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Performances of the Data Vortex Switch Architecture
Under Nonuniform and Bursty Traffic
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Abstract—The Data Vortex switch architecture has been
proposed as a scalable low-latency interconnection fabric for
optical packet switches. This self-routed hierarchical architecture
employs synchronous timing and distributed traffic-control
signaling to eliminate optical buffering and to reduce the required
routing logic, greatly facilitating a photonic implementation.
In previous work, we have shown the efficient scalability of the
architecture under uniform and random traffic conditions while
maintaining high throughput and low-latency performance. This
paper reports on the performance of the Data Vortex architecture
under nonuniform and bursty traffic conditions. The results
show that the switch architecture performs well under modest
nonuniform traffic, but an excessive degree of nonuniformity
will severely limit the scalability. As long as a modest degree of
asymmetry between the number of input and output ports is
provided, the Data Vortex switch is shown to handle very bursty
traffic with little performance degradation.

Index Terms—Bursty traffic, Data Vortex switch architecture,
photonic packet switch, switching fabric, uniform traffic.

I. INTRODUCTION

T RANSMISSION of data in optical fibers has enabled the
delivery of enormous bandwidth in today’s communica-

tion networks, especially with new technology developments in
dense wavelength division multiplexing (DWDM) and Raman
fiber amplifiers [1]–[4]. The challenges in optical networking
have recently migrated from transmitting high-capacity optical
signals over long distances to effectively switching and man-
aging that data [5]. These functions, currently performed in the
electronic domain, have built an emerging large bottleneck to
the scalability and growth of optical networks.

Photonic or optical switches present an attractive solution
to the electronic bottleneck with promises of transparency,
high capacity, and little electromagnetic interference (EMI).
However, to deliver the necessary system performances, most
existing switching architectures require intense processing and
buffering, which can be realized easily in the electronic domain,
but is still considerably challenging within the optical domain
[6], [7]. Therefore, new switch architectures must be developed
to accommodate the optical or photonic implementation,
where the advantages of the optics such as bandwidth and
transparency can be fully exploited while the disadvantages of
the optics can be avoided.
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In [8], a multiple-level minimum-logic architecture, the
Data Vortex, was proposed for large-scale low-latency packet-
switching fabric. This novel architecture employs synchronous
timing and distributed traffic-control signaling to avoid packet
contention; therefore, the system achieves great simplicity, scal-
ability, and high throughput. The hierarchical routing topology
is carefully designed at each level so that packet deflection
probability and deflection-induced latency are both minimized.
The hierarchical routing procedure also facilitates the use of
a wavelength-header-encoding technique to further simplify
the routing function and the switching latency. Using DWDM
within the data payloads further enhances high data throughput.
In previous work, we have investigated the basic routing
functionality, control signaling mechanism, and wavelength
routing technique within an experimental test bed [9], [10].
In addition, our simulation results have shown that the Data
Vortex packet switch achieves high scalability, low latency,
and narrow latency distribution under uniform and random
traffic conditions [11]. However, in practice, packet-switching
systems are generally subject to nonuniformly distributed
and/or bursty traffic. These factors may contribute additional
congestion or deflections within the architecture; therefore,
they may affect the switching latency performance and the
throughput performance of the system. In this paper, we report
on the robustness of the Data Vortex switch performances under
these nonideal factors.

The rest of the paper is organized as follows. In Section II,
an overview of the Data Vortex architecture is described. In
Section III, we characterize the system performances in terms
of successful injection probability, mean latency, and latency
distribution. The performance results under different cases of
nonuniform traffic and bursty traffic will be discussed and com-
pared. Finally, we present our conclusions in Section IV.

II. A RCHITECTUREOVERVIEW

The Data Vortex switching topology can be arranged as a
collection of richly connected routing nodes on multiple fiber
cylinders, as seen in Fig. 1. The switch fabric size is character-
ized by two parameters and , representing the number of
nodes along theangleandheightdimensions, respectively. is
typically set to be a small odd number (10), and is indepen-
dent of the choice of . The available number of input/output
(I/O) ports is given by . The number of cylinder levels

scales as . In Fig. 1, a switch fabric of
is shown with a top view of the routing tours

and a side view of the interconnection patterns at each of the
cylinders. Each cross point shown is a routing node,

which can be labeled uniquely by the coordinates ,
where , , and .
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Fig. 1. Data Vortex topology(A; H) = (5; 8) with routing tours seen from
the top and the side. Each node is labeled uniquely by the coordinate (a, c, h),
where0 � a < A, 0 � c < C , and0 � h < H .

Packets are processed synchronously in a highly parallel
manner. Each packet is of a fixed length, and is routed in a
slotted manner. Within each clock cycle, every packet in the
switch progresses by one angle forward in the given direction
either along the solid line toward the same cylinder or along
the dashed line toward the inner cylinder. The solid routing
paths along the same cylinder are shown in Fig. 1 from the side
view of each cylinder. These connection patterns are carefully
designed and repeat from angle to angle to minimize the packet
deflection probability. At a specific cylinder, a node
is connected to the node where the
conversion from to

can be obtained as
follows (where ):

For ( )

If
Then

Else if

and

where
Then

For ( )

We set a dummy parameter for convenience. The
formula can be easily verified in the example for shown
in Fig. 1. The dashed-line paths between neighboring cylinders
maintain the same height indexas they are used to forward the
packets.

As shown, packets are injected at the outermost cylinder
( ) from the input ports, and emerge at the innermost
cylinder ( ) toward the output ports. Each packet
is self-routed in the fashion of binary-tree decoding as it
propagates from the outer cylinder toward the inner cylinder.
Every cylinder progress fixes a specific bit within the binary
header address. The innermost cylinder ( ) also
allows the packet to circulate around when the output buffers
are busy. To avoid packet contention, the switching architecture
employs a synchronous and distributed control mechanism
to properly schedule the neighboring packet flow [9]. As a
result, each node encounters at most one packet at a time and
no optical buffering will be necessary within the Data Vortex
switch fabric. This also greatly simplifies the routing procedure
at each hop and facilitates the photonic implementation of the
architecture. Although packet deflection occurs due to the need
of traffic control, the probability of that event and its incurred
latency penalty are minimized. This is achieved because
packets are provided multiple paths to the destination and the
topology provides as low as two hops of latency penalty in the
case of deflection. Since packets are always allowed to stay on
the same cylinder if they are deflected, the “angle” dimension
virtually provides a buffering mechanism for the packets
while eliminating the potential packet conflict. As shown in
later sections, this design is essential in sustaining promising
system performances under various traffic conditions. A more
detailed description of the switch architecture and this control
mechanism is provided in [8]–[11].

III. PERFORMANCE

In previous work, the Data Vortex performance has been
studied under uniform and random traffic conditions. In those
cases, each input port has the same probability (i.e., offered
traffic load) of receiving a new packet. This probability is
independent of whether or not there have been packets at
previous clock cycles or at other input ports. At the same
time, we assume the destinations of the incoming packets have
a uniform distribution to the available output ports. System
performances are evaluated in terms of successful injection
probability, mean latency, and latency distribution, which can
be derived statistically from a packet-flow model of the archi-
tecture [10], [11]. The results have shown that under uniform
and random traffic conditions, the Data Vortex packet switch
is able to scale to very large I/O port counts (10 K) while
maintaining a reasonable fraction of successful injections, low
mean latency, and narrow latency distribution. By choosing
part of the available angles as active input ports, an asymmetric
I/O mode is usually preferred during the operation because it
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(a)

(b)

Fig. 2. (a) Successful injection probability versus load for various nonuniform
distributions. The switch fabric size is 128�(5�128). (b) Mean latency versus
load for various nonuniform distributions. The switch fabric size is 128� (5�
128).

significantly improves the system performances with a modest
increase in the system complexity.

In practical systems, however, the incoming traffic tends to
be nonuniformly distributed and/or bursty. These factors can
contribute to additional congestion or deflections within the
architecture. It is, therefore, important to study the architecture
performance under these realistic conditions and to evaluate its
robustness under different traffic parameters.

A. Nonuniform and Random Traffic

To model the traffic load at each input port, a load parameter
is used to characterize the probability of packet injection into

a port. Packet injections are still random and assumed to be
independent of the injections at other clock cycles or at other
input ports. The output target height is encoded in binary as the
packet destination address. To represent a nonuniform distribu-
tion, a specific output address or a group of addresses are chosen
as the packet targets throughout the traffic flow simulation. To
characterize the degree of nonuniformity, we define a parameter

that is given by the ratio of the chosen address group size
over the switching fabric height . Within the chosen group
of output targets, the probability of reaching each of them is as-
sumed to be the same. Given this nonuniform target addressing,
packet congestion may form in some areas of the switching
fabric and may result in a deteriorated latency and throughput
performance.

In Fig. 2(a) and (b), the successful injection probability and
mean latency performances are shown, respectively, for a Data
Vortex packet switch with and under random

injections. The successful injection probability is the ratio of
successful injection attempts over all injection attempts at the
input ports. The mean latency is the average number of hops that
a packet travels through the multilevel switching fabric. Another
important factor, the asymmetric I/O mode, is defined by a pa-
rameter , as the ratio of the active input
angles over the active output angles. Here, we assumed that all
the available angles at the output side are active receiving ports.
The I/O mode in this case is , therefore, the switch
fabric size is given by 128 (5 128) with 128 input ports and
(5 128) output ports. As shown in Fig. 2, the performances
are shown as functions of the per-port loadunder various
degrees of nonuniform target distribution. The uniform case
( ) is shown as a reference for comparison.

As the results show, the Data Vortex switch fabric performs
well under a modest degree of nonuniform distribution (

%), and only very small degradations are observed while the
system is lightly loaded ( ). Both the successful injection
probability and the mean latency degrade further as the nonuni-
form degree increases (i.e.,decreases) and as the traffic load
increases. As mentioned above, the topology of the Data Vortex
switch fabric provides a virtual buffering mechanism within the
angle dimension. The routing redundancy provided is able to
smooth out the traffic flow before the nonuniform traffic-in-
duced congestion accumulates. However, this only works ef-
fectively if the system is lightly loaded or if the degree of the
nonuniform distribution is not excessive. As the traffic load in-
creases, especially as the degree of nonuniformity increases be-
yond the limit ( %), the redundancy provided by the
topology cannot sustain the same degree of smoothing effect
toward the varying traffic densities. As a result, the probability
of packet deflection starts to increase considerably and packets
tend to accumulate latency hopping within the switching fabric.
As more packets are accumulated inside the switch, it is harder
to inject new packets successfully at the input side, therefore, the
successful injection probability or the throughput of the system
degrades as well.

In Fig. 3(a) and (b), the successful injection probability and
the mean latency performance measures are shown, respec-
tively, for different switch heights under a load condition.
The same angle parameter and same I/O mode
are used, and the switch fabric size is given by .
Performances are compared for the same degree of nonuniform
distribution, i.e., as a function of. The mean latency perfor-
mance is normalized to the number of the cylinder levelsfor
comparison among different switch sizes. As the results show,
smaller switch fabrics perform slightly better than the larger
switch fabrics because of the stronger smoothing effect on the
traffic distribution provided in the smaller switches. However,
as the traffic becomes closer to the uniform distribution ( ),
the differences become smaller because the performances are
less dependent on the smoothing effect of the architecture when
it is subject to uniformly distributed traffic.

B. Bursty and Uniform Traffic

In practical systems, traffic is also likely to be bursty since
multiple packets injected in consecutive slots will tend to be
targeted for the same destination. These consecutive slots are
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(a)
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Fig. 3. (a) Successful injection probability versus nonuniform distribution for
various switch sizes. The switch fabric size isH�(5�H). (b) Mean latency
versus nonuniform distribution for various switch sizes. The switch fabric size
is H�(5�H).

considered as an activeON period at the input port, alternating
with an OFF period in which multiple time slots are idle. The
length of each period has a certain distribution characterizing
the burstiness of the traffic pattern. To simplify the modeling,
we focus here on a uniform distribution for the output targets,
in which each new burst has the same probability of targeting
any of the available output heights.

To simulate the bursty traffic, eachON/OFFperiod is modeled
by [12]

(1)

where is a random variable uniformly distributed over [0, 1],
and indicates the floor function. The parameters and
specify the variability of theONandOFFtime periods. For infinite
long period, and follow the roundedParetodistributions.
The resulted traffic ranges from rather smooth cases ( )
to highly bursty cases ( ), which in general contain
much longer burst periods. Since the longOFFburst period case
( ) leads to a light traffic load where the degradation
in the performance is much less an issue, we only vary the param-
eter between different ranges of burstiness while setting the
parameter to generate shortOFFperiods. Each input port is
modeled independently. Different bursts generated are indepen-
dent of each other, and have a uniform distribution to any of the
available target addresses. Traffic loads are averaged over dif-
ferent input ports during the total simulation time.

(a)

(b)

(c)

Fig. 4. (a) Latency distribution for (� = 1:05 and� = 2:5). The switch
size is 128�(5�128). (b) Successful injection probability during the time slots
for (� = 1:05 and� = 2:5). The switch size is 128�(5�128). (c) Mean
latency of arrival packets during the time slots for� = 1:05 and� = 2:5.
The switch size is 128� (5�128).

The bursty system performance measures are studied under
various operating conditions, which include different bursty
parameters ( , ) and different asymmetric I/O modes
( ). Since the traffic varies over different time periods, we need
to monitor the system performance during each clock cycle
to investigate the bursty traffic effect. In order to observe the
heavy tails of the traffic distribution, we need to measure the
network performance over a very long period of time.

For the first case, a very bursty pattern with and
is studied. Given the simulating run of 5000 time

slots, the averagedON period in this case is about six packet
slots and the averagedOFFperiod is about 1.3 packet slots. The
resulting traffic load is approximately 0.85 at the input ports. In
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(a)

(b)

(c)

Fig. 5. (a) Latency distribution for� = 1:05 and� = 2:5. The switch
size is 128�(3�128). (b) Successful injection probability during the time slot
for � = 1:05 and� = 2:5. The switch size is 128�(3�128). (c) Mean
latency of arrival packets during the time slot for� = 1:05 and� = 2:5.
The switch size is 128� (3�128).

Fig. 4(a), the latency distribution is shown for the I/O mode of
with and (dashed line). It is compared

to the random case (solid line) in which each time slot is statis-
tically independent and the same traffic load of 0.85 is used. As
the results show, there is almost no degradation caused by the
traffic burstiness. The monitored performance measures over
the time slots illustrate more clearly how the switching fabric be-
haves under the bursty traffic. In Fig. 4(b) and (c), the successful
injection probability and packet mean latency is shown, respec-
tively, at each time slot. There is slight performance degradation
around the 500th time slot and 4500th time slot because moreON

bursts are overlapped during the period in this specific case. In
general, however, the performance variation is very small over
the time due to the smoothing effect provided by the switching
fabric topology.

(a)

(b)

(c)

Fig. 6. (a) Latency distribution for� = 1:5 and� = 2:5. The switch
size is 128�(3�128). (b) Successful injection probability during the time slot
for � = 1:5 and� = 2:5. The switch size is 128� (3�128). (c) Mean
latency of arrival packets during the time slot for� = 1:5 and� = 2:5.
The switch size is 128� (3�128).

Thus, the asymmetric I/O mode is critical in providing
enough smoothing effect for the bursty traffic. For comparison,
an example of with and is studied
under the same degree of traffic burstiness ( ,

). As shown in Fig. 5(a), with , a much
wider latency distribution and longer tail results in comparison
with the random case. Therefore, if an insufficient asymmetry
is provided between the number of input and output ports, the
switch performance can be degraded severely under bursty
traffic.

Similarly, the performance measures over the time slots il-
lustrate the degradations more clearly. As shown in Fig. 5(b)
and (c), both the successful injection probability and the mean
latency fluctuate widely over time, especially during the period
around the 500th and the 4500th slots. The degradations are
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directly proportional to the number of input ports, which overlap
their longON period, and to the length of the overlapped period.
Thus, compared with the case, the I/O asymmetry of

provides less routing redundancy and, therefore, less
smoothing effect on the traffic congestion.

Given the same degree of asymmetric I/O mode, different
bursty modes will result in different degrees of performance
degradation. For comparison, a second bursty mode with

and is studied under the I/O asymmetry of
. The resulting latency distribution curve, successful

injection probability, and mean latency over the time slots are
shown in Fig. 6(a)–(c), respectively. In the second bursty case,
the averagedON period is about 2.6 packet slots and theOFF

period is kept at near 1.3 packet slots. The offered traffic load
is approximately 0.65. Due to a smoother input traffic pattern,
there are less longON periods that overlap and the successful
injection probability and mean latency fluctuate less over time
compared with the case shown in Fig. 5. Since the overall traffic
load is also smaller in this case, the smoothing effect is more ef-
fective and the overall performance degradation is diminished.
As shown in Fig. 6(a), the latency distribution curve shows a
relatively small tail compared to the random case of the same
traffic load. Therefore, under a modest bursty traffic, the switch
performance degrades only slightly even if a small I/O asym-
metry is provided.

In addition, we find that the above performance comparisons
for bursty traffic are quite independent of the switch size. This
indicates that as long as a modest I/O asymmetry ( ) is
provided, the switch scalability will not be affected by the bursty
nature of input traffic.

IV. CONCLUSION

In summary, we have studied the performances of the Data
Vortex switch under nonuniform and bursty traffic conditions.
The results show that the architecture generally maintains ro-
bust throughput and latency performance under these factors
due to the inherent traffic smoothing effect. Excessive nonuni-
form target distribution ( %), however, will result in sig-
nificant degradation in the successful injection probability and
latency distribution, especially under heavily loaded conditions.
If subjected to the bursty input traffic, the switch fabric scala-
bility is maintained well with little performance degradation as
long as a modest asymmetric I/O mode ( ) is provided.
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