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BREAK THE MEMORY WALL! BUT HOW...?

"memory wall" or "funnel effect"...

Il.'_‘.F'l.,I

Bandwidth '-E"'E' 1 . Lateney & Size
Incrases Ca::he Increase

Level 2
Cache

sttem DRAM

Mass Sturage
{hard disk, tape, etc.)

..Is nowaday the main limitation for high performance computing

DATE’18 | Henri-Pierre Charles | 22/03/2018 | 2




Let's do multi-core processors!

seems a good idea!

nonoo

-

Source: Barcelona Supercomputing Center

Intel® 8 core Sandy Bridge CPU

5TB/s

4kB registers:

BOTTLENECK LIES IN THE MEMORY HIERARCHY

NVIDIA® GK110 GPU

1 MB Constant Mem
\ 1 MB Shared Meny |

13 TB/s

1TB/s

GBls 500 GB/s

/ 20 (&s
10s GB Main Memory

GB/s
4 GB Main Memory

Source: nVidia

Memory access is STILL a bottleneck, even in GPUs...
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!'eaeteE! AMDALL LAW IS FOR EVERYBODY

GPU computing model (SPMD) IMPACT computing model :
need to: ' No copy /transfer

« Copyl/transfer data + Fine grain parallel scalar
 Group parallel instructions interleaving

Sequential part

CPU insn
Impact insn

Parallel part

MO|} SUOIFINIISU|

MO} SUOIIINJIISU|

Paralleli
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BRING THE COMPUTATION INTO MEMORY

When data start to look like motorists in the traffic jam during the rush houir...
(data@memory < data@comp_unit)

Von Neumann world... ...meanwhile in IMC world!

data_towgg,d. e ? »CEUﬁ -

..it's time to consider teleworking, in other word the in-memory computing
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!'eaetetr! VON NEUMANN ARCHITECTURE

Von Neumann Model:

Data & instruction in the same
memory

l.e. instructions are data

SoC or PCB

Power
Consumption

Data Bus |

CPU

DecodenRes Central
PC Memory

Qﬂg <_‘_‘ Data;ode <_‘_‘

Address Bus >
U U

Control Bus |

Memory INSN: Id rl = @r2

* 1 memory access (for the
Instruction)

« 1 instruction cycle (Decode +
RF + memory access)

|
Compute INSN: add r1 =r2 +r3

- Compute instruction

* 1 memory access (for the
Instruction)

« 1 computation (Decode + RF
+ ALU)
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POWER WALL

M. Horowitz (Stanford), ISSCC 2014 integer | [FP | [l Memory | |
Add FAAA Cache (64bit)
10000 , , , 8bit 0.03pJ 400X S[eks 1000 |
s i i i Dedicated L_32bit_0.1pJ J— s2bit 0.9pJ 32KB 20pJ
E 1000 ! : ! Mult FMult 1MB 100pJ
Z i i | 8bit 0.2pJ 16 bit 1.1pJ DRAM  1.3-26nJ
E ! 1 GPDSPs | 32 bit 3.1pJ 32bit 3.7pJ
< 100 i i ]
o | CPUs+GPU ! E _
b i i i Instruction Energy Breakdown
- 10 i * i i
= s E ‘,/. E E 25p) 6p) Control 70 p!
v e e e T T 1
= i i i I-Cache Access Register File Add
01 : : : Access
123 4586 7 8 910111213 14151617 18192 lOgic/arith. op. vS memory access energy
- 100-1000X

* The largest part of power consumption of logic and arithmetic
operations is due to the memory access!

v' The way to perform basic operations has to be restudied

v Alot of applications should be improved in performance
e e EEE————
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DIFFERENT APPROACHES

Process Technique Description
SRAM . .
On-chip bus - Additional logic in memory
D In-Memory Memory - Non-destructive computing
= 0 .7 _|Additional Logic - i i i
g i Computing ZE e € <:J_ CPU Non Volatile/VVolatile Memories
8] |
% o SRAM 1] [Akyel’16] [Aga’17) [Kooli"17]
D - : SRAM
() ) . .
S 8 On-chip bus - Non-volatile Memories
0 = L Memory ReRAM, ...
2O | Logicein- {Logic Operation CPU ( Deestruc’tive) computin
UEJ Memory .= , puting
SRAM _E_ [Matsunaga’09]
® § Dtl)?AM
S O Off-chip - - Planar / 3D process
© 5 5 |Processing-| Memory - Non-destructive computing
2 £ < |in-Memory —— cPU
© < '
N = QD: DRAM 1] [Gokhale’95] [Pugsley’14] UpMem
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° Introduction & Context

° In-Memory Power Aware CompuTing (IMPACT)
* IMPACT Memory Instruction Code

* IMPACT Communication Protocol

°* Conclusion & Perspectives
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In-Memory Power Aware CompuTing (IMPACT)
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WALl (MPACT MEMORY

* Computing in dedicated units:

* High data transfer between the ALU & the memory
» Power hungry
» Interconnect & memory security issues

° |In-memory computing:
* Reduced data transfer
» Energy-efficient
» Execution time acceleration
» Security reinforcements (limitation of the side channel attacks
(on buses)
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IMPACT MEMORY

SRAM architecture IMPACT Memory
> Multi-row
selection

> 10 to ALU-like

=
o
o

decoder

N
= A
o\_/
| S -
4L O
£3
-9
S

7))

10 ALU-like
IN/OUT DFF/LATCH IN/OUT DFF/LATCH
* Enable in-memory operations Memory [T
* Reduce latency & energy consumption S | AT
due to data transfer ok -ooooooe ool
* SRAM bit cell array allows: _.E_:‘_:_:_:_:_:__‘_:_:_:_:_:__‘:_:jg
* Long word arithmetic/logic operations not ﬁL]I Ny
limited by register size, but with memory line | o pgmEes S
sSize S [ ["
* Multi-row selection for some logic operations
* Simultaneous storing in different addresses Operation Flow

K. C. Akyel, et al. ICRC, 2016 DATE’18 | Henri-Pierre Charles | 22/03/2018 | 12
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!‘eaet:,! SOFTWARE EMULATION PLATFORM

-

Emulation Platform: S
C-code | ®
Algorithm W9  + £ LLVM IR
Intrinsic 8

Interpretation

Execution
Trace

Performance

Analysis

LLVM

Emulate the IMPACT system features

Long word operations
Multi-operand operations

Early design stage of the
system: Not defined ISA
Manipulate arithmetic/logic
operations on large vectors

Target Applications
* Image Processing
(Motion Detection)
«  Cryptography (One
Time Pad)
Experimental Gains
* Execution time: up to
6145x
*  Energy: up to 12,9x

M. Kooli, et al. RSP/ESWEEK 2017
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IMPACT Memory Instruction Code
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IMPACT ROADMAP

Initial idea : put logic operation in bitcells

- done

°* Added idea : add parallel arithmetic in 1/0O
- done

°* Create an high level emulation platform (based on LLVM)
- done

° New idea: create an «inverted Von Neuman » protocol (aka ISA)
- (this presentation) done
° Tape out april 2018
ing
°* Create a more accurate emulation platform

* Create compilation toolbox

* Evaluate high level benchmarks

Nom événement | Nom Prénom | Date | 15



IMPACT OPERATIONS AKA OPCODES

\ More than two

/input operands

Not
Memory Set
Reset
: Shift Left
Logic Shift Shift Right
& Memory Xor
Operation Nxor
: And
Logic Oor /
Nor
Nand
Memory line size word Addition
: : 8 bits words Substraction
Arithmetic :
Operation 16 b!ts words Increment
32 bits words Decrement
64 bits words Comparison _
—t— ——
6 5 4 3 1
MSB LSB
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MULTI-OPERAND INSTRUCTION FORMAT

IMPACT Memory

° i i Row Pattern SRAM Array
MU“-:I Operand Operatl_ons Selector Register  (N-columns, 16-rows)
(logic/memory operations) To] [0

* Problematic: encoding all the 0 é %
operand addresses in the instruction . 11 Tol
requires large bus size o o] 1O

1] [o
> Propose a novel concept based 1 o] [
on pattern construction é %
o] o
0| |1
1] [o]
IMPACT Instruction T[] [of
Pattern Code 1
P tput 0] |2
opeode paarealnmasel | > | ALY
OR 0110 1100 1111 x x 1.0
o N A /
@1 100 0
Mask:0 1 1 0
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MULTI-OPERAND INSTRUCTION FORMAT

IMPACT Memory

* The proposed method allows:

* Building regular patterns

° Patterns can be refined by
adding/deleting a specific line

° Patterns can be stored in the
pattern register for future use

* Selecting multiple lines in the
SRAM array to perform the
multi-operand operation

<
QD

Row

Selector

Pattern SRAM Array
Register  (N-columns, 16-rows)

0

1

0

[olrlo|o|olr[ololo]r[o]o]o]r|o]o

A~ ©
o r

>(.
>(.

2

e

= O

OIFRPIOIFRIOIFRPIOIFRIOIFRIOIFRP|IOIF|O|IF|O

NCSED
/O

o o
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TOW-OPERAND INSTRUCTION FORMAT

°* The conventional format of instruction with maximum two source
addresses

° Long-word operations (logic/arithmetic operations)

Opcode Address 1 Address 2 SP Output SI

add, sub, ... @ of 1st & 2nd @ where the
operand result is stored
A select pattern bit to A smart instruction bit:
enable/disable the pattern - 0: if conventional instr.
construction using the row - 1. 1f IMPACT Instr.

selector
DATE’18 | Henri-Pierre Charles | 22/03/2018 | 19




IMPACT Communication Protocol
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COMMUNICATION PROTOCOL

Conventional System

In-Memory Computing System

R/W,
JuUuL
CPU clock
| Data Bus L —
Epligh Juu
Decoder Reg CPU clock CPU clock
PC Data +
w Code
ﬂ ﬂ 7 T-bits 12-bits B V2 — I-bit
Data Bus Opcode @, @, SP  32-bits
1-bit M-bits 12-bits  N-bits Pobits
L ControlBus | Address Bus SI=1 ~ @pypacr  @oupur 32-bits
IMPACT addressing . SRAM addressing
MSB [16-bits] [16-bits] LSB

* Communicate in-memory instructions via data & address busses of a

conventional system

» Compatible with existing system architecture (conventional system bus)
» Enable interleaving the CPU & the in-memory instruction execution

DATE’18 | Henri-Pierre Charles | 22/03/2018 | 21
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COMMUNICATION PROTOCOL

In-Memory Computing System

JuL
CPU clock

1. Address the SRAM \/

in conventlonal mode e

CPU clock CPU clock
) bit
Data Bus DATA IN / DATA OUT 32-bits
- Lobit M-bits 12-bits  N-bits  Pbits
Address Bus| S] @ivpact | @ouput . @sram @oupue | 32-bits
IMPACT addressing . SRAM addressing |
MSB [16-bits] [16-bits] LSB
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COMMUNICATION PROTOCOL

In-Memory Computing System

Ju
\ CPU clock
mﬁi@ _!'f{< :: >
2. Address the \&,:/ RIW In-Memory Computing
IMPACT memory s
fo r re ad /W r i te CPU clock 4k words x 2**32-bits || cpU clock
" 7-bits 2bits T 24t L-bit
Data Bus DATA IN / DATA OUT 32-bits
- 1-bit M-bits 12-bits  N-bits P-bits
Address B us SIS0 @iveact  @output 32-bits
IMPACT addressing SRAM addressing
MSB [16-bits] [16-bits] LSB

DATE’18 | Henri-Pierre Charles | 22/03/2018 | 23
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3. Address the
IMPACT memory
for computation

COMMUNICATION PROTOCOL

In-Memory Computing System

R/W,
—_—>
@) alinl
\ : : CPU clock
mﬁ;ﬁ&q) & "}’{< ﬁ >
w /4 In-Memory Computing
——y R/W,
ML Juvo
CPU clock 4k words x 2M*32-bits [ cPU clock
" 7-bits 12bits T 2sbits 1-bit
Data Bus Opcode @, @, SP  32-bits
~ Lbit M-bits 12-bits  N-bits  Pbits |
Address Bus§ SI=l. @mveact @output | 32-bits
IMPACT addressing SRAM addressing
MSB [16-bits] [16-bits] LSB

DATE’18 | Henri-Pierre Charles | 22/03/2018 | 24
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DATA INTERLEAVING: A TEST CASE

IMC Application Execution Trace

typedef unsigned chorlmgLine_o’r’rribu’re_((ex’r_vec’ror_’rype(N)));\ ‘ sub 512 0x7d640 0x7d240 Ox7ced0 |
typedef Imgline Image[M]; add 32  0x00001

, ) ) sub 512 0x7e640 0x7e240 O0x7cf40
for (line = 0; line < M; ++line){ add 32 0x00001

Img[line] = imgA[line]-imgB[line];
}

I I Gy 5”1V|2§t
1. Interleave CPU & IMC instruction (329'0' N (2
execution L —
« Perform massive data computation inside IMC, 2 | ”
and not optimized computation in CPU § — 2 sub
- Forimage qqVGA 160x120 (not pipelined): i
Execution Time Speed-Up: 1376x 10— subf
Energy Reduction Factor: 29x cycle
2 — sub-
. . . 2
2. Perform all the computation inside IMC P O add
- Forimage qqVGA 160x120 (not pipelined): 5 E sub-
« Execution Time Speed-Up: 765x ; — e
Energy Reduction Factor: 29x 10 — a
E— sub—
cycle{ ~

DATE’18 | Henri-Pierre Charles | 22/03/2018 | 25
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COMMUNICATION PROTOCOL
INSTRUCTION SET ARCHITECTURE

Source Code Assembly Code
AN

mv r2, @R
mv rl, #add
shl rl, #6 \ Prepare

R = sl + s2 -
>Compi|ation xor rl, #@sl registers
shl  rl, #6

xor rl, #@s2 |/ Perform IMC
store rl, :}

/ operation

(

AL
r )

IMC Instruction: | adaa | es1 | es2 | er

y

CPU Address Bus & IMC == Do not change the
) < Datasus cadd @st @szxy "M actual ISA |
decoder Pg e N U — Overhead preparation
ontrol Bus write

Architecture scenario w/o ISA modificaiton
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Conclusion & Perspectives
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CONCLUSION & PERSPECTIVES

° Propose a new communication protocol between the CPU and the
IMPACT memory
» Compatible with existing system architecture (conventional system

bus)
» Enable interleaving the CPU & the in-memory instruction execution

*  Work on the compiler:

» Generate the assembly code respecting the communication
protocol
» Interleave the IMC & CPU instruction execution
° Based on the performance evaluation
» Optimize the data set-up in the memory
* Data alignment in the IMC
* Data interleaving
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