
The	short	films	were	great	last	night	at	the	Electronic	Theatre,		
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and	they	were	a	catalog	of	phenomena	that	we	can’t	render	robustly	in	real-=me	
today:		
	
-  subpixel	translucent	hair	and	grass,	
-  volumetric	ligh=ng	on	fog	and	smoke	
-  mul=ple	scaBering	in	clouds	and	rain	
-  correct	refrac=on,	diffusion	and	ex=nc=on	in	water	and	glass…	
	
and	of	course,	pixel-perfect	subsurface	scaBering,	mo=on	blur,	bloom,	lens	flare,	and	
depth	of	field.		
	
Now,	a	game	studio	with	a	strong	art	team	can	approximate	any	of	these	for	a	
specific	scene,	but	there’s	no	real-=me	engine	in	the	world	where	I	can	model	clouds	
or	water	and	get	a	correct,	robust	result	in	comparable	to	what	even	a	graphics	
student’s	first	OFFLINE	path	tracer	can	render	for	transparency.	So,	transparency	is	
clearly	a	hard,	open	problem	for	real-=me	rendering.	Let’s	take	a	closer	look	at	some	
phenomena...	
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Here’s	a	real	photograph.	We	see	many	different	effects	that	are	all	grouped	under	
transparency…	
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By	now	you	should	have	preBy	good	intui=on	for	the	scope	of	what	we	casually	call	
transparency.	Let’s	try	and	define	it	more	formally….	
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For	all	of	the	effects	that	we	just	looked	at,	
	
“transparency	effects	are	those	where	mul=ple	primi=ves	contribute	to	one	sample”	
	
That’s	not	very	exci=ng.	It	also	isn’t	very	specific,	and	doesn’t	relate	to	physically	
based	rendering	or	even	to	sampling	theory	in	a	meaningful	way.	
	
The	problem	is	that	there	are	two,	similar	modeling	scenarios	going	on	here,	which	
are	oVen	conflated.	
If	we	separate	them,	then	we’ll	see	that	all	of	the	phenomena	we	observe	arise	
directly	from	one	or	the	other….	
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Transmission	models	materials	like	this	red	gel	on	the	leV.	Note	that	it	casts	a	red	
shadow.	
	
Par=al	coverage	models	materials	like	this	sheer	red	scarf	on	the	right.	It	is	actually	
composed	of	many	=ny	opaque	threads	that	have	binary	coverage,	but	within	a	pixel	
there	are	so	many	threads	that	it	appears	as	frac=onal	coverage.	Note	that	it	casts	a	
gray	shadow.	
	
A	simple	way	to	know	which	of	these	you’re	dealing	with	is	to	ask	the	thought	
experiment	of	what	you’d	expect	a	red	transparent	object	in	front	of	a	blue	object	to	
look	like.	If	the	answer	is	black,	which	is	what	would	happen	with	glass	or	a	gel,	then	
you	have	transmission.	If	the	answer	is	purple,	which	is	what	you’d	see	for	a	fine	
metal	screen	or	smoke,	then	you	have	par=al	coverage.	
	
Here’s	what	we’re	going	to	cover	in	the	next	40	minutes…	
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I’m	going	to	spend	the	first	half	of	the	talk	building	a	deeper	understanding	of	the	
physics	of	transmission	and	computer	science	of	par=al	coverage.	
	
Once	we	understand	the	problem	we’re	trying	to	solve,	then	we’ll	look	at	a	set	of	
strategies	for	tackling	one	or	both	of	these	core	phenomena.	
	
Finally,	I’ll	propose	short	and	long	term	research	and	development	agendas	for	
improving	real-=me	transparency.	
	
The	slides	from	this	talk	are	online	and	contain	addi=onal	informa=on,	including	a	
large	bibliography	of	real-=me	transparency	publica=ons.	
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Ok,	here’s	our	ray	so	we	can	model	some	op=cs.	
	
We’re	concerned	with	what	happens	to	the	light	ini=ally	travelling	along	it.	
That	ray	is	in	an	op#cally	homogeneous	medium,	such	as	“air”	(at	a	fixed	
temperature,	pressure,	and	composi=on).	
	
The	medium	has	some	refrac=ve	index.	In	fact,	that	is	the	defini=on	of	an	op=cally	
homogeneous	medium:	the	refrac=ve	index	is	uniform.	
When	the	ray	intersects	a	medium	with	a	different	refrac=ve	index,	we	call	the	
interface	between	them	a	surface.	
	
Let’s	insert	another	medium,	such	as...orange	jell-o	
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(If	you’re	reading	these	slides	aVer	the	talk…the	Heckbert	cita=on	is	a	real	paper,	but	
that	paper	is	itself	a	SIGGRAPH	community	in-joke)	
	
Now,	as	you	know,	when	a	ray	of	light	travels	from	air	into	orange	jell-o,	four	
interes=ng	phenomena	occur:	
	
-  First,	all	of	the	non-orange	light	is	quickly	absorbed	in	the	jell-o	
-  Second,	even	the	orange	light	is	absorbed	if	the	jell-o	is	deep	enough	
-  Third,	the	light	changes	direc=on	at	the	surface	between	air	and	jell-o	due	to	

refrac=on.		
-  Fourth,	some	of	the	light	is	reflected	back	into	the	air	
	
You’ve	know	about	the	refrac=ve	index	and	Snell’s	law	since	high	school,	and	if	
you’re	up	to	date	on	physically-based	rendering	you	probably	even	know	about	
Fresnel’s	laws...but	let	me	point	out	that	refrac=ve	indices	are	a	liBle	more	complex	
than	what	we	learned	in	high	school...	
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So,	when	I	said	“a	homogeneous	medium	as	a	uniform	refrac=ve	index”,	I	meant	the	
complex	refrac=ve	index,	which	includes	an	ex=nc=on	coefficient	tucked	away	in	the	
imaginary	part.	That	ex=nc=on	coefficient	describes	how	quickly	light	is	absorbed	
over	distance.	
	
All	of	these	depend	on	wavelength,	which	is	why	we	see	chroma=c	abbera=on	in	
lenses,	prisms	separate	colors,	and	there	are	rainbows.	
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So	here’s	our	model	again,	with	proper	coefficients.	We’re	ignoring	wavelength	for	
the	moment.	
	
I	have	no	source	for	the	ex=nc=on	coefficient	of	orange	jell-o	is,	but	working	
backwards	from	observa=on,	it	must	be	about	10^-6	because	you	can	see	through	a	
few	cen=meters	of	jell-o.	
	
Once	we	know	these	coefficients,	we	actually	have	all	of	the	parameters	needed	for	
rendering.	Longstanding	physics	models	tell	us	how	much	light	is	reflected	and	
refracted	and	in	which	direc=ons,	as	well	as	how	the	light	is	absorbed	as	it	travels	
through	the	medium.	
	
The	reflec=on	direc=on	is	trivial—it	is	the	geometric	mirror	reflec=on	direc=on.		So,	
those	two	angle	measures	labelled	“theta	1”	are	the	same.	
The	refrac=on	direc=on	is	given	by	Snell’s	law,	which	relates	the	angle	measure	
labelled	theta	2	to	theta	1…	
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So,	the	refrac=on	angle	depends	solely	on	the	refrac=ve	index.	
What	about	the	amount	of	reflec=on	and	refrac=on?	That’s	given	by	the	Fresnel	
Reflec=on	Coefficient	
	
\frac{\sin	\theta_2}{\sin	\theta_1}=\frac{\eta_1}{\eta_2}	
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Which	is	somewhat	complicated	and	depends	on	the	chemical	proper=es	of	the	
surface…for	jell-o	and	air	it	looks	like	this.		
Note	that	it	depends	solely	on	the	refrac=ve	indices	and	the	angles...which	also	
depend	only	on	the	refrac=ve	indices.	
	
Christophe	Schlick	approximated	the	equa=on	with	the	simpler	one	below,	which	is	
what	is	typically	used	in	rendering.	It	is	wriBen	in	terms	of	the	reflec=on	at	normal	
incidence...	
	
F(\theta_1,	\theta_2)	=\orac{1}{2}\leV[\frac{\eta_2	\cos	\theta_1	-	\eta_1	\cos	
\theta_2}{\eta_2\cos\theta_1+\eta_1\cos\theta_2}\right]^2+\orac{1}
{2}\leV[\frac{\eta_1	\cos	\theta_1	-	\eta_2	\cos	\theta_2}{\eta_1\cos\theta_1+
\eta_2\cos\theta_2}\right]^2	
	
F(\theta)\approx	F_0+(1-F_0)(1-\max(0,	\cos	\theta))^5	
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which	depends	only	on	the	refrac=ve	indices.	
	
Finally,	how	much	light	is	absorbed	in	the	medium?	That’s	given	by	the	Beer-Lambert	
law	
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Which	says	that	transmission	decreases	exponen=ally	with	distance.	
	
The	exponent	depends	on	the	ex=nc=on	coefficient,	which	was	the	imaginary	part	of	
the	complex	index	of	refrac=on.	
	
There’s	one	important	simplifica=on	here	that	will	eventually	cause	us	some	trouble.	
We’ve	assumed	a	single	sca.ering	model…in	physics,	the	ex=nc=on	coefficient	
accounts	not	only	for	absorbed	light	but	light	that	is	diffusely	scaBered	within	the	
medium.	Let’s	set	that	mul=ple	scaBering	aside	however.	
	
-----------------------	
L(X,\hat{\omega})	=	L(Y,\hat{\omega})\exp\leV(\frac{-4\pi\kappa(\lambda)}
{\lambda}	||Y	-	X||\right)	
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The	ex=nc=on	(kappa)	term	also	takes	into	account	that	some	light	is	scaBered	out	
from	the	ray	based	on	the	molecular	and	chemical	structure	of	the	medium.	And	of	
course,	the	light	scaBered	out	from	other	paths	has	a	chance	to	be	scaBered	in	to	
this	ray.	So,	there’s	some	diffusion...if	you	look	through	orange	jell-o,	you’d	expect	
the	image	to	be	a	liBle	blurry.	
	
I’m	going	to	set	this	aside	for	a	moment	to	keep	the	story	simple,	but	diffusion	is	well	
understood	in	physics	and	something	that	can	be	well-modeled	by	the	best	physically	
best	renderers.	
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The	key	point	of	this	en=re	deriva=on	was	that	we	can	model	the	en=re	interac=on	
of	light	and	maBer	based	solely	on	the	complex	index	of	refrac=on	of	media	and	
knowing	where	their	boundaries	are.		
	
Except	for	one	point	in	the	Fresnel	model	where	I	assumed	the	media	were	
dielectrics,	I	didn’t	say	anything	about	what	the	materials	were.	(and	there’s	a	similar	
set	of	equa=ons	for	conductors,	I	just	didn’t	show	it.)	
	
There	was	no	no=on	of	“opaque”,	“shiny”,	“mirror”,	“transparent”,	or	any	of	the	
other	usual	computer	graphics	abstrac=ons.	That’s	really	important.	It	means	that	
the	model	I	just	described	s=ll	holds	when	I	change	materials...	
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Wait,	can	I	send	light	through	skin?	Yes...	The	ex=nc=on	coefficient	is	just	rela=vely	
large.		
Through	an	ear	lobe,	eyelid,	or	finger	you	observe	significant	transmiBed	light.		
	
(By	the	way,	skin	is	the	kind	of	material	where	a	mul=ple	scaBering	model	is	useful)	
	
Ok,	let’s	keep	going.	How	about	....	Brick?	
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What?	I	can	apply	the	transmission	model	to	a	brick?	Bricks	are	obviously	opaque.	
	
Well,	you	can	see	through	a	brick	if	it	is	thin	enough.	Bricks	just	absorb	visible	light	
really	quickly.	The	have	high	ex=nc=on	coefficients.	
They	also	have	high	real	refrac=ve	indices...a	brick	lens	will	refract	preBy	severely.	
	
The	faulty	conclusion	that	a	brick	will	block	light	is	based	on	two	assump=ons:	
-  That	the	brick	is	thick	enough	that	almost	all	light	is	absorbed	
-  That	we’re	using	visible	wavelengths	of	light...the	model	applies	to	all	

wavelengths,	and	if	you	hit	a	brick	with	microwaves,	radio	waves,	or	X-rays,	they	
penetrate	very	differently	than	visible	wavelengths	but	they’re	all	just	“light”.	
Remember,	bricks	aren’t	just	red—they	have	a	color	spectrum	outside	what	we	
can	see	

	
(Actually,	I	don’t	know	what	the	ex=nc=on	coefficient	of	brick	is	at	visible	
wavelengths.	But	there’s	a	lot	of	experimental	data	on	building	materials	at	
microwave	and	radio	wave	frequencies:	
hBps://www.brown.edu/research/labs/miBleman/sites/
brown.edu.research.labs.miBleman/files/uploads/JansenJIMT.pdf)	
	
I	can	even	do	this:	
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So,	the	point	is...that’s	all.	I’m	not	just	telling	you	about	transparency.	I	just	described	
the	geometric	and	physical	model	of	all	computer	rendering:	
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That’s	all	of	computer	graphics.	
	
And	all	of	the	other	fancy	effects	fall	out	of	this	same	model.		
For	example,	lens	flare,	bloom,	and	chroma=c	abbera=on	occur	because	of	these	
reflec=ons	and	refrac=on	in	the	lenses	of	a	camera.	
	
	
There	are	even	three	algorithms	for	correctly	rendering	from	this	model...	
	

24	



Unfortunately,	they’re	all	really	slow.	These	will	probably	never	be	real-=me	
algorithms	for	complex	scenes.	
	
[click]	Even	with	some	aggregate	models	to	speed	convergence	for	heterogenious	
volumes…	
	
[click]	offline	film	rendering	s=ll	approximates	and	essen=ally	fakes	transport	in	
clouds,	skin,	and	other	complex	materials.	So,	we’re	probably	not	going	to	directly	
apply	these	algorithms	to	real-=me	rendering.	
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Now	that	we	understand	transmission,	let’s	look	at	the	other	half	of	the	problem…
par=al	coverage	
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All	modern	graphics	is	based	on	sampling	light	along	rays.	
This	includes	GPU	rasteriza=on,	which	is	an	efficient	way	of	amor=zing	the	cost	of	
sampling	triangles	with	a	bundle	of	rays.	
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Now,	a	ray	either	intersects	a	triangle	or	it	doesn’t.	Coverage	is	fundamentally	a	
binary	property.	We	can	model	a	scene	using	triangles	with	parts	cut	out	using	a	
binary	alpha	mask,	but	the	coverage	is	s=ll	binary.	This	is	physically	correct—rays	
don’t	sort-of	interact	with	surfaces,	they	either	do	or	don’t.	
	
In	this	diagram,	the	red	lines	show	the	pixel	grid	and	the	white	objects	are	the	
geometry	that	we’d	like	to	render.	
	
The	problem	with	sampling	along	rays	is	that	it	causes	aliasing	when	we	don’t	use	
enough	rays	to	measure	the	subpixel	coverage	within	a	pixel.	This	is	why	the	center	
image	has	jagged	edges.	
	
For	a	pixel	that	is	par=ally	covered	by	several	surfaces,	we’d	need	a	lot	of	rays	to	
average	the	0’s	and	1’s	to	the	correct	ra=os…	
The	idea	of	par=al	coverage	is	that	we	want	the	image	on	the	right,	but	we	only	want	
to	pay	for	a	small	number	of	rays	at	each	pixel	
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Now,	a	ray	either	intersects	a	triangle	or	it	doesn’t.	Coverage	is	fundamentally	a	
binary	property.	We	can	model	a	scene	using	triangles	with	parts	cut	out	using	a	
binary	alpha	mask,	but	the	coverage	is	s=ll	binary.	This	is	physically	correct—rays	
don’t	sort-of	interact	with	surfaces,	they	either	do	or	don’t.	
	
The	problem	with	sampling	along	rays	is	that	it	causes	aliasing	when	we	don’t	use	
enough	rays	to	measure	the	subpixel	coverage	within	a	pixel.	
	
For	a	pixel	that	is	par=ally	covered	by	several	surfaces,	we’d	need	a	lot	of	rays	to	
average	the	0’s	and	1’s	to	the	correct	ra=os…	
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Par=al	coverage	was	introduced	early	in	the	history	of	comptuer	graphics	as	a	way	to	
describe	the	sta=s=cs	of	unmodeled	subpixel	geometric	structure.	
The	models	of	par=al	coverage	in	place	today	date	to	Porter	and	Duff’s	1984	
composi=ng	paper.		
	
Par=al	coverage	allows	us	to	reduce	or	eliminate	sampling	noise	when	rendering	all	
of	the	situa=ons	listed	on	this	slide,	and	are	an	indespensible	part	of	today’s	real-=me	
renderers.	Here’s	an	example	of	how	they	work:	
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On	the	leV	is	my	eye,	or	a	camera,	looking	rightwards.	
Ine	line	with	a	sampling	point	on	the	image	plane	are	a	pine	tree	and	then	a	
mountain	on	the	far	right.	
	
Under	binary	coverage,	a	light	ray	from	the	mountain	either	hits	the	tree	leaves	and	
is	blocked,	or	passes	through	to	my	eye.	So,	a	point	on	the	image	plane	has	a	value	
determined	by	one	object	or	the	other	but	never	both.	
	
Under	par#al	coverage,	the	renderer	es=mates	how	much	of	the	en=re	pixel	was	
covered	by	tree	leaves.	The	remainder	is	then	covered	by	the	mountain.	
	
Now,	the	value	of	the	pixel	is	a	combina=on	of	the	tree	at	A	and	the	mountain	at	B,	
based	on	the	par=al	coverage	alpha	by	the	tree.	The	“OVER”	composi=ng	operator	
models	this.	There	are	other	operators	that	you’d	use	for	other	ways	of	considering	
the	problem,	but	they’re	equivalent.		
	
Here’s	the	challenge	for	real-=me	rendering.	Imagine	that	I	have	a	scene	with	more	
than	a	single	tree	in	it…	
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A	ray	tracer	would	encounter	each	of	these	objects	in	order	and	could	simply	apply	
the	OVER	operator.	It	doesn’t	care	about	par=al	vs.	binary	coverage.	
	
But	a	rasterizer	processes	object	primi=ves,	not	rays.		That	was	fine	under	binary	
coverage	because	each	sample	was	covered	by	a	single	object…we	could	write	those	
objects	to	the	frame	buffer	and	the	depth	buffer	in	any	order	and	let	which	ever	one	
was	closest	at	the	end	of	the	frame	color	the	pixel.		
	
Under	par=al	coverage,	we	have	two	choices	for	perfect	composi=ng,	both	of	which	
are	undesirable:	
	
1.	Save	every	single	primi=ve	that	affects	a	sample,	and	then	sort	and	composite	
them	at	the	end.	This	is	called	an	A	buffer	and	takes	too	much	space	to	use.	
2.	Sort	the	primi=ves	and	then	composite	them	as	they	are	rendered.	This	is	slow,	
and	impossible	in	the	general	case.	
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Volumetric	light	and	shadowing	occurs	under	both	transmission	(due	to	in	and	out	
scaBering)	and	par=al	coverage	(due	to	lots	of	small	par=cles).	
	
Depth	of	field	is	funny…it	is	a	par=al	coverage	phenomenon	that	is	caused	by	
transmission	through	a	lens.	
	
“Can’t	I	just	use	alpha	for	transmission	as	well	as	par=al	coverage?”		
This	is	art.	You	can	use	anything	you	want	to	achieve	the	look	that	you	want.		
	
But	if	you	want	your	glass,	fog,	and	water	to	look	realis=c,	then…no.	Alpha	isn’t	
enough.		
	
You	can	use	transmission	to	model	par=al	coverage,	but	I	don’t	think	it	is	a	good	idea.	
Do	you	really	want	to	figure	out	the	ex=nc=on	coefficient	and	thickness	that	will	
exactly	equal	the	coverage	of	a	telephone	wire	through	a	given	pixel?	
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We	have	built	some	understanding	of	what	the	transparency	problem	is	and	we	
know	how	to	solve	it	for	offline	rendering.		
Now	let’s	look	at	real-=me	constraints	and	approaches	to	a	real-=me	solu=on.	

38	



39	



I’m	just	going	to	throw	this	out	there	as	the	first	rarely-acknowledged	challenge	in	
real-=me	transparency.	Modern	renderers	are	fundamentally	designed	around	z-
buffers	in	a	way	that	assumes	no	transparency.	
	
Deferred	shading	assumes	ONE	point	to	shade	at	each	sample	loca=on	on	screen.	
Transparency	necessarily	has	mul=ple	points.	
	
Post-processed	effects	assume	one	surface	per	sample.	
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Game	development	targets	a	wide	range	of	plaoorms.	Projects	are	dominated	by	art,	
so	it	is	usually	ok	to	spend	more	engineering	=me	to	have	plaoorm-specific	
implementa=ons,	but	it	is	not	acceptable	to	have	to	re-model	or	re-tune	art	assets	
for	each	plaoorm.	Nobody	can	afford	to	ship	a	game	with	one	strategy	for	
transparency	on	PC	and	a	different	strategy	on	Xbox	One…so	a	mul=plaoorm	=tle	or	
engine	is	likely	to	adopt	the	lower-end	Xbox	One’s	constraints	even	on	PC.	
	
There’s	also	more	to	real-=me	rendering	than	Games...	
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Content	crea=on	applica=ons,	like	those	by	Autodesk,	are	the	greatest	consumers	of	
real-=me	transparency	algorithms.	They	have	to	render	models	with	realis=c	glass	for	
architects,	as	well	as	subpixel	wireframes	and	hidden	surfaces.	
	
Here,	robustness	is	essen=al,	and	there’s	no	room	for	an	ar=st	to	tune	the	materials	
and	insert	hints.	The	algorithms	need	to	just	work	correctly…which	is	what	game	
developers	want	anyway.	
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I’m	going	to	categories	today’s	strategies,	but	first,		
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There	is	no	ques=on	that		the	game	with	the	best	transparency	today	is	Playdead’s	
“Inside”,	which	was	released	three	weeks	ago.	
	
The	game	is	full	of	overlapping	water,	bubbles	and	debris	in	water,	fog,	smoke,	fire,	
and	glass,	with	diffusion,	refrac=on,	and	volumetric	shadows.	There’s	also	zero	
aliasing	in	this	game...par=al	coverage	is	handled	perfectly.	
	
However,	I	suspect	that	most	of	what’s	going	on	here	is	really	masterful	art	direc=on	
and	modeling	for	the	fixed	camera	and	specific	scenes.	This	is	how	good	we	want	all	
real-=me	transparency	to	look,	but	this	probably	isn’t	a	prac=cal	way	for	us	to	
achieve	it	in	most	applica=ons.	
	
The	bibliography	for	this	course	(which	won’t	be	shown	on	screen)	contains	hundreds	
of	cita=ons.	
The	recent	GDC	and	SIGGRAPH	Advances	presenta=ons	are	where	you	should	look	
for	today’s	best	prac=ces.	I’m	largely	NOT	going	to	summarize	those.	
	
Instead,	for	the	next	ten	minutes	I	will	focus	on	some	forward-looking	techniques,	
which	oVen	aren’t	quite	ready	for	deployment	today.	These	are	what	I’d	start	from	
when	inven=ng	new	techniques	for	games	now	in	preproduc=on,	and	which	might	to	
hold	the	seeds	for	future	research	of	a	comprehensive	transparency	solu=on.		
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Explain:	Two	problems,	some	techniques	for	one	or	the	other,	some	for	both	
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Visibility	func=on	
…issue:	do	you	use	the	SAME	approxima=on	for	eye-paths	and	light	paths?	E.g.,	
visible	samples	and	shadows?	
	
Many	errors	can	be	concealed	when	making	approxima=ons	along	eye	light	paths	
because	you’re	seeing	the	ray	end-on	and	only	no=cing	the	accumula=on	[click]...but	
when	we	consider	volumetric	ligh=ng,	you	can	see	this	func=on	from	the	side	and	
can’t	cheat	it	so	easily...[click]	
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Lokovic	and	Veach’s	deep	shadow	maps	introduced	the	no=on	that		
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Atomics-only	k-buffer	like	approach:	accumulate	and	sort,	then	composite.	Works	on	
current	consoles,	faster	than	pixel	sync	on	some	plaoorms.	
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More	sophis=cated	and	modern	version	of	Maule…	
	
I	think	this	is	the	best	current	solu=on	for	hair.	
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Console-friendly	order-indepdenent	transparency	with	no	atomics	or	pixel	sync.		
Also	fake	refrac=on,	diffusion,	
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Very	popular	for	game	hidden-surface	rendering,	LOD	transi=ons,	and	some	par=cle	
effects.	
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Colored	shadows,	caus=cs,	and	volumetric	ligh=ng	and	shadows	using	a	stochas=c	
variance	shadow	map	
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Valuable	in	two	ways:	new	way	of	thinking	about	par=al	coverage	algorithms,	and	a	
new	proof-of-concept	algorithm.	
I	think	that	the	no=on	of	mixing	stochas=c	with	k-buffers	is	a	possible	path	to	
stochas=c	transparency	that	also	supports	physically-based	transmission	
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Stochas=c	transparency	on	objects,	also	using	epipolar-style	ray	march	integra=on	for	
uniform	volumetrics	with	some	noise	
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Shadow	map	->	extrude	light	volumes,	assume	uniform	density	medium	and	solve	
the	integral	
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Ray	marching	at	low	resolu=on.	Cleverness	in	composi=ng	with	other	transparents	by	
using	a	very	low	resolu=on	voxel	representa=on	of	coverage	
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Camera-space	ray	marching	with	stable	sampling	depths.	The	idea	is	to	compute	at	
low	resolu=on	along	the	z-axis,	but	make	those	samples	rela=vely	coherent	between	
frames	so	that	the	aliasing	is	at	least	consistent	over	=me.	
	
Bowles	showed	a	simple	proof	of	concept	at	SIGGRAPH	last	year.	I	think	there’s	a	lot	
of	poten=al	here…ray	marching	is	the	one	high-quality	method	that	we	know	
rendering	of	dense	transmissive	media	like	fog,	and	this	gives	a	large	speedup	while	
concealing	the	major	error	source.	
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ScaBering,	emission,	ex=nc=on,	albedo…	(this	is	describing	materials	that	contain	lots	
of	small	par=cle,	so	are	inhomogeneous)	stored	in	camera-space	voxels.	Primarily	on	
fog	volumes	with	noise	textures,	but	also	some	par=cles.	
	
Integrate	ligh=ng	along	rays,	with	some	tricks	for	in/out	scaBering	based	on	
knowledge	of	the	volumes	
State	of	the	art.	Desired	features:	fix	some	leaking,	not	need	special	modeling	
knowledge	about	the	volumes	and	lights,	integrate	with	other	non-fog	like	material	
transparency.	
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Special	cases	for	human	figures,	which	we’re	very	perceptually	sensi=ve	to.	
	
Skin	inspired	by	d’Eon	2007…screen	space	blurring,	red	blurs	further	than	other	
colors,	lots	of	ambient	occlusion	darkening.	
Also	very	careful	handling	of	reflec=on	and	refrac=on	in	eyes.	
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Excep=ng	the	special	case	techniques,	I	might	coarsely	summarize	the	proper=es	of	
each	strategy	like	this.	
	
And	based	on	that,	you	can	probably	see	why	I’d	call	the	boBom	of	this	table	beBer	
short-term	strategies	and	the	top	beBer	long	term	strategies.		
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I’ll	now	conclude	with	two	slides	of	recommenda=ons	for	how	I’d	approach	short	and	
long-term	transparency	research	and	development	
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Coda:	We	call	rendering	phenomena	“effects”	when	we	have	to	special-case	them	
because	the	renderer	doesn’t	just	handle	them	implicitly.	There	was	a	=me	when	
“highlights”	and	“shadows”	were	effects…now	we	take	them	for	granted.	I	want	to	
take	transparency	for	granted.	
	
View-model	filtering	for	DoF	done	today	
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If	I	was	in	preproduc=on	on	a	game	right	now,	I’d	be	looking	to	extend	these	
techniques.	There’s	s=ll	room	between	them	for	innova=on	within	the	constraints	of	
current	GPU	architectures.	
	
The	key	ideas	of	working	with	sparse	sampling	in	depth	and	ensuring	temporal	
stability	even	at	the	cost	of	biasing	the	result	are	really	important.	Wyman	and	
Maule’s	hybrid	ideas	haven’t	been	sufficiently	explored	either.	
	
For	a	longer	term	or	academic	research	agenda,	I	think	the	solu=ons	might	look	very	
different,	however…	
	

79	



I	think	we’re	absolutely	going	to	be	ray	tracing	transmission	(and	probably	sharp	
reflec=ons)	within	a	decade	in	produc=on.	There	are	a	lot	of	open	sub	problems	on	
how	to	get	us	there	on	both	the	soVware	and	hardware	side,	and	if	you	look	at	the	
HPG	proceedings	for	the	past	few	years,	you’ll	see	that	this	work	is	already	in	
progress.	
	
Ray	tracing	and	ray	marching	are	so	robust	and	flexible	that	there’s	no	way	we’ll	
seBle	for	a	pile	of	hacks	once	they	are	performant.	There’s	a	lot	of	work	to	be	done	
on	denoising	and	upsampling	the	results	to	get	the	most	out	of	every	ray,	however!	
	
We	might	see	a	comeback	of	MSAA	or	supersampling	to	help	with	this.	That	makes	
par=al	coverage	work	with	deferred	effects…essen=ally,	by	going	back	to	binary	
coverage!		
	
...but	transmission	isn’t	ever	going	to	work	with	purely	stochas=c	methods,	so	I	
believe	that	just	as	film	renderers	produce	mul=ple	layers	for	composi=ng	and	post,	
we’re	going	to	produce	layered	G-buffers	for	use	in	post	processing	and	composi=ng.	
While	there’s	lots	of	good	work	to	do	on	further	tweaks	to	the	post-processing	
pipeline,	I	wouldn’t	pursue	doing	any	of	those	effects	in-camera	except	maybe	
stochas=c	mo=on	blur.	Film	is	sa=sfied	with	the	quality	of	post-procesing	these	and	I	
don’t	see	us	having	higher	standards.	
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I	think	we’re	absolutely	going	to	be	ray	tracing	transmission	(and	probably	sharp	
reflec=ons)	within	a	decade	in	produc=on.	There	are	a	lot	of	open	sub	problems	on	
how	to	get	us	there	on	both	the	soVware	and	hardware	side,	and	if	you	look	at	the	
HPG	proceedings	for	the	past	few	years,	you’ll	see	that	this	work	is	already	in	
progress.	
	
Ray	tracing	and	ray	marching	are	so	robust	and	flexible	that	there’s	no	way	we’ll	
seBle	for	a	pile	of	hacks	once	they	are	performant.	There’s	a	lot	of	work	to	be	done	
on	denoising	and	upsampling	the	results	to	get	the	most	out	of	every	ray,	however!	
	
We	might	see	a	comeback	of	MSAA	or	supersampling	to	help	with	this.	That	makes	
par=al	coverage	work	with	deferred	effects…essen=ally,	by	going	back	to	binary	
coverage!		
	
...but	transmission	isn’t	ever	going	to	work	with	purely	stochas=c	methods,	so	I	
believe	that	just	as	film	renderers	produce	mul=ple	layers	for	composi=ng	and	post,	
we’re	going	to	produce	layered	G-buffers	for	use	in	post	processing	and	composi=ng.	
While	there’s	lots	of	good	work	to	do	on	further	tweaks	to	the	post-processing	
pipeline,	I	wouldn’t	pursue	doing	any	of	those	effects	in-camera	except	maybe	
stochas=c	mo=on	blur.	Film	is	sa=sfied	with	the	quality	of	post-procesing	these	and	I	
don’t	see	us	having	higher	standards.	
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