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Abstract
This contribution describes the software related to the document JVET-AN0080 “AHG18: CfE response in additional functionality on ultra-low latency and packet loss resilience” presented and evaluated at 40th JVET meeting. The software contains further modifications on top of previously disclosed in contribution JVET-AN0045. The software is available as branch in AhG18 repository, named ‘jvet-an0080’: https://vcgit.hhi.fraunhofer.de/jvet-ahg-ull/VVCSoftware_VTM/-/tree/jvet-an008. The software implements the coding technology beyond VVC that supports packet loss resilient functionality in ultra-low latency video communication scenario. The technology re-uses concept of data partitioning of H.263/4, which separates prediction and residual information to different sub-streams. Additionally, entropy coding of residual coefficients is performed using multiple independent entropy coded chunks. The error mask is derived based on lost chunks indication, and further propagated following intra- and inter prediction from erroneous blocks. An error cancellation technique including NN-based loss aware filter (LAF), implemented using SADL library, is further applied to reduce subjective impact of reconstruction errors caused by missed residual information. The software was evaluated according to ULL CTC JVET-AN2039. In best preforming configuration with transmission priorities the simulation results demonstrate 2.6 dB of Y-PSNR improvement on top of multi-layer VTM in broadcast scenario, with only 2.3% of overhead, and average freeze ratio reduction from 23% down to 0% on top of single layer VTM in unicast scenario, with 2.6% overhead including effect of CCLM disabled.
Introduction
This contribution presents the software implementing the coding technology described in JVET-AN0080. The software is published as git branch in repository on top of AhG18 simulation software described in contribution JVET-AO0047 implementing ULL CTC of JVET-AN2039. 
The document contains brief solution description, instructions on how to build and how to test. The simulation results following JVET-AN2039 are also provided in section 8
Solution description
Background
Data partitioning (DP) is an error resilience tool available in H.263 and H.264/AVC that separates different types of syntax elements into distinct partitions contained in separate NAL units. This allows the prioritized transmission in error-prone network environments. H.264/AVC contains data partitioning with three partitions:
· Data partition A (DPA) – Contains the slice header, macroblock headers, and motion vectors (most critical data),
· Data partition B (DPB) – Contains intra-coded residual coefficients (moderately important),
· Data partition C (DPC) – Contains inter-coded residual coefficients (least critical).
If Partition A is received correctly, the decoder can still reconstruct a rough version of the video even if Partitions B or C are lost. However, the quality of reconstructed rough version might be not sufficient especially on fast moving content.
On other hand, scalable (layered) coding approach is known to be beneficial for error-prone and fast changing network environment. Once base layer is delivered the reconstructed quality is stable and has no unexpected quality artifacts except of controllable compression ones. The drawback is that enhancement layer has to be dropped completely even single packet of it is lost. Multiple layers will help to increase the granularity, however due to inter layer dependency the higher levels still have to be dropped if single packet is lost in the middle level. Additionally, the bitstream overhead will also increase due to multiple layered coding.
Solution overview
Described solution reuses concept of data partitioning and separates bitstream on two categories:
· Stream A: header information, block partitioning, and prediction information including motion vectors and intra prediction modes,
· Stream B: intra and inter residual information, in independently coded chunks.
· The residual information is coded in multiple entropy-coded sub-streams (or chunks) that are coded independently, in order to keep capability of decoding information from other chunks if one or more are lost. On the receiving side reconstruction is performed based on key information is Stream A, and available upon receiving chunks of Stream B with residual information.
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Figure 1 Subjective impact of Lost Aware Filter
Similar to scalable approach independent NAL units carrying the chunks of stream B can be intentionally dropped on the way in case of congestion by Media Aware Network Element (MANE) or Selective Forwarding Unit (SFU). The dropping of the chunks can be arbitrary and not limited by granularity of embedded layers, and can be considered as ‘random’ scalability.
Non receiving of chunks containing residual information leads to block reconstruction using prediction only. That will bring significant subjective impact. To mitigate this subjective impact an NN-based filter is added to in-loop chain. Having this filter in-loop is beneficial for reference picture restoration which reduces the error propagation over the multiple frames. The filter is applied on decoder side only in case of some information is missed.
Figure 2 Lost Aware Filter in in-loop filers chain in decoderDecoded Picture buffer
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The described above modifications were applied to single layer stream, the same modifications are applied to enhancement layer in case of scalable configuration, the base layer remains unchanged, same as in anchor.
Residual split entropy coding with interleaving
[image: ]To reduce subjective impact of missed chunks the residual information is coded with CU-based interleaving as illustrated on picture below. Here a number indicates the index of independent entropy coded sub-stream used for CU’s coefficients coding, e.g., 0-5 warping around maximum index. 
Figure 3 Residual coefficients coding with CU-based interleaving, where number indicates the index of entropy sub-stream
The bitstreams for test were obtained using re-packing of anchor bitstreams (anchor) generated by reference VTM as illustrated on picture below. This ensures that reconstruction quality on clean channel is exactly the same as in anchor. 
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Figure 4 Obtaining robust bitstream from refence bitstream using re-packing
Lost aware in-loop filter
As it was described above come CUs may have lost residuals. In that case the block will be reconstructed based on motion compensation only that may bring unpleasant subjective artifacts. To reduce the subjective impact such CUs are further processed by a NN-based Lost Aware Filter (LAF). The filter is placed in-loop to enhance reference picture and reduces error propagation. The estimated filter complexity is about 6.5 kMAC/pixel.
Error propagation tracking
· The error mask is further propagated following intra- and inter-prediction based on missed chunks indication of particular frame.
· In multi-layer coding intra-predicted blocks covered by the propagated error mask are replaced by blocks from the base layer.
· The LAF filter is applied to blocks marked by the current or propagated error mask.
· For single-layer coding in unicast scenarios, no good solution was found for corrupted LMChroma blocks. As a result, LMChroma was disabled in the test. Development of a solution for robust chroma reconstruction for LMChroma blocks is further anticipated.
How to build
Follow the next steps to build the software.
· Clone AhG18 repository: 
	git clone https://vcgit.hhi.fraunhofer.de/jvet-ahg-ull/VVCSoftware_VTM.git
· Checkout to branch JVET-AN0080:
	git checkout jvet-an0080
· Update submodules to get SADL and HDRTools
git submodule update --init --recursive
Follow README.md file instructions on how to build the software. Pay attention that NN-based LAF filter is included into the package. The LAF is an option and is controlled by -D ENABLE_LAF=ON/OFF flag of cmake. The implementation is using SADL library, and additional patch containing few required layers modifications should be applied using the following command.
cd sadl
git apply --whitespace=nowarn ../sadl-v14-1-LAF.patch
· Build VTM as usual, but with adding ENABLE_LAF flag:
mkdir build
cd build
cmake .. -D CMAKE_BUILD_TYPE=Release -D ENABLE_LAF=ON
make -j
· Follow HDRTools build instructions at HDRTools/README.md:
cd HDRTools
mkdir build && cd build
cmake .. -DCMAKE_BUILD_TYPE=Release
make -j
Now everything is ready to run the tests.
[bookmark: _Hlk206537400]Running sample
All parameters described in JVET-AO0047 are applicable. In order to manage described data partitioning functionality additional flags are introduced.
[bookmark: _Ref216886934]Encoder
There is an option to manage number of CABAC streams:
	--MultiCabacThreadsNum, Amount of independently coded CABAC streams. Default value is 1:
· 1: one single chunk, same as VTM, 
· 2: Data Partitioning (1 stream for prediction, 1 for residual), 
· >2: Further split residual on specified number of chunks – 1, 
· 0: automatic chunk number selection trying to match chunk size equal to packet size; this mode was used to generate results presented in the contribution. 
The following example runs the simulation of single layer VTM encoder under the unicast scenario with transmission priorities enabled using Wi-Fi trace file with 40 ms feedback delay and 16 ms latency restriction:
./bin/EncoderAppStatic -c ./cfg/encoder_lowdelay_vtm.cfg -c \
./cfg/alternative-addon/reduced_runtime3.cfg -q 22 -f 600 -fr 60 \
-i MarketPlace_1920x1080_60fps_10bit_420.yuv -wdt 1920 -hgt 1080 -b bitstream.bin -v 7 \
--InputBitDepth=10 --OutputBitDepth=10 \
--LatencyRestriction=16 \
--TrafficIDPrefixAps=0 --TrafficID=1 \
--TrafficIDB=7 --PacketLifeTimeB=16 \
--UseFeedback=1 --FeedbackDelay=40 \
--PacketTracePath=cfg/wifi_simulation_trace/018.5mbps_room16x8_bw20MHz_2nbs1.5mbps.csv \
--PacketTraceStartLine=200726 \
--PocMsbCycleFlag=1 --PocMsbCycleLen=2 \
--MultiCabacThreadsNum=0
The next example is running the simulation of scalable VTM encoder under the broadcast scenario with transmission priorities enabled using 5G trace file without and 16 ms latency restriction, from precalculated encoder bitstream using --DebugBitstream option:
./bin/EncoderAppStatic -c ./cfg/multi-layer/two_layers.cfg --Level=6.2 \
--OlsModeIdc=2 --NumOutputLayerSets=2 --OlsOutputLayer1="1 0" \
-l0 -c ./cfg/encoder_lowdelay_vtm.cfg -l0 -c ./cfg/alternative-addon/reduced_runtime3.cfg \
-l0 -q 37 -l0 -i MarketPlace_960x540_60fps_10bit_420.yuv -l0 -wdt 960 -l0 -hgt 540 \
-l1 -c ./cfg/encoder_lowdelay_vtm.cfg -l1 -c ./cfg/alternative-addon/reduced_runtime3.cfg \
-l1 -q 22 -l1 -i MarketPlace_1920x1080_60fps_10bit_420.yuv -l1 -wdt 1920 -l1 -hgt 1080 \
-f 600 -fr 60 -b bitstream.bin \
--IntraPeriod=64 --DecodingRefreshType=1 -v 7 --InputBitDepth=10 --OutputBitDepth=10 \
--LatencyRestriction=16 --UseFeedback=0 \
--PacketTracePath=cfg/5g_simulation_trace/049Mbps_Office30m_bw16MHz_IF2video_10udp.csv \
--PacketTraceStartLine=149462 \
-l0 --TrafficIDPrefixAps=0 -l0 --TrafficID=1 \
-l1 --TrafficIDPrefixAps=7 -l1 --PacketLifeTimePrefixAps=16 \
-l1 --TrafficID=7 -l1 --PacketLifeTime=16 \
-l1 --TrafficIDB=7 -l1 –PacketLifeTimeB=16 \
[bookmark: _Hlk216833640]--DebugBitstream=/SVTM-SPATIAL/dQP15/IP1SEC/QP22/bin/MarketPlace_1920x1080_60fps_10bit_420.bin \
--PocMsbCycleFlag=1 --PocMsbCycleLen=2 \
--MultiCabacThreadsNum=0
Decoder
The NumFrames parameter specifies the number of frames originally encoded by encoder. In case of packet loss this information may not be available from bitstream. When the tail of bitstream is lost and decoding application will repeat last successfully decoded frame till the total frames reaches the specified number.
The following configuration parameters control the LAF filter behavior:
· --LAFMode - LAF filter mode: 1 – before in-loop filters; 2 – last in-loop filter; 3 – post-filter mode; 4 – in-loop after LMCS, SVTM only; 0 – disabled;
· --PathToLAFModel - path to LAF model, “sadl” extension;
· --PatchSize – square block size for performing the filtering; 0 - whole frame; 512 – 512x512 suggested.
The following command line can be used to decode obtained bitstream:
./bin/DecoderAppStatic -b bitstream.bin ./dec.yuv --OutputBitDepth=10 \
--NumFrames=600 --SkipFramesWithLostRef=1 \
--LAFMode=1 --PathToLAFModel=LAF-Reco.sadl --PatchSize=512
Running simulations
The main functionality of simulations running script is described in contribution JVET-AO0047, section 8.2. The same script ull_run_sample.py should be used for starting simulations and collecting the results. Key modifications are the following:
· “-cfe”, added to test name for indicating proposed solution,
· NUM_CHUNKS = 0, number of chunks for data-partitioning. 0 – adaptive number,
· LAF = 1, enabling LAF Filter on decoder,
· NO_CCLM, disabling LMChroma mode for unicast scenario with single layer.
Pre-encoded clean streams obtaining
The broadcast (no feedback) is one of the test cases. The clean streams can be used for faster simulations. For preparing clean streams one should follow the next steps:
· Checkout to jvet-an0080 and build,
· Run script: python ull_run_sample.py --test clean-broadcast-vtm-cfe – for single-layer, results will be stored in ./RESULTS-ULL/Clean/BROADCAST/VTM-CFE-LDB,
· Run script: python ull_run_sample.py --test clean-broadcast-svtm-cfe – for multi-layer, results will be stored in ./RESULTS-ULL/Clean/BROADCAST/SVTM-CFE -LDB,
· After completing simulation specify the path by setting PREENCODED_STREAMS variable.
The results can be found in table-all-clean.txt suitable for direct copy-paste to excel template at a place corresponding to clean channel simulation. The same flow can be applied to obtain clean channel simulation for unicast scenario specifying clean-unicast-vtm-cfe and clean-unicast-svtm-cfe for single and multi-layer VTM accordingly.
ULL simulations
The following steps are required to be set before starting simulations:
· Set PREENCODED_STREAMS paths for VTM and SVTM  obtained according to 5.1. The paths must refer to folders with streams from the broadcast test scenario.
The broadcast scenario tests can be started via the following commands:
1. [bookmark: _Hlk217079080]python ull_run_sample.py --test priorON-broadcast-vtm-cfe
2. python ull_run_sample.py --test priorOFF-broadcast-vtm-cfe
3. python ull_run_sample.py --test priorON-broadcast-svtm-cfe
4. python ull_run_sample.py --test priorOFF-broadcast-svtm-cfe
The unicast scenario tests can be started via the following commands:
1. python ull_run_sample.py --test priorON-unicast-vtm-cfe
2. python ull_run_sample.py --test priorOFF-unicast-vtm-cfe
3. python ull_run_sample.py --test priorON-unicast-svtm-cfe
4. python ull_run_sample.py --test priorOFF-unicast-svtm-cfe
Key software modifications
Several macros were introduced to make logical separation of key modifications parts:
#define JVET_AM0218  1 // JVET-AM0218: Data partitioning, split entropy coding, and loss-aware filter
#if JVET_AM0218
#define JVET_AM0218_DATA_PARTITIONING                     1 // Data partitioning
#define JVET_AM0218_MULTI_CABAC                           1 // Parallel CABAC implementation
#define JVET_AM0218_LOST_STREAM_HANDLE                    1 // Handle lost stream in bitstream parsing process
#ifdef  LAF_ENABLE
#define JVET_AM0218_LAF                                   1 // Enable LAF filter
#endif
#define JVET_AN0080_ERROR_MASK                            1 // Error mask generation for LAF
#define JVET_AM0218_FILTER_BLOCK_BUFFER_STRIDE_FIX        1 // Fix to make KEEP_PRED_AND_RESI_SIGNALS macro working, required for LAF
#define DATA_PARTITIONING_ABC                             1 // Data partitioning for A: pred, B: intra res, C: inter res
#define JVET_AM0218_SPATIAL_FIX                           1 // Upscale buffer of L0 if different windows size while repeat Lost frame
#define JVET_AM0218_MULTI_CABAC_ADAPTIVE                  1 // Chunk estimation
#ifdef  JVET_AM0218_MULTI_CABAC_ADAPTIVE
#define DEFAULT_MULTI_CABAC_THREAD_NUM_MAX                50 // default max multi cabac thread when active chunk estimation
#define DEFAULT_MULTI_CABAC_THREAD_NUM_MIN                10 // default min multi cabac thread when active chunk estimation
#endif  //JVET_AM0218_MULTI_CABAC_ADAPTIVE
#endif

· JVET_AM0218_MULTI_CABAC – multi CABAC wrapper to support multiple entropy coded streams.
· JVET_AM0218_DATA_PARTITIONING – interface modifications to support data partitioning, multiple entropy coding chunks, and accepting multiple NAL units at the decoder side.
· JVET_AM0218_LOST_STREAM_HANDLE – handles lost entropy coding stream during parsing process. 
· JVET_AM0218_LAF – enables NN-based loss aware loop filter (LAF), switchable.
· JVET_AM0218_ERROR_MASK – generates error mask based on lost NAL units of stream B to be used by LAF filter.
· JVET_AM0218_FILTER_BLOCK_BUFFER_STRIDE_FIX – fixes bi-directional prediction with enabled KEEP_PRED_AND_RESI_SIGNALS macro.
· DATA_PARTITIONING_ABC – enables data partitioning by intra/inter blocks for residuals.
· JVET_AM0218_SPATIAL_FIX – stores full-resolution version of a base layer. 
· JVET_AM0218_MULTI_CABAC_ADAPTIVE – enables adaptation of entropy coding streams number based on previous frame bitrate, switchable.
· DEFAULT_MULTI_CABAC_THREAD_NUM_MAX/ DEFAULT_MULTI_CABAC_THREAD_NUM_MIN – defines max/min range for automatic chunk number selection.
The following macros enclose modifications related to error mask tracking:
#if JVET_AN0080_ERROR_MASK
#define JVET_AN0080_ONLY_CURRENT_ERR                                  0 // Only current frame lost residuals and Intra error propagation
#define JVET_AN0080_BLOCK_REPLACE_SPATIAL_SCALABLE                    1 // hard fix for spatial-scalable + mask + block-replace-based-fixes
#define JVET_AN0080_CCLM_BASE_BLOCK_REPLACE                           1 // take chroma from base layer for dirty (CCLM) area (inside DEC)
#define JVET_AN0080_INTRA_BASE_BLOCK_REPLACE                          1 // take PelBlock[compID] from base layer for dirty area
#if JVET_AN0080_INTRA_BASE_BLOCK_REPLACE                          
#define JVET_AN0080_CIIP_BLOCKS                                       1 // take PelBlock[compID] from base layer for dirty area (intra CIIP corrupt)
#define JVET_AN0080_ONLY_LUMA_BASE_REPLACE                            0 // only for Luma : take PelBlock[compID] from base layer for dirty area
#endif
#endif
Transmission priority model configuration
The modern transmission protocols allow to define lifetime in dependence of traffic ID. It can be control via the following encoder application parameters:
· --TrafficID=[0-7], traffic ID for network prioritization, lower ID has higher priority.
· --PacketLifeTime=<ms>, time of keeping packet in sending buffer, in ms.
· --TrafficIDPrefixAps=[0-7], traffic ID of PREFIX_APS packet, lower ID has higher priority.
· --PacketLifeTimePrefixAps=<ms>, time of keeping PREFIX_APS packet in sending buffer, in ms.
· --TrafficIDB=[0-7], traffic type ID for network prioritization for partitioned residual data, lower ID has higher priority.
· --PacketLifeTimeB=<ms>, time of keeping packet with partitioned residual data in sending buffer in ms.
More information about network priorities is available in JVET-AN2039. The example of usage is described in section 4.1.


[bookmark: _Ref218035898]Test results
The simulation results following the document JVET-AN2039 “Common test conditions for technology targeting ultra-low latency and packet loss resilience are as follows”.
Transmission priority channel
Broadcast scenario
Multi-layer VTM anchor
	
	Broadcast w/o feedback, transmission priority on, try #Average, QP 22

	PSNR vs Latency
	BD-PSNR
	SVTM.ULL.CfE  over  SVTM 
	 
	 

	at QP 22
	Y
	U
	V
	Freeze
	Delta Freeze
	EncT
	DecT

	Class A
	3.0
	1.6
	1.7
	0.0%
	3 -> 3%
	177%
	1887%

	Class B
	3.0
	1.1
	1.1
	0.0%
	0 -> 0%
	148%
	1788%

	Gaming
	1.5
	0.7
	0.5
	0.0%
	0 -> 0%
	135%
	1069%

	Overall
	2.6
	1.1
	1.1
	0.0%
	0.8 -> 0.8%
	151%
	1577%

	
	
	
	
	
	
	
	

	
	Broadcast w/o feedback, transmission priority on, try #Average, Latency 16

	PSNR vs Rate
	BD-Rate
	SVTM.ULL.CfE  over  SVTM 
	 
	 

	at Latency 16
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	-23.0%
	-21.4%
	-23.7%
	
	
	161%
	927%

	Class B
	-20.6%
	-15.5%
	-13.2%
	
	
	143%
	907%

	Gaming
	-25.4%
	-14.0%
	-13.8%
	 
	
	149%
	938%

	Overall
	-22.6%
	-16.7%
	-16.2%
	 
	 
	149%
	921%

	
	
	
	
	
	
	
	

	
	Broadcast, Clean channel 

	Clean channel
	BD-Rate
	 SVTM.ULL.CfE  over  SVTM
	 
	 

	 
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	1.9%
	1.8%
	1.9%
	
	
	99%99%
	93%183%

	Class B
	2.5%
	2.7%
	2.5%
	
	
	98%99%
	93%181%

	Gaming
	2.4%
	2.8%
	2.7%
	 
	
	100%101%
	94%177%

	Overall
	2.3%
	2.5%
	2.4%
	 
	 
	99%100%
	93%181%


Single layer VTM anchor
	
	Broadcast w/o feedback, transmission priority on, try #Average, QP 22

	PSNR vs Latency
	BD-PSNR
	VTM.ULL.CfE  over  VTM 
	 
	 

	at QP 22
	Y
	U
	V
	Freeze
	Delta Freeze
	EncT
	DecT

	Class A
	1.4
	0.7
	0.9
	-5.8%
	82.7 -> 76.9%
	185%
	6276%

	Class B
	1.1
	0.3
	0.4
	-4.9%
	68.1 -> 63.3%
	146%
	5581%

	Gaming
	0.5
	0.4
	0.3
	-2.1%
	54.6 -> 52.5%
	142%
	2132%

	Overall
	1.0
	0.4
	0.5
	-4.4%
	68.4 -> 64%
	155%
	4432%

	
	
	
	
	
	
	
	

	
	Broadcast w/o feedback, transmission priority on, try #Average, Latency 16

	PSNR vs Rate
	BD-Rate
	 VTM.ULL.CfE  over  VTM 
	 
	 

	at Latency 16
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	-31.0%
	0.0%
	#########
	
	
	167%
	13764%

	Class B
	-28.8%
	19687.6%
	21943.3%
	
	
	139%
	16613%

	Gaming
	-35.6%
	-27.6%
	-15.5%
	 
	
	160%
	13029%

	Overall
	-31.3%
	8941.4%
	368305.7%
	 
	 
	152%
	14770%

	
	


	
	
	
	
	
	

	
	Broadcast, Clean channel 

	Clean channel
	BD-Rate
	VTM.ULL.CfE  over  VTM
	 
	 

	 
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	1.8%
	2.0%
	2.0%
	
	
	102%102%
	96%106%

	Class B
	2.3%
	2.4%
	2.2%
	
	
	100%100%
	92%105%

	Gaming
	2.0%
	2.4%
	2.4%
	 
	
	99%99%
	92%101%

	Overall
	2.1%
	2.3%
	2.2%
	 
	 
	100%100%
	93%104%


Discussion on BD-Rate numbers
As can be seen from the tables above that BD-Rate calculation for latency restricted scenario sometimes produces a weird numbers while BD-PSNR is much more stable. One reason is that monotonic behavior of average PSNR across different network bandwidth points in general case cannot be guaranteed since network conditions between different rates and QP points cannot be perfectly aligned. That leads to non-ability to perform correct integration along y-axis required for BR-Rate calculation. In contrast, BD-PSNR performs the integration along x-axis, and non-monotonic behavior is not a problem. The numbers and obtained keep the its physical meaning.
[image: ]
Figure 5 Example of BD-Rate curves with non-monotonic behavior for single layer VTM test with high freeze ratio > 60%
Additionally, when freeze ratio is relatively high, up to 68% like in single layer test above the average PSNR is not that meaningful. That is another reason of observing a weird numbers.
In contrast, for multi-layer VTM test in majority of cases the base layer is delivered thanks to transmission priory mechanism and freeze ratio is close to zero. In such conditions average PSNR is meaningful and BD-Rate curves tend to be monotonic and BD-Rate numbers can be interpreted as correct as well, like in multi-layer VTM test summary table above.
[image: ]
Figure 6 Example of BD-Rate curves for multi-layer VTM test with freeze ratio close to 0
The problem of non-monotonic behavior is well known and was also discussed in context of AHG18 activity. However, if limitations are under reasonable threshold, like in zero-freeze case of multi-layer test, it can be interesting to look at BD-Rate numbers as well.
Unicast scenario
Multi-layer VTM anchor
	
	Unicast w/ feedback, transmission priority on, try #Average, QP 22

	PSNR vs Latency
	BD-PSNR
	SVTM.ULL.CfE  over  SVTM
	 
	 

	at QP 22
	Y
	U
	V
	Freeze
	Delta Freeze
	EncT
	DecT

	Class A
	#N/A
	#N/A
	#N/A
	#N/A
	#N/A
	#N/A
	#N/A

	Class B
	0.8
	0.5
	0.5
	0.0%
	0 -> 0%
	100%
	2071%

	Gaming
	0.6
	0.4
	0.4
	0.0%
	0 -> 0%
	102%
	1544%

	Overall
	0.7
	0.5
	0.5
	0.0%
	0 -> 0%
	100%
	1855%

	
	
	
	
	
	
	
	

	
	Unicast w/ feedback, transmission priority on, try #Average, Latency 16

	PSNR vs Rate
	BD-Rate
	SVTM.ULL.CfE  over  SVTM 
	 
	 

	at Latency 16
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	#N/A
	#N/A
	#N/A
	
	
	#N/A
	#N/A

	Class B
	-19.2%
	-23.0%
	-19.9%
	
	
	100%
	5940%

	Gaming
	-24.9%
	-26.1%
	-25.4%
	 
	
	101%
	5670%

	Overall
	-21.4%
	-24.1%
	-22.0%
	 
	 
	100%
	5837%

	
	
	
	
	
	
	
	

	
	Unicast, Clean channel 

	Clean channel
	BD-Rate
	SVTM.ULL.CfE  over  SVTM 
	 
	 

	 
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	#N/A
	#N/A
	#N/A
	
	
	#N/A
	#N/A

	Class B
	2.6%
	2.7%
	2.5%
	
	
	99%102%
	96%193%

	Gaming
	2.4%
	2.8%
	2.6%
	 
	
	100%101%
	91%176%

	Overall
	2.5%
	2.8%
	2.6%
	 
	 
	99%102%
	94%186%


Single layer VTM anchor
	
	Unicast w/ feedback, transmission priority on, try #Average, QP 22

	PSNR vs Latency
	BD-PSNR
	VTM.ULL.CfE  over  VTM 
	 
	 

	at QP 22
	Y
	U
	V
	Freeze
	Delta Freeze
	EncT
	DecT

	Class A
	#N/A
	#N/A
	#N/A
	#N/A
	#N/A
	#N/A
	#N/A

	Class B
	0.8
	0.8
	1.0
	-24.5%
	24.6 -> 0%
	104%
	2144%

	Gaming
	1.9
	2.1
	1.9
	-20.4%
	20.4 -> 0%
	104%
	1366%

	Overall
	1.2
	1.3
	1.4
	-23.0%
	23 -> 0%
	104%
	1810%

	
	
	
	
	
	
	
	

	
	Unicast w/ feedback, transmission priority on, try #Average, Latency 16

	PSNR vs Rate
	BD-Rate
	VTM.ULL.CfE  over  VTM
	 
	 

	at Latency 16
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	#N/A
	#N/A
	#N/A
	
	
	#N/A
	#N/A

	Class B
	-44.0%
	-46.5%
	117.5%
	
	
	117%
	12969%

	Gaming
	-34.2%
	-28.8%
	-33.3%
	 
	
	117%
	9259%

	Overall
	-40.3%
	-39.8%
	61.0%
	 
	 
	117%
	11430%

	
	
	
	
	
	
	
	

	
	Unicast, Clean channel 

	Clean channel
	BD-Rate
	VTM.ULL.CfE  over  VTM 
	 
	 

	 
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	#N/A
	#N/A
	#N/A
	
	
	#N/A
	#N/A

	Class B
	2.7%
	6.3%
	5.4%
	
	
	101%101%
	94%107%

	Gaming
	2.6%
	10.2%
	8.9%
	 
	
	101%101%
	93%105%

	Overall
	2.6%
	7.7%
	6.7%
	 
	 
	101%101%
	94%106%


CCLM off overhead
In clean channel results of single layer VTM.ULL.CfE the overhead of disabling LMChroma is also taken into account.
	
	Unicast, Clean channel 

	Clean channel
	BD-Rate
	VTM.ULL.CfE.CCLM_OFF  over  VTM.ULL.CfE.CCLM_ON
	 
	 

	 
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	#N/A
	#N/A
	#N/A
	
	
	#N/A
	#N/A

	Class B
	0.1%
	3.4%
	2.7%
	
	
	101%100%
	88%100%

	Gaming
	0.1%
	7.1%
	6.0%
	 
	
	101%100%
	88%98%

	Overall
	0.1%
	4.8%
	3.9%
	 
	 
	101%100%
	88%99%


Regular no-priority channel
Broadcast scenario
Multi-layer VTM anchor
	
	Broadcast w/o feedback, transmission priority off, try #Average, QP 22

	PSNR vs Latency
	BD-PSNR
	SVTM.ULL.CfE  over  SVTM 
	 
	 

	at QP 22
	Y
	U
	V
	Freeze
	Delta Freeze
	EncT
	DecT

	Class A
	1.0
	0.6
	0.5
	0.6%
	66.9 -> 67.5%
	172%
	1650%

	Class B
	0.9
	0.3
	0.3
	2.0%
	44.2 -> 46.2%
	144%
	1291%

	Gaming
	0.7
	0.2
	0.2
	0.7%
	37 -> 37.7%
	135%
	879%

	Overall
	0.9
	0.4
	0.3
	1.3%
	48.4 -> 49.7%
	149%
	1243%

	
	
	
	
	
	
	
	

	
	Broadcast w/o feedback, transmission priority off, try #Average, Latency 16

	PSNR vs Rate
	BD-Rate
	SVTM.ULL.CfE  over  SVTM 
	 
	 

	at Latency 16
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	-45.5%
	-50.6%
	-0.3%
	
	
	157%
	1233%

	Class B
	5351.4%
	-4.8%
	-4.5%
	
	
	139%
	1298%

	Gaming
	-14.5%
	-8.5%
	-9.0%
	 
	
	149%
	1210%

	Overall
	2416.1%
	-18.3%
	-4.6%
	 
	 
	146%
	1256%

	
	
	
	
	
	
	
	

	
	Broadcast, Clean channel 

	Clean channel
	BD-Rate
	SVTM.ULL.CfE  over  SVTM 
	 
	 

	 
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	1.9%
	1.8%
	1.9%
	
	
	99%99%
	93%183%

	Class B
	2.5%
	2.7%
	2.5%
	
	
	98%99%
	93%181%

	Gaming
	2.4%
	2.8%
	2.7%
	 
	
	100%101%
	94%177%

	Overall
	2.3%
	2.5%
	2.4%
	 
	 
	99%100%
	93%181%


Single layer VTM anchor
	
	Broadcast w/o feedback, transmission priority off, try #Average, QP 22

	PSNR vs Latency
	BD-PSNR
	VTM.ULL.CfE  over  VTM 
	 
	 

	at QP 22
	Y
	U
	V
	Freeze
	Delta Freeze
	EncT
	DecT

	Class A
	1.1
	0.6
	0.8
	-4.2%
	82.7 -> 78.5%
	181%
	4297%

	Class B
	0.9
	0.2
	0.3
	-3.5%
	67.5 -> 63.9%
	147%
	3589%

	Gaming
	0.4
	0.3
	0.2
	-1.2%
	54.3 -> 53.1%
	140%
	1177%

	Overall
	0.8
	0.3
	0.4
	-3.1%
	68 -> 64.9%
	154%
	2781%

	
	
	
	
	
	
	
	

	
	Broadcast w/o feedback, transmission priority off, try #Average, Latency 16

	PSNR vs Rate
	BD-Rate
	VTM.ULL.CfE  over  VTM 
	 
	 

	at Latency 16
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	-30.9%
	788915.9%
	127787.3%
	
	
	163%
	9162%

	Class B
	-45.8%
	297.1%
	836.7%
	
	
	140%
	9529%

	Gaming
	66545.4%
	2.7%
	-6.0%
	 
	
	158%
	8829%

	Overall
	18119.5%
	215294.7%
	35229.7%
	 
	 
	151%
	9233%

	
	
	
	
	
	
	
	

	
	Broadcast, Clean channel 

	Clean channel
	BD-Rate
	VTM.ULL.CfE  over  VTM 
	 
	 

	 
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	1.8%
	2.0%
	2.0%
	
	
	102%102%
	96%106%

	Class B
	2.3%
	2.4%
	2.2%
	
	
	100%100%
	92%105%

	Gaming
	2.0%
	2.4%
	2.4%
	 
	
	99%99%
	92%101%

	Overall
	2.1%
	2.3%
	2.2%
	 
	 
	100%100%
	93%104%




Unicast scenario
Multi-layer VTM anchor
	
	Unicast w/ feedback, transmission priority off, try #Average, QP 22

	PSNR vs Latency
	BD-PSNR
	SVTM.ULL.CfE  over  SVTM 
	 
	 

	at QP 22
	Y
	U
	V
	Freeze
	Delta Freeze
	EncT
	DecT

	Class A
	#N/A
	#N/A
	#N/A
	#N/A
	#N/A
	#N/A
	#N/A

	Class B
	1.0
	0.6
	0.7
	-1.6%
	21.7 -> 20.1%
	104%
	1270%

	Gaming
	0.5
	0.4
	0.3
	-1.4%
	20.1 -> 18.8%
	104%
	801%

	Overall
	0.8
	0.5
	0.6
	-1.5%
	21.1 -> 19.6%
	104%
	1068%

	
	
	
	
	
	
	
	

	
	Unicast w/ feedback, transmission priority off, try #Average, Latency 16

	PSNR vs Rate
	BD-Rate
	SVTM.ULL.CfE  over  SVTM
	 
	 

	at Latency 16
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	#N/A
	#N/A
	#N/A
	
	
	#N/A
	#N/A

	Class B
	80.9%
	-15.4%
	1.0%
	
	
	103%
	2632%

	Gaming
	-3.2%
	6.0%
	0.4%
	 
	
	104%
	2122%

	Overall
	49.4%
	-7.3%
	0.8%
	 
	 
	104%
	2428%

	
	
	
	
	
	
	
	

	
	Unicast, Clean channel 

	Clean channel
	BD-Rate
	SVTM.ULL.CfE  over  SVTM 
	 
	 

	 
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	#N/A
	#N/A
	#N/A
	
	
	#N/A
	#N/A

	Class B
	2.6%
	2.7%
	2.5%
	
	
	99%102%
	96%193%

	Gaming
	2.4%
	2.8%
	2.6%
	 
	
	100%101%
	91%176%

	Overall
	2.5%
	2.8%
	2.6%
	 
	 
	99%102%
	94%186%


Single layer VTM anchor
	
	Unicast w/ feedback, transmission priority off, try #Average, QP 22

	PSNR vs Latency
	BD-PSNR
	VTM.ULL.CfE  over  VTM 
	 
	 

	at QP 22
	Y
	U
	V
	Freeze
	Delta Freeze
	EncT
	DecT

	Class A
	#N/A
	#N/A
	#N/A
	#N/A
	#N/A
	#N/A
	#N/A

	Class B
	1.3
	1.0
	1.5
	-18.4%
	26.2 -> 7.8%
	104%
	1821%

	Gaming
	1.0
	0.9
	0.8
	-9.8%
	21.1 -> 11.3%
	105%
	1050%

	Overall
	1.2
	1.0
	1.2
	-15.2%
	24.3 -> 9.1%
	105%
	1481%

	
	
	
	
	
	
	
	

	
	Unicast w/ feedback, transmission priority off, try #Average, Latency 16

	PSNR vs Rate
	BD-Rate
	VTM.ULL.CfE  over  VTM 
	 
	 

	at Latency 16
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	#N/A
	#N/A
	#N/A
	
	
	#N/A
	#N/A

	Class B
	59018.2%
	-36.0%
	-22.0%
	
	
	117%
	13323%

	Gaming
	-1.7%
	-17.3%
	-17.8%
	 
	
	116%
	8431%

	Overall
	36885.7%
	-29.0%
	-20.5%
	 
	 
	116%
	11222%

	
	
	
	
	
	
	
	

	
	Unicast, Clean channel 

	Clean channel
	BD-Rate
	VTM.ULL.CfE  over  VTM
	 
	 

	 
	Y
	U
	V
	 
	 
	EncT
	DecT

	Class A
	#N/A
	#N/A
	#N/A
	
	
	#N/A
	#N/A

	Class B
	2.7%
	6.3%
	5.4%
	
	
	101%101%
	94%107%

	Gaming
	2.6%
	10.2%
	8.9%
	 
	
	101%101%
	93%105%

	Overall
	2.6%
	7.7%
	6.7%
	 
	 
	101%101%
	94%106%


Conclusion
This contribution describes the software implementing the coding technology beyond VVC described in JVET-AN0080 that supports packet loss resilient functionality in ultra-low latency scenario. The technology re-uses concept of data partitioning of H.263/4, which separates prediction and residual information to different sub-streams. Entropy coding of residual coefficients is further performed using multiple independent entropy coded chunks. On the decoding side the error mask is derived based on lost chunks indication, and further propagated following intra- and inter prediction from erroneous blocks. An error cancellation technique including NN-based LAF filer is further applied to reduce subjective impact of reconstruction errors. The software was evaluated according to ULL CTC JVET-AN2039. In best preforming configuration with transmission priorities the simulation results demonstrate 2.6 dB of Y-PSNR improvement on top of multi-layer VTM in broadcast scenario, with only 2.3% of overhead, and average freeze ratio reduction from 23% down to 0% on top of single layer VTM in unicast scenario, with 2.6% overhead including effect of CCLM disabled.
Patent rights declaration(s)
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