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Abstract. Nowadays, power consumption reduction techniques are be-
ing increasingly used in computer systems, and high-performance com-
puting systems are not an exception. In particular, the power consumed
by the interconnect circuitry has a non-negligible contribution to the
total system budget. In this scenario, fat-tree interconnection networks
are one of the most popular topologies. This topology is particularly
well-suited for applying power consumption reduction techniques since
it provides multiple alternative paths for each source/destination pair.
In this paper, we present a mechanism that dynamically adjusts the
available network bandwidth by switching links on and off, according to
the traffic requirements. This mechanism provides significant reduction
in power consumption while maintaining the original underlying routing
algorithm, at the expense of slight latency increase for low loads.

1 Introduction

Nowadays power consumption reduction techniques are being increasingly used
in computer systems, and high-performance computing systems are not an ex-
ception. Most of these systems are clusters (this is the architecture of 72.20%
of the 500 systems listed in the November 2006 edition of the Top500 Su-
percomputers sites [1]). In particular, the power consumed by the intercon-
nection network circuitry has a significant contribution to the total system
budget. For example, the routers and links in a Mellanox server blade, consume
about 37% of the total power budget [2]. In this scenario, fat-tree interconnec-
tion networks are one of the most popular topologies due to their high bisection
bandwidth and ease of application mapping for arbitrary communication topolo-
gies [3]. But most applications have communication topology requirements that
are far less than the total connectivity provided by fat-trees. Vetter and Mueller
show that applications that scale most efficiently to large numbers of proces-
sors use point-to-point communications patterns where the average number of
distinct destinations is relatively small [4]. This provides strong evidence that
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many application communication topologies exercise a small fraction of the re-
sources provided by fat-trees [5]. Moreover, traffic in an interconnection net-
work exhibits large spatial and temporal variance, leading to inactivity periods
at several links in the network [6]. On the other hand, fat-trees are particu-
larly well-suited for applying power consumption reduction techniques since they
provide multiple alternative paths for each source/destination pair. This paper
shows that there is a chance to reduce power consumption by dynamically
switching on/off links based on the traffic they support while running a set of
applications.

Several power reduction techniques for interconnection networks have been
proposed. Most of them are based on Dynamic Voltage Scaling (DVS). DVS
was originally proposed, and now is widely deployed, for microprocessors. When
applied to networks, this approach allows DVS links to work in a discrete range
of frequencies and supply voltages, which leads to different levels of power con-
sumption in response to their traffic utilization. The history-based DVS policy
proposes to use past network utilization to predict future traffic, therefore tuning
dynamically link frequency and voltage to reduce network power consumption
[7]. Stine and Carter compare DVS with the use of adaptive routing in non
DVS links, showing that, as long as the network provides enough bandwidth to
meet the needs of the application, an adaptively-routed network can improve
latency with the same power consumption [8]. DVS has significant drawbacks:
it requires a sophisticated hardware mechanism to ensure correct link operation
during scaling, it consumes significant CMOS area, and DVS links continue to
consume power even while idle.

Other techniques are based on the use of on/off links that are selectively
switched on and off according to their utilization [2,9,6]. In order to avoid dead-
locks, adaptive routing algorithms must be used. Kim et al. also investigate
hybrid techniques based on both DVS and on/off links. The idea is to shut down
DVS links when traffic drops to very low levels [2].

In this paper, we present a new method to reduce power consumption in fat-
trees based on the use of on/off links. The rest of the paper is organized as follows.
Section 2 formalizes fat-tree network topology considering it a particular class
of k-ary n-tree, including a description of packet routing. Section 3 describes the
proposed power saving mechanism. Our proposal is evaluated using simulation
in Section 4 and, finally, some conclusions are drawn in Section 5.

2 Fat-Trees

A k-ary n-tree is composed of N = kn processing nodes and S = nkn−1 k-ary
switches. Every switch has 2k ports, k “up” links and k “down” links. Processing
nodes are identified by (p0, p1, . . . pn−1) where pi ∈ {0, 1, . . . , k − 1} for 0 ≤
i ≤ n − 1, and each switch is identified by (w0, w1, . . . wn−2, l), where wi ∈
{0, 1, . . . , k − 1} for 0 ≤ i ≤ n − 2 and l ∈ b {0, 1, . . . , n − 1} is the level of the
switch (0 is the root level).
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– Two given switches, (w0, w1, . . . wn−2, l) and (w′
0, w

′
1, . . . w

′
n−2, l

′) are con-
nected if and only if l′ = l + 1 and wi = w′

i for all i �= l. The link connecting
both switches is labeled with w′

l on the level l switch and with k +wl on the
l′ switch.

– There is a link between the switch (w0, w1, . . . wn−2, l) and the processing
node (p0, p1, . . . pn−1) if and only if wi = pi ∀i ∈ {0, . . . , n − 2}.

The labeling scheme shown in the previous definitions makes the k-ary n-tree
a delta network: any path starting from a level 0 switch and leading to a given
node p0, p1, . . . , pn−1 traverses the same sequence of links (p0 at level 0,p1 at
level 1,. . . , pn−1 at level n − 1) [10]. An example of such labeling is shown in
Figure 1, for a quaternary fat-tree of dimension 3 (64-node network), that is a
4-ary 3-tree.

Given a k-ary n-tree, the Minimal Tree (MT) is the subset of the tree com-
posed of all the processing nodes, a subset of the communication switches, and
the edges between them. A switch (w0, w1, . . . wn−2, l) belongs to the MT if one
of the following properties holds:

1. l < n − 1 and wi = 0 ∀i ∈ {l, . . . , n − 2}.
2. l = n − 1 (all the switches in the level n − 1 belong to the MT).

Within these switches, all the “down” links and the “up” links with index k
also belong to the Minimal Tree. The Minimal Tree of a quaternary fat tree of
dimension 3 (4-ary 3-tree) is shown in Figure 1 using thicker lines.

4 5 6

2,3,1 3,1,1 3,2,1 3,3,12,2,12,1,11,3,11,2,11,1,10,3,10,2,10,1,1
0 1 2 3

0,1,0 0,2,0 0,3,0 1,0,0 1,1,0 1,2,0 1,3,0 2,0,0 2,1,0 2,2,0 2,3,0 3,0,0 3,1,0 3,2,0 3,3,0

7

0,0,1 1,0,1 2,0,1 3,0,1

0,
0,

0

0,
0,

3

0,
0,

1
0,

0,
2

0,
1,

0

0,
1,

3

0,
1,

1
0,

1,
2

0,
2,

0

0,
2,

3

0,
2,

1
0,

2,
2

0,
3,

0

0,
3,

3

0,
3,

1
0,

3,
2

1,
0,

0

1,
0,

3

1,
0,

1
1,

0,
2

1,
1,

0

1,
1,

3

1,
1,

1
1,

1,
2

1,
2,

0

1,
2,

3

1,
2,

1
1,

2,
2

1,
3,

0

1,
3,

3

1,
3,

1
1,

3,
2

2,
0,

0

2,
0,

3

2,
0,

1
2,

0,
2

2,
1,

0

2,
1,

3

2,
1,

1
2,

1,
2

2,
2,

0

2,
2,

3

2,
2,

1
2,

2,
2

2,
3,

0

2,
3,

3

2,
3,

1
2,

3,
2

3,
0,

0

3,
0,

3

3,
0,

1
3,

0,
2

3,
1,

0

3,
1,

3

3,
1,

1
3,

1,
2

3,
2,

0

3,
2,

3

3,
2,

1
3,

2,
2

3,
3,

0

3,
3,

3

3,
3,

1
3,

3,
2

2,1,2 2,2,2 2,3,2 3,1,2 3,3,21,1,2 1,2,2 1,3,20,0,2 0,1,2 0,2,2 0,3,2 1,0,2 2,0,2 3,0,2 3,2,2

0,0,0

0 1 32

1

0

2

le
ve

l

Fig. 1. 4-ary 3-tree node, switch and edge labels. The Minimal Tree is highlighted.

Minimal routing between any pair of processing nodes can be accomplished by
sending the message to one of the nearest common ancestor switches and from
there to the destination. Hence, each message experiences two routing phases:
an ascending phase, from the processing node to a nearest common ancestor,
followed by a descending phase. While the descending phase is necessarily de-
terministic, since there is a single path from a nearest common ancestor switch
to the destination, there could be alternative routes to reach a nearest common
ancestor. The availability of alternative routes makes it possible to randomly
choose ascending links or even implementing an adaptive algorithm that makes
a decision according to the local state of the switch, avoiding congested links.
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3 Description of the On/Off Power Saving Mechanism

The proposed power saving mechanism is based on dynamically switching links
on/off as a function of the required network throughput, and improves a prelim-
inary version of this mechanism [11]. We consider bidirectional links that can be
turned on/off in a given direction, either ascending or descending. Every switch
in the network periodically measures outgoing traffic and controls the number
of operating outgoing links depending on traffic variations. A subset of network
links, which is defined as the Minimal Tree, fixing the maximum level of power
saving, cannot be switched off in order to maintain the network connectivity.

In order to dynamically turn links on and off according to their utilization, the
average utilization of all the “up” links in a switch, uup, is periodically obtained.
Two thresholds are defined to control the mechanism behavior: Uoff is the turn
off threshold, and Uon is the turn on threshold. If uup < Uoff one of the “up”
links is turned off, while when uup > Uon, an inactive “up” link is turned on.

The power saving mechanism controls the network links state according to
the following general rules:

– Up links: the utilization of the up links of a given switch is used to decide
whether to turn on or turn off up links. This decision propagates upward to
guarantee at least one path to level 0 switches (this is required to provide
a path to every destination), and downward to guarantee descending routes
to processors (for the same reason).

– Down links: these links are turned on/off all at once. Down links at a given
switch are turned off when that switch cannot receive descending traffic, that
is when all its input links (ascending and descending) have been turned off.
Those links will be turned on again when some input link is turned on.

– The underlying routing algorithm need no changes since the mechanism is
limited to those switches and links that do not belong to the MT (see Section
2), and the MT provides the minimum paths needed to maintain all the
processing nodes connected.

A detailed description of the mechanism can be found in previous work [11].
The mechanism performance can be tuned by setting the values of the thresh-

olds (Uon and Uoff) used to control link on/off switching. Their effect can be
analyzed by considering that threshold average indicates the mechanism aggres-
siveness while threshold difference (or hysteresis band) indicates mechanism re-
sponsiveness. Aggressiveness is related to the maximum power saving requested
to the mechanism. Responsiveness refers to its ability to follow load changes.

The range of possible threshold values is conditioned by several limiting factors
[12] that are summarized in the map of possible thresholds shown in Figure 2.
This diagram is represented as a function of threshold difference and average.
Any point inside the shaded region provides a valid configuration, with different
responsiveness and aggressiveness as indicated with the bars depicted together
with the axis in the graph.
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Fig. 2. Map of possible thresholds

3.1 Static Thresholds

Our mechanism uses static thresholds, as their value is constant regardless of
the number of links that are on or off. Nevertheless, the mechanism generates
an effect of increase (decrease) in the utilization of the available links as long as
some of them are turned off (on). This effect could also be analyzed as whether
the thresholds were reduced proportionally to the available throughput and the
load was calculated relative to the full throughput. We refer those thresholds
to as the effective thresholds. The effective threshold values as a function of the
number of outgoing links in ascending direction for a 4-ary n-tree are indicated in
Table 1. Factor column shows the fraction of available outgoing throughput used
to calculate the effective thresholds. According to that, 3

4Uon can be considered
as the minimum utilization for having all links active, while 2

4Uoff is the maxi-
mum utilization that guarantees maximum power saving for a particular switch.

Table 1. Static threshold values according to the available links for a 4-ary switch

Static thresholds Effective thresholds
On Up Links On Off Factor On Off

4 Uon Uoff 1 Uon Uoff

3 Uon Uoff 3/4 3
4Uon

3
4Uoff

2 Uon Uoff 2/4 2
4Uon

2
4Uoff

1 Uon Uoff 1/4 1
4Uon

1
4Uoff

Figure 3(a) shows the switch state (given by the number of ascending active
links) versus the load traversing the switch in ascending direction for a 4-ary
fat-tree. The state with all the links in the off state is not shown, since the last
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Fig. 3. Switch state as a function of traffic with (a) static and (b) dynamic thresholds

ascending link is turned off (except for the MT) when all the incoming links in
the ascending direction have been already turned off.

The reduction in available throughput when reducing the active outgoing links
generates an effect that can be viewed as a reduction in the hysteresis band
(increase on responsiveness) of the mechanism. This is a positive effect since
the network is more sensitive to congestion when the fraction of active links
is reduced. In that situations, having a higher responsiveness will increase the
mechanism agility to react against small changes in traffic, providing additional
active links if needed. Otherwise a low responsiveness could lead to network
congestion during limited periods of time, with a significant increase in latency.

An important limitation of the static thresholds is that Uon must be higher
than 2 · Uoff . This makes the threshold average to be low for situations with
several active links, and hence making the mechanism less aggressive, which
means reducing the margin for power saving. Moreover, this condition precludes
the use of a mechanism that is both very aggressive and very responsive (see
Figure 2).

3.2 Dynamic Thresholds

As an alternative, we have devised a version of the mechanism which is based
on dynamic thresholds. The main objective is trying to divide the full range of
network utilization in as many slots as indicated by the network arity. On average
every switch distributes the ascending traffic among k links, when the network
is fully active. If the traffic decreases 1/k of the nominal traffic requiring the
full switch throughput it seems reasonable to reduce the available throughput
by exactly the same amount, thus turning off one link.

The dynamic implementation is based on a fixed “on” threshold, Uon, and
a dynamic version of the “off” threshold, Uoff , that depends on the number of
active outgoing links according to the following expression:
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Uoffi =
Uon · (i − 1)

k

i being the number of active outgoing links in the ascending direction.
Considering a 4-ary n-tree, the set of dynamic thresholds together with the ef-

fective thresholds is indicated in Table 2, with the corresponding state transition
diagram shown in Figure 3(b).

The dynamic implementation of thresholds provides significant power sav-
ing improvements, since the fraction of switch utilization where some links are
turned off increases with respect to the static version. This result is validated in
Section 4. The overlap among the transitions between 4 and 3 on links is not
a problem (multiple alternative transitions due to traffic oscillations) since the
mechanism operation is based on the average switch utilization during fixed
length periods (Section 4.2) which has the effect of filtering quick traffic changes.

Table 2. Dynamic threshold values according to the available links for a 4-ary switch

Dynamic thresholds Effective thresholds
On Up Links On Off Factor On Off

4 n.a. 3
4Uon 1 n.a. 3

4Uon

3 Uon
2
4Uon 3/4 3

4Uon
6
16Uon

2 Uon
1
4Uon 2/4 2

4Uon
2
16Uon

1 Uon 0 1/4 2
4Uon 0

4 Performance Evaluation

In this section, we study, using simulation, the impact of the power reduction
mechanism on latency. The metrics used in this study are the average latency of
a message (measured from generation to delivery time) and the relative power
consumption of the links as compared with the default system.

Two types of graphs are presented: the first shows the relative power con-
sumption of the network links as a function of the injected traffic. These graphs
includes two separate curves corresponding to the network behavior when an
increasing or decreasing load is applied. Assuming that uniform traffic is used,
this representation provides a view of the power consumption hysteresis band for
the whole network. Note that the graph corresponding to the increasing work-
load should be read from left to right, while the one corresponding to decreasing
traffic should be read from right to left. The second graph type shows the la-
tency evolution for the same range of injected traffic, including results with the
network links fully operational.

4.1 Network and Traffic Model

Our simulator models a wormhole switching network at the flit level [13]. The
network is composed of switch nodes and processor nodes. The switches contain
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a routing control unit, a crossbar and as many physical links as indicated by the
network arity. Physical links are split into three virtual channels, with capacity
for four flits. The results have been obtained for quaternary fat-trees of dimension
4 (256 nodes).

The network load is defined by the message generation rate at each node, the
message size, and the destination of each message. Initially only the links in the
minimal tree are active. For each test, the generation rate is kept constant at
0.01 flits/cycle/node during 60000 cycles, increased to its maximum value (0.60
flits/cycle/node) with constant slope during 120000 cycles, maintained at the
maximum rate during 120000 cycles and decreased to the minimum load, again
in 120000 cycles. A synthetic workload based on the uniform distribution is used.
All the nodes in the network have the same behavior: the message inter arrival
time is generated according to the workload type, the message length is fixed to
16 flits and, the destination node for each message is chosen among all the nodes
in the network (except the source node) with the same probability.

We use a uniform distribution for the destinationss because it corresponds to
the worst case, as this workload produces a sustained traffic all over the network.
If we had selected a workload that exhibits locality, some parts of the network
would not receive any traffic. In that case, our mechanism would obtain much
better results by permanently keeping the links in this area switched off.

4.2 Parameters of the Proposed Mechanism

As explained in Section 3, at a given time the operational level of a link depends
on its utilization. The dynamics of the model is driven by the off threshold Uoff
and the on threshold Uon. In the following figures, we explore part of the design
space by selecting different values of Uoff and Uon in order to achieve different
goals of responsiveness and aggressiveness for the power saving mechanism. The
complete set of tested configurations is given by the cross (+) signs on the map
of possible thresholds shown on Figure 2.

On the other hand, a link cannot be instantaneously turned on, but it requires
a time Ton. Turning off a link also needs some time Toff to decrease the circuit
voltage level to zero. When a link is turned off, we assume that it becomes
immediately unavailable but it continues consuming power until Toff cycles have
elapsed. Similarly, when a link is turned on, the new link is available to messages
after Ton cycles, but power consumption increases at once. Based on the values
reported by Kim et al., we have used Ton = Toff = 1000 clock cycles [14,9].
The state of the network is periodically checked to decide if it is necessary to
turn on or off any link. We use a period greater than Ton and Toff in order to
allow network stabilization after the changes. Specifically, the check period used
is 2000 clock cycles.

4.3 Results with Static Thresholds

The power consumption and the latency results for three selected points from
Figure 2 (highlighted with a circle) are presented below.
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Figures 4(a) and 4(b) show results for the static thresholds [Uon, Uoff ] =
[0.030, 0.150]. The power curves are very similar to those predicted by Figure 3,
since they are the result of the overlapped effect of all network switches. These
curves clearly show four different and stable network states. Each one of them is
given by the average network performance of network states where the switches
directly connected to processors have one, two, three or four active ascending
links. This is also due in part to the fact that the reported experiments have
been performed with uniform traffic to show the average network behavior. As
expected, the network is at 100% power consumption with ascending traffic when
the injected traffic surpasses 3

4Uon (3
4Uon = 0.11 for this test) for the 4-ary 4-tree

topology.
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Fig. 4. Power and latency versus traffic with static thresholds

Figures 4(c) and 4(d) show results for the static thresholds [Uon, Uoff ] =
[0.085, 0.435], that provide a more aggressive power reduction mechanism. For
this reason, the switches remain partially disconnected for higher loads and, as a
consequence, the latency penalty increases. As can be seen the latency obtained
for increasing traffic experiences several peaks for low traffics, which are due to
the availability of a fraction of the total network throughput until the turning on
of additional link allows higher loads. The latency curve with increasing traffic
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denotes that the effective Uon thresholds are very close to the maximum traffic
each one of the stable network states can deliver.

4.4 Results with Dynamic Thresholds

In this section, we report the results obtained for the selected points when using
the dynamic thresholds version of the mechanism. As can be seen in Figure 5,
the hysteresis band width reduction provides additional power reductions at no
additional latency cost.
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Fig. 5. Power and latency versus traffic with dynamic thresholds

The main benefits of the dynamic thresholds performance are based on the
displacement of the decreasing power consumption traffic curve closer to the
increasing one. The relative power saving increases dynamic thresholds provide
range between 50% and 30% for the tests reported in this paper. It is important
to note that the increasing traffic power consumption curves make state tran-
sitions for higher loads; hence the network experiences higher latency penalties
than for decreasing traffic, as shown in the latency graphs.

The rest of the experiments corresponding to the points in the area shown in
Figure 2 confirms the results reported in this paper. In particular, more aggres-
sive thresholds introduce significant latency penalties. In some cases, latency
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for very low loads becomes similar to the nominal latency obtained with the
maximum traffic rate. Therefore, these very aggressive thresholds may not be
interesting.

5 Conclusions

In this paper, we have presented a novel technique to reduce power consumption
in fat-tree interconnection networks. Two important contributions of our mech-
anism are its simple implementation and the fact that the underlying routing
algorithm does not need to be modified. The mechanism can be set to provide
different levels of sensitivity to traffic variations. Moreover, power reduction poli-
cies with different levels of aggressiveness can be set, too. Hence, different ratios
of power saving versus performance penalty can be obtained. Another signifi-
cant contribution is the improvement of our original mechanism implementation
by defining a dynamic behavior of the thresholds that control the mechanism
operation. The dynamic version of the mechanism significantly outperforms the
static approach at no additional performance cost.

Our results, obtained by simulation on 4-ary 4-tree networks, show that signif-
icant power savings can be obtained with moderate latency penalty, by selecting
a conservative power reduction policy. Additional power savings can be obtained
as well by further stressing the network at the cost of increasing latency. As future
work we will further explore our proposal with realistic communication traffic
patterns and we will analyze the eventual local congestion that may arise when
many links are in the off state in order to improve network power-performance.
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