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Conjunctive Queries

n Relations: 𝑅!, … , 𝑅"
n Attributes/Variables: 𝑥̅!, … , 𝑥̅"
n Output attributes: &𝑦
n Full Query: &𝑦 = 𝑥̅! ∪⋯∪ 𝑥̅", the head “𝑎𝑛𝑠(&𝑦) ←”  can be omitted
n Non-full Query: &𝑦 ⊂ 𝑥̅! ∪⋯∪ 𝑥̅"	
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𝑎𝑛𝑠 &𝑦 ← 𝑅! 𝑥̅! , … , 𝑅" 𝑥̅"
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Conjunctive Query and SQL

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

n If the query is full:
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𝑎𝑛𝑠 &𝑦 ← 𝑅! 𝑥̅! , … , 𝑅" 𝑥̅"
SELECT DISTINCT #𝒚 
FROM 𝑹𝟏 NATURAL JOIN 𝑹𝟐… NATURAL JOIN 𝑹𝒏

𝑅! 𝑥̅! , … , 𝑅" 𝑥̅"
SELECT *
FROM 𝑹𝟏 NATURAL JOIN 𝑹𝟐… NATURAL JOIN 𝑹𝒏
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Conjunctive Queries with Selection

n Another important relational operator is selection (predicate)

n Predicates: 𝐶
n We distinguish the predicates into two types:

– Type-1: involve attributes from one relation                               𝑅!. 𝑥! < 5 
– Type-2: involve attributes from two or more relations             𝑅!. 𝑥! < 𝑅'. 𝑥(

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

n Note: Equalities can be rewritten into the CQ

CONJUNCTIVE QUERIES WITH COMPARISONS

𝑎𝑛𝑠 &𝑦 ← 𝜓)(𝑅! 𝑥̅! , … , 𝑅" 𝑥̅" )
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Definition: CQC

n We consider type-2 filters in the form of 
𝐶 ≔ 𝑓 𝑥̅* ≤ 𝑔 𝑥̅+

n 𝑓, 𝑔: a function mapping 𝒅𝒐𝒎 𝑥̅* 	(resp. 𝒅𝒐𝒎 𝑥̅+ 	) to ℝ	
n Assume 𝑥̅* (resp. 𝑥̅+) are the attributes for relation 𝑅* (resp. 𝑅+)
n We say the comparison 𝐶 incident to 𝑅* and 𝑅+
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CQC and SQL

n A CQC is equivalent to a Select-Project-Join(SPJ) SQL query.

n If the query is full:
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𝑎𝑛𝑠 &𝑦 ← 𝜓)(𝑅! 𝑥̅! , … , 𝑅" 𝑥̅" )
SELECT DISTINCT #𝒚 
FROM 𝑹𝟏 NATURAL JOIN 𝑹𝟐… NATURAL JOIN 𝑹𝒏
WHERE 𝑪

𝜓)(𝑅! 𝑥̅! , … , 𝑅" 𝑥̅" )
SELECT *
FROM 𝑹𝟏 NATURAL JOIN 𝑹𝟐… NATURAL JOIN 𝑹𝒏
WHERE 𝑪
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Acyclicity of Conjunctive Queries

n A CQ can be evaluated in polynomial time (data complexity)

n 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 

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

n Relational Hypergraph for query 𝑞: 𝐻 𝑞 = (𝑉, 𝐸)
n 𝑉: All attributes in query 𝑞
n E: All relations in query 𝑞
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𝑎𝑛𝑠 𝑥$, 𝑥%, 𝑥&, 𝑥', 𝑥( ←	𝑅$(𝑥$, 𝑥%),	
	𝑅%(𝑥%, 𝑥&, 𝑥𝟕),

	 𝑅&(𝑥%, 𝑥&, 𝑥', 𝑥*),	
	𝑅' 𝑥&, 𝑥+ ,
𝑅*(𝑥&, 𝑥,)	,

	 𝐶$: 	𝑥$ − 𝑥% 	≤ 	 𝑥&𝑥' + 2,	
	 𝐶%: min{2𝑥%, 𝑥(} ≤ 	 𝑥+,

	 𝐶&: 𝑥% ≤	𝑥,

<latexit sha1_base64="AJwQB7pbfm9O40uwMbueLdC6f2k="></latexit>
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𝜶-Acyclicity

n A query is 𝛼-acyclic if it has a join tree.
n 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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<latexit sha1_base64="AJwQB7pbfm9O40uwMbueLdC6f2k="></latexit>
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<latexit sha1_base64="xkjkEnchMhmqm3FH8A9f7hyxoDU="></latexit>

E1

E2 E3

E4

R2(x2, x3, x7)

R3(x2, x3, x4, x5)

R1(x1, x2)

R4(x3, x6)

R5(x3, x8)

<latexit sha1_base64="1KD17a9ot/Ofnl10si+CyUQij40="></latexit>

R2(x2, x3, x7)

R3(x2, x3, x4, x5) R1(x1, x2)

R4(x3, x6) R5(x3, x8)
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Yannakakis Algorithm [Yannakakis. ’81] 

CONJUNCTIVE QUERIES WITH COMPARISONS

n A linear-time algorithm for 𝛼-acyclic full 
queries.

n Algorithm:
– Semijoin Phase: 𝑂(𝑁)

• Bottom-up: from leaves to root, semijoin each 
relation with each of its children

• Top-down: from root to leaves, semijoin each 
relation with its parent

– Join Phase: in arbitrary order 𝑂(𝑂𝑈𝑇)
Bottom-up:
𝑅& ≔ 	𝑅& ⋉ 𝑅'
𝑅% ≔ 𝑅% ⋉ 𝑅&
𝑅% ≔ 𝑅% ⋉ 𝑅$
𝑅% ≔ 𝑅% ⋉ 𝑅*

Top-down:
𝑅& ≔ 	𝑅& ⋉ 𝑅%
𝑅' ≔ 𝑅' ⋉ 𝑅&
𝑅$ ≔ 𝑅$ ⋉ 𝑅%
𝑅* ≔ 𝑅* ⋉ 𝑅%

<latexit sha1_base64="1KD17a9ot/Ofnl10si+CyUQij40="></latexit>

R2(x2, x3, x7)

R3(x2, x3, x4, x5) R1(x1, x2)

R4(x3, x6) R5(x3, x8)
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Type-2 Predicate

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

n In this example, 
– compute 

R! 𝑥!, 𝑥" , 𝑅" 𝑥", 𝑥# , 𝐶: 𝑥! ≤ 𝑥"
using the Yannakakis algorithm in 𝑂 𝑁 + 𝐽  time, where 𝐽 is the join size

– For every query result (𝑥!, 𝑥", 𝑥#), check whether the 𝑥! ≥ 𝑥# is satisfied, taking 𝑂(𝐽) 
time

n However, it’s possible that 𝑂𝑈𝑇 (# join results after applying the predicates) ≪ 𝐽 

CONJUNCTIVE QUERIES WITH COMPARISONS

The query 
         𝑅$ 𝑥$, 𝑥% , 𝑅% 𝑥%, 𝑥& , 𝐶$: 𝑥$ ≤	𝑥%, 𝐶%: 	𝑥$ ≥	𝑥&
has two comparisons, where 𝑥$ ≤ 𝑥% is a type-1 predicate and 
𝑥$ ≥ 𝑥& is a type-2 predicate
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Example

n Let 𝑅! contains 𝑛 tuples as 1, 2𝑛 ,⋯ , (𝑛, 2𝑛), 𝑅' contains 𝑛 tuples as (
)

2𝑛, 2𝑛 +
1 ,⋯ , (2𝑛, 3𝑛)

n 𝐽 = 𝑛', 𝑂𝑈𝑇 = 0

n The cost is not linear.

CONJUNCTIVE QUERIES WITH COMPARISONS

<latexit sha1_base64="ekxreYESURDZPQvT13MIeXdVADc="></latexit>

R1

x1 x2

1 2n
2 2n
. . .

n� 1 2n
n 2n

<latexit sha1_base64="zfXreMLWlAxmMvHOsGzTAKKDbIg=">AAACBXicbVDLTgIxFO34RHyhLt00gokrMkOMuiS6cYmJPAxMSKd0oKHtTNo7GkJY+wFu9RPcGbd+h1/gb1iGWQh4kiYn59ybe3qCWHADrvvtrKyurW9s5rby2zu7e/uFg8OGiRJNWZ1GItKtgBgmuGJ14CBYK9aMyECwZjC8mfrNR6YNj9Q9jGLmS9JXPOSUgJUeSp0gegLOSt1C0S27KfAy8TJSRBlq3cJPpxfRRDIFVBBj2p4bgz8mGjgVbJLvJIbFhA5Jn7UtVUQy44/TwBN8apUeDiNtnwKcqn83xkQaM5KBnZQEBmbRm4r/ee0Ewit/zFWcAFN0dihMBIYIT3+Pe1wzCmJkCaGa26yYDogmFGxHc1fSTBCIiW3GW+xhmTQqZe+ifH5XKVavs45y6BidoDPkoUtURbeohuqIIole0Ct6c56dd+fD+ZyNrjjZzhGag/P1C33cmVU=</latexit>./

<latexit sha1_base64="om7InKY3sUikyMtmSa6UpTYmkj4="></latexit>

R2

x2 x3

2n 2n+ 1
2n 2n+ 2

. . .
2n 3n� 1
2n 3n

<latexit sha1_base64="qeO8liLL6SqI9/As0Ag+vVhFHJc="></latexit>

x1 x2 x3

1 2n 2n+ 1
1 2n . . .
1 2n 3n

. . .
n 2n 2n+ 1
n 2n . . .
n 2n 3n

<latexit sha1_base64="lrIJQ0tHcl8ovTV8LItHBbZvmBc=">AAAB/3icbVDLSsNAFL3xWeur6tJNsBVclaSIuhGKblxWtA9oQ5lMJ+3QySTM3AildOEHuNVPcCdu/RS/wN9wmmZhWw8MHM65l3vm+LHgGh3n21pZXVvf2Mxt5bd3dvf2CweHDR0lirI6jUSkWj7RTHDJ6shRsFasGAl9wZr+8HbqN5+Y0jySjziKmReSvuQBpwSN9FC6LnULRafspLCXiZuRImSodQs/nV5Ek5BJpIJo3XadGL0xUcipYJN8J9EsJnRI+qxtqCQh0944jTqxT43Ss4NImSfRTtW/G2MSaj0KfTMZEhzoRW8q/ue1EwyuvDGXcYJM0tmhIBE2Rvb033aPK0ZRjAwhVHGT1aYDoghF087clTQT+mJimnEXe1gmjUrZvSif31eK1ZusoxwcwwmcgQuXUIU7qEEdKPThBV7hzXq23q0P63M2umJlO0cwB+vrF1N/lnA=</latexit>=

𝑅$ 𝑥$, 𝑥% , 𝑅% 𝑥%, 𝑥& , 𝐶$: 	𝑥$ ≥	𝑥&, 𝐶%: 	𝑥$ ≤	𝑥%
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Willard’s Approach [Willard. ’02] 

1. Group 𝑅! by 𝑥", for each group, sort the 𝑥! value in descending order.

2. For every tuple 𝑡 = 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(𝑁 log𝑁 + 𝑂𝑈𝑇)

CONJUNCTIVE QUERIES WITH COMPARISONS

𝑅$ 𝑥$, 𝑥% , 𝑅% 𝑥%, 𝑥& , 𝐶: 𝑥$ ≥ 𝑥&	

n…

100 80 60 55 24 95 54 52 8 3

1 2
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Willard’s Approach [Willard. ’02] 

n Can support multiple (short) comparisons between 𝑅! and 𝑅'
n Running time: 𝑂 𝑁 logE 𝑁 + 𝑂𝑈𝑇 .

– d: number of comparisons.  

n Not appliable for long comparisons across multiple relations.

CONJUNCTIVE QUERIES WITH COMPARISONS

𝑹𝟏 𝒙𝟏, 𝒙𝟐 , 𝑹𝟐 𝒙𝟐, 𝒙𝟑 , 𝑹𝟑 𝒙𝟑, 𝒙𝟒 , 𝒙𝟏 ≤ 𝒙𝟒
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Main Contributions

n We identify the acyclicity conditions for CQCs.

n For any acyclic CQC, our algorithm can evaluate it in U𝑂(𝑁 + 𝑂𝑈𝑇)

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

CONJUNCTIVE QUERIES WITH COMPARISONS15



Acyclicity of CQCs

n Observations: a CQC is ``hard’’ if its comparisons form a ``cycle’’.

n For example, 𝑅! 𝑥!, 𝑥' , 𝑅' 𝑥', 𝑥( , 𝑅( 𝑥(, 𝑥G , 𝑥! ≤ 𝑥G, 𝑥! ≥ 𝑥G cannot be solved 
in linear time.

n The query is equivalent to the triangle listing query 
𝑅! 𝑥!, 𝑥" ⋈ 𝑅" 𝑥", 𝑥# ⋈ 𝑅#(𝑥#, 𝑥!)

n The best-known algorithm for the problem: 𝑂(𝑁!.I) 

n Lower bound for the problem: Ω(𝑁
!
"), which is not linear. 

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

CONJUNCTIVE QUERIES WITH COMPARISONS16



Comparison Hypergraph

n Fixing a join tree 𝑇 of 𝑞, 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 𝑅1 and 𝑅2
– A vertex 𝑣 ∈ 𝑒 if 𝑣 is in the path between 𝑅1 and 𝑅2 on the join tree 𝑇

CONJUNCTIVE QUERIES WITH COMPARISONS

<latexit sha1_base64="xkjkEnchMhmqm3FH8A9f7hyxoDU="></latexit>

E1

E2 E3

E4

R2(x2, x3, x7)

R3(x2, x3, x4, x5)

R1(x1, x2)

R4(x3, x6)

R5(x3, x8)

<latexit sha1_base64="PCDm5r/nqvWN5mCJ2y5aCXeLlYE="></latexit>

E1
E2

E3E4

C1

C2

C3

𝑎𝑛𝑠 𝑥$, 𝑥%, 𝑥&, 𝑥', 𝑥( ←	𝑅$(𝑥$, 𝑥%),	
	𝑅%(𝑥%, 𝑥&, 𝑥𝟕),

	 𝑅&(𝑥%, 𝑥&, 𝑥', 𝑥*),	
	𝑅' 𝑥&, 𝑥+ ,
𝑅*(𝑥&, 𝑥,)	,

	 𝐶$: 	𝑥$ − 𝑥% 	≤ 	 𝑥&𝑥' + 2,	
	 𝐶%: min{2𝑥%, 𝑥(} ≤ 	 𝑥+,

	 𝐶&: 𝑥% ≤	𝑥,
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Acyclicity of CQCs

n A CQC is acyclic if 
– its relational hypergraph is 𝛼-acyclic 
– and there exists a join tree such that the comparison hypergraph is Berge-acyclic

n Berge-acyclic: for any pair of vertices 𝑣!, 𝑣', there exists at most one simple path between 
𝑣! and 𝑣'

n A counter example:

CONJUNCTIVE QUERIES WITH COMPARISONS

𝑎𝑛𝑠 𝑥$, 𝑥%, 𝑥& ←	𝑅$ 𝑥$, 𝑥%, 𝑥& ,
𝑅% 𝑥$, 𝑥', 𝑥* ,
𝑅& 𝑥%, 𝑥+, 𝑥( ,
𝑅' 𝑥&, 𝑥,, 𝑥/ ,
	𝐶$: 	𝑥' ≤	𝑥+,
𝐶%: 	𝑥( ≤	𝑥,,
𝐶&: 	𝑥/ ≤	𝑥*

<latexit sha1_base64="eDy23EnqF0dKqagg+nl4/1GcUBA="></latexit>

E1 E3

E2

R1(x1, x2, x3)

R2(x1, x4, x5)

R3(x2, x6, x7)

R4(x3, x8, x9)

<latexit sha1_base64="p5k4u6VTHXk/MhuYWc1sGneImlM="></latexit>

E1

E2

E3

C3

C1

C2
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Comparisons as Orthogonal Range Searching

19

𝑅$ 𝑥$, 𝑥%, 𝑥& ⋈ 𝑅% 𝑥&, 𝑥' ⋈ 𝑅& 𝑥', 𝑥*, 𝑥+ , 𝑥$ ≥ 𝑥*, 𝑥% ≥ 𝑥+

Not a very good example, as it cannot be evaluated in linear time.
Bonus Question: Why?



Comparisons as Orthogonal Range Searching
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𝑥& 𝑥'(𝑥$, 𝑥%) 𝑥& 𝑥'(𝑥$, 𝑥%)

(𝑎$, 𝑏$)

(𝑎%, 𝑏%)

(𝑥*, 𝑥+)

(𝑎%, 𝑏%)

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

𝑎$

𝑏$

𝑅$ 𝑥$, 𝑥%, 𝑥& ⋈ 𝑅% 𝑥&, 𝑥' ⋈ 𝑅& 𝑥', 𝑥*, 𝑥+ , 𝑥$ ≥ 𝑥*, 𝑥% ≥ 𝑥+



Comparisons as Orthogonal Range Searching
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𝑥& 𝑥'(𝑥$, 𝑥%)

(𝑎$, 𝑏$)

(𝑎%, 𝑏%)

(𝑥*, 𝑥+)

(𝑎%, 𝑏%)

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

Yes

No

𝑅$ 𝑥$, 𝑥%, 𝑥& ⋈ 𝑅% 𝑥&, 𝑥' ⋈ 𝑅& 𝑥', 𝑥*, 𝑥+ , 𝑥$ ≥ 𝑥*, 𝑥% ≥ 𝑥+



Comparisons as Orthogonal Range Searching
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𝑥& 𝑥'(𝑥$, 𝑥%)

(𝑎$, 𝑏$)

(𝑎%, 𝑏%)

(𝑥*, 𝑥+)

(𝑎%, 𝑏%)

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

Yes

No

𝑅$ 𝑥$, 𝑥%, 𝑥& ⋈ 𝑅% 𝑥&, 𝑥' ⋈ 𝑅& 𝑥', 𝑥*, 𝑥+ , 𝑥$ ≥ 𝑥*, 𝑥% ≥ 𝑥+



Algorithms 
n For all acyclic CQC 𝑄, there exists a reducible relation 𝑅 ∈ 𝑄.

– A reducible relation is a leaf relation (degree = 1) that incident to at most one long comparison.
n We can perform a reduction from 𝑄 → 𝑄′, 𝐸′ → 𝐸/𝑅.

– 𝑄′ is still acyclic CQC;
– Join result in 𝑄 can be built in 𝑂(1) delay if the result of 𝑄′ can be built in 𝑂(1) delay;
– New attribute 𝑚𝑓 for the comparisons.

CONJUNCTIVE QUERIES WITH COMPARISONS

𝑅$ 𝑥$, 𝑥%, 𝑥& ⋈	𝑅% 𝑥&, 𝑥', 𝑥* ⋈	𝑅& 𝑥*, 𝑥+ , 𝑥$ ≤	𝑥', 𝑥% 	< 	 𝑥+
<latexit sha1_base64="ythZWlhTB9oSfAs0a1y/buVMNsM="></latexit>

[x3x4x5]
1 2 1
1 4 1
2 2 1

[x1x2x3]
1 3 1
2 2 1
4 1 1
5 2 2

[x5x6]
1 1
1 2
2 3

[mf1x3x4x5]
2 1 2 1
1 1 4 1
? 2 2 1

x3 ! (x1, x2)

1
(1, 3)
(2, 2)
(4, 1)

2 (5, 2)

[x5x6]
1 1
1 2
2 3

[mf1x3x4x5mf2]
2 1 2 1 2
1 1 4 1 2
? 2 2 1 ?

x3 ! (x1, x2)

1
(1, 3)
(2, 2)
(4, 1)

2 (5, 2)

[x5x6]
1 1
1 2
2 3

[x1x2x3x4x5mf2]
4 1 1 4 1 2

[x5x6]
1 1
1 2
2 3

[x1x2x3x4x5x6]
4 1 1 4 1 2
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Algorithms 

n Step 1: Group 𝑅! on the join key and make an orthogonal range searching structure on 𝑥!𝑥".

CONJUNCTIVE QUERIES WITH COMPARISONS

𝑄 ≔ 	𝑅$ 𝑥$, 𝑥%, 𝑥& ⋈	𝑅% 𝑥&, 𝑥', 𝑥* ⋈	𝑅& 𝑥*, 𝑥+ , 𝑥$ ≤	𝑥', 𝑥% 	< 	 𝑥+

<latexit sha1_base64="ythZWlhTB9oSfAs0a1y/buVMNsM="></latexit>

[x3x4x5]
1 2 1
1 4 1
2 2 1

[x1x2x3]
1 3 1
2 2 1
4 1 1
5 2 2

[x5x6]
1 1
1 2
2 3

[mf1x3x4x5]
2 1 2 1
1 1 4 1
? 2 2 1

x3 ! (x1, x2)

1
(1, 3)
(2, 2)
(4, 1)

2 (5, 2)

[x5x6]
1 1
1 2
2 3

[mf1x3x4x5mf2]
2 1 2 1 2
1 1 4 1 2
? 2 2 1 ?

x3 ! (x1, x2)

1
(1, 3)
(2, 2)
(4, 1)

2 (5, 2)

[x5x6]
1 1
1 2
2 3

[x1x2x3x4x5mf2]
4 1 1 4 1 2

[x5x6]
1 1
1 2
2 3

[x1x2x3x4x5x6]
4 1 1 4 1 2
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Algorithms 

n Step 2 (Reduce 𝑅!): Reduction between 𝑅" and 𝑅!.  𝑅"′ is calculated by the following query:

CONJUNCTIVE QUERIES WITH COMPARISONS

𝑄$ ≔ 𝑅%0 𝑥&, 𝑥', 𝑥*, 𝑚𝑓$ ⋈	𝑅& 𝑥*, 𝑥+ , 𝑚𝑓$ 	< 	 𝑥+

<latexit sha1_base64="ythZWlhTB9oSfAs0a1y/buVMNsM="></latexit>

[x3x4x5]
1 2 1
1 4 1
2 2 1

[x1x2x3]
1 3 1
2 2 1
4 1 1
5 2 2

[x5x6]
1 1
1 2
2 3

[mf1x3x4x5]
2 1 2 1
1 1 4 1
? 2 2 1

x3 ! (x1, x2)

1
(1, 3)
(2, 2)
(4, 1)

2 (5, 2)

[x5x6]
1 1
1 2
2 3

[mf1x3x4x5mf2]
2 1 2 1 2
1 1 4 1 2
? 2 2 1 ?

x3 ! (x1, x2)

1
(1, 3)
(2, 2)
(4, 1)

2 (5, 2)

[x5x6]
1 1
1 2
2 3

[x1x2x3x4x5mf2]
4 1 1 4 1 2

[x5x6]
1 1
1 2
2 3

[x1x2x3x4x5x6]
4 1 1 4 1 2

SELECT 𝒙𝟑, 𝒙𝟒, 𝒙𝟓, 	𝒎𝒊𝒏 𝒙𝟐 	𝐚𝐬	𝒎𝒇𝟏	FROM R$ NATURAL JOIN 𝑹𝟐 WHERE 𝑹𝟏. 𝒙𝟏 ≤ 𝑹𝟐. 𝒙𝟒

𝑄 ≔ 	𝑅$ 𝑥$, 𝑥%, 𝑥& ⋈	𝑅% 𝑥&, 𝑥', 𝑥* ⋈	𝑅& 𝑥*, 𝑥+ , 𝑥$ ≤	𝑥', 𝑥% 	< 	 𝑥+
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Algorithms 

n Step 3 (Reduce 𝑅#): Reduction between 𝑅"′ and 𝑅# by the following query:

CONJUNCTIVE QUERIES WITH COMPARISONS

𝑄% ≔ 𝑅%00 𝑥&, 𝑥', 𝑥*, 𝑚𝑓$, 𝑚𝑓% , 𝑚𝑓$ <	𝑚𝑓%

<latexit sha1_base64="ythZWlhTB9oSfAs0a1y/buVMNsM="></latexit>

[x3x4x5]
1 2 1
1 4 1
2 2 1

[x1x2x3]
1 3 1
2 2 1
4 1 1
5 2 2

[x5x6]
1 1
1 2
2 3

[mf1x3x4x5]
2 1 2 1
1 1 4 1
? 2 2 1

x3 ! (x1, x2)

1
(1, 3)
(2, 2)
(4, 1)

2 (5, 2)

[x5x6]
1 1
1 2
2 3

[mf1x3x4x5mf2]
2 1 2 1 2
1 1 4 1 2
? 2 2 1 ?

x3 ! (x1, x2)

1
(1, 3)
(2, 2)
(4, 1)

2 (5, 2)

[x5x6]
1 1
1 2
2 3

[x1x2x3x4x5mf2]
4 1 1 4 1 2

[x5x6]
1 1
1 2
2 3

[x1x2x3x4x5x6]
4 1 1 4 1 2

SELECT 𝒙𝟑, 𝒙𝟒, 𝒙𝟓, 𝒎𝒇𝟏	,𝒎𝒂𝒙 𝒙𝟔 	𝐚𝐬	𝒎𝒇𝟐 FROM R𝟑 NATURAL JOIN 𝑹𝟐′

𝑄$ ≔ 𝑅%0 𝑥&, 𝑥', 𝑥*, 𝑚𝑓$ ⋈	𝑅& 𝑥*, 𝑥+ , 𝑚𝑓$ 	< 	 𝑥+

𝑄 ≔ 	𝑅$ 𝑥$, 𝑥%, 𝑥& ⋈	𝑅% 𝑥&, 𝑥', 𝑥* ⋈	𝑅& 𝑥*, 𝑥+ , 𝑥$ ≤	𝑥', 𝑥% 	< 	 𝑥+
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Algorithms 

n Step 4 (Evaluate 𝑄"): Remove all tuples in 𝑅"$$ that does not satisfy the filter condition 𝑚𝑓! < 𝑚𝑓"

CONJUNCTIVE QUERIES WITH COMPARISONS

<latexit sha1_base64="ythZWlhTB9oSfAs0a1y/buVMNsM="></latexit>

[x3x4x5]
1 2 1
1 4 1
2 2 1

[x1x2x3]
1 3 1
2 2 1
4 1 1
5 2 2

[x5x6]
1 1
1 2
2 3

[mf1x3x4x5]
2 1 2 1
1 1 4 1
? 2 2 1

x3 ! (x1, x2)

1
(1, 3)
(2, 2)
(4, 1)

2 (5, 2)

[x5x6]
1 1
1 2
2 3

[mf1x3x4x5mf2]
2 1 2 1 2
1 1 4 1 2
? 2 2 1 ?

x3 ! (x1, x2)

1
(1, 3)
(2, 2)
(4, 1)

2 (5, 2)

[x5x6]
1 1
1 2
2 3

[x1x2x3x4x5mf2]
4 1 1 4 1 2

[x5x6]
1 1
1 2
2 3

[x1x2x3x4x5x6]
4 1 1 4 1 2

𝑄% ≔ 𝑅%00 𝑥&, 𝑥', 𝑥*, 𝑚𝑓$, 𝑚𝑓% , 𝑚𝑓$ <	𝑚𝑓%

𝑄$ ≔ 𝑅%0 𝑥&, 𝑥', 𝑥*, 𝑚𝑓$ ⋈	𝑅& 𝑥*, 𝑥+ , 𝑚𝑓$ 	< 	 𝑥+

𝑄 ≔ 	𝑅$ 𝑥$, 𝑥%, 𝑥& ⋈	𝑅% 𝑥&, 𝑥', 𝑥* ⋈	𝑅& 𝑥*, 𝑥+ , 𝑥$ ≤	𝑥', 𝑥% 	< 	 𝑥+
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Algorithms 

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

CONJUNCTIVE QUERIES WITH COMPARISONS

𝑅$ 𝑥$, 𝑥%, 𝑥& ⋈	𝑅% 𝑥&, 𝑥', 𝑥* ⋈	𝑅& 𝑥*, 𝑥+ , 𝑥$ ≤	𝑥', 𝑥% 	< 	 𝑥+

<latexit sha1_base64="ythZWlhTB9oSfAs0a1y/buVMNsM="></latexit>

[x3x4x5]
1 2 1
1 4 1
2 2 1

[x1x2x3]
1 3 1
2 2 1
4 1 1
5 2 2

[x5x6]
1 1
1 2
2 3

[mf1x3x4x5]
2 1 2 1
1 1 4 1
? 2 2 1

x3 ! (x1, x2)

1
(1, 3)
(2, 2)
(4, 1)

2 (5, 2)

[x5x6]
1 1
1 2
2 3

[mf1x3x4x5mf2]
2 1 2 1 2
1 1 4 1 2
? 2 2 1 ?

x3 ! (x1, x2)

1
(1, 3)
(2, 2)
(4, 1)

2 (5, 2)

[x5x6]
1 1
1 2
2 3

[x1x2x3x4x5mf2]
4 1 1 4 1 2

[x5x6]
1 1
1 2
2 3

[x1x2x3x4x5x6]
4 1 1 4 1 2
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Extensions

n Support of non-full queries:
– For free-connex queries: ;𝑂(𝑁 + 𝑂𝑈𝑇)
– Non-free-connex queries: ;𝑂(𝑁3 + 𝑂𝑈𝑇)

n Support for cyclic queries:
– ;𝑂(𝑁3 + 𝑂𝑈𝑇) with Generalized Hypertree Decomposition (GHD) 
– Thanks to the support of long comparisons, the tree weight 𝑤 is smaller than previous 

approaches.

CONJUNCTIVE QUERIES WITH COMPARISONS29



Cyclic Queries

CONJUNCTIVE QUERIES WITH COMPARISONS

<latexit sha1_base64="EJOOru77jjkjJDKDzu7DnIhl6Lc="></latexit>

A

B

C D

E

F

w1

w2

w3

w4

w5

w6G1

G2

G3

G4

G5

G6

G7

𝑅 𝐴, 𝐵,𝑤! , 𝑅 𝐴, 𝐶, 𝑤' , 𝑅 𝐵, 𝐶, 𝑤( , 𝑅 𝐶, 𝐷 ,
𝑅 𝐸, 𝐹, 𝑤G , 𝑅 𝐷, 𝐸, 𝑤I , 𝑅 𝐷, 𝐹, 𝑤^ ,
𝑤!𝑤'𝑤( ≤ 𝑤G𝑤I𝑤^
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Cyclic Queries

CONJUNCTIVE QUERIES WITH COMPARISONS

<latexit sha1_base64="EJOOru77jjkjJDKDzu7DnIhl6Lc="></latexit>

A

B

C D

E

F

w1

w2

w3

w4

w5

w6G1

G2

G3

G4

G5

G6

G7

n The previous approach does not 
support long comparisons.

n The best GHD contains two bags: ABCD 
and DEF (or ABC and CDEF)

n The width 𝑤 = 2 for this query.

𝑅 𝐴, 𝐵,𝑤! , 𝑅 𝐴, 𝐶, 𝑤' , 𝑅 𝐵, 𝐶, 𝑤( , 𝑅 𝐶, 𝐷 ,
𝑅 𝐸, 𝐹, 𝑤G , 𝑅 𝐷, 𝐸, 𝑤I , 𝑅 𝐷, 𝐹, 𝑤^ ,
𝑤!𝑤'𝑤( ≤ 𝑤G𝑤I𝑤^
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Cyclic Queries

CONJUNCTIVE QUERIES WITH COMPARISONS

<latexit sha1_base64="EJOOru77jjkjJDKDzu7DnIhl6Lc="></latexit>

A

B

C D

E

F

w1

w2

w3

w4

w5

w6G1

G2

G3

G4

G5

G6

G7

𝑅 𝐴, 𝐵,𝑤! , 𝑅 𝐴, 𝐶, 𝑤' , 𝑅 𝐵, 𝐶, 𝑤( , 𝑅 𝐶, 𝐷 ,
𝑅 𝐸, 𝐹, 𝑤G , 𝑅 𝐷, 𝐸, 𝑤I , 𝑅 𝐷, 𝐹, 𝑤^ ,
𝑤!𝑤'𝑤( ≤ 𝑤G𝑤I𝑤^

n Long comparisons are allowed in the 
new algorithm

n The best GHD contains three bags: ABC, 
CD and DEF

n The width 𝑤 = 1.5 for this query.
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Experiment Results

n Build the algorithm on top of Spark.
n It requires only standard RDD operations.
n Compares with Spark SQL and PostgreSQL, we achieve order-of-magnitude 

improvement. 

CONJUNCTIVE QUERIES WITH COMPARISONS
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Experiment Results

n Achieve almost linear speedup when increasing the parallelism.

CONJUNCTIVE QUERIES WITH COMPARISONS
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Experiment Results

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

CONJUNCTIVE QUERIES WITH COMPARISONS35



Thank You!


