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History of GraphBLAS and GBTL
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' ' tandards for Graph Algorithm Primitives
A Brief Histo Standards for Graph Algorithm P

Tim Mattson (Intel Corporation), David Bader (Georgia Institute of Technology), Jon Berry (Sandia National

® Se p . 20 13 H P E C . G ra p h B LAS Laboratory), Avdmn Buluc (Lawrence Berkeley National Laboratory), Jack Dongamma (University of Tennessee),

e ” Christes Faloutsos (Camegie Melon University). John Feo (Pacific Northwest National Laboratory). John Gilbert
pOS|t|0n pa per (Umuversity of Califormia at Santa Barbam), Joseph Gonzalez (University of California at Beskeley). Bruce
Hendrickson (Sandia National Laboratory). Jeremy Kepner (Massachusents Insutute of Technology). Charles
. Letserson (Massachusetts Instinute of Technology). Andrew Lumsdaine (Indiana Unaversity), David Padua (Umversity
« Oct. 2014: Work on C++ D :

of Tlhinoss at Urbana-Champaign). Stephen Poole (Oak Ridge National Laboratory). Steve Reinhardt (Cray

H Corporation), Mike Stonebraker (Massachusetts Institute of Technology), Steve Wallach (Convey Corporation),
G rap h B LAS Te m p | a'te LI b rary Andrew Yoo {Lawrence Livermore National Laboratory)
(GBTL) begins

« Jun. 2015: GraphBLAS “east coast/west coast” kickoff meeting

* Nov. 2015: GBTL v1.0 released (with CPU and GPU implementations).

» Dec. 2015: Formation of the “GraphBLAS Signature Proposal Subcommittee”

« May 2017: GraphBLAS C API Specification v1.0 released (“provisional”)

* Nov. 2017: SuiteSparse GraphBLAS v1.0 released

« May 2018: IBM GraphBLAS released, “provisional” removed from C API spec. (v1.2.0)
« May 2018: GBTL v2.0 released (C++, mathematically equivalent to C API spec, CPU only)
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Current/Future Activities LAGraph: A Community Effort to Collect Graph
Algorithms Built on Top of the GraphBLAS

* May 2019 . Tim Mattson®, Timothy A. Davis®, Manoj Kumar¥, Aydin Bulug®, Scott MeMillan®, José Moreira¥, Carl Yang*

- G rap h B LAS C AP I Ve rSl O n 1 . 3 Hintel Corporation  Compurational Research Division, Lawrence Berkeley Nasional Laboratory

"Texar A&M Universiy  $IBM Corporation  §Software Engineering Insticwe, Carnegic Mellon Umiversiy
11 Y L] * Electrical and Computer Engineering Department, Universiry of California, Davis
- IPDPS: “LAGraph position paper

Abstract—In 2013, we wleased a position paper to lnch & GraphBLAS. We call thas library of algorithms LAGraph. Just

® N ow. community '“N‘.'“ :«::‘h a “;"l'.:“‘:‘»:: ol "':‘HI“R N";h or a5 we launched the GraphBLAS project with a position paper,
comstructing graph al ms in the langunge of linear algebra, i this e rect wi it

This Jed to the GraphBLAS. We released 2 specification for the ¢ we are launching thix next phase of the project with a position

Famming langua to the GraphBLAS in 2017, Since PSR
- APl updates to GBTL API. o e, i rariee ot coulomm te the GraphBLAS  The gouls of the LAGraph effort imchud, first and forcmont
C specilication hive been produced, bringing together the full rsnge of known graph algorithms that

Fan ; In this pasition . we taunch the pext phase of this th the GraphBLAS. F i collec
- Opt|m|zed Sequent|a| m:m ;:;_m_‘ e, :‘Pmkd L S pt ghoes of e can be constructed with the GraphBLAS. From thix collection

) ) . o jevel graph algorithms bulll on fop of the GraphBLAS. While we will be able to systematically assess the coverage uf'gmph
implementation of primitives.
- GBTL Algorithms development.

 H22019:

GraphBLAS C++ API Specification to begin

GraphBLAS Test Generation framework (advanced combinatorial testing)
Parallel and distributed implementations (GBTL + CombBLAS or HavoqGT)
Python DSL

Carncgie Mellon Univorsity [DISTRIBUTION STATEMENT A] This material has been approved for 5
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Overview of GBTL Library
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GraphBLAS AP

Goal: Achieve a separation of
concerns between algorithm
development “using” primitives and
“implementation” of primitives with
low-level hardware optimizations

« GraphBLAS C API Specification
« GBTL C++ API (“frontend”)
* PyGB Python DSL

Hardware Architecture

Carnegie Mellon University
Software Engineering Institute
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GraphBLAS Primitives (the Math)

Operation Description Mathematical Description
mxm Matrix multiplication (bread-first traversal) C(-M,z) =CO A"TH.Q BT
mxv, (vxm) c(-m,z) =cOA"D.Qb)
eWiseMult Element-wise ‘multiplication’ (graph intersection) C(-M,z) =COAT® B
eWiseAdd Element-wise ‘addition’ (graph union) C(-M,z) =CO A" B
reduce (row/col) Reduce along rows/cols (vertex degree) c(-m,z) = c O [D;A())]
apply Apply unary function to each element (edge modification) C(-M,z) =C © f(A")
transpose Swap rows and columns (reverse directed edges) C(-M,z) =CQOAT

extract Extract a sub-matrix (sub-graph selection) C(-M,z) =C QO A'(i,))

assign Assign to a sub-matrix (sub-graph assignment) C(-M, z) (i,j) = C(i,j)) © AT
build (meth.) Build a matrix from row, column, value tuples C =8™"(i,j,v,®)

extractTuples (meth.) Extract row, column, value tuples from a matrix @i,j,v) =A

Notation: i,j — index arrays, v — scalar array, m — 1D mask, other bold-lower — vector (column), M — 2D mask, other bold-caps — matrix, T — transpose,

- - structural complement, z — clear output, @ monoid/binary function, @.@® semiring, blue — optional parameters, red — optional modifiers

“Design and Implementation of the GraphBLAS

S. McMillan, et al.,

Template Library (GBTL),” SIAM Annual Meeting (AN16), July 2016.

Updated IEEE HPEC Conference, Sep 2017.
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Library Implementations

Goal: Tune primitives for specific

architecture. Graph Analytic Applications

All currently single-threaded CPU.

* IBM-graphBLAS (C, reference)

« SuiteSparse GraphBLAS (C,
optimizations)

 GBTL “backend” (C++ reference)

Hardware Architecture

Carnegie Mellon University [DISTRIBUTION STATEMENT A] This material has been approved for 9
Software Eﬂgi neeri ng Institute public release and unlimited distribution.



Graph Algorithms

 Algorithms written in GBTL

Metrics: triangle count*, diameter, radius,
eccentricity, degree, etc.

Traversals: Breadth-First Search (BFS)

SSSP, Delta-stepping*, Bellman-Ford,
filtered Bellman-Ford, APSP

Maximal Independent Set
Betweenness Centrality
Connected Components
Minimum Spanning Tree

Clustering/Community Detection (peer
pressure, Markov, Louvain*)

PageRank

K-truss Enumeration*
MaxFlow*

DFS* (in progress)

Graph Analytic Applications

Graph Algorithms

* Algorithms translated from vertex programs (CMU collaborator, T. Low)

Carnegie Mellon University
Software Engineering Institute
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GBTL Repository
« URL: https://github.com/cmu-sei/gbtl

 Build system: cmake —-DPLATFORM=<dirname> (configures one ‘backend’ to build)

e src/
L graphblas/ - GraphBLAS API (public API or ‘frontend’)
L detail/ - helper code for frontend
L platforms/ - Library Implementations (one per subdir)

L sequential/ - ‘backend’: reference implementation
L optimized sequential/ - ‘backend’: work in progress (not on master)
L <your backend here> - ‘backend’: MKL? TBB?

L algorithms/ - Graph Algorithms

L test/ - unit tests for public API*

(,Aal'llﬁg‘i(‘ Mellon lli\’(‘l'Sily [DISTRIBUTION STATEMENT A] This material has been approved for ll
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https://github.com/cmu-sei/gbtl

Compare and Contrast GBTL C++ and GraphBLAS C
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GraphBLAS in C++ or C...Which would you choose?! B.2 Example: level BFS in GraphBLAS using apply

I @ectade <avidlib

) #lwolode tdin

I ®include <atdint b

i #uclade <«tdliool k

v winclodo "GraphBLAS |

// from GBTL src/algorithms/bfs.h : M whdsPhefs ( oy bt mi"1':"‘ fopih v EFF trevvreal, resteal, sneisiiedd

" ol slum

1

#include "graphblas.hpp" I
using namespace GraphBLAS; e i
1 J ik 3 A d svts ' ta th devel an shich oty I % sisitad ’ i
GEN_GRAPHBLAS_MONOID (LOrMonoid, LogicalOr, false); R Rt PR o) e TR
GEN GRAPHBLAS SEMIRING (LogicalSemiring, LOrMonoid, LogicalAnd); W Rz 2 SRS
- - N Gl Index
| G [l ' u A » r A
template <typename MatrixT, typename LevelVecT> fﬁ G6T Veuint saws (v GoDINTIZ 4 Verloresul¥o.t
void bfs level (LevelVecT &levels, MatrixT const &graph, IndexType src) B GelVertoc srdieve Wostad Iu sash b
- ¥ Cr I Vertue smw i, G BOOL . » Vertarabaals yis falas
IndexType N(graph.nrows()); 0
Vector<bool> wavefront (N) ; "
e Grld Semuring B lean ) "
31 Crlf Semitring nowik Bovlen o Lur  GeB LAND )
// BFS traversal and label the vertices. “« G ipior o Dusériptor
IndexType level = 0; y b o ait NG e
while (wavefront.nvals() > 0) { 5 = Phiviast LSS
++level; // Increment the level O e avel - vesusn Tpvel . GrEINT CEDOOT
“
// RApply the level to all newly visited nodes . r Al D
BinaryOp_Bind2nd<IndexType, Times<IndexType>> set_ level (level); o S e PR
apply (levels, NoMask(), Plus<IndexType>(), set_level, wavefront); R N oy o
] Gt _wpply (oo, Gel NULL . Grls PLUS INTI2, apply _teval | g, GBI NULL via I
ol GelS vumn oo GeBNULL. Moaloas . A, desr vty 9 oA ¢
// Advance wavefront and mask out nodes already assigned levels o GrB Vertar, nyla(kavals . % ;
mxv (wavefront, complement (levels), NoAccumulate(), M FiwaOa{avak {f 1hewr b0 ne snrousrer 48 g, ov are don
LogicalSemiring<bool>(), transpose(graph), wavefront, true); S i o L "
} J Skt i eyl ssarlipmicn & :
} :.w‘ relmrm (hELSLOCESS
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Why GBTL’s C++ Interface is Better

Operations signatures: MXxV (from graphblas/operations.h)

template<typename WVectorT,
typename MaskT,
typename AccumT,
typename SemiringT,

typename AMatrixT, // equivalent signature in C API.
typename UVectorT>
inline void mxv (WVectorT &w, GrB_Info GrB_mxv (GrB_Vector w,

MaskT const &mask, GrB Vector const mask,
AccumT accum, GrB BinaryOp const accum,
SemiringT op, GrB_Semiring const op,
AMatrixT const &A, GrB Matrix const a,
UVectorT const &u, GrB_Vector const u,
bool replace flag = false); GrB Descriptor const desc) ;

+ Goal: be “similar” to C APl Spec in_use...(not always obvious when reading template declarations).
« Almost all parameters individually templated (handles replaced with pass-by-"value”, “&”, and “const &”
as needed)
- allows arbitrary matrix backend and scalar types (can be different types for each operand)
- allows GrB_NULL and GrB_ALL to be replaced with more strongly typed objects for specialization purposes.
» Descriptor replaced:
- Views — vector and matrix wrappers — for transpose and complement
- Replace flag (needs further discussion)
Return type replaced with exceptions (needs further discussion)
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Why GBTL’s C++ Interface is Better

Matrix (and Vector) C APl methods become public member funcs (graphblas/Matrix.npp)

template<typename ScalarT, typename... TagsT>
class Matrix

public:

Matrix () = delete;
Matrix (IndexType num_rows, IndexType num_ cols);
Matrix (Matrix<ScalarT,TagsT...> const &rhs); // copy ctor

void clear();

IndexType nrows () const;
IndexType ncols() const;
IndexType nvals() const;

// other overloads of build provided (e.g., with iterators)
template<typename ValueT, typename BinaryOpT=Second<ScalarT>>

void build(IndexArrayType const &row_indices,
IndexArrayType const &col_indices,
std: :vector<vValueT> const &vals,
BinaryOpT dup = BinaryOpT())

bool hasElement (IndexType row, IndexType col) const;

void setElement (IndexType row, IndexType col, ScalarT const &val);
ScalarT extractElement (IndexType row, IndexType col) const;

/// Qtodo support a clearElement () ?

// other overloads of extractTuples provided
template<typename RAIterI, typename RAIterJ, typename RAIterV>
void extractTuples (RAIterI row_it, RAIterJ col_it, RAIterV vals);

Signatures “close” to C API Spec.

GrB Matrix new without dimensions not allowed
4.2.3.1 GrB_Matrix new(&mat, ScalarT, nrows, ncols);

4.2.3.2 GrB_Matrix dup(&mat, rhs);
4.2.3.3 GrB_Matrix clear (mat);

4.2.3.4 GrB_Matrix nrows (&nrows, mat);
4.2.3.5 GrB_Vector_ncols(&ncols, mat);
4.2.3.6 GrB_Vector_nvals(&nvals, mat);

4.2.3.7 GrB_Matrix build(mat, &irows, &icols, &vals,
n, dup);

No GraphBLAS C API equivalent for hasElement (yet)
4.2.3.8 GrB_Matrix setElement (mat, val, row, col);
4.2.3.9 GrB Matrix extractElement(&val, mat, row, col);

4.2.3.10 GrB Matrix extractTuples(&irows, &icols, &vals,
n, mat);

Carnegie Mellon University
Software Engineering Institute
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Why GBTL’s C++ Interface is Better

AChieVing “Opaque” Matrices and Vectors (from graphblas/Matrix.hpp, graphblas/detail/param_unpack.hpp)

// the frontend class. Template parameters used to specify “complete” type
template<typename ScalarT, typename... TagsT> . gogiarT template parameter replaces Domains

class Matrix . )

{ - Can be any type (not just C API predefined types)
public: * TagsT... is a variable number of template parameters

- Used to provide information to the backend system to

// public interface: forwards to backend help determine the backend container type.

private: -  Examples include: DenseTag, SparseTag,

// the backend “opaque” type/object DirectedMatrixTag (for matrices), etc..

detail::matrix generator::result< - We could send directives like: DistributedTag,
ScalarT, ReplicatedTag, FastColumnAccessTag, etc.
detail: :SparsenessCategoryTag, . « ” .
detail: :DirectednessCategoryTag, . r_natrlx_generator parses” template parameters at compile
TagsT. .. , time to compute the backend data type.
detail: :NullTag, « Backend opaque type:

detail::NullTag>::type m mat; - Goal: Specialized for hardware and

implementation
- Does not have to adhere to the “hints”
- GraphBLAS: :backend: :Matrix<ScalarT, SparseTag>

// Example construction: - This is a subclass of a specific type of matrix, i.e.
Matrix<double, DirectedMatrixTag> A(N, N); GraphBLAS: :backend: :LilSparseMatrix<ScalarT>

(,Aﬂl‘llﬁgi(‘ Mellon lli\’(‘l'Sily [DISTRIBUTION STATEMENT A] This material has been approved for 16
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Why GBTL’s C++ Interface is Better

Descriptors (from graphblas/{operations.hpp, TransposeView.hpp, ComplementView.hpp})

template<typename MatrixT> Descriptors are replaced with the following
class TransposeView . « ” - .
P GrB_TRAN: TransposeView “wraps” input matrices

{
GrB_SCMP: ComplementView “wraps” mask

public:
MM iew<
typedef typename backend::TransposevView GrB_REPLACE: bool replace flag parameter

typename MatrixT: :BackendType> BackendType;

TransposeView (BackendType backend mat)
: m_mat(backend mat) {}

// Implements entire Matrix interface passes to m _mat

private:
BackendType m mat;

};

template<typename MatrixT> W f ti d to instantiate th | |
inline TransposeView<MatrixT> transpose (MatrixT const &A) rapper function USG. O Instantiate the C ass properly.
Not to be confused with transpose operation.

{

return TransposeView<MatrixT> (
backend: :transpose (A.m mat)) ;

Mask structural complement done the same way with a
“‘complement” wrapper function.

[DISTRIBUTION STATEMENT A] This material has been approved for 17
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Why GBTL’s C++ Interface is Better

Algebra: Type, UnaryOp, BinaryOp (from src/graphblas/algebra.hpp)

// Unary Operator
template <typename D1,
struct AdditiveInverse

{

typename D2 = D1>

typedef D2 result type;
inline D2 operator() (D1 input) { return -input; }

};

typedef GraphBLAS: :AdditiveInverse<bool>
typedef GraphBLAS::AdditiveInverse<int8 t>
typedef GraphBLAS: :AdditiveInverse<uint8_t>

GrB_AINV_BOOL;
GrB_AINV_INTS;
GrB_AINV_UINTS;

// Binary Operator
template<typename D1, typename D2 = D1, typename D3 = bool>
struct GreaterThan
{
typedef D3 result type;
inline D3 operator() (D1 lhs, D2 rhs) { return lhs > rhs; }

};

* new functions not necessary (Type, Unary, Binary, etc)

GBTL supports domains through template parameters
(same order as std::unary_function

Typedefs make it look more like the C API. These are not
necessary.

GrB_GreaterThan <D1>, returns bool by default but can be
changed.

* NOTE: there is no penalty for user-defined operators
when defined as functors like these.
* We need to investigate the use of lambda functions

Carnegie Mellon University
Software Engineering Institute

[DISTRIBUTION STATEMENT A] This material has been approved for 18
public release and unlimited distribution.



Why GBTL’s C++ Interface is Better

Algebra: BinaryOp = UnaryOp, (from src/graphblas/algebra.hpp)

// Turn Binary Operator into Unary Operator by binding rhs

template <typename ConstT, typename BinaryOpT>
struct BinaryOp Bind2nd

{
typedef typename BinaryOpT::result_type result type;
BinaryOp Bind2nd(ConstT const &value,
BinaryOpT operation = BinaryOpT () )
n(value), op(operation)
{}
result type operator () (result type const &value)
{
return op(value, n);
}
ConstT n;
BinaryOpT op;
};

BinaryOp Bind2nd<unsigned int,

Minus<unsigned int>> subtract 1(1);

You can turn a BinaryOp into a UnaryOp by binding an
input operand (the second one in this example) to a
constant “value”.

The UnaryOp interface

Example: subtract 1:A UnaryOp that subtracts one from
any element.

NOTE: same type of mechanism can be used to turn
Semirings into Monoids or BinaryOps.

Carnegie Mellon University
Software Engineering Institute
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Why GBTL’s C++ Interface is Better

Algebra: Monoids (from src/graphblas/algebra.hpp)

// Monoids * We can generate monoid templates from any
#define GEN_GRAPHBLAS MONOID (M_NAME, BINARYOP, IDENTITY))\ BinaryOp using this macro

template <typename ScalarT>
struct M_NAME
{
public:
typedef ScalarT ScalarType;
typedef ScalarT result type;

» Using this generator is not necessary. Any class
with this interface will work.

* NOTE: Monoid Interface satisfies the BinaryOp
requirements: Monoids can be passed where
ScalarT identity() const { BinaryOps are required.
return static_cast<ScalarT>(IDENTITY) ;

}

ScalarT operator() (ScalarT lhs, ScalarT rhs) const {
return BINARYOP<ScalarT,
ScalarT,
ScalarT>() (1lhs, rhs);

» Enforcing one domain on the BINARYOP by
specifying ScalarT three times.

P R A A A L A A G Y e

};

// Building a few common Monoids

GEN_GRAPHBLAS MONOID (PlusMonoid, Plus, 0)
GEN_GRAPHBLAS MONOID (TimesMonoid, Times, 1)
GEN_GRAPHBLAS MONOID (MinMonoid, Min, numeric limits<ScalarT>::max())
GEN_GRAPHBLAS MONOID (MaxMonoid, Max, 0)
GEN_GRAPHBLAS MONOID (LogicalOrMonoid, LogicalOr, false)

(,Aal'llﬁg‘i(‘ Mellon lli\’(‘l'Sily [DISTRIBUTION STATEMENT A] This material has been approved for 20
Software Eﬂgl neering Institute public release and unlimited distribution.
£



Why GBTL’s C++ Interface is Better

Algebra: Semirings (from src/graphblas/algebra.hpp)

// Semirings
#define GEN_GRAPHBLAS_ SEMIRING (SRNAME,ADD MONOID,MULT BINARYOP)\
template <typename D1, typename D2=D1, typename D3=D1>
class SRNAME
{
public:

typedef D3 ScalarType;

typedef D3 result type;

We can generate semiring templates from any
Monoid and BinaryOp using this macro.

The MULT_BINARYOP could also be a monoid.

Using this generator is not necessary. Any class

with this interface will work.
D3 add (D3 a, D3 b) const

{ return ADD MONOID<D3>() (a, b); }

D3 mult (D1l a, D2 b) const
{ return MULT BINARYOP<D1,D2,D3>() (a, b); }

ScalarType zero() const
{ return ADD MONOID<D3>() .identity(); }

P R A A L L G G

};

// Building a few common Semirings
GEN_GRAPHBLAS SEMIRING (ArithmeticSemiring, PlusMonoid, Times)
GEN_GRAPHBLAS SEMIRING (LogicalSemiring, LogicalOrMonoid, LogicalAnd)

(,Aal‘llﬁg‘i(‘ Mellon lli\’(‘l'Sily [DISTRIBUTION STATEMENT A] This material has been approved for 21
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Why GBTL’s C++ Interface is Better

Level BFS algorithm iIn GBTL (from src/algorithms/bfs.hpp)

#include "graPhbéaS-:gl;;S BFS algorithm to compute level at which
1sing namespace Srap ’ each node is reached. Root is level 1.

GEN_GRAPHBLAS_MONOID (LOrMonoid, LogicalOr, false);
GEN GRAPHBLAS SEMIRING (LogicalSemiring, LOrMonoid, LogicalAnd) ; .
- - Templated functor generators optionally
template <typename MatrixT, typename LevelVecT> used for Monoids and Semirings
void bfs_level (LevelVecT &levels, MatrixT const &graph, IndexType src)
{

IndexType N(graph.nrows());

Vector<bool> wavefront (N) ;

// BFS traversal and label the vertices.

IndexType level = 0;

while (wavefront.nvals() > 0) {
++level; // Increment the level

// Apply the level to all newly visited nodes : iy oY :

BinaryOp_Bind2nd<IndexType, Times<IndexType>> set level (level) ; Bind ‘times Bmaryop with a constant to

apply (levels, NoMask (), Plus<IndexType>(), set_level, wavefront); create Unaryop for apply

// Advance wavefront and mask out nodes already assigned levels )

mxv (wavefront, complement (levels), NoAccumulate(), mxv used to also illustrate the transpose
LogicalSemiring<bool>(), transpose(graph), wavefront, true); Wrapper.

Cﬂl‘ll(‘g‘i(‘ Mellon l'ni\'(‘rsily [DISTRIBUTION STATEMENT A] This material has been approved for 22
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Building an Optimized Backend
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Optimizing mxm in GraphBLAS

« The GraphBLAS primitive is a bit more complicated...
« Transpose either input matrix (4 options)
« Optional accumulate with output matrix (2 options)
« Optional write mask, optionally complemented (3 options)
* Merge/Replace semantics (2 options, when mask used)

« Optimizations for 40 different code paths investigated:

Func name: mxm A*B A*BT AT*B AT*BT

NoMask_NoAccum C:=A*B C:=A*p’ C:=A"B C:=A"*B'

NoMask_Accum C:=C+ (A*B) C:=C+ (A*B’) C:=C+ (A'*B) C:=C+ (A'*B’)

Mask_NoAccum, REPLACE C:=M .* (A*B) C:=M.* (A*B’) C:=M.* (A'™*B) C:=M .* (A"*B’)

Mask_NoAccum, C:=[IM.*ClU{M .* (A*B)} C:=[IM .*C]U{M .* (A*B')} C:=[IM.*ClU{M .* (A'"*B)} C:=[IM.*ClU{M .* (A"*B)}
Mask_Accum, REPLACE C:=[M.*C] +{M .* (A*B)} C:=[M.* C] +{M.* (A*B')} C:=[M.*C] +{M.* (A'"*B)} C:=[M .* C] +{M.* (A'*B’)}
Mask_Accum, C:=[IM.*ClU{[M.*C]+ M.*(A*B)}  C:= [!M.*C]U{[M.*C] +M.* (A*B")} C:= [IM.*CJU{[M.*C]+M.*(A*B)}  C:= [IM.* C]U{[M.*C] + M.* (A"*B’)}
CompMask_NoAccum, REPLACE C:=IM .* (A*B) C:=IM .* (A*B’) C:=IM.* (A"*B) C:=IM.* (A'™*B’)
CompMask_NoAccum, C:=[M.*C] UIM .* (A*B) C:=[M.*ClU{IM .* (A*B')} C:=[M.*C]U{IM .* (A'*B)} C:=[M.*C]U{IM .* (A™*B)}
CompMask_Accum, REPLACE C:=(IM.*C)+ M .* (A*B) C:={(!M.*C) + IM .* (A*B’)} C:={(!IM.*C)+ M .* (A'*B)} C:={(!IM.*C) + M .* (A"*B’)}
CompMask_Accum, C:=[M.*ClU{(IM.*C)+IM .*(A*B)}  C:=[M.*ClU{(!M.*C)+!M.* (A*B")} C:=[M.*ClU{(IM.*C)+IM .*(A*B)} C:=[M.*ClU{(IM.*C)+ M .* (A'”*B’)}
Cill'll(‘g‘i(‘ Mellon lvni\'(‘['sil'\' [DISTRIBUTION STATEMENT A] This material has been approved for

Software Engineering Institute public release and unlimited distribution.

24



ATl " THIS IS WITHOUT MULTITHREADING,
OptImIZIng mxm in GraphBLAS OR EXPLICIT VECTORIZATION

<
Input Matrices A, B, M: N=9,877, M=51,946 e
e e
A*B - sparse axpy A*BT - dot product @
2
Reference, Optimized, Reference, Optimized,
Operation msec msec Speedup Operation msec msec Speedup
C=A*B 10,315.00 27.00 382.04 C=A*B' 8,392.00  2,461.00 3.41
C=C+A*B 10,299.00 63.00 163.48 C=C+A*B' 8,647.00  2,782.00 3.11
C<M,mrg> = A*B 10,439.00 50.00 208.78 C<M,mrg> = A*B' 8,606.00 187.00 46.02
C<M,rplc> = A*B 10,114.00 48.00 210.71 C<M,rplc>= A*B' 8,413.00 182.00 46.23
C<M,mrg> = C + A*B 10,226.00 30.00 340.87 C<M,mrg> = C + A*B' 8,521.00 146.00 58.36
C<M,rplc> = C + A*B 10,148.00 30.00 338.27 C<M,rplc> = C + A*B' 8,548.00 144.00 59.36
C<!M,mrg>= A*B 12,040.00 41.00 293.66 C<IM,mrg> = A*B' 10,352.00  2,714.00 3.81
C<IM,rplc> = A*B 11,816.00 56.00 211.00 C<IM,rplc> = A*B' 9,959.00  2,764.00 3.60
C<IM,mrg>=C + A*B 12,164.00 58.00 209.72 C<IM,mrg> = C + A*B' 10,460.00  2,851.00 3.67
C<IM,rplc> = C + A*B 11,849.00 58.00 204.29 C<IM,rplc> = C + A*B' 10,165.00  2,730.00 3.72
A™*B - sparse axpy + temp matrix AT™*BT - sparse axpy + temp matrix’
Ref: ~2 hours, Opt.: 30-74 msec, Speedups: 10° Ref: DNF, Opt.: 22-63 msec, Speedups: 10?

Ubuntu 16.04 LTS (Vmware Workstation), g++7.4.0, Intel Xeon CPU E3-1505M v5 2.8Ghz
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Recurring Sparse Primitives

« Sparse “axpy” using semiring :
- Sparse set union with “plus”, @, operation where elements overlap, one set is scaled.
- Tl =T] & (ay ® BLK])
« Masked sparse “axpy” using semiring:
- Like “sparse axpy” where elements are filtered by the binary mask, M:
- T[] =M .* [T[]] & (ay ® BK])]
« Sparse accumulate:
- Sparse set union with accumulate, ©, operation where elements intersect
- C[i]=C[i] O T[]
« Masked sparse accumulate:
- C[i] = (M[i] .* C[i]) O T[]

- where T[i] has already been filtered by M[i] (as in masked sparse axpy).
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In closing...
« GBTL is guiding our (APl committee’s) thinking about the C++ API.

- Spend time with GBTL to find its strengths and weaknesses.

- Help us refine it (e.g., update it for C++17) and use that to influence the coming work
on the C++ API Specification.

 GBTL has focused on completeness and correctness relative to the C API
- Let’s collaborate to create a highly optimized backend for Intel CPUs.
- GPU and Distributed backends are also on the horizon.

» “The future is verified-lifting into a high-level operator representation
followed by code synthesis to target any platform we wish.”

- Intel and CMU/SEI (and PNNL/UW) should work on this together...perhaps through
the Intel/NSF funded CAPA program at UW
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Backup Slides

Carnegie Mellon University
Software Engineering Institute

[DISTRIBUTION STATEMENT A] This material has been approved for
public release and unlimited distribution.

28



Miscellaneous GraphBLAS “typeS” (from graphblas/{types.hpp, indices.hpp, Matrix.hpp})

namespace GraphBLAS * GraphBLAS namespace replaces GrB__ prefix.

{
typedef uint64_t IndexType; * Replaces GrB_Index

typedef std::vector<IndexType> IndexArrayType; * Replaces GrB_Index* + size

class NoMask {...}; * Replaces GrB_NULL for the accumulate parameter
class NoAccumulate {...}; * Replaces GrB_NULL for the mask parameter
class AllIndices {...}; * Replaces GrB_ALL for the index array parameter in extract and assign

« With strong types (for the last three):
- code paths are chosen at compile time via template specialization
- No switch statements.
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Why GBTL’s C++ Interface is Better

Vector (and Matrix) methods become public member funcs (from graphblas/Vvector.npp)

template<typename ScalarT, typename... TagsT>
class Vector
{
public:
Vector () = delete;
Vector (IndexType nsize) ;
Vector (Vector<ScalarT,TagsT...> const &rhs); // copy ctor

void clear();

IndexType size() const;
IndexType nvals () const;

// other overloads of build provided (e.g., with iterators)
template<typename ValueT, typename BinaryOpT=Second<ScalarT>>

void build(IndexArrayType indices,
std: :vector<vValueT> const &vals,
BinaryOpT dup = BinaryOpT())

bool hasElement (IndexType index) const;

void setElement (IndexType index, ScalarT const &new _val);
ScalarT extractElement (IndexType index) const;

/// @todo support a clearElement () ?

// other overloads of extractTuples provided

template<typename RAIterI, typename RAIterV>
void extractTuples (RAIterI ids, RAIterV vals);

};

Signatures “close” to C API Spec.

GrB Vector new without dimensions not allowed
4.2.2.1 GrB_Vector_new(&vec, ScalarT, nsize);
4.2.2.2 GrB_Vector_dup(&vec, rhs);

4.2.2.3 GrB_Vector_clear (vec);

4.2.2.4 GrB _Vector_size(&nsize, vec); // C++ return val
4.2.2.5 GrB_Vector_nvals(&nvals, vec); // C++ return val

4.2.2.6 GrB_Vector_build(vec, &indices, &vals, n, dup);

No GraphBLAS C API equivalent
4.2.2.7 GrB Vector_setElement(vec, val, index);
4.2.2.8 GrB Vector_extractElement(&val, vec, index);

4.2.2.9 GrB Vector_extractTuples(&ids, &vals, n, vec);
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