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ABSTRACT

Dynamic power management can be effective for de-
signing low-power systems. In many systems, requests
are clustered into sessions. This paper proposes an adap-
tive algorithm that can predict session lengths and shut
down components between sessions to save power. Com-
pared to other approaches, simulations show that this
algorithm can reduce power consumption in hard disks
with less impact on performance or reliability.

1. Introduction

The increasing popularity of portable electronics and the
concept of green computers have generated a need for
low-power computer design. In a computer, a hard disk
can consume more than one fifth of the total power [4]
[8]. Studies show that hard disks will keep consuming a
significant portion of power in the near future [7] [9].
Although stopping plate spinning can reduce power con-
sumption, this approach has three problems: a decrease
in performance while waiting for the plates to spin up,
extra energy while accelerating the plates, and higher
failure rates which increase with the number of spin up-
down cycles, typically tens of thousands of cycles [5]
[13]. A desirable power management algorithm should
save energy while providing high performance and low
failure rates.

Disk shutdown algorithms can be classified into two cat-
egories: predictive and stochastic schemes [1]. The for-
mer are based on prediction of idle periods while the
latter use stochastic system models and solve the opti-
mization problems. Examples of the predictive schemes
include [3] and [8], while [2] and [10] use the stochas-
tic approach. Although these methods are effective in
several applications, they do not consider the bursty na-
ture of disk accesses. Traces [11] show that accesses are
clustered, or bursty, with varying time between two ac-
cesses in the same cluster. Thus, none of these approach
can accurately model requests.
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Disk shutdown algorithms can be implemented (in hard-
ware or software) as part of a dynamic power manage-
ment methodology [12]. The contribution of this paper
is two-fold: (1) it presents a new algorithm for power
management in hard disks and (2) it reports the result of
a simulator specifically designed for comparing differ-
ent power management schemes. The new algorithm is
based on the concept of sessions, which can cope with
the non-stationarity of system requests. Our method is a
heuristic that takes into account non-stationary requests
and hard disk reliability.

The method we present in this paper divides disk re-
quests into sessions. Requests close in time belong to the
same session; those that are far from each other without
any other request in between are divided into different
sessions. Since inter-session periods do not have disk
activities, they are ideal candidates for spinning down
the plates. Shutting down a disk inside a session, how-
ever, will cause serious performance degradation because
the spin-up delay can be a significant portion of the time
between requests. We develop an adaptive algorithm
to dynamically predict session lengths and shut down
a disk between sessions. Compared with other exist-
ing approaches through extensive simulations, our algo-
rithm shows low energy consumption with less impact
on performance or reliability.

2. Disk Accesses and Definition of Sessions

Figure 1 shows a disk access trace on a personal work-
station for one day [11]. This figure suggests that ac-
cesses are clustered into groups, called sessions. A ses-
sion starts with an access separated from the previous
one by a long period of inactivity.

A threshold 7 is used to separate sessions. If the time
of two consecutive accesses differs by more than 7, they
belong to two distinct sessions. A smaller 7 may divide
adjacent accesses into two sessions while a larger value
can combine them into one. Figure 2 shows an example
of sessions with different 7. In this figure, disk accesses
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Figure 2: Sessions for Different Threshold

are shown by arrows on the time axis. Each gray bar in-
dicates the span of one session, from the first access to 7
after the last access. For example, the last two accesses
occur at t = 19 and t = 21. They are classified into the
same session if T is greater than two. If there were an ac-
cess at the 20th second, three accesses would be classi-
fied into the same session, even when 7 equals one. The
session length, L, is the time between the first and the
last accesses in one session. The lengths of the first two
sessions are three and zero when 7 = 2. This example
shows that L can be larger or smaller than 7. If a power
manager shuts down a disk after it is idle for 7 seconds
when the ratio %is rather small, a significant amount of
energy is wasted for the last 7 seconds. Conversely, a
large % indicates that multiple sessions are combined
into one. The intermission is the time between the last
access of the previous session and the first access of the
next session. For example, when 7 = 2 the intermissions
are three, four, five, and three.
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Figure 3: Intermission for Different 7 Values

Although the one-day trace of disk accesses clearly shows
the bursty nature, it is too short to derive an appropriate
value for 7. Instead, we used a one-week trace to com-
pute an appropriate value for r. Figure 3 shows the aver-
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(unit: second) mean | median | standard

deviation
intermission 986 872 668
length 59 48 51
time between 1.2 <1 6.0
access in a session

Table 1: Statistical Properties When 7 = 60

age length of the intermissions for different 7. We chose
sixty seconds for 7 because it is the knee of the curve.
A much larger 7 will combine a lot of sessions while
a much smaller 7 will divide one session into multiple
ones. In Section 4, we will show that this value is effec-
tive for a nine-week trace. Therefore, on-line derivation
of 7 is unnecessary due to the adaptivitiy of our algo-
rithm. Table 1 shows the statistics when 7 is 60. As
expected, the average session length is much smaller
than the length of intermissions. This 7 value rarely
combines sessions while keeping clustered accesses in
one session. The standard deviation is compatible to the
mean. This suggests that the individual session length
varies widely and an adaptive algorithm is required to
adjust session length prediction.

3. Adaptive Disk Shutdown Algorithm

A disk model with two states is used in our study. When
the disk is in the spinning state, it can serve 1O requests
right away. On the other hand, when the disk is in the
sleeping state, 10 requests have to wait for the plates
to spin up. A power manager (PM) changes the disk
into the sleeping state whenever this transition is bene-
ficial under the three conflicting goals: low power con-
sumption, high performance, and a low failure rate. Fig-
ures 4 and 5 show our algorithm. The three interme-
diate states are enclosed by dashed lines. A sleeping
disk wakes up only when a request arrives. The PM
checks the 10 request queue periodically. If the queue
is nonempty and the disk is sleeping, the PM issues a
spin-up command. If the plates are already spinning,
they stay spinning. Meanwhile, the PM increases the
predicted length of the current session. If the queue
is empty and the disk is sleeping, the disk stays in the
sleeping state. The difficulty arises when the queue is
empty while the plates are spinning. Instead of immedi-
ately issuing a spin-down command, the PM decreases
the predicted session length by an adjustment parameter.
This parameter can affect the performance of the algo-
rithm. If it is too large, the algorithm is too sensitive
to the variations in the time differences of two consec-
utive accesses. If it is too small, the predicted length is



adjusted too slowly and the algorithm becomes a fixed-
duration timeout scheme. The PM issues a spin-down
command only when the queue has been empty long
enough compared to the predicted session length. By
dynamically adjusting the prediction, the algorithm can
shut down the disk earlier for a shorter session while
keeping the plates spinning for a longer session.
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Figure 4: State Transition Diagram

/= PL/AL: predicted/actual session length ¥
/% a: attenuation factor 4
I+ SE: predicted session end time ¥
/= Th: threshold; inc: increment constant ¥
switch(state) {
case spinUp:
state = spinning; PL = a % PL + (1—a) » AL;
SE =now + PL; break;
case spinDown:
state = sleeping; break;
case sleeping:
if (a request arrives) { state = spinUp; }
break;
case 7spinDown:
if ((now > SE) && ((now — SE)/PL) < Th1)
{ state = sleeping; }
else { state = spinning; }
break;
case spinning:
if (a request arrives) {
if ((now > SE) && ((now —~ SE)/PL < Th2))
/+ almost ready to shut down; defer SE +
{ PL +=incl; SE +=inc2; }
}else {
state = ?spinDown; PL —=incl; SE —=inc2; }
break;
}

Figure 5: Adaptive Algorithm

4. Comparing Power Management
Algorithms

Table 2 shows the disk model in our simulation. We
have developed a dynamic power management analysis
tool to simulate five control algorithms:

1. Adaptive algorithm 1: proposed in this paper. The
initial prediction is 60 seconds and the adjustment
parameter is 1.25 seconds because simulations show
that this value can balance the sensitivity and adap-
tivity mentioned in Section 3. The prediction for
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spinning 1.5W sleeping | 0.3 W

spindown | 1.OW spin up 25W
1.0 sec 1.0 sec

spinning switching

failure 1-1073 /hr | failure 3-1078

Table 2: Disk Model

the next session is 0.7 x previous prediction + 0.3
x actual length of the last session in order to ad-
just for workload changes.

. Adaptive algorithm 2 [3]: The minimum length
is 2 seconds and the other parameters are chosen
according to the suggestion by the authors of [3]
as (aa; BasOm, p) = (27 -0.25,1.0, 005)

3. Adaptive algorithm 3 [6] : The lower bound for
the predicted idle time is 1 second and (a, ¢, Str) =
(0.5,2,4.75).

4. Fixed-timer algorithm: We used two seconds [8],
and five minutes as commonly seen on desktop
computers.

5. Greedy algorithm: shut down the disk ten mil-
liseconds after serving each access. If another re-
quest arrives during the spin-up delay, the second
request will also be served before the shutdown.

[\

Our adaptive algorithm differs from [3] and [6] be-
cause it (1) estimates the length within each session, (2)
predicts lengths instead of changing acceptable amounts
of idle time, (3) assumes equal probability for longer or
shorter sessions than the average length, and (4) is less
sensitive to exceptionally long idle periods compared to
Hwang’s algorithm. In our simulation, all algorithms
check the request queue every second.

Table 3 shows the result of running these algorithms for
a nine-week trace with 385,213 disk accesses on a per-
sonal workstation [11]. The last two rows are normal-
ized. We compare the following items.

1. Consumed energy.

2. Number of state changes. This is used for predict-
ing the disk lifetime. We assume each up-down
cycle increases the failure probability by 3 x 1076
and one spinning hour increases it by 1 x 1075,
The lifetime is the time when the failure proba-
bility reaches one-half. A large number of state
changes reduces the lifetime and implies more re-
quests have to wait for the plates to spin up.

. Total spinning time and average duration.

4. Productof 1 and 2. A smaller number is better be-

cause fewer requests are affected due to spinning-
up delay while energy consumption is also small.

W



adaptive 1 | adaptive 2 | adaptive 3 | fixed (2s) | fixed (5m) greedy
E (energy, J) 2603507 | 1870586 | 1859128 | 1846958 | 4778338 | 1791558
ratio 1.45 1.04 1.04 1.03 2.67 1.00
S (switch cycle) 6493 21485 22352 23330 3306 33609
ratio 1.96 6.50 6.76 7.06 1.00 10.12
life time (week) 317 93.6 90.0 86.0 626 58.7
ratio 5.4003 1.5945 1.5332 1.4651 10.6644 1.0000
spinning (sec) 789852 135357 123280 129590 | 2613312 NA
mean spinning time 121.6 6.3 5.5 4.7 790 NA
mean sleeping time 716.7 247.0 238.0 228.6 855 160.9
ExS 1.07 2.54 2.63 2.73 1.00 3.81
E /S (efficiency) 7.52 1.63 1.56 1.49 27.11 1.00

Table 3: Comparison of Power Management Algorithms (NA: not applicable)

5. Efficiency, the ratio of the first two items. A large
number means that a higher portion of energy is
used to keep plates spinning to reduce delay.

This table shows that four algorithms (adaptive 2, 3,
two-second fixed and greedy) have similar results be-
cause all of them are dominated by the intra-session
behavior. They also suffer from short lifetimes — less
than two years. The widely-used timer of five minutes
consumes much more energy because the average ses-
sion length is one minute. Although we derive the value
of 7 from a one-week trace, simulations show that it is
equally applicable to this nine-week trace. This sug-
gests that on-line adjustment of 7 is unnecessary be-
cause the algorithm can dynamically adjust for workload
changes. Our algorithm consumes 45% more energy
than the other two adaptive algorithms but it provides
a six-year lifetime, generally long enough for a personal
computer. The last two rows show that our algorithm
also provides a small ES product and a five-times higher
efficiency.

5. Conclusions

We have proposed an algorithm for dynamic power man-
agement. This algorithm adaptively adjusts its predic-
tion of future requests based on the notion of session.
We have performed extensive simulations on controlling
the power states of hard disks and have shown that this
algorithm can reduce energy consumption with longer
sleeping duration, less performance impact, and reason-
able lifetimes.
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