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1. Introduction
In the Jan. Adhoc meeting, following agreements were achieved related to the scheduling/HARQ/CSI processing timeline enhancement for URLLC [1]:
	Agreements:
· In Rel. 16 of NR, no PDSCH and PUSCH processing timing enhancement as compared to NR Rel. 15 is supported for at least SCS = 15KHz.
Agreements:
· For supporting the out-of-order PDSCH-to-HARQ and PDCCH-to-PUSCH between two HARQ processes on the active BWP of a given serving cell, the companies are encouraged to perform further analysis, including at least the following aspects:
· The details of the dropping rules if allowed
· The conditions (if any) under which the UE is expected to process the out-of-order channels


In this contribution, we share our views on scheduling/HARQ/CSI enhancement to support URLLC.
2. Discussion
2.1 Scheduling/HARQ timeline for NR URLLC
Some of URLLC requirements are extremely high and are far beyond the concepts of traditional cellular/Wi-Fi types of networks. It is important for us to know what latency performance can be achieved by Rel.15 URLLC and whether the system can rely on HARQ re-transmission to design air-interface. In this section, we analyze the worst-case latency for completing a single-shot transmission and two transmissions (= initial transmission + HARQ-based re-transmission). In our analysis, we consider following scenarios: (1) dynamic scheduling of PDSCH, (2) SR-based scheduling of PUSCH, and (3) configured grant PUSCH on FR1 and FR2. 
It was agreed in the email discussion [AH1901-NR-01] that FDD is assumed for FR1 and TDD with DL-UL switching in every slot is assumed for FR2. These assumptions are useful to get rid of impact of half-duplex constraint to the latency, while the results would be only effective under such ideal assumptions. Since the analysis based on these assumptions will be discussed in an open space, in this contribution, we provide analysis assuming TDD with RAN4 defined configurations on FR1 and FR2. For FR1, as per RAN4 agreements [2], the TDD UL/DL configuration of {SU}, S={D10, G2, U2} with SCS 30kHz is assumed and Rel.15 NR capability#2 is used; for FR2, as per RAN4 agreements [2], the TDD UL/DL configuration of {DSUU}, S={D10,G2,U2} with SCS 120kHz is assumed and Rel.15 NR capability#1 is used.
Note that the carrier frequencies expected to be used for factory automation in our understanding are mainly TDD [3]. Besides, considering the tradeoff/balance between spectral efficiency and latency performance, TDD UL/DL switching periodicity cannot be too short or too long. Keeping this in mind, our understanding is that the above TDD UL/DL configurations for FR1 and FR2 are reasonable to accommodate both URLLC users and eMBB users in the same carrier/band.
2.1.1 Downlink HARQ timeline
In this part, the worst-case downlink latency of a single-shot transmission and two transmissions for TDD on FR1 and FR2 are analyzed. In our analysis, the number of PDCCH monitoring occasions per slot = 7 is considered and the PDCCH monitoring occasions are given as [1,0,1,0,1,0,1,0,1,0,1,0,1,0] based on the agreements of the email discussion [AH1901-NR-01]. Other assumptions are based on the agreed assumptions in email discussion [AH1901-NR-01]. 
Table 1 summarizes the worst-case downlink latency for completing a single-shot transmission and two transmissions under NR Rel. 15 N1/N2 capabilities. The detailed analysis are given in Appendix.
Table.1 The worst-case latency for PDSCH under Rel.15 N1/N2 capabilities
	DL 
	One-shot latency [ms]
	Two transmission latency [ms]

	
	2 OS
	4 OS
	7 OS
	2 OS
	4 OS
	7 OS

	30kHz
	1.13 
(+13%)
	1.20 
(+20%)
	1.27 
(+27%)
	2.13 (+113%)
	2.20 (+120%)
	2.27 (+127%)

	120kHz
	0.76
(-24%)
	0.77
(-23%)
	0.77
(-23%)
	1.40 
(+40%)
	1.43 
(+43%)
	1.74 
(+74%)



From table 1, it can be observed that for 30kHz SCS, the worst-case latency for completing single-shot downlink transmission is more than 1ms; for 120kHz, the worst-case latency for completing single-shot downlink transmissions is less than 1ms, while the latency for completing two downlink transmissions is larger than 1ms. Therefore, for 30kHz SCS, the 1ms latency cannot be satisfied under Rel.15 UE capability#2. For 120kHz SCS, the 1ms latency can be satisfied under Rel.15 capability#1, while it is not possible to perform HARQ retransmission for TDD.
Observation 1:
· For 30kHz SCS with the considered TDD configuration, the 1ms latency cannot be satisfied under Rel.15 UE capability#2.
· For 120kHz SCS with the considered TDD configuration, the 1ms latency can be satisfied under Rel.15 UE capability#1, while it is not possible to perform HARQ retransmission for TDD.

There are two directions. One is to enable further UE processing capability to enable faster HARQ re-transmission. Another is to design URLLC for factory automation such that the requirements are met without relying on HARQ re-transmission. Regarding to enable further UE processing capability, according to the analysis in the appendix, the percentage of UE processing time among the total downlink processing time can be calculated as follows:
Table.2 Percentage of UE processing time within the total downlink processing time
	DL 
	One-shot latency [ms]
	Two transmission latency [ms]

	
	2 OS
	4 OS
	7 OS
	2 OS
	4 OS
	7 OS

	30kHz
	17%
	16%
	13%
	18%
	18%
	14%

	120kHz
	28%
	27%
	23%
	31%
	29%
	21%


Compared with Table.1, it can be found that even if UE processing time is reduced, it is not possible to complete two PDSCH transmissions within 1ms considering the limited contribution of UE processing time to the total downlink processing time. In addition, considering that the URLLC packet for factory automation is basically small enough and periodic/deterministic traffic is controllable/managable by the NW, it would be possible to design the system such that HARQ re-transmission is not taken into account for achieving the factory automation requirements.
Proposal 1:
· Design URLLC for factory automation such that requirements are met without HARQ re-transmission.
2.1.2 SR-based UL transmission timeline 
In this section, the worst-case latency of single-shot and two SR-based PUSCH transmissions for TDD on FR1 and FR2 are analyzed. In our analysis, the number of PDCCH monitoring occasions per slot = 7 is considered and the PDCCH monitoring occasions are given as [1,0,1,0,1,0,1,0,1,0,1,0,1,0]. Other assumptions are based on the agreed assumptions in email discussion [AH1901-NR-01].
Table 3 summarizes the worst-case latency completing a single-shot SR-based PUSCH transmission and two SR-based PUSCH transmissions under NR Rel. 15 N1/N2 capabilities. The detailed analysis are given in Appendix.
Table.3 The worst-case latency for SR-based PUSCH transmission under Rel.15 N1/N2 capabilities.
	UL
	One-shot latency [ms]
	Two transmission latency [ms]

	
	2 OS
	4 OS
	7 OS
	2 OS
	4 OS
	7 OS

	30kHz
	1.69
(+69%)
	1.84
(+84%)
	1.94
(+94%)
	2.61
(+161%)
	2.83
(+183%)
	2.94
(+194%)

	120kHz
	1.02
(+2%)
	1.04
(+4%)
	1.11
(+11%)
	1.63
(+63%)
	1.66
(+66%)
	1.98
(+98%)



From table 3, it can be observed that for both 30kHz SCS and 120kHz SCS, the worst-case latency for one-shot SR-based PUSCH transmission is more than 1ms. Therefore, for factory automation, the one-shot SR-based UL transmission latency cannot be satisfied under Rel.15 UE capability.
Observation 2:
· For both 30kHz and 120kHz SCS, the one-shot SR-based UL transmission latency cannot be satisfied under Rel.15 UE capability.

2.1.3 Configured grant UL transmission timeline 
In this section, the worst-case latency of single-shot and two grant-free PUSCH transmissions for TDD on FR1 and FR2 are analyzed. In our analysis, the number of PDCCH monitoring occasions per slot = 7 is considered and the PDCCH monitoring occasions are given as [1,0,1,0,1,0,1,0,1,0,1,0,1,0]. Other assumptions are based on the agreed assumptions in email discussion [AH1901-NR-01].
Table 4 summarizes the worst-case latency completing a single-shot grant-free PUSCH transmission and two grant-free PUSCH transmissions under NR Rel. 15 N1/N2 capabilities. The detailed analysis are given in Appendix.
Table.4 The worst-case latency for grant-free PUSCH transmission under Rel.15 N1/N2 capabilities.
	UL
	One-shot latency [ms]
	Two transmission latency [ms]

	
	2 OS
	4 OS
	7 OS
	2 OS
	4 OS
	7 OS

	30kHz
	0.79
(-21%)
	1.08
(+8%)
	1.22
(+22%)
	1.79
(+79%)
	2.08
(+108%)
	2.22
(+122%)

	120kHz
	0.58
(-42%)
	0.65
(-35%)
	0.69
(-31%)
	1.19
(+19%)
	1.28
(+28%)
	1.38
(+38%)



From table 4, it can be observed that for 30kHz SCS, the worst-case latency for a single-shot grant-free PUSCH transmission is less than 1ms for 2-OS PUSCH. For 120kHz SCS, the worst-case latency for a single-shot grant-free PUSCH transmission is less than 1ms for 2/4/7-OS PUSCH. However, for both 30kHz and 120kHz SCS, the worst-case latency for two grant-free PUSCH transmissions are larger than 1ms.
Observation 3:
· For 30kHz SCS, the one-shot configured grant UL transmission latency can be satisfied within 1ms latency for 2-OS PUSCH under Rel.15 UE capability.
· For 120kHz SCS, the one-shot configured grant UL transmission latency can be satisfied within 1ms latency under Rel.15 UE capability.

Based on the discussion on section 2.1.2 and 2.1.3, two directions can be considered for UL. One is to enable further UE capability to enable faster PUSCH processing time so that the 1ms latency requirements can be satisfied with SR-based PUSCH. Another is to consider grant-free only for the UL design of URLLC.
Regarding to enable further UE capability for faster PUSCH processing, according to the analysis in the appendix, the percentage of UE processing time among the total UL processing time can be calculated as follows:
Table.5 Percentage of UE processing time within the total SR-based uplink processing time
	UL 
	One-shot latency [ms]
	Two transmission latency [ms]

	
	2 OS
	4 OS
	7 OS
	2 OS
	4 OS
	7 OS

	30kHz
	12%
	11%
	10%
	15%
	16%
	16%

	120kHz
	32%
	31%
	29%
	40%
	39%
	32%



Table.6 Percentage of UE processing time within the total grant-free uplink processing time
	UL 
	One-shot latency [ms]
	Two transmission latency [ms]

	
	2 OS
	4 OS
	7 OS
	2 OS
	4 OS
	7 OS

	30kHz
	12%
	9%
	8%
	16%
	14%
	13%

	120kHz
	28%
	25%
	23%
	41%
	38%
	35%



Compared with table.3, it can be found that for 30kHz SCS, even if further UE capability is introduced, it is not possible to complete a single-shot SR-based PUSCH transmissions within 1ms considering the limited contribution of UE processing time to the total SR-based PUSCH processing time. For 120kHz SCS, it is possible to complete a single-shot SR-based PUSCH transmission within 1ms since the sing-shot latency is already very close to 1ms even without further UE capability. On the other hand, considering that the URLLC packet for factory automation is basically small enough and periodic/deterministic traffic is controllable by the NW, it would be possible to consider grant-free PUSCH for URLLC for achieving the factory automation requirements. In addition, considering the limited UE processing time to the total latency of two transmissions as shown in Table.6, it is not possible to complete two transmissions for grant-free PUSCH for 30kHz SCS even with new UE capability.
Proposal 2:
· Design URLLC UL with grant-free PUSCH such that the requirements can be met without PUSCH retransmission.

2.2 CSI computation timing for NR URLLC
For CSI computation timing enhancement, shorter computation time is always beneficial. However, how much critical or the usefulness of CSI computation timeline improvements compared to other essential enhancements need to be carefully investigated, taking into account the amount of available TUs and Rel.16 timeline. Open loop link adaptation, periodic CSI and/or SP-CSI can still be used. In addition, A-CSI report can be used also, although the report may not be up-to-date if CSI computation timing is not enhanced. Our expectation is that, the current CSI computation timing can be acceptable for UE with limited/moderate mobility. For UEs with high mobility, it is up to gNB implementation whether to believe CSI feedback from the UE or to determine conservative MCS value. If the UE’s reported CQI index corresponds to MCS index which cannot achieve the target BLER e.g., 10-6, and if gNB relies on the report, the initial transmission will fail. For high mobility UE, if gNB considers CSI feedback is unreliable, then the gNB can choose a conservative specific CQI index, e.g., 0, always. Then the CSI report is not useful. Therefore, it is more important to consider how much CSI feedback is reliable.
Proposal 3:
· It is more important to study the CSI feedback reliability before study solutions to enhance the CSI computation timeline.

2.3 Out-of-order scheduling and HARQ-ACK feedback
For UEs with the baseline processing capability, for any two HARQ process IDs A and B for a given cell, if the scheduling DCI scrambled by C-RNTI for unicast PUSCH/PDSCH transmission A comes before (in time) the scheduling DCI scrambled by C-RNTI for unicast PUSCH/PDSCH transmission B, the UE is not expected to be scheduled such that PUSCH/PDSCH for B is before the PUSCH/PDSCH for A as illustrated in Fig.1. Similarly, for any two HARQ process IDs A and B for a given cell, if scheduled unicast PDSCH transmission for A comes before the scheduled unicast PDSCH transmission for B then the (baseline capability) UE is not expected to be triggered to send the HARQ-ACK for A after the HARQ-ACK for B as illustrated in Fig.2. 

[image: ]
Fig. 1	Out-of-order scheduling.
[image: ]
Fig.2	Out-of-order HARQ feedback
These restrictions are reasonable only for the case where a single service type is operated. However, if a UE supports mixed service types, such as eMBB and URLLC services, the restriction is quite non-sense. For a UE supporting eMBB and URLLC services, different traffics with totally different timelines occur. If these restrictions are kept in Rel.16 NR URLLC, when a UE is operated with eMBB and URLLC, the URLLC traffic is restricted by eMBB traffic. 
Proposal 4:
· Out-of-order scheduling and HARQ-ACK feedback should be enabled for Rel.16 URLLC. 

After the necessity is identified, the next question is how to support out-of-order scheduling and HARQ for Rel.16 URLLC. Depending on the UE capability, the UE behavior would be different. For some UEs with high capability, it is possible that the UE is able to process multiple PDSCHs and/or PUSCHs simultaneously; in this case, out-of-order scheduling and HARQ can be supported without affecting the UE processing timeline. However, if the UE is not able to handle multiple PDSCHs or PUSCHs simultaneously, additional prioritization/multiplexing rules would be needed. For out-of-order scheduling, it is more reasonable that the PDSCH/PUSCH scheduled by later PDCCH can cancel/stop the PDSCH/PUSCH scheduled by earlier PDCCH, since if the PDSCH/PUSCH scheduled by the later PDCCH is not urgent, gNB will not schedule it in out-of-order manner. Samewise, for out-of-order HARQ, it is more reasonable that the HARQ-ACK for later PDSCH is prioritized over the HARQ-ACK for earlier PDSCH. In addition, the following aspects need to be discussed:
· For out-of-order scheduling, whether the UE is allowed to resume the decoding/preparation of PDSCH/PUSCH scheduled by earlier PDCCH;
· For out-of-order HARQ, whether the UE is allowed to resume the decoding of earlier transmitted PDSCH.  
Proposal 5:
· In order to support out-of-order scheduling and HARQ, the following UE behavior should be supported:
· The PDSCH/PUSCH scheduled by later PDCCH can cancel/stop the PDSCH/PUSCH scheduled by earlier PDCCH;
· The HARQ-ACK for later PDSCH is prioritized over the HARQ-ACK for earlier PDSCH.
[bookmark: _GoBack]
3. Conclusion
In this contribution, we discuss the scheduling/HARQ/CSI processing timeline enhancement for URLLC and following is the proposal summary:
Observation 1:
· For 30kHz SCS with the considered TDD configuration, the 1ms latency cannot be satisfied under Rel.15 UE capability#2.
· For 120kHz SCS with the considered TDD configuration, the 1ms latency can be satisfied under Rel.15 UE capability#1, while it is not possible to perform HARQ retransmission for TDD.
Proposal 1:
· Design URLLC for factory automation such that requirements are met without HARQ re-transmission.
Observation 2:
· For both 30kHz and 120kHz SCS, the one-shot SR-based UL transmission latency cannot be satisfied under Rel.15 UE capability.
Observation 3:
· For 30kHz SCS, the one-shot configured grant UL transmission latency can be satisfied within 1ms latency for 2-OS PUSCH under Rel.15 UE capability.
· For 120kHz SCS, the one-shot configured grant UL transmission latency can be satisfied within 1ms latency under Rel.15 UE capability.
Proposal 2:
· Design URLLC UL with grant-free PUSCH such that the requirements can be met without PUSCH retransmission.
Proposal 3:
· It is more important to study the CSI feedback reliability before study solutions to enhance the CSI computation timeline.
Proposal 4:
· Out-of-order scheduling and HARQ-ACK feedback should be enabled for Rel.16 URLLC. 
Proposal 5:
· In order to support out-of-order scheduling and HARQ, the following UE behavior should be supported:
· The PDSCH/PUSCH scheduled by later PDCCH can cancel/stop the PDSCH/PUSCH scheduled by earlier PDCCH;
· The HARQ-ACK for later PDSCH is prioritized over the HARQ-ACK for earlier PDSCH.
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Appendix
· Downlink HARQ timeline
Table I. The worst-case latency for completing a single-shot PDSCH transmission under NR Rel. 15 N1/N2 capabilities
	Component
	Values

	
	120kHz
	30kHz

	
	2 OS
	4 OS
	7 OS
	2 OS
	4 OS
	7 OS

	gNB’s processing time for transmission of the initial PDSCH
	26
	26
	26
	4.75
	4.75
	4.75

	Alignment delay
	33
	33
	33
	19.25
	19.25
	19.25

	PDCCH&PDSCH transmission
	2
	4
	7
	2
	4
	7

	UE decoding time for the last PDSCH
	24
	23
	20
	5.5
	5.5
	4.5

	Total [no. of symbols]
	85
	86
	86
	31.5
	33.5
	35.5

	Total [ms]
	0.76
	0.77
	0.77
	1.13
	1.20
	1.27



Table II. The worst-case latency for completing two PDSCH transmissions under NR Rel. 15 N1/N2 capabilities
	Component
	Values

	
	120kHz
	30kHz

	
	2 OS
	4 OS
	7 OS
	2 OS
	4 OS
	7 OS

	gNB’s processing time for initial tx PDSCH
	26
	26
	26
	4.75
	4.75
	4.75

	Alignment delay
	33
	33
	33
	19.25
	19.25
	19.25

	PDCCH&PDSCH transmission
	2
	4
	7
	2
	4
	7

	UE processing time for PDSCH
	24
	23
	20
	5.5
	5.5
	4.5

	Alignment delay (UL)
	0
	1
	1
	4.5
	2.5
	0.5

	A/N transmission
	1
	1
	1
	1
	1
	1

	gNB’s PUCCH-to-PDCCH processing time for re-trasnmission of the PDSCH
	44
	44
	44
	7.5
	7.5
	7.5

	Alignment delay (DL)
	1
	1
	36
	7.5
	7.5
	7.5

	PDCCH&PDSCH transmission
	2
	4
	7
	2
	4
	7

	UE decoding time for the last PDSCH
	24
	23
	20
	5.5
	5.5
	4.5

	Total [no. of symbols]
	157
	160
	195
	59.5
	61.5
	63.5

	Total [ms]
	1.40
	1.43
	1.74
	2.13
	2.20
	2.27



· SR-based UL transmission timeline
Table III. The worst-case latency for completing a single-shot SR-based PUSCH transmission under NR Rel. 15 N1/N2 capabilities.
	Component
	Values

	
	120kHz
	30kHz

	
	2-OS
	4-OS
	7-OS
	2-OS
	4-OS
	7-OS

	Alignment delay (UL)
	27
	27
	27
	13
	13
	13

	SR duration
	1
	1
	1
	1
	1
	1

	gNB’s processing time for SR
	20
	20
	20
	4.5
	4.5
	4.5

	Alignment delay (DL)
	9
	9
	9
	10.5
	10.5
	10.5

	PDCCH duration (UL grant)
	1
	1
	1
	1
	1
	1

	UE preparation time for initial transmission
	36
	36
	36
	5.5
	5.5
	5.5

	Alignment delay (UL)
	0
	0
	5
	5.5
	7.5
	7.5

	PUSCH duration
	2
	4
	7
	2
	4
	7

	gNB’s decoding time for the last PUSCH
	18
	18
	18
	4.45
	4.45
	4.45

	Total [no. of symbols]
	114
	116
	124
	47.45
	51.45
	54.45

	Total [ms]
	1.02
	1.04
	1.11
	1.69
	1.84
	1.94



Table IV. The worst-case latency for completing two SR-based PUSCH transmissions under NR Rel. 15 N1/N2 capabilities.
	Component
	Values

	
	120kHz
	30kHz

	
	2-OS
	4-OS
	7-OS
	2-OS
	4-OS
	7-OS

	Alignment delay (UL)
	27
	27
	27
	13
	13
	13

	SR duration
	1
	1
	1
	1
	1
	1

	gNB’s processing time for SR
	20
	20
	20
	4.5
	4.5
	4.5

	Alignment delay (DL)
	9
	9
	9
	10.5
	10.5
	10.5

	PDCCH duration (UL grant)
	1
	1
	1
	1
	1
	1

	UE preparation time for initial transmission
	36
	36
	36
	5.5
	5.5
	5.5

	Alignment delay (UL)
	0
	0
	5
	5.5
	7.5
	7.5

	PUSCH duration
	2
	4
	7
	2
	4
	7

	gNB’s PUSCH-to-PDCCH processing time
	28
	28
	28
	4.45
	6.5
	6.5

	Alignment delay (DL)
	1
	1
	1
	7.5
	3.5
	0.5

	PDCCH duration (UL grant)
	1
	1
	1
	1
	1
	1

	UE preparation time for retransmission
	36
	36
	36
	5.5
	5.5
	5.5

	UL frame alignment
	0
	0
	25
	5.5
	7.5
	7.5

	PUSCH duration
	2
	4
	7
	2
	4
	7

	gNB’s decoding time for the last PUSCH
	18
	18
	18
	4.25
	4.25
	4.25

	Total [no. of symbols]
	182
	186
	222
	73.2
	79.25
	82.25

	Total [ms]
	1.63
	1.66
	1.98
	2.61
	2.83
	2.94



· Configured grant UL transmission timeline
Table V. The worst-case latency for completing a single-shot grant-free PUSCH transmission under NR Rel. 15 N1/N2 capabilities.
	Component
	Values

	
	120kHz
	30kHz

	
	2-OS
	4-OS
	7-OS
	2-OS
	4-OS
	7-OS

	UE preparation time for initial transmission
	18
	18
	18
	2.75
	2.75
	2.75

	Alignment delay (UL)
	27
	33
	34
	13.25
	19.25
	20.25

	PUSCH duration
	2
	4
	7
	2
	4
	7

	gNB’s decoding time for the last PUSCH
	18
	18
	18
	4.25
	4.25
	4.25

	Total [no. of symbols]
	65
	73
	77
	22.25
	30.25
	34.25

	Total [ms]
	0.58
	0.65
	0.69
	0.79
	1.08
	1.22



Table.VI The worst-case latency for completing two grant-free PUSCH transmissions under NR Rel. 15 N1/N2 capabilities.
	Component
	Values

	
	120kHz
	30kHz

	
	2-OS
	4-OS
	7-OS
	2-OS
	4-OS
	7-OS

	UE preparation time for initial transmission
	18
	18
	18
	2.75
	2.75
	2.75

	Alignment delay (UL)
	27
	33
	34
	13.25
	19.25
	20.25

	PUSCH duration
	2
	4
	7
	2
	4
	7

	gNB’s PUSCH-to-PDCCH processing time
	28
	28
	28
	6.5
	6.5
	6.5

	Alignment delay (DL)
	0
	0
	1
	7.5
	3.5
	0.5

	PDCCH duration (UL grant)
	1
	1
	1
	1
	1
	1

	UE preparation time for retransmission
	36
	36
	36
	5.5
	5.5
	5.5

	Alignment delay (UL)
	1
	1
	4
	5.5
	7.5
	7.5

	PUSCH duration
	2
	4
	7
	2
	4
	7

	gNB’s decoding time for the last PUSCH
	18
	18
	18
	4.25
	4.25
	4.25

	Total [no. of symbols]
	133
	143
	154
	50.25
	58.25
	62.25

	Total [ms]
	1.19
	1.28
	1.38
	1.79
	2.08
	2.22
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