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Abstract. In the last decades, there has been a trend to virtualize computing and
networking resources. This approach was initially adopted in the core functions
of the network, thus creating the Network Function Virtualization paradigm.
The process that defines the computational nodes and links to execute a set of
Virtual Network Functions (VNF) is called placement. However, executing only
VNFs individually is often not enough to meet users requirements. Therefore,
the Service Function Chain (SFC) concept was created. With the advancement
of the Edge-Cloud continuum infrastructure, SFCs started to be executed on
multiple nodes, sometimes managed by independent service providers. In this
multi-domain scenario, a distributed placement mechanism to allocate SFCs
without complete knowledge of the infrastructure is required. In this work, we
propose a new approach named SPEED to solve the SFC Placement Problem
over a multi-domain environment in a distributed manner. The solution encom-
passes algorithms and a new mapping model between the SFCPP and the Game
Theory approach. The results show that SPEED is feasible and, compared to
other approaches, has a gain of 30% in the number of SFC requests placed.

1. Introduction
In recent decades, there has been a trend to virtualize computing and networking re-
sources over physical infrastructure [Mao et al. 2017]. This technology enabled the de-
velopment of multiple computing environments such as cloud, edge, Internet of Things
(IoT) and 5G [Pan and McElhannon 2018]. This virtualization paradigm was first ap-
plied to core network functions such as Network Address Translation (NAT), Firewall,
and Deep Packet Inspector, thus creating the Network Function Virtualization (NFV)
paradigm [Yi et al. 2018]. NFV decouples network functions from the underlying ded-
icated hardware and executes them through software, which is called Virtual Network
Function (VNF) [Mijumbi et al. 2016].

Often, a single VNF is not capable of providing all the features to meet the
user’s service demands. Typically, users request complex services composed of multi-
ple VNFs [Mostafavi and Hakami 2021], creating a new concept called Service Function
Chain (SFC) [Kaur et al. 2020]. An SFC is a chain of sorted VNFs, associated with a
Service Level Agreement (SLA) [Bhamare et al. 2016]. An SLA is a formal agreement
between a service provider and a customer, defined by rules that outline the specific lev-
els of service that the provider is required to provide [Kapassa et al. 2018]. These rules
are derived from a variety of sources, including Key Performance Indicators (KPIs), low-
level infrastructure demands, and high-level user requirements. For example, the SLA
may specify the maximum acceptable SFC delay for response times.
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Therefore, with the demand to place the multiple VNFs composing an SFC, the
SFC Placement Problem (SFCPP) has emerged [Wang et al. 2020]. The SFCPP can be
described as giving a requested SFC, a set of conditions, restrictions, and data about the
infrastructure that provides compute and network resources; the task involves identifying
the compute nodes to execute each VNF and the network links that provide connectivity
through the SFC [Santos et al. 2022]. The contributions of this work are: i) A novel
approach to solving the SFC Placement Problem in a multi-domain environment through a
distributed method using Singleton Congestion Game; ii) A new strategy for dynamically
segmenting the VNFs of the SFC, enabling execution across different domains; iii) A
series of experiments using real network topologies to validate the performance of the
proposed approach. The results demonstrate that SPEED improves the SFC allocation
rate without increasing monetary costs.

2. Related Work

This section explores different approaches to solving the SFCPP. While centralized solu-
tions are common, they face limitations regarding scalability, communication overhead,
and privacy in multi-provider environments. Consequently, distributed research, depicted
in Table 1, has surged to address these gaps.

Chen et al. [Chen et al. 2022] propose a decentralized SFC placement model
where an ingress domain orchestrator coordinates resource allocation across independent
domains using an aggregated network graph. The process involves a distributed ”SFC
Partition” step, where the ingress orchestrator identifies the best inter-domain paths and
delegates specific chain segments to local domain orchestrators for parallel execution. If
a selected domain cannot fulfill its local placement, the system provides resilience by
iteratively exploring the next best k-shortest paths in the multi-domain topology.

Another approach was proposed by Liu et al. [Liu et al. 2020]. They present a
distributed SFC placement based on a distributed auction in a multi-domain environment.
Each domain is independent and shares with the other domains only the peering nodes
and which VNFs it can execute. Also, each domain can execute its own orchestrator
configured to meet the service provider’s interests.

Gang et al. [Sun et al. 2018] present a novel approach to solving the distributed
SFC Placement in a multi-domain environment. In the adopted architecture, there is one
main orchestrator that will coordinate the placement of all the SFC Requests. The re-
sources of each domain are independent, and the domain only shares the peering nodes
and the VNFs it can execute.

Table 1. Distributed SFC Placement approaches

Study Technique Environment Segmentation Orchestrator

[Chen et al. 2022] Graph Theory Edge / Cloud Static Distributed
[Liu et al. 2020] Auction Edge / Cloud Static Distributed
[Sun et al. 2018] Mesh Aggregation Edge / Cloud Static Centralized

[Avasalcai et al. 2019] Auction Edge Static Centralized
SPEED Game Theory Edge / Cloud Dynamic Distributed
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3. System Model
In this section, we present the system model considered in our work. The network is
modeled as an undirected graph G = (Ω, L). Ω denotes all the zones in the environ-
ment. A zone is defined as a logical unit that participates in the SFC placement process
by managing a subset of computational and networking resources. A domain may con-
tain one or more zones, depending on the administrative and topological structure of the
environment. Zones are responsible for handling local metadata, evaluating placement
possibilities, and interacting with other zones to collaboratively deploy service function
chains in a distributed manner. L denotes the physical links between the domains.

The Z = {z1, z2, ..., zn} denotes all VNF types. Each z ∈ Z has the attributes
cpuz and memz that define the CPU and memory required in the Compute Zone. The
ℜ = {r1, r2, ..., rn} denotes all SFC Requests. Each SFC Request r ∈ ℜ is an n-tuple
defined as r = (src, dst, V, V L,max delay,Φ, τ), where src and dst are the ingress and
egress nodes respectively. V = {v1, v2, ..., vk} is the sorted list of VNFs, vi ∈ Z, which
make up the requested SFC. V L = {vl1, vl2, ..., vln} is the sorted list of virtual links,
vl ∈ V L that connect the VNFs and are mapped to physical links. The virtual link vl1
associates the user access node with the first VNF, and the virtual link vln associates the
final VNF with the egress node. Each vli has the attribute bw that defines the required
bandwidth of the virtual link. The max delay represents the maximum tolerable network
delay between src and dst. And finally, Φ, which prevents or imposes the deployment of
a specific VNF zi in a zone ωj . The τ defines the time when the SFC Request arrives.

The set Ω = {ω1, ω2, ..., ωn} are the network zones. Each zone ωi ∈ Ω has
the attributes: childrensω = {ω1, ω2, ..., ωn} which comprises subordinated zones,
Λω = {z1, z2, ..., zn}, zi ∈ Z which represents VNFs that can be executed by at least
one subordinated zone, parentω which defines its parent zone, if parent == NULL it
means that the zone is the highest element in the hierarchy, typeω identifies whether it is
an aggregated or a Compute Zone. βz

ω represents the cost of executing a VNF z in zone
ω. The attribute childrensω of a Compute Zone is empty, and its resources are reserved
to execute VNFs. The set L = {l1, l2, ..., ln} are the links between the zones. For every
link li ∈ L, between two zones ω1 and ω2, we use bwl, (bandwidth capacity) and delayl
(delay). The parameter Ψvli

lj
are the cost of executing the virtual link vli in the link lj .

The SFC execution consumes resources, for which the service provider charges a
fee. Therefore, our problem formulation requires the decision variable xij , which defines
whether VNF zi will be executed in zone ωj , and the decision variable yij , which defines
whether virtual link vi will be executed in link lj . Equation (1) defines how the cost
of computational resources is calculated. Equation (2) defines how the cost of network
resources is calculated. Thus, our objective is to minimize CompCost + NetCost. The
problem is subject to: i)VNF can only be executed in Compute Zones, ii) VNF can only
be executed in zones where the VNF Type is available.

CompCost =
∑
zi∈Z

∑
ωj∈Ω

xij ∗ βzi
ωj

(1)

NetCost =
∑
vi∈V

∑
lj∈L

yij ∗Ψvi
lj

(2)
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4. Proposed Solution
This section presents the SPEED approach. Our proposal creates a placement plan for
an SFC request, based on the resources available in the environment and the SFC re-
quirements. The placement plan maps each VNF to a compute node and the connections
between the VNFs to virtual links. SPEED component is executed in a multi-domain en-
vironment. A domain is a set of computational and network resources owned by a service
provider. Service providers compete against each other to lease their resources to execute
the requested SFCs. The resources in the domains are hierarchically organized into zones.
Zones are sets of compute nodes and network resources.

Our proposal differs from other approaches in terms of how the VNFs are assigned
to each Compute Zone. In SPEED, the zone that initiates the placement process does not
define the allocation of VNFs across Compute Zones. Rather, the Compute Zone that will
execute each VNF is determined in a recursive manner. Once inside each zone, there is a
component that collects data about which VNF Types can be executed, the monetary cost
to execute each VNF Type, and the minimum delay to the border gateway of that zone.
These metadata flow from the lower zones to the higher zones in the topology. Each
level of the topology processes the metadata of the zones below it. We call this process
metadata consolidation, and then the processed metadata is sent to the parent zone.

The workflow of our proposed approach begins with the task “Manager Zone Se-
lection”, which determines the zone responsible for supervising the allocation of the re-
quested SFC. Next, the task “SFC Segmentation” divides the SFC into segments, allowing
the SFC to be executed in multiple domains. Subsequently, the task “Execution Zone Se-
lection” assigns each segment to the appropriate zone. Task “VNFs Allocation” further
specifies the node within the Compute Zone to execute each VNF. Finally, the task “Net-
work Path Building” coordinates the establishment of virtual links between the domains
where the VNFs have been allocated.

4.1. Metadata Consolidation

In this section, we present how the metadata flows in the topology according to the pro-
posed solution. This process generates data used by the Manager Zone Selection and
Execution Zone Selection tasks. The Aggregation Zones process and store the metadata
sent by the children’s zones. By adopting metadata consolidation strategies, the Aggrega-
tion Zone will provide partial information to its parent zone. The consolidated metadata in
each Aggregation Zone is created over i) the metadata sent by the children Aggregate and
Compute zones, ii) the metadata already stored in the Aggregation zone from previous
interactions with the children zones, and iii) metadata gathered by the Aggregation zone,
like the network status of the Aggregation zone. The children zone will provide to the
parent zone raw metadata composed of i) zone name, ii) VNF Types that can be executed,
iii) zone border gateway, iv) cost to execute the VNF Type, and v) delay between children
and parent zones. The Aggregation Zone updates the consolidated metadata in response
to changes reported by the children zones. When the consolidated metadata is updated,
the Aggregation Zone will inform the parent zone about its new state.

The children zone will send metadata to the parent zone when the zone is con-
figured in the environment, or the metadata changes by the following situations: i) when
a previously available VNF Type can no longer be executed, ii) when a VNF Type that
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was previously unavailable becomes available, due to the release of resources that were
previously allocated, and iii) when a new VNF Type becomes available. The information
about the available resources in each physical node inside a Compute Zone will not be
sent to the parent zone. Retaining node resources and topology information ensures data
privacy, thus improving infrastructure security [Xu et al. 2018].

Fig. 1 depicts the consolidation of metadata over time. In time T0, A2 stores
the information that the best Compute Zone to execute a “VNF Type 4” is zone C2. At
time T1, C2 informs A2 that “VNF Type 4” cannot be executed anymore; therefore,
A2 updates its consolidated metadata, removing the possibility of “VNF Type 4” being
executed because none of the zones of children A2 can execute this VNF Type anymore.
In time T2, the zone C1 and C2 will inform A2 that they can execute “VNF Type 4”, and
A2 updates the consolidated metadata, indicating that zone C1 is now the adequate zone
to execute “VNF Type 4” once the delay from C1 to border gateway 1 is lower than C2.

y

A2
VNF

1
2

GW
1
1

Delay
1
1

Cost
1
1

3 1 3 1

Zone
C1
C1
C2

4 1 1 1C1

 [ Metadata Consolidation Over Time  ]

C
on

so
lid

at
io

n 
Zo

ne
C

om
pu

te
 Z

on
e

 Caption
Gateway

Compute zone

Aggregation zone

Access zone

VNF Availability Update

Aggregation Zone Update

T0 T1 T2

A2
VNF

1
2

GW
1
1

Delay
1
1

Cost
1
1

3 1 3 1

Zone
C1
C1
C2

4 1 3 1C2 4 1 3 1C2

A2
VNF

1
2

GW
1
1

Delay
1
1

Cost
1
1

3 1 3 1

Zone
C1
C1
C2

A2

1

A3

3 ms

C1
 1 ms 

C2

 2 ms 

A1
2 ms

C1
VNF

1
GW

1
Delay

1
Cost

1
Zone
C1

2 1 1 1C1
C1 4 1 1 1

C1
VNF

1
2

GW
1
1

Delay
1
1

Cost
1
1

Zone
C1
C1

3 1 5 2C1

C2
VNF

2
3

GW
1
1

Delay
3
3

Cost
2
1

Zone
C2
C2

C2
VNF

2
3

GW
1
1

Delay
3
3

Cost
2
1

4 1 3 1

Zone
C2
C2
C2

C2
VNF

2
3

GW
1
1

Delay
3
3

Cost
2
1

4 1 3 1

Zone
C2
C2
C2

C1
VNF

1
2

GW
1
1

Delay
1
1

Cost
1
1

Zone
C1
C1
C1 3 1 5 2

Figure 1. Metadata consolidation in a distributed environment over time

4.2. Players Strategy Update

We modeled the SFC placement problem as a Singleton Congestion Game. A key aspect
of this class of games is how each player selects its strategy, which corresponds to choos-
ing the zone where its VNFs will be executed. In this section, we detail the process by
which players update their strategies during the execution of the game.

We adopt an approach based on the Best-Response Dynamics (BRD)
method [Swenson et al. 2018]. In BRD approaches, each player iteratively updates their
strategies by selecting the best response to the current strategies of the other players. This
technique is commonly used in SGC to model the behavior of rational players who iter-
atively improve their own outcomes. The goal is to reach a stable state where no player
can reduce its cost by independently changing its strategy. Fig. 2 illustrates the activity
diagram that depicts the execution of the strategy based on the BRD approach.
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Figure 2. Players strategy update activity diagram.

5. Performance Evaluation
In this section, we describe the execution of our proposed solution in a simulated envi-
ronment. The source code of the implementation and data is available on GitHub 1. The
simulation was defined based on [Chen et al. 2022]. The topology was the Internet Topol-
ogy Zoo [Knight et al. 2011], which was used to organize the distributed environment.
This topology has 64 nodes. Each node in the topology was considered a domain. We
create scenarios with 5 to 100 SFC requests. The SFC requests arrive following a Poisson
distribution. The CPU and memory requirements for each VNF Type were obtained from
the respective website. The simulations were executed 10 times for each scenario, and the
results are reported as mean values. We computed the 95% confidence interval assuming
a normal distribution.

5.1. SFC Segmentation

In this section we present experiments regarding the proposed SFC Segmentation ap-
proach. The independent variables are i) the Number of VNFs, that indicates how many
VNFs are in the SFC, and ii) the Number of SFC Requests, showing the number of SFCs
that were requested by the users. The dependent variables are i) the Segmentation time,
indicating how long the process took to create the segmentation plans, and ii) the Service
Placed, that measures the percentage of SFCs placed.

1https://github.com/anselmobattisti/speed
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Figure 3a shows the average time required to generate the segmentation plan as
the length of the SFC increases. The y-axis indicates the average generation time on a
logarithmic scale. We compare our approach with a naive method that exhaustively gen-
erates all possible VNF combinations. The results demonstrate that, using our approach,
the time required to generate the placement plan for an SFC with 20 VNFs is less than 10
ms, thus not impacting the total SFC placement time.
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Figure 3. Evaluation of SFC segmentation regarding time and success rate

Figure 3b illustrates the SFC placement success rates achieved by SPEED using
two segmentation strategies: (i) Fixed Segment Size, where each segment contains the
same number of VNFs, and (ii) Variable Segment Size, where segment sizes vary accord-
ing to the characteristics of the environment. The x-axis shows the number of SFC re-
quests [5, 10, 20, 50, 100], while the y-axis displays the percentage of successfully placed
SFCs. The results demonstrate that the variable segment size strategy leads to higher
placement success rates, notably as the number of requests increases.

5.2. Distributed SFC Placement

This section presents the performance evaluation for SPEED. We compare our work
against a Single Domain, an Auction, and an Integer Linear Programming approach. We
adopt the metrics: i) SFC Placement Success Rate, which is the ratio between the number
of SFCs placed and the number of SFCs requested, and ii) SFC average execution cost,
which is the monetary cost to execute the requested SFC. Due to the size of the problem,
it was only feasible to compare the ILP method in the first experiment.

Fig. 4a compares the methods based on the SFC placement success rate metric.
To carry out this experiment with the ILP, a small scenario with only five compute nodes
was created. In the ILP approach, all requests were successfully placed. In contrast,
the SPEED approach exhibited a success rate 20% lower than the ILP when handling 10
requests. The SPEED method, despite its lower success rate in this context, brings the
benefits of enhanced scalability and fault tolerance that are often constrained in central-
ized solutions like those assumed in ILP-based and single domain approaches. Comparing
SPEED and the auction approach, we can notice that SPEED performs better, which can
be attributed to the better segmentation process adopted. Therefore, while the ILP method
shows superior performance in controlled small-scale scenarios, the practical applicability
of the SPEED approach in complex networks will be presented in next experiments.
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Figure 4. Evaluation of SFC placement and execution cost

In Fig. 4b, we increase the number of SFC Requests to test the scalability of our
proposed solution and compare it with the different SFC placement methods with respect
to their SFC placement success rate metric. The SPEED approach can split the execution
of the requested VNFs that encompass an SFC into multiple domains. Therefore, the
number of suitable execution plans increases compared to approaches that allocate all
VNFs to the same domain. SPEED also exhibits a more gradual decline in the number of
SFCs executed. This characteristic implies that in resource-scarce scenarios, our approach
has a higher success rate. For example, in the scenario with 100 SFC requests, we found
a suitable plan for more than 75% of them, and compared to the auction approach, we
increased the number of plans successfully placed by 30% on average.

The choice of resources for executing the SFC significantly impacts the financial
cost of the operation. Consequently, the selection of the appropriate resources is a key
factor in the profitability of service providers. Fig. 4c compares the average cost to exe-
cute each requested SFC. The results show that even with a higher success placement rate,
the average cost to execute each SFC was similar to that of previous approaches. There-
fore, our proposed approach, despite increasing the number of requests placed, maintains
similar costs in the execution of each SFC.

In multi-domain environment, the resources of a zone were not exclusively re-
served for the execution of SFCs; there are usually other systems that also utilize resources
in the same zone. Fig. 4d illustrates a scenario in which the number of SFC requests was
set to 50, while the resources available at the nodes to execute SFCs were restricted to a
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percentage of their total resources. The results show that SPEED outperforms the other
approaches in scenarios with scarce resources.

6. Conclusion
This work introduced SPEED, a distributed approach to the SFCPP that advances the
state-of-the-art through a distributed segmentation process and game-theoretical model-
ing of resource allocation. Experimental results demonstrated that SPEED increased the
service placement success rate by 30% compared to existing techniques, showing par-
ticular effectiveness in resource-constrained environments. Furthermore, the proposed
method ensured that this improved performance is achieved while maintaining consistent
execution costs for each service.

By minimizing inter-domain communication regarding topology and resource
availability, SPEED effectively reduces overhead while preserving privacy in multi-
provider environments. The integration of distributed segmentation and congestion game
theory allows the framework to improve placement success rates and to scale across com-
plex, real-world edge-cloud infrastructures. Consequently, this decentralized approach
represents a significant contribution to the SFCPP literature.

Future work includes integrating SPEED into production-grade platforms like
OSM or EMCO for real-world environments. We also intend to expand analyses against
the latest state-of-the-art solutions, focusing on performance gains as network scale in-
creases. Finally, the framework will be tested under diverse, complex topologies to further
validate its robustness and statistical reliability.

During the development of this thesis, four papers were published in journals,
three papers were presented in conferences, and six international patents were filed. The
most relevant papers are i) [Battisti et al. 2024], which presents the distributed approach
to solving the SFC Segmentation problem, and ii) [Battisti et al. 2026], which represents
the final and most comprehensive consolidation of the doctoral research.
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