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The Q-Coder is a new form of adaptive binary 
arithmetic coding. The binary arithmetic coding 
part of the technique is derived from the basic 
concepts introduced by Rissanen, Pasco, and 
Langdon, but extends the coding conventions to 
resolve a conflict between optimal software and 
hardware implementations. In addition, a robust 
form of probability estimation is used in which 
the probability estimate is derived solely from 
the interval renormalizations that are part of the 
arithmetic coding process. A brief tutorial of 
arithmetic coding concepts is presented, 
followed by a discussion of the compatible 
optimal hardware and software coding 
structures and the estimation of symbol 
probabilities from interval renorrnalization. 

1. Introduction 
The Q-Coder is an adaptive binary arithmetic coding system 

which allows different, but compatible, coding conventions 

to be used in optimal hardware and optimal software 
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implementations. It also incorporates a new probability-

estimation technique which provides an extremely simple yet 

robust mechanism for adaptive estimation of probabilities 

during the coding process. 

This paper presents an overview of the principles of the 

Q-Coder. A brief discussion of the basic principles of 

arithmetic coding is presented in Section 2. A discussion of 

the coding conventions which lead to optimal, compatible 

hardware and software implementations of arithmetic coding 

follows in Suction 3. In addition, Section 3 introduces some 

aspects of implementation using fixed-precision arithmetic. 

Section 4 covers the estimation of probabilities by a new 

technique which uses only the interval renormalization that 

is a nft-Prsnry part of the finite-precision arithmetic coding 

process. Dynamic probability estimation makes the Q-Coder 

an adaptive binary arithmetic coder. Section 5 gives some 

experimental results. 

2. Basic principles of binary arithmetic coding' 
Traditionally, Huffman coding [2] is used to code a sequence 

of symbols which describes the information being 

compressed. As an example, Figure 1 shows a possible 

Huffinan tree for a set of four symbols—w, x, y, and z—

with respective probabilities 0.125, 0.125, 0.25, and 0.5. The 

vertical axis of Figure 1 represents the number line from 0 to 

1, which is the probability interval occupied by the four 

symbols. Each of the four symbols is assigned a subinterval 

A much more eciensive tutorial on arithmetic coding is found in 
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Binary 
Symbol Probability Code fraction 

0.5 0.1 

Y 0.25 01 0.01 

0.125 001 0.001 

w 0.125 000 0.000 

Example of a Huffman coding tree. 

of size proportional to the probability estimate of that 
symbol. If each subinterval is identified by its least or base 
value, the four symbols are identified respectively by the 
binary numbers 0.000, 0.001, 0.01, and 0.1. Note that the 
subinterval size (or probability estimate) determines the 
length of the code word. Ideally this length for some symbol 
a is given by log2pe(a), where p,(a) is the probability estimate 
for symbol a. Far the example in Figure 1, the probabilities 
have been chosen such that the code lengths are iriPal 

The tree in Figure I is constructed in a particular way to 
illustrate a concept which is fundamental to arithmetic 
coding: The code words, if regarded as binary fractions, are 
pointers to the particular interval being coded. In Figure 1 
the code words point to the base of each interval. The 
general concept that a code string can be a binary fraction 
pointing to the subinterval for a particular symbol sequence 
is due to Shannon [3] and was applied to sum-ssive 
subdivision of the interval by FBAs [4], The idea of 
arithmetic coding, derived by Rissanen [5] from the theory 
of enumerative coding, was approached by Pasco [6] as the 
solution to a finite-precision constraint on the interval 
subdivision methods of Shannon and Elias. 

Any decision selecting one symbol from a set of two or 
more symbols can be decomposed into a sequence of binary 
decisions. For example, Figure 2 shows two possible 
decompositions of the four-symbol choice of Figure 1. From 
a coding-efficiency point of view there is no difference 
between the two alternatives, in that the interval size and 
position on the number line are the same for both. However, 
from the point of view of computational efficiency, 
decomposition (a) is better. Fewer computations are required 
to code the most probable symbol. Thus, although the 
Huffman coding tree is not required to achieve efficient 
compression, it remains useful as an approximate guide for 
minimizing the computational burden. 

In general, as coding of each additional binary decision 
occurs, the precision of the code string must be sufficient to 

0.1 0.1 

y y 

0.01 0.01 j,

0 0.901 0.001 

0 
0.000 0.000 

(a) (b) 
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Two examples of decomposition of a four-symbol alphabet into a sequence of three binary decisions: (a) Example corresponding to Figure I. 

(b) Example showing the most probable symbol encoded as a succession of three binary decisions. 
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provide two distinguishable points within the subinterval 
p(s) allocated to the sequence of symbols, s, which actually 
occurred. The number of bits, b, required to express the code 
string is then given by [3] 

4 > 2°p(s) a 2, 

which can be rewritten using the left inequality as 

b < 2 — log2(p(s)). 

After many symbols are coded, p(s) becomes very small, 
and the code-string length required to express the fraction 
approaches the ideal value of — logs p(s). 

An example of Elias coding is shown in Figure 3 for the 
binary decision sequence, M L L M, where M is the more 
probable symbol (MPS) and L is the less probable symbol 
(LPS). The interval subdivision in Figure 3 is a 
generalization of that in Figures 2(a) and (b). The interval 
subdivision process is defined in terms of a recursion that 
selects one subinterval as the new current interval. The 
recursive splitting of the current interval continues until all 
decisions have been coded. By convention, as in Figure 1, 
the code string in Figure 3 is defined to point at the base of 
the current interval. The symbol-ordering convention is 
adopted from [7], where the MPS probability estimate, P., is 
ordered above the LPS probability estimate, Q,, in the 
current interval. The translation of the 0 and 1 symbols into 
MPS and LPS symbols and the subsequent ordering of the 
MPS and LPS subintervals is important for optimal 
arithmetic coding implementations [8]. 

After each symbol is coded, the probability interval 
remaining for future coding operations is the subinterval of 
the symbol just coded. If the more probable symbol M is 
coded, the interval allocated to the less probable symbol L 
must be added to the code-string value so that it points to 
the base of the new interval. 

Arithmetic coders such as the Q-Coder avoid the 
increasing-precision problem of Fling coding by using a 
fixed-precision arithmetic. implementation in fixed-precision 
arithmetic requires that a choice be made for the ftxed-
precision representation of the interval. Then, a 
renormalization rule must be devised which maintains the 
interval size within the bounds allowed by the fixed-precision 
representation. Both the code string and the interval size 
must be renormalized identically, or the identification of the 
code string as a pointer to the current interval will be lost. 
Efficiency of hardware and software implementations 
suggests that renormalization be done using a shift-left-
logical operation. 

The Elias decoder maintains the same current-interval size 
as the encoder, and performs the same subdivision into 
subintervals. The decoder simply determines, for each 
decision, the subinterval to which the code suing points. For 
finite-precision implementations following the coding 
conventions above, however, the decoder must subtract any 

IBM J. RES. DEVELOP. VOL. 32 NO. 6 NOVEMBER [988 

etc. 

Example of Elias-type coding on string M L L M. 

interval added by the encoder, after decoding a given 
symbol. The code-string remainder will be smaller than the 
corresponding current-interval measure, since it is a pointer 
to a particular subinterval within that interval. 
Renormalization then keeps the precision of the arithmetic 
operations within the required bounds. Decoder 
renormali7Ition must be the same as in the encoder. 

Another problem to be resolved for implementation in 
fixed-precision arithmetic is a carry propagation problem. It 

is possible to generate a code string with a consecutive 
sequence of 1-bits of arbitrary length. If a bit is added to the 
least significant bit of this sequence, a carry will propagate 
until a 0-bit is encountered. Langdon and Rissanen [8] 
resolved this problem by "bit stuffing" If a sequence of 1-

bits of a predefined maximum length is detected, an extra 0-

bit is stuffed into the code string. The stuffed 0-bit acts as a 

carry trap for any carry from future coding operations. The 
decoder, after detecting this same sequence, removes the 
stuffed bit, adding any carry contained in it to the code-

string remainder. The Q-Coder follows this general scheme, 
but with the additional constraints that the string of I-bits is 

eight bits in length and is byte-aligned. 
One final practical problem needs to be resolved. In 

general, arithmetic coding requires a multiply operation to 

scale the interval after each coding operation. Generally, 

multiplication is a costly operation in both hardware and 

software implementations. An early implementation of 

adaptive binary arithmetic coding avoided multiplication [8]. 

However, the Skew Coder [7] uses an even simpler 
approximation to avoid the multiply; the same 
approximation is used in the Q-Coder. If renorinalizations 

are used to keep the current interval, A, of order unity, i.e., 

in the range 1.5 > A z 0.75, the multiplications required to 

W. B. PENNEBAKER, r. L MITCHELL. 0- 0. LANGDOK SIL AND a a ARM 

719 

saw Y -s aY nu 'NoaoNV1 'o 0o -TFlH),iP -11 aV3NN3d 9M

6GiL ol poamboa suopedpmm 041 'xL'0 -I aguwuo3 at x

"'o! 'Xlun .iopo jo 'V 'I u 1uaujno atp doo ol posn oue

suorQ .UuUooU Ji ' P00 01 u! uyps s! uonetiutoddn

amins 0q4 "Afd lini zip ploAr o uoillouidds

.rojduats UOAO n0 sas5n (L] QPCO A3zAS 01 'IOAOMtOH
'[sI uot !ld.nw pOP0Ae RUrpoo OAndn. umq OpO

jo uoiuoruolduq Apnu uv Suo liuomolduq WUMaos

puv aremp£ qioq a! uowiodo Apsoo n si uotlo.xdnliu

01 uopodo Aldrni0 sunb01 3upoo 3bai1.u0 'BUuT

ul "p
o

Alo= oq o so00u ualqoid nowd pmi ou0
•pouj!-0lAq s. put; qlf-ol un sj!q lqg.o

51 s~q- o J Sugis su1m4 ppuOISO t0U)p 41 I~ nq

omtoqos puuo suP SMO4OJ .osPo3Z) OqL -£opuromw su=u
-apoo 0q1 0n U! pou.nuo AIM Aug gu.ipn Ihq pOms

otp soAm 'oouanbos oumrS si.p ft1op 1o0 'xopooop

oql .suopiIodo Su.poo 03n0 u0o0j Aimn Aue ioj dun Aim
o su P I!q-O peffnts o, L u.qs opoo oq, olu! poS s s! ,!q

-0 inxo ug 'Vpopp s! 41uoI 1umuptu pougopowd 13 jo sxq

-1 Jo oouonbos a34 ,,UP1 -iv!q,, Xq wlqoid sM poAIo s
[S] uauvs!" puv uop~m'I "paunoouo st i!q-O v plan

oleggdoid IvLtaMA=uo 'oouonbos sopjo u'q juis~g xuis so

otD ol poppe S j1q e3 "qtutol Axos!qq jo sljq-I jo onbos
oAr13U0 0 I1M~ZJS 2PO3 0 1OJOUQS 01 Ojq!SSod S! ognoosuoo v q." g .sapoo oo q .

11 "uaoqCUd uojwrod
cu

d Aut le s. opomquo uots.owd-poxt

u uoninuoutIdu. £ol poAosw aq 01 uiolqojd 1j4 1O0y
• opooao oqi u! se au050 oq lsniu uonozijomjouai

0poo0G "spunoq pownboi oxn ux.lIm suopnodo

o.punmq .oijlo uo.sooicd 041 sdwij uotp uonrzqwoua-

IVAMI01U impa U!At~ fOAjluiqns bo[03il.3d v 01

joluod -a Os 1!u. '019,00nse0! 1o1u.!-uaLo gutpuodsauoo

oq urq0 jofpiWs oq WrAkopuimowa 2uu -opoo oqL "joquiAs

umA.g v Ru8pooop 1o13 '.0po300ou Aq poppu roiuo ui

gu~s o u l~s o io d~ulgjo ouxa

9861 lIl gRAON 9 *ON Zt "1OA "dO13AO "Sod "I OI!

Aug iooxiqns Ism11 1apoop 2ot 0 'aOAMooq 'oAoqu SUorI00AUOO
2ujpoo oq, 2 u oloj suonmuooldtu, uos.3d-ojiug

10 _su!od SUM3S Opoo OL Q31"M 01 foAlolu.iqns 0q 'uorstop
q4r0 oj 'sou!tu.mlap Ajdms iopooop oqj, "soiAjujqns

omu! uosiAqjns o0r1s Oxp suuod pue 'Jzpoouo 0q se
oz2s [0A-OI!-lut-namno o09005 SuItMUMO 12pOOOp sirn 04

"uotgmdo Iw.gol

-1A1-Ils v Sus-n ouop oq uollvztleuuouoi mp smgns
suonmuwouotdtui 0omn os pue oImp.mqj fou1o3q~

isol aq Him IEmAIolu lu ,o 0q0 ot -olutod c se guus opoo
oql jo uonwquop. otp jO 'k [pnuopz pm .utuouai Oq! isni

043 Ol03gU p 041 £0e 'Afuonms ppozioo oq 15010uomus~d
0=!5 jAJMV! 041 PUB05SU=) 2O) 4 410 llOt1 Sl

uotiod-poxg a0 Aq pomOljj spunoq o04 unrqw ozis lololul

0q4 sum u 1 qo.1m posop oq isntm oltu uo1zfuuWouai
0 'uoUj "0uAJ ! *tpjo uo.inuosaid uosi.1d

-poxy 041.1j opera oq aoooqo e I0,p sw!nlboJ mo011p1.0
uo.iooid-poxu ut uonouousotduLi ",jonu-q0.p uo.isild-poxg

v 211SO Aq fuipo3 se1 jo tuolqoid uo.s.ooud-2u.woiut

041 p!0oA .P3OpD-)o 04 1oqons 0 poo 3o otl4.UV
•A2JUx , Ou 0l jo o"s0 0q

0 0 SuTod 1' 1041 os OnlO SuLIS-0poo 041 o poppe oq 1-nm

,I loqaAs olqtqo3d Sn1 oq o po lOolle uA0u! o4 'popoo

st W loquiAs olqeqoczd wo.Ou oqll *popoo 150f ToquxAs 041
JO fOA.3Olulqns 045 SUOjado Surpo3 .n9njoj gu t utuoi

f AJrutk AlqP.qo.td 4l 'popoo s. loqmAs qo0 JoUV
"[8] suotluouUoldxtu 2utpoo opromq.m

luunl.do -Toj iuhodix s. sIuA£0lulqns &n pur SdW
oq jo Suuopio 1unbosqns 0ip pun sloqmiX S put SdV4

o0u! SlOqULs I puE 0 04 jo uo1uans00 o.I, "IAiju! uu mL3

041 ux '7 'ovwuuo .as.qoqoid Sj'j 1I OAoqg poaopio

"! 'd 'OlOetUIso Al.rxqod J aqj 11qA '[L] tuolj poldopv
si uoIIuoAuo3 guuopo-loquis aq.u "IAJmui luoj.mo 041

jo 0004 ot j0 1u!od o pougj0p si E an u! Su.s opo3 0q
' orilA u! s 'uoInuoAuoo AR "popoo uooq OA0q SuoIS. op

lit Inun s0nu1uoo 0l* u 1no 01 SurlIdS 0AD^!fl0n=
oUj -.nA3lu! 1uano A%= ot so IrAxouq ns ouo sIlS

imp uo0s013u- jo s,,,,0 Ut poutop st ss=0-d uoismxpqns
fOAJl~Ut oqj (q) pur (u)z s=n9n u! 1m jo UOITZ!IWOUOS

v s. E ajn2g1[ u! uols.A.pqfns oaiut o "(Sj-)
loquaAs olqeqoid ssol 2ql 0 .I pus (SaW) IoqwAs olqtqoid

0.o1 oq si N oq0m 'N -1 II 'oouonbos uoistoop Altumq

o411oj E an2I ut Uoqs s! lu.poo sqg jo oldumoxo uv

(s)d so -jo onlYe Mopj 04 soqom0ddo

uo j oq sSOzdxo o poj!nboi qiSuo guuis-opoo 0q1 pur

'luus AOA s3cooq (s)d 'popoo am3 sloquts Aueui .oUV

• ((v)d)Soi -z > q

se Ahrfnbout IjOl ,p gursn uoaluMO o1 u03 qorqm

'Z Z (,v)alz < t,

O'! [E] fq UOALS Uq St 1U1S

" 1 Ia ~:oq-.S apoo aq =soidxo O po0Jal bu 'q 'sllq jo iaqwl nu oqjL "p0una

AWemov qo 4q, 's 'sloquiAs jo oouonbos o41 ol polmOli (i)d

juAmoautqns oq uttpAt s1utod ojqeqstn2uilstp oml op!Aod

Unified Patents, Ex. 1018000003
f 

 

Find authenticated court documents without watermarks at docketalarm.com. 

https://www.docketalarm.com/


0.08 

0.02 

0.00 

2 4 6 8 

—1082 (q) 

10 12 

Coding inefficiency as a function of log,(q), where q is the less 
probable symbol probability. The solid line is for the 12-bit integer 
representation of The dashed line shows the effect of restricting 
the set of allowed Qe to the values in Table 1. 

subdivide the interval can be approximated as follows: 

A X Q.cg $24, 

Ax.P.=Ax(1—WeKA—Q. 

Both the code string and the current interval are periodically 
renormalized such that the value of A is in the desired range 
relative to Q. for the next derision. The true interval is 
obtained by scaling A by the current rtnormalbation factor. 
The idea that A should be kept in the range from 0.75 to 1.5 
is due to Rissanen.2

A calculation of the instantaneous coding inefficiency 
introduced by this approximation is shown in Figure 4. The 
abscissa is a log scale of the true (not the estimated) LPS 
probability, q. The ordinate is the coding inefficiency relative 
to the ideal code length, assuming that the best possible 
integer value of q is selected. The coding inefficiency is 
dominated on the left side of the plot by the approximation 
to the multiply. On the right side of the plot, the coding 
inefficiency is dominated by quantization effects. The solid 
line gives the coding efficiency for the 12-bit integer 
arithmetic precision used in the Q-Coder. When the allowed 
LPS probability estimates are further restricted to the small 
subset of 30 values actually used in the Q-Coder, the dashed 
curve labeled "5-bit granularity added" results. 

3 I, J. Rissanco, IBM Almaden Rctatarch Conan, San low., CA, private 
communication. 

w. B. PENNEBAKER. J. L. MITCHELL, G. G. LANGDON, JR., AND R. B. ARPS 

3. 0 -Coder hardware and software coding 
conventions 
The description of the arithmetic coder and decoder in the 

preceding section is precisely that of a hardware-optimized 

implementation of the arithmetic coder in the Q-Coder. It 

uses the same hardware optimizations developed for the 

earlier Skew Coder [7]. A sketch of the unrenormalized 

code-string development is shown in Figure 5(a), and a 

sketch of the corresponding decoding sequence is found in 

Figure 5(b). Note that the coding (and decoding) process 

requires that both the current code string and the current 

interval be adjusted on the more probable symbol path. On 

the less probable symbol path only the current interval must 

be changed. 
The extra operations for the MPS path do not affect 

hardware speed, in that the reduction in the interval size and 

the addition to (or subtraction from) the rids string can be 

done in parallel. The illustration of the hardware decoder 

implementation in Figure 6(a) shows this parallelism. 

However, this organization is not as good for software. 

Having more operations on the more probable path, as seen 

in the decoder flowchart of Figure 7(a), can be avoided. 

Software speed can be enhanced by exchanging the location 

of subintervals representing the MPS and LPS. As illustrated 

in Figure 7(b), the instructions on the more probable path 

are reduced to a minimum and, instead, more instructions 

are needed on the less probable path. Note that this 

organization gives slower hardware, in that two serial 

arithmetic operations must be done on the LPS path [see 

Figure 6(b)1. To decode, first the new MPS subinterval size is 

calculated, then the result is compared to the code string. 

If the choices were limited to the two organizations 

sketched in Figures 6 and 7, there would be a fundamental 

conflict between optimal hardware and software 

implementations. However, there are two ways to resolve 

this conflict [9]. First, it is possible to invert the code string 

created for one symbol-ordering convention, and achieve a 

code string identical to that created with the opposite 

convention. A second (and simpler) technique uses the same 

symbol-ordering convention for both hardware and software, 

but assigns different code-string pointer conventions for 

hardware and software implementations. The code-string 

convention shown in Figure 5(a), in which the code string is 

pointed at the bottom of the interval, is used for hardware 

implementations. However, a different code-string 

convention, illustrated in Figure 8(a), is used for software. In 

this software code-string convention the code string is 

pointed at the top of the interval. When the software code-

string convention is followed, coding an MPS does not 

change the code string, while coding an LPS does. Figure 

8(a) also shows the relationship between hardware and 

software code strings. Note that the gap between the two 

code strings is simply the current interval. 
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Code-string treatment with hardware-oriented conventions: (a) Hardware encoder code-string development. (b) Hardware decoder code-string 
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Data path trade-offs: (a) Hardware-optimized MPS and LPS subinterval ordering. (b) Software-optimized MPS and LPS subinterval ordering. 
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