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Multihop Control Schemes in Switches
With Reconfiguration Latency
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Abstract—Optical switching fabrics (OSFs) are re-
ceiving increasing attention in the design of high-
speed packet switches, due to their excellent proper-
ties in terms of available bandwidth and reduced
power consumption. However, for most optical de-
vices, the latency needed to reconfigure inputÕoutput
switch port connections may not be negligible with
respect to the packet transmission time and can ad-
versely affect switch performance, creating high de-
lays and reduced throughput. We consider OSFs, and
we propose a multihop approach to schedule packet
transfers; i.e., packets are sent to the final destination
port by exploiting transmission through intermediate
ports. We show that the multihop approach is a prom-
ising technique to control the trade-off between delay
and throughput, and it permits us to partly decouple
the switch reconfiguration rate from the packet dura-
tion. We propose a general framework to solve the is-
sue of multihop transmission in input-queued packet
switches. Furthermore, we examine the multihop ap-
proach when the direct exchange of packets among
ports is based on multidimensional regular topolo-
gies. We discuss which sequence of intermediate
ports should be traversed to reach the final output
port (i.e., the internal routing) and the switch time-
scheduling problem (i.e., when a pair of ports can ex-
change packets). Performance is analyzed both ana-
lytically and by simulation.

Index Terms—Multihop approach; Optical switch-
ing fabrics.

I. INTRODUCTION

I nput queued (IQ) packet switches using hybrid
optical/electronic switching architectures are con-

sidered today a very promising approach to design
routers able to reach aggregate bandwidths up to
100 Tbits/s and above [1]. This is due to intrinsic limi-
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ations of electronics at high speed and to the insuffi-
ient maturity of photonic technology that prevents
ll-optical packet switching from being a practical al-
ernative in designing routers today. The IQ architec-
ure is the only viable solution to sustain high-speed,
arge-size switching configurations, because the
witch can operate internally at the same speed of
nput/output ports. Electronic buffering is largely
revalent, since optical memories based on fiber delay
ines are bulky, costly, complex to manage and control,
nd typically provide worse performance. Optical
witching fabrics provide a switching complexity
argely independent of the data rate, no significant
onstraints on the physical size of the switch and on
he length of internal switch interconnections (while
lectrical backplanes and interconnects have severe
istance limitations), no need for parallelism in high-
it-rate interconnections, and very good scalability of
ower requirements.

As a consequence, hybrid optical/electronic switch-
ng architectures are very interesting for future high-
apacity routers and switches. They exploit a fully op-
ical switching fabric (OSF), typically located in a
ifferent rack with respect to the switch line cards
nd electronic buffering. Packets arrive at the router
hrough optical links and, after optical/electronic con-
ersion, are processed and buffered electronically in
he line cards. After an electronic/optical conversion,
ackets are sent over optical fibers to the optical
witching fabric.

Regardless of the specific technology used to imple-
ent OSFs, such as microelectromechanical systems

MEMS) [2,3], bubble switches [4], polarized lead zir-
onium titanate waveguides [5], or broadcast-and-
elect or arrayed-waveguide-based networks with tun-
ble devices [6], a common feature is that, whenever
he OSF configuration (input/output port connections)
s changed, a reconfiguration latency is required be-
ore communication takes place, due to the physical
ehaviors of devices. We assume in this paper that all
he ports of the switch are blocked during the recon-
guration phase of the switching fabric; thus, no
acket transmissions occur in the reconfiguration
hase. The reconfiguration latency, depending on the
echnology used, can be as large as microseconds to
2009 Optical Society of America

at 09:44 from IEEE Xplore.  Restrictions apply. 
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milliseconds and is not negligible with respect to
packet transmission times. Thus, the reconfiguration
latency can severely affect switch performance.

A possible solution to overcome these technological
constraints is to adapt the switch scheduling algo-
rithm, whose task is to select the switching configura-
tion of the optical device, to minimize the number of
reconfigurations required for efficiently transferring a
given traffic pattern. On the one hand, to obtain high
throughput, the scheduling should keep the same
switching configuration for a long time, so as to reduce
the negative effect of inactivity periods due to the re-
configuration time. On the other hand, low access de-
lays when the switch is lightly loaded imply that the
switching configuration should change quickly, so as
to permit full connectivity between all ports to be ob-
tained in a short time interval. To solve this
throughput-delay trade-off, clever scheduling algo-
rithms should be devised.

To the best of our knowledge, few works have been
proposed that consider the reconfiguration latency
constraints when defining the scheduling problem in
IQ switches (see [7–10]). All of these works assume
that, when input i is connected to output j, only pack-
ets stored at input port i and destined to output port j
are transferred through the switching fabric; i.e., all
the packets cross the switching fabric once. We name
this approach single-hop transmission. Using a single-
hop scheduler, when N packets destined to different N
outputs are queued at a given input, at least N switch-
ing fabric reconfigurations are required to provide full
connectivity between all input/output pairs and to
transfer the N packets. The worst access delay expe-
rienced in an empty switch is NT+�, where T is the
reconfiguration latency [11] and � is the packet trans-
mission time.

This delay can be unacceptable for large switches.
Consider the following scenario: an optical switch
with N=1024 ports and a reconfiguration latency T
=1 ms. Assume that the link speed is 10 Gbits/s and
that internally the switch operates on fixed-size data
units of 64 bytes. Thus, the fixed-size data-unit trans-
mission time is �=51.2 ns. Hence, the worst access de-
lay is N=1 s, which is obviously unacceptable for any
realistic application. Although this value decreases for
smaller switch sizes and can be reduced by improve-
ments in optical technologies, a rather different ap-
proach should be pursued to make possible, in the
near future, the exploitation of optical switching fab-
rics with nonnegligible switching times in large-size
high-speed packet switches. Note that the continuous
increase in data rates on transmission lines keeps re-
ducing the packet duration at a pace that has been ob-
served to be faster than the switching latency reduc-
tion due to technological improvements.
Authorized licensed use limited to: Politecnico di Torino. Downloaded on October 19, 2009 
To overcome this problem, we exploit a multihop ap-
roach, which was first proposed in [12] and later ex-
mined in [11,13]. The main idea of the multihop
witch control is (i) to configure the switching matrix
nce in a while, on a time scale significantly larger
han packet transmission time and (ii) to recirculate
ackets among ports; i.e. a packet at input port i may
each its destination port j via successive transmis-
ions through one (or more) intermediate ports. In the
ame scenario previously considered, the worst-case
ccess delay for a multihop approach is reduced to a
uch smaller value, of the order of N�, a likely accept-

ble value for practical implementations. An interest-
ng consequence of our approach is to decouple the
witch control rate (which should be related to perfor-
ance and quality of service) from the packet rate

which instead is related to transmission technolo-
ies). If a set of properly chosen switching configura-
ions is periodically repeated, we end up defining a
irtual topology among switch ports in time division.

In this paper we discuss the framework under
hich it is possible to design efficient switch control

chemes that exploit the multihop approach. We
resent some simple analytical modeling to evaluate
he performance of such approach. Then, we show how
o tailor the design framework for the specific choice of
he Manhattan virtual topology, which is shown to be
ppealing because of its good trade-off between sched-
ler complexity and performance. The main novel con-
ributions of this paper with respect to the prelimi-
ary results published in [11,13] are that (i) a general

ramework for the multihop approach is presented,
efining the steps needed to compute efficient multi-
op scheduling; (ii) a simple, yet efficient, approach
xploiting a multidimensional regular virtual topology
s proposed, its advantages are highlighted, and its ro-
ustness is assessed; and (iii) possible enhancements
o deal with general traffic matrices are finally dis-
ussed.

II. MULTIHOP APPROACH TO SWITCH CONTROL

We consider an IQ switch with N ports, each run-
ing at the same line rate. We assume that the switch
as a synchronous behavior: fixed size packets are
witched on a time-slot basis. The single all-optical
witching fabric behaves as a buffer-less crossbar. To
void any internal speedup, at each time-slot at most
ne packet can be sent from any input port and can be
eceived at any output port. A centralized switch con-
rol scheme defines the switching fabric configuration
n each time-slot. A feasible switching configuration is
quivalent to a matching in a bipartite graph, where
eft-hand-side nodes represent input ports and right-
and-side nodes output ports. An edge connects left-
and node i to right-hand node j if input port i is con-
at 09:44 from IEEE Xplore.  Restrictions apply. 
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nected to output port j in a switching configuration.
The task of the centralized switch control scheme is to
select the sequence of switching configurations
(matchings) to satisfy a given traffic request. Since the
switching fabric exploits optical devices, when the
switching configuration changes, the switching fabric
cannot be used for T time slots: this time interval is
denoted switching fabric reconfiguration latency in the
paper.

While the switching configurations can be computed
one after the other based upon the most recent traffic
estimation, we refer in this paper to the case in which
the switch is operated over a set of properly chosen
switching configurations that are periodically re-
peated. The set of periodically repeated switching con-
figurations can be changed over time to adapt to non-
stationary traffic scenarios, as briefly discussed at the
end of the paper.

Input queues are used to solve contentions among
packets contending for the same output. Input queues
are organized according to a virtual output queue
(VOQ) buffering scheme, with one FIFO queue for
each output port at each input port, to achieve high
throughput [14].

We say that all packets arriving at the same input
port and directed to the same output port belong to
the same traffic flow. We refer mainly to stationary
traffic conditions. Nonstationary traffic scenarios are
outside the scope of this paper and are briefly ad-
dressed in Section VII. Hence, we can describe the
traffic arrivals through a N�N matrix �= ��ij�, in
which �ij is the average traffic load of the flow from in-
put port i to output port j, 0� i, j�N. We also assume
that �ii=0, i.e., we do not send across the switching
fabric a packet that has arrived at input port i and is
directed to output port i: in this case, we assume, as in
[1], that packets follow a dedicated data path in the
line card from the input interface to the output inter-
face of the same port. We assume that all �ij are
known; these values might be either measured in real
time or derived from flow quality of service require-
ments. The traffic is uniform if �ij=r / �N−1�, for ∀i , j
being r the offered traffic load for a generic input.

The considered performance metrics are the long
term average throughput, the access delay, and the
queueing delay. The access delay is the time experi-
enced by a packet from the arrival to the input port
until delivery to the output port in an empty switch,
i.e., not facing contention with other packets. It ac-
counts for reconfiguration latencies and for waiting
for the proper switching configuration, possibly re-
peated due to the multihop approach. The queueing
delay is the delay experienced by a packet from the ar-
rival to the input port until delivery to the output port
due to contentions, solved via buffering, in the access
Authorized licensed use limited to: Politecnico di Torino. Downloaded on October 19, 2009 
o the switching fabric. It does not include the delays
aptured by the access delay. The sum of access delay
nd queueing delay is called total packet delay or sim-
ly packet delay. Propagation delays are considered
egligible. Note that the access delay is also a lower
ound on the total delay experienced by a packet; in
ection V we show that it is a good approximation of
he delays experienced at low–medium loads.

. Single Hop Versus Multihop

To transfer all the packets according to a classical
ingle-hop approach, under a generic traffic matrix
ith nonzero entries outside its diagonal, full connec-

ivity among switching ports is necessary (i.e., each
nput port must be connected to every output port). As
consequence, the switch control must use at least N
atchings. This may create unacceptable access de-

ays for large reconfiguration latencies, even in a
ightly loaded switch, as previously explained. In
erms of throughput, a reduction of the maximum ac-
eptable load is caused by inactivity during reconfigu-
ations.

In contrast, according to the multihop approach,
ven a partial connectivity among ports may guaran-
ee the transfer of packets for all port pairs through
he switching fabric. Using a reduced set of switching
onfigurations, input port i is directly connected (in
ingle hop) by the scheduler only to a subset of other
orts to which it can directly transmit packets. Pack-
ts directed to any port j that is not directly connected
o port i reach the destination in a multihop fashion,
.e., through some intermediate ports. Line cards

ust be able to send packets back to the switching
abric if needed; i.e., they are assumed to provide a
ata path from output ports back to input ports.

As the number of switching configurations can be
uch smaller than N, access delays can be drastically

educed. However, as a side effect of the multihop ap-
roach, the same packet may require multiple trans-
issions across the switching fabric, thus increasing

he effective traffic load to input ports and hence the
ueueing delay, thus reducing the switch throughput.
learly, throughput–delay trade-offs arise in the
witch design.

The multihop scheduler is more complex than the
ingle-hop one, since it has to define the sequence of
ntermediate ports (i.e., hops) followed by each flow
nd when the flow has to be sent across the switching
abric for each hop.

. Multihop Switch Control Scheme

The multihop switch control scheme identifies a se-
uence of switching configurations that are cyclically
at 09:44 from IEEE Xplore.  Restrictions apply. 
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repeated to best serve a given traffic matrix. We de-
scribe the multihop switch control problem as a se-
quence of steps.

In the first step, a virtual topology is defined as an
interconnection pattern among switch ports. Given
the virtual topology, a routing scheme defines the
paths followed in the virtual topology by each possible
flow. In the second step, a set of covering matchings is
chosen to permit packet transmission among ports on
all the logical links of the virtual topology. Finally, a
sequence among the identified matchings is selected
to transfer the packets across the switching fabric
through the multihop approach. We explain in detail
the proposed approach in the next subsections, using
Fig. 1 as a specific example.

C. Virtual Topology and Routing

A virtual interconnection topology Ĝ� is overlaid on
the set of switch ports. We use the term “node” to refer
to the topology and the term “port” to refer to the
switch. Each node in Ĝ� corresponds to a switch port.
Let � be the correspondence between the topology
nodes and the switch ports; let ��i� be the node asso-
ciated with port i. In the simplest case, ��i�= i. The
chosen topology is a directed graph (di-graph) that
must be strongly connected, i.e., there must exist a di-
rected path between any pair of nodes, to permit
packet transfers between any input/output port pair.
Hence, each edge of Ĝ� is a directed edge (di-edge).
Figure 1 shows an example of a virtual topology that
can be overlaid on a 6�6 switch. Note that no direct
(i.e., single-hop) packet transfer is enabled, e.g., be-
tween node 0 and node 2.

Given a virtual topology, a deterministic routing al-
gorithm computes the shortest paths, the path length
being measured in terms of number of hops, to con-
nect any pair of nodes. When more than one path may
connect two nodes, we force the algorithm always to
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Fig. 1. Example of multihop scheduling for a 6�6 switch. Ĝ� is cov
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hoose one path, to prevent missequenced delivery of
ackets belonging to the same flow.

Note that the choice of the topology is somehow ar-
itrary, although criteria to optimize the virtual topol-
gy according to traffic needs can be defined, as dis-
ussed below.

. Covering Matchings Selection

Given a particular virtual topology, the scheduler
hould select a set of matchings to switch packets in a
ultihop fashion, following the routing paths chosen

y the routing algorithm. To simplify such computa-
ion, the algorithm starts finding a minimal set of
atchings, called covering matchings, that cover all

dges of the virtual topology. Note that this procedure
onsiders just the topology and not the routing defined
n it.

In more detail, we define a di-matching M̂ as a sub-
et of di-edges of Ĝ� such that each node is connected
o at most one incoming and one outgoing di-edge. The
lgorithm computes a minimal set C of di-matchings
n Ĝ�, such that the union of all the di-edges in C cov-
rs all di-edges in Ĝ�. This condition guarantees that
ach di-edge in the virtual topology is covered by at
east one di-matching. Hence, any routing path can be

apped into a sequence of di-edges belonging to di-
atchings. Equivalently, throughout any sequence of

ll covering di-matchings, it is possible to ensure full
onnectivity among the nodes in Ĝ�.

Finding a minimal set of di-matchings in regular to-
ologies can be simple (as we will show in Section IV).
or general topologies, the set can be computed by ex-
loiting the classical algorithm for Birkhoff–von Neu-
ann (BvN) decomposition [15]. Indeed, we can con-

ider the adjacency matrix A�Ĝ��= �Aij� of Ĝ�, i.e., the
�N binary matrix with Aij=1 iff a di-edge connects
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node i to j in Ĝ�. We wish to decompose matrix A into
a sum of permutation matrices (i.e., binary matrices
with only one element set to 1 in each row and in each
column, all other elements being set to 0). Note that a
permutation matrix corresponds to a di-matching by
construction. Here, with a slight abuse of notation, we
let M̂ denote both the di-matching and its correspond-
ing permutation matrix. The BvN decomposition of
A�Ĝ�� into the set �M̂k� guarantees that

A�Ĝ�� � �
k=1

mA

M̂k,

with a minimum number of di-matchings equal to mA,
which is the maximum among the column and row
sums in A�Ĝ�� or, equivalently, the maximum among
the in degrees and out degrees of all the nodes in Ĝ�.
In the example of Fig. 1,

A�Ĝ�� =�
0 1 0 1 0 0

0 0 1 0 1 0

0 0 0 0 0 1

1 0 0 0 0 0

0 1 0 1 0 0

0 0 1 0 1 0
	 ,

where mA=2 can be decomposed as A�Ĝ���M̂1+M̂2

and C= �M̂1 ,M̂2� with

M̂1 =�
0 0 0 1 0 0

0 0 1 0 0 0

0 0 0 0 0 1

1 0 0 0 0 0

0 1 0 0 0 0

0 0 0 0 1 0
	 ,

M̂2 =�
0 1 0 0 0 0

0 0 0 0 1 0

0 0 0 0 0 1

1 0 0 0 0 0

0 0 0 1 0 0

0 0 1 0 0 0
	 .

E. Frame Scheduling Computation

Observe that a di-edge from node ��i� to ��j� corre-
sponds to connecting port i to port j in the switching
fabric. The set of all the di-edges belonging to a di-
matching corresponds to a feasible matching for the
Authorized licensed use limited to: Politecnico di Torino. Downloaded on October 19, 2009 
witching fabric. Thus, the set C of all possible match-
ngs that cover all paths selected by the routing algo-
ithm on the virtual topology has been defined.

Now the switch control scheme has to determine the
emporal sequence and duration of the matchings se-
ected to control the switching fabric. Since we refer

ainly to stationary traffic, we adopt a frame sched-
ling approach [16,17], in which this sequence is fixed
nd periodic. The frame is organized in a sequence of
C
 epochs; during the kth epoch, a matching in C is
dopted for Pk time slots. A reconfiguration latency
as to be paid between epochs. Note that scaling all Pk
y a factor �	1 increases the throughput (as the scal-
ng does not apply to T), but also increases delays. Pk

ust therefore be chosen as a trade-off between de-
ays (due to epoch durations) and throughput (due to
he frequency of blackouts during switch reconfigura-
ions). Hence, the overall frame duration F, measured
n time slots, is simply

F = �
k=1


C


�Pk + T� = 
C
T + �
k=1


C


Pk.

n the example of Fig. 1, the frame duration is F=P1
P2+2T time slots.

. Complexity of Multihop Switch Control

We now discuss the complexity of the multihop
witch control framework. Under stationary traffic,
ssuming that the virtual topology is given, the rout-
ng computation is simple and can also be done off
ine. Finding the set of covering matchings in general
equires the solution of the BvN decomposition [15],
hose complexity is O�N4.5�. However, this computa-

ion can be done off line. Furthermore, for some regu-
ar topologies, as shown in Section IV, finding the set
f covering matchings can be solved by following a
traightforward procedure.

When the frame scheduling is considered, if the
raffic is uniform and the routing policy is balancing
he load across all the di-edges of the topology, we can
ssume a constant epoch duration P for all matchings:
=Pk for k=1, . . . , 
C
. This means that the frame

cheduling phase complexity is O�1�, since all match-
ng sequences can be computed off line.

In general, when the traffic is not uniform and/or
he routing policy is not balancing the load across the
opology, finding the optimal frame may require a sig-
ificant computational effort because of the large
umber of degrees of freedom in the design: choice of
he topology, choice of topology mapping, choice of the
outing policy, choice of the covering matchings, choice
f epoch duration. Indeed, as shown in Section III,
nding the optimal mapping of the switch ports onto
he virtual topology, i.e. a mapping that maximizes
at 09:44 from IEEE Xplore.  Restrictions apply. 
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the throughput given a traffic matrix �, is equivalent
to minimize the mean internodal distance of the topol-
ogy, weighting the distance with the traffic load. This
is equivalent to the node placement problem in a
WDM network, which has been proved to be NP-hard
[18] for even the simplest linear bus regular topology.

To simplify the problem, in Section IV, we investi-
gate the multihop switch control framework, using
only regular virtual topologies. Indeed, under the sim-
plifying assumption of uniform traffic, finding a
proper routing algorithm that balances traffic is easy.
For such topologies, in Subsection VI.A we will discuss
some polynomial time algorithms to improve switch
performance by properly mapping ports to nodes also
under nonuniform traffic. Their effectiveness is stud-
ied by simulation. We will also show that suboptimal
choices of topology, node mapping, and routing provide
good performance under general traffic patterns.

As a final comment, if the traffic is not stationary,
the multihop switch control algorithms should be re-
run any time the traffic changes significantly to opti-
mize performance, leading to changes in the schedul-
ing and/or in the routing over the virtual topology,
and/or in the virtual topology itself. As a side effect,
any change in the routing path may induce out-of-
order packet delivery. This problem can be neglected
(since it occurs for a short transient period) or ad-
dressed by adding more complexity either in the
queueing structure or in the switch control scheme.

G. Queueing Architecture

In our design, for stationary traffic, packets of the
same flow follow the same precomputed path. Let us
assume that

P = ���i�,��k1�, . . . ,��kH−1�,��j��

is an H-hop path followed by the flow from input port
i to output port j through H−1 intermediate nodes.
During the first hop, a packet of the flow from i to j is
sent from port i to port k1, then from port k1 to port k2,
and so on, till reaching the destination port j. The
packet will be stored in this sequence of VOQs:

VOQik1
→ VOQk1k2

→ ¯ → VOQkH−2j,

where VOQij is the VOQ at input port i storing pack-
ets destined to output port j. Hence, the classical bijec-
tive correspondence between VOQs and input/output
port pairs is lost. Packets belonging to different flows
can be stored in the same VOQ, in FIFO order. At the
same time, only the VOQs corresponding to the di-
edges in Ĝ� are used (since any path should follow
these di-edges). This permits a large reduction in the
complexity of the queuing structure. Indeed, it is not
necessary to have one separate queue for each desti-
nation port in each input port, i.e., a total of N2
Authorized licensed use limited to: Politecnico di Torino. Downloaded on October 19, 2009 
ueues as in the classical IQ switch. At each port, a
umber of VOQs equal to the node out degree in the
irtual topology is sufficient. Referring to Fig. 1, only
wo queues are needed for the input ports in the set
0,1,4,5�and one queue for ports in �2,3�. Overall,
nly 10 FIFO queues are needed, instead of 36 queues
eeded in the classical VOQ system for single hop.

III. PERFORMANCE OF MULTIHOP APPROACH

The access delay experienced by packets belonging
o the flow from input i to output j depends on the cor-
esponding path in Ĝ� and on the matching sequence
efined in the frame. Given an edge e= ���i� ,��j�� in

ˆ
�, we define fnext�t ,e� as the first time slot after t dur-

ng which a matching in the frame sequence connects
ort i to port j. If P= �e1 , . . . ,eH� is the sequence of H
i-edges (hops) in a path, then the access delay expe-
ienced by a packet arrived at time slot t0 can be
valuated as tH− t0 where

th = fnext�th−1,eh� ∀ h = 1, . . . ,H.

n upper bound on the access delay, denoted the
orst-case access delay, can be simply evaluated as

C
H�P+T� time slots, since a packet may always wait
or a new frame before being served. Note that this
ound can be tight for specific frame sequences. Since
e could not obtain a simple model for the queueing
elay, we omit its analytical investigation, and we de-
er its study through simulations to Section V.

The throughput depends on the traffic matrix and is
ffected mainly by two factors: multihop transmis-
ions and reconfiguration latency. Indeed, throughput
s affected by the waste of bandwidth due to multiple
ransmissions of the same packet across the switching
abric. Under uniform traffic, this effect can be evalu-
ted by considering the average internodal distance
�d�� induced by the routing policy in Ĝ�, which is the
verage number of hops experienced by a packet:

E�d�� =
1

N2�
i,j

dij
� , �1�

here dij
� is the distance between port i and port j, in

umber of hops.

In addition, the throughput performance is affected
y the reconfiguration latency. We can measure
hroughput efficiency by 
, the holding factor of the
witching fabric, defined as the fraction of time in
hich the switching fabric is available for packet

ransfer. Under uniform traffic, by construction, 

P / �P+T�. To achieve high utilization, the epoch du-
ation should be much larger than the reconfiguration
atency. As a consequence, P is chosen as a function of

to obtain a high throughput efficiency.
at 09:44 from IEEE Xplore.  Restrictions apply. 
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Appendix A shows the following upper bound on the
maximum throughput �̂ achievable when the traffic is
uniform:

�̂ =
1

E�d��

P

P + T
.

A. Throughput Improvement Due to Speedup

To compensate for throughput reductions due to
multihop transmissions and reconfiguration latencies,
it is possible to exploit two types of internal band-
width speedup S. In the case of temporal speedup, the
switching fabric runs S times faster than the line rate.
During each epoch up to SP packets are served at
each port. Note that the total frame duration is not
modified, and hence the access delay does not vary. In
the case of spatial speedup, S switching fabrics run in
parallel, configured according to different covering
matchings. Each port must be able to transmit pack-
ets simultaneously on the S fabrics. The frame dura-
tion is reduced by a factor S, also affecting the access
delay. In addition, when S= 
C
, there are enough
switching planes to cover all the topology without re-
configuration, and the reconfiguration latency is null:
T=0. In contrast, for single hop, the spatial speedup
required to neutralize the reconfiguration costs is N,
because one separate switching fabric must be avail-
able for the N switching configurations used in the
single-hop approach.

If �̂ is the maximum normalized throughput achiev-
able without any speedup (i.e., with unitary speedup),
with a speedup S the maximum throughput becomes
simply min�1,S�̂�. From another perspective, the
minimum speedup needed to obtain 100% throughput
is 1/ �̂.

B. Topology Comparison Under Uniform Traffic

Many virtual interconnection topologies can be
mapped onto the switching ports. Previous work [12]
has considered ring topologies, whereas [11] has
shown theoretically the advantages of multidimen-

TABLE I
PARAMETERS CONSIDERED FOR THE CONSIDERED SWITCHING

ARCHITECTURE

Parameter Symbol Value

Reconfiguration latency T 0.12 ms
Scheduling period P 1.2 ms
I/O link rate 10 Gbits/s
Packet size 1500 bytes
Packet transmission time � 1.2 �s
VOQ size 400 packets
Authorized licensed use limited to: Politecnico di Torino. Downloaded on October 19, 2009 
ional topologies. The ranking of these topologies is
omehow arbitrary, because each topology shows dif-
erent throughput and delay trade-offs, depending on
ystem parameters. Hence, we fix some parameters
ccording to Table I, which reflects reasonable design
hoices and constraints. T is derived by technological
onstraints related to MEMS reconfiguration laten-
ies (see, e.g., [2,10]), and P is set to guarantee a
witching efficiency 
�90%, corresponding to 10%
hroughput reduction in the single-hop case. With the
acket size equal to the Ethernet maximum transmis-
ion unit, the slot duration is 1.2 �s, corresponding to
=100 time slots and P=1000 time slots.

Assuming uniform traffic and using the values of
able I, Fig. 2 shows the minimum speedup S neces-
ary to achieve 100% throughput under uniform traf-
c for the following well-known topologies [19,20]:
ingle hop (SH), unidirectional ring (UR), bidirec-
ional ring (RI), x-dimensional Manhattan �MHx�,
-dimensional shuffle �SFx�, and x-dimensional Kautz
KNx�, for x=2,3,4. We observe that the speedup
cales with the number of nodes according to the av-
rage distance (i.e., average hop count). Hence the to-
ologies with average distances proportional to the
ogarithm of the number of nodes (shuffle and Kautz)
xhibit the best scaling behavior. Note, however, that
or ports N�1024, the values of S are not dramati-
ally different.

Figure 3 shows instead the worst-case access delay
t low loads for the same topologies. Delays depend on
he connectivity degree for nodes in the virtual topolo-
ies, and the topologies with the least average number
f node neighbors (2D Manhattan) exhibit the lowest
elays.

Appendices B and C show how to evaluate the the-
retical performance for the specific cases of single-
op and Manhattan topologies.
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ig. 2. Minimum speedup S necessary to achieve 100% through-
ut in uniform traffic as a function of the port number.
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IV. MULTIHOP FOR MANHATTAN TOPOLOGIES

Among all the topologies, in this work we analyze in
some detail multidimensional bidirectional Manhat-
tan topologies. Indeed, they permit good routing strat-
egies to be easily defined, and they provide a good
delay–throughput trade-off, as shown in Figs. 2 and 3.

We start by considering the mapping of a 2D Man-
hattan topology of N nodes, organized in M rows and
M columns where N=M2, into an N�N switch. In
Section VI we will discuss the mapping when �N is
not an integer. Each input/output port of the switch
corresponds to a node of the virtual topology, accord-
ing to the following bijective mapping: node �i , j�, lo-
cated in row i and column j, with 0� i, j� �M−1�, cor-
responds to port k=M� i+ j, 0�k�N−1.

Given that we rely on a regular topology with node
out degree 4, port �i , j� can directly (i.e., in single-hop)
reach four ports, one for each direction: �i , 
j+1
M�,
�i , 
j−1
M�, �
i+1
M , j�, and �
i−1
M , j� (
 · 
n denotes the
modulo-n operator, i.e., the remainder of the division
by n). All other destinations must be reached in a mul-

���������������������

Fig. 4. Routing paths, according to PDR, for the central node of a
5�5 Manhattan network corresponding to a 25�25 switch; at most
two directions are needed to reach any destination node.
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Fig. 3. Worst-case access delay W in milliseconds for uniform traf-
fic versus the number of ports.
Authorized licensed use limited to: Politecnico di Torino. Downloaded on October 19, 2009 
ihop fashion. Only four di-matchings are needed to
over the topology, independently of N, one for each di-
ection. Each corresponding matching is used for the
rst P time slots of a scheduling epoch; the total frame
uration is 4P+4T.

This example can be extended to multidimensional
anhattan topologies of generic dimension c, with de-

ree 2c at each node; in this case, each side of the cor-
esponding hypercube comprises �c N nodes, and the
rame duration is 2c�P+T�. Note that a bidirectional
ing topology is obtained by setting c=1.

Many routing algorithms on a Manhattan network
an be devised. In our work we consider the following
outing scheme, called “privileged directions routing”
PDR), which described for a bidimensional Manhat-
an network for simplicity but can easily be extended
o multidimensional networks. Among all the possible
hortest paths from a node �i , j� to a node �k , l�, con-
ider the path through node �i , l�, following (possibly)
rst the row direction and then (possibly) the column
irection. Figure 4 shows the minimum distance rout-
ng paths followed by the central node of a 5�5 Man-
attan topology to reach all the other nodes. Note that
he PDR scheme has the following properties: (i)
nique routing path between any pairs of nodes, (ii)
asy computation, and (iii) symmetric distances: dij

�

dji
�. When M (i.e., the number of rows and columns)

s odd, PDR also guarantees that the load across all
he edges is balanced under uniform traffic. When M
s even, PDR does not balance this load. To address
his problem, it is possible to consider a balanced ver-
ion of PDR, in which half of the nodes follow the path
long first row and then column directions, and half of
hem follow the path along first column and then row
irections. Figure 5 shows an example of directions
ollowed by four nodes in a 4�4 topology.

Packets could be stored according to a classical VOQ

���������������������

����������������������������

���������������������

������������������������

ig. 5. Routing paths, according to the balanced version PDR, for
our nodes of a topology with M even.
at 09:44 from IEEE Xplore.  Restrictions apply. 
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scheme: in the example of Fig. 4, the rightward direc-
tion allows the central node to reach ten destinations
nodes. Hence, during the matching corresponding to
the rightward direction the packets stored in ten
VOQs are served. However, thanks to the consider-
ations in Subsection II.G, it is possible to use only 2c
queues per input, one for each possible direction, in-
stead of N VOQs at each input port, with evident ben-
efits for the scalability of the queueing system in large
switches.

V. SIMULATIVE PERFORMANCE STUDY

Table I shows the parameters considered in the
switch under study. We start from the performance
under uniform traffic and then, keeping the same
frame scheduling plan, under nonuniform traffic. Sec-
tion VI will discuss how to optimize the design for
nonuniform traffic. Simulation runs were executed
until the estimate of the average packet delay reached
with probability 0.95 a relative width of the confidence
interval less than 3%. The estimation of the confi-
dence interval width is obtained with a batch means
approach.

A. Performance Under Uniform Traffic

Figure 6 shows the average packet delay (compris-
ing access and queuing delays) with respect to the of-
fered load r for single-hop (SH) and two scenarios:

• multihop Manhattan (MH) 2D topology, with N
=25;

• multihop Manhattan 3D topology, with N=27.
Both scenarios refer to small-size switches. Table II
shows the maximum throughput and the worst-case
access delay estimated by the theoretical models of
Appendices B and C. In Fig. 6, the single-hop topology
shows almost a flat delay with respect to r, since the
load is much lower then �̂ and the performance is
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Fig. 6. Average delay under uniform traffic for 2D or 3D multihop
topologies (2D for N=25 and 3D for N=27).
SH
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ominated by the frame scheduling; the average delay
s well bounded by the worst-case access delay. The
elays for multihop schemes, both 2D and 3D, are well
stimated by the theoretical models when r��̂. When
he offered load becomes nonadmissible, the delays
re dominated by the queueing process inside the
nite-size buffers. This graph confirms our expecta-
ions: when increasing the dimension of the topology
from 2D to 3D), the maximum throughput increases
t the expenses of a larger access delay.

The throughput reduction due to multihop schemes
an be compensated by some speedup. Here, we con-
ider explicitly the effect of temporal speedup. Figure

shows the average delay for a large switch �N
121� for single-hop and 2D multihop schemes, in the
ase of variable speedup S=1,3,5. Also in these sce-
arios, the average delay for low load and the maxi-
um throughput are well bounded by the approxi-
ated models of Appendices B and C, as reported in

able III.

It is important to observe that, because of the sched-
ling approach based on frames, the average delay for
he single-hop case is not affected by the speedup; of
ourse, single hop can benefit from a very small
peedup �1/
=1.1� to achieve the maximum through-
ut. In contrast, throughput for the multihop cases is
ffected by speedup: a speedup S is able to increase
he maximum achievable throughput by a factor S.

TABLE II
HEORETICAL PERFORMANCE UNDER UNIFORM TRAFFIC FOR

SMALL SWITCHES

lgorithm �̂ Worst-Case Access Delay (ms)

H-N25 0.91 33.0
H-2D-N25 0.36 7.9

H-N27 0.91 35.6
H-3D-N27 0.40 19.8
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ig. 7. Average delay under uniform traffic, for switch size N
121, 2D multihop topologies, and variable speedup S.
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The delay for low load is independent of the speedup,
as confirmed by our arguments to estimate the worst-
case access delay.

B. Performance Under Nonuniform Traffic

To test the robustness of the multihop switch con-
trol, we considered the performance achievable under
well known nonuniform traffic matrices, using the
same frame sequence computed by assuming uniform
traffic.

The conclusions drawn in the previous section for
uniform traffic hold for many nonuniform traffic ma-
trices. Indeed, in our simulations, we observed the
same qualitative behavior for different switch sizes,
under the following traffic matrices:

• linear (lin)-diagonal traffic: each diagonal is
loaded linearly with its position from left to right;
in formulas, �ij= �2r /N�N−1��
j− i
N, for any j� i,

• log-diagonal traffic: each diagonal is loaded twice
the load of its left diagonal; in formulas, �ij
= �r / �2N−1−1��2
j− i
N, for any j� i.

For the sake of space, we discuss only the results for
lin-diagonal traffic. Figure 8 shows the effects of 2D
and 3D multihop schemes under lin-diagonal traffic; a
higher dimension of the topology can lead to higher

TABLE III
THEORETICAL PERFORMANCE UNDER UNIFORM TRAFFIC FOR

LARGE SWITCHES �N=121�

Algorithm �̂ Worst-Case Access Delay (ms)

SH-S1 0.91 160
SH-S3 1.00 160
SH-S5 1.00 160
MH-2D-S1 0.17 7.9
MH-2D-S3 0.50 7.9
MH-2D-S5 0.83 7.9
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Fig. 8. Average delay under lin-diagonal traffic, for 2D and 3D
multihop topologies and small switches.
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hroughput but at the expenses of a larger access de-
ay (which is the same for uniform traffic).

Figure 9 shows the speedup effect under lin-
iagonal traffic. The same qualitative behavior found
or uniform traffic holds.

. Fairness Issues

When a packet experiences a multihop transfer
cross the switching fabric, it contends many times for
he access. Hence, under multihop operation we can
xpect better performance for packets experiencing
ewer hops. This implies unfair performance between
ackets entering the same input port and directed to
ifferent output ports.

Figures 10 and 11 investigate the unfairness issue,
howing, for N=27, the throughput and the average
elay achievable under uniform traffic for different
lasses of packets, each one associated with a particu-
ar distance (in terms of hops) from its input port to its
utput port. Table II estimates that the 3D multihop
cheme achieves 0.40 throughput and 9.9 ms access
elay, averaging over all possible distances. This is in
ccordance with the curves labeled “Average” in both
gures.

Packets with lower distance experience lower aver-
ge delay. At the same time, they experience higher
hroughput when the switch is overloaded; indeed,
hen considering many packet flows entering a work

onserving queueing system, throughput may be un-
air between flows only when the system capacity is
xceeded. Note that sustained overload conditions are
ypically avoided in real networks by flow and conges-
ion control schemes (e.g., TCP in the Internet).

VI. TOPOLOGY OPTIMIZATION

We investigate in this section the effect of some ad-
ersarial nonuniform traffic matrix on a switch de-
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ig. 9. Average delay under lin-diagonal traffic, for 2D topology,
ariable speedup S, and switch size N=121.
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signed for uniform traffic, highlighting the need for to-
pology adaptation to the traffic matrix.

When the traffic is nonuniform, the performance of
the system can be affected by the actual correspon-
dence between the switch ports and the topology
nodes. Intuitively, two ports exchanging a large
amount of traffic should be placed in topologically
close nodes, whereas two ports exchanging a small
amount of traffic can be placed in nodes that are far.

To compute an optimal port placement, it is neces-
sary to define a cost function to be minimized that is
able to capture the dependency between the perfor-
mance and the topology allocation. Since performance
is affected both by the congestion across each link of
the topology and by the number of hops to traverse for
each traffic flow, we can use the traffic-weighted inter-
nodal distance as the cost function:

min
���

�
i,j

�ijdij
� , �2�

with � being the set of all possible mappings between
ports and nodes of the Manhattan topology. Note that

�
=N!.
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Fig. 10. Throughput under uniform traffic on a 3D multihop topol-
ogy with N=27.
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Fig. 11. Average delay under uniform traffic on a 3D multihop to-
pology with N=27.
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Finally, the routing and the scheduling are com-
uted following the standard steps developed for uni-
orm traffic.

The placement algorithm also permits us to solve
he multihop frame-scheduling design when the Man-
attan topology is overlaid on an N�N switch, where
is not the square of an integer number. In this case,

t is possible to consider a slightly larger switch of size
��N� mapped onto a M��M� Manhattan topology,
ith M�= ��N�, where �x� is the smallest integer 
x.
hen, it is sufficient to set �ij=0 for each additional
�−N input and N�−N output ports that have been

dded artificially and to apply the topology placement
lgorithm for such nonuniform traffic pattern.

. Algorithms for Topology Placement

To efficiently compute a suboptimal node placement
or a c-dimensional Manhattan topology, we propose
he following three heuristics.

) Minimum Link Traffic: The greedy minimum link
raffic (MLT) algorithm tries to minimize the maxi-
um traffic flowing on any topology edge, named the

etwork congestion index. At procedure startup, all
orts are set as unmapped, and all nodes are set as
vailable. For each pair of ports i and j, the bidirec-
ional traffic flowing between them is computed: mij
�ij+�ji. Furthermore, an (arbitrary) ordering rela-

ionship among topology nodes is established by com-
uting a Hamiltonian path on the topology (i.e., a path
isiting once all nodes). This ordering operation is
imple on the Manhattan topology.

At each step, among all the port pairs �i , j�, such
hat port j is unmapped, the algorithm selects the pair
i0 , j0�, which corresponds to the largest value mi0j0

.

If port i0 is also unmapped, i0 is mapped to the first
vailable node, according to the defined node ordering
elationship. The node is marked as unavailable. If
here are available neighboring nodes of the node to
hich port i0 was mapped, the algorithm selects
mong them node n0 that makes it possible to mini-
ize the network congestion index created on the cur-

ent topology by unavailable nodes (i.e., nodes previ-
usly associated with switch ports). If no neighbors of
he node associated with port i0 are available, the first
vailable node n0 is selected following the ordering re-
ationship previously defined. Port j0 is mapped to
ode n0 and node n0 is marked as unavailable.

When all the ports have been placed, the algorithm
nds.

) Swap Neighbors: The iterative swap neighbors
SN) algorithm tries to minimize the cost function in
q. (2) by swapping the placement of node pairs. The
rocedure starts operating on a generic, randomly cre-
at 09:44 from IEEE Xplore.  Restrictions apply. 
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ated node placement �. At each iteration, the algo-
rithm finds the pair of ports i and j [respectively
mapped to nodes ��i� and ��j�] such that dij

�mij is
maximized. The algorithm first considers port i.
Among all the 2c neighbors of node ��i�, the algorithm
selects the node ��k� that corresponds to the mini-
mum value of the exchanged traffic mik. The algo-
rithm swaps the node ��j� with node ��k� if the follow-
ing condition is satisfied:

mik � mij. �3�

The same procedure is then applied to port j, consid-
ering the possible swap between one of its neighbors
and i. The algorithm ends either when no swapping
satisfying the previous condition exists or when a
maximum number of iterations is reached.

To understand the reason why it is necessary to
check condition (3), let us consider nodes ��i�, ��j�,
and ��k� and their contribution to cost function (2),
equal to

�� = mijdij
� + mik + mkjdkj

� , �4�

since dik
� =1 by construction. We now evaluate the con-

tribution if nodes ��j� and ��k� were swapped, leading
to a new topology definition through placement ��;
i.e., ���j�=��k� and ���k�=��j�:

��� = mij + mikdik
�� + mkjdkj

��. �5�

Now observe that by swapping j and k, dij
� =dik

�� and,
thanks to the fact that the distances are symmetric,
dkj

� =dkj
��. By combining Eqs. (4) and (5), the swap re-

sults are favorable when ������. As a consequence,

mij + mikdik
�� � mijdij

� + mik,

mik�dik
�� − 1� � mij�dij

� − 1�,

which implies Eq. (3).

3) Random placement: In random placement (RND)
each switch port is mapped randomly to one node of
the topology. This algorithm is useful mainly for per-
formance comparison and can be used as a reference
case for a node placement algorithm oblivious of the
traffic matrix.

B. Performance Evaluation

To compare the performance of the above described
placement algorithms, we consider a worst-case sce-
nario, in which it is easy to define the optimal solu-
tion. This traffic scenario is called “localized traffic”
and is built according to the following rules. Map each
switch port randomly into a topology node. Let �OPT be
the corresponding node placement. Set the traffic load
flowing from each node to each of the 2c neighbors
Authorized licensed use limited to: Politecnico di Torino. Downloaded on October 19, 2009 
qual to r /2c: the resulting load entering and leaving
ach node (switch port) is r. An example of a neighbors
raffic matrix for N=9 is given here:

� =
r

4

0 1 1 1 0 0 1 0 0

1 0 1 0 1 0 0 1 0

1 1 0 0 0 1 0 0 1

1 0 0 0 1 1 1 0 0

0 1 0 1 0 1 0 1 0

0 0 1 1 1 0 0 0 1

1 0 0 1 0 0 0 1 1

0 1 0 0 1 0 1 0 1

0 0 1 0 0 1 1 1 0

�.

Under localized traffic, the optimal placement is
iven by �OPT, which minimizes the cost function, be-
ause traffic is exchanged only between neighbor
odes. Note that, according to this optimal port place-
ent, each packet is transferred at most once across

he switching fabric, and the multihop scheme works
s a single-hop scheme. We can also define the worst-
ase placement for localized traffic, called �WRS, such
hat all nodes exchanging traffic are located at the
aximum possible distance.

Figures 12 and 13 show the throughput and the av-
rage delay obtained by the different node placement
lgorithms under localized traffic for a switch size N
25. “OPT” and “WRS” refer to multihop with �OPT
nd �WRS node placement. In the case of �OPT,
�d�OPT�=1, and the maximum throughput �̂ is 0.909.

n the case of �WRS, E�d�WRS�=4, and �̂=0.227. These
alues are met by the simulation results of Fig. 12.
he best heuristic is SN, guaranteeing slightly more

han 50% of the bandwidth available when the opti-
al placement is used. RND provides performance

ery close to WRS. Figure 13 shows the delay–
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Fig. 12. Throughput for different node placement algorithms.
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throughput trade-off. This adversarial scenario shows
that clever node placement algorithms may provide
nonmarginal performance benefits.

However, from a practical point of view, it is impor-
tant to understand the behavior of the placement al-
gorithms under more general traffic scenarios. We
randomly generated 1000 doubly stochastic traffic ma-
trices (with the constraint �ii=0) and run the place-
ment algorithm on them. Table IV shows the average
of the cost function E�d�� obtained for two different
switch sizes. Although the SN heuristic still provides
the best performance, the difference between the algo-
rithms is not so significant. Thus from a practical
point of view, simple node placement algorithms may
only slightly reduce switch performance and are a vi-
able solution to exploit multihop schemes.

In summary, while for particular worst-case traffic
scenarios (e.g., localized traffic) the topology place-
ment is crucial for performance, when the traffic is
general and relatively uniform (as in the case of dou-
bly stochastic traffic matrices) the node placement
slightly affects performance. This confirms the obser-
vation of Subsection V.B: For most traffic matrices, it
is quite efficient to a priori design the multihop frame
scheduling by assuming uniform traffic, because it is
fairly robust to variations in the traffic matrix.

VII. CONCLUSIONS

In this paper we studied the multihop approach to
schedule packets across an optical switching fabric

TABLE IV
AVERAGE COST FUNCTION E�D�� FOR DIFFERENT PLACEMENT

ALGORITHMS UNDER RANDOMLY GENERATED DOUBLY STO-
CHASTIC TRAFFIC MATRICES

Algorithm N=9 N=25

MLT 1.581 2.598
SN 1.487 2.339
RND 1.687 2.603
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Fig. 13. Average delay for node placement algorithms.
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ith large reconfiguration latencies. The main idea is
o send a packet from an input port to an output port
cross the switching fabric through (possibly) several
ntermediate ports, to reduce the number of switching
econfigurations and to avoid unacceptable access de-
ays.

We proposed a generic framework to compute mul-
ihop frame scheduling, which cycles over a set of
witching configurations, thereby defining a virtual
opology in time division. We investigated with some
etail the special case of a multihop frame based on
anhattan virtual topologies, under uniform and non-

niform traffic. We showed the trade-off between
hroughput, speedup, and delays. This trade-off is
ell estimated by simple formulas in selected sce-
arios, whereas simulation results confirm these find-

ngs in more general scenarios.

The multihop approach is the only viable switch
ontrol technique to overcome the large reconfigura-
ion penalty of optical devices in large-size IQ
witches. Although many degrees of freedom are
vailable in the definition of the switch control
cheme, which would be asked to optimize perfor-
ance for particular traffic matrices, a simple ap-

roach defined for uniform traffic was shown to be ro-
ust enough to provide good performance for general
raffic scenarios.

We considered only stationary traffic patterns in
ur analysis. Obviously in real life traffic is not sta-
ionary, and multihop switch control should be
dapted to the current traffic conditions. This adapta-
ion of the scheduling to traffic cannot happen on a
ery short scale in packet-switched networks, where
acket flows can be intrinsically bursty and affected
y end-to-end flow control and congestion avoidance
lgorithms. The adaptation of the switch control
cheme can be done at different complexity and per-
ormance levels (i) by modifying the time scheduling
i.e., the duration Pk of scheduling epochs), (ii) by
hanging the routing on the current virtual topology,
r (iii) by changing the virtual topology. In the paper
e showed that some virtual topologies (we focused on

he multidimensional bidirectional Manhattan in Sec-
ion V.B) are rather robust to changes in the traffic
attern. Hence they can serve nonextreme nonstation-
ry traffic scenarios with limited performance degra-
ation. In any case, changes in the scheduling require
oth internal signaling to reconfigure network ports
nd some form of synchronization of the scheduling
hanges among the different ports to avoid inconsis-
encies in the scheduling decisions and out-of-
equence packet delivery. An analysis of the trade-offs
etween better performance due to a scheduling well
atched to the current traffic, and the extra cost to

ustain frequent scheduling changes, is outside the
cope of this paper, and left for future investigations.
at 09:44 from IEEE Xplore.  Restrictions apply. 
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We finally note that recently commercial optical
cross connects became available and gained signifi-
cant market shares. They target circuit switching,
and hence offer reconfiguration times that are not
suited to packet switching. The approaches proposed
in this paper may help router designers to take advan-
tage of the optical switching technologies that are
finding technical maturity and large-scale production
in current optical cross connects.

APPENDIX A: MAXIMUM THROUGHPUT UNDER
MULTIHOP AND RECONFIGURATIONS

An upper bound to the maximum throughput under
uniform traffic can be computed by combining the ef-
fects of multihop transmissions and of the reconfigu-
rations.

We start to evaluate the former, affecting the load
offered to the switch. We assume that routing in the
topology is able to distribute the traffic uniformly
among all links; when the topology is symmetric, this
assumption can usually be met. Then, the average
traffic offered to a port is due to the traffic entering
the port from outside and the traffic traversing that
port to reach its final destination. Given a topology
mapping �, let dij

� be the length of the path (in terms
of number of hops or edges) along which traffic from
port i to port j is routed, i.e. the distance between
ports i and j (or, equivalently, between nodes ��i� and
��j�) under the particular chosen �. The total traffic
flowing on the topology is

�tot = �
i,j

�ijdij
� = �

i,j

�

N
dij

� ,

where � is the total arrival rate at the switch. The
overall load offered to a port is

� =
�tot

N
=

�i,j�dij
�

N2 = �E�d��,

with E�d�� being the average internodal distance ac-
cording to the selected routing strategy, defined in Eq.
(1). As a consequence, an upper bound to the maxi-
mum throughput is given by the traffic load at which
the port load equals the port capacity.

Now we evaluate the effect of the reconfigurations,
affecting the available capacity at each port. Since
during an epoch of duration �P+T�, the port is able to
serve the traffic for a duration P, then the port capac-
ity is given by

� =
P

P + T
.

By imposing ���, the maximum offered load to a port
�̂ is
Authorized licensed use limited to: Politecnico di Torino. Downloaded on October 19, 2009 
�̂ =
P

P + T

1

E�d��
. �6�

APPENDIX B: PERFORMANCE OF SINGLE-HOP
APPROACH

In the case of the single-hop configuration, we con-
ider a frame scheduling approach, adopting a se-
uence of N disjoint matchings given by the BvN de-
omposition [15] of the traffic matrix. Under uniform
raffic, a frame is composed by N scheduling epochs;
uring the kth scheduling epoch �0�k�N�, input port
will be connected to output port 
i+k
N for a duration
. Hence, the maximum throughput for single hop un-
er uniform traffic is

�̂SH =
P

P + T
.

For single-hop, the worst-case access delay D̄SH can
e bound simply by

D̄SH = N�P + T�.

APPENDIX C: PERFORMANCE OF MANHATTAN
TOPOLOGIES

In the case of Manhattan topologies and uniform
raffic, PDR (described in Section IV) allows us to bal-
nce the offered traffic across all the links. To apply
q. (6), we estimate the average distance for bidirec-

ional Manhattan topologies. For each dimension, two
ossible directions can be chosen; hence �c N /4 is the
pproximate average distance traversed along the
ame direction (precise evaluation of the average dis-
ance is possible, but this approximation gives an up-
er bound that is tight enough for our purposes).
ince c dimensions are allowed,

E�d�� = c�c N/4. �7�

he maximum throughput for multihop Manhattan
MH) topologies under uniform traffic, obtained by
ombining Eqs. (6) and (7), is

�̂MH =
P

P + T

4

c�c N
.

Note that, according to the reasoning in Subsection
II.A, a spatial speedup equal to 2c (independent of N)
s sufficient for this topology to obtain the maximum
hroughput without paying any reconfiguration pen-
lty.
For multidimensional Manhattan topologies, we

an easily estimate an upper bound on the average ac-
at 09:44 from IEEE Xplore.  Restrictions apply. 
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cess delay. Observe that only 2c (twice the degree of
the topology) matchings constitute the frame, lasting
2c�P+T� time slots. Furthermore, the shortest path
between two generic nodes can be associated with an
ordered sequence of h directions (one for each dimen-
sion; hence 1�h�c), corresponding to h different
matchings. The average number of directions E�h�
taken by a packet is given by

E�h� = �
2�N − N1/2�

N − 1
for c = 2

3�N − N2/3�

N − 1
for c = 3� ,

which can be shown by simple geometrical reasonings
and counting arguments; for N large enough, E�h��c.
In the worst case, a packet should follow a path corre-
sponding to the farthest (in time) matching in the
frame. For each direction, this implies to wait the
whole frame minus one epoch: �2c−1��P+T�. Hence,
the worst-case access delay is

D̄MH = E�h��2c − 1��P + T� � c�2c − 1��P + T�.
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