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Abstract—In large switch-based interconnection networks,
increasing the switch radix results in a decrease in the total
number of network components. In this paper we evaluate
an interesting strategy for building high-radix switches going
beyond the integration scale bounds. This approach is indepen-
dent of the evolution of single-chip switches and will remain
valid as integration scale keeps evolving. Simulation results
show that with a correct internal switch design, this kind of
switches achieves almost the same performance as single-chip
switches with the same radix, which would be unfeasible with
current integration scale.

I. INTRODUCTION

Often, the interconnection network is the subsystem that
a more custom design requires. For instance, Tianhe-1A
supercomputer [1], number one in the Top500 (Nov.11),
is composed of standard processors and a custom network
that removes the interconnect bottleneck, and significantly
contributes to the high global performance of Tianhe-1A.

The design of switches with a high number of ports is
an attractive option to improve the performance and reduce
the cost of the interconnection network, specially for large
multiprocessor systems. In any case, switch size constraints
are mainly determined by the current integration scale and
package pin count.

It is possible to build high-radix switches by combining
several low-radix switches. This strategy makes possible to
eventually overtake integration technology and dramatically
shorten the time-to-market. Note that this will remain valid
as integration technology continues evolving.

An important consequence of this strategy for building
larger switches is that the resulting switch will no longer be
homogeneous. Switch performance will vary depending on
the internal configuration. The internal switches intercon-
nection can become a potential bottleneck if they have to
support most of the traffic handled in the switch. Therefore,
it is essential to minimize the impact of this bottleneck,
otherwise the latency on the network will be increased.
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Thus, the switch-level connection pattern1 (SCP) becomes
an important design decision in the construction of this kind
of switches. An arbitrary pattern may produce a significant
performance degradation. Consequently, it is necessary to
determine the most convenient pattern for internal connec-
tions in order to obtain the best switch performance.

The paper is organized as follows: In Section II details
about this kind of high-radix switches are given. Section III
provides the performance evaluation. Section IV reviews the
related work. Some conclusions are outlined in Section V.

II. HIGH-RADIX SWITCHES BY COMBINING LOW-RADIX

SWITCHES

As mentioned above, it is possible to build high-radix
switches by combining several low-radix switches. This
strategy makes possible to eventually overtake integration
technology and dramatically shorten the time-to-market.
Note that this will remain valid as integration technology
continues evolving.

This strategy opens a series of new issues that must be
addressed so that it would be implemented in an efficient
manner. In the next sections, we briefly overview these
issues that we have analyzed in [2] in a more formal
way. Nevertheless, in this paper we provide an experimental
quantification of their influence on network performance.

Definition 1. A Combined switch, or simply C-switch, is
a switch formed by several smaller interconnected switches
(internal switches). The ports being offered by a C-switch
are obtained from free ports of its internal switches after
they are interconnected.

An interesting case is that where C-switches are built from
only two identical internal switches. This subclass of C-
switches still offers an important increase in the number
of ports while the interconnection between the two internal
switches is the simplest one.

Definition 2. A Twin switch, or simply T -switch, is a switch
formed by two identical smaller interconnected switches. The

1We distinguish between network-level connection pattern and switch-
level connection pattern. The former is the traditional interconnection
pattern connecting switch-based networks (e.g., butterfly permutation in
multistage interconnection networks); and the latter refers to how the ports
of this kind of high-radix switch ports are mapped to the ports of the internal
switches.
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Figure 1. T -switch: (a) basic block diagram, and (b) common case.

ports being offered by a T -switch are obtained from free
ports of its two internal switches after they are intercon-
nected.

For instance, a m′-port switch consisting of two identical
m-port switches (m′/2 < m < m′) can internally intercon-
nect each other using m−m′/2 ports, using the remaining
ports for external connections (Figure 1a), where internal
switches are denoted as α and β. Although T -switches seem
to be simple, there are significant challenges in its design.
Two of them stand out especially: to obtain the appropriate
SCP of internal subnetwork, and to determine the adequate
number of ports used to interconnect α and β switches.

The SCP has an important influence on packet latency.
Time to cross the T -switch will be minimal when only
one internal (α or β) switch is used (flows f1 and f3 in
Figure 1b). The bad case is obtained when both internal
switches are used for every path crossing the T -switch
(f2 in Figure 1b). To obtain the best case is not trivial
and an in-depth study is required, in which several factors,
e.g., network topology, routing and traffic pattern must be
considered. In such situations, the main objective in the SCP
design of T -switches is to minimize the use of the ports
interconnecting internal switches.

Regarding the second challenge, the number of internal
ports must be that which avoids the creation of the internal
bottleneck between the α and β switches. Obviously, this
number and the SCP have a clear interdependence.

A. C-Switch Configuration Methodology

Our methodology for determining the optimal SCP of C-
switches consists of the following main steps [2]:

1) Network paths analysis. The purpose of this step is to
determine the connections required in each C-switch
at network level and the number of times all these
connections are used taking into account all the possible
paths used by the packets.

2) Switch classification. Depending on the network char-
acteristics and load conditions, few or many different
C-switch configurations could be obtained. In this step,
C-switches are grouped according to their connection
requirements, and so, several types of C-switch will be
distinguished.
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Figure 2. Connections required for uniform traffic pattern on each T -
switch of (a) Type A, and (b) Type B.

3) Switch-level connection pattern. From connection re-
quirements and given the number of internal switches
forming the C-switch, this last step consists in finding
the optimal configuration for each class of C-switch.

The first two steps of this methodology are independent
of the internal C-switch structure. Obviously, the third step
depends on the structure of the C-switch.

Notice that although the methodology is general and can
be applied considering different C-switches and intercon-
nection networks, the C-switch configuration depends on the
particular network properties. Therefore, in order to apply
this methodology, network type, topology, routing algorithm
and traffic pattern must be specified.

B. Methodology Application to a Particular Case

We must specify the network characteristics (i.e., topol-
ogy, routing, and traffic), and then, we apply the method-
ology. We have chosen the k-ary n-tree BMIN network
[3], a subclass of fat-trees, which is one of the most
common topologies today in the largest supercomputers on
the Top500 list. Regarding C-switches, we have used T -
switches. We are considering T -switches for purely illustra-
tive purpose that makes the formal development simpler and
easier to understand, but the approach is general enough to
be apply to any C-switch.

The routing algorithm is DESTRO [4], which is a deter-
ministic routing algorithm for fat-trees. We have selected
DESTRO because of its interesting features: simple hard-
ware implementation, reduced routing time and in-order
packet delivery. Moreover, it is able to evenly balance
network traffic and reduce network contention. We have
considered uniform traffic pattern because it is commonly
used in network performance evaluations.

In [2] we apply the methodology to the mentioned
network characteristics. As result, we obtain the optimal
configuration for all the T -switches in the network. The
results of the three steps are below:

1) Network paths analysis. We can obtain this information
distinguishing three different cases, which correspond
with forward, backward, and turnaround connections
in a BMIN. Figure 2 shows the paths passing through
the T -switch using the input port zero in the ascending
and turnaround phases. The same paths are obtained
for the remaining input ports, but they are not shown
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Figure 3. Optimal switch-level connection pattern for each T -switches of
(a) Type A, and (b) Type B.

in the figure for the sake of clarity. The paths in the
descending phase are independent of the other phases.

2) Switch classification. Figure 2 shows the two types of
T -switches are identified: all the T -switches are Type
A (Figure 2a) with the exception of those placed at the
last-stage in the BMIN. Thus, the T -switches of Type B
(Figure 2b) correspond with the last-stage T -switches.

3) Switch configuration. In this case, it is not possible
to have a global optimal SCP and two different SCPs
are needed (Figure 3). One of them (Figure 3a) is an
optimal SCP for the T -switches of Type A, and the
other (Figure 3b) is an optimal SCP for T -switches of
Type B in the network.

Once the particular configuration has been set up in each
switch, it is interesting to know how the network behaves
when it is stressed by traffic. We will study this behavior in
the following section.

III. PERFORMANCE EVALUATION

The evaluation has been driven by simulation and focused
on the two key issues discussed before: switch-level con-
nection pattern and bandwidth of interconnection between
internal switches.

A. Simulation Model

To perform this evaluation, we have chosen a repre-
sentative case: the k-ary n-tree topology connecting 4096
end-nodes; DESTRO deterministic routing algorithm; and
uniform traffic pattern.

We have simulated 32-port T -switches that are formed
by two internal 24-port switches such that 16 ports are used
for external ports and 8 ports for interconnecting the two
internal switches. Other assumptions are an input queued
switch design with virtual output queuing at switch level;
1 GByte/s full-duplex link bandwidth; round-robin scheduler
per output port; 2 KBytes packet size; every queue buffer
has capacity of 64 packets, among others.

B. Case Studies

We have estimated the performance of the network de-
scribed in Section III-A, considering T -switches with the
SCP that has been proved in [2] to be the optimal for
T -switches under the simulated conditions (this network
will be referred to as O-BMIN in the figures). Then, we
have compared the performance of this network with that
offered by an equivalent network considering single-chip
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Figure 4. (a) Throughput and (b) latency for the different configurations.

switches with the same radix as T -switches. This network
will be referred to as U-BMIN and it represents the upper
performance threshold.

In order to show the importance of the SCP we also
consider another case which represents an arbitrary/bad SCP,
labeled as B-BMIN in the figures. O-BMIN and B-BMIN
networks use T -switches with the optimal SCP and an
arbitrary/bad SCP, respectively. The optimal SCPs for every
type can be seen in Figure 3. Additionally, Figure 3b is
considered as the arbitrary/bad SCP for all the k×k T -
switches in the network. All the T -switches consider r
internal ports, respectively. Also, we include a fourth case:
a network connecting the same number of end-nodes, but
with single-chip switches, which would be feasible with the
current integration scale, namely L-BMIN.

C. Simulation Results

We have run two different tests. The first test has the aim
of measuring the performance gap between the aforemen-
tioned case studies.

The figures of this section show the average values and
the confidence intervals at 95% confidence level of thirty
different simulations performed at a given input load.

Figure 4 shows throughput and latency results for all
the network configurations. Some interesting details can be
observed:

• When optimal switch-level connection pattern is con-
sidered, the T -switch based network (O-BMIN) is
able to offer similar performance to high-radix single-
switch based network (U-BMIN). Therefore, combined
switches are confirmed as a good alternative to build
high-radix switches.

• However, the B-BMIN network reaches the saturation
point at only 40% of normalized network load. The
different performance obtained is due to the fact that
in these T -switches much of the traffic needs an extra
hop with the bad SCP. So, it is also confirmed that it is
essential to determine in each case the optimal switch-
level connection pattern for combined switches.

• When U-BMIN and L-BMIN are compared, we have
noticed that latency of L-BMIN is higher than latency
of U-BMIN (e.g., 14% at the 50% of network load).
This increase is due to L-BMIN has one more stage
than U-BMIN, so the paths are longer.
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• Also, we can see that the number of ports devoted for
interconnecting the internal α and β switches does not
produce any performance degradation.

We have performed a second test that measures how the
number of internal ports influences on the performance.

In Figure 5 we can see the network throughput results
when network load is at 80% for all network configurations
(except L-BMIN). In order to perform the second test, we
have instrumented the simulator to vary the number of ports
for interconnecting the internal switches from 1 to 16, while
the number of external ports remained the same.

Similarly, we can notice more relevant details:

• We can determine the minimum number of ports of
internal switches devoted to interconnect them in order
to avoid the creation of a new bottleneck. We can
observe that the switch-level connection pattern is the
key factor that influences the global performance, and
the number of ports is not so relevant.

• When the number of ports is over four, the O-BMIN
network achieves the same performance as the U-
BMIN. However, when the B-BMIN network is con-
sidered, the internal bottleneck does not disappear until
the number of internal ports is equal to the T -switch
arity (k = 16).

• T -switches shown in Figure 4 have eight ports, but
when the T -switch has the optimal SCP only four ports
are enough to achieve the maximum performance. In
such a case, these four extra ports could be used for
external communication.

IV. RELATED WORK

In this section we review of existing proposals in the
literature of high-radix switches, which are mainly focused
on solving the scaling problems.

The YARC is the high-radix switch used by the Cray
BlackWidow [5]. Its internal organization is defined in [6]
and is based on increasing the number of ports considering
more thin channels instead of less wide channels.

The Partitioned Crossbar Input Queued [7] is a more
recent proposal for the internal organization of high-radix
switches, and deals with one of the main constraints in high-
radix switch design, the excessive memory requirements.

Regarding the alternative for building high-radix switches
using low-radix switches, the Oracles’s Sun Blade 6048
Infiniband QDR Switched Network Express Module (NEM)
[8] has already implemented this strategy, offering the ability
to connect up to 12 dual-node blades in a single shelf.

On the other hand, the Dragonfly topology [9] uses a
group of routers as a virtual router to increase the effective
radix of the network.

To the best of our knowledge, there are currently no
published formal studies for obtaining the optimal SCP of
high-radix switches composed of several internal single-chip
switches interconnected each other.
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Figure 5. Network throughput in function of the number of internal ports.

V. CONCLUSIONS

In this paper we have described an interesting alternative
for building high-radix switches. We have also obtained the
optimal configuration for T -switches to avoid the internal
bottleneck by applying our methodology to a particular
network characteristics. To check the potential of this alter-
native, we have evaluated the performance of networks based
on combined switches composed of two smaller identical
switches. The results are similar to those obtained with the
same networks, but using single-chip switches with the same
number of ports as combined switches.
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