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Overview

Starting with version 2.0, the OpenEXR image file format supports deep images. In a wrgilddr,
image, every pixel stores at most one value per chanmelcontrast, each pixel in a deep image can
store an arbitrary number of values or samples per chaniegich of those samples is associated with a
depth, or distance from the viewer. Todeetr with the twodimensional pixel raster, the samples at
different depths form a threelimensional data set.

The opersource OpenEXR file /O library defines the file format for deep images, and it provides
convenient methods for reading and writing geenage files. However, the libradpes not define how
deep images are meant to be interpreted. In order to encourage compatibility among application
programsand image processing librariethis document describes a standard wayrépresentpoint

and wlume samples in deep images, and it defines basic compositing operatichsas merging two
deep images or converting a deep image into a flat image.
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Definitions

Flat and Deep Images, Samples
For a singlgoart OpenEXR file amage is the set of all channels in the file. For a mp#it file an
image is the set of all channelstire samepart of the file.

Aflat image has at most one stored value sampleper pixel per channel. The most common case is an
RGB image, which caits three channels, and every pixel haaotly oneR, one G and oneB sample.
Some channels in a flat image may be-salmpled, as is the case with luminarst@oma imagesyhere

the luminance channdiasa sample at every pixel, but the chroma chalshave samplesnly at every
second pixel of every second sdare.

A deep imagecan storean unlimited number of samples per pixel, apdch ofthose sampleds
associated with a depth, or distance from the viewer.

A pixel atpixel spacdocation(x,y) in a deep image has(x,y) samples in each channel. The number
of samples varies from pixel to pixel, and any im&gative number of samples, including zero, is
allowed. However, all channels in a single pixgktthe same number of samples.

The samples in each channel are numbered fto n(x,y) — 1, and the expressios;(c, x,y) refers
to sample numbet in channelc of the pixel at locatiorn(x, y).

In the following we will for the most part discuss a single pix&r readabiliy we will omit the
coordinates of the pixelexpressions such as and S;(c) are to be understood as(x,y) andS;(c, x,y)
respectively.

Channel Names and Layers
The channels in an image have names that serve two purpsgesifyinghe intended interpretation of
each channel, and groupg the channels into layers.

If a channel name contaé one or more periods, then thaart of the channel name that follows the last
period is thebase name If a channel name contains no periods, then éméire channel name is the
base name.

[Examples: the base name of chanRat R; the base name of channBl.L2.R isR.]

If a channel name contains one or more periods, then the part of the channel name before the last
period is the channel'sayer name If a channel name contains no periods, then the layer name is an
empty string.

[Examples: the layer name of chanrielis the empty string; the layer name of chanrdl. L2.R is
L1.L2]

The set of all channels in an image that share traeslayer name is calledayer.

The set of all channels in an image whose layer name is the empty string is calledd¢heayer
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If the name of one layer is a prefix of the name of anotlager, then the first layeenclosethe second
layer, andthe second layers nested inthe first layer. Since the empty string is a prefix of any other
string, the base layer encloses all other layers.

A layerdirectly enclosesa second layer if there is no third layer that is nested in the first layer and
encloses the second layer.

[Examples: layek1 encloses layergs1. L2 and L1.L2. L3. Layer L1 directly encloses layér L2, but L1
does not directly encloskl. L2. L3.]

Alpha, Color, Depth and Auxiliary Channels
A channel whose base namedisAR, AG or AB is analpha channel All samples must be greater than
or equal to zero, and less than or equal to one.

A channel whose base nameRisG, B, orY is acolor channel

A channelwhosefull name isZ or ZBack, is adepth channel All samples in a depth channel must be
greater than or equal to zero.

A channel that is not an alpha, color or depth channel istadliary channel

Required Depth Channels
The base layer of a deep image must include a depth channel that is Zalled

The base layer of a deep age may include a depth chanreglledZBack. If the base layer does not
include one, theraZBack channel can be generated by copying thehannel.

Layers other than the base layaray include channels called or ZBack, but those channelsre
auxiliary channels ando not determine the positions of any samples in the image.

Sample Locations, Point and Volume Samples
The depth samples;(Z) and S;(ZBack) determine the positions of the front and the back of sample
numberi in all other channels in the same pixel.

If S;(Z) = S;(ZBack), then sample numbei in all other channels cove the single depth value
z = S§;(Z), wherez is the distance of the sample from the vieweSample number is called goint
sample

If $;(Z2) < S;(ZBack), then sample numbet in all other channels covers the half open interval
S:(Z) < z < S;(ZBack). Sample numbet is called avolume sample S;(Z) A& G KS frank YL SQ&
andS;(ZBack)A & G KS bath YLI SQa

Point samples are used to represent the intersections of surfaces with a pixel. A surface intersects a
pixel at a weHldefined distance from the viewer, but the surface has zero thickness. Volume samples
are used to represent the intersections of vwlas with a pixel



Required Alpha Channels
Every color or auxiliary channel in a deep image must hawesarciated alpha channel

The associated alpha channel for a giveror or auxiliarychannel,c, is found by looking for aatching
alpha channel (see below), first in the layer that containthen in the directly enclosing layer, then in
the layer that directly encloses thayer, and so on, until the base layer is reached. The first matching
alpha channel found this way becomes the alpha channel that is associated with

Each color our auxiliary channel matclaeslpha channel, as shown in the following table:

Color or auiliary channel base name Matching alpha channel base name
R AR if it exists, otherwised

G AG if it exists, otherwised

B AB if it exists, otherwised

Y A

(any auxiliary channel) A

[Example:The following tableshows the list of channels in a deep image, and the associated alpha
channel for each color or auxiliary channel

Channel name Associated alpha channel
A

AR

AG

R AR

Z

L1.A

L1.AR

L1.R L1.AR
L1.G L1.A
L1.L2.G L1.A

]

Sorted, Non-Overlapping and Tidy Images
The samples in a pixel may or may not be sorted according to depth, and the sample depths or depth
ranges may or may not overlap each other.

Apixelin a deep imagés sortedif for everyi andj with i <j,
$:(2) < $;(2) or (Si(Z) = §;(2) and S;(ZBack) < S]-(ZBack)).
A pixel n a deep imagesinon-overlappingif for everyi andj with i # j,
(Sl-(Z) < $;(2) and S;(ZBack) < s,-(Z)) or (Sj(Z) < $,(2) and S;(ZBack) < Si(Z)) or
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(5:(2) = $;(2) and $,(ZBack) < S(Z) and 5;(ZBack) > 5,(Z)) or

(Sj(Z) = 5,(2) and S;(ZBack) < S;(Z) and S;(ZBack) > Sl-(Z)).
Apixel in adeep image isdy if it is sorted and noroverlapping.

A deep image isorted if all of its pixels are sorted; it is nowerlapping if all of its pixels are non
overlapping; and it is tidy if all of its pixels are tidy

The images stored in an OpenEXR dite not required to be tidy Somedeep image processing
operations for example, flattening a deep image, require tidy input images. However, making an image
tidy loses information, angdome kinds of dat@annot be represented with tidy imagetr example
objectidentifiers or motion vectors for volume objects that palssough each other.

Some application programs that read deep images canmamne efficiently with tidy images. For
example, in a 3D renderer that uses deep images as shadow, slagdow lookups are faster if the
samples in each pixel are sorted and ramerlapping.

Application programs that write deep OpenEXR files can add a deeplmageState attribute to the header
to let file readers know if the pixels in thi#nage are tidy or not. The attribute is of type
DeeplmageState, and can have the following values

Value Interpretation

MESSY Samples mawpot be sorted, and overlaps are possible
SORTED Samples are sorted, but overlaps are possible.
NON_OVERLAPPING Samples do not overlap, but may not be sorted

TIDY Samples are sorted and do not overlap.

If the header does not contain a deeplmageState attribute, then file readers should assume that the
image is MESSY. The OpenEXR file I/O library does not verify that the samples in the pixels are
consistent with the deeplmageState attributeApplicationsoftware that handles deep images may
assume that the attribute value is valigs long as the software wilbt crash or lock up #iny pixels are
inconsistent with the deeplmageState.

Alpha and Color as Functions of Depth

Givena color channel,c, andits associatedalpha channelga, the samplesS;(c), S;(a), S;(Z) and
S;(ZBack) together represent the intersection of an object with a pixel. The color of the objégtd},
its opacity isS;(a), and the distances of its front and back frolretviewer are indicated by;(Z) and
S;(ZBack) respectively.

One Sample
We now define two functions; — «;(z), andz — c;(z), that represent the opacity and color of the
part of the object whose distance from the viewer is no more tkhanin other words, we divide the
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object into two parts by splitting it distancez; «;(z) andc;(z) are the opacity and color of the part
that is closer to the viewer.

For a point sampley; (z) andc;(z) are step functions:

(0, z< 852
“@ =50, 75 52)

(0 z< 52
@ =5y 7> )

s .- - ()
Si(@) o - ay(2)
S;(ZBack)
0 . { > z
0 S«(2)

For a volume samplaye define a helper function(z) that consists of two constant segments and a

linear ramp:
0, z < 5(Z)
(2) = z = Si(2) S,(Z) < z < S,(ZBack
2 =S, (ZBack) — 5,(Z2)” ' z < Si(ZBack)
1, z = S;(ZBack)
A
1 - x(2)
S;(ZBack)
0 [ l > z
0 S:(2)



With thishelper function;(z) andc;(z) are defined as follows:
€ 2) =1-(1-5@)"”

&@y§%3.5m0>0

Si(c) - x(2), Si(a)=0

ci(z) =

Note that the second case in the definitionafz) is the limit of the first case & (a) approaches zero.

The figure below shows an exampleagfz) and c;(z) for a volume sample Alphaand color arezero
up to Z, increase gradually betweenhand ZBack, and then remain constant.

A
s - ()
Si(a)— - a(z)
S;(ZBack)
0 : [ | > 7z
0 Si(Z)
Whole Pixel

If a pixel is tidy, then we can define two functiors;— A(z), andz — C(z), that represent the total
opacity and color of all objects whose distance from the viewer is no more zhdrthe distancez is
inside a volume object, we split the objectat Therweused 2 @S NE 2 LaSridbsitehaR gbjéctsii 2
that are no further away thaa.

Given a foreground object with opacity and colorcs, and a background object with opacity, and

colorc,> 'y Ga2@SNE 2LISNI GAZ2Y O2 Walaints, St resukf®m plaingtie 2 LI OA

foreground object in front of the background object:
a=ar+(1—af) - ap

c=c¢+A—af) cp



We define two sets of helper functions:
0, i<o0
Ai(2) = {Ai_l(gi(z)) + (1 _Ai—l(Si(Z))) ca;(z), i=0
0, i<o0
Gi(2) = {ci_l(sl-(Z)) + (1 - Ai_l(Si(Z))) c(z), 20

With these helper functionsi(z) and C (z) look like this:

A_1(2), z < 50(2)
A(z) =4 Ai(2), S$i(2) £z<54:1(2)
Ay-1(2), Sn-1(Z2) <z
C_l(Z), z< SO(Z)
C2) =1 C2), S$i(2)<z<541(2)
Cn-1(2), Sno1(2) <z

The figure below shows an exampleAitz) andC(z). Sample numbeiis a volume sample; it€Back
is greater than itsZ. Alphaand color increasegradually betweenZ and ZBack and then remain
constant. Sample numbér 1, whoseZ andZBack are equaljs a point sample where alptend color

discontinuously jumpo a new value.

A
1 - o —- ((2)
o——:: A(2)
S;(ZBack) Si+1(ZBack)
0 - T l I > z
0 Si(2) Si+1(2)



Basic Deep Image Operations
Given the definitios above, we can now construatfewbasic deep image processing operations.

Splitting a Volume Sample
Our first operaion is splitting volume sample numbgof a pixelat a given depthz, where

S5i(Z) < z < §;(ZBack).

The operation replaces the original sample with two new samplethe first of those new samples is
composited over the second one, then the total opacity and color are the same as in the original sample.

For the depth channels, the new sampbes:
Sinew(Z) = 5;(Z) Sivinew(Z) = z
Sinew(ZBack) = z Si+1new(ZBack) = S;(ZBack)
Foracolor channelg, and its associated alpha channelthe new samples are:
Sinew(@) = a;(2) Si+1new (@) = a;(8;(Z) + S;(ZBack) — z)
Sinew(€) = ¢;(2) Si+1new(€) = ¢;(S(Z) + Sy(ZBack) — z)

If it is not done exactly right, splitting sample can lead to large rounding errors for the cotifrthe
new samples when the opacity of the original sample is very small. For C++ code that splits a volume
sample in a numerically stable way, see pagef this document.

Merging Overlapping Samples
In order to make a deep image tidy, we neegrcedure for merging two samples that perfectly
overlap each other. Given two sampléandj, with

5i(2) = S;(2)
and
max (Si(Z), Si(ZBack)) = max (S]-(Z), Sj(ZBack)),
we want to replace those sam@&vith a single new sample that has an appropriate opacity and color.

For twooverlapping volume samplethe opacity and color of the new sample should be the same as
what onewould get from splitting the originadamples into a very large number of shorter s#mples,
interleaving the sulsamplesand compositing them back together with a seriesmferé operations.
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For a color channet, and its associated alpha channe),we can compute the opacity and colof the
new sample as follows:

Sinew(@) =1— (1 —5;(a)) - (1 - Sj(a))

( w, Si(a) =1 andS]-(a) =1

~ 5.0, Si(@) = 1and 5;(a) <1
Si,new(c) = Sj(c), Si(a) < 1and Sj((l) =1
Si(C)°Ul'+Sj(C)‘vj, Si(a) < 1andS}(a) <1

w

where

_ {—103(1 —5.(@), Sk(a) >0
Uy =

Uy
—, Sy(@)>0
Vg = Sy (a) k
1, Sp(@)=0
withk =iork =j, and
S; a
l,TleW( ), ul+u} :,to
w = u; +u]
1, Uu; + uj =0

Evaluating the expressions above directly can lead to large rounding errors when the opacityoof one
both of the input samplessi very small. For C++code that computes; ,,.,, (@) and S; .., (c) in a
numerically robust way, sgeagel6 of this document

For details on how the expressiof® S; .y (@) and S;pew ()2  OF'y 0SS RSNAOSRE
LI LISNE 658SLIE{ I YLES aSNHAYSI

Note that the expressions for computisg,.,, (a) ands; .., (c) do not refer to depth at all. This allows
us to reuse the same expressions for merging {esfectly overlapping (that is, coincident) point
samples.

A point samplecannot perfectly werlap a volume sampldherefore point samples are never merged
with volume samples.

11

w»
(s}


















