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Traditionalcomputingsystemsandapplications

A Conservative assumption: eadalculation must baccurate

A Hardware must 100% accurate

A Computation is more and more limited by power wall

Y Shiftfrom traditional computing paradigmsecomes mandatory

Transprecisiocompute paradigm

A Spendjust the right.amountbof:energsequiredfor a particular operation

A Justenough precisione. dynamic adoption tiess precise arithmetic and
even embrace errors incurred by underpowered or rasguit technologies

A Off-load computatiorto low power HW units

Traditional computing system

4 Machine precision Minimum precision
" required

Transprecision support
A
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Computation progress g

Focus in thigalk on Memory
(DRAMS)
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Our world is creating more bits than ever: in 2011,

more than 1.8 zettabytes (1.8 x10%1), growing by a
factor of 9 in 5 years

= reeapaes A Decade of Digital Universe Growth:
Eco notmisl g Storage in Exabytes

The econem it Lt from West ts Laet

Gereticaly medified crops bassom

[SUSFLSERES e | The fighth eni cats dnd dogs 8000
The data deluge

AND MOW TO MANDLE IT: A 14-PAGE SPECIAL REPORT Gmo

4000

2000

0

2010
2005

Source: IDC's Digital Universe Study, sponsored by EMC, June 2011
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New computing paradigm¥ nearmemory, inmemory computing
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A Different memory types
A Different storage mechanisms

¥ L 2 ¥
| DDR || LPDDR || Wide L'O |

'—| | Charge Based

Flash

_E—_— —_- —_- —_- —_—- —_ —_— —_— —_— —_— —_— —_— — — —_— e —_— —_— e e —_— — —_— —



Memory Properties
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A Capacity, late

L1 Cache

64KB

Memory Hierarchy in Computing

ncy, cost

L2 Cache

256KB
3-10ns

16-128GB
50-100ns

100x

Storage
Class

Memory

128GB-1TB
250-5,000ns
20-25x

512GB-4TB  4-16TB

100,000ns- 5-
2,000,000ns  10,000,000ns

5x

1x

Source: Western Digital
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ASIC in use in data centers since 2015
A 65.536 8-bit MAC matrix multiply units ->92 TeraOpdsecond

Unified Buffer
for Local Activations
(96Kx256x8b = 24 MiB)
29% of chip

24%

Matrix Multiply Unit
(256x256x8b=64K MAC)

Accumulators

Host
Interf. 2% (4Kx256x32b = 4 MiB) 6%

-[ Activation Pipeline 6%

§§§z>mu

Interface 3%

" _l PCle
ol

: j=m | Misc. /O 1% | | %

§§§z>mu




TeraOps/sec (log scale)
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100 = RoOfliNE

4 out of 6 NNs are memory 86.0 —x— LSTMO
bandwidth limited ® LSTM1
144 A MLP1
& ~4- MLPO
- CNNO
@ CNN1

Performance [GFLOPS]

10

100

75

50

0.1 =

Performance/Watt vs. CPU or GPU

1 10 100 1000

Operational Intensity: Ops/weight byte (log scale)

12 4

1/4

O, (memory-bound)
0, (compute-bound)

1/4 12 1 z 4 8 16 32 64 128
Operational Intensity [FLOPS/byte]

= GPU/CPU = TPU/CPU = TPU/GPU

29

Incremental Performance/Watt (no host CPU)
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A Bandwidth ADAS autonomous level 4 & 5 : 400 i 1024 GB/s
A Memory Capacity autonomous level 4 & 5: 18 i 24 GB

A Reliability: temperature 105 Ci 125 C

A Mixed criticality system: guaranteed latency
A Security e.g. row hammer

DRAM Peak Low  Reliability = Automotive

Bandwidth Energy Grade (Temp.)
LPDDE4 o ++ + yes
GDDR5X/6 + 0 + yes
HBEM ++ + 0 no

marginal (o), medium (+), high (++)

Driving Into the Memory Wall: The Role of Memory for Advanced
Driver Assistance Systems and Autonomous Driving

M. Jung S. A. McKe&;.SudarshanC.Dropmann C. WeisN. Wehn
ACM International Symposium on Memory Systems (MEMSYS 2018)
October, 2018, Washington, DC, USA.
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integer | JNFP | Wl Memory |
Add

FAdd Cache (64bit)
8 bit 0.03pJ 16 bit 0.4pJ 8KB 10pJ
32 bit 0.1pJ 32 bit 0.9pJ 32KB 20pJ
Mult FMult 1MB 100pJ
8 bit 0.2pJ 16 bit 1.1pJ DRAM 1.3-2.6nJ
32 bit 3.1pJ 32 bit 3.7pJ

Instruction Energy Breakdown

I 1 T -
1 1 1

I-Cache Access Register File Add
Access

45nm, 0.9V, Horowitz ISSCC 2014

14
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20mm
< >

A —E | 26p 256 pJ 16 nd [ pooapr

256-bit Efficient
buses 500 pJ L] off-chip link

256-bit access
8 kB SRAM

Source: Nvidia
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Energy Measurements

Genomics classification Natural language processing

. Compute . Memory

Intel performance counter monitors 2 CPUs, 8-cores/CPU + 128GB DRAM

Source Subhasish Mitra

Relative energy cost
A SRAM vs. compute ~ 10xi 100x

A DRAM vs compute ~ 500x
A Flash vs. compute ~ 1000x
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Processor/DRAM Fregquency Evolution

Multl-ORre-Era
4500 - 3
EDO / FP SDR DDR DDR2 DDR3 DDR4
4000
4 Single Core Frequency
3500 ® DRAM Core Frequency Pentium 4 Extreme
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* DRAM DDR-Frequency
Corei7
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S 2500 Xeon e i
d A P -~ A._."X
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| A .
1500 .’ Atom - -
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< X X i R
1000 | +° . _ == -
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- Application
10000
o
~
* 1000
>
g
: 100
E (12%lyr)
£ cisc RISC
C 2X/11.5yrs
= 1w 2X13.5yrs (52%fvr¥
(22%lyr)

1980 1985 1990 1995 2000 2005 2010 2015

Source: Hennessy, Patterson
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4 Capacity #Bandwidth @ Latency
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Source: K. Chang
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DRAM’s Damning Defects—and How They
Cripple Computers

An investigation into dynamic random-access memory
chip failure reveals surprising hardware vulnerabilities

By loan Stefanovici, Andy Hwang & Bianca Schroeder
Posted 23 Nov 2015 [ 16:00 GMT

IEEE

IEEE Spectrum Nov. 2015 SPECTRUM

Analysis of dozens high-performance computing clusters

A 300 terabyte-years of DRAMusage

A System failures: not software problems, but more than 60% of machine outage
results from hardware issues

A Most common hardware problem was faulty DRAM

DRAM: permanent errors, soft errors, retention errors
A Redundancy, ECC, refresh
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DRAM: Invented by Robert H.
Dennard in 1966

te core memory
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The DRAM

Wordline

Bitline

1

VDD /2

J_l Access Transistor

Storage
Capacitor

Cell 7 A simple Model

A Data is stored by capacity

Cellis selected with accesstransistor
Chargedc apacitor rlépr e
Dischargedc apaci t or rO0ep |
Memory is volatile

Cellis leaky: refresh needed

v v v > D
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DRAM composed of banks/rows/columns

Finite State Machine Example - A Single Memory Bank

B |n the beginning we are IDLE state

= |f we want to read or write we have to be
in the ACTIVE state.

B A specific row is stored in the bank’s row
buffer (ACT)

®m  Then we can perform read (RD) or write
(WR) operations

m |f we want to read data from another row
we have to close the current row (PRE)

RD or WR

/{Z"t Dres.,/lz_?;_aqn ks

Drawers / Rows
)\

DRAMCommands

Activate (ACT)
A Only one row / bank
A Bank parallelism

Read (RD)

Write (WR)

Precharge (PRE)
A Row miss

Precharge All (PREA)
Refresh (REFA)
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{&‘; Memory Arrays

—

Bank 0

Row Decoder

Column Decoder & S5A

Page Size

DRAM commands

A Read, Write

A Precharge Activate
A Refresh

The DRAM Device

LWL

Transistor
_ Capacitor
Local Datalines
. LEL
Master Datalines
CSL
LWL ———————— -
—
] Yoo
LWL —— -
v T SAX True cell
WL ——2— ...
1 Voo
WL ————* WE
_,_? ‘Write
| | SensingCircuit EQCiait L7 WL e
| ] [
| JbdC H .
Open Bitline i e a < Write
1 } Ci i }—‘ ’_‘_L_' H Driver
é R Output

=

NSET
LWL ————— -

2
LWL ——f e

Anti cell

CSL



u e DRAM Device Operations
BO B2 B4 B6

X8
DRAM Commands
A ACT: Activates a specific row in a specific bank (sensing into PSA) IRCD
A RD: Readfrom activated row ( prefetch from PSA to SSA and burst ou) ICL + tBURST
A PRE Prechargesset LWL=0 set LBL=VDD/2 IRP
A REFA: DRAMells are leaky and have to be refreshed IREFI & IREF
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W LSRG GRooP Isometric DRAM Technology View

>~ BEOL (Contacts + 1-2 Metals)

> DRAM Cell Capacitor

FEOL (Transistors + 15t Metal)

Periphery

28
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Design and Technology Trends

B DRAM Technology Roadmap

Cell Layout

Tech. Node

Cell TR

Mobile DRAM

TEGHINSIGHTS

'

1.4V, >4GB

LPDDR2. _LPDDRS |

1.2V, <2GB 1.0V, >16GB

LPDDR3:

1.2V, <3GB
l 1 l 1 I

2000 2005 2010 2015 2020

[ d

1.8V,<512MB

30
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DRAM Die Size & Density Trend

140

120

100

]
o

Die Size (mm?)

S
o

20

3x (30 nm)

PEnmsuncd Aicron
—
rﬁ/
—
S g Samsung Samsung SK Hynix SK Hynix SK Hynix SK Hynix Micron Micron Micron Micron
2x (25 nm) 2y (20 nm) 1x (18 nm) 3x (30 nm) 2x (26 nm) 2y (21 nm) 1st 2y(21nm) 2nd 3x(30nm)_1st 3x (30 nm) _2nd 20 nm GDRAM 20 nm LPDDR4

Samsung

SK Hynix

Micron Technology

0.25

1 0.20

1 0.15

1 0.10

1 0.05

0.00

(;ww/qo) Aysuag Atowap
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trc = trAS + tRP
< >

tcep

LBURST
CcLK _ [ ./ _/ \ \/\_:L\;

CMD
ADR
DATA { o X' p1 X p2 Xp3 XpoXp1)Xp2)XbD3)
< > <
trCD tor
< P
tRAS trp

<

trTP

Timing dependencies must be fulfilled by the DRAM controller
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DIMM Based:

General Purpose Computers
e.g. DDR3, DDR4

Device Based: Buffer on Board:

Embedded / Tablets / Graphic Cards
e.g. LPDDR3, GDDR5

Memory Controller on Buffer Chip,
Serial Connection
e.g. FBDIMM, IBM CDIMM, Intel SMI/SMB

FPGA
or MPSoC

@ Computational Units

3D/2.5D-Integrated:

Stacked on Logic or Silicon Interposer
by means of TSVs
e.g. Wide 1/0, HBM

Package on Package (PoP): Memory Cube:

Soldered on top of the MPSoC.
Smartphones
e.g. LPDDR3, LPDDR4

3D-Stacked, Memory Controller on
Bottom Layer, Serial Interconnect (SerDes)
e.g. HMC, SMC
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1000

JI

atna i i

100

Bandwidth (log) [GB/s]

M Energy
Capacity

HMC

\
\\

[

DiRAM4 HMC LPDDR3 LPDDR4 Wide /02

DDR3 DDR4 GDDR5X GDTR() HB

100 1000 10000 100000
Interface Frequency (log) [MHz]

Max Device Capacity [GB]
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DRAM Power Breakdown for TwittelfemcachedApplication*

A
A 2GBDDR3

(*) A High -Level DRAM Timing, Power and Area Exploration ToglO. Naji, A. Hansson, C. Weis, M. Jung, N. Wehn
IEEE International Conference on Embedded Computer Systems Architectures Modeling and Simulation (SAMOS)uly 2015
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O DRAM InTransprecisiorfComputing [
B )
e

Minimize energy/DRAMaccess
Reduced precision implies
A Reduced DRAM power/energy/latency, increased DRAM bandwidth

Minimize Refresh
A Impacts energy, latency and reliability

A Temperature aware refresh, bank wissfresh, optimized rowgranular
refresh,approximate DRAM

A ECC

Minimize row misseqActivate, Prechargg
A Impacts latency, bandwidth, energy
A Scheduling in memory controller

A Addressmapping

Sophisticated powetdown modes
NearMemory or InMemory Computing
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Exponential temperature/leakage current behavior A shorter refresh periods

3000 350
2500 - ——Leakage current [uUA] - 300
B 250 7))
< 2000 - —+—Refresh Per. [ms] c
IS -200;8
& 1500 - =
o - 150 2
S B
g 1000 - 8
= - 100 @
0 x
-
500 - - 50
0 0

Temp/ °C
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Refresh Performance Impact RefreshEnergyOverhead

50% 50%
45% 45%
40% 40%
35% 35%
30% 30%
25% 25%
20% 20%
15% 15%
10% 10%

5% 5% JI

0% 0%

2Gb 4 Gb 8Gb 16Gb 32Gb 64Gb 2Gb 4 Gb 16Gb 32Gb 64Gb

B ] Liu, et al. RAIDR: Retentiaware Intelligent DRAM Refresh, ISCA 2012
B | Bhati et al. DRAM Refresh Mechanisms, Trafie and Penalties, IEEE Trans. 2015

4 TB DDR3 DRAM
Standby 300W

Paul Rosenfeld (IBM Server on display at Supercomputing)
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1. Drain Leakage D [

2. Sub-Threshold leakage J_l__|_
3. Cell Capacitor Leakage

Vpp/2

CrossTalk/Coupling
A Bitline to bitline
A Wordline to wordline

Drain Source

A Wordline to bitline
A Bitline to cell

N ‘ l Wordline N

[:nlv | p

Challenge
A Characterization of retention error behavior of DRAMs

A Vendor: over pessimistic
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Following optimizations will be addressed:

A Approximate DRAM

A disable or reduce Refreshrate

A Optimized Row-Granular Refresh (ORGR)

A not relying on Auto-refresh
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Memory bandwidth/energy bottleneck Y Wide I/O DRAM, HBM, HMC
E.g. WIOMING 3D Magali (LETI): baseband processing, accelerators, CPUsDRAM

A 65nm, 72mm?2, 1250 TSV, heaters/sensors

Wide I/O DRAM (50nm):
256Mb, 512 1/ Os, 1Gb, 4 Channels,
SDR@200MHz, 12.8GBps

WIDE 1/0 Memory

[RARNANE

— = e ] =t

|11 s

i T
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Measurements@WIOMING
Onchip heatersand sensors
Different refresh periods

Test aDisable refresh for 1s

VIRTEX-S

T | Test b:128msg 202ms
i Different temperatures
80aC¢ 104cC

Different data patterns
NECCXCCX nE!! X113

Refresh Period = 64ms Refresh Period = 64ms
Pause

test a) -++HH-HHHFHHHHHHHHHHHHHHHHHH=——HHHHHHAHH—>

1s

WRITE > < HEAT > < READ
Data pattern DRAM to target temperature Data pattern

Refreﬂ Fixed Refresh Period (e.g. 202ms)
Test b) { I I I I E

-i

imm A
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Variable Retention Times (VRT)
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Data Pattern Dependency (DPD)
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3D-DRAM Retention Error Model
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Thermal Analysis
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Dual Core
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» Refresh inStackedVIPSoC
A Temperature = 100 cC: refresh period every 8 ms

A Refresh command issued every: 488ns
A Refresh duration: 130ns

REF REF REF REF ) /
A © ] ¢ WV O]
— = = =

25 % of time spend in refresh

Accelerators Accelerators

LDPC-Decoder

MPSoC with Channel Controllers
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Using Temperature -aware © | B ' '
. D Group 3 (64ms)
Refresh inthe DRAM stack & | Banke | |
Bank5 % # % %
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Different refresh rates on Bank4 ! ! ! !
different dice , according to ‘o i A \ \ \ \ \ \
) Bank3 | | 1 | | | | |
the their temperatures Group 2 (16ms)
=7 . Bank? } | | | } | | }
(individual for each die)
o Bank1 4
_g Group 1 (8ms)
BankO -
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® Normal ® Bankwise

Accelerators Accelerators
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0,020W A
0,015W ~
0,010W ~
0,005W -
0,000W -

MPSoC with Channel Controllers

AndEBench OxBench SmartBench

M. Sadri, M. Jung, C. Weis, N. Wehn and L.Benini, "Energy optimization in 3D MPSoCswith Wide-1/0 DRAM using temperature variation aware
bank-wi se refresh, DATEO®014
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Lowering the refreskrate or completelyswitching offrefresh
A ConsideDRAM device as a stochastic model that inclystesess variations

Datalifetime

Required

Application _
Robusthess Switch Off Refresh

A If data lifetime is smaller than
required refresh period

A If data lifetime is larger tha
required refresh period AN
application has some
robustness w.r.terrors

Working Point

Cumulative Failure Probability (log)

4&

Retention Time (log)

Conservative Datasheiet Frame-buffer
Refresh PeriodGuardband (GPUs)
(i.e. 64ms)

Required Refresh Period
based on measurements
(First errors happen after e.g. 1s)
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m R Go
Separation of DRAM Stack intounreliable and reliable regions
A Unreliable region: bottom DRAM layer with disabled refresh
A Reliable regions: higher DRAM layers with temperature aware refresh
A Access unreliable region while reliable region is refreshed

Data stored on unreliable layers Simulation results

A Data lifetime < refresh period
A Applications with inherent error resilience

Refresh

Investigated different applications

A Baseband processing (LDPC)

A Graph processing/Link assessment
A Image processing

Mo Refresh

Saves 100% refresh power/layer
Increases bandwidth Dual Core

Y
Y

MPSoC with Channel Controllers

Matthias Jung, Eder Zulian, Deepak M. Mathew, Matthias Herrmann, Christian Brugger, Christian Weis, and Norbert Wehn. 2015. Omitting Refresh:
A Case Study for Commaodity and Wide I/O DRAMs MEMSYS '15
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I RESEARCH GROUP
A Precise control of temperature (heating and cooling) of DRAM SO-DIMMs with JEDEC
conform adapter

A Temperature range: 25-90 C, accuracy +/-2 C

™

Precise current measuring for Vg, (1.2V), Vpp (2.5V) domain, +/ -0.5mA accuracy
A Interface frequency up to 1.2 GHz



