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Abstract of the contribution: The paper proposes inclusion of positioning error (localization accuracy) into 5QI as an additional parameter.
Discussion: 
Several services such as Virtual Reality (VR), Augmented Reality (AR), Mixed Reality (MR) but also Automated Guided Vehicles (AGVs) and Unmanned Aerial Vehicle (UAV) require a specific localization and orientation accuracy. Localization and orientation are determined either using internal sensors such as infrared, LiDAR, cameras, Inertial Measurement Units (IMU) or externally provided to the devices.

For AGVs, often a 2-dinmensional localization (X and Y coordinates) is enough and only the required accuracy varies, depending on the scenario (indoor, outdoor) and the current tasks (driving along a path or doing a parking manoeuvre). In some cases, also a third dimension (i.e., the elevation) or even six dimensions, adding the orientation (i.e., the direction it is facing) are needed for exact localization and control, e.g. for drones.
For Extended Reality (XR) applications, covering VR, AR and MR, between 3 Degrees of Freedom (3DoF) and 6 Degrees of Freedom (6DoF) are needed. Figure 1 illustrates the possible degrees of freedom. For 3DoF localization, the three rotational and un-limited movements around the X, Y and Z axes (respectively pitch, yaw and roll) are tracked. A typical use case for this is a user sitting in a chair enjoying 3D 360 VR content through a Head Mounted Display (HMD). 6DoF instead also include the full translational movement along the X, Y and Z axis. A typical use case is a user freely walking through 3D 360 VR content.
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[bookmark: _Ref55501125]Figure 1 Different degrees of freedom for a user in extended realities (TR 26.928, Figure 4.1-2)
For all the above-mentioned services, the localization and orientation accuracy have strong influence on the QoS and user experience (QoE) and furthermore, on the required bandwidth and latency. Considering e.g. a VR service, various transmission options are possible, depending on localization and orientation accuracy. With a low accuracy, the whole 3D 360 content is transmitted, and HMD internal methods/sensors are used to display the required content within the viewport. A higher accuracy enables to transmit the 3D content within viewport plus a few degrees in each direction. A very high external localization and orientation accuracy and a very low latency enables to transmit only the 3D content of the viewport. As the localization and orientation error is not known by the device, more 3D content than necessary is streamed to cope with the error or a QoS degradation is accepted. Therefore, localization and orientation accuracy play an important role on the QoS characteristics and parameters of the flow carrying XR traffic. Localization and orientation accuracy for XR services should be defined in terms of maximum positioning error on the X, Y and Z axes and maximum rotation angles around the X, Y and Z axes with respect to the actual position and orientation, respectively. This error can be called 6DoF error, since it provides a way to compute the maximum error for each component of the 6DoF information.

To illustrate the relationship between the 6DoF error and bitrate, we evaluate the ratio between the volume covered by all possible displacements and rotations of the Field of View (FOV) due to the 6DoF error and the volume of the actual FOV. We call this metric Information Ratio, since it approximates the amount of extra information needed to encode the non-visible 3D space. To simplify the analysis, we model the 6DoF error using only two parameters:
· e: maximum relative positioning error expressed as percentage of the radius of the horizontal FOV (i.e., a percentage of the maximum horizontal view);
· ε: maximum angle of rotation on each axis of the FOV expressed in degrees.

The 6DoF error causes a maximum displacement of the FOV on the surface of a sphere centred at the actual UE position with radius e, while the orientation of the FOV is rotated on each axis at most by ε. Figure 2 shows two possible displacements and rotations of the actual single-eye FOV, which is represented in the figure as the green semi-cone. The red semi-cones represent two possible displacements and rotations caused by the 6DoF error (e=10% and ε=30°). 
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Figure 2 Red FOVs represent two possible displacements and rotations of the actual FOV (in green) when e=10% and ε=30°.
To evaluate the sensitivity of Information Ratio to the 6DoF Error, we vary the maximum relative distance e from 5% to 30% of the FOV radius and the maximum rotation angle ε from 5 to 30 degrees. 
Results of the information ratio as a function of the relative positioning error e and the angle of rotation ε are illustrated in Figure 3. Each curve represents the Information Ratio for a fixed maximum angle of rotation when the maximum relative positioning error varies between 5% to 30%. We can observe that even small position and rotation errors result in high information ratio. For example, with positioning and rotation errors as low as 5% and 5°, the network should expect a bitrate for the XR connection twice as large as the bitrate of the connection without 6DoF Error. The bitrate can increase up to a factor 12 in the case of positioning error and rotation errors as large as 30% and 30°.
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Figure 3 Information Ratio for different values of e and ε. The information ratio represents the multiplier of the bitrate due to the 6DoF Error.

Observation 1: 3D localization and orientation accuracy affect the data-rate requirements of XR services. In particular, the lower the localization and orientation accuracy is, the larger is the amount of 3D information, which needs to be transmitted to the HMD to compensate localization and orientation errors.
Observation 2: Localization and orientation accuracy for XR services should be defined in terms of maximum positioning error on the X, Y and Z axes and maximum rotation angles around the X, Y and Z axes with respect to the actual position and orientation, respectively.

Proposal 1: Adopt a maximum error on the 6DoF information (called 6DoF error) to define the localization and orientation accuracy for XR services.

While the 6DoF error can be used to estimate and change QoS parameters of the XR QoS Flow like the guaranteed bitrate, we observe that the dependency between 6DoF error and QoS parameters is bidirectional. Indeed, QoS parameters like latency/Packet Delay Budget (PDB) and Packet Error Rate (PER) may also affect the 6DoF error. For example, a low PER can limit the maximum 6DoF error since the additional used bandwidth to send the extra-information used to compensate the 6DoF error might not be guaranteed in certain radio and network conditions. Therefore, the maximum 6DoF error should be defined as a new QoS characteristic for interactive XR and gaming services. To this end, the Table 5.7.4-1 of TS 23.501 - Section 5.7.4, needs to be extended with one additional column marked as Maximum 6DoF Error. Table 1 shows a possible definition of the Maximum 6DoF Error for two AR/XR services, where 6 values are provided for the maximum error on each coordinate and angle. Simpler representation of the Maximum 6DoF Error consider relationships and constraints among the coordinates and rotational angles. For example, the positioning error in the 6DoF error can be represented considering maximum horizontal and/or vertical distances. Typical units of measure for the 6DoF error are meters for positioning errors and degrees or radians for rotation angles.

[bookmark: _Ref61946289]Table 1: Exemplary representation of the enhanced QoS Indicator for two XR services, with and without 6DoF error
	enhanced QoS Indicator Value
	Resource Type
	Default Priority Level
	Packet Delay Budget
	Packet Error
Rate 
	Default Maximum Data Burst Volume
	Default
Averaging Window
	Max 6DoF Error
	Example Services

	80
	Non-GBR
	68
	10 ms
(NOTE 5,
NOTE 10)
	10-6
	N/A
	N/A
	(0, 0, 0)
(0, 0, 0)
	Low Latency eMBB applications Augmented Reality

	..
	..
	..
	..
	..
	..
	..
	..
	..

	100
	Non-GBR
	68
	10 ms
(NOTE 5,
NOTE 10)
	10-6
	N/A
	N/A
	(0.1 m, 0.1 m, 0.1 m)
(5°, 5°, 5°)
	Low Latency eMBB applications Augmented Reality with Error



Observation 3: 6DoF error and QoS characteristics like Packet Delay Budget (PDB) and Packet Error Rate (PER) depend on each other. For example, a low PER limits the maximum 6DoF error since the additional bitrate needed to transmit the extra-information to compensate the 6DoF error may not be achievable in certain radio conditions.

Proposal 2: Adopt the 6DoF error as a new QoS characteristic for QoS Flows and 5QIs defined for interactive XR and gaming services.

Proposal 3: Extend Table 5.7.4-1 of TS 23.501 - Section 5.7.4 with one additional column marked as Maximum 6DoF Error.
2. Conclusions
[bookmark: _Hlk40860841]In this contribution, we discussed the possibility to add localization and orientation accuracy into 5QI as an additional parameter called 6DoF error. The following observations have been made:
Observation 1: 3D localization accuracy affects the data-rate requirements of XR services. In particular, the lower the localization accuracy is, the larger is the amount of 3D information, which needs to be transmitted to the HMD to compensate localization errors.
Observation 2: Localization and orientation accuracy for XR services should be defined in terms of maximum positioning error on the X, Y and Z axes and maximum rotation angles around the X, Y and Z axes with respect to the actual position and orientation, respectively.

Observation 3: 6DoF error and QoS characteristics like Packet Delay Budget (PDB) and Packet Error Rate (PER) depend on each other. For example, a low PER limits the maximum 6DoF error since the additional bitrate needed to transmit the extra-information to compensate the 6DoF error may not be achievable in certain radio conditions.

According to previous observations, we make the following proposals:

Proposal 1: Adopt a maximum error on the 6DoF information (called 6DoF error) to define the localization and orientation accuracy for XR services.

Proposal 2: Adopt the 6DoF error as a new QoS characteristic for QoS Flows and 5QIs defined for interactive XR and gaming services.

Proposal 3: Extend Table 5.7.4-1 of TS 23.501 - Section 5.7.4 with one additional column marked as Maximum 6DoF Error.
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