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Abstract—Software-Defined Networks (SDNs) enable the net-

work control plane to be decoupled from the data plane and @?' : PCE Path Computation Element
assign the control to a programmable software unit, i.e., con- Vi vis OpenFlow Switches
troller. With such a logically centralized control, SDNs provide

the capability of bandwidth reservations that meets user require- @
ments. In SDNs with multiple logically centralized controllers,

it is challenging to maintain accurate link-state information at

every controller in a consistent manner. Bandwidth scheduling

in presence of inaccuracy may lead to rejection of reservation — Controller
requests in turn affecting the Quality of Service (QoS) provided ¢ @ e
by the Network Service provider. In order to minimize the service @ Pathib, v7, Vs, V1o, V12 @
disruption caused by lack of uniform global network view (GNV) || e Updiic
at controllers, we propose a routing scheme based on multiple p D

weights’ distribution such that the number of requests dropped )
or rejected during bandwidth reservation setup phase is mini-
mized. The performance superiority of the proposed bandwidth
reservation solutions is illustrated by extensive simulations in
comparison with existing methods.
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tion; bandwidth scheduling.
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Next-generation e-science applications in various domains ‘
generate colossal amounts of simulation, experimental, or
observational data, on the order of terabyte at present and
petabyte or exabyte down the road, now frequently termed
as “Big Data”, which must be transferred to remote sites
for collaborative processing, analysis, and storage. The data
transfer at such scales necessitates the development of highAle now describe the process of scheduling bandwidth
performance networks that are capable of provisioning dedéservation requests in SDNs using a simple example shown
cated channels with reserved network resources through eitimeFigure 1. The bottom layer consists of OpenFlow switches,
circuit/lambda-switching or Multi-Protocol Label Switchingvy, ve, ..., v12, grouped into one or more separate domains,
(MPLS) tunneling techniques. responsible for forwarding incoming packets based on the

The decoupling of control and data planes in SDNs givésformation stored in their Forward Information Base (FIB)
network designers freedom to re-factor the network contrepnsisting of flow entries and next-hop informaticn. andC:
plane, allowing the network control logic to be designed ar@fe controllers consisting of Global Network Views (GNVs)
operated as though it were a centralized application, ratiér and G, respectively, consisting of upto-date link-state
than a distributed system. SDNs with logically centralizeghformation of the underlying network. The Path Computation
control and distributed flow tables enable various networkirigement (PCE) is responsible for processing the incoming
services, such as bandwidth reservations to support Big D&gguests for path setup and updating the flow entries in
transfer. Such reservations not only ensure the confirmetB. The controllers exchange their link-state information
availability of bandwidth during the entire course of datamong themselves to maintain a consistent GNV across every
transfer, but also yield a higher level of resource utilizatiogontroller.
in the network. In addition to Big Data transfer, some real- When a bandwidth reservation reques(s, d, t°, t¢, b)
time applications, such as Video-on-Demand (VoD) or virtuarrives at controllerC;, the controller follows a two-phase
collaboration might require an immediate allocation of bangiocess. In Phase 1, the controller checks its GNV to verify if
width for an indefinite duration [1]. b units of bandwidth are available. If the network has sufficient

Fig. 1. Bandwidth scheduling in Software-Defined Networks.
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bandwidth, controlleC; computes a patp(r;) that connects belonging to different controllers, thus choosing different paths
sources and destination/ and meets the bandwidth requirefor similar requests.
ment ofb units for the time durationtf, ¢°], according to the  The rest of the paper is organized as follows. Section Il
advertised link-state information. From the perspective of th@nducts a brief survey of related work. Section Ill constructs
controller, if there is sufficient network resource (bandwidththe cost models and formulates the bandwidth reservation
to accommodate the request, it launches a signalling/sefptpblem under study. Section IV details the scheduling algo-
process to ensure thiatinits of bandwidth are indeed availableithm design. Section V evaluates the scheduling performance
on every link! € p(r;) during [t*, t¢]. As the signalling in simulated networks.
message traverses all the component links along the selected I
pathp(r;), each responsible controller performs an admission B o
test to check if a component link in its domain can actually Most of the work in this field has been focused on QoS
support the request. If the link has sufficient resource, thuting whose goal is to find a path that satisfies multiple QoS
controller reserves bandwidth on behalf of the new connecti§AnStraints while maximizing network utilization. The existing
before forwarding the setup message to the controller servicig'k on this subject can be broadly classified into single-path
the next component link along the path; otherwise, it rejeci@uting and multi-path routing.
the connection request immediately. Upon the confirmation ofIn single-path routing, only a single path is considered
the user request, the controllers employ the state distributiggtween a source-destination pair. Some work in this cate-
method to distribute their state information to other controlle@Pry only considers bandwidth in path computation. In [7],
in an attempt to achieve a consistent GNV across the netwoderin et al. proposed source routing algorithms with in-
When the link-state information in the GNV is not up-2ccurate link-state information by exploring the impact of
to-date, i.e., it does not represent the current picture of tHgormation inaccuracy in the context of QoS routing. In [2],
network state, the routing process might select a path tHfstostolopouloset al. proposed a new routing mechanism,
is unable to support the call requirements. ConsequentlySafety Based Routing (SBR), to address the routing inaccu-
reservation request that is initially scheduled on a particulEgCy issues when computing explicit paths with bandwidth
path would be rejected in the path setup process, whichc@nstraints. SBR incorporates a new link attribute, safety (S),
termed as a false positive. Out-of-date information may al¥dich represents the effect of the routing inaccuracy in the
cause controllers to make a wrong decision on path selectiiik-state reliability, in the path selection process. In [4] [8]
some paths may be overused (since the GNV is updaf@tHin et al. proposed a QoS routing mechanism, BYPASS
periodically, the routing scheme tend to select the same p&#sed Routing (BBR), which bypasses those links along
for an extended period of time [2]) and hence cannot meiée selected path that potentially cannot satisfy the traffic
the required QoS while there exist other underutilized patH€duirements.
This is widely recognized as a routing inaccuracy problem. There exists some other work that considers both bandwidth
The false positive resulted from inaccuracy jeopardizes usedgtid delay in path computation. In [9], Korkmat al. ad-
satisfaction [3]. This situation deteriorates as the level @ressed the path computation problem under bandwidth and
inaccuracy/inconsistency increases. delay constraints with inaccurate link-state information. They
The setup failure in a blocked or rejected request incugslopted a probabilistic approach where the state param-
extra overhead to reserve resources along the path and rét®ys are characterized by random variables to find the
delay the establishment of other connections. In addition,naost-probable bandwidth-delay-constrained path (MP-BDCP).
failed connection temporarily holds resources on its upstredm[10], Zhanget al. studied QoS routing in the presence of
links, which may block other connections in the interim [4] [5]inaccurate state information, formulated as the Most-Probable
Also, the performance of a QoS routing algorithm can bBvo Additive-Constrained Path (MP-TACP) problem. They
significantly undermined by inaccurate link-state informatiorproposed a routing algorithm that uses pre- and on-demand
Thus, it is critical to minimize the setup failures caused byomputation along with both linear and nonlinear search
inaccurate state information for efficient network utilizatioiechniques that take inaccuracies into consideration. In most
and improved QoS. A good routing algorithm must incorporagxisting bandwidth scheduling algorithms, reservation requests
mechanisms to account for the inaccuracy in the GNV amdth similar requirements (the same source/destination and
make effective routing decisions in the presence of sueherlapped start/end time) are typically routed along the same
inaccuracy [6]. path, hence resulting in unbalanced traffic. This situation
We propose a weight-based routing scheme, calldg¢comes worse in the presence of inconsistent GNVs in SDNs.
MinBlock-Routing, to schedule incoming bandwidth reser- Multi-path routing, on the other hand, probes multiple feasi-
vation requests such that the total number of reservatible paths simultaneously, and if more than one path can satisfy
requests blocked due to inaccurate GNV is minimized. Wheine QoS requirement of a request, the shortest one is typically
multiple requests with similar requirements (source, destingelected. In [11], Jiat al. proposed a routing strategy, in which
tion, bandwidth, start-time, and end-time) arrive at controlleronnection requests with specific bandwidth demands can be
simultaneously, our routing scheme assigns multiple weigtassigned to one of several alternative paths. They introduced a
to links connecting the same pair of OpenFlow switches, boollection of k-shortest path routing schemes and investigated

RELATED WORK
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the performance under a variety of traffic conditions anidformation to other controllers in an attempt to achieve a
network configurations. The idea of randomized routing [2tonsistent GNV across the network.

is to compute a set of feasible paths and then randomly selech link without sufficient available bandwidth along the path
one for a connection request. Every time when the link-statemputed based on the advertised bandwidth would lead to a
is updatedk paths with the largest bandwidths are selectesetup failure, and the inaccuracy in GNV is one major cause
as the candidates to be used until the next link-state upddt®. such setup failures.

When a request arrives, it is randomly routed among tiB Problem Formulation

k paths. Since the routing process does not always selecive formulate a Bandwidth Reservation (MinBlock-
the best path, the requests can be distributed across multiRlsuting) problem as follows:

available paths for better load balance. In [12], Dharatral. Definition 1: MinBlock-Routing Given an SDN with

proposed a randomization-based scheme for path computatiiiitiple controllers, a graphG, [V, E, B], which repre-

by assigning random weights to links during path computatiogents the latest GNV at controllef; and a setR; =

in turn distributing the incoming requests across multiple pa{I}l, weyTisTig1, ., T + Of n bandwidth reservation requests at
Existing schemes probe multiple paths either concurrentkyj,where each request € R; specifies source;, destination
which introduces much higher overhead than their singlg;, start timet?, end timet¢, and required bandwidtl;,
path counterparts, or sequentially, which incurs a longer pagle propose a bandwidth scheduling scheme with the goal of
setup time. Similar to multi-path routing, randomized pathinimizing the total number of requests blocked at the time

selection also requires computing a set of candidate pa#ifSresource reservation, due to inconsistent GNVs.

Fo the dgstination, which incurs overhead for maintaining the IV. BANDWIDTH SCHEDULING ALGORITHM

information of all the computed paths. We first N work topoloGy f G b
Our proposed routing scheme distributes incoming reserr-un(i—jn IrtShegltiar?Ifsr?rgrraGh(3vwitr?§u\tlv§l:fﬁc(i):r?tct)gs:] dl;f/)iz]th (jjuri);]

vation requests with similar requirements, in terms of sour¢e 9 J 9

S . . time interval {7, ¢§] to accommodate the incoming request
ltiple paths such that th A i b . . ) ¢
and destination, across multiple paths such that the time tare due to the existing bandwidth reservations within that

goeclijsgﬁts the GNVs does not affect the ongoing r()lrtlnﬂterval. Multiple weights are assigned to_ links that connect
OpenFlow switches belonging to same pair of controllers. For
I1l. COSTMODELS AND PROBLEM FORMULATION example, let linkl; connect two OpenFlow switchesw;;
In this section, we discuss the cost models by using a graphd sws; such thatsw;; and swe; belong to controllers”;
to represent the SDN and formulate our problem based on tred C- respectively. Also, let link; connect two OpenFlow
assumptions made. switchesswis and swqs such thatswi, and swyo belong to
A. Cost Models C:1 and C, respectively. Thus, there are two possible ways

We use a network grapti;[V, E, B] to represent the latest Of connectingC; and Cs. By forcing C; to usel; and Cs

GNV at controllerC;, whereV’ is a set of OpenFlow switches, ©© usel, to move traffic between the two SDN networks, the
I is a set of network links. and3 is a set of advertised GNV inconsistency due to inaccurate state information can be

bandwidthsb?“(¢) for each linki in the network at a future Minimized. BothCy and C; agree upon randomly generated
time pointt. weights forl, andi, as follows:C assigns a lower weight to
For a bandwidth reservation requests:, d;, ¢, %, b;) ar- L apd highgr weigh_t td, where asC, does the reverse i.e.,
riving at a controllerC;, the controller needs to compute ags&grg alhl_ghehr weight :]Q and Ilf)wer toCﬁ.f Fora pgthlfrc_)m
pathp(r;) that connects sourcg and destination; and meets ! t0Cyhisc 0Sén, whereas Tor a pat' rag to Cy, lx is
chosen. Thus, by assigning multiple weights, controllers tend

the requirement of bandwidth; for a time duration {7, ¢{], h ol ths bet h ¢ of network
according to the advertised link-state information. From t Choose muitiple paths between the same Set of NEWOrKS.
his in turn gives time for the controllers using same path to

perspective of the controller, if there is sufficient networ te their GNVs. th ducing the i stent vi it
resource (bandwidth) to accommodate the request, it launciB§ate their ¢ s, [hus reducing the inconsistent view. 1-a
d path exists for a reservation request, then bandwidth is

a signalling/setup process such as Resource Reservation Pr§ . .
col - Traffic Engineering (RSVP-TE) to ensure thatunits of reservgd along the path af‘d th_e GNV IS update_:d with the new
bandwidth are indeed available on every link p(r;) during bandwidth values; otherwise, if no valid path is found for a

[£5.1¢]. As the signalling message traverses all the compone(ﬁ ervation request, then the reservation request is rejected.

315 . . i i .
links along the selected pajiir;), each responsible controller his algorithm is exgcuted b_y a .top level controller W'th. the
etwork and request information in each network domain. If

performs an admission test to check if a component link i . .
its domain can actually support the request. If the link h(,fé,lch a global controller does not exist, the algorithm could be
emacuted in a distributed manner on each controller with its

sufficient resource, the controller reserves bandwidth on behI inf i dth te inf " by it
of the new connection before forwarding the setup messa88a information and the remote information sent by IS peers.

to the controller servicing the next component link along the V. PERFORMANCEEVALUATION

path; otherwise, it rejects the connection request immediately.The simulations are executed in a set of randomly generated
Upon the confirmation of the user request, the controllenetworks comprised of 10 Gbps links with varying sizes from
employ the state distribution method to distribute their stagenall to large scales and a set of hundreds of reservation
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TABLE |

THE SIZES OF NETWORKS USED IN THE SIMULATIONS P 70‘
3 Il shortPath-Routi g
Index of problem sizes  # of nodes  # lofks £ %60 oo
1 5 12 3 =50
2 10 20 5.2
3 15 34 ge®
4 20 42 5 ¢
5 25 51 o]
6 30 65 ge
7 35 74 Z 510
8 40 88 < 0
9 45 91 1 2 3 4 5 6 7 8 9 10 11 12
10 50 102 Index of problem sizes
11 55 120
12 60 134 Fig. 2. The average number of blocked reservation requests with the standard

deviations resulted from ShortPath-Routing and MinBlock-Routing.

requests under Poisson distribution with random input para 70%
eters chosen within appropriate ranges.
We consider 12 network sizes, indexed from 1 to 1:¢
each with a different number of nodes and links as tabulat £
in Table I. For each network size, we generate 10 randc£

problem instances of different network topologies. We ru
the proposed MinBlock-Routing algorithm and also a trad
tional scheduling shortest path routing algorithm (ShortPat
Routing), for comparison as it has been widely used fi
bandwidth reservation in real-life high-performance network
We evaluate the global routing performance in large-scale
ig. 3. The performance improvement of MinBlock-Routing over ShortPath-

. . . . i
multi-domain networks with mUItIple controllers, each ogouting in terms of percentage reduction in blocked bandwidth reservation

60%

50%
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40%
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20%
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M
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o}

kS 10%

0%

5
Index of problem sizes

6 7 8 9 10 11 12

which processes around 100 bandwidth reservation requegiguests.
The proposed MinBlock-Routing algorithm is able to balance
the loads of incoming requests by distributing them across
various alternative paths, and hence significantly reduce the
number of blocked requests. Figure 2 shows the avera?§
number of blocked reservation requests with the standal
deviations resulted from ShortPath-Routing and MinBlock-
Routing. For a visual comparison, we further plot in Fig-[4
ure 3 the performance improvement of MinBlock-Routing
over ShortPath-Routing in terms of the percentage decrease
in blocking of incoming reservation requests, calculated ad®!
B (Sh"”%‘g{;{z;ﬁgﬁm’g lock) . 100%. We observe that the pro-
posed algorithm significantly outperforms(é]

mBIock-I&outing
ShortPath-Routing. Our proposed Routing algorithm is able

to route the incoming reservation requests with similar rep,
guirements across multiple paths in presence of inaccuracies
in GNVs. 8]

VI. CONCLUSION

We formulated and solved a bandwidth scheduling problem
for minimizing the number of reservation requests blockedo]
in software-defined networks with multiple controllers and
inconsistent GNVs. In the current work, we consider schedyiy
ing incoming reservation requests with similar requirements
across multiple paths thus minimizing the blocking ratio 0[f11]
user requests for bandwidth reservation.

[12]
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