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Parallel vs Concurrent
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PRAM

Y Kaxkaoro npoueccopa cBosi Nporpamma

Bce MHCTPYKUMM BbINONHAKOTCA MO O4HOM
CUHXPOHHO

@ Bapwvauuu:
* EREW, Exclusive-Read Exclusive-Write
* CREW, Concurrent-Read Exclusive-Write
* CRCW, Concurrent-Read Concurrent-Write
* Uniform
* Random
* Priority
@ Ocnabnenue mogenn: Bulk-Synchronous Model

l-FsMOrE,Hama,
UNIVERSITY
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Fork-join

Work: 10
[Ba npumutmea: fork n join — nam Span: 7
fork2join
Nony4yaetca DAG ncnonHeHuA

Work — nocnegoBatenbHoe
Bpema paboTbl

Span — BpemsA paboTbl Ha
becKoHe4YHoM yucne
NPOLLEeccopoB

H NPaBUAbHbIN WeAYANHT
l-FsMOrE,Hama,
UNIVERSITY
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Fork-join Scheduling

@ Ecnun noctpoeH rpad (DAG), TO MOXKHO BbINO/IHATL 3a4aHMUA MO
YPOBHSAM.

¥ Teopema bpeHta: T), = % + S.
. 7%
© Work-stealing: E[Tp] = 0(; + 5).

@ MoTeHuUManbHOE YNCNO NpoueccoB <

l-FsMOrE,Hama,
UNIVERSITY

W
S




#3383 YHUBEPCUTET UTMO

Work-Stealing

steal attempt

ITsM Ore Hran a
UNIVERSITY
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Work-Stealing

@ NMyctb ectb Bbluncnenme c W work n S span, Kotopoe
3anycKatoT Ha Hebnokupywem Work-Stealing weaynepe c P
npoueccamun. Bpems paborbl:

. 0(% + S) B MaT. 0XXMOaHUU

. 0(% + S + log%) C BEPOATHOCTbIO He MeHee 1 — €

l-ﬁMore,*H«ma,
UNIVERSITY




34388 YHUBEPCUTET UTMO

Parallel For

parallel for(l, r, body):

if 1 == r - 1:
body (1)
return

m= (1L +r) / 2

fork2join (

[&] { parallel for(l, m, body)
[&] { parallel for(m, r, body)

)

(1&“8;;5?;) parallel for (0, 8, body)
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Parallel For — Map

parallel for (0, n, [&] (int 1) { b[i] = f(ali]l) })

Complexity(f) = 0(1)
Work: O(n)
Span: O(logn)

CUT;S':SES";&“D parallel for (0, 8, body)




34388 YHUBEPCUTET UTMO

[1Ba BnoxeHHbIiX Parallel For

parallel for (0, n, [&] (int 1) {
parallel for (0, m, [&] (int J)
bli][J] = £(ali][J])
1)
})

Work: O(n - m)
Span:? O(logn+logm) or O(logn-logm)

l-FsMOrE,Hama,
UNIVERSITY
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Parallel For — Reduce

reduce (1, r, op): Work: O(n - comp(op))
if 1 == r - 1:  Span:O(comp(op) - logn)
return a[l]
m= (1L +r) / 2

fork2join (
[&] { left = reduce(l, m, op) },
[&] { right = reduce(m, r, op) }
)
return op(left, right)

l-FsMOrE,Hama,
UNIVERSITY




Reduce — Scan

@ MNpedunKcHaa cymma (nnm nrobas
Apyraa accoumaTmBHaa GyHKLMA)

@ Inclusive: y; = X0 X

@ Exclusive: y; = ¥'20 ;

l-FsMOrE,Hama,
UNIVERSITY
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Reduce — Scan

l-FsMOrE,Hama,
UNIVERSITY
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Scan — Filter

filter(a, f):
flags = map(a, f)
sums = scan(flags)
answer = new Object[sums[-1]]
parallel for (0, len(answer), [&] (int 1)
if flags[1] == 1:
answer [sums[1] - 1] = al[i]

}

return answer

I M Ora-H«wm,a,
UNIVERSITY
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Granularity Problem

@ OkasbliBaeTca, peann3aumm HannMcaHHble TaKUM obpasom
paboTatoT He o4yeHb xopouwlo. MNoyemy?

& Ha 10 ecTb NpnyMHa — Npobaema rpaHyNAPHOCTHU

@ C oaHoM CTOPOHbI Mbl NOAIYy4aeM HaMbOAbLLIWIA Napannenn3m, a
C Apyrown nonydaem 601bLLION OBepXen Ha CO34aHNE TAaKOoro
601bLIOro Yncna NOTOKOB.

@ Hapo 6anaHcnpoBaTb. [ToaToMy NPUAETCA NUCATb KOA, MHaYe.

l-ﬁMore,*H«ma,
UNIVERSITY




Reduce. Revisited.

reduce (1, r, op):
if |r - 1| < BLOCK SIZE:
for (int 1 = 1; 1 < r; i++)
ans = op(ans, al[il])
return ans
m= (L +r) / 2
fork2join (
[&] { left = reduce(l, m, op) 1},
[&] { right = reduce(m, r, op) }
)
return op(left, right)

l-FsMOrE,Hama,
UNIVERSITY
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PeweHue npobnembl

O Mepepn 3anyckom GyHKLMM Mbl NPpOBEPAEM pasmep 3aJaun,
Hanpumep, n log n Ana COPTMPOBKM, CPaBHUBAEM C
BLOCK SIZE v pelwaem—Haao m 3anyCcKkatb
nocnefoBaTebHyO BEPCUIO

0 MOXHO 3TO AeNNaTb bonee-meHee aBTOMaTUYECKM.
Acar, Aksenov, Chargueraud, Rainey, Provably and Practically Efficient Granularity Control. PPoPP 2019

@ cilk for, Hanpumep, ObET Ha 8p paBHbIX YacTen. PelaeT
MHOro npobnem.

l-ﬁMore,*H«ma,
UNIVERSITY
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Coptuposouku. Quick sort

quicksort (a) :

if len(a) < BLOCK SIZE: Work: O(nlogn)
return quicksort seq(a) Span: 0(10g2 n)

x = al[random/() ]

1l = filter(a, “< xX”)

m = filter(a, “= x”)

r = filter(a, “> x”)
Korga mano npoueccos,

fork2join([&] { 1 = quicksort(l) }, nydywe aenatb

L&) r = quicksort(r) } ) nocnefoBaTeNbHbIi partition

return 1 ++ m ++ r Work: O(n logn)

Span: O(n)

l-FsMOrE,Hama,
UNIVERSITY
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Coptuposouku. Merge Sort.

mergesort (a) : Tenepb HaMm HYXXHO HAY4YUTbCA,
if len(a) < BLOCK SIZE: Kak obbeanHATbL ABa
return mergesort seqg(a) OTCOPTUPOBAHHbIX MaCCMBa
1 = al[:len(a)/2] B Napannenb

r = al[len(a)/2:]

fork2join([&] { 1 = mergesort(l) 1},
[&] { r = mergesort(r) } )
return merge(l, r)

l-FsMOrE,Hama,
UNIVERSITY
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CoptupoBouku. Merge ns MergeSort

& TMyctby Hac 2 maccuBa: A u B.

@ Cumtaem rank (A[1i], B),Torga B obbeaMHEHHOM Maccuse
A[1i] éyaet Ha no3nuumn i+rank (A[1], B)

RankA| 0 2 2 3 5 Rank B| 1 1 3 4 4
A 1 5 6 | 10 | 15 B 3 4 7 |12 | 14
4+3 2+1

l-FsMOrE,Hama,
UNIVERSITY 1 3 4 5 6 7 10 | 12 | 14 | 15
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CoptupoBouku. Merge ns MergeSort

@ Cambi npocTton cnocob nocumtaTtb rank — ato caenaTb
BUMHAPHbIM NMOUCK ANA KaXKA0ro anemeHTa.

@ Kaxgpim rank—0(logn).

@ Torpa Merge pabotaet3a O(nlogn), a He O(n).
@ nybuHa pekypcum 0 (logn).

@ 3710 BendT kK O(n log?n) B8 MergeSort.

l-ﬁMore,*H«ma,
UNIVERSITY
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OnTumunsauua naeu

@ Xouetca cgenatb 6UH-Nonck, Ho oH ctouT O (logn) Ha anemeHT

@ Ho mbl moxkem cebe no3BoAnTb 31O caenatb O (log n) pas.
log(n) log(n) log(n)
A N A
4 /~ ™y

A 5 (6 (9 |10(12 15|18 |25 |35 |39

B 1713 |6 |8 |20|22 |23 |25 26\3?’

l-FsMOrE,Hama,
UNIVERSITY
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OnTumunsauua naeu

@ Tenepb Mbl 3HaeM Kyaa BCTaBAATb Kycoukun gamHbl O (logn)

@ Ecnm kycouku B maccmse B meHbwe O (logn) — xopowo, ecam 6onblue, TO

HY>KHO NpoAenaTb TOXE CamMoe C KyCouKamu 13 B.

log(n) log(n) log(n)
N p AN N

A 5|6 |9 (10|12 |15 |18 |25 |35 |39 ’

N N WA

B 1 3 ( 6 |8 |20 |22 |23 |25 |26 \3? \
N N N AN
g N Y

I M Oraﬂmma, log(n) log(n)
UNIVERSITY
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OnTumunsauua naeu

@ Tenepb y Hac ecTb Napbl KYyco4KoB AnHbI He 6onee O (logn) u ux He
n

6onee O LUTVK.
(log n) Y
0 Mbl moXxem TEeNnepb NJanm HaCi4nTaTb rank, UIUN NapaanenbHoO C/INTb.
AL N A N
¢ / ™y e ™y

A 5|6 (9 |10]12 |15 |18 |25 |35 |39

N '

B 1 3\6820222325263?

- . J
C'FsM Oreﬂw«,a>w_/w_/ Y g e

UNIVERSITY
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MergeSort. ACMMNTOTUKA.

& Merge.

* Hantn nonoxkeHne Kaxkgoro us 0 (%) KycoukoB A — 0 (n) work u
O (logn) span.
* Hawntn kKycoukm n3 B—0(n) work n O (logn) span.
* 06begmHnTb Napbl Kycoukos — 0 (n) work n O (logn) span.
* CymmapHo: 0(n) work n O(logn) span.
@ MergeSort.
e [nybuHa pexkypcum O (logn).
e 0O(nlogn) work n O(log?n) span.

l-ﬁMore,*H«ma,
UNIVERSITY
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MergeSort — Divide-and-Conquer

@ MergeSort — ctaHaapTHbIM Npumep Ha Divide-and-Conquer.

@ Anroputmebl ¢ Divide-and-Conquer 4OCTaTOYHO NPOCTbI K
napannenmsaumnu.

@ Eweé oanH Takon npmumep — Batched Binary Search Tree.

@ Hy»XHO BCTaBUTb M HOBbIX 31eEMEHTOB B bMHapHOe AepeBo
NOMCKa pasmepa n

l-ﬁMore,*H«ma,
UNIVERSITY




Batch-Parallel BST

insert (T, a):
Tl, Tr = split (T,
fork2join ([&] |
Tl = insert (T1,

/ 21)

allen (a)

/ 21)

al:len(a)

Tr = insert (Tr,

/ 2:1)

al[len (a)
1)

return join(T1l, al[len(a) / 2], Tr)

l-FsMOrE,Hama,
UNIVERSITY

34388 YHUBEPCUTET UTMO

Trees: AVL, Treap,
RBTree, WBTrees.

Join—0(logn)
Split— 0 (logn)

Span: O(logn - logm)

Work: O(m - log(1 + %))

Blelloch et al., Just Join Parallel Sets, 2016
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CoptupoBouku. Bucket Sort + Digit Sort.

MycTb BCe 3HAYEHUA He NPEeBbILWAOT k.
BbEM MmaccuB Ha KyCKM pasmepa k.
Cuntaem B Kaxkgom 6noke nogcuétom 3a O (k).
Mony4ynm 0(—) maccmBoB gauvHbl 0 (k), Ha KOTOPbIX HAZ0 NOCYUTATb
YaCTUYHbIE CyMMbI 4TOObl Y3HAaTb HOBbIE NO3ULMW Y 3/1EMEHTOB.
O(n) work n O (k + logn) span.
Ecnn 3HayeHMA He NPEBOCXOAAT N = (nl/“)a:
@ pa3 nosTopsem npoueaypy ana k = nl/%;
* O(a-n)worknO(a - (nl/“ + logn)) span.

l-ﬁMore,*H«ma,
UNIVERSITY
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PaboTa c namaTblo

@ OnucaHHble dJITOPUTMbl Ha CaMOM Adene o4eHb CUJIbHO

MCMONb3YIOT CO34aHne U ocBOboXKaAeHMe NamATU. [TOTOKK
MOTYT lenaTb 3TO 0A4HOBPEMEHHO.

@ Ham Hy»KHbl MacluTabupyemblie annoKaTopbl.

@ Wx He oyeHb mHoro. CoseTyto tcmalloc nam jemalloc.

l-ﬁMore,*H«ma,
UNIVERSITY
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List Ranking

Cnepytollan 3a4a4a ABNAETCA O4HOM U3 BaXKHbIX ANA
napansienbHbiX aAropPMUTMOB.

[1aH CBA3HbIN CMUCOK Kak MacCUB CO CCbIJIKAMU Ha CAeayioLLEero.
Hapo nocymtaTb pacCcToAHUA OT 3/1eMeHTa A0 KOHLaA CMUCKa.

CHa4vana mbl pacCMOTPUM anroputm ¢ Binary Jumping — Toxe
nonesHom TexHmkomn, Ho ¢ O (n logn) work.

@ 3atem mbl pacCMOTPMM CTaHAAPTHbLIN PAHAOMU3NPOBAHHbIN
anropntm ¢ O (n) work. Ero moXKHO gepaHAOMU3NPOBaATD.

l-ﬁMore,*H«ma,
UNIVERSITY
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List Ranking. Binary Jumping.

rank () © gy Sy W B oy S 6y Y
findEnd(L) // L[x] = -1 1\ 1 1 1\ 1
D= {1, .., 1}
D[x] = 0
for it = 0 .. log(n):
D 2 = new int[len(L)],
parallel for (0, n, [&] (int 1) {
D 2[i] = D[i] + D[L[i]]

X

L 2 = new int[len (L) ]

})
parallel_for(O, n, [&] (int 1) {
L_2[i] = LIL[i]]

l-FsMOrE,Hama,
UNIVERSITY
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List Ranking. Binary Jumping.
rank)iL):findEnd(L) // Lix] = -1 e o a 1 OO

D= {1, .., 1} 2 2
D[x] = 0
for it = 0 .. log(n):
D 2 = new int[len(L)],
parallel for (0, n, [&] (int 1) {
D 2[i] = D[i] + D[L[i]]

L 2 = new int[len (L) ]

})
parallel_for(O, n, [&] (int 1) {
L_2[i] = LIL[i]]

l-FsMOrE,Hama,
UNIVERSITY
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List Ranking. Binary Jumping.
rank;L):findEnd(L) // Lix] = -1 ° o e 0

D= {1, .., 1}
D[x] =0
for it = 0 .. log(n):
D 2 = new int[len(L)],
parallel for (0, n, [&] (int 1) {
D 2[i] = D[i] + D[L[i]]

4

L 2 = new int[len (L) ]

})
parallel_for(O, n, [&] (int 1) {
L_2[i] = LIL[i]]

l-FsMOrE,Hama,
UNIVERSITY
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List Ranking. Binary Jumping. :

3
rank (L) :
x = findEnd(L) // L[x] = -1 o o : : 1 QO
D= {1, ., 1} 2
D[x] =0
for it = 0 .. log(n): 4

D 2 = new int[len(L)], L 2 = new int[len (L) ]

parallel for (0, n, [&] (int 1) {
D 2[i] = D[i] + D[L[i]]

b Work: O(n logn)

parallel_for(O, n, [&] (int 1) { Span: O(logz n)
L 2[i] = L[L[4i]]

l-FsMOrE,Hama,
UNIVERSITY
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List Ranking

@ Y 3apgaum ecTb 4OCTAaTOYHO o4YeBUAHOE pewweHue 3a 0(n).
(MonpobynTte npuaymatb camm :P)

@ Mpepbiayuwee peweHne He work-optimal, a mbl NnbiITaemcs
3TOro 4obuTbCA.

@ Mepengém K paHAOMU3NPOBAHHOMY peLueHuto 3a 0(n) work.

@ TycTb y HAc ecTb MarMyecKmii napannenbHbli paHaoM —
0ObI4YHO MCNoOAb3YeTCA cneunanbHas xew-PyHKUMA.

l-ﬁMore,*H«ma,
UNIVERSITY
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List Ranking. Randomized.

@ byaeTt HECKONbKO UTEPaLMIA, NOCAE KarKaoM
N3 KOTOPbIX CMUCOK YMEHbLLAETCS.

@ Ha Kaxxaon utepaymu:
* BeplwunHKa KUAaEeT MOHETKY.

* Ecnmy Heé Head, ay coceaa Tail, To
coceda MOXKHO CXKaTb.

e 3anomMmmHaem BCe U3SMEeHEeHUa u
GUNBTPYEM KMBbIE BEPLUMHDI.

@ MNotom 6exxkmm nNo ntepaumam c KoHuUa, n
BOCCTaHAB/IMBAEM CMUCOK C PACCTOAHUAMM.

TsMOve Hran a

I
(UNIVERSITD
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List Ranking. Randomized.

n
V] MaToXXnaaHue cXaTbiX BepwmnH Ha nTepauunu - Z .

@ Kaxayto utepaumio YMC0 BEPLUUMH YMEHbLUAEeTCs rae-To B
KOHCTaHTY.

@ 3HauuT, Bpemsa pabotbl — 0(n), a umcno ntepauuni — 0(logn).

@ Kakpgaa ntepauma notpebnser O (logn) span, 3HauuT, y BCero
anroputma 0 (log? n) span.

@ Bce oueHKkM moxHo nonyuutb with high probability.

l-ﬁMore,*H«ma,
UNIVERSITY
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List Ranking — Eulerian Circuit

@ [laBaliTe NOroBoOpmMM O TaKOM CTPYKTYpe AaHHbIX KaK AepeBo.
@ [aHo nogBelleHHOe AepeBo — HAaUTU IMyOUHbI BCEX BEPLLUMUH.

@ KakeTcs, Takoe HEBO3MOXKHO caenaTb 6bICTPO, 0COHBEHHO,
Koraa AepeBo ABAAETCA NNHUEN.

@ A marnyeckmum obpasom mbl cBeéM 3Ty 3aaa4y K List Ranking
C NoMoLLbto dnnepoBa obxoaa.

l-ﬁMore,*H«ma,
UNIVERSITY
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Eulerian Circuit

@ PaspBanBaem pébpa n coeanHAEM UX a CNMUCOK “no Kpyry”.

\\
///\\\\

TMO ﬁrwm,a,
UNIVERSITY
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Eulerian Circuit

@ Ytobbl NOABECUTL AEPEBO — HAA0 pa3pesaTb 04HO pPebpo B crnucke.

@ [Janbuwe ana Kaxxgoro pebpa cumtaem ero HoOMep B CNUCKE C
nomoulbto List Ranking — noHnmaem Kakoe 13 napbl pébep-
ny6/1MKATOB MAET OT KOPHA, @ KAKoe K KOPHIO.

@ Pebpy oT KopHA cTaBum “+1”, pebpy K KopHto ctaBum “-1”,

@ C nomouwpbto List Ranking Ha cymmy 3Haem rnybuHy Kaxkaown
BEPLLUHDI.

l-ﬁMore,*H«ma,
UNIVERSITY




