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In	PIM	architectures,	characteristics	of	the	memory	are	exploited	and/or	small	circuits	are	added	to	memory	cells	to	perform	computations.	Figure	4.	The	specific	implementation	approaches	vary	widely	depending	on	the	type	of	memory	technology	used;	however,	the	modifications	are	generally	minimal	to	preserve	the	original	function	of	the	memory
unit	and	meet	area	constraints.	100–113.	Optimizing	power	efficiency	for	3D	stacked	GPU-in-memory	architecture.	In	Proceedings	of	the	2016	53nd	ACM/EDAC/IEEE	Design	Automation	Conference	(DAC),	Austin,	TX,	USA,	5–9	June	2016;	pp.	283–290.	NVM	eliminates	the	reliance	on	charge	memory	and	represents	the	data	as	cell	resistance	values
instead.	Management	policies	are	designed	to	take	advantage	of	these	according	to	the	specific	DCC	design	and	workload.	While	Calibre	normally	does	a	fine	job	converting	PDF	files	we	picked	one	of	the	most	difficult	to	convert	PDFs	we	had	on	hand	to	demonstrate	that	things	don’t	always	go	as	planned.	Given	how	much	Calibre	struggled	with	the
document	we	weren’t	sure	what	to	expect.	IEEE	Comput.	1–2.	[Google	Scholar]	[CrossRef]Mutlu,	O.;	Ghose,	S.;	Gómez-Luna,	J.;	Ausavarungnirun,	R.	It	can	be	noticed	that	when	the	memory	processor	is	capable	of	a	wider	range	of	operations,	compiler-based	techniques	have	to	account	for	aspects	like	bandwidth	saving,	cache-locality,	and
comparative	benefit	analysis	with	the	host	processor	[42]	while	still	working	offline,	which	is	not	easy.	105–117.	For	bandwidth-insensitive	applications,	they	model	a	linear	relationship	between	the	candidate	instruction’s	miss	ratio	(MR),	density	of	host	atomic	instructions	per	memory	region	of	the	application	(	ρ	H	A	),	and	speedup	due	to	offloading
the	candidate	instruction	(	S	U	t	o	t	),	as	shown	in	Figure	11a.	What	if,	indeed.	Although	this	approach	allows	for	greater	consistency	and	control	over	the	execution	of	memory	workloads,	it	burdens	the	programmer	and	relies	on	the	programmer’s	ability	to	annotate	the	correct	instructions.	A	third	application	uses	bitvectors,	a	technique	used	to	store
set	data	using	bits	to	represent	the	presence	of	an	element.	Constants	M1	and	M2	are	machine-specific	and	obtained	using	micro-benchmarking.	1–8.	This	can	lead	to	different	PEs	encountering	different	memory	latencies	when	accessing	operand	data	residing	in	different	memory	vaults.	However,	it	is	costly	and	challenging	to	customize	an
accelerator	for	a	target	workload.	Despite	CAIRO’s	performance	and	energy	improvements,	it	has	its	drawbacks.	Figure	12.	A	1.2V	8Gb	8-channel	128GB/s	high-bandwidth	memory	(HBM)	stacked	DRAM	with	effective	microbump	I/O	test	methods	using	29nm	process	and	TSV.	For	the	optimization	objectives,	performance,	energy,	and	thermals	have
been	targeted	for	PIM	and	NMP	systems.	[Google	Scholar]	[CrossRef]Qureshi,	M.K.;	Franceschini,	M.M.;	Lastras-Montaño,	L.A.	Improving	read	performance	of	phase	change	memories	via	write	cancellation	and	write	pausing.	For	example,	DAC	and	ADC	converters	in	the	implementation	of	a	4-layer	convolutional	neural	network	can	take	up	to	98%	of
the	total	area	and	power	of	the	PIM	system	[69].In	summary,	PIM	designs	typically	allow	for	very	high	internal	data	bandwidth,	greater	energy	efficiency,	and	low	area	overhead	by	utilizing	integral	memory	functions	and	components.	In	Proceedings	of	the	ACM/IEEE	43rd	Annual	International	Symposium	on	Computer	Architecture	(ISCA),	Seoul,
Korea,	18–22	June	2016;	pp.	The	NMP	instruction	PIM_256B_LOAD_DWORD	V_0_2048b_0	[addr]	loads	256	bytes	of	data	starting	at	addr	into	register	0	of	vault	0.	These	factors	have	resulted	in	relatively	simple	DRAM	PIM	designs	that	prevent	entire	applications	from	running	entirely	in	memory.Charge-storage-based	memory	(DRAM)	has	been
encountering	challenges	in	efficiently	storing	and	accurately	reading	data	as	transistor	sizes	shrink	and	operating	frequencies	increase.	In	Proceedings	of	the	16th	Annual	ACM	International	Conference	on	Supercomputing	(ICS),	New	York,	NY,	USA,	22–26	June	2002;	pp.	The	first	stage	checks	whether	it	would	pass	a	time-energy	constraint	(	O	C	T	−
E	)	while	the	second	stage	checks	whether	it	passes	a	time-power	constraint	(	O	C	T	−	P	).	FARM:	A	flexible	accelerator	for	recurrent	and	memory	augmented	neural	networks.	The	survey	identifies	cache	coherence,	virtual	memory	support,	unified	programming	model,	and	efficient	data	mapping	as	contemporary	challenges.	For	more	general
purpose	PEs	and	a	greater	number	of	PEs,	the	offloading	workload	becomes	harder	to	identify	with	human	expertise.One	major	downside	of	code	annotation	approaches	is	that	the	offline	nature	of	code	annotations	prevents	it	from	adapting	to	the	changes	in	the	system’s	state,	i.e.,	the	availability	of	bandwidth,	the	cache	locality	of	target	instructions,
and	power	and	temperature	constraints.	Similar	to	prior	work	[28,32],	it	extends	the	HMC	instructions	and	ALU	to	support	floating-point	operations	without	violating	power	constraints.	This	advantage	is	exploited	by	management	policies	which	map	matrix	vector	multiplication	to	ReRAM	crossbar	arrays	[19,82,83,84,85,86,87,88,89].DCC	systems
require	power	to	be	considered	as	both	a	constraint	and	an	optimization	objective,	motivating	a	range	of	different	management	techniques	from	researchers.	This	has	led	many	to	investigate	offloading	management	techniques	that	are	able	to	identify	low	data	locality	instructions	or	react	to	thermal	emergencies.	[Google	Scholar]	[CrossRef]Asghari-
Moghaddam,	H.;	Son,	Y.H.;	Ahn,	J.H.;	Kim,	N.S.	Chameleon:	Versatile	and	practical	near-DRAM	acceleration	architecture	for	large	memory	systems.	Both	of	these	operations	generate	additional	coherence	traffic,	which	reduces	the	efficiency	of	this	approach.The	main	advantage	of	using	compilers	for	automatic	offloading	over	code	annotation	is	the
minimization	of	programmer	burden.	Figure	8.	In	addition,	the	bandwidth	available	to	intra-vault	communication	is	much	higher	(360	GB/s)	than	that	available	to	inter-vault	communication	(120	GB/s)	[34].	The	issue	is	addressed	reactively	in	[29]	but	more	proactive	and	holistic	resource	management	approaches	are	needed	to	consider	both	thermal-
and	performance-related	objectives	together.Reliability	has	yet	to	be	considered	in	the	management	policies	for	DCC	systems	[59].	The	HMC	module	includes	a	thermal	warning	in	response	packets	whenever	the	surface	temperature	of	the	module	reaches	85	°C.	AEPE:	An	area	and	power	efficient	RRAM	crossbar-based	accelerator	for	deep	CNNs.	In
Proceedings	of	the	IEEE	6th	Non-Volatile	Memory	Systems	and	Applications	Symposium	(NVMSA),	Hsinchu,	Taiwan,	16–18	August	2017;	pp.	If	a	task	passes	the	first	stage,	the	next	stage	is	to	determine	the	impact	of	the	offloading	decision	on	power	consumption.	Similarly,	the	use	of	unproven	and	new	NVM	technologies	that	are	susceptible	to
disturbances	during	non-volatile	programming	brings	some	level	of	uncertainty	at	runtime.	Ambit	accelerates	a	join	and	scan	application	by	6×	on	average	for	different	data	sizes	compared	to	a	baseline	CPU	execution.	GraphQ:	Scalable	PIM-based	graph	processing.	Given	these	instructions,	CAIRO	then	attempts	to	determine	how	much	speedup	can
be	obtained	from	offloading	these	instructions.	204–216.	[Google	Scholar]	[CrossRef]Xia,	L.;	Tang,	T.;	Huangfu,	W.;	Cheng,	M.;	Yin,	X.;	Li,	B.;	Wang,	Y.;	Yang,	H.	However,	all	of	these	surveys	limit	their	discussion	to	the	architecture	and/or	application	of	DCC	systems	and	lack	a	discussion	on	the	management	techniques	of	such	systems.	1–11.	In
Proceedings	of	the	Design,	Automation	Test	in	Europe	Conference	Exhibition	(DATE),	Florence,	Italy,	25–29	March	2019;	pp.	[Google	Scholar]	[CrossRef]Li,	J.;	Wang,	X.;	Tumeo,	A.;	Williams,	B.;	Leidel,	J.D.;	Chen,	Y.	In	Proceedings	of	the	51st	Annual	IEEE/ACM	International	Symposium	on	Microarchitecture	(MICRO),	Fukuoka,	Japan,	20–24	October
2018;	pp.	[Google	Scholar]	[CrossRef]Mittal,	S.	On	the	other	hand,	ASICs	easily	saturate	the	memory	bandwidth	and	become	memory-bound.	It	can	lead	to	high	temperatures,	which	may	result	in	reduced	performance,	unreliable	operation,	and	even	thermal	shutdown.	Similarly,	Ghose	et	al.	217–224.	730–744.	For	a	miss	ratio	of	greater	than	80%,
CAIRO	doubles	the	performance	of	bandwidth-insensitive	CPU	workloads	compared	to	host	execution.	The	two	categories	are	further	divided	based	on	the	type	of	PE	used,	such	as	fixed-function,	reconfigurable,	and	fully	programmable	units.	[24]	activate	multiple	rows	in	a	resistive	memory	sub-array	to	enable	bitwise	logical	operations.
Consequently,	coarse-grained	offloading	is	often	used	in	conjunction	with	programmable	memory	PEs	such	as	CPUs	[71,93]	and	GPUs	[26,27,38,73,74].Although	it	would	be	tempting	to	offload	all	instructions	to	the	PIM	or	NMP	system	and	eliminate	most	data	movements	to/from	the	host	processor,	there	are	significant	barriers	to	doing	so.	Ultra-
efficient	processing	in-memory	for	data	intensive	applications.	Commun.	When	you	consider	how	few	conversions	Calibre	doesn’t	properly	handle	and	how	few	books	we’d	need	to	actually	send	through	the	K2pdfopt	image-based	conversion	process,	though,	it’s	not	a	bad	trade	off.	Many	PIM	systems	leverage	memory	characteristics	to	enable	bulk
bitwise	operations,	but	other	types	of	operations	cannot	be	directly	mapped	onto	the	in-memory	compute	fabric.	1–6.	When	there	is	positive	speedup	(	S	U	t	o	t	>	0	),	CAIRO’s	compiler	heuristic	offloads	the	instruction	to	the	HMC.On	the	other	hand,	bandwidth-sensitive	applications	can	also	experience	additional	speedup	by	utilizing	the	extra	memory
bandwidth	due	to	offloading	atomic	instructions.	GraphH:	A	processing-in-memory	architecture	for	large-scale	graph	processing.	[Google	Scholar]	[CrossRef]Zidan,	M.A.;	Jeong,	Y.;	Shin,	J.H.;	Du,	C.;	Zhang,	Z.;	Lu,	W.D.	Field-programmable	crossbar	array	(FPCA)	for	reconfigurable	computing.	Several	properties	of	graph	workloads	make	HMC-based
NMP	a	perfect	choice	to	accelerate	execution.	In	other	words,	the	decision	to	offload	an	atomic	instruction	depends	on	how	often	it	misses	in	cache	and	how	much	cache	is	believed	to	be	available	to	it.	Computer	1995,	28,	23–31.	PolyBench/C	4.1.	SourceForge.	[Google	Scholar]	[CrossRef]Bhosale,	S.;	Pasricha,	S.	Additionally,	it	is	based	on	strict
assumptions	about	the	system	dynamics	derived	from	profiling	characteristic	applications.	However,	high	frequency	of	offloading	can	cause	the	memory	chip	to	overheat	and	lead	to	a	complete	shutdown.	The	end	result	is	a	new	PDF	file	that	is	really	true	to	the	original	document	and	free	from	odd	OCR	blunders	(as	it	doesn’t	attempt	to	convert	or
reflow	the	text).	2017,	49,	44–53.	Kim	et	al.	2015,	14,	115–118.	To	enable	AND	and	OR	operations	in	DRAM,	Ambit	proposes	triple	row	activation	(TRA).	Similarly,	for	miss	ratios	lower	than	M	i	s	s	R	a	t	i	o	L	,	the	instruction	will	not	be	offloaded.	Figure	1	shows	an	example	TRA	where	cells	A	and	B	correspond	to	the	operands	(A	is	zero	and	B	is	one)
while	cell	C	is	initialized	to	one	to	perform	an	OR	operation	➊.	The	literature	is	classified	based	on	the	type	of	operations	performed,	such	as	Boolean	operations,	addition,	and	multiplication.	In	short,	the	compiler	performs	four	functions:	(1)	identify	operations	with	large	vector	sizes,	(2)	set	these	operations’	vector	size	to	a	supported	RVU	vector	size,
(3)	check	for	data	dependencies	with	previously	executed	instructions	and	map	instructions	to	the	same	vector	unit	as	the	previous	instructions,	and	(4)	create	the	binary	code	for	execution	on	the	NMP	system.	564–569.	680–689.	A	load	balancing	inspired	optimization	framework	for	exascale	multicore	systems:	A	complex	networks	approach.	1–24.
This	process	is	represented	in	Figure	16.The	first	stage	starts	by	profiling	the	application	for	the	number	of	L2	misses	per	instruction	(L2MPI)	and	the	number	of	cycles	L1	was	stalled	due	to	a	request	to	L2	(L1S).	The	available	bandwidth	for	communication	between	different	HMC	modules	is	even	lower	at	6	GB/s.	The	hardware-based	control	is
achieved	by	adding	a	hardware	component	to	the	system	which	can	replace	NMP-enabled	instructions	with	their	CUDA	counterparts	during	the	decoding	process.	[Google	Scholar]	[CrossRef]Gao,	F.;	Tziantzioulis,	G.;	Wentzlaff,	D.	Data	access	optimization	in	a	processing-in-memory	system.	PRIMO	code	generation	[92].	Using	K2pdfopt	is	a	snap.	Res.
The	selection	of	PEs	has	a	significant	impact	on	the	throughput,	power,	area,	and	types	of	computations	that	the	PE	can	perform.	[Google	Scholar]	[CrossRef]Seshadri,	V.;	Hsieh,	K.;	Boroum,	A.;	Lee,	D.;	Kozuch,	M.A.;	Mutlu,	O.;	Gibbons,	P.B.;	Mowry,	T.C.	Fast	bulk	bitwise	AND	and	OR	in	DRAM.	GraphR:	Accelerating	graph	processing	using	ReRAM.
Offloading	using	compilers	also	has	the	potential	to	outperform	manual	annotation	by	better	selecting	offloading	workloads	[30].	[Google	Scholar]	[CrossRef]Thakkar,	I.G.;	Pasricha,	S.	For	example,	when	atomic	operations	are	offloaded	to	HMC,	it	reduces	the	energy	per	instruction	and	memory	stalls	compared	to	host	execution	[28,29,32].	However,
the	process	is	not	always	simple,	especially	when	the	memory-side	processors	offer	a	range	of	computation	options,	each	resulting	in	different	performance	and	energy	costs.	Active	memory	cube:	A	processing-in-memory	architecture	for	exascale	systems.	Efficient	query	processing	in	crossbar	memory.	MPIM:	Multi-purpose	in-memory	processing
using	configurable	resistive	memory.	[5]	focus	on	the	historical	evolution	of	DCC	systems	from	minimally	changed	DRAM	chips	to	advanced	3D-stacked	chips	with	multiple	processing	elements	(PEs).	These	accelerators	are	highly	specialized	in	their	execution,	which	allows	them	to	achieve	much	greater	throughput	than	general	purpose	processors	for
the	same	area	and	power	budget.	When	NVM	cells	are	read,	cell	resistances	are	compared	to	reference	values	to	ascertain	the	value	of	the	stored	bit,	i.e.,	if	the	measured	resistance	is	within	a	preset	range	of	low	resistance	values	(	R	l	o	w	),	the	cell	value	read	is	a	logical	“1”,	whereas	a	cell	resistance	value	within	the	range	of	high	resistance	values	(
R	h	i	g	h	)	is	read	as	a	logical	“0”.	Offloading	can	be	performed	at	different	granularities,	e.g.,	instructions	(including	small	groups	of	instructions)	[1,13,16,19,24,25,28,32,37,39,40,42,57,91,92],	threads	[71],	Nvidia’s	CUDA	blocks/warps	[27,29],	kernels	[26],	and	applications	[38,41,73,74].	[Google	Scholar]	[CrossRef]Hadidi,	R.;	Nai,	L.;	Kim,	H.;	Kim,
H.	Practically,	the	different	system	components	may	interact	in	a	variety	of	unpredictable	ways,	breaking	the	assumption	of	stationarity.PIM	and	NMP	architectures	have	the	potential	to	significantly	reduce	the	memory	wall	and	enable	future	big	data	applications.	[9]	survey	the	use	of	spintronic	memory	technology	to	design	basic	logic	gates	and
arithmetic	units	for	use	in	PIM	operations.	[Google	Scholar]Pattnaik,	A.;	Tang,	X.;	Jog,	A.;	Kayiran,	O.;	Mishra,	A.K.;	Kandemir,	M.T.;	Mutlu,	O.;	Das,	C.R.	Scheduling	techniques	for	GPU	architectures	with	processing-in-memory	capabilities.	The	underlying	idea	is	that	offloading	an	atomic	instruction	will	inherently	save	link	bandwidth	when	cache-
bypassing	is	active	for	all	atomic	instructions	regardless	of	host	or	memory-side	execution.	[Google	Scholar]Kim,	Y.-B.;	Chen,	T.	In	contrast,	DRAM	requires	multiple	loads/stores	and	computation	steps	to	perform	the	same	operation.	NeuroMem:	Analog	graphene-based	resistive	memory	for	artificial	neural	networks.	[Google	Scholar]
[CrossRef]Seshadri,	V.;	Kim,	Y.;	Fallin,	C.;	Lee,	D.;	Ausavarungnirun,	R.;	Pekhimenko,	G.;	Luo,	Y.;	Mutlu,	O.;	Gibbons,	P.B.;	Kozuch,	M.A.;	et	al.	In	Proceedings	of	the	Workshop	on	INTelligent	Embedded	Systems	Architectures	and	Applications	(INTESA),	Turin,	Italy,	4	October	2018;	pp.	Overview	of	the	offloading	policy	used	in	[38].	However,	if	a
thermal	warning	is	encountered,	the	token	pool	is	decremented,	which	effectively	decreases	the	total	number	of	blocks	that	can	be	offloaded	to	the	memory	PE.On	the	other	hand,	the	hardware-based	throttling	technique	controls	the	number	of	warps	per	block	that	are	offloaded	to	the	memory	PE	as	a	reaction	to	the	thermal	warning	interrupt.	133–
136.	Further	complications	arise	when	multiple	general	purpose	processor	options	exist	near	memory	as	runtime	conditions	become	a	significant	factor	in	exploiting	the	benefits	of	memory-side	multi-core	processing	[27].CAIRO	uses	an	HMC-based	NMP	architecture	to	accelerate	graph	processing	using	bandwidth-	and	locality-aware	offloading	of
HMC	2.0’s	atomic	instructions	using	a	profiler-based	compiler.	This	can	happen	because	of	variation	in	state	variables	such	as	available	memory	bandwidth,	locality	of	memory	accesses,	resource	contention,	and	the	relative	capabilities	of	memory	and	host	processors.	However,	application-specific	memory	access	patterns,	power	and	thermal
concerns,	memory	technology	limitations,	and	inconsistent	performance	gains	complicate	the	offloading	of	computation	in	DCC	systems.	In	Proceedings	of	the	IEEE	International	Conference	on	Embedded	Software	and	Systems	(ICESS),	Las	Vegas,	NV,	USA,	2–3	June	2019;	pp.	Over	the	past	few	years,	researchers	have	proposed	various	memory
architectures	that	enable	DCC	systems,	such	as	logic	layers	in	3D-stacked	memories	or	charge-sharing-based	bitwise	operations	in	dynamic	random-access	memory	(DRAM).	288–301.	Similarly,	a	reconfigurable	unit	may	require	reconfiguration	before	execution	can	begin	on	the	offloaded	workload	[41].Finally,	the	selection	of	the	PE	can	be	motivated
by	load	balancing,	especially	in	graph	processing,	where	workloads	are	highly	unstructured,	e.g.,	when	multiple	HMC	modules	are	used	for	graph	processing	acceleration.	Finally,	decisions	may	involve	timing	offloads,	i.e.,	when	to	offload	workloads.The	identification	of	offloading	workloads	concerns	the	selection	of	single	instructions	or	groups	of
instructions	which	are	suitable	for	execution	on	a	memory-side	processor.	We	dove	in	deeper,	Inception-style,	and	performed	a	test	just	as	you	requested.	1–4.	[Google	Scholar]	[CrossRef]Umesh,	S.;	Mittal,	S.	The	task	of	offloading	is	facilitated	by	the	programmer	selecting	portions	of	code	by	using	macros	PIM_begin	and	PIM_end,	where	the	main
goal	of	the	policy	is	to	reduce	coherence	traffic	between	the	host	and	memory	PE.	Such	refresh	operations	lead	to	higher	memory	access	latency	and	energy	consumption.	Enabling	practical	processing	in	and	near	memory	for	data-intensive	computing.	These	cores	are	usually	trimmed	down	(fewer	computation	units,	less	complex	cache	hierarchies
without	L2/L3	caches,	or	lower	operating	frequencies)	from	their	conventional	counterparts	due	to	power,	area,	and	thermal	constraints.	CAIRO:	A	compiler-assisted	technique	for	enabling	instruction-level	offloading	of	processing-in-memory.	In	fact,	with	a	passive	heatsink,	HMCs	cannot	operate	at	their	maximum	bandwidth,	even	without	PIM	and
NMP	(see	Figure	14)	[29,100].	2019,	38,	640–653.	Processing-in-memory	enabled	graphics	processors	for	3D	rendering.	Microprocess.	Ambit	[1]	extends	the	ISA	to	include	a	bulk	bitwise	operation	(bbop)	instruction	for	computation	which	will	be	offloaded	to	PIM.	2017,	16,	123–126.	417–433.	[Google	Scholar]	[CrossRef]Pattnaik,	A.;	Tang,	X.;	Kayiran,
O.;	Jog,	A.;	Mishra,	A.;	Kandemir,	M.T.;	Sivasubramaniam,	A.;	Das,	C.R.	Opportunistic	computing	in	GPU	architectures.	In	the	following	sections,	we	discuss	the	different	PE	and	memory	types	that	have	been	explored	for	NMP	systems.Many	different	PE	types	have	been	proposed	for	NMP	designs.	For	example,	a	commercial	NMP	chip	called	UPMEM
implemented	a	custom	core	into	conventional	DRAM	memory	chips	and	achieved	25×	better	performance	for	genomic	applications	and	10×	better	energy	consumption	in	an	Intel	x86	server	compared	to	an	Intel	x86	server	without	UPMEM	[4].Both	PIM	and	NMP	systems	have	the	potential	to	speed	up	application	execution	by	reducing	data
movements.	The	power	model	for	estimating	the	task’s	power	consumption	in	NMP	execution	is	based	on	several	assumptions.	In	Proceedings	of	the	IEEE	International	Parallel	and	Distributed	Processing	Symposium	(IPDPS),	New	Orleans,	LA,	USA,	18–22	May	2020;	pp.	Beyond	DRAM,	researchers	have	also	demonstrated	similar	PIM	capabilities	by
leveraging	the	unique	properties	of	emerging	non-volatile	memory	(NVM)	technologies	such	as	resistive	RAM	(ReRAM),	spintronic	memory,	and	phase-change	memory	(PCM).	(VLSI)	Syst.	1–7.	Similarly,	library	extensions	provide	compact	functions	for	ease	of	use	and	readability.Case	Study	1:	Ambit—In-Memory	Accelerator	for	Bulk	Bitwise
Operations	Using	Commodity	DRAM	TechnologyBulk	bitwise	operations	like	AND	and	OR	are	increasingly	common	in	modern	applications	like	database	processing	but	require	high	memory	bandwidth	on	conventional	architectures.	210–223.	For	example,	PIM-enabled	instructions	(PEI)	[28]	extends	the	host	ISA	with	new	PIM-enabled	instructions	to
allow	programmers	to	specify	possible	offloading	candidates	for	PIM	execution.	B	W	r	e	g	and	B	W	o	f	f	l	o	a	d	are	estimated	using	hand-tuned	equations	based	on	last-level	cache	(LLC)	hit	ratios,	the	packet	size	of	offloading	an	instruction,	and	the	number	of	instructions	(more	details	in	[42]).	When	executed	on	a	host	processor,	these	workloads	can
avoid	excessive	DRAM	accesses	and	utilize	the	faster,	more	energy	efficient	on-chip	cache.	[Google	Scholar]	[CrossRef]Zhang,	M.;	Zhuo,	Y.;	Wang,	C.;	Gao,	M.;	Wu,	Y.;	Chen,	K.;	Kozyrakis,	C.;	Qian,	X.	(a)	Speedup	given	the	host	atomic	instructions	per	memory	region	(	ρ	H	A	)	and	its	miss	ratio.	J.	Offloading	to	memory	uses	off-chip	communication
from	the	host	processor	to	the	memory	as	an	essential	step	to	convey	the	workload	for	execution.	757–763.	An	overview	of	application-specific	architectures	is	also	included.	Large	margins,	multiple	columns,	and	other	formatting	choices	that	aren’t	such	a	big	deal	when	the	document	in	printed	on	8.5×11	paper	or	displayed	on	a	20″	monitor	render
the	document	almost	unreadable	when	loaded	into	an	e-reader	with	a	6″	screen.	An	example	of	an	OR	operation	being	performed	on	DRAM	cells	A	and	B	using	charge-sharing	in	triple-row	activation	[1].	HMC	enables	a	high	level	of	memory	parallelism	by	using	a	multiple	vault	and	bank	structure.	Example	of	AND	and	OR	operations	in	memory	that
use	resistance-based	memory	cells.	Using	NVM	can	eliminate	the	cell	refresh	energy	consumption	in	DRAM,	due	to	the	inherent	non-volatility	in	NVMs.	In	addition,	NVMs	that	use	an	MCA	architecture	can	better	facilitate	the	matrix	multiplication	operation,	requiring	only	one	step	to	calculate	the	product	of	two	matrices.	While	an	increase	in	the
heuristic’s	complexity	is	expected	to	produce	better	offloading	decisions	and	performance	improvement,	it	is	necessary	that	runtime	overhead	remains	manageable.	Overview	of	CoolPIM	[29].	By	default,	all	atomic	instructions	are	considered	as	offloading	candidates	and	all	data	for	these	instructions	are	marked	uncacheable	using	a	cache-bypassing
policy	from	[32].	The	authors	do	note	that,	for	exceptional	cases,	CAIRO	would	need	the	programmer/vender	to	specify	the	application’s	bandwidth	sensitivity.Given	the	application’s	bandwidth	sensitivity,	CAIRO	uses	two	different	analytical	models	to	estimate	the	potential	speedup	of	offloading	instructions.	Fourthly,	the	partitioning	of	memory
arrays	into	vaults	enables	superior	memory-level	parallelism.Resistive	memory	in	its	memristive	crossbar	array	(MCA)	configuration	can	significantly	accelerate	matrix	multiply	operations	commonly	found	in	neural	network,	graph,	and	image	processing	workloads	[19,82,83,84,85,86,87,88,89].	Like	code	annotation,	this	is	an	offline	mechanism	and
avoids	hardware	and	runtime	overhead.	A	review	of	near-memory	computing	architectures:	Opportunities	and	challenges.	[Google	Scholar]	[CrossRef]Li,	S.;	Xu,	C.;	Zou,	Q.;	Zhao,	J.;	Lu,	Y.;	Xie,	Y.	Thermal-aware	processing-in-memory	instruction	offloading.	For	example,	[1]	takes	advantage	of	dynamic	random-access	memory’s	(DRAM)	charge	sharing
property	to	perform	bitwise	PIM	operations	(e.g.,	AND	and	OR)	by	activating	multiple	rows	simultaneously.	Pinatubo:	A	processing-in-memory	architecture	for	bulk	bitwise	operations	in	emerging	non-volatile	memories.	A	Resistive	CAM	Processing-in-Storage	Architecture	for	DNA	Sequence	Alignment.	In	this	manner,	MCA	is	able	to	perform	the
matrix	multiplication	operation	in	just	one	step.While	the	choice	of	a	PE	and	memory	type	are	important	factors	in	determining	the	advantages	of	an	NMP	system	over	a	PIM	system,	some	features	are	shared	by	most	NMP	designs.	However,	similar	to	code	annotation,	this	results	in	a	fixed	policy	of	offloads	suited	in	particular	to	simple	fixed-function
memory	accelerators	which	are	relatively	unconstrained	by	power	and	thermal	limits	[39,92].	ISAAC:	A	convolutional	neural	network	accelerator	with	in-situ	analog	arithmetic	in	crossbars.	In	Proceedings	of	the	ACM/IEEE	42nd	Annual	International	Symposium	on	Computer	Architecture	(ISCA),	Portland,	OR,	USA,	13–17	June	2015;	pp.	While
CoolPIM	manages	to	do	this,	it	does	not	consider	data	locality	and	bandwidth	saving	while	making	offloading	decisions.	However,	in	the	region	between	M	i	s	s	R	a	t	i	o	H	and	M	i	s	s	R	a	t	i	o	L	,	additional	bandwidth	saving	analysis	is	performed	before	making	the	offloading	decision.	We’re	interested	to	hear	about	it	so	shoot	us	an	email	at
tips@howtogeek.com	or	sound	off	about	it	in	the	comments	here.	In	Proceedings	of	the	57th	Annual	Design	Automation	Conference	(DAC)	Virtual	DAC,	20–24	July	2020;	p.	In	Proceedings	of	the	22nd	Euromicro	Conference	on	Digital	System	Design	(DSD),	Kallithea,	Greece,	28–30	August	2019;	pp.	Like	every	management	policy,	the	management	of
DCC	systems	can	be	divided	into	three	main	ideas:	(1)	defining	the	optimization	objectives,	(2)	identifying	optimization	knobs	or	the	parts	of	the	system	that	the	policy	can	alter	to	achieve	its	goals,	and	(3)	defining	a	management	policy	to	make	the	proper	decisions.	Ambit	[1]	uses	a	2D-DRAM-based	PIM	architecture	for	accelerating	these	operations
using	the	high	internal	memory	bandwidth	in	the	DRAM	chip.	Therefore,	designing	intelligent	resource	management	techniques	for	computation	offloading	is	vital	for	leveraging	the	potential	offered	by	this	new	paradigm.	In	Proceedings	of	the	49th	Annual	IEEE/ACM	International	Symposium	on	Microarchitecture	(MICRO),	Taipei,	Taiwan,	15–19
October	2016;	pp.	Similarly,	Transparent	Offloading	and	Mapping	(TOM)	[27]	requires	the	programmer	to	identify	sections	of	CUDA	code	as	candidate	offloading	blocks.	Figure	5.	In	this	survey,	unlike	prior	surveys,	we	therefore	focus	on	exploring	the	landscape	of	management	techniques	that	control	the	allocation	of	resources	according	to	the
optimization	objectives	and	constraints	in	a	DCC	system.	Similarly,	[97]	uses	compiler	and	profiling	techniques	to	map	operations	to	PEs	that	minimize	data	movement	between	memory	vaults	in	a	3D-stacked	HMC.DCC	architectures	have	demonstrated	tremendous	potential	for	energy	efficiency	due	to	a	reduction	in	expensive	off-chip	data	movement,
the	use	of	energy-efficient	PEs,	or	by	using	NVM	instead	of	leakage-prone	DRAM.	A	compiler	for	automatic	selection	of	suitable	processing-in-memory	instructions.	We	also	picked	a	really	hard	to	convert	PDF	so	that	we	could	in	turn	show	off	the	next	tool	in	our	tutorial,	K2pdfopt.	696–707.	Although	the	direct	goal	of	PIM/NMP	systems	is	to	reduce
data	movement	between	the	host	and	memory,	the	optimization	objectives	are	better	expressed	as	performance	improvement	[1,13,16,19,22,24,25,31,32,37,38,39,40,41,57,59,71,72,73,75,92,96],	energy	efficiency	[38,73,91],	and	thermal	feasibility	[29]	of	the	system.DCC	architectures	provide	excellent	opportunities	for	improving	performance	by
saving	memory	bandwidth,	avoiding	cache	pollution,	exploiting	memory	level	parallelism,	and	using	special	purpose	accelerators.	Figure	7.	Thus,	unlike	DRAM,	such	memories	store	data	in	a	non-volatile	manner.	Section	3	discusses	various	PIM/NMP	design	considerations.	Additionally,	we	discuss	the	future	challenges	and	opportunities	in	DCC
management.	Converting	Optimizing	PDF	files	using	K2pdfopt	First,	we	want	to	give	a	big	thanks	to	Abhijeet	at	Guiding	Tech;	we’d	been	looking	for	a	tool	like	this	and	he	tipped	us	off	at	just	the	right	time.	For	these	techniques	to	work,	the	programmer	must	manually	identify	offloading	workloads	based	on	their	expert	knowledge	of	the	underlying
execution	model	while	ensuring	the	efficient	use	of	the	memory	module’s	processing	resources.	Other	applications	that	have	been	shown	to	benefit	from	NVM	PIM	include	data	search	operations	[67,68]	and	graph	processing	[57].A	significant	drawback	of	using	NVM	for	PIM	is	area	overhead.	To	accomplish	their	goals,	the	authors	divide	the	heuristic
into	two	stages:	the	first	stage	determines	if	the	decision	meets	a	time-energy	constraint	(	O	C	T	−	E	),	and	if	it	passes,	the	second	stage	will	determine	if	it	passes	a	time-power	constraint	(	O	C	T	−	P	).	There	is	no	analysis	of	the	impact	of	reliability	concerns	in	emerging	NVM	substrates	or	DRAM	cells	on	the	efficacy	of	PIM/NMP	offloading	strategies.
[Google	Scholar]	[CrossRef]Nai,	L.;	Hadidi,	R.;	Xiao,	H.;	Kim,	H.;	Sim,	J.;	Kim,	H.	Good	call,	Marcus!	The	extra	step	only	adds	a	few	minutes	to	the	process	and	really	tidies	things	up.	The	software-based	throttling	technique	controls	the	number	of	HMC-enabled	blocks	that	execute	on	the	GPU	using	a	thermal	warning	interrupt	from	the	HMC.
However,	it	has	been	demonstrated	that	naïve	use	of	these	DCC	systems	can	run	into	thermal	issues	and	even	reduce	the	performance	of	the	overall	system.	For	fixed-function	accelerators	like	vector	processors	[92]	and	stencil	processors	[39],	the	compiler’s	primary	job	is	to	identify	instructions	that	can	be	offloaded	to	the	memory	PE	and	configure
the	operations	(e.g.,	vector	size)	to	match	the	PE’s	architecture.	[Google	Scholar]	[CrossRef]Kaplan,	R.;	Yavits,	L.;	Ginosar,	R.;	Weiser,	U.	For	example,	an	atomic	unit	for	executing	atomic	instructions	is	used	as	the	PE	in	[32];	then,	the	offloading	candidates	are	all	atomic	instructions.	We	discuss	the	existing	works	in	each	of	the	three	categories	in	the
following	sections.Code	annotation	is	a	simple	and	cost-effective	way	to	identify	offloading	workloads	with	the	programmer’s	help.	Figure	13b,c	compare	the	compiled	version	of	the	kernel	for	an	x86	AVX-512	capable	processor	and	an	NMP	architecture,	respectively.	2–13.	In	Proceedings	of	the	ACM/IEEE	46th	Annual	International	Symposium	on
Computer	Architecture	(ISCA),	Phoenix,	AZ,	USA,	22–26	June	2019;	pp.	Hence,	a	promising	direction	is	to	leverage	the	DCC	approach	to	empower	IoT	devices	to	process	data	locally	to	improve	privacy	and	reduce	latency.Heterogenous	manycore	architectures	running	multi-threaded	applications	result	in	complex	task	mapping,	load	balancing,	and
parallelization	problems	due	to	the	different	PEs.	Recently,	complex	network	theory,	originally	inspired	by	social	networks,	has	been	successfully	applied	to	the	analysis	of	instruction	and	data	dependency	graphs	and	identification	of	“clusters”	of	tasks	to	optimally	map	instructions	to	PEs	[103].	We	transferred	it	to	the	device	to	get	a	real	sense	of	how
it	looked	on	the	page.	This	indicates	that,	while	multi-threaded	(MT)	and	SIMD	cores	allow	flexibility,	they	cannot	take	advantage	of	all	the	available	bandwidth.	In	Proceedings	of	the	30th	International	Conference	on	Architecture	of	Computing	Systems	(ARCS),	Vienna,	Austria,	3–6	April	2017;	pp.	185–197.	Figure	3.	(b)	A	memristive	crossbar	array
implementing	the	weighted	sum	between	inputs	xi	(mapped	to	wordline	voltages	Vi)	and	weights	wi	(mapped	to	cell	conductance	Gi)	[90].	In	practice,	this	operation	is	carried	out	on	many	bitlines	simultaneously	to	perform	bulk	AND	or	OR	operations.	In	Proceedings	of	the	Twenty-Fifth	International	Conference	on	Architectural	Support	for
Programming	Languages	and	Operating	Systems	(ASPLOS),	Lausanne,	Switzerland,	16–20	March	2020;	pp.	2019,	34,	339–371.	Even	in	NMP	systems	that	utilize	cores	with	full	instruction	set	architecture	(ISA)	support,	performing	computation	in	the	3D	memory	stack	can	create	high	power	densities	and	thermal	challenges.	Converting	Using	Calibre
Calibre	is	an	awesome	and	open	source	ebook	management	tool.	[Google	Scholar]	[CrossRef]Tsai,	P.-A.;	Chen,	C.;	Sanchez,	D.	3M-PCM:	Exploiting	multiple	write	modes	MLC	phase	change	main	memory	in	embedded	systems.	Similar	to	the	bandwidth-insensitive	case,	CAIRO’s	compiler	heuristic	offloads	the	instruction	when	the	calculated	speedup	is
greater	than	0.	We	highlight	the	three	types	of	PEs	below.Fixed-function	accelerators:	Fixed-function	accelerator	PEs	are	ASICs	designed	with	support	for	a	reduced	set	of	operations	to	speed	up	a	particular	application	or	task—for	example,	graph	processing	[8,32,57].	This	eliminates	the	need	to	copy	data	to	special	rows	before	operating	on	them,	as
done	in	DRAM-based	PIM	solutions.Besides	conventional	logical	operations,	NVM	PIM	has	also	proven	particularly	useful	for	accelerating	neural	network	(NN)	computations	[9,10].	If	all	tests	are	passed,	the	task	is	offloaded	to	the	memory-side	GPU.This	technique	comprehensively	considers	the	energy,	power,	and	performance	aspects	of	offloading
to	power	constrained	NMP	systems.	Very	Large	Scale	Integr.	608–617.	In	Proceedings	of	the	36th	Annual	International	Symposium	on	Computer	Architecture	(ISCA),	Austin,	TX,	USA,	20–24	June	2009;	pp.	The	benefits	would	rely	heavily	on	the	programmer’s	expertise	as	the	programmer	would	still	need	to	identify	and	specify	which	bitvectors	are
likely	to	be	involved	in	these	bitwise	operations.	The	main	advantage	of	using	these	general	purpose	computing	cores	is	flexibility	and	programmability.	IBM	J.	Livia:	Data-centric	computing	throughout	the	memory	hierarchy.	Therefore,	CAIRO	considers	bandwidth	savings	due	to	offloading	in	addition	to	the	miss	ratio	and	density	of	atomic
instructions.	Multi-Scale	Comput.	With	an	increase	in	the	architectural	design	complexity,	we	believe	that	the	management	techniques	for	DCC	systems	have	become	an	important	research	area.	Figure	13.	[Google	Scholar]	[CrossRef]Chi,	P.;	Li,	S.;	Xu,	C.;	Zhang,	T.;	Zhao,	J.;	Liu,	Y.;	Wang,	Y.;	Xie,	Y.	A	case	for	intelligent	RAM.	The	additional	system
awareness	not	only	improves	the	offloading	decisions	to	better	realize	the	benefits	of	NMP	but	also	develops	a	more	proactive	approach	to	management.	TRA	implements	bulk	AND	and	OR	operations	by	activating	three	DRAM	rows	simultaneously	and	taking	advantage	of	DRAM’s	charge	sharing	nature	(discussed	in	detail	in	Section	3.1.1).	In	fact,
NMP	designs	prefer	3D-DRAM	over	2D-DRAM	due	to	several	reasons.	Therefore,	controlling	the	execution	of	offloaded	workloads	becomes	important.	[Google	Scholar]	[CrossRef]Sura,	Z.;	O’Brien,	K.;	Nair,	R.;	Jacob,	A.;	Chen,	T.;	Rosenburg,	B.;	Sallenave,	O.;	Bertolli,	C.;	Antao,	S.;	Brunheroto,	J.;	et	al.	Depending	on	the	computation	capability	of	the
available	processor,	the	identification	of	offloading	workloads	can	be	accomplished	in	many	ways.	For	example,	[1,16,23]	use	a	technique	called	charge	sharing	to	enable	bulk	AND	and	OR	operations	completely	inside	memory.	Hence,	in	a	resource	constrained	PIM/NMP	system,	naively	offloading	all	offloading	candidates	can	lead	to	degraded
performance	as	well	as	power/thermal	violations.	CAIRO’s	performance	estimation	for	bandwidth	insensitive	applications:	for	miss	ratios	between	M	i	s	s	R	a	t	i	o	L	and	M	i	s	s	R	a	t	i	o	H	,	additional	bandwidth	saving	analysis	is	performed	before	making	the	decision	to	offload	[42].	316–331.	Next,	the	n-wordline,	which	connects	the	negated	cell	value
from	the	sense	amplifier	to	the	dual-contact	cell	capacitor	is	activated,	which	allows	the	capacitor	to	store	the	negated	value.	PIMS:	A	lightweight	processing-in-memory	accelerator	for	stencil	computations.	[Google	Scholar]	[CrossRef]Kvatinsky,	S.;	Belousov,	D.;	Liman,	S.;	Satat,	G.;	Wald,	N.;	Friedman,	E.G.;	Kolodny,	A.;	Weiser,	U.C.	MAGIC—
Memristor-aided	logic.	More	generally,	ML	techniques	like	reinforcement	learning	have	proven	successful	in	improving	performance	by	intelligently	scheduling	workloads	on	heterogenous	systems	[101].	The	in-memory	logic	implementation	of	these	operations	is	shown	to	be	both	faster	and	more	energy-efficient,	motivating	the	decision	to	offload	all
such	operations.	Figure	11.	[Google	Scholar]	[CrossRef]Lee,	D.U.;	Kim,	K.W.;	Kim,	K.W.;	Kim,	H.;	Kim,	J.Y.;	Park,	Y.J.;	Kim,	J.H.;	Kim,	D.S.;	Park,	H.B.;	Shin,	J.W.;	et	al.	[8]	focus	on	DCC	in	the	context	of	graph	accelerators.	Calibre	handled	the	conversion	beautifully	and	the	text	cleaned	up	perfectly.	Google	workloads	for	consumer	devices:	Mitigating
data	movement	bottlenecks.	Before	providing	a	detailed	discussion	of	resource	management	for	PIM/NMP	systems,	Section	2	discusses	prior	surveys	in	PIM/NMP.	In	Proceedings	of	the	56th	Annual	Design	Automation	Conference	(DAC),	Las	Vegas,	NV,	USA,	2–6	June	2019;	pp.	The	sense	amplifier	➌	then	drives	the	bitline	to	V	D	D	,	which	fully
charges	all	three	cells,	completing	the	“A	OR	B”	operation.	They	divide	their	discussion	into	RAM	and	storage-based	memory.	[49]	have	also	demonstrated	that	contemporary	DRAM	designs	suffer	from	problems	such	as	susceptibility	to	RowHammer	attacks	[50],	which	exploit	the	limitations	of	charge-based	memory	to	induce	bit-flip	errors.	However,
this	approach	is	hampered	by	several	issues	such	as	difficulty	in	maintaining	cache	coherence	[31],	implementing	virtual	address	translation	[76],	and	meeting	power,	thermal,	and	area	constraints	[29,73,77,78,79].Reconfigurable	logic:	Reconfigurable	logic	PEs	include	CGRAs	and	FPGAs	that	can	be	used	to	dynamically	change	the	NMP
computational	unit	hardware	[21,25,41,80].	[Google	Scholar]	[CrossRef]Addisie,	A.;	Bertacco,	V.	[6]	focus	on	the	classification	of	published	work	based	on	the	type	of	memory,	PEs,	interoperability,	and	applications.	Figure	7	[28]	compares	the	speedup	achieved	for	a	“Host-Only”	(entire	execution	on	the	host),	“PIM-Only”	(entire	execution	on	the
memory	processor),	and	“Locality-Aware”	(offloads	low	locality	instructions)	offloading	approach	to	an	NMP	system	for	different	input	sizes.	283–295.	Commonly	applied	methods	include	cache	profiling	[27,28,42],	code	analysis	[26,39,42,70,96],	hardware	cache-hit	counters	[28],	and	heuristic	or	machine	learning	techniques
[27,28,29,38,71,72,74].Another	source	of	superior	performance	is	the	use	of	fixed-function	accelerators.	[Google	Scholar]	[CrossRef]Butzen,	P.F.;	Slimani,	M.;	Wang,	Y.;	Cai,	H.;	Naviner,	L.A.B.	Reliable	majority	voter	based	on	spin	transfer	torque	magnetic	tunnel	junction	device.	Lastly,	the	survey	highlights	the	higher	latency	and	write	energy	with
respect	to	static	random-access	memory	(SRAM)	and	DRAM	as	the	major	challenges	in	large-scale	adoption.	Process.	What	You’ll	Need	For	our	tutorial	you’ll	need	the	following	things:	We	suggest	keep	a	clean	copy	of	your	PDF	test	file	in	a	separate	directory	so	if	all	your	conversion	attempts	go	awry	you’ll	have	the	original	safe	and	sound.	For
example,	Li	et	al.	The	DRAM	and	memory	controller	(MC)	power	components	(	M	C	H	o	s	t	and	D	R	A	M	H	o	s	t	)	are	further	scaled	down	by	0.25,	which	is	the	experimentally	determined	ratio	between	DRAM	and	active	SM	power.	For	example,	by	performing	operations	commonly	found	in	convolutional	network	networks	like	the	multiply-and-
accumulate	operation	in	memory,	DRAM	PIM	can	achieve	significant	speedup	over	conventional	architectures	[45].In	order	to	extract	even	more	performance	improvements,	[12]	places	single	instruction,	multiple	data	(SIMD)	PEs	adjacent	to	the	sense	amplifiers	at	the	cost	of	higher	area	and	power	per	bit	of	memory.	It	is	evident	that	the	large
latencies	and	energies	involved	with	moving	data	to	the	processor	will	present	an	overwhelming	bottleneck	in	future	systems.	(a)	A	mathematical	abstraction	of	a	single-layer	perceptron	used	for	binary	classification.	Electron.	The	data	are	too	large	to	fit	in	on-chip	cache	hierarchies;	therefore,	the	resulting	off-chip	data	movement	between	processors
(CPUs,	GPUs,	accelerators)	and	main	memory	leads	to	long	execution	time	stalls	as	main	memory	is	relatively	slow	to	service	large	influx	of	requests.	[Google	Scholar]	[CrossRef]Jain,	S.;	Ranjan,	A.;	Roy,	K.;	Raghunathan,	A.	Using	Storage	Cells	to	Perform	Computation.	IEEE	Embed.	Alternative	ways	to	accomplish	computation	inside	DRAM	chips
include	using	a	combination	of	multiplexers	and	3T1C	(three	transistors,	one	capacitor)	DRAM	cells	[46,47].	When	it’s	done	converting	you	can	check	the	formatting	on	your	computer	by	double	clicking	on	the	converted	file	in	the	right	hand	book	information	column	or	you	can	transfer	it	to	your	device.	This	could	lead	to	technology	fragmentation,
lower	overall	adoption,	and	inconsistent	system	improvements.	IEEE	Micro	1997,	17,	34–44.	This	analysis	is	based	on	spatial	locality	(memory	locations	are	more	likely	to	be	accessed	if	neighboring	memory	locations	have	been	recently	accessed)	and	temporal	locality	(memory	locations	are	more	likely	to	be	accessed	if	recently	accessed).	For
example,	a	read-modify-write	operation,	expressed	with	multiple	host	instructions,	can	be	condensed	into	a	single	HMC	2.0	atomic	instruction	by	introducing	a	new	instruction	to	the	host	processor’s	ISA.	[Google	Scholar]	[CrossRef]Pouchet,	L.-N.;	Yuki,	T.	14–25.	[Google	Scholar]	[CrossRef]Ahn,	J.;	Yoo,	S.;	Mutlu,	O.;	Choi,	K.	It	also	manages	to
completely	automate	the	process	and	eliminate	the	need	to	annotate	sections	of	code	or	run	offline	profilers.	CAIRO’s	compiler	heuristic	allows	it	to	consider	the	most	important	factors	in	offloading	decisions	while	avoiding	runtime	overhead.	Flipping	bits	in	memory	without	accessing	them:	An	experimental	study	of	DRAM	disturbance	errors.	Hybrid
memory	cube	new	DRAM	architecture	increases	density	and	performance.	Available	online:	(accessed	on	12	August	2020).Kim,	Y.;	Song,	Y.H.	Analysis	of	thermal	behavior	for	3D	integration	of	DRAM.	85–98.	[Google	Scholar]	[CrossRef]Zhang,	D.;	Jayasena,	N.;	Lyashevsky,	A.;	Greathouse,	J.L.;	Xu,	L.;	Ignatowski,	M.	Compared	to	host-only	execution,
the	proposed	technique	achieves	a	20.5%	increase	in	instructions	per	cycle	(IPC)	and	a	67.2%	decrease	in	energy	delay	squared	product	(ED2P).	2019,	130,	193–207.	As	an	example,	an	NMP	system	designed	to	exploit	the	high	density	of	connections	in	small	graph	areas	fails	to	extract	significant	speedup	when	graph	connections	are	more	uniform
[33].	Different	memory	technologies	have	unique	advantages	that	can	be	leveraged	for	particular	operations.	The	authors	identify	several	challenges	with	both	PIM	and	NMP	systems	such	as	programmability,	processing	speed,	upgradability,	and	commercial	feasibility.Singh	et	al.	Moreover,	since	the	heuristic	does	not	work	online,	offloading
decisions	are	based	on	analytical	assumptions	about	runtime	conditions.	Figure	5b	shows	how	the	perceptron	can	be	mapped	onto	an	MCA.	NMP	designs	commonly	adopt	a	3D-stacked	structure	such	as	that	provided	by	hybrid	memory	cube	(HMC)	[2]	or	high	bandwidth	memory	(HBM)	[3].	Archit.	Examples	include	graph	accelerators
[8,32,33,34,35,36,57],	stencil	computation	units	[39],	texture	filtering	units	[37],	vector	processing	units	[92],	and	neuromorphic	accelerators	[25].	These	components	include	the	power	consumed	by	the	active	streaming	multiprocessor	(SM)	(	A	c	t	i	v	e	S	M	H	o	s	t	),	the	L2	cache	in	the	host	processor	(	L	2	H	o	s	t	),	and	the	interconnect	network	(	I	C
N	T	H	o	s	t	).	Figure	15.	Let’s	see	if	we	can	convert	it	with	Calibre.	As	data	processing	requirements	continue	to	increase,	the	cost	due	to	each	wall	will	make	conventional	computing	paradigms	incapable	of	meeting	application	quality-of-service	goals.	A	15MB	PDF	file,	when	converted	with	K2pdfopt,	ballooned	to	93MB.	[Google	Scholar]
[CrossRef]Wen,	W.;	Yang,	J.;	Zhang,	Y.	However,	as	the	computations	are	not	done	directly	in	memory	arrays,	PEs	in	NMP	do	not	enjoy	the	same	degree	of	high	internal	memory	bandwidth	available	to	PIM	designs.	Computational	RAM:	Implementing	processors	in	memory.	[Google	Scholar]	[CrossRef]Xiao,	Y.;	Nazarian,	S.;	Bogdan,	P.	For	the
purposes	of	this	survey,	we	classify	systems	that	use	logic	layers	in	3D-stacked	memories	as	NMP	systems,	as	these	logic	layers	are	essentially	computational	cores	that	are	near	the	memory	stack	(directly	underneath	it).PIM	solutions	proposed	to	date	typically	leverage	the	high	internal	bandwidth	of	DRAM	dual	in-line	memory	modules	(DIMM)	to
accelerate	computation	by	modifying	the	architecture	or	operation	of	DRAM	chips	to	implement	computations	within	the	memory.	Microsyst.	2017,	16,	46–50.	Figure	7.	If	you’re	totally	new	to	using	Calibre	and	need	help	installing	it	and	getting	your	books	into	it,	check	out	one	of	our	previous	Calibre-based	guides	to	get	started.	In	NMP	systems,	such
PEs	act	as	a	compromise	between	the	efficiency	of	simple	fixed-function	memory	accelerators	and	the	flexibility	of	software-programmable	complex	general	purpose	cores.	PIM-enabled	instructions:	A	low-overhead,	locality-aware	processing-in-memory	architecture.	Syst.	In	Proceedings	of	the	IEEE	International	Symposium	on	High	Performance
Computer	Architecture	(HPCA),	Vienna,	Austria,	24–28	February	2018;	pp.	If	it	passes	both,	the	task	is	offloaded	onto	the	memory	module.	K2pdfopt	is	designed	to	optimize	PDF	documents	for	small	screen	e-readers.	As	these	accelerators	only	execute	a	limited	set	of	instructions,	they	cannot	be	easily	retargeted	to	new	(or	new	versions	of	existing)
workloads.Programmable	logic:	Programmable	logic	PEs	can	include	general	purpose	processor	cores	such	as	CPUs	[31,40,70,71,72],	GPUs	[26,27,38,73,74],	and	accelerated	processing	units	(APU)	[75]	that	can	execute	complex	workloads.	[Google	Scholar]	[CrossRef]Fan,	D.;	Angizi,	S.;	He,	Z.	For	the	device	shown,	V	=	±0.2	V.	IEEE	Trans.	[Google
Scholar]	[CrossRef]Corda,	S.;	Singh,	G.;	Awan,	A.J.;	Jordans,	R.;	Corporaal,	H.	Such	designs	have	coarser-grained	offloading	workloads	than	PIM	but	can	use	the	logic	layer	in	3D	stacks	to	directly	perform	more	complex	computations.	This	results	in	considerable	area	overhead.	This	fact	and	DRAM’s	widespread	adoption	has	led	to	the	creation	of	a
commercial	DRAM	NMP	solution	UPMEM	[4].	Similarly,	Mittal	et	al.	This	is	because	the	compiler	can	automatically	identify	offloading	workloads	[92],	optimize	data	reuse	[71],	and	select	the	PE	to	execute	the	offloading	workloads	[35,36].	Emerg.	2017,	14,	1–25.	However,	when	the	NMP	design	uses	multiple	PEs	near	memory,	designers	have	to
consider	the	location	of	data	with	respect	to	the	PE	executing	the	offloaded	workload.	This	alternative	HMC-enabled	version	has	the	HMC’s	version	of	atomic	instructions	to	be	executed	near-memory	if	the	heuristic	decides	to	offload	it.	The	excessive	energy	consumption	can	be	significantly	reduced	by	using	locality-aware	offloading,	as	discussed	in
the	previous	section.	[Google	Scholar]	[CrossRef]Wang,	Y.;	Kong,	P.;	Yu,	H.	We	further	discuss	the	optimization	objectives,	optimization	knobs,	and	management	techniques	in	Section	4.1,	Section	4.2	and	Section	4.3,	respectively.An	optimization	objective	is	pivotal	to	the	definition	of	a	resource	management	policy.	The	growing	disparity	in	memory
and	processor	performance	is	referred	to	as	the	memory	wall.	295–308.	When	such	fixed-function	accelerators	are	used,	it	is	important	that	the	policy	offloads	only	instructions	that	the	fixed-function	accelerator	is	able	to	execute.Finally,	in	the	case	of	multiple	PEs,	data	placement	and	workload	scheduling	become	important	to	realizing	superior
performance.	[Google	Scholar]	[CrossRef]Choi,	J.;	Kim,	B.;	Jeon,	J.-Y.;	Lee,	H.-J.;	Lim,	E.;	Rhee,	C.E.	POSTER:	GPU	based	near	data	processing	for	image	processing	with	pattern	aware	data	allocation	and	prefetching.	If	load	distribution	is	not	balanced	by	PE	selection,	it	can	lead	to	long	waiting	times	for	under-utilized	cores.	Accelerating	pointer
chasing	in	3D-stacked	memory:	Challenges,	mechanisms,	evaluation.	Figure	2a	shows	how	any	two	cells,	R1	and	R2,	on	the	same	bitline	connect	in	parallel	to	produce	a	total	resistance	R1||R2,	where	||	refers	to	the	parallel	resistance	of	two	cells.	Besides	bitwise	operations,	DRAM	PIM	has	been	shown	to	significantly	improve	neural	network
computation	inside	memory.	How	perfectly?	Offloading	is	performed	only	if	the	conditions	in	both	stages	are	met.	Due	to	deep	nanometer	scaling,	DRAM	cell	charge	retention	is	becoming	increasingly	variable	and	unpredictable.	In	this	case,	the	graph	is	distributed	across	the	different	memory	modules.	Near	memory	data	structure	rearrangement.	In
these	cases,	it	is	vital	that	the	correct	instructions	are	offloaded	to	the	most	suitable	candidate	PE.To	address	and	mitigate	the	above	issues	in	DCC	systems,	offloading	management	policies	are	necessary	to	analyze	and	identify	instructions	to	offload.	[Google	Scholar]	[CrossRef]Abunahla,	H.;	Halawani,	Y.;	Alazzam,	A.;	Mohammad,	B.	In	Proceedings
of	the	23rd	International	Conference	on	Architectural	Support	for	Programming	Languages	and	Operating	Systems	(ASPLOS),	Williamsburg,	VA,	USA,	24–28	March	2018;	pp.	Other	variations	of	the	technique	include	an	extension	to	the	C++	library	for	identifying	offloadable	operations	[24,98],	extensions	to	the	host	ISA	for	uniformity	across	the
system	[16,19,57,91],	or	a	new	ISA	entirely	[25].	First	let’s	look	at	what	the	original	PDF	file	looks	like	on	the	Kindle	screen.	In	this	particular	situation,	reconfigurable	logic	like	FPGA	and	coarse-grained	reconfigurable	architecture	(CGRA)	may	be	better	to	balance	performance	and	flexibility.	87–88.	This	article	is	an	open	access	article	distributed
under	the	terms	and	conditions	of	the	Creative	Commons	Attribution	(CC	BY)	license	(	.	Figure	2.	Here	you’ll	find	an	enormously	detailed	menu	with	toggles	and	settings	galore.	AMBIT	then	uses	techniques	adapted	from	[16]	to	transfer	the	result	to	an	operand	row	for	use	in	computation.	However,	to	keep	memory	functions	intact,	these	designs	can
only	afford	minimal	modifications	to	the	memory	system,	which	typically	inhibits	the	programmability	and	computational	capability	of	the	PEs.NMP	designs	utilize	more	traditional	PEs	that	are	placed	near	the	memory.	In	Proceedings	of	the	23rd	Asia	and	South	Pacific	Design	Automation	Conference	(ASP-DAC),	Jeju,	Korea,	22–25	January	2018;	pp.
While	lacking	programmability,	these	special	purpose	accelerators	can	perform	specific	operations	many	times	faster	than	general	purpose	host	processors.	Recent	work	[102]	has	shown	that	executing	ML	algorithms	using	near-data	vector	processors	in	IoT	devices	can	significantly	improve	performance.	Typically,	the	management	policy	identifies
which	operations	to	offload	(we	call	the	operations	that	end	up	being	offloaded	as	offloading	workloads)	from	a	larger	set	of	offloading	candidates,	i.e.,	all	workloads	that	the	policy	determined	can	potentially	run	on	a	memory	PE.	We	dropped	the	same	difficult	to	format	textbook	PDF	into	K2pdfopt	and	crossed	our	fingers.	[Google	Scholar]
[CrossRef]Imani,	M.;	Gupta,	S.;	Rosing,	T.	However,	such	benefits	come	at	the	cost	of	a	static	policy	that	is	unable	to	react	to	dynamic	system	conditions	like	available	memory	bandwidth,	variations	in	power	dissipation,	and	temperature.	25–32.	Consistent	operation	at	2	op/ns	will	result	in	the	DRAM	module	generating	a	thermal	warning	at	85	°C.
457–468.	In	Proceedings	of	the	21st	Euromicro	Conference	on	Digital	System	Design	(DSD),	Prague,	Czech	Republic,	29–31	August	2018;	pp.	In	Proceedings	of	the	ACM/IEEE	41st	International	Symposium	on	Computer	Architecture	(ISCA),	Minneapolis,	MN,	USA,	14–18	June	2014;	pp.	The	inputs,	x,	are	represented	by	proportional	input	voltage
values,	V,	applied	to	the	crossbar	columns.	For	example,	in	[42],	the	cache-hit	ratio	and	frequency	of	occurrence	of	an	instruction	is	considered	along	with	the	memory	bandwidth	usage	to	decide	if	an	instruction	should	be	offloaded.Another	source	of	energy	efficiency	is	fixed-function	accelerators.	[Google	Scholar]	[CrossRef]Hsieh,	K.;	Khan,	S.;
Vijaykumar,	N.;	Chang,	K.K.;	Boroumand,	A.;	Ghose,	S.;	Mutlu,	O.	Conceptualization,	K.K.,	S.P.,	and	R.G.K.;	investigation,	K.K.;	writing—original	draft	preparation,	K.K.	and	R.G.K.;	writing—review	and	editing,	K.K.,	S.P.,	and	R.G.K.;	visualization,	K.K.;	supervision,	S.P.	and	R.G.K.;	project	administration,	S.P.	and	R.G.K.	All	authors	have	read	and
agreed	to	the	published	version	of	the	manuscript.This	research	was	supported	by	the	National	Science	Foundation	(NSF)	under	grant	number	CCF-1813370.The	authors	declare	no	conflict	of	interest.Seshadri,	V.;	Lee,	D.;	Mullins,	T.;	Hassan,	H.;	Boroumand,	A.;	Kim,	J.;	Kozuch,	M.A.;	Mutlu,	O.;	Gibbons,	P.B.;	Mowry,	T.C.	Ambit:	In-memory
accelerator	for	bulk	bitwise	operations	using	commodity	dram	technology.	Assessing	merged	DRAM/logic	technology.	The	text	is	slightly	less	crisp	than	in	our	PDF	to	MOBI	conversion	(see	the	screen	capture	in	the	Calibre	section)	but	it	is	all	there,	with	proper	formatting,	and	without	any	screwy	OCR	errors.	All	atomic	instructions	in	HMC-enabled
blocks	execute	on	functional	units	on	the	HMC’s	logic	layer	as	provided	by	the	HMC	2.0	Specification	[81].	This	effective	resistance	can	be	compared	against	preset	reference	resistance	values	(RrefOR,	RrefAND)	to	ascertain	the	result	of	the	Boolean	operation;	(b)	shows	the	truth	table	[24].	Parallel	architecture	with	resistive	crosspoint	array	for
dictionary	learning	acceleration.	In	addition	to	being	non-volatile,	the	unique	properties	of	these	memory	technologies	provide	higher	density,	lower	read	power,	and	lower	read	latency	compared	to	DRAM.PIM	using	NVM,	while	based	on	a	fundamentally	different	memory	technology,	can	resemble	its	DRAM	counterpart.	Different	from	CAIRO,	where
the	bandwidth	saving	analysis	is	performed	entirely	before	compilation,	TOM	uses	heuristic	analysis	of	bandwidth	saving	both	before	and	after	compilation.	Adaptive	scheduling	for	systems	with	asymmetric	memory	hierarchies.	IEEE	Micro	2017,	37,	20–28.	Parallel	Distrib.	What	we’re	interested	in,	book	management	aside,	is	the	conversion	tool	built
into	Calibre.	In	Proceedings	of	the	IEEE	International	Symposium	on	High	Performance	Computer	Architecture	(HPCA),	Austin,	TX,	USA,	4–8	February	2017;	pp.	1387–1392.	2020,	19,	118–121.	That’s	eye-squintingly	small	on	a	large	monitor	screen	and	nearly	illegible	on	a	Kindle	screen.	Resource	management	techniques	need	to	be	designed	in	a
manner	that	is	robust	to	these	reliability	issues	in	memory	substrates	when	making	decisions	to	offload	to	memory	PEs.ML-based	applications	have	exploded	in	recent	years.	126–137.	For	example,	graph	computation	involves	frequent	use	of	read-modify-write	operations	which	can	be	mapped	to	HMC	2.0	supported	instructions.	[Google	Scholar]
[CrossRef]Parveen,	F.;	He,	Z.;	Angizi,	S.;	Fan,	D.	Unlike	the	software-based	method,	which	requires	that	all	warps	in	executing	thread	blocks	finish	before	the	throttling	decisions	take	effect,	the	hardware-based	mechanism	allows	the	system	to	react	faster	to	the	temperature	warning	by	changing	the	number	of	warps	with	NMP-enabled	instructions
during	runtime.	Due	to	the	external	placement	of	the	PE,	NMP	can	afford	a	larger	area	and	power	budget	compared	to	PIM	designs.	Signal.	In	Proceedings	of	the	International	Symposium	on	Computer	Architecture,	Beijing,	China,	21–25	June	2008;	pp.	Management	MethodObjectivesArchitectureOffload	GranularityWork	(Year)Code
AnnotationENMPInstruction	[91]	(2014)PNMPGroup	of	instructions	[31]	(2017)PIMInstruction	[13]	(1995);	[24]	(2016);	[25]	(2017)P/ENMPInstruction	[28]	(2015);	[32,37]	(2017);	[40,57]	(2018)Group	of	instructions	[75]	(2014);	[95]	(2016)PIMInstruction	[16]	(2013);	[19]	(2016);	[1]	(2017)CompilerPNMPInstruction	[42]	(2017);	[92]	(2019)Group	of
instructions	[96]	(2015);	[70]	(2017)P/ENMPInstruction	[40]	(2018);	[39]	(2019)Thread	[27]	(2016)Online	HeuristicPNMPThread	[71]	(2018)P/ENMPInstruction	[28]	(2015)Group	of	instructions	[72]	(2020)Thread	[27]	(2016);	[74]	(2019)Application	[26]	(2016)	Pow/P/ENMPApplication	[38]	(2020)TNMPInstruction	[29]	(2018)	©	2020	by	the	authors.
544–557.	The	architecture	of	hybrid	memory	cube	(HMC)	[81].	Since	two	of	the	three	cells	are	in	a	charged	state,	this	results	in	an	increase	in	voltage	on	the	bitline.	The	wordlines	of	all	three	cells	are	raised	simultaneously	➋,	causing	the	three	cells	to	share	their	charge	on	the	bitline.	A	3D-stacked	DRAM	architecture	like	the	HMC	[81]	can
accelerate	atomic	operations	of	the	form	read-modify-write	(RMW)	due	to	the	memory	level	parallelism	supported	by	the	multi-vault,	multi-layer	structure	shown	in	Figure	4.	U.S.	Patent	9653166B2,	16	May	2017.	Figure	16.	However,	as	Ambit	operates	on	row-wide	data,	the	programmer	is	required	to	ensure	the	operand	size	to	be	a	multiple	or	row
size.	Figure	10.	The	miss	ratio	and	bandwidth	saving	analysis	is	machine-	and	application-dependent	and	involves	considerable	design	time	overhead.	Although	the	computation	is	carried	out	a	little	further	away	from	memory	than	in	PIM	systems,	NMP	still	significantly	improves	the	latency,	bandwidth,	and	energy	consumption	when	compared	to
conventional	computing	architectures.	Their	model	is	trained	on	kernel-level	analysis	of	memory	intensity,	kernel	parallelism,	and	shared	memory	usage.	In	addition,	with	minimal	changes	to	the	design	of	the	sense	amplifier	in	the	DRAM	substrate,	[1,44]	enable	NOT	operations	in	memory,	which	allows	the	design	of	more	useful	combinational	logic
for	arithmetic	operations	like	addition	and	multiplication.	The	memory	module	in	particular	is	susceptible	to	adverse	effects	due	to	excessive	power	usage.	For	instance,	due	to	its	offline	design,	CAIRO	does	not	consider	the	temperature	of	HMC,	which	can	significantly	impact	the	performance	[29].Case	Study	2:	A	Compiler	for	Automatic	Selection	of
Suitable	Processing-In-Memory	Instructions	(PRIMO)NMP	designs	with	a	single	PE	like	CAIRO	can	focus	on	offloading	the	most	suitable	sections	of	code	to	reduce	off-chip	data	movement	and	accelerate	execution.	These	issues	influence	offloading	management,	often	requiring	code	annotation/analysis	and	runtime	monitoring.While	identifying
offloading	workloads	and	selecting	the	PE	for	execution	are	vital	first	steps,	the	actual	execution	is	subject	to	the	availability	of	adequate	resources	and	power/thermal	budget.	The	multiple	columns,	odd	formatting	choices,	and	other	factors	really	stumped	Calibre.	If	multiple	PEs	are	available	to	execute	offloading	workloads,	a	selection	must	be	made
between	them.	These	instructions	are	offloaded	to	PIM	only	if	a	cache	hit	counter	at	runtime	suggests	inefficient	cache	use;	otherwise,	the	instructions	are	executed	by	the	host	CPU.	Figure	4.	Figure	13.	[Google	Scholar]	[CrossRef]Zha,	Y.;	Li,	J.	Leveraging	spintronic	devices	for	ultra-low	power	in-memory	computing:	Logic	and	neural	network.	Figure
6.	In-memory	computing	with	spintronic	devices.	Other	methods	that	rely	on	online	heuristics	include	[38],	which	uses	a	two-tier	approach	to	estimating	locality	and	the	energy	consumption	of	offloading	decision,	[74],	which	performs	locality-aware	data	allocation	and	prefetching,	and	[29],	which	optimizes	for	thermally	feasible	NMP	operation	by
throttling	the	frequency	of	issuing	offloads	and	size	of	CUDA	blocks	offloaded	to	an	HMC-based	accelerator.Case	Study	1:	CoolPIM—Thermal-Aware	Source	Throttling	for	Efficient	PIM	Instruction	OffloadingAs	noted	in	Section	4.1.3,	3D-stacked	memory	is	vulnerable	to	thermal	problems	due	to	high	power	densities	and	insufficient	cooling,	especially
at	the	bottom	layers.	[Google	Scholar]Akerib,	A.;	Agam,	O.;	Ehrman,	E.;	Meyassed,	M.	In	Proceedings	of	the	IEEE	Computer	Society	Annual	Symposium	on	VLSI	(ISVLSI),	Bochum,	Germany,	3–5	July	2017;	pp.	They	allow	a	flexible	vector	width	with	scalar	operands	of	as	little	as	4	bytes	and	vector	operands	up	to	256	bytes.	[Google	Scholar]Sutradhar,
P.R.;	Connolly,	M.;	Bavikadi,	S.;	Pudukotai	Dinakarrao,	S.M.;	Indovina,	M.A.;	Ganguly,	A.	As	opposed	to	fixed	function	accelerators,	NMP	systems	with	programmable	units	allow	any	operation	normally	executed	on	the	host	processor	to	potentially	be	performed	near	memory.	2015,	59,	17:1–17:14.	Additionally,	the	energy	efficiency	of	specialized
hardware	and	instructions	need	to	be	studied	further.Online	heuristic-based	policies	use	human	expert	knowledge	of	the	system	to	make	offloading	decisions	at	runtime.	[Google	Scholar]	[CrossRef]Farmahini-Farahani,	A.;	Ahn,	J.H.;	Morrow,	K.;	Kim,	N.S.	NDA:	Near-DRAM	acceleration	architecture	leveraging	commodity	DRAM	devices	and	standard
memory	modules.	Centaur:	Hybrid	processing	in	on/off-chip	memory	architecture	for	graph	analytics.	The	architecture	of	the	DIVA	processing-in-memory	chip.	Future	DCC	architectures	and	resource	management	policies	need	to	explore	the	generalizability	of	these	systems.Nearly	all	past	work	has	focused	on	the	efficient	use	of	PEs	across	the
system,	i.e.,	they	offload	tasks	which	minimize	data	movement	between	the	host	processor	and	memory.	[Google	Scholar]	[CrossRef]Kim,	Y.;	Daly,	R.;	Kim,	J.;	Fallin,	C.;	Lee,	J.H.;	Lee,	D.;	Wilkerson,	C.;	Lai,	K.;	Mutlu,	O.	361–372.	2018,	26,	470–483.	In-memory	processing	paradigm	for	bitwise	logic	operations	in	STT-MRAM.	In	addition,	CAIRO	derives
energy	efficiency	from	the	reduction	in	data	communication	inherent	to	the	HMC	design.	By	using	the	memory	components	with	minimal	modifications,	Ambit	adds	only	1%	to	the	memory	chip	area	and	allows	easy	integration	using	the	traditional	DRAM	interface.To	execute	the	Boolean	operations,	Ambit	adds	special	bulk	bitwise	operation	(bbop)
instructions	of	the	form	shown	in	Figure	9	to	the	host	CPU’s	ISA.	DRISA:	A	DRAM-based	reconfigurable	in-situ	accelerator.	In	comparison,	the	NMP	code	uses	just	two	instructions	to	load	the	entire	operand	data	in	256-byte	registers,	followed	by	a	single	256-byte	add	and	store	operation.	[Google	Scholar]Ahmed,	H.;	Santos,	P.C.;	Lima,	J.P.C.;	Moura,
R.F.;	Alves,	M.A.Z.;	Beck,	A.C.S.;	Carro,	L.	Depending	on	the	DRAM	module,	this	can	lead	to	a	complete	shutdown	or	degraded	performance	under	high	refresh	rates.	[Google	Scholar]Nai,	L.;	Hadidi,	R.;	Xiao,	H.;	Kim,	H.;	Sim,	J.;	Kim,	H.	Another	technological	advantage	for	NVM	PIM	is	that,	unlike	DRAM,	reads	are	not	destructive.	These	management
techniques	broadly	rely	on	code	annotation	(programmers	select	the	sections	of	code	to	be	offloaded),	compiler	optimization	(compiler	analysis	of	the	code),	and	online	heuristics	(rule-based	online	decisions).	As	shown	in	Figure	12,	for	miss	ratios	higher	than	M	i	s	s	R	a	t	i	o	H	,	the	instruction	will	be	offloaded.	Therefore,	offloading	in	NMP,	among
other	online	runtime	conditions,	requires	awareness	of	the	memory	system’s	temperature.	IMEC:	A	fully	morphable	in-memory	computing	fabric	enabled	by	resistive	crossbar.	[Google	Scholar]	[CrossRef]Stone,	H.S.	A	logic-in-memory	computer.	[38]	look	at	the	number	of	L2	misses,	memory	stalls,	and	power	in	their	online	heuristic	policy	to
determine	offload	decisions	to	optimize	performance,	energy,	and	power.	GraphP:	Reducing	communication	for	PIM-based	graph	processing	with	efficient	data	partition.	In	Proceedings	of	the	52nd	Annual	IEEE/ACM	International	Symposium	on	Microarchitecture	(MICRO),	Columbus,	OH,	USA,	12–16	October	2019;	pp.	Open	Calibre	and	right	click	on
the	book.	In	Proceedings	of	the	57th	Annual	Design	Automation	Conference	(DAC),	Virtual	DAC,	San	Francisco,	CA,	USA,	20–24	July	2020.	Code	annotation	has	been	successfully	used	in	both	PIM	[1,25,98]	and	fixed-function	NMP	[28,32,40,57].Although	the	most	popular	use	of	code	annotation	is	found	in	PIM	or	fixed-function	NMP,	code	annotation’s
simplicity	also	makes	it	appealing	to	more	general	architectures.	[Google	Scholar]	[CrossRef]Ipek,	E.;	Mutlu,	O.;	Martínez,	J.F.;	Caruana,	R.	The	synaptic	weights	of	the	perceptron,	w	,	are	represented	by	physical	cell	conductance	values,	G.	[Google	Scholar]	[CrossRef]Gao,	M.;	Kozyrakis,	C.	Therefore,	offloading	decisions	must	consider	the	placement
of	data	and	the	selection	of	PEs	together	to	maximize	performance	[34,35,98].	Figure	3.	Figure	5.	The	RVU	uses	fixed-function	FUs	to	execute	native	HMC	instructions	extended	with	an	Advanced	Vector	Extensions	(AVX)-based	ISA	while	avoiding	the	area	overhead	of	programmable	PEs.	Each	RVU	has	wide	vector	registers	available	to	facilitate
vector	operations.	In	Proceedings	of	the	46th	Annual	IEEE/ACM	International	Symposium	on	Microarchitecture	(MICRO),	Davis,	CA,	USA,	7–11	December	2013;	pp.	PRIMO	achieves	an	average	speedup	of	11.8×	on	a	set	of	benchmarks	from	the	PolyBench	Suite	[99],	performing	the	best	with	large	operand	vector	sizes.	Both	DRAM	and	NVM-based
architectures	have	demonstrated	promising	improvements	for	graph	and	database	workloads	[1,18,24,44]	by	accelerating	search	and	update	operations	directly	where	the	data	are	stored.	For	example,	the	compiler-based	offloading	policy	outlined	in	[92]	selects	the	PE	which	minimizes	the	resulting	inter-PE	communication	resulting	from	accessing
data	from	different	memory	vaults	during	execution.	In	addition,	PRIMO	performs	all	optimizations	at	design	time,	which	allows	it	to	eliminate	runtime	overhead.	[Google	Scholar]	[CrossRef]Kadetotad,	D.;	Xu,	Z.;	Mohanty,	A.;	Chen,	P.-Y.;	Lin,	B.;	Ye,	J.;	Vrudhula,	S.;	Yu,	S.;	Cao,	Y.;	Seo,	J.	(a)	Activating	two	resistors	R1	and	R2	on	the	same	bitline	in	a
memristive	crossbar	array	(MCA)	results	in	an	effective	resistance	of	R1||R2	on	the	bitline	(figure	adapted	from	[56]).	Logic-in-memory	based	big-data	computing	by	nonvolatile	domain-wall	nanowire	devices.	Learn.	2018,	10,	14–17.	[Google	Scholar]	[CrossRef]Kim,	B.-H.;	Rhee,	C.E.	Making	better	use	of	processing-in-memory	through	potential-based
task	offloading.	Similarly,	complex	network	theory	can	be	extended	to	include	the	PIM	and	NMP	domain	in	order	to	optimize	software,	data	orchestration,	and	hardware	platform	simultaneously.	Lett.	In	Proceedings	of	the	IEEE/ACM	International	Symposium	on	Low	Power	Electronics	and	Design	(ISLPED),	Taipei,	Taiwan,	24–26	July	2017;	pp.	While
compilers	can	be	used	to	predict	the	performance	of	an	offloading	candidate	on	both	host	and	memory	processors,	in	the	case	of	more	complex	PIM	and	NMP	designs,	compiler-based	offloading	cannot	adapt	to	changing	bandwidth	availability,	memory	access	locality,	and	DRAM	temperature,	leading	to	sub-optimal	performance	while	risking	the
violation	of	power	and	thermal	constraints.Compiler-based	techniques	have	been	used	with	both	fixed-function	[39,92,96]	and	programmable	[27,40,70]	memory	processors.	CoolPIM	improves	performance	by	up	to	40%	compared	to	both	host	execution	and	naïve	offloading	while	effectively	managing	memory	temperature.	The	AVX-512	version
performs	four	loads,	followed	by	four	more	loads	and	four	adds	with	a	vector	length	of	64	bytes.	This	can	make	it	challenging	to	determine	which	PE	to	select	when	specific	instructions	need	to	be	offloaded.	Thanks	to	K2pdfopt	we	went	from	having	a	PDF	that	was	illegible	on	the	Kindle	to	having	a	PDF	that	was	as	easy	to	read	as	a	clean	photocopy.
One	of	the	major	factors	in	determining	the	speedup	is	the	main	memory	bandwidth	savings	from	offloading.	Similarly,	a	low	percentage	of	active	cores	indicates	that	the	application	will	not	experience	a	slow-down	due	to	the	lower	number	of	compute	units	in	the	memory	PE.Finally,	another	linear	model	based	on	these	assumptions	of	power	scaling
is	used	to	check	if	the	use	of	dynamic	voltage	and	frequency	scaling	(DVFS)	will	make	some	offloading	decisions	feasible	within	the	power	constraint.	Knowl.	[Google	Scholar]	[CrossRef]Nai,	L.;	Hadidi,	R.;	Sim,	J.;	Kim,	H.;	Kumar,	P.;	Kim,	H.	Coarser	offloading	granularity,	such	as	kernel	and	full	application,	requires	more	complex	memory	PEs	that
can	fetch	and	execute	instructions	and	maintain	a	program	counter.	Extending	the	software	interface	in	this	manner	is	particularly	useful	when	the	source	code	is	not	immediately	executable	on	memory	PEs	or	requires	the	programmer	to	repeatedly	modify	large	sections	of	code.	For	a	particularly	tricky	PDF	file	you	can	run	it	through	K2pdfopt.exe,
then	dump	it	back	into	Calibre	for	a	cleanup	pass	(check	out	how	smooth	the	font	is	now	in	the	above	sample),	and	enjoy	a	totally	optimized	PDF.	It	must	be	noted	that	the	role	of	the	compiler	is	not	to	make	offloading	decisions	but	rather	to	generate	a	set	of	offloading	candidates	that	the	online	heuristic	can	select	from	at	runtime.The	main	goal	of
CoolPIM	is	to	keep	the	HMC	unit	under	an	operational	maximum	temperature.	In	this	configuration,	the	weighted	sum	of	the	inputs	and	synaptic	weights	(	y	=	∑	i	=	0	9	w	i	x	i	)	can	be	obtained	by	reading	the	current	at	the	each	of	the	two	crossbar	rows	(	I	+	=	∑	i	=	0	9	G	i	+	V	i	and	I	−	=	∑	i	=	0	9	G	i	−	V	i	).	The	grey	shaded	region	highlights	the
dual-contact	cell	[1].	In	addition,	if	some	of	the	data	have	high	locality	and	reuse,	the	main	processor	can	exploit	the	traditional	cache	hierarchies	and	outperform	PIM/NMP	systems	for	instructions	that	operate	on	these	data.	[Google	Scholar]	[CrossRef]Lockerman,	E.;	Feldmann,	A.;	Bakhshalipour,	M.;	Stanescu,	A.;	Gupta,	S.;	Sanchez,	D.;	Beckmann,
N.	Similarly,	cache	lines	from	destination	rows	need	to	be	invalidated.	The	emergence	of	applications	that	focus	on	processing	large	amounts	of	data,	such	as	deep	machine	learning	and	bioinformatics,	have	further	exacerbated	this	problem.	Maybe	that	would	stop	Calibre	from	choking	on	the	multi-column	format	since	it	would	now	be	formatted	more
like	a	standard	book.	DyPhase:	A	Dynamic	Phase	Change	Memory	Architecture	with	Symmetric	Write	Latency	and	Restorable	Endurance.	Charge	sharing	is	performed	by	the	simultaneous	activation	of	three	rows	called	triple	row	activation	(TRA).	IEEE	Des.	For	bandwidth-insensitive	applications,	the	amount	of	speedup	achieved	by	CAIRO	increases
with	the	cache	miss	ratio	of	the	application.	[Google	Scholar]	[CrossRef]Singh,	G.;	Chelini,	L.;	Corda,	S.;	Javed	Awan,	A.;	Stuijk,	S.;	Jordans,	R.;	Corporaal,	H.;	Boonstra,	A.-J.	The	MCA	is	formed	by	non-volatile	resistive	memory	cells	placed	at	each	crosspoint	of	a	crossbar	array.	432–433.	It	uses	a	host	CPU	connected	to	an	8-layer	HMC	unit	with	32
vaults.	It’s	like	the	nuclear	option	when	the	normally	reliable	Calibre	fails	to	crank	out	a	working	conversion.		If	you	find	yourself	in	a	similar	boat,	your	complex	PDF	document	didn’t	turn	out	right,	you’ll	likely	be	thrilled	with	K2pdfopt.	By	activating	multiple	rows,	the	sense	amplifiers	measure	the	bitwise	parallel	resistance	of	the	two	rows	on	the



bitlines	and	compare	the	resistance	with	a	preset	reference	resistance	to	determine	the	output.	[Google	Scholar]	[CrossRef]Ahn,	J.;	Hong,	S.;	Yoo,	S.;	Mutlu,	O.;	Choi,	K.	For	example,	Figure	3	compares	the	throughput	of	different	PE	types	in	an	HMC-based	NMP	system	executing	a	graph	workload	(PageRank	scatter	kernel).	2020,	92,	1–15.	Nvalt:
Nonvolatile	approximate	lookup	table	for	GPU	acceleration.	For	example,	workloads	that	exhibit	spatial	or	temporal	locality	in	their	memory	accesses	are	known	to	perform	worse	in	PIM/NMP	systems	[26,28].	Figure	12.	Once	you’ve	installed	it	and	you’ve	loaded	up	a	book	you	want	to	convert	it’s	time	to	get	converting.	Although	we’ve	used	Calibre	to
convert	hundreds	of	ebooks	over	the	last	few	years	with	very	few	problems	this	particular	PDF	file	proved	to	be	a	real	challenge	for	it.	The	approach	comes	with	additional	design	time	and	runtime	overhead	compared	to	code	annotation	and	compiler-based	methods.	arXiv	2016,	arXiv:1611.09988.	[Google	Scholar]	[CrossRef]Angizi,	S.;	Fahmi,	N.A.;
Zhang,	W.;	Fan,	D.	However,	NMP	also	has	lower	maximum	data	bandwidth	available	to	the	PE	compared	to	PIM	systems.For	both	PIM	and	NMP	systems,	it	is	important	to	determine	what	computation	will	be	sent	(offloaded)	to	the	memory	PE.	Briefs	2014,	61,	895–899.	Since	graphs	are	typically	irregular,	this	can	cause	irregular	communication
between	memory	modules	and	imbalanced	load	in	the	memory	PEs	[34,35].	In	Proceedings	of	the	IEEE	34th	International	Conference	on	Computer	Design	(ICCD),	Scottsdale,	AZ,	USA,	2–5	October	2016;	pp.	Overall,	the	locality	aware	management	policy	proves	to	be	the	best	of	the	three	approaches	and	demonstrates	the	importance	of	correctly
deciding	which	instructions	to	offload	based	on	locality.	[Google	Scholar]	[CrossRef]Lee,	B.C.;	Ipek,	E.;	Mutlu,	O.;	Burger,	D.	The	model	incorporates	several	machine-dependent	constants,	C1,	C2,	and	C3,	shown	in	Figure	11b,	that	are	determined	using	offline	micro-benchmarking.	For	example,	a	policy	for	a	near-memory	graph	accelerator	involves
the	offloading	of	specific	graph	atomic	operations,	a	policy	for	a	stencil	accelerator	involves	the	offloading	of	stencil	operations,	and	so	on.	Figure	14.	Table	1	classifies	prominent	works	based	on	these	attributes.	[Google	Scholar]	[CrossRef]Eckert,	Y.;	Jayasena,	N.;	Loh,	G.H.	Thermal	feasibility	of	die-stacked	processing	in	memory.	The	reason	behind
this	choice	is	that	the	higher	the	value	of	each	of	these	metrics,	the	slower	the	task	will	run	on	the	host	GPU	and	the	better	it	will	perform	on	the	high	memory	bandwidth	near-memory	GPU.	Spara:	An	energy-efficient	ReRAM-based	accelerator	for	sparse	graph	analytics	applications.	We	hope	that	this	survey	provides	the	background	and	the	spark
needed	for	innovations	in	this	critical	component	of	DCC	systems.As	many	modern	big	data	applications	require	us	to	process	massive	datasets,	large	volumes	of	data	are	shared	between	the	processor	and	memory	subsystems.	Figure	13a	shows	the	code	for	a	vec-sum	kernel.	The	quality	of	decisions	depends	on	the	heuristic	designer’s	assumptions
about	the	system.	Data-centric	computing	(DCC),	as	enabled	by	processing-in-memory	(PIM)	and	near-memory	processing	(NMP)	paradigms,	aims	to	accelerate	these	types	of	applications	by	moving	the	computation	closer	to	the	data.	Instruction-level	offloading	is	often	used	with	a	fixed-function	accelerator	and	PIM	systems
[1,13,16,19,24,25,28,29,32,37,39,42,57,92].	[7]	classify	published	work	based	on	the	level	of	modifications	introduced	into	the	memory	chip.	If	a	token	is	available,	the	block	acquires	it	and	the	offloading	manager	executes	the	NMP	version	of	the	block.	In	Proceedings	of	the	International	Symposium	on	Memory	Systems	(MEMSYS),	Washington	DC,
USA,	5–8	October	2015;	pp.	Whenever	the	thermal	warning	is	received,	CoolPIM	throttles	the	intensity	of	offloading	by	reducing	the	number	of	HMC-enabled	blocks	that	execute	on	the	GPU.	2013,	4,	2072.	In	Proceedings	of	the	IEEE	International	Parallel	and	Distributed	Processing	Symposium	(IPDPS),	Vancouver,	BC,	Canada,	21–25	May	2018;	pp.
The	computational	capability	of	these	in-memory	accelerators	can	range	from	simply	copying	a	DRAM	row	[16]	to	performing	bulk	bitwise	logical	operations	completely	inside	memory	[1,18,23,44].	In	Proceedings	of	the	16th	International	Symposium	on	High-Performance	Computer	Architecture	(HPCA),	Bangalore,	India,	9–14	January	2010;	pp.
[Google	Scholar]	[CrossRef]Song,	L.;	Zhuo,	Y.;	Qian,	X.;	Li,	H.;	Chen,	Y.	ACM	Trans.	As	we	adopt	more	general	architectural	designs,	management	policies	will	need	to	account	for	the	diversity	of	applications	and	variability	of	processing	resources.	For	the	dynamic	power	estimation,	different	components	of	the	host	power	are	scaled	down	using
information	from	profiling	the	application.	Figure	9.	For	the	first	conversion	stick	with	the	default	settings	and	convert	between	PDF	and	a	suitable	format	for	your	ebook	reader	or	even	PDF	to	PDF	to	restructure	multi-column	PDF	files	into	a	more	streamlined	document.	Switched	by	input:	Power	efficient	structure	for	RRAM-based	convolutional
neural	network.	Only	the	least	cache-friendly	portions	of	an	application	should	be	offloaded	to	the	memory	processors	while	the	cache-friendly	portions	are	run	on	the	host	processor.	In	Proceedings	of	the	Design,	Automation	Test	in	Europe	Conference	Exhibition	(DATE),	Dresden,	Germany,	19–23	March	2018;	pp.	[Google	Scholar]	[CrossRef]Elliott,
D.G.;	Stumm,	M.;	Snelgrove,	W.M.;	Cojocaru,	C.;	Mckenzie,	R.	Firstly,	memory	chips	are	usually	resource	constrained	and	cannot	be	used	to	perform	unrestricted	computations	without	running	into	power/thermal	issues.	Data	movement	also	consumes	a	significant	amount	of	energy	in	the	system,	driving	the	system	closer	to	its	power	wall.	TOP-PIM:
Throughput-oriented	programmable	processing	in	memory.	2020,	39,	1555–1571.	The	specific	method	to	assess	locality	varies	across	different	implementations.	31–44.	The	compiler	PRIMO	[92]	is	designed	to	manage	such	a	system.	Figure	6	[29]	demonstrates	how	the	peak	temperature	of	a	3D-stacked	DRAM	with	a	low-power	GPU	on	the	logic	layer
changes	with	the	frequency	of	offloaded	operations	(PIM	rate).	However,	in	the	end,	this	tradeoff	point	depends	on	the	application,	memory	architecture,	and	available	PEs.	Therefore,	the	choice	of	PE	is	an	important	design	consideration	in	NMP	systems.	PRIME:	A	novel	processing-in-memory	architecture	for	neural	network	computation	in	ReRAM-
based	main	memory.	Therefore,	while	single	instructions	for	fixed-function	accelerators	can	be	easily	identified	as	offloading	workloads	by	the	programmer	or	compiler,	identifying	offloading	workloads	for	more	complex	processors	in	a	highly	dynamic	system	requires	online	techniques	like	heuristic	or	machine-learning-based	methods.A	common	NMP
configuration	places	a	separate	PE	in	each	memory	vault	of	a	3D-stacked	HMC	module	[34,92,97].	[Google	Scholar]	[CrossRef]	Figure	1.	[Google	Scholar]	[CrossRef]Gui,	C.-Y.;	Zheng,	L.;	He,	B.;	Liu,	C.;	Chen,	X.-Y.;	Liao,	X.-F.;	Jin,	H.	As	these	operations	destroy	the	values	in	the	three	rows,	data	must	be	copied	to	the	designated	TRA	rows	prior	to	the
Boolean	operation	if	the	original	data	are	to	be	maintained.To	allow	more	flexible	execution,	Ambit	also	implements	the	NOT	operation	through	a	modification	to	the	sense	amplifiers	shown	in	Figure	8.	In	this	article,	we	survey	the	major	trends	in	managing	PIM	and	NMP-based	DCC	systems	and	provide	a	review	of	the	landscape	of	resource
management	techniques	employed	by	system	designers	for	such	systems.	The	authors	identify	the	prominent	drivers	for	this	change:	firstly,	memory,	bandwidth,	and	power	limitations	in	the	age	of	growing	big	data	workloads	make	a	strong	case	for	utilizing	DCC.	These	bbop	instructions	specify	the	type	of	operation	(bbop),	the	two	operand	rows
(src1	and	src2),	a	destination	row	(dst),	and	the	length	of	operation	in	bytes	(size).	CoolPIM	[29]	attempts	to	solve	this	problem	by	using	an	online-heuristic-based	mechanism	to	control	the	frequency	of	offloading	under	the	thermal	constraints	of	an	NMP	system.CoolPIM	considers	a	system	that	has	a	host	GPU	executing	graph	workloads	with	an	HMC
memory	module	capable	of	executing	HMC	2.0	atomic	instructions.	This	policy	has	been	demonstrated	to	work	well	with	fixed-function	units	[1,16,24,28,32,37]	since	the	instructions	that	can	be	offloaded	are	easy	to	identify	and	the	decision	to	offload	is	often	guaranteed	to	improve	the	overall	power	and	performance	without	violating	thermal
constraints.	[Google	Scholar]	[CrossRef]Nair,	R.;	Antao,	S.F.;	Bertolli,	C.;	Bose,	P.;	Brunheroto,	J.R.;	Chen,	T.;	Cher,	C.-Y.;	Costa,	C.H.A.;	Doi,	J.;	Evangelinos,	C.;	et	al.	A	more	reactive	strategy	is	to	use	the	memory	module’s	temperature	as	a	feedback	to	the	offloading	management	policy	[29]	to	prevent	offloading	in	the	presence	of	high
temperatures.There	are	several	knobs	available	to	the	resource	management	policy	to	achieve	the	goals	defined	in	the	optimization	objective.	Ambit’s	implementation	of	the	NOT	operation	by	adding	a	dual-contact	DRAM	cell	to	the	sense	amplifier.	Select	Convert	Books	–>	Convert	individually.	[Google	Scholar]	[CrossRef]Jeddeloh,	J.;	Keeth,	B.
GraphPIM:	Enabling	instruction-level	PIM	offloading	in	graph	computing	frameworks.	Self-Optimizing	Memory	Controllers:	A	Reinforcement	Learning	Approach.	In	Proceedings	of	the	Symposium	on	VLSI	Technology	(VLSIT),	Honolulu,	HI,	USA,	12–14	June	2012;	pp.	For	small	input	sizes,	all	except	one	application	suffers	from	severe	degradation	with
“PIM-Only”.	For	example,	modern	3D-stacked	DRAM	includes	a	logic	layer	where	a	compute	core	can	be	integrated	beneath	multiple	DRAM	layers	within	the	same	chip	[2,3].	[Google	Scholar]	[CrossRef]Zheng,	L.;	Zhao,	J.;	Huang,	Y.;	Wang,	Q.;	Zeng,	Z.;	Xue,	J.;	Liao,	X.;	Jin,	H.	361–366.	Sel.	Figure	5a	shows	a	mathematical	abstraction	of	one	such
operation	for	a	single-layer	perceptron	implementing	binary	classification,	where	x	are	the	inputs	to	the	perceptron,	w	are	the	weights	to	the	perceptron,	sgn	is	the	signum	function,	and	y	is	the	output	of	the	perceptron	[90].	A	particular	problem	in	these	systems	is	that	heating	exacerbates	charge	leakage	in	DRAM	memory	cells,	which	demands	more
frequent	refreshes	to	maintain	reliable	operation.	Ambit	outperforms	the	baseline	for	the	application	by	3×	on	average,	with	performance	gains	increasing	with	set	sizes.	Best	eReader	with	color	display	Due	to	the	amount	of	data	involved	in	emerging	deep	learning	and	big	data	applications,	operations	related	to	data	movement	have	quickly	become	a
bottleneck.	This	technique	provides	a	simple	cache	coherence	mechanism	by	never	caching	data	that	offloading	candidates	can	modify.	[Google	Scholar]	[CrossRef]Imani,	M.;	Gupta,	S.;	Arredondo,	A.;	Rosing,	T.	This	will	result	in	PEs	with	different	memory	latency	and	energy	depending	on	the	location	of	the	data	accessed	by	the	computation.	If
you’ve	read	this	far	and	have	no	intention	of	even	mucking	around	with	any	PDF	files	you	should	go	and	download	it	regardless.	To	address	this,	code	annotation	has	been	used	as	a	part	of	other	management	techniques	like	compiler-based	methods	[40]	and	online	heuristics	[28]	that	incorporate	some	online	elements.	For	example,	if	the	RVU
architecture	can	execute	instructions	up	to	a	vector	size	of	256	bytes,	the	compiler	will	automatically	compile	offloading	candidate	code	sections	with	vectors	larger	than	256	bytes	into	NMP	instructions,	whereas	operations	involving	smaller	vector	sizes	are	executed	by	the	host	CPU.	In	Proceedings	of	the	13th	Non-Volatile	Memory	Technology
Symposium	(NVMTS),	Minneapolis,	MN,	USA,	12–14	August	2013;	pp.	Figure	2b	shows	how	the	parallel	resistance	formed	by	input	resistances	(	R	l	o	w	or	R	h	i	g	h	)	measured	at	the	sense	amplifier,	together	with	a	reference	value	(RrefOR/RrefAND),	can	be	used	to	perform	the	logical	AND	and	OR	operation	in	memory	[24].Aside	from	the	inherent
benefits	of	NVM	technology—e.g.,	energy	efficient	reads,	persistence,	and	latency—NVM-based	PIM	allows	AND/OR	operations	on	multiple	rows	as	opposed	to	just	two	in	DRAM.	[Google	Scholar]	[CrossRef]Akerib,	A.;	Ehrman,	E.	[Google	Scholar]Seshadri,	V.;	Lee,	D.;	Mullins,	T.;	Hassan,	H.;	Boroumand,	A.;	Kim,	J.;	Kozuch,	M.A.;	Mutlu,	O.;	Gibbons,
P.B.;	Mowry,	T.C.	Buddy-RAM:	Improving	the	performance	and	efficiency	of	bulk	bitwise	operations	using	DRAM.	The	offloading	decision	is	separated	into	two	stages.	CAIRO’s	performance	estimation	for	bandwidth	insensitive	applications.	Test	Comput.	Available	online:	(accessed	on	12	August	2020).Ankit,	A.;	Sengupta,	A.;	Panda,	P.;	Roy,	K.	To	this
end,	CoolPIM	introduces	a	software-based	throttling	and	hardware-based	throttling	technique,	as	illustrated	in	Figure	15.	To	this	end,	additional	software	or	hardware	is	tasked	with	monitoring	and	predicting	the	future	state	of	the	system	at	runtime,	to	inform	the	offloading	workload	identification,	determining	the	memory	PE,	and	timing	control.
[Google	Scholar]	[CrossRef]Fan,	D.;	He,	Z.;	Angizi,	S.	2020,	10,	9473.	Comput.	27–39.	Off-chip	data	movement	between	a	host	CPU	and	main	memory	is	found	to	consume	up	to	63%	of	the	total	energy	spent	in	some	consumer	devices	[40].	Circuits	Syst.	Top.	For	example,	write-heavy	operations	are	more	suited	to	DRAM	than	resistive	memories	due	to
the	larger	write	latency	of	resistive	memories.	As	input	sizes	grow	from	small	to	medium	to	large,	the	performance	benefit	of	offloading	is	realized.	Technol.	IEEE	Access	2020,	8,	61631–61641.	The	most	common	optimization	knobs	in	DCCs	include	selecting	offloading	workloads	for	memory,	selecting	the	most	suitable	PE	in/near	memory,	or	the
timing	of	executing	selected	offloads.	The	format	of	the	instruction	is	shown.	If	available	off-chip	bandwidth	is	currently	limited,	the	offloading	can	be	halted,	and	the	host	processor	can	be	used	to	perform	the	operations	until	sufficient	bandwidth	is	available	again	[26,27,38,42].	There’s	no	way	we	could	comfortable	read	that	on	a	6″	kindle	screen
without	serious	eye	strain	and	a	headache.	This	is	calculated	by	estimating	the	change	in	the	total	number	of	packets	that	traverse	the	off-chip	link	due	to	an	offloading	decision	about	a	set	of	instructions.	Siegl	et	al.	6.	However,	not	all	instructions	can	be	simply	offloaded	onto	the	memory	processor.	The	GPU	used	as	a	memory	PE	has	a	lower	number
of	streaming	multiprocessors	(SM)	to	accommodate	the	thermal	constraints	on	the	logic	layer	of	the	HBM.	336–348.	To	enable	high	bandwidth	and	low	energy,	HMC	stacks	DRAM	dies	and	a	CMOS	logic	die	and	connects	the	dies	using	through-silicon	vias	(TSVs).	[Google	Scholar]	[CrossRef]Alibart,	F.;	Zamanidoost,	E.;	Strukov,	D.B.	Pattern
classification	by	memristive	crossbar	circuits	using	ex	situ	and	in	situ	training.	The	HMC-disabled	warps,	with	NMP	instructions	replaced	with	CUDA	instructions,	will	then	execute	entirely	on	the	host	GPU	to	help	manage	the	rising	HMC	temperature.	Licensee	MDPI,	Basel,	Switzerland.	In	this	paper,	we	have	organized	these	works	based	on	the
optimization	objective,	optimization	knobs,	and	the	type	of	technique	they	utilize.	Rep.	Solutions	to	overcome	such	attacks	can	further	increase	execution	time	and	reduce	the	energy	efficiency	of	DRAM	PIM	designs.On	the	other	hand,	alternative	NVM	memory	technologies	such	as	phase-change	memory	(PCM)	[51,52,53,54],	ReRAM
[22,24,55,56,57,58,59],	and	spintronic	RAM	[60,61,62,63,64,65,66]	show	promise.	For	our	example	we’ll	be	using	a	particularly	complex	textbook	(multiple	columns,	charts,	graphic	headers	for	each	chapter,	etc.)	and	a	Kindle.	For	bandwidth	savings	of	more	than	50%,	CAIRO	doubles	the	performance	of	GPU	workloads.	In	Proceedings	of	the	2nd
Workshop	on	Near-Data	Processing	(WoNDP),	Cambridge,	UK,	14	December	2014.	Another	useful	metric	to	consider	when	making	offloading	decisions	is	the	expected	memory	bandwidth-saving	from	the	offloading	[38,42,94].Lastly,	these	DCC	systems	can	include	different	types	of	PE	and/or	multiple	PEs	with	different	locations	within	the	memory.
Let’s	take	a	look	at	two	simple	and	free	ways	to	convert	PDF	files	for	enjoyable	reading.	HRL:	Efficient	and	flexible	reconfigurable	logic	for	near-data	processing.	Dev.	712–725.	2019,	97,	349–372.	Finally,	four	store	operations	complete	an	iteration	of	the	loop.	Similarly,	it	does	not	consider	energy	savings	except	as	a	byproduct	of	minimizing	the
DRAM	refresh	rate.Case	Study	2:	Making	Better	Use	of	Processing-In-Memory	through	Potential-Based	Task	OffloadingAlthough	works	under	the	code	annotation	and	compiler	categories	use	profiling	and	analysis	to	understand	the	effects	of	offloading	on	key	objectives,	the	generated	results	may	be	affected	by	runtime	conditions	related	to	input
data,	concurrent	workloads,	and	other	dynamic	policies.	Data	movement	aware	computation	partitioning.	In	addition,	DRAM	PIM	operations	that	use	TRA	are	normally	destructive,	requiring	several	bandwidth	consuming	row	copy	operations	if	the	data	need	to	be	maintained	[1,16].	[Google	Scholar]	[CrossRef]Mittal,	S.;	Vetter,	J.S.	AYUSH:	A
technique	for	extending	lifetime	of	SRAM-NVM	hybrid	caches.	In	Proceedings	of	the	IEEE	21st	International	Symposium	on	High	Performance	Computer	Architecture	(HPCA),	Burlingame,	CA,	USA,	7–11	February	2015;	pp.	Additionally,	all	dirty	cache	lines	from	the	operand	rows	need	to	be	flushed	prior	to	Ambit	operations.	Sci.	Kindles,	Nooks,	Sony
Pocket	Readers,	and	other	popular	readers	support	native	PDF	rendering.	Its	goal	is	to	reduce	communication	within	multiple	memory	processors	by	the	efficient	scheduling	of	vector	instructions.	SLAM:	High	performance	and	energy	efficient	hybrid	last	level	cache	architecture	for	multicore	embedded	systems.	While	raising	additional	wordlines
consumes	extra	energy,	the	reduction	of	off-chip	data	movement	more	than	makes	up	for	it,	reducing	energy	consumption	by	25.1×	to	59.5×.While	the	architecture	of	Ambit	shows	significant	promise,	its	management	policy	is	not	without	issues.	Ambit	accelerates	the	Bitweaving	(database	column	scan	operations)	application	by	7×	on	average
compared	to	the	baseline,	with	the	largest	improvement	witnessed	for	large	working	sets.	RowClone:	Fast	and	energy-efficient	in-DRAM	bulk	data	copy	and	initialization.	[Google	Scholar]	[CrossRef]Hsieh,	K.;	Ebrahim,	E.;	Kim,	G.;	Chatterjee,	N.;	O’Connor,	M.;	Vijaykumar,	N.;	Mutlu,	O.;	Keckler,	S.W.	Transparent	offloading	and	mapping	(TOM):
Enabling	programmer-transparent	near-data	processing	in	GPU	systems.	A	survey	on	graph	processing	accelerators:	Challenges	and	opportunities.	For	example,	locality-aware	instruction	offloading	[26,27,28,38,42,74]	involves	an	analysis	of	the	cache	behavior	of	a	set	of	instructions	in	an	application.	Firstly,	3D-DRAM	solutions	such	as	HMC	2.0	[81]
have	native	support	for	executing	simple	atomic	instructions.	In	Proceedings	of	the	Second	International	Symposium	on	Memory	Systems	(MEMSYS),	Alexandria,	VA,	USA,	3–6	October	2016;	pp.	CoolPIM:	Thermal-aware	source	throttling	for	efficient	PIM	instruction	offloading.	A	survey	of	ReRAM-based	architectures	for	processing-in-memory	and
neural	networks.	On	the	other	hand,	Internet	of	Things	(IoT)	devices	have	great	potential	to	use	ML	for	smart	operation,	but	they	lack	the	resources	for	training	ML	models	on	large	datasets.	14–26.	Could	you	guys	try	it	out?	Thirdly,	PEs	are	connected	using	high	bandwidth	through-silicon	vias	(TSVs)	to	memory	arrays	as	opposed	to	off-chip	links,
providing	much	higher	memory	bandwidth	to	the	PE.	531–543.	[Google	Scholar]	[CrossRef]Imani,	M.;	Peroni,	D.;	Rosing,	T.	Code	Optim.	All	dynamic	power	components	are	scaled	by	an	experimentally	determined	parameter	α	.	The	two	categories	discussed	are	2D	DRAM	chips	with	minimal	changes	and	3D	DRAM	with	one	or	more	PEs	on	the	logic
layer.Gui	et	al.	If	a	section	of	a	code’s	memory	access	pattern	is	found	to	exhibit	little	spatial	and	temporal	locality,	then	these	instructions	are	considered	a	good	candidate	for	offloading	to	a	memory	PE.	They	consider	an	NMP	system	with	a	host	GPU	and	a	trimmed-down	GPU	as	the	memory	PE	in	the	logic	layer	of	an	HBM	unit.	Figure	8.	The	actual
choice	of	the	vault	and	RVU	is	made	after	checking	for	data	dependencies	between	instructions.	The	use	of	large	vector	sizes	allows	PRIMO	to	exploit	greater	memory	parallelism	while	the	locality-aware	PE	minimizes	data	movements	between	vaults.While	identifying	vector	instructions	is	common	to	all	compiler-based	management	techniques,
PRIMO	achieves	better	FU	utilization	and	minimizes	internal	data	movement	by	optimizing	instruction	vector	size	and	selecting	PEs	considering	the	location	and	vector	size	of	the	operand	data.	For	the	past	few	decades,	memory	performance	improvements	have	lagged	behind	compute	performance	improvements,	creating	an	increasing	mismatch
between	the	time	to	transfer	data	and	the	time	to	perform	computations	on	these	data	(the	“memory	wall”).	The	true	processing	in	memory	accelerator.	When	the	assumptions	are	incomplete	or	incorrect,	online	heuristics	will	suffer	from	unexpected	behavior.Online	heuristics	are	used	widely	when	the	goal	is	to	accelerate	an	entire	data-intensive
application	on	general	purpose	memory	processors	[27,38,71,72,74].	ML’s	potential	has	been	demonstrated	for	identifying	offloading	targets	[71]	using	a	simple	regression-based	model	with	cache	performance	metrics	as	the	input.	U.S.	Patent	8238173B2,	7	August	2012.	(b)	Equation	for	total	speedup,	S	U	t	o	t	,	is	the	sum	of	speedup	due	to	avoiding
inefficient	cache	use	S	U	M	R	and	speedup	due	to	avoiding	the	overhead	of	executing	atomic	instructions	on	the	host	processor	S	U	H	A	[42].	39–50.	[Google	Scholar]	[CrossRef]Xie,	C.;	Song,	S.L.;	Wang,	J.;	Zhang,	W.;	Fu,	X.	273–287.	Have	a	conversion	tip,	trick,	or	tool	to	share?	It	argues	that	memory-based	accelerators	can	achieve	higher	bandwidth
and	low	latency,	but	the	performance	of	a	graph	accelerator	also	relies	on	other	architectural	choices	and	workloads.In	addition	to	DRAM,	emerging	memory	technologies	have	been	used	to	implement	DCC	architectures.	In	Proceedings	of	the	54th	Annual	Design	Automation	Conference	(DAC),	Austin,	TX,	USA,	18–22	June	2017;	pp.	In	[31],	an	in-
order	CPU	core	is	used	as	a	PE	in	3D-stacked	memory.	If	it	is	predicted	that	the	memory	and	processor	system	will	violate	power	or	thermal	constraints	while	the	offloading	target	is	executed,	offloading	may	be	deferred	or	reduced	to	avoid	degrading	memory	performance	or	violating	thermal	constraints	[29].	41–52.	[Google	Scholar]	[CrossRef]Siegl,
P.;	Buchty,	R.;	Berekovic,	M.	In	Proceedings	of	the	53rd	ACM/EDAC/IEEE	Design	Automation	Conference	(DAC),	Austin,	TX,	USA,	5–9	June	2016;	pp.	[Google	Scholar]	[CrossRef]Boroumand,	A.;	Ghose,	S.;	Patel,	M.;	Hassan,	H.;	Lucia,	B.;	Hsieh,	K.;	Malladi,	K.T.;	Zheng,	H.;	Mutlu,	O.	In	Proceedings	of	the	IEEE	International	Symposium	on	High
Performance	Computer	Architecture	(HPCA),	Barcelona,	Spain,	12–16	March	2016;	pp.	2018,	4,	698–710.	The	analog	operation	of	NVM	requires	the	use	of	DAC	(digital-to-analog	convertor)	and	ADC	(analog-to-digital	converter)	interfaces.	[Google	Scholar]	[CrossRef]Imani,	M.;	Kim,	Y.;	Rosing,	T.	If	the	source	rows	containing	the	operands	do	not
share	the	same	sensing	circuitry,	large	amounts	of	data	may	need	to	be	internally	copied	between	banks,	increasing	latency	and	energy	consumption,	necessitating	the	use	of	partitioning	and	data-mapping	techniques.	In	Proceedings	of	the	IEEE	International	Magnetics	Conference	(INTERMAG),	Dublin,	Ireland,	24–28	April	2017.	637–648.	Data
mapping	and	partitioning	in	irregular	workloads	like	graph	processing	reduces	peak	power	and	temperature	when	multiple	PEs	are	used	[36].	Moreover,	DRAM	is	typically	designed	using	a	high	threshold	voltage	process,	which	slows	down	PIM	logic	operations	when	PIM	PEs	are	fabricated	on	the	same	chip	[48].	Normalized	throughput	with	respect
to	maximum	memory	bandwidth	for	different	PEs	executing	the	PageRank	scatter	kernel:	multi-threaded	(MT)	programmable	core,	SIMD	programmable	core,	FPGAs,	CGRAs,	and	fixed-function	ASICs	[41].	Since	offloading	instructions	frees	up	memory	bandwidth,	it	is	important	to	understand	how	applications	can	benefit	from	the	higher	available
bandwidth	to	estimate	application	speedup.	In	Proceedings	of	the	23rd	International	Symposium	on	High-Performance	Parallel	and	Distributed	Computing	(HPDC),	Vancouver,	BC,	Canada,	23–27	June	2014;	pp.	Ambit	also	demonstrates	better	energy	efficiency	compared	to	traditional	CPU	execution	of	applications	using	bulk	bitwise	operations.
UPMEM	replaces	standard	DIMMs,	allowing	it	to	be	easily	adopted	in	datacenters.	To	enable	these	operations	in	DRAM,	PIM	modifications	to	DRAM	chips	are	often	made	at	the	bank	or	sub-array	level.	[Google	Scholar]	[CrossRef]Boroumand,	A.;	Ghose,	S.;	Kim,	Y.;	Ausavarungnirun,	R.;	Shiu,	E.;	Thakur,	R.;	Kim,	D.;	Kuusela,	A.;	Knies,	A.;
Ranganathan,	P.;	et	al.	This	is	key	to	enabling	TRA-based	operations.Applications	that	use	bulk	bitwise	operations	show	significant	improvement	using	Ambit.	In	Proceedings	of	the	Workshop	on	Near-Data	Processing	(WoNDP),	Cambridge,	UK,	14	December	2014.	To	alleviate	this	bottleneck,	PEs	near	or	within	memory	have	emerged	as	a	means	to
perform	computation	and	reduce	data	movement	between	traditional	processors	and	main	memory.	[Google	Scholar]	[CrossRef]Dai,	G.;	Huang,	T.;	Chi,	Y.;	Zhao,	J.;	Sun,	G.;	Liu,	Y.;	Wang,	Y.;	Xie,	Y.;	Yang,	H.	Various	ways	in	which	power	efficiency/feasibility	is	achieved	using	policy	design	include	using	low-power	fixed-function	accelerators,	smart
scheduling	techniques	for	multiple	PEs,	and	thermal-aware	offloading.	[Google	Scholar]	[CrossRef]Tang,	X.;	Kislal,	O.;	Kandemir,	M.;	Karakoy,	M.	Figure	16.	Many	ebook	readers	natively	support	PDF	documents	but,	unfortunately,	not	all	PDF	documents	are	easy	to	read	on	a	small	ebook	reader	screen.	[10]	discuss	resistive	RAM	(ReRAM)-based
implementations	of	neuromorphic	and	PIM	logical	and	arithmetic	units.The	surveys	discussed	above	adopt	different	viewpoints	in	presenting	prominent	work	in	the	DCC	domain.	For	example,	NMP	systems	may	have	multiple	PEs	placed	in	different	locations	in	the	memory	hierarchy	[94]	or	in	different	vaults	in	3D-based	memory	[26].	In	Proceedings
of	the	12th	ACM	International	Conference	on	Computing	Frontiers	(CF),	Ischia,	Italy,	18–21	May	2015;	pp.	For	example,	[26]	uses	a	regression-based	predictor	for	identifying	GPU	kernels	to	execute	on	a	near-memory	GPU	unit.	[Google	Scholar]	[CrossRef]Patterson,	D.;	Anderson,	T.;	Cardwell,	N.;	Fromm,	R.;	Keeton,	K.;	Kozyrakis,	C.;	Thomas,	R.;
Yelick,	K.	To	categorize	their	applications,	the	authors	analyze	the	speedup	of	their	applications	after	doubling	the	available	bandwidth	and	conclude	that	CPU	workloads	and	GPU	workloads	naturally	divide	into	bandwidth-insensitive	and	bandwidth-sensitive,	respectively.	In	the	next	sections,	we	will	briefly	discuss	different	PIM	architectures	that	use
DRAM	and	NVM.The	earliest	PIM	implementations	[11,14,15]	integrated	logic	within	DRAM.	Figure	14.	Cell	conductance	in	the	rows	of	memristive	crossbar	arrays	(MCA)	can	be	used	to	represent	synaptic	weights	and	the	input	feature	values	can	be	represented	by	wordline	voltages.	In	Proceedings	of	the	International	Conference	on	Parallel
Architecture	and	Compilation	Techniques	(PACT),	Haifa,	Israel,	11–15	September	2016;	pp.	Moreover,	if	the	offloaded	segment	does	not	have	data	access	locality,	it	avoids	cache	pollution,	making	more	blocks	available	for	cache-friendly	data.	Understandably,	researchers	have	begun	to	focus	on	how	to	optimally	manage	DCC	systems.	For	example,
3D-DRAM	NMP	systems	often	place	memory	processors	in	the	3D	memory	stack	that	can	present	significant	thermal	problems	if	not	properly	managed.	What	if,	Marcus?	DRAM	performance	and	energy	consumption	have	not	scaled	proportionally	with	transistor	sizes	like	they	did	for	processors.	Platform	independent	software	analysis	for	near
memory	computing.	To	perform	the	NOT	operation,	the	value	of	a	cell	is	read	into	the	sense	amplifier	by	activating	the	desired	row	and	the	bitline.	We	can	stand	to	increase	the	file	size	on	a	few	PDFs	in	order	to	gain	access	to	a	portable	and	easily	read	copy.	On	the	other	hand,	compute-intensive	applications	are	typically	bandwidth-insensitive	and
benefit	little	from	the	increase	in	available	memory	bandwidth.	Each	of	the	32	vaults	has	a	reconfigurable	vector	unit	(RVU)	on	the	logic	layer	as	a	PE.	This	is	because	as	long	as	each	memory	cell	has	a	large	range	of	resistances,	resistive	memory	can	have	multiple	levels	of	resultant	resistances	that	can	represent	multiple	states.	When	the	type	of
instruction	is	insufficient	to	ascertain	the	benefit	of	offloading,	compiler	techniques	like	CAIRO	[42]	use	analytical	methods	to	quantitatively	determine	the	benefit	of	offloading	by	profiling	the	bandwidth	and	cache	characteristics	of	instructions	offline,	at	the	cost	of	adding	design	(compile)	time	overhead.Another	advantage	of	using	compilers	is	the
ability	to	efficiently	utilize	NMP	hardware	by	exploiting	parallelism	in	memory	and	PEs.	For	example,	[30]	achieves	71%	better	floating-point	utilization	than	hand-written	assembly	code	using	loop	and	memory	access	optimizations	for	some	kernels.	Architecting	phase	change	memory	as	a	scalable	DRAM	alternative.	2015,	14,	127–131.	Alternatively,
computation	can	be	“batched”	to	avoid	frequent	context	switching	[34].	Finally,	the	sign	of	the	difference	in	the	current	flowing	through	the	two	rows	(	s	g	n	[	∑	i	=	0	9	G	i	+	V	i	−	∑	i	=	0	9	G	i	−	V	i	]	)	can	be	determined,	which	is	equivalent	to	the	original	output	y	.	Finally,	the	NMP	architecture	allows	faster	execution	of	atomic	instructions,
eliminating	long	stalls	in	the	host	processor.CAIRO’s	first	step	is	to	identify	offloading	candidates	that	can	be	treated	as	HMC	atomic	instructions.	This	is	because	the	working	set	is	small	enough	to	fit	in	the	host	processor’s	cache,	thus	achieving	higher	performance	than	memory-side	execution.	II	Exp.	In	this	case,	the	downside	of	moving	data	is
offset	by	the	higher	performance	of	the	main	processor.	The	assumption	is	that	large	L2MPI	values	indicate	inefficient	use	of	cache	and	wastage	of	memory	bandwidth.	The	speedup	due	to	bandwidth	saving,	S	U	B	W	,	is	calculated	by	estimating	the	bandwidth	savings	achieved,	B	W	s	a	v	i	n	g	′	(Equations	(1)	and	(2)).	Extract	the	executable	into	a
folder,	drag	a	PDF	file	onto	the	EXE	and	let	it	work—as	seen	in	the	screenshot	above.	2018,	1,	75–114.	Secondly,	emerging	memory	technologies	enable	DCC;	for	example,	3D	stacking	technology	allows	embedding	PEs	closer	to	memory	chips	than	ever	before.	The	speedup	achieved	by	a	Host-Only,	all	offloaded	(PIM-Only),	and	low-locality	offload
(Locality-Aware)	approaches	in	a	DRAM	NMP	system	for	different	application	input	sizes	[28].	[Google	Scholar]	[CrossRef]Draper,	J.;	Chame,	J.;	Hall,	M.;	Steele,	C.;	Barrett,	T.;	LaCoss,	J.;	Granacki,	J.;	Shin,	J.;	Chen,	C.;	Kang,	C.W.;	et	al.	If	the	PIM	rate	is	unmanaged,	the	DRAM	cannot	guarantee	reliable	operation	due	to	the	high	amount	of	charge
leakage	under	high	temperature.Secondly,	memory	processors	are	not	guaranteed	to	improve	power	and	performance	for	all	workloads.	Since	the	Ambit	operations	operate	on	entire	DRAM	rows,	the	size	of	the	bbop	operation	must	be	a	multiple	of	the	DRAM	row	size.	683–688.	The	throughput	is	normalized	to	the	maximum	memory	bandwidth,	which
is	indicated	by	the	solid	line.	However,	the	authors	expect	that	the	implementers	of	Ambit	would	provide	API/driver	support	that	allows	the	programmer	to	perform	code	annotation	to	specify	bitvectors	that	are	likely	to	be	involved	in	bitwise	operations	and	have	those	bitvectors	be	placed	in	subarrays	such	that	corresponding	portions	of	each	bitvector
are	in	the	same	subarray.	Figure	11.	The	final	offloading	decision	involves	an	online	heuristic	to	determine	the	benefit	of	offloading	by	estimating	bandwidth	saving	and	co-locate	data	and	computation	across	multiple	HMC	modules.	Figure	6.	[Google	Scholar]	[CrossRef]Santos,	P.C.;	de	Lima,	J.P.C.;	de	Moura,	R.F.;	Ahmed,	H.;	Alves,	M.A.Z.;	Beck,
A.C.S.;	Carro,	L.	Secondly,	3D-DRAM	allows	for	easy	integration	of	a	logic	die	that	provides	greater	area	for	placing	more	complex	PEs	near	memory	than	2D	counterparts.	2018,	37,	1760–1773.	Exploring	IoT	platform	with	technologically	agnostic	processing-in-memory	framework.	[Google	Scholar]	[CrossRef]Xiao,	Y.;	Xue,	Y.;	Nazarian,	S.;	Bogdan,	P.
Peak	DRAM	temperature	with	various	data	bandwidth	and	cooling	methods	(passive,	low-end,	commodity,	and	high-end)	[29].	Figure	1.	[Google	Scholar]	[CrossRef]Kang,	W.;	Chang,	L.;	Wang,	Z.;	Zhao,	W.	To	implement	the	policy,	management	techniques	have	employed	code	annotation	[1,13,16,19,24,25,28,31,32,37,40,57,91,95],	compiler-based
code	analysis	[27,39,40,70,92,96],	and	online	heuristics	[27,28,29,38,71,72,74].	In	Proceedings	of	the	IEEE	60th	International	Midwest	Symposium	on	Circuits	and	Systems	(MWSCAS),	Boston,	MA,	USA,	6–9	August	2017;	pp.	[Google	Scholar]	[CrossRef]Gokhale,	M.;	Lloyd,	S.;	Hajas,	C.	The	inclusion	of	SIMD	PEs	inside	the	memory	chip	enables	DRAM
PIM	to	take	advantage	of	the	high	internal	DRAM	bandwidth	and	minimizes	the	need	for	data	to	traverse	power	hungry	off-chip	links	while	enabling	more	complex	computations	than	those	afforded	by	TRA-based	operations.While	PIM	operations	have	been	shown	to	outperform	the	host	CPU	(or	GPU)	execution,	there	are	some	technical	challenges
with	their	implementation.	PIM-Assembler:	A	processing-in-memory	platform	for	genome	assembly.	Predominantly,	prior	work	in	this	domain	can	be	classified	depending	on	how	PEs	are	integrated	with	memory.For	DCC	architectures,	solutions	can	be	divided	into	two	main	categories:	(1)	PIM	systems,	which	perform	computations	using	special
circuitry	inside	the	memory	module	or	by	taking	advantage	of	particular	aspects	of	the	memory	itself,	e.g.,	simultaneous	activation	of	multiple	DRAM	rows	for	logical	operations	[1,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25];	(2)	NMP	systems,	which	perform	computations	on	a	PE	placed	close	to	the	memory	module,	e.g.,	CPU	or	GPU	cores	placed
on	the	logic	layer	of	3D-stacked	memory	[26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42].	It	marks	possible	offloading	candidates	during	a	compiler	pass,	but	the	actual	offloading	decision	is	subject	to	runtime	monitoring	of	dynamic	system	conditions	like	PE	utilization	and	memory	bandwidth	utilization.	It’s	easy	to	get	overwhelmed	and	some	of
the	settings	are	pretty	arcane	if	you’re	unfamiliar	with	printing	terms	and/or	search	string	expressions.	A	related	metric	used	by	some	policy	designs	is	bandwidth	saving.	Starting	with	HMC	2.0	specification,	HMC	has	supported	18	atomic	computation	instructions	(shown	in	Figure	10)	on	the	HMC’s	logic	layer.	Another	way	by	which	the	compiler
improves	performance	is	the	utilization	of	the	vast	number	of	functional	units	(FUs)	by	optimizing	the	vector	length	of	offloaded	instructions	for	the	available	hardware.	Then,	the	current	flowing	through	each	bitline	will	be	related	to	the	dot	product	of	input	values	and	weights	in	a	column.	For	applications	that	are	limited	by	low	memory	bandwidth,
increasing	the	available	memory	bandwidth	leads	to	performance	improvements	(bandwidth-sensitive	applications)	since	these	applications	exploit	memory-level	parallelism	(MLP).	[Google	Scholar]	[CrossRef]Scrbak,	M.;	Greathouse,	J.L.;	Jayasena,	N.;	Kavi,	K.	Two	of	the	three	rows	hold	the	operands	while	the	third	row	is	initialized	to	zeros	for	a	bulk
AND	operation	or	to	ones	for	a	bulk	OR	operation.	In	Proceedings	of	the	IEEE/ACM	International	Conference	on	Computer-Aided	Design	(ICCAD),	13–16	November	2017;	pp.	Section	4	discusses	the	optimization	objectives	and	knobs,	as	well	as	different	resource	management	techniques	utilized	to	manage	the	variety	of	PIM/NMP	systems	proposed	to
date.	It’s	a	fantastic	tool	for	managing	ebooks	and	ebook	readers.	In	Proceedings	of	the	IEEE	International	Solid-State	Circuits	Conference	Digest	of	Technical	Papers	(ISSCC),	San	Francisco,	CA,	USA,	9–13	February	2014;	pp.	In	Proceedings	of	the	International	Conference	on	Hardware/Software	Codesign	and	System	Synthesis	(CODES+ISSS),	New
Delhi,	India,	12–17	October	2014;	pp.	[Google	Scholar]	[CrossRef]Shafiee,	A.;	Nag,	A.;	Muralimanohar,	N.;	Balasubramonian,	R.;	Strachan,	J.P.;	Hu,	M.;	Williams,	R.S.;	Srikumar,	V.	However,	the	reconfiguration	of	hardware	logic	results	in	runtime	overhead	and	additional	system	complexity.The	type	of	memory	to	use	is	an	important	decision	for	DCC
system	designers	working	with	NMP	systems.	In-Memory	Computational	Device	2017.	1109–1112.	However,	there	are	several	challenges	and	opportunities	for	resource	management	of	PIM/NMP	substrates	related	to	generalizability,	multi-objective	considerations,	reliability,	and	the	application	of	more	intelligent	techniques,	e.g.,	machine	learning
(ML),	as	discussed	below:Due	to	the	large	variations	in	DCC	architectures	proposed	to	date,	the	management	policies	have	been	very	architecture-	and	application-specific.	Peak	DRAM	temperatures	at	different	workload	offloading	frequencies	(referred	to	as	“PIM	rate”	in	the	original	work)	in	a	3D-DRAM	NMP	system	[29].	Nat.	When	performed	in
HMC,	the	computation	exploits	the	higher	memory	bandwidth	and	parallelism	supported	by	HMC’s	architecture.Identifying	offloading	candidates	(instructions	that	can	be	offloaded)	and	choosing	suitable	memory	PEs	are	important	compiler	functions	for	accelerating	computation.	While	CAIRO	relies	on	offline	profilers	and	[30]	requires	some
OpenMP	directives	for	annotation,	the	compiler	in	PRIMO	[92]	is	designed	to	eliminate	any	reliance	on	third-party	profilers	or	code	annotation.	LazyPIM:	An	efficient	cache	coherence	mechanism	for	processing-in-memory.	In	Proceedings	of	the	22nd	Asia	and	South	Pacific	Design	Automation	Conference	(ASP-DAC),	Chiba,	Japan,	16–19	January	2017;
pp.	In	Proceedings	of	the	IEEE	International	Symposium	on	Circuits	and	Systems.	ComputeDRAM:	In-memory	compute	using	off-the-shelf	DRAMs.	In	Proceedings	of	the	52nd	Annual	IEEE/ACM	International	Symposium	on	Microarchitecture	(MICRO),	Columbus,	OH,	USA,	12–16	October	2019;	pp.	For	bandwidth-sensitive	applications,	the	amount	of
speedup	increases	with	the	amount	of	bandwidth	saved	by	CAIRO.	Finally,	activating	the	d-wordline	drives	the	bitline	to	the	value	stored	in	the	dual-contact	cell	capacitor.	Writing	data	involves	driving	an	electric	current	through	the	memory	cell	to	change	its	physical	properties,	i.e.,	the	material	phase	of	the	crystal	in	PCM,	the	magnetic	polarity	in
spintronic	RAM,	and	the	atomic	structure	in	memristors	and	ReRAM.	As	this	input-weight	dot	product	is	a	key	operation	for	NNs,	PIM	architects	have	achieved	significant	acceleration	for	NN	computation	[19]	by	extending	traditional	MCA	to	include	in-memory	multiply	operations.	HielM:	Highly	flexible	in-memory	computing	using	STT	MRAM.	In
order	to	allow	the	offloading	of	atomic	operations	written	in	Nvidia’s	CUDA	to	HMC,	the	compiler	is	tweaked	to	generate	an	additional	executable	version	for	each	CUDA	block	of	computation.	Since	these	accelerators	are	designed	to	execute	a	fixed	set	of	operations,	they	do	not	require	a	program	counter,	load-store	units,	or	excessive	number	of
registers	and	arithmetic	logic	units	(ALU),	which	significantly	reduces	both	static	and	dynamic	energy	consumption.	The	NOT	operation	uses	a	dual-contact	DRAM	cell	added	to	the	sense	amplifier	to	store	the	negated	value	of	the	cell	in	a	capacitor	and	store	it	on	the	bitline	when	required.	Circuits	and	Systems	Connecting	the	World	(ISCAS),	Atlanta,
GA,	USA,	15	May	1996;	pp.	For	example,	[42]	offloads	atomic	instructions	at	instruction-level	granularity	to	a	fixed-function	near-memory	graph	accelerator.	The	problem	with	native	rendering,	however,	is	that	many	PDF	documents	are	formatted	to	be	read	on	a	large	screen	or	printed	and	read	in	hard	copy.	Here’s	a	snippet	of	the	text	seen	in	the
screenshot	above	(which	is	properly	formatted	but	a	little	grainy)	after	the	reconversion	process:	And	there	you	have	it.	The	two	values	are	used	to	determine	if	the	task	should	be	offloaded	using	a	simple	linear	model	derived	through	empirical	data	from	profiling	(Equation	(3)).	Data-centric	computing	frontiers:	A	survey	on	processing-in-memory.
[Google	Scholar]	[CrossRef]Li,	S.;	Niu,	D.;	Malladi,	K.T.;	Zheng,	H.;	Brennan,	B.;	Xie,	Y.	641–654.	[Google	Scholar]	[CrossRef]Devaux,	F.	This	is	especially	true	when	the	policy	focuses	more	on	NMP-specific	optimizations	such	as	cache-coherence,	address	translation,	or	logic	reconfiguration	than	the	system-wide	optimizations	outlined	in	Section	4.1.
For	example,	code	annotation	is	used	in	architectures	with	fully	programmable	APUs	[75],	CPUs	[31],	and	CGRAs	[95].	In	Proceedings	of	the	28th	International	Conference	on	Parallel	Architectures	and	Compilation	Techniques	(PACT),	Seattle,	WA,	USA,	23–26	September	2019;	pp.	If	the	value	of	this	model	exceeds	a	threshold	(TH),	then	the	task	is
considered	as	an	offloading	candidate	based	on	the	time-energy	constraint.	In	Proceedings	of	the	50th	Annual	IEEE/ACM	International	Symposium	on	Microarchitecture	(MICRO),	Boston,	MA,	USA,	14–17	October	2017;	pp.	1–13.	On	the	other	hand,	NMP	architectures	take	advantage	of	existing	compute	substrates	and	integrate	compute	cores	near
the	memory	module.	Figure	15	details	the	implementation	of	the	policy.The	use	of	an	online	heuristic	allows	CoolPIM	to	adapt	to	system	conditions	at	runtime	and	control	temperature	even	when	an	application	goes	through	different	phases.	To	address	this	issue,	researchers	have	proposed	to	reduce	these	costly	data	movements	by	introducing	data-
centric	computing	(DCC),	where	some	of	the	computations	are	moved	in	proximity	to	the	memory	architecture.Two	major	paradigms	of	DCC	have	emerged	in	recent	years:	processing-in-memory	(PIM)	and	near-memory	processing	(NMP).	pPIM:	A	Programmable	Processor-in-Memory	Architecture	with	Precision-Scaling	for	Deep	Learning.	Figure	10.
Ideally,	scheduling	decisions	should	aim	to	utilize	the	higher	intra-vault	ban	dwidth.	[Google	Scholar]	[CrossRef]	[PubMed]Guo,	Q.;	Alachiotis,	N.;	Akin,	B.;	Sadi,	F.;	Xu,	G.;	Low,	T.M.;	Pileggi,	L.;	Hoe,	J.C.;	Franchetti,	F.	Equation	(4)	shows	how	the	relationship	is	modeled.	Moreover,	using	the	memory-side	PE	for	computation	incurs	power	and	thermal
cost.	The	L2MPI	and	percentage	of	active	SMs	to	idle	SMs	is	used	to	infer	how	much	the	application	would	benefit	from	executing	on	the	memory	side	PE.	It	implements	a	token-based	policy	where	CUDA	blocks	request	a	token	from	the	pool	before	starting	execution.	RESPARC:	A	reconfigurable	and	energy-efficient	architecture	with	memristive
crossbars	for	deep	spiking	neural	networks.	[Google	Scholar]	[CrossRef]Gokhale,	M.;	Holmes,	B.;	Iobst,	K.	Therefore,	a	management	policy	should	be	able	to	control	not	just	what	is	being	offloaded	but	also	when	and	where	it	will	be	offloaded.In	order	to	properly	manage	what	is	offloaded	onto	PIM	or	NMP	systems,	where	it	is	offloaded	(in	the	case	of
multiple	memory	PEs),	and	when	it	is	offloaded,	prior	work	has	utilized	one	of	three	different	strategies:	(1)	code	annotation:	techniques	that	rely	on	the	programmers	to	select	and	determine	the	appropriate	sections	of	code	to	offload;	(2)	compiler	optimization:	techniques	that	attempt	to	automatically	identify	what	to	offload	during	compile-time;	(3)
online	heuristics:	techniques	that	use	a	set	of	rules	to	determine	what	to	offload	during	run-time.	These	PIM	operations	allow	computations	to	be	done	on	memory	where	they	are	stored,	thus	eliminating	most	of	the	data	movement.	For	example,	[16]	introduces	two	simple	instructions	for	copying	and	zeroing	a	row	in	memory.	606–609.	Table	1.	Today
we’re	going	to	look	at	two	ways	you	can	re-format	a	PDF	file	for	enjoyable	reading	on	your	favorite	reader.	[Google	Scholar]	[CrossRef]Mutlu,	O.;	Kim,	J.S.	RowHammer:	A	retrospective.	HMC	atomic	instructions	in	HMC	2.0	[81].	For	instance,	some	DRAM-based	solutions	minimally	change	the	DRAM	cell	architecture	while	relying	heavily	on	altering
memory	commands	from	the	memory	controller	to	enable	functions	such	as	copying	a	row	of	cells	to	another	[16],	logical	operations	such	as	AND,	OR,	and	NOT	[18,22,24],	and	arithmetic	operations	such	as	addition	and	multiplication	[1,23,43].	Update:	Shortly	after	this	article	went	live	on	the	site	Marcus	wrote	in	and	asked	What	if	you	took	the
K2pdfopt.exe	output	and	ran	the	resulting	PDF	through	Calibre	again	to	convert	it	to	a	MOBI	or	ePUB?	DVFS	space	exploration	in	power	constrained	processing-in-memory	systems.	Specifically,	power	is	treated	as	a	constraint	with	a	fixed	budget	of	55W	with	a	high-end-server	active	heat	sink.	[Google	Scholar]	[CrossRef]Hybrid	Memory	Cube
Specification	2.1.	2	February	2017.	469–470.	Moreover,	the	charge	storage	nature	of	DRAM	cells	requires	that	data	be	periodically	refreshed.	Umesh	et	al.	Figure	2.	Prometheus:	Processing-in-memory	heterogeneous	architecture	design	from	a	multi-layer	network	theoretic	strategy.	3D-stacked	memory-side	acceleration:	Accelerator	and	system
design.	All	of	these	issues	make	it	difficult	to	decide	which	computations	should	be	offloaded	and	make	use	of	these	PIM/NMP	systems.In	this	article,	we	survey	the	landscape	of	different	resource	management	techniques	that	decide	which	computations	are	offloaded	onto	the	PIM/NMP	systems.	A	survey	of	spintronic	architectures	for	processing-in-
memory	and	neural	networks.	1–10.	[Google	Scholar]	[CrossRef]Tang,	S.;	Yin,	S.;	Zheng,	S.;	Ouyang,	P.;	Tu,	F.;	Yao,	L.;	Wu,	J.;	Cheng,	W.;	Liu,	L.;	Wei,	S.	While	this	is	the	main	goal	with	CAIRO,	the	authors	note	that	additional	benefits	can	be	realized	when	effective	cache	size	and	bandwidth	saving	is	considered	for	offloading	decisions.	An	even
greater	scheduling	challenge	is	posed	by	the	use	of	multiple	HMC	modules	connected	by	a	network	[34,35].	2016,	52,	47–49.	When	the	conversion	completed	(you’ll	see	a	copy	of	your	PDF	file	with	the	file	named	annotated	like	filename_k2opt.pdf	in	the	K2pdfopt	folder)	we	copied	it	over	to	our	Kindle	and	were	shocked	at	how	well	it	handled	the
complex	text	we	threw	at	it.	Mach.	The	only	downside	we	could	find	in	using	K2pdfopt	was	the	increase	in	file	size.	2015,	5,	194–204.	Lastly,	Section	5	concludes	with	a	discussion	of	challenges	and	future	directions.Different	aspects	of	DCC	systems	have	been	covered	by	other	surveys.	Classification	of	resource	management	techniques	for	DCC
systems	(E:	energy,	P:	performance,	Pow:	power,	T:	temperature).	Computing	in	memory	with	spin-transfer	torque	magnetic	RAM.	221–233.	Processing	in	memory:	The	Terasys	massively	parallel	PIM	array.	Due	to	Ambit’s	small	set	of	operations,	it	is	relatively	easy	to	identify	the	specific	code	segments	that	can	benefit	from	these	operations.	The	data
to	be	stored	in	all	cases	are	embedded	in	the	resultant	resistance	of	the	memory	cell,	which	persists	even	when	the	power	supply	shuts	off.	It	should	be	noted	that	in	[28],	PIM	refers	to	an	HMC-based	architecture	that	we	classify	as	NMP.	A	scalable	processing-in-memory	accelerator	for	parallel	graph	processing.	Apart	from	a	general	discussion	on
graph	accelerators,	the	survey	deals	with	graph	accelerators	in	memory	and	compares	the	benefits	of	such	systems	against	traditional	graph	accelerators	that	use	field	programmable	gate	arrays	(FPGA)	or	application-specific	integrated	circuits	(ASIC).	Rather	than	convert	the	document	into	raw	text	and	try	to	reformat	it,	it	instead	carefully	crops
and	realigns	the	pieces	as	though	they	were	a	series	of	images.	Figure	15.	Figure	9.	In	Proceedings	of	the	IEEE	Hot	Chips	31	Symposium	(HCS),	Cupertino,	CA,	USA,	18–20	August	2019;	pp.	In	Proceedings	of	the	18th	IEEE	International	Symposium	on	Consumer	Electronics	(ISCE),	JeJu	Island,	Korea,	22–25	June	2014;	pp.	[Google	Scholar]
[CrossRef]Challapalle,	N.;	Rampalli,	S.;	Jao,	N.;	Ramanathan,	A.;	Sampson,	J.;	Narayanan,	V.	In	Proceedings	of	the	International	Symposium	on	Memory	Systems	(MemSys),	Washington	DC,	USA,	30	September–3	October	2019;	pp.	Extr.	Idle	power	is	ignored	in	this	work.	Fortunately,	this	technique	avoids	runtime	overhead	since	all	offloading
decisions	are	part	of	the	generated	binary.	[Google	Scholar]Zhuo,	Y.;	Wang,	C.;	Zhang,	M.;	Wang,	R.;	Niu,	D.;	Wang,	Y.;	Qian,	X.	This	is	because	offloading	the	instruction	to	HMC	uses	fewer	flits	than	executing	the	instruction	on	the	host	CPU,	which	involves	the	transfer	of	operands	over	the	off-chip	link.	1970,	C-19,	73–78.	Specifically,	each	weight
value	is	represented	by	a	pair	of	cell	conductances,	i.e.,	w	i	∝	G	i	≡	G	i	+	−	G	i	−	to	represent	both	positive	and	negative	weight	values.	The	identification	of	offloading	workloads	is	simply	identifying	which	offloaded	atomic	instructions	best	optimizes	the	objectives.	1999,	16,	32–41.	[Google	Scholar]	[CrossRef]Pan,	C.;	Xie,	M.;	Hu,	J.;	Chen,	Y.;	Yang,	C.
Static	power	is	scaled	by	the	ratio	of	the	areas	of	the	host	and	memory	GPU.	Aided	Design	Integr.	Moreover,	multiple	RVUs	can	coordinate	to	operate	on	vector	lengths	of	as	high	as	4096	bytes.With	this	architecture,	PRIMO	has	to	identify	not	only	offloading	candidate	code	segments	to	convert	to	special	NMP	instructions	but	also	which	execution
unit	minimizes	data	movement	within	memory	by	exploiting	internal	data	locality.	In	addition,	online	heuristics	may	be	used	in	combination	with	code	annotation	and	compiler-based	methods	[27,75].	The	value	of	α	is	estimated	by	profiling	the	application.	While	3T1C	cells	allow	non-destructive	reads,	these	significantly	increase	the	area	overhead	of
the	PIM	system	compared	to	the	single	transistor	counterparts	[1,16,44].	The	online	nature	of	heuristic	policies	enables	the	policy	to	adapt	to	the	runtime	state,	but	it	also	increases	its	complexity	and	runtime	overhead.
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