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Abstract—Most dynamic voltage and frequency scaling
(DVS) techniques adjust only CPU parameters; however, re-
cent embedded systems provide multiple adjustable clocks
which can be independently tuned. When considering multiple
components, energy optimal frequencies depend on task set
characteristics such as the number of CPU and memory access
cycles. In this work, we propose a realistic energy model
considering multiple components with individually adjustable
frequencies such as CPU, system bus and memory, and related
task set characteristics. The model is validated on a real
platform and shows less than 2% relative error compared to
measured values. Based on the proposed energy model, we
present an optimal static frequency assignment scheme for
multiple DVS components to schedule a set of periodic real-
time tasks. We simulate the energy gain of the proposed scheme
compared to other DVS schemes for various task and system
configurations, showing up to a 20% energy reduction.

I. INTRODUCTION

Dynamic frequency and voltage scaling (DVS) schemes
are common for reducing energy consumption, and many
devices support multiple frequency/voltage levels. However,
most DVS schemes only adjust CPU frequency and voltage
and do not consider the energy consumption of the bus and
memory. Previous studies show that bus and memory also
significantly contribute to the total energy consumption [1].
Recent hardware allows these components to have their own
clocks and DVS capabilities that can be tuned independently
of the CPU frequency. Therefore, new DVS schemes must
consider CPU, bus, and memory frequency to reduce the
system-wide energy consumption.

Table I shows how a multiple component DVS (multi-
DVS) scheme can save energy with a small performance
penalty. We measured the energy consumption and execution
time of two tasks — dhrystone, a CPU intensive task, and
memxfer5b, a memory intensive task on an ARM926-ejs
processor. For dhrystone, reducing memory frequency to half
of the maximum increases the execution time by only 0.5%
but reduces energy consumption by 10%. Lowering the CPU
frequency to half of the maximum for memxfer5b results in
a 2.6% increase in execution time but achieves a 30% energy
reduction. The results show that a multi-DVS scheme can
effectively reduce energy consumption.

In this paper, we propose a multi-DVS energy model

Table I: Effect of task characteristics in energy saving measured
on a real hardware platform.

Task CPU Mem | Time | Energy | Energy
(MHz) | (MHz) (s) (m]J) | savings
dhrystone 200 100 4.26 2364 -
200 50 | 4.28 2106 10%
memxfer5b 200 100 3.46 1690 -
100 100 3.55 1182 30%

that considers the energy consumption of CPU, bus, and
memory, and considers task set characteristics such as the
number of CPU and memory access cycles. We validate
the model with a series of experiments on an ARM based
embedded system and show that it captures real system
energy consumption. Based on our energy model, we present
a systematic method for assigning multiple DVS frequencies
for a set of periodic real-time tasks given system and
schedulability constraints. We simulate various task sets and
compare several DVS schemes by exploring the effects of
task and system parameters, such as idle power consumption.

In summary, we make the following contributions:

1. We propose a realistic multi-DVS energy model
that considers CPU, system bus, memory, and task
set characteristics, at multiple frequency settings
and validate it on a real hardware platform.

2. Based on the proposed model, we present a mul-
tiple component DVS scheme for energy optimal
scheduling of periodic real-time tasks.

The remainder of this paper is organized as follows:
Section II presents the energy model and its validation on
a real hardware platform. Section III defines and solves the
frequency assignment problem for a set of real-time tasks.
Section IV compares the proposed multi-DVS scheme to
other DVS schemes, and Section V compares this study to
related work. Section VI conclude the paper.

II. ENERGY MODEL

Most recent ARM based systems are capable of indepen-
dently tuning CPU, system bus and memory frequencies
[2], [3]. Our model incorporates independent frequency
assignment and is validated on a real hardware platform.
Section II-A describes the multi-DVS energy model that



Table II: Summary of notation.

E total energy consumption (mJ)

FEcomp | pure execution block energy consumption(mlJ)
Emem cache stall block energy consumption (mJ)
Eidie idle block energy consumption (mlJ)

e execution time of a given task (s)

P period(=deadline) of a given task (s)

C CPU cycles of a given task (105 cycles)
M memory cycles of a given task (106 cycles)
r cache stall ratio

fe CPU clock (MHz)

o system bus clock (MHz)

fm memory clock (MHz)

Vepu CPU voltage (V)
Vius bus voltage (V)
Vimem memory voltage (V)

I idle time dynamic power consumption of CPU, bus, and
memory (mW)

R static power consumption of the system (mW)

Kea capacitance constant for active CPU (nF)

Kes capacitance constant for standby(on but idle) CPU (nF)

Kpq capacitance constant for active system bus (nF)

Ky capacitance constant for standby system bus (nF)

Kma capacitance constant for active memory (nF)

Kms capacitance constant for standby memory (nF)

K Kms + Kps when Vs = Vipem and fp = frn (nF)
K'r*na Kimna + Kpq when Vs = Vinem and f, = fin (nF)

considers energy consumption on a platform with multiple
independently adjustable component clocks. Section II-B
presents validation results that demonstrate the accuracy of
this model in predicting the energy consumption of an ARM-
based platform. Table II presents a summary of notation used
throughout the paper.

A. System-wide Energy Model

We propose an energy model to reflect the actual charac-
teristics of recent embedded platforms by focusing on three
components: CPU, system bus, and main memory. These
components are tightly integrated and contribute signifi-
cantly to the total energy consumption as shown in Table I.
We also incorporate task set characteristics, specifically the
number of CPU and memory access cycles, into the energy
model.

Fig. 1 illustrates our energy model for a single task. In
the model, task execution time is split into three blocks:
(1) pure execution, (2) cache stall, and (3) idle. In the pure
execution block, the CPU core executes instructions while
the system bus and main memory are in standby. In the cache
stall block, the cache fetches data from memory through the
system bus while the CPU core is in standby, waiting for the
data to become available in its cache. After the task finishes,
all three components — CPU, system bus, and memory —
are in an idle state. While actual cache stall periods are
scattered throughout the entire execution, we aggregate them
into a single block. This is valid since most embedded
processors execute in-order and there is no overlap between
execution and off-chip memory fetch operations. For out-
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Figure 1: Energy model for a single task with deadline (e: task
finish time, P: deadline).

of-order processors, there is an overlap period, but it is
relatively small because off-chip memory access takes much
longer than executing out-of-order instructions.

Hence, the task execution time can be expressed as

c n M

fC fﬂ’l, ’
where C' is the number of CPU cycles needed to complete
the task, and M is the number of memory cycles for off-chip
memory access during cache stall handling; f. is the CPU
clock frequency, and f,, is the main memory frequency.
Note that system bus clock must be equal or higher than the
memory frequency, f, > f,,. In practice, they are same in
most embedded system designs, f, = f,,. Using Eq. (1), we
are able to predict the execution time of a task for a specific
fe and f,,. The first term, %, is the pure execution time
(the first block in Fig. 1), and M s the cache stall time
(second block in Fig. 1). Idle time is the period minus the
execution time: P — e. We define cache stall ratio as

e

1

M
S C+ M’
describing the CPU or memory intensiveness of a task.

The total energy consumption shown in Fig. 1 is expressed
by

r

)

E = Ecomp + Emem + Eidle; (3)

where .., is the system-wide energy consumption during
the pure execution block, F,,ep, 1s the consumption during
the cache stall block and F); 4. is the consumption during the
idle block. The total power consumption at any given time
can be expressed as the sum of each component’s power
consumption. The power consumption of each component
can be described using a well known power equation, K -
VN. f4+ R, where K is half of the average capacitance, V is
voltage, f is frequency of the component, N is the voltage
exponent, and R is static leakage power [4]. It is important
to note that K is unique to each mode of operation. For
example, during idle and cache stall time, the CPU consumes
less power than when it is actively executing instructions,



although its operating frequency and voltage may remain the
same. The value of K for each operation mode may vary
greatly for different processors. To generalize the model, we
consider three modes — active, standby, and idle — and use
multiple K values in our base equation. Other components
— LCD, flash, etc. — consume static power regardless of the
voltages and frequencies of the CPU, bus and memory. We
do not consider a dynamic on/off strategy for those devices.
In view of the above, we can write

Ecomp = (Kca"/c];,\)%'fc + Kbsv;;i\jgfb

+Kms : Vn];@m : fm + R)g (4)
fe

Eq. (4) shows the energy consumption for the pure compu-
tation block. In this block, the CPU is actively executing in-
structions while the system bus and memory are in standby.
K., is the capacitance constant for the active CPU mode.
Ky, and K, are standby capacitance constants for system
bus and memory, respectively. R represents the static power
consumption of the entire system. Similarly,

Emem = (Kes' VAL fo + Koa Vi fo

+Kma'Vn]yegm'fm + R)f%
Eq. (5) is the energy consumption during the cache stall
block in which the CPU stalls the execution and waits until
the data becomes available in its cache. The CPU consumes
less power when it is waiting for the cache data due to clock
gating technology [5], so we introduce a constant factor,
K, for CPU standby mode. Both system bus and memory
are active in this phase. K, and K,,, denote capacitance
constants of active mode bus and memory, respectively.
Finally,

&)

FEiqle = (I + R)(P — 6). (6)

Eq. (6) is the energy consumption during idle mode. Many
recent embedded processors support a special idle mode
which significantly reduces power consumption [6], so we
use a separate term, I, to represent the idle mode power
consumption of the CPU, system bus, and memory.

B. Model Validation on a Real Hardware Platform

We validated the energy model described in the previ-
ous section on an embedded hardware platform with an
ARM926-¢js based processor [7]. As shown in Fig. 2, the
system includes the CPU core, L1 cache, system bus, and
internal SRAM in a single package. Both CPU and system
bus frequency can be set with negligible overhead (a few
clock cycles). The 256 KB internal SRAM is connected
to the system bus and provides code and data storage for
applications.

While the proposed model is generally applicable to most
embedded systems, there are several simplifications on our

ARMCE;ZrZ-er SRAM
(256KB)

8K | 8K D

cache cache

System bus

STMP3650 SoC

Figure 2: Tested hardware platform. The CPU, system bus, and
SRAM share a common voltage. The SRAM operates at system
bus frequency.

Table III: Processor specifications.

CPU clock 20 - 200 MHz (2 MHz step)
Bus clock 20 - 100 MHz (f./n)

Voltage 1.504 - 1.824 V (0.32 V step)
L1 cache 8KBI, 8 KBD

test platform; CPU, system bus, and memory all share the
same power source (Vopy = Vius = Vinem) and system bus
and memory operate at a same frequency (f, = f.,). The
resulting energy equation for our hardware platform is

N * N C

K VYot K Vo f + RV (g

Jm
+(I+R)(P —e).

Because system bus and memory share a common voltage
and frequency, we combine the terms for these components
in Eq. (4) and (5), and use combined capacitance constants
K} . and K to denote standby and active mode, re-
spectively. These restrictions are platform and architecture
specific. For example, [8] does not share a common voltage
between the CPU and system bus. Table III shows the basic
specifications of the tested processor. CPU frequency, fe,
is adjustable in 2 MHz steps from 20 MHz to 200 MHz,
the system bus and memory clock is divided from the
CPU clock, fp = fm = fe/n where n is an integer, and
voltage can be adjusted with 0.32 V steps from 1.504 V to
1.824 V. We set the voltage proportional to the CPU clock
based on the recommendation of the processor data sheet,
V = Af. + B. For this system A = 0.0016 V/MHz and
B =1.504 V.

In our experiments, energy consumption was measured
for four synthetic tasks with different cache stall ratios,
0%, 10%, 25%, and 55%. We measured the entire board
level power consumption which measures the power between
the external supply and the input to the board Our energy
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Figure 3: Energy model fitting. Comparison of measured and
model predicted energy values for 32 configurations with varying
cache stall ratio and clock settings. R? is 99.97%.

Table IV: Model parameters for the tested hardware.

Capacitance (nF’) Power (mW)
KC(J, KCS K’r*na, K;IS I R
0.505 | 0.224 | 0.540 | 0.210 | 6.570 | 67.434

model requires the number of CPU cycles, C', and memory
cycles, M to be known for a task. Note that M is the
number of memory cycles (equal to system bus cycles
in our test platform) to handle cache-misses. Cache hit
memory references are not included in M. In many recent
processors, the cache stall cycles can be obtained by using a
performance counter [9]; however, the tested processor did
not have a counter. Therefore, we devised a program with
two loops — a loop with 100% cache misses and another
with 100% cache hits — and measured their execution time.
To construct a loop with 100% cache misses, we allocated
an array twice the size of the cache and sequentially read
words separated by one cache-line size. These reads always
resulted in cache misses. By subtracting the execution time
of the 100% cache-hit loop from the 100% cache-miss
loop, we obtained cache stall time. By varying the number
of loop iterations, we synthesized tasks with different C
and M values. The instruction code of the synthetic tasks
fit into the 8 KB I-cache to avoid generating additional
instruction fetch cache stalls. For each task, eight different
frequency/voltage settings were tested, and for each setting
we measured energy consumption and execution time. We
set the voltage exponent, N = 2, and performed nonlinear
least squares analysis on the collected data to determine the
value of each parameter in Eq. (7).

Fig. 3 plots the measured energy consumption and the
model predicted energy consumption. The R? (the coeffi-
cient of determination that estimates the validity of a model)
value is 99.97% (where 100% is a perfect fit) and the

maximum relative error is less than 2%, suggesting that our
energy model accurately captures system behavior. Table IV
shows the value of each parameter in Eq. (7) for the tested
hardware.

III. ENERGY OPTIMIZATION OF REAL-TIME TASKS

We formulate a problem to find the energy optimal
frequency set, which contains the frequency assignments
of multiple DVS components, to schedule periodic real-
time tasks. In our solution, a single (possibly different)
frequency is found for each component. All tasks that share
a component, share that frequency on the component. We
call such a frequency assignment static. In theory, it is
possible to do better by implementing a dynamic frequency
assignment, that changes the frequency of each component
on each context switch. The problem of dynamic frequency
assignment becomes one of finding the best frequency for
each component and for each task. We do not consider
the latter problem, because it is difficult to implement in
practice. Nevertheless, in the evaluation section, we compare
the performance of our static scheme to the optimal dynamic
solution (which we computed by a brute-force search for
small task sets). We show that the dynamic scheme does
not offer significant improvement in energy savings, further
reinforcing our choice of a static (multi-DVS) frequency
assignment.

A. Problem Definition

Given a set T' = T4, ...,T,, of n periodic real-time tasks,
the period of T; is denoted by P;, which is equal to the
deadline. The tasks are scheduled on a single processor
system based on preemptive scheduling, and all tasks are
assumed to be independent. In the worst case, each task
invocation requires C; CPU cycles and M; memory cycles.
The worst case execution time of task 7; is ¢; = % + ?1,
where f. is CPU frequency and f,, is memory frequency
(see Eq. (1)).

The energy consumption, F,. ;, of each invocation of
task T; is given by Fucti = Ecomp,i + Fmem,i (see Eq.
(4), (5)). CPU, system bus, and memory are idle if there is
no task to execute, and the power consumption is I + R (see
Eq. (6)). The hyperperiod, H, is the least common multiple
of P, ..., P,, and the total energy consumption, F, over H
is Zzlzl % 'Eact,i + E;qie, Where E;qe = (H — EZL:I % .
e;) - (I + R). A schedule of periodic tasks is feasible if
each task, 7}, is guaranteed C; CPU cycles and M; memory
cycles at each invocation.

The optimization formulation of the multi-DVS frequency
assignment problem with EDF scheduling is

n
H
inimi _Eac A Ez e 8
minimize ; P ti + Lidl (8)
n e
bject t — < 1. 9
subject to 2 P = )



Eq. (8) minimizes the sum of the energy consumption of
all task invocations during hyperperiod H. Eq. (9) is the
necessary and sufficient schedulability constraint because the

utilization of task 7Ty is (?— + }4) /P

B. Static Multi-DVS Frequency Assignment

In this section, we present an optimal solution for
assigning a single frequency set to a task set, 7', such that
all the tasks in the set run at the same CPU frequency, f.,
and the same memory frequency, f,,. The number of CPU
1.0),
the number of bus access cycles in a hyperperzod My,

is Z?:l (g

i

hyperperiod, ey, is CH + MH

m

execution cycles in a hyperperiod, Cp, is Y i, (

~Mi) I and total execution time in the

Lemma 1: (8) is equivalent to the sum of the right hand
side of (4)—(6) by replacing C' with C'y and M with Mp.
Proof: Let Weom, be the power during the pure
execution block and W, be the power during the cache
stall block. Thus we have

Z P act i+ Ezdle

C; M;
— Z comp fc + = z Wmem fm) + E?,dle
H-C; 1
fc Z Pi Wcomp f Z mem + Ezdle
C My
= Wcompf_H + Wmemf— + Ez'dle-
|

Lemma 2: Under EDF, if the execution time, e, does not
exceed the hyperperiod, H, then the task set is schedulable.
Proof From Eq (9)

’L

eH
.7;:—<]_.
e 7 =

TI
Tlm

Hence,
exg < H. (11)

|

1) Methodology: The energy model presented in Eq. (10)

can be combined with system and deadline constraints to

find the energy optimal f., f,, and f,, given a task set
defined with a single hyperperiod, H.

'While individual M;, cache stall cycles of task 7}, can increase when
preempted by other tasks, the effect the increase is generally negligible —
0.25% of the total execution time in maximum when preempted 100 times
for 3 seconds on an ARM926-ejs processor [10]. Nevertheless, we can
measure task set cache stall cycles, My, including additional stall cycles
caused by preemption, using performance counter.

Frequency constraints on the CPU, memory, and bus arise
from hardware specifications,

fc,min S fc S fc,mamv (12)
fm,min < fm < fm,maw (13)
fb = fm~ (14)

The procedure for determining the energy optimal fre-
quency assignment requires finding unconstrained energy
minimizing frequency sets and finding solutions on the
boundary conditions and the boundary intersections imposed
by the constraints. Each frequency set must then be evaluated
in the energy model and the energy minimal solution chosen.

The optimum frequency assignment is found assuming
continuous variables, but real systems have discrete fre-
quency steps. The frequency assignment for the real system
can be found by testing possible frequencies that neighbor
the continuous optimal frequency solution. Neighboring fre-
quencies can be enumerated by finding the nearest higher
and lower discrete frequencies. Frequency sets that violate
the deadline constraint are eliminated and the remaining sets
must be evaluated and compared in the energy model.

The energy model presented in Eq. (10) and the
constraints in Eqgs. (11)—(14) result in the following set of
equations that find possible frequency assignments in the
global search space and on the boundary conditions.

Unconstrained Minima:

E

Find f,, such that g I =0 (15)
E

Find f. such that g_f =0 (16)

Substituting  f,,, from Eq. (15) into Eq. (16) yields
unconstrained energy minimum frequency sets.

Minima on CPU Frequency Boundaries:

Flnd fn), SuCh that aaTEr‘n - 0 (17)
fc € {fc,min; fc,maz} (18)

Eq. (17) solved for the scenarios where f. = f¢mae and
fe = fe,min yields the energy minimum frequency sets on
the CPU frequency boundaries.

Minima on Memory Frequency Boundaries:

fm S {fm,mim fm,ma:c} (19)
Find f. such that gi =0 (20)

Eq. (20) solved for the two scenarios where f,,, = fin, maax
and f,, = fm,min yields the energy minimum frequency
sets on the memory frequency boundaries.



Minimum on Deadline Constraint Boundary: In order
to meet the task set deadline, H,

Mg

fm = T (1)
fe
OF
Find f. such that 0 22)

ofe
Substituting f,, from Eq. (21) into Eq. (22) yields the energy
minimum frequency set on the deadline constraint boundary.

Boundary Intersections: All combinations of maximum
and minimum CPU and memory frequencies yield the
frequency sets at frequency boundary intersections.
Eq. (21) solved for the scenarios where f. = f; maqs and
fe = fe,min, and backsolved for f, when f,, = fim maz
and fp, = fm,min yields the frequency sets on the deadline
and frequency boundary intersections.

2) Methodology  Summary: The following steps
summarize the procedure for finding multiple component
frequency assignments:

1. Find unconstrained energy optimal frequency sets
using Egs. (15)-(16) and the energy optimal
frequency sets on each boundary condition and
boundary intersection using Eqs. (17)—(22).

2. Eliminate results that violate any constraints from
Eqgs. (11)—(14).

3. Evaluate and compare each frequency set in the
energy model from Eq. (10), and choose the lowest
energy set.

4. Enumerate the frequency sets obtainable in the real
system that neighbor the optimal frequency set.

5. Eliminate sets that violate the deadline constraint,

Eq. (11), and evaluate the remaining frequency
sets in the energy model from Eq. (10), choosing
the lowest energy set as the final solution.

An example of applying the procedure is presented below.

3) Methodology Example: Consider a system with
Vepou = Vous = Vipem and CPU voltage as a linear
function of f., Vepy = A fe + B. Let A = 0.0016 V/MHz
and B = 1.504 V. Other system parameters are given in
Table IV. Let the task set be described by Cy = 140 - 108
cycles, My = 30-10° cycles, and hyperperiod, H = 3 sec.
Fig. 4 shows the energy consumption of the task set as a
function of f. and f,,. No unconstrained minima are found
within the limits of f.. The lowest energy frequency set from
all boundaries and boundary intersections is found on the
deadline boundary at { f., f,,} = {65.45 MHz, 35.35 MHz}.
It can be seen from Fig. 4 that this frequency assignment
indeed results in the minimum energy consumption for
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Figure 4: Energy vs. f. and f,, with a task set of Cy = 140- 10°
cycles, My = 30 - 10° cycles and H = 3 sec evaluated in the
proposed energy model.

the system. The neighboring obtainable frequency sets are
{66,36}, {66,34}, {64,36}, and {64,34} if f. and f,, are ad-
justable in 2 MHz steps. Checking the frequency sets against
the constraints reveals that all sets except {66,36} violate
the deadline constraint, so they are eliminated. Evaluating
the remaining frequency set in the energy model in Eq. (10)
determines that the set {f., f,,} = {66,36} has an energy
value of 501.3 mJ for this task set.

1V. EVALUATION

In this section we simulated the energy savings of the
proposed multi-DVS scheme with other DVS schemes. We
performed simulations because of the following two reasons:
(1) the choice of f,, is limited in our real hardware platform—
fm = fc/n where n is an integer-but many new processors
[2], [3] do not have this constraint and (2) we wanted
to investigate the effects of varying the idle power and
voltage range, which are fixed in the real hardware platform.
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Nevertheless, we used the parameters obtained from the real
hardware platform as shown in Table IV. We use average
power consumption, which is calculated by the total energy
consumption divided by the hyperperiod, as the evaluation
metric.

Five schemes are compared in our evaluation: MAX,
CPU-only DVS, Baseline multi-DVS, Static multi-DVS, and
Dynamic multi-DVS. In the Max scheme, tasks are executed
with the maximum CPU and maximum bus/memory fre-
quency. In the CPU-only DVS scheme, we set the optimal
CPU frequency for each task while the system bus/memory
frequency is set to the maximum value. The Baseline multi-
DVS scheme requires that both the CPU and bus/memory
frequencies be proportional to the task set CPU utilization
at maximum frequency'. The Dynamic multi-DVS scheme
results from a brute-force search for all possible combina-
tions of frequencies to determine the optimal frequencies
for each individual task. The Static multi-DVS scheme is the
proposed solution described in the previous section which
assigns a single CPU and memory frequency to the entire
task set. We normalize the average power consumption to
the Max scheme (i.e., no DVS) in every figure.

The system energy consumption was simulated by vary-
ing the task set utilization at maximum frequency, cache
stall ratio, and idle power consumption while satisfying
schedulability constraints for Earliest Deadline First (EDF)
scheduling.

A. Varying Task Set Utilization

Fig. 5 shows the average power consumption of the
compared DVS schemes for varying utilization. As the
utilization increases, the feasible frequency scaling range
decreases; as a result, the effectiveness of all the DVS

'In the Baseline multi-DVS scheme, fo = fcmaz - Do Wimaas
and fm = fm,ma,a: E?:l Ui, maxs where
( Ci 4 M ) /P;.

fe,max fm,max

Ui, max =
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Figure 6: Average power consumption with varying cache stall
ratio and constant utilization = 0.5.

schemes reduces. When the utilization is low, the Static
multi-DVS scheme consumes less energy than the CPU-only
DVS scheme, because it saves energy by setting a lower
bus frequency without violating the deadline constraints.
Although the Baseline multi-DVS scheme is close to Static
and Dynamic optimum multi-DVS schemes in this figure,
the effectiveness of the Baseline multi-DVS highly depends
on the cache stall ratio, which we will show in the next
subsection. The difference in energy consumption between
the Static multi-DVS scheme and the Dynamic multi-DVS
scheme is less than 1%.

B. Varying Cache Stall Ratio

Fig. 6 shows the average power consumption of the
compared DVS schemes for varying task set cache stall ratio,
Clj‘f{i"’m. The task set utilization is fixed at 50%. When
the cache stall ratio is low (representing a CPU intensive
workload), the Static multi-DVS scheme takes advantage of
lowering the bus frequency without violating the deadline
constraints. In contrast, when the cache stall ratio is high, the
CPU-only DVS and the Static multi-DVS schemes have lower
energy consumption than the Baseline multi-DVS scheme,
because they are able to set a lower CPU frequency. When
the cache stall ratio is between 0.1 and 0.2, which is common
in many applications [11], the Static multi-DVS scheme
shows a clear advantage. Note that the Static multi-DVS
scheme shows similar performance to the Dynamic multi-
DVS scheme.

C. Varying Cache Stall Ratio Diversity

In the next experiment, we change the degree to which
different tasks differ in their cache stall ratio. Note that,
when tasks are more diverse (i.e., when a mix of CPU
intensive and memory intensive tasks are present), the Static
multi-DVS scheme is expected to perform worse than the
Dynamic multi-DVS scheme because it cannot customize
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frequency settings to each task. As a proxy for task diversity,
we change the variance of the memory stall ratio across the
task set keeping the task set cache stall ratio fixed at 0.45.
In Fig. 7, the average power consumption is plotted against
the variance in the cache stall ratio.

Note that, while the Dynamic multi-DVS scheme is 13%
better than the Static multi-DVS scheme for large vari-
ances, it is expected that in many realistic embedded task
sets tasks are reasonably homogeneous. For example, in
a process control system, where different tasks implement
different controllers, it is likely that the controllers do not
substantially differ in memory stall ratio. For such sets, the
performance hit of the Static multi-DVS scheme is less than
0.5%, which we deem acceptable. Investigation of efficient
dynamic multi-DVS schemes is therefore left as a topic for
future work.

D. Varying Idle Power Consumption

Fig. 8 shows the average power consumption of the com-
pared DVS schemes over varying idle power consumption of
CPU, bus, and memory. When idle power is zero, only static
power contributes to the total energy. When idle power is
large, energy consumed during idle significantly contributes
to the total energy. Therefore, all DVS schemes achieve
lower energy consumption by setting a lower frequency and
reducing the slack time. Moreover, all multi-DVS schemes
outperform the CPU-only DVS scheme by lowering the bus
frequency and further reducing the slack time.

E. Varying Voltage Scaling Range

Fig. 9 shows the average power consumption of the
compared DVS schemes over varying voltage scaling range.
The cache stall ratio is 10% and the task set utilization is
50%. If the system provides a larger voltage scaling range,
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Figure 8: Average power consumption with varying idle power
and constant utilization = 0.5, and constant cache stall ratio = 0.3.
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Figure 9: Comparisons on the average power consumption with
different voltage scaling range and utilization = 0.5, cache stall
ratio = 0.1.

all DVS schemes save more energy. However, all multi-DVS
schemes are able to take greater advantage of the larger
scaling range by also controlling the bus frequency.

F. Evaluation Summary

Evaluation results show that cache stall ratio is one of
the most important factors affecting the performance of the
Static multi-DVS scheme. The Static multi-DVS scheme is
effective for workloads with low cache stall ratio, because
it is able to set a low memory frequency without violat-
ing deadline constraints. Additionally, the Static multi-DVS
scheme has lower energy consumption compared to the
CPU-only DVS scheme when idle power is high, because it
can lower both the CPU and memory frequency and make
the utilization close to unity. The proposed Static multi-
DVS scheme achieves good performance in a large range
of evaluated configurations.



V. RELATED WORK

There is a significant amount of previous work focusing
on static DVS schemes for real-time tasks under RM or EDF
scheduling [12], [13], [14], [15]. Aydin and Melhem [15]
formulated an energy minimization problem and proposed
an algorithm to find the optimal static frequency assuming
that individual tasks have different power characteristics.
Jejurikar and Gupta [14] proposed an energy model in which
the deadline was not equal to the period, and presented
methods for finding weak-optimal slowdown factors for
scheduling periodic tasks.

On-line slack time reclamation has been another realm of
DVS research. Pillai and Shin [16] proposed dynamic recla-
mation techniques, cycle-conserving, and look-ahead, which
exploited unused slack time dynamically to save energy.
Gruian’s dynamic algorithm [13] also utilized slack time to
lower energy usage and employed both on-line and off-line
scheduling policies. Mejia-Alvarez et al. [12] proposed an
on-line scheduling algorithm with discrete frequency steps
for DVS. Zhong et al. proposed an analytical model for
scheduling without prior task information [17]. Our work
focuses on static frequency scaling but is novel because we
adjust multiple component frequencies, unlike previous work
that focused exclusively on CPU frequency.

Several researchers account for the effects of I/O opera-
tions, such as main-memory accesses [18], [19], [20], [21],
[22] because 1/O operation time does not scale with the CPU
frequency. Bini et al. [18], [19] proposed an energy model
that accounts for memory operations in the task execution
time when only CPU frequency is adjustable. Aydin et al.
[21] proposed a similar energy model that also considered
CPU frequency independent power components. Our model
incorporates CPU frequency independent components, such
as bus and memory, but also allows adjusting their fre-
quencies. It can also be extended with dynamic power
management techniques such as forbidden regions [23] in
future work.

Although the CPU consumes a significant amount of en-
ergy, other components such as the main memory and system
bus often consume energy on a similar order of magnitude.
Without considering such components, energy savings may
not be maximized. Some previous work addresses power-
saving with component standby modes in addition to a DVS-
capable CPU. Zhuo efr al. [20] proposed a system-wide
energy model that considered standby mode components
and showed that as the number of components grew, the
effectiveness of DVS schemes decreased due to increased
standby power. Zhong et al. [24] also presented an energy
model accounting for standby modes for both periodic and
sporadic tasks. Cho et al. [25] proposed an energy model that
considered both CPU and memory frequencies based on an
idealistic energy model with no standby-energy and did not
consider real-time tasks. Snowdon et al. also proposed an

execution time and energy model [26], [27] that considered
multiple adjustable frequencies and task characteristics. Our
model is simpler yet detailed enough to explain our system
behavior.

Recently, researchers have also considered DVS schemes
for multicore processors or multiprocessors. Hui Liu et al.
[28] proposed an algorithm to combine both DVS and dy-
namic power management (DPM) for streaming applications
on embedded multiprocessors. Chen et al. [29] investigated
energy aware scheduling for general multiprocessors, and
proposed a solution in which the CPU frequency was
unbounded. While previous work on multicore or multi-
processors treated cores as multiple DVS components, the
energy models only considered execution time on CPU
cores. However, in many systems, CPU, bus, and memory
are tightly coupled and jointly affect task execution time.

Finally, our work is based on a realistic energy and
execution time model which is validated on a real hard-
ware platform. Our problem is novel because we consider
multiple DVS component frequencies that jointly affect task
execution time.

VI. CONCLUSIONS AND FUTURE WORK

In this study, we contribute a realistic and flexible energy
model for embedded systems. The model focuses on CPU,
system bus, and memory and allows variable frequencies for
those components. Through experiments on a real hardware
platform, we showed that the model can accurately predict
system-wide energy consumption. A solution was then de-
rived to find frequency assignments for multiple components
considering system constraints. Based on the model and
the solution, we proposed a static multi-DVS scheme to
schedule periodic real-time tasks, and we compared our
multi-DVS scheme with other DVS schemes to demonstrate
its effectiveness.

Future extensions of multi-DVS may include developing
efficient dynamic multi-DVS solutions where component
frequencies are varied for each task. Such schemes may
also be integrated with DPM when individual devices have
stand-by or off modes. This work will be reported in future
publications.
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