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l Background: the “Memory Wall”

®According to Computation / Memory
« Compute bound: Matrix Multiplication

« Memory bound: Element-wise (dropout, masking)
Reduce (Layer nom, Sum)

IV!emory |nc.reases Accelerate with DRAM?
with Token linearly

(0 Llama2-13B Model )

Token len| 4K 16K | 128K SRAM:19TB/s (20 MB)

FP 36 | 126 | 100G

Memory HBM: 1.5TB/s (40 GB)
EP 106 | 396 | 3206
(I Memory
p, / WWi: 12.8 GB/s
(>1TB)

®Memory bottleneck becomes severe
with the emergence of large models
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l Background: the “Memory Wall” in DRAM

®DRAM ranks/banks can only be accessed sequentially, and shares data line!

Rank
Rank
MemBus Rank Device /Ranks (B_anks) share\
- E Device // /§ Bank memory interface
64D 64b B C : MH Bank Only one Rank (Bank)
Mem cap  BE Device UL can be activated at
Ctrl == N xH Bank Qhe same time! J
1 == Device || [ \ Bank
Shared =< Device Bank
Bus Shared
Rank Interface
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l Background: the Memory Wall

@The INTERFACE BANDWIDTH CONSTRAINT makes a Memory Walli
Between CPU and DRAM!

Mem
Ctrl

Interface

Bandwidth
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Rank

Rank
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Device

Device

Device

Device
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l Background: Process in Memory (PIM)

®|ntegrate computing units (PIM units) within DRAM to better utilize internal
bandwidth

Main Memory

y [ 5 N N v v =
I e
’
i -
,’ NMP InSt ReSUIt |DRAM||DRAM||DRAMI|DRAMI DRAM||DRAM
! Chip || Chip || Chip || Chip || Chip || Chip || Chip || Chip
’ H A -
Host , NMP Processing Unit
7 / - D DRAM||DRAM||DRAM||DRAM||DRAM| DRAM||DRAM
/ 0 %
Rank-1. Rank-1. xM
A 4
e
P=

7
MC / .G/A Rapk-0.D
I / '
cru | \@),,
DIMM \ U-CPy £ =
L i — PIM || PIM || PIM || PIM || PIM PIM PIM PIM
DlMM hip || chip || chip || chip || chip || chip || chip |Chip
chip || chip || chip || chip || chip || chip || chip || chip
xN

PIM-enabled Memory

AXDIMM: in DIMM UPMEM, AiM: In Bank
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l Memory Interleaving

@®To increase CPU bandwidth:

» Adjacent data block stored in different channels

* And Access in Parallel/pipeline

Cache Line (64B)

CPU
0x00 [ 0x01 [0x02 [ 0x03 [ 0x04 | 0x05 |
Channel O Channel 1 Channel 2 Channel 3

Ars=rastul



l Memory Interleaving

@®To increase CPU bandwidth:

» Adjacent data block stored in different channels

* And Access in Parallel/pipeline

CPU
0x00 [ 0x01 [0x02 [ 0x03 [ 0x04 | 0x05 |
// | \RA\A
Channel O Channel 1 Channel 2 Channel 3
0x00 0x01 0x02 0x03
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l Memory Interleaving

@®To increase CPU bandwidth:

» Adjacent data block stored in different channels

* And Access in Parallel/pipeline

CPU
0x00 [ 0x01 [0x02 [ 0x03 [ 0x04 | 0x05 |
// \ N
Channel O Channel 1 Channel 2 Channel 3
0x00 0x01 0x02 0x03
0x04 0x05 0Ox06 0Ox07
0x08 0x09 Ox0a Ox0b
[ OxOc | [ 0x0d | 0x0e [_OxOf |

Ars=rastul



l Memory Interleaving with Address Mapping

®According to Switch Overhead

@Map lower-order bits to low-switch-overhead levels, higher-order bits to
high-switch-overhead levels

H| Row (>100 cycles) 36 |H (Infrequent Switch)
Rank (10-18 cycles) Burst
Map 36 1211 65 0
Bank (8-16 cycles),
Switching Sl (=6 eelas) Add.ress PAddr 36 21I2:())P1I:8 1615 9 sO:fsseE 2 0
Overhead y Bits HWAddr{ Ro |Ra[Ba|] Co [Ch] - -
Channel (~8 cycles)
LY Device (Parallel) 0 ¥ L (Frequent Switch)

(Data source: JEDEC)
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l PIM vs Memory Management: Incompatibility

@®Memory interleaving, virtual memory limit the length of contiguous data block
visible to PIM, limit offload granularity

CPU

P 0 0x00-03 P 1 0x10-13 (1024
age 0 0x00- age 1 0x10- ages:
Ba0 of De0 Ba0 of De1 | | Ba0 of De2 | | Ba0 of De3

PIM2

PIM3

N

PIM compute
on this block of
data
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l PIM vs Memory Management: Incompatibility

@®Memory interleaving, virtual memory limit the length of contiguous data block
visible to PIM, limit offload granularity

CPU

[
OS&
MMU

Page O

Page 1

Page 0 0x00-03 Page 1 0x10-13 |(31024--
ages)
Bal of De0 | | Ba0 of De1 | | BaO of De2 | | BaO of De3
0x00 0x01 0x02 E
0x10 0x11 0x12 | Ox13 ]

PIM1

PIM2

PIM3
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l PIM vs Memory Management: Incompatibility

@®Memory interleaving, virtual memory limit the length of contiguous data block
visible to PIM, limit offload granularity

CPU

[
OS&
MMU
Incontiguous l

PIM2

Page 0 0x00-03 Page 1 0x10-13 I(D1024.1"
ages)
Bal of De0 | |Ba0 of De1 | [ BaO of De2 | | BaO of De3
0x01 0x02 E
0x11 0x12 | 0x13 |

PIM3

ﬂ’f\%’%@ﬂuﬁ?




l PIM vs Memory Management: Incompatibility

@®Memory interleaving, virtual memory limit the length of contiguous data block
visible to PIM, limit offload granularity

Offload
PIM Task 1

Page O

Page 1

CPU

P 0 0x00-03 P 1 0x10-13 (1024
age 0 0x00- ﬁge x10- Pages)
4 v v v
Ba0 of De0 Ba0 of De1 Bal of De2 | | Ba0 of De3

0x10

Ox11

PIM1

0x12

PIM2

0x13

PIM3

Send Addr=*page 0, Context---

PIMs compute with
the first bytes

--But do not know the
second byte'’s location!
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l PIM vs Memory Management: Incompatibility

@®Memory interleaving, virtual memory limit the length of contiguous data block
visible to PIM, limit offload granularity

Offload
PIM Task 2

Page O

Page 1

CPU (1024
Page 0 0x00-03 Page 1 0x10-13 Pages)
| Jes)
4 v v v
Ba0 of De0 Ba0 of De1 Bal of De2 | | Ba0 of De3
0x00 0x01 0x02 0x03

Send Addr=*page 1, Context---

__PIMs compute with
the second bytes
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l PIM vs Memory Management: Incompatibility

@®Memory interleaving, virtual memory limit the length of contiguous data block
visible to PIM, limit offload granularity

CPU (1024
Offload Page 0 0x00-03 Plage 1 0x10-13 Page'éf)
PIM Task 2
as > 7 - N

Ba0 of De0 Ba0 of De1 | | BaO of De2 | | BaO of De3

Page 0

[Need Many Offloads }

Page 1 for the Task!
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l PIM vs Memory Management: Incompatibility

@®Memory interleaving, virtual memory limit the length of contiguous data block
visible to PIM, limit offload granularity

(1024

Need 1024
Plf\)ﬂfqoad Pages) Offloads for the
ask 2 _
\ v Task!
BaO of De0 Ba0 of De2 | | BaO of De3
Page0 | o500 OX01 OX02 0x03
Page 1 0x10 | Ox13 ]
50us offload
30ns task
Offload >> Task
"PIMO | In-efficient Offload
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l PIM’s ideal address mapping

@®PIM prefers contiguous data block: address mapping according to level

36 1211 6 5 0
Only Need One Offload: Less offload overhead PPN Offset
36 3433 3231 2928 2625 109 0
. Ch|Ra|De|Ba| Ro Co
Contiguous
Data Block \
Ba0 o\KDeO Ba0 of De1| [ Ba0 of De2| [ BaO of De3 H Channel 36 H
Tt Rank
0x12
Bank  Vap
Level e Address
i i i Device Bits
[PIMT ] [PIM2 ] [PIM3 ]
Row
Column 0

- sl




l PIM’s ideal address mapping

@®PIM prefers contiguous data block: address mapping according to level

36 1211 6 5 0
Only Need One Offload: Less offload overhead PPN Offset
. 36 3433 3231 2928 2625 109 0
Contiguous Ch|Ra[De|[Ba] Ro Co
Data Block
Ba0 of\DeO Ba0 of De1| [ Ba0 of De2| [ BaO of De3 H Channel 36 H
Tt Rank
0x12
Bank  Vap
Level e Address
i i i Device Bits
[PIMT ] [PIM2 ] [PIM3 ]
Row
CPU & PIM require different Data Layouts! L4 Column L Vl\ﬁﬁ UJT
TNF=rsutull 1L




l Measures of current PIM systems

@Measure 1: Isolated Memory Space

_——— Ny ___

CPU | Semmmmmreas

— e e e e e e e e = = — a—

DRAM Devices
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l Measures of current PIM systems

@Measure 1: Isolated Memory Space

CPU

VAddr .

Inter leav

e e o o — — — ———————

PAddr, _

Non—
Inter leave

— e e e e e e e e = = — a—

DRAM Devices
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l Measures of current PIM systems

@Measure 1: Isolated Memory Space

CPU

Legend:

"™ Wain Memory !

| T |

[ do das [

VAddr. | :

Inter Ieavg: |

. :

: |

_______________ |

m——m—— e —— -

| :

PAddr. | |

Non— ! |

Inter leavel :

| ___PIMSpace __ |
Example: MLP
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l Measures of current PIM systems

@Measure 1: Isolated Memory Space

i Main Memory | Legend:
: = = | |®®(CPU Compute)
VAddr . : ©) .8 1 T | b=reduce(a)
Inter | eavgl @ L I | c=softmax(b)
| Cy '
| C2 I
| I C|3 I :
cpU| @ @ D e
I_______________'I
: |
PAddr. | :
Non—- |
Inter leavel :
| ___PIMSpace ___ |

Example: MLP Ana=—<uN




VAddr .

—_F———— e — —— —— — — —

Main Memory

do

aj

Inter leave

PAddr .

| I— ——— —————— —— ——— — — —

Offload ®

— e e e e e e - = —a—

Offload

Non-—

»
Ll

Inter leave

PIM Space

Example: MLP

Legend:
@@ (CPU Compute)

b=reduce(a)
c=softmax(b)

®(CPU-PIM Move)

buf,=reshape(cy)
memcpy(ao, bufo)
bufi=reshape(c;)

/Y\%%“ZSJTJF



CPU

i Main Memory | Legend:
: = . | ®®(CPU Compute)
| a as b=reduce(a
HLCLIRS > @ —— : c=softllf:a)(((l)9)
Inter Ieave: ® L | ®(CPU-PIM Move)
Cq l -
: = : buf,=reshape(cy)
e memcpy(ao, bufo)
Offload l@ _____________ g buf,=reshape(c;)
| | e
| | 'doz
| Co Cq C2 C3
PAddr. I @(PIM Compute)
Non— | @ :0 : at at : a=gemm(c)
Inter leavel :
| ___PIMSpace ___ |
Example: MLP

Ars=rastul



l Measures of current PIM systems @) YEXALY

g,
%ﬂm nﬂ“ SHANGHAI JTAO TONG UNIVERSITY

—_F———— e — —— —— — — —

Legend:
®® (CPU Compute)

b=reduce(a)

c=softmax(b)
®(CPU-PIM Move)

buf,=reshape(cy)

___________ memcpy(a,, bufy)
CPU Offload ® e

|

|
VAddr,
Inter | eave:
I

|

- S bufi=reshape(c;)
(@)
| =
O
PAddr . ‘: @(PIM Compute)
Non—- ® a=gemm(c)
Inter leavel ®(PIM-CPU Move)
|

bufy=reshape(cy)
memcpy(ao, bufo)

Example: MLP A\T=rs JTUJF




CPU

—_F———— e — —— —— — — —

VAddr .

|
|
|
|
|
Inter | eave:
|
|
|

—

Offload ®

»
>
Non—

-
|
PAddr. |
|
Inter leavel

|

Legend:
@@ (CPU Compute)

b=reduce(a)
c=softmax(b)
®(CPU-PIM Move)
buf,=reshape(cy)
memcpy(ao, bufo)
bufi=reshape(c;)

Offload

@(PIM Compute)
a=gemm(c)

®(PIM-CPU Move)
bufy=reshape(cy)
memcpy(ao, bufo)

Additional Memory copy

) - }‘, Vi )

%
%ﬂm nﬂ“ SHANGHAI JTAO TONG UNIVERSITY
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l Measures of current PIM systems

@Measure 1: Isolated Memory Space (Resulting in Data Transfer)

CPU

Main Memory

|
: go :1
2 3
VAddr, | @( T 1
ol I I I
InterleaveI ® 2‘1’
| —
| =
| I I I
Offload ®
e e
| [
| Co C1 Co
PAddr\ |
» @ v |[v][v
Non— : o ll 2
Inter leavel
3 PIM Space

Legend:
@@ (CPU Compute)

b=reduce(a)
c=softmax(b)
®(CPU-PIM Move)
buf,=reshape(cy) 7
memcpy(ao, bufo)
buf;=reshape(c;)

Offload

@(PIM Compute)
a=gemm(c)

®(PIM-CPU Move)
bufy=reshape(cy)
memcpy(ao, bufo)

|~ Memcpy

P,

Re-layout with

Software

Additional Memory copy and data re-layout

Data Re-layout
/ (Because of different data layout)

DO

D1

D2

D3

0x00

0x01

0x02

0x03

0x04

0x05

0x06

0x07

0x08

0x09

Ox0A

0x0C

0x0D

Ox0E

OxOF

|
|
|
0x0B| |
|
|

[ —_——— e e — — —

DO

D1

D2

D3

0x00

0x04

0x08

0x0C

0x01

0x05

0x09

0x0D

0x02

0x06

OxO0A

OxOE

0x03

0x07

0x0B

OxOF

aaN—cuitil




CPU

VAddr .

—_F———— e — —— —— — — —

Inter leav

Offload

PAddr .

| I— ——— —————— — — — —

®

Non—
Inter leave

1~
|
|
» @
|
|

Legend:

@@ (CPU Compute)

Offload

b=reduce(a)
c=softmax(b)
®(CPU-PIM Move)
buf,=reshape(cy)
memcpy(ao, bufo)
bufi=reshape(c;)

@(PIM Compute)
a=gemm(c)

®(PIM-CPU Move)
bufy=reshape(cy)
memcpy(ao, bufo)

Additional Memory copy and data re-layout

9000 1= 3
Inter-DPU
8000 - I OPU D -
€ 7000 {|=@=Speedup - 2
v 6000 . e
= 5000 3
S 4000 |, & [ Xfer
vy =
53000 (Dominated)
@ 2000 - . |,
1000 '
0 - . &—— PIM
o ™~ = 00
BFS o <o & 32 Compute
—i o
#DPUs

Gomez-Luna et.al. 2022
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l Measures of current PIM systems

®Measure 2: Switch off channel & rank interleaving
« Reduce re-layout overhead, but damage CPU bandwidth

« The data re-layout overhead still accounts for 70% of data transfer time

PAddr| =Ch < m|Ba <n

o,

Re-layout with
Software

Ch on,

Save Computations
Ba on—— Choff, Baon

PAddr]|

=Ba<n

C0BO

C0B1{C1B0|C1B1| |{COBO

C0B1

C1BO

C1B1

0x00

0x01

0x02 | 0x03 | | 0x00

0x01

0x08

0x09

0x04

0x05 | 0x06 | Ox07 | | Ox02

0x03

Ox0A

0x08

0x09 | OxOA [ OxOB | | 0x04

0x05

0x06

0x07

0x0B

COBO|COB1

C1B0|C1B1

0x00 | Ox04

0x08

0x01 | Ox05

0x09

0x02 | 0x06

Ox0A

0x03 | 0x07

0x0B

Transfer Time Breakdown

g Addr Translation &
Data Rearrangement

B Memcpy 8 Other

100%

80%

60% 74 2 69 7

40%

20% 23 7 26 0
0%

PIM- CPU CPU-PIM
UPMEM Data Transfer

Breakdowpy\s=rsuTull |




l Summary: An Impossible Triangle

@Memory spaces with single data layout.

CPU CPU CPU
PerforAmance PerforrAnance PerforrAnance
Low Low Data Low Low Data Low Low Data
Offload Transfer Offload Transfer Offload Transfer
Overhead Overhead Overhead Overhead Overhead Overhead
_(NaTve) Isolated Memory Space |solated Memory Space
Uniform Layout Software Re-layout Switch off Interleaving

Fine-grained Offload
IR e MetaPNM, PIM-HBM AXDIMM, UPMEM ~

7 INF=—rsJTull




l Summary: An Impossible Triangle

®Memory spaces With single out.
CPU CPU CPU
PerforAmance PerforrAnance PerforrAnance

Low Low Data Low Low Data Low Low Data

Offload Transfer Offload Transfer Offload Transfer

Overhead Overhead Overhead Overhead Overhead Overhead
_(NaTve) Isolated Memory Space |solated Memory Space

Uniform Layout Software Re-layout Switch off Interleaving

Fine-grained Offload
IR e MetaPNM, PIM-HBM AXDIMM, UPMEM ~

7 INF=—rsJTull




l Summary: An Impossible Triangle

®Memory spaces With singlé out.
CPU CPU
Performanc( CPU Performance
A A
Perforxnance

Low Low Data
Offload pad Transfer
Overhead Locvﬁ |_O\V7 Data head Overhead

Offload Transfer

) Overhead Overhead

(Naive) Our goal Isolated Memory Space

Uniform Layout S —— Switch off Interleaving

Fine-grained Offload

MetaPNM,PIM-HBM

AxDIMM, UPMEM —,
raaN—<YutlRim




} UM-PIM Motivation

@®@Key insight: A Uniform Memory Space with CPU & PIM Pages (Different
layout) co-existing in the space

 No Data Transfer Overhead
« Satisfy CPU and PIM'’s data layout

Main Memory

' |
|
| do aq :
: @ F L T |
Interleaved - (" g : Virtualized
A A Cq l _______________ _
& Wil llzee : z | . Uniform Memory Space |
=TT | > | [ | | Interleaved
|
L — o :
| I I I Co Cq C2 C3 @|
| Co C1 Co C3 |
: oraiezinalie’ i i @ i i i i :Non-interleaved
| Ao a4 az as | ' il N N N —
Non-interleaved | PIM S ' UM-PIM -
L MMl pace | - )
aaN—<ntiNe

Current PIM System



} UM-PIM Motivation

@®@Key insight: A Uniform Memory Space with CPU & PIM Pages (Different
layout) co-existing in the space

 No Data Transfer Overhead
« Satisfy CPU and PIM'’s data layout

Main Memory

i do aq :
=== |
|
Interleaved - S — | No Need for 3 & 5 Virtualized
& Virtualized | C ' Teanefor | |mmmm—mm———————— :
| e : Transfer " Uniform Memory Space |
L@ T | > | [T | Interleaved
® ' ( |
:_ l_——_———_——_—_i i @ Co Cq C2 C3 @:
| Co C1 Co C3 |
: orsirairaie’ i i @ i i i i :Non-interleaved
| Ao aq az as | |________________I
Non-interleaved | PIM S ' UM-PIM -
L ___TrlMo pace | - N
aaN—cnv NN

Current PIM System



} UM-PIM Motivation

@Key insight: A Uniform Memory Space
@®Challenges:

« Co-existence (PIM’s contiguous data block, CPU’s virtual memory)

Randomly Mapped
Virtual Pages

CPU Pages

PIM Pages

Contiguous Blocks _ ~




} UM-PIM Motivation

@Key insight: A Uniform Memory Space
@®Challenges:

« Co-existence (PIM’s contiguous data block, CPU’s virtual memory)

« Two different data layout

Interleaved

CPU Pages

_______________ -
I

Uniform Memory Space m
| 1 |

| ' PIM Pages
Lr - - = _ _

Non-Interleaved

ﬂf\%’%@ﬂﬁ




] UM-PIM Motivation

@Key insight: A Uniform Memory Space
@®Challenges:

« Co-existence (PIM’s contiguous data block, CPU’s virtual memory)

« Two different data layout

* Accelerate CPU accessing PIM Page T T T T Access in Parallel

S — A CPU Pages
Uniform Memory SpM Cache Line=Burst
| 1 |

T Access in Serial

Cache Line#Burst PIM Pages

ﬂ’f\%’%@ﬂuﬁ?
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l UM-PIM Overview

®A. Memory Management: Chunk-based management of PIM Pages @
®B. Data Layout: Address Mapping and Data Re-layout 2
@®&C. Accelerate CPU Access PIM Page: HW-SW Co-design (3

—» Address Path
<«—» Data Path —» Command Path

T T T T T T T T \ ( ) ( )
: Software : CPU Host DRAM Ranks
I | [ ] _U_N_H_D |_M_ Iﬁt_er_fa_c_e7 Devices
@O Aloc_ ], | [ cPU | InDIMM | |
I | 3 4 > Buffer <>
' [ Get_Addr |! Vo N EB)?;X(I\;
| | . MMU | Data (2) | |g A
| Commu- | i Redlayout | | |8 e Hardware modules
| nicate | Yy v ] I |2] | PIM Unit
Software i | MCtl L @ s between MemBus &
modifications || |i | Broadcast || = q N DRAM interface
i | Reduce || RE R Addr
on CPU side | | O o) | 6 Ma
| | | Y
: : Config , » [Addr Map | >
I @ | [ +
| | | CuU
[ I [
N /| | L mRred | | M\y=rsurull 1L




l A. Memory Management — CPU Malloc @

Challenge 1: Co-existence of virtualized
®CPU Pages: keep current management strategy | cpPu Page & contiguous PIM Page

®PIM Pages: Chunk-based Management

/“\T\%:%JTUJF




l A. Memory Management — CPU Malloc @

., YEX ‘ﬂ)t@‘

i) SHANGHAI JTAO TONG UNIVER

Challenge 1: Co-existence of virtualized
®PIM Pages: Chunk-based Management CPU Page & contiguous PIM Page

 Let high-order bits mapped to rows and Allocate a Huge Page (Chunk)

A huge page 0x2..00000~0x3..00000

47 2827 1716 0

Vv CVN Chunk Offset

36 2827 0

P CPN Chunk Offset
HW Ro Ra|Ba| Co [Ch| Co

Switch on interleaving

ﬂf\%’%@ﬂﬁ




l A. Memory Management — CPU Malloc @

., YEX ‘ﬂ)t@‘

i) SHANGHAI JTAO TONG UNIVER

Challenge 1: Co-existence of virtualized
®PIM Pages: Chunk-based Management CPU Page & contiguous PIM Page

 Let high-order bits mapped to rows and Allocate a Huge Page (Chunk)

A huge page 0x2..00000~0x3..00000

high-order bits mapped to rows

1716 0

Chunk Offset
Chunk Offset

Ra|Ba| Co [Ch| Co

—

—

Offset inside Chunk

ﬂf\%’%@ﬂﬁ L




l A. Memory Management — CPU Malloc @

®PIM Pages: Chunk-based Management

., /

G/ SHANGHAI JIAO TONG UNIVER

Challenge 1: Co-existence of virtualized
CPU Page & contiguous PIM Page

 Let high-order bits mapped to rows and Allocate a Huge Page (Chunk):

* The Chunk Evenly distributed on every PIMs

256M Chunk

CPU

Chunk
List

713

PIM.O

PIM 1

PIM 2

A huge page 0x2..00000~0x3..00000

HW

47 28

27

1716

CVN Chunk Offset
36 2827 0
CPN Chunk Offset
Ro Ra|Ba| Co [Ch| Co

A=l




l A. Memory Management — CPU Malloc @

®PIM Pages: Chunk-based Management

., /

G/ SHANGHAI JIAO TONG UNIVER

Challenge 1: Co-existence of virtualized
CPU Page & contiguous PIM Page

 Let high-order bits mapped to rows and Allocate a Huge Page (Chunk):

* The Chunk Evenly distributed on every PIMs

256M Chunk = 128 k PIM Page on each PIM

CPU

Chunk
List

713

Pl

0

PIM 1

PIM 2

A huge page 0x2..00000~0x3..00000

HW

47 28

27

1716

CVN Chunk Offset
36 2827 0
CPN Chunk Offset
Ro Ra|Ba| Co [Ch| Co

A=l




l A. Memory Management — CPU Malloc @

®PIM Pages: Chunk-based Management

Challenge 1: Co-existence of virtualized
CPU Page & contiguous PIM Page

 Let high-order bits mapped to rows and Allocate a Huge Page (Chunk):

* The Chunk Evenly distributed on every PIMs

256M Chunk = 128 k PIM Page on each PIM

CPU

Chunk
List

713

PIM 1 PIM 2
2--00000 2--20000 2--40000
2--00001 2--20001 2--40001
2--0.9.002 2--2.(.).002 2--49002
2--1FFFF 2--3FFFF || 2--5FFFF |
Not interlea\((ed
inside Chun

A hu

HW

ge page 0x2..00000~0x3..00000

47 2827 1716 0

CVN Chunk Offset

36 2827 0

CPN Chunk Offset
Ro Ra|Ba| Co [Ch| Co
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l B Data LayOUt Challenge 2: Different layout

of CPU&PIM Pages

®|Integrate Hardware Modules between DRAM Interface & Memory Bus, on

DRAM side —> Address Path
_ 3 L | . <«—» Data Path  —» Command Path
eveis: "~ CPUHost | [ DRAM Ranks
. TR - : ] . UM-PIM Interface !
———° Cache Line: Dynamic Address Mapping e i - DIMM Bafear!
Rank——* @-1 Above Bank: Config Mem Ctrl |1 T [T LR ['®3F
I
Bank @-2 Below Bank: DRAM-side HW (ATM MM | | @3 IE
Devi &RCL) - 2 | | 2| Devic
evice MCtrl P =g : ATM I é es
Row| e (2)-3 Inside Cache Line: Data re-layout > @2 [I|2
- | (@]
Column - DRAM-side HW (RC&CG) —{TAD0] , | L J— i
Cache Line : % ®-2 :
DRAM @1 ) B nIRCPY
Hierarchy
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l B Data Layout — Address Mapping (2)-1

@®@(Above Bank) Add a Address Alias (TAD 1) in MemCitrl

 TAD1 have different address mapping from the origin TADO

Channel
Rank
Bank

DRAM

—>» Address Path HierarChy

—» Command Path

<«—» Data Path

CPU Host

CPU

PAddr [TCPN | __ OFF. |
=1is PIM page =0 is CPU page
MCH TADf1 > TADO
v v

HWAddr [Ch]Ra]Ba] Other | [Ch[RalBa] Ro | Co

27 24 22 33 16 36 8 20 18 36 15
0 A T S R S | |
map) 25 23 20 25 10 34 3 6 19 16 21 9

~N 7

TADO & TAD1 have different address mapping

DRAM Ranks
| UM-PIM Interface

In DIMM Buffen
» RC |

o CG [ L

MBus

Devic
es

DRAM_Itherface B

MJTUJ—




I B Data Layout — Address Mapping @-2 @) FAXALY
®(Below Bank) Hardware module on DRAM side
« RCL: Check whether the Address belongs to PIM Page " Row
Column
 ATM: If is PIM address, map the address bits to Device Column and Row
DRAM

—» Address Path HIerarChy
<«—» Data Path —» Command Path

CPUHost | [ DRAM Ranks
e m '~ UM-PIM Tnierface |
[ChlRalBa] RO | CO | o RCL | o [ in DIMIM Buffer|
HWAddr , | ] | kbl ‘_’F
Mem | Addr l [ l
Bus i) ] CPNO || [ MMU ] | i
RCL(is PIM page?) : CPNTi N "5 bevic
| L | + | MCtrl Hé : :é es
| I l 1<
ATI\\/T N e AT i i
————————————— > I |
v | |
HWAddr [BalDe] RO | CcO | [Ba] RO | CO | ] i i
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l B Data Layout — Address Mapping (2)-2

®(Below Bank) Hardware module on DRAM side
« RCL: Check whether the Address belongs to PIM Page " Row

Column

 ATM: If is PIM address, map the address bits to Device Column and Row

DRAM
Address: 0xB0020001 Hierarchy

— e —————— —— —— —— — — ——

HWAddr [Ch[Ra[Ba] RO | CO | : RCL i
Mem | Addr |
Bus v | | 0x2 :

RCL(is PIM page?) : OxB !
| — N
Y N HIT? |
ATM - A
v
HWAddr [BalDe] RO [ CO | [Bal RO [ CO |
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l B Data Layout — Address Mapping (2)-2

®(Below Bank) Hardware module on DRAM side
« RCL: Check whether the Address belongs to PIM Page

 ATM: If is PIM address, map the address bits to Device Column and Row

Address: 0xB0020001

__| CPN=0xB
HWAddr [Ch[Ra[Ba] RO | CO | : RCL i
Mem | Addr |
Bus v | | 0x2 :
RCL(is PIM page?) : OxB !
' — 7
Y N HIT? |
ATM - A
v
HWAddr [BalDe] RO [ CO | [Bal RO [ CO |

Device
Row
Column

DRAM
Hierarchy
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l B Data Layout — Address Mapping (2)-2

®(Below Bank) Hardware module on DRAM side
« RCL: Check whether the Address belongs to PIM Page

 ATM: If is PIM address, map the address bits to Device Column and Row

Address: 0xB0020001

__| CPN=0xB
HWAddr [Ch[Ra[Ba] RO | CO | : RCL i
Mem | Addr |
Bus v | | 0x2 :
RCL(is PIM page?) : OxB !
| - v
Y N[ HIT? |
ATM - I
v
HWAddr [Bal[De] RO [CO]| (Bal RO | CO | HIT=1, is PIM Page

Device
Row
Column

DRAM
Hierarchy
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l B Data Layout — Address Mapping (2)-2

®(Below Bank) Hardware module on DRAM side
« RCL: Check whether the Address belongs to PIM Page

 ATM: If is PIM address, map the address bits to Device Column and Row

Address: 0xB0020001

_| CPN=0xB
HWAddr [Ch[Ra[Ba] RO [ CO | | RCL i
Mem | Addr |
Bus v | 0x2 :
RCL(is PIM page?) | I—’ 0xB |
| . N
Y N| HIT? |
ATM .
v
HWAddr [Bal[De] RO [CO| (Bal RO | CO | HIT=1, is PIM Page
Convert with ATM

Device
Row
Column

DRAM
Hierarchy
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l B Data Layout — Address Mapping (2)-2

®(Below Bank) Hardware module on DRAM side
« RCL: Check whether the Address belongs to PIM Page " Row

Column

 ATM: If is PIM address, map the address bits to Device Column and Row

DRAM
Address: 0xC0020001 Hierarchy
__| CPN=0xC _
HWAddr [ChRa]Ba] RO | CO | | RCL |
Mem : Addr :
Bus | 0x2
RCL(s PIM page?) | 0x5 i
| L i
Y N[> HIT? |
ATM -
v
HWAddr IBaIDeI RO | CO | IBaI RO | CO | H|T=O, is CPU Page
Bypass ATM
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l B Data Layout — Re-layout -3 @) L AERarS

@®(Inside Cache Line) Cache Line # Burst problem of PIM Page

PIM Friendly Cache Line
Data Localization CPU Friendly DRAM
A Cache Line of PIM Page =~ High Bandwidth — address Patn Hierarchy
Decided by Hardware <«—> DataPath _—> Command Path
A DRAM Burst CPU Host DRAM Ranks
/ ||| UM-PIM Interface _|
CPU : In DIMM Buffern
f > RC |
\ 4 \ 4 |
. MMU | | g
I, ce | 43
> g | | 2| Devic
MCtrl Hg i | ATM I% es
|
X
|| FReD i
N = |
| = |
] . In RCD|,
D: Device ————— -
/INT=rsoTull 1




l B Data Layout — Re-layout 2)-3 FEZAAE

@®(Inside Cache Line) Cache Line # Burst problem of PIM Page

®A Hardware module RC for data re-layout inside Cache Line

Cache Line

DRAM

—» Address Path HIerarChy
<«—» Data Path —» Command Path

CPU Host DRAM Ranks
| =
Device 0 Device 1 Device 2 Device 7 E !
0ojo1jo7 --- 10[1112] --- [ [2021[22] --- 7o) - - i
Y CMMU | 2
BLﬂ/ MUX1... I\ I I MUX1... I | | MUX1... | ] | MUX1... v _ Vv (2} | % D i
N [ — : ) Mol .3 i £ -
(T Lt r bt
DE— MUX2 MUX2 MUX2 MUX2 | EE
U SBO 7 SB1 7 SB2 U SBY | 0
Qoonnnnn  gnnnnaomn Annonnna ] :
i
|
|| [

Re-layout cache (RC)
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l B Data Layout — Re-layout 2)-3

@(Inside Cache Line)
@®Read a 64B Cache Line of PIM Page in Device 2

One 64B Cache Line

Cache Line

DRAM
Hierarchy

Device 0 Device 1 Device 2 Device 7
8B O||)102 -« 07| 10111112 --- (17412012122 --- |27 ’"70|7172 e |77
Ananonnf Oonnanaf Onanonnf o nnononoan

Sub-Buffer 0

Sub-Buffer 1 Sub-Buffer 2

Sub-Buffer 7

ﬂ’f\%’%“‘i%ﬂuj?




l B Data Layout — Re-layout 2)-3

@(Inside Cache Line)
@®Read a 64B Cache Line of PIM Page in Device 2

« Cycle 0-7: Read 8 Burst form every device, cache the Bursts in RC

Cache Line

DRAM
Hierarchy

Device O Device 1 Device 2 Device 7
00)0102| --- |07|[101112| --- [17| ROR122| --- [27] 70|71 72| - |77
Dnaonnnnt Dononnnm Dnaoonnnt Dononnnm
Sub-Buffer 0 Sub-Buffer 1 Sub-Buffer 2 Sub-Buffer 7
BLO [00|10[20(30{---[70

ﬂ’f\%’%“‘i%ﬂuj?




l B Data Layout — Re-layout 2)-3

@(Inside Cache Line)
@®Read a 64B Cache Line of PIM Page in Device 2

« Cycle 0-7: Read 8 Burst form every device, cache the Bursts in RC

Cache Line

DRAM
Hierarchy

Device O Device 1 Device 2 Device 7
00(0102| --- |07|[1011112| --- [17| ROR21[22| --- [27) 70|71 72| - |77
Dnaonnnnt Dononnnm Dnaoonnnt Dononnnm
Sub-Buffer 0 Sub-Buffer 1 Sub-Buffer 2 Sub-Buffer 7
BLO [00|10[20(30{---[70
BL1 [00[10{20[30|---{70 |O1 11121|31]---|71

Ars=rastul



l B Data Layout — Re-layout 2)-3

@(Inside Cache Line)
@®Read a 64B Cache Line of PIM Page in Device 2

« Cycle 0-7: Read 8 Burst form every device, cache the Bursts in RC

Cache Line

DRAM
Hierarchy

Device 0 Device 1 Device 2 Device 7
oojo1o2] --- [ [10[11]12 021]22 N
000000 A00nnnnn nonononn - nonononnag
Sub-Buffer 0 Sub-Buffer 1 Sub-Buffer 2 Sub-Buffer 7
BLO [00[10[20[30]---[70
BL1 [00[10[20[30[---[70] [01]11[21[31]:--[7 1
BL7 [00[10[20[30]---[70] [p1[11[21[31]---[71] [02[1222[32]---[72]  [OWA7[27RT - -[77]

/Y\%%“ZSJTJF



l B Data Layout — Re-layout 2)-3

@(Inside Cache Line)
@®Read a 64B Cache Line of PIM Page in Device 2

« Cycle 0-7: Read 8 Burst form every device, cache the Bursts in RC Cache Line
DRAM
» Cycle 8: Get the data from Device 2 Hierarchy
Device 0 Device 1 Device 2 Device 7

000102 --- [07{ (101112 --- (17| RO]21|22| --- |27 '"70|7172 e |77

Aonnaonna A0nnnan nonnaonon " Qnonnant

Sub-Buffer 0 Sub-Buffer 1 Sub-Buffer 2 Sub-Buffer 7
BLO [00|10[20(30{---[70

BL1 [00[10{20{30}:-+(70 |O1 1121{31|--+[71

BL7 00[10[20{30|---[70| [01[11[21[31|---[71] [02/12[22/32) ---[72
DE=2 7 0 {
20 21 Memory Bi22 _ —~
aeN=—amll




l C Accelerate CPU Access PIM Page ®

@®Require 8 bursts to read one cache line of PIM Page

8 Bursts —

Challenge 3: Improve CPU bandwidth
when accessing PIM page

Device O Device 1 Device 2 Device 7
00/01|02| --- 07| [10[11[12| --- (17| ROR21[22 --- |27] 70|71 72| - |77

Dnaonnnnt Dononnnm Dnaoonnnt Dononnnm

Sub-Buffer 0 Sub-Buffer 1 Sub-Buffer 2 Sub-Buffer 7
BLO (00[10[20(30|:--[70
BL1 |00{10]20(30|---|70 |O1 11|121(31]---[71
BL7 [00[10[2030|-+-|70| [01[11]21]31]--[71]| [02]1222[32] -+ |72
DE=2 i { i

20 21 Memory B{22 _V_, —~
/YN\F=rsuTull




l C Accelerate CPU Access PIM Page ®

@®\When CPU iterate over results of PIM units:

for de in range (#device):
for 1 in range (len):
access(de, 1)

Device 1 Device 7
RD 1 101112 --- 17| “170(71|72| -~ (77
18|19|1a| --- |1f| ~|78[79|7a| --- |7f
poonnnnm ININIRININININ aonnnnmi
BL 0-7 001020|30---70| 0111121{31|---[71 0717273 7|---(77
i g i
BL 8 00 01 Memory Bus (07

Ars=rastul



l C Accelerate CPU Access PIM Page ®

@®\When CPU iterate over results of PIM units:

for de in range (#device):
for 1 in range (len):
access(de, 1)

RD 2
Device 0 —evice 1 __ Device 7
RD 1 00p102] - [o7|fiofafi2] — 7| - Forare - [77
08/09(0a --- |Of| [18[1911a] --- [1f[ " [78[79[7a| --- |7f
Anananan Ananannf o nnaonnnnn
BL 0-7  |00[10[20[30|-+-[70]| [01[11[21|31|---[71 071727|37|-++[77
i i i
BL 8 00 01 Memory Bus |07
BL 9 10 11 Memory Bus |17

/'“T’f\i”%zgﬂuj?




l C Accelerate CPU Access PIM Page (®

@®\When CPU iterate over results of PIM units:

Let iteration on devices be the inner loop

* dw: device address for writing

All-Gather
(d)

PIMO
PIM 1
PIM 2
PIM 3

[ A

[A

[ A

[A

for 1 in range(len/64):
for br in range(#bank):
for dr in range(8):
for bw in range(#bank):
for dw in range(8):
memcpy (dest[bw, dw, (br*8+dr)*s+l],
src[br, dr, 1], 64)

|I Time -=+— RC Hit Rate Normalized Read BDW|

1
1600 / ——— %
(a8}

—~1200 0'83 5
£ T 3
£ 068 8
£ 04T 4
- N
- i I I I I 02§

I | P

0 o 2

RS 6\3«* A c»* e»“ Q,b&

\0\“’ 6@ oS \:0< \\0 \Q( \:0
Order of Nested Loop
These are good iteration

orders
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Evaluation




l Evaluation Methodology

@ Simulator & Configuration
« CPU: GEMS + Ramulator2; PIM units: UPMEM DPU @ 500MHz
. DDRA4-2400, 8(Channel)x 8(Ranks)

®Benchmarks:

« CPU Workloads: from SPEC CPU 2006
* Ibm, mcf, sjeng, dealll, xalancbmk, gcc

* PIM Workloads (requires CPU & PIM): from PRIM
 BFS, PR, MLP, UNI, TC, SCAN-RSS/SSA, SEL, HST, NW, WFA, RL

@Baseline:
* PIM-lon: PIM System with Memory interleaving switched on
* PIM-loff: PIM System with Rank & Channel interleaving switched off, (e.g. UPMEM)
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l Results on CPU Workloads

@®Because of CPU Page’'s memory interleaving is switched on

o CPU System = UM-PIM = PIM-|off

2100
o 80
5 60
& 40
& 20

0 U |
#HCPU 2 4 8 2 4 8 2 4 8 2 4 8 2 48 2 48 2 48
Bench- Ibm mcf sjeng dealll xalancbmk gcc (AVE)
marks

SPEC CPU 2006

PIM-loff: 22% performance degradation because of memory interleaving switched off

UM-PIM: <0.1% performance loss because CPU page is interleaved.
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l Results on PIM Workloads

®UM-PIM do not need data transfer between isolated memory spaces

o MCPU Compute [EAXfer OPIM Compute OPIM-lon BPIM-loff BUM-PIM
ECM- N F BE Muellm M M0 Mo Mo B Mol

i 0.8 I K E I

© 0.6 |4 H_ [ .

N r 5 9 d ! P

C_U 04 .__a ..-‘ ] | - | | L+

S o2 |HHH dHE el ¢ At | R L bl b

. 1 — o

2 o LE Add HAH Him Hal C el EER O 4
Bench- gfs Page- MLP NW UNI| SCAN SCAN SEL HST-S TC WFA RL (AVE)
marks Rank -RSS -SSA

PRIM

-

Compared to PIM-loff (Rank & Channel interleaving switched off, UPMEM)
UM-PIM has 4.93x reduction on CPU time (including Computing and Data Transfer),
kresulting in 1.96x speed up on the whole workloads.

~

J

NW have intensive inter-PIM communication, therefore, it has the best speedup.
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l Results on PIM Workloads

®UM-PIM do not need data transfer between isolated memory spaces

Current PIM System

O CPU Compute B Xfer OPIM Compute O PIM-lon @ PIM-loff @ UM-PIM
306+ - 60 —
250 \__/ 50
éZOO i ] g £40
o 150 ~ 7 - o 30
€100 | AN o i £ 20
50 i ﬁ E " L1 2
0 0 —=
BFS | ° #PII\/Lll Rank8 1 PageRgnk ? #PII\/Lll Rank8 e
UM-PIM

For workloads with intensive inter-PIM-units data transfer:
UM-PIM can still benefit from computing using more PIM units
In contrast, time on current PIM systems increases when using more PIM units
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l Analysis — Enable More PIM Tasks

@®PIM compilers decide program segment offload to PIM units according to
offload overhead & compute speedup. UM-PIM reduce offload overhead
because of eliminating data transfer.

@ PIM-loff @ UM-PIM
2.5E7 100%

2.0E7 80%
@ 1.5E7 60%
1.0E7 40%
0.5E7 20%

00
D=0 bc pr cC tc % bc pr cc tc

(a) (b)

its

Time

Percentage
of PIM un

UM-PIM can offload 8% more program segments to PIM units, resulting in 1.13x speedup
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l Discussion

®Extend to different Device number of DRAM:
« Change number of SB in RC module. E.g. for x4 DRAM, RC circuit have 4 SBs.

®Extend to other DRAM type:

« HBM and LPDDR do not have Device level in DRAM hierarchy. ATM and RC is not
needed. Other APIs and memory management are still effective.
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l More In the paper

@®Detalls of CPU and PIM access PIM pages

@®Extended DRAM Instruction support for UM-PIM

® Inter-PIM-units Communication APlIs

* Four inter-PIM units communications APIs like NCCL
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l Conclusion

®Key advantages of UM-PIM:

+ Uniform & shared memory space: CPU and PIM pages co-exist in a uniform memory
space, and data transfer is eliminated compared to isolated space design

« Fast & Transparent data layout: Dynamic address mapping and data re-layout for two
kinds of pages are processed fast and transparently by DRAM-side hardware module

« Compatibility with current CPU systems: no modifications on CPU-side hardware and
CPU page’s memory management.
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