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Motivation

I Large processing time for the training of DNNs
— Training speed needs to be improved

! Hybrid CPU-GPU platform is widely used for training DNNSs
— Main Memory DRAM + GPU Memory DRAM — DRAM power is very significant

Nvidia Server Main Memory (DDR4) GPU Memory (HBM2)
DGX-1 (8X Tesla V-100) 512GB 32GB per GPU x 8 = 256GB
DGX-2 (16X Tesla V-100 15TB 32GB per GPU x 16 = 512GB/

/18X Tesla V-100) ' 32GB per GPU x 8 = 256GB

! DNINs become deeper and wider
— The size of DNN Parameters tends to be larger
— DRAM size should be larger
— DRAM power would be more significant
In data-center

Activations 8.2E+03
Weights | 9.7E+01

Activations 1.2E+03
Weights | 5.1E+01 Parameter data size

in inference
(Batch Size = 32)

AlexNet |GoogleNet| ResNet50

Weights 2.3E+02

Activations t 2.5E+02

OE+0 2E+3 4E+3 6E+3 8E+3 1E+4
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The Effect of DRAM Refresh Relaxation

RAIDR REFLEX Flikker Quality-aware
@ISCA12 @ISCA15 @ASPLOS2011 DRAM @DATE2015
i ~ 0 0)

DRAM Power Saving 16.1% 20% 25~32% (standby), 73% (!3ut some
Rate 20~25%(overall) guality-loss)
System Performance 8.1% 7~10% Not discussed Not discussed

Improvement Rate
Application Generic Generic Video Video

Precise/Approximate Precise Precise Approximate Approximate

Challenge

Retention time
characterization of
full rows for all chips
(Large Verification
Overhead)

Retention time
characterization of
full rows for all chips
(Large Verification
Overhead)

Not applicable to
DNN (Large
Accuracy
Degradation)

1. Retention time
characterization of full
rows for all chips
(Large Verification
Overhead)

2. Not applicable to
DNN (Large Accuracy
Degradation)

-

> Our Contribution: Negligible accuracy degradation in DNN in spite of some retention errors,

Reasonable verification effort, Significant power saving, System performance improvement
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Floating point IEEE 754 under Retention Errors

S : e

[Sign] : [Exponent]

I
I
|
Half Precision (FP16) .| 10-bit
|

I Conversion {s,e,m} — {-15x M x 2(€-Bias)| Bjas = 127 for FP32 or 15 for FP16, M = 1.m}

m
[Mantissa]

Significant Challenge Due to Retention Errors
Operandl »
S e +Infinity/NaN
. NaN
When all 1’s are in the exponent, ’ (Not-A-Number)
the data will become +Infinity/NaN Operand?2 »

! Error propagation due to +/- Infinity and NaN — Catastrophic system errors
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Characteristic of DNNs’ Data

Weight parameter Activation paramter

Log, scale Log, Scale
m AlexNet m AlexNet

\ GoogleNet GoogleNet
o I 0 '
[ m ResNet50 o m ResNet50
GJ -+
s I ‘ 100% GE') ’
g 90% g
o I ‘ _ 8% o (|
© £ 70% S
g ?':" 60% o '
c I ‘ g 50% 'g '
> = >
pd g 40% Z '
/ S 30%
o
o 20%
o .H‘JJ : 10% ‘d
CUIOANAODPON QLT OO 0% ‘-¢I
....... 31 30 29 28 27 26 25 24 -10 8 6 4 -2 0 2 4 6 8 10 12

4390/7“‘[_213_22]_/ EBit1l mBit0  BitPosition <_>
; 99% ~ [20:211]

«----------

Force 99% ~ [2-10:211]
(FP32) . Tm I Weight and Activation are fully covered with
n be freely used

o only 5-bit exponent ~ [2-15:215

for another purpose 6/ 18 (FP32/FP16).




Large Sensitivity to Bit-errors of Some Exponent Bits (Inference)

Original K | I 50 times Error Accumulation I 50 times Error Accumulation
riginal Rerne (8 MSB: No Errors, Others: 10° BER) (All Bits: 105 BER)
E 7 mEr o 1 | F
BT l!’\ [ A [ =
v/ /.
[ A |
! Exponent bits are extremely sensitive to t
0.8
) ; 0.7 | ot L>>\
Simulation for FP32 0.6 S
0.5 §
Force Some retention errors are g'g‘ —e—GoogleNet Top 1 .
injected to the weight for 0:2 ——ResNet-50 Top 1
81, 27, 26, 25, and 24 0.1 —e—AlexNet Top 1 .
’ 0 (3 o=@
10~23-bit 31 27 26 25 24|31 27 26 25 24|31 27 26 25 24|31 27 26 25 24|31 27 26 25 24
7iogiog 4t 1.00E-07 1.00E-06 1.00E-05 1.00E-04 1.00E-03
s Bit Position and Bit Error Rate
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Our Approach: Significant-Bit Protection

Single Precision Case-1
(FP32)

Case-2

Half Precision

Case-3

Protected Bit

(FP16)

1E+00
1E-02

1 Utilize some non-critical bits as parity bits for ECC

— No additional memory overhead

1E-04
1E-06

! Protect some critical bits from retention errors

! Hamming codes for ECC
—Hamming(7,4) : Case-1
—Hamming(15,11) : Case-2 and Case-3

1E-08
1E-10
1E-12
1E-14

1E-16
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Parity Bit

—&—Hamming(7,4)

—A—Hamming(15,11)

BER After ECC

BER Before ECC

1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 1E-2 1E-1




Data Mapping in Our Scheme

Environment ~ Pointer Address, Code Section
STACK ‘ ~= Error-free __—,——— BEREN
- oo
20 50/ ANY AN o N\
5 Uninitialized
rogram_|
layout Data

Initialized
Data

’ Y “ /,,,, “\\\ ]

TEXT : . .
Flikker Weight and Activation

@ASPLOS2011

I Text, initialized data, environment, and stack sections are stored in the ‘Error-free Zone’.
* Prevent retention errors for control information
! Weight and activation parameters (significantly dominant in DNN) are stored in the ‘Error Zone'.
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DRAM Controller with Stretchable Refresh Period

Memory Controller

Refresh
Generator

Command
Generator

CPU/

T

GPU/ BUS

Temperature

checker

Accelerator

T

Memory Bus Interface

BER
Lookup
Table

Global
Data
Buffer

DDR PHY (Command-to-signal)

System level

Memory Controller & PHY

Cs# * Temperature
RASH E 5 sensor
—+ =
E o
1 i
CASH . g 2
WE#
—————M
I Controller
1
: Row
: @ Refresh
|5 2 Counter 0
1| &2
! 2 o Row
I Refresh
: Counter 1
|
! Bank
] Controller
1| v =
Addr 1| § B f
| - O
1B
=]
|
Da#/ :
DOS# || = 5
o +
[e 3
|

Physical DRAM Chip

1 We slightly modify the Memory Controller and the Physical DRAM Chip
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DRAM Controller with Stretchable Refresh Period (Cont.)

; Bank0 Bankl Bank2 Bank.. Bank.. Bankn-2 Bankn-1 Bankn | Temperature :
; © B : i E i i ; ; | sensor :
.o : | | : : : : —= '
Pl r r Py ; r r : * !

! L5 . Row Refresh Caunter 0 | | et .
& I L ] contoler g & N,
E v ! —— ) i ':::::::::::::::::::::::E:E '\ i
LN ' Refresh - ERRRRSRRRE| 1IN
5 Row Refresh Counter 1 ; Counter 0 _ e
T - cziifsr 1 ?@ﬁ% (R
Bank | | KA

Controller :

1 On DRAM Chip 1 e ;
—Error-free Zone (Row Refresh Counter 0) {\

A1 1

—Error Zone (Row Refresh Counter 1) !

1 1 1] || BuUlTer | | ELLC l | : :

Memory Controller
System level % PHY
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Physical DRAM Chip



DRAM Controller with Stretchable Refresh Period (Cont..)

Cso Temperature
sensor

mnand
hder

senerator | rasit
command I The Register to control the size of the ‘Error-Zone’
— The size of the ‘Error-Zone’ is reconfigurable.

Generator

-y ; ,"F "+, BER Control
GPU/ Bus | 3| Ly Temperature “) — Regulating BER by adjusting the refresh time of the
Accelerator E .' T - ‘Error Zone’
= "’ Lookup :. ! Hardwired ECC (optional)
R .Ta.bli“o’ — Software-level ECC can be used
"‘ i ..‘ | Hardwired ECC module '

Global & | Hard | i
Data @ wired d ! [~ —, |

LIl E-_ufftir____’*_EEli_ !'_ Input Hamming[7,4] Output |
Memory Controlier data |-J,> Data |

System level y Buffer _ suffer |
& PHY _ Hamming[15,11] !




Bit-error-rate

Validation - Setup

1.00E-02

—e—at 25°C —e—at25°C
1.00E-03
—m—at 40°C —=—at 40°C

1.00E-04 —e—at 60°C —e—at 60°C
1.00E-05 Venchr A VendorE B
1.00E.06 (The WOI'S.t Data) (The WOI'S"ZE Data)
1.00E-07 / /
1.00E-08 572/778 E E 572/778
1.00E-09 = =

0.128 1.28 128 0.128 1.28

Refresh time (sec)

Refresh time (sec)

12.8

Retention Errors vs. Refresh Time (Measurement Results)

! The working temperature is less than 60°C in the data-center (**)

— BER ~ 107 at 60°C for two major vendors (DDR3)

—
]
Z
Q
o
o
o
o

SN
(o]

T 3
Z =
x O
o Z
< 9
x

= O O O e =
O O L O L O L O
zzRZzzL=z2=28L==
O X 9o x9Qox9Qo x
E,CDZE,GJZE)CDZEG)
- O - O - 0 -
O<EQJO<EQ)O<EQ)O<
o mo Q:O Q:O

O] o (O] o

32 64 16 32
Torch Caffe

Batch Size 16/32/64

— Inject 107 BER to weights and activations during forward/backward phase
! (Forward time+ backward time)/iteration << 512ms (Measurement on Torch and Caffe)
1 JEDEC requires 101 BER @ 32/64ms in the normal working temperature

(**)Donghyuk Lee, Adaptive—iatency DRAM: Optimizing DRAM timing for the common—-case. HPCA 2015

ResNet50
o GoogleNet

g

AlexNet



Validation (Cont.) — Training process

06 |- ReSN et '50 _______________________________________________________________________________________________________________________________
> @ 107 BER
© -+--Original Accuracy Top 1
o 0.4 ——Case 1 Accuracy Top1
b N - -e Case 2 Accuracy Top 1
02 | Ve e— —s—Case 3 Accuracy Top 1
' —e - Without ECC Accuracy Top 1

0 ® ® ® ® ° ® ® ®
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
CNNs Last Original Case-1 Case-2 Case-3
Trained Acc. Acc. Acc. Acc.
! Works accurately and more efficiently than Epoch Top-1 ~ Top-1  Top-1 Top-1
JEDEC standard, which is 101> BER LeNet 10 99.07 99.12 99.06 99.02
ConvNet 10 75.69 74.66 76.56  75.83
SqueezeNet 7 58.50 58.83 58.34  58.21
GoogleNet 22 70.05 69.55 69.73 70.07
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Validation (Cont..) - Inference

m GoogleNet Top1 mGoogleNet Top S mResnetd0 Top1

Resnetd50 Top 5 mAlexnet Top1 mAlexnet Top 35

e
o

Accuracy
=]
(1]

04

0.2

0
No Error
Baseline

! We figure out the safe BER threshold for the inference of each DNN

1.00E-07

1.00E-06 1.00E-05

Case 1

1.00E-04

- The Case-1 is a little robust than The Case-2

- The Case-3 is almost similar to the Case-2
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Energy and Performance Simulation Results
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1 Back-propagation test results with different tRFC/tREF| o 908

(Benchmark Set: Rodinia from IISWC 2009)
— Hybrid CPU-GPU Platform (GPGPU + GEMb5)

ﬂ—*././.

— Refresh time is 512ms (107 BER), DRAM energy reduces: 0%
» 23% on graphic memories
* 12% on main memories

— Performance improves 0.43~4.12%

G9
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Conclusion

! Present the stretchable DRAM Refresh controller to control the BER according to
—Temperature
—User desired BER
! The proposed Error Correction Schemes can safeguard the important bit
' With only 512ms (10 BER), our proposed system can potentially help:
—Speed up the training process up to 4.12%
—Reduce 12% and 23% DRAM energy in main and graphic memories
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