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The	pencil	is	one	of	the	most	basic	and	most	popular	graphic	design	tools.	Design	tools	are	objects,	media,	or	computer	programs,	which	can	be	used	to	design.	They	may	influence	the	process	of	production,	expression	and	perception	of	design	ideas[1]	and	therefore	need	to	be	applied	skillfully.[2]	Objects	New	ideas	can	come	by	way	of	experimenting
with	tools	and	methods.	Some	designers	explore	ideas	using	pencil	and	paper.[3]	Others	use	many	different	mark-making	tools	and	resources	from	computers	to	sculpture	as	a	means	of	inspiring	creativity.	Traditionally,	objects	like	pencil,	compass,	ruler,	drawing	triangle	have	been	considered	design	tools	and	have	been	used	to	characterize	design
and	designers.[4]	One	reason	for	the	success	of	traditional	design	tools	such	as	pencil	and	paper	is	that	these	tools	can	be	used	without	any	special	knowledge	and	their	usage	facilitates	a	continuous	flow	of	thoughts.[5]	Media	The	appropriate	development	and	presentation	tools	can	substantially	change	how	an	audience	perceives	a	project.	The
media	used	for	design	can	be	divided	in	two	categories,	visual	and	verbal.	Conventionally,	in	areas	like	architecture,	industrial	design,	or	graphic	design,	visual	media	are	considered	more	important	than	verbal	media.	In	other	areas	like	engineering,	the	use	of	verbal	design	media	may	be	prevalent.	Visual	Visual	design	tools	are,	for	example,	gesture,
sketch,	drawing,	scale	model,	perspective	drawing,	photograph,	film,	video.	Eugene	S.	Ferguson's	1977	paper	in	Science,	entitled	"The	mind's	eye:	Nonverbal	thought	in	technology",	is	credited	for	clarifying	the	role	of	visual	reasoning	in	the	thinking	process.[6]	In	this	article	he	reasoned	that	"Thinking	with	pictures	is	an	essential	strand	in	the
intellectual	history	of	technological	development."[7]	He	concludes	his	article	with	the	following	statement:	Much	of	the	creative	thought	of	the	designers	of	our	technological	world	is	nonverbal,	not	easily	reducible	to	words;	its	language	is	an	object	or	a	picture	or	a	visual	image	in	the	mind.	It	is	out	of	this	kind	of	thinking	that	the	clock,	printing
press,	and	snowmobile	have	arisen.	Technologists,	converting	their	nonverbal	knowledge	into	objects	directly	(as	when	an	artisan	fashioned	an	American	ax)	or	into	drawings	that	have	enabled	others	to	build	what	was	in	their	minds,	have	chosen	the	shape	and	many	of	the	qualities	of	our	man-made	surroundings.	This	intellectual	component	of
technology,	which	is	non-literary	and	non-scientific,	has	been	generally	unnoticed	because	its	origins	lie	in	art	and	not	in	science.As	the	scientific	component	of	knowledge	in	technology	has	increased	markedly	in	the	19th	and	20th	centuries,	the	tendency	has	been	to	lose	sight	of	the	crucial	part	played	by	nonverbal	knowledge	in	making	the	"big"
decisions	of	form,	arrangement,	and	texture,	that	determine	the	parameters	within	which	a	system	will	operate.[8]	In	his	work	claims	Ferguson	that	visual	reasoning	is	a	widely	used	tool	used	in	creating	technological	artefacts.	There	is	ample	evidence	that	visual	methods,	particularly	drawing,	play	a	central	role	in	creating	artefacts.	Verbal	Verbal
design	tools	are,	for	example,	metaphor,	description,	discussion,	critique,	theory,	algorithm,	calculation,	program.	Computer	programs	Computer	programs	have	many	functions	which	can	be	discussed	in	terms	of	design	tools.	One	of	the	most	widely	used	design	tools	is	computer-aided	design	(CAD)	software	like	Autodesk	Inventor,	DSS	SolidWorks,
or	Pro	Engineer	which	enables	designers	to	create	3D	models,	2D	drawings,	and	schematics	of	their	designs.	CAD	together	with	Digital	Mockup	(DMU)	and	CAE	software	such	as	finite	element	method	analysis	or	analytic	element	method	allows	designers	to	create	models	of	designs	that	can	be	analyzed	without	having	to	make	expensive	and	time-
consuming	physical	prototypes.	There	is	some	debate	whether	computers	enhance	the	creative	process	of	design.[9]	Rapid	production	from	the	computer	allows	many	designers	to	explore	multiple	ideas	quickly	with	more	detail	than	what	could	be	achieved	by	traditional	hand-rendering	or	paste-up	on	paper,	moving	the	designer	through	the	creative
process	more	quickly.[10]	However,	being	faced	with	limitless	choices	does	not	help	isolate	the	best	design	solution	and	can	lead	to	endless	iterations	with	no	clear	design	outcome.	A	designer	may	use	sketches	to	explore	multiple	or	complex	ideas	quickly[11]	without	the	distractions	and	complications	of	software.	Digital	Service	Design	Tools	In
recent	years	we	have	seen	the	growth	of	digital	tools	and	computer	programs	within	the	discipline	of	Service	Design	that	facilitate	aspects	of	the	design	process.	For	example,	tools	such	as	Smaply	by	More	than	Metrics	allows	users	to	create	and	collaborate	on	digital	Personas,	Stakeholder	Maps	and	Journey	Maps.	Digital	tools	can	enable	people
wishing	to	practice	Service	Design	with	an	accessible	and	convenient	means	to	integrate	and	build	design	capacity	within	their	organizations.	Digital	tools	offer	a	range	of	benefits	over	traditional	pen	and	paper	methods,	including	the	ability	to	export	and	share	outputs,	collaboration	at	a	distance,	real	time	updating	and	the	integration	of	various	data
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Proposed	since	April	2022.	Product	design	as	a	verb	is	to	create	a	new	product	to	be	sold	by	a	business	to	its	customers.[1]	A	very	broad	coefficient	and	effective	generation	and	development	of	ideas	through	a	process	that	leads	to	new	products.[2]	Thus,	it	is	a	major	aspect	of	new	product	development.	Product	design	process:	the	set	of	strategic	and
tactical	activities,	from	idea	generation	to	commercialization,	used	to	create	a	product	design.	In	a	systematic	approach,	product	designers	conceptualize	and	evaluate	ideas,	turning	them	into	tangible	inventions	and	products.	The	product	designer's	role	is	to	combine	art,	science,	and	technology	to	create	new	products	that	people	can	use.	Their
evolving	role	has	been	facilitated	by	digital	tools	that	now	allow	designers	to	do	things	that	include	communicate,	visualize,	analyze,	3D	modeling	and	actually	produce	tangible	ideas	in	a	way	that	would	have	taken	greater	human	resources	in	the	past.	Product	design	is	sometimes	confused	with	(and	certainly	overlaps	with)	industrial	design,	and	has
recently	become	a	broad	term	inclusive	of	service,	software,	and	physical	product	design.	Industrial	design	is	concerned	with	bringing	artistic	form	and	usability,	usually	associated	with	craft	design	and	ergonomics,	together	in	order	to	mass-produce	goods.[3]	Other	aspects	of	product	design	and	industrial	design	include	engineering	design,
particularly	when	matters	of	functionality	or	utility	(e.g.	problem-solving)	are	at	issue,	though	such	boundaries	are	not	always	clear.[4]	Product	design	process	There	are	various	product	design	processes	and	many	focus	on	different	aspects.	One	example	formulation/model	of	the	process	is	described	by	Don	Koberg	and	Jim	Bagnellin	in	"The	Seven
Universal	Stages	of	Creative	Problem-Solving."	The	process	is	usually	completed	by	a	group	of	people	with	different	skills	and	training—e.g.	industrial	designers,	field	experts	(prospective	users),	engineers	(for	engineering	design	aspects),	depending	upon	the	nature	and	type	of	the	product	involved.	The	process	often	involves	figuring	out	what	is
required,	brainstorming	possible	ideas,	creating	mock	prototypes	and	then	generating	the	product.	However,	that	is	not	the	end.	Product	designers	would	still	need	to	execute	the	idea,	making	it	into	an	actual	product	and	evaluating	its	success	(seeing	if	any	improvements	are	necessary).	The	product	design	process	has	experienced	huge	leaps	in
evolution	over	the	last	few	years	with	the	rise	and	adoption	of	3D	printing.	New	consumer-friendly	3D	printers	can	produce	dimensional	objects	and	print	upwards	with	a	plastic	like	substance	opposed	to	traditional	printers	that	spread	ink	across	a	page.	The	product	design	process,	as	expressed	by	Koberg	and	Bagnell,	typically	involves	three	main
aspects:[5]	Analysis	Concept	Synthesis	Depending	on	the	kind	of	product	being	designed,	the	latter	two	sections	are	most	often	revisited	(e.g.	depending	on	how	often	the	design	needs	revision,	to	improve	it	or	to	better	fit	the	criteria).	This	is	a	continuous	loop,	where	feedback	is	the	main	component.[5]	Koberg	and	Bagnell	offer	more	specifics	on	the
process:	In	their	model,	"analysis"	consists	of	two	stages,	"concept"	is	only	one	stage,	and	"synthesis"	encompasses	the	other	four.	(These	terms	notably	vary	in	usage	in	different	design	frameworks.	Here,	they	are	used	in	the	way	they're	used	by	Koberg	and	Bagnell.)	Analysis	Accept	Situation:	Here,	the	designers	decide	on	committing	to	the	project
and	finding	a	solution	to	the	problem.	They	pool	their	resources	into	figuring	out	how	to	solve	the	task	most	efficiently.[5]	Analyze:	In	this	stage,	everyone	in	the	team	begins	research.	They	gather	general	and	specific	materials	which	will	help	to	figure	out	how	their	problem	might	be	solved.	This	can	range	from	statistics,	questionnaires,	and	articles,
among	many	other	sources.[5]	Concept	Define:	This	is	where	the	key	issue	of	the	matter	is	defined.	The	conditions	of	the	problem	become	objectives,	and	restraints	on	the	situation	become	the	parameters	within	which	the	new	design	must	be	constructed.[5]	Synthesis	Ideate:	The	designers	here	brainstorm	different	ideas,	solutions	for	their	design
problem.	The	ideal	brainstorming	session	does	not	involve	any	bias	or	judgment,	but	instead	builds	on	original	ideas.[5]	Select:	By	now,	the	designers	have	narrowed	down	their	ideas	to	a	select	few,	which	can	be	guaranteed	successes	and	from	there	they	can	outline	their	plan	to	make	the	product.[5]	Implement:	This	is	where	the	prototypes	are	built,
the	plan	outlined	in	the	previous	step	is	realized	and	the	product	starts	to	become	an	actual	object.[5]	Evaluate:	In	the	last	stage,	the	product	is	tested,	and	from	there,	improvements	are	made.	Although	this	is	the	last	stage,	it	does	not	mean	that	the	process	is	over.	The	finished	prototype	may	not	work	as	well	as	hoped	so	new	ideas	need	to	be
brainstormed.[5]	Demand-pull	innovation	and	invention-push	innovation	Most	product	designs	fall	under	one	of	two	categories:	demand-pull	innovation	or	invention-push	innovation.[6]	Demand-pull	happens	when	there	is	an	opportunity	in	the	market	to	be	explored	by	the	design	of	a	product.[6]	This	product	design	attempts	to	solve	a	design	problem.
The	design	solution	may	be	the	development	of	a	new	product	or	developing	a	product	that's	already	on	the	market,	such	as	developing	an	existing	invention	for	another	purpose.[6]	Invention-push	innovation	happens	when	there	is	an	advancement	in	intelligence.	This	can	occur	through	research	or	it	can	occur	when	the	product	designer	comes	up
with	a	new	product	design	idea.[6]	Product	design	expression	So-called	"color	chips"	or	color	samples,	used	in	the	plastic	industry	to	help	designers	visually	identify	available	colors	of	plastic	pellets.	Design	expression	comes	from	the	combined	effect	of	all	elements	in	a	product.	Colour	tone,	shape	and	size	should	direct	a	person's	thoughts	towards
buying	the	product.[7]	Therefore,	it	is	in	the	product	designer's	best	interest	to	consider	the	audiences	who	are	most	likely	to	be	the	product's	end	consumers.	Keeping	in	mind	how	consumers	will	perceive	the	product	during	the	design	process	will	direct	towards	the	product’s	success	in	the	market.[8]	However,	even	within	a	specific	audience,	it	is
challenging	to	cater	to	each	possible	personality	within	that	group.	One	solution	to	that	is	to	create	a	product	that,	in	its	designed	appearance	and	function,	expresses	a	personality	or	tells	a	story.[7]	Products	that	carry	such	attributes	are	more	likely	to	give	off	a	stronger	expression	that	will	attract	more	consumers.	On	that	note	it	is	important	to	keep
in	mind	that	design	expression	does	not	only	concern	the	appearance	of	a	product,	but	also	its	function.[7]	For	example,	as	humans	our	appearance	as	well	as	our	actions	are	subject	to	people's	judgment	when	they	are	making	a	first	impression	of	us.	People	usually	do	not	appreciate	a	rude	person	even	if	they	are	good	looking.	Similarly,	a	product	can
have	an	attractive	appearance	but	if	its	function	does	not	follow	through	it	will	most	likely	drop	in	regards	to	consumer	interest.	In	this	sense,	designers	are	like	communicators,	they	use	the	language	of	different	elements	in	the	product	to	express	something.[9]	Trends	in	product	design	Product	designers	need	to	consider	all	of	the	details:	the	ways
people	use	and	abuse	objects,	faulty	products,	errors	made	in	the	design	process,	and	the	desirable	ways	in	which	people	wish	they	could	use	objects.[10]	Many	new	designs	will	fail	and	many	won't	even	make	it	to	market.[10]	Some	designs	eventually	become	obsolete.	The	design	process	itself	can	be	quite	frustrating	usually	taking	5	or	6	tries	to	get
the	product	design	right.[10]	A	product	that	fails	in	the	marketplace	the	first	time	may	be	re-introduced	to	the	market	2	more	times.[10]	If	it	continues	to	fail,	the	product	is	then	considered	to	be	dead	because	the	market	believes	it	to	be	a	failure.[10]	Most	new	products	fail,	even	if	there's	a	great	idea	behind	them.[10]	All	types	of	product	design	are
clearly	linked	to	the	economic	health	of	manufacturing	sectors.	Innovation	provides	much	of	the	competitive	impetus	for	the	development	of	new	products,	with	new	technology	often	requiring	a	new	design	interpretation.	It	only	takes	one	manufacturer	to	create	a	new	product	paradigm	to	force	the	rest	of	the	industry	to	catch	up—fueling	further
innovation.[11]	Products	designed	to	benefit	people	of	all	ages	and	abilities—without	penalty	to	any	group—accommodate	our	swelling	aging	population	by	extending	independence	and	supporting	the	changing	physical	and	sensory	needs	we	all	encounter	as	we	grow	older.[12]	See	also	Axiomatic	product	development	lifecycle	APDL	Industrial	design
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Computer-generated	imagery	(CGI)	Animation	computer	skeletal	3D	display	Wire-frame	model	Texture	mapping	Motion	capture	Crowd	simulation	Global	illumination	Volume	rendering	vte	In	3D	computer	graphics,	3D	modeling	is	the	process	of	developing	a	mathematical	coordinate-based	representation	of	any	surface	of	an	object	(inanimate	or
living)	in	three	dimensions	via	specialized	software	by	manipulating	edges,	vertices,	and	polygons	in	a	simulated	3D	space.[1][2][3]	Three-dimensional	(3D)	models	represent	a	physical	body	using	a	collection	of	points	in	3D	space,	connected	by	various	geometric	entities	such	as	triangles,	lines,	curved	surfaces,	etc.[4]	Being	a	collection	of	data	(points
and	other	information),	3D	models	can	be	created	manually,	algorithmically	(procedural	modeling),	or	by	scanning.[5][6]	Their	surfaces	may	be	further	defined	with	texture	mapping.	Outline	See	also:	Environment	artist	The	product	is	called	a	3D	model.	Someone	who	works	with	3D	models	may	be	referred	to	as	a	3D	artist	or	a	3D	modeler.	A	3D
Model	can	also	be	displayed	as	a	two-dimensional	image	through	a	process	called	3D	rendering	or	used	in	a	computer	simulation	of	physical	phenomena.	3D	Models	may	be	created	automatically	or	manually.	The	manual	modeling	process	of	preparing	geometric	data	for	3D	computer	graphics	is	similar	to	plastic	arts	such	as	sculpting.	The	3D	model
can	be	physically	created	using	3D	printing	devices	that	form	2D	layers	of	the	model	with	three-dimensional	material,	one	layer	at	a	time.	Without	a	3D	model,	a	3D	print	is	not	possible.[7]	3D	modeling	software	is	a	class	of	3D	computer	graphics	software	used	to	produce	3D	models.	Individual	programs	of	this	class,	such	as	SketchUp,	are	called
modeling	applications.[8]	History	Three-dimensional	model	of	a	spectrograph[9]	Rotating	3D	video-game	model	3D	selfie	models	are	generated	from	2D	pictures	taken	at	the	Fantasitron	3D	photo	booth	at	Madurodam	3D	models	are	now	widely	used	anywhere	in	3D	graphics	and	CAD	but	their	history	predates	the	widespread	use	of	3D	graphics
on	personal	computers.[10]	In	the	past,	many	computer	games	used	pre-rendered	images	of	3D	models	as	sprites	before	computers	could	render	them	in	real-time.	The	designer	can	then	see	the	model	in	various	directions	and	views,	this	can	help	the	designer	see	if	the	object	is	created	as	intended	to	compared	to	their	original	vision.	Seeing	the
design	this	way	can	help	the	designer	or	company	figure	out	changes	or	improvements	needed	to	the	product.[11]	Representation	A	modern	render	of	the	iconic	Utah	teapot	model	developed	by	Martin	Newell	(1975).	The	Utah	teapot	is	one	of	the	most	common	models	used	in	3D	graphics	education.	Almost	all	3D	models	can	be	divided	into	two
categories:	Solid	–	These	models	define	the	volume	of	the	object	they	represent	(like	a	rock).	Solid	models	are	mostly	used	for	engineering	and	medical	simulations,	and	are	usually	built	with	constructive	solid	geometry	Shell	or	boundary	–	These	models	represent	the	surface,	i.e.	the	boundary	of	the	object,	not	its	volume	(like	an	infinitesimally	thin
eggshell).	Almost	all	visual	models	used	in	games	and	film	are	shell	models.	Solid	and	shell	modeling	can	create	functionally	identical	objects.	Differences	between	them	are	mostly	variations	in	the	way	they	are	created	and	edited	and	conventions	of	use	in	various	fields	and	differences	in	types	of	approximations	between	the	model	and	reality.	Shell
models	must	be	manifold	(having	no	holes	or	cracks	in	the	shell)	to	be	meaningful	as	a	real	object.	In	a	shell	model	of	a	cube,	the	bottom	and	top	surface	of	the	cube	must	have	a	uniform	thickness	with	no	holes	or	cracks	in	the	first	and	last	layer	printed.	Polygonal	meshes	(and	to	a	lesser	extent	subdivision	surfaces)	are	by	far	the	most	common
representation.	Level	sets	are	a	useful	representation	for	deforming	surfaces	which	undergo	many	topological	changes	such	as	fluids.	The	process	of	transforming	representations	of	objects,	such	as	the	middle	point	coordinate	of	a	sphere	and	a	point	on	its	circumference	into	a	polygon	representation	of	a	sphere,	is	called	tessellation.	This	step	is	used
in	polygon-based	rendering,	where	objects	are	broken	down	from	abstract	representations	("primitives")	such	as	spheres,	cones	etc.,	to	so-called	meshes,	which	are	nets	of	interconnected	triangles.	Meshes	of	triangles	(instead	of	e.g.	squares)	are	popular	as	they	have	proven	to	be	easy	to	rasterize	(the	surface	described	by	each	triangle	is	planar,	so
the	projection	is	always	convex);	.[12]	Polygon	representations	are	not	used	in	all	rendering	techniques,	and	in	these	cases	the	tessellation	step	is	not	included	in	the	transition	from	abstract	representation	to	rendered	scene.	Process	There	are	three	popular	ways	to	represent	a	model:	Polygonal	modeling	–	Points	in	3D	space,	called	vertices,	are
connected	by	line	segments	to	form	a	polygon	mesh.	The	vast	majority	of	3D	models	today	are	built	as	textured	polygonal	models,	because	they	are	flexible,	because	computers	can	render	them	so	quickly.	However,	polygons	are	planar	and	can	only	approximate	curved	surfaces	using	many	polygons.	Curve	modeling	–	Surfaces	are	defined	by	curves,
which	are	influenced	by	weighted	control	points.	The	curve	follows	(but	does	not	necessarily	interpolate)	the	points.	Increasing	the	weight	for	a	point	will	pull	the	curve	closer	to	that	point.	Curve	types	include	nonuniform	rational	B-spline	(NURBS),	splines,	patches,	and	geometric	primitives	Digital	sculpting	–	Still	a	fairly	new	method	of	modeling,	3D
sculpting	has	become	very	popular	in	the	few	years	it	has	been	around.[13]	There	are	currently	three	types	of	digital	sculpting:	Displacement,	which	is	the	most	widely	used	among	applications	at	this	moment,	uses	a	dense	model	(often	generated	by	subdivision	surfaces	of	a	polygon	control	mesh)	and	stores	new	locations	for	the	vertex	positions
through	use	of	an	image	map	that	stores	the	adjusted	locations.	Volumetric,	loosely	based	on	voxels,	has	similar	capabilities	as	displacement	but	does	not	suffer	from	polygon	stretching	when	there	are	not	enough	polygons	in	a	region	to	achieve	a	deformation.	Dynamic	tessellation,	which	is	similar	to	voxel,	divides	the	surface	using	triangulation	to
maintain	a	smooth	surface	and	allow	finer	details.	These	methods	allow	for	very	artistic	exploration	as	the	model	will	have	a	new	topology	created	over	it	once	the	models	form	and	possibly	details	have	been	sculpted.	The	new	mesh	will	usually	have	the	original	high	resolution	mesh	information	transferred	into	displacement	data	or	normal	map	data	if
for	a	game	engine.	A	3D	fantasy	fish	composed	of	organic	surfaces	generated	using	LAI4D.	The	modeling	stage	consists	of	shaping	individual	objects	that	are	later	used	in	the	scene.	There	are	a	number	of	modeling	techniques,	including:	Constructive	solid	geometry	Implicit	surfaces	Subdivision	surfaces	Modeling	can	be	performed	by	means	of	a
dedicated	program	(e.g.,	Blender,	Cinema	4D,	LightWave,	Maya,	Modo,	3ds	Max)	or	an	application	component	(Shaper,	Lofter	in	3ds	Max)	or	some	scene	description	language	(as	in	POV-Ray).	In	some	cases,	there	is	no	strict	distinction	between	these	phases;	in	such	cases	modeling	is	just	part	of	the	scene	creation	process	(this	is	the	case,	for
example,	with	Caligari	trueSpace	and	Realsoft	3D).	3D	models	can	also	be	created	using	the	technique	of	Photogrammetry	with	dedicated	programs	such	as	RealityCapture,	Metashape	and	3DF	Zephyr.	Cleanup	and	further	processing	can	be	performed	with	applications	such	as	MeshLab,	the	GigaMesh	Software	Framework,	netfabb	or	MeshMixer.
Photogrammetry	creates	models	using	algorithms	to	interpret	the	shape	and	texture	of	real-world	objects	and	environments	based	on	photographs	taken	from	many	angles	of	the	subject.	Complex	materials	such	as	blowing	sand,	clouds,	and	liquid	sprays	are	modeled	with	particle	systems,	and	are	a	mass	of	3D	coordinates	which	have	either	points,
polygons,	texture	splats,	or	sprites	assigned	to	them.	Human	models	Main	article:	Virtual	actor	The	first	widely	available	commercial	application	of	human	virtual	models	appeared	in	1998	on	the	Lands'	End	web	site.	The	human	virtual	models	were	created	by	the	company	My	Virtual	Mode	Inc.	and	enabled	users	to	create	a	model	of	themselves	and
try	on	3D	clothing.[14]	There	are	several	modern	programs	that	allow	for	the	creation	of	virtual	human	models	(Poser	being	one	example).	3D	clothing	Dynamic	3D	clothing	model	made	in	Marvelous	Designer	The	development	of	cloth	simulation	software	such	as	Marvelous	Designer,	CLO3D	and	Optitex,	has	enabled	artists	and	fashion	designers	to
model	dynamic	3D	clothing	on	the	computer.[15]	Dynamic	3D	clothing	is	used	for	virtual	fashion	catalogs,	as	well	as	for	dressing	3D	characters	for	video	games,	3D	animation	movies,	for	digital	doubles	in	movies[16]	as	well	as	for	making	clothes	for	avatars	in	virtual	worlds	such	as	SecondLife.	Comparison	with	2D	methods	3D	photorealistic	effects
are	often	achieved	without	wire-frame	modeling	and	are	sometimes	indistinguishable	in	the	final	form.	Some	graphic	art	software	includes	filters	that	can	be	applied	to	2D	vector	graphics	or	2D	raster	graphics	on	transparent	layers.	Advantages	of	wireframe	3D	modeling	over	exclusively	2D	methods	include:	Flexibility,	ability	to	change	angles	or
animate	images	with	quicker	rendering	of	the	changes;	Ease	of	rendering,	automatic	calculation	and	rendering	photorealistic	effects	rather	than	mentally	visualizing	or	estimating;	Accurate	photorealism,	less	chance	of	human	error	in	misplacing,	overdoing,	or	forgetting	to	include	a	visual	effect.	Disadvantages	compare	to	2D	photorealistic	rendering
may	include	a	software	learning	curve	and	difficulty	achieving	certain	photorealistic	effects.	Some	photorealistic	effects	may	be	achieved	with	special	rendering	filters	included	in	the	3D	modeling	software.	For	the	best	of	both	worlds,	some	artists	use	a	combination	of	3D	modeling	followed	by	editing	the	2D	computer-rendered	images	from	the	3D
model.	3D	model	market	A	large	market	for	3D	models	(as	well	as	3D-related	content,	such	as	textures,	scripts,	etc.)	still	exists	–	either	for	individual	models	or	large	collections.	Several	online	marketplaces	for	3D	content	allow	individual	artists	to	sell	content	that	they	have	created,	including	TurboSquid,	CGStudio,	CreativeMarket,	MyMiniFactory,
Sketchfab,	CGTrader	and	Cults.	Often,	the	artists'	goal	is	to	get	additional	value	out	of	assets	they	have	previously	created	for	projects.	By	doing	so,	artists	can	earn	more	money	out	of	their	old	content,	and	companies	can	save	money	by	buying	pre-made	models	instead	of	paying	an	employee	to	create	one	from	scratch.	These	marketplaces	typically
split	the	sale	between	themselves	and	the	artist	that	created	the	asset,	artists	get	40%	to	95%	of	the	sales	according	to	the	marketplace.	In	most	cases,	the	artist	retains	ownership	of	the	3d	model	while	the	customer	only	buys	the	right	to	use	and	present	the	model.	Some	artists	sell	their	products	directly	in	its	own	stores	offering	their	products	at	a
lower	price	by	not	using	intermediaries.	Over	the	last	several	years	numerous	marketplaces	specializing	in	3D	rendering	and	printing	models	have	emerged.	Some	of	the	3D	printing	marketplaces	are	a	combination	of	models	sharing	sites,	with	or	without	a	built	in	e-com	capability.	Some	of	those	platforms	also	offer	3D	printing	services	on	demand,
software	for	model	rendering	and	dynamic	viewing	of	items.	3D	printing	file	sharing	and	model	rendering	platforms	include	Shapeways,	Sketchfab,	Pinshape,	Thingiverse,	TurboSquid,	CGTrader,	Threeding,	MyMiniFactory,	and	GrabCAD.	3D	printing	Main	articles:	3D	printing	and	Rapid	prototyping	The	term	3D	printing	or	three-dimensional	printing
is	a	form	of	additive	manufacturing	technology	where	a	three-dimensional	object	is	created	from	successive	layers	material.[17]	Objects	can	be	created	without	the	need	for	complex	expensive	molds	or	assembly	with	multiple	parts.	3D	printing	allows	ideas	to	be	prototyped	and	tested	without	having	to	go	through	a	production	process.[17][18]	In
recent	years,	there	has	been	an	upsurge	in	the	number	of	companies	offering	personalized	3D	printed	models	of	objects	that	have	been	scanned,	designed	in	CAD	software,	and	then	printed	to	the	customer's	requirements.[19]	3D	models	can	be	purchased	from	online	marketplaces	and	printed	by	individuals	or	companies	using	commercially	available
3D	printers,	enabling	the	home-production	of	objects	such	as	spare	parts	and	even	medical	equipment.[20][21]	Uses	Steps	of	forensic	facial	reconstruction	of	a	mummy	made	in	Blender	by	the	Brazilian	3D	designer	Cícero	Moraes.	Today,	3D	modeling	is	used	in	various	industries	like	film,	animation	and	gaming,	interior	design	and	architecture.[22]
They	are	also	used	in	the	medical	industry	to	create	interactive	representations	of	anatomy.[23]	The	medical	industry	uses	detailed	models	of	organs;	these	may	be	created	with	multiple	2-D	image	slices	from	an	MRI	or	CT	scan.	The	movie	industry	uses	them	as	characters	and	objects	for	animated	and	real-life	motion	pictures.	The	video	game
industry	uses	them	as	assets	for	computer	and	video	games.	The	science	sector	uses	them	as	highly	detailed	models	of	chemical	compounds.[24]	The	architecture	industry	uses	them	to	demonstrate	proposed	buildings	and	landscapes	in	lieu	of	traditional,	physical	architectural	models.	The	archaeology	community	is	now	creating	3D	models	of	cultural
heritage	for	research	and	visualization.	The	engineering	community	utilizes	them	as	designs	of	new	devices,	vehicles	and	structures	as	well	as	a	host	of	other	uses.	In	recent	decades	the	earth	science	community	has	started	to	construct	3D	geological	models	as	a	standard	practice.	3D	models	can	also	be	the	basis	for	physical	devices	that	are	built
with	3D	printers	or	CNC	machines.	In	terms	of	video	game	development,	3D	modeling	is	one	stage	in	a	longer	development	process.	Simply	put,	the	source	of	the	geometry	for	the	shape	of	an	object	can	be:	A	designer,	industrial	engineer	or	artist	using	a	3D-CAD	system	An	existing	object,	reverse	engineered	or	copied	using	a	3-D	shape	digitizer	or
scanner	Mathematical	data	stored	in	memory	based	on	a	numerical	description	or	calculation	of	the	object.[17]	A	wide	number	of	3D	software	are	also	used	in	constructing	digital	representation	of	mechanical	models	or	parts	before	they	are	actually	manufactured.	CAD-	and	CAM-related	software	is	used	in	such	fields,	and	with	this	software,	not	only
can	you	construct	the	parts,	but	also	assemble	them,	and	observe	their	functionality.	3D	modeling	is	also	used	in	the	field	of	industrial	design,	wherein	products	are	3D	modeled	before	representing	them	to	the	clients.	In	media	and	event	industries,	3D	modeling	is	used	in	stage	and	set	design.[25]	The	OWL	2	translation	of	the	vocabulary	of	X3D	can
be	used	to	provide	semantic	descriptions	for	3D	models,	which	is	suitable	for	indexing	and	retrieval	of	3D	models	by	features	such	as	geometry,	dimensions,	material,	texture,	diffuse	reflection,	transmission	spectra,	transparency,	reflectivity,	opalescence,	glazes,	varnishes,	and	enamels	(as	opposed	to	unstructured	textual	descriptions	or	2.5D	virtual
museums	and	exhibitions	using	Google	Street	View	on	Google	Arts	&	Culture,	for	example).[26]	The	RDF	representation	of	3D	models	can	be	used	in	reasoning,	which	enables	intelligent	3D	applications	which,	for	example,	can	automatically	compare	two	3D	models	by	volume.[27]	Testing	a	3D	solid	model	Further	information:	Solid	modeling	3D	solid
models	can	be	tested	in	different	ways	depending	on	what	is	needed	by	using	simulation,	mechanism	design,	and	analysis.	If	a	motor	is	designed	and	assembled	correctly	(this	can	be	done	differently	depending	on	what	3D	modeling	program	is	being	used),	using	the	mechanism	tool	the	user	should	be	able	to	tell	if	the	motor	or	machine	is	assembled
correctly	by	how	it	operates.	Different	design	will	need	to	be	tested	in	different	ways.	For	example;	a	pool	pump	would	need	a	simulation	ran	of	the	water	running	through	the	pump	to	see	how	the	water	flows	through	the	pump.	These	tests	verify	if	a	product	is	developed	correctly	or	if	it	needs	to	be	modified	to	meet	its	requirements.	See	also	List	of
3D	modeling	software	List	of	common	3D	test	models	List	of	file	formats#3D	graphics	3D	city	model	3D	computer	graphics	software	3D	figure	3D	printing	3D	scanner	3D	scanning	Additive	manufacturing	file	format	Building	information	modeling	Cloth	modeling	Computer	facial	animation	Cornell	box	Digital	geometry	Edge	loop	Geological	modeling
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Media	related	to	3D	modeling	at	Wikimedia	Commons	Retrieved	from	"	3	The	3D	model	of	Berlin	allows	viewers	to	look	at	the	city	as	it	is	now,	as	it	once	was,	and	as	the	city	it	might	turn	into	in	the	future.	A	3D	city	model	is	digital	model	of	urban	areas	that	represent	terrain	surfaces,	sites,	buildings,	vegetation,	infrastructure	and	landscape	elements
in	three-dimensional	scale	as	well	as	related	objects	(e.g.,	city	furniture)	belonging	to	urban	areas.	Their	components	are	described	and	represented	by	corresponding	two-	and	three-dimensional	spatial	data	and	geo-referenced	data.	3D	city	models	support	presentation,	exploration,	analysis,	and	management	tasks	in	a	large	number	of	different
application	domains.	In	particular,	3D	city	models	allow	"for	visually	integrating	heterogeneous	geoinformation	within	a	single	framework	and,	therefore,	create	and	manage	complex	urban	information	spaces."[1][2]	Storage	To	store	3D	city	models,	both	file-based	and	database	approaches	are	used.	There	is	no	single,	unique	representation	schema
due	to	the	heterogeneity	and	diversity	of	3d	city	model	contents.	Encoding	of	components	The	Components	of	3D	city	models	are	encoded	by	common	file	and	exchange	formats	for	2D	raster-based	GIS	data	(e.g.,	GeoTIFF),	2D	vector-based	GIS	data	(e.g.,	AutoCAD	DXF),	3D	models	(e.g.,	.3DS,	.OBJ),	and	3D	scenes	(e.g.,	Collada,	Keyhole	Markup
Language)	such	as	supported	by	CAD,	GIS,	and	computer	graphics	tools	and	systems.	All	components	of	a	3D	city	model	have	to	be	transformed	into	a	common	geographic	coordinate	system.	Databases	A	database	for	3D	city	models	stores	its	components	in	a	hierarchically	structured,	multi-scale	way,	which	allows	for	a	stable	and	reliable	data
management	and	facilitates	complex	GIS	modeling	and	analysis	tasks.	For	example,	the	3D	City	Database	is	a	free	3D	geo	database	to	store,	represent,	and	manage	virtual	3D	city	models	on	top	of	a	standard	spatial	relational	database.[3]	A	database	is	required	if	3D	city	models	have	to	be	continuously	managed.	3D	city	model	databases	form	a	key
element	in	3D	spatial	data	infrastructures	that	require	support	for	storing,	managing,	maintenance,	and	distribution	of	3D	city	model	contents.[4]	Their	implementation	requires	support	of	a	multitude	of	formats	(e.g.,	based	on	FME	multi	formats).	As	common	application,	geodata	download	portals	can	be	set	up	for	3D	city	model	contents	(e.g.,
virtualcityWarehouse).[5]	CityGML	The	Open	Geospatial	Consortium	(OGC)	defines	an	explicit	XML-based	exchange	format	for	3D	city	models,	CityGML,	which	supports	not	only	geometric	descriptions	of	3D	city	model	components	but	also	the	specification	of	semantics	and	topology	information.[6]	CityJSON	CityJSON	is	a	JSON-based	format	for
storing	3D	city	models.[7]	It	mostly	follows	the	CityGML	data	model,	but	aims	to	be	developer-	and	user-friendly	by	avoiding	most	of	the	complexities	of	its	usual	GML	encoding.	Due	to	its	simple	encoding	and	the	use	of	JSON,	it	is	also	suitable	for	web	applications.[8]	Construction	Level	of	detail	3D	city	models	are	typically	constructed	at	various
levels	of	detail	(LOD)	to	provide	notions	of	multiple	resolutions	and	at	different	levels	of	abstraction.	Other	metrics	such	as	the	level	of	spatio-semantic	coherence	and	resolution	of	the	texture	can	be	considered	a	part	of	the	LOD.	For	example,	CityGML	defines	five	LODs	for	building	models:	LOD	0:	2.5D	footprints	LOD	1:	Buildings	represented	by
block	models	(usually	extruded	footprints)	LOD	2:	Building	models	with	standard	roof	structures	LOD	3:	Detailed	(architectural)	building	models	LOD	4:	LOD	3	building	models	supplemented	with	interior	features.	There	exist	also	approaches	to	generalize	a	given	detailed	3D	city	model	by	means	of	automated	generalization.[9]	For	example,	a
hierarchical	road	network	(e.g.,	OpenStreetMap)	can	be	used	to	group	3D	city	model	components	into	"cells";	each	cell	is	abstracted	by	aggregating	and	merging	contained	components.	GIS	data	GIS	data	provide	the	base	information	to	build	a	3D	city	model	such	as	by	digital	terrain	models,	road	networks,	land	use	maps,	and	related	geo-referenced
data.	GIS	data	also	includes	cadastral	data	that	can	be	converted	into	simple	3D	models	as,	for	example,	in	the	case	of	extruded	building	footprints.	Core	components	of	3D	city	models	form	digital	terrain	models	(DTM)	represented,	for	example,	by	TINs	or	grids.	CAD	data	Typical	sources	of	data	for	3D	city	model	also	include	CAD	models	of	buildings,
sites,	and	infrastructure	elements.	They	provide	a	high	level	of	detail,	possible	not	required	by	3D	city	model	applications,	but	can	be	incorporated	either	by	exporting	their	geometry	or	as	encapsulated	objects.	BIM	data	Building	information	models	represent	another	category	of	geo-spatial	data	that	can	be	integrated	into	a	3D	city	model	providing
the	highest	level	of	detail	for	building	components.	Integration	at	visualization	level	Complex	3D	city	models	typically	are	based	on	different	sources	of	geodata	such	as	geodata	from	GIS,	building	and	site	models	from	CAD	and	BIM.	It	is	one	of	their	core	properties	to	establish	a	common	reference	frame	for	heterogeneous	geo-spatial	and	geo-
referenced	data,	i.e.,	the	data	need	not	to	be	merged	or	fused	based	on	one	common	data	model	or	schema.	The	integration	is	possible	by	sharing	a	common	geo-coordinate	system	at	the	visualization	level.[10]	Building	reconstruction	The	simplest	form	of	building	model	construction	consist	in	extruding	the	footprint	polygons	of	buildings,	e.g.,	taken
from	the	cadaster,	by	pre-compute	average	heights.	In	practice,	3D	models	of	buildings	of	urban	regions	are	generated	based	on	capturing	and	analyzing	3D	point	clouds	(e.g.,	sampled	by	terrestrial	or	aerial	laser	scanning)	or	by	photogrammetric	approaches.	To	achieve	a	high	percentage	of	geometrically	and	topologically	correct	3D	building	models,
digital	terrain	surfaces	and	2D	footprint	polygons	are	required	by	automated	building	reconstruction	tools	such	as	BREC.[11]	One	key	challenge	is	to	find	building	parts	with	their	corresponding	roof	geometry.	"Since	fully	automatic	image	understanding	is	very	hard	to	solve,	semi-automatic	components	are	usually	required	to	at	least	support	the
recognition	of	very	complex	buildings	by	a	human	operator."[12]	Statistical	approaches	are	common	for	roof	reconstruction	based	on	airborne	laser	scanning	point	clouds.	[13][14]	Fully	automated	processes	exist	to	generate	LOD1	and	LOD2	building	models	for	large	regions.	For	example,	the	Bavarian	Office	for	Surveying	and	Spatial	Information	is
responsible	for	about	8	million	building	models	at	LOD1	and	LOD2.[15]	Visualization	The	visualization	of	3D	city	models	represents	a	core	functionality	required	for	interactive	applications	and	systems	based	on	3D	city	models.	Real-time	rendering	Providing	high	quality	visualization	of	massive	3D	city	models	in	a	scalable,	fast,	and	cost	efficient
manner	is	still	a	challenging	task	due	to	the	complexity	in	terms	of	3D	geometry	and	textures	of	3D	city	models.	Real-time	rendering	provides	a	large	number	of	specialized	3D	rendering	techniques	for	3D	city	models.	Examples	of	specialized	real-time	3D	rendering	include:	Real-time	3D	rendering	of	road	networks	on	high	resolution	terrain	models.
[16]	Real-time	3D	rendering	of	water	surfaces	with	cartography-oriented	design.[17]	Real-time	3D	rendering	of	day	and	night	sky	phenomena.[18]	Real-time	3D	rendering	of	grid-based	terrain	models.[19]	Real-time	3D	rendering	using	different	levels	of	abstraction,	ranging	between	2D	map	views	and	3D	views.[20]	Real-time	3D	rendering	of
multiperspective	views	on	3D	city	models.[21][22]	Real-time	rendering	algorithms	and	data	structures	are	listed	by	the	virtual	terrain	project.[23]	Service-based	rendering	Service-oriented	architectures	(SOA)	for	visualizing	3D	city	models	offer	a	separation	of	concerns	into	management	and	rendering	and	their	interactive	provision	by	client
applications.	For	SOA-based	approaches,	3D	portrayal	services[24]	are	required,	whose	main	functionality	represents	the	portrayal	in	the	sense	of	3D	rendering	and	visualization.[25]	SOA-based	approaches	can	be	distinguished	into	two	main	categories,	currently	discussed	in	the	Open	Geospatial	Consortium:	Web	3D	service	(W3DS):	This	type	of
service	handles	geodata	access	and	mapping	to	computer	graphics	primitives	such	as	scene	graphs	with	textured	3D	geometry	models	as	well	as	their	delivery	to	the	requesting	client	applications.	The	client	applications	are	responsible	for	the	3D	rendering	of	delivered	scene	graphs,	i.e.,	they	are	responsible	for	the	interactive	display	using	their	own
3D	graphics	hardware.	Web	view	service	(WVS):	This	type	of	service	encapsulates	the	3D	rendering	process	for	3D	city	models	at	the	server	side.	The	server	generates	views	of	the	3D	scene	or	intermediate,	image-based	representations	(e.g.,	virtual	panoramas	or	G-buffer	cube	maps[26]),	which	are	streamed	and	uploaded	to	requesting	client
applications.	The	client	applications	are	responsible	for	re-construction	the	3D	scene	based	on	the	intermediate	representations.	Client	applications	do	not	have	to	process	3D	graphics	data,	but	to	provide	management	for	loading,	caching,	and	displaying	the	image-based	representations	of	3D	scenes	and	do	not	have	to	process	the	original	(and
possibly	large)	3D	city	model.	Map-based	visualization	A	map-based	technique,	the	"smart	map"	approach,	aims	at	providing	"massive,	virtual	3D	city	models	on	different	platforms	namely	web	browsers,	smartphones	or	tablets,	by	means	of	an	interactive	map	assembled	from	artificial	oblique	image	tiles."[27]	The	map	tiles	are	synthesized	by	an
automatic	3D	rendering	process	of	the	3D	city	model;	the	map	tiles,	generated	for	different	levels-of-detail,	are	stored	on	the	server.	This	way,	the	3D	rendering	is	completely	performed	on	the	server's	side,	simplifying	access	and	usage	of	3D	city	models.	The	3D	rendering	process	can	apply	advanced	rendering	techniques	(e.g.,	global	illumination	and
shadow	calculation,	illustrative	rendering),	but	does	not	require	client	devices	to	have	advanced	3D	graphics	hardware.	Most	importantly,	the	map-based	approach	allows	for	distributing	and	using	complex	3D	city	models	with	having	to	stream	the	underlying	data	to	client	devices	-	only	the	pre-generated	map	tiles	are	sent.	This	way,	"(a)	The
complexity	of	the	3D	city	model	data	is	decoupled	from	data	transfer	complexity	(b)	the	implementation	of	client	applications	is	simplified	significantly	as	3D	rendering	is	encapsulated	on	server	side	(c)	3D	city	models	can	be	easily	deployed	for	and	used	by	a	large	number	of	concurrent	users,	leading	to	a	high	degree	of	scalability	of	the	overall
approach."[27]	Applications	3D	city	models	can	be	used	for	a	multitude	of	purposes	in	a	growing	number	of	different	application	domains.	Examples:	Navigation	systems:	3D	navigation	maps	have	become	omnipresent	both	in	automotive	and	pedestrian	navigation	systems,	which	include	3D	city	models,	in	particular,	terrain	models	and	3D	building
models,	to	enhance	the	visual	depiction	and	to	simplify	the	recognition	of	locations.[28]	Urban	planning	and	architecture:	To	set	up,	analyze,	and	disseminate	urban	planning	concepts	and	projects,	3D	city	models	serve	as	communication	and	participation	medium.[29]	3D	city	models	provide	means	for	project	communication,	better	acceptance	of
development	projects	through	visualization,	and	therefore	avoid	monetary	loss	through	project	delays;	they	also	help	to	prevent	planning	errors.[30]	Spatial	data	infrastructures	(SDIs):	3D	city	models	extend	spatial	data	infrastructures	and	support	the	management,	storage,	and	usage	of	3D	models	within	SDIs;	they	require	not	only	tools	and
processes	for	the	initial	construction	and	storage	of	3D	city	models	but	also	have	to	provide	efficient	data	management	and	data	distribution	to	support	workflows	and	applications.[31]	GIS:	GIS	support	3D	geodata	and	provide	computational	algorithms	to	construct,	transform,	validate,	and	analyze	3D	city	model	components.	Emergency	management:
For	emergency,	risk,	and	disaster	management	systems,	3D	city	models	provide	the	computational	framework.	In	particular,	they	serve	to	simulate	fire,	floodings,	and	explosions	For	example,	the	DETORBA	project	aims	at	simulating	and	analyzing	effects	of	explosion	in	urban	areas	at	high	precision	to	support	prediction	of	effects	for	the	structural
integrity	and	soundness	of	the	urban	infrastructure	and	safety	preparations	of	rescue	forces.[32]	Spatial	analysis:	3D	city	models	provide	the	computational	framework	for	3D	spatial	analysis	and	simulation.	For	example,	they	can	be	used	to	compute	solar	potential	for	3D	roof	surfaces	of	cities,[33]	visibility	analysis	within	the	urban	space,[34]	noise
simulation,[35]	thermographic	inspections	of	buildings[36][37]	Geodesign:	In	geodesign,	virtual	3D	models	of	the	environment	(e.g.,	landscape	models	or	urban	models)	facilitate	exploration	and	presentation	as	well	as	analysis	and	simulation.	Gaming:	3D	city	models	can	be	used	to	obtain	base	data	for	virtual	3D	scenes	used	in	online	and	video
games.	Cultural	heritage:	3D	city	model	tools	and	systems	are	applied	for	modeling,	design,	exploration,	and	analysis	tasks	in	the	scope	of	cultural	heritage.	For	example,	archeological	data	can	be	embedded	in	3D	city	models.[38]	City	information	systems:	3D	city	models	represent	the	framework	for	interactive	3D	city	information	systems	and	3D	city
maps.	For	example,	municipalities	apply	3D	city	models	as	centralized	information	platform	for	location	marketing.[39]	Property	management:	3D	city	model	technology	can	extend	systems	and	applications	used	in	real-estate	and	property	management.	Intelligent	transportation	systems:	3D	city	models	can	be	applied	to	intelligent	transportation
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within	an	artistic	medium.	For	scientific	usage,	see	Computer	simulation.	This	article	needs	additional	citations	for	verification.	Please	help	improve	this	article	by	adding	citations	to	reliable	sources.	Unsourced	material	may	be	challenged	and	removed.Find	sources:	"3D	modeling"	–	news	·	newspapers	·	books	·	scholar	·	JSTOR	(April	2010)	(Learn	how
and	when	to	remove	this	template	message)	Three-dimensional	(3D)computer	graphics	Fundamentals	Modeling	Scanning	Rendering	Printing	Primary	uses	3D	models	Computer-aided	design	Graphic	design	Video	games	Visual	effects	Visualization	Virtual	engineering	Virtual	reality	Virtual	cinematography	Related	topics	Computer-generated	imagery
(CGI)	Animation	computer	skeletal	3D	display	Wire-frame	model	Texture	mapping	Motion	capture	Crowd	simulation	Global	illumination	Volume	rendering	vte	In	3D	computer	graphics,	3D	modeling	is	the	process	of	developing	a	mathematical	coordinate-based	representation	of	any	surface	of	an	object	(inanimate	or	living)	in	three	dimensions	via
specialized	software	by	manipulating	edges,	vertices,	and	polygons	in	a	simulated	3D	space.[1][2][3]	Three-dimensional	(3D)	models	represent	a	physical	body	using	a	collection	of	points	in	3D	space,	connected	by	various	geometric	entities	such	as	triangles,	lines,	curved	surfaces,	etc.[4]	Being	a	collection	of	data	(points	and	other	information),	3D
models	can	be	created	manually,	algorithmically	(procedural	modeling),	or	by	scanning.[5][6]	Their	surfaces	may	be	further	defined	with	texture	mapping.	Outline	See	also:	Environment	artist	The	product	is	called	a	3D	model.	Someone	who	works	with	3D	models	may	be	referred	to	as	a	3D	artist	or	a	3D	modeler.	A	3D	Model	can	also	be	displayed	as
a	two-dimensional	image	through	a	process	called	3D	rendering	or	used	in	a	computer	simulation	of	physical	phenomena.	3D	Models	may	be	created	automatically	or	manually.	The	manual	modeling	process	of	preparing	geometric	data	for	3D	computer	graphics	is	similar	to	plastic	arts	such	as	sculpting.	The	3D	model	can	be	physically	created	using
3D	printing	devices	that	form	2D	layers	of	the	model	with	three-dimensional	material,	one	layer	at	a	time.	Without	a	3D	model,	a	3D	print	is	not	possible.[7]	3D	modeling	software	is	a	class	of	3D	computer	graphics	software	used	to	produce	3D	models.	Individual	programs	of	this	class,	such	as	SketchUp,	are	called	modeling	applications.[8]	History
Three-dimensional	model	of	a	spectrograph[9]	Rotating	3D	video-game	model	3D	selfie	models	are	generated	from	2D	pictures	taken	at	the	Fantasitron	3D	photo	booth	at	Madurodam	3D	models	are	now	widely	used	anywhere	in	3D	graphics	and	CAD	but	their	history	predates	the	widespread	use	of	3D	graphics	on	personal	computers.[10]	In	the	past,
many	computer	games	used	pre-rendered	images	of	3D	models	as	sprites	before	computers	could	render	them	in	real-time.	The	designer	can	then	see	the	model	in	various	directions	and	views,	this	can	help	the	designer	see	if	the	object	is	created	as	intended	to	compared	to	their	original	vision.	Seeing	the	design	this	way	can	help	the	designer	or
company	figure	out	changes	or	improvements	needed	to	the	product.[11]	Representation	A	modern	render	of	the	iconic	Utah	teapot	model	developed	by	Martin	Newell	(1975).	The	Utah	teapot	is	one	of	the	most	common	models	used	in	3D	graphics	education.	Almost	all	3D	models	can	be	divided	into	two	categories:	Solid	–	These	models	define	the
volume	of	the	object	they	represent	(like	a	rock).	Solid	models	are	mostly	used	for	engineering	and	medical	simulations,	and	are	usually	built	with	constructive	solid	geometry	Shell	or	boundary	–	These	models	represent	the	surface,	i.e.	the	boundary	of	the	object,	not	its	volume	(like	an	infinitesimally	thin	eggshell).	Almost	all	visual	models	used	in
games	and	film	are	shell	models.	Solid	and	shell	modeling	can	create	functionally	identical	objects.	Differences	between	them	are	mostly	variations	in	the	way	they	are	created	and	edited	and	conventions	of	use	in	various	fields	and	differences	in	types	of	approximations	between	the	model	and	reality.	Shell	models	must	be	manifold	(having	no	holes	or
cracks	in	the	shell)	to	be	meaningful	as	a	real	object.	In	a	shell	model	of	a	cube,	the	bottom	and	top	surface	of	the	cube	must	have	a	uniform	thickness	with	no	holes	or	cracks	in	the	first	and	last	layer	printed.	Polygonal	meshes	(and	to	a	lesser	extent	subdivision	surfaces)	are	by	far	the	most	common	representation.	Level	sets	are	a	useful
representation	for	deforming	surfaces	which	undergo	many	topological	changes	such	as	fluids.	The	process	of	transforming	representations	of	objects,	such	as	the	middle	point	coordinate	of	a	sphere	and	a	point	on	its	circumference	into	a	polygon	representation	of	a	sphere,	is	called	tessellation.	This	step	is	used	in	polygon-based	rendering,	where
objects	are	broken	down	from	abstract	representations	("primitives")	such	as	spheres,	cones	etc.,	to	so-called	meshes,	which	are	nets	of	interconnected	triangles.	Meshes	of	triangles	(instead	of	e.g.	squares)	are	popular	as	they	have	proven	to	be	easy	to	rasterize	(the	surface	described	by	each	triangle	is	planar,	so	the	projection	is	always	convex);	.
[12]	Polygon	representations	are	not	used	in	all	rendering	techniques,	and	in	these	cases	the	tessellation	step	is	not	included	in	the	transition	from	abstract	representation	to	rendered	scene.	Process	There	are	three	popular	ways	to	represent	a	model:	Polygonal	modeling	–	Points	in	3D	space,	called	vertices,	are	connected	by	line	segments	to	form	a
polygon	mesh.	The	vast	majority	of	3D	models	today	are	built	as	textured	polygonal	models,	because	they	are	flexible,	because	computers	can	render	them	so	quickly.	However,	polygons	are	planar	and	can	only	approximate	curved	surfaces	using	many	polygons.	Curve	modeling	–	Surfaces	are	defined	by	curves,	which	are	influenced	by	weighted
control	points.	The	curve	follows	(but	does	not	necessarily	interpolate)	the	points.	Increasing	the	weight	for	a	point	will	pull	the	curve	closer	to	that	point.	Curve	types	include	nonuniform	rational	B-spline	(NURBS),	splines,	patches,	and	geometric	primitives	Digital	sculpting	–	Still	a	fairly	new	method	of	modeling,	3D	sculpting	has	become	very
popular	in	the	few	years	it	has	been	around.[13]	There	are	currently	three	types	of	digital	sculpting:	Displacement,	which	is	the	most	widely	used	among	applications	at	this	moment,	uses	a	dense	model	(often	generated	by	subdivision	surfaces	of	a	polygon	control	mesh)	and	stores	new	locations	for	the	vertex	positions	through	use	of	an	image	map
that	stores	the	adjusted	locations.	Volumetric,	loosely	based	on	voxels,	has	similar	capabilities	as	displacement	but	does	not	suffer	from	polygon	stretching	when	there	are	not	enough	polygons	in	a	region	to	achieve	a	deformation.	Dynamic	tessellation,	which	is	similar	to	voxel,	divides	the	surface	using	triangulation	to	maintain	a	smooth	surface	and
allow	finer	details.	These	methods	allow	for	very	artistic	exploration	as	the	model	will	have	a	new	topology	created	over	it	once	the	models	form	and	possibly	details	have	been	sculpted.	The	new	mesh	will	usually	have	the	original	high	resolution	mesh	information	transferred	into	displacement	data	or	normal	map	data	if	for	a	game	engine.	A	3D
fantasy	fish	composed	of	organic	surfaces	generated	using	LAI4D.	The	modeling	stage	consists	of	shaping	individual	objects	that	are	later	used	in	the	scene.	There	are	a	number	of	modeling	techniques,	including:	Constructive	solid	geometry	Implicit	surfaces	Subdivision	surfaces	Modeling	can	be	performed	by	means	of	a	dedicated	program	(e.g.,
Blender,	Cinema	4D,	LightWave,	Maya,	Modo,	3ds	Max)	or	an	application	component	(Shaper,	Lofter	in	3ds	Max)	or	some	scene	description	language	(as	in	POV-Ray).	In	some	cases,	there	is	no	strict	distinction	between	these	phases;	in	such	cases	modeling	is	just	part	of	the	scene	creation	process	(this	is	the	case,	for	example,	with	Caligari
trueSpace	and	Realsoft	3D).	3D	models	can	also	be	created	using	the	technique	of	Photogrammetry	with	dedicated	programs	such	as	RealityCapture,	Metashape	and	3DF	Zephyr.	Cleanup	and	further	processing	can	be	performed	with	applications	such	as	MeshLab,	the	GigaMesh	Software	Framework,	netfabb	or	MeshMixer.	Photogrammetry	creates
models	using	algorithms	to	interpret	the	shape	and	texture	of	real-world	objects	and	environments	based	on	photographs	taken	from	many	angles	of	the	subject.	Complex	materials	such	as	blowing	sand,	clouds,	and	liquid	sprays	are	modeled	with	particle	systems,	and	are	a	mass	of	3D	coordinates	which	have	either	points,	polygons,	texture	splats,	or
sprites	assigned	to	them.	Human	models	Main	article:	Virtual	actor	The	first	widely	available	commercial	application	of	human	virtual	models	appeared	in	1998	on	the	Lands'	End	web	site.	The	human	virtual	models	were	created	by	the	company	My	Virtual	Mode	Inc.	and	enabled	users	to	create	a	model	of	themselves	and	try	on	3D	clothing.[14]	There
are	several	modern	programs	that	allow	for	the	creation	of	virtual	human	models	(Poser	being	one	example).	3D	clothing	Dynamic	3D	clothing	model	made	in	Marvelous	Designer	The	development	of	cloth	simulation	software	such	as	Marvelous	Designer,	CLO3D	and	Optitex,	has	enabled	artists	and	fashion	designers	to	model	dynamic	3D	clothing	on
the	computer.[15]	Dynamic	3D	clothing	is	used	for	virtual	fashion	catalogs,	as	well	as	for	dressing	3D	characters	for	video	games,	3D	animation	movies,	for	digital	doubles	in	movies[16]	as	well	as	for	making	clothes	for	avatars	in	virtual	worlds	such	as	SecondLife.	Comparison	with	2D	methods	3D	photorealistic	effects	are	often	achieved	without	wire-
frame	modeling	and	are	sometimes	indistinguishable	in	the	final	form.	Some	graphic	art	software	includes	filters	that	can	be	applied	to	2D	vector	graphics	or	2D	raster	graphics	on	transparent	layers.	Advantages	of	wireframe	3D	modeling	over	exclusively	2D	methods	include:	Flexibility,	ability	to	change	angles	or	animate	images	with	quicker
rendering	of	the	changes;	Ease	of	rendering,	automatic	calculation	and	rendering	photorealistic	effects	rather	than	mentally	visualizing	or	estimating;	Accurate	photorealism,	less	chance	of	human	error	in	misplacing,	overdoing,	or	forgetting	to	include	a	visual	effect.	Disadvantages	compare	to	2D	photorealistic	rendering	may	include	a	software
learning	curve	and	difficulty	achieving	certain	photorealistic	effects.	Some	photorealistic	effects	may	be	achieved	with	special	rendering	filters	included	in	the	3D	modeling	software.	For	the	best	of	both	worlds,	some	artists	use	a	combination	of	3D	modeling	followed	by	editing	the	2D	computer-rendered	images	from	the	3D	model.	3D	model	market	A
large	market	for	3D	models	(as	well	as	3D-related	content,	such	as	textures,	scripts,	etc.)	still	exists	–	either	for	individual	models	or	large	collections.	Several	online	marketplaces	for	3D	content	allow	individual	artists	to	sell	content	that	they	have	created,	including	TurboSquid,	CGStudio,	CreativeMarket,	MyMiniFactory,	Sketchfab,	CGTrader	and



Cults.	Often,	the	artists'	goal	is	to	get	additional	value	out	of	assets	they	have	previously	created	for	projects.	By	doing	so,	artists	can	earn	more	money	out	of	their	old	content,	and	companies	can	save	money	by	buying	pre-made	models	instead	of	paying	an	employee	to	create	one	from	scratch.	These	marketplaces	typically	split	the	sale	between
themselves	and	the	artist	that	created	the	asset,	artists	get	40%	to	95%	of	the	sales	according	to	the	marketplace.	In	most	cases,	the	artist	retains	ownership	of	the	3d	model	while	the	customer	only	buys	the	right	to	use	and	present	the	model.	Some	artists	sell	their	products	directly	in	its	own	stores	offering	their	products	at	a	lower	price	by	not
using	intermediaries.	Over	the	last	several	years	numerous	marketplaces	specializing	in	3D	rendering	and	printing	models	have	emerged.	Some	of	the	3D	printing	marketplaces	are	a	combination	of	models	sharing	sites,	with	or	without	a	built	in	e-com	capability.	Some	of	those	platforms	also	offer	3D	printing	services	on	demand,	software	for	model
rendering	and	dynamic	viewing	of	items.	3D	printing	file	sharing	and	model	rendering	platforms	include	Shapeways,	Sketchfab,	Pinshape,	Thingiverse,	TurboSquid,	CGTrader,	Threeding,	MyMiniFactory,	and	GrabCAD.	3D	printing	Main	articles:	3D	printing	and	Rapid	prototyping	The	term	3D	printing	or	three-dimensional	printing	is	a	form	of	additive
manufacturing	technology	where	a	three-dimensional	object	is	created	from	successive	layers	material.[17]	Objects	can	be	created	without	the	need	for	complex	expensive	molds	or	assembly	with	multiple	parts.	3D	printing	allows	ideas	to	be	prototyped	and	tested	without	having	to	go	through	a	production	process.[17][18]	In	recent	years,	there	has
been	an	upsurge	in	the	number	of	companies	offering	personalized	3D	printed	models	of	objects	that	have	been	scanned,	designed	in	CAD	software,	and	then	printed	to	the	customer's	requirements.[19]	3D	models	can	be	purchased	from	online	marketplaces	and	printed	by	individuals	or	companies	using	commercially	available	3D	printers,	enabling
the	home-production	of	objects	such	as	spare	parts	and	even	medical	equipment.[20][21]	Uses	Steps	of	forensic	facial	reconstruction	of	a	mummy	made	in	Blender	by	the	Brazilian	3D	designer	Cícero	Moraes.	Today,	3D	modeling	is	used	in	various	industries	like	film,	animation	and	gaming,	interior	design	and	architecture.[22]	They	are	also	used	in
the	medical	industry	to	create	interactive	representations	of	anatomy.[23]	The	medical	industry	uses	detailed	models	of	organs;	these	may	be	created	with	multiple	2-D	image	slices	from	an	MRI	or	CT	scan.	The	movie	industry	uses	them	as	characters	and	objects	for	animated	and	real-life	motion	pictures.	The	video	game	industry	uses	them	as	assets
for	computer	and	video	games.	The	science	sector	uses	them	as	highly	detailed	models	of	chemical	compounds.[24]	The	architecture	industry	uses	them	to	demonstrate	proposed	buildings	and	landscapes	in	lieu	of	traditional,	physical	architectural	models.	The	archaeology	community	is	now	creating	3D	models	of	cultural	heritage	for	research	and
visualization.	The	engineering	community	utilizes	them	as	designs	of	new	devices,	vehicles	and	structures	as	well	as	a	host	of	other	uses.	In	recent	decades	the	earth	science	community	has	started	to	construct	3D	geological	models	as	a	standard	practice.	3D	models	can	also	be	the	basis	for	physical	devices	that	are	built	with	3D	printers	or	CNC
machines.	In	terms	of	video	game	development,	3D	modeling	is	one	stage	in	a	longer	development	process.	Simply	put,	the	source	of	the	geometry	for	the	shape	of	an	object	can	be:	A	designer,	industrial	engineer	or	artist	using	a	3D-CAD	system	An	existing	object,	reverse	engineered	or	copied	using	a	3-D	shape	digitizer	or	scanner	Mathematical	data
stored	in	memory	based	on	a	numerical	description	or	calculation	of	the	object.[17]	A	wide	number	of	3D	software	are	also	used	in	constructing	digital	representation	of	mechanical	models	or	parts	before	they	are	actually	manufactured.	CAD-	and	CAM-related	software	is	used	in	such	fields,	and	with	this	software,	not	only	can	you	construct	the	parts,
but	also	assemble	them,	and	observe	their	functionality.	3D	modeling	is	also	used	in	the	field	of	industrial	design,	wherein	products	are	3D	modeled	before	representing	them	to	the	clients.	In	media	and	event	industries,	3D	modeling	is	used	in	stage	and	set	design.[25]	The	OWL	2	translation	of	the	vocabulary	of	X3D	can	be	used	to	provide	semantic
descriptions	for	3D	models,	which	is	suitable	for	indexing	and	retrieval	of	3D	models	by	features	such	as	geometry,	dimensions,	material,	texture,	diffuse	reflection,	transmission	spectra,	transparency,	reflectivity,	opalescence,	glazes,	varnishes,	and	enamels	(as	opposed	to	unstructured	textual	descriptions	or	2.5D	virtual	museums	and	exhibitions
using	Google	Street	View	on	Google	Arts	&	Culture,	for	example).[26]	The	RDF	representation	of	3D	models	can	be	used	in	reasoning,	which	enables	intelligent	3D	applications	which,	for	example,	can	automatically	compare	two	3D	models	by	volume.[27]	Testing	a	3D	solid	model	Further	information:	Solid	modeling	3D	solid	models	can	be	tested	in
different	ways	depending	on	what	is	needed	by	using	simulation,	mechanism	design,	and	analysis.	If	a	motor	is	designed	and	assembled	correctly	(this	can	be	done	differently	depending	on	what	3D	modeling	program	is	being	used),	using	the	mechanism	tool	the	user	should	be	able	to	tell	if	the	motor	or	machine	is	assembled	correctly	by	how	it
operates.	Different	design	will	need	to	be	tested	in	different	ways.	For	example;	a	pool	pump	would	need	a	simulation	ran	of	the	water	running	through	the	pump	to	see	how	the	water	flows	through	the	pump.	These	tests	verify	if	a	product	is	developed	correctly	or	if	it	needs	to	be	modified	to	meet	its	requirements.	See	also	List	of	3D	modeling
software	List	of	common	3D	test	models	List	of	file	formats#3D	graphics	3D	city	model	3D	computer	graphics	software	3D	figure	3D	printing	3D	scanner	3D	scanning	Additive	manufacturing	file	format	Building	information	modeling	Cloth	modeling	Computer	facial	animation	Cornell	box	Digital	geometry	Edge	loop	Geological	modeling	Holography
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related	to	3D	modeling	at	Wikimedia	Commons	Retrieved	from	"	5Process	of	converting	3D	scenes	into	2D	images	For	rendering	of	3D	scalar	fields,	see	Volume	rendering.	This	article	needs	additional	citations	for	verification.	Please	help	improve	this	article	by	adding	citations	to	reliable	sources.	Unsourced	material	may	be	challenged	and
removed.Find	sources:	"3D	rendering"	–	news	·	newspapers	·	books	·	scholar	·	JSTOR	(September	2018)	(Learn	how	and	when	to	remove	this	template	message)	Three-dimensional	(3D)computer	graphics	Fundamentals	Modeling	Scanning	Rendering	Printing	Primary	uses	3D	models	Computer-aided	design	Graphic	design	Video	games	Visual	effects
Visualization	Virtual	engineering	Virtual	reality	Virtual	cinematography	Related	topics	Computer-generated	imagery	(CGI)	Animation	computer	skeletal	3D	display	Wire-frame	model	Texture	mapping	Motion	capture	Crowd	simulation	Global	illumination	Volume	rendering	vte	3D	rendering	is	the	3D	computer	graphics	process	of	converting	3D	models
into	2D	images	on	a	computer.	3D	renders	may	include	photorealistic	effects	or	non-photorealistic	styles.	Rendering	methods	A	photorealistic	3D	render	of	6	computer	fans	using	radiosity	rendering,	DOF	and	procedural	materials	Rendering	is	the	final	process	of	creating	the	actual	2D	image	or	animation	from	the	prepared	scene.	This	can	be
compared	to	taking	a	photo	or	filming	the	scene	after	the	setup	is	finished	in	real	life.[1]	Several	different,	and	often	specialized,	rendering	methods	have	been	developed.	These	range	from	the	distinctly	non-realistic	wireframe	rendering	through	polygon-based	rendering,	to	more	advanced	techniques	such	as:	scanline	rendering,	ray	tracing,	or
radiosity.	Rendering	may	take	from	fractions	of	a	second	to	days	for	a	single	image/frame.	In	general,	different	methods	are	better	suited	for	either	photorealistic	rendering,	or	real-time	rendering.[2]	Real-time	Main	article:	Real-time	computer	graphics	A	screenshot	from	Second	Life,	a	2003	online	virtual	world	which	renders	frames	in	real-time
Rendering	for	interactive	media,	such	as	games	and	simulations,	is	calculated	and	displayed	in	real	time,	at	rates	of	approximately	20	to	120	frames	per	second.	In	real-time	rendering,	the	goal	is	to	show	as	much	information	as	possible	as	the	eye	can	process	in	a	fraction	of	a	second	(a.k.a.	"in	one	frame":	In	the	case	of	a	30	frame-per-second
animation,	a	frame	encompasses	one	30th	of	a	second).	The	primary	goal	is	to	achieve	an	as	high	as	possible	degree	of	photorealism	at	an	acceptable	minimum	rendering	speed	(usually	24	frames	per	second,	as	that	is	the	minimum	the	human	eye	needs	to	see	to	successfully	create	the	illusion	of	movement).	In	fact,	exploitations	can	be	applied	in	the
way	the	eye	'perceives'	the	world,	and	as	a	result,	the	final	image	presented	is	not	necessarily	that	of	the	real	world,	but	one	close	enough	for	the	human	eye	to	tolerate.	Rendering	software	may	simulate	such	visual	effects	as	lens	flares,	depth	of	field	or	motion	blur.	These	are	attempts	to	simulate	visual	phenomena	resulting	from	the	optical
characteristics	of	cameras	and	of	the	human	eye.	These	effects	can	lend	an	element	of	realism	to	a	scene,	even	if	the	effect	is	merely	a	simulated	artifact	of	a	camera.	This	is	the	basic	method	employed	in	games,	interactive	worlds	and	VRML.	The	rapid	increase	in	computer	processing	power	has	allowed	a	progressively	higher	degree	of	realism	even
for	real-time	rendering,	including	techniques	such	as	HDR	rendering.	Real-time	rendering	is	often	polygonal	and	aided	by	the	computer's	GPU.[3]	Non-real-time	Computer-generated	image	(CGI)	created	by	Gilles	Tran	Animations	for	non-interactive	media,	such	as	feature	films	and	video,	can	take	much	more	time	to	render.[4]	Non-real-time	rendering
enables	the	leveraging	of	limited	processing	power	in	order	to	obtain	higher	image	quality.	Rendering	times	for	individual	frames	may	vary	from	a	few	seconds	to	several	days	for	complex	scenes.	Rendered	frames	are	stored	on	a	hard	disk,	then	transferred	to	other	media	such	as	motion	picture	film	or	optical	disk.	These	frames	are	then	displayed
sequentially	at	high	frame	rates,	typically	24,	25,	or	30	frames	per	second	(fps),	to	achieve	the	illusion	of	movement.	When	the	goal	is	photo-realism,	techniques	such	as	ray	tracing,	path	tracing,	photon	mapping	or	radiosity	are	employed.	This	is	the	basic	method	employed	in	digital	media	and	artistic	works.	Techniques	have	been	developed	for	the
purpose	of	simulating	other	naturally	occurring	effects,	such	as	the	interaction	of	light	with	various	forms	of	matter.	Examples	of	such	techniques	include	particle	systems	(which	can	simulate	rain,	smoke,	or	fire),	volumetric	sampling	(to	simulate	fog,	dust	and	other	spatial	atmospheric	effects),	caustics	(to	simulate	light	focusing	by	uneven	light-
refracting	surfaces,	such	as	the	light	ripples	seen	on	the	bottom	of	a	swimming	pool),	and	subsurface	scattering	(to	simulate	light	reflecting	inside	the	volumes	of	solid	objects,	such	as	human	skin).	The	rendering	process	is	computationally	expensive,	given	the	complex	variety	of	physical	processes	being	simulated.	Computer	processing	power	has
increased	rapidly	over	the	years,	allowing	for	a	progressively	higher	degree	of	realistic	rendering.	Film	studios	that	produce	computer-generated	animations	typically	make	use	of	a	render	farm	to	generate	images	in	a	timely	manner.	However,	falling	hardware	costs	mean	that	it	is	entirely	possible	to	create	small	amounts	of	3D	animation	on	a	home
computer	system	given	the	costs	involved	when	using	render	farms.[5]	The	output	of	the	renderer	is	often	used	as	only	one	small	part	of	a	completed	motion-picture	scene.	Many	layers	of	material	may	be	rendered	separately	and	integrated	into	the	final	shot	using	compositing	software.	Reflection	and	shading	models	Models	of	reflection/scattering
and	shading	are	used	to	describe	the	appearance	of	a	surface.	Although	these	issues	may	seem	like	problems	all	on	their	own,	they	are	studied	almost	exclusively	within	the	context	of	rendering.	Modern	3D	computer	graphics	rely	heavily	on	a	simplified	reflection	model	called	the	Phong	reflection	model	(not	to	be	confused	with	Phong	shading).	In	the
refraction	of	light,	an	important	concept	is	the	refractive	index;	in	most	3D	programming	implementations,	the	term	for	this	value	is	"index	of	refraction"	(usually	shortened	to	IOR).	Shading	can	be	broken	down	into	two	different	techniques,	which	are	often	studied	independently:	Surface	shading	-	how	light	spreads	across	a	surface	(mostly	used	in
scanline	rendering	for	real-time	3D	rendering	in	video	games)	Reflection/scattering	-	how	light	interacts	with	a	surface	at	a	given	point	(mostly	used	in	ray-traced	renders	for	non-real-time	photorealistic	and	artistic	3D	rendering	in	both	CGI	still	3D	images	and	CGI	non-interactive	3D	animations)	Surface	shading	algorithms	Popular	surface	shading
algorithms	in	3D	computer	graphics	include:	Flat	shading:	a	technique	that	shades	each	polygon	of	an	object	based	on	the	polygon's	"normal"	and	the	position	and	intensity	of	a	light	source	Gouraud	shading:	invented	by	H.	Gouraud	in	1971;	a	fast	and	resource-conscious	vertex	shading	technique	used	to	simulate	smoothly	shaded	surfaces	Phong
shading:	invented	by	Bui	Tuong	Phong;	used	to	simulate	specular	highlights	and	smooth	shaded	surfaces	Reflection	The	Utah	teapot	with	green	lighting	Reflection	or	scattering	is	the	relationship	between	the	incoming	and	outgoing	illumination	at	a	given	point.	Descriptions	of	scattering	are	usually	given	in	terms	of	a	bidirectional	scattering
distribution	function	or	BSDF.[6]	Shading	Shading	addresses	how	different	types	of	scattering	are	distributed	across	the	surface	(i.e.,	which	scattering	function	applies	where).	Descriptions	of	this	kind	are	typically	expressed	with	a	program	called	a	shader.[7]	A	simple	example	of	shading	is	texture	mapping,	which	uses	an	image	to	specify	the	diffuse
color	at	each	point	on	a	surface,	giving	it	more	apparent	detail.	Some	shading	techniques	include:	Bump	mapping:	Invented	by	Jim	Blinn,	a	normal-perturbation	technique	used	to	simulate	wrinkled	surfaces.[8]	Cel	shading:	A	technique	used	to	imitate	the	look	of	hand-drawn	animation.	Transport	Transport	describes	how	illumination	in	a	scene	gets
from	one	place	to	another.	Visibility	is	a	major	component	of	light	transport.	Projection	Perspective	projection	The	shaded	three-dimensional	objects	must	be	flattened	so	that	the	display	device	-	namely	a	monitor	-	can	display	it	in	only	two	dimensions,	this	process	is	called	3D	projection.	This	is	done	using	projection	and,	for	most	applications,
perspective	projection.	The	basic	idea	behind	perspective	projection	is	that	objects	that	are	further	away	are	made	smaller	in	relation	to	those	that	are	closer	to	the	eye.	Programs	produce	perspective	by	multiplying	a	dilation	constant	raised	to	the	power	of	the	negative	of	the	distance	from	the	observer.	A	dilation	constant	of	one	means	that	there	is
no	perspective.	High	dilation	constants	can	cause	a	"fish-eye"	effect	in	which	image	distortion	begins	to	occur.	Orthographic	projection	is	used	mainly	in	CAD	or	CAM	applications	where	scientific	modeling	requires	precise	measurements	and	preservation	of	the	third	dimension.	Rendering	engines	Main	article:	List	of	3D	rendering	software	Render
engines	may	come	together	or	be	integrated	with	3D	modeling	software	but	there	is	standalone	software	as	well.	Some	render	engines	are	compatible	with	multiple	3D	software,	while	some	are	exclusive	to	one.	See	also	Architectural	rendering	Ambient	occlusion	Computer	vision	Geometry	pipeline	Geometry	processing	Graphics	Graphics	processing
unit	(GPU)	Graphical	output	devices	Image	processing	Industrial	CT	scanning	Painter's	algorithm	Parallel	rendering	Reflection	(computer	graphics)	SIGGRAPH	Volume	rendering	Notes	and	references	^	Badler,	Norman	I.	"3D	Object	Modeling	Lecture	Series"	(PDF).	University	of	North	Carolina	at	Chapel	Hill.	Archived	(PDF)	from	the	original	on
2013-03-19.	^	"Non-Photorealistic	Rendering".	Duke	University.	Retrieved	2018-07-23.	^	"The	Science	of	3D	Rendering".	The	Institute	for	Digital	Archaeology.	Retrieved	2019-01-19.	^	Christensen,	Per	H.;	Jarosz,	Wojciech.	"The	Path	to	Path-Traced	Movies"	(PDF).	Archived	(PDF)	from	the	original	on	2019-06-26.	^	"How	render	farm	pricing	actually
works".	GarageFarm.	2021-10-24.	Retrieved	2021-10-24.	^	"Fundamentals	of	Rendering	-	Reflectance	Functions"	(PDF).	Ohio	State	University.	Archived	(PDF)	from	the	original	on	2017-06-11.	^	The	word	shader	is	sometimes	also	used	for	programs	that	describe	local	geometric	variation.	^	"Bump	Mapping".	web.cs.wpi.edu.	Retrieved	2018-07-23.
External	links	How	Stuff	Works	-	3D	Graphics	History	of	Computer	Graphics	series	of	articles	(Wayback	Machine	copy)	Retrieved	from	"	6Scanning	of	an	object	or	environment	to	collect	data	on	its	shape	It	has	been	suggested	that	Volumetric	capture	be	merged	into	this	article.	(Discuss)	Proposed	since	April	2022.	Making	a	3D-model	of	a	Viking	belt
buckle	using	a	hand	held	VIUscan	3D	laser	scanner.	Three-dimensional	(3D)computer	graphics	Fundamentals	Modeling	Scanning	Rendering	Printing	Primary	uses	3D	models	Computer-aided	design	Graphic	design	Video	games	Visual	effects	Visualization	Virtual	engineering	Virtual	reality	Virtual	cinematography	Related	topics	Computer-generated
imagery	(CGI)	Animation	computer	skeletal	3D	display	Wire-frame	model	Texture	mapping	Motion	capture	Crowd	simulation	Global	illumination	Volume	rendering	vte	3D	scanning	is	the	process	of	analyzing	a	real-world	object	or	environment	to	collect	data	on	its	shape	and	possibly	its	appearance	(e.g.	color).	The	collected	data	can	then	be	used	to
construct	digital	3D	models.	A	3D	scanner	can	be	based	on	many	different	technologies,	each	with	its	own	limitations,	advantages	and	costs.	Many	limitations	in	the	kind	of	objects	that	can	be	digitised	are	still	present.	For	example,	optical	technology	may	encounter	many	difficulties	with	dark,	shiny,	reflective	or	transparent	objects.	For	example,
industrial	computed	tomography	scanning,	structured-light	3D	scanners,	LiDAR	and	Time	Of	Flight	3D	Scanners	can	be	used	to	construct	digital	3D	models,	without	destructive	testing.	Collected	3D	data	is	useful	for	a	wide	variety	of	applications.	These	devices	are	used	extensively	by	the	entertainment	industry	in	the	production	of	movies	and	video
games,	including	virtual	reality.	Other	common	applications	of	this	technology	include	augmented	reality,[1]	motion	capture,[2][3]	gesture	recognition,[4]	robotic	mapping,[5]	industrial	design,	orthotics	and	prosthetics,[6]	reverse	engineering	and	prototyping,	quality	control/inspection	and	the	digitization	of	cultural	artifacts.[7]	Functionality	The
purpose	of	a	3D	scanner	is	usually	to	create	a	3D	model.	This	3D	model	consists	of	a	polygon	mesh	or	point	cloud	of	geometric	samples	on	the	surface	of	the	subject.	These	points	can	then	be	used	to	extrapolate	the	shape	of	the	subject	(a	process	called	reconstruction).	If	colour	information	is	collected	at	each	point,	then	the	colours	or	textures	on	the
surface	of	the	subject	can	also	be	determined.	3D	scanners	share	several	traits	with	cameras.	Like	most	cameras,	they	have	a	cone-like	field	of	view,	and	like	cameras,	they	can	only	collect	information	about	surfaces	that	are	not	obscured.	While	a	camera	collects	colour	information	about	surfaces	within	its	field	of	view,	a	3D	scanner	collects	distance
information	about	surfaces	within	its	field	of	view.	The	"picture"	produced	by	a	3D	scanner	describes	the	distance	to	a	surface	at	each	point	in	the	picture.	This	allows	the	three	dimensional	position	of	each	point	in	the	picture	to	be	identified.	In	some	situations,	a	single	scan	will	not	produce	a	complete	model	of	the	subject.	Multiple	scans,	from
different	directions	are	usually	helpful	to	obtain	information	about	all	sides	of	the	subject.	These	scans	have	to	be	brought	into	a	common	reference	system,	a	process	that	is	usually	called	alignment	or	registration,	and	then	merged	to	create	a	complete	3D	model.	This	whole	process,	going	from	the	single	range	map	to	the	whole	model,	is	usually
known	as	the	3D	scanning	pipeline.[8][9][10][11][12]	Technology	There	are	a	variety	of	technologies	for	digitally	acquiring	the	shape	of	a	3D	object.	The	techniques	work	with	most	or	all	sensor	types	including	optical,	acoustic,	laser	scanning,[13]	radar,	thermal,[14]	and	seismic.[15][16]	A	well	established	classification[17]	divides	them	into	two	types:
contact	and	non-contact.	Non-contact	solutions	can	be	further	divided	into	two	main	categories,	active	and	passive.	There	are	a	variety	of	technologies	that	fall	under	each	of	these	categories.	Contact	A	Coordinate	Measuring	Machine	(CMM)	with	scanning	head.	3D	scanning	of	a	fin	whale	skeleton	in	the	Natural	History	Museum	of	Slovenia	(August
2013)	Contact	3D	scanners	work	by	physically	probing	(touching)	the	part	and	recording	the	position	of	the	sensor	as	the	probe	moves	around	the	part.	There	are	two	main	types	of	contact	3D	scanners:	Coordinate	measuring	machines	(CMMs)	which	traditionally	have	3	perpendicular	moving	axis	with	a	touch	probe	mounted	on	the	Z	axis.	As	the
touch	probe	moves	around	the	part,	sensors	on	each	axis	record	the	position	to	generate	XYZ	coordinates.	Modern	CMMs	are	5	axis	systems,	with	the	two	extra	axes	provided	by	pivoting	sensor	heads.	CMMs	are	the	most	accurate	form	of	3D	measurement	achieving	micron	precision.	The	greatest	advantage	of	a	CMM	after	accuracy	is	that	it	can	be
run	in	autonomous	(CNC)	mode	or	as	a	manual	probing	system.	The	disadvantage	of	CMMs	is	that	their	upfront	cost	and	the	technical	knowledge	required	to	operate	them.	Articulated	Arms	which	generally	have	multiple	segments	with	polar	sensors	on	each	joint.	As	per	the	CMM,	as	the	articulated	arm	moves	around	the	part	sensors	record	their
position	and	the	location	of	the	end	of	the	arm	is	calculated	using	complex	math	and	the	wrist	rotation	angle	and	hinge	angle	of	each	joint.	While	not	usually	as	accurate	as	CMMs,	articulated	arms	still	achieve	high	accuracy	and	are	cheaper	and	slightly	easier	to	use.	They	do	not	usually	have	CNC	options.	Both	modern	CMMs	and	Articulated	Arms
can	also	be	fitted	with	non-contact	laser	scanners	instead	of	touch	probes.	Non-contact	active	Active	scanners	emit	some	kind	of	radiation	or	light	and	detect	its	reflection	or	radiation	passing	through	object	in	order	to	probe	an	object	or	environment.	Possible	types	of	emissions	used	include	light,	ultrasound	or	x-ray.	Time-of-flight	This	lidar	scanner
may	be	used	to	scan	buildings,	rock	formations,	etc.,	to	produce	a	3D	model.	The	lidar	can	aim	its	laser	beam	in	a	wide	range:	its	head	rotates	horizontally,	a	mirror	flips	vertically.	The	laser	beam	is	used	to	measure	the	distance	to	the	first	object	on	its	path.	The	time-of-flight	3D	laser	scanner	is	an	active	scanner	that	uses	laser	light	to	probe	the
subject.	At	the	heart	of	this	type	of	scanner	is	a	time-of-flight	laser	range	finder.	The	laser	range	finder	finds	the	distance	of	a	surface	by	timing	the	round-trip	time	of	a	pulse	of	light.	A	laser	is	used	to	emit	a	pulse	of	light	and	the	amount	of	time	before	the	reflected	light	is	seen	by	a	detector	is	measured.	Since	the	speed	of	light	c	{\displaystyle	c}	is
known,	the	round-trip	time	determines	the	travel	distance	of	the	light,	which	is	twice	the	distance	between	the	scanner	and	the	surface.	If	t	{\displaystyle	t}	is	the	round-trip	time,	then	distance	is	equal	to	c	⋅	t	/	2	{\displaystyle	\textstyle	c\!\cdot	\!t/2}	.	The	accuracy	of	a	time-of-flight	3D	laser	scanner	depends	on	how	precisely	we	can	measure	the	t
{\displaystyle	t}	time:	3.3	picoseconds	(approx.)	is	the	time	taken	for	light	to	travel	1	millimetre.	The	laser	range	finder	only	detects	the	distance	of	one	point	in	its	direction	of	view.	Thus,	the	scanner	scans	its	entire	field	of	view	one	point	at	a	time	by	changing	the	range	finder's	direction	of	view	to	scan	different	points.	The	view	direction	of	the	laser
range	finder	can	be	changed	either	by	rotating	the	range	finder	itself,	or	by	using	a	system	of	rotating	mirrors.	The	latter	method	is	commonly	used	because	mirrors	are	much	lighter	and	can	thus	be	rotated	much	faster	and	with	greater	accuracy.	Typical	time-of-flight	3D	laser	scanners	can	measure	the	distance	of	10,000~100,000	points	every
second.	Time-of-flight	devices	are	also	available	in	a	2D	configuration.	This	is	referred	to	as	a	time-of-flight	camera.[18]	Triangulation	Principle	of	a	laser	triangulation	sensor.	Two	object	positions	are	shown.	Triangulation	based	3D	laser	scanners	are	also	active	scanners	that	use	laser	light	to	probe	the	environment.	With	respect	to	time-of-flight	3D
laser	scanner	the	triangulation	laser	shines	a	laser	on	the	subject	and	exploits	a	camera	to	look	for	the	location	of	the	laser	dot.	Depending	on	how	far	away	the	laser	strikes	a	surface,	the	laser	dot	appears	at	different	places	in	the	camera's	field	of	view.	This	technique	is	called	triangulation	because	the	laser	dot,	the	camera	and	the	laser	emitter	form
a	triangle.	The	length	of	one	side	of	the	triangle,	the	distance	between	the	camera	and	the	laser	emitter	is	known.	The	angle	of	the	laser	emitter	corner	is	also	known.	The	angle	of	the	camera	corner	can	be	determined	by	looking	at	the	location	of	the	laser	dot	in	the	camera's	field	of	view.	These	three	pieces	of	information	fully	determine	the	shape
and	size	of	the	triangle	and	give	the	location	of	the	laser	dot	corner	of	the	triangle.[19]	In	most	cases	a	laser	stripe,	instead	of	a	single	laser	dot,	is	swept	across	the	object	to	speed	up	the	acquisition	process.	The	National	Research	Council	of	Canada	was	among	the	first	institutes	to	develop	the	triangulation	based	laser	scanning	technology	in	1978.
[20]	Strengths	and	weaknesses	Time-of-flight	and	triangulation	range	finders	each	have	strengths	and	weaknesses	that	make	them	suitable	for	different	situations.	The	advantage	of	time-of-flight	range	finders	is	that	they	are	capable	of	operating	over	very	long	distances,	on	the	order	of	kilometres.	These	scanners	are	thus	suitable	for	scanning	large
structures	like	buildings	or	geographic	features.	The	disadvantage	of	time-of-flight	range	finders	is	their	accuracy.	Due	to	the	high	speed	of	light,	timing	the	round-trip	time	is	difficult	and	the	accuracy	of	the	distance	measurement	is	relatively	low,	on	the	order	of	millimetres.	Triangulation	range	finders	are	exactly	the	opposite.	They	have	a	limited
range	of	some	meters,	but	their	accuracy	is	relatively	high.	The	accuracy	of	triangulation	range	finders	is	on	the	order	of	tens	of	micrometers.	Time-of-flight	scanners'	accuracy	can	be	lost	when	the	laser	hits	the	edge	of	an	object	because	the	information	that	is	sent	back	to	the	scanner	is	from	two	different	locations	for	one	laser	pulse.	The	coordinate
relative	to	the	scanner's	position	for	a	point	that	has	hit	the	edge	of	an	object	will	be	calculated	based	on	an	average	and	therefore	will	put	the	point	in	the	wrong	place.	When	using	a	high	resolution	scan	on	an	object	the	chances	of	the	beam	hitting	an	edge	are	increased	and	the	resulting	data	will	show	noise	just	behind	the	edges	of	the	object.
Scanners	with	a	smaller	beam	width	will	help	to	solve	this	problem	but	will	be	limited	by	range	as	the	beam	width	will	increase	over	distance.	Software	can	also	help	by	determining	that	the	first	object	to	be	hit	by	the	laser	beam	should	cancel	out	the	second.	At	a	rate	of	10,000	sample	points	per	second,	low	resolution	scans	can	take	less	than	a
second,	but	high	resolution	scans,	requiring	millions	of	samples,	can	take	minutes	for	some	time-of-flight	scanners.	The	problem	this	creates	is	distortion	from	motion.	Since	each	point	is	sampled	at	a	different	time,	any	motion	in	the	subject	or	the	scanner	will	distort	the	collected	data.	Thus,	it	is	usually	necessary	to	mount	both	the	subject	and	the
scanner	on	stable	platforms	and	minimise	vibration.	Using	these	scanners	to	scan	objects	in	motion	is	very	difficult.	Recently,	there	has	been	research	on	compensating	for	distortion	from	small	amounts	of	vibration[21]	and	distortions	due	to	motion	and/or	rotation.[22]	Short-range	laser	scanners	can't	usually	encompass	a	depth	of	field	more	than	1
meter.[23]	When	scanning	in	one	position	for	any	length	of	time	slight	movement	can	occur	in	the	scanner	position	due	to	changes	in	temperature.	If	the	scanner	is	set	on	a	tripod	and	there	is	strong	sunlight	on	one	side	of	the	scanner	then	that	side	of	the	tripod	will	expand	and	slowly	distort	the	scan	data	from	one	side	to	another.	Some	laser
scanners	have	level	compensators	built	into	them	to	counteract	any	movement	of	the	scanner	during	the	scan	process.	Conoscopic	holography	In	a	conoscopic	system,	a	laser	beam	is	projected	onto	the	surface	and	then	the	immediate	reflection	along	the	same	ray-path	are	put	through	a	conoscopic	crystal	and	projected	onto	a	CCD.	The	result	is	a
diffraction	pattern,	that	can	be	frequency	analyzed	to	determine	the	distance	to	the	measured	surface.	The	main	advantage	with	conoscopic	holography	is	that	only	a	single	ray-path	is	needed	for	measuring,	thus	giving	an	opportunity	to	measure	for	instance	the	depth	of	a	finely	drilled	hole.[24]	Hand-held	laser	scanners	Hand-held	laser	scanners
create	a	3D	image	through	the	triangulation	mechanism	described	above:	a	laser	dot	or	line	is	projected	onto	an	object	from	a	hand-held	device	and	a	sensor	(typically	a	charge-coupled	device	or	position	sensitive	device)	measures	the	distance	to	the	surface.	Data	is	collected	in	relation	to	an	internal	coordinate	system	and	therefore	to	collect	data
where	the	scanner	is	in	motion	the	position	of	the	scanner	must	be	determined.	The	position	can	be	determined	by	the	scanner	using	reference	features	on	the	surface	being	scanned	(typically	adhesive	reflective	tabs,	but	natural	features	have	been	also	used	in	research	work)[25][26]	or	by	using	an	external	tracking	method.	External	tracking	often
takes	the	form	of	a	laser	tracker	(to	provide	the	sensor	position)	with	integrated	camera	(to	determine	the	orientation	of	the	scanner)	or	a	photogrammetric	solution	using	3	or	more	cameras	providing	the	complete	six	degrees	of	freedom	of	the	scanner.	Both	techniques	tend	to	use	infrared	light-emitting	diodes	attached	to	the	scanner	which	are	seen
by	the	camera(s)	through	filters	providing	resilience	to	ambient	lighting.[27]	Data	is	collected	by	a	computer	and	recorded	as	data	points	within	three-dimensional	space,	with	processing	this	can	be	converted	into	a	triangulated	mesh	and	then	a	computer-aided	design	model,	often	as	non-uniform	rational	B-spline	surfaces.	Hand-held	laser	scanners
can	combine	this	data	with	passive,	visible-light	sensors	—	which	capture	surface	textures	and	colors	—	to	build	(or	"reverse	engineer")	a	full	3D	model.	Structured	light	Main	article:	Structured-light	3D	scanner	Structured-light	3D	scanners	project	a	pattern	of	light	on	the	subject	and	look	at	the	deformation	of	the	pattern	on	the	subject.	The	pattern
is	projected	onto	the	subject	using	either	an	LCD	projector	or	other	stable	light	source.	A	camera,	offset	slightly	from	the	pattern	projector,	looks	at	the	shape	of	the	pattern	and	calculates	the	distance	of	every	point	in	the	field	of	view.	Structured-light	scanning	is	still	a	very	active	area	of	research	with	many	research	papers	published	each	year.
Perfect	maps	have	also	been	proven	useful	as	structured	light	patterns	that	solve	the	correspondence	problem	and	allow	for	error	detection	and	error	correction.[24]	[See	Morano,	R.,	et	al.	"Structured	Light	Using	Pseudorandom	Codes,"	IEEE	Transactions	on	Pattern	Analysis	and	Machine	Intelligence.	The	advantage	of	structured-light	3D	scanners	is
speed	and	precision.	Instead	of	scanning	one	point	at	a	time,	structured	light	scanners	scan	multiple	points	or	the	entire	field	of	view	at	once.	Scanning	an	entire	field	of	view	in	a	fraction	of	a	second	reduces	or	eliminates	the	problem	of	distortion	from	motion.	Some	existing	systems	are	capable	of	scanning	moving	objects	in	real-time.	A	real-time
scanner	using	digital	fringe	projection	and	phase-shifting	technique	(certain	kinds	of	structured	light	methods)	was	developed,	to	capture,	reconstruct,	and	render	high-density	details	of	dynamically	deformable	objects	(such	as	facial	expressions)	at	40	frames	per	second.[28]	Recently,	another	scanner	has	been	developed.	Different	patterns	can	be
applied	to	this	system,	and	the	frame	rate	for	capturing	and	data	processing	achieves	120	frames	per	second.	It	can	also	scan	isolated	surfaces,	for	example	two	moving	hands.[29]	By	utilising	the	binary	defocusing	technique,	speed	breakthroughs	have	been	made	that	could	reach	hundreds	[30]	to	thousands	of	frames	per	second.[31]	Modulated	light
Modulated	light	3D	scanners	shine	a	continually	changing	light	at	the	subject.	Usually	the	light	source	simply	cycles	its	amplitude	in	a	sinusoidal	pattern.	A	camera	detects	the	reflected	light	and	the	amount	the	pattern	is	shifted	by	determines	the	distance	the	light	travelled.	Modulated	light	also	allows	the	scanner	to	ignore	light	from	sources	other
than	a	laser,	so	there	is	no	interference.	Volumetric	techniques	Medical	Computed	tomography	(CT)	is	a	medical	imaging	method	which	generates	a	three-dimensional	image	of	the	inside	of	an	object	from	a	large	series	of	two-dimensional	X-ray	images,	similarly	magnetic	resonance	imaging	is	another	medical	imaging	technique	that	provides	much
greater	contrast	between	the	different	soft	tissues	of	the	body	than	computed	tomography	(CT)	does,	making	it	especially	useful	in	neurological	(brain),	musculoskeletal,	cardiovascular,	and	oncological	(cancer)	imaging.	These	techniques	produce	a	discrete	3D	volumetric	representation	that	can	be	directly	visualised,	manipulated	or	converted	to
traditional	3D	surface	by	mean	of	isosurface	extraction	algorithms.	Industrial	Although	most	common	in	medicine,	industrial	computed	tomography,	microtomography	and	MRI	are	also	used	in	other	fields	for	acquiring	a	digital	representation	of	an	object	and	its	interior,	such	as	non	destructive	materials	testing,	reverse	engineering,	or	studying
biological	and	paleontological	specimens.	Non-contact	passive	Passive	3D	imaging	solutions	do	not	emit	any	kind	of	radiation	themselves,	but	instead	rely	on	detecting	reflected	ambient	radiation.	Most	solutions	of	this	type	detect	visible	light	because	it	is	a	readily	available	ambient	radiation.	Other	types	of	radiation,	such	as	infrared	could	also	be
used.	Passive	methods	can	be	very	cheap,	because	in	most	cases	they	do	not	need	particular	hardware	but	simple	digital	cameras.	Stereoscopic	systems	usually	employ	two	video	cameras,	slightly	apart,	looking	at	the	same	scene.	By	analysing	the	slight	differences	between	the	images	seen	by	each	camera,	it	is	possible	to	determine	the	distance	at
each	point	in	the	images.	This	method	is	based	on	the	same	principles	driving	human	stereoscopic	vision[1].	Photometric	systems	usually	use	a	single	camera,	but	take	multiple	images	under	varying	lighting	conditions.	These	techniques	attempt	to	invert	the	image	formation	model	in	order	to	recover	the	surface	orientation	at	each	pixel.	Silhouette
techniques	use	outlines	created	from	a	sequence	of	photographs	around	a	three-dimensional	object	against	a	well	contrasted	background.	These	silhouettes	are	extruded	and	intersected	to	form	the	visual	hull	approximation	of	the	object.	With	these	approaches	some	concavities	of	an	object	(like	the	interior	of	a	bowl)	cannot	be	detected.
Photogrammetric	non-contact	passive	methods	This	section	needs	expansion.	You	can	help	by	adding	to	it.	(March	2020)	Main	article:	Photogrammetry	Images	taken	from	multiple	perspectives	such	as	a	fixed	camera	array	can	be	taken	of	a	subject	for	a	photogrammetric	reconstruction	pipeline	to	generate	a	3D	mesh	or	point	cloud.	Photogrammetry
provides	reliable	information	about	3D	shapes	of	physical	objects	based	on	analysis	of	photographic	images.	The	resulting	3D	data	is	typically	provided	as	a	3D	point	cloud,	3D	mesh	or	3D	points.[32]	Modern	photogrammetry	software	applications	automatically	analyze	a	large	number	of	digital	images	for	3D	reconstruction,	however	manual
interaction	may	be	required	if	the	software	cannot	automatically	determine	the	3D	positions	of	the	camera	in	the	images	which	is	an	essential	step	in	the	reconstruction	pipeline.	Various	software	packages	are	available	including	PhotoModeler,	Geodetic	Systems,	Autodesk	ReCap,	RealityCapture	and	Agisoft	Metashape	(see	comparison	of
photogrammetry	software).	Close	range	photogrammetry	typically	uses	a	handheld	camera	such	as	a	DSLR	with	a	fixed	focal	length	lens	to	capture	images	of	objects	for	3D	reconstruction.[33]	Subjects	include	smaller	objects	such	as	a	building	facade,	vehicles,	sculptures,	rocks,	and	shoes.	Camera	Arrays	can	be	used	to	generate	3D	point	clouds	or
meshes	of	live	objects	such	as	people	or	pets	by	synchronizing	multiple	cameras	to	photograph	a	subject	from	multiple	perspectives	at	the	same	time	for	3D	object	reconstruction.[34]	Wide	angle	photogrammetry	can	be	used	to	capture	the	interior	of	buildings	or	enclosed	spaces	using	a	wide	angle	lens	camera	such	as	a	360	camera.	Aerial
photogrammetry	uses	aerial	images	acquired	by	satellite,	commercial	aircraft	or	UAV	drone	to	collect	images	of	buildings,	structures	and	terrain	for	3D	reconstruction	into	a	point	cloud	or	mesh.	Acquisition	from	acquired	sensor	data	Semi-automatic	building	extraction	from	lidar	data	and	high-resolution	images	is	also	a	possibility.	Again,	this
approach	allows	modelling	without	physically	moving	towards	the	location	or	object.[35]	From	airborne	lidar	data,	digital	surface	model	(DSM)	can	be	generated	and	then	the	objects	higher	than	the	ground	are	automatically	detected	from	the	DSM.	Based	on	general	knowledge	about	buildings,	geometric	characteristics	such	as	size,	height	and	shape
information	are	then	used	to	separate	the	buildings	from	other	objects.	The	extracted	building	outlines	are	then	simplified	using	an	orthogonal	algorithm	to	obtain	better	cartographic	quality.	Watershed	analysis	can	be	conducted	to	extract	the	ridgelines	of	building	roofs.	The	ridgelines	as	well	as	slope	information	are	used	to	classify	the	buildings	per
type.	The	buildings	are	then	reconstructed	using	three	parametric	building	models	(flat,	gabled,	hipped).[36]	Acquisition	from	on-site	sensors	Lidar	and	other	terrestrial	laser	scanning	technology[37]	offers	the	fastest,	automated	way	to	collect	height	or	distance	information.	lidar	or	laser	for	height	measurement	of	buildings	is	becoming	very
promising.[38]	Commercial	applications	of	both	airborne	lidar	and	ground	laser	scanning	technology	have	proven	to	be	fast	and	accurate	methods	for	building	height	extraction.	The	building	extraction	task	is	needed	to	determine	building	locations,	ground	elevation,	orientations,	building	size,	rooftop	heights,	etc.	Most	buildings	are	described	to
sufficient	details	in	terms	of	general	polyhedra,	i.e.,	their	boundaries	can	be	represented	by	a	set	of	planar	surfaces	and	straight	lines.	Further	processing	such	as	expressing	building	footprints	as	polygons	is	used	for	data	storing	in	GIS	databases.	Using	laser	scans	and	images	taken	from	ground	level	and	a	bird's-eye	perspective,	Fruh	and	Zakhor
present	an	approach	to	automatically	create	textured	3D	city	models.	This	approach	involves	registering	and	merging	the	detailed	facade	models	with	a	complementary	airborne	model.	The	airborne	modeling	process	generates	a	half-meter	resolution	model	with	a	bird's-eye	view	of	the	entire	area,	containing	terrain	profile	and	building	tops.	Ground-
based	modeling	process	results	in	a	detailed	model	of	the	building	facades.	Using	the	DSM	obtained	from	airborne	laser	scans,	they	localize	the	acquisition	vehicle	and	register	the	ground-based	facades	to	the	airborne	model	by	means	of	Monte	Carlo	localization	(MCL).	Finally,	the	two	models	are	merged	with	different	resolutions	to	obtain	a	3D
model.	Using	an	airborne	laser	altimeter,	Haala,	Brenner	and	Anders	combined	height	data	with	the	existing	ground	plans	of	buildings.	The	ground	plans	of	buildings	had	already	been	acquired	either	in	analog	form	by	maps	and	plans	or	digitally	in	a	2D	GIS.	The	project	was	done	in	order	to	enable	an	automatic	data	capture	by	the	integration	of
these	different	types	of	information.	Afterwards	virtual	reality	city	models	are	generated	in	the	project	by	texture	processing,	e.g.	by	mapping	of	terrestrial	images.	The	project	demonstrated	the	feasibility	of	rapid	acquisition	of	3D	urban	GIS.	Ground	plans	proved	are	another	very	important	source	of	information	for	3D	building	reconstruction.
Compared	to	results	of	automatic	procedures,	these	ground	plans	proved	more	reliable	since	they	contain	aggregated	information	which	has	been	made	explicit	by	human	interpretation.	For	this	reason,	ground	plans,	can	considerably	reduce	costs	in	a	reconstruction	project.	An	example	of	existing	ground	plan	data	usable	in	building	reconstruction	is
the	Digital	Cadastral	map,	which	provides	information	on	the	distribution	of	property,	including	the	borders	of	all	agricultural	areas	and	the	ground	plans	of	existing	buildings.	Additionally	information	as	street	names	and	the	usage	of	buildings	(e.g.	garage,	residential	building,	office	block,	industrial	building,	church)	is	provided	in	the	form	of	text
symbols.	At	the	moment	the	Digital	Cadastral	map	is	built	up	as	a	database	covering	an	area,	mainly	composed	by	digitizing	preexisting	maps	or	plans.	Cost	Terrestrial	laser	scan	devices	(pulse	or	phase	devices)	+	processing	software	generally	start	at	a	price	of	€150,000.	Some	less	precise	devices	(as	the	Trimble	VX)	cost	around	€75,000.	Terrestrial
lidar	systems	cost	around	€300,000.	Systems	using	regular	still	cameras	mounted	on	RC	helicopters	(Photogrammetry)	are	also	possible,	and	cost	around	€25,000.	Systems	that	use	still	cameras	with	balloons	are	even	cheaper	(around	€2,500),	but	require	additional	manual	processing.	As	the	manual	processing	takes	around	1	month	of	labor	for	every
day	of	taking	pictures,	this	is	still	an	expensive	solution	in	the	long	run.	Obtaining	satellite	images	is	also	an	expensive	endeavor.	High	resolution	stereo	images	(0.5	m	resolution)	cost	around	€11,000.	Image	satellites	include	Quikbird,	Ikonos.	High	resolution	monoscopic	images	cost	around	€5,500.	Somewhat	lower	resolution	images	(e.g.	from	the
CORONA	satellite;	with	a	2	m	resolution)	cost	around	€1,000	per	2	images.	Note	that	Google	Earth	images	are	too	low	in	resolution	to	make	an	accurate	3D	model.[39]	Reconstruction	Main	article:	3D	reconstruction	From	point	clouds	The	point	clouds	produced	by	3D	scanners	and	3D	imaging	can	be	used	directly	for	measurement	and	visualisation	in
the	architecture	and	construction	world.	From	models	Most	applications,	however,	use	instead	polygonal	3D	models,	NURBS	surface	models,	or	editable	feature-based	CAD	models	(aka	solid	models).	Polygon	mesh	models:	In	a	polygonal	representation	of	a	shape,	a	curved	surface	is	modeled	as	many	small	faceted	flat	surfaces	(think	of	a	sphere
modeled	as	a	disco	ball).	Polygon	models—also	called	Mesh	models,	are	useful	for	visualisation,	for	some	CAM	(i.e.,	machining),	but	are	generally	"heavy"	(	i.e.,	very	large	data	sets),	and	are	relatively	un-editable	in	this	form.	Reconstruction	to	polygonal	model	involves	finding	and	connecting	adjacent	points	with	straight	lines	in	order	to	create	a
continuous	surface.	Many	applications,	both	free	and	nonfree,	are	available	for	this	purpose	(e.g.	GigaMesh,	MeshLab,	PointCab,	kubit	PointCloud	for	AutoCAD,	Reconstructor,	imagemodel,	PolyWorks,	Rapidform,	Geomagic,	Imageware,	Rhino	3D	etc.).	Surface	models:	The	next	level	of	sophistication	in	modeling	involves	using	a	quilt	of	curved	surface
patches	to	model	the	shape.	These	might	be	NURBS,	TSplines	or	other	curved	representations	of	curved	topology.	Using	NURBS,	the	spherical	shape	becomes	a	true	mathematical	sphere.	Some	applications	offer	patch	layout	by	hand	but	the	best	in	class	offer	both	automated	patch	layout	and	manual	layout.	These	patches	have	the	advantage	of	being
lighter	and	more	manipulable	when	exported	to	CAD.	Surface	models	are	somewhat	editable,	but	only	in	a	sculptural	sense	of	pushing	and	pulling	to	deform	the	surface.	This	representation	lends	itself	well	to	modelling	organic	and	artistic	shapes.	Providers	of	surface	modellers	include	Rapidform,	Geomagic,	Rhino	3D,	Maya,	T	Splines	etc.	Solid	CAD
models:	From	an	engineering/manufacturing	perspective,	the	ultimate	representation	of	a	digitised	shape	is	the	editable,	parametric	CAD	model.	In	CAD,	the	sphere	is	described	by	parametric	features	which	are	easily	edited	by	changing	a	value	(e.g.,	centre	point	and	radius).	These	CAD	models	describe	not	simply	the	envelope	or	shape	of	the	object,
but	CAD	models	also	embody	the	"design	intent"	(i.e.,	critical	features	and	their	relationship	to	other	features).	An	example	of	design	intent	not	evident	in	the	shape	alone	might	be	a	brake	drum's	lug	bolts,	which	must	be	concentric	with	the	hole	in	the	centre	of	the	drum.	This	knowledge	would	drive	the	sequence	and	method	of	creating	the	CAD
model;	a	designer	with	an	awareness	of	this	relationship	would	not	design	the	lug	bolts	referenced	to	the	outside	diameter,	but	instead,	to	the	center.	A	modeler	creating	a	CAD	model	will	want	to	include	both	Shape	and	design	intent	in	the	complete	CAD	model.	Vendors	offer	different	approaches	to	getting	to	the	parametric	CAD	model.	Some	export
the	NURBS	surfaces	and	leave	it	to	the	CAD	designer	to	complete	the	model	in	CAD	(e.g.,	Geomagic,	Imageware,	Rhino	3D).	Others	use	the	scan	data	to	create	an	editable	and	verifiable	feature	based	model	that	is	imported	into	CAD	with	full	feature	tree	intact,	yielding	a	complete,	native	CAD	model,	capturing	both	shape	and	design	intent	(e.g.
Geomagic,	Rapidform).	For	instance,	the	market	offers	various	plug-ins	for	established	CAD-programs,	such	as	SolidWorks.	Xtract3D,	DezignWorks	and	Geomagic	for	SolidWorks	allow	manipulating	a	3D	scan	directly	inside	SolidWorks.	Still	other	CAD	applications	are	robust	enough	to	manipulate	limited	points	or	polygon	models	within	the	CAD
environment	(e.g.,	CATIA,	AutoCAD,	Revit).	From	a	set	of	2D	slices	3D	reconstruction	of	the	brain	and	eyeballs	from	CT	scanned	DICOM	images.	In	this	image,	areas	with	the	density	of	bone	or	air	were	made	transparent,	and	the	slices	stacked	up	in	an	approximate	free-space	alignment.	The	outer	ring	of	material	around	the	brain	are	the	soft	tissues
of	skin	and	muscle	on	the	outside	of	the	skull.	A	black	box	encloses	the	slices	to	provide	the	black	background.	Since	these	are	simply	2D	images	stacked	up,	when	viewed	on	edge	the	slices	disappear	since	they	have	effectively	zero	thickness.	Each	DICOM	scan	represents	about	5	mm	of	material	averaged	into	a	thin	slice.	CT,	industrial	CT,	MRI,	or
micro-CT	scanners	do	not	produce	point	clouds	but	a	set	of	2D	slices	(each	termed	a	"tomogram")	which	are	then	'stacked	together'	to	produce	a	3D	representation.	There	are	several	ways	to	do	this	depending	on	the	output	required:	Volume	rendering:	Different	parts	of	an	object	usually	have	different	threshold	values	or	greyscale	densities.	From
this,	a	3-dimensional	model	can	be	constructed	and	displayed	on	screen.	Multiple	models	can	be	constructed	from	various	thresholds,	allowing	different	colours	to	represent	each	component	of	the	object.	Volume	rendering	is	usually	only	used	for	visualisation	of	the	scanned	object.	Image	segmentation:	Where	different	structures	have	similar
threshold/greyscale	values,	it	can	become	impossible	to	separate	them	simply	by	adjusting	volume	rendering	parameters.	The	solution	is	called	segmentation,	a	manual	or	automatic	procedure	that	can	remove	the	unwanted	structures	from	the	image.	Image	segmentation	software	usually	allows	export	of	the	segmented	structures	in	CAD	or	STL
format	for	further	manipulation.	Image-based	meshing:	When	using	3D	image	data	for	computational	analysis	(e.g.	CFD	and	FEA),	simply	segmenting	the	data	and	meshing	from	CAD	can	become	time-consuming,	and	virtually	intractable	for	the	complex	topologies	typical	of	image	data.	The	solution	is	called	image-based	meshing,	an	automated
process	of	generating	an	accurate	and	realistic	geometrical	description	of	the	scan	data.	From	laser	scans	Laser	scanning	describes	the	general	method	to	sample	or	scan	a	surface	using	laser	technology.	Several	areas	of	application	exist	that	mainly	differ	in	the	power	of	the	lasers	that	are	used,	and	in	the	results	of	the	scanning	process.	Low	laser
power	is	used	when	the	scanned	surface	doesn't	have	to	be	influenced,	e.g.	when	it	only	has	to	be	digitised.	Confocal	or	3D	laser	scanning	are	methods	to	get	information	about	the	scanned	surface.	Another	low-power	application	uses	structured	light	projection	systems	for	solar	cell	flatness	metrology,[40]	enabling	stress	calculation	throughout	in
excess	of	2000	wafers	per	hour.[41]	The	laser	power	used	for	laser	scanning	equipment	in	industrial	applications	is	typically	less	than	1W.	The	power	level	is	usually	on	the	order	of	200	mW	or	less	but	sometimes	more.	From	photographs	See	also:	Photogrammetry	3D	data	acquisition	and	object	reconstruction	can	be	performed	using	stereo	image
pairs.	Stereo	photogrammetry	or	photogrammetry	based	on	a	block	of	overlapped	images	is	the	primary	approach	for	3D	mapping	and	object	reconstruction	using	2D	images.	Close-range	photogrammetry	has	also	matured	to	the	level	where	cameras	or	digital	cameras	can	be	used	to	capture	the	close-look	images	of	objects,	e.g.,	buildings,	and
reconstruct	them	using	the	very	same	theory	as	the	aerial	photogrammetry.	An	example	of	software	which	could	do	this	is	Vexcel	FotoG	5.[42][43]	This	software	has	now	been	replaced	by	Vexcel	GeoSynth.[44]	Another	similar	software	program	is	Microsoft	Photosynth.[45][46]	A	semi-automatic	method	for	acquiring	3D	topologically	structured	data
from	2D	aerial	stereo	images	has	been	presented	by	Sisi	Zlatanova.[47]	The	process	involves	the	manual	digitizing	of	a	number	of	points	necessary	for	automatically	reconstructing	the	3D	objects.	Each	reconstructed	object	is	validated	by	superimposition	of	its	wire	frame	graphics	in	the	stereo	model.	The	topologically	structured	3D	data	is	stored	in	a
database	and	are	also	used	for	visualization	of	the	objects.	Notable	software	used	for	3D	data	acquisition	using	2D	images	include	e.g.	Agisoft	Metashape,[48]	RealityCapture,[49]	and	ENSAIS	Engineering	College	TIPHON	(Traitement	d'Image	et	PHOtogrammétrie	Numérique).[50]	A	method	for	semi-automatic	building	extraction	together	with	a
concept	for	storing	building	models	alongside	terrain	and	other	topographic	data	in	a	topographical	information	system	has	been	developed	by	Franz	Rottensteiner.	His	approach	was	based	on	the	integration	of	building	parameter	estimations	into	the	photogrammetry	process	applying	a	hybrid	modeling	scheme.	Buildings	are	decomposed	into	a	set	of
simple	primitives	that	are	reconstructed	individually	and	are	then	combined	by	Boolean	operators.	The	internal	data	structure	of	both	the	primitives	and	the	compound	building	models	are	based	on	the	boundary	representation	methods[51][52]	Multiple	images	are	used	in	Zeng's	approach	to	surface	reconstruction	from	multiple	images.	A	central	idea
is	to	explore	the	integration	of	both	3D	stereo	data	and	2D	calibrated	images.	This	approach	is	motivated	by	the	fact	that	only	robust	and	accurate	feature	points	that	survived	the	geometry	scrutiny	of	multiple	images	are	reconstructed	in	space.	The	density	insufficiency	and	the	inevitable	holes	in	the	stereo	data	should	then	be	filled	in	by	using
information	from	multiple	images.	The	idea	is	thus	to	first	construct	small	surface	patches	from	stereo	points,	then	to	progressively	propagate	only	reliable	patches	in	their	neighborhood	from	images	into	the	whole	surface	using	a	best-first	strategy.	The	problem	thus	reduces	to	searching	for	an	optimal	local	surface	patch	going	through	a	given	set	of
stereo	points	from	images.	Multi-spectral	images	are	also	used	for	3D	building	detection.	The	first	and	last	pulse	data	and	the	normalized	difference	vegetation	index	are	used	in	the	process.[53]	New	measurement	techniques	are	also	employed	to	obtain	measurements	of	and	between	objects	from	single	images	by	using	the	projection,	or	the	shadow
as	well	as	their	combination.	This	technology	is	gaining	attention	given	its	fast	processing	time,	and	far	lower	cost	than	stereo	measurements.[citation	needed]	Applications	Space	experiments	3D	scanning	technology	has	been	used	to	scan	space	rocks	for	the	European	Space	Agency.[54][55]	Construction	industry	and	civil	engineering	Robotic
control:	e.g.	a	laser	scanner	may	function	as	the	"eye"	of	a	robot.[56][57]	As-built	drawings	of	bridges,	industrial	plants,	and	monuments	Documentation	of	historical	sites[58]	Site	modelling	and	lay	outing	Quality	control	Quantity	surveys	Payload	monitoring	[59]	Freeway	redesign	Establishing	a	bench	mark	of	pre-existing	shape/state	in	order	to	detect
structural	changes	resulting	from	exposure	to	extreme	loadings	such	as	earthquake,	vessel/truck	impact	or	fire.	Create	GIS	(geographic	information	system)	maps[60]	and	geomatics.	Subsurface	laser	scanning	in	mines	and	karst	voids.[61]	Forensic	documentation[62]	Design	process	Increasing	accuracy	working	with	complex	parts	and	shapes,
Coordinating	product	design	using	parts	from	multiple	sources,	Updating	old	CD	scans	with	those	from	more	current	technology,	Replacing	missing	or	older	parts,	Creating	cost	savings	by	allowing	as-built	design	services,	for	example	in	automotive	manufacturing	plants,	"Bringing	the	plant	to	the	engineers"	with	web	shared	scans,	and	Saving	travel
costs.	Entertainment	3D	scanners	are	used	by	the	entertainment	industry	to	create	digital	3D	models	for	movies,	video	games	and	leisure	purposes.[63]	They	are	heavily	utilized	in	virtual	cinematography.	In	cases	where	a	real-world	equivalent	of	a	model	exists,	it	is	much	faster	to	scan	the	real-world	object	than	to	manually	create	a	model	using	3D
modeling	software.	Frequently,	artists	sculpt	physical	models	of	what	they	want	and	scan	them	into	digital	form	rather	than	directly	creating	digital	models	on	a	computer.	3D	photography	3D	selfie	in	1:20	scale	printed	by	Shapeways	using	gypsum-based	printing,	created	by	Madurodam	miniature	park	from	2D	pictures	taken	at	its	Fantasitron	photo
booth.	Fantasitron	3D	photo	booth	at	Madurodam	3D	scanners	are	evolving	for	the	use	of	cameras	to	represent	3D	objects	in	an	accurate	manner.[64]	Companies	are	emerging	since	2010	that	create	3D	portraits	of	people	(3D	figurines	or	3D	selfie).	An	augmented	reality	menu	for	the	Madrid	restaurant	chain	80	Degrees[65]	Law	enforcement	3D
laser	scanning	is	used	by	the	law	enforcement	agencies	around	the	world.	3D	models	are	used	for	on-site	documentation	of:[66]	Crime	scenes	Bullet	trajectories	Bloodstain	pattern	analysis	Accident	reconstruction	Bombings	Plane	crashes,	and	more	Reverse	engineering	Reverse	engineering	of	a	mechanical	component	requires	a	precise	digital	model
of	the	objects	to	be	reproduced.	Rather	than	a	set	of	points	a	precise	digital	model	can	be	represented	by	a	polygon	mesh,	a	set	of	flat	or	curved	NURBS	surfaces,	or	ideally	for	mechanical	components,	a	CAD	solid	model.	A	3D	scanner	can	be	used	to	digitise	free-form	or	gradually	changing	shaped	components	as	well	as	prismatic	geometries	whereas
a	coordinate	measuring	machine	is	usually	used	only	to	determine	simple	dimensions	of	a	highly	prismatic	model.	These	data	points	are	then	processed	to	create	a	usable	digital	model,	usually	using	specialized	reverse	engineering	software.	Real	estate	Land	or	buildings	can	be	scanned	into	a	3D	model,	which	allows	buyers	to	tour	and	inspect	the
property	remotely,	anywhere,	without	having	to	be	present	at	the	property.[67]	There	is	already	at	least	one	company	providing	3D-scanned	virtual	real	estate	tours.[68]	A	typical	virtual	tour	Archived	2017-04-27	at	the	Wayback	Machine	would	consist	of	dollhouse	view,[69]	inside	view,	as	well	as	a	floor	plan.	Virtual/remote	tourism	The	environment
at	a	place	of	interest	can	be	captured	and	converted	into	a	3D	model.	This	model	can	then	be	explored	by	the	public,	either	through	a	VR	interface	or	a	traditional	"2D"	interface.	This	allows	the	user	to	explore	locations	which	are	inconvenient	for	travel.[70]	A	group	of	history	students	at	Vancouver	iTech	Preparatory	Middle	School	created	a	Virtual
Museum	by	3D	Scanning	more	than	100	artifacts.[71]	Cultural	heritage	There	have	been	many	research	projects	undertaken	via	the	scanning	of	historical	sites	and	artifacts	both	for	documentation	and	analysis	purposes.[72]	The	combined	use	of	3D	scanning	and	3D	printing	technologies	allows	the	replication	of	real	objects	without	the	use	of
traditional	plaster	casting	techniques,	that	in	many	cases	can	be	too	invasive	for	being	performed	on	precious	or	delicate	cultural	heritage	artifacts.[73]	In	an	example	of	a	typical	application	scenario,	a	gargoyle	model	was	digitally	acquired	using	a	3D	scanner	and	the	produced	3D	data	was	processed	using	MeshLab.	The	resulting	digital	3D	model
was	fed	to	a	rapid	prototyping	machine	to	create	a	real	resin	replica	of	the	original	object.	Creation	of	3D	models	for	Museums	and	Archaeological	artifacts[74][75][76]	Michelangelo	In	1999,	two	different	research	groups	started	scanning	Michelangelo's	statues.	Stanford	University	with	a	group	led	by	Marc	Levoy[77]	used	a	custom	laser
triangulation	scanner	built	by	Cyberware	to	scan	Michelangelo's	statues	in	Florence,	notably	the	David,	the	Prigioni	and	the	four	statues	in	The	Medici	Chapel.	The	scans	produced	a	data	point	density	of	one	sample	per	0.25	mm,	detailed	enough	to	see	Michelangelo's	chisel	marks.	These	detailed	scans	produced	a	large	amount	of	data	(up	to	32
gigabytes)	and	processing	the	data	from	his	scans	took	5	months.	Approximately	in	the	same	period	a	research	group	from	IBM,	led	by	H.	Rushmeier	and	F.	Bernardini	scanned	the	Pietà	of	Florence	acquiring	both	geometric	and	colour	details.	The	digital	model,	result	of	the	Stanford	scanning	campaign,	was	thoroughly	used	in	the	2004	subsequent
restoration	of	the	statue.[78]	Monticello	In	2002,	David	Luebke,	et	al.	scanned	Thomas	Jefferson's	Monticello.[79]	A	commercial	time	of	flight	laser	scanner,	the	DeltaSphere	3000,	was	used.	The	scanner	data	was	later	combined	with	colour	data	from	digital	photographs	to	create	the	Virtual	Monticello,	and	the	Jefferson's	Cabinet	exhibits	in	the	New
Orleans	Museum	of	Art	in	2003.	The	Virtual	Monticello	exhibit	simulated	a	window	looking	into	Jefferson's	Library.	The	exhibit	consisted	of	a	rear	projection	display	on	a	wall	and	a	pair	of	stereo	glasses	for	the	viewer.	The	glasses,	combined	with	polarised	projectors,	provided	a	3D	effect.	Position	tracking	hardware	on	the	glasses	allowed	the	display
to	adapt	as	the	viewer	moves	around,	creating	the	illusion	that	the	display	is	actually	a	hole	in	the	wall	looking	into	Jefferson's	Library.	The	Jefferson's	Cabinet	exhibit	was	a	barrier	stereogram	(essentially	a	non-active	hologram	that	appears	different	from	different	angles)	of	Jefferson's	Cabinet.	Cuneiform	tablets	The	first	3D	models	of	cuneiform
tablets	were	acquired	in	Germany	in	2000.[80]	In	2003	the	so-called	Digital	Hammurabi	project	acquired	cuneiform	tablets	with	a	laser	triangulation	scanner	using	a	regular	grid	pattern	having	a	resolution	of	0.025	mm	(0.00098	in).[81]	With	the	use	of	high-resolution	3D-scanners	by	the	Heidelberg	University	for	tablet	acquisition	in	2009	the
development	of	the	GigaMesh	Software	Framework	began	to	visualize	and	extract	cuneiform	characters	from	3D-models.[82]	It	was	used	to	process	ca.	2.000	3D-digitized	tablets	of	the	Hilprecht	Collection	in	Jena	to	create	an	Open	Access	benchmark	dataset[83]	and	an	annotated	collection[84]	of	3D-models	of	tablets	freely	available	under	CC	BY
licenses.[85]	Kasubi	Tombs	A	2009	CyArk	3D	scanning	project	at	Uganda's	historic	Kasubi	Tombs,	a	UNESCO	World	Heritage	Site,	using	a	Leica	HDS	4500,	produced	detailed	architectural	models	of	Muzibu	Azaala	Mpanga,	the	main	building	at	the	complex	and	tomb	of	the	Kabakas	(Kings)	of	Uganda.	A	fire	on	March	16,	2010,	burned	down	much	of
the	Muzibu	Azaala	Mpanga	structure,	and	reconstruction	work	is	likely	to	lean	heavily	upon	the	dataset	produced	by	the	3D	scan	mission.[86]	"Plastico	di	Roma	antica"	In	2005,	Gabriele	Guidi,	et	al.	scanned	the	"Plastico	di	Roma	antica",[87]	a	model	of	Rome	created	in	the	last	century.	Neither	the	triangulation	method,	nor	the	time	of	flight	method
satisfied	the	requirements	of	this	project	because	the	item	to	be	scanned	was	both	large	and	contained	small	details.	They	found	though,	that	a	modulated	light	scanner	was	able	to	provide	both	the	ability	to	scan	an	object	the	size	of	the	model	and	the	accuracy	that	was	needed.	The	modulated	light	scanner	was	supplemented	by	a	triangulation
scanner	which	was	used	to	scan	some	parts	of	the	model.	Other	projects	The	3D	Encounters	Project	at	the	Petrie	Museum	of	Egyptian	Archaeology	aims	to	use	3D	laser	scanning	to	create	a	high	quality	3D	image	library	of	artefacts	and	enable	digital	travelling	exhibitions	of	fragile	Egyptian	artefacts,	English	Heritage	has	investigated	the	use	of	3D
laser	scanning	for	a	wide	range	of	applications	to	gain	archaeological	and	condition	data,	and	the	National	Conservation	Centre	in	Liverpool	has	also	produced	3D	laser	scans	on	commission,	including	portable	object	and	in	situ	scans	of	archaeological	sites.[88]	The	Smithsonian	Institution	has	a	project	called	Smithsonian	X	3D	notable	for	the	breadth
of	types	of	3D	objects	they	are	attempting	to	scan.	These	include	small	objects	such	as	insects	and	flowers,	to	human	sized	objects	such	as	Amelia	Earhart's	Flight	Suit	to	room	sized	objects	such	as	the	Gunboat	Philadelphia	to	historic	sites	such	as	Liang	Bua	in	Indonesia.	Also	of	note	the	data	from	these	scans	is	being	made	available	to	the	public	for
free	and	downloadable	in	several	data	formats.	Medical	CAD/CAM	3D	scanners	are	used	to	capture	the	3D	shape	of	a	patient	in	orthotics	and	dentistry.	It	gradually	supplants	tedious	plaster	cast.	CAD/CAM	software	are	then	used	to	design	and	manufacture	the	orthosis,	prosthesis	or	dental	implants.	Many	Chairside	dental	CAD/CAM	systems	and
Dental	Laboratory	CAD/CAM	systems	use	3D	Scanner	technologies	to	capture	the	3D	surface	of	a	dental	preparation	(either	in	vivo	or	in	vitro),	in	order	to	produce	a	restoration	digitally	using	CAD	software	and	ultimately	produce	the	final	restoration	using	a	CAM	technology	(such	as	a	CNC	milling	machine,	or	3D	printer).	The	chairside	systems	are
designed	to	facilitate	the	3D	scanning	of	a	preparation	in	vivo	and	produce	the	restoration	(such	as	a	Crown,	Onlay,	Inlay	or	Veneer).	Creation	of	3D	models	for	Anatomy	and	Biology	education[89][90]	and	cadaver	models	for	educational	neurosurgical	simulations.[91]	Quality	assurance	and	industrial	metrology	The	digitalisation	of	real-world	objects	is
of	vital	importance	in	various	application	domains.	This	method	is	especially	applied	in	industrial	quality	assurance	to	measure	the	geometric	dimension	accuracy.	Industrial	processes	such	as	assembly	are	complex,	highly	automated	and	typically	based	on	CAD	(computer-aided	design)	data.	The	problem	is	that	the	same	degree	of	automation	is	also
required	for	quality	assurance.	It	is,	for	example,	a	very	complex	task	to	assemble	a	modern	car,	since	it	consists	of	many	parts	that	must	fit	together	at	the	very	end	of	the	production	line.	The	optimal	performance	of	this	process	is	guaranteed	by	quality	assurance	systems.	Especially	the	geometry	of	the	metal	parts	must	be	checked	in	order	to	assure
that	they	have	the	correct	dimensions,	fit	together	and	finally	work	reliably.	Within	highly	automated	processes,	the	resulting	geometric	measures	are	transferred	to	machines	that	manufacture	the	desired	objects.	Due	to	mechanical	uncertainties	and	abrasions,	the	result	may	differ	from	its	digital	nominal.	In	order	to	automatically	capture	and
evaluate	these	deviations,	the	manufactured	part	must	be	digitised	as	well.	For	this	purpose,	3D	scanners	are	applied	to	generate	point	samples	from	the	object's	surface	which	are	finally	compared	against	the	nominal	data.[92]	The	process	of	comparing	3D	data	against	a	CAD	model	is	referred	to	as	CAD-Compare,	and	can	be	a	useful	technique	for
applications	such	as	determining	wear	patterns	on	moulds	and	tooling,	determining	accuracy	of	final	build,	analysing	gap	and	flush,	or	analysing	highly	complex	sculpted	surfaces.	At	present,	laser	triangulation	scanners,	structured	light	and	contact	scanning	are	the	predominant	technologies	employed	for	industrial	purposes,	with	contact	scanning
remaining	the	slowest,	but	overall	most	accurate	option.	Nevertheless,	3D	scanning	technology	offers	distinct	advantages	compared	to	traditional	touch	probe	measurements.	White-light	or	laser	scanners	accurately	digitize	objects	all	around,	capturing	fine	details	and	freeform	surfaces	without	reference	points	or	spray.	The	entire	surface	is	covered
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mini-me	figurines	and	miniature	statues.	In	2014	a	first	3D	printed	bust	of	a	President,	Barack	Obama,	was	made.[1]	3D-digital-imaging	specialists	used	handheld	3D	scanners	to	create	an	accurate	representation	of	the	President.	Description	The	capture	of	a	subject	as	a	3D	model	can	be	accomplished	in	many	ways.	One	of	the	methods,	is	called
photogrammetry.	Many	systems	use	one	or	more	digital	cameras	to	take	2D	pictures	of	the	subject,	under	normal	lighting,	under	projected	light	patterns,	or	a	combination	of	these.	Inexpensive	systems	use	a	single	camera	which	is	moved	around	the	subject	in	360°	at	various	heights,	over	minutes,	while	the	subject	stays	immobile.[2]	More	elaborate
systems	have	a	vertical	bar	of	cameras	rotate	around	the	subject,	usually	achieving	a	full	scan	in	10	seconds.[3]	Most	expensive	systems	have	an	enclosed	3D	photo	booth	with	50	to	100	cameras	statically	embedded	in	walls	and	the	ceiling,	firing	all	at	once,	eliminating	differences	in	image	capture	caused	by	movements	of	the	subject.[4]	[5][6]	A	piece
of	software	then	reconstructs	a	3D	model	of	the	subject	from	these	pictures.[4]	[2]	One	of	the	3D	photo	booth,	which	creates	life-like	portraits,	is	called	Veronica	Chorographic	Scanner.[7]	The	scanner	participated	in	the	project	of	Royal	Academy	of	Arts,	where	people	could	have	themselves	scanned.	The	scanner	utilized	8	cameras	taking	96
photographs	of	a	person	from	each	angle.	Photogrammetry	scanning	is	generally	considered	more	life-like,	than	scanning	with	3D	scanners.[8]	Another	method	for	capturing	a	3D	selfie	uses	dedicated	3D	scanning	equipment	which	may	more	accurately	capture	geometry	and	texture,	but	take	longer	to	perform.	Scanners	may	be	handheld,	tripod
mounted	or	fitted	to	another	system	that	will	allow	the	full	geometry	of	a	person	to	be	captured.	One	of	the	well-known	full	body	3D	scanners	are	Shapify	booth,	based	on	Artec	Eva	3D	scanners	and	Twindom	Twinstant	Mobile.[9]	Production	of	3D	selfies[10]	is	enabled	by	3D	printing	technologies.	This	includes	the	ability	to	3D	print	in	full	color	using
gypsum-based	binder	jetting	techniques,	giving	the	figurine	a	sandstone-like	texture	and	look.[5]	Other	3D	printing	process	may	be	used	depending	on	the	desired	result.	A	3D	selfie	seen	from	various	angles	Fantasitron	3D	photo	booth	at	Madurodam	See	also	3D	reconstruction	Digitization	Depth	map	Full	body	scanner	Photogrammetry	Range
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selfies".	Aniwaa.	^	"3D-Figuren	Drucken	|	Revolutionäre	3D-Body	Scan	und	3D-Druck".	Wikimedia	Commons	has	media	related	to	3D	selfie.	Retrieved	from	"	8Process	of	capturing	the	shape	and	appearance	of	real	objects	For	3D	reconstruction	in	medical	imaging,	see	Iterative	reconstruction.	For	3D	reconstruction	of	sound	sources,	see	3D	sound
reconstruction.	This	article	needs	to	be	updated.	Please	help	update	this	article	to	reflect	recent	events	or	newly	available	information.	(October	2019)	3D	reconstruction	of	the	general	anatomy	of	the	right	side	view	of	a	small	marine	slug	Pseudunela	viatoris.	In	computer	vision	and	computer	graphics,	3D	reconstruction	is	the	process	of	capturing	the
shape	and	appearance	of	real	objects.	This	process	can	be	accomplished	either	by	active	or	passive	methods.[1]	If	the	model	is	allowed	to	change	its	shape	in	time,	this	is	referred	to	as	non-rigid	or	spatio-temporal	reconstruction.[2]	Motivation	and	applications	The	research	of	3D	reconstruction	has	always	been	a	difficult	goal.	By	Using	3D
reconstruction	one	can	determine	any	object's	3D	profile,	as	well	as	knowing	the	3D	coordinate	of	any	point	on	the	profile.	The	3D	reconstruction	of	objects	is	a	generally	scientific	problem	and	core	technology	of	a	wide	variety	of	fields,	such	as	Computer	Aided	Geometric	Design	(CAGD),	computer	graphics,	computer	animation,	computer	vision,
medical	imaging,	computational	science,	virtual	reality,	digital	media,	etc.[3]	For	instance,	the	lesion	information	of	the	patients	can	be	presented	in	3D	on	the	computer,	which	offers	a	new	and	accurate	approach	in	diagnosis	and	thus	has	vital	clinical	value.[4]	Digital	elevation	models	can	be	reconstructed	using	methods	such	as	airborne	laser
altimetry[5]	or	synthetic	aperture	radar.[6]	Active	methods	3D	echo	sounding	map	of	an	underwater	canyon	Active	methods,	i.e.	range	data	methods,	given	the	depth	map,	reconstruct	the	3D	profile	by	numerical	approximation	approach	and	build	the	object	in	scenario	based	on	model.	These	methods	actively	interfere	with	the	reconstructed	object,
either	mechanically	or	radiometrically	using	rangefinders,	in	order	to	acquire	the	depth	map,	e.g.	structured	light,	laser	range	finder	and	other	active	sensing	techniques.	A	simple	example	of	a	mechanical	method	would	use	a	depth	gauge	to	measure	a	distance	to	a	rotating	object	put	on	a	turntable.	More	applicable	radiometric	methods	emit
radiance	towards	the	object	and	then	measure	its	reflected	part.	Examples	range	from	moving	light	sources,	colored	visible	light,	time-of-flight	lasers	[7]	to	microwaves	or	3D	ultrasound.	See	3D	scanning	for	more	details.	Passive	methods	Passive	methods	of	3D	reconstruction	do	not	interfere	with	the	reconstructed	object;	they	only	use	a	sensor	to
measure	the	radiance	reflected	or	emitted	by	the	object's	surface	to	infer	its	3D	structure	through	image	understanding.[8]	Typically,	the	sensor	is	an	image	sensor	in	a	camera	sensitive	to	visible	light	and	the	input	to	the	method	is	a	set	of	digital	images	(one,	two	or	more)	or	video.	In	this	case	we	talk	about	image-based	reconstruction	and	the	output
is	a	3D	model.	By	comparison	to	active	methods,	passive	methods	can	be	applied	to	a	wider	range	of	situations.[9]	Monocular	cues	methods	Monocular	cues	methods	refer	to	using	one	or	more	images	from	one	viewpoint	(camera)	to	proceed	to	3D	construction.	It	makes	use	of	2D	characteristics(e.g.	Silhouettes,	shading	and	texture)	to	measure	3D
shape,	and	that's	why	it	is	also	named	Shape-From-X,	where	X	can	be	silhouettes,	shading,	texture	etc.	3D	reconstruction	through	monocular	cues	is	simple	and	quick,	and	only	one	appropriate	digital	image	is	needed	thus	only	one	camera	is	adequate.	Technically,	it	avoids	stereo	correspondence,	which	is	fairly	complex.[10]	Generating	and
reconstructing	3D	shapes	from	single	or	multi-view	depth	maps	or	silhouettes	[11]	Shape-from-shading	Due	to	the	analysis	of	the	shade	information	in	the	image,	by	using	Lambertian	reflectance,	the	depth	of	normal	information	of	the	object	surface	is	restored	to	reconstruct.[12]	Photometric	Stereo	This	approach	is	more	sophisticated	than	the	shape-
of-shading	method.	Images	taken	in	different	lighting	conditions	are	used	to	solve	the	depth	information.	It	is	worth	mentioning	that	more	than	one	image	is	required	by	this	approach.[13]	Shape-from-texture	Suppose	such	an	object	with	smooth	surface	covered	by	replicated	texture	units,	and	its	projection	from	3D	to	2D	causes	distortion	and
perspective.	Distortion	and	perspective	measured	in	2D	images	provide	the	hint	for	inversely	solving	depth	of	normal	information	of	the	object	surface.[14]	Stereo	vision	Main	article:	Computer	stereo	vision	It	has	been	suggested	that	this	section	be	split	out	into	another	article	titled	Computer	stereo	vision.	(Discuss)	(October	2021)	Stereo	vision
obtains	the	3-dimensional	geometric	information	of	an	object	from	multiple	images	based	on	the	research	of	human	visual	system.[15]	The	results	are	presented	in	form	of	depth	maps.	Images	of	an	object	acquired	by	two	cameras	simultaneously	in	different	viewing	angles,	or	by	one	single	camera	at	different	time	in	different	viewing	angles,	are	used
to	restore	its	3D	geometric	information	and	reconstruct	its	3D	profile	and	location.	This	is	more	direct	than	Monocular	methods	such	as	shape-from-shading.	Binocular	stereo	vision	method	requires	two	identical	cameras	with	parallel	optical	axis	to	observe	one	same	object,	acquiring	two	images	from	different	points	of	view.	In	terms	of	trigonometry
relations,	depth	information	can	be	calculated	from	disparity.	Binocular	stereo	vision	method	is	well	developed	and	stably	contributes	to	favorable	3D	reconstruction,	leading	to	a	better	performance	when	compared	to	other	3D	construction.	Unfortunately,	it	is	computationally	intensive,	besides	it	performs	rather	poorly	when	baseline	distance	is
large.	Problem	statement	and	basics	The	approach	of	using	Binocular	stereo	vision	to	acquire	object's	3D	geometric	information	is	on	the	basis	of	visual	disparity.[16]	The	following	picture	provides	a	simple	schematic	diagram	of	horizontally	sighted	Binocular	Stereo	Vision,	where	b	is	the	baseline	between	projective	centers	of	two	cameras.	Geometry
of	a	stereoscopic	system	The	origin	of	the	camera's	coordinate	system	is	at	the	optical	center	of	the	camera's	lens	as	shown	in	the	figure.	Actually,	the	camera's	image	plane	is	behind	the	optical	center	of	the	camera's	lens.	However,	to	simplify	the	calculation,	images	are	drawn	in	front	of	the	optical	center	of	the	lens	by	f.	The	u-axis	and	v-axis	of	the
image's	coordinate	system	O	1	u	v	{\displaystyle	O_{1}uv}	are	in	the	same	direction	with	x-axis	and	y-axis	of	the	camera's	coordinate	system	respectively.	The	origin	of	the	image's	coordinate	system	is	located	on	the	intersection	of	imaging	plane	and	the	optical	axis.	Suppose	such	world	point	P	{\displaystyle	P}	whose	corresponding	image	points	are
P	1	(	u	1	,	v	1	)	{\displaystyle	P_{1}(u_{1},v_{1})}	and	P	2	(	u	2	,	v	2	)	{\displaystyle	P_{2}(u_{2},v_{2})}	respectively	on	the	left	and	right	image	plane.	Assume	two	cameras	are	in	the	same	plane,	then	y-coordinates	of	P	1	{\displaystyle	P_{1}}	and	P	2	{\displaystyle	P_{2}}	are	identical,	i.e.,	v	1	=	v	2	{\displaystyle	v_{1}=v_{2}}	.	According	to
trigonometry	relations,	u	1	=	f	x	p	z	p	{\displaystyle	u_{1}=f{\frac	{x_{p}}{z_{p}}}}	u	2	=	f	x	p	−	b	z	p	{\displaystyle	u_{2}=f{\frac	{x_{p}-b}{z_{p}}}}	v	1	=	v	2	=	f	y	p	z	p	{\displaystyle	v_{1}=v_{2}=f{\frac	{y_{p}}{z_{p}}}}	where	(	x	p	,	y	p	,	z	p	)	{\displaystyle	(x_{p},y_{p},z_{p})}	are	coordinates	of	P	{\displaystyle	P}	in	the	left	camera's
coordinate	system,	f	{\displaystyle	f}	is	focal	length	of	the	camera.	Visual	disparity	is	defined	as	the	difference	in	image	point	location	of	a	certain	world	point	acquired	by	two	cameras,	d	=	u	1	−	u	2	=	f	b	z	p	{\displaystyle	d=u_{1}-u_{2}=f{\frac	{b}{z_{p}}}}	based	on	which	the	coordinates	of	P	{\displaystyle	P}	can	be	worked	out.	Therefore,	once
the	coordinates	of	image	points	is	known,	besides	the	parameters	of	two	cameras,	the	3D	coordinate	of	the	point	can	be	determined.	x	p	=	b	u	1	d	{\displaystyle	x_{p}={\frac	{bu_{1}}{d}}}	y	p	=	b	v	1	d	{\displaystyle	y_{p}={\frac	{bv_{1}}{d}}}	z	p	=	b	f	d	{\displaystyle	z_{p}={\frac	{bf}{d}}}	The	3D	reconstruction	consists	of	the	following
sections:	Image	acquisition	2D	digital	image	acquisition	is	the	information	source	of	3D	reconstruction.	Commonly	used	3D	reconstruction	is	based	on	two	or	more	images,	although	it	may	employ	only	one	image	in	some	cases.	There	are	various	types	of	methods	for	image	acquisition	that	depends	on	the	occasions	and	purposes	of	the	specific
application.	Not	only	the	requirements	of	the	application	must	be	met,	but	also	the	visual	disparity,	illumination,	performance	of	camera	and	the	feature	of	scenario	should	be	considered.	Camera	calibration	Main	article:	Geometric	camera	calibration	Camera	calibration	in	Binocular	Stereo	Vision	refers	to	the	determination	of	the	mapping	relationship
between	the	image	points	P	1	(	u	1	,	v	1	)	{\displaystyle	P_{1}(u_{1},v_{1})}	and	P	2	(	u	2	,	v	2	)	{\displaystyle	P_{2}(u_{2},v_{2})}	,	and	space	coordinate	P	(	x	p	,	y	p	,	z	p	)	{\displaystyle	P(x_{p},y_{p},z_{p})}	in	the	3D	scenario.	Camera	calibration	is	a	basic	and	essential	part	in	3D	reconstruction	via	Binocular	Stereo	Vision.	Feature	extraction
Main	article:	Feature	extraction	The	aim	of	feature	extraction	is	to	gain	the	characteristics	of	the	images,	through	which	the	stereo	correspondence	processes.	As	a	result,	the	characteristics	of	the	images	closely	link	to	the	choice	of	matching	methods.	There	is	no	such	universally	applicable	theory	for	features	extraction,	leading	to	a	great	diversity	of
stereo	correspondence	in	Binocular	Stereo	Vision	research.	Stereo	correspondence	Main	article:	Image	registration	Stereo	correspondence	is	to	establish	the	correspondence	between	primitive	factors	in	images,	i.e.	to	match	P	1	(	u	1	,	v	1	)	{\displaystyle	P_{1}(u_{1},v_{1})}	and	P	2	(	u	2	,	v	2	)	{\displaystyle	P_{2}(u_{2},v_{2})}	from	two	images.
Certain	interference	factors	in	the	scenario	should	be	noticed,	e.g.	illumination,	noise,	surface	physical	characteristic,	etc.	Restoration	According	to	precise	correspondence,	combined	with	camera	location	parameters,	3D	geometric	information	can	be	recovered	without	difficulties.	Due	to	the	fact	that	accuracy	of	3D	reconstruction	depends	on	the
precision	of	correspondence,	error	of	camera	location	parameters	and	so	on,	the	previous	procedures	must	be	done	carefully	to	achieve	relatively	accurate	3D	reconstruction.	3D	Reconstruction	of	medical	images	Clinical	routine	of	diagnosis,	patient	follow-up,	computer	assisted	surgery,	surgical	planning	etc.	are	facilitated	by	accurate	3D	models	of
the	desired	part	of	human	anatomy.	Main	motivation	behind	3D	reconstruction	includes	Improved	accuracy	due	to	multi	view	aggregation.	Detailed	surface	estimates.	Can	be	used	to	plan,	simulate,	guide,	or	otherwise	assist	a	surgeon	in	performing	a	medical	procedure.	The	precise	position	and	orientation	of	the	patient's	anatomy	can	be	determined.
Helps	in	a	number	of	clinical	areas,	such	as	radiotherapy	planning	and	treatment	verification,	spinal	surgery,	hip	replacement,	neurointerventions	and	aortic	stenting.	Applications:	3D	reconstruction	has	applications	in	many	fields.	They	are:	Pavement	engineering[7][17]	Medicine[4]	Free-viewpoint	video	reconstruction[18]	Robotic	mapping[19]	City
planning[20]	Tomographic	reconstruction[21]	Gaming[22]	Virtual	environments	and	virtual	tourism[22]	Earth	observation	Archaeology[23]	Augmented	reality[24]	Reverse	engineering[25]	Motion	capture[26]	3D	object	recognition,[27]	gesture	recognition	and	hand	tracking[28]	Problem	Statement:	Mostly	algorithms	available	for	3D	reconstruction	are
extremely	slow	and	cannot	be	used	in	real-time.	Though	the	algorithms	presented	are	still	in	infancy	but	they	have	the	potential	for	fast	computation.	Existing	Approaches:	Delaunay	triangulation	(25	Points)	Delaunay	and	alpha-shapes	Delaunay	method	involves	extraction	of	tetrahedron	surfaces	from	initial	point	cloud.	The	idea	of	‘shape’	for	a	set	of
points	in	space	is	given	by	concept	of	alpha-shapes.	Given	a	finite	point	set	S,	and	the	real	parameter	alpha,	the	alpha-shape	of	S	is	a	polytope	(the	generalization	to	any	dimension	of	a	two	dimensional	polygon	and	a	three-dimensional	polyhedron)	which	is	neither	convex	nor	necessarily	connected.[29]	For	a	large	value,	the	alpha-shape	is	identical	to
the	convex-hull	of	S.	The	algorithm	proposed	by	Edelsbrunner	and	Mucke[30]	eliminates	all	tetrahedrons	which	are	delimited	by	a	surrounding	sphere	smaller	than	α.	The	surface	is	then	obtained	with	the	external	triangles	from	the	resulting	tetrahedron.[30]	Another	algorithm	called	Tight	Cocone[31]	labels	the	initial	tetrahedrons	as	interior	and
exterior.	The	triangles	found	in	and	out	generate	the	resulting	surface.	Both	methods	have	been	recently	extended	for	reconstructing	point	clouds	with	noise.[31]	In	this	method	the	quality	of	points	determines	the	feasibility	of	the	method.	For	precise	triangulation	since	we	are	using	the	whole	point	cloud	set,	the	points	on	the	surface	with	the	error
above	the	threshold	will	be	explicitly	represented	on	reconstructed	geometry.[29]	Marching	Cubes	Zero	set	Methods	Reconstruction	of	the	surface	is	performed	using	a	distance	function	which	assigns	to	each	point	in	the	space	a	signed	distance	to	the	surface	S.	A	contour	algorithm	is	used	to	extracting	a	zero-set	which	is	used	to	obtain	polygonal
representation	of	the	object.	Thus,	the	problem	of	reconstructing	a	surface	from	a	disorganized	point	cloud	is	reduced	to	the	definition	of	the	appropriate	function	f	with	a	zero	value	for	the	sampled	points	and	different	to	zero	value	for	the	rest.	An	algorithm	called	marching	cubes	established	the	use	of	such	methods.[32]	There	are	different	variants
for	given	algorithm,	some	use	a	discrete	function	f,	while	other	use	a	polyharmonic	radial	basis	function	is	used	to	adjust	the	initial	point	set.[33][34]	Functions	like	Moving	Least	Squares,	basic	functions	with	local	support,[35]	based	on	the	Poisson	equation	have	also	been	used.	Loss	of	the	geometry	precision	in	areas	with	extreme	curvature,	i.e.,
corners,	edges	is	one	of	the	main	issues	encountered.	Furthermore,	pretreatment	of	information,	by	applying	some	kind	of	filtering	technique,	also	affects	the	definition	of	the	corners	by	softening	them.	There	are	several	studies	related	to	post-processing	techniques	used	in	the	reconstruction	for	the	detection	and	refinement	of	corners	but	these
methods	increase	the	complexity	of	the	solution.[36]	Solid	geometry	with	volume	rendering	Image	courtesy	of	Patrick	Chris	Fragile	Ph.D.,	UC	Santa	Barbara	VR	Technique	Entire	volume	transparence	of	the	object	is	visualized	using	VR	technique.	Images	will	be	performed	by	projecting	rays	through	volume	data.	Along	each	ray,	opacity	and	color
need	to	be	calculated	at	every	voxel.	Then	information	calculated	along	each	ray	will	to	be	aggregated	to	a	pixel	on	image	plane.	This	technique	helps	us	to	see	comprehensively	an	entire	compact	structure	of	the	object.	Since	the	technique	needs	enormous	amount	of	calculations,	which	requires	strong	configuration	computers	is	appropriate	for	low
contrast	data.	Two	main	methods	for	rays	projecting	can	be	considered	as	follows:	Object-order	method:	Projecting	rays	go	through	volume	from	back	to	front	(from	volume	to	image	plane).	Image-order	or	ray-casting	method:	Projecting	rays	go	through	volume	from	front	to	back	(from	image	plane	to	volume).There	exists	some	other	methods	to
composite	image,	appropriate	methods	depending	on	the	user's	purposes.	Some	usual	methods	in	medical	image	are	MIP	(maximum	intensity	projection),	MinIP	(minimum	intensity	projection),	AC	(alpha	compositing)	and	NPVR	(non-photorealistic	volume	rendering).	Tracing	a	ray	through	a	voxel	grid.	The	voxels	which	are	traversed	in	addition	to
those	selected	using	a	standard	8-connected	algorithm	are	shown	hatched.	Voxel	Grid	In	this	filtering	technique	input	space	is	sampled	using	a	grid	of	3D	voxels	to	reduce	the	number	of	points.[37]	For	each	voxel,	a	centroid	is	chosen	as	the	representative	of	all	points.	There	are	two	approaches,	the	selection	of	the	voxel	centroid	or	select	the	centroid
of	the	points	lying	within	the	voxel.	To	obtain	internal	points	average	has	a	higher	computational	cost,	but	offers	better	results.	Thus,	a	subset	of	the	input	space	is	obtained	that	roughly	represents	the	underlying	surface.	The	Voxel	Grid	method	presents	the	same	problems	as	other	filtering	techniques:	impossibility	of	defining	the	final	number	of
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