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PROCESSOR EVOLUTION
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42 Years of Microprocessor Trend Data
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Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten

New plot and data collected for 2010-2017 by K. Rupp
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WE ARE MANY-CORE

Intel Xeon Phi - Homogeneous 61 Cores ODROID XU3 — 8 core big.LITTLE CPU + 6 cores GPU

Exynos 5422 Application Processor

AIS AIS
Nﬂ 4 NBOM + VFPvd

Nioaes surmes | Nbores s\ives | m;omovrm NBOM*VPIM
SCU and ACP scu
2MB L2-Cache with ECC $12KB L2-Cache
128-bit AMBAACE Coherent Bus interface 128-bit AMBAACE Coherent Bus interface

Kepler GPU




UNIVERSITY OF

Southampton
PRIME

WHY MULTI-CORE?

Dynamic Voltage Frequency Scaling

iPhone3
a N

iPhone4

|:> - Single Core Dual core |
100% core utilisation } [ Each core 50% utilisation }
N L
[ Running at 1GHz @1.1 V } [ Running at 0.5GHz @0.8 V }

g g

4 )
Consumed Power saving Consumed
Power = P L of 40% ) Power = 0.6P
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WHY MULTI-CORE?

Dynamic Power Management/Core Scaling

Multimedia (high performance)

®Ooe
s

el

Dual core

Sz

Cores running
800MHz@1V

Ry

Dual core provides the
performance

UNIVERSITY OF

Southampton

Browser (low performance)

Core shut

down to Dual core

save power

S L
One core running
500MHz@0.8V

N

Freq. scaling & shutting
down saves energy
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Heterogeneous Platforms
SW executing on Cores Nid;) g%ﬁ@\ SW+Custom HW (ASIC)
{ In:b,b,ybgh,...b, J
Out:d,d,d;d,...d,,

if(v=0, u=0)
sc_dir=reverse
Ise sc_dir=forward

Flx)=x(i,j) +
x(i +k,j+ k) +x (k)

2/ a, cos@
GRS Y B
== +bnsmT

Performance: P i
Energy: E (J) U

) Performance: (P+x%)
Energy: (E-x%) (J)
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THE PRIME PROJECT

“Enable the sustainability of many-core scaling by preventing
the uncontrolled increase in energy consumption and
unreliability through a step change in holistic design methods
and cross-layer system optimisation.”
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MORE COMPUTE FOR THE SAME POWER

A “supercomputer in your hands”, running 100s of cores with a battery lasting for a day

10
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Principles of energy-saving decision-making

System software that

makes run-time application 1 [P ERP RSN

intelligent decisions to application N || ISR IR
3

manage the system.

: Respondlng: ReaCtIng Distributed Kernels Runtime Management
to the present ost s/ 052 > osn G Sos ...

- Predicting: Learning
from the paSt 0 1 [ Monitors
informs the future

Variety of different 8- Tg " To Ak .
algorithms explored

http://www.prime-project.org/ 11




m-!: :Z’. UNIVERSITY OF

:.._5, - Southampton

8

-
(53]

=
o

Performance (fps)

—  PRIME
ondemand

o

=2

5 10 15 20 25 30
Time (s)

ondemand
Linux Governor

Power Consumption (mW)
8 8 5 8 §
(=) =i o) o

=
o
o

co
(6]

10 15 20 25 30
Time (s)

Maeda-Nunez, Luis Alfonso, Anup K. Das, Rishad A. Shafik, Geoff V. Merrett, and Bashir Al-Hashimi. "PoGo: an application-specific adaptive
energy minimisation approach for embedded systems.” HIPEAC Workshop on Energy Efficiency with Heterogenous Computing, 2015 12
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LEARNING OPTIMAL DVFS CHOICES
Reinforcement Learning Performance rctons
« Observes the system state (workload)

« Selects an action (V-F pairs) Ti“xct

« Changes the state (performance) .&
* Leads to a payoff (reward/penalty) Feedback

Q-value means of the 4 actions at State 5
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Shafik, Rishad Ahmed, Das, Anup K., Maeda-Nunez, Luis Alfonso, Yang, Sheng, Merrett, Geoff V. and Al-Hashimi, Bashir (2015) Learning transfer-

based adaptive energy minimization in embedded systems. IEEE Trans. Computer-Aided Design of Integrated Circuits and Systems, 1-14. 13
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MANAGING THERMAL (LIFETIME) RELIABILITY

ﬁ R Convergence of the Reinforcement Learning Algorithm
mpeg2 dec face rec pplcarnon
‘ Performance (e.g., frames per second) = - Proposed
— Linux ondemand
Pmposed Approach System =
. . [ ol Igear&mg Compme Software = e | ANM\H\.}{ WA AAAY
perating ARILE S v
S o = 2 il
Relecl Detennme Decision Y 50 v
Action Epochs B '
<]
Controls CPU affinity S 0
/* Affinity mask &Governor®/ CPU governors E
el S oo | AL, S g
i‘;ﬁ'ﬁﬁﬂﬂm -c 0 -g userspace Core activities (e.g. cache miss) =
g 20
sensor | |,
¢
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
5 Time (s)
| Il OS Control I
[E Min DVFS [5]\DPM [8] ) Average Peak
al [ System Level [4] | Techniques
I Proposed Temperature | Temperature
- 0
. OS Controlled 76.6°C 82
S 3 |
= System level [4]| 69.9°C 79°C
=3
o o] Q
@ 2p 1 Proposed 62.1-C 707 C
[4] Dhiman et al. “System-level power management using
1- | online Learning” in IEEE TCAD 2009
[5] Shen et al. “Achieving autonomous power management
using reinforcement learning” in ACM TECS 2013
[8] Ye et al. “Learning-based power management for multicore

X264 FFT fluidanimate blackscholes openCV.sobel raytrace processors via idle period manipulation” in TCAD 2014 14



al Southampton

Graceful
%‘ Application Convergence of the Reinforcement Learning Algorithm
impeg2 dec face rec
B 80 —— Proposed
’ Performance (e.g., frames per second) — Linix ondemand
Proposed Approach gysf;svm i
Q-Learning Compute o are Lot AA A ) MWM_WW
0 S [ Algorithm H Reward ] g 60 L ’
O —IUuUL : LT
Select Determine Decision o 50 i
Action State Epochs 8 '
Controls | CPU affinity g 0
e, | s | Db, § e
Zﬂmﬁﬂ%ﬂ.ﬂwmw Core activities (e.g. cache miss) E
ﬁ 20
| sensor | Hard
Interconnect 0
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Time (s)
P Data Set Average Temperature (Celcius) Peak Temperature (Celcius)
Linux Ge et al. Proposed Linux Ge et al. Proposed
set 1 69.2 52.6 38.6 71.5 63 60
tachyon set 2 50.5 44.5 43.8 57.3 56.3 52
set 3 50.8 44.7 41.6 57.8 54.5 48.8
clipl 36 34 34.2 42.7 41.3 39
mpeg2_dec clip 2 35.6 34.4 34.2 42.3 42 39.3
clip 3 34.3 34.4 34 43 39.7 44.3

Average MTTF improvements: 5x (thermal aging); 4x (thermal cycling)

Das, Anup, Al-Hashimi, Bashir and Merrett, Geoff (2015) Adaptive and hierarchical run-time manager for energy-aware thermal management of
embedded systems. ACM Transactions on Embedded Computing Systems, 1-25. 15
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OVERVIEW

Applications

 From single > sequential >
concurrent execution

Offline Characterisation

« Can we improve RTM through
offline characterisation?

Towards Many-Core

« How do RTM approaches scale
with number of cores?

http://www.prime-project.org/
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RTMs and
Application Workloads

From single > sequential > concurrent execution
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QUALITY OF EXPERIENCE

« User cares about observable performance
— Responsiveness, battery life, consistency, uninterrupted service

— Doesn’t really care about FLOPS, FPS, bandwidth, latency (QoS)

« Therefore, optimise for quality of user experience (QoE)
— “good-enough’ performance

— Minimum energy usage

Bischoff, Alexander S. (2016) User-experience-aware system optimisation for mobile systems, University of Southampton, Electronics and
Computer Science, Doctoral Thesis , 199pp.

Bischoff S, Hansson A and Al-Hashimi BM. Applying of Quality of Experience to System Optimisation. International Workshop on Power and
Timing Modeling, Optimization and Simulation (PATMOS), Germany, 2013.
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QUALITY OF EXPERIENCE

Example Scenario

o
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X
L
Runtime Management
20dB > 50dB
Video
(PSNR)
e |
All cores operating All cores operating
with lowest speed + with highest speed
5 e
(o}
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o Webpage >10s <1s
I rendering
cp | vad 1 cpy | |
Some components OFF : u‘% 5 ) y L l:D sl
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GPU (“' res CPU Cores
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QUALITY OF EXPERIENCE

Workload Classification

Applications Type of QoE

Audio Throughput
Video Throughput
Application Loading Latency
Web Page Loading Latency
: : Delay of
Downloading a File Latency <0.1 s appears instant,

1 s becomes noticeable

3D Gaming Throughput
10 s become disruptive’

Word Processing Latency

« Types of QoE:
— Latency sensitive - complete workload in short time period
— Throughput sensitive - complete at minimum rate

Bischoff S, Hansson A and Al-Hashimi BM. Applying of Quality of Experience to System Optimisation. International Workshop on Power and
Timing Modeling, Optimization and Simulation (PATMOS), Germany, 2013. 20
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Latency
Sensitive

Inverse exponential

Throughput
Sensitive

Sigmoid function
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User inpu[s 1o Resource access time
interactive workloads variabili
« Tune governor parameters for the , N ——
executing (interactive) workload 3 sty
L ilen e e TR
« Account for variability in access e | [Quenesy ] _[Resoure s tme
. . 2 | prediction or detection trade-off monitor
times and user input E ]
DPM tuni‘ng
* Prediction/detection dependent confeuraton

« Energy saving/QoE improvement compared to ‘default’, e.q.

0 . 0.7 1 —
— 13% energy saving R T ] . .
=] —+— offline =]
. a —+— network ‘;‘3'._ 0.9 -
— 27% QoE improvement o6f| s :
§ —+— detect § 0.8 |- -
(0) (o) . —+— detect+network ey
— 9% energy + 15% QoE & o 1Bl =y t.
E - < #x;%x
Exynos-5422 A15/A7, Android 6.0 3 085 18 "0 e 5 :ﬁﬁ Wi ||
Google Chrome browser workloads 2 > Z sl . ol
Touch input emulation 0845 05 05 06 065 07 05 0.6 07 0.8 0.9
. ] ] N is) . LD - .t i . . .
Network throttling (UL, DL, RTT latency) Normalized Quality of Experience Normalized Quality of Experience

Bantock, James, Robert Benjamin, Tenentes, Vasileios, Al-Hashimi, Bashir and Merrett, Geoffrey (2017) Online tuning of Dynamic Power
Management for efficient execution of interactive workloads International Symposium on Low Power Electronics and Design. IEEE. 6 pp. 22
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EXECUTING MULTIPLE APPLICATIONS

« Workload and performance variation due to:

— Changes within an application
— Changing applications (sequential execution)

l:j.A] Intra-applicatiun [].B}' |n‘tra—app|icati0n [2‘]1 |nter-applicat'|on
workload variation performance variation variation

i

B.E+T /

MPEG4: 24 fps SVGA MPEG4: 15 fps QVGA FFT: 16 wave fps Browser: small pages

FT:
ISR sTIOEROw YN o mw
Lo I o B I o I T I ¥ ] ™ M M~ o0
m g = o e

cweIHSIRINSINEE
Mmoo

3376

Frames

— Overlapping applications (concurrent execution)

Shafik, Rishad, Das, Anup, Maeda-Nunez, Luis, Yang, Sheng, Merrett, Geoff and Al-Hashimi, Bashir (2015) Learning transfer-based adaptive
energy minimization in embedded systems. IEEE TCAD.
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DETECTING WORKLOAD CHA

« Density ratio-based statistical
divergence between overlapping
sliding windows of CPU cycles

« Use this information to clear
learning table (i.e. start afresh)
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=]

@
=]

o
=]

&
=]

Q-Table Reset

CPU Cycles

CPU Cycles
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opencv X264 fit streamcluster swaptions )
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Exploitation Phase

! Exploitation Phase |

Normalized TC Damage Peak Temperature (C)  Avg. Temperature (C)

opencv X264 fit streamcluster swaptions
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1 i il \
Change T T v
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Detection | 0 m ! 0 1 ! 0 |
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2 : ‘ : . . Aoplicat L
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15k 1 pp \
1 1 Change of Workload Change of Workload
05} 4 within application across application
0 |————————— Application A » 44— ApplicationB ——————p»

| I Linux ondemand [ |Geetal. [l Proposed |

Anup Das et al, Workload change point detection for run-time thermal management of embedded systems, IEEE TCAD, pp 1-16, 2015
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TRANSFERING LEARNING

+ Detect workload changes s, =
% requiri;;I r>e:].l-<:’aer7nin(:atcll:lr:’l;rz.z‘ZZis.irc:‘nu :poch
« Transfer knowledge s
where possible -
« Learn again fresh "o |

when not

| Exploration |

—

Q-table during exploration in the initial
learning step with base workload,
Cy = 1.5x107 cycles

Q-table after Q-value & action scaling in the
learning transfer step with base workload,
Cy = 3.0x107 cycles

Q-table after minimal re-exploration in
learning transfer step wn:h base workload,

Co=

3.0x10 cycles

Exploitation Phase Q-value scaling After Learning Transfer and re-exploration
] 2
§'L.>15% 0 [-58|-13 | 102 2| L>15% 0 (-104|-23 183 i'h>15% 0 (-12.5|14.8|22.0
o
é 15%<L<=5% (-703(-102|15.2|-356| & [|15%<L<=5% [-54[-08 |01 |-03 ,:09 15%<L<=5% (-17|-09 | 03 |-132
T % = 5 % * n
/ Exp|0rat|0n \ 9 5%<L<=-5% (-30.2(58.1| -35 |-112.1 g 5%<Li<=-5% |-04|07|-04(-14 b=} 5%<L<=-5% [10.5|-5.2 | -6.1 |-19.2
|—)| xp|0|tat|0n S| |-5%<Li<=15% |-341[1262|78.1| © 2| | -5%<L<=15% |-26| 10| 06 | 0 s || -5%<L<=15% | 7.4 [115[-155 0
Exp |0|tat|0n 5] Lt<-15% -32 |-117|-137| © ‘B 1 Lt<-15% 6.3 [-27.1|-385| 0 ‘B_ Lt<-15% -29.5| 6.9 |-17.0| 0
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< x
8| -s%<L<=15%| 0o [ 0 [ o | 0 Sl -s%<te=15%| o [ o | o | o | o|5%<Le=15%| 0 |0 |0 |0
§-L‘<'15% 12|19 0| o S [Lt<-15% 21(27[ 0 0 S |Lt<-15% 29|-69|-12| 0
(b) (c) (d)
Shafik, Rishad A., et al. “Learning transfer-based adaptive energy minimization in embedded systems”, IEEE TCAD, pp 1-15, Oct 2015 25
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RTM FOR CONCURRENT EXECUTION

« Approaches so far instrument a
single application executing at a time

« How can we manage multiple
applications executing concurrently?

ﬂ. - ;

.

Application layer

Ay Am
EAEEN Tl T
Performance
requirements # threads
Thieadio-core  gnergypert
¥ _V-fcontrol Statisties |
Samsung Exynos 5422 SoC \
Core, | Core, Core, | Core, ARM
Mali-T628
Core, Core, Core, Core
128KEB
2MB L2-Cache )\ 512KB L2-Cache M | 2-cache
128-Bit AMBA ACE BUS interface ]
| 2GB DRAM I /

Reddy, Basireddy Karunakar, Singh, Amit, Biswas, Dwaipayan, Merrett, Geoff and Al-Hashimi, Bashir (2017) Inter-cluster thread-to-core mapping

and DVFS on heterogeneous multi-cores IEEE Transactions on Multiscale Computing Systems, pp. 1-14.
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Online vs Offline

Can we improve RTM through offline
characterisation?



PRIME

www.prime-praject.org

South

UNIVERSITY OF

MANAGING CONCURRENT EXECUTION

MRPI (Memory Reads Per Instruction)

€ Online * Offline >

— [ ]

| Design Space Exploration

Anm App Mappings
[T, | T | Tmfl | Tini] | Al | My | M2y | | Mgy
ITM - * | A2 | Mg | M2g | o | Mg
Am | M1y | M2 | [ m

Thread-to-Core Mapping | - e il °

Perf constraints (A, ..., Amn)

Workload Se!ectfon and |
Prediction | tq bt

¥ | ¢

Supports concurrent
execution of applications

Inter-cluster Thread-to-
core Mapping (ITM).

MRPI informs DVFS control

ampton

Workload Classification and Design Space Exploration
Frequency Selection Workloads (MRPI) | Frequency
Wr fr
* I w2 fz
DVFS— Performance Observation | e 7
(IPS) 0.04
| f-tab
| 5 0.032 —-
o
| = 0.024
=}
| S 0.016
=0
| s}
= 0.008

Up to 33% reduction in energy compared to

Exynos 5422 System—on—Chip

Cortex—A15 Quad CPU

Cortex A—150 Cortex A-15
32+32Kb L1 32+32Kb L1

Cortex A—150 Cortex A—15
32+32Kb L1 32+32Kb L1

2Mb L2 cache

128—bit Bus Interface

Cortex—A7 Quad CPU

Cortex A—7
32+32Kb L1

Cortex A-7 rtex A-7
32+32Kb L1 +32Kb L1

512Kb L2 cache

128—bit Bus Interface

Frequency (MHz)

SoA while meeting performance requirements

Image: Cataldn et al., Performance and Energy Optimization of Matrix
Multiplication on Asymmetric big.LITTLE Processors, 2015

Reddy, Basireddy Karunakar, Singh, Amit, Biswas, Dwaipayan, Merrett, Geoff and Al-Hashimi, Bashir (2017) Inter-cluster thread-to-core mapping
and DVFS on heterogeneous multi-cores IEEE Transactions on Multiscale Computing Systems, pp. 1-14.
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REGRESSION-BASED RTM

Heterogeneous Platforms

Run-time changes in:
« Performance requirements
« Application workload changes

Task 2

Task 1 FPGA BUFFER OUTPUT BUFFER Task 3 Workload-A
(=2
4.[D7 FPGA Filter =¥ s ony
E 8 = FRGA
°
£ &
o
Decoder Display @
CPU BUFFER OUTPUT BUFFER g &1
DSP Filter s
. 1]
=
{IIH =1 :
o
\ 0 10 20 30 40 50 60
(a) Convolution filter implementation
(=08
—_ Al CPU
= DSP
-.‘ E FPGA
. [«4]
f# E &
e
‘ t
| :
Qs
3 N
[«F]
(b) Original (c) Edge detected (d) Blurred &
[=]

0 10 20 30 40 50 60
Performance (fps)

Yang, Sheng, Shafik, Rishad Ahmed, Merrett, Geoff V., Stott, Edward, Levine, Joshua, Davis, James and Al-Hashimi, Bashir (2015) Adaptive energy
minimization of embedded heterogeneous system using regression-based learning. PATMOS 2015, Salvador, BR, 01 - 04 Sep 2015. 8pp. 29
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REGRESSION-BASED RTM

Heterogeneous Platforms
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Towards Many-Core

How do RTM approaches scale
with number of cores?
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PRIME

www.prime-praject.org

REGRESSION-BASED RTM

Model Building
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Leech, Charles, Vala, Charan Kumar, Acharyya, Amit, Yang, Sheng, Merrett, Geoffrey and Al-Hashimi, Bashir (2017) Run-time performance and

power optimization of parallel disparity estimation on many-core platforms ACM Transactions on Embedded Computing Systems 33
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REGRESSION-BASED RTM

Runtime Management
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Tracking of measured to target performance

South

NIVERSITY OF

ampton

Performance Type
—— RTM Measured

o
o
L

o
n
L

e
EN
N

=== Linux Measured
—— Target

0 10 20 30 40 50 60 70 80 90 100110120130140 150160 170180190200
Time (s)

Energy and Average Power Consumed per Frame

120

= =

o =

o o
L "

90

!

I
!
i

~

- 60 Frequency
Controller
— RTM

=== Linux

T
w
o

T
=
o

80 1

70 1

60

50

w
o
Average Power (W)

- 20

0 10 20 30 40 50 60 70 80 90 100110120130140150160170180 190200

Time (s)

Leech, Charles, Vala, Charan Kumar, Acharyya, Amit, Yang, Sheng, Merrett, Geoffrey and Al-Hashimi, Bashir (2017) Run-time performance and
power optimization of parallel disparity estimation on many-core platforms ACM Transactions on Embedded Computing Systems
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CONCURRENT RTM ON HPC SYSTEMS

Applications targeted for HPC
are usually multi-threaded

Modern HPC often based on

Non-Uniform Memory Access
(NUMA) architecture

Our Approach:
— Platform characterized offline

— Workload estimated based on
memory-intensity, thread
synchronization contention,
NUMA latency

— V-fdetermined using binning,
while accounting for contention

( PMC data collection on each
core

v

( Computation of MAPM,
| utilization and NUMA latency

v

Select V-f;, VieN ]
.

System-wide
DVFS?

Utilisation = 90%
MAPM = 0.09

Select V-f for the )

Workload prediction whole system

\

lllustration of various steps in the proposed approach

MAPM bins
N MAPM > 0.26 3
= 1.7x10°Hz
& .
Utilisation >95% 5
N MAPM < 0.10
= 2.6x10°Hz
MAPM > 0.24
3 = 1.7x10°Hz
Utilisation > 85 && :
o
Utilisation <= 95% ~ MAPM < 0.10
. = 2.5x10°Hz

Output
Frequency (f) =
2.5x10°Hz
{ f=1.7x10°Hz )

.. o

Utilisation bins

Utilisation <15%

d ue to concurrent eXECUtiO N An example of V-f setting selection using binning-based approach

Basireddy, Karunakar Reddy, Wachter, Eduardo W., Al-Hashimi, Bashir M. and Merrett, Geoff V. (2018) Workload-aware runtime energy 35
management for HPC systems. In Int’l Workshop Optimization of Energy Efficient HPC & Distributed Systems (OPTIM’18). (In Press)
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CONCURRENT RTM ON HPC SYSTEMS
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App Scenario

Xeon E5-2630 (12 cores, 24 threads) and Xeon Phi 7620P (61
cores, 244 threads); NAS and Rodinia benchmarks

Proposed (Prop) approach achieves energy savings of up to
81% (Xeon) and 61% (Phi) compared to Linux’s governors

Outperforms Sundriyal et al. by 10% in energy efficiency and

3.7% in performance

Basireddy, Karunakar Reddy, Wachter, Eduardo W., Al-Hashimi, Bashir M. and Merrett, Geoff V. (2018) Workload-aware runtime energy
management for HPC systems. In Int’l Workshop Optimization of Energy Efficient HPC & Distributed Systems (OPTIM’18). (In Press)
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MEASURING/MODELLING POWER

www.powmon.ecs.soton.ac.uk and www.gemstone.ecs.soton.ac.uk

Why Power Estimation?

« Few platforms allow hardware measurement of power consumption
« RTMs need to make decisions based on real-time ‘measurements’

« Offline DPM strategy evaluation/design-space exploration

PowMon: A Stable, “Top-Down” Approach to Power Modelling

PMCs (Performance Monitoring Counters)

« On several platforms, low
overhead, many events available

« ...but a small number (e.g. 4-6)
can be monitored simultaneously :

Correlation with Power

g
s
o
2849 s §§78 558 3 g% ok
T3
B
H

L
L
L,
L
Un,
L2

Events

M. J. Walker et al., "Accurate and Stable Run-Time Power Modeling for Mobile and Embedded CPUs," in IEEE Transactions on Computer-Aided
Design of Integrated Circuits and Systems, vol. 36, no. 1, pp. 106-119, Jan. 2017. 38
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POWMON: STABLE POWER MODELLING

WWW.powmonhn.ecs.soton.ac.uk and www.gemstone.ecs.soton.ac.uk

Our stable approach achieves a low average error and narrow error distribution
compared to existing techniques.

I Training: Small set of 20
workloads

2 Testing: Full set of 60

0 workloads
a b c d e

22

20

Percentage Error (%)
[oe]

{=2]

Power Model

[a] M. Pricopi, T. S. Muthukaruppan, V. Venkataramani, T. Mitra, and S. Vishin, “Power-performance modeling on asymmetric multi-cores,” CASES ’13.

[b] M. Walker et al., “Run-time power estimation for mobile and embedded asymmetric multi-core cpus,” HIPEAC Workshop Energy Efficiency with Hetero. Comp. 2015
[c] S. K. Rethinagiri et al., “System-level power estimation tool for embedded processor based platforms,” RAPIDO '14. New York, 2014.

[d], [e] R. Rodrigues et al, “A study on the use of performance counters to estimate power in microprocessors,” IEEE TCAS I, vol. 60, no. 12, pp. 882-886, Dec 2013.

M. J. Walker et al., "Accurate and Stable Run-Time Power Modeling for Mobile and Embedded CPUs," in IEEE Transactions on Computer-Aided
Design of Integrated Circuits and Systems, vol. 36, no. 1, pp. 106-119, Jan. 2017. 39
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POWMON: METHODOLOGY

WWW.powmon.ecs.soton.ac.uk

1. Run workloads
@ different DVFS levels

39 workloads used: MiBench,
LMBench, Roy Longbottom,
ParMiBench and ALPBench

ODROID-XU3
Exynos-5422

5. Validate

Power

r

K-fold cross validation
R?:>0.99
Error: 2.8 -3.7%

Measured
Predicted

Workloads

\ 4

UNIVERSITY OF

4. Build Model

OLS multiple regression
Considers collinearity and
heteroscedasticity
“sensible” equation

Southampton
6. Uses
* OSRun-time
management

* Reference for research
* gemb5 add-on

4x Cortex-A7
4x Cortex-A5

\ 4

2.

Record
PMCs
Power, Voltage,
Temperature, etc.

A

v

3. Choose PMCs
Hierarchical cluster analysis,
Correlation matrix analysis,
Exhaustive search, etc.

NB:0x15
IM:0x46

ST:0x43
ST:0x53
ST.0x61
VB:0x18
IM:0x56
ED:0x10
EC:0x7C
EN:0x09
AN:0x0A
IC:0x7D
ILL:0x01
|LL:0x02
ED:0x63
PH:0x65

M. J. Walker et al., "Accurate and Stable Run-Time Power Modeling for Mobile and Embedded CPUs," in IEEE Transactions on Computer-Aided
Design of Integrated Circuits and Systems, vol. 36, no. 1, pp. 106-119, Jan. 2017.
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STEREO MATCHING APPLICATION

http://qithub.com/PRiME-project/PRiMEStereoMatch

* Processes still
images, video or
a camera feed

« OpenCL supported

* Includes test datasets

Right Image I’

Epipolar line

b baseline

-~ f Focal length

Left Image 1

e XRELT A e
3 A
» < : K
RO Y
 CL s
L2
Left Grayscale & Cost Volume Cost Volume Disparity
Image Gradient Construction Filtering Selection .
Post
Processing
Right Grayscale & Cost Volume Cost Volume Disparity
Image Gradient Construction Filtering Selection
L)

Leech, Charles, Vala, Charan Kumar, Acharyya, Amit, Yang, Sheng, Merrett, Geoffrey and Al-Hashimi, Bashir (2017) Run-time performance and
power optimization of parallel disparity estimation on many-core platforms ACM Transactions on Embedded Computing Systems

Application: Stereo Matching
WS 23 CAHEY

Application Monitors:
Performance, Errors

Application Knobs:
Parallelism (Cores)

! !

Runtime Runtime Manager Runtime
Controller Model

! i

[ Device Knobs: ] [ Device Monitors ]

Frequency Power

v 1

Device: Xeon Phi / Odroid-XU3 ]

41
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IMPROVING USABILITY/COMPARISON

The PRIME RTM Framework

App-RTM interaction

« Communication of controls/monitors
(e.g. register/deregister)

« Update controls/monitors (e.g. set/get)

RTM-Device interaction

UNIVERSITY OF

Southampton

™ 7 7 "Application Layer )

App 2

—_——

« Communication of controls/monitors
(e.g. register/deregister)

« Update controls/monitors

»{ Application i
. » rime_app_mon_r dere
pnmeTapp_knob_reg()/dereg() o pﬁm’;‘i_app_ﬁc?r?_()/set() 90
prime_app_knob_get() prime_app_mon_weight()
\4 \ 4
PRIME App Knobs:
- Workloads .
Parallelism (No. (OpenCL Performance (fps),
Kernels),
. Kernels) Accuracy (error rate)
Heterogeneity
rime_app.h
i prime_app_reg()/dereg() 2 P -app
A\ 4
Runtime Manager v
Runtime Workload Runtime
Controller Scheduler Model
A A

prime_dev_knob_reg()/dereg()
prime_dev_knob_type()
prime_dev_knob_set()

OpenCL Workload Management

« Tuneable parameters (e.g. thread level
parallelism - kernels, device selection)

« Scheduling of kernels to compute devices

http://www.prime-project.org/

ccna )-'--------------- b 4

q . PRIME Dev Monitors:
ERME‘DEM Power, Energy,
V-F, Core Affinity Temperature
e e F—
T gl
I CPU %— ------- tocmocnnn ﬁ GPU |
.
| : |
, y ) v |
.
I FPGA F-------l -------- ﬁ DSP I
| Hardware Layer '
- 7

prime_dev_mon_reg()/dereg()
prime_dev_mon_type()
prime_dev_mon_get()

prime_dev.h
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THE PRIME RTM FRAMEWORK

Experimental Evaluation

Application-RTM interaction

« 3 Applications

UNIVERSITY OF

Southampton

RTM-Device interaction
2 Platforms

Application Name Const.  Space Allowed/target values

Iterations ~ knob  disc N e [1,00)

Data type  knob disc  {float,double}

Jacobi Device type  knob  disc {CPU, GPU/FPGA }
Throughput  mon  cont R € [10,0)

Error mon  cont  RE (—oo,le 2]
Video decoder Throughput mon  cont R € [25,00)
Whetstone Threads knob disc N £ [1,00)
Throughput  mon  cont R € 2.5, 00)

Run-Time Managers (RTMs)

 Q-Learning

 MRPI

« Exhaustive characterisation

http://www.prime-project.org/

Plat. Const. Space Type For No.
disc GOVERNER AT cluster 1
disc GOVERNER Al5 cluster 1
disc FREQ AT cluster 1
disc FREQ Al5 cluster 1
knob
disc FREQ _EN GPU DVFES 1
- disc FREQ GPU 1
i disc PMC_CTRL A7 cores 16
5 disc PMC_CTRL A1S5 cores 24
= cont DOW Clusters, RAM, GPU, SoC 5
- cont TEMP AlS cores 4
cont TEMP GPU 1
mon disc CYCLE AT cores 4
disc CYCLE AlS5 cores 4
disc PMC A7 cores 16
disc PMC AlS5 cores 24
cont VOLT A9 cluster, peripherals 4
knob .
z cont VOLT FPGA, peripherals 3
g cont POW A9 cluster, peripherals 5
o) mon  cont POW FPGA, peripherals 4
cont POW SoC 1

43
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Experimental Evaluation: Exhaustive Characterisation

Characterisation (DSE)
« Jacobi application
« 2 platforms

[ x Odroid-xu3

A CycloneV

iy
8]

[y
[=]
T

[17-19]

[13-16]
[1-10] [11-12]

| S
a ‘ ;)gj’t Y I

Application performance
(solves per second)
[

'"‘hnm

[20-24]

oo vs Hame 6K

| abtmpo e

0 L 1
10°2° 10 10 10®  10° 107 10? 10* 107

1017
Application error (Norm. sq. error)

Run-Time Management
« User requirements (FPS/error)
« RTM excludes points

« Optimises remainder for power

http://www.prime-project.org/

10‘10

PRIME RTM FRAMEWORK

w

Performance
(FPS)
N

Error
(L2 5q. Norm.)
=
o
&

1012

SoC Power
(°C) (W)

Temperature

Frequency
{GHz)

Iterations

Data type

-
L

=
=}
L

UNIVERSITY OF

Southampton

| — Value —— Min
0 50 100 150 200 250 300 350
1 —— Value —— Max
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0 50 100 150 200 250 300 350
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350

—— A7CPUs —— A15CPUs —— GPU
—
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Many-Core Computing

Hardware and software

Many-Core Computing

Hardware and software

Computing has moved away from a focus on performance-centric serial computation, instead
towards energy-efficient parallel computation. This provdes continued pesformance
without increasing clock frequencies, and overcames the thermal and pawer

ncrea
Imitaticns of the dark-silicon era. As the number of paralled cores increas
nto the many-core computing era. There is consider. n developing methads,
tools, architectures and applications to suppert many-core computing.

s, we fransition

Interest

Edited by
Bashir M. Al-Hashimi and Geoff V. Merrett

9J8AYJOS PUE DIEMPIEH

8uiindwoy a10p-Auepy

The primary aim of this edited book is to pravide & timely and coherent account of the recant
ances in marny-core computing research. Starting with programming modeds, operating

ad
systems and thelr applications; the a wegent runtime management technigu
follawed by system modeling, verification and testing methods, and architectures and
systems. The bock ends with some examples of innovative applcations.

About the Editors

Bashir M, Al-Hashiml is an nternational ieader In the theory and p

computing. undertaking fundamental and

for energy e y and hardware rellablity. He is the Dean of the Faculty of Engineering and
5] Physical Sciences, Uriversity of Southamgton, UK, and founder and co-directar of the Arm.ECS @
Research Centre. He was appointed Commander of the Order of the British Empire {CBE) in the
2018 Queen’s Birthday Honours for services to computer engineerng and to ndustry, elected
Feliow of the Royal Academy of Engineering m 2013, and Feliow of the Institute of Electrical and
Electronics Engineers in 2009. He has recened a number of intemational awards, graduated 40
PhD studenss, and has published 400 technical papars and fve research books

tica of energy-effickent

parimental research on hardwar tware co-desgn

Geoff V. Merrett 5 an Associate Prafassor at the School of Electronics and Computer Sclence at
the University of Southampton, where he is head of the Centre for Internet of Things and Pervasie

Systemns. He is infernationally known for his reseaech into th

systerndevel energy management of
mobile and seli-powered embedded systems, and he has published arcund 170 joumal and

conference papers i these areas. He was 2 co.irvestigator on the £5.6M PRIME Programme

3

Grant on runtime power and relabitty management of mary-caore systems, where he led the
applications and cross-ayer Interaction thema. He was Ganeral Chair of tha European Workshop
elactronics Education In 2016, Is an Ass iitor for IET CDT, and & a member of the
IET and IEEE
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CONCLUSIONS

Runtime Power Management

« Single > multiple > concurrent applications
* Online vs offline+online approaches

« >> Number of cores

« Homogeneous vs Heterogeneous platforms

Tools and Support www.prime-project.org

« PowMon power estimation
WWW.powmon.ecs.soton.ac.uI<
WWW.qemstone.ecs.soton.ac.uk

« PRIiME RTM Framework
github.com/PRiME-project/PRiME-Framework

« PRiMEStereoMatch application
github.com/PRiME-project/PRiMEStereoMatch

http://www.prime-project.org/
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Any ons?

UNIVERSITY OF

Southampton

Dr Geoff V Merrett
Associate Professor | Head of Centre

Centre for IoT and Pervasive Systems

Tel: +44 (0)23 8059 2775

Email: gym@ecs.soton.ac.uk | www.geoffmerrett.co.uk
Highfield Campus, Southampton, SO17 1BJ UK




