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Introduction RNTHVERLEY

Design and implementation of Domain-Specific Compilers
for Linear Algebra matrix equations.
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Introduction RNTHVERLEY
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@ Matrix equations are ubiquituous
@ Complex and time consuming development

@ It requires expertise from multiple areas:

o Application domain
o Numerics, algorithmics
e High-performance computing

All]
ClelS]

Diego Fabregat (AICES, RWTH Aachen) Knowledge-Based Auto Gen of Algs and Code December 6th, 2013 2/45



Introduction RNTHVERLEY

Design and implementation of Domain-Specific Compilers
for Linear Algebra matrix equations.

@ Matrix equations are ubiquituous
@ Complex and time consuming development

@ It requires expertise from multiple areas:

o Application domain
o Numerics, algorithmics
e High-performance computing

We are facing a productivity problem J
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The productivity problem illustrated RN BCHEN
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Example 1 Ly

Genome-Wide Association Study

b= (XIM'X) ' XTM™ 'y 1<i<m
MeRY™™ X e RP ye R",be RP
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Example 2 Ly

Derivative of the Cholesky factorization

o f:LLT=A — (LAPACK, FLAME, ..)
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The Goal RNTHVERLEY

@ Allow scientists to reason at the matrix equation level }

@ Relieve them from designing algorithms and writing code
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The Goal RNTHVERLEY

@ Allow scientists to reason at the matrix equation level

@ Relieve them from designing algorithms and writing code

v

@ High-level language/interface: Equation + Knowledge

@ Our compilers take care of:
e Deriving efficient algorithms that exploit the available
knowledge
o Generating code that takes advantage of kernels from
high-performance libraries
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The Goal RNTHVERLEY

@ Allow scientists to reason at the matrix equation level

@ Relieve them from designing algorithms and writing code

v

@ High-level language/interface: Equation + Knowledge

@ Our compilers take care of:
e Deriving efficient algorithms that exploit the available
knowledge
o Generating code that takes advantage of kernels from
high-performance libraries

Productivity (+ Performance) )
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@ Two Linear Algebra Compilers

@ cuak
© cuick

e Contributions
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1st Compiler: CLAK RWTHAACHEN

@ Target: High-level equations
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1st Compiler: CLAK RWTHAACHEN

@ Target: High-level equations
@ Main idea: Decomposition onto building blocks

Algorithm 2 : X := S—1.
1: LLT =S (Cholesky factorization)
2. L:= L=t (Triangular inverse)
3: X := LTL (Matrix product)
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1st Compiler: CLAK RWTHAACHEN

@ Target: High-level equations
@ Main idea: Decomposition onto building blocks
@ Methodology: Replicate the reasoning of a human expert

Algorithm 3 : X := S~ 1.
1: LLT =S (Cholesky factorization)
2. L:= L=t (Triangular inverse)
3: X := LTL (Matrix product)
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2nd Compiler: CL1CK RN ERUEY

@ Target: Building blocks
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2nd Compiler: CL1CK

@ Target: Building blocks
@ Core idea: Loop-based blocked algorithms
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2nd Compiler: CL1CK

@ Target: Building blocks
@ Core idea: Loop-based blocked algorithms
@ Methodology: FLAME Project’s methodology
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@ Cuak
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CLAK: The Input N NNERaTY

@ Operand declaration

e Type: Matrix, Vector, Scalar
o Properties: LowerTriangular, UpperTriangular, Symmetric, FullRank, ...
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CLAK: The Input N NNERaTY

@ Operand declaration

e Type: Matrix, Vector, Scalar
o Properties: LowerTriangular, UpperTriangular, Symmetric, FullRank, ...

@ Operation
o Operators: +, -, *, -1, T
@ <1lhs> = <expression>
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CLAK: The Input N NNERaTY

@ Operand declaration
e Type: Matrix, Vector, Scalar
o Properties: LowerTriangular, UpperTriangular, Symmetric, FullRank, ...
@ Operation
Operators: +, -, *, -1, T
<lhs> = <expression>
Any valid combination of operands and operators
Operands may be labeled with subscripts (sequences of problems)
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CLAK: The Input

@ Operand declaration

e Type: Matrix, Vector, Scalar
o Properties: LowerTriangular, UpperTriangular, Symmetric, FullRank, ...

@ Operation

Operators: +, -, *, -1, T
<lhs> = <expression>
Any valid combination of operands and operators
Operands may be labeled with subscripts (sequences of problems)

RWTHAACHEN
UNIVERSITY

# Operands
Vector b
Matrix X
Vector y
# Equation

Equation SEQ_

OLS

declaration

<Output>;

<Input, FullRank, ColumnPanel>;
<Input>;

b{i} = inv( trans(X{i}) * X{i} ) * trans(X{i}) * y

Diego Fabregat (AICES, RWTH Aachen)
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CLAK: The Concept e

The same way that a traditional compiler...
@ ... breaks a program into assembly instructions ...
@ ... directly supported by the processor ...
@ ... attempting different types of optimizations,
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CLAK: The Concept e

The same way that a traditional compiler...
@ ... breaks a program into assembly instructions ...
@ ... directly supported by the processor ...
@ ... attempting different types of optimizations,

@ ... breaks a target operation down to building blocks ...
@ ... directly supported by high-performance libraries, ...
@ ... tailoring the algorithm to the application.
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CLAK: The Concept (I) RGN

Building blocks

Linear Algebra Comp.

Traditional Comp. @ LU =A (LU)
@ ADD @ LLT = A (Cholesky)
@ MUL @ ZWZT = A (Eigendec)
@ DIV @ C:=AB (MM)
@ XOR @ y:= Ax (MV)
@ Ax =b (TRSV)

All]
ClelS]

Diego Fabregat (AICES, RWTH Aachen) Knowledge-Based Auto Gen of Algs and Code December 6th, 2013 13/45



CLAK: The Approach NIRRT

CLAK aims at replicating the reasoning of a human expert J
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CLAK: The Approach N NNERaTY

CLAK aims at replicating the reasoning of a human expert |

We ...
@ studied the steps an expert takes,
@ encoded them in a set of heuristics, and
@ incorporated these heuristics into CLAK
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CLAK: Heuristics RNTHVERLEY

The inverse operator receives a special treatment J
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CLAK: Heuristics RNTHVERLEY

The inverse operator receives a special treatment J

z:=A"1b
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CLAK: Heuristics RNTHVERLEY

The inverse operator receives a special treatment J

1: LU = A (GETRF)
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CLAK: Heuristics RNTHVERLEY

The inverse operator receives a special treatment J
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2: y:= L7 'b (TRSV)
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CLAK: Heuristics RNTHVERLEY

The inverse operator receives a special treatment J

1: LU = A (GETRF)
2: y:= L7 'b (TRSV)
3 x:=U"'y (TRSV)
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CLAK: Heuristics RNTHVERLEY

The inverse operator receives a special treatment J

1: LU = A (GETRF)
2: y:= L7 'b (TRSV)
3 x:=U"'y (TRSV)

@ Do not invert unless really required )
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CLAK: Heuristics RNTHVERLEY

Identify opportunities for optimizations (i.e., reducing the complexity) J
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CLAK: Heuristics RNTHVERLEY

Common subexpressions

Identify opportunities for optimizations (i.e., reducing the complexity) J

o= yTL_lL_Ty
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CLAK: Heuristics RNTHVERLEY

Common subexpressions

Identify opportunities for optimizations (i.e., reducing the complexity) )

o= yTL_lL_Ty

Computation reuse
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CLAK: Heuristics RNTHVERLEY

Reduced dimensionality

Identify opportunities for optimizations (i.e., reducing the complexity) J

y = ABx
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CLAK: Heuristics RNTHVERLEY

Reduced dimensionality

Identify opportunities for optimizations (i.e., reducing the complexity) )

y = ABx

Priorities: Matrix-Vector over Matrix-Matrix J
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CLAK: Tree of decompositions W ACHEN

CLAK applies these heuristics mechanically:
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CLAK: Tree of decompositions W ACHEN

CLAK applies these heuristics mechanically:
@ Process inverses until only applied to matrices in factored form
@ Then, map the resulting expressions onto kernels
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CLAK: Tree of decompositions W ACHEN

CLAK applies these heuristics mechanically:
@ Process inverses until only applied to matrices in factored form
@ Then, map the resulting expressions onto kernels

As a result, CLAK generates a tree of decompositions:

z:=A"1b

LLT% QRl:A WT:A

z:=L"TL % z:=R1Q"0  z:=2ZW-1ZTh

ltl =L 172 =Q"b ltiﬂ =ZTh
z = LTt R™'t2 xz:=ZW 13
lm =L~ Tt1 lt R~142 lte =Wt3
T:=1t4 T :=15 z:= 7 tb
lt? =Zt6
aw 5= i1
an
cle][s]
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CLAK: The Strategy N NNERaTY

Phase 1: Dealing with the inverse operator

Factorizations

Matrix Property Factorizations

Symmetric LDL, QR, Eigendecomposition
SPD Cholesky, QR, Eigendecomposition
Column Panel QR
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CLAK: The Strategy RN BCHEN
Phase 2: Mapping onto building blocks

Reducing complexity

@ Prioritization based on dimensionality of the operands:

# Kernels Example

1 inner product a:=zTy

2 matrix-vector operations y:= Az, b:=L 'z

3 matrix-matrix operations C:=AB,B:=L'A
4 outer product A:=zyT

5 inversion of a triangular matrix C := L~!

@ Common segments (a := y" L='L~Ty)
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CLAK: The Compiler's Engine RO e

Built in a modular fashion

@ Matrix algebra
@ Inference of knowledge
@ Other modules
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CLAK: The Compiler's Engine RN HAeHEN

Modules: Matrix Algebra

(AxB)T — BT x AT
(A x B)~' ASquare(A) A Square(B) — B! x A™!
QT x Q AOrthogonal(Q) — I
AlxA >
A x I ANMatrix(4) —
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Modules: Matrix Algebra

(AxB)T — BT x AT
(A x B)~' ASquare(A) A Square(B) — B! x A™!
QT x Q AOrthogonal(Q) — I
AP x A = T
A x I ANMatrix(4) — A

(QR)TQR)™M(QR)TL'y — R 'QTL'y
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CLAK: The Compiler's Engine RN HAeHEN

Modules: Matrix Algebra

(AxB)T — BT x AT
(A x B)~' ASquare(A) A Square(B) — B! x A™!
QT x Q AOrthogonal(Q) — I
AP x A = T
A x I ANMatrix(4) — A

(QRQR)'QR)L™'y — RI'QTL™'y
(zwzZ* + 7' — zZzWw4+I1)"1ZT
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CLAK: The Compiler's Engine RN HAeHEN

Modules: Matrix Algebra

(AxB)T — BT x AT
(A x B)~' ASquare(A) A Square(B) — B! x A™!
QT x Q AOrthogonal(Q) — I
AP x A = T
A x I ANMatrix(4) — A

(QRQR)'QR)L™'y — RI'QTL™'y
(zwzZ* + 7' — zZzWw4+I1)"1ZT

About 50 such rules )
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CLAK: The Compiler's Engine RO e

Modules: Inference of Properties

Type of operand:
Expression Constraint Inferred Property
Ax B Matrix(A) A Matrix(B) Matrix(A x B)
AXx Matrix(A) A Vector(x) Vector(A x x)
T xy Vector(x) A Vector(y) Scalar(z” x y)

All]
ClelS]

Diego Fabregat (AICES, RWTH Aachen) Knowledge-Based Auto Gen of Algs and Code December 6th, 2013 22/45



CLAK: The Compiler's Engine RN HAeHEN

Modules: Inference of Properties

Type of operand:
Expression Constraint Inferred Property
Ax B Matrix(A) A Matrix(B) Matrix(A x B)
AXx Matrix(A) A Vector(x) Vector(A x x)
T xy Vector(x) A Vector(y) Scalar(z” x y)

Matrix factorizations (properties of factors):

QR (QR = A):
Input A: matrix, column-panel, full rank
Output  @: matrix, orthogonal, column-panel, full rank
R: matrix, square, upper triangular, full rank

All]
ClelS]

Diego Fabregat (AICES, RWTH Aachen) Knowledge-Based Auto Gen of Algs and Code December 6th, 2013 22/45



CLAK: The Compiler's Engine RO e

Modules: Inference of Properties

Building blocks:

Expression Constraint Inferred Property

Si+---+8, V; Symmetric(S;) Symmetric

-S Symmetric(S) Symmetric
ST Symmetric(S) Symmetric
St Symmetric(S) Symmetric
expr expr == expr’ Symmetric

All]
ClelS]
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CLAK: The Compiler's Engine RO e

Modules: Inference of Properties

Building blocks:

Expression Constraint Inferred Property

Si+---+8, V; Symmetric(S;) Symmetric

-S Symmetric(S) Symmetric
ST Symmetric(S) Symmetric
St Symmetric(S) Symmetric
expr expr == expr’ Symmetric

More than a hundred such rules! |

All]
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CLAK: The Compiler's Engine RO e

Additional modules

@ Sequences of problems )

Algorithm 4 CLAK-EIG
1: ZAZT = ®

2: fori:=1tomdo

3: K, =XI'z

4: end for

5: for j:=1totdo

6: D]' = h]A—f—(l—h])I

7 yj = 2"y,

8 fori:=1tomdo

9: Was o JEGID

10: Aij = ‘/Z]K;T

11: Qinij = Aij

12: bij = ‘/ijyj

13: bij = Qz;bu

14: bij = R,L-_jlbij

15: end for Al
16: end for EEE

Diego Fabregat (AICES, RWTH Aachen) Knowledge-Based Auto Gen of Algs and Code December 6th, 2013 24/45



CLAK: The Compiler's Engine RO e

Additional modules

@ Derivative Operator J

z = alpha * x +y —> dv(z = alpha * x + y) 7%

@ dv(z) = dv(alpha) * x + alpha * dv(x) + dv(y)
@ dv(z) = dv(alpha) * x + alpha * dv(x)

@ dv(z) = dv(alpha) * x

Qo .

All]
ClelS]
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CLAK: The Compiler's Engine RO e

Additional modules

@ Matlab Code )

1 function [b] = GWAS_26_2(X, y, h, Phi, sm, sn, nXs, nys)
2 b = zeros(sm, nXs * nys);
3 T3 = zeros(sm, sn * nXs);

[Z1, W1] = eig( Phi );

6 for i = 1:nXs

7 T3(:, snk(i-1)+1:sn*i) = X(:, sm*x(i-1)+1:sm*i)’ * Z1;

8 end

9 for j = 1l:nys

10 Tl = 1 * eye(sn) + - h(j) * eye(sn);

11 T2 = T1 + h(j) * Wi;

12 T6 = Z1° * y(:, j);

13 for i = 1:nXs

14 [...]
an
cle]s]
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CLAK: The Compiler's Engine RO e

Additional modules

@ Fortran Code |

1 SUBROUTINE GWAS_26_2( X, csX, dsX, y, csy, h, Phi, csPhi,

2 b, csb, sn, sm, nXs, nys )

3 INTEGER sn, sm, nXs, nys, csX, dsX, csy, csPhi, csb

4 [...]

5 call dsyevr( °’V’, ’A°, °L’, sn, Phi( 1, 1 ), sn, ddummy,

6 ddummy, idummy, idummy, ddummy, nCompPairs5,

7 w8( 1), Zr( 1, 1), sn, isuppz4, ... )

8 DO i = 1, nXs

9 call dgemm( °T’, °N’, sm, sn, sn, ONE, X( 1, 1, i),

10 sn, Z7( 1, 1), sn, ZERO, tmp70( 1, 1, i ), sm )
11 END DO

12 DO j =1, nys

13 DO iterl = 1, sn

14 tmp28( iterl ) =1 + ( - h(j))

15 [...]

=}
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Sample of targeted operations RO e

@ Matrix inversions

@ Multiple linear systems

@ Ordinary least-squares

@ Generalized least-squares
@ Sequences of problems

All]
ClelS]

Diego Fabregat (AICES, RWTH Aachen) Knowledge-Based Auto Gen of Algs and Code December 6th, 2013 25/45



Sample of targeted operations

@ Matrix inversions

@ Multiple linear systems

@ Ordinary least-squares

@ Generalized least-squares
@ Sequences of problems

@ Equations arising in Genome-wide association studies

@ Derivatives of matrix products
@ Derivatives of linear systems

RWTHAACHEN
UNIVERSITY
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CL1ck: The Methodology ROWTRIARTEY

FLAME Methodology

@ More than a decade of development

@ Many algorithms derived by hand and incorporated into libraries
(FLAME, Elemental)

@ Manual derivation becomes tedious and error prone when the
complexity of the equations increases

CLicK demonstrates...

@ FLAME methodology can be applied automatically
@ The broad applicability of the methodology

All]
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CL1ck: The Methodology ROWTRIARTEY

Operations are described by means of two predicates: J

The Precondition (Py,.) and the Postcondition (Ppost)-

All]
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CL1cK: The Methodology

RWTHAACHEN
UNIVERSITY

Operations are described by means of two predicates: J

The Precondition (Py,.) and the Postcondition (Ppost)-

Example: Derivative of Cholesky

Pyre : {Output(G) A Input(L) A Input(B) A
Matrix(G) A Matrix(L) A Matrix(B)

G = gChol(L,B) =

LowerTriangular(G) A Symmetric(B)

LowerTriangular(L)}

Ppost : {GLT + LGT = B}

A
A

4

Diego Fabregat (AICES, RWTH Aachen)

Knowledge-Based Auto Gen of Algs and Code

December 6th, 2013
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CL1ck: The Methodology ROWTRIARTEY

@ CLicK implements the FLAME methodology in 3 stages:

Operation )
Description Loop Algorithms
(INPUT) pME | TMEs Loop Invariants (OUTPUT)

) Algorithm >
—» Invariant Construction

sEnErEen Identification

All]
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CL1cK: Input TSR

Pyre : {Output(G) A Input(L) A Input(B) A

Matrix(G) A Matrix(L) AMatrix(B) A
. LowerTriangular(G) A Symmetric(B) A
L= gL, ) = LowerTriangular(L)}

Poost : {GLT + LGT = B}

All]
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CL1cK: Input TSR

Pyre : {Output(G) A Input(L) A Input(B) A

Matrix(G) A Matrix(L) AMatrix(B) A
. LowerTriangular(G) A Symmetric(B) A
L= gL, ) = LowerTriangular(L)}

Poost : {GLT + LGT = B}

I

equal[
plus[ times[ G_, trans[L_] ], times[ L_, trans[G_] ] 1, B_
1 /; isInputQ[L] && isInputQ[B] && isOutputQLG] &&
isMatrixQ[L] && isMatrixQ[B] && isMatrixQ[G] &&
isLowerTriQ[L] && isSymmetricQ[B] && isLowerTriQ[G]

All]
ClelS]
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CLicK: PME Generation gh 7540

Partitioned Matrix Expressions are generated in 3 steps:

@ Decompose the problem into smaller ones
@ Find out how to solve the sub-problems
© Combine the solutions

All]
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CLicK: PME Generation gh 7540

Decomposition into subproblems

GLT+ LG =B

All]
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CLicK: PME Generation gh 7540

Decomposition into subproblems

GLT+ LG =B
I

GrL ‘ J LTL ‘ Lby + Lrr ‘ J Gty ‘ GhL _ (_BrL ‘ BEL
GpL|Gsr Nl LpL|Ler e BpL|Bpr
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CLicK: PME Generation gh 7540

Decomposition into subproblems

GLT+ LG =B

I
Grp| 0 LT, |LT, N Lrp| 0 GZ,|6%: \ _ ( Bru|BE,
GpL|Gsr Nl LpL|Ler e BpL|Bpr
I
GrpLLY, + LrGE, = Brp ‘ *

GprLt, + LprLGE, = Bpr, ‘ GprLE, + GgrLE, + LprGE, + LgrGEy = Ber

All]
ClelS]
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CLicK: PME Generation gh 7540

Identifying the subproblems

C;TLLgL +LTLG%L = Brp, ‘ *

GprLEt, + Lp GE, = Bpy, ‘ GprLlE, + GprLE R + LprLGE, + LerGE, = Ber

All]
ClelS]
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CLicK: PME Generation gh 7540

Identifying the subproblems

C;TLLgL +LTLG%L = Brp, ‘ *

GprLEt, + Lp GE, = Bpy, ‘ GprLlE, + GprLE R + LprLGE, + LerGE, = Ber

3

GTL = gChOl(LTL,BTL) *

GprLt, + L GE, = Bpr, | GerLE, + GerlE s + LrGE; + LerGE = Ber

All]
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CLicK: PME Generation gh 7540

Identifying the subproblems

Grr, := gChol(Lryr,,Brr) ‘ *

GprLEt, + Lp GE, = Bpy, ‘ GprLlE, + GprLE R + LprLGE, + LerGE, = Ber

All]
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CLicK: PME Generation gh 7540

Identifying the subproblems

GTL = gChOl(LTL,BTL) ‘ *

GprLEt, + Lp GE, = Bpy, ‘ GprLlE, + GprLE R + LprLGE, + LerGE, = Ber

3

GTL = gChOl(LTL,BTL) *

GprLt, =Bpr — LgrGE, | GerLE, + GprlE, + LrGE; + LpgrGE = Ber

All]
ClelS]
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CLicK: PME Generation gh 7540

Identifying the subproblems

Grr, := gChol(Lryr,,Brr) ‘ *

GprLEt, = Bpr — LpLGE, ‘ GprLlE, + GprLE R + LprLGE, + LerGE, = Ber

All]
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CLick: PME Generation

RWTHAACHEN

UNIVERSITY
Identifying the subproblems

Grr, := gChol(Lryr,,Brr) ‘

*

GprLEt, = Bpr — LpLGE, ‘ GprLlE, + GprLE R + LprLGE, + LerGE, = Ber
(3

Gty := gChol(Lrr,BrrL) *

GgrL, = (BBL = LBLG%L)L;g GBLL%L +GBRL£R +LBLG£L +LBRG£R = BBRr

Al ]
Cle]s]
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CLicK: PME Generation gh 7540

Identifying the subproblems

Gy := gChol(Lrr,BrrL) ‘ *

Gpr = (Bpr — LprGE,)L3T ‘ GprLE; + GprLE R + LpLGE, + LgrGEL, = Ber

All]
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CLicK: PME Generation gh 7540

Identifying the subproblems

Gy := gChol(Lrr,BrrL) *

Gpr = (Bpr — LprGE,)L3T

GprLE; + GprLE R + LpLGE, + LgrGEL, = Ber

4

Gy, := gChol(Lrr,BrrL) *

Gpr = (Bpr — LprGr,)LyL | GerLE R+ LerGEy = Bpr — GerLs; — LerG%,

All]
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CLicK: PME Generation gh 7540

Identifying the subproblems

Gy := gChol(Lrr,BrrL) ‘ *

Gpr = (Bpr — LprGE,)L3T ‘ GprlE s+ LprGEr = Bpr — GerLE, — LpLGE .

All]
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CLicK: PME Generation gh 7540

The PME

( Grr, == gChol(Lryr,,Brr,) ‘ * )
Gpr = (Bpr — LpLG%, )L ] ‘ GrLERp + LerGER = Ber — GrLE; — LpLGL,
(3
Grr == gChol(Lrr,Brr) ‘ *

Gpr = (Bpr — LprGE,)L;L | Ger = gChol(Lgr, Ber — GerLh, — LprG%;)

All]
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CLicK: PME Generation gh 7540

More examples

Triangular Sylvester Equation (AX + X B = C):

Xrr = Q(Arr, Brr,Crr) ‘ Xrr := Q(Arr, Ber,Crr — X1 BrR)
XBR = Q(ABR,BBR,
Cpr — XBrBrr — AL X71R)

XL i= Q(ABr, Brr,Cpr — A XrrL)

All]
ClelS]
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CLicK: PME Generation gh 7540

More examples

Triangular Sylvester Equation (AX + X B = C):

Xrr = Q(Arr, Brr,Crr) ‘ Xrr := Q(Arr, Ber,Crr — X1 BrR)
XBR = Q(ABR,BBR,
Cpr — XBrBrr — AL X71R)

XL i= Q(ABr, Brr,Cpr — A XrrL)

Triangular Lyapunov Equation (AX + X AT = C):

Xrr :=A(Arr,Crr) ‘ *
XBr := A(ABr,
Cer — XL A% — ABLXEL)

XBL = Q(ABR,AglncBL - ABLXTL)

All]
ClelS]
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CLicK: PME Generation gh 7540

Graph of dependencies

Xrr := Q(ArL, Brr,Crr) ‘ Xrr = QArL, Ber,Crr — X110 BrR)
Xgr := Q(ABr, BBr,
Cer — XBrBrr — AL X71R)

Xpr i= Q(ABr, Brr,Cpr — A XrL)

T—?
.
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CL1cK: Algorithms

RWTHAACHEN
UNIVERSITY

. Brp, | *
Partition B — L —
(BBL Bgr > (

where Brr, LT, and Grp are 0 x 0

while size(Brr) < size(B) do

Bro| * Bool » | * Lrn] 0
—| Bio|Bi1| * )
BgpL|BBr Baa

Ly, 0
Lpr|Ler

)

GpL|GBrR

Loo| O 0
>—> Lio}Li11| O e
Lao|L21|L22

Ba1] B2

endwhile

Lao

L L
B2O B21 BL BR
Variant 1 Variant 2
Gho := Bio — L10GE, (TRMM) | Gio := GioLgy" (TRSM)
G1o := GioLg," (TRSM) | Gii1 := Bi1 — GioLTy — L10GT,  (SYR2K)
Gi1 := Bi1 — GioLTy — L10GT,  (sYR2K)| Gi1 :=gChol(G11, L11) (gcHoL)
G11 :=gChol(G11, L11) (9CHOL) | Ga1 := By — L1 GT, (TRMM)
Ga1 := Ga1 — LgoG,ITO (GEMM)
Variant 3 Variant 4
Boo| * * Loo| O 0
B L 0
< zell = ><— Big|Bi1] * ,< L ><— Lio|Li1] O e
BpL|BBR Lpr|Ler
Bao 2 Loi]La2
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1
2
3
4
5
6
7
8

9
10
1"

Routine 1: gCHOL. Variant 1.

void gChol_blk_vari( FLA_Obj G, FLA_Obj L, int nb )

{
FLA_Obj GTL, GTR, GBL, GBR, GOO, GO1, GO2, G10, G11, G12, G20, G21, G22;
FLA_Obj LTL, LTR, LBL, LBR, LOO, LO1, LO2, L10, Li1i1, L12, L20, L21, L22;

FLA_Part_2x2( G, &GTL, &GTR,
&GBL, &GBR, 0, 0, FLA_TL );
[...]
while ( FLA_Obj_length( GTL ) < FLA_Obj_length( G ) ) {
FLA_Repart_2x2_to_3x3( GTL, GTR, &GOO, &GO1, &GO2,
&G10, &G11, &G12,
GBL, GBR, &G20, &G21, &G22, nb, nb, FLA_BR );
[...]
FLA_Trmmsx_external( FLA_RIGHT, FLA_LOWER_TRIANGULAR,
FLA_TRANSPOSE, FLA_NONUNIT_DIAG,
FLA_MINUS_ONE, GOO, L10, FLA_ONE, G10);
FLA_Trsm( FLA_RIGHT, FLA_LOWER_TRIANGULAR, FLA_TRANSPOSE,
FLA_NONUNIT_DIAG, FLA_ONE, LOO, G10);
FLA_Syr2k( FLA_LOWER_TRIANGULAR, FLA_NO_TRANSPOSE,
FLA_MINUS_ONE, G10, L10, FLA_ONE, G11 );
FLA_gChol_unb(G11, L11);
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Sample of targeted operations RTRAsERY

@ BLAS(-like)
@ BLAS 3: GEMM, SYMM, SYRK, TRSM, ...
o BLAS 2: GEMV, SYMV, GER, TRSV, ...
@ BLAS 1: AXPY, DOT, ...
@ LAPACK
o Factorizations
@ Inverses
@ RECSY

o Continuous-time Sylvester
o Continuous-time Lyapunov

All]
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Sample of targeted operations RTRAsERY

@ BLAS(-like)
@ BLAS 3: GEMM, SYMM, SYRK, TRSM, ...
o BLAS 2: GEMV, SYMV, GER, TRSV, ...
@ BLAS 1: AXPY, DOT, ...

@ LAPACK

o Factorizations
@ Inverses

@ RECSY

o Continuous-time Sylvester
o Continuous-time Lyapunov

@ Derivatives of the above

@ Dv(Triangular solve)
o Dv(Cholesky)
o ...
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Contributions RNTHVERLEY

CLAK

@ High-level matrix equations

@ Decomposition onto building blocks

@ Replicate reasoning of a human expert

@ Search guided by knowledge

@ Prototypes of code generators (Matlab, Fortran)

4
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Contributions

CLAK

@ High-level matrix equations

@ Decomposition onto building blocks

@ Replicate reasoning of a human expert

@ Search guided by knowledge

@ Prototypes of code generators (Matlab, Fortran)

4

Building blocks

Full automation of FLAME’s methodology
Dynamically increases its knowledge-base
Potential to derive entire libraries of kernels

®© 6 6 o

RWTHAACHEN

UNIVERSITY
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Contributions RNTHVERLEY

Additional results
@ Inference engine for dynamic deduction of knowledge/properties
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Contributions RNTHVERLEY

Additional results
@ Inference engine for dynamic deduction of knowledge/properties
@ Study: DSCs vs ADIFOR for differentiated BLAS and LAPACK ops
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Contributions RNTHVERLEY

Additional results

@ Inference engine for dynamic deduction of knowledge/properties
@ Study: DSCs vs ADIFOR for differentiated BLAS and LAPACK ops
@ OmicABEL in GenABEL (large speedups, state-of-the-art)
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Publications RNTHVERLEY
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o Fabregat & Bientinesi. A domain-specific compiler for linear algebra
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(IJHPCA), 2013.

@ CLicK
o Fabregat & Bientinesi. Knowledge-based automatic generation of
Partitioned Matrix Expressions. In Computer Algebra in Scientific
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and its applications (CASA 2011).
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Publications (1) N NNERaTY

@ Computational Biology

o Fabregat, Aulchenko & Bientinesi. Solving sequencies of generalized
least-squares problems on multi-threaded architectures. Applied
Mathematics and Computation journal (AMC). Accepted pending
minor revision.

o Fabregat & Bientinesi. Computing petaflops over terabytes of date:
The case of genome-wide association studies. ACM Transactions on
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Future research directions RNTHVERLEY

@ Integration of performance analysis techniques
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@ Integration of performance analysis techniques
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Future research directions RNTHVERLEY

@ Integration of performance analysis techniques
@ Algorithm analysis and code generation for parallel archs
@ Extend the scope of CLAK
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Future research directions RNTHVERLEY

@ Integration of performance analysis techniques

@ Algorithm analysis and code generation for parallel archs
@ Extend the scope of CLAK

@ Further explore the potential of our DSCs on AD
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