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1	Introduction
In RAN#102 a study item for AIML Mobility was approved [1]. In the approved SID, TSG RAN identified the following objective that is relevant for the RLF/HOF use-case.
	· AI/ML based RRM measurement and event prediction,  
· Cell-level measurement prediction including intra and inter-frequency (UE sided and network sided model) [RAN2] 
· Inter-cell Beam-level measurement prediction for L3 Mobility (UE sided and network sided model) [RAN2] 
· HO failure/RLF prediction (UE sided model) [RAN2] 
· Measurement events prediction (UE sided model) [RAN2] 




This document discusses the aspects that are relevant to the evaluation objective identified in the Rel-19 SI on AIML Mobility. Specifically, we provide our views on the different sub-use cases that are relevant for the SI, together with considerations on the deployment and evaluation aspects.
2	Discussion
Handover and radio link failures can cause major data connection interruptions for the UE and therefore one key objective of mobility solutions is to minimize failures and their impact. 

2.1	Definitions and Scope
Referring to clause 5.2 in TR36.839, we adopt the definitions of handover failure (HOF) and radio link failure (RLF) as specified in the Annex in Section 5.1 “General Simulation assumptions on HOF and RLF”.

Summarizing the definitions: 
	HOF
	A measurement event (e.g. A3) condition is fulfilled and a handover is potentially prepared and/or executed but fails leading to an RLF.

	RLF
	No target candidate cell is identified and no measurement event condition (A3) is fulfilled; or, a measurement event condition is fulfilled but a failure occurs prior to reception of the handover command. RLF occurs due to shadowing or UE out of radio coverage.



Proposal 1: Re-use the definition of terms handover failure (HOF) and radio link failure (RLF) as in clause 5.2 in TR36.839.

A handover failure may be caused by:
· Too-late handover: The handover command is sent by the gNB to the UE, but the handover command no longer reaches the UE. The UE experiences an RLF and re-establishes the connection to the target cell.
· Too-early handover: The handover command is sent by the gNB to the UE too early, so that it is not able to connect to the prepared target cell before timer T304 expires. The UE re-establishes the connection back to the source cell.
· Handover to wrong cell: The handover command is sent by the gNB to the UE to handover to wrong target candidate cell. The UE experiences a RLF and re-establishes the connection to a third cell.

Additionally, a ping-pong (PP) handover is a scenario where a UE is handed over between two cells A and B, and then back to A, i.e., A->B->A, within a short period. Ping-pongs can be further separated into two classes: 
· A ping-pong handover, which was necessary to avoid an RLF.
· A ping-pong handover, where the UE could have remained in the original source cell A without an RLF or service degradation.

Since ping-pong handovers introduce the cost of successful handovers in terms of UE service interruption time, signaling etc., excessive ping-pong handovers and especially excessive unnecessary ping-pongs may be considered a mobility problem. 

Observation 1: The mobility procedures in NR may experience different issues, such as too late handovers, too early handovers, ping-pong handover and handover to a wrong cell. 

Observation 2: Depending on how the predictions are used, it may be necessary to predict the probability of a failure or additionally the most likely cause of the failure.

Proposal 2: The HOF/RLF prediction use case should study the prediction of too-late handovers, too-early handovers, handovers to the wrong cell and ping-pong handovers.

2.2	HOF/RLF Prediction Justification
A handover failure may be caused by a configuration issue, which leads to the handover being triggered at a wrong time or to a wrong target candidate for certain UEs with specific mobility profiles, e.g., UE speed and trajectory. Additionally, radio link and handover failures may be influenced or caused by network coverage issues. 

Failures caused by misconfiguration of cell adjacencies may be reduced by handover parameter optimization, for example by using the Mobility Robustness Optimization (MRO) methods in Self-Organizing Networks (SON) concepts.

Observation 3: Conventionally, HOFs/RLFs may be mitigated by appropriate network configuration, e.g. HO parameter optimization and MRO/SON.

Proposal 3: The baseline considered in the evaluation should be optimized with the state-of-the-art optimization methods and any additional gains achieved with ML-based HOF/RLF prediction should be evaluated against that baseline.

Applying ML in mobility RRM procedures may further reduce failures or mitigate their impact in challenging scenarios by predicting the failure probability specifically for each specific handover situation. The possible additional gains and trade-offs are FFS.

Observation 4: Applying ML in mobility RRM procedures may further reduce failures or mitigate their impact in challenging scenarios.
2.3	Deployment Aspects
The probability of a HOF/RLF/PP depends on factors, which are local to a specific handover region or cell adjacency. This includes, for example, the radio environment, UE trajectories and speed. ML may be able to learn from the training data, which scenarios have higher probability of failure in that specific context. Such ML models are cell-, site- or area-specific and require cell-, site- or area-specific training data. Cell-, site- or area-specific ML models set specific requirements for the ML Life-Cycle Management (LCM).

Observation 5: The HOF/RLF prediction may benefit from cell-, site- or area-specific ML models.  Cell-, site- or area-specific ML models set specific requirements for the ML LCM.

As agreed in RP-234055, the study will focus on mobility enhancement by following existing mobility framework, i.e., handover decision is always made in network side. 

Proposal 4: Actions based on the predicted probability of HOF/RLF/PP are controlled by the network. 

If a predicted probability of HOF/RLF/PP reported by the UE to the network, there may be requirements for the accuracy and definition of the provided predictions. These requirements depend on how the predictions are used.

Proposal 5: Requirements for HOF/RLF/PP predictions reported by the UE to the network are FFS.

Constant or periodic HOF/RLF/PP prediction may be costly in terms of measurements the UE needs to take for prediction input as well as unnecessary actions due to false positive predictions. Therefore, the conditions for providing the predictions are to be studied.

Proposal 6: RAN2 to study the conditions for providing the predictions.
2.4	Evaluation Aspects 
Baseline mobility methods are extensively studied and optimized and have a high level of reliability. HOFs and RLFs are rare and the potential for improvement mostly only in specific challenging scenarios. Therefore, in the training of the HOF/RLF/PP ML model we can expect a significant class imbalance between successful handovers and failures. The rarity of failures makes predicting them accurately difficult. At the same time, the class imbalance may require high prediction precision in inference to keep the number of false positive predictions acceptable.

Observation 6: Collecting meaningful training data for evaluation may require reproducing specific challenging mobility scenarios in the simulation scenarios, which are FFS.

For discussion on related channel modelling and propagation parameters, if FR2-1 to FR2-1 handover is given priority in the study, we can reuse RAN1’s assumption from Rel18 SI for beam management use case as a starting point. Table 6.3.1-1 in TR 36.843 has listed the baseline simulation assumptions. However, starting with UMa LOS propagation modelling may not provide sufficient challenges in mobility performance (i.e. may not generate sufficient failure events during simulations), especially when it comes to the failure prediction. UMi is more challenging to handle due to the higher penetration loss from shadowing fading, which is seen as critical to affect mobility performance in terms of failure handling.

Observation 7: Omitting NLOS and blockage factors in the evaluation simulations may compromise the reliability and meaningfulness of the HOF/RLF prediction evaluation results.

Observation 8: UMi channel model may present more challenging mobility scenarios and therefore be more suitable for failure prediction evaluation.

The prediction accuracy may be evaluated with intermediate ML accuracy metrics. In order to evaluate the usefulness of the predictions, it is necessary to conduct an end-to-end evaluation that includes implementing optimization actions based on the predictions and evaluating their impact on network or UE metrics.

Observation 9: The prediction accuracy may be evaluated with intermediate ML accuracy metrics. 

Proposal 7: In order to assess the impact on network or UE metrics, it is necessary to conduct an evaluation that includes applying optimization actions based on the predictions.

Proposal 8: The generalization and robustness of HOF/RLF prediction models against data or concept drift must be studied.
3	Conclusion
This document has made the following observations:
Observation 1: The mobility procedures in NR may experience different issues, such as too late handovers, too early handovers, ping-pong handover and handover to a wrong cell. 
Observation 2: Depending on how the predictions are used, it may be necessary to predict the probability of a failure or additionally the most likely cause of the failure.
Observation 3: Conventionally, HOFs/RLFs may be mitigated by appropriate network configuration, e.g. HO parameter optimization and MRO/SON.
Observation 4: Applying ML in mobility RRM procedures may further reduce failures or mitigate their impact in challenging scenarios.
Observation 5: The HOF/RLF prediction may benefit from cell-, site- or area-specific ML models.  Cell-, site- or area-specific ML models set specific requirements for the ML LCM.
Observation 6: Collecting meaningful training data for evaluation may require reproducing specific challenging mobility scenarios in the simulation scenarios, which are FFS.
Observation 7: Omitting NLOS and blockage factors in the evaluation simulations may compromise the reliability and meaningfulness of the HOF/RLF prediction evaluation results.
Observation 8: UMi channel model may present more challenging mobility scenarios and therefore be more suitable for failure prediction evaluation.
Observation 9: The prediction accuracy may be evaluated with intermediate ML accuracy metrics. 
And proposed the following:
Proposal 1: Re-use the definition of terms handover failure (HOF) and radio link failure (RLF) as in clause 5.2 in TR36.839.
Proposal 2: The HOF/RLF prediction use case should study the prediction of too-late handovers, too-early handovers, handovers to the wrong cell and ping-pong handovers.
Proposal 3: The baseline considered in the evaluation should be optimized with the state-of-the-art optimization methods and any additional gains achieved with ML-based HOF/RLF prediction should be evaluated against that baseline.
Proposal 4: Actions based on the predicted probability of HOF/RLF/PP are controlled by the network. 
Proposal 5: Requirements for HOF/RLF/PP predictions reported by the UE to the network are FFS.
Proposal 6: RAN2 to study the conditions for providing the predictions.
Proposal 7: In order to assess the impact on network or UE metrics, it is necessary to conduct an evaluation that includes applying optimization actions based on the predictions.
Proposal 8: The generalization and robustness of HOF/RLF prediction models against data or concept drift must be studied.
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5	Annex
[bookmark: _Ref163052163]5.1	General Simulation assumptions on HOF and RLF
Referring to clause 5.2 in TR36.839, we adopt the definitions of handover failure (HOF) and radio link failure (RLF) in the present document.
Definition of Handover states:
For purpose of modelling, the handover procedure is divided into 3 states as shown in Figure 5.2.1.3.1 in TR36.839.
State 1: Before the event A3 entering condition, as defined in TS 36.331, is satisfied;
State 2: After the event A3 entering condition, as defined in TS 36.331, is satisfied but before the handover command is successfully received by the UE; and
State 3: After the handover command is received by the UE, but before the handover complete is successfully sent by the UE

RLF modelling and definition of RLF states:
Definition 1: The occurrence of RLF can be categorized into two distinctive states: state 1 and state 2 of the handover process.
RLF occurrences in states 1 and 2 should be logged and labelled with the state identifier for studying the impact of the handover related parameter configurations on RLFs and for handover failure calculation. Optionally, the RLFs logged in state 1 maybe further differentiated as true RLF events (due to shadowing or UE out of radio coverage) or handover failure events. RLFs in state 1 under conditions that other suitable cell(s) is available (signal strength (i.e., SINR) stronger than -8dB) may be accounted as a handover failure.
Definition 2: The RLF performance metric is defined as: the average number of RLF occurrences per UE per second. RLF performance in states 1 and 2 are logged separately.

Handover failure modelling:
Definition 3: A handover failure is counted if a RLF occurs in state 2, or a PDCCH failure is detected in state 2 or state 3.
For calculating the handover failures for the two states:
-	In state 2: when the UE is attached to the source cell, a handover failure is counted if one of the following criteria is met:
1)	Timer T310 has been triggered or is running when the HO_CMD is received by the UE (indicating PDCCH failure)  or
2)	RLF is declared in the state 2
-	In state 3: after the UE is attached to the target cell a handover failure is counted if the following criterion is met:
-	target cell downlink filtered average (the filtering/averaging here is same as that used for starting T310) wideband CQI is less than the threshold Qout (-8 dB) at the end of the handover execution time in state 3.
Definition 4: The handover failure rate is defined as: Handover failure rate = (number of handover failures) / (Total number of handover attempts).
The total number of handover attempts is defined as: Total number of handover attempts = number of handover failures + number of successful handovers. The number of handover failures is in Definition 3.
Figure 5.2.1.3.1 and Figure 5.2.1.3.2 show examples of the triggering of the handover failures due to detected PDCCH failure condition and RLF condition.



Figure 5.2.1.3.1: A handover failure is declared when the criterion 1) is met in state 2.



[bookmark: _Ref292943310]Figure 5.2.1.3.2: A handover failure is declared when the criterion 2) is met in state 2.

When a UE tracks RLFs according to TS 36.300, Qout is monitored with a 200ms window and Qin is monitored with a 100ms window (as specified in TS 36.133). Both windows are updated once per frame, i.e. once every 10 ms with the measured wideband CQI value.
The RLF and HO failure modelling related parameters are shown in the table 5.2.1.3.1 below:


Table 5.2.1.3.1: The parameters for determine the RLFs and the PDCCH failures.
	Items
	Description 

	Qout
	-8 dB

	Qin
	-6 dB

	T310
	1s (the default value in 36.331)

	N310
	1

	T311
	Not used for calibration (since RLF recovery is not simulated in the calibration)

	N311 
	1









Ping-pong Modelling:
The time that a UE stays connected with a cell after a handover is used as the metric to evaluate the ping-pong behaviour. The “Time of stay” in a cell A is the duration from when the UE successfully sends a “handover complete” (i.e. RRCConnectionReconfigurationComplete)-message to the cell A, to when the UE successfully sends a “handover complete” - message to cell B. The minimum time of stay connected with a cell models the time needed to allow a UE to establish a reliable connection with the cell, plus the time required for conducting efficient data transmission. If a UE makes a handover from cell B to cell A and then makes a handover back from cell A to cell B (i.e. the original source cell in the first handover), and the time connected to the cell A was less than the minimum-time-of-stay (MTS), it is considered as a ping-pong. In general, if the UE’s time-of-stay in a cell is less than MTS, the handover may be considered as an un-necessary handover.
[bookmark: OLE_LINK1]Definition 5: A handover from cell B to cell A then handover back to cell B is defined as a ping-pong if the time-of-stay connected in cell A is less than a pre-determined MTS.
The examples of counting the Ping-pongs are shown in the Figure 5.2.2.1.
[image: A diagram of a flowchart

Description automatically generated]
Figure 5.2.2.1: Ping-pong modelling.
Definition 6: Ping-pong rate is defined as (number of ping-pongs)/(total number of successful handovers excl. handover failures).
Recommended MTS value to be used for the simulation is 1 second.
The distribution of “time-of-stay” (CDF) should be collected for study of the ping-pong behaviour.
Whenever there is a handover failure, the time of stay should not be logged. 
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