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Goal of This Course

‘ Introduction to a principled approach to in-database computation

This course starts where mainstream databases courses finish.

m Part 1: Joins
= Part 2: Aggregates
> Important functionality of DB query languages and essential for applications

> Natural generalization of aggregates over joins can express problems across
Computer Science in, e.g., DB, logic, probabilistic graphical models [ANR16]

> Algorithm with lowest known computational complexity [BKOZ13,ANR16]

> Aggregates under data updates [NO18,KNNOZ19]

= Part 3: Optimization
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Outline of Part 2: Aggregates
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FAQ: Functional Aggregate Queries [ANR16]

We use the following notation (i € [n] = {1,...,n}):
m X; are variables,
m x; are values in discrete domain Dom(X;)
B X =(x1,...,%n) € Dom(X1) x --- x Dom(X;)

m Forany S C [n],

xs = (xi)ies € H Dom(X;)
ics
eg Xpss = (Xx,x5,x) € Dom(Xz2) x Dom(Xs) x Dom(Xs)
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Functional Aggregate Query: The Problem

h1a( X1, Xa)

P13( X1, Xs)

23(X2, X3)

P124( X1, X2, Xa)

FAQ-expression

o(xs) = >, [, maxq ¥12,492,391,3¢1.4

©(Xs)
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Functional Aggregate Query: The Input

P1a( X1, Xa)

P13( X1, X3)

P23(X2, Xs)

124 (X1, X2, Xa)

FAQ-expression

o(x3) = le sz maxy, ¥1,2,412,3%1,3014

m n variables X1, ..., X,

= a multi-hypergraph H = (V, €)
> Each vertex is a variable (notation overload: V = [n])
> To each hyperedge S € £ there corresponds a factor ¥s

¥s : [ [ Dom(X;) - D

i€eS

All functions have the same range D
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Functional Aggregate Query: The Input

P1a( X1, Xa)

P13( X1, X3)

P23(X2, Xs)

124 (X1, X2, Xa)

FAQ-expression

o(x3) = le sz maxy, ¥1,2,412,3%1,3014

m n variables X1, ..., X,

= a multi-hypergraph H = (V, €)
> Each vertex is a variable (notation overload: V = [n])
> To each hyperedge S € £ there corresponds a factor ¥s

¥s : [ [ Dom(X;) - D

i€eS

All functions have the same range D

#(Xs)

Vv =1{1,2,3,4}
& =1{{1,4},{1,3},{2,3},{1,2,4}}
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Functional Aggregate Query: The Input

P1a( X1, Xa)

P13( X1, X3)

P23(X2, Xs)

124 (X1, X2, Xa)

FAQ-expression

o(x3) = le sz maxy, ¥1,2,412,3%1,3014

m n variables X1, ..., X,

= a multi-hypergraph H = (V, €)
> Each vertex is a variable (notation overload: V = [n])
> To each hyperedge S € £ there corresponds a factor ¥s

¥s : [ [ Dom(X;) - D

i€eS

All functions have the same range D

#(Xs)

v = {1727374}
£={{1,4},{1,3},{2,3},{1,2,4}}
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Functional Aggregate Query: The Input

P1a(X1, Xa)

13(X1, X3)

P23(X2, Xs)

124 (X1, X2, Xa)

FAQ-expression

o(x3) = le sz maxy, ¥1,2,412,3%1,3014

m n variables X1, ..., X,

= a multi-hypergraph H = (V, €)
> Each vertex is a variable (notation overload: V = [n])
> To each hyperedge S € £ there corresponds a factor ¥s

¥s : [ [ Dom(X;) - D

i€eS

All functions have the same range D

#(Xs)

vV =1{1,2,3,4}
& ={{1,4},{1,3},{2,3},{1,2,4}}
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Functional Aggregate Query: The Input

P14 X1, Xa)

P13( X1, X3)

P23(X2, Xs)

124 (X1, X2, Xa)

FAQ-expression

o(x3) = le sz maxy, ¥1,2,412,3%1,3014

m n variables X1, ..., X,

= a multi-hypergraph H = (V, €)
> Each vertex is a variable (notation overload: V = [n])
> To each hyperedge S € £ there corresponds a factor ¥s

¥s : [ [ Dom(X;) - D

i€eS

All functions have the same range D

#(Xs)

Vv =1{1,2,3,4}
& =1{{1,4},{1,3},{2,3},{1,2,4}}

R., {true,false}, {0,1}, 2¥, etc.
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Functional Aggregate Query: The Input

P14 X1, Xa)

P13( X1, X3)

1n3( X2, X3)

124 (X1, X2, Xa)

FAQ-expression

o(x3) = le sz maxy, ¥1,2,412,3%1,3014

m n variables X1, ..., X,

= a multi-hypergraph H = (V, €)
> Each vertex is a variable (notation overload: V = [n])
> To each hyperedge S € £ there corresponds a factor ¥s

Ps : [ [ Dom(X;) — $

i€eS

All functions have the same range D

#(Xs)

F={3}

R., {true,false}, {0,1}, 2¥, etc.

m aset F CV of free variables (wlog, F = [f] ={1,...,f})
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Functional Aggregate Query: The Output

P1a( X1, Xa)

P13(X1, X3)

P23(X2, Xs)

124 (X1, X2, Xa)
—_

m Compute the function ¢ : [

FAQ-expression

w(xs) = 32, T, maxy, ¥124¢23013¢14

i€F

#(Xs)
— >

Dom(X;) — D.

All functions have the same range D
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Functional Aggregate Query: The Output

P1a(X1, Xa) .
All functions have the same range D
P13( X1, X3) FAQ-expression
(X3)
—
P23(X2, Xs)

#(xs) = 32, 1, maxy, ¥12.492391391.4

124 (X1, X2, Xa)

m Compute the function ¢ : [, Dom(X;) — D.

m ¢ defined by the FAQ-expression

oxp)= @Y .. @Y D" ® ws(xs)

Xe11€Dom(Xe41) o1 E€Dom(Xs_1) xnEDom(X,) SEE
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Functional Aggregate Query: The Output

P1a(X1, Xa) .
All functions have the same range D

P13( X1, X3) FAQ-expression
(X3)
———

D23 (Xa, X:
VX)) o) = 55, T, maxe trastastisvie

124 (X1, X2, Xa)

m Compute the function ¢ : [, Dom(X;) — D.

m ¢ defined by the FAQ-expression

ex)= @ ... @Y D" ® ws(xs)

X1 E€Dom(Xr 1) Xp—1€Dom(X,_1) xpEDom(X,) SEE

= For each @
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Functional Aggregate Query: The Output

P1a(X1, Xa) .
All functions have the same range D

P13( X1, X3) FAQ-expression
(X3)
———

D23 (Xa, X:
VX)) o) = 55, T, maxe trastastisvie

124 (X1, X2, Xa)

m Compute the function ¢ : [, Dom(X;) — D.

m ¢ defined by the FAQ-expression

ex)= @ ... @Y D" ® ws(xs)

X1 E€Dom(Xr 1) Xp—1€Dom(X,_1) xpEDom(X,) SEE

= For each @
> Either (D7@(i),®> is a commutative semiring
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Functional Aggregate Query: The Output

P1a(X1, Xa) .
All functions have the same range D

P13( X1, X3) FAQ-expression
(X3)
———

o3( X2, X3 .
(X, Xa) w(xs) = 32, 1, maxy ¥12.4123013014

124 (X1, X2, Xa)

m Compute the function ¢ : [];.r Dom(X;) — D.

m ¢ defined by the FAQ-expression

ex)= @ ... @Y D" ® ws(xs)

X1 E€Dom(Xr 1) Xp—1€Dom(X,_1) xpEDom(X,) SEE

= For each @
> Either (D7 ED(i),®) is a commutative semiring
» or ) = ®
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Commutative Semirings

(D, ®, ®) is a commutative semiring when

m (D, ®) is a commutative monoid with identity element 0:

> (a@b)dc=ad(bdc)
> 0pa=ad0=a
> apbb=b®da

= (D, ®) is a commutative monoid with identity element 1:

> (a®b)R®c=a®(b®c)
P 1la=-a®l=a
> abb=bda
= Multiplication distributes over addition:
> aR(bdc)=(a®@b)@®(a®c)
= Multiplication by 0 annihilates D:
> 0R®a=a®0=0
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Commutative Semirings

(D, ®, ®) is a commutative semiring when

m (D, ®) is a commutative monoid with identity element 0:
> (adb)dc=ad(bdc)
> 0ga=ad0=a
> abb=bda

= (D, ®) is a commutative monoid with identity element 1:
> (a®b)R®c=a®(b®c)
> 1®a=a®l1l=a
> abb=bda

= Multiplication distributes over addition:
> aR(bdc)=(a®@b)@®(a®c)

= Multiplication by 0 annihilates D:
> 0R®a=a®0=0

Common examples (there are many more!)
Boolean ({true,false},V, A)
sum-product (R, 4+, X)
max-product (R4, max, X)
set (2Y,U,N)
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SumProduct C FAQ

Problem (SumProduct)

Given a commutative semiring (D, ®, ®), compute the function

o(xt, ..., xr) :EB@"'EB®¢5(X5)

Xf+1 Xf+2 xn SEE
For @ = + and ® = *, ¢ can be expressed in SQL as:

SELECT xi,...,xr, SUM(Ry.val % - - - x R,.val)

FROM R; NATURAL JOIN ... R,

GROUP BY xi, ..., xf;
where each function 1; over variables Xs is encoded as a relation R; over Xs
and an additional variable val to account for the values of ;.
This formulation is equivalent to:

m SumProduct [D99]

m Marginalize a Product Function [AMOO]
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Many examples for SumProduct

m ({true, false}, V, A)
» Constraint satisfaction problems

> Boolean conjunctive query evaluation
> SAT
> k-colorability
> etc.
= (U,U,N)
> Conjunctive query evaluation
m (R, +, %)
» Permanent
> DFT
> Inference in probabilistic graphical models
> #CSP
> Matrix chain multiplication
>

Aggregates in DB
= (R4, max, x)
> MAP queries in probabilistic graphical models
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SumProduct Example 1: Boolean Query Evaluation

Boolean Conjunctive Queries:
m Boolean query ® with set rels(®) of relation symbols

m Each relation symbol R € rels(®) has variables vars(R)

®=3X...3%,: N\ R(vars(R))
Rerels(®)

FAQ encoding:

(b = \/ /\ ¢5(X5)7 where

x Se&

m ¢ has the hypergraph (V, £) with
BV = Ugcreis(o) vars(R) and € = {vars(R) | R € rels(®)}

m For each S € &, there is a factor ¢s such that ¥s(xs) = (xs € R)
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SumProduct Example 2: Matrix Chain Multiplication

‘ Compute the product A=A;---A, of n matrices‘

m Each matrix A; is over field F and has dimensions p; X pit1

FAQ encoding:
m We use n+ 1 variables X, ..., Xp11 with domains Dom(X;) = [pi]

m Each matrix A; can be viewed as a function of two variables:

’lj),',,'_H . Dom(X,-) X Dom(X,-+1) — F, where ¢i7i+1(Xf,Xi+1) = (AI’)X,'X,'+1

The problem is now to compute the FAQ expression

O(x1, Xn41) = Z Z H Yiir1(Xi, Xix1)-

xp€Dom(Xz) xp€Dom(X,) i€[n]
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SumProduct Example 3: Queries in Graphical Models

m Discrete undirected graphical model represented by a hypergraph (V, &)
m V= {Xy,..., Xy} consists of n discrete random variables

m There is a factor ¢s : [];cs Dom(X;) — R, for each edge S € £

FAQ expression to compute the marginal Maximum A Posteriori estimates:

X1y .oy XF) = max <o+ max X
¢( L ’ f) Xf41€Dom(Xr 1) Xxp€Dom(X, H wS( S
FAQ expression to compute the marginal distribution of variables Xi, ..., Xf:

¢(X1,...,Xf) = Z Z st(XS)

xf41€Dom(Xr 1) xp€Dom(X,) SEE

For conditional distributions prob(Xa | Xg = xg), we set Xz to xz.
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Outline of Part 2: Aggregates
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How to compute a SumProduct FAQ ¢
m Find a variable order for ¢

m Compute ¢ by eliminating variables in the given order
This is a dynamic programming algorithm. Two flavours:
> FDB: Top-down with memoization (caching) [BKOZ13]
We exemplify two variants:

1. Compute the factorized join and the aggregates in one pass over the factorization

2. Translate the factorized computation into relational queries

> InsideOut: Bottom-up with indicator projections [ANR16]

m The complexity is given by the width of the variable order:

Given a database of size N, an FAQ ¢, a variable order for ¢ with width w,
¢ can be computed in time O(N" + |OUT|), where |OUT] is the output size.
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Finding a Variable Order for a SumProduct FAQ ¢

First attempt: Same variable order A as for the join part of ¢

One wrinkle: What if not all variables are free?
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Finding a Variable Order for a SumProduct FAQ ¢

First attempt: Same variable order A as for the join part of ¢
One wrinkle: What if not all variables are free?

m The free variables sit above the bound variables in A. [BKOZ13,0715]

m Equivalent constraint for hypertree decompositions: [ANR16]

Take a hypertree decomposition for the join part of ¢ such that
the bags with the free variables form a connected subtree.

Implication on complexity:

m The width for ¢ is at least the width for its join part
= ¢ may be more expensive than its join part if it has free variables

m This new width is called the FAQ-width in the literature [ANR16]
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Computing COUNT over Factorized Join using FDB

/ @] \
0 dish (burger) (hotdog)
| |
/ ) \ / - \
@] U U U
{dish} {dish} /N VIR SN [
day item (Monday) (Friday) (patty) (bun) (onion) (bun){onion)(sausage)  (Friday)
| | | | | | | | |
X X X X X _ X - X X X
\ \ \ 47 -7 \ \
{dish, U U u u-"u U U
day} {item} I I I I I I RN
customer  price (Elise)  (Elise) (6) (2) (2) (4) (Joe) (Steve)

m ¢ =Y O(customer,day,dish) - D(dish, item) - I(item, price)

= In SQL: SELECT COUNT(*) FROM 0 NATURAL JOIN I,
m We change the semiring to (N, +, *):
> values — 1

U= + X > x
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Computing COUNT over Factorized Join using FDB

/ +
- \
0 dish 1 [2]

\

*

1
\
*

(6] (6]
A 8~ 5
{dish} {dish} VAN PN N \
day item 1 1 1 1 1 1 1 1 1
\ \ \ \ \ \ \ \ \
* * * * K _ ok * *
1] 1] NI S A I1] I[2]
{dish, + + + + + + +
day} {item} \ \ \ \ \ \ PN
customer  price 1 1 1 1 1 1 1 1

m ¢ =3 O(customer,day,dish) - D(dish, item) - I(item, price)
m In SQL: SELECT COUNT(*) FROM O NATURAL JOIN .. TI;
= We change the semiring to (N, +, *):

> values — 1 U— + X 5 %
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Computing SUM over Factorized Join using FDB

/ U
O dish (burger) (hotdog)
|
/ x \ / X \

@] U @] U

{dish} {dish} /N IR SN [
day item (Monday) (Friday) (patty) (bun) (onion) (bun){onion)(sausage)  (Friday)

| | | | | | | | |

X X X X XX X% X X

\ \ \ S \ \

{dish, U u u u-T U U U
day} {item} I I I I I RN

customer  price (Elise)  (Elise) (6) (2) 2 (4) (Joe) (Steve)

m o =) f(dish)-price- O(customer, day, dish)- D(dish, item)-I(item, price)
m In SQL: SELECT SUM(f(dish) #* price) FROM O NATURAL JOIN .. I;

> Assume there is a function f that turns dish into reals or indicator vectors.

> All values except for dish & price — 1, U=+, X 5 k.

20/78



Computing SUM over Factorized Join using FDB

|20*f ((burger))+16xf ({hotdog)) ‘

/+\

® dish f (<burger>) f(!( hotdog ))
[16] . .
2
+ \ + + —
{dish} {dish} /N PN N \
day item 1 1 1 1 1 1 1 1 1
\ \ \ \ \ \ \ \
* * * * * _ ok _ * *
\ \ o] | 47 .-~ \ \
{dish, + + + +2+ + +
day} {item} \ \ \ \ \ \ S N
customer  price 1 1 6 2 2 4 1

m =Y f(dish)-price- O(customer, day, dish)- D(dish, item)-I(item, price)
m In SQL: SELECT SUM(f(dish) * price) FROM 0O NATURAL JOIN .. I;

> Assume there is a function f that turns dish into reals or indicator vectors.

> All values except for dish & price — 1, U= +, X > %,
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Computing SUM over Factorized Join using FDB

|20*f ((burger))+16xf ({hotdog)) ‘

- — +
0 dish f ((burger)) f ((hotdog))
! L 3
2
+ — T~ + + — +
{dish} {dish} /N PN N \
day item 1 1 1 1 1 1 1 1 1
\ \ \ \ \ \ \ \ \
* * * * * _ - * P * *
[[1] [[1] o] | 4" .-~ | [4] [[2]
{dish, + + + AT+ + +
day} {item} \ \ \ \ \ ! N
customer  price 1 1 6 2 2 4 1 1

If f turns dish into indicator vectors:
m ¢(dish) = > price - O(customer, day, dish) - D(dish, item) - |(item, price)

m In SQL:
SELECT dish, SUM(price) FROM O NATURAL JOIN..I GROUP BY dish;
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To Compute or Not To Compute the Factorized Join

Aggregates can be computed without materializing the factorized join
[0Z15,0516,ANNOS18a+b]

m The factorized join becomes the trace of the aggregate computation

m This is called factorized aggregate computation
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Example of Factorized Computation via Query Rewriting

The 4-path count query Qs on a graph with 4 copies of the edge relation E:

Q)= > Vi(a)-Ei(a, b)- Ex(b, ) Es(c,d) - Ea(d, €) - Va(e)

a,b,c,de J(a,b,c,d,e)
E; E3 C
Q B key(B) = key(D) = {C} D
3 E4 | key(A) = {B} |
Vi \(A) (E) V> A key(E) = {D} E

o/
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Example of Factorized Computation via Query Rewriting

The 4-path count query Qs on a graph with 4 copies of the edge relation E:

Q)= > Vi(a)-Ei(a,b)- Ex(b,c)- Es(c,d) - Ea(d, €) - Va(e)

a,b,c,d,e J(a,b,c,d,e)
E Es ¢
/G}/(C)%
a B~ key(B) = key(D)={C} " D
vi (a) () v A keE)={D}  E

) =4

Sizes for listing/factorized representations of the result of the join J of Q4
m p*(J) = 3 = listing representation has size O(|E[*).

m fhtw(J) = 1 = factorization with caching has size O(|E|).
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Example of Factorized Computation via Query Rewriting

We would like to compute Qa:

m in O(|E|) time (no free variables, so use best variable order)
m using optimized queries that are derived from the variable order of Qs

® without materializing the factorized join J
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Example of Factorized Computation via Query Rewriting
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Example of Factorized Computation via Query Rewriting

U(b) = Va(a) - Ex(b, a)
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Example of Factorized Computation via Query Rewriting

Ur(b) =) Va(a)- Ex(b,a)  Ua(c) = Ex(c,b) - Ur(b)
a b
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Example of Factorized Computation via Query Rewriting

U
E; E3

=1 Us

Ey

Ur(b) =) Va(a)- Ex(b,a)  Ua(c) = Ex(c,b) - Ur(b)
a b

Us(d) = Va(e) - Eu(d,e)
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Example of Factorized Computation via Query Rewriting

U
Es Es Us

= s = ©F
Uy

Ey

Ur(b) = Vi(a)- Ex(b,a)  Ua(c) = Ex(c, b)- Ur(b)
a b

Us(d) = Vo(e)- Ea(d,e)  Us(c) = Es(c,d) - Us(d)
e d
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Example of Factorized Computation via Query Rewriting

IHL% lI@IIO

Ur(b) = Vi(a)- Ex(b,a)  Ua(c) = Ex(c, b)- Ur(b)
a b

Us(d) = Vo(e)- Ea(d,e)  Us(c) = Es(c,d) - Us(d)
e d

Us = Us(c) - Ua(c)
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Example of Factorized Computation via Query Rewriting

A
Us @ U>

Es Us Us

E3
f = ug = OO
Uy

This computation strategy corresponds to the following query rewriting:

> Vi(a)- Ea(b,a) - Ex(c,b) - Es(c,d) - Ea(d, €) - Va(e) =
a,b,c,d,e

Z(Z Ex(c,b) - Z Vi(a) - Ei(b, a) ) (Z Es(c,d) - (Z Ex(d, e) Vz(e)))
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Example of FAQ Computation using InsideOut

o(x1, x2, xa) = Z P1(x1, X2, x3) 2 (X2, Xa, X5)-3(Xa, X5, X6 )-1pa (X6, X8 )15 (X5, X7)

X3,X5,X6,X7,X8

i’
P2

P5

&
¢4

X3

/

X1

X7

X2
/|
X

|

Xs
/|
Xo

|

Xg

key(X2) =0
key(X1) = {X2}
key(X3) = {X1, Xo}
key(Xa) = {X2}
key(Xs) = {Xo, Xa}
key(Xe) = {Xa, X5}
key(Xg) = {Xo}
key(X7) = {Xs}

28/78



Example of FAQ Computation using InsideOut

o(x1, x2, xa) = Z 1(x1, x2, x3)-2(x2, Xa, X5)-13(Xa, X5, X6 )14 (X6, X8 )5 (x5, X7)

X3,X5,X6,X7,X8

N key(X2) =0

X2
S k) = (e
Y1 %2 X1 Xa key(X3) = {X1, X2}

/ ‘ key(Xa) = (X2}
3 X3 X5 key(Xs) = {X2, Xa}
/ ‘ key(Xe) = {Xa, X5}
Xo

s X7 key(Xg) = {Xs}
N key(X7) = {Xs}

Xs

m p*(p) =4, s(¢) =2, fhtw(p) = 1. The above variable order A has the
free variables xi, x2, xa on top of the others and fhtw(A) = 1.

m The query result has size: O(N) when factorized; O(/N?) when listed
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Example of FAQ Computation using InsideOut

X2

X1 X
X5 Xs
X X

X

el 2, xa) = > P10, x,x3) - Ya(x, e, x5) - Ya(xa, X5, X6) - (X6, x) - s (x5, x7)

X3,X5 ,X6, X7, X8
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Example of FAQ Computation using InsideOut

:
Xs
Xi Xe
X

i) = D i, e, xs) - Ya(, X, x6) - Y3(xa, x5, %6) - Palx6, x6) - Ps (x5, x7)

X3,%5,X6,X7 X8

plaeoa) = D0 (DD walaixe,x) ) - e, xa ) - Yslxa, x5,%6) - a6, %8) - s (36, x1)

X55%6 X7 %8 x3

6 (x1%2)
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Example of FAQ Computation using InsideOut

X X
X1 X X1 X
X5 Xs X5
X1 Xe Xi Xe

Xg Xg

Pl xa) = D i, e, xs) - Ya(, xa, x6) - (x5, %6) - Palx6, x6) - Ps (x5, x7)

X3,X5,X6,X7 X8

Plae,xa) = D telxi,xe) - a(x, X, Xs) - P3(xas x5, %) - a6, 8) - Ps (X5, x7) o(n)

X5 X6 s X7 1 Xg
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Example of FAQ Computation using InsideOut

X2 X2
X1 Xa X1 Xa
X3 Xz Xs

X7 , XG X7 ]
Xs 8

lxae,a) = D P10, x,xs) - Ya(x, xa, x6) - ¥3(xa, X5, %6) - Palx6, x6) - Ps (x5, x7)

X3, X5, X6 1 X7 1 X8

p(x1, X2, xa) = Z Ye(x1, x2) - Ya(x2, Xa, x5) - P3(xa, X5, X6) * a(Xe, X8) - Ys5(x5, x7) 5(/\/)
X5 ,X6 ,X7 ;X8
Pl ea) = D Yelxi,x) - Yol ) - Yalx, x6,36) - (D 1, %) ) - s, x0)
X556, X7 xg
¥7(x6)
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Example of FAQ Computation using InsideOut

X X X

X1 X X1 X X1 X

X3/ Xs Xs Xs

X1 Xe Xi Xe Xi Xe
Xg Xs

Pl xa) = D i, e, xs) - Ya(, xa, x6) - (x5, %6) - Palx6, x6) - Ps (x5, x7)

X3,X5,X6,X7 X8

P(xi, X2, xa) = Z Ye(x1, x2) - Pa(x2, Xa, X5) - 3 (xXa, X5, X6) - Ya(X6, X8) - V¥s5(X5, X7) o(N)
X5,%6X7 %8

p(x1, x2, Xa) = Z Pe(x1, x2) - Y2(x2, Xa, x5) - P3(xa, X5, X6) - Y7(x6) - P5(x5, x7) O(N)
X5, X6 X7

33/78



Example of FAQ Computation using InsideOut

Xa Xo Xo

X1 X X1 X X1 X

X5 Xs e ‘

X7,X6 X7/X6 6
Xs Xs

Pl xa) = D i, e, xs) - Ya(, xa, x6) - (x5, %6) - Palx6, x6) - Ps (x5, x7)

X3,X5,X6,X7 X8

P(xi, X2, xa) = Z Ye(x1, x2) - Pa(x2, Xa, X5) - 3 (xXa, X5, X6) - Ya(X6, X8) - V¥s5(X5, X7) o(N)
X5 1X6 X7 8

w(x1, x2, xa) = Z e(x1, x2) - Ya(x2, xa, X5) - P3(xa, x5, x6) - h7(x6) - V5(xs5, x7) O(N)
X5, X6 X7

x, 3, %) = D (31, %) - a(xe, Xa, X5) - 3(xa, x5, %6) - ¥7(x6) (Zﬂ% X57X7)
X5 4 X¢
5% g
Pg(x5)
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Example of FAQ Computation using InsideOut

X Xo Xo X

X1 X X1 X X1 X X1 X

X3/ Xs Xs Xs Xs

X: Xo X: Xo X: Xo X
Xg Xg

Pl xa) = D i, e, xs) - Ya(, xa, x6) - (x5, %6) - Palx6, x6) - Ps (x5, x7)

X3,X5,X6,X7 X8

P(xi, X2, xa) = Z Ye(x1, x2) - Pa(x2, Xa, X5) - 3 (xXa, X5, X6) - Ya(X6, X8) - V¥s5(X5, X7) o(N)
X5 1X6 X7 8

i, 2, %) = D> e(xa, %) - Yalxe, xa, x5) - h3(xa, x5, %6) - P7(x6) - Vs (x5, x7) O(N)
X5, X6 X7

P(x1, X2, Xa) = Z Pe(x1, x2) - Y2(x2, Xa, x5) - Y3(xa, X5, X6) - 7(x6) - g(x5) O(N)
5,56
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Example of FAQ Computation using InsideOut

Xo Xo Xo Xo
X1 X X1 X X1 X X1/
X3/ Xs Xs XS
X7/):(6 X7/):<6 X7/X6 @
Xs Xz

Pl xa) = D i, e, xs) - Ya(, xa, x6) - (x5, %6) - Palx6, x6) - Ps (x5, x7)

X3,X5,X6,X7 X8

Plxo,x) = D Pslxa, %) Palx,xa, x5) - Y3(xa, X5, %6) - halxe, %6) - s (x5, x7) O(N)
X5 1X6 X7 8

w(x1, x2, xa) = Z e(x1, x2) - Ya(x2, xa, X5) - P3(xa, x5, x6) - h7(x6) - V5(xs5, x7) O(N)
X5, X6 X7

P(x1, X2, Xa) = Z Pe(x1, x2) - Y2(x2, Xa, x5) - Y3(xa, X5, X6) - 7(x6) - g(x5) O(N)
foagrol

plx, X2, xa) = Zwe X1, %2) - 2 (x2, Xa, X5) (Zwa X4, X5, X6) 1/17X6)) g(x5)

19 (x4,%5)
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Example of FAQ Computation using InsideOut

Xo Xo Xo X2 X2
X1 X X1 X X1 X X1 X X1 X
X3/ Xs Xs Xs Xs Xs
X: Xo X: Xo X: Xo X
Xg Xg

Pl xa) = D i, e, xs) - Ya(, xa, x6) - (x5, %6) - Palx6, x6) - Ps (x5, x7)

X3,X5,X6,X7 X8

Plxo,x) = D Pslxa, %) Palx,xa, x5) - Y3(xa, X5, %6) - halxe, %6) - s (x5, x7) o(N)
X5 1X6 X7 8

w(x1, x2, xa) = Z e(x1, x2) - Ya(x2, xa, X5) - P3(xa, x5, x6) - h7(x6) - V5(xs5, x7) O(N)
X5, X6 X7

o(x1, X2, xa) = Z Pe(x1, x2) - Y2(x2, Xa, x5) - Y3(xa, X5, X6) - 7(x6) - g(x5) O(N)
5.6

0, %2, %) =D We(x1, %) - Y2052, xa, x5) - o (xa, x5) - Ys(xs) O(N)
x5

37/78



Example of FAQ Computation using InsideOut

Xo Xo X> Xo
X1/X4 X1/X4 X1/X4 X1/X4 Xll ‘
X7 ’ X@ X7 ’ X6 X7 ’ Xﬁ XG

Xs Xs

P(x1, X2, Xa) = Z p1(x1, X2, x3) - a(x2, xa, x5) - P3(xa, X5, X6) - Pa(X6, x8) - Ps(xs, x7)

X3,X5 X6, X7 :X8

el xa) = > el %) - Ya(xe, xa, X5) - Y3(xa, x5, %6) - Yalx6, X8) - s (x5, x7) O(N)
X5, X6 s X7 X8

0, %, %) = > elx1, x2) - Yalxa, xa, X5) - 3(xa, x5, %6) - P7(x6) - Y5 (x5, x7) O(N)
X5 ,X6 X7

P(x1,0, %) =D Po(xa, %) - Y20, xa, %5) - 3(xa, X5, %6) - 7 (x6) - 18 (xs5) O(N)
X5 5 %X6

0, %2, %) =D te(x1, %) - Y2052, Xa, x5 - o (xa, x5) - Ys(xs) O(N)
5

(x1, %2, x8) = e(x1, %) - (Z¢2(X2,X4,Xs) “tho(xa, X5) - we(xs))
s
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Example of FAQ Computation using InsideOut

X5 X5 Xo X X2 Xz
X1 X X1 X X1 X X1 X X1 X X X
X3/ Xs Xs Xs Xs Xs
X: Xo X: Xo X: Xo X
Xg Xg

Pl xa) = D i, e, xs) - Ya(, xa, x6) - (x5, %6) - Palx6, x6) - Ps (x5, x7)

X3,X5,X6,X7 X8

o(x1, X2, xa) = Z Pe(x1, x2) - Pa(x2, x4, x5) - P3(Xa, X5, X6) - Ya(Xe, Xg) - Ps5(xs, X7) O(N)
X5 136,57 X3

w(x1, x2, xa) = Z e(x1, x2) - Ya(x2, xa, X5) - P3(xa, x5, x6) - h7(x6) - V5(xs5, x7) O(N)
X5 X6 X7

o(x1, X2, xa) = Z Pe(x1, x2) - Y2(x2, Xa, x5) - Y3(xa, X5, X6) - 7(x6) - g(x5) O(N)
5,36

0, %2, %) =D We(x1, %) - Y2052, xa, x5) - o (xa, x5) - Ys(xs) O(N)
X5

(x1, %2, %) = Po(x1; x2) - Pr0(>2, xa) O(N)



Example of FAQ Computation with Indicator Projections

@(Xl) = Z wl(xlv XQ)"‘/}2(X2’X3)'¢3(X37 Xl)'1/}4(X17X4)'1/)5(X47 X5)'1/’6(X5’X1)

X2,X3,X4,X5

X1 key(X1) =0
7/ \ key(Xo) = {Xu}
Xo Xa key(X3) = {X17 X2}

key(Xa) = {X1}
key(Xs) = {X1, Xa}

X3 Xs
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Example of FAQ Computation with Indicator Projections

ela) = D hi(x, ) 120, x3) 1s(x3, x1) a1, xe) - Ps(xa, x5) s (xs, x1)

X2,X3,X4 X5

X1 key(X1) =0
7/ \ key(Xo) = {Xu}
Xo Xa key(X3) = {X17 X2}

key(X4) = {Xl}
key(X5) = {Xl,X4}

X3 Xs

m p*(p) = 2.5, s(p) = 1.5, fhtw(p) = 1.5. The above variable order A has
the free variable x; on top of the others and fhtw(A) = 1.5.

m The (unary) query result has size O(N) when factorized or listed.
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Example of FAQ Computation with Indicator Projections

X1
Xa Xy

X3 Xs

pla)=" D P10, %) - Yo, x3) - ¥a(xs, x1) - alxa, xa) - s(xa, x5) - e(xs, 1)

X0 X3, X4, X5
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Example of FAQ Computation with Indicator Projections

ela) = D i, x) - vl x3) - Ya(xa,x1) - alxe, xe) - s (xa, xs) - Ye(xs, x1)

X253 545%5
ela)= > ila,x)- (Zw{(n, x2) a2, x3) - b3, xa) - () - wé(xl))'
X2 1%8 %5 3

¥7(x1,%2)
Ya(xi, xa) - Ps(xa, X5) - Pe(x5, X1)

w1 is an indicator projection of 11 (similarly, 1, and v):
m It has the same support as 11, i.e., same tuples (x1, x2)
m Y1(x1,x) = 1 even in case ¥1(x1,x2) # 1 and ¥1(x1, %) # 0
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Example of FAQ Computation with Indicator Projections

X1 Xl
X2 Xa Xo Xa

X3 Xs Xs

ela) = D Wil x) -l xs) - $alxs, 1) - Yalxa, xa) - s(xa, xs) - Po (x5, x1)

X2 ,X3,X4 ,X5

Pla) = D dila,x) - 1l xe) - alxe, xa) - Ys(xas x5) - Po (x5, x1) O(N"?)

X9 ,X4 ,X5
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Example of FAQ Computation with Indicator Projections

X1
/N
Xo Xa Xa

X3 Xs Xs

ela)= > 0, x) - (s, x3) - ¥a(xs, x1) - a(xa, xa) - s (xa, x5) - e (x5, x1)

X2,X3,%4,%5

p(x) = Z P1(x1, x2) - Yr(x1, x2) - alxi, xa) - Ps(xa, xs) - Pe(xs, x1) O(N"?)
XD, X4 ,X5

ea)=>" (Zwl(n, x2) - (X1, x2) - Py (xa1) - ’L‘bé(xl))'
X4,X5 X

Pg(x1)
Ya(xi, xa) - Ps(xa, x5) - Pe(xs, x1)

The indicator projections 1, and 1) are redundant here, as they were already

used for computing ¢7.
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Example of FAQ Computation with Indicator Projections

X1 X1 X
Xa Xy Xo Xy Xy

X3 X5 X5 X5

ela) = D Wil x) -l xs) - $alxs, 1) - Yalxa, xa) - s(xa, xs) - Po (x5, x1)

X 1X3,X4,X5

ela)= D il %) - pr(xa, %) - palxa, xa) - s (xa, x5) - e (x5, x1) O(N*®)
2545

ela) =D ws(x) - Palxa, xa) - s (xa, x5) - Yo(x5,x1) O(N)
Xg,%5
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Example of FAQ Computation with Indicator Projections

X1 X1 ‘@
7N\ 7N\ \
Xz Xa Xz Xy \
| | |

X3 Xs Xs

ela) = > 10, x) - (s, x3) - a(xs, x1) - alxa, xa) - s (xa, x5) - 6 (x5, x1)

X2,X3,%4,%5

p(x) = Z P1(x1, x2) - Yr(x1, x2) - palxi, xa) - Ps(xa, xs) - Pe(xs, x1) O(N"?)
XD, X4 ,X5

P(xa) = ws(x1) - Yalx, xa) - ¥s(xa, x5) - Yo (x5, x1) O(N)
X475

pla) = Z pa(x1) - a(xa, xa) - (Z Pa(xa) - ba(xa, xa) - s (xa, x5) - ¢6(X5,X1)>
4

Pg(x1,%)
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Example of FAQ Computation with Indicator Projections

X1 X1 X1 X1

VRN VRN AN |
Xo Xa Xo Xa Xa

Xy

X3 X5 X5 X5

ela) = D Wil x) -l xs) - $alxs, 1) - Yalxa, xa) - s(xa, xs) - Po (x5, x1)

X 1X3,X4,X5

ela)= D il %) - pr(xa, %) - palxa, xa) - s (xa, x5) - e (x5, x1) O(N*®)
2545

ela) =D ws(x) - Palxa, xa) - s (xa, x5) - Yo(x5,x1) O(N)
Xg,%5

@(x) = ws(x1) - Yalxa, xa) - Yo(x1, xa) O(N*®)
x4
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Example of FAQ Computation with Indicator Projections

ela) = D i, x) - Yalxe, x3) - Y3(xs, x1) - Palxa, xa) - s (xa, x5) - Ye(xs, x1)

XD ,X3,X4 X5

ela) = D 1, x) - (s, x2) - Yalxa, xa) - Ps(xa, x5) - s (x5, x1) O(N™)
X0, X4 ,X5

la) =D we(x1) - Palxa, xa) - s(xa, x5) - Yo(x5,x1) O(N)
s

@) =D s(xa) - Palxa, xa) - o(x1, xa) O(N*)
x4

(x1) = walxa) - (22 vh0a) - valxia) - ol xa) )
x4

P10(x1)
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Example of FAQ Computation with Indicator Projections

X1 X1 X1 Xl Xl
VRN VRN AN |
Xo Xa Xo Xa Xa

Xy

X3 Xs Xs Xs

ela) = D i, x) - valxe, x3) - Ya(x, x1) - Palxa, xa) - s (xa, x5) - Ye(xs, x1)

X21%3 74155

Pla) = D dila,x) - 1l xe) - alxe, xa) - Ys(xas x5) - Po (x5, x1) O(N"?)
X005 %6

ela) =D ws(x) - Palxa, xa) - s (xa, x5) - Yo(x5,x1) O(N)
P

Pla) =D ps(xa) - Palxa, xa) - Yolxa, xa) O(N"®)
4

@(x1) = vg(x1) - Yro(x) O(N)
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Is Factorized Aggregate Computation Practical?

A glimpse at performance experiments [ANNOS18b]
l Retailer dataset (records) H excerpt (17M) [ full (86M) ]
l PostgreSQL computing the join H 50.63 sec [ 216.56 sec ‘
Aggregates for a linear regression model
FDB computing join{-aggregates 25.51 sec 380.31 sec
Number of aggregates (scalar+group-by) 595+-2,418 5954145k
Aggregates for a polynomial regression model
FDB computing join+aggregates 132.43 sec | 1,819.80 sec
Number of aggregates (scalar+group-by) 158k+742k 158k+37M

In this experiment:

m FDB only used one core of a commodity machine

m For both PostgreSQL and FDB, the dataset was entirely in memory

m The aggregates represent gradients (or parts thereof) used for learning
degree 1 and 2 polynomial regression models
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Outline of Part 2: Aggregates
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Problem Setting

Maintain the triangle count Q
under single-tuple updates to R, S, and T!

Q counts the number of tuples
in the join of R, S, and T.

Q= Za,b,c R(a, b)-S(b,c) - T(c,a)
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Updates to the Triangle Count

R S T
AB | B C | CA
a1 by |2 bia |2 Cl a1
a b |3 bio |1 C a1

C2 az
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Updates to the Triangle Count

R S T R-S-T
AB | B C | CA A BC |
ai by |2 bia |2 a1 ai b1C2‘2~2-1:4
a by |3 b1 |1 C a1

C2 az
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Updates to the Triangle Count

R S T R-S-T
AB | B C | CA ABC
a1b1 2 b1C1 2 C1 a1 1 al b1C2 2:2-1=4
22b1 3 b1C2 1 C2 a1 3 al b1C2 2-1-3=6

C2 az 3 a2b1C3 3-1-3=9
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Updates to the Triangle Count

R S T R-S-T
AB | B C | CA ABC
ar by |2 bia |2 aa |1 a b |2:2:1=4
22b1 3 b1C2 1 C2 a1 3 al b1C2 2-1-3=6
C2 az 3 an b1C3 3-1-3=9
Q(D)
0|

O4+6+9=19
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Updates to the Triangle Count

R S T R-S-T
AB | B C | CA ABC
a1b1 2 b1C1 2 C1 a1 1 al b1C2 2:2-1=4
22b1 3 b1C2 1 C2 a1 3 al b1C2 2-1-3=6
C2 a2 3 ar b1C3 313:9
0R = {(az,bl) — —2} Q(D)
AB | 0

b | -2 (O]4+6+9=19
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Updates to the Triangle Count

R S T R-S-T
AB | B C | CA ABC
a1b1 2 b1C1 2 C1 a1 1 al b1C2 2:2-1=4
azbl 3 b1C2 1 C2 a1 3 al b1C2 2-1-3=6
C2 a2 3 ar b1C3 313:9
0R = {(az,bl) — —2} Q(D)
AB | 0

b | -2 (O]4+6+9=19
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Updates to the Triangle Count

R S T R-S-T
AB | B C | CA ABC
a1b1 2 b1C1 2 C1 a1 1 al b1C2 2:2-1=4
azbl 1 b1C2 1 C2 a1 3 al b1C2 2-1-3=6
C2 az 3 an b1C3 3-1-3=9
0R = {(az,bl) — —2} Q(D)
A5 0]

b | -2 (O]4+6+9=19
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Updates to the Triangle Count

R S T R-S-T
AB | B C | CA ABC
a1b1 2 b1C1 2 C1 a1 1 al b1C2 2:2-1=4
32b1 1 b1C2 1 C2 a1 3 al b1C2 2-1-3=6
C a2 3 ar b1C3 3. -3=9
0R = {(32, b1) — —2} Q(D)
AB 0]

b | -2 (O]4+6+9=19
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Updates to the Triangle Count

R S T R-S-T
AB | B C | CA ABC
a1b1 2 b1C1 2 C1 a1 1 al b1C2 2:2-1=4
32b1 1 b1C2 1 C2 a1 3 al b1C2 2-1-3=6
C a2 3 ar b1C3 1- .3=3
0R = {(32, b1) — —2} Q(D)
AB 0]

b | -2 (O]4+6+9=19
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Updates to the Triangle Count

R S T R-S-T
AB | B C | CA ABC
a1b1 2 b1C1 2 C1 a1 al b1C2 2:2-1=4
32b1 1 b1C2 1 C2 a1 al b1C2 2-1-3=6
C2 ar azb1C3 1-1-3=3

1

R = {(az,bl) — —2}

AB\

a b1 ‘ -2

Q(D)

0]

(O]4+6+3=13
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Data Updates need the Additive Inverse

Data updates can be inserts (tuples with positive multiplicity) and deletes
(tuples with negative multiplicity):

m Semirings are enough if we only want inserts or no updates

Recall that FAQs use commutative semirings (D, ®, ®):

m (D, @) is a commutative monoid with identity element 0:
> (adpb)dc=ad(bdc)
> 0da=acd0=a
> adb=bDa

= (D, ®) is a commutative monoid with identity element 1:

> (a®b)®c=a®(b®c)
> l®a=a®l=a
> abb=bda
m Multiplication distributes over addition:
> a@(bdc)=(a®@b)®(a®c)
= Multiplication by 0 annihilates D:
> 0®a=a0=0
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From Semirings to Rings

We need a commutative ring (D, @, ®) if we want to support deletes as well:

m (D, ®) is an abelian group with identity element 0:
> (adb)dc=ad(bdc)
> 0pa=ad0=a
> abb=bda
>» 3—acD:ad®d(—a)=(—a)da=0
m (D, ®) is a commutative monoid with identity element 1:

> (a®b)®c=a®(b®c)
P la=a®l=a
> abb=bda
= Multiplication distributes over addition:
> a@(bdc)=(a®b)®(a®c)
m Multiplication by 0 annihilates D:
> 0®a=a®0=>0

Examples: Z,Q,R,C,R", polynomial ring.

We used the ring (Z, +, *) in our previous example.
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The Maintenance Problem

single-tuple single-tuple single-tuple
update update update
database DO _— Dl _— D2 —_—> s
[ Y 1 \\ 1 \\
[ 1 1
[N "N "N
1 \ 1 . 1 N
- 1 N 1 N 1 N
aUX|I|ary 1 - 1 maintain 1 maintain
data Y b Ay m---- == A oo
structure ' R4 ' ‘. ' ‘.
1 ’ 1 ,I 1 ,I
1 4 1 s 1 4
1 4 (4 1
v ¥ v o» v
triangle maintain maintain
8¢ QDo) ------ > Q(Dy) ----- > Q(D2) ----- > e

count

Given a current database D and a single-tuple update,
what are the time and space complexities for maintaining Q(D)?
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Much Ado about Triangles

The Triangle Query Served as Milestone in Many Fields

m Worst-case optimal join algorithms [Algorithmica 1997, SIGMOD R. 2013]
m Parallel query evaluation [Found. & Trends DB 2018]
® Randomized approximation in static settings [FOCS 2015]

m Randomized approximation in data streams
[SODA 2002, COCOON 2005, PODS 2006, PODS 2016, Theor. Comput. Sci. 2017]

Investigation of Answering Queries under Updates

m Theoretical developments [PODS 2017, ICDT 2018]
m Systems developments [F. & T. DB 2012, VLDB J. 2014, SIGMOD 2017, 2018]

m Lower bounds [STOC 2015, ICM 2018]
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Naive Maintenance

“Compute from scratch!”

SR ={(a',b') — m}
> abe [R(a, b) +6R(a,b)] - S(b,c) - T(c,a)
—_————

newR

Za,b’c newR(a, b) - S(b,c) - T(c,a)

Maintenance Complexity

= Time: O(|D|'®) using worst-case optimal join algorithms

m Space: O(|D]) to store input relations
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Classical Incremental View Maintenance [CY12]

“Compute the difference!”

SR ={(a',b') —~ m}
Yabe [R(a,b)+0R(a, b)] - S(b,c)- T(c,a)

Za,b,c R(a’ b) _5(b7 C) : T(C7 a)
+
SR, b")- >, S(b,c)- T(c,a")

Maintenance Complexity

m Time: O(|D|) to intersect C-values from S and T

m Space: O(|D|) to store input relations
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Factorized Incremental View Maintenance [INO18]

“Compute the difference by using pre-materialized views!"

SR ={(a',b') — m}
Pre-materialize Vs7(b,a) =>__S(b,c) - T(c, a)!
Za,b,c [R(a7 b) + 6R(a7 b)} : S(b’ C) . T(Cv a)
Za,b,c R(av b) : 5(b7 C) ) T(Ca a)

+
OR(&',b") - Vsr(b',a")
Maintenance Complexity

= Time for updates to R: O(1) to look up in Vst
m Time for updates to S and T: O(|D]) to maintain Vst

m Space: O(|D|?) to store input relations and Vst
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Closing the Complexity Gap

Complexity bounds for the maintenance of the triangle count

Known Upper Bound

Maintenance Time:  O(|D|)
Space:  O(|D|)

Amortized maintenance time: not O(|D|**~7) for any v > 0
(under reasonable complexity theoretic assumptions)
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Space:  O(|D|)

Can the triangle count
be maintained in
sublinear time?

Amortized maintenance time: not O(|D|**~7) for any v > 0
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Closing the Complexity Gap

Complexity bounds for the maintenance of the triangle count

Known Upper Bound

Maintenance Time:  O(|D|)

Space:  O(|DJ)
Yes!
Can the triangle count IVM® [KNNOZ19]
be maintained in Amortized maintenance time:
sublinear time? O(|D|*?)

This is worst-case optimal!

Amortized maintenance time: not O(|D|**~7) for any v > 0
(under reasonable complexity theoretic assumptions)
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IVM? Exhibits a Time-Space Tradeoff =~ [KNNOZ19]

Given € € [0,1] and a database D, IVM® maintains the triangle count with
m O(|D|™>4=1=¢}) amortized update time
u O(|D[Hmin{s1=<}) space
= O(|DJ*/?) preprocessing time

m O(1) answer time.

complexity
O(ID[*®) &
—_— Space
—— Update Time
O(ID]) +
o worst-case optimality
O(ID*?) + =05
e N
0 0.5 1

Known maintenance approaches are recovered by IVM®.
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Main ldeas in IVM?®

m Compute the difference like in classical IVM!
m Materialize views like in Factorized IVM!

m New ingredient: Use adaptive processing based on data skew!

—> Treat heavy values differently from light values!
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Quick Look inside IVM®

Partition R into

m a light part
R.={t € R||oa=t.a| < |D|?},

m a heavy part Ry = R\R.!

R

light part
A B RL
B AB
2 b /\ -
. pn<|DF
a b,
C heavy part

;/ b{ /\ Ry

AB

m > |D|f

’ /
a' b,
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Quick Look inside IVM®

. . Derived Bounds
Partition R into

m for all A-values a:
loa=aRe| < |D|*
[ ] ‘TI'ARH‘ < |D|1_E

m a light part
R. = {t € R||oa=r.a| < |D|?},

m a heavy part Ry = R\R.!

R light part
A B RL
B AB

2 b /\ -

. pn<|DF

a b,

C heavy part

;/ b{ /\ Ry

AB

m > |D|f
2B,
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Partition R into

m a light part
R.={t € R||oa=t.a| < |D|?},
m a heavy part Ry = R\R.!

R light part
A B R,

B AB

2 b /\ -

. pn<|DF

a b,
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;/ b{ /\ Ry

AB

m > [D|*

’ /
a' b,

Derived Bounds

m for all A-values a:
loa=aRL| < |D|*
[ ] ‘TI'ARH‘ < |D|1_E

Likewise, partition
m S=35,USy based on B, and
m T =T, U Ty based on C!
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Quick Look inside IVM?

Partition R into

m a light part
R.={t € R||oa=t.a| < |D|?},
m a heavy part Ry = R\R.!

R light part
A B R,

B AB

2 b /\ -

. pn<|DF

a b,

C heavy part

;/ b{ /\ Ry

AB

m > [D|*

’ /
a' b,

Derived Bounds

m for all A-values a:
loa=aRL| < |D|*
[ ] ‘TI'ARH‘ < |D|1_E

Likewise, partition
m S=35,USy based on B, and
m T =T, U Ty based on C!

Q is the sum of skew-aware views
RU(a7 b) : SV(b7 C) : TW(C7 a)
with U, V, W € {L, H}.
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Adaptive Maintenance Strategy

Given an update §R. = {(a’, b’) — m}, compute the difference for each skew-aware view
using different strategies:

Skew-aware View Evaluation from left to right Time
ST Ri(a,b) - Si(b,c)- Ti(c,a)  dR.(a',b')-> S (b ¢)- Ti(c,a’)  O(|DfF)
a,b,c c
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Adaptive Maintenance Strategy

Given an update §R. = {(a’, b’) — m}, compute the difference for each skew-aware view

using different strategies:

Skew-aware View Evaluation from left to right Time
ST Ri(a,b) - Si(b,c)- Ti(c,a)  dR.(a',b')-> S (b ¢)- Ti(c,a’)  O(|DfF)
a,b,c c
> Ri(a,b) - Su(b,c) - Tu(c,a) OR.(a",b)- ZTH(C a')- Su(b',c)  O(ID|'™%)
a,b,c
0R.(a",b") - 3251(b',c) - Th(c,a')  O(ID[)
> Ri(a,b) - Si(b,c) - Tu(c,a) or
a,b,c
o(ID'?)

SR.(a',b") -S> Th(c,a) - Si(b,c)

65/78



Adaptive Maintenance Strategy

Given an update §R. = {(a’, b’) — m}, compute the difference for each skew-aware view

using different strategies:

Skew-aware View Evaluation from left to right Time
ST Ri(a,b) - Si(b,c)- Ti(c,a)  dR.(a',b')-> S (b ¢)- Ti(c,a’)  O(|DfF)
a,b,c c
> Ri(a,b) - Su(b,c) - Tu(c,a) OR.(a",b)- ZTH(C a')- Su(b',c)  O(ID|'™%)
a,b,c
SR.(a. b)) - YSu(b,c)- Tu(c,a)  O(ID)
> Ri(a,b) - Si(b,c) - Tu(c,a) or
a,b,c
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Adaptive Maintenance Strategy

Given an update §R. = {(a’, b’) — m}, compute the difference for each skew-aware view

using different strategies:

Skew-aware View Evaluation from left to right Time
ST Ri(a,b) - Si(b,c)- Ti(c,a)  dR.(a',b')-> S (b ¢)- Ti(c,a’)  O(|DfF)
a,b,c c
> Ri(a,b) - Su(b,c) - Tu(c,a) OR.(a",b)- ZTH(C a')- Su(b',c)  O(ID|'™%)
a,b,c
SR.(a. b)) - YSu(b,c)- Tu(c,a)  O(ID)
> Ri(a,b) - Si(b,c) - Tu(c,a) or
a,b,c
JR.(a',b') - X Tu(c,a’) - Su(b',c)  O(IDI*?)
R.(a, b) - Su(b,c) - Ti(c,a) JR.(a',b")- Vsr(b',a") o(1)
a,b,c

Overall update time: O(|D|™>{=:1=¢})
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Materialized Auxiliary Views
Vis(a, ¢) = SRu(a, b) - Su(b, c)
Vsr (b, a) = XI::SH(b, c)- Tu(c,a)
Vrr(c, b) = Y Th(c, a) - Ru(a, b)

= Maintenance of Vrs(a,c) = > Ru(a, b) - Si(b, c)
b

Update Compute the difference for Vgs  Time
5Ri = {(a,5) > m}  6Ra(d, ) - S(b, <) O(DF)
0S={(b',c') = m}  4S.(b, ') Ru(a, b) o(Ip'=)
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Materialized Auxiliary Views
Vis(a, ¢) = SRu(a, b) - Su(b, c)
Vsr (b, a) = XI::SH(b, c)- Tu(c,a)
Vrr(c, b) = Y Th(c, a) - Ru(a, b)

= Maintenance of Vrs(a,c) = > Ru(a, b) - Si(b, c)

b
Update Compute the difference for Vgs  Time
0Ry ={(a",b") = m}  dRu(a',b')- Si(b', c) o(IDf)
0S={(b',c') = m}  4S.(b, ') Ru(a, b) o(Ip'=)

m Size of Vgs(a,c) = > Ru(a, b) - Si(b,c)
b

|Ru| - maxp{|SL(b, c)|} O(|D|*+*)
|S.| - maxp{|Ru(a, b)|} = O(D}9)

[ Vis(a, ¢
|Vis(a, )|

<
<
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Materialized Auxiliary Views
Vis(a, ¢) = SRu(a, b) - Su(b, c)
Vsr (b, a) = XI::SH(b, c)- Tu(c,a)
Vrr(c, b) = Y Th(c, a) - Ru(a, b)

= Maintenance of Vrs(a,c) = > Ru(a, b) - Si(b, c)

b
Update Compute the difference for Vgs  Time
0Ry ={(a",b") = m}  dRu(a',b')- Si(b', c) o(IDf)
0S={(b',c') = m}  4S.(b, ') Ru(a, b) o(Ip'=)

m Size of Vgs(a,c) = > Ru(a, b) - Si(b,c)
b

[Ves(a, €)| < [Rul- maxp{[Si(b, c)|} O(|DI**)
|Ves(a,c)l < [Si|-maxp{|Ru(a,b)[} = O(D"*79)

= Overall: Update Time O(|D|™>{=:1==}) and Space O(|D|*min{=:1-<})
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Rebalancing Partitions

Full details available in the paper [KNNOZ19]

m Updates can change the frequencies of values and the heavy/light threshold!

m This may require rebalancing of partitions:

= Minor rebalancing: Transfer tuples from one to the other part of the same

relation!

= Major rebalancing: Recompute partitions and views from scratch!
m Both forms of rebalancing require superlinear time.

m The rebalancing times amortize over sequences of updates.

67/78



Lower Bound for Maintaining the Triangle Count

m The lower bound already holds for the Boolean Triangle Detection
Problem, which is a special case of the Triangle Count.

For any v > 0, there is no algorithm that incrementally maintains the Triangle
Detection Problem with
amortized update time answer time
1_ 1—
O(|b|277) o(Ipl*=7)

unless the Online Vector-Matrix-Vector Multiplication (OuMv) Conjecture fails.
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Lower Bound for Maintaining the Triangle Count

m The lower bound already holds for the Boolean Triangle Detection
Problem, which is a special case of the Triangle Count.

For any v > 0, there is no algorithm that incrementally maintains the Triangle
Detection Problem with
amortized update time answer time

o(|p|z ) O(|D|*)

unless the Online Vector-Matrix-Vector Multiplication (OuMv) Conjecture fails.

The OuMv Problem

Input:  An n x n Boolean matrix M and n pairs (u1,v1),..., (us, vs) of
Boolean column-vectors of size n arriving one after the other.

Goal: After seeing each pair (u,,v,), output u” My,

The OuMv Conjecture [HKNS15]

For any v > 0, there is no algorithm that solves the OuMv Problem in time
o).
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Proof Sketch (1/2)

m Assume there is an algorithm A maintaining Triangle Detection with

amortized update time answer time
O(DJz) O(D[)
for some v > 0.

m Goal: Design an algorithm B using algorithm A as oracle that solves
OuMpyv in subcubic time. = Contradicts the OuMv Conjecture!
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Proof Sketch (1/2)

m Assume there is an algorithm A maintaining Triangle Detection with

amortized update time answer time
O(DJz) O(D[)
for some v > 0.

m Goal: Design an algorithm B using algorithm A as oracle that solves
OuMpyv in subcubic time. = Contradicts the OuMv Conjecture!

Algorithm B

Use relation S to encode the matrix M.

m In each round r € [n]:

> Use relations R and T to encode u, and v,, respectively, such that

u,TMv,:1 if and only if RXSXT#(

» Check whether R X S X T contains a triangle.
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Proof Sketch (2/2)

Algorithm B in more detail:
(1) Insert at most n? tuples into S such that S(B, C) = {(i,j) | M(i,j) = 1}
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Time analysis:
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Algorithm B in more detail:
(1) Insert at most n? tuples into S such that S(B, C) = {(i,j) | M(i,j) = 1}
(2) In each round r € [n]:

> Delete all tuples in R(A, B) and T(C, A)

> Insert at most n tuples into R(A, B) and T(C, A) such that
R={(a,i) |u(i) =1} and T = {(i, a) | v,(i) = 1} for a constant a

» Check RX S X T # (: This holds iff u,TMv, =1
iff 3i,j € [n] with u, (i) = 1, M(i,j) = 1, and v,(j) = 1
Time analysis:
m The database size is O(n?).
Ti in (1): 2 2V3-7y 2 p1-2yy _ 3—24
m Time in (1) O( n (n)27")=0(n" - n"=7) = O(n°~7)

#updates |, ate time

m Time for each round in (2): O( 4n v(n2)%_“’ + (")) = 0(n* )
~ = —=—

#updates | ,qate time  answer time
m Time for n rounds in (2): O(n-n*=2) = O(n*~?)
m Overall time: subcubic! O(n*~?)
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Notes on the OuMv Conjecture

The hardness of many dynamic problems is based on Online Matrix-vector
multiplication problem (OMv)

m OuMpy is at least as hard as OMv
Examples: [HKNS15]

m source-target reachability
m source-target shortest path (in unweighted graphs)

m transitive closure
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QUIZ on Aggregates (1/3)

For each of of the following functional aggregate queries:

1. Give a hypertree decomposition and variable order.

2. If you were to compute it as stated below (with all sums done after the
products), what would be its time complexity? (Assume all functions have
the same size.)

3. Is there an equivalent rewriting of ¢ that would allow for quadratic or even
linear time complexity?

The n-hop query:

P, xop1) = > (X, Xo) - 1ha(Xa, X3) - ¥3(Xa, Xa) - . - n(Xn, Xnt)-

XD ,.+03Xn
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QUIZ on Aggregates (2/3)

For each of of the following functional aggregate queries:

1. Give a hypertree decomposition and variable order.

2. If you were to compute it as stated below (with all sums done after the
products), what would be its time complexity? Assume all functions have
the same size.

3. Is there an equivalent rewriting of ¢ that would allow for quadratic or even
linear time complexity?

Query:

e=>"3"3"3"5">"wn(a,b) - va(a,c) - ¥s(c,d) - vu(b, c,e) - Ps(e, f).
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QUIZ on Aggregates (3/3)

Give the update time and necessary space for the maintenance of the following
FAQs as a function of the database size and the heavy/light threshold
parameter € € [0, 1]:

oY1= Za,b,c,d R(a7 b) : S(bv C) . T(C7 d)

2 = Ea,b,c,d R(a’ b) ’ 5(b7 C) ’ T(bv d)

"3 = Za,b,c,d R(a,b) - S(b,c)- T(c,d)- W(d, a)
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