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Hierarchical Adaptive Dynamic
Power Management
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Abstract—Dynamic power management aims at extending battery life by switching devices to lower-power modes when there is a
reduced demand for service. Static power management strategies can lead to poor performance or unnecessary power consumption
when there are wide variations in the rate of requests for service. This paper presents a hierarchical scheme for adaptive dynamic
power management (DPM) under nonstationary service requests. As the main theoretical contribution, we model the nonstationary
request process as a Markov-modulated process with a collection of modes, each corresponding to a particular stationary request
process. Optimal DPM policies are precalculated offline for selected modes using standard algorithms available for stationary Markov
decision processes (MDPs). The power manager then switches online among these policies to accommodate the stochastic
mode-switching request dynamics using an adaptive algorithm to determine the optimal switching rule based on the observed sample
path. As a target application, we present simulations of hierarchical DPM for hard disk drives where the read/write request arrivals are
modeled as a Markov-modulated Poisson process. Simulation results show that the power consumption of our approach under highly
nonstationary request arrivals is less than that of a previously proposed heuristic approach and is even comparable to that of the
optimal policy under stationary Poisson request process with the same arrival rate as the average arrival rate of the nonstationary

request process.

Index Terms—Low-power design, hierarchical modeling, adaptive dynamic power management, nonstationary service requests.

1 INTRODUCTION

MANY computing devices today offer multiple operating
states with different levels of power consumption and
performance. Dynamic power management (DPM) saves
power by selectively switching such a device into lower
power states when there is no useful activity. The objective
of DPM is to reduce power consumption without severely
affecting the overall performance of the device [2], [3]. In
recent years, DPM has helped to reduce the power
consumption of hard disk drives (HDDs) in mobile
computers from 25 percent to less than 10 percent [14].
Fig. 2a illustrates a basic power management system.
Service requests arrive and are buffered in a queue if the
device cannot serve them immediately. The power manager
faces the DPM problem to make decisions about when the
device should go to a different operating state and which
operating state to go to. In general, the arrival and service
processes of requests and power state transition processes
are random. If these processes are stationary, the
DPM problem can be formulated as a Markov decision
process (MDP) problem [1], [8], [13] for which a stationary
optimal DPM policy exists and can be computed. Typically,
the objective is to optimize performance (e.g., waiting time
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and loss probability of requests) subject to a given limit on
power consumption or to minimize power consumption
subject to a bound on performance. Under the stationary
optimal policy, the power manager selects the device power
state based on a system state. Under the Markovian
assumption on the random processes [1], [8], the system
state is the number of pending requests and the device
power state. A time index is added into the system state in
[13] to handle non-Markovian but stationary random
processes.

In most applications, however, the service request
process, is not stationary. For example, as shown in [12],
the service requests to a hard disk drive (HDD) can vary
significantly as the pattern of application accessing the disk
changes. Fig. 1 shows a two-hour long trace of service
requests in which five applications (Windows Explorer,
Internet Explorer, Microsoft Outlook, Adobe Photoshop, and
Windows Media Player), in a Windows 2000 environment,
access the HDD alternatively for read/write operations
(transfers). As we can see, the statistics of the arrival times
of the transfers vary dramatically among these applications.
This wide variation provides opportunities for power
savings. The main objective of this paper is to introduce a
hierarchical adaptive scheme for DPM that deals effectively
with such nonstationary process of service requests.

For nonstationary situations, we model the request
process as a Markov-modulated stochastic process of stationary
workloads. Each workload generates stationary request
arrival and service processes for the device. The modulated
process is a multimode model in which each mode
corresponds to a given workload and mode transitions are
modeled as a discrete-time Markov chain. The statistics of
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Fig. 1. A two-hour HDD trace: (a) read/write per second and (b) application (mode) switching.

the mode transition process, determined by a Markov chain
transition matrix @), define the usage pattern of the device. In
this paper, we develop an adaptive algorithm that works
hierarchically and does not assume precise knowledge of
the parameters in the Markov-modulated model.

The two-level hierarchical scheme for the adaptive DPM
follows from the multimode model for the request process.
The lower level is comprised of a set of precomputed DPM
policies: Each (randomized) policy selects the device power
state according to the current system state. The upper level
selects the DPM policy to be applied at any time according
to the current system state and the current mode of request
process (if the mode is known).

From the perspective of the policy-switching Power
Manager, the switching problem can again be viewed as an
MDP. The decision difficulty arises because of 1) a large set
of possible modes and policies, 2) limits on the frequency of
policy switching, and 3) some unobservable modes (arrival
statistics that cannot always be associated with observable
features in the system). All of these issues are due to
overhead concerns since the complexity of the policy
switching is directly related to the number of modes,
switching decision frequency, and obtaining the mode
information.

We provide a way to flexibly adjust the decision
complexity for the Power Manager. This is done through
selection of a set of special “observable” modes. The policy
set is chosen as the set of precomputed optimal policies
under stationary workloads associated with these special
modes. The Power Manager only does policy switching
when the system is in a special mode, either a “safe” policy
(safe in the sense of acceptable performance delivery) or the
previously selected policy stays applied in between switch-
ing epochs. In our adaptive algorithm, only an agreement
on what modes are observable is needed; we do not assume
the arrival statistics under these modes are known and we
do not directly estimate these statistics in our scheme. We
develop an adaptive algorithm of policy switching for the
Power Manager. The decision complexity can be adjusted
through selecting different “observable” mode sets. We also

provide some heuristics in selecting mode and policy sets
for the policy switching.

We present simulation results for hierarchical DPM in an
HDD application. In the simulation, the request arrival
process is modeled as a Markov modulated Poisson process
[5] and the request service process is assumed stationary
Poisson. We compare our policy switching approach to an
approach proposed in [4], based on policy interpolation, in
which the arrival statistics are estimated directly from the
request arrival processes. The approach in [4] is similar to
our approach in that is uses precalculated policies, but it
applies an interpolated DPM policy that matches the
current statistics under the assumption that those statistics
remain stationary long enough to make it essentially an
infinite time horizon. We show that our adaptive hierarch-
ical DPM scheme performs better than the interpolation
scheme under the highly nonstationary arrival processes
and that it is even comparable to the optimal policy for the
stationary Poisson arrival process with the same arrival rate
as the average arrival rate of the nonstationary process.

The remainder of the paper is organized as follows:
Section 2.1 reviews the DPM problem. Section 2.2 illustrates
the formulation of DPM problem as a stochastic optimiza-
tion problem when the service request process is stationary.
In Section 3, we present our hierarchical approach to DPM
and the adaptive algorithm for computing an optimal
switching rule based on sample-path observations. Section 4
presents several simulation studies for the hierarchical
adaptive DPM algorithm. Finally, we summarize our main
contribution and suggest a few directions for future work.

2 ReviEw oF THE DPM PROBLEM

This section reviews some background material on DPM.
For illustration, we consider a device with two power states,
active and idle, as shown in Fig. 2a. In Fig. 2a, P, and P, are
power consumed in the two states, respectively; P,; and T,
are the power and time needed for the transition from active
to idle and P,, and T, are the power and time for the
transition in the opposite direction. The Power Manager can
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Fig. 2. (a) Dynamic power management of a device with two power states. (b) An operation sample path of the device without DPM and with a greedy

DPM policy.

issue two control actions: GO — ACTIVE and GO — IDLE.
When the control action GO — ACTIVE (GO — IDLE) is
issued, the device will start the transition to the active (idle)
state if the current power state is idle (active) or will stay as
active (idle) if the current power state is already active (idle).

2.1 Heuristic Power Management
Fig. 2b shows an operation sample path of the device
without DPM and with a greedy DPM policy. For the
greedy DPM policy, the Power Manager commands a
power-state transition to idle as soon as there is no request
in the system and to active as soon as there is a new arrival.
From Fig. 2b, we see that the service performance
(measured by the average number of pending requests)
deteriorates after a power-state transition to idle is issued.
Under the assumption of unbounded buffer and Poisson
arrival and service processes with rates A and pu, the
expected power saving with a greedy policy is calculated as

E{P} — E{PP"M} =
(/J - )‘) [/\(Tal + Ea)(Pa - Pz‘mn) + eiATm (Pa - PL)]
)‘U(Tai + Tm) + Mei/\T’“

(1)

Y
where transition power is defined as P4, = %
We have the limiting case in which the time and
power consumption of the power-state transitions can
be ignored in (1):

Jim lim (B{P} ~ B{P"PM}} = (1= \/u(P, - P).

(2)

The performance degradation with a greedy policy is
calculated as

AT AT

E{NP"M} — E{N} :7+m,

3)

where T = T,; 4+ 1 (e~

requests in the system.
The limiting case of (3) is

— 1)+ T;, and N is the number of

T DPM~y _ _
im, i (BN~ BINY} =0

(4)

From (2) and (4), we see that, when the transitions
between power states are instantaneous and negligible time
and power are paid for performing these transitions, DPM
is a trivial task and the optimal solution is the greedy policy.

There are usually nonnegligible performance and power
costs for power state transitions, however; that is, in most
practical cases, Ti;, Tj,, F., and P, cannot be ignored.
When power state transitions have costs, the power
manager needs to decide when it is worthwhile to transit
to a low-power state and which state should be chosen if
there are multiple low-power states available. The essence
of DPM is to find a good trade off between power
consumption and performance delivery.

A heuristic power management is based on a simple
time-out policy [6]. That is, when there is no activity in the
device, the Power Manager waits for a fixed period before
putting the device into low-power state. The weakness of
this approach is that the time-out value does not use any
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models of the service request process for the device. An
improved approach implemented for the HDD application
by IBM [14] is based on an evaluation of the statistics of idle
periods (the time period between two request arrivals) and
minimizes the expected power consumption in an idle
period with this statistical information. IBM’s software,
Adaptive Battery Life Extender (A.B.L.E.) [15], measures
the request frequency distribution and calculates the prob-
ability that the current burst of requests is complete based on
the statistics of the distribution for the power-performance
trade off. The result of this approach is a time-threshold-
based power state transition scheme and its improvement
over the static time-out-based approach is that time-out
values are now made adaptive to the actual usage pattern.
This approach does not, however, take into account the fact
that turning the device into the low power state in the current
idle period will affect the length of the next idle period.

2.2 Formal Models of Power Management

When the service request process is stationary, a Markovian
model can be derived for a power managed systems by
properly defining the state in the model. Under the
Markovian model, the DPM problem or, essentially, a
sequential decision problem under uncertainty (MDP
problem) is formulated as follows:

The system is modeled as a controlled discrete-time
Markov chain, denoted as S = {S,,n > 0}, with system-
state space ¥ = {01,09,---,0)5}, where |A| denotes the
cardinality of the set argument A. At each decision epoch
n >0, a power state transition action U, is taken from an
action space A and applied to the Markov chain. A(s) C A
is the set of available actions if the system is in state o € X. If
an action U,, = « € A(0) is taken at state S,, = 0, a power
consumption of f(o,a) occurs with a set of performance
measurements f!(o,a), f*(o,a), -, fl(0,a); the system
then transits to state S,;; =o' € ¥ with probability
p*(o, ).

A policy ¢ is a mapping c¢: ¥ — P(A), where P(A)
denotes the set of all the probability distributions over a
given finite set A. Under a policy ¢, action o € A(o) is
applied to the system with probability [c(c)], when the
system state is o€ X. The long run average power
consumption under a policy c is

N-1
Jf(C) = Alim E‘SO,C{]]\'TZ[]"(SW Un)]}

n=0

The finite state space guarantees the existence of the limit.
Depending on the property of the Markov chain, this long
run average can depend on the initial state of the chain in
the multichain model. In the case of a unichain, that is,
when the chain has a single positive recurrent state class
with some possible transient states under every policy, the
long run average is the same under a policy no matter what
the initial state is. Similar long run average performance
measurements can also be defined for every f', f2,---, fL.
Based on the MDP, the Power Manager solves a problem
of stochastic optimization under performance constraints,
for example, minimization of average power consumption
subject to limits on average waiting time and loss prob-
ability for service requests. Various algorithms exist for
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solving the constrained MDP problem and a good collection
of them is given in [9]. The solution of the optimization
problem is an optimal DPM policy that initiates power-state
transitions based on the current system-state information.
More accurate trade offs can then be made with this more
complicated decision model. For instance, instead of using a
greedy policy, the Power Manager could wait until there is
more than one request in the system before turning on the
device to save more power if the degradation in (3) is far
below the acceptable level.

We now provide simulation results for DPM formulated
as an MDP problem. For simplicity, we do not use the time-
indexed model in [13] for nonexponential probability
distributions. That is, in the simulation, we assume that
the request interarrival time, power state transition times,
and request service time are all random variables with
negative exponential distributions. Under this assumption,
the system can be modeled as a continuous-time Markov
chain. This continuous-time system is then discretized, by
sampling the continuous-time system at times when request-
arrival events, service-completion events, and power-state
transition-completion events occur, to obtain the discrete-
time model.

We simulate DPM on an HDD with the power states in
Fig. 2a and a buffer of length one. The parameters used in
our simulation are as follows: P, =2.1W, P, = 0.65W;
P, =P, =14W' T, =T, = 0.4s are expected values of
power state transition times.

The discrete-time MDP has six states, that is, the state space
is ¥ = {(nng, nps), nng = 0,1,2,n,, = 1,2}, where ny, is the
total number of requests in the buffer and HDD and n,, is the
power state of the HDD (1 stands for active and 2 for idle). The
action space is A ={GO — ACTIVE,GO — IDLE}. The
control objective is to minimize the average power con-
sumption under two performance constraints: the average
waiting-time limit of service requests in the buffer b,, and
the loss-probability limit of incoming service requests b;.
The performance function f! for calculating average wait-
ing time is defined as the number of service requests in the
system or f1((nng, nps), ) = npg. The long run average of f!
is proportional to the average waiting time based on Little’s
theorem in queuing theory. The performance f? associated
with loss probability is defined as a Boolean function
T ((nng, myps), -) = 1 if the buffer is full and zero otherwise.

A policy provides probabilities for choosing actions
GO — ACTIVE and GO — IDLE for the six system states.
Clearly, the always-active (always-idle) policy which issues
GO — ACTIVE (GO —IDLE) at all the states consumes
maximum (minimum) power of 2.1W (0.65W) and delivers
maximum (minimum) performance.

We calculated the optimal DPM policy under five
Poisson workloads. A workload in this paper is defined as
a pair of stationary request arrival and service processes in
the DPM setup, Fig. 2a. When both the arrival and service
processes are stationary and Poisson, we have a Poisson
workload. The five Poisson workloads in our simulation

1. The power-specific parameters are chosen to be comparable to those
from [14] for an HDD. Note that the active power state in this paper is in fact
the combination of active and performance idle states in [14]; the idle state in
this paper is the low power idle state in [14].
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TABLE 1
Optimal Policies and Power Consumption under Five Poisson Workloads
State
(0,1) (0,2) (1,1) (1,2) (2,1) (2,2) | Power | A
Policy

a (0.01.0) | (0.01.0) |(1.00.0) | (0.99 0.01) | (1.0 0.0) | (1.0 0.0) || 1.02W

& (0.10.9) |(0.360.64) | (1.0 0.0) | (1.0 0.0) | (1.00.0) | (1.0 0.0) || 1.20W

cs (0.09 0.91) | (0.86 0.14) | (1.0 0.0) | (1.00.0) | (1.00.0) | (1.0 0.0) || 1.48W

c (0.65 0.35) | (0.05 0.95) | (1.0 0.0) | (1.00.0) | (1.00.0) | (1.0 0.0) || 1.73W

cs (0.86 0.14) | (0.08 0.92) | (1.0 0.0) | (1.00.0) | (1.00.0) | (1.0 0.0) | 1.95W
have arrival rates \;, i = 1,2,---,5 given in the last column MDP X means to specify an action U,, € A(S,) when the state

of Table 1 and the same service rate of u = 1.0r/s. Table 1
illustrates the five optimal policies designed under limits
b, = 0.5 second and b =0.05. Each entry in Table 1
specifies probabilities for choosing actions GO — ACTIVE
and GO — IDLE at a particular system-state. For instance,
under the second workload, when the buffer is empty and
the HDD is idle, i.e., at state (0, 2), the policy activates the
HDD with probability 0.36. The table shows that the major
difference between these policies occurs at states (0, 1) and
(0, 2), i.e., when there is no service request in the system.
The second column from the right in Table 1 gives the
power consumption under the five cases.

3 HiERARCHICAL DPM

In the above study, we assumed a stationary workload and,
therefore, obtained stationary MDP models. However, each
application in the system can generate dramatically different
read/write patterns to the disk, which results in nonsta-
tionary request arrival and service processes (see Fig. 1).
Therefore, the stationary assumption on the MDP model is
generally not valid in practice. We propose a hierarchical
approach to study DPM for systems with nonstationary usage
patterns, based on a multimode MDP model.

In the multimode MDP model proposed in [11], a mode
variable is used to model the source of the nonstationarity.
For instance, the mode can be the application (or process)
that generates the read/write requests to the disk. In the
multimode MDP model, the state of a controlled Markov
process X has two variables, the system state, as defined in
the previous section, and the mode. The mode influences the
system state transition probabilities. If a power state
transition action U, = a € A(o) is taken at state S, =,
the incurred power is f(o,a), and the performance
measurements are f1(o, a), f*(o,a),- - -, f/(o,@). The system
transits to state S,y1 =o' € ¥ with probability pg(o, ),
where M, = p is the mode at time n. The mode transits
from M, =peM to M, =y € M with probability
q(u, ). That is, the mode process is a Markov chain with
probability transition matrix @ = [q(p, /]|, /-

The whole system-and-mode model is then given by an
MDP: X = (S,M) = {X,, = (S, M,,),n > 0} with state space
¥ x M; the action set available for state (o, 11) is A(0). Solving

is X,, = (Sn, M,,), for every n =0,1,2,---, based on some
optimality criterion (long run average in this paper). This
can be difficult to achieve usually because of two reasons: 1)
The additional mode variable in the model may result in a
much larger state space and computation to obtain the
optimal policy; 2) unavailable mode information at some
time epochs. For instance, suppose a PC with Windows
2000 has 50 processes running according to the task
manager. If we incorporate all 50 processes into our
multimode model for the HDD, we will have a state space
50 times larger than that of a regular MDP (300 states
compared with six states). Also, to obtain the mode and
system state information requires that the Power Manager
interfere and pause the disk operation to acquire the
process ID associated with each read/write request to
decide on the power state transitions, which may cause too
big an overhead to be ignored. The decision complexity
along the state and time spaces in the model are the main
obstacles for achieving the optimal solution.

We provide a decision mechanism to reduce the decision
complexity over both the state and time space, based on the
idea of policy switching. Fig. 3 shows our proposed
hierarchical policy switching architecture. The policy-switch-
ing scheme for this architecture is a triplet (C, M, SR),
where: C = {ci,c3,-+,cq} is a set of available polic:ies;2
M, C M is the set of observable modes;®> and SR: ¥ x M, —
P(C) is a (nondeterministic) switching rule. The scheme
operates as follows: Each time the system mode is in M,
the switching rule SR makes the decision on choosing a
policy from C and applies it to the system. This chosen
policy is applied to the system until the next time the
system mode is in M, again. For a given SR, policy c € C is
applied to the system with probability [SR(c, u)], when the
system state is o € ¥ and the mode is u € M;. By only
making decisions at a subset of states in the state space and
at a subset of time epochs along the time axis, this

2. Although policies in C can be general policies, they are usually optimal
policies associated with some stationary modes. The rationale is that this
setup can at least handle the case of slow mode evolution process well.

3. A basic requirement of M is that it should include at least one of the
positive recurrent states in the Markov chain of the mode process. This
ensures a finite time interval between switching epochs.
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Fig. 3. A hierarchical policy switching architecture for multimode MDPs.

mechanism therefore reduces the decision complexity from
solving the entire MDP X.

Let g: (¥ x M) x A— R be a given function character-
izing the power or performance measures for each state-
action pair. J,(SR) is the long run average of g under
switching rule SR, that is, for g = f, f', f2,- -+, f%,

Z lim ESES0.Mo

So, Mo N0
We define the long run average in a way that accommo-
dates the general multichain model. In a multichain, the
average depends on the probability distribution of the
initial state. This definition assumes equal probabilities of
all possible initial states.

For the hierarchical switching architecture in Fig. 3, the
optimal switching rule problem can be formulated as: Given
policy set C and mode set M;, find an SR with minimum
long run average power under the performance constraints,
that is:

N-1

{}VZ[g(smUm

n=0

B 1

TSR =155

min Jr(SR)st.  Ju(SR) <V, i=1,2,---,1, (5)
where b’ for i = 1,2, are performance bounds on the

performance measurements.

The process X running under an SR is not generally
Markovian since knowing the current system mode and
state does not imply knowing the current policy.
However, it can be shown that a process embedded in
the switching epochs (times when the system mode is in
M,) is Markovian. Consider a sample path of X: w=
{Xo, X1, X3,--+,} running under an SR. Without loss of
generality, we assume that M, € M;. Let T =0 and
Ti:mint{t>Ti,1,Mt€Mt}, 1 =1,2,---. {K:X]/,Z:
0,1,2,---} forms an embedded Markov chain.

A new MDP can be formulated on process Y. In this new
MDP, at each state (o,p) € ¥ x M;, an action is the
selection of a policy in C. When policy c is selected and

applied to the system, Y transits to state (o/, ') € ¥ x M,
with probability

B0, 1), (o 1] = Y _[e(So)ly, x pa, (o, S1)a(Mo, M) x -
£

< [e(Su-1)]y_, * Phi,

(Sn—h Sn) X q(Mn—lv Mn)v
where

q)l = {507M07U0751>M17U17‘ "7SnaMn ‘ SO =0,
My=pu,My & My, M1 & M, S, =0, M, = '}

For a (power or performance) function g, hy[(c, 1), c] is the
expected accumulated g from the time when X is at state
(0, 1) to the time right before X reaches a state in X x M,,
that is:

hg[(av :U')ac] = Z{g[soa UO] +o +g[sn71; Un,fl]}

x [ [e(S0)lu, % PR, (S0, 1) X (Mo, M) x -+
[C(STL—I)]U'H] X Pg}:il (S'n—h Sn) X q(Mn—h Mn)i| )
(6)
with

©2 = {SO’]\/[()7U07"'7SIL7MIL | SOIU7M0:H’7M1 th7“'7
Mnfl than S Mf}

Under a given SR, we have a fractional structure of the

long run average

: SR.So. Mo J 1 x=N—1
ZSU,AMU limy oo B {N Zn:()

; SR,Sp,My ] L 5 N-1
ZS{),M{) thHoo I {N Z'n:ﬂ

)

(s [hy(Yo, a»]}}

[ht(Yn; Cn”

(7)
where h, is obtained by letting g(-) = ¢(-) = 1 in (6), that is,
hi[(o, 1), c] is the expected accumulated time from the time
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when X is at state (o, 1) to the time right before X reaches a

state in X x M, after policy c¢is applied. We have h(-,-) > 0.
To derive an adaptive policy switching algorithm, we

first consider the case when all the model parameters are
known. Similar to the approach used to solve Markov
decision problems via linear programming, the problem in
(5) can be turned into a linear fractional programming
problem from (7) and solved by the following algorithm.

Algorithm 1 (Optimal Switching Rule for Known Parameters)

1. Choose 6 >0, ry > 0 and set k := 0.
At the kth step, solve

mazimize Z{hf[(a, w), ] — rehe[(o, M)ﬂ}}z[(@ ), cl,

O, 1,C
subject to Y {8ou ey — D1(0, ), (0, )]}
O, H,C
z[(o, ), c] =0,

(8)
Z Z[(U/v Ml)v C] + Z{‘S[(mu)(zf’ﬁu')] - pc[(av M)v (0/7 MI)} } X

c T, 1,C

1
w((o, 1), c] Im

for every (o', 1) € ¥ x My,
Z{hf"' [(07 :U')7 C} - bihl‘[(av /L)v C]}Z[(Jv /1*)7 C] <0,

e
fori=1,2,---.1,
2l(o, 1), = 0,w(o, 1), ] = 0
foreveryo € ¥, u € My, ceC.
With the solution (2*,w*) to (8), a switching
rule SR; can be constructed as follows: At
state (o, p) € 3 x My, if > . 2*[(o, 1), ¢] > 0, policy
¢; is applied with probability

Z (o, p), il
e # (o 1) cl;
if > .07 (o,1),c] =0, policy ¢ is applied with
probability
w*((o, p), cil
2 e w*[(os ), -
Also with 2*, calculate

, _ Zn,y,c h’f[(av /M)v C]Z*[(Uv M)v C]
TN, e hel(o ) Az (o) ]

3. If |rp — 7] <6, exit; otherwise, set ry, :=r;1 and
k:=k+1, go to Step 2.

This algorithm is essentially the extension of linear
programming for solving multichain model [9, p. 462] for
solving MDP with fractional objective function. It solves a
sequence of linear programming problems to obtain the
solution to the original fractional programming problem.
The following theorem, proven in [11], says that this
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algorithm will lead to an SR arbitrarily close to the optimal
switching rule.

Theorem 1. Algorithm 1 terminates in a finite number of steps.
Suppose it terminates at SR}.. Then, SR}, is feasible and

[T(SRje) = J;(SR")| < o(s).

For DPM applications, the parameters p and h in (8) are
usually unknown. They can be estimated along the sample
path of the system, however. Along a segment of sample
path of X,

{XT(NXT0+17 e 7XT1>XT1+17 e >XTN} =
{(S7y, Mz, (Stys1, My1), -+ -5 (S, My), (Sti41, My 41),
Tt (SmefV)}a

we can observe the system state all the time and we can
observe the mode state at T,, n=0,1,---,N. Let
Yo, v1,--- Yu} ={(S, Mg), (S, Mr,), - -+, (S1, M1, ) } be
the full-state observations at switching times and let
{Cy,C4,---,Cn_1} be the policies chosen at switching times.
We use capitalized notations for the policies because they
are random variables assuming values in C. We have the
following maximum-likelihood estimation for the
p-quantities in (8),

. 1
(o, ), (0, 1)) = =5 X

>0 Ly=emyL{ci=c}
N-1 (9)
> oy L= Ly =)
n=0

where indicator function 1;.; equals one when the condition
in {-} is true, zero otherwise. For a (power or performance)
function g, let the observed power or performance along the
sample path be {Fr,, Fr,11,- -+, Fr, Fry+1,- -+, Fory }. We have
the following maximum-likelihood estimation for the
h-quantities in (8)

R 1

hg[(a', :U‘)vc} = T X
Yoo Ly,=euy Lc=)
T-1 (10)
Ly—omlic=ey Y Ful.
m=T,

The adaptive implementation of Algorithm 1 is given as
follows:

Algorithm 2 (Adaptive Switching Rule)

1. Estimate |C||S x M,|* p-quantities and (I + 2)|C||E x
M;| h-quantities in (8) from a sample path of the
system by using (9) and (10). There are many ways
to generate a sample path for the estimation. The
basic requirement is to force each state-policy pair
[(o,1),c] € (X x M;) xC a sufficient number of
times along the sample path so that the parameter
estimates are adequate.

4. Forcing maybe involves resetting the state and policy to the desired
pair. If such a forcing is not allowed, we need a recurrent condition on the
embedded chain to guarantee the infinitely often appearance of a state on
the sample path. This is not a problem in our simulation since the recurrent
condition holds.
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2. Implement Algorithm 1 with h and p-quantities
replaced by h and p-estimates from Step 1 and
inequality constraints in (8) replaced by the following:

> {rplo.m.d = vhil(o. ), (o, ). d

opEMyC
< _Bmai = 1727"'7‘[7

where —B,, < 0is a margin introduced to ensure the
feasibility of the switching rule to the original
inequality constraints in (8).
The following theorem, proven in [11], provides con-
fidence interval results for the adaptive switching rule.

Theorem 2. Given € > 0 and p > 0, for any sample path used in
Step 1 in Algorithm 2 along which the event {Y, =
(0,1), You1 = (o, 1), Gy = c} is observed at least O(%1n7)
times for all c € C and (o,p) € ¥ x My, (o/,1/) € T x M,,
Step 2 in Algorithm 2 will result in a feasible switching rule
SR with

Prob{|J;(SR) — J;(SR")| < ¢} > p.

Theorem 2 states that, in order to obtain a feasible
approximation to the optimal switching rule in Step 2 of
Algorithm 2 with confidence p and accuracy ¢ an
estimation time in the order of ;In; is sufficient in Step 1.

4 SIMULATION RESULTS

In this section, we apply our adaptive hierarchical scheme
to solve the DPM problem for an HDD operating under
nonstationary service requests. In the HDD scenario, a
mode (or workload) is defined as the application associated
with a service request and is assumed to generate stationary
Poisson request arrival and service processes. An observable
mode corresponds to an important application for which
the Power Manager decides if there is a better DPM policy
than the currently applied policy when this application is
accessing the disk. The Power Manager faces an unobser-
vable mode when an application deemed unimportant is
accessing the disk. In the case of an unobservable mode,
either a “safe” policy (safe in the sense of acceptable
performance delivery) or the previously selected policy
stays applied and the Power Manager does not make
policy-switching decisions.

We compare our results to the adaptive approach
proposed in [4], where the arrival statistics are estimated
directly from the request arrival processes. The DPM policy
under the current arrival statistics is obtained by linearly
interpolating a set of precharacterized policies designed for
a set of preselected statistical values. Directly applying such
a DPM policy (either preselected or interpolated) matching
the current statistics implies the assumption that those
statistics remain stationary for a long time because each
applied DPM policy is calculated to optimize over an
infinite time horizon. For instance, the experiment in [4]
uses concatenation of workload traces of variable lengths
(ranging from 40,000 to 60,000 time steps) and a sliding
window of size 50 time steps to estimate the statistics. The
ratio between the average trace length and sliding window
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Fig. 4. Our adaptive approach based on hierarchical switching.

size is around 1,000 and demonstrates a slow mode
(workload) evolution process. It is therefore not surprising
to find that the policy interpolation scheme performs well in
this setup. In fact, if there exists alternative information
(such as the ID of the process or thread generating each
workload trace) for the Power Manager to learn about the
workload change, it can be switch more quickly to the right
policy for the new workload. This is actually a motivation
for us to develop a DPM scheme based on hierarchical
switching.

In our simulation, we use Markov-modulated workloads
to model the nonstationary service requests to the disk. We
use the five workloads given in Section 2.2. Since the request
service process is the same, the service process remains
stationary Poisson for the modulated workloads. The
modulated workloads are the result of a jumping process
among the five workloads. That is, the workload index at the
sampling times (when request-arrival, service-completion,
and power-state transition completion events occur) forms a
discrete-time Markov chain with transition probability
matrix ). We call the modulated process with a matrix @ a
usage pattern. When @ is an identity matrix, we have a
stationary usage pattern. The five policies given in Table 1 are
therefore the stationary optimal policies corresponding to the
five stationary usage patterns, which we use for the policy
switching.

We show in this section that our hierarchical adaptive
DPM approach performs better than the policy interpola-
tion scheme. When comparing with two approaches, we
focus on the intrinsic difference of the two switching
methodologies, i.e., the optimal switching versus interpola-
tion. The overhead brought by estimation of parameters is
ignored, that is, when calculating the optimal switching
rule, we implement Algorithm 2 along a sample path long
enough to achieve high confidence (p ~ 1) and accuracy
(e = 0) as described in Theorem 2.

For a usage pattern (), where Q(z, ) is 0.9 when ¢ = jand
0.025 otherwise, our Adaptive Switching Rule is illustrated in
Fig.4 (the setof observable modesis M; = {1, A3, As } and the
policy set is C = {c1,¢5}). Note that () implies the average
dwell time of a workload is 10 (compared with 1,000 in [4]),
which demonstrates a highly nonstationary request process.
Table 2 gives (a) the policy interpolation switching rule and
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(a) Mode-Matching Policy Interpolation andzﬁ?éit%al Switching Rules under a Usage Pattern

Mode M A A A A A

System-state | (0,1) (0,2) (11) (12) (21) (22)

Probabilities | (1.0 0.0) | (1.0 0.0) | (1.0 0.0) | (1.0 0.0) | (1.0 0.0) | (1.0 0.0)
Mode A3 A3 A3 A3 ™ A3

System-state | (0,1) (0,2) (11) (12) (21) (22)

Probabilities | (0.5 0.5) | (0.5 0.5) | (0.5 0.5) | (0.5 0.5) | (0.5 0.5) | (0.5 0.5)
Mode A5 As As As As As

System-state | (0,1) (0,2) (11) (12) (21) (22)

Probabilities | (0.0 1.0) | (0.0 1.0) | (0.0 1.0) | (0.0 1.0) | (0.0 1.0) | (0.0 1.0)

(a)

Mode A1 A1 A1 A A1 A1
System-state (0,1) (0,2) (11) (12) (21) (22)
Probabilities | (0.0 1.0)* | (1.0 0.0) | (1.0 0.0) | (0.0 1.0)* | (1.0 0.0) | (0.35 0.65)*

Mode A3 Az A3 A3 A3 A3
System-state (0,1) (0,2) (11 (12 (21) (2 2)
Probabilities | (1.0 0.0) | (0.0 1.0) | (1.0 0.0) | (0.01.0) | (1.0 0.0) | (0.96 0.04)

Mode A5 As As As A5 A5
System-state (0,1) (0,2) (11) (12) (21) (22)
Probabilities | (1.0 0.0)* | (0.0 1.0) | (1.0 0.0)* | (0.0 1.0) | (1.0 0.0)* | (0.96 0.04)*

(b) the optimal switching rule for waiting-time and loss-
probability limits b,, = 0.5s, b; = 0.05. Each entry in Table 2
gives the mode, system-state, and probabilities for choosing
policies c¢; and c; for that mode and system-state pair. Under
the heuristic approach, the Power Manager applies the
preselected policy ¢; (c5) when the mode is A; (As); since
A3 =3 A1 +3);, the Power Manager interpolates ¢; and c¢;
evenly to obtain the policy for A3. The power consumption is
1.55W under the policy interpolation rule and 1.47W under
the optimal switching rule.

The asterisks in Table 2b indicate switching decisions
that do not correspond to a policy interpolation rule, that is,
the policies selected by the optimal switching rule for the
cases with an asterisk are not the stationary policies that
were designed for those modes. This demonstrates that
policy interpolation to match the current statistics is not

always the best thing to do. The reason is that the policies
are designed for stationary processes, i.e., under the
assumption that the mode will remain constant. When the
mode switching dynamics are taken into account, it turns
out that, for some cases, it is better to use one of the policies
designed for a different mode. (Conditions for which mode
matching policy interpolation is, in fact, the optimal
switching rule are given in [10].)

For the same usage pattern as that for Table 2, Fig. 5 shows
the power consumption of different optimal switching rules
obtained for differentloss probability and waiting time limits.
The figure shows that, with looser performance bounds, more
power can be saved by the optimal rule. For a comparison,
Fig. 5 also shows the power consumption of the policy
interpolation power management scheme. The power con-
sumption of the mode-matching switching rule is a constant
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Power consumption under different loss probability limits and a fixed waiting—time limit (0.5 second)
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Fig. 5. Power consumption under different (a) loss probability limits and
(b) waiting time limits.

because it does not change under different performance
limits. Note that the policy interpolation scheme becomes
infeasible for a loss probability limit less than 0.05 (Fig. 5a)
and cannot achieve performance bounds stricter than a
waiting time limit less than 0.32 seconds (Fig. 5b).

To further demonstrate the effectiveness of our scheme,
Fig. 6 gives the power consumption of our scheme for
50 usage patterns. The 50 ) matrices for the 50 usage
patterns were generated randomly. Fig. 6 shows that our
adaptive switching rule performs well for the nonstationary
usage pattern compared to the constant-mode optimal
policy for the stationary usage pattern with the same arrival
rate as the average arrival rate of nonstationary usage
pattern. Fig. 6 also shows the application of policy
interpolation power management under the same 50 usage
patterns. For 27 out of the 50 patterns, the policy
interpolation scheme is infeasible or cannot achieve the
0.5 second waiting time and the 0.05 loss probability limits.

IEEE TRANSACTIONS ON COMPUTERS, VOL. 54, NO. 4, APRIL 2005

Power management from time aggregation—-based switching
2.4 T T T

23r- 4

221 1

211 ol

Power (W)
o
T

—©— stationary
X nonstationary

) L L L
0.21 0.22 0.23 0.24 0.25
Average arrival rate (requests/second)

(@)
Power mar from mode
24 T T T
231 b
22+ il
21 v VW IV W WV W vv & |
2k 4
1.9
1.8F
g
& 1.7F
g
1.6
1.5
1.4r-
A
131 -o- stationary
vV nonsationary, infeasible i
1.2 A nonsationary, feasible
11 1
|

1 | |
0.21 0.22 0.23 0.24 0.25
Average arrival rate (requests/second)

(b)

Fig. 6. Power consumption under stationary and nonstationary usage
patterns.

For the other 23 patterns, our approach saves around
9 percent more power.

We now consider the effect of different observable mode
sets M;s and policy sets Cs on the performance of our
adaptive switching rule. Intuitively, the optimal switching
rule can achieve more power savings when more obser-
vable modes and more policies are used. On the other hand,
more observable modes and more policies result in more
computations for computing the optimal switching rule
because the complexity of Algorithms 1 and 2 grows
monotonely with the size of these two sets. Therefore,
selection of these two sets has to take both power saving
and computation burden into account. One idea is to start
with coarse sets and introduce more modes and policies
into the sets gradually until a desired power level is
achieved. The following simulations demonstrate this idea.

Fig. 7a shows the power consumption of our scheme for
five M;s:
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Fig. 7. Power consumption for two usage patterns under different
(a) M;s and (b) Cs.

{0 h A Ak {0 A2, At {A, Ao, Az, A, {An, Az, Az, Ag, As )

under two randomly generated usage patterns when the
policy set is C = {¢1, ¢5 }. Pattern one has an average arrival
rate of 0.24 (r/s) and pattern two has one of 0.23 (r/s). In
both cases, more power savings are achieved through
introducing more modes into M;. In the case of pattern one,
the mode set M; = {A1, A2, A3, A4} is needed to achieve an
expected power Pl# = 1.73W. In the case of pattern two, the
mode set M; = {A1, A2, A3} is needed to achieve an expected
power Pj" = 1.48W. The empirical expected power is found
by looking at the stationary cases in Table 1.
Fig. 7b shows the power consumption of five Cs:

{05}7 {657 64}7 {657 Cq, C3}7 {057 C4, C3, 62}7 {657 C4,C3,C2, Cl}

under two randomly generated usage patterns when
M, = {1, X3, \s}. Pattern one has an average arrival rate
of 0.24 (r/s) and pattern two has one of 0.22 (r/s). In both
cases, more power savings are achieved through introdu-
cing more policies into policy sets. In the case of pattern
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Fig. 8. Implementation of hierarchical DPM.

Power state

»| Transition executer |}
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one, the policy set C = {c5,cs} is needed to achieve an
expected power Pl# = 1.73W. In the case of pattern two, the
policy set C = {cs5,c4,c3} is needed to achieve an expected
power P = 1.2W. The empirical expected power is found
by looking at Table 1.

The choice of the initial mode set and the subsequent
order of adding more modes into the set are based on an
“order of importance” for the modes. There are several
considerations to sort the modes: 1) the variation on power
savings over different policies. If, at a stationary mode, the
power savings vary dramatically over different policies, it
should be incorporated into the mode set since there is a
need to switch among policies at this mode. 2) Switching
frequency issue: Modes can take different expected return
time to themselves and some modes are chosen to obtain
desirable average time intervals between policy switchings.
In the above experiment, we chose the initial mode set as
{A\1} because it has the lowest arrival rate and the biggest
variation of power savings from the optimal and always-on
policy. The order of adding modes also follows the order of
the arrival rates.

When choosing the initial policy set and order of adding
more policies, we followed an order of policies based on their
“safety,” which characterizes a policy’s ability to satisfy
performance constraints. This consideration ensures the
existence of switching rules feasible to performance con-
straints. Since ¢; is the policy associated with the workload
with the highest arrival rate, it is the safest policy in terms of
performance delivery. We therefore chose {¢;} as the initial
policy set and added subsequent safe policies to the set.

5 CONCLUSION

This paper presents a hierarchical model for adaptive
dynamic power management under nonstationary service
requests. We derive a multimode model based on modeling
the nonstationary service request as a Markov-modulated
stochastic process and each mode is associated with a
stationary workload. The Power Manager adaptively
switches among a set of stationary optimal policies to
accommodate the stochastic mode-switching service request.

In Fig. 8, we show the positioning of the hierarchical
DPM in OS-directed configuration and power management
(OSPM) of Advanced Configuration and Power Interface
(ACPI) [7]. The Power Manager resides in a filter driver.
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The filter driver intercepts disk read /write IRP (I/O Request
packets) to the disk driver, which enables the Power
Manager to obtain the state information and estimate the
parameters for the multimode MDP. Since each IRP is
associated with a certain thread, the mode information can
therefore be obtained. The Power Manager then solves the
multimode MDP to obtain a power management policy,
which executes the power state transition commands using
IRP through the ACPI driver.
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