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Abst r act

Thi s docunent defines FFV1, a lossless, intra-frame video encodi ng
format. FFV1 is designed to efficiently conpress video data in a
variety of pixel formats. Conpared to unconpressed video, FFV1

of fers storage conpression, frane fixity, and self-description, which
makes FFV1 useful as a preservation or internediate video fornat.

Status of This Meno

Thi s docunent is not an Internet Standards Track specification; it is
publ i shed for informational purposes.

Thi s docunent is a product of the Internet Engineering Task Force
(IETF). It represents the consensus of the |IETF conmmunity. It has
recei ved public review and has been approved for publication by the
Internet Engineering Steering Group (IESG. Not all docunents
approved by the | ESG are candi dates for any |evel of Internet

St andard; see Section 2 of RFC 7841.

I nformation about the current status of this docunent, any errata,
and how to provide feedback on it may be obtained at
https://ww. rfc-editor.org/info/rfc9043

Copyri ght Notice

Copyright (c) 2021 | ETF Trust and the persons identified as the
docunent authors. Al rights reserved.

Thi s docunent is subject to BCP 78 and the | ETF Trust’'s Lega
Provisions Relating to | ETF Docunents
(https://trustee.ietf.org/license-info) in effect on the date of
publication of this docunment. Please review these docunments
carefully, as they describe your rights and restrictions with respect
to this docunment. Code Conponents extracted fromthis docunment nust
include Sinplified BSD License text as described in Section 4.e of
the Trust Legal Provisions and are provided without warranty as
described in the Sinplified BSD License.
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I nt roduction

Thi s docunent describes FFV1, a |ossless video encoding fornmat. The
design of FFV1 considers the storage of image characteristics, data
fixity, and the optimnmi zed use of encoding tine and storage
requirenents. FFV1 is designed to support a wi de range of | ossless
vi deo applications such as | ong-term audi ovi sual preservation,
scientific imging, screen recording, and other video encoding
scenarios that seek to avoid the generational |oss of |ossy video
encodi ngs.

Thi s docunent defines versions 0, 1, and 3 of FFV1. The distinctions
of the versions are provided throughout the docunent, but in summary:

* Version 0 of FFV1 was the original inplenentation of FFV1 and was
flagged as stable on April 14, 2006 [FFvV1 VO].

* Version 1 of FFV1 adds support of nore video bit depths and was
flagged as stable on April 24, 2009 [FFV1_V1].

* Version 2 of FFV1 only existed in experinental formand is not
described by this docunent, but it is available as a LyX file at
<https://github. coml FFnpeg/ FFV1/
bl ob/ 8ad772b6d61c3dd8b0171979a2cd9f 11924d5532/ f f v1. | yx>.

* Version 3 of FFV1 adds several features such as increased
description of the characteristics of the encodi ng i mages and
enbedded Cyclic Redundancy Check (CRC) data to support fixity
verification of the encoding. Version 3 was flagged as stable on
August 17, 2013 [FFV1_V3].

Thi s docunent assunes famliarity with mathenmatical and coding
concepts such as Range encodi ng [ Range- Encodi ng] and YCbCr col or
spaces [ YChCr].

Thi s specification describes the valid bitstream and how to decode
it. Nonconformant bitstreans and the nonconformant handling of
bitstreans are outside this specification. A decoder can perform any
action that it deens appropriate for an invalid bitstream reject the
bitstream attenpt to performerror conceal ment, or re-downl oad or
use a redundant copy of the invalid part.

Not ati on and Conventi ons

The key words "MJST", "MJST NOT", "REQU RED', "SHALL", "SHALL NOT",
"SHOULD', "SHOULD NOT", "RECOMMVENDED', "NOT RECOMVENDED', "MAY", and
"OPTIONAL" in this docunment are to be interpreted as described in
BCP 14 [ RFC2119] [RFCB174] when, and only when, they appear in all



capital s, as shown here
2.1. Definitions

FFV1: The chosen nane of this video encoding format, which is the
short version of "FF Video 1". The letters "FF' cone from
"FFnpeg", which is the nane of the reference decoder whose first
letters originally nmeant "Fast Forward".

Container: A format that encapsul ates Franes (see Section 4.4) and
(when required) a "Configuration Record" into a bitstream

Sanpl e: The smal | est addressabl e representation of a col or conponent
or a luma conponent in a Frame. Exanples of Sanple are Luma (YY),
Bl ue-di fference Chroma (Cb), Red-difference Chroma (Cr),
Transparency, Red, G een, and Bl ue.

Synbol: A value stored in the bitstream which is defined and
decoded t hrough one of the nethods described in Table 4.

Line: A discrete conponent of a static imge conposed of Sanpl es
that represent a specific quantification of Sanples of that inage.

Pl ane: A discrete conponent of a static inage conposed of Lines that
represent a specific quantification of Lines of that inmage.

Pi xel : The snall est addressable representation of a color in a
Frame. It is conposed of one or nore Sanples

MBB: Most Significant Bit, the bit that can cause the | argest change
i n magni tude of the synbol.

VLC. Variable Length Code, a code that naps source synbols to a
vari abl e nunber of bits.

RG: A reference to the method of storing the value of a pixel by
using three nunmeric values that represent Red, G een, and Bl ue

YCbCr: A reference to the nethod of storing the value of a pixel by
using three nuneric values that represent the |uma of the pixe
(Y) and the chroma of the pixel (Cb and Cr). The term YChCr is
used for historical reasons and currently references any col or
space relying on one |luma Sanmple and two chronma Sanpl es, e.g.
YCbCr (luma, blue-difference chroma, red-difference chroma),
YCgCo, or 1Tt Cp (intensity, blue-yellow, red-green).

2.2. Conventions
2.2.1. Pseudocode

The FFV1 bitstreamis described in this docunment using pseudocode.
Note that the pseudocode is used to illustrate the structure of FFV1
and is not intended to specify any particular inplenentation. The
pseudocode used is based upon the C programm ng | anguage

[1S0O 9899.2018] and uses its "if/else", "while", and "for" keywords
as well as functions defined within this docunent.

In sone instances, pseudocode is presented in a two-colum fornat
such as shown in Figure 1. 1In this form the "type" colum provides
a synbol as defined in Table 4 that defines the storage of the data
referenced in that same |line of pseudocode.

pseudocode | type

Exanpl ePseudoCode( ) { |
val ue | ur



} |

Figure 1: A depiction of type-I|abel ed pseudocode used within this
docunent .

.2.2. Arithmetic Operators

Note: the operators and the order of precedence are the same as used
in the C progranmi ng | anguage [| SO 9899.2018], with the exception of
">>" (renoval of inplenentation-defined behavior) and """ (power

i nstead of XOR) operators, which are redefined within this section.

"a + b" means a plus b.

a - b" nmeans a mnus b.

means negation of a.

a * b" means a multiplied by b.

a / b" means a divided by b.

a ™ b" means a raised to the b-th power.

"a & b" nmeans bitw se "and" of a and b.

a | b" means bitwise "or" of a and b.

"a >> b" neans arithnmetic right shift of the two’' s conpl enment integer
representation of a by b binary digits. This is equivalent to
dividing a by 2, b times, with rounding toward negative infinity.

"a << b" neans arithmetic left shift of the two's conpl enent integer
representation of a by b binary digits.

.2.3. Assignnent Operators

'a = b" nmeans a is assigned b.

"at+" is equivalent to a is assigned a + 1.

a--" is equivalent to a is assigned a - 1.

"a += b" is equivalent to a is assigned a + b.
a-=Db" is equivalent to a is assigned a - b.
a *= b" is equivalent to a is assigned a * b.
.2.4. Conparison Operators

a >Db" is true when a is greater than b.

a >= b" is true when a is greater than or equal to b.
a <b" istrue when a is less than b.

a <= b" is true when a is less than or equal b.
a ==b" is true when a is equal to b.

a!=Db" is true when a is not equal to b.

a & b" is true when both ais true and b is true.

a || b" is true when either a is true or b is true.
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"la" is true when a is not true.

"a?b: c"if ais true, then b, otherw se c.

5. Mathematical Functions

"floor(a)" neans the largest integer |less than or equal to a.
"ceil (a)" means the smallest integer greater than or equal to a.

"sign(a)" extracts the sign of a nunber, i.e., if a <0 then -1, else
if a>0then 1, else O.

"abs(a)" neans the absolute value of a, i.e., "abs(a)" = "sign(a) *
a".

"l og2(a)" means the base-two | ogarithm of a.
"mn(a,b)" neans the snaller of two values a and b
"max(a, b)" neans the larger of two values a and b

"medi an(a, b,c)" means the numerical mddle value in a data set of a,
b, and c, i.e., "atb+c-mn(a,b,c)-max(a,b,c)"

a ==> b" nmeans a inplies b.

a <==> p" neans a ==> b, b ==> a.

a_b" means the b-th value of a sequence of a.

"a_(b,c)" nmeans the 'b,c’-th value of a sequence of a.

6. Order of Operation Precedence

VWhen order of precedence is not indicated explicitly by use of

par ent heses, operations are evaluated in the follow ng order (from
top to bottom operations of sanme precedence being eval uated from

left toright). This order of operations is based on the order of
operations used in Standard C

DD DYDY
Qo

7. Range

a...b" means any value froma to b, inclusive.
8. NunBytes
"NunmByt es" is a nonnegative integer that expresses the size in 8-bit

octets of a particular FFV1 "Configuration Record" or "Frame". FFV1
relies on its container to store the "NunBytes" val ues; see



Section 4. 3. 3.
.2.9. Bitstream Functi ons
.2.9.1. remmining_bits_in_bitstream

"remai ning_bits_in_bitstream NunBytes )" neans the count of
remaining bits after the pointer in that "Configuration Record" or
"Franme". It is conputed fromthe "NunBytes" value nultiplied by 8
m nus the count of bits of that "Configuration Record" or "Frane"
al ready read by the bitstream parser

.2.9.2. remaining_synbol s_in_syntax

"remai ni ng_synbols_in_syntax( )" is true as |long as the range coder
has not consuned all the given input bytes.

.2.9.3. byte_aligned

"byte aligned( )" is true if "remaining bits in_bitstrean( NunBytes
)" is anmltiple of 8 otherw se fal se.

.2.9.4. get_bits

"get _bits( i )" is the action to read the next "i" bits in the
bitstream fromnost significant bit to least significant bit, and to
return the correspondi ng value. The pointer is increased by "i".

Sanpl e Codi ng

For each "Slice" (as described in Section 4.5) of a Frane, the

Pl anes, Lines, and Sanples are coded in an order determ ned by the
col or space (see Section 3.7). Each Sanple is predicted by the
medi an predictor as described in Section 3.3 from ot her Sanpl es
within the sane Plane, and the difference is stored using the nethod
described in Section 3.8.

.1. Border

A border is assuned for each coded "Slice" for the purpose of the
medi an predictor and context according to the follow ng rules:

* One columm of Sanples to the left of the coded Slice is assuned as
identical to the Sanples of the leftnbost colum of the coded Slice
shifted dowmn by one row. The value of the topnpbst Sanple of the
columm of Sanples to the left of the coded Slice is assuned to be
"o".

* One columm of Sanples to the right of the coded Slice is assuned
as identical to the Sanples of the rightnost colum of the coded
Slice.

* An additional colum of Sanples to the left of the coded Slice and
two rows of Sanples above the coded Slice are assuned to be "0"

Figure 2 depicts a Slice of nine Sanples "a,b,c,d,e,f,g,h,i" in a
three-by-three arrangenent along with its assunmed border
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Figure 2: A depiction of FFV1's assuned border for a set of
exanpl e Sanpl es.

2. Sanples

Rel ative to any Sanple "X', six other relatively positioned Sanpl es
fromthe coded Sampl es and presuned border are identified according
to the labels used in Figure 3. The labels for these relatively
positi oned Sanples are used within the nmedi an predictor and context.
R e e
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Figure 3: A depiction of how relatively positioned Sanples are
referenced within this docunent.

The | abels for these relative Sanples are made of the first letters
of the words Top, Left, and Right.
3.  Median Predictor

The prediction for any Sanple value at position "X' may be conputed

based upon the rel ative nei ghboring values of "I", "t", and "tl" via
this equation:

median(l, t, I +t - tl)

Note that this prediction tenplate is also used in [|ISO 14495-1. 1999]
and [ Huf f YUV] .

3.1. Exception
If "col orspace _type == 0 && bits_per_raw sanple == 16 && ( coder_type
== 1 || coder type == 2 )" (see Sections 4.2.5, 4.2.7, and 4.2.3),
the follow ng median predictor MJST be used:

medi an(| eft 16s, topl6s, leftl1l6s + topl6s - diagl6s)

wher e:

leftles =1 >=32768 ? (| - 65536 ) : |
toplés =t >= 32768 ? (t - 65536 ) : t
diaglés = tl >= 32768 ? ( tl - 65536 ) : tl

Background: a two's conpl enent 16-bit signed integer was used for
storing Sanple values in all known inplenentations of FFV1 bitstream
(see Appendix C. So in sonme circunmstances, the nost significant bit
was wongly interpreted (used as a sign bit instead of the 16th bit
of an unsigned integer). Note that when the issue was discovered,
the only inpacted configuration of all known inplenentations was the
16-bit YCbCr with no pixel transformation and with the range coder
coder type, as the other potentially inpacted configurations (e.qg.,
the 15/16-bit JPEG 2000 Reversi bl e Col or Transform (RCT)

[1SO 15444-1.2019] with range coder or the 16-bit content with the
CGol onb Rice coder type) were not inplenented. Meanwhile, the 16-bit



JPEG 2000 RCT with range coder was depl oyed without this issue in one
i npl ementati on and val i dated by one conformance checker. It is
expected (to be confirned) that this exception for the nedian
predictor will be renpved in the next version of the FFV1 bitstream

3.4. Quantization Table Sets

Quanti zation Tables are used on Sanple Differences (see Section 3.8),
so Quantized Sanple Differences are stored in the bitstream

The FFV1 bitstream contains one or nore Quanti zati on Tabl e Sets.

Each Quantization Table Set contains exactly five Quantization Tables
with each Quantization Table corresponding to one of the five

Quanti zed Sanple Differences. For each Quantization Table, both the
nunber of quantization steps and their distribution are stored in the
FFV1 bitstream each Quantization Table has exactly 256 entries, and
the eight least significant bits of the Quantized Sanple Difference
are used as an i ndex:

Qj[k] = quant _tables[i][]j][k&255]

Figure 4. Description of the mapping fromsanple differences to the
correspondi ng Quanti zed Sanpl e Differences.

In this formula, "i" is the Quantization Table Set index, "j" is the
Quanti zed Tabl e i ndex, and "k" is the Quantized Sanple D fference
(see Section 4.1.1).

3.5. Context

Rel ative to any Sanple "X', the Quantized Sanple Differences "L-1",

"I-tlt, "tl-t", "T-t", and "t-tr" are used as context:
context = QO[Il - tI] +

Qia[tl - t] +

Q2[t - tr] +

Q3[L - 1] +

QA[T - t]

Fi gure 5: Description of the conputing of the Context.
If "context >= 0" then "context" is used, and the difference between
the Sanple and its predicted value is encoded as is; else "-context"”
is used, and the difference between the Sanple and its predicted
value is encoded with a flipped sign
3.6. Quantization Table Set |ndexes

For each Plane of each Slice, a Quantization Table Set is sel ected
from an index:

* For Y Plane, "quant _table set index[ O ]" index is used.
* For Cb and Cr Planes, "quant_table_set_index[ 1 ]" index is used.

* For extra Plane, "quant_table_set_index[ (version <= 3 ||
chroma_planes) ? 2 : 1 ]" index is used.

Background: in the first inplenmentations of the FFV1 bitstream the
index for Cb and C Planes was stored even if it was not used
("chroma_pl anes" set to 0), this index is kept for "version <= 3" in
order to keep conpatibility with FFV1 bitstreans in the wld.

3.7. Color Spaces

FFV1 supports several color spaces. The count of allowed coded



Pl anes and the neaning of the extra Plane are determ ned by the
sel ected col or space.

The FFV1 bitstreaminterl eaves data in an order determ ned by the

color space. In YCbCr for each Plane, each Line is coded fromtop to

bottom and for each Line, each Sanple is coded fromleft to right.

In JPEG 2000 RCT for each Line fromtop to bottom each Plane is

coded, and for each Plane, each Sanple is encoded fromleft to right.
3.7.1. YOO

This col or space allows one to four Pl anes.

The Cb and O Planes are optional, but if they are used, then they

MUST be used together. OQOritting the Cb and C Planes codes the

frames in gray scale w thout col or data.

An optional transparency Plane can be used to code transparency data.

An FFV1 Frane using YCbCr MUST use one of the follow ng arrangenents:

*Y

* Y, Transparency

* Y, Ch, O

* Y, Chb, Cr, Transparency

The Y Plane MUST be coded first. |If the Cb and Cr Pl anes are used,
then they MJUST be coded after the Y Plane. |If a transparency Pl ane
is used, then it MJST be coded | ast.

3.7.2. RGB
This col or space allows three or four Planes.
An optional transparency Plane can be used to code transparency data.
JPEG 2000 RCT is a Reversible Color Transformthat codes R&B (Red,
Green, Blue) Planes losslessly in a nodified YCbCr col or space

[1SO 15444-1.2019]. Reversible pixel transformtions between YCbCr
and RGB use the follow ng fornmul ae:

Cb=b-g¢g
G =r -9
Y=g+ (Cb +C) > 2
Figure 6: Description of the transformati on of pixels from RGB
col or space to coded, nodified YCbCr col or space.
g=Y- (Cb+C) > 2
r=a +g
b=0C+g

Figure 7: Description of the transformati on of pixels from coded,
nmodi fi ed YCbCr col or space to RGB col or space.

Ch and C are positively offset by "1 << bits_per_raw sanmple" after
the conversion fromRG@ to the nodified YCbCr, and they are
negatively offset by the same val ue before the conversion fromthe
nodi fied YCbCr to RGB in order to have only nonnegative val ues after
t he conversion.

When FFV1 uses the JPEG 2000 RCT, the horizontal Lines are
interleaved to i mprove caching efficiency since it is nost likely



that the JPEG 2000 RCT will imrediately be converted to RGB during
decoding. The interleaved coding order is also Y, then Cb, then Cr,
and then, if used, transparency.

As an exanple, a Frane that is two pixels wide and two pixels high
coul d conprise the follow ng structure:

| Pixel(1,1) | Pixel(2,1) |
| Y(1,1) Cb(1,1) &(1,1) | Y(2,1) Cb(2,1) O(2,1) |
| Pixel(1,2) | Pixel(2,2) |
[ Y(1,2) Cb(1,2) O&(1,2) | Y(2,2) b(2,2) O(22) |
In JPEG 2000 RCT, the coding order is left to right and then top to

bottom wth values interleaved by Lines and stored in this order

Y(1,1) Y(2,1) Cb(1,1) Cb(2,1) C(1,1) O(2,1) Y(1,2) Y(2,2) Cb(1,2)
(2,2) C&(1,2) (2, 2)

3.7.2.1. RGB Exception
If "bits_per_raw sanmple"” is between 9 and 15 incl usive and

"extra_plane" is 0, the followi ng formulae for reversible conversions
bet ween YChbCr and RGB MUST be used instead of the ones above:

Cb=g-»b

G =r -b

Y=b+ (Cb +C) > 2
Figure 8: Description of the transformati on of pixels from RGB
col or space to coded, nodified YCbCr col or space (in case of

exception).

b=Y- (C+C) > 2

r =C +b

g=0C + b

Figure 9: Description of the transformation of pixels from coded,
nmodi fi ed YCbCr col or space to RG col or space (in case of
exception).

Background: At the time of this witing, in all known inplenentations
of the FFV1 bitstream when "bits _per_raw sanpl e" was between 9 and
15 inclusive and "extra_plane" was 0, Green Blue Red (GBR) Pl anes
were used as Blue Geen Red (BGR) Pl anes during both encodi ng and
decodi ng. Meanwhile, 16-bit JPEG 2000 RCT was inpl emented wi t hout
this issue in one inplenmentation and validated by one confornmance
checker. Methods to address this exception for the transformare
under consideration for the next version of the FFV1 bitstream

3.8. Coding of the Sanple Difference

Instead of coding the n+l bits of the Sanple Difference with Huffnman
or Range coding (or n+2 bits, in the case of JPEG 2000 RCT), only the
n (or n+tl, in the case of JPEG 2000 RCT) least significant bits are
used, since this is sufficient to recover the original Sanple. In
Figure 10, the term"bits" represents "bits_per_raw sanple + 1" for
JPEG 2000 RCT or "bits_per_raw sanpl e" otherw se:

coder _input = ((sanple_difference + 2 » (bits - 1)) &
(2 ~ bits - 1)) - 2~ (bits - 1)
Figure 10: Description of the coding of the Sanple Difference in
the bitstream
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1. Range Codi ng Mode

Early experinental versions of FFV1 used the Context-Adaptive Binary
Arithnmetic Codi ng (CABAC) coder fromH. 264 as defined in

[1SO 14496-10. 2020], but due to the uncertain patent/royalty
situation, as well as its slightly worse performance, CABAC was

repl aced by a range coder based on an algorithmdefined by G N ge
N. Martin in 1979 [ Range- Encodi ng].

3.8.1.1. Range Binary Val ues

To encode binary digits efficiently, a range coder is used. A range
coder encodes a series of binary synbols by using a probability
estimation within each context. The sizes of each of the two
subranges are proportional to their estinmated probability. The
Quanti zation Table is used to choose the context used fromthe
surroundi ng i mage sanpl e values for the case of coding the Sanple
Differences. The coding of integers is done by coding nultiple

bi nary values. The range decoder will read bytes until it can
determne into which subrange the input falls to return the next

bi nary synbol

To descri be Range coding for FFV1, the follow ng val ues are used:
Ci the i-th context.

Bi the i-th byte of the bytestream

Ri the Range at the i-th synbol

r i the boundary between two subranges of R i: a subrange of r_i
val ues and a subrange Ri - r_i val ues.

L i the Low value of the Range at the i-th synbol.

| i a tenporary variable to carry over or adjust the Low val ue of
t he Range between range codi ng operati ons.

t i a tenporary variable to transmt subranges between range coding
operati ons.

b i the i-th range-coded binary val ue.

S (0, i) thei-thinitial state.

j_n the length of the bytestream encoding n binary synbols.

The foll owi ng range coder state variables are initialized to the
followi ng values. The Range is initialized to a value of 65,280

(expressed in base 16 as OxFF00) as depicted in Figure 11. The Low
is initialized according to the value of the first two bytes as

depicted in Figure 12. j_i tracks the Iength of the bytestream
encoding while incrementing froman initial value of j_ 0 to a fina
value of j_n. j Ois initialized to 2 as depicted in Figure 13.

R 0 = 65280

Figure 11: The initial value for the Range.
LO=2"~8*BO0+B1

Figure 12: The initial value for Lowis set according to the
first two bytes of the bytestream



Figure 13: The initial value for "j", the length of the
byt est ream encodi ng.

The foll owi ng equati ons define how the range coder variabl es evol ve
as it reads or wites synbols.

r i =floor( ( Ri * S (i, Ci)) / 27 8)

Figure 14: This formula shows the positioning of range split
based on the state.

b_i = 0 <==>

Li < Ri - r_i ==>
S(i+1,Ci) = zero_state (S (i, Ci)) AND

I 0 = L AND

t_i = R - r_i

bi =1 <==>

Li >Ri - r_i ==>
S (i+1,Ci) = one_state (S (i, Cii)) AND

Li - Ri +r_i AND
r

Figure 15: This formula shows the |inking of the decoded synbol
(represented as b_i), the updated state (represented as
S (i+1,C.i)), and the updated range (represented as a range from
I i tot_i).

Cil=k==>S(i +1, k) =S (i, k)

Figure 16: If the value of "k" is unequal to the i-th value of
context, in other words, if the state is unchanged fromthe | ast
synbol coding, then the value of the state is carried over to the
next synbol coding.

t_ < 278 ==>
R(i +1) = 27~ 8* t_i AND
L(i +1) = 2~8*1_i +B(j_i) AND
j (i +1) = ji +1
t_i >= N8 ==>
R(i +1) = t_i AND
L(i +1) = |_i AND
j_(i +1) = j_i
Figure 17: This formula shows the |inking of the range coder with
the reading or witing of the bytestream
range = OxFFOO;
end = 0;
low = get bits(16);
if (low >= range) {
| ow = range;
end = 1,
}
Fi gure 18: A pseudocode description of the initialization of
range coder variables in Range binary node.
refill () {
if (range < 256) {
range = range * 256;
low = low* 256;
if (lend) {

c.low += get _bits(8);



if (remaining _bits in_bitstrean{ NunBytes ) == 0) {
end = 1;
}

Figure 19: A pseudocode description of refilling the binary val ue
buffer of the range coder.

get _rac(state) {

rangeoff = (range * state) / 256;

range -= rangeof f;

if (low < range) {
state = zero_state[state];
refill();
return O,

} else {
low -=
state =
range =
refill();
return 1,

range;
one_state[state];
r angeof f ;

Fi gure 20: A pseudocode description of the read of a binary val ue
i n Range bi nary node

3.8.1.1.1. Termnation
The range coder can be used in three nodes:

* | n Open node when decodi ng, every synbol the reader attenpts to
read is available. In this node, arbitrary data can have been
appended wi thout affecting the range coder output. This node is
not used in FFVL.

* |In Cosed node, the length in bytes of the bytestreamis provided
to the range decoder. Bytes beyond the Iength are read as 0 by
the range decoder. This is generally one byte shorter than the
Open node

* |In Sentinel node, the exact length in bytes is not known, and thus
the range decoder MAY read into the data that follows the range-
coded bytestream by one byte. |In Sentinel node, the end of the
range-coded bytestreamis a binary synmbol with state 129, which
val ue SHALL be discarded. After reading this synbol, the range
decoder will have read one byte beyond the end of the range-coded
bytestream This way the byte position of the end can be
determned. Bytestreans witten in Sentinel node can be read in
Closed node if the length can be determined. |In this case, the
| ast (sentinel) symbol will be read uncorrupted and be of value O.

The above describes the range decoding. Encoding is defined as any
process that produces a decodabl e bytestream

There are three places where range coder termination is needed in
FFV1. The first is in the "Configuration Record", which in this case
the size of the range-coded bytestreamis known and handl ed as C osed
mode. The second is the switch fromthe "Slice Header", which is
range coded to Gol onb-coded Slices as Sentinel node. The third is
the end of range-coded Slices, which need to term nate before the CRC
at their end. This can be handl ed as Sentinel node or as O osed node
if the CRC position has been determ ned.



3.8.1.2. Range Nonbi nary Val ues

To encode scalar integers, it would be possible to encode each bit
separately and use the past bits as context. However, that woul d
mean 255 contexts per 8-bit synmbol, which is not only a waste of
menory but al so requires nore past data to reach a reasonably good
estimate of the probabilities. Alternatively, it would also be

possi ble to assune a Laplacian distribution and only deal with its
variance and nean (as in Huffman coding). However, for maxi num
flexibility and sinplicity, the chosen nmethod uses a single synbol to
encode if a nunber is O, and if the nunber is nonzero, it encodes the
nunber using its exponent, mantissa, and sign. The exact contexts
used are best described by Figure 21

i nt get_ synbol (RangeCoder *c, uint8 t *state, int is_signed) {
if (get _rac(c, state + 0) {

return O,

}

int e =0;

while (get_rac(c, state + 1 + nmin(e, 9)) { //1..10
e++;

}

int a=1;

for (int i =e - 1; i >=0; i--)
a=a* 2+ get_rac(c, state + 22 + nmin(i, 9)); [// 22..31

}

if (lis_signed) {
return a;

}

if (get_rac(c, state + 11 + min(e, 10))) { //11..21
return -a;

} else {
return a;

}

}
Fi gure 21: A pseudocode description of the contexts of Range
nonbi nary val ues.
"get _synbol" is used for the read out of "sanple_difference"

indicated in Figure 10.
"get _rac" returns a bool ean conputed fromthe bytestream as descri bed
by the fornmula found in Figure 14 and by the pseudocode found in
Fi gure 20.
3.8.1.3. Initial Values for the Context Mde

When the "keyfrane" value (see Section 4.4) is 1, all range coder
state variables are set to their initial state.

3.8.1.4. State Transition Table
In Range Coding Mbde, a state transition table is used, indicating to
whi ch state the decoder will npve based on the current state and the

val ue extracted from Fi gure 20.

one_state i =
default _state transition_ i + state transition_delta_i

Fi gure 22: Description of the coding of the state transition
table for a "get_rac" readout value of 1.



zero_state i = 256 - one_state (256-i)

Fi gure 23: Description of the coding of the state transition
table for a "get_rac" readout value of O.

3.8.1.5. default_state transition
By default, the following state transition table is used:

o, o o0 O O 0 0, 0, 20, 21, 22, 23, 24, 25, 26, 27,
28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 37, 38, 39, 40, 41, 42,
43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 56, 57,
58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73,
74, 75, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88,
89, 90, 91, 92, 93, 94, 94, 95, 96, 97, 98, 99,100, 101, 102, 103,

104, 105, 106, 107, 108, 109, 110, 111, 112, 113, 114, 114, 115, 116, 117, 118,

119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 133, 133,

134, 135, 136, 137, 138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149,

150, 151, 152, 152, 153, 154, 155, 156, 157, 158, 159, 160, 161, 162, 163, 164,

165, 166, 167, 168, 169, 170, 171, 171,172, 173, 174, 175, 176, 177, 178, 179,

180, 181, 182, 183, 184, 185, 186, 187, 188, 189, 190, 190, 191, 192, 194, 194,

195, 196, 197, 198, 199, 200, 201, 202, 202, 204, 205, 206, 207, 208, 209, 209,

210, 211, 212, 213, 215, 215, 216, 217, 218, 219, 220, 220, 222, 223, 224, 225,

226, 227, 227, 229, 229, 230, 231, 232, 234, 234, 235, 236, 237, 238, 239, 240,

241,242, 243, 244, 245, 246, 247, 248,248, 0O, O, O, O, O, 0O, O,
Figure 24: Default state transition table for Range codi ng.

3.8.1.6. Aternative State Transition Table

The alternative state transition table has been built using iterative

m nimzation of frame sizes and generally perfornms better than the

default. To use it, the "coder_type" (see Section 4.2.3) MIST be set

to 2, and the difference to the default MJST be stored in the

"Paraneters", see Section 4.2. At the time of this witing, the

reference inplenentati on of FFV1 in FFnpeg uses Figure 25 by default

when Range coding is used.

o0, 10, 10, 10, 10, 16, 16, 16, 28, 16, 16, 29, 42, 49, 20, 49,
59, 25, 26, 26, 27, 31, 33, 33, 33, 34, 34, 37, 67, 38, 39, 39,
40, 40, 41, 79, 43, 44, 45, 45, 48, 48, 64, 50, 51, 52, 88, 52,
53, 74, 55, 57, 58, 58, 74, 60,101, 61, 62, 84, 66, 66, 68, 69,
87, 82, 71, 97, 73, 73, 82, 75,111, 77, 94, 78, 87, 81, 83, 97,

85, 83, 94, 86, 99, 89, 90, 99,111, 92, 93,134, 95, 98,105, 98§,



105, 110, 102, 108, 102, 118, 103, 106, 106, 113, 109, 112, 114, 112, 116, 125,
115, 116, 117,117, 126, 119, 125, 121, 121, 123, 145, 124, 126, 131, 127, 129,
165, 130, 132, 138, 133, 135, 145, 136, 137, 139, 146, 141, 143, 142, 144, 148,
147, 155, 151, 149, 151, 150, 152, 157, 153, 154, 156, 168, 158, 162, 161, 160,
172, 163, 169, 164, 166, 184, 167,170, 177,174,171, 173, 182, 176, 180, 178,
175, 189, 179, 181, 186, 183, 192, 185, 200, 187, 191, 188, 190, 197, 193, 196,
197, 194, 195, 196, 198, 202, 199, 201, 210, 203, 207, 204, 205, 206, 208, 214,
209, 211, 221, 212, 213, 215, 224, 216, 217, 218, 219, 220, 222, 228, 223, 225,
226, 224, 227, 229, 240, 230, 231, 232, 233, 234, 235, 236, 238, 239, 237, 242,
241, 243, 242, 244, 245, 246, 247, 248, 249, 250, 251, 252, 252, 253, 254, 255,
Figure 25: Alternative state transition table for Range codi ng.
3.8.2. CGolonb Rice Mde

The end of the bitstreamof the Frane is padded with zeroes until the
bitstreamcontains a nmultiple of eight bits.

3.8.2.1. Signed CGolonmb Rice Codes

Thi s codi ng node uses Gol onb Rice codes. The VLCis split into two
parts: the prefix and suffix. The prefix stores the nost significant
bits or indicates if the synbol is too large to be stored (this is
known as the ESC case, see Section 3.8.2.1.1). The suffix either
stores the k least significant bits or stores the whole nunber in the
ESC case

int get_ur_gol onb(k) {
for (prefix = 0; prefix < 12; prefix++) {
if (get_bits(1)) {
return get_bits(k) + (prefix << k);
}
}

return get_bits(bits) + 11
Fi gure 26: A pseudocode description of the read of an unsigned
integer in Golonb Rice node.
int get_sr_gol onb(k) {
v = get _ur_gol onb(k);

if (v &1) return - (v >> 1) - 1;
el se return (v > 1);

Figure 27: A pseudocode description of the read of a signed
integer in Golonb Rice node.

3.8.2.1.1. Prefix

ettty gty
| bits | val ue

+o——oooo—————————4 -+
| 1 | 0 I
I I +------- +
| 01 | 1 I
R +------- +



| 0000 0000 01 | 9 |
oo e oo e +
| 0000 0000 001 | 10 |
Fomm e Fommm e +
| 0000 0000 0001 | 11 |
oo e e oo - +
| 0000 0000 0000 | ESC |
oo e oo e +

Table 1: Description
of the coding of the
prefix of signed
Gol omb Ri ce codes.

ESC is an ESCape synmbol to indicate that the synbol to be stored is
too large for normal storage and that an alternate storage nmethod is
used.

3.8.2.1.2. Suffix

S T e e +
| non-ESC | the k least significant bits MSB first |
S R oo e m e e e e e e e e e e e e e e e e e ma o - +
| ESC | the value - 11, in MSB first order |
S TRy . +

Tabl e 2: Description of the coding of the suffix
of signed Gol onb Rice codes.

ESC MUST NOT be used if the value can be coded as non- ESC
3.8.2.1.3. Exanples
Tabl e 3 shows practical exanples of how signhed Gol onb Rice codes are

decoded based on the series of bits extracted fromthe bitstream as
descri bed by the nethod above:

[ ool oo e s sl e e pe e
| k | bits | val ue

[ ool oo s s sl oot °}
| 0 | 1 | 0|
+----- I i +------- +
| 0 | o001 | 2 |
+----- I I F------- +
| 2 | 100 | 0 |
+----- I I F--- - +
| 2 | 110 | 2

+----- I i +------- +
| 2 | o101 | 5 |
+----- I I F------- +
| any | 000000000000 10000000 | 139 |
+----- I I F--- - +

Tabl e 3: Exanpl es of decoded,
si gned Gol onb Ri ce codes.

3.8.2.2. Run Mde
Run node is entered when the context is O and left as soon as a
nonzero difference is found. The Sanple Difference is identical to
the predicted one. The run and the first different Sanple D fference
are coded as defined in Section 3.8.2.4.1.

3.8.2.2.1. Run Length Coding



The run value is encoded in two parts. The prefix part stores the
nmore significant part of the run as well as adjusting the "run_index"
that determines the nunber of bits in the less significant part of
the run. The second part of the value stores the |ess significant
part of the run as it is. The "run_index" is reset to zero for each
Pl ane and Sli ce.

l og2_run[41] = {
o, 0,0 00 O, 1, 1, 1, 1,
2, 2, 2, 2, 3, 3, 3, 3,
4, 4, 5, 5, 6, 6, 7, 7,

8, 9,10,11,12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 23,

24,
b
if (run_count == 0 && run_node == 1) {
if (get_bits(1)) {
run_count = 1 << |og2 run[run_index];
if (x + run_count <= w {
run_i ndex++;
} else {
if (log2_run[run_index]) {
run_count = get_bits(log2 run[run_index]);
} else {
run_count = 0;
if (run_index) {
run_i ndex--;
}
run_node = 2;
}
}

The "l og2_run" array is also used within [ISO 14495-1.1999].
3.8.2.3. Sign Extension

"sign_extend" is the function of increasing the nunber of bits of an
i nput binary nunber in two’'s conpl ement signed nunber representation
whil e preserving the input nunber’s sign (positive/negative) and
value, in order to fit in the output bit width. It MAY be conputed
with the foll ow ng:

si gn_extend(i nput _nunber, input_bits) {
negative _bias = 1 << (input_bits - 1);
bits_mask = negative_bias - 1

out put _nunber = input_nunber & bits_mask; // Renove negative bit
i s_negative = input_nunber & negative bias; // Test negative bit
if (is_negative)

out put _nunber -= negative_bi as;

return out put _nurrber

}
3.8.2.4. Scal ar Mde

Each difference is coded with the per context mean prediction renoved
and a per context value for "k".

get _vlc_synbol (state) {
i = state->count;
k = 0;
while (i < state->error_sum {
k++;



i+= 0

}

v = get _sr_gol onb(k);

if (2 * state->drift < -state->count) {
v =-1-v;

}

ret = sign_extend(v + state->bias, bhits);

state->error_sum += abs(v);

state->drift += v;

if (state->count == 128) {
st at e- >count >>= 1;
state->drift >>= 1;

state->error_sum >>= 1,

}

st at e- >count ++;

if (state->drift <= -state->count) {
state->bias = max(state->bias - 1, -128);

state->drift = max(state->drift + state->count,
-state->count + 1);
} else if (state->drift > 0) {
state->bias = mn(state->bias + 1, 127);

state->drift = min(state->drift - state->count, 0);

}

return ret;

}
3.8.2.4.1. Colonb Rice Sanple Difference Coding

Level coding is identical to the normal difference coding with the
exception that the 0 value is renobved as it cannot occur

diff = get _vlc_synbol (context state);
if (diff >=0) {

di ff++;
}

Note that this is different fromJPEG LS (| ossless JPEG, which
doesn’t use prediction in run node and uses a different encoding and
context nodel for the last difference. On a snmall set of test

Sanpl es, the use of prediction slightly inproved the conpression
rate.

3.8.2.5. Initial Values for the VLC Context State

When "keyframe" (see Section 4.4) value is 1, all VLC coder state
vari ables are set to their initial state.

drift
error_sum
bi as
count

I n

4, Bi t stream

An FFV1 bitstreamis conposed of a series of one or nore Franes and
(when required) a "Configuration Record"

Wthin the foll owi ng subsections, pseudocode as described in



Section 2.2.1 is used to explain the structure of each FFV1 bitstream
conponent. Table 4 lists synbols used to annotate that pseudocode in
order to define the storage of the data referenced in that |ine of
pseudocode.

| synmbol | definition |
[§ sl s e s e s e s
| u(n) | Unsigned, big-endian integer synbol using n bits

T o m e e e e e e e e e e e e e e e e e e e eeee e +
| br | Boolean (1-bit) synmbol that is range coded with

| | the method described in Section 3.8.1.1 |
Fomm oo o m mm e e e e e e e e e e e e e e e e e e e e e e mm e mmaa o s +
| ur | Unsigned scalar synbol that is range coded with

| | the nmethod described in Section 3.8.1.2 |
T o m e e e e e e e e e e e e e e e e e e e eeee e +
| sr | Signed scalar synbol that is range coded with |
| | the method described in Section 3.8.1.2 |
Fomm oo o m mm e e e e e e e e e e e e e e e e e e e e e e mm e mmaa o s +
| sd | Sanple Difference synbol that is coded with the |
| | nethod described in Section 3.8 |
T o m e e e e e e e e e e e e e e e e e e e eeee e +

Table 4: Definition of pseudocode synmbols for this docunent.

The foll owi ng MUST be provided by external neans during the
initialization of the decoder

"frame_pi xel _width" is defined as Franme width in pixels.
"frame_pi xel _height” is defined as Frane height in pixels.

Default values at the decoder initialization phase:
"ConfigurationRecordl sPresent” is set to O.

.1. Quantization Table Set

The Quanti zation Table Sets store a sequence of values that are equa
to one less than the count of equal concurrent entries for each set
of equal concurrent entries within the first half of the table
(represented as "len - 1" in the pseudocode bel ow) using the nethod
described in Section 3.8.1.2. The second half doesn’'t need to be
stored as it is identical to the first with flipped sign. "scale" and
"l'en_count[ i ][ j ]" are tenporary val ues used for the conputing of
"context _count[ i ]" and are not used outside Quantization Table Set
pseudocode.

Exanpl e:

Table: 00111122-2-2-2-1-1-1-10

Stored values: 1, 3, 1

"Quanti zationTabl eSet" has its own initial states, all set to 128.

pseudocode | type

Quanti zationTableSet( i ) {

scale = 1
for (j = 0; j < MAX_CONTEXT_I NPUTS; j++) {
Quanti zationTable( i, j, scale)

scale *= 2 * len_count[ i J[ j ] -1

}

context _count[ i ] = ceil( scale/ 2)



4.

4.

4.

1.

1.

2

" MAX_CONTEXT_I NPUTS" is 5
pseudocode
Quanti zationTabl e(i, j, scale) {
v =20
for (k =0; k < 128;) {
len - 1
for (n =0; n <len; n++) {
quant _tables[ i J[ j ][ k1
k++
}
V++
}
for (k = 1; k < 128; k++) {
quant _tables[ i ][ j ][ 256 -
-quant _tables[ i ][ j 1[ k]
quant _tables[ i ][ j ][ 128 ] =\
-quant _tables[ i ][ j 1[ 127 ]
len_count[ i J[ j ] =vV
}
1. "quant_tabl es”

"quant _tabl es[ i

I

k]

scale * v

ur

][ k ]" indicates the Quantization Tabl e val ue

of the Quantized Sanple Difference "k" of the Quantization Table "j"

of the Quantization Table Set "i".
2. "context_count"
"context_count[ i

Table Set "i". "context_count]
32768.

ik

Par anet ers

The "Paraneters" section,

whi ch could be in a gl oba

]" indicates the count of contexts for Quantization
MUST be |l ess than or equa

to

header of a

container file that may or nmay not be considered to be part of the
bitstream contains significant characteristics about the decoding

configuration used for al

version, color configuration,
describes the contents of the bitstream

"Paranmeters” has its own initial states,
pseudocode
______________________________________________________________ |
Paraneters( ) {
versi on
if (version >= 3) {
m cro_version
coder _type
if (coder_type > 1) {
for (i =1; i < 256; i++) {

state_transition_delta[ i ]
}
}
col orspace_type

if (version >= 1) {
bits_per raw sanple

chr oma_pl anes

and Quanti zation Tabl es.

al |

i nstances of Frame (in FFV1 versions 0 and
1) or the whole FFV1 bitstream (ot her versions),

including the stream
Fi gure 28

set to 128.

ur

Sr

ur

ur

br



| og2_h_chroma_subsanpl e | ur
| 0g2_v_chroma_subsanpl e | ur
extra_pl ane | br

if (version >= 3) { |
numh_slices - 1 | ur
numv_slices - 1 | ur
quant _tabl e_set _count | ur

} I

for (i =0; i < quant_table_set_count; i++) { |

Quanti zationTableSet ( i ) |

I

if (version >= 3) { |

for (i =0; i < quant_table_set_count; i++) { |
st at es_coded | br

if (states_coded) { |

for (j =0; j < context_count[ i ]; j++) { |

for (k = 0; k < CONTEXT_SI ZE; k++) { |
initial _state delta] i ][ j 1[ k1] | sr

} I

} I

} I

} I
ec | ur
intra | ur

I

I

Fi gure 28: A pseudocode description of the bitstream contents.
CONTEXT_SI ZE is 32
4.2.1. "version"
"version" specifies the version of the FFV1 bitstream

Each version is inconpatible with other versions: decoders SHOULD
reject FFV1 bitstreans due to an unknown version

Decoders SHOULD reject FFV1 bitstreans with "version <= 1 &&
Confi gurationRecordl sPresent == 1".

Decoders SHOULD reject FFV1 bitstreans with "version >= 3 &&

Confi gurati onRecordl sPresent == 0"

i ettty e el
| value | version |
[ el oo s
| O | FFV1 version O |
+------- B T I I +
| 1 | FFV1 version 1 |
+------- I T T +
| 2 | reserved* |
+----- - I T +
| 3 | FFV1 version 3 |
+------- B T I I +
| Oher | reserved for future use

+------- I T T +

Table 5: The definitions for
"versi on" val ues.

* Version 2 was experinental and this docunent does not describe it.
4.2.2. "mcro_version"

"m cro_version" specifies the micro-version of the FFV1 bitstream



After a version is considered stable (a mcro-version value is
assigned to be the first stable variant of a specific version), each
new micro-version after this first stable variant is conpatible with
the previous mcro-version: decoders SHOULD NOT reject FFV1
bitstreams due to an unknown m cro-version equal or above the nicro-
versi on considered as stable.

Meani ng of "mcro_version" for "version" 3:

il Sl
| value | mcro_version |
[ gttty e ffpp—p—p——(—(—(—(—(——(————(——(—(——
| 0...3 | reserved* |
omm - R +
| 4 | first stable variant |
e I T +
| OGther | reserved for future use

e e +

Tabl e 6: The definitions for
"m cro_version" values for FFV1
versi on 3.
* Devel opment versions nmay be inconpatible with the stable variants.
4.2.3. "coder_type"

"coder_type" specifies the coder used.

[} ettty g —p—_—(——(———————————————————————(—(—————
| value | coder used |
[ el s sty o}
| O | Golonmb Rice |
Fommma - T e +
| 1 | Range coder with default state transition table

R, o m e e e e e e e e e e e e e e e e e e e e e e mem o +
| 2 | Range coder with customstate transition table

S D Fe e e i aieiiieiaeiiiiaasacaciassssseaasaaas +
| Gther | reserved for future use |
Fommma - T e +

Table 7: The definitions for "coder_type" val ues.
Restrictions:
If "coder_type" is 0, then "bits_per_raw sanple" SHOULD NOT be > 8.
Background: At the time of this witing, there is no known
i mpl ementation of FFV1 bitstream supporting the Golonb Rice algorithm
with "bits _per _raw sanple" greater than eight, and range coder is
preferred.

4.2.4. "state transition_delta"

"state transition_delta" specifies the range coder custom state
transition table.

If "state_transition_delta" is not present in the FFV1 bitstream al
range coder customstate transition table elenments are assuned to be
0.

4.2.5. "col orspace_type"

"col orspace_type" specifies the color space encoded, the pixe
transformation used by the encoder, the extra Plane content, as well



as interl eave nethod.

F =4 -+t —+d——————————————+t————————————+

| value | color space | pixel | extra Plane | interleave

| | encoded | transformation | content | nethod |

[ e s ool sl s sl el ]

| O | YCbCr | None | Transparency | Plane then |

I I I I | Line I

S - - S +

| 1 | RGB | JPEG 2000 RCT | Transparency | Line then |

I I I I | Plane I

B S, o e e e e o - S o e e e e o - S +

| Gther | reserved | reserved for | reserved for | reserved

| | for future | future use | future use | for future

| | use | | | use |

L I T I S Iy +
Table 8: The definitions for "col orspace_type" val ues.

FFV1 bitstreanms with "col orspace_type == 1 & (chronma_planes !'= 1 |

| 0g2_h_chronma_subsanple '= 0 || log2_v_chroma_subsanple != 0)" are

not part of this specification
4.2.6. "chroma_pl anes"

"chroma_pl anes" indicates if chroma (color) Planes are present.

| value | presence |
| O | chroma Pl anes are not present |
AR, o mm e e e e e e a— oo oo +
| 1 | chroma Pl anes are present |
Fomm o - o m e e e e e e aaao o +

Table 9: The definitions for
"chrome_pl anes” val ues.

4.2.7. "bits_per_raw sanpl e"

"bits_per_raw sanple" indicates the nunber of bits for each Sanple.
Inferred to be 8 if not present.

[ pleesfesbumemsfumspuml ey o}
| value | bits for each Sanple |
| O | reserved* |
B S, o mm e e e e e e e e e e e meamaoo- +
| Gther | the actual bits for each Sample

E oo e e e e e e e e e oo oo +

Tabl e 10: The definitions for
"bits_per_raw sanple" val ues

* Encoders MJST NOT store "bits_per_raw sanple = 0". Decoders SHOULD
accept and interpret "bits per_raw sanple = 0" as 8.

4.2.8. "log2_h_chroma_subsanpl e"
"l og2_h_chroma_subsanpl e" indicates the subsanple factor, stored in
powers to which the nunber 2 is raised, between |luma and chroma wi dth
("chroma_width = 2 ~ -10og2_h_chrona_subsanple * | unma_wi dth")

4.2.9. "log2_v_chroma_subsanpl e"

"l og2_v_chroma_subsampl e" indicates the subsanple factor, stored in



powers to which the nunber 2 is raised, between |uma and chroma
hei ght ("chronma_height = 2 ~ -10g2_v_chroma_subsanpl e *
| uma_hei ght").

4.2.10. "extra_pl ane"

"extra_plane" indicates if an extra Plane is present.

=4 - —————————_—————————+
| value | presence |
il Sty o}
| O | extra Plane is not present |
+------- B T il +
| 1 | extra Plane is present |
+------- I i I +

Tabl e 11: The definitions for
"extra_pl ane" val ues.

4.2.11. "numh_slices"

"num_h_slices" indicates the nunber of horizontal elenments of the
Slice raster

Inferred to be 1 if not present.
4.2.12. "numyv_slices"

"numyv_slices" indicates the nunber of vertical elements of the Slice
raster.

Inferred to be 1 if not present.
4.2.13. "quant _table set count"

"quant _tabl e_set_count" indicates the nunber of Quantization
Tabl e Sets. "quant _table_set_count” MJST be |ess than or equal to 8.

Inferred to be 1 if not present.
MJUST NOT be O.
4.2.14. "states_coded"

"states_coded" indicates if the respective Quantization Table Set has
the initial states coded.

Inferred to be O if not present.

[ gl s e s s
| value | initial states |
| O | initial states are not present |
| | and are assumed to be all 128 |
R, o e e e e e e e e e e e o m o +
| 1 | initial states are present |
Fomm o - o m e e e e e e e e eea oo +

Table 12: The definitions for
"states_coded" val ues.

4.2.15. "initial _state delta"
"initial _state_deltal i ][ j ][ k1" indicates the initial range

coder state, and it is encoded using "k" as context index for the
range coder and the foll ow ng pseudocode:



pred = ? initial _states[ i J[j - 1] k] : 128

Fi gure 29: Predictor value for the coding of
"initial _state deltal i ][ j I[ kK 1".

initial _state[ i ][ j ][ k1 =
( pred + initial _state deltal i J[ j IJ[ k] ) & 255

Fi gure 30: Description of the coding of
"initial _state deltal i ][ j I[ kK 1".

4.2.16. "ec"

ec" indicates the error detection/correction type.
+=======+4=S===S========SSSSSSSSSSSSSs-------=--===========+
| value | error detection/correction type |
| 0 | 32-bit GRCin "ConfigurationRecord” )
11 32-bit oRCin "Sicer and "oonfigurationRecord” |
| Oher | reserved for future we 7 )
S o m m m e e e e e e e e e e e e e e e e e e e e m e eeao——— oo +
Tabl e 13: The definitions for "ec" val ues.
4.2.17. "intra"

"intra" indicates the constraint on "keyfrane" in each instance of
Frame.

Inferred to be O if not present.

| value | relationship |
[S bl e s e s e s s s U
| O | "keyframe" can be 0 or 1 (non keyfranes or keyfranes) |
Fomm o - e m e e e e e e e e e e e e e e e e e e e e e e e e e e mee——oon +
| 1 | "keyframe" MJST be 1 (keyframes only) |
B S, o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e mao +
| OGther | reserved for future use |
E o o o e o e e e e e e e e e e e e e e e e e e e e e e o — oo +

Tabl e 14: The definitions for "intra" val ues.
4.3. Configuration Record

In the case of a FFV1 bitstreamwith "version >= 3", a "Configuration
Record"” is stored in the underlying container as described in

Section 4.3.3. It contains the "Paraneters" used for all instances
of Frane. The size of the "Configuration Record", "NunBytes", is
supplied by the underlying container.

pseudocode | type

ConfigurationRecord( NunBytes ) {
ConfigurationRecordl sPresent =1
Par armet ers( )
whil e (remaini ng_synbol s_i n_syntax(NunBytes - 4)) {
reserved for_future_use br/ur/sr

configuration_ record crc_parity u(32)



4.3.1. "reserved for_future_use"

"reserved _for future_use" is a placeholder for future updates of this
speci fication.

Encoders conformng to this version of this specification SHALL NOT
wite "reserved for_future_use”

Decoders conformng to this version of this specification SHALL
ignore "reserved for_ future use".

4.3.2. "configuration_record_crc_parity”

"configuration_ record crc_parity" is 32 bits that are chosen so that
the "Configuration Record" as a whole has a CRC renai nder of zero

This is equivalent to storing the CRC renmainder in the 32-bit parity.
The CRC generator polynom al used is described in Section 4.9.3.
4.3.3. Mapping FFV1 into Containers

This "Configuration Record" can be placed in any file format that
supports "Configuration Records", fitting as much as possible with
how the file format stores "Configuration Records”. The
"Configuration Record" storage place and "NunBytes" are currently
defined and supported for the foll owing fornmats:

4.3.3.1. Audio Video Interleave (AVI) File Format

The "Configurati on Record" extends the stream format chunk ("AVI ",
"hdlr", "strl", "strf") with the "Configurati onRecord" bitstream

See [AVI] for nore information about chunks.

"NunmBytes" is defined as the size, in bytes, of the "strf" chunk
indicated in the chunk header mnus the size of the stream format
structure.

4.3.3.2. |1SO Base Media Fil e Fornat

The "Configurati on Record" extends the sanple description box
("moov", "trak", "mdia", "mnf", "stbl", "stsd") with a "glbl" box
that contains the "ConfigurationRecord" bitstream See

[1SO 14496-12.2020] for nore infornmation about boxes

"NunmBytes" is defined as the size, in bytes, of the "glbl" box
indicated in the box header m nus the size of the box header.

4.3.3.3. NUT File Format

The "codec_specific_data" elenment (in "stream header" packet)
contains the "Configurati onRecord" bitstream See [NUT] for nore
i nformati on about el enents.

"NunBytes" is defined as the size, in bytes, of the
"codec_specific_data" elenment as indicated in the "length" field of
"codec_specific_data".

4. 3. 3. 4. Mat roska Fil e For mat

FFV1 SHOULD use "V_FFV1" as the Matroska "Codec ID'. For FFV1
versions 2 or |less, the Matroska "CodecPrivate" El ement SHOULD NOT be
used. For FFV1 versions 3 or greater, the Matroska " CodecPri vate"

El ement MUST contain the FFV1 "Configuration Record" structure and no
other data. See [Matroska] for nore information about el ements



"NunBytes" is defined as the "El enent Data Size" of the
"CodecPrivate" Elenent.

4.4. Franme

A "Frame" is an encoded representation of a conplete static inmage.
The whole "Frane" is provided by the underlying container

A "Frame" consists of the "keyfrane" field, "Paraneters" (if "version
<= 1"), and a sequence of independent Slices. The pseudocode bel ow
describes the contents of a "Frane".

The "keyfranme" field has its own initial state, set to 128.

pseudocode | type

Frame( NumBytes ) {

I
keyframe | br
if (keyframe && ! ConfigurationRecordlsPresent { |

Paraneters( ) |

} I

while (remaining_bits_in_bitstream( NumBytes )) { |

Slice( ) |

} |

} I

The following is an architecture overview of Slices in a Frane:
e +
| first Slice header |
o o m o o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e mm— oo oo +
| first Slice content |
e m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e meme e +
| first Slice footer |
e +
| o |
o o m o o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e mm— oo oo +
| second Slice header |
e m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e meme e +
| second Slice content |
e +
| second Slice footer |
o o m o o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e mm— oo oo +
| |
e m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e meme e +
I I
e +
| o |
o o m o o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e mm— oo oo +
| last Slice header |
e m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e meme e +
| last Slice content |
e +
| last Slice footer |
o o m o o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e mm— oo oo +

Slice

A "Slice" is an independent, spatial subsection of a Franme that is
encoded separately from another region of the sane Frame. The use of
nore than one "Slice" per Frame provides opportunities for taking
advantage of multithreaded encodi ng and decodi ng.

A "Slice" consists of a "Slice Header" (when relevant), a "Slice
Content", and a "Slice Footer" (when relevant). The pseudocode bel ow



descri bes the contents of a "Slice".
pseudocode | type

Slice( ) {
if (version >= 3) {
Sl i ceHeader ( )

}
SliceContent( )
if (coder_type == 0) {
while (!byte_aligned()) {

paddi ng u(l)
}
}
if (version <= 1) {
while (remaining bits in_bitstreanm( NunmBytes ) != 0) {
reserved u(l)

}

if (version >= 3) {
SliceFooter( )
}

}

"paddi ng" specifies a bit w thout any significance and used only for
byte alignnent. "paddi ng" MJST be 0.

"reserved" specifies a bit without any significance in this
specification but may have a significance in a later revision of this
speci fication.
Encoders SHOULD NOT fill "reserved"
Decoders SHOULD i gnhore "reserved".

4.6. Slice Header
A "Slice Header" provides information about the decoding
configuration of the "Slice", such as its spatial position, size, and
aspect ratio. The pseudocode bel ow describes the contents of the
"Slice Header".
"Slice Header" has its own initial states, all set to 128.

pseudocode | type

SliceHeader( ) {

I
slice_x | ur
slice_y | ur
slice_width - 1 | ur
slice_height - 1 | ur
for (i =0; i < quant_table _set index _count; i++) { |

quant _table_set _index[ i ] | ur
} I
pi cture_structure | ur
sar_num | ur
sar _den | ur

I

}

4.6.1. "slice_x"

"slice x" indicates the x position on the Slice raster forned by
"num_ h_slices".

Inferred to be O if not present.



4.6.2. "slice_y"

"slice y" indicates the y position on the Slice raster forned by
"numyv_slices".

Inferred to be O if not present.
4.6.3. "slice wdth"

"slice_ width" indicates the width on the Slice raster fornmed by
"num_h_slices".

Inferred to be 1 if not present.
4.6.4. "slice_height"

"slice_height" indicates the height on the Slice raster forned by
"numyv_slices".

Inferred to be 1 if not present.
4.6.5. "quant_table set index_count"
"quant _tabl e_set _index_count" is defined as the foll ow ng:

1+ ( ( chroma_planes || version<=3) ?21: 0)
+ ( extra plane ? 1 : 0)

4.6.6. "quant_table_set_index"
"quant _t abl e_set i ndex" indicates the Quantization Table Set index to
sel ect the Quantization Table Set and the initial states for the
"Slice Content".
Inferred to be O if not present.

4.6.7. "picture_structure"

"picture_structure" specifies the tenporal and spatial relationship
of each Line of the Frane.

Inferred to be O if not present.

[} bl s fums e
| value | picture structure used |
[ ool e e s
| O | unknown |
B S, o e e e e e e e e aao- +
| 1 | top field first |
E o e e e e e oo +
| 2 | bottomfield first |
L e +
| 3 | progressive |
B S, o e e e e e e e e aao- +
| OGther | reserved for future use

E o e e e e e oo +

Tabl e 15: The definitions for
"picture_structure" val ues.

4.6.8. "sar_nunt
"sar_nunt' specifies the Sanpl e aspect rati o nunerator.

Inferred to be O if not present.
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A value of 0 neans that aspect rati

0 i S unknown.

Encoders MJUST wite O if the Sanple aspect ratio is unknown.

If "sar_den" is 0, decoders SHOULD i gnore the encoded val ue and

consider that "sar_num' is O.

9. "sar_den"

"sar_den" specifies the Sanple aspect rati o denom nator

Inferred to be O if not present.

A value of 0 neans that aspect rati

0 i s unknown.

Encoders MUST wite O if the Sanple aspect ratio i s unknown.

If "sar_nunt is 0, decoders SHOULD i gnore the encoded val ue and

consi der that "sar_den" is O.

Slice Content

A "Slice Content" contains all Line elenents part of the "Slice".

Dependi ng on the configuration, Line elenments are ordered by Pl ane

then by row (YCbCr) or by row then

pseudocode

SliceContent( ) {
if (colorspace_type == 0) {
for (p =0; p < primary_co

for (y = 0; y < plane_pixel _height[ p]; y++) {

Line( p, v )

} else if (colorspace_type == 1) {
_height; y++) {
for (p =0; p < primary_col or_count; p++) {

for (y = 0; y < slice_pixe

Line( p, v )
}

}

1. "primary_col or_count"

by Pl ane (RGB).

or_count; p++) {

"primary_col or _count" is defined as the foll ow ng:

1+ ( chroma_planes ? 2 : 0 ) + ( extra_plane ? 1 : 0)

2.  "plane_pi xel _height"

"pl ane_pi xel _height[ p]" is the height in pixels of Plane p of

"Slice". 1t is defined as the fol
chroma_planes == 1 & (p == 1 || p
? ceil(slice_pixel_height / (1
sl i ce_pi xel _hei ght
3. "slice_pixel _height"

"slice_pixel _height" is the height
defined as the follow ng:

floor(

oW ng:

== 2)
<< |l 0g2_v_chroma_subsanpl e))

in pixels of the Slice. It

t he

is



( slice_y + slice_height )
* slice_pixel height
/ numyv_slices

) - slice_pixel_y.

4.7.4. "slice_pixel _y"

"slice pixel _y" is the Slice vertical position in pixels. It is
defined as the foll ow ng:

floor( slice_y * frane_pixel _height / numv_slices )

4.8. Line
A "Line" is alist of the Sanple Differences (relative to the
predictor) of primary col or conponents. The pseudocode bel ow

descri bes the contents of the "Line".

pseudocode | type

Line( p, v ) {
if (colorspace type == 0) {
for (x = 0; x < plane_pixel_width[ p]; x++) {

sample_difference[ p ][ v 1[ x ] sd
} else if (colorspace type == 1)
for (x = 0; x < slice_pixel _wdth; x++) {
sample difference[ p ][ v 1[ x ] sd

}

}
4.8.1. "plane_pixel w dth"

"plane_pixel _width[ p 1" is the width in pixels of Plane p of the
"Slice". It is defined as the foll ow ng:

chroma_planes == 1 & (p == 1 || p == 2)
? ceil( slice pixel width / (1 << 10g2_h chroma_subsanple) )
slice_pixel _wdth.
4.8.2. "slice_pixel_wdth"

"slice pixel width" is the width in pixels of the Slice. It is
defined as the foll ow ng:

floor (
( slice_x + slice_width )
* slice_pixel_wdth
/ num h_slices
) - slice_pixel x
4.8.3. "slice_pixel_x"
"slice_pixel _x" is the Slice horizontal position in pixels. It is

defined as the foll ow ng:
floor( slice x * frame_pixel _width / numh_slices )
4.8.4. "sanple_difference"
"sanple difference[ p ][ vy ][ x ]" is the Sanple Difference for
Sanple at Plane "p", y position "y", and x position "x". The Sanple

val ue is conputed based on nedi an predi ctor and context described in
Section 3. 2.



4.9. Slice Footer
A "Slice Footer" provides information about Slice size and
(optionally) parity. The pseudocode bel ow descri bes the contents of
the "Slice Footer".
Note: "Slice Footer"” is always byte aligned.

pseudocode | type

SliceFooter( ) {

I
slice_size | u(24)

if (ec) { |
error_status | u(8)
slice crc_parity | u(32)

} I

} I

4.9.1. "slice_size"

"slice_size" indicates the size of the Slice in bytes.

Note: this allows finding the start of Slices before previous Slices
have been fully decoded and allows parallel decoding as well as error
resilience.

4.9.2. “error_status”

"error_status" specifies the error status.

[ et e p—p—p—p—p—p—(——(—————————(—————(—(———————
| value | error status |
[ el sl
| O | no error |
Fommma - Fo e e eemeeeeieeieeccicemeaccneaaaas +
| 1 | Slice contains a correctable error |
R, o e m e e e e e e e e e e e e e e me e +
| 2 | Slice contains an uncorrectable error |
S D O +
| Gther | reserved for future use |
Fommma - Fo e e eemeeeeieeieeccicemeaccneaaaas +

Tabl e 16: The definitions for "error_status"”
val ues.

4.9.3. "slice_crc_parity"

"slice_crc_parity" is 32 bits that are chosen so that the Slice as a
whol e has a CRC remai nder of O.

This is equivalent to storing the CRC remainder in the 32-bit parity.

The CRC generator polynom al used is the standard | EEE CRC pol ynoni al
(0x104C11DB7) with initial value 0, w thout pre-inversion, and
Wi t hout post-inversion.

5. Restrictions

To ensure that fast multithreaded decoding is possible, starting with
version 3 and if "frane_pixel _width * frame_pixel _height" is nore
than 101376, "slice_width * slice_height" MJST be | ess or equal to
"numh_slices * numv_slices / 4". Note: 101376 is the frame size in
pi xel s of a 352x288 frane al so known as CIF (Conmmon | nternediate
Format) frame size fornmat.

For each Frame, each position in the Slice raster MJUST be filled by
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one and only one Slice of the Frame (no mssing Slice position and no
Slice overl appi ng).

For each Frame with a "keyframe" value of 0, each Slice MJST have the
same value of "slice_x", "slice_y", "slice_width", and "slice_height"
as a Slice in the previous Frane.

Security Considerations

Li ke any other codec (such as [RFC6716]), FFV1 should not be used
with insecure ciphers or cipher nodes that are vulnerable to known
pl ai ntext attacks. Sone of the header bits as well as the padding
are easily predictable.

I mpl enent ati ons of the FFV1 codec need to take appropriate security
considerations into account. Those related to denial of service are
outlined in Section 2.1 of [RFC4732]. It is extrenely inportant for
the decoder to be robust against malicious payl oads. Malicious

payl oads MUST NOT cause the decoder to overrun its allocated nenory
or to take an excessive amount of resources to decode. An overrun in
al l ocated nenory could lead to arbitrary code execution by an
attacker. The sanme applies to the encoder, even though problens in
encoders are typically rarer. Mlicious video streanms MJST NOT cause
the encoder to m sbehave because this would allow an attacker to
attack transcodi ng gateways. A frequent security problemin imge
and video codecs is failure to check for integer overflows. An
exanple is allocating "franme_pixel _width * frame_pixel _height" in

pi xel count conputations w thout considering that the nultiplication
result may have overflowed the range of the arithmetic type. The
range coder could, if inplenmented naively, read one byte over the
end. The inplementation MJUST ensure that no read outside allocated
and initialized nmenory occurs.

None of the content carried in FFV1 is intended to be executable.
I ANA Consi derati ons

| ANA has registered the foll owi ng val ues.

1. Media Type Definition

This registration is done using the tenplate defined in [ RFC6838] and
foll owi ng [ RFC4855] .

Type name: video

Subt ype nane: FFV1

Requi red paraneters: None.

Optional paranmeters: These paraneters are used to signal the
capabilities of a receiver inplenentation. These paraneters MJST

NOT be used for any other purpose.

"version": The "version" of the FFV1 encoding as defined by
Section 4.2.1.

"mcro_version": The "micro_version" of the FFV1 encodi ng as
defined by Section 4.2.2.

"coder_type": The "coder_type" of the FFV1 encodi ng as defined by
Section 4.2.3.

"col orspace_type": The "col orspace_type" of the FFV1 encoding as
defined by Section 4.2.5.



"bits_per_raw sanple": The "bits_per_raw sample” of the FFV1
encodi ng as defined by Section 4.2.7.

"max_slices": The value of "max_slices" is an integer indicating
t he maxi mum count of Slices within a Frane of the FFV1
encodi ng.

Encodi ng considerations: This nedia type is defined for
encapsul ati on in several audiovisual container formats and
contains binary data; see Section 4.3.3. This media type is
franmed binary data; see Section 4.8 of [ RFC6838].

Security considerations: See Section 6 of this docunent.
Interoperability considerations: None.
Publ i shed specification: RFC 9043.

Applications that use this nmedia type: Any application that requires
the transport of |ossless video can use this nedia type. Sone
exanples are, but not limted to, screen recording, scientific
i mgi ng, and digital video preservation.

Fragment identifier considerations: NA.
Addi tional information: None.

Person & enmmi| address to contact for further information:
M chael N ederrmayer (mailto:m chael @i edermayer. cc)

I ntended usage: COMMVON
Restrictions on usage: None.
Aut hor: Dave Rice (nmilto:dave@lericed. con

Change controller: |ETF CELLAR Wrking Goup del egated fromthe
| ESG
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Appendi x A.  Miltithreaded Decoder |nplenentation Suggestions
Thi s appendi x is informative.

The FFV1 bitstreamis parsable in two ways: in sequential order as
described in this docunent or with the pre-analysis of the footer of
each Slice. Each Slice footer contains a "slice_size" field so the
boundary of each Slice is conputable w thout having to parse the
Slice content. That allows nultithreading as well as independence of
Slice content (a bitstreamerror in a Slice header or Slice content
has no i npact on the decoding of the other Slices).

After having checked the "keyfrane" field, a decoder should parse
"slice_size" fields, from"slice size" of the last Slice at the end
of the "Franme" up to "slice_size" of the first Slice at the begi nning
of the "Frane" before parsing Slices, in order to have Slice
boundaries. A decoder nay fall back on sequential order e.g., in
case of a corrupted "Franme" (e.g., frane size unknown or "slice_size"
of Slices not coherent) or if there is no possibility of seeking into
the stream

Appendi x B. Future Handling of Sonme Streans Created by Nonconform ng
Encoder s

Thi s appendi x is informative.

Sone bitstreams were found with 40 extra bits corresponding to
"error_status" and "slice _crc_parity" in the "reserved" bits of
"Slice". Any revision of this specification should avoid adding 40
bits of content after "SliceContent" if "version == 0" or "version ==
1", otherw se a decoder conforming to the revised specification could
not di stinguish between a revised bitstream and such buggy bitstream
in the wld.

Appendi x C. FFV1 | npl enentations

Thi s appendi x provides references to a few notabl e inplenentations of
FFV1.



C 1

C 2.

C 3.

Aut

FFnpeg FFV1 Codec

This reference inplenmentation [ REFI MPL] contai ns no known buffer
overfl ow or cases where a specially crafted packet or video segnent
could cause a significant increase in CPU | oad.

The reference inplenentation [ REFIMPL] was validated in the follow ng
condi tions:

* Sending the decoder valid packets generated by the reference
encoder and verifying that the decoder’s output nmatches the
encoder’ s input.

* Sendi ng the decoder packets generated by the reference encoder and
then subjected to random corruption

* Sending the decoder random packets that are not FFV1.

In all of the conditions above, the decoder and encoder was run
inside the Val grind nenory debugger [Valgrind] as well as the C ang
AddressSani ti zer [AddressSanitizer], which tracks reads and wites to
invalid menory regions as well as the use of uninitialized nenory.
There were no errors reported on any of the tested conditions.

FFV1 Decoder in Go

An FFV1 decoder [FFV1IGO was witten in Go by Derek Buitenhuis during
the work to devel op this docunent.

Medi aConch

The devel opers of the Medi aConch project [MediaConch] created an
i ndependent FFV1 decoder as part of that project to validate FFV1
bitstreams. This work led to the discovery of three conflicts
bet ween exi sting FFV1 i npl ementations and draft versions of this
docunent. These issues are addressed by Section 3. 3.1,

Section 3.7.2.1, and Appendi x B
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