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Abstract
This document reports on the results of Core Experiment 6 (CE6) [VCEG-BZ04], providing further evidence for the use of signal re-referencing as documented in SG21-C0439.
Introduction
The proposed changes are evaluated under the BWC Common Test Conditions (CTC) [VCEG-BZ03]. Note that within the CTC both combined channel and independent channel coding configurations are specified. However, since signal re-referencing is not compatible with independent channel decoding this CE uses only the combined channel coding. Similarly, this CE is only evaluated for the lossless operating points. Use in the lossy operating points would require different coding for channels within the same waveform parameter set (WPS), something that the test model software does not yet support.
This CE requires channel groups to only contain signals of the same modality (i.e., EEG only), and to have sufficiently large numbers of channels in order to be beneficial. These conditions are only satisfied by the CTC NMR57 dataset as it contains recordings with a single modality, and more than 2 channels.
Software configuration
The software used for the experiments is BWC-4.0 as of 09/12/2025 (commit 6a98882d), with the required CE modifications implemented relative to BWC-4.0, using the bitstream syntax described in SG21-TD169. The anchor condition is the unmodified test model encoded as-per the configurations specified in the CTCs, while the condition under test uses the same configurations with the exception that the input bit-depth is configured to be 24-bit instead of the 12 -or 16-bit of the original data. This is required to ensure sufficient resolution to ensure that clipping / overflow does not occur [SG21-C0439].
Experimental results
Table 1 provides the results for the lossless operating points for the CE with respect to the anchor conditions. Table 2 shows the impact of specifying the input bit-depth as 24-bit for the BWC4.0 test model.
As discussed in the introduction, the CE targets the NMR57 dataset specifically, the per-file results are shown in Table 3.
Note that the results are generated using a high-performance compute cluster, with tasks split across many nodes. As such the timing information should be taken as a guide, as it cannot be guaranteed that the anchor condition and the CE condition were processed on the same node. The distributed processing does not affect the compression performance results.
Table 1 - CE Performance
	
	Lossless Compression

	
	Over 4.0

	
	BR-R
	EncT
	DecT

	MIT (ECG)
	5.20%
	98.62%
	87.04%

	INCART (ECG)
	16.00%
	102.33%
	82.53%

	CHBMIT (EEG)
	1.78%
	97.53%
	71.66%

	NMR55 (EEG)
	6.18%
	100.79%
	95.33%

	NMR57 (EEG)
	-2.53%
	86.87%
	91.37%

	Ozdemir (EMG)
	1.12%
	92.50%
	74.68%

	PTT (PPG)
	32.19%
	103.38%
	124.50%

	WristPPG (PPG)
	10.29%
	101.46%
	73.20%

	Overall
	8.78%
	98%
	88%



Table 2 - Impact of specifying the input bit-depth as 24 bit.
	
	Lossless Compression

	
	Over 4.

	
	BR-R
	EncT
	DecT

	MIT (ECG)
	0.01%
	100.82%
	99.20%

	INCART (ECG)
	0.00%
	96.40%
	93.24%

	CHBMIT (EEG)
	-0.05%
	95.02%
	90.66%

	NMR55 (EEG)
	0.02%
	97.61%
	86.27%

	NMR57 (EEG)
	-0.03%
	83.50%
	75.58%

	Ozdemir (EMG)
	0.00%
	88.62%
	86.96%

	PTT (PPG)
	0.00%
	98.30%
	94.44%

	WristPPG (PPG)
	0.01%
	88.56%
	90.22%

	Overall
	-0.01%
	94%
	90%



Table 3 - Per-file bit-rate changes for the NMR57 dataset.
	Test File
	BR-R
	EncTime

	sub-R1124J_ses-0_task-FR3_acq-bipolar_ieeg
	3.46%
	100.20%

	sub-R1124J_ses-1_task-FR3_acq-monopolar_ieeg
	-16.97%
	98.28%

	sub-R1145J_ses-0_task-FR3_acq-monopolar_ieeg
	-16.86%
	88.90%

	sub-R1154D_ses-1_task-FR3_acq-monopolar_ieeg
	0.30%
	103.92%

	sub-R1154D_ses-1_task-FR3_acq-bipolar_ieeg
	1.10%
	101.89%

	sub-R1154D_ses-3_task-FR3_acq-bipolar_ieeg
	2.15%
	92.47%

	sub-R1154D_ses-4_task-FR3_acq-bipolar_ieeg
	0.89%
	92.84%

	sub-R1154D_ses-4_task-FR3_acq-monopolar_ieeg
	0.22%
	103.99%

	sub-R1161E_ses-0_task-FR3_acq-monopolar_ieeg
	0.32%
	109.03%

	sub-R1161E_ses-1_task-FR3_acq-bipolar_ieeg
	2.11%
	106.83%

	sub-R1163T_ses-1_task-FR3_acq-monopolar_ieeg
	0.29%
	89.35%

	sub-R1166D_ses-0_task-FR3_acq-bipolar_ieeg
	-11.21%
	105.22%

	sub-R1166D_ses-1_task-FR3_acq-monopolar_ieeg
	0.26%
	104.91%

	sub-R1166D_ses-1_task-FR3_acq-bipolar_ieeg
	-14.47%
	101.61%

	sub-R1170J_ses-0_task-FR3_acq-bipolar_ieeg
	-14.32%
	96.82%

	sub-R1170J_ses-1_task-FR3_acq-monopolar_ieeg
	0.09%
	81.22%

	sub-R1195E_ses-0_task-FR3_acq-bipolar_ieeg
	3.00%
	77.65%

	sub-R1195E_ses-1_task-FR3_acq-monopolar_ieeg
	-0.27%
	70.04%

	sub-R1195E_ses-2_task-FR3_acq-monopolar_ieeg
	0.00%
	68.50%

	sub-R1195E_ses-2_task-FR3_acq-bipolar_ieeg
	2.88%
	83.07%

	sub-R1200T_ses-0_task-FR3_acq-bipolar_ieeg
	1.60%
	75.23%

	sub-R1200T_ses-0_task-FR3_acq-monopolar_ieeg
	0.53%
	68.71%

	sub-R1201P_ses-0_task-FR3_acq-monopolar_ieeg
	-16.53%
	67.94%

	sub-R1202M_ses-1_task-FR3_acq-bipolar_ieeg
	2.86%
	104.55%

	sub-R1204T_ses-0_task-FR3_acq-bipolar_ieeg
	-12.23%
	82.86%

	sub-R1204T_ses-0_task-FR3_acq-monopolar_ieeg
	0.14%
	63.78%

	sub-R1223E_ses-0_task-FR3_acq-monopolar_ieeg
	0.09%
	64.95%

	sub-R1223E_ses-1_task-FR3_acq-monopolar_ieeg
	0.23%
	69.28%

	sub-R1223E_ses-1_task-FR3_acq-bipolar_ieeg
	1.52%
	68.43%

	sub-R1293P_ses-1_task-FR3_acq-bipolar_ieeg
	3.00%
	104.36%



Specification Text Changes (From TD169)
Specification Text Changes (From TD169)
[bookmark: _Hlk211166112]Syntax
	waveform_parameter_set_rbsp( ) {
	Descriptor

		wps_waveform_parameter_set_id
	u(4)

		NumChannelGroups = 0
	

		TotalNumChannels = 0
	

		do {
	

			wps_num_channels_in_next_group_minus1
	ue(v)

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

			wps_num_channel_group_repetitions
	ue(v)

			for( j = 0; j  <=  wps_num_channel_group_repetitions; j++ ) {
	

				NumChannels[ NumChannelGroups ] =
					wps_num_channels_in_next_group_minus1 + 1
	

				channel_group_reref_enable[NumChannelGroups]
	u(1)

				if (channel_group_reref_enable[NumChannelGroups]{
	

					channel_group_reref_mode[NumChannelGroups]
	u(2)

					channel_group_reref_channel_idx[NumChannelGroups]
	ue(v)

				}
	

				ChannelGroupStartingPos[ NumChannelGroups++ ]= TotalNumChannels
	

				TotalNumChannels  +=  wps_num_channels_in_next_group_minus1 + 1
	

			}
	

			wps_more_channel_groups_present_flag
	u(1)

		} while( wps_more_channel_groups_present_flag )
	

		wps_channel_reordering_flag
	u(1)

		if( wps_channel_reordering_ flag ) {
	

			wps_num_channel_swaps_minus1
	ue(v)

			for( i = 0; i  <=  wps_num_channel_swaps_minus1; i++ ) {
	

				wps_swap_frst_idx[ i ]
	ue(v)

				wps_swap_scnd_idx_min_frst_idx_min1[ i ]
	ue(v)

			}
	

		}
	

		wps_num_annotation_channels
	ue(v)

		for( j = 0; j < wps_num_annotation_channels; j++ )
	

			AnnotationChannelNumSamples[ j ] = 0
	ue(v)

		rbsp_trailing_bits( )
	

	}
	



Semantics
channel_group_reref_enable specifies whether rereferencing is applied to the current channel group.
channel_group_reref_mode specifies the rereferencing mode used as shown in Table 3
Table 3 – Value of wps_reref_channel_group_mode
	channel_group_reref_mode
	Rereferencing Mode

	0
	CAR

	1
	Channel subtraction 

	2
	Reserved for future use

	3
	Reserved for future use


channel_group_reref_channel_idx specifies the index of the reference channel within the channel group.

Text for additional subclause of 8.1:
“
This process is invoked per channel after the decoding of channel data prior to output when the value of channel_group_reref_enable is true for the channel group that includes the channel.
Rereferencing is the process by which an encoder subtracts a given reference channel from a channel signal before encoding. To invert this during decoding the reference channel signal is added to the channel signal.
For each channel:
· The reference channel is determined from the value of channel_group_reref_channel_idx.
· If the current channel index is the same as the reference channel no processing is applied.
· If the current channel index is different from the reference channel then the reference channel signal shall be added to the current channel signal.
· If the current channel is the same as the reference channel and the value of channel_group_reref_mode is equal to ‘CAR’ then the current channel shall be excluded from the output of the decoder.
· The output for channel ‘ch’ is obtained from the following pseudo-code:
	for(k = 0; k < block_length; k ++){
		signal[ch][k] += signal[channel_group_reref_channel_idx][k];
		signal[ch][k] = (signal[ch][k] < SignalMax) ? signal[ch][k] : SignalMax;
		signal[ch][k] = (signal[ch][k] > SignalMin) ? signal[ch][k]: SignalMin;
	}
	where 
SignalMax = 2 ^ (BitDepthMax >> 1) 
SignalMin = −(2 ^ (BitDepthMax >> 1) − 1)
”

Observations and Summary
The experimental results show that signal re-referencing can have a significant reduction in bit-rate for recordings that contain large numbers of channels from the same signal modality, with bitrate reductions of up to 17% possible in the large NMR57 dataset. Based on these findings we propose to include the modifications into the next version of the H.BWC specification and respective test model.
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