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ABSTRACT 1. To establish an accurate, but computationally effi-

) L . cient, performance and power consumption mod-
While numerous power optimization techniques have be€ s for disk-based systems.

proposed at all levels of design process abstractions fa _ ) )
electronic components, until now, power minimization in2. To identify most effective ways to reduce power
mixed mechanical-electronic subsystems, such as disk in disk-based application specific systems.

has not been addressed. We propose a conceptually Sil; 14 gevelop a practical approach and optimization

ple, but realistic power consumpt_lon model for dl_sk (_jrlves synthesis algorithms for a scheduling and assign-

The core of the paper are heuristics for optlmlzat|or_1 ol ment of disk-based real-time systems.

power consumption in several common hard real-time

disk-based design systems. We show how to coordinal he detailed description of the synthesis approach for
tasks scheduling and their disk data assignment, in ordeoptimization of disk-based application specific systems
to minimize power consumption in both electronic anccan be found in [5].

mechanical components of used disks. Extensive expe

mental results indicate significant power reduction. 2.0  Background Material

In this section we first provide an overview of power
1.0 Introduction consumption sources in a disk and briefly discuss the most

Magnetic disks are the de-facto standard for providingPopular timing models of a magnetic disk. We conclude
non-volatile high volume memory capacity in modernthe section, by explaining the selected hardware and
computer systems. Disks provide superior trade-off Witrcomputational models. The detailed description of disk
respect to common design metric such as cost, memotechnology is available in [3].

capacity, latency, data input-output bandwidth anc  poyer required by a hard disk drive is consumed by
reliability in comparison with all other alternatives. Until its many different components. To complicate matters
recently, disks have been used mainly in general purpOteyen fyrther, the power requirements of each component
computing systems. However, convergence of Severqyjj yary with the current operational mode of the disk.

application and technological trends resulted in the rap|deCOmmon operational modes with different power

increasing importance of massive storage in applicatiorequirements are: Start-up, Seek, Read/Write: Idle,
specific systems. There is rapid growth in applicationsgiandpy and Sleep. In each of the distinct operational
such as internet-based servers (e.g. world wide webp,q4es available, a different amount of strain is placed
video-on-demand, interactive television, and videc,,qn each of the individual disk components, varying the

conferencing, all of which have as dominatingymount of power consumed [5]. A seek moves the disk
components large volume data management. At the san

time technological trends indicate that key design metrig seek distance range [tracks] seek time

of mo(;iern and futu(rje ap.plir::tation s(;j)ecific (iezigbns, such.c 1-50 1.9 + Jdistance - distance/5
speed, power, and weight, are dominated by massi - - 5
storage elements. Most often, magnetic disk is already 51 -100 8.1+0.044 (d's_tance 50)
bottleneck in current application specific computer and 101 - 500 10.3 +0.025 * (distance - 100)
communication systems. 501 - 884 20.4 + 0.017 * (distance - 500)

Another equally pronounced consequence of the currel Table 1 Typical seek time for an IBM disk.

application and technological trends is increasinthead (arm) from track to track. Several techniques have
importance of power minimization. Our main strategicpeen proposed for analytic and empirical modeling of
objective is to give impetus for research and developmelgccess data [13, 18]. The common denominator in all of
of synthesis and compilation techniques for design othem is that longer distance which arm has to travel
massive storage-based application specific systems. Vicorresponds to larger time overhead. Typical seek times
have three main technical goals in this paper: for an IBM disk are given in Table 1 [11].
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Our selection process of computational and hardwarresearchers developed new disk scheduling algorithms for
models was mainly guided by the goal to cover as large itnew general-purpose computing platforms assuming
possible set of modern and future disk-based applicaticincreasingly more realistic and complex disk models [14].
specific systems. The system has three components: disGrossman and Silverman discussed placement of records
main memory, and processor. Processor by itself can ha'on a secondary storage device to minimize access time [3].
multiple processors and/or ASICs. Since for powet
minimization in both memory and processor (and ASIC)
several approaches are readily available [12], we focus ol
attention on disk’s power optimization. We assume that .
disk is a separate unit, as it is almost always the case
industrial practice.

Recently a number of synthesis and compilation
techniques for power optimization at all levels of
abstractions during design process have been proposed [1,
15]. Although, power optimization is most effective at the
higher levels of abstractions, until recently majority of
power minimization techniques were proposed at logic
We assume that each of tasks follows homogeneotsynthesis and physical design phases of design [1, 12, 15].
synchronous data flow semantics and syntax individualhA good survey of low power storage alternatives for
[9]. We assume, with no loss of generality that all taskgeneral purpose mobile computing is given in [2].
have identical periods. When this is not the case, a simp .
preprocessing step and application of the least commc#-0  Disk Power Model

multiple (LCM) theorem [8], in polynomial time oyr model separately considers two subparts: mechanical

scenario. We assume no task preemption. Note that thsharply different power dependencies [4,5].

preemption restriction, actually does not impact any of th )

preemptive policies yield superior results in comparisor.C'Vlos'base‘.j designs. The sources of power consumption
with preemptive policies. in a CMOS integrated circuit are due to four types of

currents: leakage, standby, short-circuit, and capacitive.
Furthermore, each task has a need to read or read and Wip|| the currents except capacitive can be reduced to a
data to the disk. We assume that for each task a sequerre|atively low percentage of the total design power by a
of disk blocks to be accessed for its execution is givercgmbpination of proper design techniques [12, 15] and are
Time to serve one read or write request is the sum of se¢majnly independent from the synthesis tasks related to
time and data transfer time. Seek time is proportional tiyrchitectural and application design of disks electronic
distance which disk’s head has to travel, and read ansubsystems. Therefore, the power consumption can be
write time is proportional to amount of data which has tCquantified using the following widely quoted equation:
be transferred. The typical seek times for an IBM disk ir Pejeot = G*C*Vdd2*f wherea is the activity factorC is
Table 1 have been used for experiments. The goal is ‘average capacitance switched per cydjg,is the supply
properly schedule all tasks and their required dat‘voltage, and is the cycle frequency, assuming tiiaf,the
transfers, so that all timing constraints are satisfied angyitched voltage is equal to the supply voltage. For
disk's power consumption is minimized. power-delay dependency, we use the 6th order Nevine’s
30 Related Work rational polynomial approximation proposed and

experimentally verified by Chandrakasan et al. [1].
Although there have been constant stream o

proposed alternative massive storage technologieElaborate measurements [4] show linear dependency

magnetic disks have dominated secondary storage sinbetween rotational spindle motor speed and power. In

the mid sixties. Detailed description of magnetic disks caiParticular, we use the following formula, derived from [4]:

be found in many books [6]. Another brief, but excellent Pgisx = Pis—Y* (nrs—org , wherePys is power

exposition are papers [13] and [4]. An introductoryconsumption of the disk which operates on operating

exposition of basic disk principles is also given in moderrrotations speed, denotexs, y is constant scaling

architecture and operating systems textbooks [11]. Woocoefficient,Prsis power consumption at nominal rotational

and Hodges [17] survey state-of-the-art and technologoperating speed, denoted .

trends in direct access storage devices, mainly magnetyye sejected parameters in this formula, to follow our

Q|sks. Disk modeling recently attracted a great deal 0.ynservative estimation of improvements in power

interests [4,11,13,18]. consumption. We used the following values in our
The early disk-related research in operating systemeXperimentationsPis = 700mW y = 110mW1000rpm;

has been focused on development of schedulinandnrs =5000rpm.

algorithms for efficient use of high-volume storage in

time-shared mainframes [16]. Later, operating system



5.0 Optimization: Approach, Problem periodic schedule of the tasks, a new spindle motor speed
Formulation, and Optimization Strategy S’ and a new voltag¥’ such that the disk seek time +
We now summarize our approach to powerread/write time is at mo& and the power consumption is
minimization. The key idea is to minimize seek time usincat Most?
proper scheduling and data assignment algorithms so th ~ We proved that our problem is NP-complete [5]. We
disk read/write time can be slowed down to result in thesolve the power optimization problems in two steps. First,
opportunities of exploiting power optimization degrees ofwe find a task schedule and a disk assignment such that the
freedom; the voltage of the electronic components can kdisk seek time is minimized. Next, a voltage scaling and a
reduced and the spindle motor speed of the mechanicspindle motor speed scaling are performed such that the

component can be slowed down.

throughput requirement is met.

The most general version of the targeted problem caSince the computational complexity of the disk head

be formulated in the following way:

Requirement Using Disk Seek Time Minimization

movement minimization problem forbids an exact or
_ L optimal solution, effective heuristic methods have been
Problem: The Power Optimization Under Throughput geye|oped for the problem. The task scheduling problem is

' transformed into a TSP problem and an efficient and

Spindle Motor Speed Scaling and Supply Voltage Scalingettective TSP heuristic [10] is applied to the transformed
Instance: Given a set oM tasks described by the disk Problem. For the disk assignment problem, the simulated

block access sequence, an initial voltagen initial
spindle motor speefand positive constanis andP.

Question: Are there a disk block assignment, a static

annealing (SA) algorithm [7] has been used. The detailed

description of the TSP and SA heuristics uses is given in

[5]. The task scheduling and disk assignment problem

Task Scheduling Problem Disk Assignment Problem Task Scheduling and Disk Assignment
Number Problem
of Tasks Random Optimized Random Optimized Random Optimized
Average| Best | Average Best Average Begt Average Best Avedgrage Best Average |Best
50 529.69 521.1¢ 355.81 35581 543|24 ©516.57 420.54 419.44 39.73 521.49 [311.83 | 308.80
100 1345.1% 1328.51 865.25 865)25 1353.70 1308.31 0.69 977.22 1867.57 1330.07 | 693.07| 679.21
150 2188.40 2133.48 1384.85 1384{29 217(.07 2112.88 1481.71 1465.89 2171.83 P116.32 [1004.37| 985.16
200 3165.81 3125.58 1896.831 1895|76 3217.62 3141.43 2186.19 2112.71 3242.36 3189.99 [1373.38| 1358.98
250 3877.7% 3850.98 2182.20 2181]90 3934.39 3866.63 2488.37 2429.78 3944.79 B902.58 |1555.03| 1536.65
Table 2 The results for the disk seek time and read/write time minimization.
Number Task Scheduling Disk Assignment Task Scheduling and Disk
of Task Problem Problem Assignment Problem
50 0.65 48.04 19.26
100 2.96 144.12 50.68
150 9.10 293.90 102.27
200 9.59 578.42 198.13
250 16.03 1063.90 388.49
Table 3 Running Time for example from Table 2 (seconds on SUN SPARCstation 4)
Task Scheduling Problem Disk Assignment Problem Task S_chedullng and Disk
Assignment Problem
Efu_rpabsir Optimized PD Optimized PD Optimized PD
Electronic| Spindle Total Electronic  Spindle Total Electronic  Spindle Total
50 227.5 409.7 637.31 323.20 482[07 805.27 187.38 375.68 63.06
100 185.33 373.8f 559.20 239.67 419.45 659.12 143.03 380.52 473.55
150 169.42 358.67 528.09 189.p4 377.97 567.91 125.27 308.51 433.78
200 148.09 336.3L 484.40 169.65 358.90 528.55 112.67 290.80 403.47
250 130.87 315.7p 446.62 14573 333.60 479.33 104.58 278.32 382.90

Table 4 The results for the power minimization using voltage scaling and spindle motor speed scaling.



employs a reiterative heuristic which repeatedly solves thpower consumption in both electronic and mechanical
task scheduling problem and the disk assignment problecomponents of used disks. Extensive experimental results
separately using their TSP and SA heuristics until nindicate significant power reduction ability of the
improvement is achieved. The heuristic is described usinproposed techniques and algorithms.

the following pseudo-code:
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