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I.  Introduction

The accompanying document JVT-B036.xls contains rate-distortion results comparing three methods:

[1] CACM/BAC.26L  (current TML9.4 AC engine from Ian H. Witten, Radford M. Neal, John G. Cleary: 

Arithmetic Coding for Data Compression. CACM 30(6): 520-540 (1987)).

[2] CACM+/ACM98 (improved AC engine from "Arithmetic Coding Revisited", Moffat, Neal, Witten. 

ACM Transactions on Information Systems, 16(3):256-294, July 1998.)

       [3] WAC (Xiaolin Wu’s proposed low-complexity AC engine)

This document provides the information required to compare complexity of various AC engines:

1) The algorithms used in QM/MQ and in CACM+/WAC are shown in flowchart form in Figure 1.

2) Table 1 compares operation counts and flushing bits required by the decoders of 

    QM/MQ, CACM+, CACM/BAC.26L and WAC.

As the AC engine is a larger portion of the complexity of the decoder, we have focused on the decoder for our complexity analysis here.  But the comparison results for the encoder are similar. 

N.B. while WAC is claiming 2.2 IPR, CACM+ is to our knowledge a 2.0 IPR claim. (note the 2 attached claims)


A: current register

C: code register

*: belong to WAC only

Figure 1.  Simplified decoding flowchart for comparing QM/MQ and CACM+/WAC.
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II.  Complexity Analysis
Table 1.  Counts of Decoder operations for QM/MQ, CACM+, CACM/BAC.26L and WAC.

Memory Costs of Context Modeling:
· QM/MQ keeps one state ID of FSM for every context (QM: 112 MQ: 45).

· CACM+ keeps count_0 (total) and count_1 (count of ‘1’) for each context.

· BAC.26L keeps count_0, count_1 and a SCALE_DOWN interval for each context.

· WAC keeps WIN (a 32-bit integer (or two 16-bit integers)) and PONE (a 16-bit integer for count of ‘1’) for each context.

The Techniques to Avoid Division:
· QM/MQ uses an approximation table.   However, the coding efficiency loss can be as much as 5% compared to WAC.

· BAC.26L eliminates DIV by two MUL, two SHIFT, and one LUT:

Q = (A*( (count_1*CUM_FREQ_TABLE[count_0])>>16))>>10;

· CACM+
does direct division:

Q = A*count_1/count_0;

· WAC only requires one MUL and one SHIFT:

Q = (A>>9)*PONE.

Computational Costs of Probability Estimate/Updating Statistics 


See Table 1.
Optimized Implemenation on Intel: 

WAC has been incorporated into VM-8 of JPEG-2000 (generally considered to be a high-quality implementation of AC that uses the MQ coder). WAC was at least as fast as MQ despite the use of counts for context modeling (more accurate) instead of the states that are used by MQ. An even more favorable comparison was seen when WAC replaced the QM coder in JBIG. Executables can be provided by Xiaolin Wu upon request to compare execution time and compression ratio.
III. Notes
a) A significant (decoder) improvement (not reflected in the table or the figure) between CACM’87/BAC.26L and CACM+/ACM’98/WAC is in the renormalization method [2]. This improves decoding speed by about 10% [2]. The code provided by Videolocus in JVT-B036.zip clearly shows the greatly simplified renormalization loop.

b) Get Q (finding the unit interval size) of CACM+ uses one less shift in comparison to CACM/BAC.26L when using the look-up table method. This slightly reduces precision in favor of reduced complexity.

c) In the probability estimation (update of cumulative frequencies), CACM/BAC.26L uses 1 add, 1 compare, and 1 additional add that is performed only when a one is decoded. The code in JVT-B036.zip for CACM+ uses 2 adds and 1. However, by nesting two consecutive compares (and increasing the code size slightly) it is possible to have the same operation count for CACM+ as for CACM ie. 1.5 adds. The proper choice will be architecture dependent.

d) 16-bit precision for CACM’87/BAC.26L, CACM+/ACM’98 and WAC.

e)    Arithmetic encoder complexity is also reduced by the improved (over CACM’87/BAC.26L) low-  complexity AC engines (see [2] for details).

 f)   Novelty of WAC:
· Pre-normalization of denominator to power of two to eliminate division. 

· The use of a k-bit shift register to keep the window of most recent k samples (k=32 for modern architecture).  This improves the probability estimate, adaptation to non-stationarity, and eliminates count scaling.     

g) The main difference between QM/MQ (or the main advantage of QM/MQ) and CACM+/WAC is in that QM/MQ updates count statistics only after renorm_d (i.e., after takes in one input bit), while CACM+/WAC updates counts after each decoded symbol.  Therefore, if the compression ratio of AC is R:1, then CACM+/WAC updates count statistics R times more frequently.  At high bit rate (R gets lower) then the speed difference between QM/MQ and CACM+/WAC becomes smaller, but the coding efficiency of CACM+/WAC gets significantly higher than QM/MQ, because QM/MQ relies on poor probability estimates on relatively high-entropy sources.
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