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Abstract—In recent years, hybrid optical/electrical data center network has been considered a promising interconnection technology for
large-scale data centers, since it can efficiently provide sufficient bandwidth. A key issue in hybrid optical/electrical data center networks
is finding a way to offload burst traffic through optical circuit switches (OCSs), such that the burst traffic can be offloaded timely while the
system operation overhead is low. This article extends the idea of Mahout to propose a local-push asynchronous optical traffic offloading
strategy, in which each ToR switch offloads the traffic via the OCSs if its queue length is larger than a preset threshold, and transfers the
traffic back to electrical packet switches (EPSs) when the backlog is empty. To seek a proper threshold, we develop a fluid-flow model

to analyze the performance of the proposed traffic offloading strategy, from which we demonstrate that there is a trade-off between the
mean delay of the traffic and the system operation overhead in a typical data center network. Based on such a trade-off, we provide a rule
to select the buffer threshold. We show via simulation that the proposed optical traffic offloading strategy with the threshold selection rule

outperforms C-through.

Index Terms—Hybrid optical/electrical, data center, traffic offloading, fluid-flow model
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1 INTRODUCTION

AS A component of the infrastructure of the information
society, data centers play a vitally important role in the
Internet [1], [2]. Data centers provide different types of infor-
mation services, such as Web service, E-tailer, video service,
data storage, data processing, and data analysis. Data centers
perform these service functions via a large number of servers
interconnected by data center networks. Therefore, improving
the performance of data center networks is one of the keys to
enhancing the information service capability of data centers.
One of the biggest challenges in the design of data center
networks is managing burst traffic. It is well-known that the
traffic within data centers is highly bursty due to the diver-
sity of services [1], [2]. In a mega data center, there are thou-
sands of racks of servers. Each pair of top of rack (ToR)
switches in the data center network has a little traffic most of
the time, but may generate a lot of traffic occasionally. As [3]
reported, about 95 percent of traffic flows are mice flows, the
size of which is less than 1 MB, and only 5 percent of flows
are elephant flows, the size of which is larger than 100 MB.
Therefore, in a time period, more than 95 percent of the traffic
in the data center is generated by 5 percent of the ToR
switches [2], [4], [5], [6]. Mice flows only require a little band-
width but are delay-sensitive, while elephant flows need a
large bandwidth but are delay-insensitive. In traditional
data center networks where there are electrical packet
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switches (EPSs) only, the mice flows and the elephant flows
are treated in the same way. However, as a kind of burst traf-
fic, the elephant flows result in unacceptable queueing delay
and serious packet loss due to temporary creation of full buf-
fers in the data center network [7], [8]. Though this problem
can be solved by bandwidth over-provisioning, i.e., the net-
work assigns the bandwidth to users according to their peak
traffic, this leads to a large bandwidth waste since the peak
traffic rate rarely appears [9], [10].

Recently, the concept of hybrid optical/electrical data cen-
ter networks [9], [10], [11], [12] has been proposed to deal with
the burst traffic in data centers. Fig. 1 shows a typical hybrid
optical/electrical data center network, where each ToR switch
connects with all the EPSs and optical circuit switches (OCSs)
in the core layer. The basic idea is to combine the advantage of
EPSs and OCSs to cope with different types of traffic. The EPS
can perform fine-grained switching since its reconfiguration
time is very short, but its bandwidth is limited and it can only
provide a relatively small throughput. Thus, the EPS is quite
suitable for small but delay-sensitive traffic, such as mice
flows. On the other hand, the biggest advantage of the OCS is
that it can provide high capacity, though its reconfiguration
time is much longer than that of the EPS. For example, the
switching time of the silicon micro-electromechanical system
(MEMS) based 64 x 64 optical crossbar presented in [13] is
0.91 ps, and that of the silicon MEMS-based 240 x 240 optical
crossbar reported in [14] is 0.8 us. Therefore, the OCS can be
used to offload coarse-grained but delay-insensitive traffic,
such as elephant flows. This paper refers to the procedure that
uses optical bandwidth to offload the elephant flows as optical
traffic offloading.

The main issue of optical traffic offloading is how to
timely allocate optical bandwidth to the elephant flows to
avoid network congestions [9], [10], [11], [12]. Currently, the
resource allocation of hybrid optical/electrical data center
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Fig. 1. A typical hybrid optical/electrical data center network.

networks is implemented by a central controller [9], [10],
[11], [12]. If the controller is able to collect more state infor-
mation about all communications, such as real-time data
rate fluctuation, it can allocate bandwidth more accurately
and timely, and keep the communication delay as small as
possible. However, the collection of large amounts of infor-
mation increases system operation overhead [15]. On one
hand, the state information collection consumes the commu-
nication bandwidth. On the other hand, the controller needs
computation resources and takes time to process the state
information and make decisions. For example, an NOX con-
troller can process 30000 requests per second, as [16] men-
tions. Therefore, a good traffic offloading strategy is highly
desirable, such that the system can react to traffic fluctua-
tion accurately and timely to reduce the mean delay, while
incurring little system operation overhead.

1.1 Previous Work

Until now, there have been roughly three types of strategies
to offload burst traffic: controller pulling strategy [9], [17],
[18], [19], sampling method [20], [21], [22], [23], and local-
push scheme [10], [24], [25] in this paper.

The controller pulling strategy was first proposed in [18].
In this scheme, the controller periodically collects the statistic
information of traffic flows from the ToR switches, based on
which the controller allocates paths for elephant flows such
that the bandwidth utilization can be maximized. This
method was then extended and applied to hybrid optical/
electrical data center networks [9], [17], [19]. In [9], the time is
divided into scheduling cycles. In each cycle, the controller
collects the traffic information and generates a traffic matrix,
based on which it calculates a configuration for the OCS to
maximize network throughput. Unlike in [9], the controller
in [19] determines a set of configurations for the OCS, and
the OCS, in turn, runs these configurations in each schedul-
ing cycle. The main disadvantage of such a scheme is that the
controller needs to poll all the ToR switches during each
information collection. This procedure is not only time-
consuming but also requires a lot of communication band-
width between the controller and the switches. As [9] shows,
the polling procedure can even last for hundreds of millisec-
onds, which is too long for fast-changing traffic demands
[24]. In addition, calculating the optimal OCS reconfigura-
tion for all the flows would take a long time [9].

Another method is the sampling method proposed in [20],
[21], [22], [23]. In this method, the ToR switch periodically
samples its outgoing packets, for example, one sample out of
every 1000 packets [20], and sends the sampled packet to the
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controller. If the controller continually receives the sampled
packets from the same flow, it determines this flow as an ele-
phant flow, and then assigns additional bandwidth to off-
load the traffic of this flow. This sampling method can detect
elephant flows accurately. However, compared to the con-
troller pulling strategy, the sampling method consumes a lot
of communication bandwidth [24], because the controller
pulling strategy only sends the flow statistics to the control-
ler whereas the sampling method transmits the sampled
packets. In addition, the sampling method imposes a heavy
processing burden on the controller since the controller has
to analyze every sampled packet to decide which flow it
belongs to [24]. Thus, this method still does not apply to the
hybrid optical/electrical data center network.

A typical reprehensive of the local-push scheme is
Mahout in [25], which was proposed for the traffic offloading
in electrical data center networks. In this scheme, each server
allocates a buffer for each flow and monitors its queue
length. Once the queue length of a flow exceeds a preset
threshold, the server identifies this flow as an elephant flow
and marks its packets. When the first marked packet arrives
at the ToR switch that the server attaches to, it is forwarded
to the controller, which allocates a new path to offload this
elephant flow. This scheme is superior to the above two strat-
egies in the following three aspects. First, this scheme only
requires a little bandwidth overhead between the ToR
switches and the controller, since the ToR switch only needs
to push the detection information of elephant flows to the
controller. Second, the processing overhead of the controller
could be small since the controller only has to make a deci-
sion when the elephant flow is detected through buffer moni-
toring. Third, the controller can timely offload traffic once it
receives the report from the ToR switches. Another kind of
local-push scheme is C-through in [10], which performs opti-
cal traffic offloading in the hybrid optical/electrical data cen-
ter network also based on the information of local buffer
occupancy. Unlike Mahout [25], C-through is a kind of cyclic
synchronous offloading scheme, which divides the time into
scheduling cycles. Consider a data center with N ToR
switches. At the beginning of each cycle, the controller col-
lects the buffer occupancies of all ToR pairs to form a traffic
matrix, based on which it builds up lightpaths for up to V
ToR switch pairs using maximum weighted matching
(MWM) algorithm. Within this cycle, the traffic of N selected
ToR pairs is transmitted by the lightpaths, whereas that of
other ToR pairs is routed through the EPS network. C-
through has several drawbacks. First, it may lead to band-
width waste, since the chosen ToR pairs in each cycle may
have different amount of data to send and the cycle time is
determined by the most-loaded ToR pair among them. Sec-
ond, the traffic of the ToR pairs that are loaded but not
selected by the MWM algorithm has to wait at least one more
cycle to be offloaded, and thus may suffer from a large delay.
Third, it is not scalable and cannot be applied to large-scale
networks, since the MWM algorithm is typically time con-
suming [10].

It is clear that buffer threshold selection is quite impor-
tant for the local-push scheme [25]. If the threshold is too
small, the ToR switch (or the server) will claim too many
flows as elephant flows, which increases the information
exchanges between the ToR switches and the controller, the
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processing burden of the controller, and the reconfigura-
tion frequency of the data center network. As Section 2
shows, the network reconfiguration is another kind of
operational overhead. This is especially true in optical cir-
cuit switching networks, since it takes several microsec-
onds to reconfigure the OCS. On the other hand, if the
threshold is excessively large, elephant-flow detection will
be insensitive and the traffic offloading cannot be triggered
timely, which will worsen the delay performance. There-
fore, for the choice of threshold, there is a trade-off
between the delay performance and the system overhead.
However, Ref. [25] selected the buffer threshold only by
experience. Hence, it is worth determining a principle for
proper threshold selection.

1.2 Our Work

In this paper, we apply the idea of Mahout to hybrid opti-
cal/electrical networks and propose a local-push asynchro-
nous optical traffic offloading strategy, such that the burst
traffic can be offloaded timely while the system overhead is
small. Our traffic offloading strategy is implemented by
each ToR switch. In this scheme, each ToR switch maintains
a buffer and a threshold of the queue length for the traffic to
each destination ToR switch. The ToR switch informs the
controller to set up a lightpath via the OCS to offload the
burst traffic when the queue length exceeds the threshold,
and notifies the controller to tear down the lightpath when
the backlog in the buffer is cleaned up.

This paper aims to find a systematic method to select a
proper threshold for the optical traffic offloading scheme,
such that the mean delay of the traffic can meet the system
requirements while the operation overhead could be small.
To achieve this goal, we develop a fluid-flow model to delin-
eate the burst traffic and the optical traffic offloading process.
We derive the mean delay and the lightpath set-up frequency
that is used to measure the operation overhead in this paper.
We show there is a trade-off between the mean delay and the
lightpath set-up frequency in a typical data center network,
from which we give a threshold selection rule for the optical
traffic offloading scheme. We demonstrate that our optical
traffic offloading strategy can be applied to commercial data
center networks.

In summary, the contribution of this paper is as follows:

1. Propose a local-push asynchronous optical traffic

offloading strategy based on the idea of Mahout,

2. Develop a fluid-flow model for the asynchronous

optical traffic offloading strategy, and

3. Devise a threshold selection rule for the asynchro-

nous optical traffic offloading strategy.

The rest of this paper is organized as follows. In Section 2,
we introduce the optical traffic offloading scheme for hybrid
optical/electrical data center networks. In Section 3, we
develop a fluid-flow model to analyze the optical traffic off-
loading scheme, and derive the close-form expressions of
the mean delay and the lightpath set-up frequency. Based
on the results in Section 3, Section 4 shows how the traffic
burstiness affects the performance, from which we provide
the threshold selection rule. In Section 5, we show the effec-
tiveness of our selection rule through case studies. Section 6
concludes this paper.

EPS

EPS

OoCs J

TOR TOR TOR TOR

Fig. 2. Optical traffic offloading Process: (a) Electrical service state, (b)
Optical service state.

2 OPTICAL TRAFFIC OFFLOADING PROCESS

As Section 1 shows, the traffic in data center networks is
highly bursty by nature. According to the test data of sev-
eral data centers in the wild by Microsoft Research [1], the
traffic of all the data centers exhibits an ON-OFF pattern.
The mean ON period is on the order of seconds and the
mean OFF period is almost 20 to 70 seconds. The purpose of
optical traffic offloading, as this paper discusses, is to deal
with burst traffic in data center networks.

Fig. 2 illustrates the optical traffic offloading strategy this
paper considers. When a ToR switch communicates with
another ToR switch via the EPSs, it assigns the bandwidth
according to the average input traffic rate, instead of the
peak traffic rate, since our optical traffic offloading strategy
deals with the burst traffic via the OCSs. The ToR switch
allocates a buffer for this communication, such that all the
packets to this destination can be queued in this buffer. The
ToR switch sets a threshold for the queue length and moni-
tors the buffer during the communication. When the queue
length is less than the threshold, the traffic is transmitted
via the EPSs according to the flow table of the ToR switch.
Buffering the data at the ToR switch has the advantage that
the ToR switch can react to the elephant flow immediately
when the queue length excesses the threshold. In Section 5.2,
we will show that this is feasible in practice, because the
commercial ToR switch already can provide enough buffer
and the buffer is shared by all the ports [26].

Once the queue length exceeds the threshold due to an
ON period, which may be corresponding to the advent of an
elephant flow, the ToR switch informs the controller of the
detection of burst traffic, and the controller calculates a light-
path for this pair of ToR switches. After that, the controller
reconfigures the OCS to set up a lightpath to offload this
burst traffic. At the same time, the controller also sends the
ToR switch a new flow entry, such that all the packets to this
destination can be switched to this lightpath. The queue
length begins to decline when the lightpath serves the traffic.

The controller will store a lightpath set-up request in a
buffer, called request buffer, in case it fails to find an OCS
available for this request when it receives the request from the
ToR switch. Once there is a lightpath just torn down, the con-
troller will find if there is a buffered request that can be satis-
fied by the released optical resource. If there is, the controller
will set up a lightpath for this request. To timely offload the
elephant flows when they are detected, the data center should
install enough OCSs to ensure the probability that the request
has to wait in the buffer is very small (e.g., 0.2 percent).
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Once the buffer is cleaned up, the ToR switch tears down
the lightpath and deletes the relevant flow entry from its
flow table. In the meantime, the ToR switch transfers the
traffic flows back to the EPS connection. We select such
lightpath release opportunity to avoid frequent teardown
and re-buildup of the lightpaths, which incur a large system
overhead as the next paragraph mentions.

We consider two system parameters for the selection of
the buffer threshold: mean delay and lightpath set-up fre-
quency. The mean delay is the mean duration from the time
when a packet enters the buffer to the time when it is trans-
mitted, and the lightpath set-up frequency is defined as the
number of lightpaths built up by each ToR pair per second.
We use the lightpath set-up frequency to indicate the opera-
tion overhead of the system. The higher lightpath set-up fre-
quency, the larger the system overhead [16], [18]. First,
setting up or tearing down a lightpath requires the informa-
tion exchange between the ToR switch and the controller.
Second, routing calculation for a lightpath consumes the
computing resource of the controller. Third, the reconfigura-
tion time of OCSs during the lightpath establishment is
another concern. As Section 1 mentions, the reconfiguration
time of OCSs is about 1 us if silicon MEMS-based optical
switches [13], [14] are employed. Thus, lightpath establish-
ment not only consumes the bandwidth and the computing
resources, but also suffers from the delay including the com-
munication time between the ToR switch and the controller,
the routing calculation time, and the reconfiguration time of
OCSs. Thus, we use the lightpath set-up frequency to delin-
eate the system overhead. For a given traffic load, our goal is
to find a proper threshold such that the mean delay is low
while the lightpath set-up frequency is not high.

Intuitively, the buffer threshold selection is susceptive to
traffic burstiness. It is well-known that, for a typical queuing
system, the average queuing delay of the packets tends to
increase with the burstiness of the input traffic [27], [28],
[29], [30]. In addition, the traffic burstiness of different ToR
pairs could be different. The method to select a proper
threshold according to the traffic burstiness is important for
performance optimization of each ToR switch pair. Thus,
we will study the effect of traffic burstiness on the mean
delay and the lightpath set-up frequency, based on which
we give the threshold selection rule.

3 MODELLING OF OPTICAL TRAFFIC
OFFLOADING PROCESS

As Section 2 mentions, the mean delay and the lightpath set-
up frequency are two basic criteria to select a proper buffer
threshold. Thus, we analyze the optical traffic offloading pro-
cess and derive the mean delay and the lightpath set-up fre-
quency in this section.

3.1 Fluid-Flow Model

According to the test data collected by Microsoft Research
[1], the input traffic in data centers exhibits an ON-OFF pat-
tern. We assume that the input traffic is a two-state ON-OFF
fluid flow as shown in Fig. 3, where the ON state describes
the elephant flow while the OFF state represents the case of
no elephant flow. In this paper, we simply refer to the dura-
tion of a traffic ON-OFF state as a traffic ON-OFF period.

IEEE TRANSACTIONS ON CLOUD COMPUTING
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2o OF OFF

larger burstiness b t

smaller burstiness b t

Fig. 3. ON-OFF traffic arrival process.

Suppose that the trafficcON period is an exponentially dis-
tributed random variable with mean 1/«, and the traffic-
OFF period is also an exponentially distributed random var-
iable with mean 1/8. The probabilities that the input traffic
is in the ON state and the OFF state are given by n,, =
B/(a+ B) and mo = 1 — 7y, respectively. Furthermore, the
test data in [7] shows that, in a data center with 150 server
racks, a ToR switch generates 2 concurrent elephant flows on
average and the number of concurrent elephant flows pro-
duced by a ToR switch exceeds 5 almost with probability 0.
According to this distribution, we set m,, =1/61 and
Toff = 60/61 with a ratio & : = 60 : 1 throughout this paper.
Let A\; and ) be the traffic rates of the traffic-ON period and
the traffic-OFF period, respectively, where A\; > )¢, and then
the average input traffic rate is given by A = o Ao + Ton 1.
Define b = 1/(« + B) as the traffic burstiness, from the

ON-OFF traffic model described in Fig. 3, we have
o E o TTon
b= B

which implies that the burstiness b is related to the traffic
ON-OFF period once 7, or the ratio « : f is fixed. When the
traffic ON-OFF period is long, the traffic injected to the net-
work in each traffic-ON period is large, which implies a large
b. According to the test data by Microsoft Research [1], the
length of the traffic-OFF period is between 20 s and 70 s in
most commercial data centers, which means the range of the
burstiness b is typically between 0.328 and 1.148.

The implementation of optical traffic offloading is gov-
erned by the queue length. We assume that the buffer
installed in each ToR switch is infinitely large. In our offload-
ing strategy, when the queue length is lower than the thresh-
old L, the ToR switch transmits traffic via EPSs with service
rate /1y. Here, we say the ToR switch is in the electrical ser-
vice state. We have , = X according to the optical traffic off-
loading strategy. When the queue length exceeds L, the ToR
switch transmits traffic via the OCS with service rate u,,
where 1; > A; > . Here, we say the ToR switch is in the
optical service state.

As Section 2 shows, the lightpath set-up takes time. To
simplify the analysis, we initially ignore the lightpath set-
up delay in our analysis, and revisit it in Section 5.1 to com-
plete the analysis. Also, we assume that there are enough
OCSs in the network, such that the probability that the light-
path set-up request has to wait in the request buffer is negli-
gible. For example, 6 OCSs are enough for the network with
80 server racks, as Section 5.2 shows.
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Furthermore, to facilitate the presentation, we list the
symbols employed in the paper as follows:

b Traffic burstiness

S Input traffic state

M Service state

X Queue length

D Mean delay

f Lightpath set-up frequency

1/ Mean traffic-ON period

1/B Mean traffic-OFF period

Al Input traffic rate during the traffic-ON period

Ao Input traffic rate during the traffic-OFF period

A Average input traffic rate

TTon Probability that the input traffic is in the ON state

Toff Probability that the input traffic is in the OFF state

P(z) Cumulative distribution function (CDF) of X in the
equilibrium state

p(x) Probability density function (PDF) of X in the equi-
librium state

P, j(x) CDF of X in the equilibrium state (S = i, M = j)

pij(z)  PDF of X in the equilibrium state (S =i, M = j)

3.2 System State Equations

The state of a source ToR switch is defined by a two-tuple
(S, M), where S = 0,1 and M = 0,1 denote the input traffic
state and the service state, respectively. According to the
optical traffic offloading process described in Section 2, a
source ToR switch may experience the following states:

1. (8=0,M =0): the input traffic is in the OFF state,
and the service state is in the electrical service state;
2. (8=0,M =1): the input traffic is in the OFF state,
and the service state is in the optical service state;
3. (S=1,M =0): the input traffic is in the ON state,
and the service state is in the electrical service state;
4. (8=1,M =1): the input traffic is in the ON state,
and the service state is in the optical service state.
Fig. 4 plots the state transitions of a source ToR switch.
There are two kinds of state transitions. The first kind of
state transition is the transition independent of the queue
length of the ToR switch, which happens when the input
traffic turns ON or OFF. These kinds of transitions are
denoted by the solid arrows in Fig. 4. The second kind of
state transition is the transition between the state with
M =0 and that with M =1, which are controlled by the
queue length. These kinds of transitions are represented by
the dashed arrows in Fig. 4. These two kinds of transitions
do not occur at the same time, and thus the transitions
between (0,0) and (1,1) and that between (1,0) and (0,1) do
not happen. Let X be the queue length, the state transitions
are described as follows:

e Ifthe ToR switch is in state (0,0), only one kind of state
transition happens. When the input traffic turns ON,
state (0,0) transits to state (1,0). However, the transi-
tion from state (0,0) to state (0,1) does not happen,
because Ay < u, in state (0,0), and thus the queue
length X can never increase to the threshold L.

e If the ToR switch is in state (1,0), A\ > p, and the
queue length continuously increases. When the queue

Lightpath
teardown

OFF to ON ON to OFF

Fig. 4. State transition of each ToR switch.

Lightpath

teardown

ii\gh_tp-étﬂ
set-up

length increases to the threshold L, the ToR switch
requests the controller to establish a lightpath, and
thus state (1,0) transits to state (1,1). Also, state (1,0)
transits to state (0,0) if the input traffic switches OFF.

e If the ToR switch is in one of two states (0,1) and (1,1)
where M =1, the backlog is served by a lightpath
with servicerate u; > A; > ), and the queue length
decreases. When the buffer becomes empty, the con-
troller tears down the lightpath immediately, which
triggers the state transition from (0,1) to (0,0) or from
(1,1) to (1,0). In addition, state (0,1) transits to state
(1,1) when the input traffic turns ON, and state (1,1)
transits to state (0,1) when the input traffic turns OFF.

Define the cumulative distribution function (CDF) of the

queue length X () at time ¢ as

By, t) £ Pr{S(t) = i, M(t) = j, X(¢) < =},
and its probability density function (PDF) as p;j(z,t).

According to the state transitions in Fig. 4, as Appendix A
shows, we can establish the following partial differential

equations:
0Py o(z,t 0Py o(x,t
% =—(Ao— Mo)# = BPoo(z,1)
+aPyo(z,t) = (Ao = p1)poa (04, 1),
oP o(x,t 0P o(z,t
—aPio(@,t) = (A = pu1)p1a(04,1),
0Py 1(z,t 0Py 1 (x,t
IO _ (g — ) PLED 0,1
+aPyi(z,t) = (Ao = p1)poa (04, 1),
8P1‘1(x,t) 8P1 1(I,t)
T e =) R 4 BR (t
" (A1 = 1) =5 ==+ BRoa(z,1) i
—aPii(x,t) = (A = 11)p1a (04, 1)
When the system reaches the equilibrium state as t — oo,
CDF P, j(x,t) approaches to the following equilibrium CDF
3P1"7'((l;,t) . .
s —4— — 0in (1):

at
P, j(z) = lim P, (z,1).
‘ t—o00

We can express the differential equations of P, ;(x) in the
matrix form given by (2).
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Solving the differential Equations in (2), we derive the
solution of P, ;(x) in (3),where

dPy () —#
de'I( ) Ao;lto /\ogltu 0 0
olx —a
dpiig( | = Al—io  A1—Ro Oﬂ 0
€T — o
1 [311( | 0 0 )‘0731’-1 Ag—11
dPy 1(z —«
hi 0 0 Al—p1 o Ar—pp
—(Ao—r1)po1(04)
Pyo(x) %
—(A—n1)p11(04)
% Pl,()(l’) + % (2)
Poa(@) (0-)
P 1(1) Po,1(Up
‘ p1,1(04)
(a+p?*(~A-B)
Poo(x) 0 26(\—M)?
Pio(z) | 0 . (‘Hﬁ)?(%/‘*f) 22
Py1(x) (A — ) coe™ 2a(AUO_M)
Py (z) (1 — Ao)coe™” 0
dy acy + %W
—(a+B)(A+B) | B _
~alo-n) Tad Beo+ iy
| __ceasn T ~ AR )
B —p1)+a(Ag—11) acy + B =) +a(Mg—p1)
__ —BA+B) —B(A—p
B0 — 1)t —7i1) Per + m

3)

B — 1) —a(ho — 1)
(Ao = m1) (A1 = p1q) 7

m =

and ¢, ¢1, ¢9, di, A, B are undetermined coefficients. These
undetermined coefficients can be determined from the fol-
lowing boundary conditions:

B1.

B2.

P (0) = 0.

This boundary condition can be understood from
the state transitions. As Fig. 4 shows, state (1,0) can be
visited by states (1,0), (0,0), and (1,1). If the ToR switch
stays in (1,0), the queue length does not stop at X = 0,
since uy, < Ay and thus the queue length keeps
increasing. If the ToR switch initially stays in (0,0) long
enough, its backlog is cleaned up since 1, > Ag. In
this case, once the input traffic turns ON, the ToR
switch transits from (0,0) to (1,0), and the queue length
increases and becomes larger than 0 since py < A;. If
the ToR switch initially stays in (1,1) long enough, the
queue length eventually decreases to 0, and the ToR
switch transits from (1,1) to (1,0). In this case, the
queue length also increases and becomes larger than 0
since /1y < A;. In summary, though the queue length
may experience X = 0, it will never stop at X =0
when the ToR switch is in state (1,0), i.e., the probabil-
ity that X < 0 when the ToR switch is in state (1,0) is

Pio(0) = Pr{S=1,M=0,X <0} =0.

P(),l (0) =0and Pl,l (0) =0.

If the ToR switch is in the states with M = 1, the
service is provided by a lightpath and the optical ser-
vice state remains unchanged until the queue length

B3.

B4.
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decreases to 0. In this case, no matter whether the
input traffic is ON or OFF, the queue length will even-
tually reduce to 0, since p; > A1 > Ag. When the
buffer becomes empty, the service state immediately
changes from the optical service state to the electrical
service state, i.e., M = 0. This implies that the queue
length may experience X = 0, but it does not stop at
X =0, when the ToR switch is in the optical service
state. It follows that

P1(0)=Pr{S=0,M=1,X <0} =0,
and

Pi1(0)=Pr{S=1,M=1,X <0} =0.

Note that the queue length can stay at X = 0 since
o > Ao when the ToR switch is in state (0,0), which

means
Poﬁ()(O) = PT’{S =0,M=0,X< O} > 0.
dPyo(z dPyq(z
poo(L) =0 = 0and py, (L) = | =0,

According to Fig. 4, state (0,0) can be accessed by
states (0,0), (0,1), and (1,0). If the ToR switch remains
in (0,0), the queue length can never reach L since
Ao < . If the ToR switch initially stays in (0,1) long
enough, the buffer will be emptied by the lightpath,
and the ToR switch will transit from (0,1) to (0,0). After
the state transition, the queue length stays at X =0
until the input traffic turns ON, since 1y > Ag. Sup-
pose the ToR switch initially stays in (1,0). In this case,
the queue length increases since p, < A;.If the queue
length does not reach the threshold L while the input
traffic turns OFF, the ToR switch transits from (1,0) to
(0,0). Even if the state transition happens when the
queue length is very close to L, the queue length
declines immediately and cannot reach L because
Ao < io. In a word, it is because Ay < p, that the
queue length can never reach L when the ToR switch
is in state (0,0). By definition, PDF p; j(x) is the relative
likelihood that the queue length would equal «. Thus,
we have the relative likelihood that X = L as follows:

dPoyo (.23)

poo(L) = e

‘I:L =0.

As Fig. 4 plots, the ToR switch enters (0,1), only
when it is in (1,1) and the input traffic turns OFF.
Recall that the service state of (1,1) is the optical ser-
vice state, and thus the queue length continuously
decreases and does not stay at X = L. It follows that
the queue length must be less than L, when the transi-
tion from (1,1) to (0,1) happens. In other words, when
the ToR switch is in state (0,1), the queue length can

never equal L. Thus, we have
dP() 1 (x)
L = 2 = U.
pO,l ( ) dz |x:L 0

PI,O(L) + Pl,l(L) = Ton = %-
Since the queue length ranges from 0 to L, probabil-
ity o, that the input traffic is ON is equal to the sum
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of P y(L) and P, (L), yielding the following bound-
ary condition:

B
a+ B’

Pio(L)+ Pii(L) =mon =

Using boundary conditions B1 through B4, we can deter-
mine all undetermined coefficients in (3) and thus P, ;j(x) in
(3). Finally, we can derive the CDF of X as follows:

P(z) = Pr(X < z)

= P()’()(:L') + P ro(l‘) + P()’] (.23) + P]J (:L') 4)

3.3 Mean Delay
The mean delay, denoted as D, is an important criterion for
the buffer threshold selection that guarantees the input traf-
fic will not suffer from a large delay. The mean delay D can
be easily derived from the CDF of the queue length.

Since the mean queue length () is the expectation of the
queue length X, we have

L

Q= xp(z)dz.
0

(5)

According to Little’s Law, we immediately obtain the fol-
lowing mean delay:

(6)

: 3 Q
non{ KDQLZ +KITLS+ K2b2<&L -1+ G_TIL)}

b
_ Q 3
A{K;L i K;,b(l - e_TlL> }

where

Hy— A
()\0 - Ml)()\l - Ml) 7
1 1
Ky = b
O o — No) g — A

0 =

1
Kl = 2
67Tuff7Tun()\0 - )‘1)
_ Tott(A1 = Ao)(ho — 1)’ (M — )

K —
(A= Ml)g

)

1 T[OH

K‘ - + <~
57 o (M1 — o) Uy — A

1
Ky=——"——,
276 (Ao — A1)
and

_ Toit (Ao — 1)’

K — 3
()\*IM)

are all constants independent of b and L.

3.4 Lightpath Set-Up Frequency
The lightpath set-up frequency, denoted as f, is another
important criterion for the buffer threshold selection. The
threshold should be selected to keep the lightpath set-up
frequency low, such that the operation overhead imposed
on the data center network is not high.

Consider a very long period [0, T], during which the ToR
switch requests to set up lightpaths n times. Let Py be the
probability that the ToR switch uses the lightpath to transmit
the traffic, and H be the average holding time of the light-
path. We have

TPy = nH. )

It follows that the lightpath set-up frequency f is given by

n_ P

f=7=7 ®

Since the input traffic could be ON or OFF when the ToR
switch transmits the traffic via lightpaths, I, can be obtained
as follows:

Po = Py1(L) + Pia(L). 9)
Therefore, to derive the lightpath set-up frequency f, we
need to find the average holding time of the lightpath H.
To facilitate the calculation of H, we define two following
variables:

1. T,.(z): the average residual time to empty the buffer
by a lightpath when the queue length is X =z and
the input traffic is in the ON state;

2. Tyi(x): the average residual time to empty the buffer
by a lightpath when the queue length is X =z and
the input traffic is in the OFF state.

As we mention in Section 3.2, the lightpath can be set up
only when the input traffic is in the ON state. In this case, the
ToR switch uses the electrical network, and the queue length
increases to L. This implies that the input traffic must be in
the ON state and the queue length is L at the time when the
lightpath is just established. Thus, we have

H="T,(L). (10)

Let z be the first traffic-ON period that the input traffic
experiences after lightpath establishment, as Fig. 5 illustrates.
It is clear that z is an exponentially distributed random vari-
able with parameter «. If the buffer is emptied before the
input traffic switches OFF, i.e., z is long enough such that
(1 — A1)z > L, the holding time of the lightpath will be
Mf o If (1, — M)z < L, the backlogged traffic that remains
in the buffer at the time when the input traffic turns OFF will
be L — (i; — A1)z In this case, the average holding time of

the lightpath is z + Ty [L — (0, — A1)2]. It follows that
H =T,,(L)
+00
:/ L ae”¥dz
T By (11)
_L_
H1=A1
+ / {z+4 Tor[L — (b1 — A\1)7] fae **dz.
0
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Fig. 5. Queue length evolution in optical service state.

z S

Let s be the first traffic-OFF period that the input traffic
experiences after lightpath establishment, as Fig. 5 plots. It is
clear that s is an exponentially distributed random variable
with parameter g. If the buffer is emptied before the input
traffic switches ON, ie. s is long enough such that
(u1 — A1)z + (ug — Ao)s > L, the holding time of the light-

path will be L(“‘ih Otherwise, the backlogged traffic that

remains in the buffer at the time when the input traffic turns
ON will be L — (u; —Ai)z—(; — Ag)s, and the average
residual time to empty the buffer is s+ Tou[L — (1) — A1)

— (1 — Xo)s]. Thus, we have the equation given by (12).
Fig. 5 illustrates a possible queue length evolution during
the lifetime of a lightpath. From the above derivation, we can
find that H should be calculated in an iterative manner,
which is very difficult.

+0o0 L )\

ﬂoff[L ( )\1 )Z] / M ﬁst

JIizm )z =X
1 —Ag
L—(p1—M1)z
w120 —Bs
+/ {8+ Ton[L — (11 — M)z — (01 — Xo)s|}Be P ds
0

(12)

Instead, we pursue an approximate solution for H. We
can see from (11) that the iterative process is induced by the
term Toi[L — (0; — A1)z on the right side, which has to be
calculated from (12). Thus, we solve (12) approximately
using the following two arguments:

(@)  When b is small, the input traffic switches ON and
OFF back and forth rapidly, and thus the input traffic
can be approximately considered as a constant flow
with rate \. In this case, the traffic that remains in the

buffer after the first traffic-ON period can be emptied

at the rate of ity — A, and thus (12) can be rewritten as:
L— - A
ToelL — () — Ao w B2 = M)2 (13)
B — A

(b)  When b is large, the traffic-ON period is large, imply-
ing that the probability of (i; — A1)z < Lissmall and
thus the second term in (11) is only a negligible portion
of H. In this case, replacing To5[L — (10, — A1)z] in (11)

with L(fli;” will only bring a little error.
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T T T T T
0.08 |
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L = 100MB (ana)
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0.00 0.25 0.50 0.75 1.00 125
b

Fig. 6. Average holding time of a lightpath H changing with the bursti-
ness b.

From (a) and (b), we can see that (13) is a good approxi-
mation of T, for both small b and large b, which hints that
(13) may be a good approximation of i for all bs. Follow-
ing this idea, we adopt the following approximation of H
for all bs:

+00
H =~
/ Mn1 = >\1

ni=A

+ /“17)‘1 (Z+ L- (/'Ll _7)\1)2)01670&(12 (14)
0 ny— A

_ L_+ )\1—)\_ (1_e,ﬁ>.
pr—A aug —A)

(YZdZ

To check the accuracy of (14), we plot H changing with b
in Fig. 6, where the traffic rate in the ON state is
A1 =90 Gb/s and in the OFF state is A\g = 0.17 Gb/s; the
electrical service rate is p, = 1.64 Gb/s; the optical service
rate is p; = 100 Gb/s; and the threshold is L = 100 MB.
Fig. 6 confirms that the approximation in (14) is very good.

From (8), (10), and (14), we can find the approximate
solution of f in (15), where Kj is a constant as follows:

wond Kob(1— e ) + I
w{ Kob(1 - #") + 1}

= . -
{Ks (1-e77)} [L 4 Gt <1 - e‘—m?“i)b)]
(15)
Ky — ~Tott (A1 = Ao) (Ao — 1) . (16)
wy— M\
4 BUFFER THRESHOLD SELECTION

As Section 2 mentions, the traffic burstiness b may have a
significant impact on the performance of data center net-
works, and the aim of our optical traffic offloading strategy
is to cope with the burst traffic. In this section, we study the
impact of the traffic burstiness b on the system performance
in Section 4.1, based on which we provide the selection rule
of the buffer threshold in Section 4.2.
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Fig. 7. System performance versus burstiness b.

4.1 Effect of b on System Performance

In this section, we numerically study the effect of the bursti-
ness b on the system performance, using the results derived
in Section 3. In our numerical study, the traffic rate in the
ON state is Ay =90 Gb/s and that in the OFF state is
X =0.17Gb/s, and « : B =60 : 1. Thus, the average input
traffic rate is A = mog o + Ton M = 1.64 Gb/s. The electrical
service rate is uy = A = 1.64 Gb/s and the optical service
rate is u; = 100 Gb/s. In addition, we consider two cases,
where the threshold L = 50 MB and L = 100 MB.

We plot the mean delay D and the lightpath set-up fre-
quency f changing with b in Fig. 7, where the analytical
results are obtained by (6) and (14). Fig. 7 shows that our
analytical results agree with the simulation results very
well. As Fig. 7a shows, the mean delay D is very large when
b is slightly larger than 0, and decreases very fast with the
increase of b. Finally, D converges to a constant when
b > 0.32. For example, D finally approaches to 2.02 ms
when L =50 MB, and 4.06 ms when L = 100 MB. On the
other hand, as Fig. 7b shows, the lightpath set-up frequency
f first sharply climbs up from a small value and then drops
down rapidly with the increase of b, and finally approaches
a constant when b > 0.32. It is very interesting to see from
Fig. 7 that, when b is large enough (for example b > 0.32),
both D and f converge to constants and almost do not
change with b any more. In other words, for a selected
buffer threshold, the burstiness b has only a little impact on
system performance, when b is sufficiently large.

To better understand the results in Fig. 7, we inspect the
evolution process of the queue length under different bs in
Fig. 8, where we set the threshold L = 100 MB as an example.

When b is very small, say b = 0.004 in Fig. 8a, both the
traffic-cON period and the traffic-OFF period are very small.
In this case, if the service state is in the electrical service
state, the queue length changes back and forth, and thus
needs a long time to reach the threshold to trigger lightpath
establishment, as Fig. 8a shows. The backlog cannot be emp-
tied in time in this case, which could result in a large mean
delay D and a small lightpath set-up frequency f. In the
case presented in Fig. 8a, D = 74.46 ms and f = 0.7022s™'.

When b increases to 0.02, both the traffic-ON period and
the traffic-OFF period increase, making it easier for the
queue length to reach the threshold L to set up lightpaths,
as Fig. 8b plots. In this case, the mean delay D drops down
to 16.27 ms since the buffer can be emptied quickly, and the
lightpath set-up frequency f increases to 0.5278s".

When b is large enough, for example b = 1, as shown in
Fig. 8¢, the traffic-cON period has a sufficiently long dura-
tion, in which the queue length fluctuation looks like a trian-
gle wave because:

1)  The queue length increases linearly with time when
the ToR switch serves the traffic via the electrical
network;

2) The queue length declines linearly with time to 0
once the lightpath is established.
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Fig. 8. Queue length evolution under different traffic burstiness bs.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1wl lighpathsetup ]
4 . 80 4
m
2
4 = 60 4
o0
=
i)
4 8 40f R
g
&
B 20 F B
ol
! f | ! A ! !
100.0 101.0 102.0 103.0 158.0 158.5 159.0 159.5 160.0
Time (s) Time (s)
(b) b=0.02 ©b=1

777
778
779
780
781
782
783
784
785
786
787
788
789
790
791

792
793
794
795
796
797
798
799
800
801

802
803
804
805
806
807
808

809

810

811

812

813

814

815

816



822
823
824
825
826
827
828
829
830
831
832
833
834
835
836

838
839
840

842
843
844
845

846

848
849
850

852
853
854

856
857
858
859
860
861
862
863

864
865

10

Buffer Length
4

L Hi——— — — bt bt T -

IEEE TRANSACTIONS ON CLOUD COMPUTING

1/a

_*.

Fig. 9. Queue length evolution when b is sufficiently large.

In particular, it first takes ;= L - seconds for the queue
length to increase from O to L, and it then takes A seconds
for the lightpath to empty the buffer. This process continu-
ously repeats until the traffic-ON period finishes. On the
other hand, the input traffic spends a long time in each traf-
fic-OFF period, during which the queue length is almost zero
since the input traffic rate is now less than both the optical
service rate and the electrical service rate. In this case, the
mean delay and the lightpath set-up frequency converge to
4.13 msand 0.1907s ™!, respectively, and are almost invariant
with respect to b, which is interpreted as follows.

Let’s consider an ideal case in Fig. 9, where each traffic-
ON period and each traffic-OFF period is a constant and suf-
ficiently large. In this case, the mean queue length is approxi-
mately equal to the area of the triangles during the traffic-
ON period divided by 1/ + 1/, and the lightpath set-up
frequency is approximately equal to the number of the trian-
gles divided by 1/« + 1/B. Since 1/« and 1/ are sufficiently
large, we have the number of the triangles in an ON period

1 1

— o o
=1z LI | Iy L
Al—Ho T M1—AL Al—Ho T H1—AL

and the mean queue length approaches to 0 during the
OFF period. The area of a triangle is £ (£ oo T ). It fol-

lows that, the mean queue length, denoted by @, is equal to

L L L
>< =
2 ()\1—#0 + ﬂl_)\l)

1 =
ats

up— Al

1
L “ L
Q T

L L
X = =Ton7,

2 2

R =
=+ |~
SNE

and thus the mean delay can be calculated as follows

* Q 7TonL
D=2 T 17
A2 an

and the lightpath set-up frequency is given by

+ [RI—

= mEM _ Ton (M — o) (1

f* _ Ai—mo
« T (1 = po)L

_MX (18)

Equations (17) and (18) clearly show that when the ON-
OFF period and thus the burstiness b are sufficiently large,
the mean delay D* and the lightpath set-up frequency f*
are independent of b.

The following theorem shows that this observation is also
valid in a general case.

Theorem 1. When the traffic burstiness b is sufficiently large, the
mean delay D and lightpath set-up frequency f are given by:

=N 4
~

1/B

D — D' =—

ro|

; (19)

and

n()n()\l - :UJO)(/"LI

- A1)
(U1 = o)L '

f—f= (20)

Proof. It is easy to obtain (19) and (20) by applymg
L’Hospital’s rule to (6) and (15) when b — oo.

Fig. 10 compares the system performance under b = 0.32,
b=1 and b — oo, using the same parameters as that in
Figs. 7 and 8. Fig. 10 clearly shows that the result of b = 0.32

is already very close to that of b — oo, especially when the
10 T T T T
b—> o
81 X b=0.32 (sim) T
----b=0.32 (ana) 3
+ b=10(sim) X
OF  —e-b=1.0(ana) vt
2 : e
E
S
2+
0
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L (MB)
(@) Dvs. L
4.0 T T T T
35F b— © T
30k X b=0.32 (sim) |
: ----b=0.32 (ana)
25k + b=1.0(sim) |
--=---b=1.0 (ana)
Tw 20+
<
15+
1.0 +
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L (MB)
(b) fvs. L

Fig. 10. System performance under b = 0.32, b = 1, and b — occ.
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Fig. 11. Trade-off between D and f.

threshold L is not very large. On the other hand, Ref. [1]
shows that the traffic-OFF period in commercial data center
networks ranges from 20 s to 70 s, which implies that the
traffic burstiness in a typical data center ranges from 0.328
to 1.148 according to our definition. On the other hand,
Fig. 10 and the test results in [1] indicate that the precondi-
tion in Theorem 1 can be easily satisfied in practice, and
thus Theorem 1 can apply to commercial data center net-
works and form the basis of the buffer threshold selection,
as we show in Section 4.2.

4.2 Trade-off Between D and f

Intuitively, there is a trade-off between the mean delay D
and the lightpath set-up frequency f when we set the
threshold L. If L is small, the lightpaths are established fre-
quently, and D is small since the backlog is emptied quickly
by the lightpaths. If L is large, the lightpaths are rarely set
up, and D is large since the traffic has to wait a long time in
the buffer for the lightpath to clean it up. Such a trade-off
between the mean delay and the lightpath set-up frequency
is delineated by Theorem 1, from which we can see D* is
inversely proportional to f* as follows:

D = T[L?)n(/\_l B I'L())(lul - )‘1) . (21)

2M(py — o) f*

We visualize (21) in Fig. 11, from which we can see
that increasing f slightly from 0 to 0.5s7! can remarkably
decrease D, but further increasing f not only has little con-
tribution to the reduction of D but also remarkably imposes
a large operation overhead to the system, as we mention in
Section 1.

Consider the most important thing in data center net-
works is to guarantee the delay performance [7]. According
to Theorem 1, we suggest a threshold selection rule as
follows.

Rule 1. For a given mean delay requirement D, the threshold size
L should be:

(22)

5 APPLICATIONS

In reality, it takes time to set up a lightpath, as we show in
Section 1. We define lightpath set-up delay, denoted by t, as
the time interval from the time when the queue length
reaches the threshold L to the time when the lightpath is built
up. The lightpath set-up delay r mainly consists of the fol-
lowing parts:

1) Communication delay between the ToR switch and
the controller, which is about 10 microseconds [18];

2)  Time for the controller to calculate a lightpath, which
can be on the order of nanosecond if the ultra-fast
routing algorithm in [31] is used;

3) Reconfiguration time of the OCS, which can be as

small as 1 microsecond [13], [14].

Therefore, T is on the order of tens of microseconds.
Because of the existence of 7, the ToR switch cannot switch
to the optical service state immediately, when the queue
length reaches the threshold L. During the lightpath set-up
process, the traffic is still served by the electrical network,
and the queue length keeps changing, which may influence
the mean delay D and the lightpath set-up frequency f.
Thus, we take the lightpath set-up delay r into consider-
ation and amend Theorem 1 in Section 5.1. Section 5.2 pro-
vides an example that shows how the selection rule can be
used in practice.

5.1 Threshold Selection With Lightpath
Set-up Delay

Though the queue length fluctuates during the lightpath set-
up process, the effect of such fluctuations on the mean delay
D and the ligthpath set-up frequency f is small if the traffic
burstiness b is sufficiently large. Let’s consider the case
where b = 1 as an example. The average traffic-ON period is
1.017 s, which is several orders of magnitude larger than the
lightpath set-up delay z. During the trafficcON period, the
queue length repeatedly experiences the following process:

(@) The queue length increases linearly with time from 0
to the threshold L when the ToR switch serves the
traffic through the electrical network;
The ToR switch still sends the traffic via the electrical
network, and thus the queue length climbs up line-
arly with time from L to L + (A — py)t when the
lightpath is under establishment;
The queue length declines linearly with time from
L + (M — pp)7 to 0 after the lightpath is established.
Thus, the queue length fluctuation in this case looks like
a triangle wave also, as Fig. 12 plots.
Using this argument, we have the following result.

(b)

(©

Corollary 1. If the lightpath set-up delay T > 0, the mean delay
D7 and the lightpath set-up frequency f are given as follows:

Di ~ nOH[L + (>L1 B I’LU)T} , (23)
2
and
f: - Non()\l - MU)(/’Ll - >‘1) (24)

T (= po) L+ (M — o)t
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Fig. 12. Queue length evolution with the presence of lightpath set-up delay = when b is sufficiently large, where AL = (A} — ).

We compare the results in Corollary 1 with the simula-
tion results when b = 0.32 and b = 1 in Fig. 13. We use the
same parameters in Fig. 10, except that t is now equal to
1 ms. Again, the curve of b =0.32 is already very close to
that of b — oco. Compared with Fig. 9, the only difference is
that the curves in Fig. 13 are both left-shifted by

(90 x 1079 — 1.64 x 10_9) x 1073
8 x 1096

(A1 — o)t = = 11.045 MB.

Thus, when the rule in (22) is applied in the practical sce-
narios where the lightpath set-up delay is 7, it should be
amended according to Corollary 1 as follows:

10 T T T T

X bh=0.32, 7= 1ms (sim)
+ b=1.0, 7= 1ms (sim)

b — oo, 7= lms (ana) ><x><
+
7
g
Q
0 30 60 90 120 150
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(@) Dvs. L
4.0 T T T T
35F B
X b =0.32, 7= 1ms (sim)
3.0F + b=1.0, 7= lms (sim) 7]
b — oo, 7= 1ms (ana)

2.5 B
w20} -
<
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0'0 1 1 1 1

30 60 90 120 150
L (MB)
(b) fvs. L

Fig. 13. System performance with t = 1 ms.

L _ T[OH

=—= (25)
2\D

— (M — o)t

5.2 Case Studies

To study the performance of our strategy, we carry out
system-level simulation. In additional to the mean delay, we
evaluate OCS utilization to check if our strategy is cost effec-
tive. Herein, the OCS utilization is defined as the ratio of the
total traffic offloaded by the OCSs to the total capacity of the
OCSs. Also, we simulate the maximal buffer occupancy of
ToR switches and estimate the bandwidth overhead paid for
message exchanges between the ToR switches and the cen-
tral controller, to verify if our strategy is technically feasible
in practice. We further compare our strategy with C-through
in terms of the OCS utilization and the mean delay, to dem-
onstrate the effectiveness of our strategy.

In the simulation, we assume that the packet arrival pro-
cess of each ToR pair is a two-state Markov-modulated Pois-
son process (MMPP) [32], where the ratio of the ON period to
the OFF period is 1:60. We select this ratio to mimic the traffic
pattern measured in [7]. The packet size obeys an exponential
distribution with parameter 800 Bytes, and the packet inter-
arrival time during the ON (OFF) period is an exponential
random variable with mean 0.071 s (38.4 us). As a result,
the data rates of the ON period and the OFF period are
90 Gb/s and 0.17 Gb/s, respectively. We set that the optical
service rate is ;1 = 100 Gb/s, which has already been avail-
able in current data centers and the electrical service rate is
o = 1.64 Gb/s. We consider the case where the lightpath
set-up delay is 1 ms and the delay requirement is 4 ms, which
is same as the average read (or write) latency in Amazon
data centers [33]. According to (25), the buffer threshold
L = 88.96 MB. Also, we suppose that the data center installs
enough OCSs to ensure the probability that the request has to
wait in the buffer is very small (e.g., 0.2 percent).

5.2.1 Network With 80 ToR Switches

We first study the case where there are 80 ToR switches in
the network. We use 6 80 x 80 OCSs with 100 Gb/s line
rate, which can provide a capacity of 600 Gb/s for each ToR
switch. On the other hand, a ToR pair has the burst traffic
with probability 1/61, and thus the average number of the
elephant flows from a ToR switch is 79/61 ~ 1.3. Thus, the
average data rate of the elephant flows generated by a ToR
switch is 116.6 Gb/s. This indicates the OCS utilization is
roughly 19.4 percent. Fig. 14 plots the OCS utilization of our
strategy changing with time. The OCS utilization converges
to 19.2 percent when b = 0.5 and 20.5 percent when b = 1.
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Fig. 14. Performance comparison when the number of ToR switches is 80.

Accordingly, Fig. 14 shows that the mean delay converges
to 3.75ms when b=0.5 and 3.8 ms when b =1, slightly
smaller than the delay requirement 4 ms. This confirms that
our rule not only can provide delay guaranteed but also is
not sensitive to the traffic burstiness.

As a comparison, we also simulate the performance of C-
through. The original C-through reported in [10] employs
only one OCS in the network, where the number of sever
racks is small. However, multiple OCSs are indispensable in
a network with 80 ToR switches, since the average data rate
of the elephant flows generated by a ToR switch is
116.6 GB/s. We thus have to extend C-through as follows.
When an OCS becomes free, the controller creates a traffic
matrix according to the buffer occupancies of the ToR pairs
that are not connected via the lighpaths. The controller calcu-
lates an MWM, and sets up lightpaths for up to N ToR pairs
via this OCS, where N is the total number of ToR switches in
the data center. In the simulation, we also use 6 OCSs to facil-
itate the comparison. As Fig. 14 shows, the mean delay of the
extended C-through increases unbounded no matter what
the burstiness b is. In particular, the OCS utilization of the
extended C-through equals to 17.5 percent before it becomes
unstable when b = 0.5 and 18.7 percent when b = 1. This is
mainly attributed to the fact that C-through is a synchronous
scheduling strategy, as Section 1.1 mentions. Fig. 14 clearly
shows that our scheme outperforms the extended C-through.

We also study the buffer required by a ToR switch to
implement our strategy. We take the ToR switch by Huawei,
CloudEngine 6870 [26], as an example. This kind of ToR
switch possesses a 4-GB buffer, which is statistically shared
by all the ports. As we show in Fig. 14, the mean delay of the
traffic of each ToR pair is ~3.75 ms, which means that the
mean queue length is ~0.77 MB. Also, a ToR switch will com-
municate with 79 other ToR switches. Since all the 79 queues
statistically share the same buffer, the average occupancy
level of the buffer will converge to 0.77 x 79 ~ 60.8 MB,
which is much less than 4 GB. To check the situation in the
worst case, we measure the maximal buffer occupancy of dif-
ferent ToR switches during the simulation in Fig. 15, which
confirms that a 4 GB bulffer is far more than enough.

We further estimate the bandwidth overhead paid by our
strategy for message exchanges between all the ToR switches
and the central controller. Suppose the messages exchanged
between the ToR switches and the central controller are for-
matted based on the OpenFlow protocol, which means the
size of the message needed to install a flow entry is 72 Bytes
[18]. According to (24), the lightpath set-up frequency in this
case is equal to f = 0.184s"!, which implies that the band-
width overhead is only 83.7 KB/s. In addition, the central
controller receives about 1163 requests per second, and thus
one NOX controller is enough for the central controller,
because the number of requests that can be processed by one
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Fig. 16. System performance versus number of ToR switches in the network.

1085 NOX controller is 30000 per second [16]. We conclude that switches, we determine the number of OCSs using the Jaco- 1091
1086 our optical traffic offloading strategy only imposes a small baeus method presented in [34], such that the probability 1092
1087 processing burden to the data center. that the lightpath set-up request has to wait in the buffer is 1093

less than 0.2 percent. In addition to that the mean delay is 1094
wss  5.2.2  Network With Different Number of ToR Switches  almost smaller than 4 ms, it is very interesting to see that the 1095
1089  Fig. 16 further studies the performance of our scheme under ~OCS utilization increases with the number of ToR switches. 109
1000 different number of ToR switches. Given the number of TOR  Such an improvement of the OCS utilization is achieved by 1097
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the effect of statistical bandwidth multiplexing when the
number of ToR pairs is large. We do not simulate the net-
work with a large number of ToR switches, since such a sim-
ulation is extremely time consuming. Instead, we simply fit
the curve in Fig. 16 to estimate the OCS utilization of our
scheme when the number of ToR switches is large. Our fit-
ting shows that the OCS utilization of our scheme could
reach > 26% when the number of ToR switches is 240.
Remember that 240 is the port count of the fast optical cross-
bar demonstrated in [14]. An OCS with 240 ports can con-
nect with 240 ToRs.

There are two potential ways for our strategy to further
improve the OCS utilization. The first one is to reconfigure
the OCSs when newly arrived requests cannot be satisfied.
Clearly, OCS reconfigurations can accommodate more
requests at the same time and thus improve the OCS utiliza-
tion. However, OCS reconfigurations will interrupt the exist-
ing lightpaths and increase the volume of message
exchanges, which will not only introduce additional delay to
the traffic carried by affected lightpaths but also add the sys-
tem operation overhead. The second way is to set up a two-
hop connection passing through an intermediate ToR switch
for the request when the network cannot establish a lightpath
for the source to the destination. This method can also
improve the utilization. The advantage is that it does not
interrupt the existing lightpaths, and the disadvantage is
that it may degrade the delay performance since some ele-
phant flows will experience one more optical-electrical-opti-
cal conversion. From this discussion, we can see that there
may exist a trade-off between the OCS utilization and the
delay performance. To find out which one can make a better
compromise needs more researches in the future.

We note that the asynchronous optical traffic offloading
strategy (or the idea of Mahout) can also be applied to opti-
cal data center networks, such as OSA [35], WaveCube [36],
and MegaSwitch [37]. In these networks, a small fraction of
optical resources form a fixed network to accommodate the
delay-sensitive traffic, such as mice flows, while the remain-
ing resources are dynamically reconfigured to serve the
bulky and delay-tolerant traffic, such as elephant flows. The
idea of resource partition in these optical networks is quite
similar to that in hybrid optical/electrical data center net-
works. Thus, the asynchronous optical traffic offloading
strategy can be applied to these optical networks as follows.
Initially, the ToR switch pair transmits the traffic via the
fixed network. Once the buffer of this ToR switch pair
exceeds the threshold, the system builds up a lightpath or a
multi-hop connection in the reconfigurable network to clean
up the traffic. When the buffer becomes empty, the system
will tear down the lightpath or the connection, and route
the traffic back to the fixed network.

6 CONCLUSION

In this paper, we propose a threshold-based optical traffic
offloading strategy to deal with the burst traffic in hybrid
optical/electrical networks. In this strategy, each ToR switch
maintains a buffer and a threshold of the queue length for
the traffic to each destination ToR switch. The ToR switch
sets up a lightpath to offload the traffic when the queue
length exceeds the threshold, and tears down the lightpath

when the backlog is cleaned up. We develop a fluid-flow
model to analyze the optical traffic offloading process. Our
analytical result shows that there is a trade-off between the
delay performance and the system operation overhead, from
which we provide a buffer-threshold selection rule for the
optical traffic offloading scheme. Using a case study, we
demonstrate that the proposed optical traffic offloading
strategy with the buffer-threshold selection rule is suitable
for applications in current commercial data center networks.
Our case studies demonstrate that the proposed optical traf-
fic offloading strategy with the buffer-threshold selection
rule can not only be applied to different kinds of commercial
data center networks but also outperform C-through.
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