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Abstract—Erasure coding has been widely adopted
by data center networks, where the data is encoded
and stored in multiple locations. Therefore, an ef-
ficient data retrieval service is needed to transfer
encoded data from replicated stored nodes to a single
destination. Elastic Optical Networks are a promising
backbone technology for data center communication
due to their capability to efficiently and flexibly al-
locate the huge optical bandwidth to heterogeneous
traffic demands. Traffic grooming is a technique to
increase the spectrum efficiency and transponder uti-
lization of optical networks. In this paper, the traffic-
grooming-enabled erasure-coded multi-sourced data
retrieval routing and scheduling problem is studied
for dynamic traffic in elastic optical networks. A novel
heuristic is proposed. Numerical results indicate that
traffic grooming decreases the blocking ratio by a
factor of 3 and cost by 22% compared with a baseline
algorithm.

Index Terms—Traffic grooming, elastic optical net-
works, data retrieval, spectrum allocation, dynamic
traffic.

I. INTRODUCTION

Taking of the advantage of its intrinsic flexibility
and high efficiency in allocating the optical spectrum
resources, Elastic Optical Networks (EON) are an ideal
candidate for next generation data center networks to
support the explosively increasing demands of highly-
diversified traffic from various bandwidth-hungry ap-
plications, such as e-science, cloud and grid comput-
ing, and inter data center communications, which
require large volumes of datasets to be distributed
and processed by geographically disperse users. Op-
tical Orthogonal Frequency Division Multiplexing
(0O-OFDM), Bandwidth-Variable Cross-Connect (BV-
OXC), and Bandwidth-Variable Transponder (BV-T)
are important technologies to enable elastic optical
networks. The optical spectrum of each fiber (e.g., the
C-band) is divided into finer granularity subcarriers
(e.g., 6.25 GHz or 12.5 GHz) than the bandwidth
of the wavelengths in traditional rigid wavelength
division multiplexing (WDM)-based optical network
(e.g., 50 GHz). A variety of modulation schemes (e.g.,

quadrature phase-shift keying (QPSK) and 16-point
quadrature amplitude modulation (16-QAM)) can be
adopted by different subcarriers and result in different
bit rates. Therefore, only the required number of con-
tiguous subcarriers needs to be allocated to a service
in order to satisfy its throughput requirement [1]. The
physical impairments in elastic optical networks are
commonly represented by a transmission reach limit
for each particular modulation scheme. In addition, to
prevent the interference among connections that share
same link at any time throughout their durations, a
guardband is placed between two adjacent subcarrier
bands assigned to different connections [1]-[3].

Traffic grooming is a widely-taken approach to in-
crease the bandwidth efficiency, device utilization, en-
ergy consumption, and network cost of elastic opti-
cal networks. By aggregating several low-speed traf-
fic connections into a single high-speed lightpath by
electrical switching, traffic grooming can reduces the
spectrum resources by allocating consecutive subcar-
riers without interim guardbands; in addition, only
one single bandwidth variable transponders (BVT) is
needed to accommodate the traffic. The authors of
[4] introduced traffic grooming to EON and showed
that traffic grooming can lead to significant savings
in transponder and spectrum allocation. A new traffic
grooming algorithm for the connection establishment
of deadline-driven requests is proposed in [8], which
grooms batches of requests to establish lightpaths with
diverse bandwidth demands with deadline require-
ments. The authors of [6] propose a three-layered aux-
iliary graph (AG) model to address mixed-electrical-
optical grooming under dynamic traffic scenario. Traf-
fic grooming has also been successfully applied to
multipath routing algorithms to increase bandwidth
blocking ratio and BVT usage [7], [8].

In data centers, erasure coding has been widely
adopted to protect against disk and node failures to
increase reliability [9], such as Windows Azure [10],
Facebook [11] and Google [12]. Under a (n,m) erasure
coding, data is encoded and stored in n storage nodes



such that the pieces stored in any m of these n nodes
suffice to recover the entire data. It is desired to pro-
vide fast and convenient erasure-coded data retrieval
from distributed repositories to a single site. A user
requesting erasure-coded data retrieval from n remote
sites (each has a piece of the erasure coded data) can
have a choice of m selected storage sites between the n
total storage sites. The speed to transfer large datasets
can be efficiently improved by parallel transmission
through multiple paths from one selected storage site
to the destination.

A related problem studied by researchers is the
many-to-one data aggregation, where a set of data,
located at distributed databases in the network, need
to be transmitted to a single destination. There are
several research papers about dynamic many-to-one
data aggregation service in WDM optical networks.
A hybrid approach that combines offline and online
scheduling for the problem was proposed in [13]. The
authors of [14] propose four dynamic scheduling algo-
rithms to address the issue of large file transfers on
multi-user optical grid network. Algorithms for rout-
ing, wavelength assignments, grooming, and schedul-
ing the files are proposed in [15] with the assumption
that wavelength converter are placed at every node
in the network (opaque networks). Scheduling and re-
source allocation algorithms are proposed in [16], [17]
for divisible load applications in multidomain optical
grid. However, none of them considered erasure-coded
data aggregation, which includes storage node selec-
tion. Our previous paper [18] investigates the erasure-
coded data retrieval problem for dynamic traffic in
elastic optical networks without traffic grooming and
transponder capacity limit.

To the best of our knowledge, this is the first
work that study the dynamic erasure-coded traffic-
grooming-enabled data retrieval from multiple repos-
itory sources in elastic optical networks with the con-
sideration of traffic grooming, storage node selection,
physical layer impairments, multi-path routing, differ-
ent modulation assignment, and contiguous subcarri-
ers allocation.

The paper is organized as follows. In Section II, we
present the problem statement. The proposed heuristic
and benchmark algorithm are presented in Section III.
Section IV presents and discusses the numerical re-
sults. We conclude the paper in Section V.

II. PROBLEM STATEMENT

The network is modeled as a graph G(V,E) with
node set V and link set E. S subcarriers are available
on each link ¢ € F, and the bandwidth of each sub-
carrier is C' GHz. Each node v € V is equipped with

T bandwidth variable transponders for launching and
receiving lightpaths; these transponders are shared
among all lightpaths using that using node v as an
ending node (share-by-node model), and the capacity
of each transponder is @ Gbps. Each lightpath can
be assigned any of B modulation formats. There is
a transmission reach limit of each modulation format
due to physical layer impairments; thus the distance of
a lightpath assigned modulation format b € B should
be no greater than the reach limit R,. We assume
that there are K pre-computed shortest (in distance)
paths for each pair of nodes in the network. Based
on the distance of each path and the transmission
reach limits of the modulation formats, the modulation
of each path can be obtained. For a lightpath with
modulation b, if w subcarriers on it are allocated,
then the required transponder resource (in bit rate)
at the two ending nodes of the lightpath is M,wC
Gbps, where M, is the spectrum efficiency of modula-
tion scheme b (in terms of Gbps/GHz). g subcarriers
served as guardband should be placed between two
adjacent subcarrier bands assigned to different light-
paths which share same link at any time throughout
their durations to avoid interference at intermediate
switches. We assume a slotted time system, and any
unit of work that alters the state of the network must
occur at the beginning of a time slot and must finish
at an integer multiple of the time slot span.

For dynamic traffic, erasure-coded data retrieval
requests randomly arrive to the network. Each request
with erasure code (n,m) specifies its destination node
d and the n storage nodes. There is a data piece on
each storage node, resulting in n different data pieces
in total. To retrieve the entire data set, any m of n
data pieces need to be transmitted to the destination.
Suppose the minimum granularity of data size is F,
i.e., each data piece is an integer multiple of F', and
we call the minimum data granularity a data segment.
Denote H; as the number of data segments of each
data piece of request ¢, thus, the total number of
required data segments to retrieve the whole data set
of request i is mH;. Different data segments of one data
piece could be transferred to the destination through
multiple paths. There is also a deadline requirement
D associated with each request, if the entire data
retrieval cannot finish within D time slots, the request
is blocked. The objective is to minimize the request
blocking ratio, which is defined as the number of
blocked requests over the total number of requests
arrived to the network, with single-hop and multi-hop
traffic grooming.

For each accepted request, the m (out of n) storage
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Fig. 1: The fundamental architecture of an EON.
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Fig. 2: An example of traffic grooming.

nodes need to be selected, in turn, a route, a modula-
tion format, a contiguous subcarrier band, a starting
transmitting time slot, and transponder resources at
the storage node and destination node need to be
allocated to each data segment on the m storage nodes
to satisfy the deadline requirement of an accepted
request.

Multiple low-speed trafc connections can be electron-
ically groomed into a single connection and dropped
to/added from the optical layer by a single router port
as shown in Fig. 1. A traffic connection for a data

segment transmission can be groomed with other data
segment transmissions at its source node (i.e., single
hop grooming) and/or an intermediate node (i.e., multi-
hop grooming). A transiting connection is retransmit-
ted by transponders at the intermediate grooming
nodes. Besides increased subcarrier and transponder
resource utilization, other advantages of traffic groom-
ing in EONs include transmission reach extension,
modulation format conversion, and subcarrier-band
conversion. In the example Fig. 2, suppose there exists
one data segment transmission R, from Node b to Node
¢ during the time period ¢;-t5. A lightpath has been es-
tablished for it with two subcarriers (s1, so) allocation
on Link (b-¢). Also suppose that there are three data
segment transmissions, two from Node a to Node b, and
one from Node a to Node c. The first transmission R;
takes three time slots, t»-t4, the second transmission
R, takes time slots t3-t5, while the third transmission
R3 takes time slots t4-tg. Suppose the path (a-b-c) is
allocated to all of them. Suppose that according to the
transmission reach limits with different modulation
level formats, two subcarriers are enough to transmit
each data segment on Links (a-b) and (b-c) by adopting
a higher modulation format than the one for path
(a-b-c). In the case that there is no grooming, one
transponder at Nodes a and b (say, transponder 1)
needs to be allocated for R, another transponder (e.g.,
transponder 2) is required to be allocated to R., and
a transponder at Nodes a and c¢ (say, transponder 3)
needs to be allocated for Rs;. In addition, with one
subcarrier as guardband, subcarriers si, sy are allo-
cated to Ry, subcarriers s4, s5 are allocated to Ry, and
subcarriers s7, sg, sg are allocated to R3 (where subcar-
riers s3 and sg serve as guardbands). In the case that
only source grooming/single-hop grooming is allowed,
the two transmissions R; and R; can be groomed
together. Only one transponder at Nodes a and b is
allocated to the newly established lightpath for these
two requests. Furthermore, there is no guardband
needed between the subcarrier allocation for the two
transmissions, in turn, only 8 subcarriers are allocated
in total. In the case that intermediate grooming/multi-
hop grooming is also applied, more subcarriers can
be saved as shown in the example by grooming the
R3 into the existing lightpath from Node b to Node c.
The intermediate grooming Nodes b includes Optical-
Electrical-Optical (O-E-O) conversion, thus, they can
work as spectrum converters and modulation format
converters. One possible subcarrier allocation is shown
in the example.



III. PROPOSED ALGORITHMS AND BENCHMARK

A. Grooming-enabled Minimum Resource Algorithm
(GMinR)

We proposed a heuristic, GMinR, to solve this prob-
lem, which takes in to account traffic grooming at in-
termediate nodes and at source node when scheduling
resources (transponders and subcarriers) to the data
segments of the newly arrived request ¢ with arrival
time A;, deadline D;, and destination node d. The
algorithm for each incoming request ¢ is summarized
in Algorithm 1.

The first step of GMinR is to select the m of n storage
nodes (Lines 1-20). Each candidate storage node v is
assigned a weight v, = « ZtA:XD rt+(1—a)o,, wherein
7t is the available transponder capacity of node v at
time slot ¢, o, is the available subcarriers capacity on
the K paths from node v to destination node d during
time period from A; to A; + D;, by is the modulation
scheme with the k" path, ¢** is a binary variable, its
value is 1 if the subcarrier s on link e is available at
time slot ¢, ¢;' is also a binary variable, its value is
1 if the subcarrier s on the k' path is available at
time slot ¢ (where means that ¢’ = 1 for all e on
the k'" path), and « is an input parameter to balance
the two kinds of resources. Then, the m storage nodes
with larger weights are selected. The idea behind is to
select storage nodes with many available resources for
the request, thereby leaving more resources for future
requests. Then the selected mH,; data segments are
scheduled one by one as follows.

For each data segment 1 < j < mH; (Lines 22-30),
a logical graph G} ,, (V', E’) is created for every time
duration t; to to (4; < t1 < to < A; + D;), wherein
t; and ¢y are starting transmission time slot and
finishing transmission time slot of data segment ; re-
spectively. Each existing lightpath is checked whether
having enough remaining transponder capacity and
subcarriers (more available subcarriers may need to
be allocated to this existing lightpath) to transfer
data segment j, and let these lightpaths be set L.
The logical nodes V' includes the destination node
d, the storage node of data segment j, and the two
ending nodes of each existing lightpath [ € L. A
logical link ¢’ € E’ exists between each pair of logical
nodes v, and v;. Let P denote a set including both
existing lightpaths (€ L) between v/, and v, and the
K precomputed shortest distance paths for node pair

20, +my )t =t + 1)

v, and v;. Each logical link is assigned a weight by
equation (1), wherein p € P, w is the number of
allocated subcarriers to accommodate data segment j
(for existing lightpath p € L, w > 0 are the additional
subcarriers allocated to p in order to accommodate j),
nt" and 7l are the required transponder resource at
node vl and vy, respectively, which are calculated as
My (p)wC, where M,(p) is the spectrum efficiency for
the modulation scheme with p, and N, is the number
of hops on p. Dijskra minimum weight algorithm is
used for the logical graph to get the end-to-end route
r for data segment j. The weight of the route is

o' =3, 8", At last, we can obtain the weight
of each data segment j as w; = miny, ;, B5/".

After obtaining the weights of all the mH,; data
segments, the data segment with minimum weight
min; w; is selected, and moved to set .J, the resources
allocation achieving the weight min; w; are also kept
into records. The weights of remaining data segments
(not in set J) are re-calculated under the condition
that the resource allocation for data segments in set
J are reserved. This procedure is repeated untill all
data segments are in set J. If one of the mH; data
segments cannot be allocated within the deadline D;,
the whole request is blocked. Otherwise, the request
is accepted, corresponding lightpaths are established
or updated (if they are existing lightpaths), and the
corresponding resources in the network are scheduled.
The subcarrier allocation method is First Fit, wherein
the first subcarrier band with the required available
subcarriers is allocated.

B. Source Grooming-enabled Minimum Resource Algo-
rithm (SGMinR).

The SGMinR heuristic is the case only source groom-
ing is applied. The difference compared to GMinR
algorithm is that the existing lightpaths which are con-
sidered when creating each logical graph G} ,, (V' E')
should have the same source node as the data segment
under consideration.

C. Baseline

The baseline heuristic is the case without traffic
grooming. The differences compared to GMinR algo-
rithm are: a) the logical nodes in the logical graph
G, .,(V', E') are the source node v and destination
node d; b) only the K precomputed shortest distance
paths for node pair v, d are included in the set P.

pr(tg —t1 + 1)

B = min o

e’ peP Q

+(1-a) (1)

S )
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Set pst =0, 0, =0 Vo, s,t,e
foreach node v of n candidate nodes do
Find 7! = min(T}, T?)
Find ¢;' state based on ¢g' for all
1<k<K,eep, 1<s<S5 A <t<A+D;
foreach 1 <s< S do
foreach A; <t < A; + D, do
foreach 1 < k< K do
Find y' = 3", 1’
if ¢i' =1 and b, > ;' then
foreach link c on path k do
| pet=1br
end
Oy :Uv+bk_ﬂzt
endif
end
end
end
Yo = @ Zf:lXDl i+ (1—a)oy,
end
Sort the candidate nodes by decreasing order
of v,, and select the first m source nodes
while there are still unallocated data segments

do

foreach node v of m candidate nodes do
foreach data segment j of request i on
the storage node v do
foreach ¢, 5 do
Create logical graph G} , (V'  E')
Find the weight of each logical
link ¢’ € E’ by equation (1)
Use Dijsktra minimum weight
algorithm to get the weight of

ty,te
route [/
end
. ty,t
Wyj = Mgy ¢, ﬂé/ 2
end
end

Select the j,v pair that achieves the
minimum w,;
Reserve the corresponding resources
end
if all the data segments on all selected m
storage nodes are successfully allocated then
\ Request i is accepted, schedule resources
endif
else
| Request i is blocked
endif

Algorithm 1: GMinR algorithm

Fig. 3: NSFNET topology.

TABLE I: Parameters

S, Number of frequency-slots per link 320
Spectrum efficiency of BPSK 1 bps/Hz
Spectrum efficiency of QPSK 2 bps/Hz
Spectrum efficiency of 8QAM 3 bps/Hz
Spectrum efficiency of 16QAM 4 bps/Hz

C, bandwidth of a frequency per link 12.5 Gbps

g, number of slots for guard-band per request 1

Transmission reach of BPSK 5000 km
Transmission reach of QPSK 2500 km
Transmission reach of 8-QAM 1250 km
Transmission reach of 16-QAM 625 km

IV. NUMERICAL RESULTS

We present simulation results for the 14-node NSF
network topology in Fig. 3. The number on each link
corresponds to the link length in units of 100 km. 4
modulation formats: BPSK, QPSK, 8-QAM, and 16-
QAM can be assigned to lightpaths. The parameters
related to physical impairments are listed in Table I
[3]. There are K = 3 precomputed shortest distance
paths for each node pair [19]. Reed-Solomon code (9, 6)
in GFS II in Google [12] is adopted. The capacity of
each transponder is 400Gbps. For each simulation,
10000 requests are generated following a Poisson pro-
cess with arrival rate. The destination node and 9
storage sources nodes of each request is uniformly
selected from all the nodes in the network. The number
of data segments per piece, H, for each request is
randomly selected in the range (3,5). Parameter « is
set as 0.5 to balance the allocation of transponders and
subcarrier resources. Each result point is an average
value over ten simulation seeds.

The resulting request blocking ratio as a function of
the number of transponders at each node is shown in
Fig. 4. The deadline for each request is set as 50 time
slots and the average request arrival rate is 30 new
requests per time slots. It is shown that the proposed
GMinR and SGMinR reduces the request blocking ra-
tio comparing to the baseline without traffic grooming.
SGMinR with 60 transponders per node has better
blocking performance than baseline algorithm with 65
transponders per node. Furthermore, GMinR with 60
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and 70 transponders per node have better blocking
performance than baseline algorithm with 70 and 90
transponders per node, respectively, indicating that
GMinR could efficiently groom multiple data retrieval
transmissions and save the transponder resources (up
to 22%).

The multi-hop grooming needs O-E-O conversion,
which results in delay (due to store-and-forwarding)
and additional energy consumption, therefore, it is
better to limit the number of intermediate groomings
per data segment transmission. In the simulations, the
maximum number of logical hops per data segment
transmission is 4 (at most 3 intermediate groomings
on one end-to-end path), and the average number of
logical hops for each data segment is in the range
1.132-1.093, which slightly decreases as the number of
transponders per node increases.

The resulting request blocking ratio as a function of
the arrival rate is shown in Fig. 5. The deadline for
each request is set as 50 time slots from arrival time
slot and there are 50 transponders at each node. It

is shown that the proposed GMinR can significantly
reduce the blocking ratio (up to a factor of 3 at load 30
Erlang) compared with the baseline heuristic. The cor-
responding results for number of logical hops per data
segment transmission confirm our previous observa-
tion that there are not too many intermediate groom-
ings involved in the data retrieval transmissions. The
maximum number of logical hops per data segment
transmission is still 4, and the average number of
logical hops for each data segment is in the range
1.091-1.184, which slightly increases as the request
arrival rate increases.

V. CONCLUSIONS

By including traffic-grooming, a novel routing and
spectrum allocation algorithm was derived for the
dynamic multi-sourced erasure-coded data retrieval
problem in elastic optical networks. Simulations re-
sults showed that the blocking ratio can be signif-
icantly reduced (up to a factor of 3) in comparison
with a baseline method, in addition, the number of
transponders per node can be decreased 22% to achieve
the same blocking performance. In the future work, we
plan to investigate hop-constrained grooming policies,
batch allocation, and traffic grooming with sliceable
bandwidth variable transponders [20].
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