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Abstract 2 Related Work

The performance of many modern computer and communication The most relevant related work are efforts in communication pipeline
systems is dictated by latency of communication pipelines. At the design and evaluation, and low power design techniques. In partic-
same time, power consumption is often another limiting factor in ular, within the former domain fragmentation techniques for man-
many portable systems. We address the problem of how to min- aging congestion control, packet buffering, packet losses, and the
imize the power consumption in system-level pipelines under la- optimization techniques for improvement of distributed file sys-
tency constraints. In particular, we exploit advantages provided by tems and high-speed local area networks are directly relevant. Within
variable voltage design methodology to optimally select speed and the latter, we focus our survey on system-level power minimization
therefore voltage of each pipeline stage. We define the problem andtechniques and variable voltage techniques.
solve it optimally under realistic and widely accepted assumptions. In the introduction section, we already surveyed a number of
We apply the obtained theoretical results to develop algorithms for communication-pipeline systems and research efforts for latency
power minimization of computer and communication systems and optimization of these systems. It is important to note that many
show that significant power reduction is possible without additional application specific systems operate at the highest-level of abstrac-
latency. tion as processing pipelines on blocks of input (e.g. digital TV and
audio and segmentation subsystems of communication devices).
Apparently, fragmentation has been used in the design of In-
ternet for quite a long time. More recently, studies of how to ex-
ploit flexible block fragmentation to improve performances of DEC
workstations has also been conducted [8]. More detailed survey of
fragmentation techniques is given in [18].

1 Introduction

System level pipelines are widely acknowledged as the most likely
bottleneck of many computer systems [11, 15]. For example, a read
miss in the system data or instruction cache blocks the application - ;
program until the entire block with requested data arrives [1, 17]. . Dynamically adapting voltage and therefore the clock frequency,
The trade-off is clear: longer blocks imply fewer misses, but also {0 OPerate at the point of lowest power consumption for given tem-
longer interrupt latency. Similarly, in high speed local and wide- Perature and process parameters was first proposed by Macken et
area networks selecting properly block size to exploit intrinsic con- 8! [9, 10]. Later, [7] described implementation of several digital
currency in communication pipelines is a key issue [2, 4, 20]. As Power supply controllers based on this idea. Nielsen et al [14] ex-
the final example where communication pipelines dictate perfor- €nded the dynamic voltage adaptation idea to take into account
mances we mention path-oriented operating systems [12]. data dependent computation times in self-timed circuits. Recently

Therefore, it is not surprising that recently the question of how several researchers developed efficient DC-DC converters that al-
to improve the performance of a system pipeline received a greatIOW the output voltage to be rapidly changeq under gxternal control
deal of attention in computer architecture, operating systems, and[13]- Researchers at MIT [3, 6] have applied the idea of voltage
compilers communities. The essence of the problem is abstracteg?d@ptation based on data dependent computation time from [14] to
in recent work by Wang et al [18]. synchronously clocked circuits.

In this paper, we address the energy minimization problem in __In the software world, also there has been recent research on
system-level pipelines under latency constraints. We use the recenfcheduling strategies for adjusting CPU speed so as to reduce power
advances in power supply technologies and the variable vonageconsumptlon_. The existing work is in the context of non-real-time
design methodology to choose a voltage profile for each pipeline Workstation-like environment. [19] proposed an approach where
stage which optimally minimizes the energy consumption of the en- time is divided into 10-50 ms intervals, and the CPU clock speed
tire pipeline system. The paper is organized as follows, we review (&nd voltage) is adjusted by the task-level scheduler based on the
the related work in communication pipeline and low power design Processor utilization over the preceding interval. [5] concluded that
techniques, then we define the problem in section 3. We solve the SM00thing helps more than prediction in voltage changing. Finally,
problem optimally in two cases: (i) each pipeline stage has a fixed [21] described an off-line minimum-energy schedule and an aver-
voltage which varies from stage to stage; (ii) every stage can have 39€ rate heuristic for job scheduling for independent processes with
variable supply voltages. We present the experimental results in déadlines.
section 6 and then conclude.

3 Background and Problem Formulation

We describe the variable voltage processor and the store-and-forward
pipelining network, characterize the user packet to be transmitted,
and then we state the problem.

3.1 Variable Voltage Processor

In most part of this paper, we use tleal variable voltage pro-
cesso[16] where the supply voltage can be changed fbta co



instantaneously without any overhead. Although this ideal proces-
sor is not feasible because of the inneglectable amount of time for

4 Fixed Voltage within the Same Stage

the voltage to reach steady state at the new voltage and the feedWe first consider the simple case when the processor at each stage

back control behavior of the DC-DC switching regulator, the study
of this model gives us insight view of the problem and more impor-
tant, it provides the lower bound of energy consumption by using
variable voltage processors.

With different supply voltages, the processor is able to operate

operates at a fixed voltage which can be arbitrary. The voltage
scheme problem then becomes to finding a constafar the pro-
cessor at thgth stage, and the energy consumed by this processor,
from (1), is simplified toE; = P(v;)T. Moreover, the time that
theith fragment stays in th@h stage can be expressed as:

at different speeds and therefore the time and power used to accom-

plish the same task will also be different.

3.2 Network Model

As proposed in [18], we represent the network as a sequence 0
store-and-forward pipeline stages characterized by the following
parameters:

e 1. the number of pipeline stages.
e g;: the fixed per-fragment overhead for stage

e T;(5): the per-byte transmission time for stageith a ref-
erence supply voltage of 5vol(§ < i <n —1).

ti; = g; +Tj(v;)zi 2

Lemma 4.1

A necessary condition for the energy to be minimized is to finish

the transmission exactly at the deadlifie

The intuition behind Lemma 4.1 is that the network will use as
much time as possible to schedule the processors with low voltages
and thus minimize energy consumption. On the other hand, for
each single stage, the best strategy is to transmit a fragment imme-
diately upon its reception or at the accomplishment of sending the
previous fragment whichever comes later. This observation leads

gi, the fixed per-fragment overhead can be considered as theto the next lemma.

context switch time. It may vary from stage to stage. If none of the
stages has overhead, as we will show soon, the best strategy is t
fragment the packet as small as possible.

T;(5) is proportional to the inverse of the bandwidth for stage
¢ with 5v supply voltage. In the extreme case, if there is no band-
width limitation for all stages, to achieve the minimum latency the
entire packet should be send as a single fragment.

3.3 Problem Formulation

Our objective is to minimize the energy consumption for transmit-
ting a packet through the network under the user-specified latency
constraint. Following variables are associated with the packet for
the convenience of analysis:

B : the size of the entire packet.

T : the deadline to transmit the entire packet.

k : the number of fragments.

x; : the size (in byte) of théth fragment § < < k — 1).
t;,; : the time that theth fragment stays in thg¢h stage.

The packet’s sizéB and the deadlin@ are given by the user,
the network is characterized by, g;, T;(5), and we assume that
the processors at all stages are identical.

Let v;(t) be the voltage at which thgh processor operates at
time ¢, then

T
Bi= [ P &
0
is the energy consumed by this processor, wii&e) is the power
dissipation at supply voltage We want to minimizeZ = Z;:Ol E;
by finding the best voltage and fragment schemes. The problem is
formulized as:

Problem: Energy Minimization with Deadline on Variable
Voltage Processor(EMDVVP).

Instance: A network with parameters, g; and7;(5),
a packet with sizeB and deadling".

Question: Find the voltage schemg; (¢) for each processor
and a fragmenfxo,z1,. .. } of the packet, such that the
entire packet is transmitted withifi and the total energy

. —1 T . L
consumptionts = 37"~ ' [ © P(u;(t)) dt is minimized.

Figure 1: Problem formulation.

emma 4.2
iven that the packet can only be fragmented into fixed size and
the supply voltage for each processor cannot be changed, if a volt-
age schemguvo,v1,...,v,—1} mMinimizes the energy consump-
tion, then
©)

From (2), the processor at the stage that has the largest per-
fragment overhead has to operate at a high voltage to achieve a
small per-byte transmission tin#& (v; ) due to (3). Therefore, this
stage will consume more energy than other stages and we call such
a stagadominant stagdecause it dominates the total energy con-
sumption.

Theorem 4.3
Let staged be the dominant stage, then there is a unique solution
for the EMDVVP problem. The number of fragments is given by:

ti j = constant

T
D= =1

k= (4)

and the constant on the r.h.s. of (3)Js7—.

How do the network’s parameters and the latency affect the op-
timal scheme?

e T': the deadline. When the latency constraint is loose (fe.,
goes large), we can have more fragments from (4). Energy
consumption is reduced since every processor gets a longer
transmission time.

¢ n: the number of stages in the network. If we differentiate (4)
with respect tan, the result is positive which means that the
more stages in the network, the more fragments we should
have. This takes advantage of the parallelism.

ga: the per-fragment overhead at the (energy) dominant stage.
If this overhead goes large, less fragments should be used to
cut the total overhead. And if there is no overhead, then we
should fragment the packet as small as possible so that more
part of the packet can be transmitted parallelly.

B: the size of the entire packet. The number of fragments in
the optimal scheme is independent of the packet size. This is
not surprising, since we use the ideal variable voltage proces-
sor, which can adjust its speed (by changing supply voltage)
according to the size of the packet.



5 Variable Voltages within the Same Stage

The discussion in the previous section is very restricted, the frag-

the expression of total energy consumed in step 5. Finally we apply
the first order condition to solve for the optimal scheme.
Considering that the size of each fragmefnthas also to be

ments have equal length and each processor runs at a fixed supplgletermined, we have:

voltage, though different processors may run at different voltages.

Now we assume each fragment can have variable size and eact] "€0rem 5.3

processor can run at different level of voltage.

First of all, Lemma 4.1 still holds, which says that we should
finish the transmission on its deadline, not any other early time.
Another basic fact is from the convexity of energy as a function of
the supply voltage:

Lemma 5.1

In every stage, to minimize the energy, supply voltages change ei-

ther on the arrival of a new fragment or at the accomplishment of
sending the current fragment.

Recall that; ; is the time that theth fragment stays in thgth
stage, which includes both the overhgadind the actual transmis-

sion time. Lemma 4.2 synchronizes all processors on fixed length
fragments such that no stage will congest or starve. This can be

generalized to the case when the fragments have different sizes.

Lemma 5.2

In the optimal voltage and fragmentation schemes, fob afl i <
k —2andl < j < n — 1, the following holds:

®)

tij =tit1,j-1

Given the number of fragments, the EMDVVP problem with variable-
sized fragment and variable voltage at each stage is reduced to solv-
ing a nonlinear system (step 6 in Figure 2)of+ 2k — 3 free
variables.

By repeating Theorem 5.3 for all possible valuegpfve can
solve the EMDVVP optimally. However, the difficulty is that even
n+ 2k — 3 variables are too many for us to handle and the nonlinear
system is also hard to be solved analytically. (See the technical
report for a detailed example and discussion.)

6 Experimental Results

In this section, we report the results when apply our new energy
minimization approach on the Myrinet GAM pipeline[18].

Myrinet GAM pipeline consists of four stages, stage O copies
data on the sender host; stage 1 is the sender host DMA,; the next
stage is an abstract pipeline stage of the network DMAs at both end
hosts and a receiver host DMA, stage 3 is the copy on the receiver
host. The parameters of this pipeline are given in Table 1[18]. The
second column is the per-fragment overhead, the third columnis the
per-kilobyte transmission time at the reference supply voltage, the

Combining all these, we propose an approach to the optimal last column is the reference power for each stage at the reference

scheme:

1. Let{zo,z1,...,2zr—1} be afragmentation, with,_1 given
by B — Zi’e—_oz i

2. Let{wo,0,v1,0,...,Vk—1,0} be the voltage scheme for
the processor at stage 0.

3. Let{vk—1,0,Vk—1,1,- - - » Vk—1,n—1 } be the voltages at
each stage to transmit the last fragment of the packet, where
Uk —1,n—1 IS solved from the latency constraint

k—1 n—1
Ei:o ti,o + Z]‘:l te—1,; =T.

4. Foreach stagf(l < j < n — 1), calculate its voltage schemg
{vi,; : 0 < i<k —2}from(2),(5).

. n—1 k—1

5. Total energy consumptiol? = ZJ,:O E.=0 P(v;,j)ti,5.

6. Solve all the variables in steps 1 2, and 3 from the system

foro<i<k-—2

S2E- =o, foro<i<k—1
i,0

6B _ .
mfo, fort <j<n-2

Figure 2: An approach to the optimal scheme.

As formulated in Section 3.3, a solution to the EMDVVP prob-

supply voltage.

stagej | g;j(us) | T;(us/KB) | P;(Watt)
0 7.2 7.2 P,
1 5.2 24.9 P,
2 7.5 24.9 P,
3 7.4 7.9 Py

Table 1: Myrinet GAM pipeline parameters.

Further, we suppose there is a 4KB-packet being transmitted via
this network with various user-specified latency constraints, and let
the threshold and reference supply voltages be 0.8 volts and 5 volts
respectively.

As discussed in Section 4, energy consumption on each stage is
determined by the supply voltage which is proportional%féj—j,,
whereC is a stage-independent constant. (This is clearly from the
proof of Theorem 4.3 which has been omitted due to space con-
straint.) Therefore, the larger the per-byte transmission Tingé)
is, the more energy is consumed. So does the per-fragment over-
headg;. In the Myrinet GAM pipeline, it is clear that stage 2 is the

lem means a supply voltage function for each processor and a packeljominant stage.

fragmentation.

We apply our new variable voltage approach with fixed-size

Lemma 5.1 outlines the shape of the voltage functions, which gagmentation to schedule the supply voltage for processors at each
are step functions with all possible break points at the time when stage. The result is shown in Table 2, where the number of frag-

new fragment comes or current one leaves. Therefore we only needments is calculated from (4) and the voltage and energy consump-

to determine the supply voltage ; for each processor to transmit
each fragment, which reduces the problem from findirignctions
to determiningnk numbers, wheré is the number of fragments.

tion are computed based on this best fixed length fragmentation.
The traditional energy minimization tries to find the minimal
supply voltage and then apply it to the processors at all stages to

Lemma 5.2 predicts a recursive relation among the time that et the deadline constraint. In this case, this voltage is that in

fragments stay at each stage, from whieh- 1)(k — 1) v; ;'s can

stage 2. Table 3 compares the power consumption at each stage by

be easily calculated. Lemma 4.1 tells us the energy is minimized o, new approach vs. the traditional method. At both end hosts
only when the entire transmission finishes at the deadline, So one(siages 0 and 3), significant amount of energy are saved due to the

more variable can be eliminated. The remaining variables are
those listed in steps 2 and 3 in Figure 2.
Since now we allow variable supply voltages within the same

stage, we can shut down the processor (or run it at the minimum

voltage if shut down is not allowed) to save energy and this gives

high transmission speed at these two stages. At stage 1, energy
reduction comes from its small overhegad



Latency | Number of stage O stage 1 stage 2 stage 3
(u8) fragments | voltage (v) | power (Py) | voltage (v) | power (P1) | voltage (v) | power (P:) | voltage (v) | power (Ps)
200 6 2.49 8.02e-02 4.96 0.97 5.52 1.40 2.63 9.97e-02
250 7 2.11 4.13e-02 3.97 0.45 4.32 0.61 2.22 5.04e-02
300 8 191 2.64e-02 3.43 0.27 3.68 0.35 1.99 3.19e-02
360 9 1.72 1.67e-02 2.96 0.16 3.13 0.19 1.79 1.99e-02
420 10 1.61 1.21e-02 2.67 0.11 2.81 0.13 1.67 1.43e-02
Table 2: Optimal voltage scheme for Myrinet GAM pipeline.
Latency power at stage QFfp) power at stage 1F;) power at stage 2K>) power at stage 3H;)
(us) traditional new saving | traditional | new | saving | traditional | new | saving| traditional new saving
200 1.40 8.02e-02| 94.3% 1.40 0.97 | 30.5% 1.40 140 0% 1.40 9.98e-02| 92.9%
250 0.61 4.13e-02| 93.2% 0.61 0.45] 25.2% 0.61 0.61| 0% 0.61 5.04e-02| 91.7%
300 0.35 2.64e-02| 92.4% 0.35 0.27 | 22.3% 0.35 0.35| 0% 0.35 3.19e-02| 90.8%
360 0.19 1.67e-02| 91.4% 0.19 0.16 | 19.0% 0.19 0.19| 0% 0.19 1.99e-02| 89.7%
420 0.13 1.21e-02| 90.6% 0.13 0.11| 17.1% 0.13 0.13| 0% 0.13 1.43e-02| 88.8%
Table 3: Energy reduction on Myrinet GAM pipeline.
7 Conclusion [10] P. Macken, M. Degrauwe, M. Van Paemel, H. Ogukwoltage re-
duction technique for digital systent990 IEEE International Solid-
In this paper, we address the problem of how to minimize the power State Circuits Conference (ISSCC) Digest of Technical Papers, pp.

consumption in system-level pipelines under latency constraints. In
particular, we exploit advantages provided by variable voltage de- [11]
sigh methodology to optimally select speed and therefore voltage
of each pipeline stage. We define the problem and solve it optimally
under realistic and widely accepted assumptions. We apply the

obt

ained theoretical results to develop algorithms for power min-

imization of computer and communication systems and show that [12]
significant power reduction is possible without additional latency.
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