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Abstract

Power consumption in interconnection networks has become a major concern in the
community, with links of interconnection networks taking up a major fraction of the total
power usage in the network. In this paper, we have surveyed three popular techniques for
utilizing link power: Dynamic Voltage Scaling, On/Off Links, and Variable Width Links.
From a thorough analysis of these techniques, we have concluded that there is a
fundamental tradeoff between power and performance, but under certain network
conditions, the performance penalty can be hidden. We have also investigated a new
promising technique to utilize power usage in the links of a network.

1. Introduction

Power consumption has become a major concern ircorieection networks. In the past,
interconnection networks are mainly used in high-end proktessors, which are used
solely for computation-intensive applications. At thatdj low latency and high
throughput are the ultimate goals, constrained by pacgagist. Much research effort
has been made in order to increase interconnection rlepgdiormance. As a variety of
communication systems emerge, interconnection nethasknade its appearance in on-
chip networks, server blades, clusters, and terabit intesaters. These applications
demand the design of interconnection networks to be paware and power-
constrained. This demand needs to be urgently addressezkdfople, the integrated
router and links of the Alpha 21364 microprocessor consabuoat 20% of the total
power (23W of a total of 125W) [9]. Designers of a Mellaserver blade estimate that
the IBM InfiniBand 8-port 12X switch consumes about 37.5%ef40W power budget

[8].

Distribution of the power consumption in most intenwection networks
suggests that a majority of power is taken up by the lctkspared to buffers and router
components and logic. For example, the link circuifrjpha 21364 consumes 58% of
the network power. In the IBM InfiniBand 8-port 12X svifdinks take up to 65% (20W)
of the total network power.

As the power budget for a system becomes tighter, pcovesumption in a
network becomes more constrained. Even if power budggetabundant, it is still
important to efficiently manage power usage, since tbbahility of failures increases
with temperature, which can be raised by a greater poovesumption. As a result,
researchers have developed power models and profiles farontection networks, and
both circuit level and architectural level techniquestiiwe power usage.

In this paper, we focus on architectural techniques fbziog power usage in
links of an interconnection network. As links are a mafsumer of power in most

! The major power consumer in some interconnection nksismot the links. For example, in on-chip
networks, link circuitries are much simpler and thus consusraaller portion of network power [6].



interconnection network, an effective method to reduce poargsumption in links will
in turn reduce the total network power substantiallpwielver, as we will analyze in
depth later, developing such effective techniques is declgahg task, with different
constraints and tradeoffs between network performéatency and throughput), design
complexity, and hardware overhead.

This paper is organized as the following. In Section 2ywillgoresent a survey
and critique of three popular techniques in this area: Dyn#&itage Scaling, On/Off
Links, and Variable Width Links. In Section 3, we wilhsonarize the similarities and
differences of these three techniques. A new techniqu@ulganents the Variable Width
Links method, combined with algorithms developed for Dynaroitage Scaling, will
be investigated in Section 4, followed by conclusions iriGeé.

2. Existing M ethods

2.1 Dynamic Voltage Scaling (DVS)

2.1.1 Description and Results of Technique

Dynamic voltage scaling (DVS) is a popular power saving tecienoriginally proposed
for microprocessors. The basic idea of DVS is to akfie different requirements for
frequency and voltage for different workloads. Workloadatem also exists in
interconnection networks. This is the motivation to ad¢8 techniques for potential
power savings in interconnection networks [1] [4].

A crucial aspect of DVS techniques is the transitioncgokivhich dictates when
to scale and how much to scale. Channel bandwidth decieessas/ with link
frequency, which can be seen from the equation b=w*grevb, w, and f are the channel
bandwidth, the channel width, and the link frequency, résmbe. Reduced channel
bandwidth due to reduced link operating frequency can cause degmaddioth
network latency and throughput. As depicted in Figure 1, tiyehgof network latency
vs. input traffic rate shifts up and to the left as altedurequency down scaling.
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Figure 1. Latency and throughput penalty asaresult of voltage scaling

A good transition policy will well balance the tradieloetween power savings and
performance penalty. A distributed history-based DVScgas proposed in [1]. To
minimize performance impact, this policy first categesithe existing traffic into two
classes: lightly loaded and congested. When the netwdightly loaded, latency is more



sensitive to latency penalty introduced by frequency/volteyen-scaling, as illustrated
by transition 21’ in Figure 1. Therefore, voltage scaling should be coasime/to
minimize performance penalty. On the other hand, whemétwork is congested, the flit
transmission across a router is constrained by théabhu#y of the downstream buffers,
not by link speed. Consequently, a more aggressive voltatiegscan be applied to save
more power, as shown by transitio»2’ in Figure 1.

The distributed history-based DVS technique works as lleving. Each port
tracks its workload history, predicts its future workload] dgnamically adapts its
frequency and voltage to the minimum required by the pretifatere workload. Link
utilization (1) and input buffer utilization (2) are thesed to predict future workload
using an exponential weighted relation (3). Two setbr@sholds, [TL_low, TL_high]
and [TH_low, TH_high], are used in link utilization as eria for scaling in light traffic
conditions and congested network conditions, respegtiB_congested is used in buffer
utilization to determine whether the network is presticto be congested.
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where F(t) is the number of input buffers that are oeclipt time t, and B
is the input buffer size.

weight x Par + Par
Par e = 2 2 R (3)
weight +1
where Pafedict IS the predicted indicator, Rafencthe indicator for current
history period, and Pgk:the indicator for past history period.

To evaluation the proposed history-based DVS policy, gate-hetlists
combined with real-delay timing simulation is performedf-Sienilar traffic pattern is
injected into the network. On average, power reductigh@X is obtained. This power
saving comes at a price. The average network latency easex by 15.2% and the
average throughput is reduced by 2.5%. Sensitivity studies oy pa@rdormance to
threshold settings are also conducted as part of poladyation.

2.1.2 Critique of the DV S technique

The distributed history-based DVS technique offers sigmfipawer savings (4.6X on
average), which is a substantial improvement on tha@qursly reported 2X power saving
using a different policy [4]. Another advantage of tlkishnique is that the DVS policy is
based on information local to a node. As a result, harelwverhead is lower than other
policies that require global network information. Alsace scaling is only applied
locally, performance impact is minimal, as shown byréported 2.5% reduction in the



network throughput. Using self-similar traffic, which H@esen empirically found to
represent actual network traffic [10][11][12], provides furtbgpport for the
effectiveness of the DVS policy. The disadvantagb\¢§ is that it requires complex
hardware components such as the adaptive power-supplytoegudad frequency
synthesizers. These hardware components lead to higstesired limit the applicability
of the DVS technique.

Several issues need to be further addressed in [1]. priestiction of future
workload using link utilization and input buffer utilizationaks to be further
investigated. Second, DVS with its history-based policylmatested under a more
realistic environment in future experiments. Third, it &l8o be interesting to show the
area overhead incurred from DVS. Last but not the leffsicts of frequency and voltage
levels can also be explored as there may be an aldtieguency and voltage granularity.

2.2 Dynamic Power M anagement Using On/Off Links (DPM)

2.2.1 Description and Results of Technique

The idea of using DVS links to optimize interconnectiehwork power can be extended
to turning off the link totally. This is the concept propbse[2]. In [2], links are
dynamically turned on/off depending on link utilization aions. Link utilization is
evaluated via input buffer utilization, which is calcuthfellowing Equation (2). When
link utilization on a router falls below the "Off" #shold, a link on that router is
randomly selected and turned off. The remaining flita p&cket on the selected link are
drained before the link is switched off. When link utilipation the router goes above the
"On" threshold, an off link on the router is randonmdyested and turned back on.
Switching a link back on can take a significant amountoé tidepending on the link
technology. Thus, severe performance degradation can eevetdsHowever, the off
links in the method presented reduce path diversity and caiblydsave part of the
network disconnected. Therefore, a power-performanceestivity graph is used to
select candidates for on/off links. The ultimate purpiidée graph is to ensure that the
entire network is still connected together when albtiihk candidates are turned off.
Also, to avoid deadlocks, the employed routing algorithetteer proactive or reactive,
must account for links in the off state and rediredfitréhrough links in the on state. As
a result, routing is non-minimal. The hop count compboépacket latency increases
and is a function of the currently operational links.

To evaluate the performance of DPM with on/off links,e8iou and Peh used an
8-ary 2-mesh topology in their network simulation [2]. Retwork connectivity, the
topology imposes a maximum of 2 outgoing links per inoatar as candidates for
on/off links. Outer routers do not have any outgoing onitaif candidates. A 2 virtual
channel class system is employed with one class usmgnimimal east-last routing and
the other non-minimal west-last routing. Uniform randwaffic is used. On/off link
transition latency ) is set to 1000 cycles. In this scenario, average lptenceases by
48.5% when two links per router are off. A 34% power savidpserved under such
situation. The impact of4 on power saving is studied by varying injection rates. With t
=100 cycles, power savings of 35.9% is observed, while with 1000 cycles, it slides
down to 35.4%. Wheny = 10,000 cycles, power savings drops significantly to 30.2%.
Please note that due to the varying injection rate in guisrel experiment, the power
saving number is different from the first experiment.



2.3.2 Critique of the DPM approach

In contrast to DVS links, the on/off links do not consumergrowhen they are off. They
also require simpler hardware to implement and can apatdtigher speed. It is, thus,
easier and less costly to implement. However, tieel ne keep the entire network
connected limits the theoretical power savings okttteeme. Although the deadlock free
routing in the simulation is fairly simple, a deadd@soidance routing in a real
interconnection network for the proposed method in [2] reager the system more
complex. In fact, both the power-performance connegtgriaph and deadlock avoidance
routing are network type specific. Such specificity makesattoption of the DPM
approach more difficult. A methodology to systematjcgktnerate candidates for on/off
links and routing algorithms given a network topology isdeele Power savings in this
method is highly dependent on the on/off transition te@urrent on/off transition
latency is about 10,000 cycles and the projected figureoistdi)O cycles. The
improvement from 10,000 to 100 cycles may lead to more link faedeverhead and,
thus, may demand more power, and can offset the behéfie on/off link transition
latency improvement to power savings. The reader magenthat the power and
performance numbers are less impressive than thosd stahe DVS paper. However,
please note that the experiment in [2] uses a netwonklaior and the experiment in [1]
uses gate-level netlist. Also, the experiments usedrdiit traffic patterns for evaluation.
Thus, no direct comparison should be made. In additiofgramrandom traffic does not
reflect realistic network traffic. As a result, tlaency increase and power saving
numbers stated will likely not be observed in a realdvenvironment. Realistic network
traffic should be used for evaluation purpose. Study shdsddoe done on the effect of
on/off threshold on power savings.

2.3 VariableLink Width Method (DAWL)

2.3.1 Description and Results of Technique

Unlike the DPM approach, which turns a link off to reducepihver, DAWL
dynamically adjusts the bandwidth of a link by narrowingnoreasing the width of links
to utilize power consumption [3]. For simplicity and proiikity, the adjusted width is
always chosen to be double or half of the original witltie algorithm monitors the
network traffic by increasing a counter every time a ghitansferred through a link (one
counter per link). The counter value indicates the linkzation. When the link
utilization drops below a threshold value U-off, thé Midth will be halved and when
the link utilization rises above a threshold value Utba,width will be doubled. The
implementation of this mechanism is shown in the Figure
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Figure 2: DAWL Har dware model implementation

Performance evaluation is done on a 32-ary 2-cube toruaddis) and an 8-ary
3-cube torus (512 nodes), with minimal adaptive routing ananiole flow control [3].
When traffic load is light, most of the link utilizatias around 25%, resulting in a 4x
deduction in power (26% of the original power consumptioit)) & 3x increase in
latency. With a higher traffic load, a 2x power deductsachieved (50% of the original
power), with a 2x increase in latency. When the netushighly congested, the power
saving approaches to zero and the latency matches thaabrigiwork value.

2.3.2 Critique of the DAWL approach
There are several advantages of the DAWL approach cechpa DPM. First, unlike in
the DPM approach where routing is restricted when dovke are off, we can always
use the same routing algorithm. As a result, therlsdsre need to create a new
connectivity graph and a new complex on/off algorithmawvoid deadlock as in DPM,
which simplifies hardware design. Second, the minimaldwunt remains unchanged
which also makes the latency and power estimationredsied, DAWL has a granular
power saving compared to DPM. Last but not the least,ato# lower switching
overhead than DPM. When compared to DVS, is also leaadiantage that hardware
design is simpler. In short, DAWL achieves a satisfigcpower reduction with a simple
design. The great disadvantage of DAWL is the latenoglpe Specifically, the 3-fold
latency penalty may not be tolerable by many application

Several issues remain unaddressed by the paper. Firskithehat the HW
implementation for DAWL is simple is very relatis@d subjective. For example, if we
want to make the approach more applicable, we need to Heer granularity in
bandwidth adjustment for a better balance of performandegpower. The paper suggests
a selection function to allocate higher priority pasketwider links, which implies more
complicated hardware to prioritize packets and perforrketaswitching. As another
example, a minimal adaptive routing may not be adequetenare. Some long paths
might have a lower latency because many links in thates have high bandwidth, while
some short paths may impose a high latency due to lodnbdit of the links. As a
result, global information is necessary in order tovege the effective minimal routing
for lowest latency, which will in turn increases hardsveomplexity. Second, the
simulation is performed based on a linear traffic med#l uniform distribution. The
results are not well justified with irregular or bursigffic.



3. Summary of Critiquesfor Existing Methods

All three methods are related to one another. FilBiyIlZan be considered as an extreme
case of either DVS or DALW. In the extreme cas®¥E, consider reducing the
frequency of a link to zero, then DVS becomes DPM. [&ihyi in the extreme case of
DALW, consider reducing the width of a channel to 0, and tWLW is equivalent to
DPM.

Second, all three methods sacrifice performance faepoThey all decrease the
throughput and increase the latency of the network by meglwadths or frequency of a
link. DPM also affects the average minimal hop countgy id the network since some
packets will need to resort to non-minimal routing dudnéodff links. The tradeoff
between power and performance is a fundamental oneemthia the physics of the
network. However, as we can see in DVS, when theor& is heavily congested, the
latency required by a link becomes less critical if thertkiream buffer space is mostly
packed. In this case, the power reduction becomes “ginee the performance penalty is
hidden.

On the other hand, each method has its own strongspenidt weak points. Table
1 summarizes these three methods with respect toefiffenetrics, which are all critical
characteristics for measuring the quality of the techniques

Technique/Metric DVS DPM DALW

Power Reduction Limited by Limited by topology| Limited by available
voltage/frequency | since links that can channel width and
scaling granularity | be turned off while|  width reduction
keeping a connected granularity
network is limited

Latency Penalty Low penalty for Heavy penalty for | Heavy penalty for
lightly loaded lightly loaded lightly to modestly
network; Hidden network; not loaded network; not
(~0 penalty) for applicable to applicable to
congested network | congested network congested network

Throughput Penalty Throughput Throughput Throughput
Reduced Reduced Reduced
Design Complexity High to provide Complex; needs Low with naive
voltage/frequency new routing implementation
adjustments algorithms,
deadlock
considerations
Hardware Overhead High to support Low Low

frequency and
voltage adjustments

U7

Fault Tolerance Minimal impact Reduce path Minimal impact
Impact diversity

Table1: Summary of Methods



4. Proposed method

We have noticed that in order to utilize power usadmks in interconnection networks,
there are mainly two methods: reducing frequency/voltage reducing link width.
From a physics standpoint, given a network, these arenflggechniques that can be
used to reduce power consumption by links. Furthermores g#rermainly two policies
determining when these techniques should be invoked: wheonkesnightly loaded
and when network is congested. Both policies are welfigcstUnder light traffic, we

do not need to provide as high throughput and while under congeséaig not need to
provide as low latency. However, it does not make semnsge ivoke power adjustments
when the traffic is heavy but is still below the netkthroughput limit, since both
latency and throughput are critical. With these consiaers, there are four possible
configurations, as shown in the four entries of Tableabld 2 also summarizes the
existing techniques with respect to these four configurations.

An interesting observation is that there is notayggchnique comprising
“reducing width method” and “network congested policy”. Weefene have
investigated the feasibility of the method lying in this quatdr@ur conclusion is that
this technique is promising. First, it improves DALW by achigva better power
reduction without sacrificing much performance penaltymitie network is congested.
Second, we expect that it has comparable results to ki having a simpler design
and less hardware overhead. We will present our argumegaotsusly below.

M ethod/Policy Network lightly loaded Network Congested
Reduce frequency/voltage DVS, DPM DVS
Reduce link width DALW, DPM Proposed M ethod

Table 2: Techniqueswith respect to methods and policies

4.1 Method and Implementation Outline

This method is essentially a combination of DVS and DAliVdugments the DALW
approach, incorporating the DVS history-based policy. Terdehe when the method
should be invoked, we first sample link and buffer util@atvithin a predefined history
window as described in Equations (1) and (2). When the litikaiton is low while the
buffer utilization is high, i.e. greater than a thiddliB_congested, it is an indication that
the network is congested. Second, we use an exponeniggites average utilization,
combining current and past utilization policy, to prethe future link utilization, as
shown in Equation (3). Similar to DVS, we also have s&ts of thresholds to
accommodate different network traffic loads. [TL_high, Tow] are used when the
network is lightly loaded, when width adjustment issEmwatively carried out to
minimize the impact on performance. [TH_high, TH_lowngd ased when the network is
highly congested, when aggressive link width adjustmenbeaapplied with link delay
hidden in the congested network. When the predicted litikatton is below the lower
bound for the corresponding traffic load, we double theviidth if it is not already at its
full bandwidth. On the other hand, if the predicted linkagtion is above the upper



bound, we decrease the link width to half, if it is no¢adty at its minimal bandwidth,
which is the bandwidth of one signal in our case, to nsake a link is never completely
off. This algorithm is shown below.

Algorithm 1

while (Sgnal width adjustment) do
LU predicted = (W* LU_current + LU_past)/(WH+ 1);
LU _past = LU_predicted;
BU_predicted = (W* BU_current + BU_past)/(W+ 1);
BU_past = BU_predicted;
if (BU_predicted < B_congested) then
T low= TL_low;
T high= TL_high;
else
T low= TH_low,
T high= TH_high;
end if
if (LU_predicted < T_low) then
newWidth = Width/2;
elseif (LU_predicted > T_high) then
newWidth = Width * 2;
else
newWidth = Width;
end if
end while

To implement this method, we simply make use of thdvinare framework
proposed by DALW, shown in Figure 2. This framework allmsso dynamically adjust
link width based on certain criteria signaled to the nekwHowever, the width
adjustment logic will be replaced by the history-bgselity described above.

4.2 Expected Results

We expect the results obtained by the proposed methmzlvery similar to that obtained
by DVS. Intuitively, they impose a similar impact oraohel bandwidth. Given that the
channel bandwidth b = f*w, where f is the frequency ofyaal and w is the total number
of the signals, reducing the frequency by half and reducegvitith by half will have

the same effect on b: reducing it by half.

First consider the case when the network is lighthdéx. We rely on the fact that
since the input injection rate of the network is lowpraker fraction of the link width
(i.e., smaller bandwidth of each channel) is enough tol&ahd amount of traffic
without incurring congestion. However, the latency afepacket will be affected. Since
the bandwidth is smaller, the serialization latensy=TL/b will be higher due to a smaller
b, where L is the packet length. This effect will bglimgble for short packets. However,
for long packets, this may induce substantial overheadstimat itolerable by an
application.

Next we consider the case when the network is coagielst this case, the
downstream buffer of a link will be mostly occupied. et the packet faster through
the link will not help. In this case, the link width cla@ reduced more aggressively to
save power, since performance penalty can be hidden.



From the above analysis, if we perform the same @xpet as DVS (shown in
section 2.1.1), and plot the power reduction vs. trafifiection rate and latency vs. traffic
injection rate for our proposed method, the shapeesitigraphs are expected to be
similar to those of DVS. However, the absolute nummival be different, since the
proposed method and DVS differ by the granularity of badtwieduction. At large link
width, width reduction by half gives a significantly coaradjustment in power and
performance reduction than DVS. However, as link widitomes narrower, the power
and performance reduction adjustment of our proposed chégmomes finer. In the
latter case, the difference in power savings and pediocsreduction of both methods
reduces.

5. Conclusions

In this paper, we have explored many aspects of link poederction techniques of an
interconnection network. We have a thorough analysisreétpopular techniques and
investigated a new technique. The essence of these technigaesfising performance
for power, which represents an inherent tradeoff. Howewigh an accurate estimation
of traffic conditions in a network, performance penaty be hidden. Therefore,
developing a good estimation function is the key to theseniques. Currently all
methods make predictions based on linked utilization andfertutilization. More
sophisticated models are possible, and can motivate figseanch directions.
Furthermore, formal optimization techniques can alsmberporated to select the
granularity of power reduction to balance the tradeofivbeth power and performance.
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