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Today

* Power consumption and dark silicon
e GPU
e Accelerators



Dynamic Power

T Vad Vdd -

—C |
t0 tl

|

Energy dissipated for every transition (0->1 or 1->0)

E,=| "P(t)dt = [ "W, —v)-i(t)dt = [ "W, —v)-c(dv/dt)dt =

t t
=cV,, t dv —cJ.

0

vody= chd2 —1/2cha,2 =1/2 cVa,a,2
f




Dynamic Power
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Average dynamic power of a transistor:
P=a-(E/T)=a-Ef=%aCV,j2f

a: switch activity factor. No switching, no dynamic power consumption



Dynamic Power

P=kCV2f

e |[ncreasing f requires V to be increased proportionally

* Intuitively: a higher frequency means a shorter cycle time, which
means the critical path of your processor needs to be shorter, which
requires faster transistors, which you get by increasing the voltage

» “Overclocking” just increases the clock speed without increasing

voltage => machine might crash (cycle time shorter than the critical
path delay)

 Corollary: reducing voltage requires reducing frequency
* 15% reduction in voltage requires about 15% slow down in frequency

* \What’s the impact on dynamic power? 0.853 =~ 60% -> 40% dynamic
power reduction.



Dynamic Power Favors Parallelisms

P=KkCf

e Dynamic power favors parallel processing over higher clock rate
* Jake a core and replicate it 4 times: 4x speedup & 4x power

* Jake a core and clock it 4 times faster: 4x speedup but 64x
dynamic power!

e Another way to think about this

* |f atask can be perfectly parallelized by 4 cores, we can
reduce the clock frequency of each core to 1/4 while retaining
the same performance

e Dynamic power becomes 4 x (1/4)3 = 1/16



Moore’s Law

* Gordon Moore in 1965 predicted that the number of transistors
doubles every year

e In 1975 he revised the prediction to doubling every 2 years

e Today’s widely-known Moore’s Law: number of transistors double
about every 18 months (Moore never
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Moore’s Law
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Dennard Scaling
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p-type doped Si
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Scale factor o<1

o =0.7=>2X more transistors!

Design of lon-Implanted MOSFET’s with Very Small Physical Dimensions. Proc. of IEEE. Dennart et al. 1974.

Parameter Value Scaled
Value
Dopant Na, Nd |Na/a, Nd/
concentrations a
Dimensions L, W, alL, aWw,
Tox alox
Field E E
Voltage V aVv
Capacitance C aC
Current I al
Transistors/Area |d d/o2
Propagation time |t at
(~CV/)
Frequency (1/t) f f/a
Power (CV2) P a2P
Power/area Pd Pd

(Power density)




Implications of Dennard Scaling and Moore’s Law

* Each new processor generation can have more transistors
(Moore’s Law), and will run at higher frequency but won’t
consume more power under the same area budget.

e More transistors means better microarchitecture, which leads to
better performance even under the same frequency.

* Higher frequency means better performance even under the
same microarchitecture.

* QOverall, software gets a free ride: wait for the next generation of
hardware and performance will naturally increase without
consuming more power.

Moore’s law gave us more transistors;

Dennard scaling made them useful.
Bob Colwell, DAC 2013, June 4, 2013
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2005: End of Dennard Scaling

e \What Happened?
« Supply voltage Vaa stops scaling (Can’t drop voltage below ~1 V)

« Rememlbe

e Why?
e Thereis a
switch a ti
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2005: End of Dennard Scaling
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Dark Silicon
n. [dark, sil'I-ken, -kon’]
More transistors on chip (due to Moore’s Law), but a growing

fraction cannot actually be used due to power limits (due to the
end of Dennard Scaling).

13



2005: End of Dennard Scaling

* |nitial response has been to lower frequency and increase cores / chip

« There is a limit to core scaling. Why?
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Original data collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond and C. Batten
Dotted line extrapolations by C. Moore
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Appears in the Proceedings of the 38" International Symposium on Computer Architecture (ISCA ’11)

Dark Silicon and the End of Multicore Scaling
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ABSTRACT

Since 2005, processor designers have increased core counts to ex-
ploit Moore’s Law scaling, rather than focusing on single-core per-
formance. The failure of Dennard scaling, to which the shift to mul-
ticore parts is partially a response, may soon limit multicore scaling
just as single-core scaling has been curtailed. This paper models
multicore scaling limits by combining device scaling, single-core
scaling, and multicore scaling to measure the speedup potential for
a set of parallel workloads for the next five technology generations.
For device scaling, we use both the ITRS projections and a set
of more conservative device scaling parameters. To model single-
core scaling, we combine measurements from over 150 processors
to derive Pareto-optimal frontiers for area/performance and pow-
er/performance. Finally, to model multicore scaling, we build a de-
tailed performance model of upper-bound performance and lower-
bound core power. The multicore designs we study include single-
threaded CPU-like and massively threaded GPU-like multicore chip
organizations with symmetric, asymmetric, dynamic, and composed
topologies. The study shows that regardless of chip organization
and topology, multicore scaling is power limited to a degree not
widely appreciated by the computing community. Even at 22 nm
(just one year from now), 21% of a fixed-size chip must be powered
off, and at 8 nm, this number grows to more than 50%. Through
2024, only 7.9x average speedup is possible across commonly used
parallel workloads, leaving a nearly 24-fold gap from a target of
doubled performance per generation.

Categories and Subject Descriptors: C.0 [Computer Systems Or-
ganization] General — Modeling of computer architecture; C.0
[Computer Systems Organization] General — System architectures
General Terms: Design, Measurement, Performance

Keywords: Dark Silicon, Modeling, Power, Technology Scaling,
Multicore

1. INTRODUCTION

Moore’s Law [24] (the doubling of transistors on chip every 18
months) has been a fundamental driver of computing. For the past
three decades, through device, circuit, microarchitecture, architec-

ture, and compiler advances, Moore’s Law, coupled with Dennard
scaling [11], has resulted in commensurate exponential performance
increases. The recent shift to multicore designs has aimed to in-
crease the number of cores along with transistor count increases,
and continue the proportional scaling of performance. As a re-
sult, architecture researchers have started focusing on 100-core and
1000-core chips and related research topics and called for changes
to the undergraduate curriculum to solve the parallel programming
challenge for multicore designs at these scales.

With the failure of Dennard scaling—and thus slowed supply volt-
age scaling—core count scaling may be in jeopardy, which would
leave the community with no clear scaling path to exploit contin-
ued transistor count increases. Since future designs will be power
limited, higher core counts must provide performance gains despite
the worsening energy and speed scaling of transistors, and given
the available parallelism in applications. By studying these charac-
teristics together, it is possible to predict for how many additional
technology generations multicore scaling will provide a clear ben-
efit. Since the energy efficiency of devices is not scaling along with
integration capacity, and since few applications (even from emerg-
ing domains such as recognition, mining, and synthesis [5]) have
parallelism levels that can efficiently use a 100-core or 1000-core
chip, it is critical to understand how good multicore performance
will be in the long term. In 2024, will processors have 32 times the
performance of processors from 2008, exploiting five generations
of core doubling?

Such a study must consider devices, core microarchitectures,
chip organizations, and benchmark characteristics, applying area
and power limits at each technology node. This paper consid-
ers all those factors together, projecting upper-bound performance
achievable through multicore scaling, and measuring the effects of
non-ideal device scaling, including the percentage of “dark silicon”
(transistor under-utilization) on future multicore chips. Additional
projections include best core organization, best chip-level topology,
and optimal number of cores.

‘We consider technology scaling projections, single-core design
scaling, multicore design choices, actual application behavior, and
microarchitectural features together. Previous studies have also
analyzed these features in various combinations, but not all to-
gether [8, 9, 10, 15, 16, 21, 23, 28, 29]. This study builds and
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2007: A Revolutionary New Computer
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’ OPINION

No Moore’s Law for batteries

Fred Schlachter’

American Physical Society, Washington, DC 20045

The public has become accustomed to
rapid progress in mobile phone technol-
ogy, computers, and access to information;
tablet computers, smart phones, and other
powerful new devices are familiar to most
people on the planet.

These developments are due in part to the
ongoing exponential increase in computer
processing power, doubling approximately
every 2 years for the past several decades.
This pattern is usually called Moore’s Law
and is named for Gordon Moore, a co-
founder of Intel. The law is not a law like
that for gravity; it is an empirical obser-
vation, which has become a self-fulfilling
prophecy. Unfortunately, much of the
public has come to expect that all technol-
ogy does, will, or should follow such a law,
which is not consistent with our everyday
observations: For example, the maximum

there is a Moore’s Law for computer pro-
cessors is that electrons are small and they
do not take up space on a chip. Chip per-
formance is limited by the lithography tech-
nology used to fabricate the chips; as lithog-
raphy improves ever smaller features can be
made on processors. Batteries are not like
this. Ions, which transfer charge in batter-
ies, are large, and they take up space, as do
anodes, cathodes, and electrolytes. A D-cell
battery stores more energy than an AA-cell.
Potentials in a battery are dictated by the
relevant chemical reactions, thus limiting
eventual battery performance. Significant
improvement in battery capacity can only
be made by changing to a different chem-
istry.

Scientists and battery experts, who have
been optimistic in the recent past about im-
proving lithium-ion batteries and about de-
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“Improving” Energy Capacity
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Sources of Energy-Inefficiencies

General-Purpose CPU = Instruction Delivery + Data Feeding + Execution +
Control, where instruction delivery, data feeding & control are pure overhead

L~

Pure Overhead
IF: Instruction fetch

Ctrl: Other control logics
Pipe: Pipeline reg, bus, clock
D$: Data cache

RF: Register file

ALU: Functional units

Doing Actual Work

Understanding sources of inefficiency in general-purpose chips, Hameed et al., ISCA 2010
20



Computation vs. Data Movement

Data movement energy >> computation energy

64-bit DP DRAM
20p. 256p) 16 n) N )\

256-bit buses

Efficient
200P M otf.chip link

256-bit access
8 kB SRAM

Challenges for future computing systems, Bill Dally, 2015
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Computation vs. Data Movement

Data movement energy >> computation energy
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SIMD

* Single Instruction (operating on) Multiple Data

e Amortizing the cost of instruction delivery/
control across many execution units (even
cores).

e Almost all modern ISAs provide such
instructions:

e x86: MMX/SSE/AVX
* Arm: Neon

Scalar Process Vector Process (N=8)

|bo[b1|b2|b3|b4|bS|b6[b7| |cOfci|c2|c3|c4|cS|c6(c7|

[ao|ai]a2|a3|a4|aS|a6|a7|

4 instructions 1 instruction
elements 8 elements (AVX)
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Graphics Processing Units/GPUs (SIMT)

* Designed for graphics rendering, which is massively parallel.

3D Application

or Game
3D API
Commands
y
3D APL: - - - = - -
wencLor | Graphics rendering pipeline based on rasterization
CPU - GPU Boundary
GPU
Assembled
Command & Polygons, Pixel
Data Stream" Vertex Index Lines, and Location Pixel
GPU Stream Points Stream Updates
Front 4| Primitive .| Rasterization & Raster
End "| Assembly "| Interpolation "| Operation
s
Pre-transformed
Vertices i
Same program Transformed Pre-traRr?sSft(frrrlrfgg Transformed
for all vertices Vertiees Fragments Fragments
P’°9\;:rr:‘£ab'e Programmable Same program
Fragment
Processor

Fragment - b=~ for all pixels

© David Kirk/NVIDIA and
Wen-mei W. Hwu, 2007
ECE 498AL, University of lllinois,
Urbana-Champaign ' Computer Architecture
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Execute shader

g .Y A

Kayvon Fatahali%SBZN: Principles of Computer Architecture

!

<diffuseShader>:

sample ro, v4, to, so

mul
madd
madd
clmp
mul
mul
mul

mov

r3,
r3,
r3,
r3,
00,
ol,
02,

03,

vo, cbo[o]

vl, cbe[1], r3

v2, cbe[2], r3

r3, 1(e.e), 1(1.0)
ro, r3

rl, r3

r2, r3

1(1.0)

!

Kayvon Fatahalian, 2008
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23

TWO cores (two fragments in parallel)

fragment 1 fragment 2

!

<diffuseShader>:

!

<diffuseShader>:
sample ro, v4, t0, so

mul r3, ve, cbe[e]
madd r3, vi, cbe[1], r3

sample ro, v4, to, so
mul r3, vo, cbe[0]

madd r3, vi, cbe[1], r3
madd r3, v2, cbe[2], r3

madd r3, v2, cbe[2], r3
clmp r3, r3, 1(0.0), 1(1.0)

clmp r3, r3, 1(0.0), 1(1.0)

mul 00, re, r3

mul 0@, re, r3
mul o1, ri, r3 mul o1, ri, r3

5 1,
mul o2, r2, r3

mul o2, r2, r3
mov 03, 1(1.0)

mov 03, 1(1.0)

!

g .Y A

. . 23
Kayvon Fataha“%SBZN: Principles of Computer Architecture Kayvon Fatahallan, 2008



Four cores
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(four fragments in parallel)

omputer Architecture

Kayvon Fatahalian, 2008
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Sixteen cores

g .Y A

Kayvon Fataha”%sszn: Principles of Computer Architecture

(sixteen fragments in parallel)
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16 cores = 1

25

B | B |
ALU ALU ALU ALU
T | N |
| ALU | | ALU l | ALU ' | ALU |
[ i — [ e
| ALU | | ALU ' | ALU ' | ALU I
[ i — N |
| ALU l | ALU l | ALU ' | ALU I
mm
6 simultaneous instruction streams

Kayvon Fatahalian, 2008
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Instruction stream coherence
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Kayvon Fataha“%.’sSZN: Principles of Computer Architecture
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But... many fragments should
be able to share an instruction

stream!

<diffuseShader>:

sample ro, v4, to, so

mul

madd r3,
madd r3,
clmp r3,

mul
mul
mul

mov

r3,

00,
ol,
02,
o3,

vo,
vl,
v2,
r3,
roe,
rl,
r2,

cbo[0]

cbo[1], r3
cbo[2], r3
1(0.0), 1(1.0)
r3

r3

r3

1(1.0)

29
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Amortize cost/complexity of
managing an instruction
stream across many ALUs

SIMD processing

~ Al

) 28
Kayvon Fataha“aﬁssZN: Principles of Computer Architecture Kayvon Fatahalian, 2008
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SIMD/vector instructions, each operates on a vector of 8 elements here.

ENIEEREY

sl )]

!

vec_vo,
vec_vil,
VEC8_madd _ vec_v2,
VEC8_clmp _ vec_r3,
VEC8_mul  ( vec_ro,
VEC8_mul vec_ri,
vec_r2,

1(1.0)

~ Al

cbo[0]
cbo[1], vec_r3
cbo[2], vec_r3
1(0.0), 1(1.0)
vec_r3
vec_r3

vec_r3

KayVDn Fataha”aﬁ%ZN: Principles of Computer Architecture Kayvon Fatahalian, 2008
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16 cores, each with 8 ALUs. Each core here runs the same

program (fragment shader)
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16 cores = 128 ALUs

= 16 simultaneous instruction streams

Kayvon Fataha”%?;SZN: Principles of Computer Architecture

Kayvon Fatahalian, 2008
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16 cores, each with 8 ALUs. Cores here run different programs
(some are processing vertices, some are processing fragments)

primitives EH_I‘ EE'_H HH EH-H
verices |HEEH] FHEFH| [FEEH] [FEEH
fragments 5E|_;E| EEI-HE] HH EH-EH

< Al

. . 33
KayVon Fataha'@%sszn: Principles of Computer Architecture Kayvon Fatahallan, 2008



Each Core Does Fine-Grained Multi-threading

Warp: a group of
threads (8 here)

Warp 3, instruction 60

IRRRARRRRRRRAARA

Warp 3, instruction 61

IRRRARRRARRRRRRN

No need for branch prediction and out-of-order execution.
Time Simple core design. Each thread has its own set of
'\~ registers in hardware to minimize context switch overhead.
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