
of the resource algorithm for P2M demands when P2M slices are
exposed to the case where they are not.

5.3.1 Simulation set-up. We consider randomly generated topolo-
gies with 25 domains and 15 sources and destinations randomly
spread over the multi-domain network. Each domain is composed
of 3 to 7 edge nodes. A random number of non-border nodes, rang-
ing from 0 to 3, completes the network topology of each domain.
At the domain and multi-domain level, we generate a random and
consistent partial mesh topology. Service demands are composed
of one single P2M end-to-end link with a randomly chosen number
of destinations between 2 to 8. Their bandwidth and delay require-
ments are randomly generated as in the previous set of experiments.
The number of service demands is varied without overloading the
multi-domain network as the objective is to compare the efficiency
of the two options when admitting the same demands. Also, when
generating the random topologies, we vary the portion of domains
that are exposing a P2M slice from 25% to 100%. Also, by default,
we force the resource allocation algorithm to assign slice resources
only if the considered end-to-end link is duplicated when crossing
the slice. This avoids the situation where slice resources are used to
support point-to-point transmissions. This is achieved by defining a
new set of binary variables sf, Vi € N; and Vk € D which specifies
whether slice i is being used by link k, more formally :

Vk € D,Vie N, V(j,) e A sf>xk, (14)

The above-cited constraint is enforced as follows:

Vk € D,Vi € Ng : Z ngj22~sll-c (15)

Finally, parameter a; of the objective function is set to 0 and a3 is
given the highest weight. This means that, whenever possible, P2M
slices are favoured compared to edge-to-edge links.

5.3.2  Performance results. The main performance metric used to
compare the efficiency of the resource allocation in the presence of
exposed P2M slices is the percent decrease in the overall bandwidth
that was allocated to an end-to-end link k when compared to the
resources that were needed with no P2M slices. More precisely,
when P2M slices are exposed, the overall amount of bandwidth
assigned to an end-to-end link k is computed as follows:

VkeD: > gk+ > gk, (16)
(j,i)eA’ (i,j)eA’
i€Ng i,j¢Ns

It is worth to note that equation 16 only includes ingress slices’
links. With this solution, we implicitly assume that the P2M slices
consume one single transmission to reach many destinations. This
assumption holds for many physical networks, notably wireless net-
works, including satellite communication networks. Alternatively,
the number of resources could be computed by only considering
slices’ egress links (equation 17), which is much more resource-
consuming.

k
VkeD: Z e Z ¢ (17)
(i.j)eA (i.j)eA
ieN; i,j¢N;

Finally, when P2M slices are not exposed, the overall amount of
assigned resources equals: X (; j)ear ¢11Fj

Figure 16 illustrates the resource allocation outcomes for the ini-
tial 100 randomly generated requests, performed with a federation
of networks where 75% of the domains support and expose P2M
slices. Time on the X-axis represents the consecutive arrivals and
acceptances of requests. Every request is solved two times: first, by
prioritizing the use of slices (depicted on the top part of the figure)
and then by restricting access to slices (bottom part of the figure).
The figure highlights the number of links crossed and shows, for
every request, the number of crossed slice ingress links and normal
node-to-node links. Therefore, Figure 16 enables a straightforward
comparison of allocations and highlights how the results are artic-
ulated through the network. Each bar plot represents how many
links are crossed to compute the resource allocation solution. The
number of crossed slice ingress links is depicted in orange. The
difference in the number of crossed links between the two options
(without slices minus with exposed slices, for each request) is de-
picted in red. Finally, the average allocation bandwidth difference
between the two approaches is represented for each request by a
black cross.

The results show that using P2M slices significantly reduces the
number of hops (left scale). Furthermore, as we can see on the right
scale, the allocated bandwidth gains fluctuate considerably, ranging



from 0% to almost 40%, with an average of 20% (black dotted line)
over the first 100 requests. In fact, the gains depend on the presence
of slices that can be used to duplicate the flow in order to reach
multiple destinations. In other words, they are dependent of the
number of destinations that compose the requested P2M virtual
link as well as their locations in the network.

Figure 17 and Figure 18 present the results when P2M slices are
respectively available at 25% of the domains and 75%. Each point
reflects the percent decrease of assigned bandwidth for an end-
to-end P2M link; links are classified according to the number of
destinations (from 2 to 8 on the x-axis). The first observation is
that when the portion of P2M slices is low, many demands (which
are randomly generated) do not take advantage of the presence
of P2M slices because of the location of their endpoints. This is
particularly the case of end-to-end links with 2-3 destinations and
this is normal. Indeed, the greater the number of destinations is,
the more the probability of crossing a nation well located which
provides a P2M slice is important. When the number of destinations
increases, many more links take advantage of P2M slices. However,
an average gain around 2,3% is visible. By increasing the portion of
domains that host P2M slices, the number of links that benefit from
P2M slices increases (Figure 18). Results are much more significant
than in the previous case. For some links, the gain reaches 40% with
the ingress calculation method. Even more interesting, the average
benefit of crossing slices can reach 25% of gain with 8 destinations.
As a general conclusion, exposing such efficient P2M slices may
lead to high resource savings.
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6 CONCLUSIONS

Deriving a legacy domain topology aggregation is not that trivial
especially for complex and large domains. We have shown that
even if the abstractions are derived with care, they may lead to a
non-negligible degradation of demand admissibility (with an under-
provisioned aggregation) or an increase in demand admission delays
and network and computing overhead due to erroneously accepted
demands at the multi-domain level. This clearly justifies the topol-
ogy aggregation that we propose, which allows the inclusion of
abstracted non-border nodes in order to build more precise and
effective abstractions. We have also shown that introducing appro-
priate domain-level slices into the topology aggregation of domains
offers many advantages, notably a more efficient resource usage. In
addition, it leads to simplified and more scalable resource allocation
methods. Perspectives of this work are considering the impact of
dynamic federated multi-domain networks, with the opportunistic
inclusion of new domains or, alternatively, networks and computing
resources within existing domains.
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