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Grace Hash Join

RPS
2 % (|IS] + |IRI]) Partitioning-
both R and
S

Assuming ||R;|| < B — 2

Z(”Sf” +[IRj11) =1ISII + [IR]]
- Probing -

Totally, the #1/0s for Grace Hash Join is

3- (IS +1IRID

BOSTON
UNIVERSITY

Total Available Memory (B pages)

’ — J ........ }{'('i;'e}')";;;;&"ié"_""1'5'1"{;
.................................. S S

[ ] ‘ [ ] l [ ]

B | 6 [ ]

R1(S1) L]
RB—l(SB—l)

B | a hash table with B — 2 pages for R;
R; s :

]
sal 1 IO 1
B — Input buffer for S; Output buffet
Sj ’. _>- :
A T TR ;

4



State-of-the-art: Hybrld Hash 101
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Dynamic Hybrid Hash Join (DHH)

State of the art DBs (e.g., PostgreSQL and AsterixDB) use DHH to decide which partitions are staged.

Asterixes
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Disk Partitions for R
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DHH Bridges between BNL] and GH]J

(Method | locst

BNLJ l|IR|| + ||S]| when ||R|| £ B — 2
GHJ 3 (||R[] + [IS[]) when [|R;|]| < B — 2
DHH [RI| 4+ [ISI]+ 2 - Xje; ([ IR;l] + [1S;]]) when [|Rj|| < B — 2

] represents the ids of

partitions that are spilled to
the disk

Can we do better?

Skew Optimization: Stage Most-Common-Values (MCVs) to reduce ||S;|]
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Skew Optimization in DHH
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Skew Optimization in DHH
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Skew optimization reduces the number of 1/0s when the matching exhibits skew



Can we do better?
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NOCAP (Ours) OCAP (Opt)
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A good partitioning algorithm should be skew-aware and adaptive to the given
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Modeling the Join Cost of DHH

IRl
Al 4 1)1+ 2 1181

J represents the ids of
partitions that are spilled to

Recall DHH Join Cost: [|R]|| + |IS]| + X ¢, (([
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epresent the p g argmmZ(( 1) 1S;1] + 2 ||R,-||)
n (ng) The number of tuples in relation R
: m+1
m The number of partitions on disk S.t. Vl € ] Z 1
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Integer Programming

Frequency in S

TR 1 1
argmln (( J 1>'||5j||+2'||Rj||> 1 7

n 100
st. Vi € ] Zm+1 =1 Correlation Table (CT)
P;j €{0,1},Vi € [n],Vj € [m + 1]
Instance-Optimal Join (Optimal Correlation-Aware 11S;]] = 2 P; ;- CT[i] /bs
Partitioning)

Input: n, B, bg, bs, CT
EXpénetitial searching space to enumerate all possible partitions!
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Three Properties of P,,; to Reduce Complexity

Consecutiveness O(B™*') = 0(B* - n?)
Monotonicity 0(B? -n?) = 0(n?- B -log B)

DIVISIbIIIt_y O(n?- B -logB) = 0(n* -log B /B)
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Consecutiveness

Theorem 1 Given an arbitrary sorted CT array, there is an optimal partitioning Py, = (Py, P,, ..., Ppy1)
where for any i; < iy, if i; € P;and i, € P;, we have i € P; forany i € [iy, i5].

Pm+1 PZ P1
\ \ \
[ | [ \f |
Frequency in S
1 1
Unique keys sorted by CT

n-1 77

n 100

Correlation Table (CT)
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Monotonicity

Theorem 2 Given an arbitrary sorted CT array, there is an optimal partitioning Py, = Py, Py, ..., Ppyy1)
from Theorem 1 where [II m+1||] [IIRmII] > > [HRZH] [llRlll

R; is a group of records from relation R while P; is a group of keys
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\ \ \
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Unique keys sorted by CT

n-1 77

n 100

Correlation Table (CT)
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Divisibility

Theorem 3 Given an arbitrary sorted CT array, there is an optimal partitioning Py, = (Py, P,, ..., Ppy1)
from Theorem 2 where ||R;]| Is divisible by B — 2 for j € [2, m].

[”Rm“”] > [”Rm”] > . P'RZ”] > [”Rlz”] from Theorem 2

Pm+1 PZ P1

Frequency in S

1 1
Unique keys sorted by CT
n-1 77
n 100

Correlation Table (CT)
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Practical Challenges for OCAP

. .
1. We cannot have the whole CT in practice ) )
10M 1000

2. Partitioning assignment also occupies memoryp —
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Inspirations from OCAP

Consecutiveness and Monotonicity: [” m“”} > . > [” 1”}forsorted CT

= We can prioritize MCVs in two ways: build an in-memory hash
table (if B is large) or assign them into a small partition on disk (if B

is small)

Divisibility: On-disk partitions should be mostly divisible by B — 2

= We should ensure on-disk partitions fulfill z - (B — 2) pages (z€ z*)
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Divisibility when Partitioning Data on Disk

e e

Output buffer page for a - A full-filled page in disk ; A half-filled page in disk :
= = Ppartitien— — = = = = = = = — — m = e e e e e e
[1S1l] =9 |1S211 = 10 15311 = 10 [1S4/l=8  (9+10+10+8) 2
Parti‘fiﬂ{ | Partition | Partitﬂ : Partition — 74
uniform ! )] ! LY
Be | B= | B | B
PartID = h(k) mod 4 B ! (B Bl i |Be
— 1 wi S L ey
18-page input data from R B=5
= — =
PartlD = (h(k) mod 6) mod 4 D B T B D
B = B B B B
non-uniform Uil BB I L]
Partition Partition Partition Partition (124+13)-2+4+7+5

6=1IR||/ (B —2) Isill=12  Zi5[1=13  3|ISl1=7  4|ISll=5 — 62
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Prioritizing MCVs with Constrained Memory

mm h A h\?vsi?hsﬁ;[gfhor;:‘teys HS

OO | Runaugmented DHE with
—  n-k+l 73 memory budget mys; A hash table to store
n-k+2 73 the whole record of + HT
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100 budgetm = B — 2 — Myes; to be partitioned
— n
—  Several write-buffer .
Total available buffer space (B pages) pages for partitioning ' Mdisk
By By Myisk PAges B Myese PAYES
S’ Yoo .27 (the rest of keys)

~-—’ -

One for input One for output
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NOCAP

Partitioning Workflow:

OCAP for top-k’ frequent keys

DHH to partition the rest

Total Available Memory

................................................... .
Partitioning Call DHH with m,. pes J
Phaseof R Disk Partitions for R
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YES ol1lo]ol1lolo]o P4mm P7“EE
o *t * ¢+ * ¢ ¢t £ %
E T NO [SplitHash Function hgp ;¢ ] .
T . — =
— ' 1 trvof o TR R
Input R d: | ref? | o | EE :
N~~~
P — T T FITTTILE RREEEEE EECIIECCIIIEEED .
Input i ' E E Disk Partitions for S
\ J i Loffofoffofofof ) =
%IitHash Function hgp i ] E Pl HE 2 EBE
B no f - \AEBE Y BEBEEB
I
Partitioning
Phase of S —
Disk-resident Partition
- Staged Partition

- Input Page

Probe In-memory Hash Table D Join Output Page
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Experiment Setup

Storage: PCle P4510 SSD

Measured read /write symmetry:
random_write_latency/sequential_read_latency = 3.3
sequential_write_latency/sequential_read_latency = 3.2

PK-FKjoin input size: 1M #records join with 8M #records

Record size: 1KB per record

Page size: 4KB
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Selected Experimental Results

1.5 X107 1.5 ><107
= NOCAP —- SMJ
1.21 4 »<DHH - GHJ 1.21 4
8 0.0 Histojoin —#= OCAP 8 0.0 \
—_ —_
:#0.6- %0.6-
0.31 = 0.31
0.0 2'8 210 212 214 216 218 0.0 2'8 210 212 214 216 218
Buffer size (pages) |log scale Buffer size (pages) [log scale]
Zipfian (a = Uniform

Corr%légion-aware joins (DHH, Histojoin, and NOCAP) can adaptively
reduce I/0 cost when it comes to a skew distribution.

Note: OCAP only represents a lower bound, not a practical 2/

BOSTON
UNIVERSITY



BOSTON
UNIVERSITY

Instance-optimal !
State-of-the-art

Varying skew !

15 % 10" 15 % 107

= NOCAP A~ SMJ
1.21 -« DHH -~ GHJ 1.21

0 Histojoin —#= OCAP 2 \
So9] \ \ 2 0.99%
~— .~ o A A —

— —
4001 o | w00

0.0 510 58 o om 0.0°55 510 9 91 5i6 I8 0.0 50 g 5 ot
Buffer size (pages) [log scale] Buffer size (pages) [log scale] Buffer size (pages) [log scale|
Zipfian (a = 1.3) Zipfian (a = 1.0) Zipfian (a = 0.7)

While DHH helps reduce #1/0s, NOCAP can better exploit the correlation
skew to achieve even lower 1/0 cost. *
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Other datasets (JCC-H and JOB)

gm-m T ol N = &
JCC-HSF=10 =285 e 2 (Pswwwo | JCC-H SF=10
(Tuned Skew) gi ...... FeverrEereree G X 54_ (Original Skew)
with Revised = o T 29 Nocap = total with Revised
Q12 VS50 20 40 so160 Y2 5 10 20 40 S0 160 Q12
Buffer size (MB) [log scale] Buffer size (MB) [log scale]

JOB
(cast_info M title)

JOB
(cast_info Pdname)

8 16 32 64 128 256 512 8 16 32 64 128 256 512
Buffer size (MB) [log scale] Buffer size (MB) [log scale]

While DHH occasionally performs as close as
NOCAP, NOCAP is more adaptive when the
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Summary of NOCAP

NOCAP join outperforms DHH by up to 30%, and the textbook
GHJ by up to 4X. Even for uniform distribution, NOCAP
outperforms DHH by up to 10%!

DHH NOCAP (Ours) OCAP (Opt)
mmmem gy ====== NOCAP (Ours) ==m=mm== QCAP (Opt)

Low Skew:
High Skew:
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>
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oY = . S . N
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:’ \\ ~\\ ~———“_--
8 ~ ~~ _______ || ™
© ~~~~-~ _________ m e e
_________________
g ~-~----— ————————— —w—- ..........
[IR] + [IS]]
] ] ] l»
VF - 1IR][|/2 F-]|R]| 2-yF-||R]| F-1IR||

B (Memory budget) [Log scale] 30
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