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1. [bookmark: _Toc504713888]Introduction
In the last SA4 RTC SWG ad-hoc call it was agreed to further study and define the syntax and semantics of the RTP header extension (HE) for PDU set marking. Clarifications on some outstanding aspects related to the PDU set information fields were identified as necessary for agreeing to a final syntax and semantics of the PDU set information RTP HE. In this contribution, we cover such aspects to advance the discussions towards a final RTP HE for PDU set marking.
1. Background on PDU Set Marking
According to latest LS to SA2 [1a], SA4 agreed to work on the RTP HE for PDU set marking providing the following PDU set information as part of the RTP HE fields as:
· PDU set sequence number (PSSN)
· PDU sequence number (PSN) within a PDU set
· End PDU of a PDU set indication (E)
· PDU set importance (PSI)
· Optionally, PDU set size (PSS) in bytes
Additionally, given the latest incoming LS from SA2 [1b], End of Data Burst (EoB) indication will be considered. Its presence in the RTP HE for PDU set marking is not precluded, yet out of scope for this contribution.
Proposals for different syntax and semantics of the above fields have been discussed in SA4 Tdocs [2]-[5]. Three new solutions for RTP HE of PDU set information were presented for indicating PDU set marking to an UPF: 
· one fixed RTP HE format of 11 bytes, [2]; 
· This encodes all 5 fields from above, wherein the PSS is set to 0 if the AS cannot mark the PDU set with this information.
· one fixed RTP HE format of up to 12 bytes, [3];
· This encodes 4 fields from above and the PSS as an optional field, wherein the presence of the PSS field is signaled by an SDP extmap attribute ‘pssize’ when the AS can mark the PDU set with this information.
· one RTP HE extensible solution formed of three fixed RTP HE of up to 9 bytes (i.e., without including the additional 2 bytes, respectively, 4 bytes overhead incurred due to the extensible signaling in either one-byte, or respectively, two-byte format of the three RTP HEs), [4]
· This encodes in a first RTP HE the PSSN, PSN and E fields, in a second RTP HE the PSS field, and in a third RTP HE the PSI field.

The discussions and decisions in SA4#122 and latest SA4 RTC SWG ad-hoc call, [6], agreed to limit the extensibility of the RTP HE of the PDU set information, e.g., based on RFC 8285, and further consider two options for the RTP HE format of the PDU set information, [6]:
· a fixed RTP HE format with a fixed single variant
· a fixed RTP HE format with fixed fields using URN versioning or extmap attribute extension parameters over SDP offer/answer to determine a different variant (e.g., a variant including the PSS information and a variant not including the PSS information).

Furthermore, it was agreed that both one-byte and two-byte header formats according to RFC 8285 are to be supported and that further clarifications of the syntax and semantics of all the fields are needed to define a RTP HE for the PDU set information. In particular, the following open discussion items are of interest to this contribution:
· PSSN:
· What is the number of bits necessary to encode PSSN?
· How many video slices can there be in a picture?
· PSN:
· What is the number of bits necessary to encode the PSN given limits and potential trade-offs? 
· PSI:	
· What is the necessary bit-depth for encoding the PSI semantics?
· PSS:
· In what conditions and to what degree can the PSS be provided in the RTP HE? 
· Is there a benefit of adding PSS in the middle of a PDU set?

Clause 3 aims to make some key observations regarding these open discussion items and close the gap towards a final RTP HE for PDU set information.
1. Observations about RTP HE fields for PDU set marking
2. PDU set size (PSS)
0. Potential RAN impacts
The PSS information can provide support to the NG-RAN to perform low-latency resource allocation optimizations by indicating as early as possible the size of the PDU set that needs to be transmitted over the air. Having this information available already in the first PDU of a PDU set enables the RAN to take decisions as early as possible for optimum resource allocation (e.g., scheduling), even while the PDUs of the PDU set are still being received.
Observation #1: Sending the PDU set size information as early as possible, i.e., within the RTP HE of the first PDU of a PDU set, is necessary and required for low-latency optimized resource allocation at RAN lower layers. Sending the PDU set size information later than the first PDU of a PDU set significantly reduces this benefit, whereas for instance sending the PDU set size information only in the last PDU of a PDU set is of no benefit to the RAN.
0. RTP packetization and PSS determination aspects
The typical operations of an AS transmitting media over an RTP session follow.
1. As an AS has finished encoding the media, it releases a payload for RTP processing. This payload can be for instance a video-coded NAL unit representing a slice or a frame, a non-video-coded NAL unit representing a SEI, a SPS/PPS/VPS. The AS is therefore aware of the payload size and the corresponding RTP payload format (e.g., RFC 6184 for H.264, RFC 7798 for H.265 etc.) to be transported over the network.
2. The AS uses next the payload size, RTP payload format and the information available about the path MTU to proceed with RTP payload processing, fragmentation and packetization operations. In case path MTU discovery or MTU information are not available, an MTU threshold is often applied to determine the upper limit of an RTP PDU, or alternatively RTP SDU, and perform payload fragmentation. For example, the Chromium WebRTC stack considers the Ethernet MTU of 1500 bytes and limits the RTP payload size to 1200 bytes [7]. This also considers the recommendations of RFC 8200 of a minimum MTU size of 1280 bytes for IPv6 links, and the RTP/UDP/IP encapsulation and possible RTP header extensions overheads.
3. Once the MTU and RTP PDU/SDU limits are determined, the AS timestamps the media payload and processes it further into RTP PDUs. The AS formats then the payload into a RTP specific payload (e.g., H.264 according to RFC 6184), fragments and packetizes it into one or more RTP PDUs. During packetization, the RTP header is determined, and its fields are being set accordingly to RFC 3550. Furthermore, the additional RTP header extensions negotiated over SDP are added by the AS into the RTP header to form the individual RTP PDUs.
4. Optionally, if SRTP is enabled, once the RTP PDUs have been created the RTP SDUs are encrypted and the RTP PDUs are additionally authenticated and signed given the RTP session and media stream security context, including at least the RTP session security configuration and keys.
5. Lastly, the RTP PDUs are released to the UDP socket associated with the RTP media stream and session for transmission over the network.

In marking a PDU set an AS will have to perform same steps as above, while additionally including the RTP HE for the PDU set information in the RTP PDUs. 
The PSS is not synonymous with the media payload size encapsulated in the RTP PDUs of a PDU set. The PSS needs to correctly determine the cumulative size of all PDUs of a PDU set including all their RTP/UDP/IP encapsulation overhead. To this extent, the AS needs to additionally determine the RTP/UDP/IP overhead before the actual packetization operation given established socket options and RTP session configuration. Based on this information and on the determined media payload mapping to a PDU set, the AS can then further determine the fragmentation, packetization and compute the PSS based on the RTP payload size and RTP/UDP/IP encapsulation overhead of all the PDUs of the PDU set. 
Observation #2: The AS needs to determine the PSS taking into the account the media payload size mapped to a PDU set, the PDU set fragmentation into PDUs and the RTP/UDP/IP encapsulation overhead of the PDUs, including any RTP header extensions. 
Observation #3: To determine the PSS correctly, an AS needs to discover or set an appropriate MTU size for the determination of the PDU set fragmentation into PDUs and the cumulative RTP/UDP/IP encapsulation overhead of the PDU set.
0. Video slices and frames typical sizes
The media payload size part of the PSS is mainly influenced by the size of the video coded NAL units, i.e., by the video slice and the video frame sizes. In FS_XRTraffic SI, TS 26.926, the E2E characterization (including content encoding, distribution, network, and radio access network transport) of the XR traffic was studied. Thus, several representative video encoding configurations for low-latency high-definition AR and VR use cases were covered. For instance, different VR traffic video encoding configurations were considered and evaluated for the XR traffic model as highlighted in TS 26.926 Table 6.4-1, reproduced for convenience below as Table 3-1.
	Configuration
	Basic Content Parameters

	VR2-1
	8 slices per eye buffer, 1 slice per frame is intra coded, 30Mbit/s capped VBR with window 200ms, buffer sent at same time, 1500 byte max packet size 

	VR2-2
	8 slices per eye buffer, 1 slice per frame is intra coded, 30Mbit/s capped VBR with window 200ms, buffer sent at same time, unlimited packet size 

	VR2-3
	8 slices per eye buffer, 1 slice per frame is intra coded, 30Mbit/s CBR with window 1 frame, buffer sent at same time, 1500 byte max packet size packets

	VR2-4
	8 slices per eye buffer, 1 slice per frame is intra coded, 30Mbit/s CBR with window 1 frame, buffer sent at same time, unlimited packet size 

	VR2-5
	1 slice per eye buffer, every 8th frame is intra coded, 30Mbit/s capped VBR with window 200ms, buffer sent at same time, 1500 byte max packet size 

	VR2-6
	8 slices per eye buffer, 1 slice per frame is intra coded, 30Mbit/s capped VBR with window 200ms, buffers sent interleaved, 1500 byte max packet size 

	VR2-7
	8 slices per eye buffer, 1 slice per frame is intra coded, 45Mbit/s capped VBR with window 200ms, buffer sent at same time, 1500 byte max packet size 

	VR2-8
	8 slices per eye buffer, 1 slice per frame is intra coded, 45Mbit/s capped VBR with window 200ms, buffer sent at same time, unlimited packet size 


Table 3‑1: VR video encoding configurations for split-rendering as considered in TR 26.926 (Table 6.4-1).
The test traces and configurations outlined typical H.265 video frame and slice sizes for both 30 Mbps and 45 Mbps 60 FPS traffic of 2K x 2K dual-eye buffered video of VR applications. The S-traces (available at [8]) aggregated results with respect to the slice size in bytes of the VR configurations are summarized in Table 3-2.
	Configuration
	VR 2-1
	VR2-2
	VR2-3
	VR 2-4
	VR 2-5
	VR 2-6
	VR 2-7
	VR 2-8

	Bit rate (Mbps)
	30
	30
	30
	30
	30
	30
	45
	45

	Mean (bytes)
	3566
	3565
	3695
	3693
	26057
	3566
	5092
	5092

	Median (bytes)
	3340
	3338
	3407
	3407
	26537
	3339
	4975
	4975

	Std (bytes)
	1096
	1096
	1249
	1249
	3366
	1097
	1554
	1555

	Min (bytes)
	638
	663
	1384
	1377
	5972
	654
	643
	654

	Max (bytes)
	12614
	12796
	19624
	19630
	52397
	12698
	12627
	12639


Table 3‑2: Summary of slice/frame sizes in bytes for the S-traces of the VR2-x FS_XRTraffic configurations.
The video slice and frame size for each eye buffer varies therefore considerably from hundreds of bytes to tens of thousands of bytes depending on the encoding configuration used, e.g., number of slices per frame, rate constraints, resolution, quality parameters, profiles, and tiers etc. The maximum slice size when slice encoding is applied varies between roughly 13000 bytes and 20000 bytes. Similarly, the maximum frame size is less than 53000 bytes when sliced encoding is not configured (i.e., 1 slice segment configured per frame). It follows therefore that at most 16 bits are at least necessary to encode slice or frame sizes based on the VR 2-x configurations of TR 26.926.
Observation #4: At least 16 bits are necessary to encode the PSS field given typical slice and frame sizes in bytes as studied in FS_XRTraffic SI.
The increasing resolutions from 2K to 4K, 8K, video codec configurations with lower compression ratios and advanced video encoding configurations, (in the case of 360-degree video, volumetric video etc.) may require a PDU set to be larger than 65356 bytes. To accommodate for higher PDU set sizes beyond this, at least 24 bits of depth for encoding the PSS are recommendable. This would correspond to 16,777,216 bytes, or equivalently, 16.7 MB per PDU set. Assuming a 60 FPS traffic periodicity and a dual-eye buffer as per Table 3-1 configurations, this would correspond to a maximum supported bit rate of 16,777,216 x 2 x 60 = 2,013,265,920 bytes per second, or alternatively, approximately 16 Gbps.
Observation #5: Encoding the PSS as an unsigned integer of at least 24 bits is recommendable to cater for more advanced encoding configurations and super high quality XR experiences.
2. PDU sequence number (PSSN)
The PSSN acts as a PDU set identifier allowing common treatment over the 5GS of the PDUs within PDU set. Given that over the transmission path reordering of PDUs and implicitly PDU sets is possible, it is therefore imperative for the correct processing of PDU sets across the stack to correctly identify them. The PSSN bit depth provides therefore the namespace resolution of PDU sets across the 5GS at any given instance.
Video slices corresponding to a picture may be mapped by an AS to individual PDU sets. This would be typical especially for sliced video encodings whereby the AS would map the individual slice segments of a picture to a PDU set as soon as they become available to avoid buffering and reduce latency. This is currently typically the case as applications usually avoid aggregation of NAL units and release them as soon as possible as payloads to the RTP payloader and packetizer routines. Therefore, when applying PDU set marking to slices of the same picture, or alternatively, the paired eye buffer, it is preferable that the PSSNs do not wrap around and collide. This keeps the complexity low on the UPF side where further processing is not needed to watch additionally the RTP sequence number to identify a PDU set instance in combination with the PSSN. In other words, the PSSNs of PDU sets in transport over the 5GS need not collide. A PSSN value needs thus to be marked on only one PDU set over at least the duration of the PSDB of that PDU set. This is possible given an appropriate resolution of the PSSN and its unit incrementation between successive PDU sets. 
Observation #6: The PSSN bit depth needs to be large enough to ensure that PDU sets do not collide while transported over the 5GS.
The maximum number of slides segments within a picture provides a good indication of the resolution the PSSN needs to have.
1. Maximum number of slices in H.264
According to the H.264 video codec specification [9], Annex A.3.3., most of the profiles (e.g., Main, High, Progressive/Constrained High, High 10, Progressive High 10, High 4:2:2, High 4:4:4 etc.) shall satisfy the constraint that the number of slices in picture n is less than or equal MaxMBPS * ( tr( n ) − tr( n − 1 ) ) ÷ SliceRate, where MaxMBPS and SliceRate are the values specified in Tables A-1 and A-4, respectively, that apply to picture n”. In other words, the maximum number of slices in a picture is given by ). This results in following theoretical limits:
· Level 4.2 for 1080p@60FPS and 2K x 1K@60FPS
· max. number of slices per picture is int(522,240 / 60 / 24) = 362
· Level 6.2 for 2K x 1K@300FPS
· max. number of slices per picture is int(16,711,680 / 300 / 24) = 2321
· Level 6.2 for 8K x 4K@60 (maximum profile and tier)
· max. number of slices per picture is int(16,711,680 / 60 / 24) = 5802
In practice, slicing increases complexity of both encoding and decoding. As such, a significant number of encoders and decoders impose constraints on the maximum supported number of slices per picture. For example, the libav encoder and decoder limit slicing and libavh264dec limits its support to a maximum of 32 slices per picture irrespective of the resolution or the frame rate (e.g., by the definition of #define MAX_SLICES 32 in h264dec.h header file).
1. Maximum number of slices in H.265
According to the H.265 video codec specification [10], Table A.6 and Annex A.4.2, the vast majority of the profiles are limited to a number of slice segments in picture n less than or equal to Min( (Max( 1, MaxSliceSegmentsPerPicture * MaxLumaSr / MaxLumaPs * ( AuCpbRemovalTime[ n ] − AuCpbRemovalTime[ n − 1 ] ) ), MaxSliceSegmentsPerPicture ). In other words, in H.265 the number of slices per picture is limited to at most MaxSliceSegmentsPerPicture to decrease codec implementation complexity, [11]. The MaxSliceSegmentsPerPicture threshold is thus provided in [10], Table A.6, and is 600 for the Level 6.x. For Levels 4.x it is 75 and for Levels 5.x it is 200.
Note that a similar approach applies for H.266 with the same thresholds for Levels 4.x, Levels 5.x and respectively Levels 6.0-6.2, whereas Level 6.3 is capped at 1000 slices per picture according to [12], Table A.2.
Observation #7: The maximum theoretical number of slices per picture is for H.264 5802, for H.265 600, and for H.266 1000, respectively. Yet, in practice the number of slices per picture is generally much smaller. As such, at most 10 bits encoding of PSSN is sufficient to ensure no collisions among PDU sets transported over the 5GS. 
2. PDU set importance (PSI)
RAN2 agreed in concluding its SI on NR enhancements for XR, TR 38.835, that PSI identifies the relative importance of a PDU Set compared to other PDU Sets within a QoS Flow. However, RAN2 also agreed that it may use the PSI indication at a PDU set level only for packet discarding in the presence of congestion. In other words, the PSI will not be used for resource prioritization on a PDU set level. Accordingly, given the RAN agreements in TR 38.835, the PDU sets received at the SDAP level on the same QoS flow share the same PSDB and PSER requirements, and hence will be treated the same by lower layers in radio resource allocation and scheduling. Thus, the PSI may only indicate to the RAN whether it is okay to discard a PDU set in case the RAN detects a congestion condition that prevents the PDU set transmission within its PSDB.
The SA2 agreements and CR3896r14 against TS 23.501 are as well clarifying the PSI as an indicator of the relative importance of a PDU Set compared to other PDU Sets within a QoS Flow such that the NG-RAN may use the PSI within a QoS Flow for PDU Set level packet discarding in presence of congestion.
Observation #8: As RAN may use the PSI only for discarding PDU sets in the presence of congestion a 1-bit PSI field is sufficient to indicate whether a PDU set may be discarded or not relative to the others on a QoS flow.
The SA2 CR3896r14 against TS 23.501 notes that whether and how PSI can span across QoS Flows is left FFS. As such, for finer relative importance indication via the PSI and a potential future support of prioritization across the 5GS of PDU sets within a QoS flow, or alternatively across QoS flows, it may be desirable to further use for the PSI field more than 1 bit. A total of at most 3 bits will provide 8 importance levels and sufficient granularity. Trade-offs between the resolution of the importance level, its semantics and bit savings that may be leveraged for other RTP HE fields may become further necessary.
Observation #9: If finer levels of relative importance among PDU sets are desired more than 1 bit, e.g., 3 bits, can be used for the PSI field. Yet, trade-offs between the importance level semantics and bit savings to the benefit of other fields of the RTP HE may be necessary.
2. PDU sequence number (PSN)
The PSN bit depth is related to the maximum number of PDUs present in a PDU set. For instance, based on Clause 3.1, Observation #3 and Observation #5, the maximum number of PDUs within a PDU set may be theoretically derived for the PDU set maximum size of 16,777,216 bytes while considering a WebRTC typical limit of 1,200 bytes for the RTP PDU payload. In this case, the maximum number of PDUs within a PDU set is of  = 13,982 PDUs. To encode this without wraparound, 14 bits are needed. 
However, given that in-sequence delivery is not expected as per SA4 LS out to RAN2 [12], the PSN wraparound can be resolved by the UPF, if really needed, with support from the RTP sequence number. The PSN is therefore open for further optimizations with respect to its bit depth. According to Table 3-2 most of the slices are sized between approximately 600 and 20,000 bytes, while frame sizes vary between approximately 6,000 and 53,000 bytes. Given the same typical limit of 1,200 bytes for the RTP PDU payload, these ranges are covered roughly by 1 up to 45 PDUs mapped to a PDU set. These values would correspond to a 6-bit PSN representation starting with 0 for the first PDU of a PDU set, incrementally increasing for subsequent PDUs of the PDU set with wraparound at 63.
Observation #10: The PSN field wraparound can be used to further optimize the PDU set information RTP HE size.
2. One-byte & two-byte formats and alignment
The RTP header extension field is 4-byte aligned. The generic RTP header extension mechanism of RFC 8285 preserves this alignment of the RTP header extension field for both one-byte and two-byte formats. This is achieved by padding bytes at the end of all the RTP header extension elements or in between RTP header extension elements.
As the RTP HE for PDU set information needs to support both one-byte and two-byte format it is thus beneficial that the RTP HE achieves the alignment modulo 4 bytes with as little padding as possible, while ensuring a minimum size for its fields. As the PSS field alone requires at least 3 bytes (i.e., conform Observation #5), it follows that the next smallest size aligning with lowest padding amount for both one-byte and two-byte formats is 6 bytes. Concretely, in one-byte format an RTP HE for PDU set information of 6 bytes would be preceded by the one-byte header as per RFC 8285 and would require at most 1-byte padding for the alignment. In two-byte format an RTP HE for PDU set information of 6 bytes would be preceded by the two-byte header as per RFC 8285 and would require no additional padding for alignment.
Observation #11: An RTP HE for PDU set information of 6 bytes is the minimum size necessary to reduce the overhead of zero padding required for the RTP header field alignment, support both one-byte and two-byte formats and provide all PDU set information needed (including PSS).
2. Overview
The key Observations #1-#11 and information in Clauses 3.1-3.5 are aggregated in Table 3-3 relative to the RTP HE fields for the PDU set information.
	PDU set information field
	Bit depth
	Encoding
	Further comments

	PSSN
	<10
	Unsigned integer that encodes a PDU set sequence number and so identifies the PDU set. It is incremented by unity with each successive PDU set on a QoS flow (i.e., 5-tuple). 
	It wraps around at 1023, yet it is not expected that the UPF may require additional assistance from the RTP sequence number in identifying a PDU set.
Lowering further the bit depth of this field may increase complexity on the UPF side in identifying PDU sets.

	PSN
	6
	Unsigned integer that encodes the PDUs in a PDU set. It starts at 0 for the first PDU in the PDU set and is incremented by unity with each successive PDU in the PDU set.
	It wraps around at 63. The UPF may use additionally the RTP sequence number if exact identification of PDUs is needed upon wraparound.
Further optimization may be considered in reducing this field’s size.

	E
	1
	Bit flag set (1) for the end PDU of a PDU set and unset (0) for all the other PDUs of the PDU set.
	

	PSI
	1-3
	Linear encoding of the importance of a PDU set relative to other PDU sets on the same QoS flow (i.e., 5-tuple). 
	If 1 bit depth is used, a ‘0’ indicates that PDU set cannot be dropped by RAN (i.e., PDU set of HIGH importance), and a ‘1’ indicates that PDU set can be dropped by RAN (i.e., PDU set of LOW importance) upon congestion presence. 
If more bit depth preferred, then specific semantics of the importance levels are FFS. NOTE: Currently, importance levels have no PDU set prioritization effect in RAN.

	PSS
	>24
	Unsigned integer that encodes the PDU set size as determined by the AS (including both the media payload size and the encapsulation overhead).
	

	RSVD
	4-6
	Reserved bits for future use.
	The usage of these bits for other indications (e.g., End of Data Burst indication) or extensions of current fields (e.g., PSN) is not precluded.

	Total RTP HE
	48 bits / 6 bytes
	
	Minimum size of RTP HE for PDU set information given the required PDU set information fields, some theoretic/ practical limits (e.g., on PSS, PSSN, PSN), alignment and padding specific details of RFC 8285. 


Table 3‑3: Summary table of observations related to the RTP HE fields for the PDU set information.
4 	Proposal
We propose to add the information in Clause 3 in the permanent document as basis for further work.
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