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Abstract—In post-Dennard scaling energy becomes more and
more important. While most components in data-center and
supercomputer become increasingly energy-proportional, this
trend seems to pass on interconnection networks. Although
previous studies have shown huge potential for saving energy
in interconnects, the associated performance decrease seems to
be obstructive. An increase of execution time can be caused by a
decreased bandwidth as well as by transition times which links
need to reconfigure and are not able to transmit data. This leads
to more contention on the network than usually interconnects
have to deal with.

Congestion management is used in similar situations to limit
the impact of these contentions only to single links and avoiding
them to congest the entire network. Therefore, we propose
combining energy saving policies and congestion management
queueing schemes in order to maintain performance while
saving energy. For synthetic hotspot traffic, which we use to
stress the network, this combination shows promising results
for multiple topologies. In 3D torus, k-ary n-tree, and dragonfly
this combination provides a more than 50% lower latency and
increases energy efficiency by more than 50% compared to the
baseline. Although both techniques aim for fundamental different
goals, none of the investigated configurations seems to suffer any
disadvantages from their combination.

Index Terms—Energy efficiency, congestion management, en-
ergy saving policies, interconnection networks

I. INTRODUCTION

Today’s scientific applications and workloads, as well as
data center applications, require for more and more comput-
ing performance. In the Post-Dennard era, this performance
increase is often achieved by scaling out parallel processors.
The growing number of processors results in a rising demand
for communication, not only inside certain nodes but also
between different nodes and even cabinets via interconnection
networks. Although the number of cores increases constantly,
these systems have to operate within strict power budgets due
to technical, ecological, and economical reasons. Interconnec-
tion networks are usually very inefficient regarding energy, as
they consume a constant amount of power independent of their

load. However, they are expected to contribute substantially
to the overall energy consumption of the system [1] [2] in
the near future, which emphasizes the need for more energy
efficient interconnects.

In recent work we have analyzed interconnection networks
regarding energy proportionality. Various exascale workloads
tend to minimize communication overhead. Even if equipped
with fast interconnects, systems usually achieve best per-
formance when data can be processed locally. Therefore,
great effort has been made by software engineers to avoid
unnecessary communication and synchronization. In [3] we
have shown that in a 3D torus, links are idling more than 93%
and 97% of the total execution time while running a Graph500
and NAMDstmv workload, respectively. These idle periods
can be used to reduce link width or to switch them completely
off in order to reduce energy consumption. Even rather simple
approaches, such as an on/off or high/low policy, have enabled
link energy savings of more than 85% for direct, indirect and
hierarchical networks [4]. Link power is especially important
since the underlying serialization technology consumes about
80% of the total switch power for small switches [3].

Energy saving policies in interconnection networks are
often trading power consumption for execution time due to
additional idling when links change power states [5]. However,
a successful deployment of energy saving techniques in real
systems has to limit the loss in performance. While our
initial experiments, in general, show promising results in
terms of large energy savings within reasonable increase of
execution time, there are some configurations which result
in a significant increase of execution time. Although these
configurations are rare exceptions, they still can influence other
workloads running on the same system and, thereby, impair
the overall performance. Hence, for a successful deployment
of such energy saving policies in real products, it is crucial to
provide mechanisms to diminish these negative effects.

When bursts of data arrive at a switch, reduced bandwidth



in links can easily lead to filling or even overflowing buffers.
These situations are similar to contentions or congestions
in networks operating close to saturation. While congestion
management schemes are widely used to address such con-
gestions, there has been no studies about the influence of
congestion management and energy saving strategies on each
other. Although congestion management suggests to be a good
addition to energy saving in interconnects, both are indepen-
dent management techniques, with partly contrary goals and
possibly conflicting methods.

In this work, we are combining different state-of-the-art
queueing schemes for congestion management with energy
saving policies for an initial understanding of how both
mechanisms influence each other. We use synthetic traffic in
order to investigate this combination when the network is
stressed.

In particular, we attempt to answer the following guiding
questions:

• How do congestion management queueing schemes and
energy saving policies influence each other?

• How does this combination affect performance and en-
ergy efficiency of interconnection networks?

• How does the underlying network topology influence this
combination?

The remainder of this work is structured as follows: First, in
Section II, we provide a short overview about general methods
of both, congestion management and energy saving. In Section
III, we introduce the settings for our experiments. The results
of these experiments are provided in Section IV and discussed
more detailed in Section V. Then, a brief overview about
related work is shown in Section VI. Section VII concludes
this work.

II. BACKGROUND

The focus of this work is on the effects of combining energy
saving policies in interconnects with different congestion man-
agement schemes. The first one aims for reducing power and
energy consumption while usually accepting slight increases
of execution times, and congestion management focuses on
improving performance in situations similar to the ones caused
by energy saving policies in the network. This section provides
a short overview about both techniques.

A. Power Saving in Interconnects

Data movements tend to be one of the largest bottlenecks
in high performance computing. This lead to two different
trends: first, HPC system designers often over-provision the
interconnection network in their systems in order to avoid
this bottleneck. Second, software engineers try to leverage
locality and reduce communication overhead of applications.
Additionally, many scientific-technical workloads are iterative,
resulting in a rather bursty communication pattern, in which
short but intense communication phases are followed by long
idling times.

As the result is a rather low network utilization, the idea
of energy saving in interconnects is based on adjusting the

power consumption to the current utilization, similar to other
components,such as processors.

Recent works [3] [6] have shown that serial links are the
main contributor to power consumption of interconnects with
a relative share of more than 80%. Hence, adjusting link band-
width according to the current utilization is the most promising
approach. In contrast to most other components and their use
of CMOS logic, serial links are mostly based on Current-Mode
Logic (CML). In terms of power consumption, CML depends
on current and, therefore, operates fundamentally different to
CMOS logic, which consumes power only when switching.
As a result, link-width scaling provides much higher benefits
regarding energy saving compared to frequency scaling. Since
today’s links are already composed of multiple parallel lanes,
link width can be scaled by switching these parallel lanes on
and off. Consequently, the number of possible discrete power
states is determined by the number of parallel lanes inside a
given link.

If the processor is not able to overlap communication
with other computations, exchanging data over the network
is crucial for the overall performance. In order to minimize
this overhead, it is important to transfer data as fast possible
when it is moved to the network. Therefore, two different
power states are often the best approach for link-width scaling
without further insights about the applications running on the
system: a fast one, which is used to transfer data and one which
reduces power as much as possible when a link is idling.

In our recent research, two different policies prove them-
selves to be suitable [5]: the first one is a rather simple one
with two different states: on and off. If a link is idling for
a predefined period it is switched off and switched on again
when a new message needs to be transmitted. Contrary to
most other components, switching back to a higher power
state comes with a performance penalty since links require
re-training for clock locking and word alignment.

The second policy switches between a high power state in
which all lanes are switched on and a low power state in
which only one lane remains switched on. Although keeping
single lanes active even when idling reduces the maximum
amount of energy that can be saved, this approach aims for
better performance. Especially for small messages this is an
improvement. In contrast to the On/Off policy, links remain in
the low power state when a small message arrives. Although
the transmitting data on only one lane takes longer, it remains
still faster than a link reconfiguration while switching on.
When a link is in the low power state and the buffer reach
a certain level at which it is faster to wait the transition time
and send at the highest speed, the link switches to the high
power state.

B. Congestion Management

Congestion consists of an intense traffic that clogs paths
within the network [7]. This slows down traffic and de-
grades the network performance. The origin of congestion
is contention, which occurs when several packet flows si-
multaneously request access to the same output port in a



switch. Moreover, congestion also occurs when a destination
node is not able to remove packets from the network at the
speed they are received. In these cases and assuming lossless
networks, i.e., packet discarding is not allowed, any packet
stored in a switch or network adapter port remains blocked
in a buffer until it is chosen to cross. These blocked packets
delay the advance of other packets in the same buffer. If this
situation persists in time, the buffers build up and finally the
flow-control backpressure propagates this congestion to other
switches. Eventually, congestion may spread throughout the
network reaching the source nodes, increasing packet latency
and degrading network performance.

In a congestion situation, not only the flows contributing to
congestion (hot flows) are affected by the traffic jam. The flows
not contributing to congestion (cold flows) end up advancing
at the same speed as the hot ones because both share the same
buffers. This situation is a particular case of the Head-of-line
(HoL) blocking effect. HoL blocking occurs when a packet,
which requests a busy port is blocked. This prevents other
packets stored behind it in the same buffer from advancing,
even if these packets are requesting free ports [8]. Therefore,
in a congestion situation hot flows may produce HoL blocking
to cold flows if a hot packet is blocked at the head of a queue
containing cold packets.

Currently, there exist two main approaches to deal with
congestion. The first one is injection throttling [9], which is
included by the InfiniBand specification [10]. When switches
detect congestion, they inform the source nodes contributing
to congestion to reduce their injection rates. Once congestion
is removed, its derived problems are removed too, such as the
HoL blocking. However, this technique does not scale with
network size, as notifications may be too slow. Therefore, there
are situations in which the source nodes are warned to throttle
the injection, but the congestion information is obsolete [11]
or the congestion have become irreversible.

The second approach is known as queueing schemes. They
prevent HoL blocking by allocating packet flows to different
queues or virtual channels (VCs) [8]. There are two different
families following this idea. On the one hand, some techniques
explicitly identify hot flows and isolate them in dynamically-
allocated VCs, such as the mechanism described for ATLAS
[12], the RECN mechanism [13], or EcoCC [11]. However,
they require additional and expensive resources which are not
supported by current commercial interconnects. On the other
hand, other techniques allocate packets from different flows
to VCs according to a static mapping policy, independently of
the traffic conditions, the topology or the routing algorithm.
Proposals such as VOQnet [14], VOQsw [15] or DBBM
[16] follow this idea. Although most of these techniques
use resources available in commercial networks, they only
prevent HoL blocking partially or they are not feasible in
large networks (e.g. VOQnet). By contrast, other solutions
are specially designed to be aware of the topology and the
routing algorithm, so that HoL blocking is reduced more effi-
ciently and/or by using fewer resources. For instance, queueing
schemes such as OBQA [17] and vFTree [18] have been

devised for fat-tree topologies [19] using the DESTRO [20]
and D-MOD-K routing algorithms [21], respectively. IODET
[22] considers the torus topology [19] and its dimension order
routing algorithm. BBQ [23] is designed for the KNS topology
[24] with the Hybrid-DOR routing algorithm. H2LQ [25] is
tailored to Dragonfly topology using its minimal routing [26].
SF2LQ [27] is intended for Slim Fly networks with its minimal
routing [28].

III. METHODOLOGY

In this section, we provide a short overview about the exper-
imental set up and the used queueing schemes for congestion
management and energy saving policies. Although both tech-
niques can be tuned with multiple parameters, evaluations in
this work are performed with default parameters. We leave
further optimizations for future studies.

A. Network Simulator and Traffic Pattern

The different queuing schemes for congestion management,
as well as link-level energy saving policies, are rather new
concepts and not available in hardware or commercial solu-
tions. In order to evaluate their interactions we are using the
OMNeT++-based, cycle-accurate network simulator SAURON
[29], which was extended with power and energy features [3].

While the employed energy saving policies are topology
independent, multiple queuing schemes are using certain
topology-dependent features. Hence, we select three different,
widely-used topologies with similar size:

1) A 3D Torus composed of 1056 (12x11x8) nodes with
dimension order routing.

2) A k-ary n-tree with 5 stages and switch radix of 8,
resulting in 1024 nodes. DESTRO routing [20] is the
according routing algorithm for this topology.

3) The dragonfly topology with design parameters and
routing similar to [26]. The design for the experiments
consists of 33 groups with switches with a radix of 15,
resulting in 1056 nodes.

Radices of the switches used in these topologies differ only
within one magnitude. Therefore, we assume core power for
all these switches to be approximately the same. The switch
core includes essential parts, such as crossbar, routing unit,
and arbiter. It is consuming constantly the same amount of
power, not influenced by energy saving policies.

Energy saving in interconnects utilize idling periods, most
often due to computation periods, in the communication pat-
tern in order to reduce bandwidth and thereby power consump-
tion. The best way to show possible energy saving capabilities
is using traces of real HPC applications. These traces provide
realistic insights about how much the interconnect is actually
utilized, and how energy saving affects the overall execution
time. However, congestion management shows its impact best
when the network is utilized heavily. Therefore, we decided
to use synthetic hotspot traffic in order to stress the network
enough to evaluate the impact of different queuing schemes:
in our experiments, 1/4 of all nodes, which are randomly
selected, send messages to a single ”hot spot” node. The



remaining nodes generate random traffic on the network. For
our experiments we used a fixed load of 40%, which equals a
40% utilization of the input bandwidth.

B. Energy Saving
Energy saving in interconnects require a policy that deter-

mines when a link should switch between two power states.
For our experiments, we select two topology-independent
policies: The first one has an On and an Off state. Switching
links completely off after idling for a certain period tdown

enables more energy saving possibilities but increases the risk
of higher performance losses since links have to reconfigure
for every small message sent. The time a link is not able to
send data while performing this reconfiguration is referred to
ttranssiton. In order to overcome this issue, we also select a
policy with a High and Low power state. Both policies are
explained more detailed in [5].

Note, that synthetic traffic pattern are rather disadvantageous
for these policies. The increased load on the network leads to
high utilizations on the path to the hot spot node, while the
random traffic effect the remaining links to switch on and off
permanently. In order to get deeper insights about the interac-
tion of energy saving policies and congestion management, we
decided to configure the policies for rather aggressive power
saving. All important parameters regarding energy saving are
based on real hardware evalutaion and are shown in Table I.

Parameter Value

ttransition 10µs

tdown 11.1µs1

BWlink 96Gb
s

#lanes 12

TABLE I: Network parameters.

C. Congestion Management
Congestion management and energy saving are techniques

with fundamentally different approaches. In order to get in-
sights about how they influence each other, we are testing
multiple queueing schemes. While some of them are tailored
to a respective topology, some others are topology-agnostic.
In the following, we provide a short overview about the used
queueing schemes:

VOQsw: Virtual Output Queues at switch level [15]
can reduce HoL-blocking produced by a congestion tree in all
topologies. Each input port has one virtual queue for every
output port in which packets according to their requested
output port are stored.

DBBM: Destination Based Buffer Management [16]
is also applicable for all topologies. In this scheme, packets
are with destination D are mapped to D modulo number of
VOQs per port. For our experiments we use four virtual output
queues.

1This equals a ρ-parameter of 90%. For further information see [5]

IODET: In-Order DETerministic routing [22] is a
queueing scheme tailored to direct topologies. It assigns pack-
ets to VCs according to the dimension for the next hop.

Flow2SL: This technique [30] is a topology- and routing-
aware queuing scheme, specially tailored to fat-trees using
deterministic routing. Flow2SL defines groups of end nodes
and maps flows that have the same source group and the same
destination group to the same queue (or VC), while flows that
have the same source group but are addressed to different
groups are mapped to different queues.

H2LQ: Hierarchical Two-Level Queuing [25] is de-
signed for dragonfly networks, in which it reduces HoL-
blocking and guarantees deadlock freedom. It splits traffic
flows up in a standard virtual network (SVN) and an escape
virtual network (EVN). The mapping to different VCs in the
SVN depends on the destination, while the VCs of the EVN
are used to prevent deadlocks. We selected six VCs for the
SVN and two VCs for the EVN in our simulations.

IV. RESULTS

In the following, we evaluate the effects of combining
congestion management with energy saving policies. Note that
while the used hot spot traffic pattern is a common scenario
for congestion management evaluations, it rather unsuitable for
energy saving which basically tries to exploit network idling
periods. Hence, we expect congestion management effects to
dominate compared to energy saving policies. For all topol-
ogy we select 1q, which means no congestion management
and serves as a baseline, two topology-independent schemes
(VOQsw and DBBM) and one scheme tailored especially to
the respective topology.

In order to evaluate the effects on congestion management
capabilities we are looking at throughput and packet latency. In
contrast to recent work [4], [5], we use a different metric here
to evaluate the energy saving policies. The implementation
of synthetic traffic in the simulator requires to define a fixed
simulation time. Although there are no changes in the execu-
tion time due to performance penalties in terms of transition
time during link reconfiguration, there are differences in the
amount of data that can be transferred in this time. Therefore,
we introduce the metric energy/data to evaluate the energy
saving policies. All simulations are performed with synthetic
hotspot traffic, generating 40% load.

A. 3D Torus

The results regarding packet throughput, latency, and en-
ergy/data for a 3D torus topology are depicted in Figure 1. For
these simulations, IODET is the topology-specific queueing
scheme that we use. In this topology, VOQsw provides the
worst results in performance and energy efficiency, respec-
tively. These results are caused by the poor fit of VOQsw with
the employed xyz-dimension-order routing algorithm, which
routes messages always first in the x-dimension. VOQsw also
divides flows in virtual channels according to the respective
dimension, which deteriorates the situation since buffer size is
effectively reduced to only 1/#ports.
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Fig. 1: Results for 3D torus

As expected, across all configurations, especially regarding
performance, there are few differences in between the dif-
ferent energy saving policies. Although on/off is little better
regarding latency and throughput, high/low provides better
results regarding energy efficiency. This seems to be caused
by the random nature of synthetic traffic. Because on/off can
only switch links on completely, even if only for a small
message, there are more links in the network that are in

”on” state, providing high bandwidth but also high power
consumption. Additionally, congestion management seems to
effect energy efficiency even more than the energy saving
policies. However, this is likely caused by the unfavorable
experimental setup for the energy saving polices. It is also
notable that for DBBM and IODET, which both provide the
best performance results, there are no significant differences
between the different energy saving policies. This suggests that
the right combination of queueing scheme and energy saving
policy can improve performance even in adverse conditions.

B. K-ary N-tree

For experiments with the k-ary n-tree, depicted in Figure 2,
we select Flow2SL as topology-specific queueing scheme.
Note, that the configuration in these experiments is built with
many small switches (radix = 8) in five stages. While all
queueing schemes show good results in terms of throughput,
the latency of the Flow2SL is worse than without congestion
management. The reason of this variation comes from the
fact that the Flow2SL mapping policy smartly balances flows
among available queues or VCs in the upwards stages of
the fat-tree. It maps all the flows addressed to the same
group together in the same VC, although the are addressed to
different destinations. Therefore, the mapping in the downward
stages introduces delays as congested flows may share queues
with not congested ones, if both of them are addressed to the
same group. Again, on/off provides better performance, but
high/low shows better results in terms of energy efficiency. In
general, a 3D torus provide better energy efficiency, while a
k-ary n-tree results in a lower packet latency.

C. Dragonfly

Figure 3 depicts the results for a dragonfly topology; in
this case H2LQ queueing is used as topology-specific scheme.
Overall, all combinations show the expected results. Conges-
tion management is increasing link utilization to the effect that
there are no significant differences in between different energy
saving policies any more. This effect is also bolstered by the
design of this topology, with few but highly utilized links
between different groups. Still, even though energy saving
policies do not improve energy efficiency significantly, they
also not worsen the performance. Dragonfly, in general, is the
most efficient topology in all studied metrics.

V. DISCUSSION

Our results show that energy saving policies for intercon-
nection networks in combination with advanced congestion
management, such as DBBM, H2LQ, FLOW2SL, or IODET
has no significant negative effect on performance and energy
efficiency. Although we observe a small increase in latency
in some configurations, there is a combination of an energy
saving policy and a queueing scheme for every topology in
which there is no significant increase of packet latency. Despite
a traffic pattern that is rather obstructive for energy saving
policies, in most cases they show little improvements regarding
energy efficiency. Additionally, even in other configurations in
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Fig. 2: Results for k-ary n-tree

which they do not impact energy efficiency, they have also no
impact on performance.

What is surprising, is the behavior of the high/low policy
in combination with all queueing schemes, as these two
policies are principally working against each other: while
high/low aims for filling up buffers before sending aggregated
data at high speed, congestion management tries to avoid
filling buffers. Despite this, high/low provides the best energy
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Fig. 3: Results for Dragonfly

efficiency in all configurations.
Overall, these results suggest that advanced queueing

schemes are able to maximize utilization of congested links.
Especially in a dragonfly network, queueing schemes are able
to increase the average link utilization from 11.2% up to
28.1%. This is reflected in the differences for energy saving
policies: the increased link utilization causes a decreasing
potential for energy savings since links are significantly less



idling, resulting in almost no power state changes. But note
that synthetic traffic is a rather heavy network workload. Thus,
while this initial work demonstrates that both policies are
compatible, for a comprehensive and deep understanding more
realistic workloads based on application traces should be used,
and how the combination of policies impacts the buffer space
that is required to ensure stable throughput.

Also, a more detailed understanding of the impact on
energy efficiency is necessary. This can be achieved by a
more extensive parameter tuning, possibly taking dynamic
conditions into account, such as link utilization. Compared
to hardware properties (42.7nJ

bit at 100% network utilization),
measured efficiency is worse by one order of magnitude in the
best case. Of course, in a not completely energy-proportional
network, the efficiency is determined by hardware and the
actual network utilization. Therefore, we believe further stud-
ies on actual data movement costs in terms of energy under
realistic conditions to be useful in order to evaluate sustained
energy efficiency.

VI. RELATED WORK

Although, best to our knowledge, the combination of con-
gestion management and energy saving policies in intercon-
nection networks has not been analyzed yet, there are studies
on both topics individually. Since related work regarding
congestion management is already discussed in the Section II,
here we focus on energy saving in interconnection networks.

Hendry [31] introduces Asynchronous Circuit Programming
(ACP). ACP provides a high-level interface for the program-
mer to interact with the underlying hardware. Although this
approach provides benefits, such as close to optimal perfor-
mance through accurate knowledge of the communication, it
also shifts responsibility from hardware architecture to the
programmer.

Saravanan and Cerpenter [32] evaluate the effects of Energy-
Efficient Ethernet (EEE) interacting with HPC workloads.
Additionally, the authors introduce a new technique which
ensures a continuous clock locking and word alignment. In
[33], both authors introduce the EEE-based power saving tech-
nique PerfBound. PerfBound allows to pre-define the tolerated
performance degradation. This is achieved by multiple sleep
states implemented in EEE and selecting the right stall-timer.
In contrast to our work, PerfBound focuses on special EEE
features, while our studies are technology-independent.

Kim et al. [34] propose traffic consolidation for energy-
proportional high-radix networks (TCEP), a management soft-
ware which centralizes traffic to fewer links in order to switch
low-utilized links off. While this requires a special routing
algorithm and a global network management with centralized
decision making, our policies use local information that are
available in each link port.

Principally, different techniques including ACP, continuous
clock locking for improved transition time, traffic consoli-
dation and technology-dependent features can be combined.
In particular, link-level power saving is naturally compatible
with high-level power saving methods, and we note that the

combination with congestion management is a similar concept
of combining low-level methods with higher level ones.

Andujar et al. [35] a new power aware routing algorithm
for fat-tree and torus networks. This routing algorithm is an
addition to energy saving polices. It takes into account which
links are in a low power state by utilizing other links instead
and thereby reducing impacts on performance. We believe this
to be a extension which increases the usability of power states
in hardware, such as EEE.

VII. CONCLUSION

Although energy saving in interconnection networks itself
shows promising results decreasing energy consumption, in
some configurations this comes at a price of a significant in-
crease of execution time. Congestion management, however, is
used in similar situations to improve performance and reduce
dependencies inside one queue, thereby isolating congested
traffic. Here we show that, indeed, energy saving policies
benefit from advanced queueing schemes even in unfavorable
circumstances, such as a synthetic traffic pattern. Even though
in some combinations the benefit is small, energy efficiency
can be improved by employing energy saving policies.

For all evaluated topologies there is at least one combination
of a queueing scheme and an energy saving policy in which
they provide significant improvements regarding throughput,
latency and energy efficiency. While throughput increases by
more than 100% for k-ary n-tree and dragonfly, latency and
energy/data can be reduced by more than 50% for all studied
topologies. Even in configurations in which the benefits of
energy saving policies are rather neglectable, the combination
with congestion management ensures that there is no negative
impact on performance.

Further studies should focus on this effect in realistic
scenarios using traces of real HPC applications. Although
these application utilize the network much less than our used
synthetic traffic pattern, the energy saving policies could also
benefit from a higher utilization of single links while avoiding
others. Furthermore, real hardware implementation of these
queueing schemes increase energy consumption by adding
more logic and increasing buffer size. For a complete picture,
this should also be taken into account.

Another interesting question is the scalability of these
techniques, as the number of nodes in supercomputing systems
is growing constantly. The impact of this growth in size
on energy saving policies, congestion management and their
combination remains to be investigated.
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