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Abstract

Haskell is a purely-functional programming language. It provides a modern type system
which type-safe and type inference makes it possible to write a program reliable[1]. Haskell
has referential transparency that allows the programmer and the compiler to reason about
program behavior.

In this study, we implement the parallel database using Haskell. It is use non-destructive
tree structure. Haskell compatible with non-destructive tree, because Haskell has no
destructive updates does not exist

We measure the performance for reading and writing of parallel database. We achieve
to sufficient performance on the multi-core processor. Further, in order to indicate the
availability of practical applications, we measure our database against top of database.
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rpar DO OO00O0 test UOO rpar D000 bindOOOOOOOO,000000
Ooooobooobobobbd. Haskel OO DODOODOOODO doODOOOODDOOOO
gbooooobobobo,oboobobobobooboo2240b000b00b0bog
Ob0d.do00O0OO0O0OOO0ObndOOODOOODOODODOODOO.

test :: Eval (Integer, Integer)

test = do
a <— rpar (sum’ 0 num)
b <— rpar (sum’ num (nums2))
return (a,b)

ooooog 2.24: dod O

sum’ 0200000000, 000000000000 0000OO00O0O0OOOO
O0. 0000000000000 000.ifo0,000bo0o00ooooooooo,d
gbodotdodooootooouooooooon.

test 00000000, Eval (Integer, Integer) 0, 000 runEval 000000000
O, (Integer, Integer) 00 0. 000000 print OO0 ODO.

Haskell OO ODOOOOOOO, DOOO0OOO0OOODODOOOOOOO. DoOoQ,
main print OO0 0000000000 0OOO0OOOOOO0OO0O0O 2.250.

’[ main = return (runEval test)

goboog 225000000000

gbobboodg,bboogobbboooobbo.gd,testbO0O00 2000001
goboboooooboboa,1gbbbboggoobbboooobobobbooood
2260 . fst 0, (a,b) 000000 aD0O0O0OOOOOOO.

’[ main = print (fst (runEval test))

goboog 226: D000doooDoog

Haskel 000 0O00O0O0OOOODDOO,0000000O0O0O0OO0O0O0O. rpar 000
ooodoooot,rpar OO0 OO0 0000000000 OD0O0O0OOOOOOOOOO
O.rpar J0000 Eval OOO0O runEval OOO0O0O00, 0000000 print0d0O0O0
oo, dooooooooobobobooooooa.

OO,rpar DO OO0O0O,0000000000O0O0OO0OOOO, D0 200000
odooooooo. ooo,oo0ooboo2roddoooooooooo. 4000 b
goooooooon,3id adoodoonoooooon.

O0000 Haskell DOOO0ODOOODOOOOOOO 14
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020 HaskellOO

test2 :: Eval (Integer, Integer)

test2 = do
a <— rpar (sum’ 0 num)
b <— rpar (sum’ num (if a < num then a else (numx2)))
return (a,b)

goooog 227 00ggobobooon

O0O000 Haskell DOOO0ODOOODOOODOOO
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Dooooooooon

3.1 UO000oOoobooubouoboooboouobogn

oo,cpUO0OO00O0ODOOOOOOOO.ODOODOODOOODOODOODOO
00000,0000000000000000DODO. 00000000 [7fjobooOo,o
o008 % 000,00 00D000000UDNO0DODOOOSS000ODO0O0OOO.

ceuooOooOOoOOO0O,b00o0oboOooO0oOoooboOoOooDbDbooOobooo,bobo cpuOO
gbobogdgbbuogobbuoobbooooboobo,obboobobooobob. oo,
gbgobgobobboboo,oobuooboobuooboobobboobo.

gobob,goobbobuoggobbbbuoooobbobogooobooo. od
gboboooboobobg,obboobooobuoobboob. booboobb,d
oooooooooooooo. ooboo,bob cekObOOoOoOooDooOooDonbogoo
gog,boboobooboobgon.
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3.2 UO0Oooon

gobobuogg,bbobuoggobbbbuoooobboboooobo.obbbod
gobobbooogb,bggobobooooobob,o0oboboooobn.

gg,gggbobbbobbbbtodgooodg,oooobobbobobboboooag. g
gobbbooooboboooobboboooobbbuoooob.

03100,000 60000 ADQOOODOOOOOODOOO.

fREEEI D AHEE TREE R DAKEIE

G UL ABEZFR L

/—R6%ZAE LTEM

(2) (3) =

031 00b000gooon

gobobobboooooo,bbobboogooooboobobo,gogoobobood
gobobo.bbuoogbbbboooobb,booobbbbuoooobbboood
gobobogdgbbooboodgos2tn. bboggooobuogooobuoooboboooog,
gobbbuoooobboboooob. bbbbuooobbboooobobb,o0n
gobbboooobobobodg.gobobuoooobbbooooooboaa.

RERTDAEE RER DAEIE

HUWAEBEZ R

032 000000000000000000
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3.3 Ut

ggoboboobo,bbbbodgooooobobb. bbboobbo,bbogad
gobbobooooboboo. ggooboobooo,bbbuoooobbbooon
gboo,bogogbbodgbuogbboob.ogboobobodoboobboon,d
goboboooobbbuoooooobod 3.30.

EQ/—RZI—rEULTRTD
FERLS TV EATEDS

U 33 00bugaoboogag

0000000000000 0DO0o0DO0o000bD, Haskel DO IOODOODOO
O000D00.0000,Haskell OO OOOODOOOOOODOODOODOODOSTMO
ooopoo. STMOOODOoOOoOoO,0b0bo0ooooobooboooooooon. ST™M O
gboboboboboboboooobo,obobooboboboboobooobo.

STMO,STMOODOOOO0OOOOOOOOOOODOOODOO. STMOOooooo
gooobgoob 31000.

newTVar :: a —> STM (TVar a)
readTVar :: TVar a —> STM a
writeTVar :: TVar a —> a —> STM ()

atomically :: STM a —> IO a

ooogoog 3.1: STMOOO

TVar 0000 O, Transactional variables 0 OO, STM OO0 0O000OO0OO0OOODODOO
00.

OO0D0STMOOOOODOOOODOO newTVar, 00O00O0DO0OO0DOO readTVar, O
O0O00ooOoogwriteTVardoooo. 00ooooo STMOOOODOOODOOOO
0000000000000 0D00, atomically 00O O0O0D0OODOOO0OOODOODOOODO
O000000D0atomically DODOODODOOOOOOO IOODOOOOOOODOODOO,

O0000 Haskell DOOO0ODOOODOOODOOO 18
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[/O000000000. 0000000000 oO0oU0ooO0oUooo0O,oco0ood
gbboodgbboobobbuooobbuooob.booobbuoobbooobboo
gobbobuooooboboog,bbboooobbobbooo. gobboboood
gobboo,gobbbuooaoobbod.

e OO OOOUOOOOOOOOODLDLDOLDDODDODDOOOO,bODLODOOOOO4On
gobboooooobo.

e NUUODOO,DUO0ODDOOODLOOODLDO,DDLO0ODLOO0ODLO0ObLOO0
guo.

STMOOOODOOOODoooooooooooooooooo,0ooooOooo.
gbbodgbogobooobboobbooobooobb.oobboobbood
g, ggobbbbobbbdudud. gooooobbbbbbodooo,oooaaad
gobbooogbbobuoooobboooobn.

OoobooOobO,0000b0oO0obo0bbo0ooo0oooDooobooSTMOOODOOO
O@g.000,0000000000STMO00O0O0OO0O0OO0OOOODOOOOOOOO,
gobboooobbboooboboobo.
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(1400 Haskellll 1 I
Dooooooooon

gooobo,0o0dbo0bg JungleOOOOoOooonooO.

4.1 000000000 Jungle

OO0b00o0oobDOooooOon Jungled, Haskell DO OO DOOODOOOOOOODOOO.
goboboooooboboooobbboon.
Jungle 00O OOO0OOOOODOODOODOOOO.

1. 00000000 JungleDOODOO
2. Jungle OO0 DO00OO0OOO0OOOOOODOODOO
. bbb, goobobbboooobb,ooobbobod

4. 0000, 000000b0O0,b00b0obbOobooOon

Jungle 00 0OOOO0O

OboooboboboboboonD JungleDOODOOOOOOO41000.

gd goodd gd
Jungle Jungle (T'Var (Map String Tree)) ooooooood
Tree Tree (TVar Node) String 000000000
Node | Node (Map Int Node) (Map String ByteString) | D 00000000000

O 4.1: Jungle DO OOO0OO

TVar 00 00O O, Transactional variables D 00O, STM OO0 O0OO00OOOOODODOO
00.

000000000000 Jungle, O0DOOO0DOOODOO Tree OOO. Node OO
O00O000O0b0o00O. b0ob00obO0b0oO0oD0bOoO,0b0b00oDOO0oboooDOn.
O000,Noded 100000 (Map Int Node) DODOOOODO0O0OOOO. O0O0DOOOO
Oo0o0oboonD JungleDODODOODOOODO,000000000.
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4.2 Jungle

Jungle OO DOO0OOO0ODOOODO. OOOOOODOOODOO, TreeOOOOOoOoOonO
gobobobooooooboobo410.

’!data Jungle = Jungle { getJungleMap :: (TVar (Map String Tree)) }

O000oogd 4.1: JungleDOOOOODOO

Jungle 0000000, Jungle (TVar (Map String Tree)) 00 O

getJungleMap : 00000, Haskell 0000000000, 0000000, 000
0000000o0oooog. getJungleMap DO 00O, 000000 4200000. O
00, JungleD0 00000, TVar (Map String Tree) 00000000 . OOO0OOOO
godoooooob, oo oobbobbboooooooo.

’[getJungleMap :: Jungle —> TVar (Map String Tree)

O0ooog 4.2: getJungleMap

Jungle 00 0000OODOO, Haskell O Data.Map OO0 OOOOO. Map O, OO0
000000000000 00DO0000. 0000000, 00D0o00g O (logn)O0O
O00000000D00O. bataMapOOOODODOODOODODODOODOOODOOODOO
ooooooao 4.30.

data Map k a = Map [(k,a)]

lookup’ :: Eq k => k —> Map k a —> Maybe a
lookup’ k (Map []) = Nothing
lookup’ k (Map ((k’,a):xs)) = if k ==k’

then Just a

else lookup’ k xs

insert :: k —> a —> Map ka —> Map k a
insert k a (Map x) = Map ((k,a):x)

test = Map [("key","value"),("fizz","buzz")]

O000b0 43: 00000000000 Map

Map O,0000000000000O00C00DO0O0O0OO.DO0OO0OO0OODOOOO
O, lookup’ 00 00. Maybe DO ODOOODO,00000000 Nothing, 0O0ODOOO
OJust 000000

lookup’ OO0 OOODOODO. =>00000,EqkDO,000000000O0. 00O k
Okooboooboobooooboo,k00bobobooobooboobon Eqgboon
O0boOoobooooO. leokuwp’ 00, 000000DO0O00DOO0ODOOODOOODOOODO
00000 lookup’ 000000, Haskel OO O0OODOOOOOOOOOOODOODOO.

OO0D0000D0O00,MapDOOODOUODODO insert0000. Haskell OO, 0000
gboooboobobobobobooo,bo0obo0obuoob Map Q.
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0000000 MapO Haskel OOOOOO00O00OO0O0O0O0OOOOOOOO (STM)
gogobobbobbbog,bbouoooooobbbbbbboodadg. ggg,ouaaod
gobbboogoobobooogboboooobn.

Jungle OO OO0

Jungle 1, 00000000000 0O0O0O0O,Map OO ooonoong 4.10. Tree
gboooboobboo,bo0bbobibd Treed0booboobDbOOO0ODOODO
goooo.

Jungle

Map

tree_name_1 tree_name_2

0 4.1: 00000000 Jungle

O000,000 MapO OO OO String000ODO0O. String O Haskell 00000
00,100000 Char D000 [Charl DODOOOO.

Jungle 0000000, createJungle 00000000 O0O0O 4.40. empty 00O 0O Map
OO00oOooooooo.

createJungle :: IO Jungle

createJungle = atomically $ do
map <— newT'Var empty
return (Jungle map)

000000 4.4: createJungle

createJungle 0, 000 STMODOOOODOOO newTVar OO0 O O. newTVar OO
OSTMOODOO STMOOODOODOO. D00 atomicallyDOODOOO,do0OOOO
O0oDooDOoooooooooad.

000000440 atomically 00000 $00000000000O.$00000OO
O0000oooooo,000000. 0000000000, $soooooooooo
0000 450000000000000.
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createJungle :: TO Jungle

createJungle = atomically (do
map <— newT'Var empty
return (Jungle map))

oboboOg 45 00000000000 000

createJungle 0, 100000000000 main OOOODOODOODOODO.

O0000 Haskell DOOO0OD0OOODOOODOOO
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4.3 Tree

Jungle 0O ODOD0OO0OOOO,00000 TreedODOOOODOOODOODOO. Tree
gbobgoobo,bboobobooobboobboobboobb46b. DOOODDO
Jungle DO DO O0O0OO, Jungle OO ODOO0OO0O0OO0O0O0OOO0OOOOOODOODOO, Tree
goboboogoobo.

gobogobbooobbobobooobbuoobobooob.bogbboooboba
000000000, Haskel D 0000000000000 00O0OOOO0O (STM) O
gobooboogo.

data Tree = Tree
{ rootNode :: (T'Var Node)
, treeName :: String }

O0OOoood 46: TreedODOO0OOOO

0000000000000 00, createTree 00000000 ODOO 4.70. createTree
O, createJungle 0 0000 Jungle OO0 OOOO String 00 0O0O0O.

createTree :: Jungle —> String —> IO ()

createTree (Jungle tmap) tree_name = atomically $ do
map <— readTVar tmap
tree <— emptyTree tree_name
writeTVar tmap (insert tree_name tree map)

emptyTree :: String —> STM Tree
emptyTree tree_name = do
node <— newTVar emptyNode
return (Tree node tree_name)

emptyNode :: Node
emptyNode = Node (empty) (empty)

OOOO0O0On0 4.7: createTree

createTreed STM OODOODOODO IOODOO. createTree DO OO, 00000 Jungle
000000000000 DO0O0000 MapOreadTVaxOOGQOODO. OODOOODOO
OoooonD STMODODOODOO TreedODOO, Jungle 0O Map O insert 0O . OO
0000 writeTVar 0000 STMODOOODO. writeTVar 000000 OODOO,O00
gog2000000 STMOOOoogoo.

000 createJungle O createTree 0 000000000000 4800000000O.

main = do
jungle <— createJungle
createTree jungle "name  of new tree_here"

DoOobo0 48 00000000000

gooobog

OO00O00o0o0ooooobOo Jungle0O,000000000000000O000O00O0O
gobbobdod. ggooobobo,gogbboboooobboobbuoooobbbooon
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4.200 .

Jungle

Tree

treeName : test_tree
rootNode : B

test_tree

042 000000

O00000b0obobo0obuoobOon. getRootNode I, OO ODOODOODODOOO
go.ooobooboboobuoobuooboobboo.oob,04200b0000,B
gobbobooooboboad.

getRootNode D 00O ODOODOOOOODOODNO 4.90.

getRootNode :: Jungle —> String —> IO Node
getRootNode (Jungle tmap) tree_name = atomically $ do
map <— readTVar tmap
readTVar (root_node map)
where
root_node map = case lookup tree_name map of
Just x —> rootNode x

ooOobo0 49 0000000D0O0ODO

00, readTVard JungleO OO mapO0 OO0 0O0. Haskell 00 where DO OO O0OOO
00000000000 00000,00000000000D0000. 000, root_node
O00 map OO0 DOOO0O0O0OODODOOODOOODODOO. root.-node map 000, Jungle 00 O
OMapOOOODODODODODODODOOODOODOODOODODODOOD. OOOO
00000, rootNodeO OO Tree0 O D ODOO0DOOOOOODODOOODOOOODOOODO
O, (TVar Node) DO OOO. OO0, (TVar Node) OO0, readTVar DO OO OO0
ooooooooooooog.

0000000000000 NodeOODOOODO NodedOODO. OODOODODOO Node
Oo00O00000DoDbOoO000oooOobOOoO0, 0000000 obOoboooooooog
0. updateRootNode O, 00 O0OO0OD0DO0OODO, 000O0O0O0OO0ODODO 30000.
updateRootNode O O O 0O O, getRootNode I D 0D DO O0OODODOOOOOOOOODOO
opooood.

updateRootNode 00 0O OOOOODOOODOONO 4.100. getRootNode OO O OO O,
Treed (TVar Node) DO OO, 000 writeTVarOOOOOOOOOO.

O0000 Haskell OOOO0D0OOODOOOOOOO 25



@DDDDDDDDDDD(DD) U040 HaskellDOOODODOOODODODOODOO

updateRootNode :: Jungle —> String —> Node —> IO ()
updateRootNode (Jungle tmap) tree_name node =
atomically $ do
map <— readTVar tmap
writeTVar (root_-node map) node
where
root_node map = case lookup tree_name map of
Just x —> rootNode x

gboogobg 410: b00boooboon

updateRootNodeWith O, 0000000000 O0OOOOODOO,000000000
O000.000000000000,00000000000ooooooooO. (Node
—>Node) 0O 0OOOODO. OO updateRootNodeWithO OO0 0000, getRootNode
00000000 updateRootNode 0 00O 0000 OODODOOODODOOODOODO
opooo.

updateRootNodeWith OO OO OOOOODOOOOOO 4.110. updateRootNodeWith
O00,0000000000000000 readTVarOO writeTVarOOd OO STM 00O
00000000, atomically 0000 doOOO 100000 STMODOODOODODOO
O, 0000000000 boobooboooooo.

updateRootNodeWith :: (Node —> Node) —> Jungle —> String —> IO ()
updateRootNodeWith f (Jungle tmap) tree_name =
atomically $ do
map <— readTVar tmap
n <— readTVar (root_node map)
writeTVar (root_-node map) (f n)
where
root_node map = case lookup tree_name map of
Just x —> rootNode x

gboogod 411: 000000000

00000000 Jungle 0000000 DOOOOODODOOOOO, createJungle, cre-
ateTree, getRootNode, updateRootNode, updateRootNodeWith OO OO O0O. OO 0O
0000 Jungle OO, 000000O00O00DOODODODOODODODOODODODO
O000000. 0000000000000 0D00O000o0DbOO0oo0o0ooDOooDoOgn
OO00o00o0ooDo0oooDoooooooo,00o0ooooooooooooon
DOooooDoooo.
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4.4 Node

Node DODOO0ODOOODOODOODOO. ODODOODODODODO. ODDDOOO
childeen OO0 O0O0OOO0OO0O0OO0OO0ODOO0ODOODODOO 4.30.

"name" =>"toma"
"age" => "24"
"lab" => "kono-lab"

0 4.3: NodeOOODOO

children 0 0O O attributes  DataMap OO OO DOOO0OOOOOOOODOOOO 4.1200.

data Node = Node
{ children :: (Map Int Node)
, attributes :: (Map String ByteString) }

OO000D00O 4.12: NodeODOOOODOO

good

000000, NodeOODO. OOODODDODODODODODODODO NodeOOOOODO Node
O00.0000000000D000000, getRootNode 0000 0O0OOO Node O
00dododoodoooododooO,dpo0bO. obooooboooooag,
000 updateRootNode OO 0O, 0000000 OOOO updateRootNodeWith O 00 O [
Ooodoodoodoooooood.

O000000000000000, NodePath OOOOOO0O 4.40. NodePath O, 00
000000000 D0O0,00000000000DO00000D0DOO00O00O0. Haskell O
O0o0o0o00oooooooooobooooaa.

00000DOO00o0o0ooOo. oboooooooooboooooooOon 4.130
o0o.
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NodePath [1,2,3]

RENR

O 4.4: NodePath

addNewChildAt :: Node —> Path —> Node

deleteChildAt :: Node —> Path —> Position —> Node
putAttribute :: Node —> Path —> String —> ByteString —> Node
deleteAttribute :: Node —> Path —> String —> Node

gobood 413 0000o0oboo

addNewChildAt OO00O00O000O0OO0OO0O. 00000000000 Node O,
O0O0000000b000bO NodePath OO OOOUOO. OODOOO,00D00OO0O
goboboobooogoboooadg.

deleteChildAt OO00O0OOO0OO0OO0OOO. O0OOOO0OOOOOO0O NodeO, OOO
00000000 00000000D000 NodePath, DODDDOOOOODODODODOO
Position DO QO QOQOQoQoQo.

putAttribute DO00D00O00O0D0O0O0O.O0000000O0ODO0O NodeO,ODOOO
0000000000000 NodePath ODODOOOODOO. O00ODODOODOO,O00
O String, 0 O ByteString 0 0O .

deleteAttribute OOOO0O0ODOOO0OOO. O0DODODOODODO NodeDO, OO
OO0D000D0000000000 NodePath, D ODOOODOOODOODO Stringd OO
goooo.

O00O0O000,000000D0000000. addNewChildAtOOOOOOOOOOO
gooo4.140.

O0000 Haskell DOOO0ODOOODOOODOOO 28



@DDDDDDDDDDD(DD) U040 HaskellDOOODODOOODODODOODOO

addNewChildAt :: Node —> Path —> Node
addNewChildAt parent [] = addChildAt parent emptyNode
addNewChildAt parent (x:xs) = addChild parent x $ addNewChildAt x_node xs
where
map = children parent
x_node = case lookup x map of
Just x —> x

addChild :: Node —> Position —> Node —> Node
addChild node pos child = Node new_child attr
where
map = children node
new_child = insert pos child map
attr = attributes node

addChildAt :: Node —> Node —> Node
addChildAt node child = Node new_child attr
where
map = children node
pos = (size map) + 1
new_child = insert pos child map
attr = attributes node

gboogobd 414 000000000

0000000000000 000000. 00000 os$ooo, 00000000
O0000,addChildOOOOO. addChildO, 000000000 Positiond O 0OOOO
O.0uouououououououou,ooooooooooouoog.

addNewChildAt, deleteChildAt, putAttribute, deleteAttribute DO O 0O, 000000
00000, 000000 00bboo00boboooobobooOo. PathODOOoOOoOoGOGQ
O, 0o ooooouoon. ooooooooooo
addNewChildAt, OO0 D O0O0O0O0O0O0O0O0O0O0O0O0O0OOO deleteChildAt, DO OO DO
00000000000 putAttribute, 00D O000O0O0O0O00O0DOODO0O deleteAttribute
ogoo.

gooo

O0D0000b000b0o0boOobD NedeODOOO. OOODOODOODOOODOO
goboob4.15000.

getNode :: Node —> Path —> Node
getNode node [| = node
getNode node (x:xs) = getNode child xs
where
map = children node
child = case M.lookup x map of
Just x —> x
getAttributes :: Node —> Path —> String —> Maybe ByteString
getAttributes node path key = lookup key map
where
target = getNode node path
map = attributes target

getChildren :: Node —> Path —> [Node]
getChildren node path = elems map
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where
target = getNode node path
map = children target

assocsChildren :: Node —> Path —> [(Int, Node)]
assocsChildren node path = assocs map
where
target = getNode node path
map = children target

assocs :: Node —> Path —> [(String, ByteString)]
assocs node path = assocs map
where
target = getNode node path
map = attributes target

numOfChild :: Node —> Path —> Int
numOfChild node path = size map
where
target = getNode node path
map = children target

currentChild :: Node —> Path —> Maybe Node
currentChild node path = lookup pos map
where
target = getNode node path
map = children target
pos = size map

googbd 415: 00000000

0000000000 b0o0ooDg, getNodeD DOODOODDOO PathOOQOO
0000D00000oono. oooobobo0O whereDOOOODOODOO, target DO OO
0000000, target DO DO, 00 MapOOUOO MapOQOOGOdOO, lookup OO0
OO00000. elems, assocs, size 0 0 Data.MapO OO OOO, Jungle OO O OO0
gbooooooooo.

O00000oo0oO0ooOoobOooboobooooon.

getAttributes OO0 PathOOODOODOO0OO KeyOOOOODOODOO.

getChildren OO0 NodeOOODOOOOODO NodeOODDOOOODDO. OO Nodel
000000000000, 00000000D000000.

assocsChildren OO0 Node OODOOODOODO Position DOOODOOO, 00000
O000000. 00 NodeODOOOOODOOOOOOO, 00 PositionODOOOOOO
gobobouoogoboood.

assocsAttribute OO0 NodeOOOUOOODOOO,000000000O,000000
OO000OD0. 00 NedeOOODODOOOOOODO,0b0obO0O0OOoboobooDO.

numOfChild OO0 Node OODODOOOODOODOOOO.
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currentChild 000 NodeOOOOOOOOOOOOO.
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st ool

O0000,0000000000000 JungleDOOOOOOO0OOO0OOOODOODOOO
OO0obOoooobOo. ob, 000 WebOOOoboooobobooooDboo
Web 0O0O0O0OO0OO0O0ODO,000000000000O00O00O00. ODOOODODO
Web DOODOODOOOODOOOO,Javad0OOD0ODOO.

5.1 O0OOO

gobogoboooboboobbuooobooobboobboooboo.oboba
g, gggobbbobbobduoooooo,ogobbbbbb. bouodgooood
gobs1000.

O0b000, Intel0000D0OO0O0ODOOOOOODOODOOODOO.ODOOOODOOOO
gd,1ggoboboboooodd 200000b0oboboboodouoooooooan,
gbbodgbbodobbuodobboobbuoobbuoo 200bbodobboob,od
20%00000000000000000000000O0O.

| oo | 0o
CPU Intel(R) Xeon(R) CPU X5650@2.67GHz * 2
goooo 12
googo 24
Memory 126GB
OS Fedora 19

051 000000000000000DO0

Haskell 000 Java OO QOOOO

Haskell 00 OO0 OO OO The Glasgow Haskell CompilerD GHCO O OO OO . GHC
O,Haskel 0000000000000 0OO0OOODOQ. 000000O0O00ODOOOOO
0000D000000ooooD, 0000000 bobobbo0dd HaskelDOOOGOOO
O00. GHCOOOOO 7re300,000000I10000000000O0O00O0000
0,0000000000 780000 [10].
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Sooooooooo0oo (oo)

gsgd 0Oogn

IEEN ooooo
Haskell Glasgow Haskell Compiler, Version 7.8 RC1
Java | Java(TM) SE Runtime Environment (build 1.7.0_.51-b13)
052 00000000000 HaskellO JavaOO OO OO

Haskell OO0 Java OO DOOOODOO 5.2000.
goboboooobobbuoooobobboooa.

O0O000 Haskell OOOO0OD0OO0ODOOOOOOO
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@DDDDDDDDDDD(DD) gsgd 0Oogn

5.2 UUOUOOOOOOO

OO0000o0o0oooooboO Jungle0OOO,0000000000000000O0
gobobob,ggbboboooooboboood.

gobo

gboobooobono,Jungled000ooobobooobobooobOoboboobogo. o
gobbobuogg,bbobuooobbbuoooobbbbooobboboooon. d
gogoobbob s, dddggug ouoooobobbboodg. gooooog
g, ggbogbboobuodgb roooudboogbbogb.ogoboobbg,bod
ggoobboobbobobdodoooooooobooobobo. bbbbboooooooaa,
gobbbuoogoobbboooobbbooaoobn.

gooo

OO00oooooboobOooon0 JungleO0OOOODODOOOOObB3000O.

cepUODOOOODODOOODO,00DODOOODOOODODOOODO. ODODOO
goooogooobboboo,200b000 1970,1200000 7v1v0O0oOO
gobogo. B3obobobooobboobooboooboobooobb,legbod
gobbbuoooobbobog.gogg,bbouoobbbbuoooobbboood
goooog.

Haskel UOOODOOODO OSO affinityD OO0 ODOOOOOOOSOOOOO CPUD
OO0o0o0ooooooob. oSobobobocpiobUobUbUbDO,0b00b0-qadn
goobooooooooogoboog.oStoboobooboooooo,20000Db 1.80
U,1200000 1037r00guboooggboon,120bbogbboogooooooogd
gob.bbobuogodbob,oooobbboooobbbbuooobobbboood
goboboogg.

goo,000bo0obo 400000000000, 00000000D0O0O00OO
O.00000cCcpUOU0ODOOODOOO,00DO0O0ODOODOOODOODObODOOOOn
gobbobuoooobbobogd.

gbobogoboogoosibbdu. gbbuogubogooboodg,edbodobbod
gbboboogoobbuo.gobbuooobbooob,12b00bobobooobobbdaod
goboob. bbobodooobbbuooobb sbbobooooboobboooog
go.

OooooooobOob,e00000DbDObDODODODbDODODbD,600CPUO 2
oooooooobobobo.oooooceob0obobOobobOobooboobDgoD
gobbo,ggboboboooggbobuoooobbbooooooobo.

OO00O00oooooobognD Jungle 1200000 1037r000000ooOooOO
gobbo.bobogogoobo,gobbbuogoobbboooooooo.
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CpUO (O0OODO |ODDOODOODO
1 60.95 s 61.00 s
2 30.83 s 33.95 s
4 15.49 s 16.10 s
8 10.31 s 8.79 s
12 8.49 s 5.88 s
16 5.82 s 5.81s
20 6.54 s 5.48 s
24 8.21 s 125.09 s

Us3: 0b0ouoaaooon

25
read ——

T
read with affinity ---x-<="|
linear --:»+-

20

speedup

L L L L
5 10 15 20
number of cpus

Usl:000000gooon
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@DDDDDDDDDDD(DD) gsgd 0Oogn

5.3 UUUoooood

OO0000o0o0oooooboO Jungle0OOO,0000000000000000O0
gobobob,ggbboboooooboboood.

gobo

gboooobobog, Jungle OO ooobOoooobOooobDO. DbOoOoo e,
OooobooOo100o0booogboonb0 Jungled0ooonoonO 1,000 000
g, gobgobo.bbobbobooboobooboobooboobooobo.
O0b0o0boooobooboooooooboOooD. HaskelOOOODOOODO, 000000
gobbboogooboboooobooboooobn.

gobo

gbhooboboboboonD JungleDOODOOODOODOOODO 4000,

ceUODOO0OOODOOOOD,00DOOOODODLOODODODOODO. DODbOoo
gobobooooboboboooo,2bbbdg 1.7v90,1200000 31800000
ooooogo.oSOboooooboboobo,20000bD 1e10,1200000 3.82
goboboooobb,4000bbboooooboooobboooobboood
. og,0bg0boooboobbooboob 24000000000 b00Oo0DbO
goo.

OobooOo,00bb00bboob0Jungled0bO00DOOO0bOOOOOObODOOODOO
goo.

CpUO | O0O0OO0 |O00OOOODOO
1 49.70 s 49.61 s
2 27.77 s 30.76 s
4 18.06 s 18.05 s
8 16.66 s 12.50 s
12 15.62 s 12.96 s
16 14.91 s 13.11 s
20 15.31 s 13.84 s
24 18.11 s 71.66 s

Us4 000000000

gbobooooobgobos2000. JungleDODOOODOOOODOODOOODOODOOO
gobobo,bggoobbbuooooobbbboooooobbboboooo, o
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25

write —+— |
write with affinity ---x--=-"
linear ---:-*--

20 + g

speedup

number of cpus

Us52 0000000000

gbbuogbuogbbooogb.bogbbuoobbuoobbogbboobbuogb 3.96

goboboooobo.
OooobobooooooDo JungleDOOOoOoOo,0b000obooboboboonog.
googooooooo,oobbbbbbbioddoooououoooobobbbbbbon

guo.
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54 Web UUOOOOODODDODODOOOOO

OO00DODO0 Jungle0OOOO Web DODOOODOODODOODOOODO. Web
O0000000000,0000000 weighttp [11]0000000000O0OO.

54.1 Web OOUOUODOOOOODO

000000000 Jungle O Haskell 0 HTTP OO0 Warp[12] D000 Web OO
O0o0oobDoooo. WapUOOUOO WebOOOOOODOOOoOOOoooooooDO
O. Warp O, 0000000000 0O0O0ODODODODOOO0OOO0ODODODOOOOOOO
gogddo,guooooobobobboooooag.

Warp OO D000 0O0O0O0ODO, 000000000 WarpOOODO, Jungle 0000
000 Jungle 00DOO0OO0OO0O0ODOO0ODOO. O0DOOO0DDOOO0ODDOOODOODOOOOO
0, 00000,0000000000. Jungle0DDODOO,00000000000000
S I I 1 O O O 6 05
godd.

ooo [ 0o
showBoard gooooog
createBoard good

showBoardMessage | 00O 0000O0O0OOOO0O
createBoardMessage goooooo
editMessage ooooooooon

O55: WebODOOOOOODOOODOODODOO

Warp 000 HTTPOOOOOOO,0000000000000000000000
0000. 000000000000000000000000000000,0000
0000 "hello,world’” 00 0000000000000 O0O00O0O0O0OO000O. OO0
0000000000000000,0000000 weighttp 0 3000000000
O,Warp JOOOOOO 80000000DOO.

weighttp 0000, 00000000 1000,000000000000000 1,000,
000000000 3, HTTP Keep-Alives 000000

00,000000000763010000000000000000000000
00000. 0000000000000000GHC7.630000000,00000
ooOoooO00ooOooooooo.

O0Oos56000.

10000000000000000000000000000000. 000000
0000O0000C0. 00000000000000000000,80000 4400
oooooo.
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CpUDO |OD0ODOOOO0OO |ODODOODOOOOOOO GHC 7.6.3
1 44,008 req/s 44,504 req/s | 31,602 req/s
2 57,396 req/s 95,760 req/s | 69,265 req/s
4 60,593 req/s 179,791 req/s | 133,897 req/s
6 57,159 req/s 241,240 req/s | 83,131 req/s
8 59,697 req/s 264,231 req/s | 31,694 req/s

O 5.6: Warp DOQODOODO

gbogdgbbuogbbuogob,gbbuooobboobobs3tg. opbodbod
O000,000 60,000req/s 00000000000 O0O0O0ODO.

GHC7630,5000000000000O00ODO0DOO,0b00b0obOoO,s8uon
gbogobuodgbbooboobuodboobbuooboobuobbuooboobobon
goo.

300000

oniine —
offling ---<---
GHC 7.6.3 ---%---

250000

200000

req/s

150000

100000 [ T

50000 "~

number of cpus

053 Warp ODODOOOO

WebOOOOOOOOOOOODOO, 0000000000 0DO0ODOODOODOO
go,boggobbboooobobboo.ooobbbs4d40nm.
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Core HTTP Request

Warp

—— e — e ——————— = — ———
I
o
=
(0]

Us4 0000

5.4.2 HUOOUOOODOOO
godd

0000000000000 0000DO0,000000. weighttpOOOO,0000
ooood 1woo0,000000b000000ooo 1,000,000000000 3, HTTP
Keep-Alives 0 OO QOO O.

gooo

gooopoobooboboboboboooosrygbobssbob.0obooooogn
goob,bbuogggobbobbouooobobouog,goobbooboooag
oooooHTMLOOOOOOOOO0OOoboooooooooo.

gobbobuogogbobobooooobob.bbooa,bbbuoooobobobod
gobobobodgg,8gubbb elsbuuodobbobug. gogaob,booad
gboggbbogobbogo,suogoboo 393 gbouuoboooab.bood
O,00000000 JungleOODOODODOOOOODOODOODOOOOOODO Jungle
gobbooooooboobod.
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Sooooooooo0oo (oo)

gsgd 0Oogn

cpuUO oo oo
1 22,624 req/s | 28,552 req/s
2 43,083 req/s | 53,765 req/s
4 92,548 req/s | 98,691 req/s
6 119,310 req/s | 99,009 req/s
8 139,965 req/s | 112,212 req/s

gs7oouoodoobuoogoobobuoooobon

140000

120000 -

100000 -

req/s

80000

60000

40000

20000 Il Il Il Il Il Il
1 2 3 4 5 6 7 8
number of cpus

gss: buougdobobuoooobbbuoaoboo

O0000 Haskell DOOO0OD0OOODOOODOOO
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5. JavalUUUOUOOUOOOODOOOOOOOoOoOO

O0000D0OD0O0O00000, Haskell OO JavaOOOOODO. WebODOODOOQOO
O0000obO0o0obobO,0bddb. Haskel DOODOOOODDO0OOO Warp OO QO
gbod,JavallO Jetty UDOODO. Jetty UDOODOOO 6126 0000.

Haskell OO Java OO Web OO OOOOOODODOODOOOOODOOODOO.OOOO
gogpobbobboooooo,bobbobbodooolgooo,obbbouooon
weightttp U OO OGOOO. 10000000,10000000 100000000000
OO,0bo00obodboo0oobooboboboonoobOobO. Haskell O Java OO
gobooossdnn.

aoad H Haskell ‘ Java ‘

gogg | 16.31s|53.13 s
gogg | 2017s | 764 s

O 5.8: Haskell O Java O O O

Haskell OO, Java OO OO OOOOOOO 3250,00000 3780000000
O00O. Haskell O ODOOO WebDOUOQOQOGOOoOOoOOOoO.

Haskell OO0 OO

goooo0dbod JawvaOODOODOOO. Haskell J Jungle DO OOO0OO0OOOOOO
B80,000000240000. JavaOD OO Jungle DO OO, 33900 O, Haskell O
000 1/12000000000000.

O00D00000000000bOD, HaskellOOOODOODODOOOODOODODOO
gbobogobboodgbbog,bbooobbboobbooobbooobbood
gobooboogogd.

Ub00b0bOoboboo0b,Haskell O Java OO OO OOOOO0OO0OOOODOOO
goooo.
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el UOLOOUOUOUOOOMO

6.1 OO0

O0000,00000 HaskelDOODOOOODOODOODOOOOOOODOODO.

Haskell O, 0000000 O0O0OOODODOOOOOOODODOOOODOOD. OO
U000, HaskellOOODOOOOODOOODOODOOODOODOOODOODOOODOOO,O0O0
gobbobuoooobboboooobob.bbo,goobbbbuooooboboboood
gobbobooodobbbooodobbog.

gbooooboobob 1i200b0booboo,1obo0bgooboobooboboo, 10370
gobbbuoooobboo,ogobbbboooobbbbooobbboooan. d
O, WebOOOOOOOOOOO,0D00 JawvaOOOOOOOOODOOOODOODOODO
gboogbooboooboo,bobbo 320,00000 3.7y800000000
uo.

6.2 O0OOOO

gooobooboboobooonD JungleDOODOOOOODOOODOO.

gbgoboobooboobbo

gobboogobbbogoobooo,12b0buogdo 38e2bbu00gogboood
gb.boobbodgbuoobbob,oobubooobooboooooboobbod
gbo,0b0b0odboooboboboboboboobDoooobuobOob. Haskell O
O,0000000000000000DO0000D0. 000000000000 IORe,
gboobooooboo Mvaedonoono.

gobobooooobobogao

go,bbobboogogob,bobbodoooobboobboooooobobood
. gobbbduoogbb,uggoobbbboooobbbbuoooobbboood
. ggoobbobbbbodoooooooo,gobbbbbboddgoooo,god
gobbobuoooobbobogd.
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@DDDDDDDDDDD(DD) ged DOODLDOODOO

gooobog

OOooobobooooooDOo JungleO, 0000000000 ODOODODOOODOO.
ggoobooobooboo,bdgogooobooobobobood. oo, o00ad
gobbbooogbbbuoooobbobooobbbod.
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@DDDDDDDDDDD(DD) ged DOODLDOODOO

OO0A O000000

gbbogobbuogbbuooobbooobb,oobbooobbooobbod
. gogbbobooodob,bgggobobbuooobobobboooobbbooog
gb.bobbooodgbbboooobbobuoooobbboooobbbooa.

O0000O00o0O0bOo0ooOooobobo oSOoboboboobo.obbo TeceOOoDOO
gbob,odbbugdgbbooioeobbuogdbbuooobbuooobboooon, oo
OO0000O0bO0obOooogoooSObobOobobooooooooDo.

OO000, HTTP Keep-Alives OO O0O0O. OO0 TCPOOOODODOODOOOO
O,0S000000000000. 0b0obD0oOO0ooOO0oO0U0oOoOoobOUobUobOobOoo
oo,oSODO0booooooooooooo.

OOobOoOobooobooSOoboOoooOoboooOobboooboOoboOobDOoboboOoDboo
gogobbobbuoooooob. buoooog,gbbbbouogoooobb. oo
000000000, 1,024files 0000000000 OOO0ODOO. ODODODODO
gobboboooobbboool1bouoooobbogao.

’! $ ulimit —aH

gbobobud . ggobbbuoooobbodgo

gbobobooogbob,ggbbobo2bobogogbobog.

’[ $ sudo sh —c ulimit —HSn 200000

gboobod 22000000 000obbodgo

gugodoooobobobboo, b0 ooouooon.
/ete/security /limits.conf 0 0 00000 300000000.

* soft nofile 200000
x hard nofile 200000

oobobodg 3: 0000000000

000000000 ListenOODO0O0DDO0ODO. listen DO00O0O, 000000000
guoooobbobbbuooooo. bbb ooooooobbb,booooaa
Jo0o0o0oobooobooo0o,bo0obobooobobogU . listen D000, 00000
goooooboobbbbobooooooouoooo.

Jete/sysctl.eonf 0000000 400000000.
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Sooooooooo0oo (oo)

ged

goooobogn

fs.file—max = 5000000
net.core.netdev_max_backlog = 400000
net.core.optmem_max = 10000000
net.core.rmem_default = 10000000
net.core.rmem_max = 10000000
net.core.somaxconn = 100000
net.core.wmem-_default = 10000000
net.core.wmem_max = 10000000
net.ipv4.conf.all.rp_filter = 1
net.ipv4.conf.default.rp_filter = 1
net.ipv4.ip_local_port_range = 1024 65535
net.ipv4.tcp_congestion_control = bic
net.ipv4.tcp_ecn = 0
net.ipv4.tcp_max_syn_backlog = 12000
net.ipv4.tcp_max_tw_buckets = 2000000
net.ipv4.tcp_mem = 30000000 30000000 30000000
net.ipv4.tcp_rmem = 30000000 30000000 30000000
net.ipvd.tcp_sack = 1

net.ipv4.tcp_syncookies = 0
net.ipv4.tcp_timestamps = 1

net.ipv4.tcp-wmem = 30000000 30000000 30000000
net.ipvd.tcp_tw_reuse = 1

net.ipv4.tep_tw_recycle = 1

Dboobo0d 40000000000

gobobobooodg,bbuggobobbooooobbosbooobboboon.

’! $ sudo sysctl —p /etc/sysctl.conf

gogoobog s ougdan

gobooobooob, booboobboobboooboboboobbooobao.
TCp/IPOOO0O0OCOOCOCOOOOOOO,00D0O00DOODDOOODOOOOOCOO

goboboboooooboo.

gb,ggobbogobbogobbuoobobboobbbuoonobbooobobog
goo0d. booo0booboobobdd, Ruby O Python DOOOO0OOOOODOO
gbboooobbboob,ugggbbuooobbooobboobobboobobood

goboobooogo.

weighttp

g0boooooooobobooboonog, weighttpO OO O. weighttpd WebO O OO
00000000, 00000 ceUODODOOOOOODOD [11]. O0O,lvev 00000
g, gbbobbooggobobboooooo,bbbbodoooouoboboboooog
O. 000000000000, Apache BenchO httpref 0000 O0O0O0O0ODOO, 00

goboboooobbbuooooooo.

weighttp 0000000, 00000060000 0OO0ODOODO.

’[$ weighttp —n 1000000 —c 1000 —t 10 —k "http://bldsvi2.cr.ie.u-ryukyu.ac.jp:3000"

000000 6: weighttp O OO

O0000 Haskell DOOO0OD0OOODOOODOOO
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@DDDDDDDDDDD(DD) ged DOODLDOODOO

gbobobooobobo vURLbobooooo,gbobooobobobobooon.

en. . HITTPOOOOODOO
ec..UggnonoboooobbOOn
ot .. UOUOOODODOOOOODODOD

e k... HTTP Keep-Alives 000 OO0

O0000 Haskell DOOO0OD0OOODOOODOOO
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@DDDDDDDDDDD(DD) ged DOODLDOODOO

0B WarpUUOUOUOoOoooooooooooon

Warp 0, 000000 HTTPOOOOOO [12]. Haskel DO OO OOOOOOOO
O00O000. Haskel OO ODOOOD0OO0DOOOOO Yesod DOOOOOOOOOOO
goboo,gobbobuoogoobobod.

Warp OODO0O0O0O0OO0OOD0ODOOOOODOOOOO0ODbOODbDObODO.

application counter request = function counter
where
function = routes $ pathInfo request

routes path = findRoute path routeSetting

findRoute path [] = notFound
findRoute path ((p,f):xs)

| path ==p =1

| otherwise = findRoute path xs

routeSetting = [(["hello"], hello),
(["hello","world"], world)]

notFound _ = return $
responsel.BS status404 [("Content-type", "text/html")] § "404"

hello - = return $
responseLBS status200 [("Content-type", "text/html")] $ "hello"

world counter = do
count <— lift $ incCount counter
return $ responseLBS status200 [("Content-type", "text/html")| $
fromString $ show count

incCount counter = atomicModifyIORef counter (\¢c —> (c+1, ¢))
main = do

counter <— newlIORef 0
run 3000 $ application counter

DoOOooo0 7= WarpQOOODOOooooooooboooDOo

gboooob 7O, URLOO0O0O0O0O0ODOO0O0ODbOO0bOO0DbOo0oDbOoo0on
O00. /hello/world D0 D0OO0O0O0O0OD0ODODO,0000000000 counter OO0
guo.

main HTTPOOOOODODOOOOO,WarpO run 0000000, runO00O,000
O Port OO, application OO0 OO OO0O0O00000D0O0O0D0O0O0O0OOOOOOOO0O
O0200000000000.

0o0ooooo,00ddooboo0ooooooooo. 00, 000 Haskell OO
O00D0D00000D000000,main ODO0O0O00O0O TIORef OO counter O OO OO0O
oooo.

IORef OO DODODODODO,Haskel OO DO DOOOODODO0ODOOOOOOO. OOOOGOO
O0000000O0,HaskellO IOODDOOOO0ODODODOOOODODODOOO0O. IORef
000000oooooooooo,0o00oobo0oboooooooo. lIoooooon
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@DDDDDDDDDDD(DD) ged DOODLDOODOO

gbobodbogobtuobdd man DOO0O0OOO0OO00OO0OOOOODOOOOOOO0
goboog.

application 0 O routes , findRoute application DO O OO, routes OO OO OO
0000000, URLOODDO0O0O0O0O0O0ODODOO. application DO OO O0OO0OOOO0O
000000o0booobooboooboo. ooboobOgn pathlnfo OO0, URL OO
hostname/port 0, 00 0000000000000, 00000 routes 000000
00000, routeSetting 000 DOODO0O0OOO0ODO URLOOOODOOO. routeSetting
O, URLOD0O0O0O0O0O0OO0O0O0O00O0DOO0O00ODObOo0oon.

notFound 00O hello 00000000000, 00000000000.00000
O00000 responseLBS OO DO 0O0OOD0OODOODOODOODOOOOOOOOOOODO
guo.

world OO0 incCount world O, OOO0OO0OOOOOO counter 00O OOODOOO
O000.I0Ref 000 DOO0OO0ODODOOOOOODODOO0O, incCount OO atomicMod-
ifyIORef 0O O DOODODODODOODOOODOOOONO. atomicModifyIORef O, 00O 0O OO
00000000000ooOoOooooo. Ood, responseLlBSOOOOOOODOOOO,
Resource TO OO ODOOOOOODODOOODODOOOOODODODODOODOOOOOODOO.
lift 000000,incCount000000000O0O0OOO.

00000oooooobooo,WarpOoOooooOoooooooooooao.
O00000,0000000000000 Jungled WarpOOOGOGOOO,000000
ooooooooooooo.
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HREN

gobbobboood,uobbbboooda,obbbbooooobbbboooad
goboboooobo.

O000,JST/CRESTOOO00OOOO0OODOOODOO0OOOOOOOOOOOOOOO
oooooOooooOooooob-ADbOODOOOODOOOUODOOO.OODDOOO
O0O0ooo0oO0oD,0b000 Symphony OO OOOOOODOOO.

gb,gbbdodgbbogbooo,ggboooboobbuoobbooboog,bd
gboboobobooboboboboboo,gboobobooboboobobg
goooo.
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