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Abstract
This Core Experiment (CE) covers two aspects related to the arithmetic coding engine of VVC. The first aspect addresses the effect on the compression efficiency of training parameters of the probability estimation stage of the proposed arithmetic coding engines. The parameters to be trained include the context model initialization values as present in the current VTM software as well as the so-called customized window sizes as present in some of the proposed entropy coding engines. The second aspect addresses the achievable throughput in software and hardware implementations.
Introduction
For several proposed arithmetic coding engines, the probability estimation stages have been investigated in CE5 subtest 1 of the previous meeting cycle (JVET-L0025) without changing the context model initialization values. In subtest 1 of this CE, these values shall be retrained for the individual probability estimators and the impact on the compression efficiency shall be investigated. For probability estimators that employ customized window size parameters, the impact of training these parameters jointly with the context model initialization values shall be investigated. In subtest 2, optimized software implementations shall be evaluated in terms of the achievable throughput. In subtest 3, an in-depth analysis of hardware implementation aspects shall be done.
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Description of Experiments
This CE describes X experiments in subtest 1, X experiments in subtest 2, and X experiments in subtest 3 resulting in a total number of X experiments.
Subtest 1: Probability estimation with retrained parameters
In this subtest, the arithmetic coding engines are tested with retrained parameters.
Unless otherwise specified, tested coding engines have the following features:
1. A 32x8x8 bit lookup table (only storing LPS ranges) is used for the coding interval subdivision. The values in this lookup table may be modified to match the state representation of the employed probability estimator.
2. Probability estimators with linear state representation use 10 and 14 bit for representing the states of a context model (14 bit if only one state is used).
3. Probability estimators with logarithmic state representation use 8 and 12 bit for representing the states of a context model (12 bit if only one state is used).
Experiment CE5.1.1 (HHI, JVET-L0461)
Description:
Linear state representation, 2 states, fixed
The counter-based probability estimator is used with 2 state variables (10 and 14 bit). Custom window sizes are not used.
Crosschecker:
	TBDMediaTek
Experiment CE5.1.2 (HHI, JVET-L0461)
Description:
Linear state representation, 2 states, variable
The counter-based probability estimator is used with 2 state variables (10 and 14 bit) and custom window sizes (4 bit).
Crosschecker:
	TBDMediaTek
Experiment CE5.1.3 (Qualcomm, JVET-L0115)
Description:
Linear state representation, 2 states, variable
This experiment tests the double-window probability estimation, modified to use different number of bits in the estimation finite-state machines. This version is defined by the recursive equations
bin = 1    →     U[k+1] = U[k] + ((2Bu – U[k]) >> a),     V[k+1] = V[k] + ((2Bv – V[k]) >> b),
bin = 0    →               U[k+1] = U[k] – (U[k] >> a),                V[k+1] = V[k]  – (V[k]) >> b),
P[k] = U[k] + (V[k]) >> (Bu – Bv)).
where P[k] represents the probability estimate used for binary arithmetic coding. The two positive integer window shift parameters a and b, which can be different for each context, are in the interval 2, 3, …, 9, and represented together using two-bit codes. Parameters Bu and Bv are the same for all contexts, which are 10 and 14, respectively.
This proposed method will be tested together with the range update method as proposed in JVET-L0335, which has the equivalence of using 32x8x8 look-up table, and with JVET-L0117, which uses an 8x8x8 look-up table. 
Crosschecker:
	TBDHHI
Experiment CE5.1.4 (Qualcomm, JVET-L0116)
Description:
Linear state representation, 1 state, variable
This test is the same type of experiment as in CE5.1.2, but with a single window, defined as below. 
						bin = 1    →		P[k+1] = P[k] + ((2Bu – P[k]) >> a)
						bin = 0    →		P[k+1] = P[k] – (P[k] >> a)
where P[k] represents the probability estimate used for binary arithmetic coding. The positive integer window shift parameter a, which can be different for each context, is represented by 3 bits. Parameters Bu is 14 for all contexts.
This proposed method will be tested together with the range update method as proposed in JVET-L0335, which has the equivalence of using 32x8x8 look-up table, and with JVET-L0117, which uses an 8x8x8 look-up table. 
Crosschecker:
	TBDSharp Labs
Experiment CE5.1.5 (HHI, JVET-L0462)
Description:
Log state representation, 2 states, fixed
The state-based probability estimator is used with two states (8 and 12 bit). Custom window sizes are not used.
Crosschecker:
	TBDSharp Labs
Experiment CE5.1.6 (HHI, JVET-L0462)
Description:
Log state representation, 2 states, variable
The state-based probability estimator is used with two states (8 and 12 bit) and custom window sizes (4 bit).
Crosschecker:
	TBDSharp Labs
Experiment CE5.1.7 (HHI, JVET-L0462)
Description:
Log state representation, 1 state, variable
The state-based probability estimator is used with one state (12 bit) and custom window sizes.
Crosschecker:
	TBDSharp Labs
Experiment CE5.1.8 (Samsung, JVET-L0057)
Description:
In JEM, when double-window probability estimation model is on, the probability is updated with linear combination for probability estimation that consists of only two summands corresponding N0=16 (short window) and N1=128 (long window):
P0 = (Y >> 4) + P0 – (P0 >> 4)
P1 = (Y >> 7) + P1 – ( P1>> 7)
P = (P0 + P1 + 1) >> 1
where Y = 2^15.
To start probability estimation it is necessary to initialize probability. Different from JEM, only short window size model is updated until the counter reaches 31. When the counter reaches 31, long window model starts updating with initial value borrowed from short window model. This approach significantly reduces negative effect from wrong initialization and also reduces the complexity due to less update of long window size model. 
The probability estimation process is as follows,
•       bFastProbUpdate = counter < 31
•       counter++
•       MPS pass:
•       P0mps = P0 – (P0 >> 4)
•       P1mps = bFastProbUpdate ? P0mps: P1 – (P1 >> 7)
•       LPS pass
•       P0lps = P0 + ((2^15 – P0) >> 4)
•       P1lps = bFastProbUpdate ? P0lps : P1 + ((2^15 – P1) >> 7)
•       If(P0 + P1 > 2^15)
•       mps = 1 – mps
•       P1lps = 2^15 – P1lps
•       P0lps = 2^15 – P0lps
•       P= (P0 + P1) >> 1
Crosschecker:
	TBDMediaTek
Experiment CE5.1.9 (MediaTek, JVET-L0094)
Description:
Linear state representation, 2 states, fixed. 
The counter-based probability estimator is used with 2 state variables (10 and 14 bits). Custom window sizes are not used.
Uses 2b−1 instead of 2b in probability update function.
For sub-interval derivation, two methods are tested as follow.
Test-A:
The interval subdivision is realized using a 6-bit by 5-bit multiplier or equivalently a 32x8 table. The range interval is divided into the rangeOne and the rangeZero. The rangeOne and the rangeZero derivation is modified as follows.
probIdx   = ( P >= 16384 ) ? 63 – (P>>9) : (P>>9)
rangeLPS  = ((2*probIdx +1) * (2*( range >> 5 ) + 1)) >> 3
where the P is the probability of a context and the range is the current range in binary arithmetic coder (BAC). 
Test-B:
To reduce the complexity, the interval subdivision is realized using a 6-bit by 4-bit multiplier or equivalently a 32x8 table. The range interval is divided into the rangeOne and the rangeZero. The rangeOne and the rangeZero derivation is modified as follows.
probIdx   = ( P >= 16384 ) ? 63 – (P>>9) : (P>>9)
rangeLPS  = ((2*probIdx +1) * ( range >> 5 )) >> 2
where the P is the probability of a context and the range is the current range in binary arithmetic coder (BAC). Probability estimator needs to be specified. Maybe from another test?
Test-A:
The interval subdivision is realized using a 6-bit by 5-bit multiplier or equivalently a 32x8 table. The range interval is divided into the rangeOne and the rangeZero. The rangeOne and the rangeZero derivation is modified as follows.
probIdx   = ( P >= 16384 ) ? 63 – (P>>9) : (P>>9)
rangeLPS  = ((2*probIdx +1) * (2*( range >> 5 ) + 1)) >> 3
where the P is the probability of a context and the range is the current range in binary arithmetic coder (BAC). The supplementary results of using a 5-bit by 5-bit multiplier or equivalently a 16x8 table is also provided. The rangeOne and the rangeZero derivation is modified as follows.
probIdx   = ( P >= 16384 ) ? 31 – (P>>10) : (P>>10)
rangeLPS  = ((2*probIdx +1) * (2*( range >> 5 ) + 1)) >> 2
Test-B:
To reduce the complexity, the interval subdivision is realized using a 6-bit by 4-bit multiplier or equivalently a 32x8 table. The range interval is divided into the rangeOne and the rangeZero. The rangeOne and the rangeZero derivation is modified as follows.
probIdx   = ( P >= 16384 ) ? 63 – (P>>9) : (P>>9)
rangeLPS  = ((2*probIdx +1) * ( range >> 5 )) >> 2
where the P is the probability of a context and the range is the current range in binary arithmetic coder (BAC). The supplementary results of using a 5-bit by 4-bit multiplier or equivalently a 16x8 table is also provided. The rangeOne and the rangeZero derivation is modified as follows.
probIdx   = ( P >= 16384 ) ? 31 – (P>>10) : (P>>10)
rangeLPS  = ((2*probIdx +1) * ( range >> 5 ) >> 1
Crosschecker:
	TBDSamsung
Experiment CE5.1.10 (Sharp, JVET-L0335)
Description:
Linear state representation, 2 states, fixed window size
Uses 2b−1 instead of 2b in probability update function
Crosschecker:
	TBDHHI
Experiment CE5.1.11 (Sharp, JVET-L0335)
Description:
Linear state representation, 2 states, variable window size
Uses 2b−1 instead of 2b in probability update function
Crosschecker:
	TBDHHI
Experiment CE5.1.12 (Sharp, JVET-L0335)
Description:
Linear state representation, 1 state, variable window size
Uses 2b−1 instead of 2b in probability update function.
Crosschecker:
	TBDMediaTek
Experiment CE5.1.13 (Sharp, JVET-L0335)
Description:
Linear state representation, 2 states, variable window size
Uses 2b−1 instead of 2b in probability update function.
Uses 5x4 multiplier for subrange interval computation.
Crosschecker:
	TBDHHI

Subtest 2: Throughput aspects of optimized software implementations
To determine throughput in software, arithmetic coding engines will be implemented outside of VTM. A loop similar to the following will be executed and its run time measured:
for (i = 0; i < numBins; i++)
{
  ctx = ctxs[i][lastBin];
  lastBin = decodeBin(ctx);
  bins[i] = lastBin;
}
The byte sequence to be decoded will be generated by a similar encoding loop. The decoded bins will be compared to the encoded bins to ensure there is no mismatch.
The number of bins processed by such loop will be in the order of millions. 
Several configurations will be considered:
· A configuration where the array ctxs and bins are filled with data extracted from an actual VTM3 bitstreams (preferably with a low QP value since throughput is most critical at higher bit rates). Bypass bins shall not be included.
· A configuration where the array ctxs and bins are filled with randomized data. In such case the bin values are drawn from a Bernoulli distribution. Multiple distribution parameter p will be tested: 0.05, 0.15, 0.25, …, 0.95.
For each bin to be decoded, the array ctxs contains two values. The value ctxs[i][lastBin] contains the correct value of ctx and the value ctxs[i][!lastBin] contains an incorrect value. This ensures that the context index of a bin depends on the previously decoded bin. The incorrect values in ctxs are a randomly generated.
A testbed software which implements these rules is available in branch ‘CE5.2’ of the CE5 software repository (https://vcgit.hhi.fraunhofer.de/JVET-L-CE5/VVCSoftware_VTM.git).
All proponents integrate their throughput-optimized implementations into the testbed software.
The arithmetic coding engines considered in this subteset will be the same as in subteset 1.
Engines and crosschecker:
	Engine
(Macro ‘ENGINE’)
	Implementer
	Crosscheckers (implementation)
	Crosscheckers (throughput)

	0 (AVC/HEVC)
	Sharp Labs
	[bookmark: _GoBack]
	Qualcomm, HHI

	1 (log, variable shift)
	HHI
	Qualcomm
	

	2 (linear, variable shift)
	Sharp Labs
	HHI
	

	3 (log, fixed shift)
	HHI
	Qualcomm
	

	4 (linear, fixed shift)
	Sharp Labs
	HHI
	


Crosscheckers that report throughput numbers shall test all engines using the same simulation conditions (the same computer, operating system, compiler, compiler settings, etc.). The exact simulation conditions shall be reported along with throughput numbers.
All simulations shall include the bypass bins as present in the VTM3 bitstreams. The percentage of bypass bins shall be reported for each bitstream.
Subtest 3: In-depth analysis of hardware implementation aspects
In this subtest, complexity and throughput aspects of hypothetical hardware implementations of the proposed arithmetic coding engines shall be investigated.
Experiment CE5.3.1 (HHI, JVET-L0462, JVET-L0426, JVET-L0429)
Description:
A hypothetical hardware implementation of the state-based probability estimator is investigated. An alternative implementation of the coding interval subdivision according to JVET-L0426 and a lookup table free implementation of the transition table for the probability update according to JVET-L0429 may also be considered.
Crosschecker:
	TBD
[bookmark: _Ref527021126]Test conditions
For all experiments in subtest 1, the common test conditions as specified in JVET-L1010 are used. 
Compression Efficiency
To obtain objective rate-distortion measurements, four-point BD-rate and BD-PSNR metrics shall be used to evaluate coding efficiency. Rates and PSNR values obtained for all test points shall be provided as well. Compression efficiency, the encoder, and decoder run-time results shall also be reported with the common spreadsheet template that is being used for most JVET contributions.
Results Reporting
Proponents and cross-checkers shall report the compression efficiency together with the measured encoder and decoder run times relative to the VTM-3.0 software.
Timeline (update)
[bookmark: _Hlk513128974]General timeline for core experiments (as agreed by JVET).

	T1
	November 2August 8, 2018
	· Final CE description uploaded

	T2
	December 6, 2018BMS2.0.1 release + 2 weeks
	· Proponents completed initial integration of tools (in individual branch)
· Cross checkers can start initial study of tools / software
(Note: Proponents can continue to modify the software until T3)

	T3
	December 19, 2018September 12, 2018
	· Proponents froze changes to software branches
· Proponents tag software and announce on JVET reflector
· The names of the cross checkers and the list of specific tests for each CE tool are announced on JVET reflector
· Proponents provide full test results
· Cross checkers start final cross checks


Test results and cross check results are reported to CE coordinators (for inclusion into CE report).
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