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1 Introduction

In RAN#67, the study item on latency reduction was approved [1] with having the objective as
· Study enhancements to the E-UTRAN radio system in order to: 

· Significantly reduce the packet data latency over the LTE Uu air interface for an active UE

· Significantly reduce the packet data transport round trip latency for UEs that have been inactive for a longer period (in connected state).  

RAN2 has discussed L2 aspects in order to reduce the latency with evaluation results [2]. The following areas are to be studied in RAN1 in this SI:
· Assess specification impact and study feasibility and performance of TTI lengths between 0.5ms and one OFDM symbol, taking into account impact on reference signals and physical layer control signaling 

· backwards compatibility shall be preserved (thus allowing normal operation of pre-Rel 13 UEs on the same carrier).

In RAN1#84, the simulation assumptions for system-level evaluations were agreed [5]. In this contribution, we provide system-level evaluation results for TTI shortening and discuss the effects of some factors on latency performance. 
2 Evaluation assumptions 

In this section, we provide the evaluation assumptions of the short TTI.
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Figure 1: Short TTI structures used in the evaluations

Figure 1 shows the assumed structure of short TTIs in this evaluation. For simplicity of evaluations, about 18% of frequency resources are reserved for sPDCCH of 1/2/3/4 symbol TTI so that the total control overhead becomes 30%. For 7 symbol TTI, i.e., slot TTI, the first two OFDM symbols in the second slot are reserved for sPDCCH, which results in the total control overhead becoming about 29%. The baseline with subframe TTI assumes that the control channel takes only 2 symbols in the PDCCH region.
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Figure 2: Modeling of delays due to core network delay, HARQ RTT, SR/grant and TCP ACK delay

As discussed in [3], we focus on FTP and TCP applications in this evaluation. We first model the delays due to core network (CN) delay, HARQ RTT, SR/grant and TCP ACK delay as shown in Figure 2. We assume that there is no delay between UE physical layer and UE higher layer, e.g., application layer. In order to simplify the TCP model, we assume that TCP ACK always is correctly transmitted to the App server when a TCP segment is successfully received at UE higher layer.
Plus, TCP and FTP traffic model is shown as below. 
Table 1: TCP and FTP model

	Parameter
	Assumption

	Initial window size
	1460 Bytes

	MSS
	1460 Bytes

	TCP/IP overhead
	40 Bytes

	ssthresh
	65535 Bytes

	FTP traffic model
	Model 2 (described in [3])


	File size / 

arrival rate λ
	12.5 KB (100kbits), 100 KB, 500 KB, 1MB

Arrival rate λ is determined by RU (20, 40, 60%)



 The other evaluation parameters are provided in Annex. A. In the following sections, we provide the evaluation results and discuss the effect of UL access delay, file size, RU, CN delay and CSI report period on the latency performance of the short TTI. The parameters for performance comparison are shown as below.
	Comparing parameter
	Value

	UL access delay
	· Option 1: 13 TTIs

· Option 2: 0 ms

· Option 3: 6 ms
· Option 4: 13 ms

	File size
	100 kbits (12.5KB), 100 KB, 500 KB, 1MB (1000KB)

	RU
	20%, 40%, 60%

	CN delay
	0 ms, 6 ms, 10 ms

	HARQ RTT
	8 TTIs, 8 ms

	CSI report period
	5 TTIs, 5 ms

(for UE speed 3 km/h, 60 km/h, 120 km/h)


3 Effect of UL access delay
In this section, we compare the performance for various UL access delay. The baseline parameters to compare the performance are CN delay 6 ms, file size 100 KB, RU 20%, HARQ RTT 8 TTIs, CSI report period 5 TTIs and UE speed 3 km/h. The UL access delay options are 13 TTIs, 0 ms, 6 ms and 13 ms. The evaluation results can be shown in Annex B. 

As expected in Figure 2, UL access delay is one of the main factors that deeply affect the latency performance. Among the compared options, the option 1 with 13 TTIs is the only one whose UL access delay is determined by the TTI length. So, as the TTI length is getting shorter, the UL access delay becomes more reduced. Since UL access delay independent of the TTI length does not give much latency reduction gain, it can be seen that the latency reduction gain from TTI shortening is mostly due to smaller UL access delay for shorter TTI length.

From the results shown in Annex B, the observations can be summarized as below:
Observation 1: With UL access delay proportional to the TTI length, TTI shortening brings significant latency reduction gain except for the cell-edge UEs.
Observation 2: With UL access delay independent of the TTI length, TTI shortening brings smaller latency reduction gain than that with UL access delay proportional to the TTI length.

Observation 3: For cell-edge UEs, the latency reduction gain is rarely affected by UL access delay.
Observation 4: The latency reduction gain from TTI shortening is mostly due to the assumption of smaller UL access delay for shorter TTI length.
4 Effect of file size
In this section, we compare the performance for various file sizes. The baseline parameters to compare the performance are CN delay 6 ms, UL access delay 13 TTIs, RU 20%, HARQ RTT 8 TTIs, CSI report period 5 TTIs and UE speed 3 km/h. The compared file sizes are 100 kbits, 100 KB, 500 KB and 1000 KB. The evaluation results can be shown in Annex C.


As shown in [6], most of latency reduction gain can be obtained from TCP slow start phase, where TCP slow start is performed with more portions for a smaller file size. Therefore, we could expect that the more latency reduction gain can be obtained for a smaller file size. 

From the results shown in Annex C, the observations can be summarized as below.

Observation 5: Greater latency reduction gain is obtained for a smaller file size.
Observation 6: For a 100 kbits file, even cell-edge UE can obtain significant UPT gain up to 71% for 1-symbol TTI from TTI shortening.

Observation 7: For large-sized files, cell-edge UEs have negative gains in UPT performance.
5 Effect of RU 

In this section, we compare the performance for various RU. The baseline parameters to compare the performance are CN delay 6 ms, UL access delay 13 TTIs, file size 100 KB, HARQ RTT 8 TTIs, CSI report period 5 TTIs and UE speed 3 km/h. The compared RUs are 20%, 40% and 60%. The evaluation results can be shown in Annex D. 


From the results shown in Annex D, the observations can be summarized as below.
Observation 8: A smaller RU brings slightly increased latency reduction gain for TTI shortening than a larger RU. 
Observation 9: RU does not significantly affect the UPT and latency performance.

6 Effect of CN delay 

In this section, we compare the performance for various CN delay. The baseline parameters to compare the performance are UL access delay 13TTIs, file size 100 KB, RU 20%, HARQ RTT 8 TTIs, CSI report period 5 TTIs and UE speed 3 km/h. The compared CN delays are 0 ms, 6 ms and 10 ms. The evaluation results can be shown in Annex E.


As expected in Figure 2, similar to UL access delay, CN delay is one of the main factors that much affect the latency performance. We could expect that a smaller CN delay makes TTI shortening bring more latency reduction gain than a larger CN delay. This is because latency due CN delay becomes relatively much larger than latency except CN delay. This trend can be seen in the result in Annex E. 

From the results shown in Annex E, the observations can be summarized as below.
Observation 10: With a smaller CN delay, TTI shortening brings increased latency reduction gain than with a larger CN delay except for the cell-edge UEs.
Observation 11: For cell-edge UEs, the latency reduction gain is rarely affected by CN delay.
7 Effect of HARQ RTT 

In this section, we compare the performance for two HARQ RTT options. The baseline parameters to compare the performance are CN delay 6 ms, UL access delay 13 TTIs, file size 100 KB and RU 20%, CSI report period 5 TTIs and UE speed 3 km/h. The compared HARQ RTTs are 8 TTIs and 8 ms. The evaluation results can be shown in Annex F.


From the results shown in Annex F, the observations can be summarized as below.
Observation 12: HARQ RTT proportional to the TTI length makes TTI shortening bring increased latency reduction gain than HARQ RTT independent of the TTI length even for cell-edge UEs.
8 Effect of CSI report period and UE speed 

In this section, we compare the performance for two CSI period options and for various UE speeds. The baseline parameters to compare the performance are CN delay 6 ms, UL access delay 13TTIs, file size 100 KB, RU 20% and HARQ RTT 8 TTIs. The compared CSI report periods are 5 TTIs and 5 ms. The evaluation results can be shown in Annex G.


One of the assumptions in this section is that UEs performs ideal channel estimation. So, the effect of channel estimation error is not reflected in this evaluation. On the other hand, higher speed UEs can obtain time diversity since channel changes faster for the higher mobility case.

From the results shown in Annex G, the observations can be summarized as below.
Observation 13: For 3 km/h UEs, there is no latency reduction gain from shorter CSI report period.
Observation 14: For higher speed UEs such as 60 km/h and 120 km/h, CSI report period proportional to the TTI length makes TTI shortening bring increased latency reduction gain than CSI report period independent of the TTI length.

Observation 15: Especially, for high-speed and cell-edge UE, increased latency reduction gain can be obtained by using shorter CSI report period.
9 Conclusions
In this contribution, we provided system-level evaluation results for TTI shortening and discussed the effects of some factors on latency performance. Our observations can be summarized as below.
Observation 1: With UL access delay proportional to the TTI length, TTI shortening brings significant latency reduction gain except for the cell-edge UEs.
Observation 2: With UL access delay independent of the TTI length, TTI shortening brings smaller latency reduction gain than that with UL access delay proportional to the TTI length.
Observation 3: For cell-edge UEs, the latency reduction gain is rarely affected by UL access delay.
Observation 4: The latency reduction gain from TTI shortening is mostly due to the assumption of smaller UL access delay for shorter TTI length.
Observation 5: Greater latency reduction gain is obtained for a smaller file size.
Observation 6: For a 100 kbits file, even cell-edge UE can obtain significant UPT gain up to 71% for 1-symbol TTI from TTI shortening.
Observation 7: For large-sized files, cell-edge UEs have negative gains in UPT performance.
Observation 8: A smaller RU brings slightly increased latency reduction gain for TTI shortening than a larger RU.
Observation 9: RU does not significantly affect the UPT and latency performance.
Observation 10: With a smaller CN delay, TTI shortening brings increased latency reduction gain than with a larger CN delay except for the cell-edge UEs.
Observation 11: For cell-edge UEs, the latency reduction gain is rarely affected by CN delay.
Observation 12: HARQ RTT proportional to the TTI length makes TTI shortening bring increased latency reduction gain than HARQ RTT independent of the TTI length even for cell-edge UEs.
Observation 13: For 3 km/h UEs, there is no latency reduction gain from shorter CSI report period.
Observation 14: For higher speed UEs such as 60 km/h and 120 km/h, CSI report period proportional to the TTI length makes TTI shortening bring increased latency reduction gain than CSI report period independent of the TTI length.
Observation 15: Especially, for high-speed and cell-edge UE, increased latency reduction gain can be obtained by using shorter CSI report period.
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10 Annex A: Evaluation assumptions
The evaluations in this contribution are performed by using the following evaluation assumptions aligned with [5]. 

Table 2: Evaluation assumptions

	Parameter
	Assumptions

	Layout
	7 Macro eNBs, 3 sectors per site

	System bandwidth per carrier
	10 MHz

	Carrier frequency 
	2 GHz

	Inter-site distance
	500 m

	Total BS TX power (Ptotal per carrier)
	46 dBm

	TTI length
	1/2/3/4/7 symbols

	Fast UL Access schemes
	· Option 1: 13 TTIs 
· Option 2: Pre-scheduling (delay = 0 ms)
· Option 3: 6 ms

· Option 4: 13 ms

	RS and control signaling overhead
	· CRS: 2 Tx antenna ports assumed
· Legacy PDCCH: 2 OFDM symbols

· 7 symbol TTI: 2 symbol sPDCCH assumed in the second slot

· 1/2/3/4 symbol TTI: about 18% of additional DL control in the frequency domain is reserved (total control overhead becomes 30%)

	TBS determination
	Scalable with TTI length as baseline

	HARQ RTT
	Scalable with TTI length as baseline

	Scheduler
	Proportional fairness

	Distance-dependent path loss
	ITU UMa[referring to Table B.1.2.1-1 in TR36.814], with 3D distance between an eNB and a UE

	Penetration
	For outdoor UEs: 0 dB

	
	For indoor UEs: 20dB+0.5din (din: independent uniform random value between [ 0, min(25,d) ] for each link)

	Shadowing
	ITU UMa according to Table A.1-1 of 36.819 with 3D distance for shadowing correlation distance

	Antenna pattern
	3D, referring to TR36.819

	Antenna Height: 
	25 m

	UE antenna Height
	1.5 m

	Antenna gain + connector loss
	17 dBi 

	Antenna gain of UE
	0 dBi

	Fast fading channel between eNB and UE
	ITU UMa according to Table A.1-1 of 36.819

	Antenna configuration
	2Tx(eNB), 2Rx(UE), Cross-polarized

	Number of UEs 
	10 UEs per macro cell

	UE dropping
	Randomly and uniformly dropped throughout the macro geographical area. 20% UEs are outdoor and 80% UEs are indoor.

	Traffic model
	FTP download model 3

File size [100kbits, 100 kB, 500kB, 1 MB]
RU [20%, 40% 60%]

	CSI report period
	5 TTIs/ms between two consecutive reports

	CSI report delay
	6 TTIs/ms

	TCP models
	· TCP Reno model (RFC 2581)
 - SSThresh 65535 Bytes
 - Initial window size 1460 Bytes
 - Max segment size 1460 Bytes

· 40 Bytes TCP/IP header are added to the initial window size and max segment size

· The three way handshake is not modeled as baseline.

	UE receiver
	MMSE-IRC

	UE noise figure
	9dB

	UE speed
	3km/h, 60km/h, 120km/h

	Duplex mode
	FDD

	Network synchronization
	Synchronized

	Core, transport and internet network delay
	0ms, 6ms, 10ms

	Performance metrics
	Mean, 5%, 50% and 95% user perceived throughput
Mean, 5%, 50% and 95% user packet delay


11 Annex B: Effect of UL access delay
	parameter
	Value

	UL access delay
	· Option 1: 13 TTIs

· Option :. 0 ms

· Option 3: 6 ms

· Option 4: 13 ms

	File size
	100 KB

	RU
	20%

	CN delay
	6 ms

	HARQ RTT
	8 TTIs

	CSI report period

and UE speed
	5 TTIs and UE speed 3 km/h


UPT performance

a. Average UPT
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b. 5%-tile UPT (cell-edge UE)
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c. 50%-tile UPT (median UE)
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d. 95%-tile UPT (best UE)
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Latency performance

a. Average latency
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b. 5%-tile latency (best UE)
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c. 50%-tile latency (median UE)
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d. 95%-tile latency (cell-edge UE)
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12 Annex C: Effect of file size

	parameter
	Value

	UL access delay
	13 TTIs

	File size
	100 kbits, 100 KB, 500 KB, 1000 KB

	RU
	20%

	CN delay
	6 ms

	HARQ RTT
	8 TTIs

	CSI report period

and UE speed
	5 TTIs and UE speed 3 km/h


UPT performance

a. Average UPT
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b. 5%-tile UPT (cell-edge UE)

[image: image12.emf]14 7 4 3 2 1

5

%

-

t

i

l

e

 

U

P

T

 

(

M

b

p

s

)

0

1

2

3

4

5

0%

35%

52%

50%

59%

71%

100 kbits

                                                              Number of symbols per TTI

14 7 4 3 2 1

0

1

2

3

4

5

0%

6%

4%

8%

1%

3%

100 KB

14 7 4 3 2 1

0

1

2

3

4

5

0%

-4%

-7%-7%

-10%

-9%

500 KB

14 7 4 3 2 1

0

1

2

3

4

5

0%

-2%

-5%

-5%-4%

-3%

1000 KB


c. 50%-tile UPT (median UE)
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d. 95%-tile UPT (best UE)
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Latency performance

a. Average latency
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b. 5%-tile latency (best UE)
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c. 50%-tile latency (median UE)

[image: image17.emf]14 7 4 3 2 1

5

0

%

-

t

i

l

e

 

l

a

t

e

n

c

y

 

(

s

e

c

)

0

0.02

0.04

0.06

0.08

0.1

0.12

0%

-26%

-39%

-41%

-44%

-48%

100 kbits

                                                              Number of symbols per TTI

14 7 4 3 2 1

0

0.05

0.1

0.15

0.2

0.25

0.3

0%

-23%

-33%

-35%

-36%

-39%

100 KB

14 7 4 3 2 1

0

0.1

0.2

0.3

0.4

0.5

0%

-7%

-10%

-8%

-11%

-10%

500 KB

14 7 4 3 2 1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0%

-5%

-5%

-6%-6%

-6%

1000 KB


d. 95%-tile latency (cell-edge UE)
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13 Annex D: Effect of RU 

	parameter
	Value

	UL access delay
	13 TTIs

	File size
	100 KB

	RU
	20%, 40%, 60%

	CN delay
	6 ms

	HARQ RTT
	8 TTIs

	CSI report period

and UE speed
	5 TTIs and UE speed 3 km/h


UPT performance

a. Average UPT
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b. 5%-tile UPT (cell-edge UE)
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c. 50%-tile UPT (median UE)
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d. 95%-tile UPT (best UE)
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Latency performance

a. Average latency
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b. 5%-tile latency (best UE)
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c. 50%-tile latency (median UE)
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d. 95%-tile latency (cell-edge UE)
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14 Annex E: Effect of CN delay 
	parameter
	Value

	UL access delay
	13 TTIs

	File size
	100 KB

	RU
	20%

	CN delay
	0 ms, 6 ms, 10 ms

	HARQ RTT
	8 TTIs

	CSI report period

and UE speed
	5 TTIs and UE speed 3 km/h


UPT performance

a. Average UPT
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b. 5%-tile UPT (cell-edge UE)
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c. 50%-tile UPT (median UE)
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d. 95%-tile UPT (best UE)
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Latency performance

a. Average latency
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b. 5%-tile latency (best UE)
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c. 50%-tile latency (median UE)
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d. 95%-tile latency (cell-edge UE)
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15 Annex F: Effect of HARQ RTT 

	parameter
	Value

	UL access delay
	13 TTIs

	File size
	100 KB

	RU
	20%

	CN delay
	6 ms

	HARQ RTT
	8 TTIs, 8 ms

	CSI report period

and UE speed
	5 TTIs and UE speed 3 km/h


UPT performance

a. Average UPT                                                                   b. 5%-tile UPT (cell-edge UE)
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   [image: image36.emf]                                                              Number of symbols per TTI
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c. 50%-tile UPT (median UE)                                               d. 95%-tile UPT (best UE)
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Latency performance

a. Average latency                                                                b. 5%-tile latency (best UE)
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c. 50%-tile latency (median UE)                                               d. 95%-tile latency (cell-edge UE)
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16 Annex G: Effect of CSI report period and UE speed 

	parameter
	Value

	UL access delay
	13 TTIs

	File size
	100 KB

	RU
	20%

	CN delay
	6 ms

	HARQ RTT
	8 TTIs

	CSI report period

and UE speed
	5 TTIs, 5 ms

(for UE speed 3 km/h, 60 km/h, 120 km/h)


UPT performance 
a. Average UPT               
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b. 5%-tile UPT (cell-edge UE)
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c. 50%-tile UPT (median UE)         
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d. 95%-tile UPT (best UE)
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Latency performance 
a. Average latency
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b. 5%-tile latency (best UE)

[image: image48.emf]147 4 3 2 1

5

%

-

t

i

l

e

 

l

a

t

e

n

c

y

 

(

s

e

c

)

0

0.05

0.1

0.15

0.2

0.25

0.3

0%

-26%

-39%

-41%

-44%

-48%

CSI period 5TTIs

147 4 3 2 1

0

0.05

0.1

0.15

0.2

0.25

0.3

0%

-26%

-39%

-41%

-44%

-48%

CSI period 5ms

                                                Number of symbols per TTI

147 4 3 2 1

0

0.05

0.1

0.15

0.2

0.25

0.3

0%

-28%

-41%

-44%

-47%

-51%

CSI period 5TTIs

147 4 3 2 1

0

0.05

0.1

0.15

0.2

0.25

0.3

0%

-27%

-40%

-43%

-46%

-50%

CSI period 5ms

147 4 3 2 1

0

0.05

0.1

0.15

0.2

0.25

0.3

0%

-28%

-41%

-44%

-47%

-51%

CSI period 5TTIs

147 4 3 2 1

0

0.05

0.1

0.15

0.2

0.25

0.3

0%

-28%

-40%

-43%

-46%

-50%

CSI period 5ms

3 km/h 60 km/h 120 km/h


c. 50%-tile latency (median UE)
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d.  95%-tile latency (cell-edge UE)
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