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 Fetch Mechanism  fetches up to 16 instructions in program 
 order per cycle

 Branch Predictor  perfect branch prediction

 Issue Mechanism  out-of-order issue of up to 16 operations 
 per cycle, 256 entry instruction re-order 

 buffer (RUU), 128 entry load/store queue 
 (LSQ); loads may execute when all prior 

 store addresses are known

 Functional Units  16 INT ALUs, 16 FP ALUs, 8 INT 
 MULT/DIV, 8 FP MULT/DIV, 8 L/S units

 F. U. Latency
 (total/issue)

 INT ALU:1/1, INT MULT:3/1, INT 
 DIV:12/12, FP ALU:2/1, FP MULT:4/1, 

 FP DIV:12/12, L/S:1/1

 Instruction Cache  perfect cache, 1 cycle latency

 Data Cache  Multi-Lateral L1 (A and B), write-back, 
 write-allocate, 32 byte lines, 1 cycle hit 

 latency, 18 cycle miss latency, non-block-
 ing, 8 memory ports

 Processor

 I
 Cache

 Data
 Cache

 A  B

 Secondary Cache /
 Main Memory
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Support Routine Description

check_for_cache_hit() check to see if an accessed block is present in the cache

update() place an accessed block into the cache

move_over() move an accessed block from one cache to another

do_swap()
move an accessed block from cache1 to cache2 and move the 
evicted block to cache1

do_swap_with_inclusion()
place an accessed block into both cache1 and cache2 and move the 
evicted block from cache2 to cache1

do_save_evicted() move the block evicted from cache1 to cache2

find_and_remove() remove a block from a cache

check_for_reuse() determine if a block exhibits temporal behavior (word reuse)
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Single MAT NTS PCS
Cache A A B A B A B
Size 16K/16K/32K 16K 2K 16K 2K 16K 2K
Associativity 1/2/1 1 full 1 full 1 full
Replacement policy –/LRU/– – LRU – LRU – LRU
latency to next level 18 18 18 18 18 18 18
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Instruction 
Count

Memory References 
(millions)

Perfect Memory 
Performance

Program (millions)
Loads Stores

Cycle Count 
(millions)

IPC

SPEC95 Integer Benchmarks
Compress 35.68 7.37 5.99 5.35 6.6644
Gcc 263.85 61.15 36.24 43.50 6.0648
Go 548.13 115.79 41.40 91.33 6.0049
Li 956.49 286.38 168.79 151.32 6.3210
Perl 1,500.00 396.82 269.83 232.89 6.4408

SPEC95 Floating Point Benchmarks
Hydro2d 974.50 196.11 60.90 127.63 7.6353
Su2cor 1,054.09 262.20 84.74 152.34 6.9192
Swim 849.92 205.18 58.44 113.02 7.5201
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Compress Gcc Go Hydro2d Li Perl Su2cor Swim
MAT 0.220 0.074 0.031 0.479 0.041 0.060 0.256 0.220
NTS 0.219 0.070 0.021 0.474 0.043 0.032 0.257 0.230
PCS 0.221 0.086 0.024 0.494 0.050 0.033 0.257 0.167
16K:1w 0.239 0.112 0.070 0.484 0.062 0.062 0.269 0.228
16K:2w 0.217 0.061 0.038 0.488 0.038 0.044 0.248 0.224
32K:1w 0.215 0.071 0.035 0.452 0.029 0.051 0.244 0.161
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Cache 
Management 
Scheme

Total # of 
Tours

% Reduction 
in Tours

Total Percentage References to Tour Groups

NTNS NTS TNS TS
16K:1w 6,694,690 – 1.27 1.00 11.43 86.29
MAT 2,807,282 58.06 0.48 0.63 5.63 93.26
NTS 1,894,991 71.69 0.21 0.51 4.70 94.58
16K:2w 3,932,345 41.26 0.57 0.61 8.99 89.84
32K:1w 3,450,640 48.46 0.65 0.61 5.54 93.20

Cache 
Management 
Scheme

Total # of 
Tours

% Reduction 
in Tours

Total Percentage References to Tour Groups

NTNS NTS TNS TS
16K:1w 24,848,705 – 0.35 17.98 7.77 73.90
MAT 23,975,325 3.51 0.11 16.96 5.96 76.02
NTS 23,471,060 5.54 0.23 17.36 7.77 74.64
16K:2w 22,824,448 8.15 0.09 17.15 6.95 75.81
32K:1w 23,670,694 4.74 0.26 17.14 6.97 75.63
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ð�çëêX�*ï�ûPû1ñjðEã[ã[è¤æMåPðEî�å1öBêKðEí�ìlò�ûPè¤æ��¶ã]ð�ç[ê��*çëêMê/î[è'ä�èQöBêKò=ê�î
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ã[å7ôMê@ðEí�ì�ð�ãëã[è¤æMå0ð4î�å7ö¤å1î
ñBó=æMèBä�éOð�çëåPí�õ #��'�î�è3î�ý�ê\å7ä3éTûPêMä�êMí¨î�ð�ò�ûPê2ãëæ�ý�êMä�êMãZì�è¤êMãIí�è�îIñ¤å7êMûPì+ð ì�åPçëêMæ�î
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ñBó·î[ý�ê2é�ê�ç��*èBçëä ðEí�æMê2ì�å1þ�ê�ç[êMíTæMê2ò�ê�î
÷5ê�êMí
î�ýTê5åPä�é�û7êMä�êMí¨î�ð�òTûPêuãëæ�ý�êMä�êMãLðEí�ì�#��'¶ä ð�ñ2ò=ê;ìTï�ê5í�èEîSèBíTû7ñZî�è ç[ê�é�û0ð�æ�êMä�êMí¨î�ì�êMæ�åPã[å7èBí�ã�ó�ò�ïTîuð�ûPãëèNî[è
ä3ð�é�é�å7í�õzç[ê�ãëî[ç[åPæ�î�å7èBí�ãué�ûPð�æMê�ìlèBí\î�ý�êKå7ä3éTûPêMä�êMí¨î�ð�ò�ûPêYã[æ�ýTêMä�êMã]ò¨ñ\î�ý�ê�åPçuû7åPä�å7î[êMì�ð�ã[ãëè·æ�å0ðEî[å7ö¤å7î
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÷;èBï�ûPìjåPí�ã"î�ê�ðEì\ûPå ��ê]î�èzæ�èBä3é�ð�ç[ê]î�ý�ê5é�ê�ç��*èBçëä ð�íTæMê5è���î�ý�ê;åPä�é�ûPê�ä3ê�í¨î�ð�ò�û7ê]ã[æ�ý�ê�ä3ê�ãuî�èzðEí\èBéTî[åPä3ð�ûPû1ñ
ä3ð�íOð�õBê�ì�ä\ï�û7î[å1ü�û0ðEî[êMç�ðEû�æ�èBí � õBïTç�ðEî[åPèBí¡÷Xý�ê�ç[ê2î�ý�ê'â¹ð�í�ì �AæMð�æ�ý�êMãIð�ç[ê2è��Sì�å7þ�êMçëåPí�õlðEã[ã[è¤æMåPðEî�å1ö¤å7î
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åPí�èBç[ìTêMç�î[è´ò=ê�îëî�êMç\ðEî[î[ç[åPòTïTî�êlî�ý�ê3ì�å7þ�êMçëêMí�æ�êMã\å7íøé�ûPð�æMê�ä3ê�í¨î@ð�í�ì�ç[ê�é�û0ð�æ�êMä�êMí¨î\ìTêMæMå7ã[å7èBí�ã�î[è´î�ýTê
ä3ð�íOð�õBê�ä3ê�í¨îXé�èBû7åPæ�ñ å1î�ã[ê�û � ó·ç�ðEî[ý�êMçKî�ý�ð�í½î[è@î�ý�ê'ð�ãëã[è¤æMå0ð4î�å7ö¤å1î
ñ è��Jî�ýTê'æ�èBí � õ�ï�ç�ðEî[åPèBí�ù
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ð�ãëã[è¤æMå0ð4î�å7ö¤å1î
ñjè��=âÁå7ãuí�è2õBç[êMðEî�ê�çuî�ýOðEí\î�ýOðEî]è�� � ùBâIã]åPí\î[ý�êKæMè�í � õBï�ç[ðEî�å7èBíd�*èBç�#��'£ó �*ç[ê�êKä3èQö�êMä�êMí¨î
è��_ò�û7è·æ��¶ã/ò=ê�î
÷;êMê�í�â�ð�í�ì �^åPã5ð�ûPû7èQ÷5ê�ìnåPí î[ý�åPã5ã[æ�ý�ê�ä3êEó�é�ç[èQö¤åPìTêMìnî�ý�ðEî/î�ýTêzæMèBí¨î[êMí¨î�ãXè��_â²ðEí�ì �

ð�çëêjì�å7ã��ëèBå7í¶îMùzú�ð�íOð�õBê�ä3ê�í¨îzåPã ð�ìOðEéTî�ê�ì �*ç[èBä �5ê�û0ð�ì·ñ ��ã2ú �a� ð�ûPõBè�ç[å7î[ý�ä½óOð�ã��*è�ûPûPèQ÷Xã�ù �zí�ð ä�åPãëãMó
î�ýTêzåPí�æ�èBä�åPí�õ�ò�ûPè¤æ�� � ûPûPã5ð�í¡êMä�éTî
ñ ã[ûPèEî/åPí3î�ý�êZæ�èBç[çëêMã[é=èBí�ìTåPí�õ@ãëê�îKè��JæMð�æ�ý�êZâ²èBç;æ�ð�æ�ý�ê �Ió·å �_èBíTê
ê��·å7ãëî�ã�ù<�c�Lí�ènãëï�æ�ý+êMä�éTî
ñ½ã[û7è�î ê��·åPã"î�ãMó�î�ýTêMíg�*èBçNê�ðEæ�ý+ã[ê�îzè��LæMð�æ�ý�ê�âjó=ð�í+ê+�·î[êMí�ìTêMì�ã[ê�îzè��uò�ûPè¤æ��¶ã
åPãNì�ê � í�êMì�óWæMèBíTã[åPã"î�å7í�õ è��YðEûPû�ò�û7è·æ��¶ãIå7í´æMð�æ�ý�ê\â ð�í�ì+æMð�æ�ý�ê ��î[ýOðEî ä ðEé�î�è3î�ý�å7ã ãëê�îZå7í´æ�ðEæ�ý�ê\âjù
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 Reference  b  c  F  D  b  E  D  F  c

 Time  1  2  3  4  5  6  7  8  9

 Set 0  –  –  F  F  F  D  D  D  D

 Set 1  b  b  b  b  b  b  b  b  b

 Cache B  c  c  D  D  E  E  F  c

 Hit/Miss  M  M  M  M  H  M  H  M  M

'�åPõBï�çëê � � 1 r.s ��|�6 Etyzs��1vtl�uwx{rt��uwvQ� �E!"� &49�� @£����� x ����3�4�l�E�}1x76�|�y �

'OèBçKê�ðEæ�ý´ê��¤î[êMí�ì�ê�ì+ã[ê�î î[ýOðEîNåPíTæMûPïTì�êMãNð�í¨ñ�ò�û7è·æ��næ�ï�ç[çëêMí¨î�û1ñ¡ç[ê�ã[å7ì�êMí¨î åPí�æ�ð�æ�ýTê �IóOåFùDêEùYãëê�î[ã ÷Xý�èBãëê
ê��¤î[êMí�ì�ê�ì�ãëê�îZå7ãIûPð�ç[õBê�ç î[ýOð�í+î�ýTê@ð�ã[ãëè·æ�å0ðEî[å7ö¤å7î
ñ�è��]æ�ð�æ�ý�ê@â�ó�ò�û7è·æ����(è��]î�ý�êjê��¤î�ê�í�ì�êMìÎãëê�îZ÷Xý�èBãëê
í�ê+�·î/ç[êo�*ê�ç[ê�í�æMêzå7ã��£ð�ç"î�ý�ê�ãëî5åPí3î[ý�ê��*ï·î�ï�çëêIåPã+�*èBï�í�ì�ù=�c�_ò�ûPè¤æ����½ì�è·ê�ã5í�èEî/æMïTç[ç[ê�í¨î�û7ñ�çëêMã[å7ì�êzå7í æ�ðEæ�ý�ê
�Ió�å1îKåPãKã"÷/ðEé�é�ê�ì�÷Xå1î�ý¡èBí�ê2è��_î[ý�ê2æ�ð�æ�ý�ê � ò�ûPè¤æ��¶ãKè��Jî�ý�å7ã/ê��¤î�ê�í�ì�ê�ì´ã[ê�î�ù+
Ký�ê2åPí�æ�èBä�åPí�õ�ò�ûPè¤æ�� å7ã
é�ûPð�æMê�ì+åPí½æ�ð�æ�ýTê\â ð�íTì´î�ý�ê�ò�ûPè¤æ��¡åPí½î�ýOð4îIãëê�îZí�ê+�¤îzç[ê �*êMçëêMí�æ�êMì �£ð�ç"î�ý�ê�ãëîzå7í�î[ý�êm�*ïTî[ï�ç[ê�åPãNä3èQö�êMì
î�è�æ�ð�æ�ýTê �IóJèQöBêMç � ûPû7åPí�õ�å1îjò¨ñ(èBí�ê�ò�ûPè¤æ���ù2
Ký�ênæMð�æ�ý�ê �¹ò�ûPè¤æ���í�ê+�·îjç[ê �*êMç[ê�í�æMê�ì �£ð�çëî[ý�êMã"î\å7í�î�ýTê
�*ïTî[ï�ç[êNåPãuî[ý�êMí3ç[êMéTû0ð�æ�êMìWù�
Ký�å7ã]æ�ý�èBåPæ�ê å7ãLí�è�îYèBéTî[åPä3ð�û�å7í3ðEûPû�æMð�ã[ê�ãMó�ðEãYå7ûPû7ï�ãëî[ç�ðEî[êMìlò¨ñ@î�ý�ê\�*èBûPû7èQ÷XåPí�õ
ê��Tð�ä�é�û7ê�ù
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ä3ð�é�é=êMì�æ�ð�æ�ýTêjâsè��

ã[å7ôMê �@ò�ûPè¤æ��¶ã:f��lãëê�î[ã�hXð�í�ì�ð�èBíTê'òTûPè¤æ��næ�ð�æ�ýTê �Iù�
KýTê�çëêo�*êMçëêMí�æ�êMã ã[ý�èQ÷Xí´å7í¡î�ý�ê � õBï�çëê'ð�ç[ê2ò�û7è·æ��
ð�ì�ìTç[êMãëã[ê�ãMùdeNé�é=êMçzæMð�ã[ê@û7ê�î[î[êMçëãzä ðEé´î�ènãëê�î  ð�íTì�ûPèQ÷5ê�çzæ�ðEã[ê\û7ê�î[î[êMçëãzä ðEé´î�è¡ãëê�î � è��YæMð�æ�ý�ê@âjù

Ký�ê � õBïTç[ê2ã[ý�èQ÷XãXî�ý�ê2æ�èBí¨î�êMí¨î[ã è���ã[ê�î  ðEí�ì�ãëê�î � åPí�æ�ðEæ�ý�ê2â ðEí�ì�æ�ð�æ�ý�ê � ð��8î�ê�çXê�ð�æ�ý½ä3ê�ä3è�çëñ
ð�æ�æMêMãëãMù�e ãëåPí�õ>����� � !$#�%&#��'�÷5êIåPí�æ�ï�ç # ä�åPãëã[êMã�ù/
Ký�ê � çëãëî<��æMèBä�é�ï�û7ã[èBç"ñ3ä�åPãëã[ê�ã � û7û�ê�ä3éTî
ñ3ò�û7è·æ��¶ãMù
� çëêMé�ûPð�æMê�ã á ðEî5î�åPä�ê �lã[å7í�æMê á åPã/íTê��¤îIçëêo�*ê�ç[êMíTæMêMì �*ï�çëî[ý�êMçKå7ínî�ý�êb�*ïTî[ï�ç[êZî[ýOð�í��Aè�ç Ü ù]â/îKî�å7ä3ê
� ó�� æMð�í�í�èEî2ç[êMéTû0ð�æ�ê Ü ð�í�ì�çëêMé�ûPð�æMê�ã��¹ç[ðEî�ýTêMçIî[ýOð�í � ù8'Så7íOð�ûPû1ñBó	� ðEí�ì á ä3å7ã[ãMù � èQ÷;ê�ö�êMçMó_î�ýTê
ä�åPí�å7ä\ï�ä é=èBã[ãëåPò�û7êjí¶ï�ä\ò=êMçZè��]ä�åPãëã[ê�ãZåPã � ùO
KýTåPãzæMð�íÎò�ê@ðEæ�ý�åPê�öBêMìÎò¨ñ+çëêMé�ûPð�æMå7í�õ
� f£å7í+ã[ê�î  è��
æ�ðEæ�ý�êjâ.hKå7í�ãëî[ê�ð�ì½è�� á f£å7í�æ�ð�æ�ý�ê ��hKðEîXî�å7ä3ê ��ù��sî�ý�ê�í´ç[ê�é�û0ðEæMêMã Ü ðEîXî�å7ä3ê � ð��8î[êMçXãë÷5ð�é�é�å7í�õ Ü
ð�í�ì á óOð�íTì � í�ð�ûPû1ñ��Aä3å7ã[ã[ê�ãMóOò�ï·î á ý�å1î�ãMù
�
í(æ�ð�ãëêMã�÷XýTêMç[ê�î�ý�êlâÐð�í�ì � æMð�æ�ý�êMãjð�ç[ê �*ï�û7û7ñ+ð�ã[ãëè·æ�å0ðEî[å7öBêEó������ �"!$#�%&#��'uçëêMì�ï�æ�êMã'î�è #��'Fù3âIû1ü
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�ð�ò�û7ê � óBå7ã
æMû7èBã[êZî[è�î[ýOðEîNè���#��'£ù 'Oï�ç"î�ý�ê�ç[ä�èBç[êEó"����� � !$#�%&#��' ��ãNé=êMç��*èBç[ä3ð�í�æ�ê2åPãXä\ï�æ�ý�ò�ê�î[î�ê�çKî�ýOð�í½î�ý�ê2å7ä3é�û7ê�ü
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ò=ê�î
÷;êMêMí)#��'2ð�í�ì ����� � !$#�%&#��' h åPã¡ì�ïTêÎî[è î[ý�êÎç[ê�ãëî�çëåPæ�î�êMì�ð�ãëã[è¤æMå0ð4î�å7ö¤å1î
ñ^è��'î�ý�êÎå7ä3é�û7êMä�êMí¨î�ðEò�ûPê
ã[æ�ýTêMä�êMãMùO�øê�î�ý�ê�ç[êo�*è�ç[ê@ï�ãëê:����� � !$#�%&#��'��*èBçIæ�èBä�éOð�ç[å7ã[èBí�î�ènî�ýTê\åPä�é�ûPê�ä3ê�í¨î�ð�ò�û7ê�ãëæ�ý�êMä�êMã2å7í+èBç"ü
ì�ê�ç2î[è�ê�ûPå7ä3å7íOðEî�ê'î�ý�ê�ð�ãëã[è¤æMåPðEî�å1ö·å1î
ñ+ì�å1þ�ê�ç[ê�í�æMê �*ç[èBä|î�ý�ê�ê�öEð�û7ïOðEî[åPèBí�ãzð�í�ì(õBå7ö�ê3ð�ò=ê�î[î[êMç2åPìTê�ð¡è��
î�ýTê\ç[êMð�ûPå7ô�ð�ò�û7ê�é=êMç��*èBç[ä3ð�í�æ�ê\è��Yðnû7åPä�å7î�ê�ì·ü ðEã[ã[è¤æMåPðEî�å1ö¤å7î
ñ3ä\ï�û7î[å1ü�û0ðEî[êMç�ðEûWæ�ð�æ�ýTê�ùO
Ký�ê@ì�å7þ�êMçëêMí�æ�êMãZå7í
é�ûPð�æMê�ä3ê�í¶î3ð�íTì çëêMé�ûPð�æMê�ä3ê�í¶î�ì�ê�æMå7ã[åPè�í�ãlã[êMê�í^åPíÿî[ý�ê�å7ä3éTûPêMä�êMí¨î�ð�ò�ûPê3ã[æ�ý�ê�ä3ê�ã é�çëèQö·å7ì�ê�åPí�ãëåPõBý¨î[ã
åPí¨î[èlî[ý�êMå7çKé�ê�ç��*èBçëä ðEí�æMêZçëêMû0ð4î�å7ö�êzî�è�ð@í�ê�ðEç"ü
è�éTî�å7ä ð�û�ã[æ�ý�ê�ä3êEù
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Jè�ê�ö�ðEûPïOðEî[ê�î[ý�ê #��';ðEí�ì ����� �"!$#�%&#��'Lã[æ�ýTêMä�êMãMó�÷5ê3æMèBû7ûPêMæ�î�ê�ì�ä�êMä�èBçëñ+ç[êo�*ê�ç[ê�í�æMê î[ç�ð�æ�êMã'õBêMí¤ü
êMç[ðEî�ê�ì �*çëèBä î�ýTê � A = �? � � G&D�?ED�F3é�ç[è¤æMê�ã[ã[è�ç�ê�í¶ö¤å7ç[èBí�ä�êMí¨î ���	��ù �YðEæ�ýÑî�ç[ð�æMêÎêMí¨î[çëñAæMèBí¨î�ð�åPí�ã�î�ýTê
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Compress Gcc Go Li Perl
opt 0.042 0.013 0.008 0.008 0.0169
pseudo-opt 0.048 0.016 0.023 0.010 0.0174
PONS 0.050 0.018 0.028 0.011 0.0175
NTS 0.063 0.029 0.054 0.018 0.0200
PCS 0.067 0.032 0.060 0.019 0.0190
16K:1w 0.063 0.029 0.050 0.020 0.0520
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Tour prediction accuracy Actual usage accuracy
NTS PCS NTS PCS

NT 0.483 0.703 0.859 0.828
Compress T 0.240 0.210 0.402 0.412

Total 0.247 0.495 0.725 0.725
NT 0.322 0.589 0.684 0.617

Gcc T 0.539 0.596 0.703 0.704
Total 0.527 0.595 0.696 0.675
NT 0.337 0.454 0.573 0.519

Go T 0.588 0.621 0.646 0.652
Total 0.561 0.596 0.624 0.609
NT 0.225 0.243 0.390 0.363

Li T 0.815 0.815 0.873 0.866
Total 0.786 0.723 0.787 0.758
NT 0.406 0.817 0.934 0.950

Perl T 0.326 0.382 0.727 0.738
Total 0.327 0.510 0.861 0.875
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Compress Gcc Go Li Perl
NT T NT T NT T NT T NT T

pseudo-opt 1293.3 26695 1731.2 25946 1177.8 22297.3 4400.4 34221.5 957 54749
NTS 4.1 44.1 2.0 52.0 1.4 26.1 3.3 66.3 7.7 130.4
PCS 3.7 48.9 2.1 49.8 1.3 24.1 3.2 66.1 7.9 134.0
8K:1w 3.6 35.4 2.0 35.7 1.2 14.0 2.6 48.0 3.7 35.9
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