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Background and Motivation

Background

= Dynamic Voltage Scaling is an energy-saving technique that
consists of varying the frequency and voltage of a
microprocessor in real-time according to processing needs

Motivation

= For alarge class of applications in embedded real-time
systems , the variable operating frequency interferes with
their deadline guarantee mechanisms

= To provide real-time guarantees, DVS must consider
deadlines and periodicity of real-time tasks, requiring
integration with the real-time scheduler

Goals and Contributions

Goals

= As mobile systems, they should be designed to maximize
battery life, but they need powerful processors

= These processors Consume more energy than those in
simpler devices, thus reducing battery life using RT-DVS

Contributions

= To provide energy-saving DVS capability in a system
requiring real-time deadline guarantees, we have developed
a class of RT-DVS algorithms




RT-DVS

Why DVS?
= Trade off (computational power «— battery life)
« Power requirements are one of the most critical constraints in mobile
computing applications
* Low speed/low power processor - long battery life
-> poor performance
« The faster processor - the higher the energy cost
« Fixed embedded device and battery size - fixed available energy
« Power consumption affects the battery life of device

= DVS can provide the performance to meet peak computational

demands Screen | CPU subsystem Disk Power

= reduce power Consumption On Idle Spmnmg [[ 13.5W
. On Idle Standby || 13.0 W

= Available on low-perfomance processors | off Tdle Standby || 7.0 W
Off Max. Load Standby || 27.3W

Table 1: Power consumption measured on Hewlett-Packard
N3350 laptop computer
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RT-DVS

Real-time issues
= Most DVS algorithms are based on solely average
computational throughout

¢ Do not consider real-time constraints
¢ Cannot provide timeliness guarantees
¢ Simple feedback mechanism

= DVS must ensure that both of these conditions hold
« the task set is schedulable
* no task exceeds its worst-case computation bound




RT-DVS

Static RT-DVS for RM and EDF

EDF _test («):
ir(Cy/P1 +---+ C, /P, < @) return true;
else return false:

RM_test (ar):
ifVT e {Th, ..., Tn|P1 < --- < P}
[Pi/Pi]*C1+ - -+ [P/P|*C; <axP;)
return true;
else return false:

select_frequency:
use lowest frequency f; € {f1,..., fm|f1 < - - < fme}
such that RM_test(f; / fm) or EDF_test(f5/ [ ) is true.
Figure 1: Static voltage scaling algorithm for EDF and RM
schedulers

RT-DVS

Static RT-DVS example

Static EDF 3 1-00)
uses 0.75 0
5 0.50 T | T2 l T T2
3 o 5 ms
Static RM
uses 1.0 1.00
0.75
T T2 T T2
050
5 fo 15 ms
Static RM 1.00, T3 misses |
fails at 0.75 deadline
050 T I T2 I T T2
5 1o 15 ms
. . . Task | Computing Time | Period
Figure 2: Static voltage scaling example i T s
2 3ms 10 ms
3 1 ms 14 ms

Table 2: Example task set, where computing times are specified|

at the maximum processor frequency
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RT-DVS

Cycle-conserving RT-DVS
= When the task release
* How much computation it will actually require

* The conservative assumption that it will need its specified
worst-cast processor time

= When the task completes
« Compare the worst-case with the actual processor cycles
= Instead of idling for extra processor cycles, we can devise

DVS algorithms that avoid wasting cycles by reducing the
operating frequency

RT-DVS

Cycle-conserving RT-DVS example
ZU;=0.746
7100/ 0.521 0.421 0.546 0.296
0.421 'o.f,se 0.296 0.296

gos0 TI |72 T

= T2
T
10

0 5

15 ms

Figure 3: Example of cycle-conserving EDF

Task | Invocation 1 | Invocation 2
1 2 ms 1 ms
2 1 ms 1 ms
3 1 ms 1 ms

Table 3: Actual computation requirements of the example task
set (assuming execution at max. frequency)
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RT-DVS

Cycle-conserving DVS for EDF scheduler

select_frequency():
use lowest freq. fi € {f1,..., fm|f1 < - < fm}
suchthat U + -+« + Un < fi/ fm

upon task_release(T;):
set U; to Ci/ P;;
select_frequency();

upon task_completion(T; ):
set U; to ce; [ Pi;
/* ¢e; 1s the actual cycles used this invocation */
select_frequency();

Figure 4: Cycle-conserving DVS for EDF schedulers
EEENER 11

RT-DVS

Cycle-conserving RM example

time=0 D1 D2 D1 D2 D2
21000 [ 1 FIOT] ftme=aza ] F T
0.7g i i % 0.7 : i
050 T 2 i ni ™ Foso| T [ i 12
1 1 - ! 1
i H H
(@) : : ) :
& 10 16 ms 5 10 16 ms
time=0 D1 D2 Da
1.00 i 1 e S
075 | E g 079
0.50 | m T2 @ 0.50 T1
. BT i & T2
f
b} - i (e)
5 10 15 ms 5 10 15 ms
D1 D2 D3
5 1-00] time=2 [ T Rl p— time=18
0.75) ! . £ o7
3 H A
050 T4 - ' ket T2 Bosg ™1 [ T =
H
1
le} - . [U] }
] fo 15 ms 5 10 15 ms

Figure 5: Example of cycle-conserving RM: (a) Initially use statically-scaled, worst-case RM schedule as target; (b) Determine
minimum frequency so as to complete the same work by D1: rounding up to the closest discrete setting requires frequency 1.0:
(c) After T1 completes (early), recompute the required frequency as 0.75: (d) Once T2 completes, a very low frequency (0.5) suffices
to complete the remaining work by D1: (e) T1 is re-released, and now, try to match the work that should be done by D2; (f) Execution
trace through time 16 ms.
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RT-DVS

Cycle-conserving RT-DVS for RM

assume f; 1s frequency set by static scaling algonthm upon task_completion(T3):
set cleft; = 0;
select_frequency(): set di = 0;
set s, = max_cycles until_next_deadline(): select_frequency();
use lowest freq. fi € {f1,..., fm|fr < - < fm}
such that (dy + -+ + dun)/sm < fif fin during task_execution(7}):
decrement c-left; and d;:
upon task_release(1}):
set cdeft; = Ci: allocate_cycles(k):
set sy = maxcyclesuntil next_deadline(): fori=1ton. Tie{l, ... TP < <P}
set 85 = 8 * fif fin: /* tasks sorted by period */
allocate_cycles (s;); if (cleft, < k)
select_frequency(): set d; = ceft:
seth=k - cdeft;:
else
setd; = k;
set k=10:
E——— 13
T

RT-DVS

Look-Ahead RT-DVS
= The look-ahead technique to determine future computation
need and defer task execution

¢ The look-ahead scheme tries to defer as much work as
possible

¢ sets the operating frequency to meet the minimum work that
must be done now to ensure all future deadlines are met

< Run at high frequencies later in order to complete all of the
deferred work in time
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RT-DVS

Look-Ahead RT-DVS example

D1 D2 D3 D1 D2 D3

ime= ~.1.00 imee

= R TN §ors e R
- fo L i

| el @ = il

5 10 15 "ms i5 1o 15 ms

3
@ 0.50|

[ [
T 1 1
T2 | o L
() (e) H H
13 5 i 1o 15 ms
F 100 time=2.67 z 100 time=16
5075 5075
B 0.50] @ 0.50]
= T1 = T
© ® T2 ™ | 12
C.
5 1o 15 “ms 5 o 15 ms

Figure 7: Example of look-ahead EDF: (a) At time 0, plan to defer T3’s execution until after D1 (but by its deadline D3, and likewise,
try to fit T2 between D1 and D2; (b) T1 and the portion of T2 that did not fit must execute before D1, requiring use of frequency 0.75;
(c) After T1 completes, repeat calculations to find the new frequency setting, 0.5; (d) Repeating the calculation after T2 completes
indicates that we do not need to execute anything by D1, but EDF is work-conserving, so T3 executes at the minimum frequency;
(e) This occurs again when T1%s next invocation is released; (f) Execution trace through time 16 ms.
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Look-Ahead DVS for EDF scheduler

select_frequencyi{x):

use lowest freq. fi € {f1... .. foul|f1 < -+ < fin}
such that @ < f;/ fn

upon taskrelease(T;):
set cdeft; = C'i:
defer():

upon task_completion(T;):
set e teft, = 0:
defer():

during task_execution(T;):
decrement c_lef?,:

defer():
set U =Ch /P + -+ CnfPy:
set s =0
fori=lton, T;,€{T,...,T,|D = ---=D.,}

/* Note: reverse EDF order of tasks */
set V=0 — Oy /P
set x = max{(0. cdeft, — (1 — U)(D; — D,)):
set U =U + (edeft, —x)/(Di — Dy, ):
set s =85 + @

H select_frequency (s/ (1}, — current_time)): 16




RT-DVS

Summary of RT-DVS algorithms
= Fairly easy to incorporate into a real-time operating system
= do not require significant processing
= no more than two switches per a task
= The dynamic schemes all require O(n) computation

= The most significant overheads may come from the H/W
voltage switching times

RT-DVS method energy used
none (plain EDF) 1.0
statically-scaled RM 1.0
statically-scaled EDF 0.64
cyele-conserving EDF 0.52
cyele-conserving RM 0.71
look-ahead EDF 0.44

Table 4: Normalized energy consumption for the example
traces
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Simulations

Simulation Methodology

= Simulator takes as input a task set

« task’s period, computation requirements and other system
parameters

= Only the energy consumed by the processor is computed
¢ Task execution modeling -> counting cycles of execution
= Task sets are generated randomly

« Equal probability of having a short(1-10ms), medium(10-
100ms) or long(100-1000ms) period

= Task periods are uniformly distributed

= Task computation requirements are scaled by a constant
chosen such that the sum of the utilizations of the tasks
reaches a desired value

18




Simulations

Simulation results

= Assume DVS-capable platform provides operating frequency

/ corresponding voltage
* 0.5/3,0.75/4, 1.0/5

= Also include theoretical lower bound for energy dissipation

= This lower bound is computed by taking the total number of
task computation cycles, and determining the absolute
minimum energy

Varying number of tasks
5 tasks 10 tasks 15 tasks.
25 T T T 2% T T T T %5 T T T
—+— EDF —+— EDF —+— EDF
e StaticRM sl StaticRM e StaticRM
20 | -~~~ StaticEDF - 20 | --x--- StaticEDF 4 20 F--x-- StaticEDF 1
& ccEDF & ccEDF 8- ccEDF
—-m- ccRM --m- ccRM --®— ccRM
5 15| --& - IaEDF q > 15 |--o- |aEDF 4> 15F--s- [aEDF 4
2 bound e bound g bound
2 c c
Wk L 44 0F 4
st 4 s} 4 st R
0 s 0 L s 0 L
0 02 04 06 08 0 02 04 06 08 1 0 02 04 06 08 1
Utilization Utilization Utilization

Figure 9: Energy consumption with 5, 10, and 15 tasks

= Assumption
« Perfect S/W controlled halt
« Tasks consume their worst-case
= staticEDF = ccEDF
= Significant in mid-range utilization
= The number of tasks has very little effect
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Energy (normalized)

Simulations

Varying idle level

8 tasks, idle level 0.01 Btasks, idle level 0.1

8 tasks, idle level 1

1k 4
o |
—+— EDF »};. 4
15 ggfe StatcRM ;. 15 i
5 --x--- StaticEDF ; 8
5 8- ccEDF ]
e | --=- ccR e ]
g - IeEDF g
g oL =
B o4t LK 1
¥ g
i 4
02t 1" o2t 1 g
0 L . L . 0 . L L . L L L L
0 02 04 06 0.8 0 02 04 06 08 1 02 04 06 08 1

Utilization Utilization

Utilization

Figure 10: Normalized energy consumption with idle level factors 0.01, 0.1, and 1.0

= |dle level factor : the ratio of energy consumed in a halted / normal
cycles

= |t shows relative energy consumption by normalized with respect to
the unmodified EDF energy consumption

= Energy-aware schedulers are not significantly affected by changing
the idle factor
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Simulations

. . . i machine 0: { (0.5, 3), (0.75, 4), (1.0, 5) }
Varying machine specifications machine 1: { (0.5. 3. (0.75. 4). (0.83. 4.5). (1.0, 5) }
machine 2: { (0.36, 1.4), (0.55, 1.5). (0.64, 1.6).
(0.73, 1.7), (0.82. 1.8), (0.91, 1.9), (1.0, 2.0) }

8 tasks, machine 0 B tasks, machine 2

8 tasks, machine 1

T T T . T T T T T T T
1 1 1t
g 08 FRED {3 osf
1) N N
H E H
E osf § o5t 15 oep
H 3 Sy 3
> L L tatic] A L
g™ g™ SateEl ™
@ & coEDF B |
02k 02t I P
0 . . 0 . . . ] 0 . . . d
o 02 04 08 08 1 0 02 04 06 08 1 0 0z o4 05 08 1

Utiization Utlization Utlization

Figure 11: Normalized energy consumption with machine 0, 1, and 2

= normalized with respect to the unmoditied EDF energy consumption

= In machine 1, ccEDF is better than ccRM on the crossing point near full
utilization

= |n machine 2, AMD’s PowerNow!™
ccEDF outperforms laEDF, because ccEDF is more closely matched
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Energy (normalized)

Simulations

Varying computation time

8 tasks, c=09 8 tasks, c=0.7 Btasks, c=05
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Figure 12: Normalized energy c ption with p ion set to fixed fraction of worst-case allocation

= normalized with respect to the unmodified EDF energy consumption
= Statically-scaled mechanisms are not affected, since they are based on

worst-case
= ccEDF and laEDF are significant

= Uniform distribution between 0 and worst-case
Average execution is 0.5 times worst-case

Varying computation time
8 tasks, uniform ¢
T T T
1L 4
—— EDF : .
S g | e StaticRM A i
N ---x--- StaticEDF
E @~ ccEDF
£ [ --m- ccRM .
s 06 257 laEoF a
= bound w7 - - o
5 04t G o i
2
w
02 B
0 L L L L
0 02 0.4 0.6 0.8 1
Utilization
Figure 13: Normalized energy consumption with uniform dis-
tribution for computation




Implementation

H/W Platform

= Notebook computer
« Hewlett-Packard N3350
* AMD K6-2+ (550 MHz)
« PowerNow

/DC Adapter Lapto
C p ptop

o
T =T =

Current Probe (battery removed)

Digital Oscilloscope

Figure 15: Power measurement on laptop implementation
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T
Implementation
S/W Architecture
= |Implemented as extension modules Linux 2.2.16 kernel
vser | VST E_R_T Task Set |
Level T -——=F ="
Kemel | 7T 7T { ______________
Level PowerNow |=—=| Periodic RT (—‘| RT Scheduler
Module Task Module w/ RT-DVS
Il .L Il
’—‘ Linux Kemel 1 Scheduler Hook | T‘
Figure 14: Software architecture for RT-DVS implementation
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Measurements and Observations

Figure 16 shows the actual power consumption
= Total system power
Figure 17 shows a simulation with identical parameters
= Only processor’s energy consumption
There are interesting phenomena
= cold processor and OS state
= dynamic addition of a task

5 tasks, real platform, c=0.9 5 tasks, simulated platform, ¢=0.9
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2
3
Yo\

Y
5

5

o K o
o . . . laEDF -0 [ - . . leEDF -0
0 02 04 06 08 1 0 02 04 06 08 1
Utilization Utilization

°

Figure 16: Power consumption on actual platform Figure 17: Power consumption on simulated platform
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Conclusions

Presented novel algorithms for RT-DVS

Can achieve significant energy savings when task management
mechanisms and real-time scheduler

Presented simulation results, showing the most significant
parameters

The number of tasks and energy efficiency of idle cycles do not
greatly affect the relative savings of the RT-DVS

The voltage and frequency settings available on the H/W and
the task set CPU utilizations profoundly affect the performance
of RT-DVS algorithms

Look-ahead and cycle-conserving RT-DVS mechanisms can
achieve close to the theoretical lower bound on energy

The measurements indicate that 20% to 40% energy savings
can be achieved
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