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Executive Summary

KAPow for OpenCL

— ‘K’ounting Activity for Power Estimation

* Hardware/software framework providing kernel-level power
estimates for OpenCL applications running on Altera FPGAs

e Trains, adapts online with real workload
* Up to x5mW accuracy

* Fully automated

* Minimalist API

* (Open source
— https://github.com/PRiME-project/KOCL
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Use Cases PRiME..

Hardware prototyping, design iteration

Adaptive system deployment
— Power-aware kernel selection

— Fine-grained DVFS, clock gating, ...

Fault, malware detection

Billing



KAPow PRIME..

* Hardware/software framework providing power breakdowns for
arbitrary FPGA-based systems at user-specified granularity



KAPow PRIME..

Hardware/software framework providing power breakdowns for
arbitrary FPGA-based systems at user-specified granularity

* Monitoring of switching activities
— Power-indicative signals selected
* Online modelling
— Compensates for changes in environment, workload

e System power measurements split by module
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.-\hxtmu—-\namodnm FPGA s)slx-m-on-chip design, it is often can measure \)‘.\Icm-\\h\c power consumption at runtime
insufficient to simply assess the total power consumption of the and forecast pcr-u\udulc contributions at design-time. but
entire circuit by design-time estimation or runtime power rail - we cannot determine such a breakdown online.
measurement- nstead, 10 make better runtime decisions, n;s
desirable 0 understand the wer consumed by each individ- . y =
e odule in the system- DOt Work, we combine bttt 1. Per-module Online POVET Modelling
Jevel power measurements with n-gNnr-Iewl activity counting
to build an online model that produces a breakdown of power . e s ,
consumption within the design. Online model refinement avolds ufacturing S0Cs W ith per-module power domains is usually
the need for @ {ime-consuming characterisation stage and also i ical due o inc ased metal and pad costs. particu-
allows the model to ack long-term_ changes (0 operating s configurable technology uch as the FPGA. A
conditions. Our flow is named KAPow, a (loose) acronym ible h is to instead monitor the swilch-
for *K'ounting Activity for Power estimation. which we show
to be accurate, with per-mmlule power estimates as close to
smW of true measurements, and to have Jow overheads.
We also demonstrate an application example in which a per-
module power breakdown can be used to determine an efficient
mapping of tasks 1o modules and reduce ﬁ)slclll'“\d(' power
consumption by over $%. terns and operating
can be avoided by
ing. but, unless the external conditions are static and all
the possible system behaviour is captured by the training
In a world increasingly dominated by <ystem-on-chip programme. such @ model would be running blindly an
ciency is of ultimate concern due errors will begin t© accumulate. Instead, what is ne ded is
" alculate a runtime power breakdown without

While power measurement at Vg pins is common. man-
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IEEE FCCM’'16
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ivity ach module. since switching 18 & key
indicator of dynamic power. Models that forecast power
consumption based on predicted witching activity are well
established for use design-time, however inacew
inevitably arse from assumptions made regar ding data pat-
conditions. Some of these assumptions
jing a model during commission-

cies

)

1. Introduction

(SoC) designs. power effi
1o the dark silicon effect: more transistors can be placed a means o
on a die than can be continuousty switched. Designers relying on & 8! le model.

" % large amount of effort int© ‘nanaging this challenge Figure | illustrates 1he penefits of an online. activity-

up-front, but many things can € a system is based power “1““':1’11*‘”‘“‘“"“ in this paper—used 1© esti-
manufactured and deployed: 1© simply assume worst-case mate power consumption. The plot shows the error between

behaviour incurs significant performance penalties under
average conditions. For example. a system ¥ y be pro-
duced where, due to variation. <ome modules are more
pn\\'cr-eﬂ'\cienl than others. An intelligent. self-aware system
might independently control the power consumption of each
Iodule using dynamic frequency scaling- Tasks could then
be mapped 1© \hese modules in a way that delivers the
best overall performance given the constraints of the power

budget. available hardware and work 10 be done.
Such runtime techniques would be pumcuh\rl) useful
. where the shortened design cycles reduce the Pee

time available for offline 2 alysis. FPGAS reconfigurable
hardware makes it more difficult 1© implement well estab-
fished techniques. such as power gating. but also offers
great n]\p&\nm\nicx for runtime adap ation. Unfortunately.
the self-awareness necessary 10 deliver this vision is cur-
rently missing from the power consumption toolbox: we
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Figure 1 Error accumulations in online- VS offline: nerated
signal activity-to-power models under voltage sca ing
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Motivation PRIME..

* Have existing fine-grained power estimation framework...
e ... butitrequires HDL expertise

e “Hardware is hard” — can we hide it?



Motivation PRIME..

Have existing fine-grained power estimation framework...

... but it requires HDL expertise

“Hardware is hard” — can we hide it?

* Aims:
— Generality
— Minimal user effort
— Transparency

— Low overheads

10



OpenCL for FPGAs PRIME.

Adopted as input language by Altera, Xilinx

Front-ends to existing vendor tools
— High-level synthesis
— System integration

— Mapping, placement, routing, ...

Kernel code compiled offline...

— 1 kernel = 1 hardware accelerator

... and stitched to supporting infrastructure
— Global memory interfacing

— Launching kernels

11



Developer Burden: Hardware

wwwwwwwwwwwwwwwwwwwww
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Developer Burden: Hardware ™

e Before:
./aoc <.cl file> --board <board name>

e After:
./koc <.cl file> —--board <board name>

13



Developer Burden: Hardware ™

e Before:
./aoc <.cl file> --board <board name>

e After:
./koc <.cl file> —--board <board name>

e Optional flags:
— kernels Choose a subset of kernels to monitor
— kapow n

Control fidelity of measurements
— kapow w

14



Developer Burden: Software

* |Initialise:
#include "KOCL.h"
KOCL 1init (float <update period>);
— Controls reactiveness of power model
* Use:
KOCL built();
KOCL get (char* <kernel name>);
KOCL get ("static");

 Clean up:
KOCL del () ;

wwwwwwwwwwwwwwwwwwwww
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Vanilla Tool Flow PRIME

High-level synthesis,
system integration

A 4

Kernel source
(.cl)

Generate system
(aoc -s)

Top-level QSys system

Interface QSys
system
Y

v
v

] Compile (aoc) \m
Kernel wrapper

Kernel Verilog
--._._______-—f"'____—""‘"
-_—

Mapping, placement, routing, ...

16



KOCL Tool Flow

Kernel source

PRiME.:

wWww.prime-project.org

(.cl)

Generate system
(aoc -s)

l

Top-level QSys system

Interface QSys

system

¥

Kernel wrapper

| Kernel Verilog

Instrumented top-level QSys system
I’ """""""""""""""""""""""""" 1
- Compile Kernel 1 ] :
' srface ’
sl (quartus_map, E e :'\',:L,ISS'\ * kol Interface bridge
t| quartus_fit) 1 i
' I Instrumentation | | x :
' template - :
| Extract netlist Netlis \_,r—-\ ' Kernel wrapper
| (quartus_cdb) eatiat ' H
' o ' >
E l KAPow pm il Kernel I inst. Kernel |
i | Estimate activity Signal activity ' netlist KAPow controller
E (quartus_pow) estimates . o
s o TEREEEEET E— - || Kemel 2inst. || | Kernel 2
e e e e e I netlist KAPow controller
Kernel 2

B e e e o e - - '

.
__________________________________________________ l| Kemnel M inst. Kernel M J
. Kernel M/ — ] netlist KAPow controller
D e e e e e e e e e e - .- - = = e = ' — —

\__—T"—_—_\-

4— MD5(<kernel 1 name>)—

4— MD5(<kernel 2 name>)—

— MD5(<kernel M name>) —

—-I Bitstream

: Initialise ROM
Compile (aoc) conmtts
[ Smax I

17



KOCL Tool Flow: HDL il

__________________________________________________

i i Compile Kernel 1
 Per kernel: .| (quartus.map,
1| guartus_fit)
- Com pl|e 9 netlist : l Instrumentation
s i Extract netlist . i
* Specifies use of FPGA ' | (quartus.cdp) [ Netlist I
1 ____—____.--_'_'_"-.
resources I ! KAPow =
i Estimate activity N Signal activity
— Perform power simulation to | [(G2ZEusow | | estimates |
obtain switching estimates [ — T
* Fast
* No user input o Kemet

— Augment N most-switching
signals with W-bit activity
counters

— Substitute for original HDL

18



KOCL Tool Flow: Interfacing 1~ ™"

 Expose busses to allow counter

control, readback

Instrumented top-level QSys system

Inerface QSys ]| Interface bridge
system

v

(R REERREE R AL

-

— [ ===

S | |

Hidd
i

i

=

L :B
=

N ——_

— : s
- e~
=
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KOCL Tool Flow: Control

 Per kernel:
— Add controller

— Connect to counters in
netlist

— Parameterise with hash
of kernel’s name

PRiME

wWww.prime-project.org

4— MD5(<kernel 1 name>)

Kernel wrapper
v
| Kernel 1 inst. Kernel 1
netlist KAPow controller
L ] ._______.i-"_'_'_"'-
v
| Kernel 2 inst. Kernel 2
netlist KAPow controller
'-_._._'__-ﬂ"'——-_--— '-_______-1---__—__-'
¥
| Kernel M inst. Kernel M
netlist KAPow controller

_____‘_'____‘_,__———_.___
_-_______-_‘____________
-___________________-1-—-———________——-——-

4+— MD5(<kernel 2 name>)

4+— MD5(<kernel M name>)

-  —

20



KOCL Tool Flow: Interfacing 2 ™"

Instrumented top-level QSys system
e Connect controllers
Interf: S .
Lﬂ« Interface bridge
system
- v
prmssns Kernel wrapper :
. v
e || Kernel Iinst. ] | Kernel 1
netlist KAPow controller
o | - 0 -______.-f'-___""
o | e ¥
- S || Kernel2inst. | ..,. Kernel 2 )
P e netlist KAPow controller
' wit g - -._____.-x"'____-“‘-
:‘ . - L mat_srem ‘,
oo l Kernel M inst. ' Kernel M
= ] I . - |
- netlist KAPow controller
R ‘___“__‘_!m __:_::.’-""_-__________-_—_-‘- L
6 e, b4, e e s -—_— T
- oy G = o
'_HW_, el mtactecn e tep_Teemorg Sentoer e —
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KOCL Tool Flow: TTL

* Need to determine optimal
measurement period

— Too small: low dynamic range

— Too large: potential overflow

e Read f;.x from compilation
report

* Given fihax, W, calculate TTL
* Apply via controller ROMs

wWww.prime-project.org

Compile (aoc)

Initialise ROM
contents

f[]'lﬂ}{

22



KOCL Software

Launched by, runs alongside host code

Python w/Numpy, C API

wwwwwwwwwwwwwwwwwwwww
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KOCL Software PRIME..

* Launched by, runs alongside host code

e Python w/Numpy, C API

e Three threads:
— Model

e Talks to hardware

e Performs power modelling

— Interface

* Responds to host code requests

— Messenger

* Model-interface communication

24



KOCL Software: Model PRIME..

* Initialisation:
— Establish kernel names from bitstream
— Discover controllers in hardware
— Match to kernel names using hashes
— Read parameters (N, W) from controllers

— Construct model

25



KOCL Software: Model PRIME..

* Initialisation:
— Establish kernel names from bitstream
— Discover controllers in hardware
— Match to kernel names using hashes
— Read parameters (N, W) from controllers

— Construct model

* Everyupdate period:
— Get activity, system power measurements
— Update model

— Pass power breakdown to messenger

26



Results PRIME

* Things of interest:

— Accuracy

* Estimate vs measurement
— Compilation time overhead
— Area overhead
— Power overhead

— Max. model update rate

27



Results PRIME

* Things of interest:

— Accuracy

* Estimate vs measurement
— Compilation time overhead
— Area overhead
— Power overhead

— Max. model update rate

e Particularly dependent on choice of N

e Found W = 9 generally best accuracy-overhead compromise

28



PRiME

Accuracy

Converged error (mW)
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Compilation Overheads PRIME:

System |

1000

I
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Runtime Overheads PRIME..

Power consumption
100 : , , , , ,
B System |
EEX System 2

0) |\ Emmme e ab emdoae

verhead (%)
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T
Z
S ) 70
=
0.01
0.001

64

Counters per module N
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Further Work PRIME

* Improved signal selection

* Incorporation of macro modelling
e Use for system-level control

* More devices, vendors

e Similar tools for monitoring performance, reliability

32



Preliminary Improvements

Si_gnal selection
improved in
FPL'17

Department of Electrical

Abslracl——Knnw\edgc of power consumption at a subsystem
fevel can facilitate adaptive energy-saving techniques such as
power gating, runtime task mapping and dynamic voltage and/or
frequency scaling. While we have the ability to attribute power
0 y b dw: *s modules in real time, the
selection of the particular signals to monitor for the purpose
of power estimation within any given module has yet to be
treated as @ primary concern. In this paper; W€ show how the
automatic analysis of circuit structure and behaviour inferred
i used to produce highqnalhy
rankings of signals’ importance, with the resulting selections able
to achieve lower power estimation error than those of prior work
coupled with decreases in area, power and modelling complexity.
st eight signals per module (~0.3%
¢ examined, we demonstrate how to
achieve runtime module-level estimation errors 1.5-6.9x lower
than when reliant on the signal selections made in accordance
with a more :tnﬂghlf»r\nard. pn\inusl_\‘ puhllshed metric.

1. INTRODUCTION

The power behaviour of bus-based, modular hardware sys-
tems. including those imp\emeu\ed on FPGAs, at subsystem
gr-.\nulnr’uics is of ever-increasing concern as user expectations
for simultancous performance and energy efficiency improve-
ments Tise. Information about such behaviour can be used
to inform runtime  dec! jon-making. allowing, for example.
tasks to be power-eﬂmemly mapped 10 the hardware upon
which they execute- In our previous work (1], we showed
how module-level power breakdowns could facilitate power
savings of up t© 8%. O!hcrwie-idemical modules within
system may. due to their design. variation at commission-
ing or degradation (hereafter, behave differently at runtime:
always assuming worst-case conditions leads 0 suboptimal
performance and efficiency. Since the f ilitation of separate
ower islands for module-level power measurement is usually
impractical. 2 pmxy——in particular, switching activity—must
be used 10 estimate ‘modules’ power contributions via a model.
Given fixed overhead budgets. we are faced with the prob-
Jem of selecting which signals to monitor in order 10 maximise
the quality of a system power breakdown. Since. as shown
by our results, monitoring overheads are pmpﬂnimml to the
number of signals selected and, in the absence of model
overfitting, the quality of the power estimate will improve
monotonically with each additional signal monitored, we can
cast this challenge within an optin  cation setting: select the N
signals likely to provide the best-quality power estimate, for
any N, for each of the modules a system is composed of.

Figure | contrasts results obtained for this paper with those
obtained in our prior work 11 the slute—of—\ht-un power
estimation framework from which we use for instrumentation

STRIPE: Signal
Runtime Power Estimation

James J. Davis. Joshua M. Levine. Edward A. Stott, Eddie Hung.
Peter Y. K. Cheung and George A. Constantinides

Tmperial € ollege London, London, SW7 2AZ, United Kingdom
E-mail: {jamcs.davis()ﬁ. josl\.\cvil\coﬁ. ed.stott, e.hung, p.cheung. g.cm\sluminidcs)@in\pcrial.ucuk

Selection for

and Electronic Engineering

Benchmark system 2 (area)

100

mwW)

Benchmark system 1 [1] (time) 2 (ume)
0

2
%
-t

Overhead (%)

Fig. 1. Scatter plots of arch and compilation ime overheads vs achieved pOWEt

cetmation error for WO benchmark systems Using signal selection methods

from our prior work [11 3 o The proposed selection methods
cribe i 000, whi

are descrl d in Sections I 111-B, the latter with T = 1 while
the benchmark systems are those 10 Sections V-A and V-B. The experiments
formed are describe V1. Overhead results are norms sed 10

rmalis
those for the equivalent system lacking runtime power estimation capability.

and modelling. The plots’ frontiers highlight that the two novel
signal selection techniques We propose can achieve greater
accuracy for lower overheads than when relying upon the more
simplistic equivalent currently found in the literature. Both
show generality while the speed (Section 1T1-A)- and accuracy
1l\l-B)-focussed methods demonstrate {heir respective superi-
orities over that used in our previous work.

The automatic signal selection for runtime power estimation
(or STRIPE) of arbitrary hardware systems is a subject that has
yet to be compn:hensively studied. We present its first explo-
ration in this paper. making the following novel contributions:

+ We propose tWo new signal selection methodologies
based on the automated analysis of modules’ structural
and statistical properties at compilation time, the former
based on a fast graph cemra\ixy-cnmpu\ing algorithm

'.-I;..':“
. .._:i
PRiME.:

ww
w.prime-project.org
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Signal selection
improved in
FPL'17

~ Extension
in the works...

structural
he former
algorithm

Figure
obtained in our prior W
estimation framework from which we use




Summary PRIME

* Framework providing kernel-level power estimates of arbitrary
OpenCL systems executing on Altera FPGAs to host code

* Easyto use

— No hardware exposure
e > order-of-magnitude accuracy improvement vs simulation

 Remains under active development

35



Summary PRIME

* Framework providing kernel-level power estimates of arbitrary
OpenCL systems executing on Altera FPGAs to host code

* Easyto use
— No hardware exposure
e > order-of-magnitude accuracy improvement vs simulation

 Remains under active development

* (Open source
— https://github.com/PRiME-project/KOCL
— Plug-and-play Linux image, demo apps included

* Please use and provide feedback!
36
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PRiME

KAPow: Monitoring

 Modules analysed to identify power-indicative signals

* Lightweight activity counters transparently inserted

Scan in =
Scan enable \__
Enable I I
Monitored signal — " |-p>{ —I_c |__\
Do LR
N - . o N e N g N > Scan out
Positive edge detector - — .
W-bit LESR

38



KAPow: Modelling

PRiME

wWww.prime-project.org

* Activities + system power = module-level power

* Online training, refinement

— Adapts to changes in voltage, temperature, workload, noise, ...

Black box system —( +
’ N\

\ J

Mathematical model | Y

~

€r

/ Adaptive online

algorithm (RLS)

y:
U

® 0

activity counts
measured power
estimated power
error

model coefficients
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