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What is the Best Way to Answer This Query?

def Q = count[x, y, z: R(x) and S(y) and T(z)] O(N3) typically

Optimized query plan:
def t1 = count[x : R(x)]

def t2 = count[y : S(y)]

def t3 = count[z : T(z)]

def Q = t1 * t2 * t3
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What is the Best Way to Answer This Query?

def Q = count[x, y, z: R(x) and S(y) and T(z) and x<y and y<z]

Optimized query plan:
def T1[y] = count[x : R(x) and S(y) and x<y]

def T2[y] = count[z : T(z) and S(y) and y<z]

def Q = sum[y : T1[y] * T2[y]]
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What is the Best Way to Answer This Query?

def Q[x] = max[y, z, u: R(x,y) and S(y,z) and T(z, u)] typically O(N2)

Optimized query plan:
def W1[z] = max[u : T(z, u)]

def W2[y) = max[z, a : S(y, z) and W1(z, a)]

def Q[x] = max[y, b : R(x, y) and W2(y, b)]
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What is the Best Way to Answer This Query?

def Q = count[a,b,c,d,e:
E(a,b) and E(a,c) and E(b,c) and E(c,d) and E(c,e)

]

Assuming E is the edge relation of a graph.

Optimized query plan:
def T[c] = count[d : E(c, d)]

def Q = sum[a,b,c,z: E(a,b) and E(a,c) and E(b,c) and z = T[c]*T[c]]
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What is the Best Way to Answer This Query?

def Q = count[a,b,c,d,e,f:
R(a,b) and S(a,c) and T(b,c,d,e) and W(e,f) and V(d,f)

]

Assuming all relations have the same size N .



Abstractions We Need

• Algebraic abstraction to model these problems
• Algorithmic abstraction to solve all of them
• Query optimization abstraction to solve them efficiently
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Sum-Product-Queries Proposed and Studied in AI

Given a semiring (D,⊕,⊗,0,1), a Sum-Product-query is
φ(XF ) :=

∑
XV −F

∏
S∈E

ψS(XS)

Example 1: ({true, false},∨,∧, false, true) is the Boolean semiring.
Q() =

∨
a,b,c

E(a, b) ∧ E(a, c) ∧ E(b, c)

Example 2: (R,+,×, 0, 1) is the sum-product semiring.
Q(a) =

∑
b,c,d

E(a, b)× E(b, c)× E(c, d)× 1a̸=d

They are a great IR!
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Mapping to Sum-Product Representation

def Q = count[x, y, z: R(x) and S(y) and T(z)]

Abusing notation, define
R(x) := 1x∈R

S(y) := 1y∈S

T (z) := 1z∈T

The correpsonding Sum-Product-query is over the (+,×)-semiring
Q =

∑
x

∑
y

∑
z

R(x)× S(y)× T (z)
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Mapping to Sum-Product Representation
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Abusing notation, define
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Mapping to Sum-Product Representation

def Q[x] = max[y, z, u: R(x,y) and S(y,z) and T(z, u)]

Abusing notation, define
R(x, y) := 1(x,y)∈R

S(y, z) := 1(y,z)∈S

T (z, u) := u×1(z,u)∈T

The correpsonding Sum-Product-query is over the (max,×)-semiring
Q(x) = max

y
max

z
R(x, y)× S(y, z)× T (z, y)
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Sum-Product Representation and Variable Elimination

Over the (+,×)-semiring
Q =

∑
x

∑
y

∑
z

R(x)× S(y)× T (z)

=
∑
x

∑
y

R(x)× S(y)×
∑
z

T (z)

=
∑
x

∑
y

R(x)× S(y)× t1

= t1 ×
∑
x

R(x)×
∑
y

S(y)

= t1 × t2 × t3

The exact same query plans works over (max,×), (min,+), (∨,∧), etc.



Sum-Product Representation and Variable Elimination

The correpsonding Sum-Product-query is over the (+,×)-semiring
Q =

∑
x

∑
y

∑
z

R(x)× S(y)× T (z)× 1x<y × 1y<z

=
∑
x

∑
y

R(x)× 1x<y ×
∑
z

S(y)× T (z)× 1y<z

=
∑
x

∑
y

R(x)× 1x<y ×M1(y)



Variable Elimination Q = count[a, b, c, d : R(a, b) ∧ S(b, c) ∧ T (c, d)]

Variable elimination [ZP 94] Works for any semi-ring!
Q() =

∑
a

∑
b

∑
c

∑
d

R(a, b) · S(b, c) · T (c, d)

=
∑
a

∑
b

∑
c

R(a, b) · S(b, c) ·
∑
d

T (c, d) =
∑
a

∑
b

∑
c

R(a, b) · S(b, c) ·W (c)

=
∑
a

∑
b

R(a, b) ·
∑
c

S(b, c) ·W (c) =
∑
a

∑
b

R(a, b) · V (b)

Database jargon: (aggregation | projection | predicate) pushdowns

CS294-248 Special Topics in Database Theory 18
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Indicator Projection, and Fractional Hypertree Width [GM 06] [ANR 16]

Q =
∑

a,b,c,d,e,f

R(a, b)S(a, c)T (b, c, d, e)W (e, f)V (d, f)

=
∑

a,b,c,d,e

R(a, b)S(a, c)T (b, c, d, e)
∑
f

πdeT (d, e) W (e, f)V (d, f)

︸ ︷︷ ︸
Õ(N3/2),WCOJ

=
∑

a,b,c,d,e

R(a, b)S(a, c)T (b, c, d, e)M1(d, e)

=
∑
a,b,c

R(a, b)S(a, c)
∑
d,e

πbR(b)πS(c) T (b, c, d, e)M1(d, e)

=
∑
a,b,c

R(a, b)S(a, c)M2(b, c) =
∑
a,b,c

R(a, b)S(a, c)M2(b, c)︸ ︷︷ ︸
Õ(N3/2),WCOJ

CS294-248 Special Topics in Database Theory 19
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Õ(N3/2),WCOJ

=
∑

a,b,c,d,e

R(a, b)S(a, c)T (b, c, d, e)M1(d, e)

=
∑
a,b,c

R(a, b)S(a, c)
∑
d,e

πbR(b)πS(c) T (b, c, d, e)M1(d, e)

=
∑
a,b,c

R(a, b)S(a, c)M2(b, c) =
∑
a,b,c

R(a, b)S(a, c)M2(b, c)︸ ︷︷ ︸
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Õ(N3/2),WCOJ
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Indicator Projection, and Fractional Hypertree Width [GM 06] [ANR 16]

Q =
∑

a,b,c,d,e,f

R(a, b)S(a, c)T (b, c, d, e)W (e, f)V (d, f)

=
∑

a,b,c,d,e

R(a, b)S(a, c)T (b, c, d, e)
∑
f

πdeT (d, e) W (e, f)V (d, f)

︸ ︷︷ ︸
Õ(N3/2),WCOJ

=
∑

a,b,c,d,e

R(a, b)S(a, c)T (b, c, d, e)M1(d, e)

=
∑
a,b,c

R(a, b)S(a, c)
∑
d,e

πbR(b)πS(c) T (b, c, d, e)M1(d, e)

=
∑
a,b,c

R(a, b)S(a, c)M2(b, c) =
∑
a,b,c

R(a, b)S(a, c)M2(b, c)︸ ︷︷ ︸
Õ(N3/2),WCOJ
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Variable Elimination, Message Passing, Belief Propagation, Yannakakis

Q =
∑

a,b,c,d,e,f

R(a, b)S(a, c)T (b, c, d, e)W (e, f)V (d, f)

Output a, b, c b, c, d, e d, e, f
Q() M2(b, c) M1(d, e)

• Yannakakis algorithm [Yannakakis 81]
• Belief propagation [Pearl 82]

CS294-248 Special Topics in Database Theory 20



Indicator Projection, and Fractional Hypertree Width

Q =
∑

a,b,c,d,e,f

R(a, b)S(a, c)T (b, c, d, e)W (e, f)V (d, f)

=
∑

a,b,c,d,e

R(a, b)S(a, c)T (b, c, d, e)
∑
f

πdeT (d, e) W (e, f)V (d, f)

︸ ︷︷ ︸
M1(d,e) in Õ(N3/2),WCOJ

=
∑
b,c,d,e

T (b, c, d, e)M1(d, e)
∑
a

πbcT (b, c)R(a, b)S(a, c)︸ ︷︷ ︸
M2(b,c) in O(N3/2),WCOJ

=
∑
b,c,d,e

M1(d, e)T (b, c, d, e)M2(b, c)
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Variable Elimination, Message Passing, Belief Propagation, Yannakakis

Q =
∑

a,b,c,d,e,f

R(a, b)S(a, c)T (b, c, d, e)W (e, f)V (d, f)

Output b, c, d, e

a, b, c

d, e, f

Q()

M2(b, c)

M1(d, e)
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Outline

Warm-up Examples

Sum-product Queries

Variable Elimination and Tree Decomposition

Functional Aggregate Queries



Functional Aggregate Query FAQ

FAQ-expression

φ(x3) =
∑
x1

∏
x2

max
x4

ψ1,2,4ψ2,3ψ1,3ψ1,4

φ(X3)

ψ124(X1, X2, X4)

ψ23(X2, X3)

ψ13(X1, X3)

ψ14(X1, X4) All functions have the same rangeD

Output φ :
∏
i∈F

Dom(Xh) → D

• Compute φ(x[f ]) =
⊕(f+1)

xf+1∈Dom(Xf+1)

· · ·
⊕(n−1)

xn−1∈Dom(Xn−1)

⊕(n)

xn∈Dom(Xn)

⊗
S∈E

ψS(xS)

• Every aggregate⊕(i)

• either (D,⊕(i)
,
⊗) is a commutative semiring semiring agg

• or⊕(i)
=
⊗ product agg



FAQ example: CSP a.k.a. Boolean Conjunctive Query

• Boolean semiring ({true, false},∨,∧)

⊕
x

⊗
S∈E

ψS(xS) =
∨
x

∧
S∈E

ψS(xS)

• Constraint ψS :
∏
i∈S

Dom(Xh) → {true, false} with support S



FAQ example: #CSP = Join cardinality query

• Sum-product semiring (Z,+,×)

⊕
x

⊗
S∈E

ψS(xS) =
∑
x

∏
S∈E

ψS(xS)

• Constraints ψS :
∏
i∈S

Dom(Xh) → {0, 1}, where

ψS(x) =

1 xS satisfies constraint
0 otherwise



FAQ example: Conjunctive Query Evaluation – CQE

• Boolean Semiring ({true, false}),∨,∧)
• FAQ Instance:

φ(x[f ]) =
∨
xf+1

· · ·
∨
xn

∧
S∈E

φS(xS).



FAQ example: DB Aggregate Query – count

SELECT R.a, count(*)
FROM R, S, T
WHERE R.a=S.a AND R.b=T.b AND S.c=T.c
GROUP BY R.a;

• Sum-product semiring (R,+,×, 0, 1),
• FAQ instance:

• ψR(a, b) = 1(a,b)∈R ψS(a, c) = 1(a,c)∈S ψT (b, c) = 1(b,c)∈T• Compute the function
φ(a) =

∑
b

∑
c

ψR(a, b)ψS(a, c)ψR(b, c)



FAQ example: DB Aggregate Query – sum

SELECT R.a, sum(T.c)
FROM R, S, T
WHERE R.a=S.a AND R.b=T.b AND S.c=T.c
GROUP BY R.a;

• Sum-product semiring (R,+,×, 0, 1)
• FAQ instance:

• ψR(a, b) = 1(a,b)∈R ψS(a, c) = 1(a,c)∈S ψT (b, c) = 1(b,c)∈T• Compute the function
φ(a) =

∑
b

∑
c

ψR(a, b)ψS(a, c)ψR(b, c) c



FAQ example: Matrix Chain Multiplication

LetAh = (a(i)x,y) Compute A︸︷︷︸
p0×pk

= A1︸︷︷︸
p0×p1

× A2︸︷︷︸
p1×p2

× · · · Ak︸︷︷︸
pk−1×pk

.

• Sum-product semiring (R,+,×) (C,+,×), (Z,+,×)

• FAQ instance:
• Variables: Dom(Xh) = [ph], i ∈ {0, . . . , k}
• Factors: ψi,i+1(xh, xi+1) = a(i)xh,xi+1• Compute new function φ : [p0]× [pk] → D

φ(x0, xk) =
∑
x1

· · ·
∑
xk−1

k−1∏
i=0

ψi,i+1(xh, xi+1).



FAQ Examples: Inference in Probabilistic Graphical Models

• In PGMs, factors are also called potential functions
• Typical inference/learning tasks on PGMs

• DENS Prob(x)
• MAR (marginal) Prob(xA)• COND (conditional) Prob(xA | xB)

• A special case is Prob(xA | x[n]−A)• likelihood (Prob(D | θ)) posterior (Prob(θ |D))
• MPE (most probable explanation, mode) argmax

xA

Prob(xA | x[n]−A)

• MAP (maximum a posteriori, also a mode) argmax
xA

Prob(xA | xB)

• These problems are all FAQ



FAQ example: Quantified Conjunctive Queries

Given Qh ∈ {∃, ∀}, for i > f .

Φ(X1, . . . , Xf ) = Qf+1 Xf+1 · · · Qn Xn

 ∧
R∈atoms(Φ)

R

 ,

• FAQ instance on ({0, 1}, {max,×},×)

• Compute the function φ(x1, · · · , xf ) = ⊕(f+1)

xf+1∈{0,1}
· · ·

⊕(n)

xn∈{0,1}

∏
S∈E

ψS(xS), where

⊕(i) =

max if Qh = ∃

× if Qh = ∀



FAQ example: # Quantified Conjunctive Queries

Given Qh ∈ {∃, ∀}, for i > f , and expression

Φ(X1, . . . , Xf ) = Qf+1 Xf+1 · · · Qn Xn

 ∧
R∈atoms(Φ)

R

 ,

Count the number of x[f ] for which Φ(x[f ]) = true

• FAQ instance on ({0, 1} ∪ R+, {max,×,+},×)

• Compute the constant φ =
∑
x1

· · ·
∑
xf

⊕(f+1)

xf+1∈{0,1}
· · ·

⊕(n)

xn∈{0,1}

∏
S∈E

ψS(xS) where

⊕(i) =

max if Qh = ∃

× if Qh = ∀



Many more FAQ examples

• Boolean conjunctive query evaluation Boolean semiring
• SAT Boolean semiring
• Quantifier-free conjunctive query evaluation Set semiring
• k-colorability Boolean semiring
• Permanent Sum-Product semiring
• Partition function Sum-Product semiring



Yet many more FAQ examples

• Discrete Fourier Transform

• Hollant Problem (as in Holographic algorithms)
• Graph Homomorphism Problem

• Weighted CSP

• List recoverable codes

• LDPC codes

• etc.



InsideOut = VE + indicator-projections

φ =
⊕
x1

· · ·
⊕
xn−1

⊗
n/∈S

ψS(xS)

⊕
xn

⊗
S∈∂(n)

ψS(xS)



Theorem (Runtime of InsideOut)
For Sum-Product, InsideOut runs in time Õ of

n∑
k=1

|{S | S ∩ Uk ̸= ∅}| · |Uk| · AGM(Uk).
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ψS(xS)
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|{S | S ∩ Uk ̸= ∅}| · |Uk| · AGM(Uk).



InsideOut = VE + indicator-projections

φ =
⊕
x1

· · ·
⊕
xn−1

⊗
n/∈S

ψS(xS)
⊕
xn

⊗
S∈∂(n)

ψS(xS)⊗
⊗

S/∈∂(n)
S∩Un ̸=∅

πUnψS(xS∩Un)

Theorem (Runtime of InsideOut)
For Sum-Product, InsideOut runs in time Õ of

n∑
k=1

|{S | S ∩ Uk ̸= ∅}| · |Uk| · AGM(Uk).



InsideOut = VE + indicator-projections

φ =
⊕
x1

· · ·
⊕
xn−1

⊗
n/∈S

ψS(xS)
⊕
xn

⊗
S∈∂(n)

ψS(xS)⊗
⊗

S/∈∂(n)
S∩Un ̸=∅

πUnψS(xS∩Un)

Time ≈ m|Un| ·
∏

S∩Un ̸=∅

|ψS |λ
(k)
S = AGM(Un)

Theorem (Runtime of InsideOut)
For Sum-Product, InsideOut runs in time Õ of

n∑
k=1

|{S | S ∩ Uk ̸= ∅}| · |Uk| · AGM(Uk).
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φ =
⊕
x1

· · ·
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⊗
n/∈S

ψS(xS)
⊕
xn

⊗
S∈∂(n)

ψS(xS)⊗
⊗

S/∈∂(n)
S∩Un ̸=∅

πUnψS(xS∩Un)

Theorem (Runtime of InsideOut)
For Sum-Product, InsideOut runs in time Õ of

n∑
k=1

|{S | S ∩ Uk ̸= ∅}| · |Uk| · AGM(Uk).



InsideOut = VE + indicator-projections

φ =
⊕
x1

· · ·
⊕
xn−1

⊗
n/∈S

ψS(xS)
⊕
xn

⊗
S∈∂(n)

ψS(xS)⊗
⊗

S/∈∂(n)
S∩Un ̸=∅

πUnψS(xS∩Un)

Theorem (Runtime of InsideOut)
For Sum-Product, InsideOut runs in time Õ of

n∑
k=1

|{S | S ∩ Uk ̸= ∅}| · |Uk| · AGM(Uk).

Corollary (New (textbook?) result)
For a “good” variable ordering v1, . . . , vn, PGM inference can be done in time
O(mn2Nw) where w = fhtw(H).



InsideOut = VE + indicator-projections

φ =
⊕
x1

· · ·
⊕
xn−1

⊗
n/∈S

ψS(xS)
⊕
xn

⊗
S∈∂(n)

ψS(xS)⊗
⊗

S/∈∂(n)
S∩Un ̸=∅

πUnψS(xS∩Un)

Theorem (Runtime of InsideOut)
For Sum-Product, InsideOut runs in time Õ of

n∑
k=1

|{S | S ∩ Uk ̸= ∅}| · |Uk| · AGM(Uk).

Corollary (Grohe-Marx (SODA’06))

Join can be computed in time Õ(N fhtw(H) + |output|).



InsideOut = VE + indicator-projections

φ =
⊕
x1

· · ·
⊕
xn−1

⊗
n/∈S

ψS(xS)
⊕
xn

⊗
S∈∂(n)

ψS(xS)⊗
⊗

S/∈∂(n)
S∩Un ̸=∅

πUnψS(xS∩Un)

Theorem (Runtime of InsideOut)
For Sum-Product, InsideOut runs in time Õ of

n∑
k=1

|{S | S ∩ Uk ̸= ∅}| · |Uk| · AGM(Uk).

Corollary (Grohe-Marx (SODA’06))
CSP on instances with bounded fhtw are fixed-parameter tractable.



InsideOut = VE + indicator-projections

φ =
⊕
x1

· · ·
⊕
xn−1

⊗
n/∈S

ψS(xS)
⊕
xn

⊗
S∈∂(n)

ψS(xS)⊗
⊗

S/∈∂(n)
S∩Un ̸=∅

πUnψS(xS∩Un)

Theorem (Runtime of InsideOut)
For Sum-Product, InsideOut runs in time Õ of

n∑
k=1

|{S | S ∩ Uk ̸= ∅}| · |Uk| · AGM(Uk).

Corollary (New?)

Join cardinality can be computed in time Õ(N fhtw(H))



InsideOut = VE + indicator-projections

φ =
⊕
x1

· · ·
⊕
xn−1

⊗
n/∈S

ψS(xS)
⊕
xn

⊗
S∈∂(n)

ψS(xS)⊗
⊗

S/∈∂(n)
S∩Un ̸=∅

πUnψS(xS∩Un)

Theorem (Runtime of InsideOut)
For Sum-Product, InsideOut runs in time Õ of

n∑
k=1

|{S | S ∩ Uk ̸= ∅}| · |Uk| · AGM(Uk).

Corollary (Pichler-Skritek 2011, Durand-Mengel (ICDT’2013))
For query graphsH with bounded fhtw, quantifier-free #CQ is polynomial-time
solvable.



InsideOut for FAQ Queries

φ = · · ·
⊕(n)

xn

⊗
S∈E

ψS(xS)

= · · ·
⊕(n−1)

xn−1

(⊕(n)
xn

⊗
S∈E

ψS(xS)

)
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InsideOut for FAQ Queries

φ = · · ·
⊕(n)

xn

⊗
S∈E

ψS(xS)

= · · ·
⊕(n−1)

xn−1

(⊕(n)
xn

⊗
S∈E

ψS(xS)

)

If (D,⊕(n),⊗) is a semiring

⊕(n)



InsideOut for FAQ Queries

φ = · · ·
⊕(n)

xn

⊗
S∈E

ψS(xS)

= · · ·
⊕(n−1)

xn−1

(⊕(n)
xn

⊗
S∈E

ψS(xS)

)

If (D,⊕(n),⊗) is a semiring

⊕(n)

φ = · · ·
⊕(n−1)

xn−1

⊗
S/∈∂(n)

ψS(xS)

⊕(n)
xn

⊗
S∈∂(n)

ψS(xS)





InsideOut for FAQ Queries

φ = · · ·
⊕(n)

xn

⊗
S∈E

ψS(xS)

= · · ·
⊕(n−1)

xn−1

(⊕(n)
xn

⊗
S∈E

ψS(xS)

)

If ⊕(n) = ⊗

and ⊕(n) is not-idempotent



InsideOut for FAQ Queries

φ = · · ·
⊕(n)

xn

⊗
S∈E

ψS(xS)

= · · ·
⊕(n−1)

xn−1

(⊕(n)
xn

⊗
S∈E

ψS(xS)

)

If ⊕(n) = ⊗

and ⊕(n) is not-idempotent

φ = · · ·
⊕(n−1)

xn−1

( ⊗
S∈E

⊕(n)
xn

ψS(xS)

)



InsideOut for FAQ Queries

φ = · · ·
⊕(n)

xn

⊗
S∈E

ψS(xS)

= · · ·
⊕(n−1)

xn−1

(⊕(n)
xn

⊗
S∈E

ψS(xS)

)

If ⊕(n) = ⊗

and ⊕(n) is not-idempotent

φ = · · ·
⊕(n−1)

xn−1

( ⊗
S∈E

⊕(n)
xn

ψS(xS)

)

= · · ·
⊕(n−1)

xn−1

( ⊗
S/∈∂(n)

[ψS(xS)]
|Dom(Xn)|

)
⊗

 ⊗
S∈∂(n)

⊕(n)
xn ψS(xS)





InsideOut for FAQ Queries

φ = · · ·
⊕(n)

xn

⊗
S∈E

ψS(xS)

= · · ·
⊕(n−1)

xn−1

(⊕(n)
xn

⊗
S∈E

ψS(xS)

)

If ⊕(n) = ⊗ and ⊕(n) is not-idempotent

φ = · · ·
⊕(n−1)

xn−1

( ⊗
S∈E

⊕(n)
xn

ψS(xS)

)

= · · ·
⊕(n−1)

xn−1

( ⊗
S/∈∂(n)

[ψS(xS)]
|Dom(Xn)|

)
⊗

 ⊗
S∈∂(n)

⊕(n)
xn ψS(xS)





Some Corollaries

Problem Previous Algo. InsideOut

#QCQ No non-trivial algo Õ(N
faqw(φ)

+ |φ|)

QCQ Õ(N
PW(H)

+ |φ|) Õ(N
faqw(φ)

+ |φ|)

Chen-Dalmau (LICS 2012) faqw(φ) ⪇ PW(φ)

#CQ Õ(N
DM(H)

+ |φ|) Õ(N
faqw(φ)

+ |φ|)

Durand-Mengel (ICDT 2013) DM(H) = faqw(φ)

Joins Õ
(
N

fhtw(H)
+ |φ|

)
Õ

(
N

faqw(φ)
+ |φ|

)
Grohe-Marx (SODA’06) fhtw(H) = faqw(φ)

Marginal Distrib. Õ(N
htw(φ)

+ |φ|) Õ(N
faqw(φ)

+ |φ|)

MAP query Õ(N
htw(φ)

+ |φ|) Õ(N
faqw(φ)

+ |φ|)

Kask et al. (Artif. Intel. 2005) faqw(φ) ⪇ htw(φ)

Matrix Chain Mult. DP bound DP Bound
DFT O(N logp N) O(N logp N)

Aji-McEliece (IEEE Trans. IT 2000)
Dechter (Artif. Intell. 1999)
Textbook
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The FAQ Algorithmic Framework

InsideOut

OutsideIn1

OutsideIn2...
OutsideInn

φ
FAQ-expression σ
to compute φ

Runtime = Õ(N faqw(σ) + |φ|)
faqw(σ) is the “width” of σ

FAQ-analog of
fractional hypertree width

• InsideOut represents dynamic programming

• is variable elimination ([ZP94, Dechter95]) with new twists

• OutsideIn represents backtracking search WCOJ
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Optimizing the FAQ Query Plans

FAQ-expr. σ
for φ, hypergraphH

EVO(φ)

EVO(φ) = set of expressions
“semantically equivalent” to φ

φ(x3) =
∑
x1

∑
x2

max
x4

∑
x5

ψ1,2,4ψ2,3ψ1,3ψ1,4ψ2,5

φ(x3) =
∑
x2

∑
x1

∑
x5

max
x4
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