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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  In [8], a multiple-level minimum-logic architecture, the
proposed as a scalable low-latency interconnection fabric for Data Vortex, was proposed for large-scale low-latency packet-
optical packet switches. This self-routed hierarchical architecture switching fabric. This novel architecture employs synchronous
employs  synchronous timing and distributed traffic-control timing and distributed traffic-control signaling to avoid packet

signaling to eliminate optical buffering and to reduce the required o . . L
routing logic, greatly facilitating a photonic implementation. contention; therefore, the system achieves great simplicity, scal-

In previous work, we have shown the efficient scalability of the ability, and high throughput. The hierarchical routing topology
architecture under uniform and random traffic conditions while is carefully designed at each level so that packet deflection
maintaining high throughput and low-latency performance. This  probability and deflection-induced latency are both minimized.
pazer re‘mrts.?” the p‘arf%rmatnc‘f olff.the Dagf‘t,vo”exﬁ]mhite“ﬁre The hierarchical routing procedure also facilitates the use of
under nonuniform and bursty traffic conditions. The results . . Y
show that the switch architeg[ure performs well under modest a wavel_ength-hgader-encod|ng_ te(.:hmque to furt_her simplify
nonuniform traffic, but an excessive degree of nonuniformity the routing function and the switching latency. Using DWDM
will severely limit the scalability. As long as a modest degree of Within the data payloads further enhances high data throughpuit.
asymmetry between the number of input and output ports is In previous work, we have investigated the basic routing
provided, the Data Vortex switch is shown to handle very bursty functionality, control signaling mechanism, and wavelength

traffic with little performance degradation. routing technique within an experimental test bed [9], [10].
Index Terms—Bursty traffic, Data Vortex switch architecture, In addition, our simulation results have shown that the Data
photonic packet switch, switching fabric, uniform traffic. 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
RANSMISSION of data in optical fibers has enabled thgnd/or bursty traffic. These factors may contribute additional
delivery of enormous bandwidth in today’s communicacongestion or deflections within the architecture; therefore,
tion networks, especially with new technology developments {ley may affect the switching latency performance and the
dense wavelength division multiplexing (DWDM) and Ramaghroughput performance of the system. In this paper, we report
fiber amplifiers [1]-{4]. The challenges in optical networkingn the robustness of the Data Vortex switch performances under
have recently migrated from transmitting high-capacity opticghese nonideal factors.
signals over long distances to effectively switching and man-The rest of the paper is organized as follows. In Section II,
aging that data [5]. These functions, currently performed in thg overview of the Data Vortex architecture is described. In
electronic domain, have built an emerging large bottleneck &ction 111, we characterize the system performances in terms
the scalability and growth of optical networks. of successful injection probability, mean latency, and latency
Photonic or optical switches present an attractive solutigfistribution. The performance results under different cases of
to the electronic bottleneck with promises of transparengypnuniform traffic and bursty traffic will be discussed and com-
high capacity, and little electromagnetic interference (EMlpared. Finally, we present our conclusions in Section IV.
However, to deliver the necessary system performances, most
existing switching architectures require intense processing and Il. ARCHITECTURE OVERVIEW
buffering, which can be realized easily in the electronic domain, o
but is still considerably challenging within the optical domain 1he Data Vortex switching topology can be arranged as a

[6], [7]. Therefore, new switch architectures must be develop&g!lection of richly connected routing nodes on multiple fiber
to accommodate the optical or photonic impIementatioﬁY“nderS= as seen in Fig. 1. The switch fabric size is character-

where the advantages of the optics such as bandwidth &fgd by two parameterd and H, representing the number of

transparency can be fully exploited while the disadvantages¥tdes along thangleandheightdimensions, respectivelyl is
the optics can be avoided. typically set to be a small odd numbet10), and is indepen-

dent of the choice ofi. The available number of input/output
(1/0) ports is given byH x A. The number of cylinder levels
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Top View For (c = C —-1)
AH)=5.8)

{W =h=(hc—z, ..., h1, ho)}

We set a dummy parametér ; = 0 for convenience. The
formula can be easily verified in the example fér= 8 shown
in Fig. 1. The dashed-line paths between neighboring cylinders
maintain the same height ind&as they are used to forward the
packets.

As shown, packets are injected at the outermost cylinder
(¢ = 0) from the input ports, and emerge at the innermost
cylinder ¢ = log, H) toward the output ports. Each packet

is self-routed in the fashion of binary-tree decoding as it
he,;:ﬂi(sﬂ cylinder B propagates from the outer cylinder toward the inner cylinder.
4 g D 2 Y o3 Every cylinder progress fixes a specific bit within the binary
! header address. The innermost cylinder £ log, H) 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
Fig. 1. Data Vortex topologyA, H) = (5, 8) with routing tours seen from SWwitch fabric. This also greatly simplifies the routing procedure
the top and the side. Each node is labeled uniquely by the coordinate),  at each hop and facilitates the photonic implementation of the
where0 <a < 4,0 <e<C andd <h < H. architecture. Although packet deflection occurs due to the need
of traffic control, the probability of that event and its incurred

Packets are processed synchronously in a highly paralglency penalty are minimized. This is achieved because
manner. Each packet is of a fixed length, and is routed inpackets are provided multiple paths to the destination and the
slotted manner. Within each clock cycle, every packet in thepology provides as low as two hops of latency penalty in the
switch progresses by one angle forward in the given directiease of deflection. Since packets are always allowed to stay on
either along the solid line toward the same cylinder or alongie same cylinder if they are deflected, the “angle” dimension
the dashed line toward the inner cylinder. The solid routir\grtually provides a buffering mechanism for the packets
paths along the same cylinder are shown in Fig. 1 from the sid@ile eliminating the potential packet conflict. As shown in
view of each cylinder. These connection patterns are carefulliter sections, this design is essential in sustaining promising
designed and repeat from angle to angle to minimize the packgstem performances under various traffic conditions. A more
deflection probability. At a specific cylind€¥, anode(a, ¢, h)  detailed description of the switch architecture and this control
is connected to the nodga + 1) mod A, ¢, ') where the mechanism is provided in [8]-[11].
conversion fromh = (hc—a, ..., he—a—i, ..., h1, hg) tO
h = (he_gs ooy hp_og_yy ..., By, ) can be obtained as
follows (where0 < i < C — 2):
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I1l. PERFORMANCE

In previous work, the Data Vortex performance has been

For(0 < c¢<C—2) studied under uniform and random traffic conditions. In those
{ cases, each input port has the same probability (i.e., offered
If he 5 o =0 traffic load) of receiving a new packet. This probability is

Then independent of whether or not there have been packets at
previous clock cycles or at other input ports. At the same

B =(hc_2, ..., hc_a2_c, hc_3_c, ..., h1, hg) time, we assume the destinations of the incoming packets have
a uniform distribution to the available output ports. System

Else if performances are evaluated in terms of successful injection
probability, mean latency, and latency distribution, which can
hc-2—cNhc—s—cN...Nhj;1=1 and h; =0 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 1/0 port counts1Q K) while
maintaining a reasonable fraction of successful injections, low
mean latency, and narrow latency distribution. By choosing
ooy ha, ho) part of the available angles as active input ports, an asymmetric
} I/O mode is usually preferred during the operation because it

where-1<j<C-3-c¢
Then

h = (h’C—27' (RN hC—2—67 hC—3—C~ . ~hj+17 h_j/ hj—17
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A=5, H=128, random injections. The successful injection probability is the ratio of
1007 H--g--N-- 5 - - successful injection attempts over all injection attempts at the
© 80 - L A input ports. The mean latency is the average number of hops that
© J - = = -g=Luniform ] a packet travels through the multilevel switching fabric. Another
™ 60 + i f h ic 1/0 mode, is defined b -
c A q48/D8 ® important factor, the asymmetric mode, is defined by a pa
% 40 O q=36/128 + rametel = A;,/A.ue = Ain/A, as the ratio of the active input
2, ® q24/D8 angles over the active output angles. Here, we assumed that all
= 20 4 +  q=1/n8 the available angles at the output side are active receiving ports.
Load, p The 1/O mode in this case & = 1/5, therefore, the switch
0 T T T T 1
0 02 0.4 06 08 1 fabric size is given by 128 (5x 128) with 128 input ports and
' ' ' (5 x 128) output ports. As shown in Fig. 2, the performances
@ are shown as functions of the per-port lopdinder various
40 1 A=5, H=128, random N degrees; of nonuniform target distribution. The uniform case
- = = =q=1, uniforn + (¢ = 128/128 = 1) is shown as a reference for comparison.
304{| A q=48/128 + As the results show, the Data Vortex switch fabric performs
) o q:giﬂgg o 14 well under a modest degree of nonuniform distributign>
2 20 . 1 g=12/128 . 30%), and only very small degradations are observed while the
- N 2 system is lightly loadedx < 0.4). Both the successful injection
3 R = - probability and the mean latency degrade further as the nonuni-
=10 form degree increases (i.g.decreases) and as the traffic lgad
Load, p increases. As mentioned above, the topology of the Data Vortex
0 : : . : LIS switch fabric provides a virtual buffering mechanism within the
0 0.2 0.4 06 0.8 1 angle dimension. The routing redundancy provided is able to
(b) smooth out the traffic flow before the nonuniform traffic-in-

Fi A . . . duced congestion accumulates. However, this only works ef-
ig. 2. (a) Successful injection probability versus load for various nonunn‘or%‘ﬂ . . - .
distributions. The switch fabric size is 12§5x 128). (b) Mean latency versus f€Ctively if the system is lightly loaded or if the degree of the
load for various nonuniform distributions. The switch fabric size is%¥28x  nonuniform distribution is not excessive. As the traffic load in-
128). creases, especially as the degree of nonuniformity increases be-
yond the limit § < 20%), the redundancy provided by the
significantly improves the system performances with a mod&spology cannot sustain the same degree of smoothing effect
increase in the system complexity. toward the varying traffic densities. As a result, the probability
In practical systems, however, the incoming traffic tends tf packet deflection starts to increase considerably and packets
be nonuniformly distributed and/or bursty. These factors cagnd to accumulate latency hopping within the switching fabric.
contribute to additional congestion or deflections within thas more packets are accumulated inside the switch, it is harder
architecture. It is, therefore, important to study the architectur@inject new packets successfully at the input side, therefore, the
performance under these realistic conditions and to evaluatesitgcessful injection probability or the throughput of the system

robustness under different traffic parameters. degrades as well.
_ . In Fig. 3(a) and (b), the successful injection probability and
A. Nonuniform and Random Traffic the mean latency performance measures are shown, respec-

To model the traffic load at each input port, a load parametéyely, for different switch heights under a load1.0 condition.
p is used to characterize the probability of packet injection intthe same angle parametér= 5 and same 1/O mode = 1/5
a port. Packet injections are still random and assumed to && used, and the switch fabric size is givenfbyk (A x H).
independent of the injections at other clock cycles or at othBerformances are compared for the same degree of nonuniform
input ports. The output target height is encoded in binary as tdistribution, i.e., as a function of. The mean latency perfor-
packet destination address. To represent a nonuniform distrifiance is normalized to the number of the cylinder lezefor
tion, a specific output address or a group of addresses are chd@@Rparison among different switch sizes. As the results show,
as the packet targets throughout the traffic flow simulation. T@naller switch fabrics perform slightly better than the larger
characterize the degree of nonuniformity, we define a parame®¥fitch fabrics because of the stronger smoothing effect on the
¢ that is given by the ratio of the chosen address group si@ffic distribution provided in the smaller switches. However,
over the switching fabric heightl. Within the chosen group as the traffic becomes closer to the uniform distributigr:(),
of output targets, the probability of reaching each of them is dée differences become smaller because the performances are
sumed to be the same. Given this nonuniform target addressilé§s dependent on the smoothing effect of the architecture when
packet congestion may form in some areas of the switchiffgs subject to uniformly distributed traffic.
fabric and may result in a deteriorated latency and throughput ) i
performance. B. Bursty and Uniform Traffic

In Fig. 2(a) and (b), the successful injection probability and In practical systems, traffic is also likely to be bursty since
mean latency performances are shown, respectively, for a Dataltiple packets injected in consecutive slots will tend to be
\Vortex packet switch wittd = 5 and H = 128 under random targeted for the same destination. These consecutive slots are
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Fig. 3. (a) Successful injection probability versus nonuniform distribution for 0 1000 2000 3000 4000 5000
various switch sizes. The switch fabric sizeHsx (5 x H). (b) Mean latency
versus nonuniform distribution for various switch sizes. The switch fabric size (b)
is Hx (5x H). A=5, H=128, (1.05, 2.5), load=0.85
considered as an actiw period at the input port, alternating £
with an oFF period in which multiple time slots are idle. The g %7
length of each period has a certain distribution characterizing o |
the burstiness of the traffic pattern. To simplify the modeling, ¥ &
we focus here on a uniform distribution for the output targets, 8 & 45|
in which each new burst has the same probability of targeting  $
any of the availablé] output heights. g 144
To simulate the bursty traffic, eaciNn/OFF period is modeled i !
by [12] 10 . : time slot |
) 0 1000 2000 3000 4000 5000
Ton = \‘mJ (©
Fig. 4. (a) Latency distribution fon(,,, = 1.05 anda.¢ = 2.5). The switch
T = 1 1) size is 128 (5% 128). (b) Successful injection probability during the time slots
off U1/ st for (o = 1.05 anda ¢ = 2.5). The switch size is 128 (5x 128). (c) Mean

latency of arrival packets during the time slotsy, = 1.05 andaoer = 2.5.
whereU is a random variable uniformly distributed over [0, 1]The switch size is 128 (5x 128).

and|z| indicates the floor function. The parameterg ando., s

specify the variability of theNandorrtime periods. For infinite The bursty system performance measures are studied under
long periodi’,, andl,g follow the rounded Pareto distributions.various operating conditions, which include different bursty
The resulted traffic ranges from rather smooth casesX 2) parametersd,n, aor) and different asymmetric 1/0 modes
to highly bursty casesl(< « < 2), which in general contain (4). Since the traffic varies over different time periods, we need
much longer burst periods. Since the lavrrburst period case to monitor the system performance during each clock cycle
(I < aonr < 2)leadstoalighttraffic load where the degradatiofo investigate the bursty traffic effect. In order to observe the
inthe performance is muchless anissue, we only vary the parageavy tails of the traffic distribution, we need to measure the
etera,, between different ranges of burstiness while setting th@twork performance over a very long period of time.
parameter,s to generate shodrr periods. Each input portis  For the first case, a very bursty pattern witly, = 1.05 and
modeled independently. Different bursts generated are indepegz = 2.5 is studied. Given the simulating run of 5000 time
dent of each other, and have a uniform distribution to any of tlots, the averagedn period in this case is about six packet
available target addresses. Traffic loads are averaged over difts and the averagerFr period is about 1.3 packet slots. The
ferent input ports during the total simulation time. resulting traffic load is approximately 0.85 at the input ports. In
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Flg 5. (a) LatenCy distribution fQﬁon = 1.05 andaoff = 2.5. The switch F|g 6. (a) Latency distribution fofr,, = 1.5 anda.s = 2.5. The switch
size is 128« (3x 128). (b) Successful injection probability during the time slokize is 128< (3 x 128). (b) Successful injection probability during the time slot
for aon = 1.05 andaesr = 2.5. The switch size is 128 (3x 128). (c) Mean  for o, = 1.5 andaor = 2.5. The switch size is 128 (3x 128). (c) Mean
latency of arrival packets during the time slot fag, = 1.05 andaoge = 2.5.  |atency of arrival packets during the time slot foy, = 1.5 andayg = 2.5.
The switch size is 128 (3x 128). The switch size is 128 (3x 128).

Fig. 4(a), the latency distribution is shown for the 1/O mode of Thus, the asymmetric 1/O mode is critical in providing

6 =1/5with A = 5andH = 128 (dashed line). It is comparedenough smoothing effect for the bursty traffic. For comparison,
to the random case (solid line) in which each time slot is statian example of = 1/3 with A = 3 andH = 128 is studied
tically independent and the same traffic load of 0.85 is used. Aader the same degree of traffic burstinesg,( = 1.05,

the results show, there is almost no degradation caused by dhg = 2.5). As shown in Fig. 5(a), witld = 1/3, a much
traffic burstiness. The monitored performance measures ovéder latency distribution and longer tail results in comparison
the time slots illustrate more clearly how the switching fabric bavith the random case. Therefore, if an insufficient asymmetry
haves under the bursty traffic. In Fig. 4(b) and (c), the successislprovided between the number of input and output ports, the
injection probability and packet mean latency is shown, respeswitch performance can be degraded severely under bursty
tively, at each time slot. There is slight performance degradatitraffic.

around the 500th time slot and 4500th time slot because oyore  Similarly, the performance measures over the time slots il-
bursts are overlapped during the period in this specific case.llstrate the degradations more clearly. As shown in Fig. 5(b)
general, however, the performance variation is very small ovand (c), both the successful injection probability and the mean
the time due to the smoothing effect provided by the switchirigtency fluctuate widely over time, especially during the period
fabric topology. around the 500th and the 4500th slots. The degradations are
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directly proportional to the number of input ports, which overlap [4]
their longoN period, and to the length of the overlapped period.
Thus, compared with thé = 1/5 case, the /O asymmetry of

6 = 1/3 provides less routing redundancy and, therefore, lesgs)
smoothing effect on the traffic congestion.

Given the same degree of asymmetric 1/O mode, different(®!
bursty modes will result in different degrees of performance [7]
degradation. For comparison, a second bursty modewith=
1.5 and a,g = 2.5 is studied under the 1/0O asymmetry of
¢ = 1/3. The resulting latency distribution curve, successful
injection probability, and mean latency over the time slots are(8]
shown in Fig. 6(a)—(c), respectively. In the second bursty case,
the averageN period is about 2.6 packet slots and thier
period is kept at near 1.3 packet slots. The offered traffic load
is approximately 0.65. Due to a smoother input traffic pattern,[1
there are less longN periods that overlap and the successful
injection probability and mean latency fluctuate less over timd11]
compared with the case shown in Fig. 5. Since the overall traffic
load is also smaller in this case, the smoothing effect is more ef12]
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 asy
metry is provided.

In addition, we find that the above performance compariso
for bursty traffic are quite independent of the switch size. Th
indicates that as long as a modest I/O asymmetrs (1/5) is
provided, the switch scalability will not be affected by the burst
nature of input traffic.

9
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