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ABSTRACT
The digitalization of energy generation and distribution systems
opens new opportunities for devising network operation and traffic
engineering strategies capable of adapting to the energy availability
and sources. Despite the potential, developing and testing new ap-
proaches are challenging in production environments. Furthermore,
no simulators support such integration between the communication
infrastructure and the power grid. Thus, this paper introduces Flex-
comm Simulator, a tool based on ns-3 that supports developing and
assessing multiple strategies toward green networking and commu-
nications driven by real-time information from the power grid (i.e.,
Energy Flexibility). The proof-of-concept results demonstrate this
contribution’s potential by implementing an energy-aware routing
algorithm that adapts to real-world Energy Flexibility data in a Met-
ropolitan Area Network (MAN). Also, it showcases the simulator’s
capacity to deal with large-scale simulations through MPI-based
distributed environments.

CCS CONCEPTS
• Networks→ Network simulations; Routing protocols; Traf-
fic engineering algorithms; •Hardware→ Renewable energy.
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1 INTRODUCTION
The continuous growth of the Information and Communication
Technologies (ICT) sector has led it to account for 5% to 9% of the
global electricity consumption and more than 2% of greenhouse gas
emissions [13, 22]. Communication networks alone are responsible
for half of these amounts [16]. This scenario will be further stressed
when considering the worldwide adoption of 5G technology and
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IoT-based systems and the upcoming 6th generation of mobile
networks [11]. Therefore, the way massive amounts of data are
transmitted is crucial to reducing operational costs and pursuing
environmentally sustainable communication infrastructures [3, 14].

Within this context, network infrastructure optimisation has
become a central research topic, with recent advances fostered by
the increasing deployment of Software Defined Networking (SDN).
This technology introduces a new paradigm of network manage-
ment based on dynamic and programmatic network configuration
in real-time. Most SDN-based research on energy efficiency focuses
on new techniques toward efficient traffic engineering [25] com-
bined with selectively turning off devices during off-peak periods
[7]. However, the latter approaches are usually only aimed at reduc-
ing operating costs while maintaining acceptable levels of Quality
of Service (QoS), with no focus on environmental impact.

The energy market is also undergoing a comprehensive transfor-
mation driven by the digitalization of infrastructures and processes.
These modern energy grids (i.e., Smart Grids) aim primarily for
intelligent and autonomous operations, but they can also provide
real-time information about their state to external systems. This
information, called Energy Flexibility [19], includes energy avail-
ability in specific regions, target consumption, and energy sources,
which SDN controllers can exploit to select efficient infrastructure
operations or traffic engineering strategies dynamically.

Since modern Distributed Energy Resources (DERs) are affected
by the intermittent nature of renewable sources, innovative and
sustainable strategies based on Energy Flexibility will target mainly
large-scale distributed networks. Despite being a promising re-
search line, the underlying developments and evaluation in pro-
duction environments face significant challenges as operators must
ensure high performance to comply with QoS requirements.

To cope with these challenges, this paper presents the Flexcomm
Simulator1. This ns3-based simulation environment introduces
a comprehensive platform to support developing and assessing
energy-aware strategies driven by the integration of SDN and En-
ergy Flexibility data. By providing a user-friendly tool to define
network topologies, workload scenarios, and energy constraints,
allied with relevant statistical indicators, the Flexcomm Simulator
can foster research and innovation on sustainable networks.

The paper is structured as follows: Section 2 introduces SDN and
Energy Flexibility related concepts and some related work. Section 3
presents the Flexcomm Simulator and its implementation details.
Section 4 discusses promising early work in new energy flexibility-
aware routing algorithms being developed with the simulation tool.

1Available at https://github.com/RuiCunhaM/Flexcomm-Simulator
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Finally, Section 5 concludes on the final results and future work
perspectives.

2 BACKGROUND AND RELATEDWORK
Although research on green networking and communications has
intensified over the last decade, most developments were focused
on wireless networks or data centers. In geographically distributed
wired networks, the most common strategy consists of turning off
part of the devices during off-peak periods without considering
sustainability-related aspects [7]. However, the recent growth of
SDN infrastructures and the ongoing digitization of power system
infrastructures and processes have opened up the opportunity to
develop more complex strategies, for example, prioritizing network
regions powered by renewable sources or with higher availability
intervals. Such strategies are now possible by integrating the SDN
control plane with Energy Flexibility Application Programming
Interfaces (APIs).

Software Defined Networking is a dynamic and manageable ap-
proach to network management. This architecture addresses the
static nature of conventional networks mainly by decoupling the
control and data planes [20]. To achieve this, it centralizes the
control plane while maintaining an open interface between the
devices of both planes. As shown in Figure 1, this new paradigm
differs from traditional networks by possessing one or more Con-
trollers with a global network view. These entities can, through a
Southbound API, update the forwarding rules of network devices,
dynamically changing the network behavior. The controllers can
also receive instructions from applications along a Northbound API,
providing programmable user access to networks. Furthermore,
classical routers are replaced with similar devices striped from their
control plane, only implementing forwarding functions. These de-
vices are usually designated as programmable switches or SDN
switches, but for simplification purposes, they are just addressed
as switches for the remainder of this paper.

Router

Control Plane

Data Plane

SDN Switch Controller

Traditional Network Software Defined Network

Northbound API

Southbound API

Figure 1: Traditional Network vs Software Defined Network

Although new technologies have emerged in recent years (e.g.,
Programming Protocol-independent Packet Processors (P4) [4]),
OpenFlow [17] is still regarded as a reference within the SDN con-
text, defining a communication protocol between controllers and
switches. Using this standard channel, the controller can monitor
the device and its port status, but most importantly, it can configure
switches’ flow table entries with fine-grained control.

Previous works have proposed new traffic engineering strate-
gies in SDN to help reduce energy consumption [25]. However,

these techniques mainly focus on turning off devices. Although
selectively shutting down equipment has proven to be an effective
method to reduce the total energy consumed by networks [7–9],
these strategies are only suitable during low traffic demand periods.
Therefore, new traffic engineering techniques are still required to
address broader scenarios and foster enhancements in large-scale
networks’ overall energy consumption.

Energy Flexibility is a fairly new concept which has gained signif-
icant interest following the evolution of power grids in recent years.
The fundamental idea behind modern Smart Grids’ flexibility is the
ability to adjust energy supply and demand to maintain balance
dynamically [19]. This is important because in DERs, energy supply
may vary independently across multiple grid points. At the same
time, energy consumption can also fluctuate following weather
conditions and the different demands along the day or week [10].

Based on the fact that some producers and demanding consumers
can actively change generation and demand trends (e.g., flexible
loads, controllable local generation), Energy Flexibility can poten-
tially drive the equilibrium of power grids. Moreover, by follow-
ing recommended consumption and production values, some con-
sumers and producers might temporarily compensate others inca-
pable of doing the same. In return, by sticking to this mechanism,
consumers can benefit from incentives and reduced prices.

For distributed and high-demanding networks (e.g., Internet Ser-
vice Provider - ISP), Energy Flexibility represents economic and sus-
tainability opportunities. By changing routing policies, networks
can shift their computational load across the infrastructure, tar-
geting geographical areas with higher flexibility, thus, benefiting
from reduced prices. From a sustainability point of view, more
flexibility can also reflect energy produced by renewable sources.
Therefore, prioritizing these areas also contributes to reducing the
environmental impact.

Aiming to foster these integrated systems, Universal Smart En-
ergy Framework (USEF) introduced the Flexibility Value Chain
(FVC), which defines the role of each participant in the power grid
and their interaction protocols [24]. The main intervening in this
system is the Aggregator. As a central entity, the Aggregator is re-
sponsible for coordinating the flexibility of all energy generators.
Based on predictable energy consumption and generation mod-
els, at this point, high-demanding consumers get flexibility-related
data for multiple geographical areas on a day-ahead scheme. Such
information is provided through an open standard API.

Despite the significant potential, no previous work has focused
on these strategies due to the challenges of testing them in pro-
duction environments and the lacking of simulation tools capable
of providing the components required to develop and assess new
approaches.

3 FLEXCOMM SIMULATOR
The main goal of Flexcomm Simulator is to create a simulation
environment to support developing and evaluating energy-efficient
strategies that combine SDN and Energy Flexibility to reduce the
environmental impact of network infrastructures. The platform
must be able to realistically recreate network infrastructures and
their component characteristics (e.g., devices’ energy consumption).
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Moreover, network traffic must also be simulated accurately, en-
suring that changes in QoS can be assessed appropriately when
developing new routing algorithms. It is also essential to guarantee
a user-friendly interface through which operators and researchers
can promptly develop new traffic engineering techniques. Lastly,
the tool should accommodate large-scale network simulations.

Based on these design goals, the primary contribution of Flex-
comm Simulator is providing scalable ways to accurately compare
the impact of different engineering strategies on energy consump-
tion and QoS in multiple topologies and traffic conditions. This is
achieved through a pipeline workflow illustrated in Figure 2. Each
simulation scenario is defined as a set of configuration files later
parsed by the tool and converted in the respective ns-3’s simulation.
During runtime, multiple logging files containing details on the
network’s status are generated to be further processed to compile
the statistics revealing how the network performed. This simple
approach represents a flexible method to iterate over different rout-
ing strategies and distinct test scenarios, allowing to put new and
existent algorithms to test across diverse simulated conditions. Fur-
thermore, this architecture reduces the amount of programming
required since only the routing logic needs to be implemented in
SDN controllers.

ns-3 Simulation

Flexcomm Simulator

Figure 2: Flexcomm Simulator Workflow

3.1 Architecture Overview
The Flexcomm Simulator is built with ns-3.35 at its core, combining
some modified third-party libraries with newly proposed compo-
nents as depicted in Figure 3. The main simulation logic behind
SDN is provided by the OFSwitch13 module [6], which enhances
ns-3 with OpenFlow 1.3 support. The implementation includes a
detailed software switch, followed by an extendable controller inter-
face that can be used to implement any routing policy. Additionally,
the EnergyAPI component, proposed by this work, provides Energy
Flexibility data to the simulation, allowing SDN controllers to access
information about the energy available for each switch.

To generate simulation statistics, four distinct components calcu-
late and report information about the network elements. Switches’
energy consumption is estimated by ECOFEN, an energy frame-
work designed to evaluate power consumption in large-scale wired
networks [21]. This framework’s energy models allow the simula-
tion of several real energy consumption profiles. The SwitchStats
and LinksStats components, also proposed by this work, act as
probes measuring the workload of each switch and link, respec-
tively. Lastly, the FlowMonitor [5] also works as a set of probes
classifying each simulated network flow and reporting different
performance metrics.

This work also introduces a Parser component, designed to pro-
cess the configuration files describing the simulation scenarios and
to create the correspondent ns-3’s simulation without requiring
any C++ programming.

P
a
r
s
e
r

FlowMonitor

ECOFEN
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LinkStats
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EnergyAPI

Flexcomm Simulator

ns-3
Statistics

SNMP

Simulation Logic

Existent modules New developed modules

Figure 3: Flexcomm Simulator Components

Each simulation is composed of fivemain elements, namely, hosts,
switches, links, applications, and controllers. Switches, controllers and
links map directly to their real-life representation. Meaning that
these are the network devices that together constitute a network
and its administrative domain. The hosts, on the other hand, are
abstractions required by ns-3. They do not necessarily represent
an end device in the simulation, as the name would indicate. In
some simulation scenarios, even if just the core of a network is
being replicated, a host is still required on each network end from
where traffic can be addressed or originate. This happens because
applications that are used to generate and receive simulated network
traffic can only be part of a host.

3.2 Parser
A new configuration format is included alongside the Flexcomm
Simulator to provide a simple syntax to define simulations. The
new format not only allows describing the network topology but
also generic simulation configurations in a non-verbose syntax
and independently on knowledge of ns-3’s internal components.
This ensures better compatibility since configuration files do not
become unusable with internal APIs changes. Moreover, an agnostic
configuration format can be ported to other tools to replicate similar
experiments.

Each simulation session requires four distinct Tom’s Obvious
Minimal Language (TOML) configuration files. The nodes.toml and
links.toml describe the network topology by specifying its nodes
(e.g., switches, hosts) and links, respectively. The applications.toml
holds the different network traffic generators and underlying dis-
tribution. At last, configurations.toml contains generic simulation
configurations, for example, the simulation duration and the differ-
ent types of data that should be logged. More comprehensive details
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on how each simulation is configured are available at Flexcomm
Simulator’s Documentation2.

To handle the new configuration format, the Parser component
is responsible for reading the input files and deploying the cor-
respondent ns-3’s simulation. As the main program entry point,
this component orchestrates the coordination between the differ-
ent simulation elements, translating all the configurations in the
TOML files to ns-3 specific logic. Additionally, it deals with all the
necessary integrations and connections between different modules
required in a ns-3’s simulation.

3.3 OFSwitch13
OFSwitch13 is a module developed to enhance ns-3 with OpenFlow
version 1.3 and an extensible controller interface [6]. Both devices
communicate using real OpenFlow messages sent through the ns-
3 protocol stack. Additionally, two types of SDN controllers can
interact with the simulation. Besides internal controllers that can be
developed directly into ns-3 and resorting to C++, the module also
includes experimental support for real SDN controllers (e.g., ONOS,
Ryu), external to the ns-3 simulation. This functionality is achieved
by running simulations in real-time and connecting ns-3 to a non-
simulated external SDN controller using Linux Tap Bridges. Such
implementation has been validated within the Flexcomm Simulator,
which also allows the use of external SDN controllers, making it
possible to test and validate routing strategies developed with real
application stacks.

Contrary to internal controllers, external SDN controllers cannot
access the simulated device status using ns-3 C++ methods. Thus,
based on the extensibility support of OpenFlow, this paper also
proposes newmessages andmethods to fetch such information from
the base simulator. The extension, included within the Flexcomm
Simulator, allows external controllers to obtain Central Process
Unit (CPU) usage and energy consumption values from simulated
programmable switches through two new message types.

3.4 ECOFEN
ECOFEN framework adds different energy models to ns-3 [21] aim-
ing to support assessing energy consumption in multiple network
devices. These models can be configured with any real energy con-
sumption profile. The ones already included for the device’s chassis
and network interfaces range from a simpler behavior, where con-
sumption is only calculated considering the time a device spends
turned ON or turned OFF, to more complex ones, capable of taking
into account the energy spent to process each byte.

Although accurate, the complexmodels require detailedmeasure-
ments not typically available or disclosed by device manufacturers.
Thus, in addition to supporting the included energy models, the
Flexcomm Simulator also introduces a new and more generic model
based on the device’s computational load.With this implementation,
the energy consumption is estimated as a function of the switch’s
CPU usage reported by the OFSwitch13 module. This allows config-
uring discrete energy consumption values for different workloads,
a standard method to measure devices’ energy consumption.

Moreover, further changes are proposed to ECOFEN addressing
its energy reports limitations. By default, energy estimations are
2Available at https://github.com/RuiCunhaM/Flexcomm-Simulator-User-Manual

written to the stderr during a simulation. Besides being inefficient,
this mechanism is also unsuitable for the Flexcomm Simulator ap-
proach of generating logging files for later analysis. Thus, changes
are applied to the framework, allowing energy consumption to be
logged into output files in a more compact format and at config-
urable time intervals.

3.5 Energy API
Bringing the previously mentioned Aggregator’s API into the sim-
ulation environment requires a new component to recreate such
a system. The aggregator defines a target consumption based on
previous records and the energy availability for a time window. It
then exposes the predicted energy consumption and the relative
flexibility to consumers through a Representational State Trans-
fer (REST) API. The information is made available as two distinct
fixed-size vectors, where each position corresponds to an equal
time window for the next 24 hours.

To expose this behavior in simulations, the EnergyAPI module
reads two additional JavaScript Object Notation (JSON) configu-
ration files, each containing energy consumption estimation and
Energy Flexibility, respectively. As shown in Figure 4, depending on
the type of controller being used in the simulation, EnergyAPI’s data
can be accessed differently. Internal controllers can obtain Energy
Flexibility information using method invocations and providing the
location/device identifier. External controllers can access an identi-
cal API, available through a Hypertext Transfer Protocol (HTTP)
server, more realistically resembling the real one. This server reads
the same JSON input files as the simulator and makes the endpoints
available through localhost. When an external controller is con-
nected to the simulator, the external HTTP server is automatically
started as a child process of the main simulator.

EnergyAPI

GetFlexArray( id )
GetEstimateArray( id )

ns-3 Simulation

Internal Controller

Method
Invocation

Energy API
HTTP Server

Child Process

fork()

External
Controller

HTTP

Figure 4: Energy API Architecture

3.6 SNMP
Although the proposed OpenFlow extension provides external con-
trollers richer information about switch operation (see Section 3.3),
Simple Network Management Protocol (SNMP) [12] is still a more
common and established method of fetching device-related data. It
uses unique identification (i.e., Object IDentifiers (OIDs)) to man-
ageable objects that are grouped in Management Information Bases
(MIBs). This identification allows remote entities to get device-
related information and change their configurations. Besides some
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established and standardized MIBs, typically, each manufacturer
creates its own, leading to interoperability challenges.

To accommodate real SDN controllers that resort to this protocol,
the Flexcomm Simulator introduces a prototype SNMP implemen-
tation for ns-3. This support is achieved with an auxiliary simulator
(i.e., snmpsim3) that acts as multiple devices and responds to SNMP
requests sent by controllers. Similarly to the EnergyAPI, the auxil-
iary simulator is started as a child process of the main simulator
when an external controller is connected to the simulation.

3.7 Traffic Generators
An essential part of achieving accurate network simulations is the
ability to simulate realistic traffic profiles. To generate simulated
network traffic, ns-3 provides internal applications capable of mod-
eling simple behavior patterns. In addition to these applications,
the Flexcomm Simulator supports extra traffic generators better
suited for large distributed networks (e.g., Metro, Core), namely
PPBP [1] and SINGen. Ammar et al. introduced the PPBP traffic
generator based on the Poisson Pareto Burst Process (PPBP) [26], a
model developed as a simple representation of aggregated Internet
traffic. It replicates multiple overlapping constant bursts that follow
a heavy-tailed distribution.

The SINGen generator is proposed by this paper and is also
included with the simulation tool to model traffic patterns that
closely match sinusoidal functions [7, 15, 18, 23]. These patterns
are commonly observed as a result of citizens’ daily routine that
consequently creates peak and off-peak periods nominated Tidal
Effects [23]. Additionally, all generators can be configured with
different options to fit the intended traffic profiles. The respective
required sinkers that act as the receiving end for the generated
traffic are automatically handled by the Parser component, with no
associated configurations required.

3.8 Statistics
In addition to energy consumption estimations, the Flexcomm Sim-
ulator also generates statistics to help analyze how different routing
strategies affect QoS. This data focus on providing insights into the
status of the network’s elements and the performance impact in
network communications. Metrics conveying the status of devices
allow assessing how the overall computational load is distributed
across the network, while changes in network flows (e.g., delay,
packet loss) translate the changes in QoS experienced by communi-
cations.

A new module called SwitchStats is in charge of calculating the
metrics associated with each switch’s utilization. For each switch,
the module reports in regular time intervals its CPU usage, the
number of packets processed and the number of bytes processed
on those packets. The CPU utilization is obtained directly from the
OFSwitch13 module, that based on a configurable switch capacity
can estimate its workload depending on the data rate traversing
that switch at any given moment. As for the number of packets
and bytes, the SwitchStats module resorts to ns-3’s tracing system,
binding callbacks that listen and keep track of incoming packets.

Similarly, the LinkStats module also resorts to ns-3’s tracing sys-
tem to monitor, for each link, the utilization, number of packets and
3Available at https://github.com/inexio/snmpsim

number of bytes processed. Through the configuration files, both
modules can independently be activated or deactivated depending
on the intended data to be collected. Moreover, the frequency used
to collect statistics can also be changed, allowing for customizable
logging intervals.

To inspect how network flows are affected by changes in routing
policies, the Flexcomm Simulator utilizes the FlowMonitor mod-
ule [5]. This component also leverages ns-3’s tracing system to
install probes into simulated nodes, listening for exchanged packets
between them. During the runtime, the FlowMonitor module classi-
fies the network flows and calculates various statistics on each one.
Processing an Extensible Markup Language (XML) file generated
at the end of a simulation yields multiple IP Performance Measure-
ment (IPPM) metrics about each individual network flow simulated.
These metrics allow diagnosing changes in communication’s delay
and consequent jitter, as well as packet losses that can be induced by
changes in routing logic. Like other data sources, the FlowMonitor
data can be disabled from the configuration files. Furthermore, to
help inspect changes in network flows, the Flexcomm Simulator
allows to individually enable Packet Captures (PCAPs) for each
link, providing an additional source of data.

3.9 Distributed Simulations
In order to improve the time it takes to run simulations, ns-3 in-
cludes support for Distributed Simulations. This allows it to take
advantage of multicore processors or High Performance Computing
(HPC) infrastructures, a valuable feature to help the simulation tool
dealing with large simulation scenarios. The base functionality is
guaranteed by the Message Passing Interface (MPI) implementa-
tion, where topologies can be partitioned across distinct Logical
Processes (LPs), splitting the computational load across them. In
this implementation, each LP/MPI rank is in charge of normally
simulating its assigned portion of the network. When two nodes
that belong to different ranks are required to communicate, the
messages are exchanged using MPI. To prevent desynchronization
across LPs, a different internal simulator implementation is used
resorting to lookahead algorithms.

At the moment, ns-3’s MPI implementation only works with
Point-to-Point Protocol (PPP) links. This means that nodes belong-
ing to different LPs can only be connected through this type of link.
This limitation spreads to the OFSwitch13 module, preventing its
compatibility with distributed simulations.

Currently, OFSwitch13’s switches only expect connections using
the Carrier-Sense Multiple Access (CSMA) link model since it is the
only one that encapsulates network packets into Ethernet frames.
Addressing such limitation, this paper proposes a new link model
based on the existent PPP implementation, that instead utilizes
Ethernet frames. The new model enhances ns-3 with a modern full-
duplex Ethernet link abstraction that is also compatible with MPI.
Furthermore, the integration of this link model into OFSwitch13
allows large-scale SDN to be simulated in distributed environments.

These changes have been validated within the Flexcomm Sim-
ulator, which fully supports distributed simulations. Through the
configuration files, any simulated network topology can be parti-
tioned across the desirable number of MPI ranks. This functionality
is however limited to internal OFSwitch13 controllers, given that
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real-time simulation required by external controllers utilize a simu-
lator implementation that differs from the distributed one.

4 PROOF OF CONCEPT
Two proof of concepts are presented to demonstrate Flexcomm Sim-
ulator’s potential to foster new energy-aware routing algorithms for
SDN. The first showcases promising early work in energy flexibility-
aware routing strategies developed with the proposed tool. These
strategies demonstrate the ability of prioritizing energy availabil-
ity while preserving networks’ QoS. The second one focuses on
demonstrating the capacity to deal with large-scale simulated wired
networks by leveraging distributed simulations, thus, improving
the time required to run each simulation.

4.1 Energy Flexibility-Aware Routing
As previously mentioned, Energy Flexibility can change over time
depending on multiple factors, e.g., fluctuating demands or variable
productions fromDERs. Independently of the cause, these values be-
have differently across geographical areas and consequently across
the electrical grid. In network topologies that expand over large
areas, energy can be more abundant in certain zones than in others.
Good examples are MANs.

To compare how purposely designed energy flexibility-aware
routing algorithms behave against more classic approaches, a sim-
ulation scenario based on Atlanta’s MAN topology [2], composed
by 15 switches and shown in Figure 5, is devised. In this simulation
scenario, the network faces a Tidal Effect where the traffic demand
increases gradually over time across the infrastructure.

Sw10

Sw15 Sw14 Sw13

Sw11 Sw12 Sw7

Sw8

Sw6

Sw5

Sw2

Sw3Sw4

Sw1

Sw9

Figure 5: Atlanta’s MAN Topology

At the same time, Energy Flexibility changes independently for
different devices. Energy availability profiles for this particular sim-
ulation are generated as a combination of solar and wind energy
production patterns publicly available at Redes Energéticas Nacionais
(REN)’ Data Hub 4. However, other similar available datasets can
be utilized to derive distinct flexibility profiles considering different
energy and data sources. The same simulation scenario is evalu-
ated using Open Shortest Path First (OSPF) as a traditional routing
algorithm and an experimental energy flexibility-aware approach.

The results presented in Figures 6 and 7 show, for switches
Sw14 and Sw5 respectively, the average energy consumption in 15
4https://datahub.ren.pt/

minutes time slots across a simulated 12 hours period. Each time slot
matches the same time window used by the EnergyAPI to disclose
Energy Flexibility. The plotted recommended energy consumption
corresponds to the energy consumption estimate, plus the Energy
Flexibility, setting a suggested maximum value target for what a
given switch should consume.
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Figure 6: Switch Sw14 Energy Consumption
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Figure 7: Switch Sw5 Energy Consumption

As Figure 6 shows, during the simulated period, the recom-
mended energy available to switch Sw14 decreases over time. When
using OSPF to apply the routing rules, the algorithm is not capable
of reacting to such an event, and eventually, the switch ends up
operating above the suggested energy consumption limit. Mean-
while, the novel algorithm being developed minimizes this effect by
anticipating its occurrence. Considering the Energy Flexibility and
by extrapolating the current traffic demand, the algorithm predicts
the eventual crossover point and takes action to prevent it. Around
time slot number 20, as also seen in Figure 6, switch Sw14’s energy
consumption drops to an inferior value, reflecting the workload de-
crease. Such happens because the controller reacts to the decrease
in availability and preemptively shifts some workload away from
the device, relocating network flows to alternative paths with more
energy at their disposal.

In contrast, Figure 7 illustrates an increase in Energy Flexibil-
ity for switch Sw5. Again, OSPF cannot adapt to such changes, and
the switch remains idle during the entire period. With the exper-
imental routing logic, however, this increase in available energy
is leveraged, and flows are gradually moved towards this device
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when the algorithm detects that such action is possible while si-
multaneously relieving other switches.

Table 1 contains the averaged IPPM metrics from the simulated
network flows, computed by the FlowMonitormodule, and recorded
when utilizing OSPF and the experimental approach as routing algo-
rithms. The results show that when applying the energy flexibility-
aware routing algorithm, there is an increase in the mean and maxi-
mum delay experienced by the flows. Furthermore, a small increase
in the maximum jitter can also be observed. These changes, how-
ever, are expected and can be explained due to relocated network
flows. When assigning a new network path to a flow prioritizing
Energy Flexibility, it is expected that a longer path is selected when
compared to OSPF, thus increasing delay. When the change takes
place, it also causes a jitter spike since the delay increases slightly.
Nevertheless, no packet losses occur during the transition. For most
communications, these small changes in QoS are acceptable, not
representing a significant impact.

Table 1: IPPM Metrics Between OSPF and Novel Algorithm

Metric OSPF Experimental

Maximum Delay (ms) 10.00 13.50
Minimum Delay (ms) 10.00 10.00
Mean Delay (ms) 10.55 12.68
Maximum Jitter (ms) 0.00 3.00
Minimum Jitter (ms) 0.00 0.00
Mean Jitter (ms) 0.00 0.00
Packet Loss (%) 0.00 0.00

Even from a proof of concept, these results demonstrate how
Energy Flexibility can be exploited to optimize energy consumption
in distributed networks by moving traffic across alternative paths.
Moreover, it shows that this can be achieved with minimal QoS
penalties. Additionally, these conclusions only reflect early work
on developing new algorithms made possible by the Flexcomm
Simulator. Advancements are expected in more complex algorithms
capable of prioritizing communications that are more susceptible
to changes in QoS (e.g., Voice over IP - VoIP).

4.2 Scalability
Flexcomm Simulator’s support for distributed simulations provides
amethod to enhance the time required to compute large simulations.
To demonstrate the effectiveness of this mechanism, a network
topology composed of 20 programmable switches and 20 hosts is
devised. Two distinct simulation scenarios are established with 10
identical SINGen applications generating network traffic. In Scenario
1, applications are installed, generating traffic between hosts at a
distance of 2 hops, while in Scenario 2, traffic is exchanged between
hosts further away. Tests are conducted at Minho Advanced Com-
puting Center (MACC)’s BOB supercomputer5. In both scenarios,
the number of MPI ranks increases while the network topology is
also partitioned following the same scheme. Figure 8 depicts the
obtained speedups in Scenario 1 and Scenario 2, averaged from 5
simulations, against the optimal speedup.
5https://macc.fccn.pt/
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Figure 8: Simulation Speedup

Ideally, the speedup should increase proportionally to the num-
ber of MPI ranks sharing the total computational load of the sim-
ulation. In these tests, both scenarios demonstrate a reduction in
simulation time. However, the real speedup is noticeably lower
when compared with the optimal values. Furthermore, although
the number of nodes and the total amount of traffic simulated is
the same in both scenarios, Scenario 1 clearly shows a better scaling
when compared with Scenario 2. This behavior can be explained
by ns-3’s distributed simulations implementation and the need for
an optimal topology partition that isolates communication clusters.
In Scenario 1, given that hosts exchanging traffic are closer to each
other, the number of LPs can further be increased while keeping
communication clusters isolated in each network partition, thus,
reducing MPI messages to a minimum. In contrast, Scenario 2’s
traffic distribution prevents such isolation, requiring more intense
usage of MPI communication to trade messages between LPs.

With this analysis, it is possible to conclude that the gains associ-
ated with distributed simulations heavily depend on the simulation
scenario and how the network topology is partitioned. Nevertheless,
this functionality is still a valuable resource in Flexcomm Simulator
to improve the duration of large-scale network simulations and
consequently fostering the development and evaluation of new
routing strategies.

5 CONCLUSIONS AND FUTUREWORK
In this paper, the Flexcomm Simulator is proposed as a new simula-
tion environment aiming to foster new energy-routing strategies
for SDN focused on Energy Flexibility. The tool, built upon ns-3,
puts together multiple features that enable new controller logic
to be developed using the information provided by electrical grid
operators. Moreover, the environment generates a comprehensive
set of statistics that enable different strategies to be compared on
their energy consumption and QoS impact. In addition to the sim-
ulator, the paper also showcases some early work in developing
energy flexibility-aware routing algorithms capable of achieving a
more balanced energy consumption. The experimental approach
can adapt to changes in energy availability and relocate network
flows across different regions of a network, respecting flexibility
imposed by electrical grids while maintaining an acceptable QoS
for communication networks.

For future work, besides the continuous updates of the Flexcomm
Simulator with additional simulation features and to keep up with
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changes in both SDN and Energy Flexibility-related technologies,
the main focus is the development of new energy-aware routing
strategies resorting to the simulation tool. With the simulation envi-
ronment proposed by this paper, new routing algorithms leveraging
Energy Flexibility information can be developed and properly eval-
uated more straightforwardly. Additionally, the future inclusion of
the energy source into the information provided by the Aggrega-
tor, stating how the energy is produced, can also help to develop
more complex techniques that target renewable sources, helping to
reduce the environmental impact of network infrastructures.
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