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Data Science

DB Workloads LA Workloads
Relational Algebra
Nested Relational Algebra

Linear Algebra
Tensor Algebra

RDBMS, Pandas DataFrame TensorFlow, PyTorch, scipy



End-to-End Data Science
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Relational Algebra
• An algebra for relational databases
• Selection (σ)
• Filters out all tuples that do not satisfy a predicate

• Projection (π)
• Filters out unnecessary columns of a relation

• Join (⋈)
• Combines the tuples of two relations
• A complex operator

• Group-By Aggregation (Γ)
• Partitions data and aggregates!
• Another complex operator
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Relational Algebra Optimizations
•σc1(σc2(R)) = σc2(σc1(R))
•σc1∧... ∧cn(R) = σc1(...(σcn(R))...)
•πa1(R) = πa1(...(πan(R))...)
•R ⋈ (S ⋈ T) = (R ⋈ S) ⋈ T
•R ⋈ S = S ⋈ R
•σc1∧... ∧cn(R ⋈ S) = σc1∧... ∧ck(R) ⋈ σcp∧... ∧cn(S)
• ... 
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Linear Algebra Optimizations
•M1 + M2 = M2 + M1
•M1 + 0 = 0 + M1 = M1
•M × I = I × M = M
•M × 0 = 0 × M = 0
•M1 × (M2 × M3) = (M1 × M2) × M3
•M1 × (M2 + M3) = M1 × M2 + M1 × M3
• ...
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Issues with Pipelines for Data Science

• Materialize query result
• Export from DBMS and import into ML tool
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Can we have a 
unified environment?



Approaches
• In-DB ML as LA

• Morpheus
• In-DB ML as DB

• LMFAO
• In-DB ML as new language

• IFAQ
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Similarity of Optimizations
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Pushing aggregates past joins Matrix chain ordering



SDQL

Semi-Ring Dictionary Query Language



Semi-Ring
<R, 0, 1, +, ×>

∀a, b, c ∈ R 
• a+0=a 
• a+b=b+a
• (a + b) + c = a + (b + c) 
• a×1=1×a=a 
• a×0=0×a=0
• (a × b) × c = a × (b × c)
• a × (b + c) = (a × b) + (a × c) 
• (a+b)×c =(a×c)+(b×c) 
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Semi-Ring Examples
• Real and natural numbers
• a × (b + c) = (a × b) + (a × c) 

• Boolean
• a ∧ (b ∨ c) = (a ∧ b) ∨ (a ∧ c) 

• Tropical semi-ring
• a + max(b, c) = max(a + b, a + c)
• a + min(b, c) = min(a + b, a + c)
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Semi-Ring Dictionaries
One collection to rule them all
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Relation[T] = Dict[T, Bool] (no duplicates)
Relation[T] = Dict[T, Int] (with duplicates)

Vector[T] = Dict[Int, T] 
Matrix[T] = Dict[(Int, Int), T]



Database Relations (Bag Semantics)
• Dictionaries of tuples to multiplicities
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Linear Algebra (Matrix)
• Dictionaries of indices to values
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SDQL
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SDQL Examples
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sum(<key, val> in R) 
f(key, val)

double res = 0;
for(auto&e : R) { 

res += f(e.key, e.val)
}

sum(<key, val> in R) 
{ g(key) -> f(val) }

dict<K,V> res = dict<K,V>();
for(auto&e : R) { 

res[g(e.key)] += f(e.val)
}

SDQL C++



Aggregations over Relations (Bag)
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SELECT COUNT(*) FROM R

sum(<key, val> in R) val

SELECT SUM(A) FROM R

sum(<key, val> in R) key.A * val

SELECT B, SUM(A) FROM R GROUP BY B

sum(<key, val> in R) { key.B -> key.A * val }



Relational Algebra to SDQL
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Vector Operations

23

V1 + V2

V1 + V2

V1 .* V2

sum(<key, val> in V1) { key -> val * V2(key) }

V1 . V2

sum(<key, val> in V1) val * V2(key)



Linear Algebra to SDQL
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Min/Max aggregations
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SELECT MIN(A) FROM R

sum(<key, val> in R) promote[min_sum](key.A)

SELECT B, MAX(A) FROM R GROUP BY B

sum(<key, val> in R) { key.B -> promote[max_sum](key.A) }



Semi-Ring types
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Loop Optimizations
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• Vertical Loop Fusion
• Horizontal Loop Fusion
• Loop-invariant code motion
• Loop factorization
• Loop memoization



Vertical Loop Fusion
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Horizontal Loop Fusion
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Loop Factorization
• Scalars

• Dictionaries
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Loop Memoization & Hoisting
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Nested Loop Join -> Hash Join



Uniform Optimization
• Vertical Loop Fusion

• Horizontal Loop Fusion

• Loop Factorization + Memoization
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Pipeline Query Engine Deforestation, Pull/Push Arrays

Multi-aggregate Operator Horizontal Fusion

Hash Join, Group Join Matrix chain ordering



Data Layouts
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• Relations
• Row/Columnar layout
• Standard Dictionary
• Factorized (by Tries)

• Matrices
• Dense (Row/Column Major)
• COO
• Compressed (by Tries)



Sparse Tensors
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Can be subsumed by SDQL using nested dictionaries



Semi-Ring Dictionaries
One collection to rule them all

• Relation[T]
• Bag{T} = Dict{T, Int}
• Set{T} = Dict{T, Bool}

• Nested Relations
• Bag{Bag{T}} = Dict{Dict{T, Int}, Int}
• Set{Set{T}} = Dict{Dict{T, Bool}, Bool}

• Tensors
• SparseVector{T} = Dict{Int, T}
• SparseMatrixCOO{T} = Dict{(Int, Int), T}
• SparseMatrixTrie{T} = Dict{Int, Dict{Int, T}}
• DenseVector{T} = Dict{DInt, T}
• DenseMatrix{T} = Dict{DInt, Dict{DInt, T}}
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Compilation Pipeline
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DB Experiments

37

• Typer: Open-source version of HyPer 
• query compilation-based

• Tectorwise: Open-source version of Vectorwise
• vectorization-based



LA Experiments
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• SciPy
• NumPy



LA Experiments
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• Taco: state-of-the-art sparse tensor compiler



DB & LA Experiments 
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• Trance: DB engine for nested data
• MLLib: ML library



DB & LA Experiments 
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• LMFAO: DB/LA by DB



DB & LA Experiments 
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• Morpheus: DB/LA by LA



Current Work – Ordered Dictionaries
• Dictionaries with hash tables
• Dictionaries with ordered tables

• Balanced trees
• Sorted arrays

• Support for Parallelization
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Conclusion
•Semi-ring-based language

• Relational Algebra
• Nested Relational Algebra
• Linear Algebra

•Optimizations inside and across DB/LA
•Competitive with specialized systems

• Sparse Linear Algebra
• Analytical Databases
• In-Database Machine Learning
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THANK YOU
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Other Approaches
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