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Abstract—Amidst global warming and climate change, reduc-
ing the energy consumption of our telecommunication infras-
tructure becomes increasingly important. A popular approach
to do so is switching off underutilized hardware components
during low-load phases, supplemented by Traffic Engineering
(TE) to free them from the remaining traffic. While there
already is a body of work examining the potential of this
Green TE concept, most of these approaches focus solely on
maximizing the switched-off hardware while not overutilizing the
network, thereby not considering other crucially important op-
erational constraints and requirements (e.g., regarding latency).
This renders the actual practical usability of these approaches
questionable at best. To address this issue, this paper proposes
two Segment Routing-based Green TE algorithms for maximizing
energy savings while also adhering to a broad set of operational
constraints. In extensive evaluations on a variety of networks,
including recent data from a Tier-1 Internet Service Provider,
we show that our approaches are able to maintain near-optimal
power saving levels, while substantially reducing configuration
effort, satisfying latency bounds, and adhering to other important
constraints as well.

I. INTRODUCTION

Driven by the need to continuously expand their network
infrastructure to keep up with the ever-growing amount of data
traffic, the power consumption of Internet Service Providers
(ISPs) and other operators is reaching new landmarks every
year. This not only results in increased operational costs, but,
in times of global warming and climate change, becomes more
and more of an ecological concern as well. Telefónica, for
example, reported an energy consumption of 41 MWh per
petabyte of traffic in 2023 resulting in CO2 emissions of
around 337,119 tons [1].

A popular approach to improve the energy efficiency is
Green Traffic Engineering (TE). It aims at freeing up certain
network components by steering traffic away from them, al-
lowing them to be switched off. This is particularly promising
for reducing energy consumption in off-peak/low-load phases
in which large parts of the hardware are only sparsely utilised
already (i.e., during the night).

Numerous works [2]–[5] have explored this concept, with
some reporting energy savings of more than 50% [4]. However,
basically all these approaches focus solely on computing
TE configurations that maximize the switched-off hardware
and, thereby, the energy savings while maintaining enough
capacities to sufficiently route the respective traffic. The latter

is undeniably important and a necessary condition for any
useful solution.

In the context of ISP backbones, for example, adhering to
certain Quality-of-Service constraints (e.g., regarding the la-
tency of certain traffic flows) is crucially important due to con-
tractually guaranteed Service-Level-Agreements. Furthermore,
Green TE solutions should be configurable with a reasonable
amount of effort (i.e., as few changes as possible) and overhead
to not put too much of a burden on network operation or
the network itself. Unfortunately, existing approaches largely
ignore these practical constraints (see Sec. III), making their
practical usability questionable and potentially overestimating
achievable energy savings.

This paper aims to address this research gap by studying the
energy saving potential of Segment Routing (SR)-based Green
TE approaches for backbone networks, when also adhering to
a multitude of different operational constraints and require-
ments. Thereby, we make the following main contributions:

• We develop an Linear Program (LP)-based optimization
algorithm for computing SR configurations that maximize
the number of deactivated hardware components (e.g.,
linecards) while adhering to operational constraints.

• We are the first to apply SR Midpoint Optimization (MO)
[6] to Green TE, significantly reducing the number of
required SR policies and improving practical usability.

• In an extensive evaluation across various networks, in-
cluding recent Tier-1 ISP backbone data, we show that
our Green SR algorithms achieve energy savings com-
parable to conventional methods while respecting crucial
operational constraints.

• We demonstrate that SR MO reduces the number of
required SR policies by up to 99%, improving network
maintainability and enabling faster configuration.

The remainder of the paper is structured as follows. First,
Sec. II introduces fundamental concepts and background in-
formation required for understanding this paper, followed by
a discussion of related work in Sec. III. After this, we present
our novel Green SR approaches aiming to address the problem
of incorporating crucial operational constraints into the energy
saving optimization (Sec. IV). Sec. V then introduces our
evaluation setup, and the respective evaluation results are
presented in Sec. VI. Finally, Sec. VII discusses our main
findings and limitations before Sec. VIII concludes this paper
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(b) SR MO: By combining SR with more flexible traffic steering
mechanisms (i.e., IGP Shortcut [7]), multiple different demands can
be detoured with just a single SR Policy.

Figure 1: Illustration of the traffic steering differences between MO and conventional E2E SR.

and its contributions, while also briefly discussing possible
future research directions.

II. BACKGROUND

This section introduces fundamental information relevant
for the understanding of this paper, mainly focussing on the
power consumption and related power-saving approaches in
backbone networks, as well as a brief introduction to SR TE.

A. Network Power Consumption

The power consumption of a backbone network primarily
stems from the power usage of its individual components, with
routers being the most significant contributors. Thus, steering
traffic away from specific routers and turning them off during
periods of low utilization might seem like a straightforward
approach for reducing energy consumption. Unfortunately, the
latter often is not implementable in practice for several rea-
sons. First of all, routers do not only process traffic within the
network, but also connect the backbone to smaller customer
networks. Shutting down a router would sever such connec-
tions, leading to service disruptions or at least considerably
reduced connectivity and, thus, fault tolerance. Additionally,
current routers are designed for long uptimes and not meant
to be switched on and off continuously. Rebooting them often
takes around 30 minutes and can even lead to hardware
failures.

Consequently, instead of deactivating entire routers, most
Green TE approaches focus on alternative strategies aimed at
minimizing router power consumption. Thereby, the latter can
be attributed to three main components:

1) Chassis and fans: These provide essential functions such
as power supply and cooling.

2) Route Switch Processor (RSP): These processors handle
the operating system and basic management tasks.

3) Line cards: These components provide physical endpoints
for connections (i.e., ports). According to [8], [9], line
cards consume the majority of power within a router and,
thus, within the network itself.

Historically, many Green TE approaches, thus, focused on
reducing power consumption by deactivating unused ports or

steering traffic away from the respective link to turn it off [10]–
[14]. However, recent research [8], [9] shows that turning off
only a few ports per line card yields minimal power savings.
Meaningful reductions are only achieved when all ports on a
line card are deactivated, thereby allowing for the entire card
to be powered off. Hence, modern Green TE strategies should
focus on switching off entire line cards to maximizing power
savings.

B. Segment Routing Traffic Engineering

Segment Routing (SR) [15] is a rather recent addition to the
TE toolbox. It is based on the idea of controlling a packet’s
path through the network by adding waypoints (so called
segments) to a packet, that the latter is then steered over in the
given order. Contrary to similar concepts (i.e., Multiprotocol
Label Switching (MPLS) with RSVP-TE [16]), SR tunnels
(or policies) only need to be configured on the respective
headend node with basically all other required information
being carried in the packet itself. This offers considerable
benefits regarding both overhead and scalability while still
enabling the configuration of virtually arbitrary forwarding
paths, which has lead to SR becoming one of if not the
preferred technology amongst many operators [17].

However, basically all of the SR literature focuses on E2E
SR which deploys SR policies as dedicated E2E tunnels for
a single demand. While this offers detailed, per-flow traffic
control, the intrinsic need to install a dedicated SR policy for
every demand that needs to be detoured often causes a large
number of policies being required to implement TE solutions
[6], [18], resulting in (unnecessarily) high network complexity
and overhead. To address this, recent works [6], [18] started
to combine SR with more flexible traffic steering approaches
(i.e., IGP Shortcut) that allow to detour multiple demands with
just a single policy. It has been shown in different contexts that
this facilitates a substantial reduction in the number of required
SR policies (i.e., by up to 99%), thereby greatly improving
the practical usability of SR. Since, later on in this paper,
we also utilize this so called Midpoint Optimization (MO)
concept to reduce the configuration complexity and overhead
of our proposed GreenSR approach, Figure 1 further illustrates
the idea behind the latter and the respective traffic steering
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differences compared to E2E SR. For more details on the
general MO concept, we refer to [6], [19].

III. RELATED WORK

Reducing the power consumption of telecommunication
networks has been an important objective for quite some time,
with its societal relevance even further increasing in the face
of climate change and global warming. As a result, there is
a wide variety of publications [2]–[5], [10]–[14], [20]–[26]
in the general area of Green TE. In the following, we focus
on assessing these approaches regarding their actual practical
usability. Thereby, we focus on three main aspects:

1) The switched-off hardware: Basically all Green TE
approaches aim to reduce energy consumption by unburdening
and switching off certain hardware components. However,
there are considerable differences regarding both operational
feasibility and actual energy saving potential when it comes
to the type of the hardware that should be switched off. As
already explained in Section II-A, shutting down whole routers
is generally not really feasible/desirable from an operational
perspective, and switching off individual ports – while at least
practically feasible – only yields minimal power savings. Thus,
the actual sweetspot for achieving relevant reductions in power
consumption that are also implementable in practice, is to aim
for disabling entire linecards.

2) TE technology: When it comes to steering traffic away
from certain hardware components in order to switch them
off, there are different TE technologies that can by used for
this. Especially older approaches often still rely on Interior
Gateway Protocol (IGP) metric tuning. While this is a long-
standing and well understood TE concept, there are various
limitations (e.g., its inability to precisely control the paths
of individual demands). Thus, metric tuning is replaced by
newer and more sophisticated TE technologies. One of those,
which is frequently used in the Green TE context as well,
is MPLS with Resource Reservation Protocol (RSVP)-TE. It
offers immaculate traffic steering capabilities and is deployed
in many large backbone networks across the globe. However,
with networks growing more and more in size, its rather
limited scalability becomes more and more of an issue. Thus,
it is (again) replaced by recent technologies like SR. Since the
vast majority of operators either already deploys SR or plans to
do so soon [17], we argue that, to facilitate best compatibility,
modern Green TE approaches should also be SR-based instead
of relying on older technologies that are either already replaced
or will be in the foreseeable future.

3) Operational constraints & requirements: Another
aspect often overlooked in the Green TE literature are technical
constraints and operational requirements that the respective
TE solution has to adhere to in order to be actually useable
in practice. While many of these are rather operator-specific
and depend on the respective use case, there is a certain set of
constraints that must be generally adhered to as they constitute
technical necessities. In the context of SR, this includes the
maximum number of segments that can be applied to a packet.
From a theoretical perspective, the latter is basically unlimited,

allowing for virtually arbitrary forwarding paths to be imple-
mented. In practice, however, it is limited by the Maximum
Segment Depth (MSD) of the used hardware, which can vary
substantially between different vendors and models. Hence, in
order to ensure compatibility with a wide share of hard- and
software, the number of segments per policy should be kept
as low as possible. Another aspect to consider for both SR
as well as MPLS is the fact that current routers only support
splitting traffic flows equally into predefined fractions, which
has to be incorporated in the respective optimization models.
Furthermore, it has to be ensured that the respective TE
configuration can be implemented with a reasonable number
of changes (i.e., MPLS tunnels or SR policies), in order to
keep the configuration efforts manageable and to reduce the
resulting overhead (especially when using MPLS). Finally, a
service-related requirement that is of utmost importance in
most carrier-grade networks (i.e., ISP backbones) is the com-
pliance with latency bounds for specific demands, resulting
from contractual QoS agreements with customers (so called
Service-Level-Agreements).

For reasons of space, we cannot discuss every existing
Green TE approach and its compliance (or non-compliance)
with the above criteria in detail. Instead, we provide a visual
summary of the latter in Table I. It can be seen that very
few approaches actually focus on switching off linecards,
with the vast majority still aiming for either whole routers
or individual ports, resulting in questionable practical appli-
cability and suboptimal effectiveness, respectively. There also
are completely different approaches, like the one presented in
[2]. Here, the authors aim to direct traffic towards locations
where green energy is available. While this is a novel and
interesting strategy when it comes to reducing the ecological
footprint of a network, we suspect that it’s economic impact
(i.e., regarding the energy cost) is likely rather negligible since,
in the European Union, all countries share a common energy
market with electricity prices being determined by the most
expensive generator required to meet demand. When it comes
to the used TE technology, most existing approaches rely on
rather outdated concepts that are already no longer in use
or will be replaced in the foreseeable future, further limiting
their practical usability. Finally, virtually none of the existing
approaches incorporate any technical or operational constraints
into their optimization models. While some of them discuss the
possibility of including QoS constraints (e.g., [2]), the fact that
they do not feature any of these in their evaluations, renders
the respective results purely theoretical.

All in all, this shows that the actual practical applicability of
most existing Green TE approaches is at least questionable, as
they either focus on outdated TE technologies, unsuitable tar-
get functions, or do not include crucial operational constraints.
In this paper, we aim to adress this issue by proposing two
SR-based Green TE approaches that minimize the number of
active linecards in a network while also adhering to all of the
above mentioned operational constraints and requirements.
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Table I: Overview and comparison of existing work in the area of GreenTE regarding the hardware components that are switched
off, the used TE technology, and whether they consider and adhere to important real-world constraints and requirements.

Switched-off
Hardware

TE
Technology

SR MSD
Limitations

Realistic Traffic
Splitting

Reduction of
Configuration Effort

Latency
Constraints

[2] Other Metric Tuning – – – ✗
[13], [20], [21] Ports Metric Tuning – – – ✗
[22], [23] Router MPLS – – ✗ ✗
[3], [10]–[12], [14], [24]–[26] Ports MPLS – ✗ ✗ ✗
[4], [5] Linecards SR ✓ ✗ ✗ ✗
This Work Linecards SR ✓ ✓ ✓ ✓

min
∑
v∈V

⌈∑
p∈v πp

k

⌉
(1)

s.t.
∑

w∈V \{u}

xw
uv = 1 ∀(u, v) ∈ V 2 (2)

xw
u,v · (del(u,w) + del(w, v)) ≤ lb(u, v) ∀(u, v) ∈ V 2 (3)∑
(u,v)∈V 2

∑
w∈V \{u}

gwuv(a)x
w
uv ≤ θ

∑
p∈P (a)

πpcp ∀a ∈ A (4)

∑
p∈P (auv)

πp =
∑

p∈P (avu)

πp ∀auv ∈ A (5)

xw
uv ∈ {0, 1} ∀(u, v) ∈ V 2 (6)

πp ∈ {0, 1} ∀p ∈
⋃
a∈A

P (a) (7)

Problem 1: Green-Segment Routing (GSR) ILP formulation.

IV. ALGORITHMS

In this section, we propose two novel Green SR optimization
models which are the first to incorporate all of the previously
discussed aspects required for facilitating realistic and practi-
cally usable results (cf. Sec. III). Thereby, the first approach
solely relies on conventional E2E SR, while the second one
utilizes SR MO [6] to further reduce configuration efforts.

A. Fundamental Graph-based Network Model

We model the network as a directed graph G = (V,A).
The set of vertices V represents active routers in the network,
and the set of arcs A represents its links. Note that we
use a multigraph instead of a simple graph to allow for
parallel links. As routers establish full duplex connections, it
is necessary to model each link as two directed arcs, i.e., one
link between router u and router v is represented by a set of
two distinct arcs {auv, avu}. One such pair of arcs is made up
of multiple ports on the endpoints, with the capacity of this
connection being determined by the number and types of the
respective ports. Let P (a) denote the set of ports establishing
a connection, represented by arc a. It holds that

P (auv) = P (avu)

as one port builds a full duplex connection. The capacity of a
port is denoted as cp. Thus, the capacity of an arc is given by

c(au,v) = c(av,u) =
∑

p∈P (au,v)

cp.

While both directions have the same capacity due to them
being established by the same ports, their utilization can differ
since the routed traffic volume is generally not symmetric.

The amount of traffic that has to be routed from node i
to j is denoted as tij . For every such traffic demand, there
also is a latency bound lb(u, v) specifying the maximum
acceptable E2E delay for the respective demand. In a similar
context, del(u, v) denotes the Shortest Path Routing (SPR)
delay between nodes u and v.

B. Green Segment Routing Optimization Model (GSR)

With our fundamental network model established, we can
now describe our GSR approach for deducing a reduced
network topology and and a corresponding SR configuration
that steers traffic away from the switched off hardware to allow
for disruption-free deployment. This is achieved by solving a
corresponding Integer Linear Program (ILP) (see Problem 1).

The latter relies on two types of binary decision variables.
The xw

u,v define the two segment routing (2-SR) policy1 chosen

1We solely rely on SR policies with two segments to ensure highest
compatibility with varying MSD limits in current hardware (cf. Sec. III).

2025 21st International Conference on Network and Service Management (CNSM)



for routing the demand from u to v, with w specifying the
respective intermediate target. In this context, setting w =
v resembles SPR. Furthermore, the πp variables are used to
indicate whether a port p is active or not. The latter information
is required as a linecard can only be switched off if all of its k
ports are deactivated. Thus, the objective function (Eq. 1) aims
for minimizing the number of active linecards in the network
by switching off groups of k ports per router.2

Equation 2 ensures that all traffic demands are satisfied
by requiring an SR policy (or SPR) to be selected for each
demand. The latter also prevents any kind of unrealistic traffic
splitting by allowing at most one SR policy per demand.
In order to guarantee the compliance of the solution with
the specified latency bounds, Equation 3 eliminates routing
policies that violate any of the latter. Equation 4 ensures that
no link in the reduced network will be overloaded. Here, the
function gwuv(a) calculates the amount of traffic from u to
v routed through arc a. The left-hand side of the equation
represents the total traffic traversing arc a, while the right-
hand side specifies the link capacity. To avoid full utilization
of links, an upper bound (commonly around 70% of the total
capacity) can be imposed using the θ parameter. Finally, the
last equation guarantees that a link is fully deactivated only
when both of its endpoints (i.e., ports) are turned off.

The ILP as presented in Problem 1 covers all the relevant
real-world considerations discussed in Section III, apart from
the configuration effort. As a result, solutions can feature
a basically arbitrary number of 2-SR policies, making them
hard or even impossible to configure. To address this, we
employ a concept similar to that proposed in [27]. The core
idea is to carry out a second optimization step that minimizes
the number of policies required to implement the respective
TE configuration. For this, the target function of the ILP is
modified to prioritize minimizing the number of active policies
instead by replaying it with

min
∑

w∈V \{u,v}

xw
uv.

C. Green-MO: An Energy Optimization Model for SR MO

Like all other Green SR approaches, our GSR algorithm
relies on conventional E2E SR. While the latter offers ex-
ceptional traffic control, it often results in rather high policy
numbers, even when specifically minimizing the latter. In
other contexts, utilizing the MO concept [6] has proven to be
very effective in overcoming these issues (cf. Section II) by
combining the SR paradigm with more flexible traffic steering
mechanisms like IGP Shortcut [7]. With the respective TE
features starting to become available in the most recent router
hard- and software, widespread availability only seems to be
a matter of time. Hence, we deem it worthwhile explore the
potential benefits of SR MO in the context of Green TE.

For this, we present Green Midpoint Optimization (G-MO),
a novel Green SR optimization algorithm for the use with

2While we aim for linecard minimization here, this generic model can be
adapted to other hardware components as well by adjusting the k parameter.

IGP Shortcut-based SR MO instead of conventional E2E
SR. In simple terms, the latter is derived from adapting our
previous E2E SR approach (Problem 1) with the general SR
MO optimization model presented in [19]. The resulting ILP
formulation is given in Problem 2. As it is conceptually similar
to our E2E SR model, we will mainly focus on describing the
respective differences and MO-related adaptions of the latter.

The biggest conceptual difference lies in the meaning of the
xw
u,v variables. For E2E SR, those were bound to a specific

demand (i.e., u → v) indicating which SR policy is installed
for the latter. Now, they simply indicate whether an SR policy
is installed between nodes u and v using intermediate node w,
with this policy not being directly tied to any traffic demand
at all. The latter means that multiple demands can be routed
via a single SR policy and also that a single demand can pass
through multiple policies on the way towards its destination.
While this generally offers greater TE flexibility [19], it
also induces so called policy dependencies [6]. SR policies
can now influence and alter the traffic that passes through
other SR policies in the network. This is no issue from an
operational perspective, but it introduces major optimization-
related challenges as the link utilizations resulting from the
configuration of a policy cannot be efficiently precomputed
anymore, rendering an efficient calculation of a corresponding
LP formulation virtually impossible [6], [19]. To overcome
this issue, we employ a technique proposed in [6] to prohibit
the simultaneous configuration of policies that “influence each
other” resulting in the addition of constraints 9 and 10.
The former introduces a set of helper variables yu,v that
aggregate over all policies between a pair of nodes (u, v),
and the latter than uses those to prevent the configuration of
any of the influencing policies Iu,v for an already selected
SR policy between nodes u and v. The remainder of the
ILP formulation is conceptually identical to Problem 1, with
Equations 11 and 12 constituting the latency and capacity
constraints, respectively.

Lastly, to minimize the number of SR policies required to
implement the respective TE solution, we utilize the same two-
phased concept already employed for our GSR model.

V. EVALUATION-SETUP

In this section, we provide an overview on our evaluation
setup, introducing the used datasets, as well as the reference
algorithms and respective parametrizations.

A. Datasets

Our first dataset comprises of network traces collected in the
backbone network of a globally operating Tier-1 ISP at 12 days
during 2022 (one day per month). For each day, those contain
the receptive network topology as well as a “worst-case” traffic
matrix of the respective low-load period (i.e., between 01:00
and 09:00 [4]) of the respective day, for which we aim to
switch off as many linecards as possible. The respective matrix
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min
∑
v∈V

⌈∑
p∈v πp

k

⌉
(8)

s.t.
∑
w∈V

xw
u,v = yu,v ∀(u, v) ∈ V 2 (9)

yu,v + yi,j ≤ 1 ∀(u, v) ∈ V 2,∀(i, j) ∈ Iu,v (10)

del(i, j) + xw
uv · (del(u,w) + del(w, v)− del(u, v)) ≤ lb(i, j) ∀(i, j) ∈ V 2 (11)

spr (a) +
∑

(i,j)∈V 2

ti,j
∑

u,v,w∈V 3

diffu,v,wi,j (a)xw
u,v ≤ θ

∑
p∈P (a)

πpcp ∀a ∈ A (12)

∑
p∈P (auv)

πp =
∑

p∈P (avu)

πp ∀auv ∈ A (13)

xw
u,v ∈ {0, 1} ∀(u, v) ∈ V 2 (14)

yu,v ∈ {0, 1} ∀(u, v) ∈ V 2 (15)

πp ∈ {0, 1} ∀p ∈
⋃
a∈A

P (a) (16)

Problem 2: Green Midpoint Optimization (G-MO) ILP formulation.

is calculated by simply using the highest value observed for
each demand during the respective time period:

t∗i,j = max
(01:00, 09:00)

ti,j .

The idea behind using such a matrix is to ensure the computed
Green SR solution being capable of handling traffic throughout
the whole period without causing overutilization [4].

The second dataset features problem instances from the pub-
licly available Repetita dataset [28]. The latter contains a broad
collection of topologies from the Internet Topology Zoo [29]
for which it also provides artificial traffic matrices resembling
high-utilization scenarios. Since many of the topologies in the
Repetita dataset originate from rather old and small networks
(e.g., the early ARPANET) which do not really reflect modern
backbone architectures anymore, we limit our examinations
only to those topologies that have at least 60 nodes, leaving
us with a total of 30 problem instances. Furthermore, since
Green TE generally focuses mostly on switching off hardware
during low-load phases, the original, high-utilization traffic
matrices provided by Repetita are not well suited for our
evaluations. Thus, we scale them down to by 50% to better
reflect low-load traffic [5]. Finally, the Repetita dataset also
does not include any information on the respective hardware
components. Hence, we assume all routers to be equipped with
8-port linecards (i.e., the commonly used A99-8X100GE-TR).

B. Algorithms and Hyperparameters

In order to assess the energy-saving capabilities of our
approaches, we compare them to 2SR-LC [5], a recent state-of-
the-art Green SR approach which, however, does not adhere
to most of the relevant real-world constraints (cf. Table I).
For reference, we also examine the energy savings achievable
without utilizing any explicit TE to steer traffic away from
hardware, but by simply switching of ports until the link

utilization surpasses a predetermined threshold θ. The latter
is referred to as SPR in the following evaluation.

To specifically investigate the influence of the latency bound
constraints on the energy saving potential, we examine two
different variations of our optimization models. The default
one, which includes all of the relevant constraints as described
in the respective problem formulation (cf. Section IV), and a
version not enforcing latency bounds, indicated by the “-ND”
(i.e., “No Delay”) extension to its name.

Finally, all algorithms are configured to not surpass an
Maximum Link Utilization (MLU) threshold of θ = 70%
to leave sufficient network capacity to handle unexpected
scenarios like traffic spikes or failures [5].

VI. EVALUATION RESULTS

This section presents and discusses the results of our
extensive evaluations of the GSR and G-MO approaches.
Thereby, we, first and foremost, focus on the achievable power
savings of each approach. Additionally, we also examine the
compliance with relevant real-world constraints like latency
bounds or the number of SR policies required to implement
the respective TE configuration.

All computations are executed on a system equipped with
two AMD EPYC 7452 CPUs, 512GB of RAM, under the 64-
bit Ubuntu 20.04.1 operating system. LPs are solved using
CPLEX [30] with a maximum timelimit of 24h.

A. Tier-1 ISP Dataset

Energy Saving Potential: The first, most intuitive per-
formance indicator to look at when examining Green TE
approaches is the achievable energy savings. In this context,
reporting actual power values proves to be difficult since
those are heavily dependent on the respective hardware, and
other network factors. Hence, research often focuses on the
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Figure 2: Evaluation results obtained on the ISP dataset.
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Figure 3: Distribution of the number of violated latency bounds
as well as the severity of their violation.

switched off hardware components (i.e., linecards) as a sub-
stitute measure instead [4], [5]. The respective results of our
examinations on the ISP dataset are depicted in Figure 2a,
showing the percentage of linecards that can be deactivated
using different Green TE approaches. The first thing to notice
is all TE-based approaches substantially outperforming the
Green SPR baseline that only tries to switch off unused
hardware without utilizing TE to actively steer traffic away
from it. This rudimentary approach only manages to switch
off less than 50% of the network’s linecards, while the TE-
based approaches all achieve savings of around 75–80%. This
impressively highlights the benefits of employing dedicated
TE strategies to facilitate improved energy savings in large
backbone networks.

Much more important, however, is the general observation
that both of our novel Green SR models are able to keep up
with the state-of-the-art (i.e., 2SR-LC [5]) in terms of power-
saving capabilities. In addition, they integrate a variety of
crucial operational constraints and requirements not covered
by the latter (cf. Table I), thereby producing far more realistic
results. In detail, it can be seen that, without the latency bound
constraint, our GSR model basically perfectly matches 2SR-
LC in terms of energy savings. When activating the latter,
results only become marginally worse, with the deterioration

being basically negligible in practice (i.e., mostly just a
single digit number of linecards in a network with over 500
linecards). A similar result can also be observed for our G-MO
model. Here, it also becomes apparent that switching from
E2E SR to MO to further reduce configuration efforts (cf.
Sec. IV-C) comes at the price of small deteriorations in the
achievable energy savings due to a further restricted solution
space.

SR Policy Numbers: However, when looking at the policy
numbers required to implement the respective solutions (see
Figure 2b), the benefits of using SR MO become abundantly
apparent. 2SR-LC requires multiple thousands of SR policies
as it does not care about the latter but solely focuses on
reducing power consumption. Such a high number of policies
renders the solutions basically unusable, as they would take
a considerable amount of time to configure, introduce non-
negligible overhead, and also severely impact the clarity
and maintainability of a network [6]. In contrast, our new
GSR model allows to substantially reduce these numbers by
employing a second optimization step to actively minimize the
number of required policies (cf. Sec. IV-B), often achieving
values in the low hundreds range.3 While this already con-
stitutes a considerably improvement over the current state-of-
the-art, the policy numbers remain rather high, thereby still
limiting the practical usability of the solutions. In this context,
switching from conventional E2E SR to SR MO proves to be
highly effective for further reducing policy numbers. Both G-
MO variations consistently deliver solutions requiring fewer
than 100 policies, with the integration of latency constraints
even further reducing the latter. On average, the G-MO

3It has to be noted that the policy minimization step is very demanding
in terms of computation times and often surpasses our 24h timelimit causing
the optimization to be aborted prematurely. For 6 out of the 12 instances, we
still obtained solutions that were reasonably close to the optimum (i.e., with
a gap of less than 10% between the current solution and the lower bound).
In these cases, the number of policies was reduced to just 200–300. For the
other six instances, CPLEX failed to achieve similar solution quality, aborting
optimization with a more than 60% gap, resulting in multiple thousands of
policies still being required. The reported GSR policy numbers could, thus,
be further reduced by allowing higher optimization times.
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Figure 4: Evaluation results obtained on the Repetita dataset.

solutions require just 28 SR policies to be implemented,
constituting a more than 99% reduction compared to 2SR-
LC, the current state-of-the-art, while only causing a mostly
negligible deterioration in the achievable energy savings.

Latency Bounds: Finally, to demonstrate the importance
of actively including latency bound constraints into Green TE
optimizations, we take a dedicated look at the number of
bound violations resulting from not actively enforcing them
during computation (i.e., 2SR-LC) as well as the severity of
the resulting violations. The respective results are depicted
in Figure 3. It can be seen that omitting such constraints
leads to bound violations for around 20% or all demands,
of which around half are of substantial severity with the
respective bound being exceeded several times over. To put this
into perspective, many business customers require connections
with very low latency (i.e., a couple millisecs) being guaran-
teed at any time during the day. In this context, exceeding
such bounds by even a small margin can already induce
considerable negative impact. Violations of up to factor 15,
however, as they are observed in Figure 3, can result in the
respective connection becoming basically unusable for the
customer’s purposes. Thus, from an operational perspective,
this constitutes a considerable limitation regarding the practical
usability of the respective Green TE solutions in large carrier-
grade networks, up to a point where they are basically not
usable at all. Hence, integrating the respective constraints into
Green TE optimization procedures is crucially important, and
we show that it can be done with only negligible impact
on the overall energy saving potential using our proposed
optimization models (cf. Figure 2a).

B. Repetita Dataset Results

The results of an analogous evaluation carried out on
the different problem instances in our Repetita dataset are
depicted in Figure 4.4 Overall, the results are qualitatively
similar to what we have already seen for the ISP dataset.
In general all Green TE approaches substantially outperform
the SPR baseline, allowing nearly triple the linecards to be
switched off. Furthermore, it can be seen again that our newly

4For the Repetita dataset, latency bound information is not available. Thus,
we had to omit this aspect during our examinations.

proposed Green SR approaches are able to achieve energy
savings on-par with 2SR-LC while integrating crucial real-
world constraints and also reducing the number of SR policies
required to implement the respective solutions by a substantial
margin. Regarding the latter, the MO based G-MO model,
again, proves to be exceptionally effective, achieving basically
optimal power savings with only less than 1% of the policies
required by 2SR-LC.

Overall, these results show that it is possible to integrate a
variety of critical real-world constraints (e.g., realistic traffic
splitting, MSD limitations, latency bounds, and policy number
minimization) with basically negligible degradation of the en-
ergy saving potential compared to state-of-the-art approaches
not considering the latter. This constitutes a significant step
towards bridging the gap from theoretical observations towards
actually practically usable Green TE.

VII. DISCUSSION

Since our approaches are based on ILP, they are rather
resource-intensive regarding both computation time as well
as memory demand. For larger instances, computation of a
suitable Green SR solution takes several hours and require
several hundred gigabytes of RAM. However, with our work
aiming at identifying a singular reduced night-time topology
that is used for weeks or even months (i.e., until the net-
work topology changes), investing such efforts is perfectly
acceptable. Nevertheless, there might be use cases that aim
for a more dynamic adaption of the network topology to
facilitate energy savings even outside the low-load phases. For
this, faster optimization approaches are need (i.e., based on
heuristic optimization). We plan to look into this in the future.

Furthermore, as already mentioned in Section III, there is
a wide variety of (operational) constraints to consider when
it comes to actually deploying Green TE in practice, many of
those being highly use case dependent. Examining all of these
is out of the scope of this paper. Hence, we focused on a
subset of constraints that should be (more or less) universally
applicable to most backbone networks. However, while we
have shown that those can be integrated without notably
deteriorating the achievable energy savings, there are further
constraints to consider when it comes to deploying Green SR
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solutions in practice. One of those aspects is the “port-to-
linecard mapping” used in our models. We assume that, as
soon as we are able to switch off k = 8 ports of a router, a
linecard can be powered off. This can, in theory, be achieved
by adapting the port assignments on a router. In practice,
however, the port allocation also has to adhere to other design
principles, typically prioritizing reliability and fault tolerance.
For example, network operators often distribute the ports for
parallel links across different linecards to ensure that no single
linecard failure can disrupt an entire connection between two
nodes. As a result, the port-to-linecard mapping assumed
by us is most-likely rather optimistic, thereby potentially
overestimating the energy savings actually achievable when
also adhering to realistic port assignment rules. This represents
the primary barrier that currently prevents actual deployment
of our computed solutions and requires further investigation
once realistic port assignment data becomes available. We
plan to further investigate this in the future, but this requires
information on the actual port assignments of the examined
networks.

VIII. CONCLUSION

In the times of global warming, reducing the energy con-
sumption of our telecommunication infrastructure and espe-
cially backbone networks becomes increasingly important,
with Green TE constituting a promising approach to achieve
this. However, most of the respective approaches proposed in
the literature focus solely on the energy-saving aspect while
completely ignoring various crucial operational constraints.
This limits practical usability and may overestimate achievable
energy savings. In this paper, we addressed this research
gap by proposing two novel Green SR approaches aiming
for reducing a networks energy consumption by switching
off as many linecards as possible, while also adhering to
a variety of important real-world constraints (e.g., regarding
latency, configuration effort, or certain hardware limitations).
In an extensive evaluation featuring real-world data from a
Tier-1 ISP and a large set of instances from the publicly
available Repetita [28] dataset, we are able to show that,
despite being the first to enforce multiple crucial operational
constraints, our approaches are able to match the energy-
saving capabilities of the current state-of-the-art. Furthermore,
they also reduce the configuration effort required to implement
the respective Green TE solution (i.e., the number of required
SR policies) by up to 99%, which constitutes a considerable
advantage over conventional approaches regarding network
clarity, maintainability, and overhead. All in all, the findings
and contributions of this work constitute a big step forward on
the way towards actually practically usable Green SR, thereby
providing a solid foundation for further research in this area.
The latter could, for example, look further into energy-aware
port allocations or more dynamic reconfiguration strategies.
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“Identifying and using energy-critical paths,” in Proc. of CoNext, 2011.

[25] K. Kurroliya, S. Mohanty, K. Kanodia, and B. Sahoo, “Grey Wolf
Aware Energy-saving and Load-balancing in Software Defined Networks
Considering Real Time Traffic,” in Proc. of ICICT, 2020.

[26] M. Zhang, C. Yi, B. Liu, and B. Zhang, “GreenTE: Power-aware traffic
engineering,” in Proc. of ICNP, 2010.

[27] T. Schüller, N. Aschenbruck, M. Chimani, M. Horneffer, and S. Schnit-
ter, “Traffic Engineering using Segment Routing and Considering Re-
quirements of a Carrier IP Network,” IEEE/ACM ToN, 2018.

[28] S. Gay, P. Schaus, and S. Vissicchio, “REPETITA: Repeatable Experi-
ments for Performance Evaluation of Traffic-Engineering Algorithms,”
CoRR, 2017.

[29] S. Knight, H. Nguyen, N. Falkner, R. Bowden, and M. Roughan, “The
Internet Topology Zoo,” JSAC, 2011.

[30] IBM, “IBM ILOG CPLEX Optimization Studio 20.1.0,” https://www.
ibm.com/docs/en/icos/20.1.0, 2020.

2025 21st International Conference on Network and Service Management (CNSM)


