oo

Jubogtdootdbotdggbgtdbootdbotdd

o190 2020 U
ooy oubh o od
oot dbogood
56404 OO OO



ERN

u10
1.1
1.2
1.3

g20
2.1
2.2
2.3

030
3.1
3.2
3.3
3.4
3.5

040
4.1
4.2
4.3
4.4
4.5

us0
5.1
5.2

2.3
0.4

gooo

spinspeedd 00O OOO ... ..
Hibernator . . . . . . .. ... ...
oooooo ...

RDB 0O Hash Join

RDBOOO .. .... ... ....
oooooooo ...
JomO o ... ... .. ... .
right deep O left deep . . . . . . . .
oooooooog .

gobobooogbooboboooobboboo

oo ..o
JomOOogooog . ... ..
gogooooooobooo ...
gooooo oo oo

ocoooooTeC-HOOOOODOOODOOOOOODOOOODOOO ...

gbobobooogobood

8

active U D ODOUOOOO0OODODOOOODOOOOOOOODOOO . ... .. ..
521 0OD0OO0OOOOOO0OOLODOOOODODDOOO ..o oo
522 0U0OO0ODOOOOO0ODLDODOOOOODO .o oo
dleDODODOO0O0OO0OOO0O0ODO0O0O0O0O ..o

ggobobuooooboboooon

o Ol i~ w w NN

©

10
12
13
15



gen
6.1
6.2
6.3
6.4
6.5
6.6
6.7

g7d
7.1
7.2

RN

gooo

gobooo

I I O
I

Q8 left deep
Q8 right deep
Q9 left deep
Q9 right deep

UOODODOOO0 ..

goooboo
goo ...

ERERE

33
33
38
39
43
46
49
o2

55
25
25

57

58



2.1
2.2
2.3

3.1
3.2
3.3
3.4
3.5
3.6
3.7

4.1
4.2
4.3
4.4
4.5
4.6

5.1
5.2
5.3
5.4
5.5
5.6

6.1
6.2
6.3
6.4
6.5
6.6
6.7

spin speed OO0 . .. . . . L 0 0 e 5
Hibernator DO OO tier DO DO . . . . . . . 0 0 oo s 6
OLTPOCelloO0 OO0 Hibernator DD OO OOODOOOOO ... ... .... 7
RDBOOODODO ... e s s s e 9
OOODO .. . 10
OOOD0 ... e 11
OOOD0 ... 11
Hash Join . . . . . . . . . . . 13
Hash Join (right deep) . . . . . . . . . . .. 14
Hash Join (left deep) . . . . . . . . . . . 15
0000D0D0000DoOooooooooogg ..o e 17
Nested Loop Jom OO OO OOOOO ... .00 oo 19
Hash JoimnOOODOOOOOO . .. ... e 19
0000000000 0000 .. .. e e s s 20
OO000000000 ... e e e 21
TPC-H Q8 left deep 0 DO ODOODOOO ... .. oot 25
O000000000000 ... .. e e 26
sequential read D 0 00 00O O0OO0O00ODODOODOOOODOOOOOOODODGO .. 28
randomread 00000000000 O0DODOO0OOOOOOOOODOOO .. .. 29
Oidle0D 000000000 ... .. e e 30
000000000000 .. .. e e s 31
OO0O00OD00O0 ... e e e e e 32
000000000 HRDBOOODOOODOOODODOOOOODODOOOO ... 34
HIRDBOOOOOODOOOOOOODODODOOOODOoOooooooo ... .. 35
HIRDBOOOOOOOOOOOOODODODOOODODODODOOODOOOO (ooo) 36
MySQLOOOODOODODODODOODODOOoOOoOoooooooooog ... .. 37
MySQLOOOOOOOOOOOODODOODODODOoooooooooo (oog) 38
Q8left deepOD O OO OODOODO .. . o o o e e 39
Q8left deep0 00D DODDODODOOODODOODO (DODODOOO low-RPM standby) 41



6.8 Q8leftdeep0 00D IODDDOOODODOOODO (DODDODODO standby) . . . . . 41

6.9 Q8left deep NCOODODODOOOOOODOOD o vt v v v 42
6.10 Q8 left deep TPM(D 0 300)00000000000000 ... ... .... 42
6.11 Q8left deep PACOO OO ODOOOOOOOOD .o vt v i 42
6.12 Q8 1ight deep DO DO OO OOD D o v v v v oot 43
6.13 Q8 1ight deep DO DO OO OO0 © o o v v v o v e e e e 44
6.14 Q8 right deep 0000000000000 O00 (00O0O000 low-RPM standby) 45
6.15 Q8 right deep 0 0000000000000 0 (000OOO standby) . . . . . 45
6.16 Q9 left deep 00D DD ODODDODO o o v oo v e et 46
6.17 Q9 left deep 00 OO0 OO0 D  © oo v v it e e A7
6.18 Q9 left deep 00000000000 O0O000 (000000 low-RPM standby) 48
6.19 Q9 left deep 000000000000 O00D0 (000000 standby) . . . . . 48
6.20 Q9 right deep DO OO OO OO0 D o« v oot e et e 49
6.21 Q9right deep D00 OO0 ODOD0 .« o o v v oot e et e 50
6.22 Q9 right deep 0000000000000 00 (00O0O000 low-RPM standby) 51
6.23 Q9 right deep 0 0000000000000 0 (000OOO standby) . . . . . 51
624 0000000000 (000000 low-RPM standby) . . . . ... ... ... 53
625 0000000000 (000000 standby) .« o« o oo oo 53
626 00000000000 (000000 low-RPM standby) . . . . . . ... ... 54

627 00000000000 (000000 standby) . . .o oo oo oo oo oL o4



HREN

gbboudgbdobbooboobbodoboobboobbboobbooboboobob
goggobobbbbuoooooooobbobbboogoooobbobobboooooooon
goggobbbbbbbobodooooooobobbobbboobbbbooooobobbbon
goggoobbobobbbotoooooooobbobbotbdgoooooboboboooooan
gbooboboobooboboobobooboobbobooobooboboobbuoobbo
gobobooon
gobboooobboobbbooooobbbboobbooooobobboooon

gogobboobbouooogobbobbodooooobobobbuooooooboboon
gboobobooboobbooboobboobooboboooboobboobbuoobbo
gogobbobbbbotbudoooooobobboobobbobobbbboouooooooon
gobooboooon



10 dood

1.1 OO

0000000000 b00bOO0bO0bDO0DO0OUOoDOU0ObO0OO0bOO00OObO0ODbODODOD
000000000000 DO0000O000000DbOO0DOO0DO0ODODO0DO0o0oOOooOo0On
0000000000000 b00bO0bO0obOO0bODU0bDOoDOoDOO0obOU0OODbO0ObDODbODODO
0000 6000000000000 0oooo0o0ooooooooooooooooo
00000000000 bO0bOO0DbO0bO0bO0bOO0bDO0DO0oDOOoDO0obOUODO0ODODOObOODO
oo0oood

O000o0o0o0o0obOo0obO0o0obO0o0oobObO0oobObO0oooobOoooObOoooOobboOoDboo
00000000000 DO0DO000DOO0DO0DO0DbOO0ODOO0ODOO0ODODO0oDOoDOODODOn
O00000D00O0DoD0o0o0o0oooDoDoDoooooooooDoooooDoooDOoog
00000000000 DO0DOO0DO0DO0DO0DO0DOO0D0ODO0O0O0ODO000DO0OD0O00O0
000000 D00o00oooooooooooooooooooDoooooooaon

0000000000000 O00DO0DO0ODOO0DOO0OD0ODOO0ODOO0DOO0OD00OD0O0OooOOooOOn
O0o0doo0oo0o0o0ooo0oooDO0DooooooooooooooDooDooooooog
0000000000000 000000000 7000000000000 000O0000
O00d0od0ooodoooooooooooooooooooooooooooooooon
00000000000 DO0DOO0DOO0ODOO0ODOO0ODOO0ODOO0ODO0ODOODOO0ODOO0ODO0ODODO0O0ODn
000000000 DOO0DoOooooooo0oooooDoooooooooooDoOoooooog
0o0oooo

00000000000 OHibernator[1] 0000000000000 O0OOOOOOOOOO
0000000000 00000000 high speed O low speed (low power) OO0 O0O0OOO
00000000 migration0 000000000000 DOODOODO0OOODOODOOOOODO
O00000000DOO0DOO0DO0DO00O000000DbO0ODOO0ODOO0ODODOODODOODODnOO
O000D0D0000oooooooooooood

O00000000000000000000MAIDR2|3]4]p|0 0000000000000
000000000400 10000000000000O000O000DO00O000O0OODOO00
0000000000000 DO0DO0DO00O0DO0DO0DO0DO0DO00D00bO0ODOODOODO
000000000000 00000DO00000oO0o0oD0oooooooDooooood

O00000000DO0DbOO0ODOO0DOO0DO00O000OO00O0O0O0ODbOO0ODODODODODOD
000000000000 0000D0oDOoooooooon



1.2 00000

ggbobboobobouooooobbobbbuoooooboboobobbuoooooobobooobo
gobobooboooboobboobidedboobboobbooboooboobbobooboboon
gbobbooobbuooobbodbbooobbbooobbuooobbuooboobooboo
O00000o0O0bO0obOOoooOobBMSOOOOOOODOODODODODODODOODODOODOODO
gogobobbobobbouoogobboboboodooooobobbobobbooooonoon
gobbboooobbboooobbboooobo

gbobboboobooboobobbobooboobo Jomdobgoboobooon
gboobobooobooboobooobobobuobooboooboobJondOdnOOD Hash Join
OobooooboooboboooobOooboobob0boobobOO Hash JoinOOOOOO
gobbobooooobod

1.3 00000

gbbbooobobboooobn

gbobo20b000000b0000b0 300 RDBO JomOOOoOoooooooooooO
4i000000000b0b0000sb0boobobobobboobobobboobobo
gbbodgbooobdoebudobbuodbboboobbuoobobuoobbuoobbbood
rdboobuoobgoobooboobbog



20 UOood

2.1 spin speed 00 00O O

gbdbobobdodgbodbodgbuoobboobobooboboboboobbodoboo
ggbobobbbougooooobobboobbbooooooobboboboouooooon
0000000000000 00o0I/o000oo000oooOooDUoooOoOooooooO
gogobbboobboboodoooobbooobboobbobbobouooooooboboooobon
ooooooboboboooboobodbDwited0OODOODOOOOOMOO0O00 readd 000
OO0b00d0o3ooobobbbodlreed0000DbO0O0OO00ODO0ODOOODOOOOODODDOODO
Oooobooooobooooooobo0ooooOoo0ooobooooDbOOo0oOoOoDOn full
speed 000000000 0ODO0OdIeD0DO0ODOODOODODOOODOOOODODOODOO
goboboboooooboboood

OO0O0D0O0oooobooOodOfullspeed0 00000 standbyO 0000000 OODODOO
standby OO OD0O0O0OO fullspeed 0000000000000 DOODOODOOODOODOODOO
O000000000000000000000C on/off000000000O0OODOOOOO0O
googobodbbooboobobooobooboboobbooboobobobuoobbon
O0000000000000000000O spinon/off0000000000OODOCODOO
O00000000000000O0 spinon/off 0000000000000 OOOOCOODOOO
OO spinspeed 00000000 OOOOODOO

D000 21 000000000 spinspeedd0000O0O0OOOO0OOOO0OOOOOOO
O0O0000000o0obDobobooboobooboboboOnOdtull speedd standby DO OO OO0
0000000000000 000DO00b00DO0obObO0DODOfullspeed0ODOOOOO
000 spinspeed 00 0000000000000 multi-speed 0000 [10/00000000
ggbobobuoogoobbooogoobuoooobbbooooobobogg

O0O0Ostandby OO0 OOOO0ODOOOspinspeed0 000000000 0OOO0OOOOODOO
gobobbuoggbbboooobbuooobboobbboobbboooobbuoooboo
0000000000 0obOb00obooboobOOspinspeed 00000000 0OOOOO0OO
gbodbboobuoobuogbbuogbbuoobbodbuobobooubobooooobooobo
gogbbbuggobboooobbbboodobbboooobbbuoooobbobao

O000boooboogdbspinspeedd 000000 0O0OO0OO0OOOO0OODOOODOOO
O00000000b00b0ob0obuobuobOobsspinspeedd 0000000 0O0OO0OO0OO
multi-speed 00 000000000000 O00O0OO spinspeed0000O0O0OO0OOO0O
00000000000000000000000ODOO3000000(1]



dynamically

/ indirectly

& . &

L | L |

Full speed Standby other speeds
(stopped)

0 2.1: spin speed 0 O O

Load Directed(LD) 0000000000000 00000O0O0ODOOOOOOOD spin speed
00000000000 0000 spinspeedJ0000O0O0O0OOOOOOOODOOQO spin speed
obooboooboobobooboboooooboboooboobooboobooboobogon
oobooboobobooooooooboooo

Dynamic RPM(DRPM) 000000000000 O0OOO0OO0OOOOOOOOOOOOO
O00000D000O0spinspeed0 000000000 0OOOOO0OOO0O0OODOOODOO
OOspinspeed0 00000000000 0OO0O0OO0O0OO0OO0OOOOOOOOOOOOO
O00O00o0oDOoOwllspeed 000000000 DOOOODODOOOODOODOOOOODO
gobboobdbodbdoboboboboboboboooboobobOoboboobooboon
ooboboobooooobooboboboooooobooboobo

Coarse-grain Response(CR) 0 00 0000000000000 0OOOO0ODOOOOOOOO
OO00000D0spinspeed 0000000000000 0OO0O0O0O0O00O0O0D0OO0OO0OOO spin
speed0000000Ospinspeed0 00000000000 OO0O0OOOOOOOOODOOCO
O00000000o00oobob0oo0oo0ooooooobooOon fullspeed0OOOOOO
goboboboooobooboboooobooboaoban

2.2 Hibernator

0000000000000000000000000OHibernator[1)0000

Hibernate OO0 O OO O0OO0O0OOOO0OOOODOOODOODOODOOOOODOODOODOODOOO
OO0000DbO0000000b0OOH Hbernator 0000000000 220000 tierd DO OO
gobbobbdogouo@muoooooobobooboooooobobbooooooboon



o000 erd D000 booobbooobbobbOtier 0000 booonoDOO
gboobbobobo tiece0000bo0bOoooooobobobobobooboon
oobooboocRUoboboooboooboooboOobOoUobOoOooobDOoobDoobooo
gobobooan

logical disk

logical
physical

mapping

physical
disk array

tier

disk spee W2 > " > W

O 2.2: Hibernator O O 0O O tier 0 O O

0o0ooood tier0 0000000000000 0O0O000OO0O0O00OOO0OOO0O00O
O0O0Mspinspeed 000 tier 0D 0DO000O0O0ODOOD0OOO0OODOOOOODOOOOOO
000oO0ooOoOoOobOo0000o0oooooooOobObOo0o00o0oooooooooOooooooon
dooooooon

00ddoooddter 00000000000 DOO0O000O0O0O0O0OODOOOOOOODOO
0000dooboboooboboboooboooboobobooboboooboooooOoooo
0000000000000 0DO000000D0000D0000 fullspeed0000O0OO0OO
0000000000 ooboobobooobooDoobOoooo
O0o0ooooooodterd 0000000000 oooboooooooogn
000000000000 000000 HibernatorOOOOOOOOOO temperatured O O O
000000000 00o0oooo0obOo0ooooooooboobooodnD Randomized
Shuffing0 000000000000 DODO0ODOODOODOOO0ODOO0ODOODOODODODOODOOOO
0000000000 oOoO0o0o0oobOooooooobOooooooooooooon

Hibernator 000000000 D0D0O00OOO0OOOO0OOO0O migrationO0OOO0O0OO0O0OO
OOworkload OO O O0O0OOODOOOOODODODOOOOODOODODOOOOOODOOOOOO
00000000 lowspeed tier 00000 0D0O0O0O0ODO0O0OODOO0ODODOOODOO0OO
0000000000000 00000 fullspeed0000000O0O0DOOOOOOOOODOOO

O00000D00D000D000DO0D000DO0Ofullspeedd tierDO0O0O0OODOODOOOO



O000bOoO0b0O0oo0obOooooO0ooOobocrRUbDbODObDOoOoOOUOOOUODODO tierd
O000000D0O00Db00DO0OD fullspeedd tier D00 OO00ODOOODOOOOODOOO
O0000ODO0O0000000DORandomized Shufling0 0000000 00OOODOODOO
O00O0ooobooobooonDOonO foreground0 0 00O OODOOMOOODbackground O OO
goboboooobbbooodbbobibdddl migrationJ O DO OOO0O

Baseline —==PDC wp -e-PDC {p Baseline ==PDC p ==-PDC
- === RAID prem == RAID frem =®=RAID &r —_ =5-RAID preyy  ~®-RAID fgpy  —®—RAID
£ —i— Hibernator E —i— Hibernator
E 300 ‘6500
£ 250 £ 400 —
] 200 /\\ 2 300 /E\H\m
5 c
& 150 VY g id AN
£ 100 AN 2200 w
[
& 100
g 50 ‘gf / \U :%' —
g 0 —M-— § 0 ; ——A=———=
7 14 70 140 700 1400 < 50 100 150 200 250
Load (Request/second) Load {Request/second)
(a) OLTP (b) Cello99

Figure 7: Average response time for different schemes under various stable loads. (Note the x-axis scale in (a) is not linear.)
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Figure 8: Energy savings for different schemes with performance guarantee under various stable loads. (Note the x-axis scale in (a)
is not linear.)
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3.1 RDBOUOO
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RDB
/ FrJEa—k \
!
StudentID Name Class Class Teacher
2Tl 1 Alice B A Amy
L. 2 Bob B Ben
3 Charley B C Chris

table: students

table: teachers /

0 3.1: RDBOOOODO
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SELECT Teacher
FROM  teachers;
Class Teacher Teacher
A Amy :> Amy
B Ben Ben
C Chris Chris
table: teachers
033 0000
SELECT Name, Class, Teacher
FROM students, teachers
WHERE students.Class = teachers.Class;
StudentID Name Class Class Teacher
1 Alice B A Amy
2 Bob A M B Ben
3 Charley B C Chris
table: students @ table: teachers
Name Class Teacher
Alice B Ben
Bob A Amy
Charley B Ben
0340000
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address [bute] input/output trace
488.7 997 .5 1496 1995
2, 56e+09 - : 2 562409

1,92e+0%, LH2e+09
1.,28e+09 . 28e+08
6.4e+08 6.4e+08
— L e ———— 0
1.167e+03 1.167e+03 1.167e+03 1.167e+08 1.167e+03
time [second]
O 4.2: Nested Loop Jon O OO OGOOOOO
address [byte] imput/output trace
0 37.38 74,77 12,1 148.5
1,365e+0 T T T 1.365e+08
1.024e+08- - 1.024e+08
6,824e+08- - 6.,8248+08
3.412e+08- - 3.412e+08
rd
| 1 | 0
1.165e+09 1,165e+09 1,165e+02 1.165e+09 1,165e+08

time [second]

0 4.3: Hash Jom OO OOOOOOO
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4.4 0O0OOOOO
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Hash Join

Hash Join
table3

&
r
"

table1 table2
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0 4.1: TPC-HOOOOOOOOOOODOOOOOO (Byte)

table name | start position | end position | table size
part 1359872 32964608 | 31604736
supplier 33341440 35028992 1687552
partsupp 35438592 166232064 | 130793472
customer 166526976 194232320 | 27705344
orders 194314240 390725632 | 196411392
lineitem 390938624 | 1364836352 | 973897728

OooooooooobDBMSOODOOOODOOODOOOODODOODOOODOOODOD
gboooboobobbobooboon

4.5 000000 TPC-HOOOOOOODODODODODOOOOOO
goooood

000000000000000 TPCOOOO [13]0 TPC-H[14 0O ODOOTPC-HODOS
gobbbooooboboobo20bb00goboboboooobn

oobooboobooobooboobooboobobobooooboooLTPOOOODO TPC-C
O00000000TPC-HOOOOOOOOODOOOOOOOODODOOOODOO (DSS:Decision
Support System) 00000000000 COOODOODOOOOOOOODOODOOS0O000000
O000000000o0O0oO0ob0ob0obOobOoboboooobSSOOoboOooOooOooOooo
gogbbobbbuodoooooobbbbbodooooboboobobooooooobboboboo
gbogobuogbobuoobbooboobobobooobuoobboobooboboon
gobobobbbodoooooobbobbbodooooboboobbooooooobboboboo
gobobooon

TPC-HOOOOUOOOOOOOOODDODOOO (DODOOUOOOoOO)oloooooooo
1.3GBO0DO000O00OO000bOoobOooooooo TPC-HOOODODODODOODOOO
gobobbbbuooouoooobbbbbbouodooooooobbbbbbobouooooon
00000000 I/Jo0D000000ooooooooooon

OOoooooobooboboooooooboooDbSssobooooooooTBOPBOODOO
OO000Db0o0ob00obO0obooooobooDbSSOObuoobooogJenbOOOoOooDObDOO
gobbbbbouoooobbbobbbuoooooobobobobouoooooobboboboo
gbooooog

TPC-HOOOODOOOOO 410000000000000000%0000000000

00000nationdregion 10 0000000000000 00000O0O0OOODODOOOODODOOOOOOO
puat 0000000000 (DOOODOOOOODOOOODO)0DODOOOOOO
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goboboobbboboddgoogobobobbboddooooobbobbbooooooooon
gbl1o0o00n

OO0O0000DO0bDOTPC-HOODOO Q8OUODOOOODO

OO0O0TPC-HODOOOOODO Q8O SQLUOODODOOOODOODOOOO

with all_nations(o_year, vlm, nation)

as
(select
year (o_orderdate) as o_year,
1_extendedprice * (1 - 1l_discount) as vlm,
n2.n_name as nation
from
part, supplier, lineitem, orders, customer,
nation nl, nation n2, region
where
p_partkey = 1_partkey
and s_suppkey = 1_suppkey
and 1_orderkey = o_orderkey
and o_custkey = c_custkey
and c_nationkey = nl.n_nationkey
and nl.n_regionkey = r_regionkey
and r_name = ’AMERICA’
and s_nationkey = n2.n_nationkey
and o_orderdate between DATE(’1995-01-01’) and DATE(’1996-12-31°)
and p_type = ’ECONOMY ANODIZED STEEL’)
select
o_year,
sum(case
when nation = ’BRAZIL’ then vlm
else O

end) / sum(vlm) as mkt_share
from all_nations

group by o_year

order by o_year

without lock;

HiRDBOOOOOOODOOOOOODODODOOOOOOODOODOHash Join O left deep O O
gobbobooogoooboodgo

with all_nations(o_year, vlm, nation)
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as

(select
year (o_orderdate) as o_year,
1_extendedprice * (1 - 1_discount) as vlm,
n2.n_name as nation

from
region inner join /*>> by hash <<x*/
(nation n2 inner join /*>> by hash <<x/
(nation nl inner join /*>> by hash <<x*/
(customer inner join /*>> by hash <<x/
(orders inner join /*>> by hash <<x*/
(supplier inner join /*>> by hash <<x/
(lineitem inner join /*>> by hash <<x/
part

on p_partkey = 1_partkey)

on s_suppkey = 1_suppkey)
on 1_orderkey = o_orderkey)
on o_custkey = c_custkey)
on c_nationkey = nl.n_nationkey)
on s_nationkey = n2.n_nationkey)
on nl.n_regionkey = r_regionkey
where
r_name = ’AMERICA’
and o_orderdate between DATE(’1995-01-01’) and DATE(’1996-12-31’)
and p_type = ’ECONOMY ANODIZED STEEL’)
select
o_year,
sum(case
when nation = ’BRAZIL’ then vlm
else O
end) / sum(vlm) as mkt_share
from all_nations
group by o_year
order by o_year
without lock;

right deep 000 00D0ODOODO “inner join /*>> by hash <</? 0000000000
ooobooooobooono
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ni.n_regionkey = r_regionkey

s_nationkey = n2.n_nationkey

region

—— REGION.R_NAME
nation| - americA’
N2

c_nationkey = n1.n_nationkey

nation
N1

o_custkey = c_custkey

I_orderkey = o_orderkey customer

s_suppkey = |_suppkey orders
ORDERS.0 _ORDERDATE
between "1995-01-01°

and '1996-12-31'

p_partkey = |_partkey

part | lineitem

PART.P_TYPE
='ECONOMY ANODIZED STEEL'

0 4.6: TPC-H Q8 left deep0 OO DO OO OODOO

0000000 leftdeep00000000O00ODOODOOO46000000000000000
0o0oooooog 3700000000000t partoooonog
0000000000000 ptyped “ECONOMY ANODIZED STEEL"0DO00OO0OD0OOO
O0000bildO000000D00D0000D00D0 HasshOOOOOODOODODOODOODOO
O00000 lineitem OO0 00000000000 ODOprobe0000000OOOOOOOOO
part OO ODOOOO ppartkey 000000 lineitem OO0 000000 lpartkeyO OO OO
000000 JoinO00D00D0D0O0OD0OO0O0ODOO0ODOO0DOOD0O0ODOO0ODOO0ODOO0ODO0On
O0000buldOOD0OO0O0D0O0O00O00O supplierD 000 probe0000000D0OO0O0OOO
OO0 JonO0O00000DOO0O0ODOOO0DODODOODOODOOODOOODOOOOOg

00o0bdobobooobooobooobooboo430b0oboboooon

00000000000 DO00DLO00DO000DL000000D0O0ODODDOOo0DbOO0D0O0 Join
0obooboooobooobooboobobooooooboobD JombOoobOOooooog
OO00000DO00ooo0ooooooooooooooog
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O 5.1: TTK250(HDT722516DLAT80 PATA) D 0 OO O

0ooooo 8.5ms
0oo 7200rpm
0oooo 8MB
0oo 160GB
0oooooo 20
0oo 30
0000000 (00) | 33MB/s
0000 (Idled) 5.2W

0D000000rawD000000000 /dev/raw/rawl 0000000000 /dev/hdel OO
D0000000000rawd00000000000000
00000000000 T7K25000000000 510000

5.2 activeUl DO ODOOO0OOODOOOOODODOODOODODOO
oo

0000043000000 normal activeU DO OO0DOOOOODOO0ODOO

normal active DO OO Oread D00 write U0 OO0 00000000000 O0O0O0OO0OO
gogobbbobbbodgoooobbbobbogooooboboobbbouooooooonoo
gbobobobbbogobbbuoooobbbuoooobbboooon

OO000l/jooo0000o0o0o0oooo0ooooool/oocooo0oooooooooo
0000I/jO00000000000000000000DO00D0O000000D0oOODoOO
gbobobooooboboooobbbooon

00000000000000001/O0000000000000O0O0OO0Osequential readd
random read 00000 000?00000000001/0000000000000O0O0O0
gboggbobdobbuobboogbbogubuoobbbobuoobbuoobuodobboob
O00000000o0O0o0o0o0gooooooooogoooi/oooooooooooooooo
00000 0OO4096Bytel 16384Bytel 65536Byte DO 0 0D OO0 OOOOMO

bobooooobooo440b0boboobooboboboboobobobDboobOoDbo
OOooboobooobooboooboobbooboobobooboobooobooboonbogidled
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5.2.1 UU0UObU0OOOOLObObooooooon

HDD Power at each throughput {sequential read)
75
| /
. /
z
L o
g O * 4k
g —— model{4k)
| ]
55 16k L]
— model{16k)
A 64k
5 —— model{64k) |_]
4-5 1 1 1 1 1 1
0 a 10 13 20 25 30 39
throughput [MB/s]

O 5.2: sequential ,read 00O 0000000 0OO0OOOOOOOOOODOODOO

05200[/000000000000000 sequential ead 00 000000000000
0000000000000000000000000000000000000000000
0000000000000000000000000001/00000000000000
0000 (000000)0000000000000000000000000000000
0000000000000000000
Y = 0.0849X +5.0176 (4k)

Y = 0.0701X +5.0324 (16k)
Y = 0.0686X + 4.9859 (64k)
(X:00O0O0O00 [MB/s] Y:00O0O [W])
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5.2.2 JUUObOUOOOOUObObbObOgo

HDD Power at each throughput (I0/s)
12
10 —
A__,..—ﬂfdi
o g
K
™ ey
= _
L 6 e m
2 T
2 s
a 4 4k_rand
A 16k _rand
64k_rand
2 —#— approx
0 1 1 1
0 20 40 60 80
throughput [0 /s]

O 5.3: randomread U0 000000 0OOOOOOOOOO0ODOOOOOODOO

05300[/000000000000000 randomread 000000000000000
0D00000000000000000000000000000000000000000
0000000000000I0/s0000

0000 sequential eaed 0 000 00000000000000001/000000000
0000000000000000000000000000000000000000000
00000000I/O000000I0/s000000000000000000000000
000000000000000000000000000000000000
Y = 0.0673X + 4.9177
(X:00O0000 [I0/s) Y:00O0O0 [W))
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5.3 idlel000O0O0ODOOOOOOOOOO

Advanced Power Management

5 4.744W

standby low—rpm low—power idle normal idle

O54: 0ideb0000OOOOOO

O00000dleD 00000000000 O0DOOO4.3000000 Onormal idledlow-power
idled low-RPM standbyOstandby U0 OO0 OO0 00O 0idle0 00000000 OOOOdeDO
0000000000000 0000DO00o0oDooooooDoon

0 5.4 0 Onormal idled low-power idle[] low-RPM standbyUO standby OO0 OO OO0 00O OO
OO00o0ooDoOooooon

O0bD00Db000b00idleDOD00O0 normalidle000000O0ODO0O low-RPM standby
goboboogobobuoooobo
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052 00000000nomalidle0000O0OO0OOO0

0od 000 ((00)|000(00)|0000 (o) |oooo(oo)
low-power idle 20.38 [ 240 0.6sec 0.7sec
low-RPM standby 53.14 01 510 3.2sec 7.0sec
standby 81.58 890 7.2sec 15.0sec

0000 5.200 low-power idle[] low-RPM standbyl standby [0 00 O [ normal idle 0 O O O
0000000000000 whitepaper DD 00000 OODOOODOOO white paper 0O
D00000DO0DOO000O0DOooOoon
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gbobob440000000bboooobooboooobobuoooobn
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UsHs5: 00b0uougoog
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0 5.5 0 O standby O O normal active O O spin up O O low-power idle O O low-RPM standby
O0spindown 0000000000 100000000000 0DO00DOOODOODOODOODOO
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el OLOOOO
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HDD Power at each throughput (sequential read)
7.5
_a" /
— 6.5 P
E -
& 6
3 /
g / —— model(16k)
9.9 q1-q10 —
—=—q1—ql10(approx)
Lo}
4-5 | | 1 | |
0 5 10 15 20 25 30
throughput [MB/s]
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0 6.1: Q8left deep0 D OO UODOODOODOOODO

table type | time [s] | size [MB] | throughput | power [W] | energy [J]

part build 2.416 31.605 13.082 5.949 14.374
lineitem | probe | 91.658 973.898 10.625 5.777 529.528

orders | probe | 19.821 196.411 9.909 5.727 113.515
customer | probe 2.462 27.705 11.253 5.821 14.332

others | others 1.535

total 117.892 | 1229.619 671.749
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6.4 Q8 right deep

n1.n_regionkey = r_regionkey

s_nationkey = n2.n_nationkey
region

REGION.R_NAME
='AMERICA’

c_nationkey = n1.n_nationkey

o_custkey = ¢_custkey

nation
N1

|_orderkey = o_orderkey

customer

s_suppkey = |_suppkey
orders

ORDERS.O_ORDERDATE
between "1995-01-01°
and “1996-12-31°

p_partkey = |_partkey

part | lineitem

PART.P_TYPE
='ECONOMY ANODIZED STEEL'

0 6.12: Q8right deep0 0D ODOODOODOMO

06.1200Q8right deep0 00D DOO0O0DOOODODOODOODOODODOODODODOODOOODO
0000000 00o0oo0obo0e13000000D000DOODODDODOO
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address [bute]

input foutput trace

0 . 73.1 108.7 146.2
1,365+ ; : , 13652400
1,024 408} 1,0248400
lineitem
682406 468240408
orders
customer
3,4128+08 134120408
part-
\ 1 L 0
1.1650109 1.1652400 1.1650409 1.1652+09 1,165e+00
time [second]
0 6.13: Q8 right deep 00D DD 000D
0 6.2: Q8 right deep 0000000000000

table type | time [s] | size [MB] | throughput | power [W] | energy [J]

part build 2.391 31.605 13.218 5.959 14.248
lineitem | probe 93.353 973.898 10.432 5.764 538.057

orders build 19.628 196.411 10.007 5.734 112.545
customer | build 2.358 27.705 11.749 5.856 13.808

others others 0.190

total 117.920 | 1229.619 678.658
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6.5 Q9 left deep

s_nationkey = n_nationkey

ps_suppkey = |_suppkey
ps_partkey = |_partkey

nation

|_orderkey = o_orderkey
partsupp

s_suppkey = |_suppkey orders

p_partkey = |_partkey

supplier

part lineitem

p_hame
like "%ogreen%'’

0 6.16: Q9left deepOD OO OODOODOODO

06.1600Q9%left deep0 0000000 O0OODODOOODOOOODOOODODOOODOOOODO
00ooboboboboooooelTOOOOOODOODOODODOO

QUUOD0ODOODOODO0ODLOODOO0OO0DLOODODO0ObODOO0ODbODOObODOoDODOOobDOoOoO
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address [byte] inputfoutput trace
0 58,67 117,3 176 234,7
1.365e+0 - | - 1,365=409
1.024e+02- . . = 1.,024e+03
lineitem
b,524e+08 - 6.824e+08
S/ orders
3.412e408 43.4120408
part
\ partsupp ﬁ/
1.1660+09 11660100 1166108 RTT 11665409
time [second]
O 6.17: Q9left deepOD OO OO ODOODO
0 6.3: Qleftdeep0 D0 DOO0OO0O0DOOOOO
table type time [s] | size [MB] | throughput | power [W] energy [J]
part build 2.652 31.605 11.917 5.868 15.561
lineitem | probe 116.760 | 973.898 8.341 5.617 655.853
orders | probe 25.549 196.411 7.688 5.571 142.341
partsupp | probe 14.685 130.793 8.907 5.657 83.069
others | others | 56.970(idle) 4.744(idle) | 270.293(idle)
0.274(other)

total 216.890 | 1332.707 1167.117
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0 6.19: Q9left deep0 00000000 ODOOOOO (DDODOODODO standby)
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6.6 Q9 right deep

s_nationkey = n_nationkey

ps_suppkey = |_suppkey
ps_partkey = |_partkey

nation

o_orderkey = |_orderkey
partsupp

s_suppkey = |_suppkey
orders
p_partkey =
I |_partkey
supplier \
part lineitem
p_nhame

like "“%green%’

0 6.20: Q9 right deep0 0000 OOODOMO

062000Q9rightdeep0 000000000 DOOOODOOOOODDOOODOOOOODO
O00b0OobO0obOobooooboe210b0DbU0D0ODObDO0OO0OOOOODOODQS right
deep 0000000 Olneitem 0000000 probeJ 0000 dle00000000O0O0O
O0Q9left deep OO ODOOODOODOODOdleDODOOrightdeepO0OOOOOOODOOO
gboooo

ooobobobooboboboboboboooboboobobbe40bbobOoD
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address [byte] input/output trace
0 49,02 147.1 1961
1.365e+03 : . : 1,3652+09
1.024e 409 - 1.004e409
lineitem
6,824e+(15- - 6.524e+08
orders
3.412es08F {3.4120408
partsup part
11660708 1. 1660709 1166008 1. 1660709 1. 1666408
tine [second]
0 6.21: QI right deep D00 DD D000
0 6.4: Q9 right deep 1000000000000
table type time [s] | size [MB] | throughput | power [W] energy [J]
part build 2.775 31.605 11.389 5.831 16.180
lineitem | probe 121.276 973.898 8.030 5.995 678.580
orders build 25.927 196.411 7.576 5.563 144.243
partsupp | build 13.978 130.793 9.357 5.688 79.511
others | others | 42.580(idle) 4.744(idle) | 202.022(idle)
0.325(other)
total 206.861 | 1332.707 1120.536
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