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ABSTRACT

Software-Defined Networking (SDN) has emerged as the paradigm of the next-generation networking
through separating the control plane from the data plane. In a software-defined network, the forward-
ing table at each switch node usually is implemented by expensive and power-hungry Ternary Content
Addressable Memory (TCAM) that only has limited numbers of entries. In addition, the bandwidth ca-
pacity at each link is limited as well. Provisioning quality services to users by admitting their requests
subject to such critical network resource constraints is a fundamental problem, and very little attention
has been paid. In this paper, we study online unicasting and multicasting in SDNs with an objective of
maximizing the network throughput under network resource constraints, for which we first propose a
novel cost model to accurately capture the usages of network resources at switch nodes and links. We
then devise two online algorithms with competitive ratios O(logn) and O(K¢logn) for online unicasting
and multicasting, respectively, where n is the network size, K is the maximum number of destinations
in any multicast request, and € is a constant with 0 <€ <1. We finally evaluate the proposed algorithms
empirically through simulations. The simulation results demonstrate that the proposed algorithms are
very promising.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Software-Defined Networking (SDN) has emerged as the next-
generation networking paradigm that creates an opportunity to
tackle a longstanding problem in traditional networks, by moving
the network control logic from the underlying routers and switches
to a logically centralized controller and offering the programmabil-
ity of the network [1,7,11,17]. SDN now is becoming a key technol-
ogy for the next-generation network architecture, including Inter-
net backbone networks and data center networks such as Google’s
B4 [15]. However, one fundamental problem in the adoption of the
SDN technology by network and cloud service providers is how to
enable efficient data traffic routing in the network such that the
network throughput is maximized, considering that not only do
SDNs usually have both node and link resource capacity constraints
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but also user requests arrive into SDNs dynamically without the
knowledge of future request arrivals.

Low-latency and high-performance matching of forwarding
rules in each TCAM plays a vital role in terms of routing effi-
ciency. Therefore, the forwarding table at each switch node typ-
ically is implemented by a special yet expensive memory - the
Ternary Content Addressable Memory (TCAM) that supports fast,
parallel lookups [17,26]. However, the number of entries in each
such TCAM forwarding table is usually limited to several thousand
[17]. This highly restricted capacity of TCAM has been recognized
as the main bottleneck to the scalability of SDN [7,16,17,23]. Ef-
ficient utilization of forwarding tables to serve a scaling number
of forwarding rules while meeting network resource capacity con-
straints is an important and challenging research topic. In addi-
tion, with ever-growing bandwidth demands by users, it urgently
needs efficient routing mechanisms that take into account both the
TCAM capacity at each switch node and the bandwidth capacity at
each link in the network. Furthermore, the dynamics of online user
requests without the knowledge of future request arrivals makes
the design of efficient routing protocols for SDNs very difficult and
challenging.
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In this paper, we study online unicasting and multicasting in
SDNs with the aim to maximize network throughput (or the ac-
ceptance rate of requests), where a sequence of unicast or mul-
ticast requests arrive one by one without the knowledge of fu-
ture arrivals. Each incoming request is either accepted or rejected
immediately, depending on whether there are sufficient resources
to meet its resource demands. Although extensive effort on on-
line unicasting and multicasting in traditional networks has been
conducted in the past, most studies considered either the node re-
source capacity [18,20,21] or the link resource capacity [2,24], none
of the studies jointly took into account these two types of resource
capacities: the forwarding table capacities at switch nodes and the
bandwidth capacities at links. We will jointly take into account the
resource capacities at both nodes and links. We will also propose
novel cost models unifies the usage costs of these two types of
resources simultaneously. It is noticed that there are several re-
cent studies on unicast and multicast routing for SDNs [1,7,11,17].
They however only considered the forwarding table capacity with-
out taking into account the link bandwidth constraint. For exam-
ple, the authors in [1,7] studied unicast routing in SDNs by first
reducing the node TCAM capacity constraint into the node-degree
constraint, followed by finding a node-degree-constrained maxi-
mum flow for a given set of unicast routing requests. Such the re-
duction approach however is not applicable in practice, since the
node TCAM capacity usually is far greater than the maximum de-
gree of nodes in the network. Huang et al. [11] dealt with the ad-
mission of a single multicast request in SDNs. They reduced the
problem of finding a multicast tree for the request to the problem
of finding a node-degree-constrained multicast tree that is NP-hard
[8]. An approximate solution to the latter problem returns an ap-
proximate solution to the former problem. In contrast, in this pa-
per we consider dynamic admissions of a sequence of online uni-
cast or multicast requests without the knowledge of future request
arrivals. The mentioned existing algorithms clearly are not appli-
cable to the problem of concern. Instead, new online algorithms
for online unicasting and multicasting as well as the analysis tech-
niques to the competitive ratios of online algorithms need to be
developed.

The main contributions of this paper are summarized as fol-
lows. We study the online unicasting and multicasting problems in
SDNs with the aim to maximize the network throughput, by tak-
ing both node and link capacities and user bandwidth demands
into consideration. We first propose a novel cost model to accu-
rately capture the usage costs of node and link resources in the
admission of a sequence of unicast or multicast requests with-
out the knowledge of future request arrivals. We then devise effi-
cient online algorithms with provable competitive ratios for them.
We finally evaluate the performance of the proposed algorithms
through experimental simulations. The simulation results demon-
strate that the proposed algorithms are very promising. To the best
of our knowledge, we are the very first to study online unicast-
ing and multicasting in SDNs by taking both node and link con-
straints into consideration, and devise the very first online algo-
rithms with provable competitive ratios for the problems. In par-
ticular, the construction of the auxiliary graph and assignment of
their edge weights may be of independent interest and can be ap-
plied to other optimization problems in networks.

The remainder of this paper is organized as follows.
Section 2 reviews the related work. Section 3 introduces the
system model, notions and notations, and problem defini-
tions. Section 4 introduces a cost model for resource usages.
Sections 5 and 6 propose online algorithms and analyze their
competitive ratios for online unicasting and multicasting in
software-defined networks, respectively. Section 7 evaluates
the performance of the proposed algorithms by experimental
simulation, and Section 8 concludes the paper.

2. Related work

There are several studies that addressed the challenges in traf-
fic engineering and steering for incremental deployment of SDN-
enabled devices in existing networks [1,5,25]. Most of these stud-
ies dealt with data traffic routing in SDNs, by considering the lim-
ited TCAM size at each switch node [7,11,16]. Specifically, Kanizo
et al. [16] studied a unicast routing problem for a group of uni-
cast requests in SDNs. To overcome the limitation of the forward-
ing table size, they proposed two approaches to decompose large
SDN forwarding tables into several small ones and distribute these
small tables across the network, while maintaining the overall
SDN policy semantics. Huang et al. [10] tackled the limitation of
TCAM size by selectively caching forwarding rules in local switches
and forwarding packets to the centralized controller if necessary,
while CacheFlow [17] was proposed to equip each switch with
hardware memory implemented by TCAM and secondary software
memory in order to create an abstraction of infinite space for for-
warding rules. Cohen et al. [7] studied the bounded path-degree
max flow problem in SDNs subject to the TCAM capacity con-
straint at switches. They proposed an approximate solution with
high probability. Meanwhile, Huang et al. [11] studied the mul-
ticast problem in SDNs, by devising an approximation algorithm
for finding a degree-constrained Steiner tree for a single multicast
request. However, these mentioned studies only considered the
switch node capacity for a given set of unicast requests or a sin-
gle unicast or multicast request. The most recent work in [12] dealt
with admissions of a set of multicast requests with the aim to min-
imize the total bandwidth consumption on realizing the requests,
subject to both node and link capacity constraints. Huang et al.
[13,14] studied the problem of placing consolidated middleboxes
in an SDN with the objective of maximizing network throughput,
assuming that only subset of switches attached with servers. They
proposed efficient heuristic algorithms to jointly place the consol-
idated middleboxes of requests and route data traffic of these re-
quests from their sources to the placed middleboxes before being
forwarded to their destinations. Also, they assumed that there is
an end-to-end delay constraint associated with each request. The
request admission problem considered in that paper thus is essen-
tially different from the one in this paper, as the system model is
different. We here assume that each switch has a limited TCAM
and there is not the end-to-end delay constraint imposed on each
request. The solution in that paper thus cannot be extended to
solve the problem in this paper. Xu et al. [27] considered user
query processing among cloudlets in a wireless metropolitan area
network such that the network throughput is maximized while the
average access latency among user requests is minimized. Since
that paper focused on load-balancing among cloudlets with com-
puting capacity constraints, by assigning different user requests to
different cloudlets, neither TCAM nor SDN has ever been consid-
ered in that paper. The solution in that paper is not applicable to
the problem here either.

The aforementioned studies are essentially different from the
one in this paper, where we deal with dynamic admissions of uni-
cast or multicast requests without the knowledge of their future
arrivals, by considering both the TCAM capacity at each switch
node and the bandwidth capacity at each link in an SDN. In par-
ticular, the joint consideration of these two different types of net-
work resources when performing online request admission is much
more challenging, in comparison with existing works that only one
type of resource is considered and all requests are given in ad-
vance, as some admitted requests may still occupy the resources
when a new request arrives, thereby leaving less available re-
sources for later arrived requests. Existing studies failed to address
the following three important aspects in dynamic admissions of
requests. First, due to the dynamic changes of network resources,
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there desperately needs a cost metric to measure the dynamic con-
sumptions of various network resources and these resources uti-
lization. Building an accurate cost metric to capture such dynamics
is crucial, which then can be used to guide efficient resource al-
locations for incoming requests. The key to developing such a cost
metric is to accurately model the availability and utilization of each
resource. An exponential function of a specific resource and its uti-
lization rate is an excellent candidate of this cost metric, which has
been adopted for online request routing in many different types of
networks including ATM and virtual circuit networks [2,24], and
ad hoc and wireless sensor networks [18,20,21]. Second, the joint
consideration of both the forwarding table capacity at each switch
node and the bandwidth capacity at each link makes the cost mod-
eling of resource usages in SDNs more difficult. Third, the joint
consideration of resources at both nodes and links complicates the
analysis of the proposed solution, since the performance analysis
(i.e., the competitive ratios) of existing online algorithms for on-
line unicasting and multicasting in ATM networks, virtual circuit
networks [2,24], and wireless sensor networks [20] are only based
on the cost modeling of a single type of resource at either nodes
or links.

3. Preliminaries

In this section we first introduce the system model, we then in-
troduce the notions and notations, and we finally define the prob-
lem precisely.

3.1. System model

We consider a software-defined network (SDN) G = (V,E),
where V is the set of SDN-enabled switch nodes, and E is the set
of links that connect the switches. There is an SDN controller co-
located with a switch node in G to handle the admission of uni-
cast or multicast requests, by installing forwarding rules to the for-
warding tables at switch nodes and allocating bandwidth on the
links along the routing paths or trees in G for the requests. Each
switch node veV is equipped with a TCAM forwarding table for
packet forwarding, and the table capacity is L, rule entries. Each
link e = (u,v) € E has a bandwidth capacity B. (or B, ).

3.2. TCAM and routing rule matching in SDNs

The flow table at each SDN switch contains a list of rules that
determine how packets have to be processed by the switch. Each
rule consists of three main components: a matching pattern, an ac-
tions field, and a priority [3]. The purpose of matching pattern is
to test if a packet belongs to a flow according to the attributes of
the packet such as its source IP address, communication protocol,
etc. All packets that are matched by the same matching pattern
are considered to belong to the same flow. The actions specified
in the actions field of a rule are applied to every packet of the
corresponding flow. Some common actions including forwarding,
dropping, or rewriting the packets. As a packet may match multi-
ple matching patterns, each rule is also associated with a priority
and only the actions of the matching rule with the highest priority
are applied. It is worth noting that a rule may contains other addi-
tional components, such as a counter, which is used to keep track
of the number of packets that has been processed according to this
rule.

We adopt the TCAM usage model from [4,22]. That is, TCAM
only stores the matching pattern and priority of every rule,
whereas other components of the rule are stored in external mem-
ory (e.g., Static Random Access Memory (SRAM) [3]). For each in-
coming packet, the switch will first undergo a parallel lookup op-
eration to find a matching rule with the highest priority. Having

found (the index of) the matching rule for the packet, the action
part of the rule is retrieved from SRAM and the specified actions
are applied to the packet. Consequently, only one forwarding en-
try needs to be stored in TCAM for both unicast and multicast re-
quests. Due to the significantly higher cost and smaller capacity of
TCAM, in this paper, we focus on the capacity constraint of TCAM.

3.3. User routing requests

We consider two types of user routing requests: unicast and
multicast requests that arrive into the system one by one. Let
1. = (S, ty; by) be the kth unicast request arrived into the system,
where by, is the bandwidth resource demand of r;, from s; to ¢.
Similarly, let r, = (s, Dy; b,) be the kth multicast request, where
sk is the source switch node, D is the destination set of switch
nodes with D,CV, and b is the amount of demanded bandwidth
by the request. Following existing studies [1,7,10], we assume that
the bandwidth demand of a request can be derived from histori-
cal traces of the same or similar request demands. Even the de-
mand of a request varies over time, it can be predicted accurately
by making use of its historical traces. For example, we can adopt
a popular prediction method such as the auto-regressive moving
average method for this purpose. We further assume that the de-
manded bandwidth by by each request r;, is an integer and at least
one unit bandwidth, i.e,, b, >1 for any k.

Given that the forwarding table at each switch node and band-
width resource at each link are limited, an incoming request will
be admitted by the system only if there is a routing path (for the
unicast request) or a multicast tree (for the multicast request) that
has enough available resources to meet its demands. The system
will allocate its demanded resources to each admitted request, and
an admitted request will release the resources allocated to it back
to the system once it finishes. Otherwise, if the network cannot
meet the resource demands of a request, the request will be re-
jected. A rejected request can be re-submitted to the network, and
it can be admitted if there are sufficient available resources in the
network to meet its demand.

3.4. Competitive ratios of online algorithms

Let OPT and S be the values of an optimal offline solution and
the solution delivered by an online algorithm A for a given se-
quence of requests without the knowledge of future request ar-
rivals, respectively. The competitive ratio of algorithm A is & if
% > % for any instance of the maximization problem. Ideally, the
competitive ratio is expected to be a small constant. However, the
performance of the SDN can be as bad as O(n) if there is no admis-
sion control on requests, since some requests may consume a lot
of resources in the network, later arrived requests cannot be ad-
mitted due to lack of demanded resources, where n is the network
size.

3.5. Problem definitions

Given a software-defined network G = (V,E), where each veV
be a switch node equipped with a TCAM forwarding table of size
L, for packet routing, and let B, be the bandwidth capacity of link
ecE, and a sequence of unicast requests (sy, ti; by) arrives into
the system one by one without the knowledge of future arrivals,
the network capacity maximization problem for online unicasting in
G is to maximize the network throughput (the accumulated band-
width of admitted unicast requests), subject to resource capacity
constraints on switch nodes and links in the network.

The network capacity maximization problem for online multicast-
ing can be defined similarly. That is, given an SDN G = (V,E), let
each veV be a switch node equipped with a TCAM of forwarding
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table of size L, for packet routing, and let B, be the bandwidth ca-
pacity of each link e e E. Given a sequence of multicast requests (s,
Dy; by) that arrives into the system one by one without the knowl-
edge of future arrivals, the problem is to maximize the network
throughput (the accumulated bandwidth of admitted multicast re-
quests), subject to resource constraints on switch nodes and links
in the network.

4. The usage costs of resources of links and nodes

Given a software-defined network G = (V,E), a metric is
needed to model the usage costs of resources at its switch nodes
and links. One important characteristic of such resource usages
is that the marginal costs of resource usages inflate with the in-
crease on the workloads of the resources. Compared with a lightly-
loaded switch node, a heavily-loaded switch node will spend more
time and consume more energy on matching a forwarding rule for
an incoming packet, because more rules in such a heavily-loaded
switch node need to be considered. For example, in the process of
installing a forwarding rule into a switch node with the TCAM ca-
pacity of 2000 entries, existing forwarding rules must be matched
to make sure the new forwarding rule does not exist in the TCAM
prior to its installation. This process takes five seconds for the first
1000 entries, while it takes almost two minutes for the next 1000
entries [17], which directly translates into more energy costs. Thus,
when admitting a request, we should make use of lower-cost and
under-loaded nodes and links to admit the request, rather than
over-loaded ones. Through this observation, we will make use of
exponential functions to model the costs of resource usages, which
are the functions of available amounts and the resource work-
loads. Since usages of over-loaded/saturated resources usually in-
cur higher costs by the adopted exponential functions, it can effi-
ciently avoid the usage of overloaded/saturated resources. The ex-
ponential functions for the usage costs of edge and node resources
are given as follows.

Let L,(k) and Be(k) be the numbers of available entries in the
forwarding table at switch node veV and the residual bandwidth
on link e € E, respectively, when the kth request r;, arrives. We use
an exponential function to model the cost c,(k) of using the re-
source at each switch node v by request r;, which is defined as

e (k) = Ly(a'~ " — 1), (1)
where o > 1 is a constant to be determined later, and 1 — % is
the utilization ratio of the forwarding table of v when request r;
arrives.

The cost c.(k) of using the bandwidth of link e € E by request r;
can be similarly defined as

ce(k) = Be(B'~

where 8 >1 is a constant that is similar to o to be determined
later, and 1 — BEB—(E") is the utilization ratio of the bandwidth of link
e when request r, arrives.

Be (k)

1), (2)

5. Online algorithm for dynamic unicast routing

In this section, we first describe an online algorithm for the
network capacity maximization problem for online unicasting. We
then analyze the competitive ratio and time complexity of the pro-
posed algorithm.

5.1. Online algorithm

The basic idea of the online algorithm is to transform the net-
work capacity maximization problem for online unicasting in the
original SDN G into the problem of a series of finding a shortest

G=(V E) G'(l)=(V'(k), E'(K))

Fig. 1. The construction of G'(k) = (V/(k),E’(k)) for an SDN G = (V,E) for online
unicasting when request ry, arrives.

path in edge-weighted, directed auxiliary graphs. The key is how
to jointly consider node and edge costs in a unified way in the
construction of each auxiliary graph G'(k) for request ry.

For each unicast request r, with (s, t;, by), to model the
usage costs of the resources at nodes and links in the net-
work G by admitting r,, an edge-weighted, directed graph G’ (k) =
(V' (k),E’'(k); w) will be constructed from G = (V,E), and a short-
est path in G'(k) from node s to node t; will be found. Note that
the weight of each edge in G'(k) is the normalized usage cost of its
corresponding switch node or link, which is an exponential func-
tion of the available amount and the workload of the resource at
the node or the link. In the following, we first detail the construc-
tion of G/(k). We then devise an efficient online algorithm for the
network capacity maximization problem for online unicasting.

The edge-weighted, directed graph G'(k) = (V' (k),E’(k); w) is
constructed from G = (V, E) as follows. For each switch node veV,
two nodes v' and v/ are added to V'(k), i.e., V/(k) = {V/,v" | v e V},
and a directed edge (v/, v"/) is added to E’(k). For each link (u,
v)eE, two directed edges (u”, v') and (v’, u’) are added to E'(k),
ie, E'(k)={(v.,v"y | veV}u{(v/,u), U V) | (uv)ecE}. For
brevity, we refer to the edges in G'(k) derived from switch nodes
and links of G as the node-derived edges and link-derived edges, and
denote by E; (k) and E/ (k) the sets of node-derived edges and link-
derived edges in G'(k), respectively. Clearly, E’'(k) = E/(k) UE, (k)
and E, (k) nE] (k) = 9. Fig. 1 illustrates the construction of G'(k).

Depending on its type (node-derived or link-derived edge) and
the usage cost of the resource it represents, each edge e e E'(k) is
assigned a weight as follows.

Ly(k) .
ol =g -1 if e= (V. V") € Ej(k),

if e= (u”,v') € El(k),

Cl)e(k) = _Bun®

an®) _ g1 By
By _’3

where the weight of each node-derived edge reflects the forward-
ing table entry usage on its corresponding switch node, while the
weight of each link-derived edge reflects the bandwidth usage on
its corresponding link. Notice that the weight of each edge is the
normalized usage cost of the resource it represents.

An edge e’ € E,(k) derived from a link ecE is omitted if its
residual bandwidth is strictly less than by, because e cannot meet
the bandwidth demand of request r, and thus plays no role in the
admission of the kth request. For simplicity, the resulting graph af-
ter pruning some edges from it is still denoted as G'(k). Let P(k) be
a shortest path in G'(k) from sj{ to t;{. Following the construction
of G'(k), the edges in P(k) are the node-derived and link-derived
edges alternatively.

To maximize the network throughput (the accumulated band-
width of all admitted requests), an admission control policy will
be adopted. That is, when the length of a shortest path in G'(k)
from s, to ¢, for each incoming request r; is greater than a given
threshold, the request will be rejected no matter whether there
are sufficient resources to admit the request. We here adopt the
following admission control policy: a unicast request r, will be re-
jected, if (i) the weighted sum of node-derived edges in P(k) is
greater than o; or (ii) the weighted sum of the link-derived edges
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in P(k) is greater than o, where oy (=|V|-1=n-1) and o,
(=|V| -=1=n-1) are pre-determined thresholds. In other words,
an incoming request r, is admitted if and only if there exists a
shortest path P(k) in G'(k) from s, to t, such that P(k) meets the
following requirements: (i) 3 _ y)ep(ioyne k) @e (k) < ov; and (ii)
Ye— (v wyeP(k)nEL (k) @e (k) < 0e. The detailed algorithm for online
unicasting is given in Algorithm 1.

Algorithm 1 Online routing algorithm for unicast requests.

Input: a software define network G = (V,E) and the kth unicast

request 1, = (Sg, t; by);

Output: Maximize the network throughput by admitting or reject-
ing each arriving unicast request ry,. If admitted, a routing path
for r, will be found.

: [* Ensure that the switch table of each node v can contain at
least one entry */

: for each node v eV do

if the table size at node v is full, i.e., Ly(k) = O then

Remove v and its incident links from G;

end if

: end for

. [* Ensure that the residual bandwidth capacity of each link e is
at least by */

8: for each link e ¢ E do

9:  if the residual bandwidth at link e is less than b, i.e,

Be(k) < by, then

—_

10: Remove e from G;
11:  end if
12: end for

13: Construct an edge-weighted, directed graph G/'(k) =
(V'(k),E'(k); ) from the resulting subgraph of G and cal-
culate the edge weights according to the resource utilization
when request r, arrives;

14: Find a shortest path P(k) in G’ (k) from s to t;;

15: if P(k) does not exist then

16:  Reject unicast request r;

17: else

18: A (X ecp(ione k) @e(K) = 0v) and (Fecpoyngy ) @e(k) = 0e)
then

19: Admit unicast request r, with P(k) as its routing path;

20: Update the residual resource capacities of links in E and

nodes in V;

21:  else

22: Reject unicast request ry;

23:  end if

24: end if

5.2. Algorithm analysis

In the following we analyze the performance of the pro-
posed algorithm. Let L,;, be the minimum TCAM size, ie., Ly, =
min{L, | veV}, let By, be the minimum bandwidth capacity
among links, i.e., By, = min{B, | e € E}, and bmax the maximum
bandwidth demand by any unicast request, i.e., bmax = {by | 1 <
k' <k}.

We first show the upper bound on the cost of admitted uni-
cast requests as of the arrival of request r;, by Algorithm 1 by the
following lemma.

Lemma 1. Given an SDN G = (V,E) with forwarding table capacity
L, at each switch node v eV and link bandwidth capacity B, at each
link e € E, denote by S(k) the set of unicast requests admitted by the
online algorithm, Algorithm 1, until the arrival of request ry. Then, the

cost sums of nodes and links in G are

Y k) < |S(K)|(oy+n—1)loga, (3)
veV
and
> ce(k) <B(k)(0e +n—1)logB. (4)
ecE

respectively, where o and B are constants with 2|V| < o < 2Imin and
2|V| < ,3 < ZBmin/bmaX’ and E(k) = Zk’ES(k) bk"

See the proof in Appendix A.

We then provide a lower bound on the length of the routing
path to which an optimal offline algorithm routes a request that is
rejected by the online algorithm in the following lemma.

Lemma 2. Let R(k) be the set of unicast requests that are admitted
by an optimal offline algorithm yet rejected by the online algorithm,
Algorithm 1, prior to the arrival of unicast request 1y, and let Pope(k')
be the routing path in G'(k) found by the optimal offline algorithm for
request 1, € R(k). Then, for any request r,, € R(k), we have

Z we(K) > min{oy, 0.} = |V|-1=n-1, (5)
ecPor (k)

where a and B are constants with 2|V| = 2n < o < 2Imin and 2|V| =
2n < B < 2Bmin/bmax

See the proof in Appendix A.
We finally have the following theorem.

Theorem 1. Given an SDN G = (V,E) with both node and link ca-
pacities Ly(-) and Be(-) for all veV and e cE, assume that there is a
sequence of unicast requests r1 = (S1,t1;b1), ..., e = (S, t; by) ar-
riving one by one without the knowledge of future arrivals. There
is an online algorithm, Algorithm 1, with the competitive ratio of
2(yloga +log B) + 1 for the network capacity maximization prob-
lem for online unicasting, which takes O(|V|?) time for each request,
where « and B are constants with 2|V| = 2n < o < 2kmin and 2|V| =

2n < B < 2Bmin/bmax | gnd y = E)"g‘i; is a value with 1 <y <

See the proof in Appendix A.

'min
log(2n)*

6. Online algorithm for multicast routing

In this section, we deal with the network capacity maximiza-
tion problem for online multicasting. We first propose an efficient
online algorithm for the problem. We then analyze the competitive
ratio and time complexity of the proposed algorithm.

6.1. Online algorithm

The basic idea of the proposed algorithm is to respond to
each incoming multicast request r, (= (S, Dy; by)) by either ad-
mitting or rejecting it, according to an admission control policy.
To model the node and link resource usages by admitting multi-
cast request ry, an auxiliary edge-weighted, directed graph G’ (k) =
(V' (k),E'(k); w) will be constructed, where the weight of each
node-derived or link-derived edge of G'(k) reflects the availability
and utilization of the resource in that node or link of G.

In order to reduce the resource consumption of admitting a
multicast request r, and admit more future requests, a multicast
tree in G'(k) rooted at the source s, and spanning all destination
nodes in Dy will be found if it exists. If the weighted sums of all
node-derived edges and link-derived edges in the multicast tree
are less than their corresponding thresholds, then the request will
be admitted; otherwise, it will be rejected. In the following, we de-
tail the construction of G’(k), and then devise an online algorithm
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for the network capacity maximization problem for online multi-
casting.

Given an SDN G(V, E) with node and link capacities L,(-)
and Be(-), respectively, an auxiliary edge-weighted, directed graph
G'(k) = (V'(k),E’'(k); w) for each multicast request r, is con-
structed, and the construction of G'(k) is identical to the construc-
tion of G'(k) for the kth unicast request as shown in Fig. 1. That
is, for each switch node veV, two nodes v/ and v are added to
V'(k), and there is a directed edge (v/, v'’) added to E’(k). For each
edge (u, v)<E, two directed edges (v'/, u’) and (u”, v') are added
to E'(k), i.e., V/(k) ={v,v" | veV}and E'(k) = {(V',V') | veV}uU
{(v".u'), W’ V) | (u,v)eE}.

Now, given a multicast request r, with (s, Dy; by), the problem
is transformed to finding a multicast tree T(k) in G'(k) rooted at s;(
and spanning all nodes in D} = {u’ | u € Dy} such that the weighted
sum of the edges in T(k) is minimized, which is a classic NP-hard
directed Steiner tree problem. As it is very unlikely to find an exact
solution for it in polynomial time, an approximate solution suffices,
by applying the approximation algorithm in [6]. The approximation
ratio of the approximation algorithm is |Di|¢, and its running time
is a polynomial function of n and % where € is a constant with
0 <€ <1. The choice of € will determine the accuracy of the solu-
tion obtained and the running time of the algorithm. For the sake
of simplicity, in the rest of this paper, we abuse the notation of
T(k) and denote it as the corresponding multicast tree in G rooted
at s, and spanning all terminal nodes in D too.

To prevent admitting some multicast requests that will degrade
the performance of the proposed online algorithm significantly, an
admission control policy will be adopted. That is, a multicast re-
quest 1y is admitted only if it meets (i) 3 ecr e k) @e(k) < 0v;
and (ii) ZeeT(k)ﬁEé(k) we(k) < 0e, Wwhere oy =0 = |V|-1=n-1.

The detailed online algorithm for the network capacity maxi-
mization problem for online multicasting is given in Algorithm 2.

6.2. Algorithm analysis

In the following, we analyze the competitive ratio and time
complexity of Algorithm 2. Recall that L, is the minimum TCAM
size among switch nodes, i.e., L, = min{L, | v € V}, By, is the
minimum bandwidth capacity among links, i.e., By, = min{B, | e €
E}, bmax is the maximum bandwidth demand by any multicast re-
quest, K is the maximum number of terminal nodes in any multi-
cast request, i.e., K = max{|Dy/| | 1 <k’ <k}, and € is a fixed value
with 0 <€ <1. We start with the following lemma.

Lemma 3. Given an SDN G = (V, E) with node capacity L, for each
switch node veV and link bandwidth capacity B, for each link e cE,
denote by S(k) the set of multicast requests admitted by the online
algorithm, Algorithm 2, until the arrival of multicast request ry. Then,
the cost sums of nodes and of links of G when multicast request r;,
arrives are

> (k) < [S(K)|(oy +n—1)loga, (6)
veV
and
> ce(k) <B(k)(0e +n—1)log B, (7)
ecE

respectively, where o and B are constants with 2|V| < o < 2Imin and
2|V| < ﬂ =< ZBmin/bmaX, and B(I{) = Zk/es(k) bk"

See the proof in Appendix B.

We then show the lower bound on the cost sum of node-
derived and link-derived edges of the multicast tree T(k’) for a
multicast request r,, which is admitted by an optimal offline al-
gorithm but rejected by the online algorithm, as follows.

Algorithm 2 Online routing algorithm for multicast requests.

Input: An SDN G = (V,E) and an incoming multicast request ry
with (s, Dy; by) and Dy € V;

Qutput: Maximize the network throughput by admitting or reject-
ing each arriving multicast request r,. If admitted, a routing
multicast tree for r, will be found.

1: [* Ensure that the switch table of each node v has at least |D;|
available entries */;

: for each node v eV do

if the available table size at node v is zero then

Remove v and its incident links from G;

end if

: end for

. [* Ensure that the residual bandwidth capacity of each link e is

at least by */

8: for each link e € E do

9:  if the residual bandwidth at link e is less than by, i.e,

Be(k) < by, then

10: Remove e from G;
11:  end if
12: end for

13: Construct an edge-weighted, directed graph G'(k) =
(V'(k),E’(k); w) from the resulting subgraph of Gand cal-
culate the edge weights according to the resource utilization
when request r;, arrives;

14: Find an approximate multicast tree T (k) in G'(k) rooted at s,
and spanning all nodes in D/, by applying the algorithm due to
Charikar et~al. in [6];

15: if T(k) does not exist then

16:  Reject multicast request ry;

17: else

18 if (Cecrgoneym @e(k) = 0v) and (Fecrgong; k) @e (k) < 0e)
then

19: Admit multicast request r, with T (k);

20: Update the residual resource capacities of links in E and

nodes in V;

21  else

22: Reject request ry;

23:  end if

24: end if

Lemma 4. Let R(k) be the set of multicast requests admitted by
an optimal offline algorithm yet rejected by the online algorithm,
Algorithm 2, prior to the arrival of multicast request ry. Let Tope(kK')
be the multicast tree in G'(k) found by the optimal offline algorithm
for request r, € R(k). Then, for each multicast request r, € R(k),
we have 3,1 (i) @e(k') = %ﬁ‘“} where e and B are constants

with 2|V| =2n < a < 2Mmin and 2|V| = 2n < B < 2Bmin/bmax,

See the proof in Appendix B.
We finally have the following theorem.

Theorem 2. Given an SDN G = (V,E) with both node and link ca-
pacities Ly(-) and Be(-) for all veV and ecE, assume that there
is a sequence of multicast requests 1, = (Si,Dy; by) arriving one
by one without the knowledge of future arrivals with D, CV. There
is an online algorithm, Algorithm 2, with the competitive ratio
of 2K¢(y loga +log B) + 1 for the network capacity maximization
problem for online multicasting, which takes O((|V|+ |E|)1/€K?/€)
time, where o and B are constants with 2|V| =2n < a < 2kmin and
2|V| =2n < B < 2Bmin/bmax o — B_. /log B, and € is a constant with
O<e<l.

See the proof in Appendix B.
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7. Performance evaluation

In this section, we evaluate the performance of the proposed
algorithms through experimental simulations. We also investigate
the impact of important parameters on the performance of the
proposed algorithms.

7.1. Environment settings

We consider networks with 50, 100, 150, 200, and 250 nodes,
respectively. For each network size, 30 network instances are gen-
erated, using the tool GT-ITM [9]. The size of TCAM L, of each
switch node v eV varies from 500 to 5000, and the bandwidth ca-
pacity B, of each link e  E varies from 1,000 Mbps to 10,000 Mbps
[16,19,23]. The bandwidth demand b of each unicast or multicast
request 7y is randomly drawn between 1 Mbps and 50 Mbps. The
number of destinations in a multicast request is randomly chosen
between 1% and 15% of the network size. The value in each fig-
ure is the mean of the results out of 30 network instances with 30

different sequences of 50,000 unicast requests or 20,000 multicast
requests.

To speed up the running time of the proposed algorithm,
Algorithm 2, we employ a simpler approach based on the single-
source shortest path algorithm to find an approximate, minimum
Steiner tree, instead of the time-consuming approximation algo-
rithm in [6] that delivers a better solution.

Since the proposed algorithms in this paper are the very first
ones that jointly consider node and edge capacities in SDNs, com-
paring the performance of the proposed algorithms with those
only considered either one type of resource capacity may be unfair.
To evaluate the performance of the proposed algorithms against
the benchmarks, we here propose two heuristics SHORTEST-UC
and SHORTEST-MC for online unicasting and multicasting respec-
tively. Specifically, for each request ry, the heuristic algorithms first
remove the links and nodes from the network G that do not have
enough residual resources to support the admission of the re-
quest, and then assign each link the same weight. SHORTEST-UC
finds a shortest path with the minimum number of links from the
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source to the destination of request ry, while SHORTEST-MC finds
a single-source shortest path tree spanning all destination nodes
rooted at the source and spanning all destinations of a multicast
request ry.

7.2. Performance evaluation of different algorithms

We first evaluate the proposed two online algorithms
Algorithms 1 and 2 against algorithms SHORTEST-UC
and SHORTEST-MC, by varying network size n from 50 to
250 while keeping other parameters fixed, ie, o = 8 =2n and
Oe=0y=n-—1.

Fig. 2 plots the performance curves of different algorithms,
from which it can be seen both Algorithms 1 and 2 outper-
form SHORTEST-UC and SHORTEST-MC in all cases. Specifically,
Algorithm 1 outperforms algorithm SHORTEST-UC. As shown
in Fig. 2(a), Algorithm 1 delivers 10% more accumulated band-
width than that of SHORTEST-UC. Meanwhile, Algorithm 2 de-
livers more accumulated bandwidth and admits more requests
than that of SHORTEST-MC, too. In particular, As shown in
Fig. 2(b), the accumulated bandwidth delivered by Algorithm 2 is
10% more than that by SHORTEST-MC when n = 50. However,
Algorithm 2 still delivers 9% more accumulated bandwidth com-
pared with SHORTEST-MC when the network size is 250. The rea-
son is that with the growth of the network size n, the number
of destinations in each multicast request increases, requiring more
node and link resources for the request realization.

7.3. Parameter impacts on algorithmic performance

We first investigate the impact of parameters « and 8 on the
performance of the proposed algorithms, by varying them from
2'n to 2°n while keeping o, = 0e =n — 1. Figs. 3 and 4 plot the
performance curves of Algorithms 1 and 2, by varying either « or
B while fixing the other.

It can be seen from Fig. 3(a) to (c) that when « is fixed, the
larger the value of B, the less the accumulated bandwidth deliv-
ered by Algorithm 1 and vice versa. For instance, when o = 2!n
and n =50, Algorithm 1 with 8 =2'n delivers 15% more the ac-
cumulated bandwidth than itself with 8 = 2°n. It also can be seen
that the performance gap of Algorithm 1 under different o and S
is flat with the increase of network size n. Similarly, Fig. 4 plots
the performance curves of Algorithm 2, by varying the values of
exactly one of o and B each time, from which it can be seen when
« is fixed, the larger the value of §, the less the accumulated band-
width delivered by Algorithm 2 and vice versa.

We then study the impact of the admission thresholds o, and
o, on the performance of Algorithms 1 and 2. Fig. 5 plots the per-
formance curves of Algorithms 1 and 2 with and without the ad-
mission control thresholds, from which it can be seen that both
of them with admission control significantly outperform them-
selves without the admission control. Specifically, for online uni-
casting, the performance gap of Algorithm 1 with and without the
thresholds becomes larger and larger with the increase in network
size n, as shown in Fig. 5(a). For example, the ratio of the accu-
mulated bandwidths delivered by Algorithm 1 with and without
the admission control grows from 1.25 to 2.5 when n = 25, 250
respectively. For the online multicasting, the performance gap of
Algorithm 2 with and without the admission control is relatively
stable, as shown in Fig. 5(b). The difference in the accumulated
bandwidth only drops from approximately 30 Gbps to approxi-
mately 24 Gbps for a monitoring period when the network size
increases from 100 to 250.

7.4. Impact of request implementation durations on the performance
of algorithms

We now investigate the impact of the durations (numbers of
time slots) of admitted requests on the performance of the pro-
posed online algorithms Algorithms 1 and 2, by varying the maxi-
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mum duration of admitted requests, where each admitted request
will release the resources allocated to it when it departs from the
network. From Fig. 6 (a)-(b), we can see that the longer the max-
imum duration is, the less the number of requests the proposed
online algorithms admit. The reason behind is that longer resource
holding durations by the admitted requests result in fewer re-
sources for later request admissions, which limits the ability of the
network to admit more requests. Specifically, Fig. 6 (a) indicates
that the impact of the maximum duration of admitted unicast re-
quests is significant on the performance of the algorithm when
the network size is small, because a small network has fewer re-
sources, it cannot accommodate more requests if the currently ad-
mitted requests do not depart from it. On the other hand, from
Fig. 6 (b), we can see that the gap between the performance of
the online multicast algorithm is roughly the same for all network
sizes when the maximum duration of admitted requests changes,
due to the fact that multicast requests require much more re-
sources and readily consume all the resources in the network even
if some admitted requests depart from the network shortly.

8. Conclusions

In this paper, we studied online unicasting and multicasting in
SDNs with resource capacity constraints on switch nodes and links,
and user request bandwidth demands. We first proposed a novel
cost model to model the usage costs of different resources. We
then devised novel online algorithms with provable competitive
ratios for online unicasting and multicasting. We finally evaluated
the performance of the proposed algorithms through experimen-
tal simulation. Simulation results indicate that the proposed algo-
rithms are very promising.
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Appendix A

Proof for Lemma 1

Proof. Consider a unicast request r,, € S(k) admitted by the online
algorithm. Then, for any switch node v eV, we have

(K +1) —cy(K)

Ly +1) _ L)
=L1,<a] Iy —1>—Ly(0l1 Iy —1)

Ly(K' +1) Ly (k')
L (@Y - )
_ L) Ly(K)-Ly (K +1)
=L,,oel Ly (a Ly —1)
]_Ly(k/) 1
<L b (av —1 (8)
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_ L) 1
— L]/al T (2’.y loga 1)

< La'~"" (loga/L,) (9)

1_b

— o' " loga. (10)

where Inequality (8) holds because at most one routing entry is
added to the forwarding table of node v, and Inequality (9) holds
because 2¥ —1 <x with 0<x<1, and (1/Ly)loga < (1/Ly)Lyin <
(1/Ly)Ly = 1.

Similarly, for any edge e € E, we have

Ce(k' +1) —co(K)
:Be<ﬂ1fﬂe<g,j” _ 1) —Be(ﬁp% _ l)

ap(p
, b,,
<BpE (B 1), (1)

= B! @k e 1)

Be (K
< B by -log B, (12)

where Inequality (11) follows since at most b,, bandwidth units
of link e for request r,, are reserved, and Inequality (12) follows
because %logﬂg%-%g%-%: . and 2*—1<x with
O<x<1

We then calculate the cost sum of all nodes or links of G when
admitting request r,. Notice that if an edge in G’(k’) is not in P(k’),
its cost does not change after the admission of request r;,. The dif-

ference in the cost sum of nodes before and after admitting re-
quest ry, thus is

Y (aw® +1) —c(K))

veV

(v, v")eP(K')NE, (K')
< > o't -logoe>, by Inequality (10)
W ") ePUNE, (k)
(1))

=loga >
Wiy (K) + 1)

(co(kK' +1) = cu(K))

(v, v")yeP(K')NE,(K')

=logax >

(v v")eP(K')NE, (K')

= loga( > @y (K) + > 1)
(v.v) )

") eP(k)NE, (k') (v v")eP(k')NE} (k'
< (oy+(n-1))loga, (13)
where Inequality (13) holds because request r;, is admitted only if
it meets the admission control policy (i), and any routing path in

G'(K') contains no more than n—1 node-derived edges. Similarly,
the cost sum of edges by request r, is

3 (ce] + 1) —ce(k))

ecE

>

e'eP(K)NEL(K')

= >

e’eP(K')NE, (k')

(ce(K +1) — ce(K))

Be (K')

(B'~7% by - log B),

by Inequality (12)

=belogh Y (B

e/ cP(k)NEL(K)

=b,<,log,3< >

e’eP(k)NEL (k')

-1 +1)

B - Y 1)

e'eP(k’)

= bk’ lOg,B( Z C()g/(k/) + Z 1)
)

e'eP(K'NE,(K')) e’eP(k')NE, (k'
< by-(oe+n—-1)logp. (14)

where Inequality (14) holds because request r;, is admitted only if
it meets the admission control policy (ii), and follows the fact that
any routing path in G’(k’) contains no more than n — 1 link-derived
edges. Notice that ¢,(1) = c.(1) =0 for all veV and e ¢ E. Thus, the
cost sum of all nodes when request r; arrives is

k-1
Yok =) (K +1) —cy(K))
veV k'=1veV
= Y Y (@®+1)—c(k))
k'eS(k) veV
< Y ((oy+(n—1))loga)
k'eS(k)
= ((ov+ (n=1))loga) > 1
kKeS(k)
= [S(k)|(oy+ (n—1))loga, (15)

where Inequality (15) follows from Inequality (13). Likewise, the
cost sum of all edges for routing |S(k)| unicast requests by the
online algorithm is

k-1
ek =3 ek +1) - k)
ecE k'=1 ecE
= 3 Ye®+1) - )
k'eS(k) ecE
= Y (be(oe+ (n—1))log )
k'eS(k)
= ((ce+ (n—1))logB) Y by
k'eS(k)
< B(k)(oe + (n—1))log B, (16)

where B(k) = > s by, and Inequality (16) follows from In-
equality (14). O

Proof for Lemma 2

Proof. Suppose that given an SDN G, there are an optimal offline
algorithm and the proposed online algorithm for the problem of
concern in G. Assuming that each request is revealed to both al-
gorithms one by one. Each algorithm either admits a request by
allocating the demanded resources to the request or rejects the re-
quest. The optimal offline algorithm may reject a request that is
admitted by the proposed online algorithm or vice versa. Thus, for
a given monitoring period, the proposed online algorithm and the
optimal offline algorithm may accept different sets of requests, re-
sulting in a difference between the resource availability in the re-
sulting networks by these two algorithms when a request arrives.
Denote by Gope(k’) and G(k’) the networks to which the optimal
offline algorithm and the proposed online algorithm are applied
prior to the arrival of request ry/, respectively.

Consider a unicast request ry that is admitted by the opti-
mal offline algorithm yet rejected by the proposed online algo-
rithm. Since r,, is admitted by the optimal offline algorithm, it
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means that the optimal offline algorithm is able to admit r,, into
Gopt(K') using a path Poy(k’) in Gope(k’). We can check whether
G'(k’) contains Pop(k’), and there are exactly two cases. Case 1:
every node and edge in Pyp(k’) has its corresponding edges in
G'(k'), or case 2: at least one node or one link in Py (k') does
not have a corresponding edge in G'(k’), because its available re-
source cannot meet the demand of r,,. In the following, we will ar-
gue that in both cases, ZEEPOp[(k,)we(k’) > min{oy, o} = V| - 1=
n—1, where we(k’) is calculated based on the availability and
workload of the resource in G(k').

Case 1: If every node and edge in Pp:(k’) has a correspond-
ing edge in G'(k’) as well, there is at least one path in G'(k’)
from s;{/ to t,i,, namely the one corresponds to Pop(k’). Conse-
quently, the proposed online algorithm must be able to find a path
P(k’) such that P(k’) can meet the resource demand of request r
and Y cpgpr) We(K') < Yocp @e (k') for any path p in G'(k') from s,
to t,, including Pop(k’). Since 1y, is rejected by the online algo-
rithm, the length of P(k’) is no less than the given threshold, i.e.,
Y ecp(iy We(K') = min{oy, oe}. Thus, min{oy, oe} < 3 pcpgry @e (k') <
ZeePopt(k’) we(K').

Case 2: At least one node or one edge in Pyp(k’) does not have
a corresponding edge in G’(k’). Recall that a node or a link is not
included only if its residual capacity cannot satisfy the resource
demands of ry. This case thus can be further divided into two
subcases: (a) if there is a node with no available table entry to
route the message for the unicast request, then there is a node-
derived edge ¢ = (v, V") € Py (k') in G'(K') such that Ly(k')<1.
Consequently, the length of Po,(k’) is greater than oy:

Zeepgw () ©¢ (k)

w(v’.v”)(k/) = al_%:) -1

v

since L, (k') < 1

since 2n < o < 2bmin < 2L

_1

> Oll n—1,
1— L

> o Tog 7]’

o
=5-1>0,

2

(b) If there is an edge in any routing path found by the on-

line algorithm without sufficient bandwidth to route request r/,

then there exists an edge e’ = (v, u’) € Py (k') in G'(K’) such that
By (K') < by Therefore, the length of Poy(k') is greater than o:

by the assumption of that o > 2n.

By K

= -1

/ N
Z%lﬁz(k’) We(K) = Wy (K) = B

bk/

> ﬂl_m —1, since B, (K') < by
> ﬁl—@ —1, since 2n < /3 < 2Bmin/bmax < 2Baw /by
= g —1>0,, by the assumption of that 8 > 2n.

O

Proof for Theorem 1

Proof. Let Bopy (k) be the total bandwidth of requests admitted
by an optimal offline algorithm when request r, arrives, we then
have

(n—1)Bope(k) —B(K) =< (n—=1) Y by

k' eR(k)

> be(n—1)

kK eR (k)

£ o 5 o)

k' eR (k) ecPop (k')

) bkr( > weuo) (17)

kK er (k) ecPop (k)

IA

IA

O (k) + > @y (k)
(u” V") €Pope (K" )NEL (K')

3 bk«(< 3

Kk eR (k) V' V") €Pope (K )NE) (k')
cy (k) Caury (K)
-y oy HEe oy fes
k'eR (k) (v, 0") €Pope (K )NE} (K) (u” V') ePopt (K)NE; (K') wv)

Z Z by cy(k)

Ly
KeR(k) (v ") ePope (K)NE) (K')

+ Z Z bk’ C(u‘v) (k)

KeR(k) (" .v')ePope (K )NEL(K') B

Z bk/

< ch(k) Z
vev KeR(K) (v ") ePo (KI)NEL(K)
by
+ Z C(u,v) (k) Z B(u ” (18)
(u.v)eE K R (k) (u”,v) P (KINEL (k) M
Y DK eR(K) 2o (v vy ePope (KINE(K') Dl
Ly
veV
DoKeR () 2o () ePope (KINEL(K') by
+ Z C(u,v)(k) B(u "
(u,v)eE :
<> al)y +Y cunk) (19)
veV ecE
=yl + Y Cun k) (20)
veV ecE
<yISt)|(oy+ (n—1))loga
+B(k)(0e + (n—1))logB, by Lemma 1

=2(n-1)(y|S(k)|loga +B(k) log B). (21)

Notice that Inequality (17) holds because the utilization of each
resource does not decrease and consequently the weight of any
edge in G'(k) does not decrease with more request admissions,
i.e., we(k') <we(k) for any edge ec E'(k) and any k' with 1<k’ <k.
Inequality (18) holds since P | 2?21 ABj <P A Zj!:1 B; with
A;>0 and B;>0.

The proof of Inequality (20) proceeds as follows. For any
switch node veV, each forwarding table entry can be used to
admit a request with bandwidth at most bmax(< Bpin/log B8 =
y), and the forwarding table at each node v has L, en-
tries. Thus, the accumulated bandwidth of all unicast requests
using switch node v as their relay node is no more than
Ly-bmax. Hence, the accumulated bandwidth of all admitted
requests through node v by an optimal offline algorithm is
no more than Ly-bmax, i.e., ZI{’ER(k) Z(U/,U”>Epop[(k/)ﬁEL(k/) bk’ <Ly-
bmax < ¥ - Lv, and (Xyerwy Ziwr v)yeyp (k)E) k') Pie)/Lv < v - Mean-
while, all algorithms, including optimal offline algorithms for
the problem of concern, the total amount of bandwidth used
in any link is no more than its capacity, thus, for ev-
ery link eeE, the accumulated bandwidth of all admitted re-
quests on it by an optimal offline algorithm is no more than
its capacity, i.e., Z,C/ER(,()Z(u//,,,/kpop[(k/)ﬂEé(k/)bk/ < Be. Therefore,
(Zklem,{)Z(u,,_y,>epnpt(k,)ﬁEé(k,)bk/)/Be51. By Inequality (21), we
have

Bope (k) — B(k) [S(k)|
IJ]BW <2y B log o + log B)
< 2(yloga +log B), (22)

where the last step follows because B(k) = > sk by and by > 1.
From Inequality (22), we have
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Bope (k)
B(k)

< 2(yloga +logB) +1,
= O(logn), when o = 8 = 2|V| = 2n. (23)

The auxiliary graph G'(k) = (V/(k),E’(k)) contains |V'(k)| (=
2|V]) nodes and |E'(k)| (= V| + 2|E|) edges, its construction thus
takes O(|V'(k)| + |E’(k)]) = O(|V| + |E|]) time. In addition, find-
ing a shortest path in G'(k) takes O(|V’/(k)|?) = O(]V|?) time.
Algorithm 1 therefore takes O(|V|? + |V| + |E|) = O(|V|?) time. O

Appendix B

Proof for Lemma 3

Proof. Consider an admitted multicast request r,, € S(k) by the
online algorithm. If the edge derived from a switch node veV is
not in T(k'), then ¢, (k' + 1) — ¢, (k") = 0. The cost sum of all nodes
in G for admitting multicast request ry, is

ZUGV (co(k"+1) = cu(K'))
- ZveVnT(k’)(Cv (K +1) —cu(k))

17L|,(I<’+1) 17LLI<’)
B (oo ) (o )
_ 1_5&) Ly(K)—~Ly (K +1)
= ZueT(k’) (L,,o( Iy (a I - 1))

=Y (Lva”%(f" (@i —1)) (24)

],M 1
< ZveT(!{’)Lva o .loga - » (25)

v

<(oy+(n—-1))loga, (26)

where Inequality (24) holds, because only one forwarding table
entry in the switch table at node v is required to admit multi-
cast request rp [4,22]. Inequality (25) follows, as 2*¥ — 1 <x with
0<x<1, and o < 2Mmin < 2lv/dv and Inequality (26) holds from the
fact that request r, is admitted only if the admission control pol-
icy (i) is met, and a multicast tree cannot have more than n—1
node-derived edges.

Notice that ¢,(1) =0 for all veV. The cost sum of nodes by
routing all requests in S(k) is

k-1

ek =" (e +1) —c(kK))

veV k'=1veV

3 > (K +1) — (k)

k'eS (k) veV
> (ov+(—1))loga, by Inequality (26)
k'eS(k)
[S(k)|(oy+ (n—1))loga.
Thus, Inequality (6) holds.

Inequality (7) can be similarly proven by adopting the tech-
nique for Inequality (14), omitted. O

IA

Proof for Lemma 4

Proof. Suppose that given an SDN G and there are an optimal of-
fline algorithm and the proposed online algorithm for the network
capacity maximization problem for online multicasting. Assuming
that each request is revealed to both algorithms one by one. Each

algorithm can either admit the request by allocating the demanded
resources to it or reject it. However, the optimal offline algorithm
may reject a request that is admitted by the proposed online al-
gorithm, or vice versa. Thus, for a given monitoring period, the
proposed online algorithm and the optimal offline algorithm may
accept different sets of requests, resulting in a difference between
the resource availability in the resulting networks by these two al-
gorithms when a request arrives. Denote by Gope(k’) and G(k') the
networks to which the optimal offline algorithm and the proposed
online algorithm are applied prior to the arrival of request ry/, re-
spectively.

Consider a multicast request ry, that is admitted by the optimal
offline algorithm yet rejected by the proposed online algorithm.
Since 1y, is admitted by the optimal offline algorithm, it means that
the optimal offline algorithm is able to admit r, into Gepe(k’) us-
ing a tree Tope(k’) in Gope(k’). We check whether G'(k’) derived from
G(k’) contains Top(k’), and there are exactly two cases. Case 1: ev-
ery node and edge in Top(k’) has a corresponding edge in G'(k’),
or case 2: at least one node or one link in Top(k’) does not have a
corresponding edge in G'(k’), because its available resource capac-
ity cannot meet the demand of rp,. In the following, we will show
that for both cases, Zeeropr(k’)we(k/) > % where we(k') is
calculated based on the availability and workload of the resource
in G(k').

Case 1. If every node and edge in T,p:(k’) has a corresponding
edge in G'(k'), there is at least one tree in G'(k’) that roots at s,
and spans the nodes in D;,, namely the one corresponds to Tope(k’).
Consequently, the proposed online algorithm must be able to find
a tree T(k') in G'(k’) such that T(k’) can meet the resource de-

ecT (k') e (k) > ety we (k')

Dy € = Ke
for any tree T in G'(k’) that roots at s, and spans the nodes in
Dy, including Top(k’). Since r, is rejected by the online algo-
rithm, the weighted sum of edges in T(k’) is no less than the given

. Yeer ey @e (k) i
threshold, ie., Zel®) ™" - minlov.oe} Thys, PeeTy k) @e(K) =
YeeT (k) ©e (K"

€ -

Callge 2. At least one node or one edge in Top(k’) does not have

a corresponding edge in G'(k’). Recall that a node or a link is not

included only if its residual capacity cannot satisfy the resource de-

mands of r,. This case thus can be further divided into two sub-

cases: (a) if there is not any multicast tree with sufficient avail-

able table entries to route the message of the request, then there

must have a node-derived edge e’ = (v, wy) € Tope (K') NE; (k') de-

rived from node veV such that L,(k') <d, <K. Consequently, the
weighted sum of edges in Top:(k") is greater than o, /K¢ as follows.

mand of request r and Y ,.; we (k') > z

> min{”evﬁe}

L)
Y welk) = oy (K) =o' —1
eeTap[(k’)
1- . ,
>a b —1, since L,(k') <d,
1 .
>ql"ma —1, since 2n < o < 2kmin < 2Lv/dv

o oy
=5 - 1>o0,> Ke

(b) If there is not any multicast tree with sufficient bandwidth on
one of its links to admit multicast request k’, then the weighted
sum of edges in Top(k') is greater than o./K€, which can be proved
using the similar method as the one for online unicasting in the
proof body of Lemma 2, and thus omitted. O

Proof for Theorem 2

Proof. Let By (k) be the total bandwidth of all admitted multicast
requests by an optimal offline algorithm. Combining Lemmas 3 and
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4, we have

@1 By (k) — B(K)

(n-1)
Ke = ke Z b

kK eR(k)

(n-1)
S

k'eR (k)

Z bk!

kK eR (k)

Y by

kK eR (k)

IA

by Lemma 4

Z we(K) ).

ecTop (k')

( O wyy ()
(V" W) €Topt (K )NE (K)

+ Z w(w,,u,u’) (k/))

(Wou ') €Top (K')NE (k')

IA

Z bk!

kK er(k)

+ > Ol ) (k)) (27)

Wy, ') €Tope (K )NEG (k')

( Wy wi) (K)
(V" Wy ) €Tope (K )NE;, (k')

Cy (k) + Z C(v,u) (k)

Ly

- Y by

kK eR(k)

Z Z be cy(k)

K eR (k) (1 W) €Tope (K INE () L

n Z Z by Cwu) (k)

(0, Wou) €Tope (KONEL (K) (W)l (ROELG) D00

KR (K) (Wi, tt') €Tope (K NEL (K') B
by
SYaw Y be
vev K eR (k) (", Wou) €Tope (K )NE} (k)
bk/
D ST SEND S
(v.u)eE KR (K) (W tt) Tope (KN (K1) VW)

Y peri S ok ey bre
_ ch(k) k' eR (k) (V" Wy ) €Tope (K )NE, (k') K

veV Lv
+ Z C(u,u) (k) Zk’eR(k) Z(W,,é,u’)eTopt(k/)ﬂEé(k’) bk’
(v.u)eE (w.u)
=Y al®y+y cl)<yy cll)+y c(k)
veV ecE veV ecE
< yYIS®)|(oy + (n — 1)) loga +B(k)(0e + (n — 1)) log B
=2(n—-1)(y|S(k)|loga + B(k)log B) (28)

where Inequality (27) follows because the resource utilization is
always nondecreasing.
From Inequality (28), we have

ot (K) — Bk ;
W—MM) <2k (8O og o+ 10g B). (29)

B(k)
Hence,

Bope (k)
B(k)

IS (k)|
B(k)

< 2K¢( loga +log B) + 1,

S0l _
B(k) ~
< 2K¢(y log(2n)) +1,if @ = B = 2|V| = 2n,
= O(K¢logn).
The rest is to analyze the time complexity of Algorithm 2. Re-
call that given an SDN G = (V,E), we first construct an auxiliary

< 2K¢(y loga + log B) + 1, since

graph G'(k) = (V/(k),E’(k)), which contains |V/(k)| (= |V|+ |E])
nodes and |E'(k)| (= |V|+4|E|) edges. Thus, the construction of
G/'(k) takes O(|V| + |E|) time. It then takes O(|V'(k)|'/€|D;|%€) time
to find an approximate Steiner tree in G'(k) for a multicast request
1, by employing the algorithm in [6] As a result, Algorithm 2 takes
O((|V] + |E])V/€K?/€) time. O
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