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Abstract—We study and quantify the performance enhancement achievable under the distributed software-defined networking (SDN) architecture, which is the composition of interconnected SDN-based network domains. Under a generic network
model, we develop mathematical frameworks to analyze the performance metric of distributed SDN under various inter-domain
synchronization levels and network properties. Simulations based
on both synthetic and real network topologies confirm the accuracy of our theoretical results. To the best of our knowledge, this
is the first work quantifying the performance of distributed SDN
analytically, which provides fundamental guidance for future
SDN protocol designs and performance estimation.

I. I NTRODUCTION
Distributed software-defined networks (SDN), consisting
of multiple inter-connected network domains, each managed
by one SDN controller, is an emerging networking architecture that offers balanced centralized control (for intra-domain
communications) and distributed operations (for inter-domain
communications). Under such networking paradigm, most
existing works focus on designing complicated controllersynchronization strategies to improve the joint controllerdecision-making for inter-domain routing. However, there is
still a lack of fundamental understanding of how the performance of distributed SDN is related to network attributes, thus
impossible to justify the necessity of complicated strategies. In
this regard, we analyze and quantify the performance enhancement of distributed SDN architectures, influenced by network
topological properties and inter-domain synchronization levels.
In this paper, we employ the average path length (APL),
measured by the average number of hops of the shortest path
connecting two arbitrary nodes in a network, as the performance metric of interest. Under a generic network model, we
aim to answer two critical questions. (i) What is the achievable
performance when each domain operates independently, i.e.,
no inter-domain synchronizations? (ii) How does the complete
inter-domain synchronization, i.e., each domain has the full
knowledge of other domains’ current status, assist in the
performance enhancement? We answer these questions by
developing a mathematical framework and prove that APL is
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a logarithmic function of network settings. On top of these
two extreme cases, we further investigate to what extent partial
inter-domain synchronizations may help reduce the APL under
one basic flow construction scheme. The accuracy of these
analytical results are then confirmed by extensive evaluations
under both synthetic and real networks.
II. G ENERIC N ETWORK M ODEL
To understand the performance of the distributed SDN
architecture, we formulate the network as an undirected graph
according to a two-tier hierarchical model. Specifically, tier1 consists of m independent domains, each modeled as an
undirected random graph with n nodes that are interconnected
following a specific degree distribution extracted from real
networks (i.e., there are mn nodes in total). Then abstracting
each domain as a single vertex, we connect these vertices in
tier-2 according to a domain-wise degree (i.e., the number of
neighboring domains for a domain) distribution, referred to
as the domain-wise network, denoted by graph Gd = (V, E)
(|V | = m). The existence of an edge in E connecting two vertices in V implies that the two network domains corresponding
to these two abstracted vertices are interconnected. Then edges
in E are mapped to physical links in the following way: For
each e ∈ E with end-points corresponding to tier-1 domains
Ai and Aj , (i) randomly select two nodes w1 from Ai and w2
from Aj and connect these two nodes if edge w1 w2 does not
already exist; (ii) repeat such edge construction between Ai
and A2 β times. Since the same node pairs may be selected
in this edge construction process, β therefore represents the
largest number of edges between two domains.
III. P ERFORMANCE Q UANTIFICATIONS
A. No Inter-domain Synchronization
The worst case of the distributed SDN happens when there
is no inter-domain synchronizations, for which the network is
operated by BGP-like protocols. Given the degree distribution
in each domain, let zi denote the expected number of nodes
that are i-hop away from an arbitrary node. Then the APL
l between two arbitrary nodes in a domain with n nodes
is l ' ln(n/z1 )/ln(z2 /z1 ) + 1 according to [1]. Similarly,
let zi0 be the number of vertices which are i-hop away
from an arbitrary vertex in the domain-wise network. Let
Y be the random variable of the number of domains that
the shortest path between two arbitrary nodes traverses. Then
∆ := E[Y ] ' ln(m/z10 )/ln(z20 /z10 )+2. In addition, motivated

where γ = n(1 − (1 − 1/n)β ). Then the APL under
BGP for two arbitrary nodes in different domains is
LBGP ' (l0 + 1)(∆ − 1) + l.
B. Complete Synchronization Among Domains
To compute the APL under complete synchronization
among domains, we consider a specific family of our distributed SDN network model, where the domain-wise network
forms a bus topology, i.e., a special tree with vertex degree
being at most 2, referred to as bus network. In a bus network
with k domains, we sequentially label the domains from one
end to the other end as A1 , . . . , Ak . Then randomly select a
node from A1 and another node from Ak , and let random
variable Dk denote the distance of the shortest path between
these two different nodes and the corresponding probability
mass function (PMF) fDk (d). It is trivial when k = 1,
fD1 (d) = Pr(D1 = d) = zd /n, d = 0, 1, 2, . . .. When k > 1,
we can leverage network structures to derive
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of random variable U := k − 1 + D1 + · · · + D1 . Then the
expected value of U is Lk := E[U ]. Moreover, we prove the
following theorem.
Theorem 1. Lk < Lk+1 under the 2-tier network model.
Theorem 1 implies that under the 2-tier network model, on
average, the shortest path between two arbitrary nodes also
traverses the minimum number of domains, i.e., traversing
additional domains does not help in reducing APL. As such,
let hY (y) denote the PMF of Y (section III-A). Then the
APL L∗ under complete inter-domain synchronizations
for two
Pm
arbitrary nodes in different domains is L∗ = y=2 Ly hY (y).
C. Partial Synchronization Among Neighboring Domains
Based on the previous two extreme inter-domain synchronization cases, we now consider how minimum inter-domain
synchronizations can improve the performance of distributed
SDN. Specifically, suppose each domain only synchronizes
with its neighboring domains, i.e., each domain knows and
only knows the routing information of all its neighboring domains. With this information, we quantify the performance of
a basic SDN-based flow construction strategy, as stated below.
1) The constructed path traverses the same sequence of domains as that selected by BGP-like protocols, and the path
is jointly constructed by each controller in these domains;
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Fig. 1. Analytical versus simulation results under three synchronization levels.

2) Upon a flow request, the SDN controller in the current
domain follows the instruction from the previous
domain(s); if no such instruction exists, go to 3);
3) Viewing all synchronized domains as a whole, the SDN
controller in the current domain selects a path starting
from the ingress node to the closest egress node, which
connects to unsynchronized domains.
Similar to the definition of Lk in Section III-B, let LSDN
k be
the average path length in a bus network with k domains under
the above SDN-based flow construction strategy. Then
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where k ≥ 2, and Lunit is the path length incurred by step 3).
Then the APL under thePabove SDN-based flow construction
m
strategy LSDN is LSDN = y=2 LSDN
y hY (y).
IV. E VALUATIONS AND C ONCLUSIONS
For evaluations, the intra-domain degree distribution follows
the topologies collected from the Rocketfuel Project; while for
the domain-wise network, we use artificially generated degree
distribution. A graph with a specific degree distribution is
realized in the following way: Randomly connect two vertices
if they are neither connected already nor exceed the degree
requirement; repeat this process until the targeted degree
distribution in the graph is achieved.
The evaluation results are reported in Fig. 1, where we compare the simulation and numerical results using our analytical
framework under three different inter-domain synchronization
levels. Fig. 1 confirms that the numerical results obtained from
our analytical framework achieves high accuracy comparing to
the simulation results under all cases. More importantly, Fig. 1
reveals that the basic SDN-based strategy is able to reduce
the gap to the optimal value (i.e., corresponding to complete
inter-domain synchronizations) by around 50%, which implies
that even the minimum inter-domain synchronizations can
significantly improve the network performance.
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