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Data Movement Bottleneck:
The Problem

Data movement is a major bottleneck
in modern computer architectures

Off-Chip Link

G

—— e o o o o = - P

on mm mm mm = o = =y

Over 60% of the total system energy is spent on
data movement!

LA. Boroumand et al., “Google Workloads for Consumer Devices: Mitigating Data Movement Bottlenecks,” ASPLOS, 2018
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Processing-in-Memory:
Overview

Processing-in-Memory (PIM) architectures
alleviate data movement by
doing computation where the data resides

DRAM
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Processing-in-Memory:
Landscape of Real Systems (l)

Processing-in-Memory architectures are
now commercially available

SK hynix AiM Alibaba HB-PNM

Near-DRAM-bank processing Hybrid bonding with logic
for neural networks for recommendation systems
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Processing-in-Memory:
Landscape of Real Systems (ll)

Processing-in-Memory architectures are
now commercially available

Samsung HBM-PIM

Near-DRAM-bank processing Near-DRAM-bank processing
for general-purpose computing for neural networks
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Processing-in-Memory:
Landscape of Real Systems (Il)

Near-DRAM-bank processing
for general-purpose computing
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Processing-in-Memory:
The UPMEM Architecture

UPMEM: Near-DRAM-bank processing
for general-purpose computing
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Integration of UPMEM PIM in a system follows
an accelerator model

A\ J
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The Programmability Barrier:
Overview

Programming the UPMEM-based system requires:
1 Splitting input data and computation across PIM chips

2 Transferring input data from main memory to PIM chips
3 Manually handling caching in PIM’s scratchpad memory

4 Transferring output data from PIM chips to main memory

Main Memory PIM Chip
= s N
/|
/ { Control/Status Interface J { DDR4 Interface ]
—Ar— , D
Chip Chip Chip Chip Chip Chip Chip Chip / A
/
o | —
Chip || Chip || Chip || Chip || Chip || Chip || Chip || Chip = ; #‘:.:% * \\
XMJ rr oy f—‘\i\
Host )/ DISPATCH
— N — — — FETCH1 .
CPU IE=EE=EE=EE=EE=E= ’ EETaE > 24-KB
f— — — — — — — - FETCHS IRAM ¢ g
T READOP1
pim | pim || pim | Pima || Pim || Prm || Prm || PIm < = 64-MB
: ; ; : : : : : 9] READOP2 D) | 64 bits
> R
g 77
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The Programmability Barrier:
Vector Addition Example

Programmer’s Tasks:

SAFARI
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The Programmability Barrier:
Vector Addition Example

Programmer’s Tasks:

const unsigned int input_size = 1073741824; // Example value
const unsigned int input_size_8bytes =
((input_size * sizeof(T)) % 8) != 0

? roundup(input_size, 8) : input_size;

const unsigned int input_size_dpu = divceil(input_size, nr_of_dpus);
const unsigned int input_size_dpu_8bytes =
((input_size_dpu * sizeof(T)) % 8) !'= 0

? roundup(input_size_dpu, 8) : input_size_dpu;

SAFARI



The Programmability Barrier:
Vector Addition Example

Programmer’s Tasks:

Align Collect
data parameters

unsigned int kernel = 0;
dpu_arguments_t input_arguments[NR_DPUS];
for(i=0; i<nr_of_dpus-1; i++) {
input_arguments[i].size = input_size_dpu_8bytes * sizeof(T);
input_arguments[i].transfer_size = input_size_dpu_8bytes * sizeof(T);
input_arguments[i].kernel = kernel;
}
input_arguments[nr_of_dpus-1].size =
(input_size_8bytes - input_size_dpu_8bytes * (NR_DPUS-1)) * sizeof(T);
input_arguments[nr_of_dpus-1].transfer_size =
input_size_dpu_8bytes * sizeof(T);

input_arguments[nr_of_dpus-1].kernel = kernel;

SAFARI
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The Programmability Barrier:
Vector Addition Example

Programmer’s Tasks:

Align Collect Distribute
data parameters parameters

0, sizeof(input_arguments[0]), DPU_XFER_DEFAULT));
DPU_FOREACH(dpu_set, dpu, i) {
DPU_ASSERT (dpu_prepare_xfer(dpu, bufferA + input_size_dpu_8bytes * i));

]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
i
]
DPU_ASSERT (dpu_push_xfer (dpu_set, DPU_XFER_TO_DPU, DPU_MRAM_HEAP_POINTER_NAME, ]
]

0, input_size_dpu_8bytes * sizeof(T), DPU_XFER_DEFAULT)); |

]

DPU_FOREACH(dpu_set, dpu, i) { i
]

DPU_ASSERT (dpu_prepare_xfer(dpu, bufferB + input_size_dpu_8bytes * i)); !

]

]

]

]

]

]

]

]

]

]

]

]

]

DPU_ASSERT (dpu_push_xfer (dpu_set, DPU_XFER_TO_DPU, DPU_MRAM_HEAP_POINTER_NAME,

input_size_dpu_8bytes * sizeof(T),
input_size_dpu_8bytes * sizeof(T), DPU_XFER_DEFAULT));

SAFARI



The Programmability Barrier:
Vector Addition Example

Programmer’s Tasks:

Align Collect Distribute Launch
data parameters parameters computation

SAFARI
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The Programmability Barrier:
Vector Addition Example

Programmer’s Tasks:

Align Collect Distribute Launch Collect
data parameters parameters computation results
5 =1
i=20;

DPU_FOREACH(dpu_set, dpu, i) {
DPU_ASSERT (dpu_prepare_xfer(dpu,
bufferC + input_size_dpu_8bytes * i));

DPU_ASSERT (dpu_push_xfer (dpu_set, DPU_XFER_FROM_DPU,
DPU_MRAM_HEAP_POINTER_NAME,
input_size_dpu_8bytes * sizeof(T),
input_size_dpu_8bytes * sizeof(T),
DPU_XFER_DEFAULT)) ;

SAFARI
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The Programmability Barrier:
Vector Addition Example

Programmer’s Tasks:

Align Collect Distribute Launch Collect Manage
data parameters parameters computation results scratchpad

uint32_t input_size_dpu_bytes = DPU_INPUT_ARGUMENTS.size;
uint32_t input_size_dpu_bytes_transfer =
DPU_INPUT_ARGUMENTS.transfer_size;

uint32_t base_tasklet = tasklet_id << BLOCK_SIZE_LOG2;
(uint32_t)DPU_MRAM_HEAP_POINTER;
(uint32_t) (DPU_MRAM_HEAP_POINTER

+ input_size_dpu_bytes_transfer);
T *cache_A = (T *) mem_alloc(BLOCK_SIZE);
T *cache_B = (T *) mem_alloc(BLOCK_SIZE);

uint32_t mram_base_addr_A

uint32_t mram_base_addr_B

SAFARI
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The Programmability Barrier:
Vector Addition Example

Programmer’s Tasks:

Align Collect Distribute Launch Collect Manage Orchestrate
data parameters parameters computation results scratchpad computation

for (int byte_index = base_tasklet; byte_index < input_size_dpu_bytes;
byte_index += BLOCK_SIZE * NR_TASKLETS) {
uint32_t 1l_size_bytes = (byte_index + BLOCK_SIZE >=
input_size_dpu_bytes)
? (input_size_dpu_bytes - byte_index) : BLOCK_SIZE;

mram_read( (__mram_ptr void const*)(mram_base_addr_A + byte_index),

mram_read( (__mram_ptr void const*)(mram_base_addr_B + byte_index),
cache_B, 1_size_bytes);

vector_addition(cache_B, cache_A, 1l_size_bytes >> DIV);

mram_write(cache_B, (__mram_ptr void*)(mram_base_addr_B + byte_index)

1_size_bytes);

' 1
i cache_A, 1_size_bytes); i



The Programmability Barrier:
Vector Addition Example

Programmer’s Tasks: Goal:
Align Collect Distribute Launch Collect Manage Orchestrate Just write
data parameters parameters computation results scratchpad computation my kemnel

static void vector_addition(T *bufferB, T *bufferA, int 1l_size){
for (unsigned int i = 0; i < 1l_size; i++){
bufferB[i] += bufferA[i];

SAFARI

21



The Programmability Barrier:
Summary

4 N
Programming the UPMEM system
leads to non-trivial effort - requires
knowledge of the underlying hardware and
manual fine-grained data movement handling
. J
SAFARI 22



Our Goal

4 N
To ease programmability for the UPMEM system,
allowing a programmer to write
efficient PIM-friendly code
without the need to
explicitly manage hardware resources
\_ J
SAFARI 23
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SimplePIM:

A Software Framework for Productive and Efficient Processing in Memory

e Jinfan Chen, Juan GOomez-Luna, Izzat El Hajj, Yuxin Guo, and Onur Mutlu,
"SimplePIM: A Software Framework for Productive and Efficient Processing in
Memory"

Proceedings of the 32nd International Conference on Parallel Architectures and
Compilation Techniques (PACT),

Vienna, Austria, October 2023.

[Slides (pptx) (pdf)]

[SimplePIM Source Code]

SimplePIM: A Software Framework for
Productive and Efficient Processing-in-Memory

Jinfan Chen' Juan Gémez-Luna' Izzat El Hajj> Yuxin Guo!  Onur Mutlu'
lETH Ziirich  2American University of Beirut
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SimplePIM Programming Framework:
Overview

SimplePIM provides standard abstractions to
build and deploy applications on PIM systems

1 Management interface
—> Metadata for PIM-resident arrays

2 Communication interface
— Abstractions for host-PIM and PIM-PIM communication

3 Processing interface
—> lterators (map, reduce, zip) to implement workloads

SAFARI 26



SimplePIM Programming Framework:
Management Interface

* Metadata for PIM-resident arrays
- array meta data t describesa PIM-resident array
- simple pim management t for managing PIM-resident arrays

* lookup: Retrieves all relevant information of an array

i array meta data t* simple pim array lookup (const char* id,
| simple pim management t* management) ;

___________________________________________________________________________________________________________________

i vold simple pim array register (array meta data t* meta data,
:51mple _pim management t* management) ;

___________________________________________________________________________________________________________________

ivoid simple pim array free(const char* id, simple pim management t* management) ; i

SAFARI 27



SimplePIM Programming Framework:
Communication Interface (I)

e SimplePIM Host-to-CPU Broadcast
- Transfers a host array to all PIM cores in the system

i void simple pim array broadcast (char* const id, void* arr, uint64 t len,
. _ . _ _
I uint32 t type size, simple pim management t* management) ;

1{(2]]3 4{ _________________ T
5(|6]... —» |1[(2]|3]|» 1T
Host DRAM 4[[5]16] ..+  PMDRAM

SimplePIM Broadcast .FIM Dé‘ﬁn“ﬁ Bank
> t < t [PIMCoren]
. Host CPU Y, [PIMCoreo]
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SimplePIM Programming Framework:
Communication Interface (ll)

* Host-to-PIM SimplePIM Scatter
- Distributes an array to PIM DRAM banks

| void simple pim array scatter (char* const id, void* arr, uint64 t len,
. _ a _ _
ruint32 t type size, simple pim management t* management);

* Host-to-PIM SimplePIM Gather
- Collects portions of an array from PIM DRAM banks

i void* simple pim array gather(char* const id, simple pim management t*

' management) ;

TBIR] =~~~ 7" - T 3
7 SimplePIM Scatter 2] » E
- | -
— 5 .+*  PIMDRAM
Host DRAM ~——__ L _..-——-"/M DRAM t Bank
p t < . t Bank { PIM Core n ]
HostCPU SimplePIM Gather [PIM c:oreo]
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SimplePIM Programming Framework:
Communication Interface (lil)

e PIM-to-PIM Communication: AllIReduce

- Used for algorithm synchronization
- The programmer specifies an accumulative function

i void simple pim array allreduce (char* const id, handle t* handle, i
! _
:51mple _pim management t* management) ; i

Before PIM-PIM communication After PIM-PIM communication
/_p_
L1 Y 1][4][2
AN B S G A\ 1|[4][2]I™™

<7 16 ————————l;‘_\*'\t;ﬁ 113113
Ojf1jp1y..- ~PIM_DRAN (B 31LLf[3].-- ~ PIMDRAM
__PIM_DRAM Bank __PIM DRAM Bank
Sk (Gtoen) SIMPlePIM AllReduce $ e o oren )

[ PIM Core o J [ PIM Core o J
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SimplePIM Programming Framework:

Communication Interface (V)

 PIM-to-PIM Communication: AllGather

- Combines array pieces and distributes the complete array to all

PIM cores

i void simple pim array allgather (char* const id, char* new id,

i51mple _pim management t* management) ;

—

[|1 2113 __'“_.____ SISz semmee 1][2][3]™™
v >
.+"  PIMDRAM 4]|15]164f,.-

PIM DRAM Bank . ~PIM DRAM

Kk K

Ban o Goren | SimplePIM AllGather tBan

[ PIM Core 0 ] [ PIM Core 0 J

SAFARI
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SimplePIM Programming Framework:
Processing Interface (l)

* Array Map
- Appliesmap func to every element of the data array

____________________________________________________________________________________________________________________

i void simple pim array map (const char* src id, const char* dest id,

iuint32 t output type, handle t* handle, simple pim management t* management); |
eI — o —

mputzrray () () () C ) ) -

(src id)

map fung

Outputfrray@d v v

vV
(dest id) ( ) ( ) L) ( ) ( )
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SimplePIM Programming Framework:
Processing Interface (ll)

* Array Reduction

- Themap to wval func function transforms an input
element to an output value and an output index

- The acc_func function accumulates the output values onto
the output array

ivoid simple pim array red(const char* src id, const char* dest id,
iuint32_t output type, uint32 t output len, handle t* handle,
isimple_pim_management_t* management) ;

S o -

InputfArray ( ] ( )
(src_id) /\ ry/ap to va/i func /

-\@)Dﬁ/@t)

f
OutputfArrayfdest id) (0) O ) & )
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SimplePIM Programming Framework:
Processing Interface (lll)

* Array Zip

- Takes two input arrays and combines their elements into an
output array

i void simple pim array zip(const char* srcl id, const char* src2 id,
, _ _ _ _ _

| const char* dest id, simple pim management t* management);

InputfArray
(srcl id)
Inputfrray
(src2 id)

z1lp func

OutputfArray
(dest id)

SAFARI
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SimplePIM Programming Framework:
General Code Optimizations

 Strength reduction

* Loop unrolling

* Avoiding boundary checks

* Function inlining

e Adjustment of data transfer sizes

SAFARI
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Evaluation Results:
Evaluation Methodology

* Evaluated system

- UPMEM PIM system with 2,432 PIM cores with
159 GB of PIM DRAM

* Real-world Benchmarks
- Vector addition

Reduction

Histogram

K-Means

Linear regression

Logistic regression

 Comparison to hand-optimized codes in terms of
programming productivity and performance

SAFARI
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Evaluation Results:
Productive Improvement ()

* Example: Hand-optimized histogram with UPMEM SDK

// Initialize global variables and functions for histogram

int main kernel () {
if (tasklet id == 0)
mem reset(); // Reset the heap
// Initialize variables and the histogram
T *input buff A = (T*)mem alloc(2048); // Allocate buffer in scratchpad memory

for (unsigned int byte index = base tasklet; byte index < input size; byte index += stride) {
// Boundary checking
uint32 t 1 size bytes = (byte index + 2048 >= input size) ? (input size - byte index) : 2048;
// Load scratchpad with a DRAM block
mram read((const mram ptr void*) (mram base addr A + byte index), input buff A, 1 size bytes);
// Histogram calculation
histogram(hist, bins, input buff A, 1 size bytes/sizeof (uint32 t));

}

barrier wait (&my barrier); // Barrier to synchronize PIM threads
// Merging histograms from different tasklets into one histo dpu
// Write result from scratchpad to DRAM
if (tasklet id == 0)
if (bins * sizeof (uint32 t) <= 2048)

mram write(histo dpu, ( mram ptr void*)mram base addr histo, bins * sizeof (uint32 t));
else
for (unsigned int offset = 0; offset < ((bins * sizeof(uint32 t)) >> 11); offset++) {
mram write (histo dpu + (offset << 9), (  mram ptr void*) (mram base addr histo +

(offset << 11)), 2048);
}

return 0;
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Evaluation Results:
Productive Improvement (ll)

* Example: SimplePIM histogram

// Programmer-defined functions in the file "histo filepath"
void init func (uint32 t size, void* ptr) {

char* casted value ptr = (char*) ptr;
for (int 1 = 0; i < size; i++)
casted value ptr[i] = 0;

void acc func (void* dest, void* src) {
*(uint32 t*)dest += *(uint32 t*)src;
}

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

i

! void map to val func (void* input, void* output, uint32 t* key) {
i uint32 t d = *((uint32 t*)input);

' *(uint32 t*)output = 1;

: *key = d * bins >> 12;

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

// Host side handle creation and iterator call
handle t* handle = simple pim create handle ("histo filepath", REDUCE, NULL, O0);

// Transfer (scatter) data to PIM, register as "tl"
simple pim array scatter("tl", src, bins, sizeof(T), management);

// Run histogram on "tl1" and produce "t2"
simple pim array red("tl", "t2", sizeof(T), bins, handle, management) ;

SAFARI
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Evaluation Results:
Productive Improvement (lll)

* Lines of code (LoC) reduction

Reduction 5.93X
Vector Addition 14 82 5.86x
Histogram 21 114 5.43%
Linear Regression 48 157 3.27%
Logistic Regression 59 176 2.98x
K-Means 68 206 3.03%
( )
SimplePIM reduces the number of lines of
! effective code by a factor of 2.98x to 5.93x )
SAFARI 40



Evaluation Results:
Weak Scaling Analysis

Vector Addition

30 N N
w 20
£
p 10
€ o
= 608 1216 2432
S K-Means
'4__'._: 1500 N N
9 100
b
w 50
0608 1216 2432

B SimplePIM (CPU Time)

Reduction Histogram

20 Y N 50
10 25

0 \ 0

608 1216 2432 608 1216 2432
Linear Regression Logistic Regression
>0 My 100 N N
25 50

() 0

608 1216 2432 608 1216 2432
Number of PIM Cores

BN Hand-optimized Impl. (CPU Time)

1 SimplePIM (PIM Kernel Time) XN Hand-optimized Impl. (PIM Kernel Time)

7

SimplePIM achieves comparable performance for reduction,
histogram,and linear regression

\

SimplePIM outperforms hand-optimized implementations
for vector addition,logistic regression,
and k-means by 10%-37%

\
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Evaluation Results:
Strong Scaling Analysis

Vector Addition Reduction Histogram
30 101.0 1.01.0 1.01.0
_ 2N 20 [ 50
(01} 20 . 1.71.7 1.81.6
sl Mo 2NN M =N N M
2 N n
Z %608 1216 2432 9608 1216 2432 0608 1216 2432
c K-Means Linear Regression Logistic Regression
(o] 1.0 50 .01.0 1.0
= 150 10T 100 Lo\
: .
9 100 1.9 N 25 p220 2.3 50 1929
X - 3.0 3.0 3.3
£ 50\ P N A N
] \ \ 0 \ | 0 \ \
608 1216 2432 608 1216 2432 608 1216 2432
Number of PIM Cores
E SimplePIM (CPU Time) B Hand-optimized Impl. (CPU Time)

[ SimplePIM (PIM Kernel Time) Hand-optimized Impl. (PIM Kernel Time)

p
SimplePIM scales better than hand-optimized implementations for
reduction, histogram,and linear regression
g J
SimplePIM outperforms hand-optimized implementations
for vector addition,logistic regression, and k-means

9 by 15%-43%
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Source Code

* https://github.com/CMU-SAFARI/SimplePIM

H CMU-SAFARI [ SimplePIM ' Public

<> Code (©) Issues

SAFARI

1 Pull requests

() Actions [ Projects () Security |~ Insights

¥ main ~ P Branches © Tags

{0 13 Commits

8 benchmarks
= lib

[ .gitignore
[9 LICENSE

[ README.md

[0 README 33 MIT license

SimplePIM: A Software Framework for Productive and
Efficient In-Memory Processing

This project implements SimplePIM, a software framework for easy and efficient in-memory-hardware
programming. The code is implemented on UPMEM, an actual, commercially available PIM hardware that combines
traditional DRAM memory with general-purpose in-order cores inside the same chip. SimplePIM processes arrays
of arbitrary elements on a PIM device by calling iterator functions from the host and provides primitives for
communication among PIM cores and between PIM and the host system.

Wa imnlamant civ annliratinne with QimnlaPIM an | IDAMEM-

<> Code ~

L Notifications ¥ F

About

SimplePIM is the first high-level
programming framework for real-world
processing-in-memory (PIM)
architectures. Described in the PACT
2023 paper by Chen et al.
(https://arxiv.org/pdf/2310.01893.pdf).

Readme

MIT license
Activity

Custom properties
18 stars

6 watching

< 0 %O ¢ 2B

4 forks

Report repository

Releases

No releases published

Packages

No packages published

Contributors 3
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SimplePIM:

A Software Framework for Productive and Efficient Processing in Memory

e Jinfan Chen, Juan GOomez-Luna, Izzat El Hajj, Yuxin Guo, and Onur Mutlu,
"SimplePIM: A Software Framework for Productive and Efficient Processing in
Memory"

Proceedings of the 32nd International Conference on Parallel Architectures and
Compilation Techniques (PACT),

Vienna, Austria, October 2023.

[Slides (pptx) (pdf)]

[SimplePIM Source Code]

SimplePIM: A Software Framework for
Productive and Efficient Processing-in-Memory

Jinfan Chen' Juan Gémez-Luna' Izzat El Hajj> Yuxin Guo!  Onur Mutlu'
lETH Ziirich  2American University of Beirut

SAFARI 44


https://people.inf.ethz.ch/omutlu/pub/SimplePIM_pact23.pdf
https://people.inf.ethz.ch/omutlu/pub/SimplePIM_pact23.pdf
http://pactconf.org/
http://pactconf.org/
https://people.inf.ethz.ch/omutlu/pub/SimplePIM_pact23-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/SimplePIM_pact23-talk.pdf
https://github.com/CMU-SAFARI/SimplePIM

Outline

N

5

SAFARI

Introduction
The Programmability Barrier

SimplePIM Overview

Management, Communication & Processing Interfaces

Evaluation Results

DaPPA Overview

DaPPA Main Components

Evaluation Results

Conclusion

45



DaPPA:

A Data-Parallel Framework for Processing-in-Memory Architectures

* Geraldo F. Oliveira, Alain Kohli, David Novo, Juan Gomez-Luna,
Onur Mutlu
"DaPPA: A Data-Parallel Framework for Processing-in-Memory Architectures,”
arXiv:2310.10168 [cs.AR]
2"d Place ACM Student Research Competition at the 32nd International
Conference on Parallel Architectures and Compilation Techniques (PACT),
Vienna, Austria, October 2023.

DaPPA: A Data-Parallel Framework for Processing-in-Memory Architectures

Geraldo F. Oliveira* Alain Kohli* David Novo* Juan Gémez-Luna* Onur Mutlu*

*ETH Ziirich
1. Motivation & Problem

The increasing prevalence and growing size of data in mod-
ern applications have led to high costs for computation in
traditional processor-centric computing systems. To mitigate
these costs, the processing-in-memory (PIM) [1-6] paradigm
moves computation closer to where the data resides, reducing
the need to move data between memory and the processor.
Even though the concept of PIM has been first proposed in
the 1960s [7_ 81 real-world PTM svstems have onlv recentlv

SAFARI

*LIRMM, Univ. Montpellier, CNRS

face [15, 16] that abstracts the hardware components of the
UPMEM system. Using this key idea, DaPPA transforms a
data-parallel pattern-based application code into the appro-
priate UPMEM-target code, including the required APIs for
data management and code partition, which can then be com-
piled into a UPMEM-based binary transparently from the
programmer. While generating UPMEM-target code, DaPPA
implements several code optimizations to improve end-to-end
performance.
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DaPPA:

Key Idea & Overview

Leverage an intuitive
data-parallel pattern-based interface for
PIM programming

DaPPA , a Data-Parallel PIM Architecture that
automatically distributes input and gathers output data, handles
memory management, and
parallelizes work across PIM cores

DaPPA is composed of three main components:
1 Data-Parallel Pattern APIs

2 Dataflow Programming Interface

3 Dynamic Template-Based Compilation
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Pre-defined functions that implement high-level

e Skeleton and pattern-based parallel programming are a common
abstraction for parallel architectures

- M. Cole, “Bringing Skeletons Out of the Closet: A Pragmatic Manifesto for Skeletal
Parallel Programming,” Parallel Computing, 2004

* DaPPA supports five primary data-parallel patterns

reduce fllter wmdow group

3935 ¥ 5460 6000 3 5
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DaPPA:

Dataflow Programming Interface

DaPPA exposes to the user a
dataflow-based programming interface

defines a collection of
-2 transformations over the input data

¢
( i ) ) )
Pipeline
mput stage 1 _stage2 _stage N_ output
= Y Y=l | . ‘ -
-— U™ = | N -—
= o N = 32 /\/‘/ =
= \l/ = DO | )
T . S )
’I
v

each stage represents

a parallel pattern
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DaPPA:

Dynamic Template-Based Compilation

DaPPA uses a dynamic template-based compilation to
generate PIM code in two main steps

Templating: DaPPA creates a base UPMEM code based on a basic
skeleton of a UPMEM application

- We use the Inja C++ templating engine

2 Optimizations: DaPPA uses a series of transformations to

- extract data required by the UPMEM code template
- calculate the memory offsets for MRAMs and WRAMs
- divide computation between CPU and PIM cores

allows for runtime optimizations

[ DaPPA compiles and executes each stage in a Pipeline per time - }
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DaPPA:
Putting All Together

reduce
C= AOBO +
AB;+
A,B, +
A3B3

target
computation

SAFARI

Example of DaPPA’s implementation of a
vector dot product operation
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DaPPA:
Putting All Together

Example of DaPPA’s implementation of a
vector dot product operation

@ data-parallel pattern APIs

reduce fllter window group
<f><f><?<f> Y 3300 7T W

reduce

C= AOBO +

ABy+

AB, +
AsBs
target

computation

SAFARI
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DaPPA:
Putting All Together

Example of DaPPA’s implementation of a
vector dot product operation

@ data-parallel pattern APIs

___________________________________________________________________________________________

reduce fllter window group
________________________________________________________________________________________ J
reduce URNEN: - P, Eéi?ﬁé"p'('d'a?as'? ze)s M
_ p.stage (MAP(([](int *c, int *a, 1int xb){
C_AOBO+ *xC = *a * *b;
AB; + }), OUTPUT (dint, &c),
AB, + INPUT (int, a), INPUT(int, b)));
ASBS p.stage (REDUCE (([](int xsum, 1int xc){
xsum += *C;
target \}), REDUCE_OUT (int, &sum), INPUT(int, &c)));/

computation @ dataflow programming interface

SAFARI



DaPPA:
Putting All Together

Example of DaPPA’s implementation of a
vector dot product operation

@ data-parallel pattern APIs

___________________________________________________________________________________________

reduce fllter window group
________________________________________________________________________________________ J
UPMEM
reduce UP'M'E'»I“p':;;f:a;"p'(d'a';a;:;g;: ----------------- N 7 . —  binary
C = AB.+ p.stage (MAP(([](int *c, int *a, 1int xb){ [Stringification] int main(){ E . 8
— M\Qbo xC = *a * *b; {for arg in kernel} =
A1By + —» }), OUTPUT (int, &c), N [ type removal ] mram_read_full() g.
AB, + INPUT (int, a), INPUT(int, b))); - =
A3B3 p.stage (REDUCE (([](int *sum, 1int *xc){ [mem. arrange.] } mram_write_full() O ‘—m
*Sum += *C; \. - - - J U )
target L }), REDUCE_OUT (int, &sum), INPUT(int, &c))); J \_ optimizations template < - DRAM
———————————————————————————————————————————————— in- exec.
computation @ dataflow programming interface @ dynamic template-based compilation
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Evaluation:
Methodology Overview

* Evaluation Setup

- Host CPU: 2-socket Intel® Xeon Silver 4110 CPU
- PIM Cores: 20 UPMEM PIM DIMMs (160 GB PIM memory)
- 2560 DPUs in total

e Workloads: 6 workloads from the PrIM benchmark suite

- Vector addition (VA); Select (SEL); Unique (UNI); Reduce (RED); General
matrix-vector multiply (GEMV); Histogram small (HST-S)

* Metrics
- End-to-end execution time (average of 10 runs)
- Programming complexity (in lines of code)

SAFARI
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Evaluation:
Performance Analysis

E PriM

E DaPPA

SAFARI

I 10
C

©

£ 8-
O

o 6 -
o

g 4
“©

& 2 -
S

prd 0 -

7

Large performance improvement

due to

parallel data transfers &

host+PIM collaborative exec.

\

VA SEL UNI RED
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GMEAN
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Evaluation:
Performance Analysis

= PriM E DaPPA

10

~ O 00

Normalized Performance

VA SEL UNI RED GEMV HST-S

GMEAN

DaPPA significantly improves end-to-end performance
compared to hand-tuned implementations

SAFARI
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Evaluation:
Programming Complexity Analysis

EPriM EDaPPA <@-Reduction
200 98%
@)
S 150 - 94.4%- 96%
Q
®)
S 100 - - 94%
©
o 50 - - 92%
=
-
0 - - 90%
VA SEL UNI RED GEMV HST-S GMEAN
DaPPA significantly reduces programming complexity
by abstracting hardware components
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Evaluation:
Comparison to State-of-the-Art

SimplePIM [chen+, PACT’23]: @ framework that uses
(1) iterator functions and (2) primitives for communication
to aid PIM programmability

Compared to SimplePIM, DaPPA provides three key benefits

1. Higher abstraction level - The programmer does not need
to manually specify communication patterns used
during computation

2. Support for more parallel patterns - DaPPA supports
two more parallel primitives (window and group), and
allows the mixing of parallel patterns

3. Further execution optimizations - DaPPA allows
using idle host resources for collaborative execution

DaPPA improves state-of-the-art frameworks for
PIM programmability

SAFARI
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DaPPA:

A Data-Parallel Framework for Processing-in-Memory Architectures

* Geraldo F. Oliveira, Alain Kohli, David Novo, Juan Gomez-Luna,
Onur Mutlu
"DaPPA: A Data-Parallel Framework for Processing-in-Memory Architectures,”
arXiv:2310.10168 [cs.AR]
2"d Place ACM Student Research Competition at the 32nd International
Conference on Parallel Architectures and Compilation Techniques (PACT),
Vienna, Austria, October 2023.

DaPPA: A Data-Parallel Framework for Processing-in-Memory Architectures

Geraldo F. Oliveira* Alain Kohli* David Novo* Juan Gémez-Luna* Onur Mutlu*

*ETH Ziirich
1. Motivation & Problem

The increasing prevalence and growing size of data in mod-
ern applications have led to high costs for computation in
traditional processor-centric computing systems. To mitigate
these costs, the processing-in-memory (PIM) [1-6] paradigm
moves computation closer to where the data resides, reducing
the need to move data between memory and the processor.
Even though the concept of PIM has been first proposed in
the 1960s [7_ 81 real-world PTM svstems have onlv recentlv

SAFARI

*LIRMM, Univ. Montpellier, CNRS

face [15, 16] that abstracts the hardware components of the
UPMEM system. Using this key idea, DaPPA transforms a
data-parallel pattern-based application code into the appro-
priate UPMEM-target code, including the required APIs for
data management and code partition, which can then be com-
piled into a UPMEM-based binary transparently from the
programmer. While generating UPMEM-target code, DaPPA
implements several code optimizations to improve end-to-end
performance.
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Conclusion

Problem: Programming general-purpose

processing-in-memory (PIM) systems require non-trivial effort
— The programmer needs to (1) have knowledge of the hardware and
(2) manually manage data movement

Goal: Ease programmability of general-purpose PIM systems

Two Approaches: SimplePIM & DaPPA

— provides a data-parallel pattern-based programming interface
that abstracts hardware components;
— automatically distributes input and gathers output data,
handles memory management, and parallelizes works across PIM cores

Key Results: Our evaluation shows that SimplePIM & DaPPA

- outperform hand-tuned workloads
- reduce programming complexity (in lines of code)

SAFARI
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Processing-in-Memory Course:
Spring 2023

Lecture Video Playlist on YouTube

W Spring 2023 Lecture Playlist

e Spring 2023 Edition
. . . . ‘ |/ Memory Arra)
* https://safari.ethz.ch/projects and seminars/spri i[i /- .
ng2023/doku.php?id=processing in memory B
* Fall 2022 Edition ()()()
memory, an 2 -enabled memory
* https://safari.ethz.ch/projects and seminars/fall2 8 :"3:""?"“?"m“.m"n(,w‘h'd’m“dh — ;‘ ““;““f"“"“
3 srunonya a few hundre: Z an ave a small number o
022/doku.php?id=processing_in_memory SOOI .. . crrrcte v h hot procesor
@ Yo UTu b e Live stream Spring 2023 Meetings/Schedule
. . Week Date Livestream Meetin, Learnin, Assignments
* https://www.youtube.com/playlist?list=PL5Q2s0X ’ Meteriats *
- A ~m vestream : ourse equire aterials U
Y2Zi EObuoAZVSq 06UySWQHvZ B e bt - — |
am (PDF) am (PPT) Materials
) w2  16.03 Youlll) Premiere  M2: How to Evaluate Data
* Bachelor’s Course: e
. . Hands-on Project Proposals
° E I eCtlve at ETH Zu rlc h w3 23.03 YoulllD Premiere M3: Real-world PIM: UPMEM
. . Thu. PIM
* Introduction to PIM systems (from industry and G (PF) i (PPT)
w4 30.03 Yol pPremiere  M4: Real-world PIM:
a Ca d e m ia ) Thu. l;ﬂli,;robenchmarking of UPMEM
 Tutorial on using real PIM infrastructure T i e
. . Thu. HBM-PIM
* Potential research exploration e (POF) i (PPT)
wé 13.04 Yool Premiere M6: Real-world PIM: SK Hynix

Thu. AM
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PIM Tutorial:
ISCA & MICRO 2024

* ISCA 2024 Edition

* June 29th: Lectures, hands-on labs, and
invited lectures

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

e MICRO 2024 Edition (Upcoming)

* November 2"9: Lectures, hands-on labs, and
invited lectures

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

* YouTube Livestream
e https://www.youtube.com/watch?v=KV2MX

vcBgb0

SAFARI

De Ofvwrn Log Ou

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

Tracw - start

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

Tutorial Description

g-n-Memory PIM) i putng paradign that data
(1.2, the waste of exscuticn cycies ard enorgy resuling from tho back-anc-dorth daa mavement between
memery unks By (and storage) systems compute-capable.

Explorad over several decades since the 19505, PR systems are now Docoming a reaity with the advent of the
first commaercial products and prototypes.

Severl stantups (0.9 UPMEM NeurcBlade, Mytric. Syrdant, Acp, Axviera, o-Maix, Gyriaican Tochnakogy, MemCampeting. SEMRON,
SureCore, Synthar, TetraMem, EnCharge AJ) are siready commerciatzing roal PIM nardware, each wi is design approach and target
appikcations. Major vendors (o.., Samsung. SK Hyntx, Micron, Albaba) have presentod roal PIM chip and system protatypes in the past several
years.

Recent PIM products and prototypes place compute unis near the memory arrays. New mamery intertaces Ike C0 (Compute Express Link) akd

the enabloment of compule-capable memaries. A: the same time, academia and Indusiry are actively explorng other types of FIM by, .3,

explating the anakg cporation of DRAM, SRAM, tash and emerging and mybrid P archsechres that combine
of and at of yistorage hierarchy.

PIM can improve performance and energy efidency for mary modem

onabirg a viabie way of deaing wih huge amounts.
of dara bottleneching cur compuing systems. which is especially exacerbatec
by werkiaacs ke AVML and genomics. In fact, workicads Bke large Ringuage
model trainng bo “Wker for PIM.

Hawover, there are many cpen questcns spanaing the endre computing stack
and many chalenges for widespread adopsan. Far example. It s crbical 0 (1)
davelop programming Famewceks and tals tha can ower e leaming curve
b and ease the adopticn of PIM systems, (2) cevelop methods 10 idantty what
b A type of PIM would be usetul for what workioad, and (3) design system ard
= SR NSSSSSSNSSS. sacurity mechanims that enable PM in 3 wider scale. implcasons of PIM on
chalenging and exciting Neid of study.

al aspects of computng systems and workioads 5 a

This tutorial foouses on the latos: advarces In PIM fechnalogy, spanning both hardware and software, 'l ideas, and
framewaorks 1o conduct PIM research, ard strateges for PIM kernels. We wil {1} provide an introcucton
10 PIM and the taxancmy of PIM systems. (2} ghve an overview and a rgorous analysis af existing PIM hardware from ncusyy and academia, (3)
provide and describe hardware and software that can enable new nPM

systems, and (4) shed Bght oo how 10 Fmprove fuure FIM systems for emenging memcry-tound warkcads. The tulorial wil 30 Incorporate inviod
taks from loading industry and academic researchers in PIM systems.

-
Livestream

£ YouTube vestream
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PIM Review and Open Problems

A Modern Primer on Processing in Memory

Onur Mutlu®®, Saugata Ghose®®, Juan G6mez-Luna?, Rachata Ausavarungnirun?

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
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ABUMPIMP 2024: 2" Minisymposium on Applications and Benefits of a
UPMEM Commercial Massively Parallel Processing-In-Memory Platform

Software Frameworks for
Productive and Effective
Processing-in-Memory Architectures

Geraldo F. Oliveira
(https://geraldofojunior.github.io/)

Onur Mutlu

ETH:iirich SAFARI




	Diapositive 1
	Diapositive 2 Brief Self Introduction
	Diapositive 3 Outline 
	Diapositive 4 Outline 
	Diapositive 5 Data Movement Bottleneck:  The Problem
	Diapositive 6 Processing-in-Memory:  Overview
	Diapositive 7 Processing-in-Memory:  Landscape of Real Systems (I) 
	Diapositive 8 Processing-in-Memory:  Landscape of Real Systems (II)  
	Diapositive 9 Processing-in-Memory:  Landscape of Real Systems (II) 
	Diapositive 10 Processing-in-Memory:  The UPMEM Architecture
	Diapositive 11 Outline 
	Diapositive 12 The Programmability Barrier:  Overview
	Diapositive 13 The Programmability Barrier:  Vector Addition Example
	Diapositive 14 The Programmability Barrier:  Vector Addition Example
	Diapositive 15 The Programmability Barrier:  Vector Addition Example
	Diapositive 16 The Programmability Barrier:  Vector Addition Example
	Diapositive 17 The Programmability Barrier:  Vector Addition Example
	Diapositive 18 The Programmability Barrier:  Vector Addition Example
	Diapositive 19 The Programmability Barrier:  Vector Addition Example
	Diapositive 20 The Programmability Barrier:  Vector Addition Example
	Diapositive 21 The Programmability Barrier:  Vector Addition Example
	Diapositive 22 The Programmability Barrier:  Summary 
	Diapositive 23 Our Goal
	Diapositive 24 Outline 
	Diapositive 25 SimplePIM:  A Software Framework for Productive and Efficient Processing in Memory
	Diapositive 26 SimplePIM Programming Framework:  Overview 
	Diapositive 27 SimplePIM Programming Framework:  Management Interface  
	Diapositive 28 SimplePIM Programming Framework:  Communication Interface  (I)
	Diapositive 29 SimplePIM Programming Framework:  Communication Interface  (II)
	Diapositive 30 SimplePIM Programming Framework:  Communication Interface  (III)
	Diapositive 31 SimplePIM Programming Framework:  Communication Interface  (IV)
	Diapositive 32 SimplePIM Programming Framework:  Processing Interface  (I)
	Diapositive 33 SimplePIM Programming Framework:  Processing Interface  (II)
	Diapositive 34 SimplePIM Programming Framework:  Processing Interface  (III)
	Diapositive 35 SimplePIM Programming Framework:  General Code Optimizations
	Diapositive 36 Outline 
	Diapositive 37 Evaluation Results:  Evaluation Methodology
	Diapositive 38 Evaluation Results:  Productive Improvement (I)
	Diapositive 39 Evaluation Results:  Productive Improvement (II)
	Diapositive 40 Evaluation Results:  Productive Improvement (III)
	Diapositive 41 Evaluation Results:  Weak Scaling Analysis
	Diapositive 42 Evaluation Results:  Strong Scaling Analysis
	Diapositive 43 Source Code
	Diapositive 44 SimplePIM:  A Software Framework for Productive and Efficient Processing in Memory
	Diapositive 45 Outline 
	Diapositive 46 DaPPA:  A Data-Parallel Framework for Processing-in-Memory Architectures
	Diapositive 47 DaPPA:   Key Idea & Overview
	Diapositive 48 Outline 
	Diapositive 49 DaPPA:   Data-Parallel Pattern APIs  
	Diapositive 50 DaPPA:   Dataflow Programming Interface
	Diapositive 51 DaPPA:   Dynamic Template-Based Compilation
	Diapositive 52 DaPPA:   Putting All Together
	Diapositive 53 DaPPA:   Putting All Together
	Diapositive 54 DaPPA:   Putting All Together
	Diapositive 55 DaPPA:   Putting All Together
	Diapositive 56 Outline 
	Diapositive 57 Evaluation:   Methodology Overview
	Diapositive 58 Evaluation:   Performance Analysis
	Diapositive 59 Evaluation:   Performance Analysis
	Diapositive 60 Evaluation:   Programming Complexity Analysis
	Diapositive 61 Evaluation:   Comparison to State-of-the-Art
	Diapositive 62 DaPPA:  A Data-Parallel Framework for Processing-in-Memory Architectures
	Diapositive 63 Outline 
	Diapositive 64 Conclusion
	Diapositive 65
	Diapositive 66
	Diapositive 67 PIM Review and Open Problems
	Diapositive 68

