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I
Conjunctive Queries

ans(y) — Rl(fl), ) Rn(fn)

Relations: Ry, ..., R,
Attributes/Variables: x4, ..., X,
Output attributes: y

Full Query: y = x; U --- U X,,, the head “ans(y) «<” can be omitted

Non-full Query: y c x; U ---U X,
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Conjunctive Query and SQL

m A conjunctive query is equivalent to a (Nature) Join-Project SQL query.

_ ) . SELECT DISTINCT y
ans(y) < Ry (1), ..., Ry (5cp) FROM R, NATURAL JOIN R, .. NATURAL JOIN R,

m If the query is full:

SELECT *
R,(k1), ..., Rp(xy) FROM R; NATURAL JOIN R, ... NATURAL JOIN R,,
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Conjunctive Queries with Selection

m Another important relational operator is selection (predicate)
ans(y) < Yc(R1(X1), ..., Rp(Xp))
m Predicates: C
m We distinguish the predicates into two types:
- Type-1: involve attributes from one relation Ri.x; <5
- Type-2: involve attributes from two or more relations Ri.x1 < R5.x3

m Type-1 predicate can be checked by scanning the relation in linear time (or using an
index if available);

m Note: Equalities can be rewritten into the CQ
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Definition: CQC

m We consider type-2 filters in the form of
C = f(xq) < g(xp)
m f,g:afunction mapping dom(x,) (resp. dom(x;) ) to R
m Assume X, (resp. Xp) are the attributes for relation R, (resp. Rp)

m We say the comparison C incident to R, and R},
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CQC and SQL

m A CQCis equivalent to a Select-Project-Join(SPJ) SQL query.

~ ) _ SELECT DISTINCT y
ans(y) < P (R1(X1), ..., Rn(Xy)) FROM R, NATURAL JOIN R, .. NATURAL JOIN R,

WHERE C

m If the query is full:

SELECT *
Y.(R1(%1), ..., Ry () FROM R; NATURAL JOIN R, ... NATURAL JOIN R,,
WHERE ¢
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Acyclicity of Conjunctive Queries

m A CQcan be evaluated in polynomial time (data complexity)

m A class of full conjunctive queries can be solved in linear time in data complexity, i.e.,
O(N + OUT) time.

— N: size of the database, OUT: size of the query result |q(D)]
acyclic conjunctive queries

m The acyclicity of a CQ q is defined by the a-acyclicity of its relation hypergraph
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CQ as a Hypergraph

m Relational Hypergraph for query g: H(q) = (V, E)
m V:All attributes in query q
m E: All relations in query g

ans(xy, X, X3, X4, X7) < R1(xq,X3),
RZ(XZ,Xg,X7),
R3(x3, X3, X4, Xs5),
R4(x3, x6),
RS(x3rx8) )
Ci: X4 — X9 < X3X4 + 2,
Co:min{2x,,x,} < X,
C3:xy < Xg
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a-Acyclicity

m A queryis a-acyclicif it has a join tree.

m Join tree: an undirected tree whose nodes are in one-to-one correspondence with
the edges(relations) in E such that for any vertex(attribute) v € V, all nodes
containing v form a connected subtree.
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Ya nNna ka kiS AlgOrith m [Yannakakis. '81]

m A linear-time algorithm for a-acyclic full

qgueries.
m Algorithm: Ry (22, 53, 74, 75)
— Semijoin Phase: O(N)
Bottom-up: from leaves to root, semijoin each @
relation with each of its children Ra(23, 26)

. Top-down: from root to leaves, semijoin each
relation with its parent Bottom-up: Top-down:
: : : R; = Ry XR R; = R; XR
— Join Phase: in arbitrary order 3 37 4 3 372
Jo ase: in arbitrary order O(OUT) R, = R, X R, R, = R, R,
RZ = Rz D(Rl R1 = Rl D(RZ
Rz = RZ D<R5 R5 ::RS D(RZ
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Type-2 Predicate

The query

Ry(x1,%2), Ry (x2,%3), C1:x1 < Xp,C: X1 = X3
has two comparisons, where x; < x, is a type-1 predicate and
X1 = x3 Is a type-2 predicate

m Type-2 predicate-> check on every join result and drop all results that cannot pass
the predicate

m In this example,
- compute
R1(x1,x2), Ry(x2,%3), C: x1 < X,
using the Yannakakis algorithm in O(N + J) time, where J is the join size

— For every query result (x4, x,, X3), check whether the x; = x5 is satisfied, taking O(J)
time

m However, it’s possible that OUT (# join results after applying the predicates) < J
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Example

Ri(x1,x5), Ry(x3,x3),Cq1: x1 = x3,C5: x4 < X,

m Let R, contains n tuples as (1, 2n), -+, (n, 2n), R, contains n tuples as (2n, 2n +
1),---,(2n,3n)

Rl R2 I o I3

T1 To To T3 1 2n | 2n+1
1 2n 2n | 2n+1 1 2n .
2 2n 2n | 2n + 2 — 1 2n 3n

N o o o o o o

n—11 2n 2n | 3n —1 n | 2n | 2n+1
n 2n 2n 3n n | 2n .
n | 2n 3n

m /] =n20UT =0

m The costis not linear.
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]
Willard’s Approach [Willard. "02]

Ry (x1,%3), Ry(x2,x3),C:xq = x3

1.  Group R4 by x,, for each group, sort the x; value in descending order.

G (o

2. Foreverytuplet = (a,b) € R,, enumerate the list linked by x, = a from the beginning until it is
smaller than b.

For example, t = (2, 60), the enumeration procedure will first find x; = 95, which corresponds to a join result (95, 2, 60),
then it will stop, as the second value 54 < 60.

3. Total running time: O(Nlog N + OUT)
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Willard’s Approach [Willard. "02]

m Can support multiple (short) comparisons between R and R,
m Running time: O(N log? N + OUT).

— d: number of comparisons.

m Not appliable for long comparisons across multiple relations.

R,(x1,x2), R2(x2,x3), R3(x3,x4), X1 < X4
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Main Contributions

m We identify the acyclicity conditions for CQCs.
m For any acyclic CQC, our algorithm can evaluate itin O(N + OUT)

m We implement the algorithm on top of Spark, the experiment results show the new
algorithms can offer an order-of-magnitude improvement over competitors
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Acyclicity of CQCs

m Observations: a CQCis "hard” if its comparisons form a " cycle”.

m For example, R{(xq1,X5), Ry (x5, x3), R3(X3,X4), X1 < X4,X1 = X4 cannot be solved
in linear time.

m The query is equivalent to the triangle listing query
R1(x1,%2) ™ Ry(x2,%3) ™ R3(x3, %)

m The best-known algorithm for the problem: 0(N1'5)

4
m Lower bound for the problem: Q(N3), which is not linear.

m Comparison Hypergraph: another hypergraph to characterize the acyclicity on the
comparisons.
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Comparison Hypergraph

m Fixing a join tree T of g, the comparison hypergraph C(q,T) = (V,E)
— Each vertex v € V represents an edge on the join tree
— Each hyperedge e € E represents a comparison C incident to R; and R;

- Avertex v € e if visin the path between R; and R; on the join tree T

ans(xy, X3, X3, X4, X7) < R1(X1,X7),
Rz(xz»x3:x7)»
R3(x2, X3, X4, Xs5),
R4 (x3, x6),
RS(xS’XS) ’
Ci: X1 — Xy < X3X4 + 2,
C,: min{2x,,x,} < xq,
C3:xy < Xg
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Acyclicity of CQCs

m ACQCisacyclicif

— its relational hypergraph is a-acyclic
— and there exists a join tree such that the comparison hypergraph is Berge-acyclic

m Berge-acyclic: for any pair of vertices v, V5, there exists at most one simple path between
%] and (%)

m A counter example:

(lTLS(Xl,Xz,X3) & R1(x1;x2;x3),

R, (x4, x4, Xs),

R3(x3, x6,%7),

R4 (x3, xg, Xx9),

Ci: X4 < Xg,

Cy: x7 < Xg,

C3: X9 < X5
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Comparisons as Orthogonal Range Searching

Ry (x4, x5,%3) ™ Ry(x3,x4) X R3(xy, X5, Xg), X1 = X5, Xy = Xg

Not a very good example, as it cannot be evaluated in linear time.

19 Bonus Question: Why?



Comparisons as Orthogonal Range Searching

20

Ry1(x1,23,2x3) ™ Ry(x3,2x4) M R3(xy4, Xs5,X6), X1 = X5,%5 = X

4+ o ‘ O ®

A (all bl)
¢ /

L S (aZI bZ)

le (az, by)
>

o

>

(x1, %) X3 X4 (x5, X6)

x] X

“Are there any points located in
the orthogonal ([a,, ], [b;, ©])?”

A




I
Comparisons as Orthogonal Range Searching

Ry (x4, x5,%3) ™ Ry(x3,x4) X R3(xy, X5, Xg), X1 = X5, Xy = Xg

“Are there any points located in
the orthogonal ([a,, ], [b1,])?”

(x1,%3) X3 X4 (%5, X6)
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I
Comparisons as Orthogonal Range Searching

Ry1(x1,23,2x3) ™ Ry(x3,2x4) M R3(xy4, Xs5,X6), X1 = X5,%5 = X

“Are there any points located in
the orthogonal ([a,, ], [b1,])?”
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Algorithms

m Forall acyclic CQC Q, there exists a reducible relation R € Q.

— Areducible relation is a leaf relation (degree = 1) that incident to at most one long comparison.

m We can perform a reduction from Q - Q', E' - E/R.

- Q' is still acyclic CQC;
— Joinresult in Q can be built in O(1) delay if the result of Q' can be built in 0(1) delay;

— New attribute mf for the comparisons.

Ry (x1,%2,x3) ™M Ry(x3,%4,X5) X R3(Xs5,%6), X1 < Xg,%; < Xg

[16311741'5] [mf1x3:v4:v5] [mf1x3x4x5mf2]

1 2 1 2 1 2 1 2 1 2 1 2 [z129232425mf5]

1 4 1 1 1 4 1 1 1 4 1 2 4 1 1 4 1 2|

2 2 1 12 2 1 L 2 2 1 1

/ / \ / \ (212223747576

4 1 1 4 1 2|
[x12913] (5] x3 — (1, 22) (5] x3 — (11, 22) [wse] (s ]
Losd 1 1 (1,3) 1 1 (1,3) 1 1 1 1
2 2 1 1 (2, 2) 1 (2, 2)
1 2 1 2 1 2 1 2

. 2 3 (4, 1) 2 3 (4, 1) 2 3 2 3
5 2 2 2 (5, 2) 2 (5, 2)
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Algorithms

m Step 1: Group R4 on the join key and make an orthogonal range searching structure on x{x5.

[x3245] [mfyx32425] [mfx3z425mf5]

1 2 1 2 1 2 1 2 1 2 1 2 [t122x32 45 mf5]

1 4 1 1 1 4 1 1 1 4 1 2 |4 1 1 4 1 2|

2 2 1 1 2 2 1. 2 2 1 L

/ \ / \ (21200324 2576]

, (4 1 1 4 1 2|
[$1m2x3] [flf5f1f6] xr3 — (fEl,ng) [x5$6] xr3 — (1"171:2) [555556] [.’E5$6]
Ls (1,3) 1 (1,3) o1 o1
2 2 1 1 (2, 2) 1 (2, 2)
1 2 1 2 1 2 1 2

41 2 3 (4, 1 2 3 (4, 1) 2 3 2 3
5 2 2 2 (5,2) 7 (52

Q == Ri(x1,x3,x3) X Ry(x3,%4,X5) X R3(x5,%6), %1 < Xg,%3 < Xg
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Algorithms

m Step 2 (Reduce R;): Reduction between R, and R;. R, is calculated by the following query:

25

3

8

N DN

1
1
2

—

]
1
1
1
2

W N =&
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1= R5(x3,%x4, x5, mf1) M R3(x5,%x6), mf; < Xg

[I11‘2$31‘4$5$6]

SELECT x3, x4, x5, min(x,) as mf; FROM R; NATURAL JOIN R, WHERE R;.x; < R,.x,

[mf1x3x4x5] [mf1m3x4x5mfg]
2 1 1 2 1 2 1 [t 2223245 mf5]
1 1 1 1 1 4 1 \4 1 1 4 1 2\
1 2 1 1 2 2 1
/ / \
/ \ R -
551,552) 17552)
L 3) 3) o
27 2) ’2) 1 2
4,1) 1) -
5, 2) , 2)

| 4

1 1 4 1

2 |

Q == Ri(x1,x3,x3) X Ry(x3,%x4,Xx5) X R3(x5,%X6), X1 < X4,%3 < Xg



I
Algorithms

m Step 3 (Reduce R3): Reduction between R," and R3 by the following query:

SELECT x3, x4, x5, mf; , max(xg) as mf, FROM R; NATURAL JOIN R,’

[£U3$4{L'5] [mf1m3x4x5] [mf1x3x4x5mf2]
1 2 1 2 1 2 1 2 1 2 1 2 [$1x2x3x4x5mf2]
1 4 1 11 4 1 1 1 4 1 2 4 1 1 4 1 2|
2 2 1 L2 2 1 L2 2 1 1
/
- / - [z12223343526]
(4 1 1 4 1 2]
T1X2T r3 — (T1,T T3 — (r1,
:{ 151:;))2 3]1 [1‘51‘6} 3 (113 2) [135(176] 3 (113 2) [I5l‘6] [Z'E):EG]
1 1 (1,3) 1 1 (L, 3) 1 1 1 1
2 2 1 L 9 1 (2,2 L 9 1 (2,2 L5 L 9
i1 2 3 (4, 1) 2 3 (4, 1) 2 3 2 3
5 2 2 2 (5,2 2 (5,2

Q == Ri(x1,x3,x3) X Ry(x3,%4,X5) X R3(x5,%6), %1 < Xg,%3 < Xg
Q1 = Ry (x3,x4,x5,mf1) X R3(x5,x6), mfy < X

Q2 = Ry (x3,x4, x5, mfy, mf,), mf; < mf,
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I
Algorithms

m Step 4 (Evaluate Q,): Remove all tuples in R; that does not satisfy the filter condition mf; < mf,

[x3245] [mfix32425] [mfyx3z425mfs]

1 2 1 2 1 2 1 2 1 2 1 2 [x122x32 425 mf5]

1 4 1 11 4 1 1 1 4 1 2 4 1 1 4 1 2|

2 2 1 1r 2 2 1 1 2 2 1 L ‘

/ \ / \ . / \ o [$1$2$3$4ZB5SE‘6]

\ 4 1 1 4 1 2 \
[IE1I2$3] [$5x6] xr3 — (ﬁl,l‘g) [-T5$6] xr3 — (xlal‘Z) [375376] [$5x6]
b3 1 1 1 (1,3) 1 1 (1, 3) 1 1 1 1
2 2 1 1 (2, 2) 1 (2, 2)
1 2 1 2 1 2 1 2

41 2 3 (4, 1) 2 3 (4 1) 2 3 2 3
5 2 2 2 (5, 2) 2 (5, 2)

Q = Ry(x1,x5,x3) M R,(X3,X4,X5) M Rg(xg,Xxg), %1 < X4,%5 < Xg
1= Ry(x3, x4, x5, mf1) M R3(xs,%6), mf; < Xg

Q2 = R) (x3,x4, x5, mfy, mf,), mf; < mf,
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I
Algorithms

m Step 5 (Enumeration): Enumerate the query result from top-down.

[x3245] [mfx32475] [mfx32425mf5)]

1 2 1 2 1 2 1 2 1 2 1 2 [x122232 425 mf5)]

1 4 1 11 4 1 11 4 1 2 (4 1 1 4 1 2|

2 2 1 1 2 2 1 1 2 2 1 L

/ \ / \ / \ [$1$2$3$4$5$6]

|4 1 1 4 1 2|
[.1‘1,1‘2{)3'3] [$5$6] xr3 — ({L‘l,IL‘2> [$5$6] T3 — (.1‘1,1‘2) [,1'5.1'6] [1651’6]
L3 1 1 (1, 3) 1 1 (1, 3) 1 1 1 1
2 2 1 1 9 1 (2, 2) 1 9 1 (2, 2) 1 9 1 9
4 1 1 (4, 1) (4, 1)
2 3 2 3 2 3 2 3

5 2 2 2 (5, 2) 2 (5, 2)

Ry(x1,%3,x3) ™M Ry(x3,%4,X5) X R3(Xs5,X%6), %1 < X4, % < Xg
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-
Extensions

m Support of non-full queries:
— For free-connex queries: O(N + OUT)
- Non-free-connex queries: O(N" + OUT)
m Support for cyclic queries:
- O(NY + OUT) with Generalized Hypertree Decomposition (GHD)

— Thanks to the support of long comparisons, the tree weight w is smaller than previous
approaches.
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I
Cyclic Queries

R(A,B,w;),R(A,C,w,),R(B,C,w3),R(C,D),
R(E) F) W4),R(D, El WS)'R(D’ F’ W6)’
WiWoW3 < WaWs5Wg
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I
Cyclic Queries

R(A,B,w;),R(A,C,w,),R(B,C,w3),R(C,D), m The previous approach does not
R(E,F,w,),R(D,E,ws),R(D,F,wy), support long comparisons.
WiWoW3 < WaWsWg m The best GHD contains two bags: ABCD

and DEF (or ABC and CDEF)
m The width w = 2 for this query.

31
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I
Cyclic Queries

Long comparisons are allowed in the

R(A,B,w;),R(A,C,w,),R(B,C,w3),R(C,D), u :
R(E,F,wy),R(D,E,ws), R(D, F,ws), e

< m The best GHD contains three bags: ABC,
WiWaW3 = WaWsWe CD and DEF
The width w = 1.5 for this query.
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I
Experiment Results

m Build the algorithm on top of Spark.
m It requires only standard RDD operations.

m Compares with Spark SQL and PostgreSQL, we achieve order-of-magnitude
improvement.

I/0 SparkCQC XXA Spark SQL E==1 PostgreSQL ==

1e+05 T T T T T T T — T T T T T T T
S 1e+04 f ..
2] i N - —
(O] F —
£ 1e+03F - ~ =
[ E — )
o [ <]
% 1e+02 b % %
(%] 3 i :_-'){
) 3 - A+
S [ = )
a 1e+01F = :.:’:
- :.:"4
: .is i
1e+00
Q1-Epinions Q1-Google Q1-Wiki  Q2-Bitcoin Q3-Epinions Q3-Google Q3-Wiki Q4-Epinions Q4-Google Q4-Wiki Q5-DBLP Q5-Google Q6
Queries
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Experiment Results

m Achieve almost linear speedup when increasing the parallelism.

34

Processing Time (Sec)

10000

1000 |

100 |

10

SparkCQC —+— Spark SQL PostgreSQL /0 —/3—

4 8 16
Parallelism
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Experiment Results

m By evaluating the predicates during joins, the new algorithm can benefit from the
low selectivity.

SparkCQC —+— Spark SQL - PostgreSQL /0 28—
10000 . T T

1000

100

10

Processing Time (Sec)

1 1 1 1
0.29% 33.65% 60.39% 91.23% 1

Percentage of Output Size Compares with k=0
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