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INTRODUCTION

Internet traffic has been increasing at a very fast pace.
Emerging websites and applications demand ever increasing bandwidth. For fast storage-access networks like a data
center, thousands of servers have to exchange bulk data at
a very high speed. Under this fast growing traffic demand,
electronic technologies may not be able to support the demands of packet switches in the near future. Photonic technologies, on the other hand, can provide very high bandwidth and reduce the power consumption. But an all-optical
switch is still far from feasible due to the fact that it is very
difficult to buffer packets in the optical domain. Therefore,
future switching systems may have a hybrid architecture,
which exploits both electronic and optical technologies. In
this paper, we adopt a switch architecture with a broadcastand-select optical switching fabric. The fabric can be as
simple as a WDM fiber ring [1], which is shown in Fig. 1.
Each linecard is equipped with a tunable laser as the
transmitter (TX) and a fixed wavelength receiver (RX). For
example, the TX of linecard 1 can transmit in any wavelength, but its RX can only receive packets transmitted using wavelength λ1 . If linecard 1 wants to send a packet
to linecard 4, it has to tune its laser to λ4 , and make sure
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Fast growing traffic for both the Internet and within data
centers has lead to an increasing demand for high-speed
switching systems. In this paper, we propose a fully distributed scheduling algorithm with an O(1) complexity, for
a switch with an optical switching fabric. The inputs only
use local queue information to make their scheduling decisions, and the switch consumes much less power than an
electronic switch. Therefore, we call the switch HELIOS:
High Energy-efficiency Locally-scheduled Input-queued Optical Switch. HELIOS can achieve 100% throughput for any
admissible Bernoulli i.i.d traffic. To our knowledge, this is
the first distributed scheduling algorithm to guarantee 100%
throughput for an input-queued optical switch.
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Figure 1: Switch Architecture
that no other linecard is transmitting using this wavelength.
Otherwise, there will be a collision. We assume that the system is slotted, and all the linecards are synchronous. The
packet arrival process is Bernoulli i.i.d..

2.

HELIOS SCHEDULING ALGORITHM

In order to avoid collisions, we require that each linecard
has a module called a λ-monitor. It can detect which wavelengths are being used in the fiber, by detecting energy
across all wavelengths from the received signal. The linecard
architecture is shown in Fig. 2.
Though HELIOS is distributed and has O(1) complexity,
it can achieve 100% throughput (the proofs are available on
request). The intuition is that since there is at most one
arrival in a time slot for each input, a schedule with a heavy
weight (defined as the sum of a concave function of queue
lengths at the linecards) will continue to be heavy over a few
time slots. So the schedule of the previous time slot provides
some information that we can utilize. HELIOS adds (or
removes) edges to (or from) the schedule of the previous
slot with a probability which is a function of the queue size.
After the system converges, the schedule generated at every
time slot is very close to the one with maximum weight, and
therefore it can stabilize the system.
Following the HELIOS algorithm, each input i has to keep
track of the schedule of the previous time slot, i.e., for which
j was Sij (n − 1) = 1. At the beginning of time n, generate
an input/output permutation H(n) by using a Hamiltonian

Figure 3: Schedule Evolution Example
Figure 2: Linecard Architecture
walk. A Hamiltonian walk can be generated with a simple
distributed algorithm with a time complexity of O(1) [2].
After H(n) is generated, each input can make its scheduling
decision following the algorithm below.
The HELIOS Scheduling Algorithm
At each input port i, assume (i, j) is selected by H(n),
i.e., Hij (n) = 1.
◦ For any (i, k) that k 6= j:
(a)Sik (n) = Sik (n − 1).
◦ If (i, j) was in S(n − 1):
(b) Sij (n) = 1 with probability pij ;
(c) Sij (n) = 0 with probability pij = 1 − pij .
◦ Else, if there is no j 0 such that Sij 0 (n − 1) = 1 (input i
was not transmitting at time n − 1) , and output j was
not receiving a packet at time n − 1 (input i knows this
from λ-monitor),
(d) Sij (n) = 1 with probability pij ;
(e) Sij (n) = 0 with probability pij = 1 − pij .
◦ Else,
(f) Sij (n) = 0.

In the next slot, H(n + 1) = {(1, 2), (2, 3), (3, 1)} (Fig.
3(b)). For input 1 and 3, they keep the schedule of the
previous time slot, as their active crosspoints are not selected
by H(n). For input 2, the active crosspoint (2, 3) is selected.
It has to make a decision for (2, 3) to stay active or not
according to case (b) and (c) of HELIOS. In the example,
(2, 3) becomes inactive, and the new schedule is shown in
Fig. 3(c).

4.

EVALUATION

In order to evaluate the delay performance of HELIOS
algorithm, we have run simulations for different scenarios.
Uniform and two non-uniform traffic scenarios are studied,
including a) Lin-diagonal: Arrival rates at the same input differ linearly, i.e, λi(i+j (mod N )) − λi(i+j+1 (mod N )) =
2λ/N (N + 1); b) Hot-spot: For input port i, λii = 0.5λ and
λij = (1 − 0.5)λ/(N − 1), for i 6= j (λ is the traffic load).
Sample results are shown in Fig. 4. We can see that when
traffic is not heavy (i.e., λ < 0.8), the delay performance is
reasonable, i.e. under 100µs. We are assuming that the line
speed is 100Gbps and each packet has a size of 64 bytes.
#!!!!$
-./0123$

!"#$%&#'(#)%*'+,-.'

pij is defined as pij =
where wij (n) is a
function of the queue length at input i for output j. In order
to make sure that the system can converge as the Glauber
dynamics [3], we define the weight function as: wij (n) =
log(1+x)
f (x) = log(e+log(1+x))
[4].

3.

AN EXAMPLE

In Fig. 3, we give an example of the schedule evolution
over time. Even though the optical switch does not have a
physical crossbar, we still use it in the example since it can
better illustrate the matching.
Assume that at the beginning, as shown in Fig. 3(a),
S(n) = {(1, 1), (2, 3)} and H(n) = {(1, 3), (2, 1), (3, 2)}. For
input 1, since (1, 1) and (1, 2) are not selected by H(n),
S11 (n) = S11 (n − 1) = 1 and S12 (n) = S12 (n − 1) = 0. (1, 3)
is in H(n), but input 1 knows that one of its neighbors, which
is (1, 1), was in the schedule. Thus, according to the case (f )
of HELIOS, S13 (n) = 0. The case of input 2 is similar. For
input 3, (3, 2) is selected by H(n). Input 3 already knows
that crosspoints in the third row of the crossbar were not
active. From the λ-monitor, it also knows that output 2
was not receiving any packet in the previous slot, namely,
crosspoints in the second column were not active. So none
of the neighbors of (3, 2) was active at time n−1. According
to case (d) and (e) of HELIOS, input 3 can turn on (3, 2)
with a probability p32 , which is a function of Q32 . In the
example, input 3 decides to make (3, 2) active. The new
schedule S(n + 1) is shown in Fig. 3(b).
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Figure 4: Simulation result, N=16
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