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Abstract

There has been a growing demand from
consumers to acquire, view, and manage digital
media on various mobile, PC, and
consumer-electronics devices in the past decade.

Consumers, in general, might not be interested in
merging those devices together in functionality.
Instead, consumers do want to have those
devices to work much better together. The
proliferation of digital media and networking
further fuels up the consumer demand. Such an
observation motivates the study and prototype
implementation of this project. That is to
identify and develop critical technology to
seamlessly merge isolated islands in the PC
Internet world, mobile device world, and
consumer electronics world for better delivery of
digital contents and control messages in the
digital home. A tiny energy-efficient real-time
kernel and some development environments
would be built as a proof the concept. In the
second year of this three-year project, we
consider  real-time task  synchronization
protocols with the minimization of energy
consumption. We propose the concept of
frequency locking and extend the Priority
Ceiling Protocol by locking the processor
frequency in a restricted way so that the cost in
frequency switching is better —managed.
Algorithms are proposed to assign tasks base
frequencies in the minimization of the energy
consumption and with the consideration of
schedulability  tests. Dynamic priority
assignment is also addressed. The capability of
the proposed methodology is evaluated by a
series of experiments, for which encouraging
results were presented.

i 4237 DVFS, real-time synchronization
protocol, energy-efficiency, real-time
scheduling



1 Introduction

This subproject is a three-year project. In the second
year, we focus on the study and designs of energy-
efficient real-time task synchronization protocols for
the real time kernel. This report summarizes the major
results we have achieved.

With the advance of VLSI circuit designs, many
modern processors, such as the Intel StrongARM
SA1100 processor [8] and the Intel XScale [9], can
now operate at different processor speeds. It pro-
vides an excellent means in energy-efficient designs,
and a strong driving force in energy-efficient real-time
task scheduling is thus generated by that strong de-
mand. While energy-efficient real-time task schedul-
ing is often modeled and resolved in terms of opti-
mization problems, various excellent scheduling algo-
rithms and approximate solutions were proposed in
the past decade, e.g. [2, 4, 11, 7].

Beside excellent results reported in the energy-
efficient optimization problems, researchers also ex-
plore overhead in speed switching, e.g., [14, 5]. It was
shown in [8, 9, 22] that the worst-case overhead could
be up to hundreds of microseconds in delay because
of the changing of the supply voltage of the DC-DC
converter or that of the system clock by the phase-
locked loop. Sometime the synchronization of the pro-
cessor and off-chip components, e.g., memory, could
take up to one half of a millisecond. For the simplic-
ity of the presentation, voltage or speed switching is
also referred to as frequency switching of the proces-
sor in this report when there is no ambiguity (Please
see Section 2 for the definition of the power consump-
tion function).

While various optimization problems are explored
in energy-efficient real-time task scheduling, there are
relatively few results in providing real-time task syn-
chronization protocols with energy efficiency consid-
erations (close to the excellent work by Sha, et al [3, 18]
in priority ceiling and inheritance). There are two
essential technical issues here: (1) What frequency
should be assigned to each task to satisfy its timing
constraint? (2) When and how should the processor
frequency be adjusted when blocking or resumption

of a task occurs? The closest related work is an exten-
sion of the Priority Ceiling Protocol [18] in frequency
inheritance, where a blocking task could inherit the
processor frequency of the blocked task to speed up
the execution of the blocking task [10]. Other related
work is the concept of two alternative frequencies for
task executions [21]: One is for the execution of any
task when it is not blocked, and the other is adopted
to execute the critical section of any task when the task
is blocked.

Different from the past work, this research work
is motivated by the significant overhead in frequency
switching, as reported in [8, 9, 22], and the needs in
task synchronization protocols. We propose the con-
cept of frequency locking in task executions and ex-
tend the Priority Ceiling Protocol by locking the pro-
cessor frequency in a restricted way so that the cost in
frequency switching is better managed. The objective
is to minimize the energy consumption of a given task
set, provided that the schedulability of tasks is guar-
anteed. One particular characteristic of the proposed
concept is that there is no frequency switching when
a lock request to a semaphore is blocked and when a
task resumes its execution from a blocked request. We
shall show later that there is also no frequency switch-
ing when task preemption occurs. Algorithms are pro-
posed in this report to assign tasks frequencies in the
minimization of the energy consumption and with the
consideration of schedulability tests. Dynamic prior-
ity assignment is then addressed in the report. The ca-
pability of the proposed methodology is evaluated by
a series of experiments, for which encouraging results
were presented.

The rest of this report is organized as follows: Sec-
tion 2 presents the system model and the problem def-
inition. Section 3 proposes the concept of frequency
locking and extend the Priority Ceiling Protocol and
the Priority Inheritance Protocol. Algorithms in fre-
quency assignment and schedulability tests are pre-
sented. Section 4 reports the performance evaluation
of the proposed approach. Section 5 is the conclusion.



2 System Model and Problem Definition

The dynamic power consumption P(f), due to gate
switching at processor frequency f, could be mod-
elled as a convex function of the processor speed
[15]: P(f) = CefV3f. where f = wVa=ViZ and
Ces, Vi, Vaq, and k denote the effective switch capac-
itance, the threshold voltage, the supply voltage, and
a hardware-design-specific constant, respectively. In
this report, we will focus our discussions on the cases
in which the processor can operate at any frequency
fin a given range |fmin, fmaz). Further extensions of
this work for processors with discrete available speeds
can be done by approaches similar to those reported in
[11,7].

Each periodic task 7; in the system is associated
with an initial arrival time q;, a worst-case execution
CPU cycles ¢;, and a period p;. The relative deadline
d; of ; is equal to its period p;. A task is a template
of its jobs, where a job is instantiated for each request
of the task. When 7; is an aperiodic task, p; denotes its
minimum separation time of any two consecutive re-
quests, and d; is defined explicitly by the system, e.g.,
pi. Let the number of CPU cycles executed in a time
interval be proportional of the processor frequency. In
other words, the number of CPU cycles completed for
a task running at a processor frequency f for ¢ time
units is f = t. The energy consumed for a processor
in the execution of a task at the processor frequency
f for t time units is ¢ * P(f). When there is no ambi-
guity in the report presentation, terminologies “task”
and “job” are used interchangeably.

Suppose that each resource in the system is
guarded by a unique semaphore. Before any task
accesses any resource, the corresponding semaphore
must be locked. In this report, we consider exclu-
sive locks with an objective in the focusing of the
concept for energy-efficient real-time task synchro-
nization (such as that by the Priority Ceiling Proto-
col (PCP) [18]). Only binary semaphores are adopted
for the simplicity of discussion (instead of counting
semaphores in the Stack Resource Policy (SRP) [3]).
When the lock request is blocked, the job is said being
blocked. Depending on the adopted resource synchro-
nization protocol and the run-time situation, each job
might suffer from a different amount of blocking time
from some lower-priority tasks, due to access conflict.

In this report, we shall propose the concept of fre-
quency locking (FL) in the frequency adjustments of
task executions so as to manage frequency switching
overhead and provide real-time task synchronization
with energy consumption considerations. We propose
to take the priority inversion time of tasks into con-

siderations and have frequency switching only when
a task is dispatched and scheduled for the first time,
or all of the executing tasks just finish their executions
at this time point. The goal is to adjust the proces-
sor frequency in a proper pattern and limit the occa-
sions for frequency switching (Please see the detailed
policy in later sections). Note that, with schedulabil-
ity analysis done before the run time, no frequency
switching is considered in any blocking or resumption
of tasks, due to semaphore locking or unlocking. The
rationale behind the concept is on the overhead min-
imization in frequency switching, which is significant
compared to task execution time [22], and the proper
extensions of existing task synchronization protocols.
In later sections, we shall show how to apply the FL
concept to the well-known PCP and the Priority In-
heritance Protocol (PIP) [18]. We shall show that their
schedulability tests and properties could be extended
in a straightforward way, and the worst-case energy
consumption of a task or its task set could be derived.
In this report, the energy consumption of a task set T
is defined as the energy consumption of tasks in the
hyper-period of T, denoted by L, where L is the LCM
of the task period in T.

3 Frequency Locking for Energy-Efficient
Real-Time Task Synchronization

3.1 Overview

The objective of this section is to propose the con-
cept of frequency locking in energy-efficient real-time
task scheduling. The idea is to do pre-analysis of the
priority inversion time of tasks so that the system can
be locked at a proper processor frequency when a new
task is dispatched from the ready queue, or all of the
executing tasks just finish their executions at this time
point. The rationale behind the concept is to avoid
any frequent adjustment of the processor frequency
because of significant overhead and delay in the ad-
justment [8, 9, 22].

In this section, the well-known PCP and PIP [18]
are extended with the frequency locking concept, re-
ferred to as FL-PCP and FL-PIP (Please see Section
3.2). With such an extension, no frequency adjust-
ment is considered when a task is blocked or resumed
from blocking to avoid significant overhead and de-
lay, due to frequency adjustment. We shall show how
to assign each task a proper processor frequency in
the minimizing of the energy consumption without
any violation of the timing constraints and with the
consideration of the priority inversion time of tasks.
The frequency assignment algorithm and properties



of FL-PCP and FL-PIP are then presented (Please see
Section 3.3). Remarks on the frequency locking con-
cept over dynamic priority assignment policies are
then addressed (Please see Section 3.4). In Section 3.3,
we extend the concept of frequency locking based on
an observation that a lower priority task often need
a higher frequency in execution because of more task
preemption cost from higher priority tasks. It also
aims at better estimation on the number of frequency
switchings in task executions. In such a case, a higher
priority task will run at a lower frequency to save en-
ergy if it is not blocked by any lower priority task.
Moreover, a higher priority task would suffer from
less blocking time from lower priority tasks because
they run at higher frequencies. This approach is very
different from previous results, e.g., [10, 16].

3.2 Frequency Locking: FL-PCP and FL-
PIP

3.2.1 Protocol Definitions

In this section, PCP is extended with the concept of
frequency locking, referred to as FL-PCP. The task
model under discussions follows directly from that
of PCP, where a set of fixed-priority tasks is con-
sidered in a uniprocessor environment, and binary
semaphores are adopted for task synchronization. FL-
PIP is then presented with a minor revision over FL-
PCP.

As shown in Algorithm 1, the rules of task schedul-
ing, resource allocation, and priority inheritance are
exactly as the same as those of PCP, except the rule is
on frequency switching. Different from the past work
[10, 16], the time moment for frequency switching is
determined when a task is dispatched and scheduled
for the first time, or all of the executing tasks just fin-
ish their executions at this time point. The idea is to
lock up the processor frequency for a longer time at a
proper level. The first condition for frequency switch-
ing is when no task is dispatched and scheduled for
the first time, and all of the executing tasks just fin-
ish their executions at this time point. The frequency
is set as the one for the idle mode because there is
no task in the ready queue!. The second condition
is to run a task at its base frequency to save the en-
ergy (to be shown in the later section in the determi-
nation of the base frequency) because all of the exe-
cuting tasks have finished their executions. The third

IThis setting is, in fact, optional, and the setting depends on the
overhead in switching back and forth between the idle mode and
an operating mode of a target processor. For example, the switching
overhead of Strong ARM SA-1100 to the lower-power sleep mode is
160 ms [8]. Any idle setting action should be careful.

Algorithm 1 FL-PCP

I Task Scheduling, Resource Allocation and Priority In-
heritance: Rules are as the same as those of PCP.

I Frequency Switching:

e The processor frequency is switched to a proper
one when a task is dispatched and scheduled for
the first time, or all of the executing tasks just fin-
ish their executions at this time point.

o The new processor frequency is set based on the
following four conditions:

— If no task is dispatched and scheduled for
the first time, and all of the executing tasks
just finish their executions at this time point,
then the frequency is set as the one for the
idle mode.

- If a task is dispatched and scheduled for
the first time, and all of the executing tasks
just finish their executions at this time point,
then the processor frequency is set as the
base frequency of the task.

— If a task is dispatched and scheduled for the
first time, and some of the executing tasks
have not finished their executions at this
time point, then the processor frequency is
set as the maximum of its base frequency
and the current processor frequency.

— Otherwise, the processor frequency remains.

condition requires the processor frequency to set in
a non-decreasing order so as to satisfy the schedula-
bility of executing tasks (Please see related theorems
in the following section). The fourth condition is sat-
isfied when no new task is dispatched, and some of
the executing tasks have not finished their executions
at this time point. In such a case, the processor fre-
quency remains to avoid a potentially large number
of frequency switchings and their overhead.

FL-PCP could be better illustrated by the following
example: Consider three tasks 71, 7as and 7y, that are
ready to execute at time 0, 3 and 9, respectively. Let 7
and 77, have the highest priority and the lowest prior-
ity in the task set, respectively. The priority ceilings of
R1 and R2 are both the priority of 77, according to the
definitions of PCP. The execution times of 7, 7); and
71, are 5, 5 and 6 time units, respectively, when the pro-
cessor frequency is the maximum available one f,q;.
Suppose that the base frequencies of 7z, Tps and 7, are
setas 1/2 % fiaz, 2/3 % fraz and fiqq, respectively.

As shown in Figure 1.(a), when 7, arrives at time 0,
the processor frequency is set as fi,q.. 71 later suc-
cessfully locks R2, and the processor frequency re-
mains. At time 3, 7;; preempts 7, and the processor
frequency is locked at fy,q; (Condition 3). The lock
request of 7j; to R1 is blocked at time 4 because the
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Figure 1. FL-PCP v.s PCP with DVS

priority of 7)s is no larger than the priority ceiling of
R2. 11, resumes its execution and inherits the priority
of 757, and the processor frequency is locked at fy,q4z-
At time 6, 71, unlocks R2, and 7, resumes its execu-
tion. 7, later locks R1 and R2 successfully. The pro-
cessor frequency stays at fr,q.. Attime 9, 7 preempts
Tum, and the processor frequency is also locked at fiqz
(Condition 3). Note that the processor frequency stays
at fiae until 7, 737 and 77, all finish their executions
at time 16 (Condition 1). There are only two frequency
switchings in this case (when 7, starts and finishes
its execution, respectively), and one priority inversion
occurs.

Suppose that we do not do frequency locking for
the same set of tasks. As shown in Figure 1.(b), when
Ty preempts 77, at time 3, the processor frequency is
setas 2/3 * fmae. The lock request of 7y to R1 is later
blocked at time 4.5 because the priority of 7, is no
larger than the priority ceiling of R2. The processor
frequency is set back to f,., to execute 7, and 7, in-
herits the priority of 75;. As soon as 77, unlocks R1 at
time 6.5, 7 resumes its execution, and the processor
frequency is set back to 2/3 * f,q,. In this way, there
will be totally 10 frequency switchings when all of the
tasks finish their executions. As astute readers might
point out, the overhead in frequency switching might
be overwhelming, and there should be a proper way
to lock the processor frequency at certain time points.
The observation motivates this research.

The definition of FL-PIP is almost as the same as
that of FL-PCP, except that the rule in resource alloca-
tion is revised as that for PIP. That is, a resource re-
quest of a task 7; is granted if the resource is avail-
able; otherwise, 7; is blocked by the task that locked
the resource when the lock is issued. The policy in fre-
quency switching remains. In the following section,
we shall show how to determine the base frequencies
for tasks under FL-PCP or FL-PIP by considering task
synchronization. We shall later show important prop-
erties of the frequency locking concept.

3.2.2 Frequency Assignment

In this section, we shall first present algorithms to as-
sign tasks base frequencies based on the concept of fre-
quency locking to minimize the energy consumption
without violating their deadline constraints. We will
then show how to resolve the frequency assignment
in terms of non-linear programming.

Suppose that tasks of each periodic task set un-
der considerations are sorted and indexed in a non-
decreasing order of their periods. Before the base fre-
quencies of tasks under FL-PCP or FL-PIP are deter-
mined, we shall first derive the base frequencies of
independent periodic tasks under the rate monotonic
scheduling (RMS) algorithm, where the priorities of
tasks are inversely proportional to their periods. Note
that FL-PCP becomes the RMS algorithm with fre-
quency locking when tasks become independent, and
the priorities of tasks are assigned based on the RMS
algorithm. In this section, tasks with smaller indices
are assigned higher priorities based on the RMS algo-
rithm. Let U(i) = i % (27 — 1) denote the least upper
bound of utilization factors of i periodic independent
tasks [13].

Algorithm 2 assigns independent periodic tasks
base frequencies based on the concept of frequency
locking and an observation that a lower priority task
usually need a higher frequency in execution because
of more task preemption cost from higher priority
tasks. Let o denote the worst-case CPU cycles for each
frequency switching [19]. As shown in Algorithm 2,
tasks are first assigned base frequencies as the maxi-
mum available frequency of the processor for schedu-
lability test (Step 1-5). If the task set is schedulable
in such a case, then the minimal frequency f, is de-
rived to meet all of the timing constraints of tasks
(i.e., the utilization factor checkup U(XV)) without the
considerations of frequency-switching cost (Step 6).
The base frequencies of tasks are then adjusted again
to reduce the energy consumption with frequency-



Algorithm 2 FA-ITS

Input: Taskset T = {71, 72,..., 7~}
Output: Frequency Assignment of An Independent Fixed-
Priority Task Set T
1: foreachi < 1to N do
2 UG > Yo (o )+ (e
3: fl = f’maa:
4
5

* <L) then
pi

else
return with the base frequency assignments of
schedulable tasks
6: Find the minimal frequency f, such that

vy > Y (2l
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: foreach i < 1to N do
8:  Find the minimal frequency f; such that

N

v > Y (e lyy
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9: if fi > fiae then

10: foreach j «— 1to N do

11: resetting f; = fmaz

12: return with the base frequency assignments of all
tasks

13:  if f; < f, then

14: fi = fu

15: foreachi < 1to (N — 1) do
if f; > fi+1 then

fir1=fi
18: foreachi < 1to (N — 1) do

19: if 2Un)ei < P(fi)(cita) then
N i

20: fir1=fi=fn

21:  else

22: if f; > fi+1 then

23: fiv1=fi

24: return with the base frequency assignments of all tasks

switching cost considerations: Tasks are reassigned
base frequencies in a decreasing order of their prior-
ities (Steps 7-14). The i-th task 7; is assigned a base
frequency f; such that the utilization factor of the first
i tasks is not more than U(i) (Step 8), where the first,
second, and third items in the right hand side of the
inequality denote the preemption cost of higher pri-
ority tasks, the cost in frequency switching of higher
priority tasks, and the utilization factor of the i-th task
(plus the worst-case cost in switching between oper-
ating and idle modes). Let 3 denote the delay time to
switch from the operating mode to the idle mode (and
vice versa). In the worst case, there are 23 in the third
item: One happens when 7; arrives at the time mo-
ment when the processor is switched from the operat-
ing mode to the idle mode. The other happens when

a 1 1 e 28
() ()

the processor is switched from the idle mode back to
the operating mode to run a task with a priority no
less than that of 7;.

The second item comes from the worst-case esti-
mated cost o/ f; to switch the processor frequency of
a higher priority task to that of another higher priority
task (including 7;) because the former task finishes its
execution, and the later then starts its execution at the
same time. The second item is the ratio of the cost and
the period of 7; because the cost is charged to 7; as a
part of its utilization. When the base frequency of a
task is larger than the maximum available frequency
of the processor, then the algorithm should stop and
return by assigning the base frequency of each task
as the maximum frequency of the processor (Steps 9-
12). If the derived base frequency of a task is lower
than the minimal frequency f,, derived in Step 6, then
the base frequency of the task is set as f, (Steps 13-
14). After the loop between Steps 7 and 14 terminates,
the base frequencies of tasks are adjusted again such
that lower priority tasks are assigned higher base fre-
quencies (Steps 15-23). Note that the base frequency of
any task is assigned as the maximum base frequency
of tasks, i.e., fw, if the energy consumption to run a
task at a lower frequency plus the energy consump-
tion in frequency switching is no less than the energy
consumption to run the task at the maximum base fre-
quency of tasks. In Section 3.3, we shall show that
there is no frequency switching due to task preemp-
tion, because of the above idea and the concept of fre-
quency locking (Please see Lemma 3.1).

Algorithm 3 assigns base frequencies to tasks under
FL-PCP. Let B; denote the worst-case blocking CPU
cycles of a task 7; under PCP (i.e., the corresponding
worst-case blocking time of a task under PCP with
CPU cycles as units). The derivation of B; follows di-
rectly from the corresponding way in blocking time
derivation under PCP [18]. Algorithm 3 is similar to
Algorithm FA-ITS, except that the the blocking CPU
cycles are considered. Algorithm FA-ITS is first in-
voked to derive the base frequencies of tasks when no
resource sharing is considered (Step 1). In each itera-
tion of the loop between Step 2 and Step 8, the block-
ing CPU cycles B; of a task is considered. The lowest
frequency is first determined as the worst case in the
derivation of blocking time to 7; (Step 3). The third
item in the right hand side of the inequality of Step 8 of
Algorithm FA-ITS is revised to check it up whether the
resulted utilization factor, due to additional blocking
CPU cycles B;, will violate U(¢) (Step 5). If there is a
violation, then a higher frequency is needed to satisfy
the utilization bound. The task with f;, is increased
until there is no such violation. If there is no such [z,



Algorithm 3 Frequency Assignment of FL-PCP

Input: Task set T = {71, 72,...,7n}, Resource usage
Output: Frequency Assignment for Each Task 7;
1: FA-ITS(T);

2: foreachi < 1to N do )
3:  fr= the lowest base frequency among tasks which
might block 7;
4:
i a 1 1 B;+c;
U= (L—+ (=) (= ——
1<G<i Fi0 Pi 1<i<infi £ .3k 1<k< fi P fr P;

5 if U > U(i) then

6: Increase the frequency of the task with fz such that
the value of the above U is no larger than U (%)

7:  if fL > fimae then

8: leave the loop

9: foreachj — 1to (N — 1) do
10: if f/ > f_»,‘+1 then

11: fi+1=1;

12: for eachj —1to(N—1)do

13: if fN)C7 < P(f‘L])(C +a) then
14: fJ+1 = fJ— fN

15:  else

16: if f; > fj+1 then

17: fis1=1;

18: return the base frequency assignments of all tasks with
schedulability guarantee of tasks 71, -+, 7i—1

i.e., fL > fmasz, then the schedulability of task 7; can
not be guaranteed, and exit the loop (Steps 7 and 8).
Note that ¢ would be (N + 1) if every task is schedula-
ble by considering the blocking CPU cycles. Further-
more, there is no cost in frequency switching for 7;
because the blocking will result in frequency locking
(and no frequency switching occurs on 7; in this case).
(Please see Lemma 3.2 in Section 3.3.) Similar to Al-
gorithm FA-ITS, the base frequencies of tasks are then
revised to make sure that lower priority tasks are as-
signed higher base frequencies (Steps 9-17). The base
frequencies of all tasks are then returned, and only
tasks that pass the schedulability test (i.e., the formula
in Step 4) are guaranteed being schedulable (Step 18).
The complexity of Algorithm 3 is O(n?®), when there
are n tasks in the task set T.

While Algorithm 3 (and Algorithm 2) provides a
greedy and intuitive algorithm to determine the base
frequencies of tasks under FL-PCP, the frequency as-
signment problem can be resolved in a more precise
way by a non-linear programming solver [12] based
on the Algorithms 2 and 3. The problem can be for-
mulated as an optimization problem: The objective is
to assign each task 7; in a task set T = {m,--- ,7,}
a base frequency f; so as to minimize the worst-case
energy consumption of task executions in the hyper-

period, i.e., P(f”)*21§i§n((%+25)*i)"'P(fn)*%*

)

Da<i<(h-1) 7 2+ Piaie * (L — (X i<i<n(F- +28) *))
where P;gc is the energy consumption per time unit
during the idle time, and % is the smallest task index
such that f;, = f,, subject to the following constraints
(Please see Theorem 3.8 for the worst-case energy con-
sumption estimation):

;28

U (i) > Z(f*f)JrZ(f*f)Jr(f l+i) i=1,2...,n
j=1 f; rj =1 f; P fi  pi o P
1 B, 4o

O Z(—*—HZ(—*—H( P S R
j=1 fj pj j=1 f; Pi P

k=i+1,i4+2..,n

P(fn)ec; N P(fi)(ej + )

> i=1,2..,n
fn fi
fmin < fi < fmax, i=1,2..,n
fi—1 < fi i=2.,n

Equations 1 and 2, that come from the Step 8 of Algo-
rithm 2 and Step 4 of Algorithm 3, respectively, make
sure that switching cost and worst-case blocking cost
are both satisfied in schedulability tests. Note that the
frequency switching cost in Equation 1 or 2 is easy to
understand but more conservative, compared to the
counterpart in Algorithms 2 or 3, and the cost can also
be reformulated accordingly. Equation 3 is to make
sure that the energy consumption to run a task at its
base frequency plus the energy consumption in fre-
quency switching is no larger than the energy con-
sumption to run the task at the maximum base fre-
quency of tasks. Equation 4 lets the base frequencies
of tasks stay in a legal range [fmin, fmaz), and Equa-
tion 5 requires that lower priority tasks are assigned
higher base frequencies?. Note that Algorithm 3 and the
above non-linear programming formulation could be used
for FL-PIP directly with the worst-case blocking CPU cy-
cles B; of each task being derived based on PIP [18].

3.3 Properties

The purpose of this section is to present the proper-
ties of FL-PCP and FL-PIP. For the rest of this report,
we shall assume that the base frequencies of tasks
under considerations are set by Algorithms 2 and 3.
Tasks are also sorted and indexed in a non-decreasing
order of their periods.

Lemma 3.1 There is no frequency switching under FL-
PCP when task preemption occuts.

Proof. The correctness of this lemma follows di-
rectly from the third condition of FL-PCP in frequency
switching and the fact that higher priority tasks are as-
sociated with lower base frequencies. O

ZNote that the constraints based on Equations 1 and 2 could be
further refined, but we choose to keep them in the current form for
better understanding.



Lemma 3.2 There is no frequency switching under FL-
PCP when a task is blocked because of its lock request. Fur-
thermore, any blocked task always executes at a frequency
no less than the base frequency of the blocking task under
FL-PCP until the task completes its execution.

Proof. Suppose that a lower priority task 7, blocks
some higher priority task 7z under FL-PCP. Based on
the definition of FL-PCP, when the blocking of 75 oc-
curs, there is no frequency switching. Furthermore,
the only possible situation for such a blocking to hap-
pen is when 7, starts earlier than 75 does, and 7,
locks a semaphore that later blocks 7z. Let 7x pre-
empt some lower priority task (that might or might
not be 7). Because of Lemma 3.1, there is no fre-
quency switching when the task preemption occurs.
Note that 77, has started its execution when the task
preemption occurs. Based on the rule of FL-PCP in fre-
quency switching, 77 always executes at a frequency
no less than 71’s base frequency (that is also no less
than that of 77) under FL-PCP until 75 completes its
execution. [J

Lemma 3.3 No task executes at a frequency less than its
base frequency under FL-PCP.

Proof. The correctness of this lemma follows directly
from Lemmas 3.1 and 3.2. OJ

Lemma 3.4 There is at most one priority inversion for
any task under FL-PCP. Furthermore, there is no transitive
blocking and any deadlock under FL-PCP.

Proof. The correctness of this lemma follows directly
from the properties of PCP [18]. O

Theorem 3.5 [18] Task 7; is schedulable by PCP if U (i) >
ZK]Q(i )+ (B +Ci) where C;, pj, and B; denote the
worst-case CPU tzme the period, and the worst-case block-
ing time of task T, respectively.

Lemma 3.6 Let the processor never enter the idle mode un-
der FL-PCP. A periodic task set is schedulable by FL-PCP
if and only if it is schedulable by PCP.

Proof. The correctness of the “only if” part follows di-
rectly from the fact that there is no cost in frequency
switching under PCP, where all tasks run at the maxi-
mum available frequency f,q,. Since 3 in the formula
(of Step 8) of Algorithm 2 can be considered as zero
(because the processor is assumed to stay at the op-
erating mode), the satisfaction of both the frequency
assignment formula in Step 8 of Algorithm 2 and the
frequency assignment formula in Step 4 of Algorithm

3 would guarantee the schedulability of the task set
based on Theorem 3.5.

The ”if” part can be proved by considering two
cases: (1)The processor frequency always stays at
fmaz under FL-PCP. (2)The processor frequency some-
time drops below f,,; under FL-PCP. The ”if” part
holds for Case 1 because FL-PCP becomes PCP when
the processor frequency always stays at fi,q,. The ma-
jor differences between Cases 1 and 2 are on the fre-
quency switching cost under FL-PCP and the lower
bound on the execution frequency of each task (be-
cause of the estimation of the worst-case execution
time). Based on Lemma 3.1, there is no frequency
switching due to task preemption. As a result, each
task has at most one frequency switching before a
lower priority task (e.g., 7;) is scheduled. That hap-
pens when the task is scheduled at the time instant
when another higher priority task finishes its execu-
tion. In other words, the frequency switching cost un-

der FL-PCP is bounded by Zlgjgi,fﬁéfk,ﬂk,lgk<j(%

2 (08 30 g A <ne (7 % 5o) if 7i is blocked
by a lower-priority task) when the schedulability of
task 7; is considered. (Note that they are the second
part in the frequency assignment formula in Step 8 of
Algorithm 2 and that in Step 4 of Algorithm 3, respec-
tively.) Furthermore, Lemma 3.3 shows that no task
executes at a frequency less than its base frequency
under FL-PCP. In other words, the worst-case CPU
time of each task 7; is bounded by . (Note that it con-
tributes the utilization factor of tasks in the first part
in the frequency assignment formula in Step 8 of Al-
gorithm 2 and that in Step 4 of Algorithm 3.) Accord-
ing to Lemma 3.2, any blocked task always executes
at a frequency no less than the base frequency of the
blocking task under FL-PCP until the task completes
its execution, so the worst-case blocking time of 7; is
bounded by f -, Since the worst-case blocking time of

7; is taken into consideration by , the schedulabil-
ity of any task 7; is guaranteed by Theorem 3.5 and
the frequency assignment of tasks based on both the
frequency assignment formula of Algorithms 2 and 3.
O

ES

When the overhead in frequency switches between
the operating mode and the idle mode must be consid-
ered in schedulability analysis, the following theorem
should be proved. Note that such overhead could be
limited, e.g., no more than 1 ySec in many cases [20].

Theorem 3.7 Suppose that the processor might enter the
idle mode under FL-PCP. A periodic task set is schedulable
by FL-PCP if and only if it is schedulable by PCP.



Proof. The correctness of this theorem directly fol-
lows from that of Lemma 3.6 by considering the to-
tal time in frequency switches between the operat-
ing mode and the idle mode under FL-PCP (in the
"if” part proof). There are two cases to consider in
the schedulability of any task 7;: (1) If 7; is blocked,
then there is no time spent in frequency switches be-
tween the operating mode and the idle mode based
on Lemma 3.2 (when the schedulability of 7; is consid-
ered). (2) If 7; is never blocked, then there is only one
chance for frequency switches between the operating
mode and the idle mode (when the schedulability of 7;
is considered). In such a case, there would be no possi-
bility for any lower-priority task to block 7; because it
would has no chance to lock anything to block 7;. As
a result, the frequency assignment formula in Step 8
of Algorithm 2 and Theorem 3.5 would guarantee the
schedulability of 7;. O

Theorem 3.8 Given a set of n periodic schedulable tasks,
the total energy consumption under FL-PCP in a hyper-
period is no more than P(fy) * 321 <;<,, (5= +26) = p%) +

P(fp)* %1 cicthon) i + Piate * (L= (X1 <i<n(F-+
203) * i)% where P,qy. is the energy consumption per time
unit during the idle time, and k is the smallest task index
such that fy, = f,.

Proof. The correctness of the energy consumption
bound follows directly from the following three facts:
(1) The first part serves as an upper bound on the
energy consumption of task executions and the fre-
quency switching to their corresponding base fre-

quency, i.e., 7, ina hyper-period because P(f,)* - >

f
P(f;) * Cfﬁ for each task 7; (where f; # f,), and the
worst-case delay time in switching between operating
and idle modes per task execution is at most 2. (2)
The second part is the energy consumption in the pro-
cessor frequency switching to execute tasks with the
base frequency as f,. Since a frequency switching for
the execution of a task with the base frequency as f,
occurs only when the current processor frequency is
not f,, the number of frequency switchings to execute
all of tasks with the base frequency as f,, is bounded
by > icicro1 pA Note that when a task with the base
frequency as f, is dispatched, the processor frequency
will be locked at f,, until the task completes according
to Lemmas 3.1 and 3.2. (3) The third part is an upper
bound on the energy consumption of task executions
at the idle mode, where (30, ;. (7 +2) * ) is the
minimum time in executing tasks in a hyper-period,
including the worst-case delay time in switching be-
tween operating and idle modes. O

Note that the theorems proved in this section for
FL-PCP remain correct for FL-PIP when the worst-
case blocking CPU cycles B; of each task is derived
based on PIP [18].

3.4 Dynamic Priority Assignment: EDF
and SRP

When EDF is adopted for independent task
scheduling, it is shown that the frequencies of all task
executions should be the same in the minimization of
the energy consumption [2]. As a result, we should
find one frequency for all task executions that results
in 100% utilization factor, and Algorithm 2 can be re-
vised accordingly.

When SRP [3] adopts the RMS priority assignment,
the frequency switching rule of FL-PCP can be applied
directly. Algorithms 2 and 3 remain correct in the
base frequency assignment, except that the blocking
CPU cycles of tasks should be derived based on SRP.
The resulted SRP is referred to as FL-SRP(RMS). When
SRP adopts the EDF priority assignment, the base fre-
quency assignment could be done as follows: One ini-
tial base frequency of all tasks are first determined as
discussed in the above paragraph (i.e., one single fre-
quency for all tasks [2]). The basic idea is to repeatedly
invoke Algorithms 2 and 3 until the base frequencies
of tasks satisfy the Step 8 of Algorithm 2 and the Step
4 of Algorithm 3. In each iteration, we run Algorithm
3 by setting U(i) = 1 for all 7 to adjust the base fre-
quency of each task by considering the blocking CPU
cycles of tasks. Algorithm 2 is then invoked to fur-
ther adjust the base frequency of each task based on
the cost in frequency switching, where U(i) = 1 for
all 7. Note that we assume that tasks are sorted in a
non-decreasing order of their relative deadlines (and
preemption levels). The resulted SRP is referred to as
FL-SRP(EDF).

4 Performance Evaluation

4.1 Data Sets and Performance Metrics

The purpose of this section is to have performance
evaluation of FL-PCP in terms of the energy consump-
tion in task executions, compared to PCP without volt-
age scaling (i.e., PCP) [18], PCP with a minimal con-
stant frequency (PCPC), the Uniform Slowdown with
Frequency Inheritance algorithm (USFI) [10], and the
Dual Speed algorithm (DS) [21]. Under PCPC, all of
the tasks executed at the maximum of the minimal re-
quired frequency of each task based on the schedu-
lability test of PCP. When DS was adopted, no pre-



emption was allowed for any critical section. The high
speed H and the low speed L under DS were derived
based on the following inequalities, where the rate
monotonic priority assignment (RM) was adopted:
—"'Z“’;JMﬁB] < Hand 7jzlrjﬂ*” <LV1<i<n.
Note that RM assigned a higher priority to a task with
a smaller period.

The specifications of Intel XScale was adopted in
the experiments, where the power consumption func-
tion was approximated by P(f) = (0.08 + 1.52f3)
Watt [17]. The maximum and minimum available fre-
quencies were normalized to 1 and 0.1, respectively.
The workloads in the experiments were generated in
a randomized way: The number of tasks per task
set ranged from 10 to 20. Tasks were all periodic,
and their periods were picked up in the range [20m:s,
8000ms]. The CPU utilization of each task ranged
from 5% to 10%, and the total CPU utilization of each
task set ranged from 40% to 70% based on the max-
imum processor frequency. The initial arrival time
of each task was generated by a random distribution
function. The number of semaphores shared by tasks
ranged from 5 to 10, and which semaphore might be
locked by which task was determined by a random
distribution function. As a result, the probability of
blocking for each task ranged from 25% to 50%. Fur-
thermore, a task with a higher CPU utilization tended
to lock more semaphores.

The blocking factor of a task was defined as the max-
imum percentage of time in the execution time of a
task in blocking, and it ranged from 10% to 30%. In
other words, the maximum blocking duration of a task
T; was ¢; * blocking_factor;. The frequency switch-
ing overhead ranged from 0.1ms to 1ms at the max-
imum processor frequency [8, 9, 22]°. The delay time
in switching from the operating mode to the idle mode
(and vice versa) was defined as 1 us [20]. The power
consumption in the idle mode was set as 0.01 times
of that in the operating mode [6]. In the experiments,
1000 task sets were generated for each system config-
uration, and their results were averaged for compari-
son. Each simulation run was conducted for the dura-
tion of the hyperperiod of the task set.

The primary metric in performance evaluation was
the normalized energy consumption. Let X and Y denote
the energy consumption amount of the algorithm un-
der performance evaluation and that of PCP, respec-
tively. The normalized energy consumption of the al-
gorithm was defined as X /Y.

3When the delay overhead in frequency switching was propor-
tional to the difference between the original frequency and the cur-
rent frequency, the delay time in each frequency switching of all
algorithms was revised from (%) toa*|fi — fminl [1]

4.2 Experiment Results
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Figure 2. Normalized energy consumption
with different values of the frequency switch-
ing overhead

Figure 2.(a) and (b) showed the normalized energy
consumption of FL-PCP, PCP, PCPC, USFI, and DS,
when there were 10 tasks with the total CPU utiliza-
tion U = 0.5 and U = 0.6 at the maximum frequency,
respectively, and the available frequencies could be
any number between 0.1 and 1.0. The horizontal axis
is the overhead in frequency switching at the maxi-
mum processor frequency, and the vertical axis is the
normalized energy consumption. Because the exper-
iments of other workloads had similar results, they
were not included in the report. It was shown that FL-
PCP always achieved the lowest normalized energy
consumption, compared to other algorithms. FL-PCP
also tended to do even better than other algorithms
when the overhead in frequency switching increased.
In other words, FL-PCP was also good in terms of
energy efficiency with larger overhead in frequency
switching.

The energy consumption under FL-PCP was much
less than that of PCP (with only 30%-40% of that of
PCP, where that of PCP was 100% in comparison). FL-
PCP greatly outperformed PCPC, especially when the
total CPU utilization of a task set increased (by up
to 20%). This was because the increasing in the task
utilization under PCPC might result in a high con-
stant frequency such that the energy consumption in-
creased much more quickly. As astute readers might
notice, the energy consumption of task executions un-
der PCPC did not increase when the overhead in fre-
quency switching increased. It was mainly because
all tasks executed at the same frequency under PCPC
such that no frequency switching occurred during the
run time. DS and USFI had similar performance in
the experiments, as shown in Figure 2. In the experi-
mental results, it was observed that the frequencies of
tasks derived by DS and USFI were the same in most
task sets. We also found out that a lower priority task
usually needed a higher frequency in executions be-
cause of more task preemption cost from higher pri-



ority tasks in the experiments. The high speed H and
the low speed L were the same under DS in most task
sets. Under USH], a task 7; was assigned a frequency
no lower than that of a task with a priority lower than
that of ;. As a result, the frequencies of tasks were
identical under USFI in most task sets.

0 o
> K Tt
Sgt—s +——+— | g
B b=
N N
52 =S —
E€ef J— PR ® EE g D = .
§E Vg P e SE
Z ¢ 50 z2 g5
(0] 8 © 8
§> o PCPC —+ §’> w0 PCPC —+
> %0 DS} S8 3 DS -
<g UsFl-e| <8 USFI &
420 FL-PCP -0 & 20 FL-PCP -0
0. 0.75 10 o. 0.75 10

.1 025 0.5 1 0.25 0.5
[of a

(a) 10 tasks (b) 20 tasks

Figure 3. Normalized energy consumption
with different values of the frequency switch-
ing overhead

Figure 3.(a) and (b) showed the normalized energy
consumption of FL-PCP, PCP, PCPC, USFI, and DS,
when there were 10 and 20 tasks, respectively, with the
total CPU utilization U = 0.7 at the maximum proces-
sor frequency, and the available frequencies could be
any number between 0.1 and 1.0. Compared with the
results shown in Figure 3.(a) and (b), the energy con-
sumption of task executions increased when the num-
ber of tasks increased. Furthermore, USFI and DS had
similar performance in energy efficiency. The perfor-
mance gap between FL-PCP and USFI/DS increased
when the number of tasks increased. It was because
more frequency switchings occurred under USFI/DS
when there were more tasks. Similar to the experi-
mental results in the above figure, since all tasks ex-
ecuted at the same frequency under PCPC, the per-
formance gap between FL-PCP and PCPC remained
similar when the number of tasks increased.

Experiments were also conducted to evaluate the
energy consumption of FL-PCP with different block-
ing factors and different numbers of processor fre-
quencies. The results show that the energy consump-
tion increased, in general, when the blocking factor in-
creased and the overhead in frequency switching was
less than 0.5ms at the maximum processor frequency.
Moreover, the energy consumption of task executions,
when there were 5 available processor frequencies,
was 10% more than that when there was an infinite
number of processor frequencies. The corresponding
figures are not included because of space limitation.
Note that when the number of available processor fre-
quencies was finite, the available frequencies were de-
rived by picking up real numbers between 0.1 to 1
with an equal consecutive distance. For example, 0.1,

10

0.55, and 1 were the available frequencies of a proces-
sor with three available frequencies. The needed num-
ber of available processor frequencies increased, when
the total CPU utilization increased, or when the total
number of tasks increased. Furthermore, the results
also showed that the overhead in frequency switching
had little impacts on the number of needed processor
frequencies.

5 Conclusion

This report explores real-time task synchronization
with the minimization of energy consumption. We
propose the concept of frequency locking in task ex-
ecutions and extend the Priority Ceiling Protocol by
locking the processor frequency in a restricted way so
that the cost in frequency switching is better managed.
The objective is to minimize the energy consumption
of a given task set, provided that the schedulability
of tasks is guaranteed. One particular characteristic
of the proposed concept is that no frequency switch-
ing occurs when a lock request to a semaphore is
blocked, or when a task resumes its execution from
a blocked request. Tasks with lower priorities are
assigned higher processor frequencies because they
have higher preemption cost and could result in lower
blocking time to higher priority tasks. Algorithms
which are proposed in this report assign tasks fre-
quencies in the minimization of the energy consump-
tion and with the consideration of schedulability tests.
Dynamic priority assignment, e.g., the Earliest Dead-
line First algorithm [13] with the Stack Resource Pol-
icy [3], is then addressed. Performance evaluations
show that our proposed algorithms can significantly
reduce the energy consumption and outperformed
previous results.

For future research, we shall further explore the
minimization issues of energy consumption with
more complicated system architectures and resources,
such as memory, co-processors, and devices. More re-
search and implementation experiences in these direc-
tions might be proved very rewarding for many mo-
bile system designs.
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Frequency locking is to pre-analysis of the priority inversion time of
tasks so that the system can be locked at a proper processor frequency
when a new task is dispatched from the ready queue, or all of the
executing tasks just finish their executions at this time point. It can
avoid any frequent adjustment of the processor frequency to minimize
system energy consumption because of significant overhead and delay
in the adjustment.
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1. Summary in Conference Events

12th Asia and South Pacific Design Automation Conference
(ASP-DAC) was held between January 23 and 26 in Yokohama, Japan in
2007. ASP-DAC 2007 was hosted by Prof. Hidetoshi Onodera (Kyoto
University), as the General Chair, and Prof. Yusuke Matsunaga (Kyushu
University), as the Program Chair. ASP-DAC is the best conference in the
Asian and Pacific Region for computer-aided design and automation.
Every year, there are hundreds of professors, researchers, engineers, and
graduate students from around the world to attend the great event! In
2007, there are totally 11 tracks, and 36 paper sessions. Paper
presentations are arranged mainly in four parallel tracks. There are also
ASP-DAC-associated tutorials running on January 23. In ASP-DAC 2007,
| served as a technical program committee member and had one invited

paper and one regular paper for oral presentation.

| left for Yokohama, Japan, on January 23 and arrived on the same
day. On January 24 afternoon. | chaired a special session on embedded
software for multiprocessor systems-on-chip. On January 25 morning, |
chaired anther session on system-level modeling. In ASP-DAC 2007, we
have two papers being orally presented. The first paper was an invited
paper, which was entitled as “Energy-Efficient Real-Time Task
Scheduling in Multiprocessor DVS Systems.” In the paper, we consider
energy-efficient scheduling for real-time tasks in multiprocessor DVS
systems. Dynamic voltage scaling (DVS) circuits have now been widely
adopted in many computing systems to provide tradeoff between
performance and power consumption. The effective use of energy could

not only extend operation duration for hand-held devices but also cut



down power bills of server systems. Moreover, while many chip makers
are releasing multi-core chips and multiprocessor system-on-a-chips
(SoCs), multiprocessor platforms for different applications become even
more popular. Multiprocessor platforms could improve the system
performance and accommodate the growing demand of computing power
and the variety of application functionality. This paper summarizes our
work on several important issues in energy-efficient scheduling for
real-time tasks in multiprocessor DVS systems. Distinct from most
previous work based on heuristics, we aim at the provision of
approximated solutions with worst-case guarantees. The proposed
algorithms are evaluated by a series of experiments to provide insights in

system designs.

Note that energy-efficiency has become an important design issue in
a wide range of computer systems in the past decade, such as servers,
PDA's, and phones. The pursuing of energy-efficient designs could not
only extend the operating time of a mobile device but also save energy
bills of computer systems. Dynamic voltage scaling (DVS) has now been
widely adopted in many computing systems, such as those based on
Transmeta Crusoe, Intel Xeon and Mobile AMD Duron. Technologies,
such as LongRun, Intel SpeedStep, and AMD PowerNow!, are also
introduced to provide dynamic voltage scaling for laptops to prolong the

battery lifetime.

Our second presentation is to minimize the average flow time of a set
of jobs under a given energy constraint, where the flow time of a job is
defined as the interval length between the arrival and the completion of

the job. Note that power-aware and energy-efficient designs play



important roles for modern hardware and software designs, especially for
embedded systems. This paper targets a scheduling problem on a
processor with the capability of dynamic voltage scaling (DVS), which
could reduce the power consumption by slowing down the processor
speed. The objective of the targeting problem is to minimize the average
flow time of a set of jobs under a given energy constraint. We consider
two types of processors, which have a continuous spectrum of the
available speeds or have only a finite number of discrete speeds. Two
algorithms are given: (1) An algorithm is proposed to derive optimal
solutions for processors with a continuous spectrum of the available
speeds. (2) A greedy algorithm is designed for the derivation of optimal
solutions for processors with a finite number of discrete speeds. The
proposed algorithms are extended to cope with jobs with different
weights for the minimization of the average weighted flow time. The
proposed algorithms are also evaluated with comparisons to schedules

which execute jobs at a common effective speed.

ASP-DAC is the most important and major forum in the hosting of
researchers and engineers in computer-aided design and automation in
the Asian and Pacific Region. It also attracts a lot of embedded systems
researchers in recent years. It is an excellent platform in setting up
forums for people with multiple disciplines in the academics and the
industry. During the conference and after that, | did have a lot of
chances to discuss with professors from Waseda University for future
collaboration. The opportunity in attending ASP-DAC provides me a
great chance to see more research in CAD/IP designs and embedded
system designs. The experience will help me in identifying future

research trends in the field of embedded systems.



2. Conference Proceeding and Related Documents

The conference proceeding and the CD ROM of ASP-DAC 2007 was

brought back for future reference.



