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Executive Summary

 Problem: Processing-Using-DRAM (PUD) suffers from three issues caused by
DRAM'’s large and rigid access granularity

e Underutilization due to data parallelism variation in (and across) applications

e Limited computation support due to a lack of interconnects

e Challenging programming model due to a lack of compilers

\

Goal: Design a flexible PUD system that overcomes the three limitations caused by
DRAM'’s large and rigid access granularity

7

Key Mechanism: MIMDRAM, a hardware/software co-design PUD system

 Keyidea: leverage fine-grained DRAM for PUD operation

e HW: -simple changes to the DRAM array, enabling concurrent PUD operations
- low-cost interconnects at the DRAM peripherals for data reduction

e SW: - compiler and OS support to generate and map PUD instructions

\

Key Results: MIMDRAM achieves
e 14.3x, 30.6x, and 6.8x the energy efficiency of state-of-the-art PUD systems, a high-end
CPU and GPU, respectively
* Small area cost to a DRAM chip (1.11%) and CPU die (0.6%)

.
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Processing-in-Memory:
Overview

Two main approaches for Processing-in-Memory:

1 Processing-Near-Memory: PIM logic is added to the same die as memory ¢
to the logic layer of 3D-stacked memory

2 Processing-Using-Memory: uses the operational principles of
memory cells to perform computation
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Processing-in-Memory:
Overview

Two main approaches for Processing-in-Memory:

2 Processing-Using-Memory: uses the operational principles of
memory cells to perform computation

Processing-
Using-DRAM
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Background:
DRAM Hierarchical Organization
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Background:
DRAM Hierarchical Organization
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Background:
DRAM Operation — Row Access (ACTIVATE)
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Background:
DRAM Operation — Column Access (READ)
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Background:
In-DRAM Row Copy

In-DRAM row copy is performed by
issuing back-to-back ACTIVATES to the DRAM
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Seshadri, Vivek, et al. "RowClone: Fast and Energy-Efficient
In-DRAM Bulk Data Copy and Initialization," in MICRO, 2013
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Background:
In-DRAM Row Copy
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In-DRAM row copy is performed by
issuing back-to-back ACTIVATES to the DRAM
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Seshadri, Vivek, et al. "RowClone: Fast and Energy-Efficient
In-DRAM Bulk Data Copy and Initialization," in MICRO, 2013
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Background:
In-DRAM Majority Operations

In-DRAM majority is performed by
simultaneously activating three DRAM rows
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Seshadri, Vivek, et al. " Ambit: In-Memory Accelerator for Bulk Bitwise Operations
Using Commodity DRAM Technology," in MICRO, 2017
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Background:
Bulk Bitwise Arithmetic Operations

Bulk bitwise arithmetic can be performed by
orchestrating in-DRAM row copy and majority operations

row decoder
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Oliveira, Geraldo F., et al. ”"SIMDRAM: An End-to-End Framework for Bit-Serial SIMD Computing in DRAM," in ASPLOS, 2021
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Background:
Bulk Bitwise Arithmetic Operations

Bulk bitwise arithmetic can be performed by
orchestrating in-DRAM row copy and majority operations

row decoder
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Background:

Bulk Bitwise Arithmetic Operations

Bulk bitwise arithmetic can be performed by
orchestrating in-DRAM row copy and majority operations
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Background:
Bulk Bitwise Arithmetic Operations

Bulk bitwise arithmetic can be performed by
orchestrating in-DRAM row copy and majority operations
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Background:
Bulk Bitwise Arithmetic Operations

Bulk bitwise arithmetic can be performed by
orchestrating in-DRAM row copy and majority operations
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Background:
Bulk Bitwise Arithmetic Operations

Processing-Using-DRAM architectures (e.g., SIMDRAM) are
very-wide (e.g., 65,536 wide) bit-serial SIMD engines
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Background:
PUD in Commodity Off-the-Shelf DRAM

Commodity off-the-shelf DRAM chips can

perform bulk bitwise operations without hardware modifications

Functionally-Complete Boolean Logic in Real DRAM Chips:
Experimental Characterization and Analysis

[smail Emir Yiiksel
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Processing-using-DRAM (PuD) is an emerging paradigm
that leverages the analog operational properties of DRAM cir-
cuitry to enable massively parallel in-DRAM computation. PuD
has the potential to significantly reduce or eliminate costly
data movement between processing elements and main memory.

A common approach for PuD architectures is to make use of

bulk bitwise computation (e.g., AND, OR, NOT). Prior works
experimentally demonstrate three-input MAJ (i.e., MAJ3) and

two-input AND and OR operations in commercial off-the-shelf

(COTS) DRAM chips. Yet, demonstrations on COTS DRAM
chips do not provide a functionally complete set of operations
(e.g., NAND or AND and NOT).

systems and applications [12, 13]. Processing-using-DRAM
(PuD) [29-32] is a promising paradigm that can alleviate the
data movement bottleneck. PuD uses the analog operational
properties of the DRAM circuitry to enable massively parallel
in-DRAM computation. Many prior works [29-53] demonstrate
that PuD can greatly reduce or eliminate data movement.

A widely used approach for PuD is to perform bulk bitwise
operations, i.e., bitwise operations on large bit vectors. To per-
form bulk bitwise operations using DRAM, prior works pro-
pose modifications to the DRAM circuitry [29-31,33, 35,36,
43,44,46,48-58]. Recent works [38,41,42,45] experimentally
demonstrate the feasibility of cxccuting data copy & initializa-

https://arxiv.org/pdf/2402.18736.pdf
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Limitations of PUD Systems:
Overview

PUD systems suffer from three sources of inefficiency
due to the large and rigid DRAM access granularity

1 SIMD Underutilization

- due to data parallelism variation within and across applications
- leads to throughput and energy waste

2 Limited Computation Support
- due to a lack of low-cost interconnects across columns
- limits PUD operations to only parallel map constructs

3 Challenging Programming Model

- due to alack of compiler support for PUD systems
- creates a burden on programmers, limiting PUD adoption

SA FAR’ Lir.nitaﬁons of PUD
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Limitations of PUD Systems:
Overview

PUD systems suffer from three sources of inefficiency
due to the large and rigid DRAM access granularity

1 SIMD Underutilization

- due to data parallelism variation within and across applications
- leads to throughput and energy waste
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Limitations of PUD Systems:
Underutilization of SIMD Lanes (l)

Application Analysis:
quantify the fraction of SIMD parallelism in real applications

Maximum Vectorization Factor:
maximum number of scalar operands that fit into a SIMD register

EEELE

global sense amplifier

row decoder

Ideal maximum vectorization factor = # DRAM columns (e.g., 65,536)
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Limitations of PUD Systems:
Underutilization of SIMD Lanes (ll)

Application Analysis:
quantify the fraction of SIMD parallelism in real applications
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Limitations of PUD Systems:
Underutilization of SIMD Lanes (ll)

Application Analysis:
quantify the fraction of SIMD parallelism in real applications
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SIMD parallelism significantly varies

within a single application and

across different applications
\. J
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Limitations of PUD Systems:
Underutilization of SIMD Lanes (lll)

Application Analysis:

quantify the fraction of SIMD parallelism in real applications
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A small fraction of vectorized loops have
a large enough maximum vectorization factor to
fully exploit the SIMD parallelism of PUD systems
\. J
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Limitations of PUD Systems:
Overview

PUD systems suffer from three sources of inefficiency
due to the large and rigid DRAM access granularity

2 Limited Computation Support
- due to a lack of low-cost interconnects across columns
- limits PUD operations to only parallel map constructs
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Limitations of PUD Systems:
Limited Computation Support

PUD systems do not support vector reduction at low area cost since data
movement is bounded to within a DRAM column

[EETEE

global sense amplifier
no direct communication path across columns

Directly connecting all DRAM columns
using a custom all-to-all interconnect

leads to large (i.e., 21%) area cost
AL 4
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Limitations of PUD Systems:
Overview

PUD systems suffer from three sources of inefficiency
due to the large and rigid DRAM access granularity

3 Challenging Programming Model

- due to alack of compiler support for PUD systems
- creates a burden on programmers, limiting PUD adoption
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Limitations of PUD Systems:
Challenging Programming Model

Programmer’s Tasks: Goal:

Just write
my kemel

High-level code for
C[i] = (A[i] > pred[i])? A[i] + B[i] : A[i] — BJ[i]

for (int 1 = 9; i < size ; ++ i){
bool cond = A[i] > pred[i];
if (cond) C[i] = A[i] + B[i];
else C[i] = A[i] - B[i];

}
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Limitations of PUD Systems:
Challenging Programming Model

Programmer’s Tasks: Goal:
Map & align Just write
data structures my kemel

High-level code for
C[i] = (A[i] > pred[i])? A[i] + B[i] : A[i] — BJ[i]

for (int 1 = 0; i < size ; ++ 1){
bool cond = A[i] > pred[i];
if (cond) C[i] = A[i] + B[i];
else C[i] = A[i] - B[i];
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Limitations of PUD Systems:
Challenging Programming Model

Programmer’s Tasks:

Map & align Identify
data structures array boundaries

High-level code for
C[i] = (A[i] > pred[i])? A[i] + B[i] : A[i] — BJ[i]

for (int i = @; i < size ; ++ i){
bool cond = A[i] > pred[i];
if (cond) C[i] = A[i] + B[i];
else C[i] = A[i] - B[i];
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Limitations of PUD Systems:
Challenging Programming Model

Programmer’s Tasks:

Map & align Identify Manually Map Cto
data structures array boundaries unroll loop PUD instructions

High-level code for
C[i] = (A[i] > pred[i])? A[i] + B[i] : A[i] — BJ[i]

for (int i = 9; i < size ; ++ i){
bool cond = A[i] > pred[i];
if (cond) C[i] = A[i] + B[i];
else C[i] = A[i] - B[i];
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Limitations of PUD Systems:
Challenging Programming Model

Programmer’s Tasks:

Map & align Identify Manually Map Cto Orchestrate
data structures array boundaries unroll loop PUD instructions datamovement

High-level code for
C[i] = (A[i] > pred[i])? A[i] + B[i] : A[i] — BJ[i]

for (int i = @; i < size ; ++ 1i){
bool cond = A[i] > pred[i];
if (cond) C[i] = A[i] + B[i];
else C[i] = A[i] - B[i];
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Limitations of PUD Systems:
Challenging Programming Model

Programmer’s Tasks:

Map & align

data structures

SAFARI

Goal:
Identify Manually Map Cto Orchestrate Just write
array boundaries unroll loop PUD instructions datamovement my kemel

PUD’s assembly-like code for
Cl[i] = (A[i] > pred[i])? A[i] + B[i] : A[i] — Bi]

bbop_trsp init(A ,
bbop_trsp init(B ,
bbop_trsp _init(C ,

bbop add(D , A
bbop sub(E , A
bbop_greater(F
bbop if else(C

Introduction & Background
oooooooo
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Limitations of PUD
oooooooo

size , elm size);
size , elm_size);
size , elm_size);

size , elm size);
, Size , elm size);
, pred , size , elm size);
, E, F, size , elm size);

o
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Problem & Goal

4 ™
Processing-Using-DRAM'’s large and rigid granularity
limits its applicability and
efficiency for different applications
\. y,
Design a flexible PUD system that
overcomes the three limitations caused by
large and rigid DRAM access granularity
. y,
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MIMDRAM:
Key Idea (I)

DRAM’s hierarchical organization can enable
fine-grained access

DRAM mat
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global sense amplifier

Key Issue:
on a DRAM access, the global wordline propagates across all DRAM mats

Fine-Grained DRAM:
segments the global wordline to access individual DRAM mats
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MIMDRAM:
Key Idea (II)

Fine-Grained DRAM:
segments the global wordline to access individual DRAM mats

segmented global wordline

D
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global sense amplifier

Fine-grained DRAM for energy-efficient DRAM access:

[Cooper-Balis+, 2010]: Fine-Grained Activation for Power Reduction in DRAM

[Udipi+, 2010]: Rethinking DRAM Design and Organization for Energy-Constrained Multi-Cores
[Zhang+, 2014]: Half-DRAM

[Ha+, 2016]: Improving Energy Efficiency of DRAM by Exploiting Half Page Row Access
[O’Connor+, 2017]: Fine-Grained DRAM

[Olgun+, 2024]: Sectored DRAM
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MIMDRAM:
Key Idea (1)

segmented global wordline

() () ()
[

global sense amplifier

Fine-grained DRAM for processing-using-DRAM:

1 Improves SIMD utilization
for a single PUD operation, only access the DRAM mats with target data
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MIMDRAM:
Key Idea (lll)

segmented global wordline

global sense amplifier

Fine-grained DRAM for processing-using-DRAM:

1 Improves SIMD utilization

for a single PUD operation, only access the DRAM mats with target data
for multiple PUD operations, execute independent operations concurrently
—> multiple instruction, multiple data (MIMD) execution model

SAFAR’ Introduction & Background Limitations of PUD MIMDRAM Hardware Overview Software Support Evaluation Conclusion
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MIMDRAM:
Key Idea (1)

segmented global wordline

row decoder

| ke s | |

global sense amplifier

Fine-grained DRAM for processing-using-DRAM:

2 Enables low-cost interconnects for vector reduction
- global and local data buses can be used for inter-/intra-mat communication

SAFARI
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MIMDRAM:
Key Idea (1)

512 columns segmented global wordline

addd

global sense amplifier

Fine-grained DRAM for processing-using-DRAM:

Eases programmability

- SIMD parallelism in a DRAM mat is on par with vector ISAs’ SIMD width
SA FAR’ Introduction & Background Limitations of PUD MIMDRAM Hardware Overview Software Support Evaluation Conclusion 43



MIMDRAM:

Overview

MIMDRAM is a hardware/software co-designed PUD system that
enables fine-grained PUD computation at
low cost and programming effort

Main components of MIMDRAM:
1 Hardware

- DRAM array modification to enable fine-grained PUD computation
- inter- and intra-mat interconnects to enable PUD vector reduction

- control unit design to orchestrate PUD execution

2 Software
- compiler support to transparently generate PUD instructions
- system support to map and execute PUD instructions

SAFARI
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MIMDRAM:

Overview

MIMDRAM is a hardware/software co-designed PUD system that
enables fine-grained PUD computation at
low cost and programming effort

Main components of MIMDRAM:

1 Hardware
- DRAM array modification to enable fine-grained PUD computation

S A FA R ’ Hard.ware Overview
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MIMDRAM

DRAM Array Modifications

global wordline

isolation transistors

53 row decoder latch
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mat range
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MIMDRAM:

Overview

MIMDRAM is a hardware/software co-designed PUD system that
enables fine-grained PUD computation at
low cost and programming effort

Main components of MIMDRAM:
1 Hardware

- inter- and intra-mat interconnects to enable PUD vector reduction

S A FA R ’ Hardw.are Overview
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MIMDRAM:

Background on DRAM Column Access

During a column access,
data is locally and globally amplified to improve signal integrity

global wordline

helper FFs

global
se amplifier
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MIMDRAM:

Background on DRAM Column Access

During a column access,
data is locally and globally amplified to improve signal integrity

global wordline

= helper FFs ==

global
se amplifier
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MIMDRAM:

Background on DRAM Column Access

During a column access,
data is locally and globally amplified to improve signal integrity

global wordline

helper FFs

global
se amplifier
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MIMDRAM:

Background on DRAM Column Access

f N
Leverage the shared local and global amplification paths to
move data across and within DRAM mats
. Y
SA FAR’ Introd:c.ti(.)n.S:B.aik%round Lir.ni.ta.ti:)n.s :)f.P:JD MI.IVI.D:{A.M Hard.w.arf:)\:e:view Soft.w.ar.e.Sl:pfort E:Ia.lu.at.io.n Concl.usion 5 2



MIMDRAM:

Moving Data Across Mats

m inter-mat

| | | interconnect
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MIMDRAM:

Moving Data Across Mats

global wordline

isolation transistors

53 row decoder latch

helper FFs
global
2hse amplifier

m inter-mat

‘ ‘ ‘ interconnect

SA FA R’ Introduction & Background Limitations of PUD MIMDRAM Hardware Overview Software Support Evaluation Conclusion
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MIMDRAM:
Moving Data Within a Mat

helper FFs

SA FA R’ Introduction & Background Limitations of PUD MIMDRAM Hardware Overview Software Support Evaluation
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MIMDRAM:
Moving Data Within a Mat

SAFARI

helper FFs

Helper flip-flops latches and drives
source column into the destination column

Introduction & Background Limitations of PUD MIMDRAM Hardware Overview Software Support
oooooooooooooooooooooooooooooooo



MIMDRAM:
In-DRAM Vector Reduction (I)

SAFARI

MIMDRAM leverages fine-grained DRAM access and
inter-/intra-mat interconnects to
implement in-DRAM vector reduction

mat; mat,
Al1] A[0]
B[1] B[O]
tmp
OUt . J . J
00000] (00000
I I
global DDDD B DDDD ]
row buffer inter-mat
interconnect

Hardware Overview
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MIMDRAM:
In-DRAM Vector Reduction (ll)

SAFARI

MIMDRAM leverages fine-grained DRAM access and
inter-/intra-mat interconnects to
implement in-DRAM vector reduction

step 1:
C=A+B
mat; mat,
A[1] A[O]
B[1] B[O]
tmp
out

[UU?DQ LDD?DDJ
global DDDD B DDDD ]

row buffer inter-mat

interconnect

Hardware Overview
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MIMDRAM:
In-DRAM Vector Reduction (lil)

SAFARI

MIMDRAM leverages fine-grained DRAM access and
inter-/intra-mat interconnects to
implement in-DRAM vector reduction

step 2:
inter-mat data movement

mat; mat,

a1 | afor

B[1] B[O]

tmp

OUt \_ ) \_ )
00000] (00000

[ 1
global DDDD B DDDD ]

row buffer inter-mat

interconnect

Hardware Overview
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MIMDRAM:
In-DRAM Vector Reduction (1V)

SAFARI

MIMDRAM leverages fine-grained DRAM access and
inter-/intra-mat interconnects to
implement in-DRAM vector reduction
step 3:

out =C[1] + tmp
mat, mat,

A | afor

B[1] B[O]

tmp

OUt \_ ) \_ )
00000] (00000

[ 1
global DDDD B DDDD ]

row buffer inter-mat

interconnect

Hardware Overview
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MIMDRAM:

Overview

MIMDRAM is a hardware/software co-designed PUD system that
enables fine-grained PUD computation at
low cost and programming effort

Main components of MIMDRAM:
1 Hardware

- control unit design to orchestrate PUD execution

S A FA R ’ Hardware Ove:view
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MIMDRAM:
Control Unit

The control unit schedules and orchestrates
the execution of multiple PUD operations transparently

bbop

bbop buffer jg—

(from CPU) bbop

uProgram uProgram uProgram
processing | | processing | ... | processing
engine engine engine

mat
scheduler

>
AAP/AP

index | bitmap (to DRAM)

mat scoreboard

mats mat; mat:  mato
0 0 1 1

SA FA R’ Introduction & Background Limitations of PUD MIMDRAM Hardware Overview Software Support Evaluation Conclusion
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MIMDRAM:

Overview

MIMDRAM is a hardware/software co-designed PUD system that
enables fine-grained PUD computation at
low cost and programming effort

Main components of MIMDRAM:

2 Software

- new compiler support to transparently generate PUD instructions

S A FA R ’ Sof:ware Support
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MIMDRAM:
Compiler Support (l)

4 N
Transparently:
extract SIMD parallelism from an application, and
schedule PUD instructions while maximizing utilization
§ V.
Three new LLVM-based passes targeting PUD execution
... _codeidentification | codescheduling & datamapping| [ _code generation |
source code loop auto-vectorization 3 DDG N scheduling final binary
for(i; i<1024;1i++) ( St e RS RS —a 1 ( G ( G mov. \ *A=pim_malloc(s,mat;)
e *D=pim_malloc(s,mat;)
{c[i]:A[i]+B[ﬂ; %3=add<1024 x 32> %1,%2 e ct=pin_malloc(s,mat,)

F[i]=D[1]*E[i]; p| Store—i3; 10:'4 et >

mat \[®|bbop_add(C,A,B,mat;)
G[i]=C[i]-F[1]; ,

) %6=mul<1024 x 32> %4,%5 D | bbop_mul(F,D,E,mat;)
bbop_mov (t,F)
for %7=sub<1024 x 132> %3,%6
or(){} L ) A B D EJ\A B D E) |bbop_sub(G,C,t,mat;)
SAFAR’ Introduction & Background Limitations of PUD MIMDRAM Hardware Overview Software Support Evaluation Conclusion



MIMDRAM:
‘ Compiler Support (ll)

oo........COde identification |
source code loop auto-vectorization
for(i; i<1024;1i++) ( st=treoard A 3Pt \
{ C['i]=A['i]+B['i]; %3=add<1024 x 32> %1,%2
F['?]=D['?]*E['?]; Y store—5%35 10:.4 3 2A>—HE [
) Clln=eL =L : %6=mu1<1024 X 132> %4,%5
for(){} %7=sub<1024 x 132> %3,%6
L )

Identify SIMD parallelism, generate PUD instructions,
and set the appropriate vectorization factor

SAFAR’ Introduction & Background

Limitations of PUD
o0000OGOO

MIMDRAM Hardware Overview Software Support
o0000OGOO o000

Evaluation Conclusion
o000 O0O
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MIMDRAM:
Compiler Support (ll)

) DDG

( G )

Improve SIMD utilization by allowing the distribution of independent PUD
instructions across DRAM mats

SAFAR’ Introduction & Background Limitations of PUD MIMDRAM Hardware Overview Software Support Evaluation Conclusion
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MIMDRAM:
Compiler Support (lll)

) final binary
*A=pim_malloc(s,mat;)
*D=pim_malloc(s,mat;)
*t=pim_malloc(s,mat;)

"W bbop_add(C,A,B,mat;)
bbop_mul(F,D,E,mat;)
bbop_mov (t,F)

bbop_sub(G,C,t,mat;)

Generate the appropriate binary for
data allocation and PUD instructions

SAFAR’ Introduction & Background Limitations of PUD MIMDRAM Hardware Overview Software Support Evaluation Conclusion
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MIMDRAM:

Overview

MIMDRAM is a hardware/software co-designed PUD system that
enables fine-grained PUD computation at
low cost and programming effort

Main components of MIMDRAM:

2 Software

- system support to map and execute PUD instructions

S A FA R ’ Software Sl:pport
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MIMDRAM:
System Support

* Instruction set architecture

* Execution & data transposition
* Data coherence

* Address translation

* Data allocation & alighment

e Mat label translation

SAFARI

Software Support
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MIMDRAM:
System Support

* Instruction set architecture

* Execution & data transposition
* Data coherence

* Address translation

e Data allocation & alighment

e Mat label translation

SAFARI

Software Support
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MIMDRAM:
Data Allocation & Alighment

MIMDRAM'’s memory allocator uses
a pool of huge pages and reversed-engineered DRAM interleaving
information for PUD memory objects

( vadar V| @ | pim_preatlocate(pool_size); Qo [ huge page pool )
c [0 0 =0xA4= {0 3B] N Subarray 43 =
§ o|lox0ioxral - 0x38)|| @ | fo0()¢ 3 || | ree areas = 99 T
g s 2 e 3 —
o5 N 43 «—@) int *xsrc = pim_alloc(size); Q " 5
§ T 2 123 size subarray 123 F 1 9
=< 5 - - S . - o |lH——1!¢<
§ e‘|_|—@ int *dst = pim_alloc_align(size,src); free areas = 99 L 2
)| hint T head (=¥ (
A fvaddr bbop_cpy(dst, src, size); I 100! 99 i i . ]
worst-fit allocation } L ordered array
—) y
size Q
[free subarray ids] Q @
[hint subarray ids] 0

S A FA R ’ Software Supfort



MIMDRAM:
More in the Paper & GitHub

MIMDRAM: An End-to-End Processing-Using-DRAM System
for High-Throughput, Energy-Efficient and Programmer-Transparent
Multiple-Instruction Multiple-Data Processing

Geraldo F. Oliveira® Ataberk Olgun® Abdullah Giray Yaglikci® F. Nisa Bostanci'
Juan Gémez-Luna® Saugata Ghose* Onur Mutlu®

¥ ETH Ziirich * Univ. of Illinois Urbana-Champaign

https://arxiv.org/pdf/2402.19080.pdf

https://github.com/CMU-SAFARI/MIMDRAM

S A FA R ’ Software Supfort
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Evaluation:
Methodology Overview

e Evaluation Setup

- CPU: Intel Skylake CPU

GPU: NVIDIA A100 GPU

PUD: SIMDRAM [Oliveira+, 2021] and DRISA [Li+, 2017]
PND: Fulcrum [Lenjani+, 2020]
https://github.com/CMU-SAFARI/MIMDRAM

e Workloads:

- 12 workloads from Polybench, Rodinia, Phoenix, and SPEC2017
- 495 multi-programmed application mixes

 Two-Level Analysis

- Single application - leverages intra-application data parallelism

- Multi-programmed workload - leverages inter-application
data parallelism

SA FA R’ Introduction & Background Limitations of PUD MIMDRAM Hardware Overview Software Support Evaluation
oooooooo
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Evaluation:

Single Application Analysis — Energy Efficiency

0 GPU m SIMDRAM = MIMDRAM
~ 10000
T ® 1000 -
L=
= N 100 -
Iy 1 J
B% 1_IIIIIIIII. - N III
z E I = | )
5 8 0.1 -
& 5 001
% 0.001
€ & & & & & ¢ & & KR @ KO
MIMDRAM significantly improves
energy efficiency compared to
CPU (30.6x), GPU (6.8x), and SIMDRAM (14.3x)
SAFARI redconieedgend tmision oo MIMDRAM - HerdwareOveniew - Software Support - Eualuation - Conclusion 76



Evaluation:
Multi-Programmed Workload Analysis

2.5
©
3 "‘2
: S
w2
v O
;_331.5
T o 2
Q U
N o o 1
TG
E Tos
2

0

SIMDRAM:1 SIMDRAM:2 SIMDRAM:4 SIMDRAM:8 MIMDRAM
(bank) (banks) (banks) (banks)

MIMDRAM significantly improves
system throughput (1.68x)
compared to SIMDRAM

\
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Evaluation:

Comparison to Other PIM Architectures

0 DRISA M Fulcrum E MIMDRAM
- 4
.g o 3.5 M
e 3
© = _
€ 25
o 9
z 2 2
L @ 1.5
S E 1 I
I Ny IIHII II I I i 1L (ol
ot
= R -
60\% Qo?/ \é(\e’b 'I/ °) + (9@@
é R
MIMDRAM significantly improves
performance/area compared to
DRISA (1.18x) and Fulcrum (1.92x)
. S
SA FA R’ Introd:c.tisn.S:B.a(;kEround Lir.ni.ta.ti:n.s :)f.Pl.JD MI.IVI.DfA.M Hard.\nl.ar:z:)\:e:view Soft.w.ar.e.Sl:pfort E:Ia.ll:at.it:n Conclusio 7 8



Evaluation:
More in the Paper

MIMDRAM with subarray and bank-level parallelism

- MIMDRAM provides significant performance gains compared to the baseline
CPU (13.2x) and GPU (2x)

Comparison to DRISA and Fulcrum for multi-programmed
workloads
- MIMDRAM achieves system throughput on par with DRISA and Fulcrum

MIMDRAM'’s SIMD utilization versus SIMDRAM
- MIMDRAM provides 15.6x the utilization of SSIMDRAM

Area analysis

- MIMDRAM adds small area cost to a DRAM chip (1.11%) and
CPU die (0.6%)

SA FAR’ Evaluatio.n 79



Evaluation:
More in the Paper

MIMDRAM: An End-to-End Processing-Using-DRAM System
for High-Throughput, Energy-Efficient and Programmer-Transparent
Multiple-Instruction Multiple-Data Processing

Geraldo F. Oliveira® Ataberk Olgun® Abdullah Giray Yaglikci® F. Nisa Bostanci'
Juan Gémez-Luna® Saugata Ghose* Onur Mutlu®

¥ ETH Ziirich * Univ. of Illinois Urbana-Champaign

https://arxiv.org/pdf/2402.19080.pdf

https://github.com/CMU-SAFARI/MIMDRAM

SA FAR’ Evaluatio.n
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Conclusion

We introduced MIMDRAM,
a hardware/software co-designed processing-using-DRAM system

 Keyidea: leverage fine-grained DRAM for processing-using-DRAM operation

e HW: - simple changes to DRAM, enabling concurrent instruction execution
- low-cost interconnects at the DRAM peripherals for data reduction

e SW: - compiler and OS support to generate and map instructions

( R
Our evaluation demonstrates that MIMDRAM
» significantly improves performance, energy efficiency, and throughput compared to
processor-centric (CPU and GPU) and
memory-centric (SIMDRAM, DRISA, and Fulcrum) architectures
* incurs small area cost to a DRAM chip and CPU die
. J

https://github.com/CMU-SAFARI/MIMDRAM

SA FA R’ Introduction & Background Limitations of PUD MIMDRAM Hardware Overview Software Support Evaluation Conclusion
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Processing-in-Memory Course:

Fall 2024

Fall 2024 Edition

https://safari.ethz.ch/projects and seminars/fall2
024 /doku.php?id=processing in memory

Spring 2023 Edition

https://safari.ethz.ch/projects and seminars/spri
ng2023/doku.php?id=processing in memory

YouTube Livestream

https://www.youtube.com/playlist?list=PL5Q2s0X
Y2Zi9DSQg70AIsNO8dOQKxF9sl

Bachelor’s Course:

SAFARI

Elective at ETH Zurich

Introduction to PIM systems (from industry and
academia)

Tutorial on using real PIM infrastructure
Potential research exploration

Lecture Video Playlist on YouTube

& Spring 2023 Lecture Playlist

* These PIM systems

. There is a host processor (CPU or GPU) with access to (1) standard main
memory, and (2) PIM-enabled memory

. PIM-enabled memol

high bandwidth

have some common characteristics:

I"( contains multiple PIM processing elements (PEs) with
and low latency memory access

5 PIM PEs run only at a few hundred MHz and have a small number of
gisters and small (or no) cache/scratchpad

Watch on (&8 Youlube

ay need to communicate via the host processor

Spring 2023 Meetings/Schedule

Week Date Livestream

w1 09.03 Yool Livestream
Thu.

w2 16.03 Yol Premiere
Thu.
w3 23.03 Yol Premiere

Thu.

w4 3003 Yol Premiere
Thu.

w5 06.04 Yol Premiere
Thu.

we  13.04 Yol Premiere

Meeting Lt ing
Materials
M1: P&S PIM Course Required Materials HW 0 Out
Presentation Recommended
wm (PDF) am (PPT) Materials
M2: How to Evaluate Data
Movement Bottlenecks
am (PDF) um (PPT)

Hands-on Project Proposals

M3: Real-world PIM: UPMEM
PIM
am (PDF) qul (PPT)

M4: Real-world PIM:
Microbenchmarking of UPMEM
PIM

am (PDF) um (PPT)

M5: Real-world PIM: Samsung
HBM-PIM
am (PDF) am (PPT)

M6: Real-world PIM: SK Hynix
AiM

https://www.youtube.com/onurmutlulectures
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https://www.youtube.com/playlist?list=PL5Q2soXY2Zi9DSQg7OAlsNO8dOQKxF9sl
https://www.youtube.com/playlist?list=PL5Q2soXY2Zi9DSQg7OAlsNO8dOQKxF9sl

PIM Tutorial:
ISCA & MICRO 2024

* ISCA 2024 Edition

e June 29%: Lectures, hands-on labs, and
invited lectures

* https://events.safari.ethz.ch/isca24-
memorycentric-tutorial/doku.php?id=start

* MICRO 2024 Edition (Upcoming)

 November 2": Lectures, hands-on labs, and
invited lectures

* https://events.safari.ethz.ch/micro24-
memorycentric-tutorial/doku.php?id=start

e YouTube Livestream

* https://www.youtube.com/watch?v=KV2MX
vcBgh0

SAFARI

'4;'? ISCA 2024 Memory Centric Tutorial -
L

Tracw - start

ISCA 2024 Tutorial on Memory-Centric Computing Systems (Half
Day)

L
Tutorial Description
¥ (PIM} 15 2 computng paradign: that aims data
{120, he wasia cf xscution cycies ard energy resultng from o back-anc-Hrth da movement deween
memory unks ) by making (and storage) systems compute-capable.

Explored over several decades since the 19505, PIM systems are now bocoming a reaity with the advent of the
first commaercial products and prototypes.

Several stantups (0.9 UPMEM NeurcBlade, Mytric. Syraant, ATp, Axsiera, o-Matrx, Gyrfarcan Tochnokogy, MemCompcting. SEMRON,
SureCore, Synthar, TetraMem, EnCharge AJ) are aiready commerciatzing roa PIM hardware, each wih its design approach and target
appications. Major vendors (o.., Samsung. SK Hynix, Micron, Albaba) have presenied real PIM chip and system protatypes in the past several
years.

Recent PIM products and prolotypes place compute units near the memary armays. New mamory interfaces ke CXL (Compute Express Link) akd
the enablomert of compule-capable memaries. At the same time, academia and Industry are actively explorng other types of FIM by, 0.9
explating the anakg cperation of DRAM, SRAM, Ind omerg and mytrid Pl archoectures that combine
processing capabilies of diferert types and at differart pans of he memary/storage hierarchy.

Pucnlmnmummnmmymmumm
appications, enabiing a commercially Wabie way of dealng wih huge amcunts
of dara bottlenecring cur COmpuINg systems. which Is especkaily exacerbatec
by werkloacs ke AWML and genomics. In l-a.-vnnumd 1% ke large Rnguage
model trainng for PIML

However, there are many opan questons spanning the edre computing stack
and many chalenges for widespread adopson. For example. It i oitizal %o (1)
develop programming Famewcrks and tols that can lower Te leaming curve
and eaze the adepticn of PIM systoms, (2) cevelop methods 10 idently what
type of PIM woukd be useu for what workoad, and (3) design system and
TESNSS  zacurfty mechanisms that enable PIM in 3 wider scale. Imptcaions of PIM on
al aspects vmamgmmmm nnmmma ting Neid of study.

This tutarial foouses on the latos: advarces In PIM technakogy, g bl i s e, ok ;s PR M, clfr o
framewarks 1o cenduct PIM research, mmg- 5 %or PIM kerneis. We wil {1} provide an ntrocucion
1o PIM and e taxancmy of PIM syssems. (2} ghve an cvervew and 2 rigorous analysis of axisting PIM nardw; nmmmmmn-memum
provide and describe hardware and software infrastructures that can enabie new and experienced researchers to conduct research in PIM
systems, and (4) shed Aght on how 10 Improve future PIN systems for emenging memory-bound workicads. The tulorial wil 350 Incorporate Invited
taks from isacing Indusiry and academic researchers in PIM systoms.

=
Livestream

£ YouTube Wwestream
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PPoPP 2025 - Tutorial on Overview of PIM | PIM taxonomy
Memory-Centric Computing Systems Rlmemo G stora gt
March 1st- March 5%, Las Vegas, Nevada, USA

Real-world PNM systems
PUM for bulk bitwise operations

Programming techniques & tools
Organizers: Geraldo F. Oliveira, Dr. Mohammad Sadrosadati,

Ataberk Olgun, Professor Onur Mutlu

Program: https://events.safari.ethz.ch/ppopp25-memorycentric-tutorial/ Research challenges &
opportunities

Infrastructures for PIM Research

PROPERL5N
g

ns : - i, o Y
L" 7 g

https://events.safari.ethz.ch/ppopp25-memorycentric-tutorial/doku.php
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15t Memory-Centric Computing Systems
Workshop @ ASPLOS 2025

ASPLOS 2025 - 1st WOrkshop on Oven.'view of PIM | PIM taxonomy
Memory-Centric Computing Systems | " memon &storage
Sunday, March 30, Rotterdam, The Netherlands

Real-world PNM systems
PUM for bulk bitwise operations

Programming techniques & tools
Organizers: Geraldo F. Oliveira, Dr. Mohammad Sadrosadati,

Ataberk Olgun, Professor Onur Mutlu

Program: https://events.safari.ethz.ch/asplos25-MCCSys/doku.php Research Fhallenges &
opportunities

Infrastructures for PIM Research

ASPLOS 2025

1 - - i : IR | a8
1 ACM Internationa[‘Conference on Architectural Support for Programming Languages anciOperating %

Systems

& Rotterdam, The Netherlands
B March:30 = April 3, 2025

https://events.safari.ethz.ch/asplos25-MCCSys/doku.php
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PIM Review and Open Problems

A Modern Primer on Processing in Memory

Onur Mutlu®®, Saugata Ghose?<, Juan G6mez-Luna?, Rachata Ausava.rungnirund

SAFARI Research Group

ETH Ziirich
bCarnegie Mellon University
¢ University of Illinois at Urbana-Champaign
4King Mongkut’s University of Technology North Bangkok

Onur Mutlu, Saugata Ghose, Juan Gomez-Luna, and Rachata Ausavarungnirun,

"A Modern Primer on Processing in Memory"
Invited Book Chapter in Emerging Computing: From Devices to Systems - Looking Beyond

Moore and Von Neumann, Springer, 2023

SAFARI https://arxiv.org/pdf/1903.03988.pdf 87
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MIMDRAM i

An End-to-End Processing-Using-DRAM System for
High-Throughput, Energy-Efficient and Programmer-Transparent
Multiple-Instruction Multiple-Data Computing

Geraldo F. Oliveira
Ataberk Olgun A. Giray Yaglikei F. Nisa Bostanci

Saugata Ghose Juan Gémez-Luna Onur Mutlu

ETHzirich X iiiikos SAFARI
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MIMDRAM

An End-to-End Processing-Using-DRAM System for
High-Throughput, Energy-Efficient and Programmer-Transparent
Multiple-Instruction Multiple-Data Computing

Backup Slides
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Performance for Single Applications
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SIMD Utilization: MIMDRAM vs. SIMDRAM
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Table 2: Evaluated system configurations.

x86 [199], 16 cores, 8-wide, out-of-order, 4 GHz;

Real Intel L1 Data + Inst. Private Cache: 256 kB, 8-way, 64 B line;
L2 Private Cache: 2kB, 4-way, 64 B line;
Skylake CPUI2091 13 G} 7ved Cache: 16 MB. 16-way, 64 B Line:
Main Memory: 64 GB DDR4-2133, 4 channels, 4 ranks
7nm technology node; 6912 CUDA Cores;
Alllg(z;lg;g[[)ﬁm 108 streaming multiprocessors, 1.4 GHz base clock;
L2 Cache: 40 MB L2 Cache; Main Memory: 40 GB HBM2 [119,120)]
gem3S system emulation; x86 [199], 1-core, out-of-order, 4 GHz;
_ L1 Data + Inst. Cache: 32kB, 8-way, 64 B line;
Simulated L2 Cache: 256 kB, 4-way, 64 B line;
SIMDRAM [101] Memory Controller: 8 kB row size, FR-FCFS [215,216]
& MIMDRAM Main Memory: DDR4-2400, 1 channel, 8 chips, 4 rank

16 banks/rank, 16 mats/chip, 1 K rows/mat, 512 columns/mat
MIMDRAM'’s Setup: 8 entries mat queue, 2 kB bbop buffer
8 uProgram processing engines, 2 kKB mat translation table
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Workload Characteristics

Table 3: Evaluated applications and their characteristics.

Benchmark Application Dataset # Vector VF PUD
Suite (Short Name) Size Loops {min, max} Ops.'
Phoenix [161] ip-::a (pca) reference 2 {4000, 4000} D,S,M,R
2mm (2mm) NI = NJ = NK = NL = 4000 6 {4000, 4000} M, R
*3mm (3mm) NI =NJ =NK =NL =NM =4000 7 {4000, 4000} M, R
Polybench covariance (cov) N =M =4000 2 {4000, 4000} D,S,R
(162] doitgen (dg) NQ =NR =NP = 1000 5 {1000, 1000} M, C, R
*fdtd-apml (fdtd) CZ=CYM =CXM = 1000 3 {1000, 1000} D,M,S, A
gemm (gmm) NI = NJ = NK =4000 4 {4000, 4000} M, R
gramschmidt (gs) NI = NJ = 4000 5 {4000, 4000} M,D,R
Rodinia backprop (bs) 134217729 input elm. 1 {17, 134217729} M, R
(163] heartwall (hw) reference 4 {1, 2601} M, R
kmeans (km) 16384 data points 2 {16384, 16384} S,M,R
Sp?ﬁsi? 17 525.x64_r (x264) reference input 2 {64, 320} A

. D = division, S = subtraction, M = multiplication, A = addition, R = reduction, C = copy
*: application with independent PUD operations
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