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UPMEM Processing-in-DRAM Engine (2019)

Processing in DRAM Engine

Includes standard DIMM modules, with a large
number of DPU processors combined with DRAM chips.

Replaces standard DIMMs

o DDR4 R-DIMM modules

8GB+128 DPUs (16 PIM chips)
Standard 2x-nm DRAM process

o Large amounts of compute & memory bandW|dth

% 8GB/128xDPU PIM R-DIMM Module

C P U UPMEM UPMEM UPMEM UPMEN UPMEM LIPMEN UPMEM UPMEM
PIM PiNA PiM P PIM PIM PIM PI
(x86, ARM, RV...) chip aip chip ehip ehip e chip thip

https://www.anandtech.com/show/14750/hot-chips-31-analysis-inmemory-processing-by-upmem 2
https://www.upmem.com/video-upmem-presenting-its-true-processing-in-memory-solution-hot-chips-2019/
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Samsung Function-in-Memory DRAM (2021)

B FIMDRAM based on HBM2

Chip Specification

SID1 128DQ / 8CH / 16 banks / BL4

Core-die -

32 PCU blocks (1 FIM block/2 banks)
(HBM2)

1.2 TFLOPS (4H)

FP16 ADD /
Multiply (MUL) /
Multiply-Accumulate (MAC) /
Multiply-and- Add (MAD)

SIDO
Core-die -
(FIMDRAM)

Buffer-die —»

[3D Chip Structure of HBM with FIMDRAM] T ———

25.4 A 20nm 6GB Function-In-Memory DRAM, Based on HBM2
with a 1.2TFLOPS Programmable Computing Unit Using
Bank-Level Parallelism, for Machine Learning Applications
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Samsung Function-in-Memory DRAM (2021)

Chip Implementation
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Samsung AXDIMM (2021)

m DIMM-based PIM o Baseline Systm
o DLRM recommendation system

CHo! CH1! CH3!
1 1

CH2!
1
OS/FC/Others SLS Offload OS/FC/Others

AxDIMM System

_ AxDIMM

CHO! CH2!
1 1

OS/FC/Others SLS Offload OS/FC/Others

Ke et al. "Near-Memory Processing in Action: Accelerating Personalized Recommendation with AxDIMM", IEEE Micro (2021) 5



Processing in Memory:

Two Approaches

1. Processing near Memory
2. Processing using Memory




Two PIM Approaches

5.2. Two Approaches: Processing Using Memory
(PUM) vs. Processing Near Memory (PNM)

Many recent works take advantage of the memory
technology innovations that we discuss in Section 5.1
to enable and implement PIM. We find that these works
generally take one of two approaches, which are cat-
egorized in Table 1: (1) processing using memory or

(2) processing near memory. We briefly describe each Onur Mutlu, Saugata Ghose, Juan Gomez-Luna,

approach here. Sections 6 and 7 will provide example and Rachata Ausavarungnirun,

approaches and more detail for both. "A Modern Primer on Processing in
Memory"

Invited Book Chapter in Emerging
Table 1: Summary of enabling technologies for the two approaches to C nt;&’d t?no ,C,:. a'[;f; € Devi e to Svstems -
PIM used by recent works. Adapted from [309]. L D_ll 1ng: F'ro evices Lo systems
Looking Beyond Moore and Von Neumann,

Approach Enabling Technologies . B .
is = = Springer, to be published in 2021.
]S)m [Tutorial Video on "Memory-Centric Computing
Processing Using Memory Phase-change memory (PCM) Systems (1 hour 51 mmUtes)]
Magnetic RAM (MRAM)

Resistive RAM (RRAM)/memristors

Logic layers in 3D-stacked memory
Processing Near Memory  Silicon interposers

Logic in memory controllers

Processing using memory (PUM) exploits the ex-
isting memory architecture and the operational princi-
ples of the memory circuitry to enable operations within
main memory with minimal changes. PUM makes use

https://people.inf.ethz.ch/omutlu/pub/ModernPrimerOnPIM _springer-emerging-computing-bookchapter21.pdf 7



https://people.inf.ethz.ch/omutlu/pub/ModernPrimerOnPIM_springer-emerging-computing-bookchapter21.pdf
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Processing Using Memoty

Take advantage of operational principles of memory to perform
bulk data movement and computation in memory

o Can exploit internal connectivity to move data
a Can exploit analog computation capability

Q ...

Examples: RowClone, In-DRAM AND/OR, Gather/Scatter DRAM

o RowClone: Fast and Efficient In-DRAM Copy and Initialization of Bulk Data
(Seshadri et al., MICRO 2013)

o Fast Bulk Bitwise AND and OR in DRAM (Seshadri et al., IEEE CAL 2015)

o Gather-Scatter DRAM: In-DRAM Address Translation to Improve the Spatial
Locality of Non-unit Strided Accesses (Seshadri et al., MICRO 2015)

o "Ambit: In-Memory Accelerator for Bulk Bitwise Operations Using Commodity
DRAM Technology” (Seshadri et al., MICRO 2017)



http://users.ece.cmu.edu/~omutlu/pub/rowclone_micro13.pdf
http://users.ece.cmu.edu/~omutlu/pub/in-DRAM-bulk-AND-OR-ieee_cal15.pdf
https://users.ece.cmu.edu/~omutlu/pub/GSDRAM-gather-scatter-dram_micro15.pdf
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17.pdf

Lecture on Processing Using DRAM (I
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Lecture on Processing Using DRAM (I1)

Key Idea and Applications

* Low-cost Inter-linked subarrays (LISA)
— Fast bulk data movement between subarrays
— Wide datapath via isolation transistors: 0.8% DRAM chip area

Subarray |

AL AL - AL AL

Subarray 2

* LISA is a versatile substrate — new applications
Fast bulk data copy: Copy latency 1.363ms—0.148ms (9.2x)
- 66% speedup, -55% DRAM energy

In-DRAM caching: Hot data access latency 48.7ns—21.5ns (2.2x)
— 5% speedup

© ETH ZURICH D-ITET
Computer Architecture - Lecture 6: Processing using Memory (Fall 2021)

880 views * Streamed live on Oct 15, 2021 75 30 CJ DISLIKE ,> SHARE =+ SAVE
@ Onur Mutlu.Lectures SUBSCRIBED Q
20.5K subscribers =

5>

Lecture 6b: https://youtu.be/HNd4skOQrt61 10
Lecture 7: https://youtu.be/k56x2gcaXWyY
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Processing-using-Memory in Real DRAM Chips

ComputeDRAM: In-Memory Compute Using Off-the-Shelf

DRAMs
Fei Gao Georgios Tziantzioulis David Wentzlaff
feig@princeton.edu georgios.tziantzioulis@princeton.edu wentzlaf@princeton.edu
Department of Electrical Engineering Department of Electrical Engineering Department of Electrical Engineering
Princeton University Princeton University Princeton University

https://parallel.princeton.edu/papers/micro19-gao.pdf 11
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SottMC: Open Source DRAM Infrastructure

= Hasan Hassan et al., "SoftMC: -
A Flexible and Practical Heat/ i
Open-Source Infrastructure Chamber '
for Enabling Experimental ’\
DRAM Studies,” HPCA 2017

= Flexible

= Easy to Use (C++ API) ,. 7 "

= Open-source ' o ) Controller
github.com/CMU-SAFARI/SoftMC Heate LN + 5
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https://people.inf.ethz.ch/omutlu/pub/softMC_hpca17.pdf

RowClone & Bitwise Ops 1n Real DRAM Chips

MICRO-52, October 12-16, 2019, Columbus, OH, USA
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Figure 4: Timeline for a single bit of a column in a row copy
operation. The data in R; is loaded to the bit-line, and over-
writes Rj.

Gao et al.
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Figure 5: Logical AND in ComputeDRAM. R; is loaded with
constant zero, and R; and R3 store operands (0 and 1). The
result (0 = 1 A 0) is finally set in all three rows.

https://parallel.princeton.edu/papers/micro19-gao.pdf 13
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PIDRAM

Develop a flexible platform to explore
end-to-end implementations of PuM techniques

* Enable rapid integration via key components

Hardware Software
0 Easy-to-extend 0 Extensible
Memory Controller Software Library
(2 ISA-transparent Custom
PuM Controller Supervisor Software

SAFARI 14



PiDRAM Workflow

DRAM Module
User Application Rocket POC @ CRE
0 Chip Instruction Start Ack Finish §
System Calls I [_copyA>B | [11[ [ | Command T
A A A A { Timings =
ustom Supervisor Softwar RISC-V | d-p------ L----== —-- Qg DDRS
. CPU Core Scheduler [ £
pumolib @ T = PerOps | . =
( STORE instruction | Module | g
copy (rowA, rowB) © PiDRAM Memory Controller

1- User application interfaces with the OS via system calls

2- OS uses PuM Operations Library (pumolib) to convey
operation related information to the hardware using

3- STORE instructions that target the memory
mapped registers of the PuM Operations Controller (POC)

4- POC oversees the execution of a PuUM operation (e.g.,
RowClone, bulk bitwise operations)

5- Scheduler arbitrates between regular (load, store) and PuM
operations and issues DRAM commands with custom timings

SAFARI 15



PiDRAM FPGA Prototype

el

Xilinx ZC70
| TR ]

“¥ae=aa Single core RISC-V CPU @ 50MHz
in-order, single-issue

g | 16KB 4-way L1 DS

4KB 1S

-----

Compute-Enabled DIMM RISC-V System

SAFARI 16



Lecture on PIDRAM
PiDRAM: PuM Controller (1)

PuM Operations Controller (POC)

Provide ISA-transparent control for PuM operations

*Connected as a memory-mapped module
* Hieararchically, resides within the memory controller

*Simple Interface: Offload 128-bit instructions

Rocket PuM Operations Controller CRF
Chip Instruction Start Ack Finish

I . Command

Timings

RISC-V ---
CPU Core Scheduler

Physical Interface

STORE instruction

Processing in Memory Course: Meeting 6: End-to-end Framework for Processing-using-Memory -

Fall'21

431 views * Streamed live on Nov 9, 2021 I‘ 20 g] TE A} SHARE =+ SAVE
6:3 Onur MutIu.Lectures — Q
&) 203K subscribers :

https://youtu.be/s z S6FYpC8
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PiDRAM Paper and Repo

PiDRAM: A Holistic End-to-end FPGA-based Framework
for Processing-in-DRAM

Ataberk Olgun®®  Juan Gémez Luna®  Konstantinos Kanellopoulos®  Behzad Salami®”*
Hasan Hassan®  Oguz Ergin®  Onur Mutlu®
SETH Zarich ~ fTOBBETU  "BSC

https://arxiv.org/pdf/2111.00082.pdf

& CMU-SAFARI/PiDRAM ' Public

<> Code © Issues 1 Pull requests (® Actions [ Projects

¥ master ~ ¥ 1branch © 0 tags

olgunataberk Fix small mistake in README

[ controller-hardware Add files via upload

fpga-zynq

[ README.md Fix small mistake in README

README.md

PiDRAM

07 wiki

Adds instructions to reproduce two key results

& Unwatc

3 Se

@ Security [~ Insights

Go to file

46522cc 23 hours ago O 11 commits

25 days ago
23 hours ago

23 hours ago

7

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

PiDRAM is the first flexible end-to-end framework that enables system integration studies and evaluation of
real Processing-using-Memory (PuM) techniques. PIDRAM, at a high level, comprises a RISC-V system and a
custom memory controller that can perform PuM operations in real DDR3 chips. This repository contains all
sources required to build PIDRAM and develop its prototype on the Xilinx ZC706 FPGA boards.

18
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SIMDRAM: A Framework for

Bit-Serial SIMD Processing using DRAM

Nastaran Hajinazar* Geraldo F Oliveira*
Sven Gregorio Joao Ferreira Nika Mansouri Ghiasi
Minesh Patel Mohammed Alser Saugata Ghose

Juan GOmez-Luna Onur Mutlu
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Executive Summary

* Motivation: Processing-using-Memory (PuM) architectures can effectively perform bulk
bitwise computation

* Problem: Existing PuM architectures are not widely applicable

— Support only a limited and specific set of operations

— Lack the flexibility to support new operations

— Require significant changes to the DRAM subarray
* Goals: Design a processing-using-DRAM framework that:

— Efficiently implements complex operations

— Provides the flexibility to support new desired operations

— Minimally changes the DRAM architecture
 SIMDRAM: An end-to-end processing-using-DRAM framework that provides the

programming interface, the ISA, and the hardware support for:
1.  Efficiently computing complex operations

2.  Providing the ability to implement arbitrary operations as required
3.  Using a massively-parallel in-DRAM SIMD substrate

* Key Results: SIMDRAM provides:

— 88xand 5.8x the throughput and 257x and 31x the energy efficiency of a baseline CPU and a
high-end GPU, respectively, for 16 in-DRAM operations

— 21xand 2.1x the performance of the CPU and GPU over seven real-world applications

SAFARI 20



Outline
1. Processing-using-DRAM

2. Background

3. SIMDRAM

Processing-using-DRAM Substrate
Framework

4. System Integration
5. Evaluation

6. Conclusion
SAFARI




Outline

1. Processing-using-DRAM

SAFARI
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Data Movement Bottleneck

* Data movement is a major bottleneck

More than 60% of the total system energy

is spent on data movement!

/Computing Unit\ 4 Main A

(CPU, GPU, FPGA, Memory
Accelerators) (DRAM)
Memory
a channel D D D D

\_ J _ Y

Bandwidth-limited and power-hungry memory channel
SAFARI 23

L A. Boroumand et al., “Google Workloads for Consumer Devices: Mitigating Data Movement Bottlenecks,” ASPLOS, 2018




Processing-in-Memory (PIM)

* Processing-in-Memory: moves computation closer to
where the data resides

- Reduces/eliminates the need to move data between

processor and DRAM

SAFARI

/Computing Unit\

(CPU, GPU, FPGA,
Accelerators)

&

\_ J

Memory
channel

<

)

004
o2 le,

\_

]
&
Y

24



Processing-using-Memory (PuM)

* PuM: Exploits analog operation principles of the
memory circuitry to perform computation

- Leverages the large internal bandwidth and parallelism
available inside the memory arrays

* A common approach for PuM architectures is to perform
bulk bitwise operations

- Simple logical operations (e.g.,, AND, OR, XOR)

- More complex operations (e.g., addition, multiplication)

SAFARI 25



Outline

2. Background

SAFARI
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Inside a DRAM Chip

- Wordline

DRAM Cells

Subarray 000000
( Wordline \

(2D Array Access

of DRAM Cells) 102020020207 Transistor

--------------------------------------------------------------

| S T N O O g s \_ )

' Storage

Sense Amplifiers

Row Buffer

DRAM Bank Capacitor

DRAM Chips

SAFARI DRAM Module 27



DRAM Cell Operation

wordline
storage _
. transistor
capacitor
enable
sense
amplifier

SAFARI



DRAM Cell Operation (1/3)

1. raise wordline Y Wpp+ 6

1. ACTIVATE (ACT)

4. capacitor bsageliargstorbitline

4. amplify deviation
in the bitline

3. enable
sense amplifier

SAFARI 29



DRAM Cell Operation (2/3)

2. READ/WRITE

. &) read /write charge

latched in sense amplifier

SAFARI 30



DRAM Cell Operation (3/3)

1. lower

wordline

3. disable
sense amplifier

SAFARI

¥2Nopp

2. precharge bitline for next access

3. PRECHARGE (PRE)

31



RowClone: In-DRAM Row Copy (1/2)

source A

——————————————

Row copy
command sequence?:

destination B

——————————————

enable
sense

SAFARI amplifier



RowClone: In-DRAM Row Copy (2/2)

—_ Y VDD

1. ACTIVATE source row A

bitline

Row copy
command sequence?:

3. BiREneIwRGBeopukihed
to clfiergrektadagissow A

3. ACTIVATE destination row B

EmmEm
............
Ny
»
L 2
.
.

4. charge level of source row A will
be copied to destination row B

enable
sense

SAFARI amplifier 33



Triple-Row Activation: Majority Function

SAFARI

A

bitline

Majority function

command sequence3:

enable

sense
amplifier 34



Triple-Row Activation: Majority Function

1 Vv
1. ACTIVATE three rows 72 Voo
imult 1
| CHMURAREOUS Y bitline
- triple-row activation el mm___ .
bl | Majority function !
""""""" ' : command sequence3: :
— I |
| |
MAJ(A, B, C) = | |
............. : | |
MAJ(Vaar Vaar 0) = Vyq IR I :
3 *e I I
3.valuesin cells A, B, C -
will be overwritten
with the majority output oo . ‘
e,
4. PRECHARGE bitline e ’:
for next access enable
sense
SAFARI amplifier 35



Ambit: In-DRAM Bulk Bitwise AND/OR

—— 72 Vpp

bitline

MAJ (A, B, 0) = AND (A, B)

MAJ (A, B, 1) = OR (A, B)

enable
sense

SAFARI amplifier 36



Ambit: Subarray Organization

Less than 1% of overhead
in existing DRAM chips

SAFARI 37



PuM: Prior Works

* DRAM and other memory technologies that are capable
of performing computation using memory

Shortcomings:

* Support only basic operations (e.g., Boolean
operations, addition)

- Not widely applicable

* Support a limited set of operations

- Lack the flexibility to support new operations

* Require significant changes to the DRAM

- Costly (e.g., area, power)
SAFARI 38



PuM: Prior Works

Need a framework that aids general adoption of PuM, by:

- Efficiently implementing complex operations

- Providing flexibility to support new operations

SAFARI 39



Our Goal

Goal: Design a PuM framework that

- Efficiently implements complex operations

- Provides the flexibility to support new desired
operations

- Minimally changes the DRAM architecture

SAFARI

40



Outline

3. SIMDRAM

SAFARI
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Key Idea

* SIMDRAM: An end-to-end processing-using-DRAM
framework that provides the programming interface, the
ISA, and the hardware support for:

- Efficiently computing complex operations in DRAM

- Providing the ability to implement arbitrary operations as
required

- Using an in-DRAM massively-parallel SIMD substrate that
requires minimal changes to DRAM architecture

SAFARI 42



Outline

Processing-using-DRAM Substrate

SAFARI 43



SIMDRAM: PuM Substrate

* SIMDRAM framework is built around a DRAM substrate
that enables two techniques:

(1) Vertical data layout (2) Majority-based computation

most significant bit (MSB) Cout= AB + AC;, + BCy,

5 § A

S i § B Cout
3 -3

. 3 Cin

- P \_ J

least significant bit (LSB)

Pros compared to the
conventional horizontal layout:

Pros compared to AND/OR/NOT-
based computation:

* Implicit shift operation * Higher performance
e Massive parallelism * Higher throughput

SAFARI  Lower energy consumption 44



Outline

Framework

SAFARI
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SIMDRAM Framework

oS ™= mm mm == oy ’_____

User Input [ Step 1: Generate Y ( Step 2: Generate > SIMDRAM Output
Desired operation . MA]Iogzc ........ I sequence of
.............................................. I .: .“: I I DRAM CommandS
. i1 1 [acT/PRE
|:> @ { > | ACT/PRE
i i1l | acT/PRE
................................................ | e’ | 1| ACT/ACT/PRE
AND/OR/NOT logic \ MAJ/NOTlogic j I | done
————— | II' New SIMDRAM
wProgram | ,
N L = = 7 |linstruction
- | | | | | | | | | | | ~
User Input 7 Step 3: Execution according to uProgram \ SIMDRAM Output
SIMDRAM-enabled application f — ‘ | Instruction result
.“---f--o--;.....(..). ..... i .................................... y s I g. __é ACT/PRE I ln memory
: I ACT/PRE I :“ ....................... .
H ] | ACT/PRE 1|
bbop_new I::>I i | ACT/PRE/PRE S H
: : : S N LLLLLID >
) H I ;[ done R H
etessesses s “| 1| Control Unit uProgram | < ;
\ Memory Controller / D M

\____________,

SAFARI 46



SIMDRAM Framework: Step 1

’____~

User Input [ Step 1: Generate Y

MA] logic |

-------------------------------------------
. ‘e

CN o
--------------------------------------------

1 .
AND/OR/NOT logic \ MAJ/NOT logic

L —

SAFARI 47



Step 1: Naive MA]J/NOT Implementation

AT -— A
B &— — ;
C Output IS “0" Only When A — B — {(0"

o =
)
-

0
A & MA]
B e

_——_———————
® ®

SAFARI -



Step 1: Efficient MAJ/NOT Implementation

r-TT T S Greedy roT T N

( \I optimization Il :
0 ; 4 A

: A - MA]J : algorithm : I
B | | B Cout |

| , Part 2 I o

: 1e-{MAJ ], 1 @ Cout | I Ci '
\ln— ——————————— / \ —————————— - /

Step 1 generates an optimized
MA]/NOT-implementation of the desired operation

* L. Amaru et al, “Majority-Inverter Graph: A Novel Data-Structure and Algorithms for Efficient Logic Optimization”, DAC, 2014.

SAFARI 49



SIMDRAM Framework: Step 2

’____~

User Input Step 1: Generate [ Step 2: Generate \ SIMDRAM Output
) ) MA] logic sequenceof |
Desired operation | = i, l
I peration........ DRAM commands | NeWSIMDRAMuProgram
I uProgram :
: | | ACT/PRE H ;
|:> @ I:I'} ACT/PRE I ’v...f.l.l.J.r.f).‘.g.T.C.l.Tf....J...l ................... .
i | | ACT/PRE I Main memory
.................................................................................. I ACT/ACT/PRE groweemmermmssmseseess,
., o0 |1l * Whhon new  tsssssasss >
AND/OR/NOT logic MAJ/NOT logic | done | i, Dbbopnew
]| New SIMDRAM
\ uProgram . .
- = e = - Instruction
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Step 2: uProgram Generation

* uProgram: A series of microarchitectural operations
(e.g., ACT/PRE) that SIMDRAM uses to execute SIMDRAM
operation in DRAM

* Goal of Step 2: To generate the Program that executes
the desired SIMDRAM operation in DRAM

Task 1: Allocate DRAM rows to the operands

Task 2: Generate pProgram
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Step 2: uProgram Generation

* uProgram: A series of microarchitectural operations
(e.g., ACT/PRE) that SIMDRAM uses to execute SIMDRAM
operation in DRAM

* Goal of Step 2: To generate the Program that executes
the desired SIMDRAM operation in DRAM

Task 1: Allocate DRAM rows to the operands

Task 2: Generate pProgram
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Task 1: Allocating DRAM Rows to Operands

* Allocation algorithm considers two constraints specific to
processing-using-DRAM

—
=
=
oly)
D)
—

e ottt tttootae
0000000000000

¢
0000000000000

00000.00.000.
d D PP
h0000000000000

AQAQ QAAAA@

00000000 C
29900020900000

OO 00OV

\ decoder

0
1ad
Tl o
Lo
L ede
22ad
oo
TodL
Toad
oo
1222
1207
1222

subarray organization

SAFARI

Constraint 1:
Limited number of rows
reserved for computation

Compute
rows
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Task 1: Allocating DRAM Rows to Operands

* Allocation algorithm considers two constraints specific to
processing-using-DRAM

2222222222222
1SS S OSS S S S S d:

Constraint 2:

. %h‘."““"""‘”.”’ Destructive behavior
E:j” é’:’:’:’:’:’:’:’:’:’:’:’:’:’: of triple-row activation
0000000000000

sttt IR
QO 00000V OC with MAJ output

subarray organization
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Task 1: Allocating DRAM Rows to Operands

* Allocation algorithm:

* Assigns as many inputs as the number of free compute rows

 All three input rows contain the MA]J output and can be reused

000000000000

000000000000
pmTmmmmEEEEEES v Allocation ............
|l " | algorithm "””......’
: . 299000909092¢
. " S OSSO CSS O SO
" ' 0.00.00.00..

POOVOVVOVOOOE
S -9-9-0-0-0-0-0-0-0-0-0--
Co. S G SGGO O

activation
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Task 1: Allocating DRAM Rows to Operands

Output:

Input: Full Adder Optimized MIG Row-to-operand
allocation
A Cin B A Cin B - v
A | bcco
Cin TO
B T
v2
A T2
Cin T3
B DCC1
v3
Out1 TO
A T
out2 | DCC1
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Task 1: Allocating DRAM Rows to Operands

Input: Full Adder Optimized MIG

A C, B A G, B

SAFARI

- Q.

. Free .
= Rows =

Action

Mapping

Cin B

Output:

Row-to-operand

allocation

v1

DCCO

parent(A) ={}
A — freeRow()

{T0, T1, T2, T3}
{DCCO, DCC1}

TO

W |9 >

T1

v2

T2

(9] PS

B | DCC1

v3

Out1 TO

out2 | bDcc
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Task 1: Allocating DRAM Rows to Operands

Input: Full Adder Optimized MIG

A G B A

Cin

SAFARI

. Free .
= Rows =

Phase 0

Phase 1

A Cin B

22

A Cin B

Action

Mapping

parent(A) ={}
A — freeRow()

{T0, T1, T2, T3}

parent(Ci,) ={}
Cip « freeRow()

{DCC0, DCC1} {DCC1}
CMOTPONER TR PO
A | bcco A | bcco
Ci, Ci T0
B B

@ Level =0

Output:
Row-to-operand
allocation

v1

A DCCO

Cin TO

B T1

v2

A T2

B | DCC1

v3

Out1

TO

T1

out2 | D

CC1
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Task 1: Allocating DRAM Rows to Operands

Input: Full Adder Optimized MIG

A G B A

Cin

(2]
ree

SAFARI

= Rows =

Phase 0

Phase 1

A Cin B A Cln B A Cin B

Action

Mapping

parent(A) ={}
A — freeRow()

parent(Ci,) ={}
Cip « freeRow()

parent(B) = {}
B « freeRow()

{T0, T1, T2, T3}| {T0, T1, T2, T3} | {(T1, T2, T3}
{DCC0, DCC1} {DCC1} {DCC1}
CMOTPONER TR POECNY TORPPPRER
A | bcco A | bcco A | bcco
T Cn| TO Cn| TO
B B B| T
@ Level =0

Output:
Row-to-operand
allocation

v
A DCCO
Cin TO
B T1
v2
A T2

B DCC1
v3
Out1 TO

out2 | bDcc
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Task 1: Allocating DRAM Rows to Operands

Input: Full Adder Optimized MIG

A G B A

Cin

0
ree

SAFARI

Phase 0

Phase 1

A Cin B A Cin B A Cin B A Cin B

: Rows:  Action

Mapping

parent(A) ={}
A — freeRow()

parent(Ci,) ={}
Cip « freeRow()

parent(B) = {}
B « freeRow()

parent(A) ={}
A — freeRow()

{T0, T1, T2, T3}| {T0, T1, T2, T3} | {(T1, T2, T3} {T2, T3}
{DCCO0, DCC1} {DCC1} {DCC1} {DCC1}
LEREESPORE! TEEOE PELEIE TECTECIEECE SRR oLt

A | bcco A | bcco A | bcco Al T2

Cn Cn| TO Cn| TO C

B B B| T B

@ Level =0 5 Next node

Output:
Row-to-operand
allocation

v
A DCCO
Cin TO
B T1
v2
A T2

B DCC1
v3
Out1 TO

out2 | bDcc
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Task 1: Allocating DRAM Rows to Operands

Input: Full Adder Optimized MIG

A G, B A C, B

. Free .
= Rows =

SAFARI

Phase 0

A Cin B A Cin B A Cin B A Cin B

0&9

Action

Mapping

A
parent(A) ={} | parent(Ci,) ={} | parent(B) = {} | parent(A) ={} parent(Out1) ={v1}
A « freeRow() | Cin < freeRow() | B < freeRow() | A — freeRow() map(v1)

//IDCCO, TO, T1
Out1 « TO
{TO, T1, T2, T3} {TO, T1, T2, T3} | {T1, T2, T3} {T2, T3} {}

{DCcCo, DCC1} {DCC1} {DCC1} {DCC1} {}
SREELLECOCLEEES IRRRREL RILLLLLL EECCCEPRECEEES EREEE SARLLLLL B ELCCECEERTEELEEEE
A |bcco A | DbCcco A | DCCo Al T2 out1 | To

Ci Cn| TO Cn| TO Cin A
B B B| T B Out2
@ Level =0 5 Next node ® Leovel =1

Output:
Row-to-operand
allocation

v

A DCCO
Cin TO
B T1
v2

A T2
Cin T3

B DCC1

v3

Out1 TO

out2 | bDcc
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Task 1: Allocating DRAM Rows to Operands

Input: Full Adder Optimized MIG

A B A G,

Cin

ree

SAFARI

H Action

Rows

Mapping

. Output:
Phase 0 Phase 1 Row-to-operand
allocation
= A0, W €0) v
e % = % A | bcco
A Ci B A Chn B A Ch B A Cn B A A Ci TO
parent(A) ={} | parent(Ci,) ={} | parent(B) = {} | parent(A) ={} parent(Out1) ={v1} parent(A) ={} B T
A « freeRow() | Cin < freeRow() | B — freeRow() | A — freeRow() map(v1) A « freeRow{ }
//DCCO. T0. T1 increasePhase() v2
Y restoreFreeRows() A T2
Out1 «— TO redoMapping(v3
e e b b LU0 L)L TR0 aRRING(V3) Co | T3
{TO, T1, T2, T3}J{T0, T1, T2, T3} | {(T1, T2, T3} {T2, T3} {} {T1, T2, T3} B DCC1
{DCCO0, DCC1} {DCC1} {DCC1} {DCC1} 0 {DCCO, DCC1} S
_ v _ v _ v v2 v3 v3 outt To
A | DCCO A | DCCO A | DCCO A T2 Out1| TO Out1| TO A T
Cn Cc,| TO Cn| TO C A AT o
B B B T B Out2 Out2
@ Level =0 5 Next node ® Leovel =1 O Next phase
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Task 1: Allocating DRAM Rows to Operands

Input: Full Adder Optimized MIG
A Cin

A B

Cin

ree
Rows

SAFARI

Phase 0

Phase 1

H Action

Mapping

parent(A) ={} | parent(Ci,) ={} | parent(B) = {} | parent(A) ={} parent(Out1) ={v1} parent(A) ={}
A « freeRow() | Cin < freeRow() | B — freeRow() | A — freeRow() map(v1) A « freeRow{ }
/IDCCO. TO. T1 increasePhase()
Y restoreFreeRows()
Out1 «— TO redoMapping(v3)
{TO, T1, T2, T3}J{T0, T1, T2, T3} | {(T1, T2, T3} {T2, T3} {} {T1, T2, T3}
{DCCo, DCC1} {DCC1} {DCC1} {DCC1} {} {DCCO0, DCC1}
A |bcco A | DbCcco A | DCCo Al T2 out1 | To outt | TO
Cin Cin TO Cin TO Cin A A T1
B B B| T B Out2 out2
@ Level =0 5 Next node ® Leovel =1 O Next phase

= = = > »-» = » ..
out Q> ot o7
A Ch B A C. B A Ch B A Ci B A A

Output:

Row-to-operand

allocation

v1

DCCO

TO

T1

v2

T2

T3

DCC1

v3

Out1

TO

T1

Out2

DCC1
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Step 2: uProgram Generation

* uProgram: A series of microarchitectural operations
(e.g., ACT/PRE) that SIMDRAM uses to execute SIMDRAM
operation in DRAM

* Goal of Step 2: To generate the Program that executes
the desired SIMDRAM operation in DRAM

Task 1: Allocate DRAM rows to the operands

Task 2: Generate pProgram
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Task 2: Generate an initial pProgram

4 -, )
Bo—
e
Cind \L
S / 1. Generate
uProgram

SAFARI
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Task 2: Optimize the pProgram

4 )
A
B Cout
Cin

- J

SAFARI

)

1. Generate
uProgram

Initial pProgram

1. Copy A to reserved row

3. Copy C;, to reserved row

(ACT/ACT/PRE)

2. Copy B to reserved row

(ACT/ACT/PRE)

(ACT/ACT/PRE)

4. Execute MA]
(ACT/PRE)

5. Copy C,,; to destination row

(ACT/PRE)

/

N
L)

2. Optimize



Task 2: Optimize the pProgram

Initial pProgram

1. A to reserved row
(ACT/ACT/PRE)
/ \ 2. B to reserved row
A (ACT/ACT/PRE)
B Cout > 3. C;, toreserved row
Cin (ACT/ACT/PRE)
\ J

. /

L]

2. Optimize
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Task 2: Optimize the pProgram

Initial pProgram

< N

4 )

A

B Cout >

Cin
\ % N

4. Execute MA]
(ACT/PRE)
> Merge
5. Copy C,, to destination row MAJ + row copy

(ACT/PRE) j y

2. Optimize
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Task 2: Optimize the pProgram

Optimized pProgram

- )

1. CopyA B, C,

4 ) to reserved rows Coalesce
A (ACT/ACT/PRE) row copies
B Cout
Cin ll: J

\ J

2. Execute MA] and
copy C,, to destination row

out

Merge
MA]J + row copy

(ACT/ACT/PRE)

\ /

L]

2. Optimize
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Task 2: Generate N-bit Computation

* Final pProgram is optimized and computes the desired
operation for operands of N-bit size in a bit-serial fashion

Optimized pProgram

/ Repeat N times: \

1. CopyA, B, G,

4 ) to reserved rows
A (ACT/ACT/PRE)
B Cout >
Cin

N\ J

2. Execute MAJ] and
copy C,, to destination row
(ACT/ACT/PRE)

. /

T+ 4

2. Optimize 3. Generate N-bit
computation

SAFARI



Task 2: Generate pProgram

* Final pProgram is optimized and computes the desired
operation for operands of N-bit size in a bit-serial fashion

Final pProgram

Stored in a reserved
DRAM region
for future use

A new SIMDRAM
instruction (called bbop)
added to CPU ISA
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SIMDRAM Framework: Step 3

User Input

-------------------------------------------
. ‘e

CN o
--------------------------------------------

AND/OR/NOT logic

User Input

SIMDRAM-enabled application

----------------------------------------------------------
03 *,
o o,

c -
g tS
----------------------------------------------------------

SAFARI

Step 1: Generate Step 2: Generate SIMDRAM Output
MA] logic sequence of
"""""""""""""""""""" " DRAM commands NeWSIMDRAM,uProgram
ACT/PRE > - uProgram :
= | acr/ere A | §
ACT/PRE Main memory
.................................... | e
MAJ/NOT logic dore | | W
uProgram New SIMDRAM
instruction
- —_— —_— —_— —_— —_— —_— —_— —_— —_— —_— —_— N
7 Step 3: Execution according to pProgram \ SIMDRAM Output
l ................................. ] Instruction result
I 5 ACT/PRE I in memory
I ACT/PRE I :“ ...................... ..“
ACT/PRE T i
=) T SHE= -
I ACT/PRE/PRE I - 3
4 ; ......... > .
1 L S— one ' S - E
l Control Unit UProgram 1| < :
\ Memory Controller l D »*
\ —_— —_— _— —_— _— —_— _— —_— _— —_— _— _— /
/2



Step 3: uProgram Execution

« SIMDRAM control unit: handles the execution of the
uProgram at runtime

* Upon receiving a bbop instruction, the control unit:

1. Loads the pProgram corresponding to SIMDRAM operation

2. Issues the sequence of DRAM commands (ACT/PRE) stored
in the uProgram to SIMDRAM subarrays to perform the in-

DRAM operation

User Input Step 3: Execution according to uProgram SIMDRAM Output
SIMDRAM-enabled application ﬂ?lstruction resuN
............................................................. ACT/PRE in memor
ffoo OO { 2 WEOC > .y memer Y.,
ACT/PRE .
IZ() ACT/PRE 1o
: | _bbop_new ACT/ACT/PRE | E
: E N >
done b
A N 1| R — O
............................................................. Control Unit UProgram CC ¥

K Memory Controller j —

SAFARI /3



Step 3: Operation Execution

e The SIMDRAM control unit works as follows:

From @ bbop
cPU FIFO
uProgram
bbop o

Scratchpad PP

1Op 0 1Op 62| uOp 63 uPC

uOp 0 uOp 62| uOp 63

uOp 0 uOp 62| uOp 63

1024 uProgram

SAFARI

1

The CPU sends a bbop to the SIMDRAM control unit

+1

Loop
Counter

uOp Memory

uOp 0

uOp 1

uOp 63

uRegister

uRegister
File

uOp
Proccessing
FSM




Step 3: Operation Execution

e The SIMDRAM control unit works as follows:

Loop
sive | »| Counter —
From 0 bbop Register
cPU = FIFO dst, src_1,src 2, n Pi\ldd 9
ressing
ram
gﬁ{;’ﬁ;ﬁpad 2 L T L Unit ...
y +7 pOp Memory _
uOp 0 uOp 62| uOp 63 1WPC 0p 0 uRegister
uOp 0 #Op 62| uOp 63 10p 1 File
-
uOp 0 uOp 62| uOp 63 1.0p 63
1024 uProgram

SAFARI

Set loop counter to operate on all elements

The bbop is decoded:
uProgram in the pProgram scratchpad

Write sources, destination, and element size into pRegister

Addressing Unit

uOp
Proccessing
FSM

75



Step 3: Operation Execution

e The SIMDRAM control unit works as follows:

Loop
sive | »| Counter —
From o bbop Register
CPU FIFO dst, src_1,src 2, n Pi\ldd 9
ressing
Program
gcraﬁ;hpad 2 L T L Unit ...
y +7 pOp Memory _
uOp 0 uOp 62| uOp 63 1WPC 0p 0 uRegister
uOp 0 #Op 62| uOp 63 10p 1 File
—
#Op 0 #Op 62| uOp 63 1.0p 63
e’ 1024 uProgram 1;

SAFARI

Copy the pProgram to the uOp Memory

uOp
Proccessing
FSM




Step 3: Operation Execution

e The SIMDRAM control unit works as follows:

Loop
sive | »| Counter —
From o bbop Register
cPu™—> FIFO dst, src_1,src_2, n Hheg .
Addressing
L|i‘;Protgrrr:1md 9 bbop.op Unit
cratcnpad — , - uOp Memory ~eq
62
ung uop - ugp Zz uPC 10p 0 i eglster
uOp 0 nop nop #O,D1 9 F|Ie
uOp 0 uOp 62| uOp 63 1.0p 63
e’ 1024 uProgram 1;

The pOp Processing FSM starts decoding uOps

uOp
Proccessing
FSM

SAFARI
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Step 3: Operation Execution

e The SIMDRAM control unit works as follows:

Proccessing

uOp

FSM

Loop
size | »| Counter —
From o bbop Register
cPu—> FIFO dst, src_1,src_2, n HReg )
P - Addressing
rogr .
gcrg’g:r?pad 9 bbop_op unit
y = uOp Memory .
Op 0 62| uOp 63
uop 0 Hop 62 Mop 63 L2 120 0 " Ie:gIISter
uOp uOp 62| uOp e
1 branch #Op 1 9
target
2
uOp 0 uOp 62| uOp 63 .0p 63
e’ 1024 uProgram

The pOp Processing FSM issues sends commands to

the memory controller (uPC is incremented)

@ lTo Memory

Controller
AAP/AP

SAFARI
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Step 3: Operation Execution

e The SIMDRAM control unit works as follows:

Loop 6 en_decrement
size | »| Counter —
i o bbop Register
CPU ™ FIFO dst, src_1,src 2, n Hreg :
P Addressing
g rotg rr? m d @ |bvop_op Unit
— pa = nOp Memory _ nOp
KO 2 - gp Z L2 91 | uPC 1Op 0 IlRle:QI'Ster Proccessing
Op0 p Op 63
uwop U uwop 7'y s ranch 1Op 1 9 e FSM
target
aor 2
#Op 0 e 1Op 62| uOp 63 0P 63
1024 To Memory
| il e 1 Controller
AAP/AP

When done is found in the pProgram,

the loop counter is decremented,
and destination and source addresses shifted
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Step 3: Operation Execution

e The SIMDRAM control unit works as follows:

0 Loop 6 en_decrement
e | »| Counter —
From 0 bbop Register
CPU FIFO dst, src_1,src 2, n HReg .
Sroarar Addressing
gcra’g:h ad @ | ovon_or =L
P e uOp Memory , uOp
ugpg L 22 ugp 3| [ pC P 0 IiRle:QI'Ster Proccessing
- — 1 branch #0p 1 9 "~ bt
target
Op 62
1Op 0 e #Op 62| uOp 63 uOp 63
L 1024 To Memory
“ uProgram 6 1 Controller
AAP/AP

When the loop counter is zero,

the control unit moves to the next bbop in the FIFO
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Outline

4. System Integration

SAFARI
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System Integration

Efficiently transposing data
Programming interface

Handling page faults, address translation,
coherence, and interrupts

Handling limited subarray size

Security implications

Limitations of our framework

SAFARI
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System Integration

Efficiently transposing data
Programming interface

Handling page faults, address translation,
coherence, and interrupts

Handling limited subarray size

Security implications

Limitations of our framework

SAFARI
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Transposing Data

* SIMDRAM operates on vertically-laid-out data

* Other system components expect data to be laid

out horizontally

Challenging to share data between SIMDRAM and CPU
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Transposition Unit

Last-Level Cache

1 |

= Object Tracker | I

g | (0T) I
Horizontal - Vertical : :

) T Vertical - Horizontal

O | e ranspose ... Transbose

IE B P ...................

] T Buffer : ;

8 ranspose Butier: Transpose Buffer !

o D

)] S [

g Store Unit : 1 :

S | — Fetch Unit

F

Memory Controller

SAFARI
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Efficiently Transposing Data

Low impact on the throughput of
SIMDRAM operations
Low area cost (0.06 mm?)
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System Integration

Efficiently transposing data
Programming interface

Handling page faults, address translation,
coherence, and interrupts

Handling limited subarray size

Security implications

Limitations of our framework

SAFARI
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Programming Interface

e Four new SIMDRAM ISA extensions

Type ISA Format
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Programming Interface

e Four new SIMDRAM ISA extensions

Type ISA Format

Initialization bbop trsp init address, size, n
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Programming Interface

e Four new SIMDRAM ISA extensions

Type ISA Format

Initialization bbop trsp init address, size, n

1-Input Operation bbop_op dst, src, size, n
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Programming Interface

e Four new SIMDRAM ISA extensions

Type ISA Format

Initialization bbop trsp init address, size, n
1-Input Operation bbop_op dst, src, size, n

Z-InputOperation bbop op dst, src 1, src 2, size, n
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Programming Interface

e Four new SIMDRAM ISA extensions

Type ISA Format

Initialization bbop trsp init address, size, n
1-Input Operation bbop_op dst, src, size, n
24nput0penﬁkn1 bbop op dst, src 1, src 2, size, n

Predication bbop i1f else dst, src 1, src 2, select,
size, n
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Code Using SIMDRAM Instructions

1 int size = 65536;

2 int elm _size = sizeof (uint8_t);

3 uint8 t *A , *B , *C = (uint8 t *) malloc(size * elm_size);
I uint8 t *pred = (uint8 t *) malloc(size * elm_size);
5 .

6 for (int i = @0; i < size ; ++ i){

7 bool cond = A[i] > pred[i];

8 if (cond)

£l C [i] = A[i] + B[i];

10 else

11 C [i] = A[i] - B [i];

12 }

« C code for vector add/sub
with predicated execution

Equivalent code using
SIMDRAM operations —

SAFARI

O 00 N O UuT » W IN B

10
11

int size = 65536;
int elm_size = sizeof(uint8_ t);
uint8 t *A , *B , *C = (uint8_t *) malloc(size * elm_size);

bbop trsp init(A , size , elm_size);

bbop trsp init(B , size , elm_size);

bbop trsp init(C , size , elm_size);

uint8 t *pred = (uint8_t *) malloc(size * elm_size);

// D, E, F store intermediate data

uint8 t *D , *E = (uint8_ t *) malloc (size * elm_size);
bool *F = (bool *) malloc (size * sizeof(bool));

12 ..

13

14 bbop sub(E , A ,

15
16

bbop add(D , A , , size , elm_size);
, size , elm_size);
pred , size , elm_size);

, E, F, size , elm_size);

bbop greater(F ,
bbop if else(C ,

O > w w
-
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Code Using SIMDRAM Instructions

1 int size = 65536;

2 int elm _size = sizeof (uint8_t);

3 uint8 t *A , *B , *C = (uint8 t *) malloc(size * elm_size);
I uint8 t *pred = (uint8 t *) malloc(size * elm_size);
5 .

6 for (int i = @0; i < size ; ++ i){

7 bool cond = A[i] > pred[i];

8 if (cond)

£l C [i] = A[i] + B[i];

10 else

11 C [i] = A[i] - B [i];

12 }

« C code for vector add/sub
with predicated execution

Equivalent code using
SIMDRAM operations —

SAFARI

O 0NN O U1 A W IN B

10
11

int size = 65536;
int elm_size = sizeof(uint8_ t);
uint8 t *A , *B , *C = (uint8_t *) malloc(size * elm_size);

bbop_trsp_init(A , size , elm_size);

bbop_trsp_init(B , size , elm_size);

bbop_trsp_init(C , size , elm_size);

uint8 t *pred = (uint8_t *) malloc(size * elm_size);

// D, E, F store intermediate data

uint8 t *D , *E = (uint8_ t *) malloc (size * elm_size);
bool *F = (bool *) malloc (size * sizeof(bool));

12 ..

13

14 bbop sub(E , A ,

15
16

bbop add(D , A , , size , elm_size);
, size , elm_size);
pred , size , elm_size);

, E, F, size , elm_size);

bbop greater(F ,
bbop if else(C ,

O > w w
-
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Code Using SIMDRAM Instructions

1 int size = 65536;

2 int elm _size = sizeof (uint8_t);

3 uint8 t *A , *B , *C = (uint8 t *) malloc(size * elm_size);
I uint8 t *pred = (uint8 t *) malloc(size * elm_size);
5 .

6 for (int i = @0; i < size ; ++ i){

7 bool cond = A[i] > pred[i];

8 if (cond)

&) C [i] = A[i] + B[i];

10 else

11 C [i] = A[i] - B [i];

12 }

« C code for vector add/sub
with predicated execution

Equivalent code using
SIMDRAM operations —

SAFARI

O 00 N O UuT » W IN B

10
11

int size = 65536;
int elm_size = sizeof(uint8_ t);
uint8 t *A , *B , *C = (uint8_t *) malloc(size * elm_size);
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Code Using SIMDRAM Instructions

1 int size = 65536;

2 int elm _size = sizeof (uint8_t);

3 uint8 t *A , *B , *C = (uint8 t *) malloc(size * elm_size);
I uint8 t *pred = (uint8 t *) malloc(size * elm_size);
5 .

6 for (int i = @0; i < size ; ++ i){

7 bool cond = A[i] > pred[i];

8 if (cond)

£l C [i] = A[i] + B[i];

10 else

11 C [i] = A[i] - B [i];

12 }
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SIMDRAM operations —
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Code Using SIMDRAM Instructions

1 int size = 65536;

2 int elm _size = sizeof (uint8_t);

3 uint8 t *A , *B , *C = (uint8 t *) malloc(size * elm_size);
I uint8 t *pred = (uint8 t *) malloc(size * elm_size);
5 .

6 for (int i = @0; i < size ; ++ i){

7 bool cond = A[i] > pred[i];

8 if (cond)

£l C [i] = A[i] + B[i];

10 else

11 C [i] = A[i] - B [i];

12 }

« C code for vector add/sub
with predicated execution
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SIMDRAM operations —

SAFARI

O 00 N O UuT » W IN B

10
11

int size = 65536;
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bbop trsp init(C , size , elm_size);

uint8 t *pred = (uint8_t *) malloc(size * elm_size);

// D, E, F store intermediate data

uint8 t *D , *E = (uint8_ t *) malloc (size * elm_size);
bool *F = (bool *) malloc (size * sizeof(bool));

12 ..

13
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16
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Code Using SIMDRAM Instructions

1 int size = 65536;

2 int elm _size = sizeof (uint8_t);

3 uint8 t *A , *B , *C = (uint8 t *) malloc(size * elm_size);
I uint8 t *pred = (uint8 t *) malloc(size * elm_size);
5 .

6 for (int i = @; i < size ; ++ 1i){

7 bool cond = A[i] > pred[i];

8 if (cond)

£l C [i] = A[i] + B[i];

10 else

11 C [i] = A[i] - B [i];

12 }
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bbop trsp init(C , size , elm_size);

uint8 t *pred = (uint8_t *) malloc(size * elm_size);

// D, E, F store intermediate data

uint8 t *D , *E = (uint8_ t *) malloc (size * elm_size);
bool *F = (bool *) malloc (size * sizeof(bool));

12 ..

13

14 bbop sub(E , A ,
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bbop add(D , A , , size , elm_size);
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Code Using SIMDRAM Instructions

1 int size = 65536;

2 int elm _size = sizeof (uint8_t);

3 uint8 t *A , *B , *C = (uint8 t *) malloc(size * elm_size);
I uint8 t *pred = (uint8 t *) malloc(size * elm_size);
5 .

6 for (int i = @0; i < size ; ++ i){

7 bool cond = A[i] > pred[i];

8 if (cond)

&) C [i] = A[i] + B[i];

10 else

11 C [i] = A[i] - B [i];

12 }
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bbop_trsp_init(A , size , elm_size);

bbop_trsp_init(B , size , elm_size);

bbop_trsp_init(C , size , elm_size);

uint8 t *pred = (uint8_t *) malloc(size * elm_size);

// D, E, F store intermediate data

uint8 t *D , *E = (uint8_ t *) malloc (size * elm_size);
bool *F = (bool *) malloc (size * sizeof(bool));

12 ..

13

14 bbop _sub(E , A ,
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16

bbop add(D , A , , size , elm_size);
, size , elm_size);
pred , size , elm_size);
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More in the Paper

SIMDRAM: An End-to-End Framework for
Bit-Serial SIMD Computing in DRAM
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coherence, and interrupts

Handling limited subarray size
Security implications

Limitations of our framework
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Outline
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Methodology: Experimental Setup

* Simulator: gem5

* Baselines:
- A multi-core CPU (Intel Skylake)
- A high-end GPU (NVidia Titan V)
- Ambit: a state-of-the-art in-memory computing mechanism

* Evaluated (all using a DDR4
device):
- 1-bank: SIMDRAM exploits 65’536 SIMD lanes (an 8 kB row
buffer)

- 4-banks: SIMDRAM exploits 262’144 SIMD lanes
- 16-banks: SIMDRAM exploits 1'048’576 SIMD lanes
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Methodology: Workloads

Evaluated:
- Absolute - Predication
- Addition/Subtraction - ReLU
- BitCount - AND-/OR-/XOR-Reduction

- Equality/ Greater/Greater Equal - Division/Multiplication

7 real-world applications
- BitWeaving (databases) - LeNET (Neural Networks)

- TPC-H (databases) - VGG-13/VGG-16 (Neural Networks)
- KNN (machine learning) - brightness (graphics)
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Throughput Analysis
Average normalized throughput across all 16 SIMDRAM

operations
OSIMDRAM - 1Bank  COSIMDRAM - 4 Banks @ SIMDRAM - 16 Banks
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SIMDRAM significantly outperforms
all state-of-the-art baselines for a wide range of operations
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Energy Analysis

Average normalized energy efficiency across all 16
SIMDRAM operations
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SIMDRAM is more energy-efficient than
all state-of-the-art baselines for a wide range of operations
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Real-World Application

Average speedup across 7 real-world applications
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SIMDRAM effectively and efficiently accelerates
many commonly-used real-world applications
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More in the Paper

* Evaluation:
- Reliability
- Data movement overhead
- Data transposition overhead
- Area overhead

- Comparison to in-cache computing
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Outline
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Conclusion

* SIMDRAM: An end-to-end processing-using-DRAM framework
that provides the programming interface, the ISA, and the
hardware support for:

1. Efficiently computing complex operations
2. Providing the ability to implement arbitrary operations as required
3. Using a massively-parallel in-DRAM SIMD substrate

SIMDRAM provides:

and the throughput and 257x and 31x the energy efficiency of a
baseline CPU and a high-end GPU, respectively, for 16 in-DRAM operations

and the performance of the CPU and GPU over seven real-world
applications

* Conclusion: SIMDRAM is a promising PuM framework
* Can ease the adoption of processing-using-DRAM architectures

* Improve the performance and efficiency of processing-using-DRAM

architectures
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