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Standard Libraries
API-Level

• cuBLAS – basic linear algebra subroutines

• cuFFT – fast Fourier transform

• cuSOLVER – dense and sparse direct solvers

• cuSPARSE – sparse matrix subroutines

• NPP – image and video processing primitives

• nvGRAPH – graph analytics library

• Thrust – templated parallel algorithms and data structures

Kernel-Level

• cuRAND – GPU random number generator
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cuBLAS
BLAS – Basic Linear Algebra Subroutines
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BLAS – Basic Linear Algebra Subprograms

• Specification for low-level linear algebra routines
o Implementations: OpenBLAS, Intel MKL, ...

oUses: MATLAB, NumPy, GNU Octave, ...

onetlib Reference Implementation (FORTRAN): https://www.netlib.org/blas/ 

• Functions are specified with a prefix and function name
o (s) single (32-bit) precision

o (d) double (64-bit) precision

o (c) single complex (total = 64 bits)

o (z) double complex (total = 128 bits)

ocommon function names: *axpy, *gemv, *gemm, ...

osaxpy() – add two single-precision (32-bit) vectors

ozgemm() – multiply complex double-precision matrices
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BLAS Subroutine Levels

• Level 1 – vector/vector operations
o “a x plus y” (axpy): 𝒚 ← 𝛼𝒙 + 𝒚

odot product (dot): 𝑑 ← 𝒙𝑇𝒚

o “absolute value sum” (asum): 𝑎 ← 𝑅𝑒{𝒙} 1 + 𝐼𝑚 𝒙 1

• Level 2 – matrix/vector operations
o “generalized matrix-vector multiplication” (gemv): 𝒚 ← 𝛼𝑨𝒙 + 𝛽𝒚

o “triangular packed solver” (tpsv):   𝒙 ← 𝑨−1𝒙

• Level 3 – matrix/matrix operations
o “general matrix multiplication” (gemm):  𝑪 ← 𝛼𝑨𝑩 + 𝛽𝑪
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CUDA Basic Linear Algebra Subprograms
• cudaError_t cublasCreate(cublasHandle_t* h)

o initialize cuBLAS and returns a handle containing cuBLAS device information
o use the cublasHandle_t value to execute cuBLAS functions

• cudaError_t cublasDestroy(cublasHandle_t h)
o destroy a cuBLAS handle and free any required resources

float* x = (float*) malloc(N * sizeof(float)); //allocate host arrays

⋯       //initialize arrays

cublasHandle_t handle;

cublasCreate(&handle);    //initialize cuBLAS

float* gpu_x;

cudaMalloc(&gpu_x, N * sizeof(float));

cudaMemcpy(gpu_x, x, N * sizeof(float));  //copy array to the device

⋯       //call cuBLAS functions
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Calling cuBLAS Functions

• function calls use device pointers – copy data to the GPU first

• functions that return scalar values (min, max, sum, etc.) can accept a host 
pointer for the return value
obasically, you don’t have to copy a scalar value from the device

• cuBLAS calls follow a predictable format

• a character identifier in the function signature indicates data type
os – single precision (32-bit) real

od – double precision (64-bit) real

oc – single precision complex (2 x 32-bit values per element)

oz – double precision complex
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Level 1 – Index Functions
• Functions that return indices to array elements
  cublasI<t>a-----()
cublasIsamin(cublasHandle_t h, int n, const float* x, int incx, int* result)

o returns the index to the smallest 𝑖 such that 𝑥𝑖 ≤ ∀𝑥 ∈ 𝐱
o incx specifies the stride, or spacing between array elements (usually 1)

• Indices are 1-based, following FORTRAN convention!!!

float* x = (float*) malloc(N * sizeof(float));

⋯       //load array elements

float* gpu_x;

cudaMalloc(&gpu_x, N * sizeof(float));  //allocate device memory

cudaMemcpy(gpu_x, x, N * sizeof(float), cudaMemcpyHostToDevice);

int i;

cublasIsamin(handle, N, gpu_x, 1, i);  //call the cuBLAS function
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Level 1 – Index Functions

• CUDA defines cuComplex and cuDoubleComplex for simplicity
oboth are two-element structures

• Find the largest value 𝑥𝑖 ∈ 𝐱 where 𝐱 ∈ ℂ𝑁

cuComplex* x = (cuComplex *) malloc(N * sizeof(cuComplex));

⋯       //load array elements

float* gpu_x;

cudaMalloc(&gpu_x, N * sizeof(cuComplex)); //allocate device memory

cudaMemcpy(gpu_x, x, N * sizeof(cuComplex), cudaMemcpyHostToDevice);

int i;

cublasIcamin(handle, N, gpu_x, 1, i);  //call the cuBLAS function
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Level 1 – Scalar Functions
cublas<t>a----()

• For <t>:
o S – single precision real
o D – double precision real
o Sc – single precision complex
o Dz – double precision complex

cublasSasum(cublasHandle_t h, int n, const float* x, int incx, float* y)

cublasDzasum(cublasHandle_t h, int n, const cuDoubleComplex* x, int incx, double* y)

𝑦 =෍

𝑖=1

𝑁

𝑥𝑖

• Note that y can be a host or device pointer
o cuBLAS will automatically detect the location
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Level 3 – General Matrix Multiplication

cublas<t>gemm()

• <t> = ‘H’ offers support for half-precision (16-bit) floating point

  𝐂 = 𝛼 ⋅ 𝑝𝑎 𝐀 ⋅ 𝑝𝑏 𝐁 + 𝛽𝐂
cublasSgemm( cublasHandle_t h,  //cuBLAS handle

  cublasOperation_t transa, //operation performed on A

  cublasOperation_t transb, //operation performed on B

  int m, int n, int k, //A = m x k, B = k x n, C = m x n

  const float* alpha,  //optional factor for A*B

  const float* A, int lda, //A data and first dimension size

  const float* B, int ldb, //B data and first dimension size

  const float* beta,  //optional scalar factor for C

  float* C, int ldc  //C data and first dimension size

);
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Level 3 – General Matrix Multiplication
• gemm allows an operation to be applied to each input matrix:

o CUBLAS_OP_N do nothing
o CUBLAS_OP_T transpose the matrix

• Calculate 𝐂 = 𝐀𝐁

float* A = (float*) malloc(M * K * sizeof(float));

float* B = (float*) malloc(K * N * sizeof(float));

float* C = (float*) malloc(M * N * sizeof(float));

⋯    //load arrays, generate handle, copy to device

float alpha = 1.0;  //no scalar factors are applied

float beta = 1.0;

cublasSgemm(handle, CUBLAS_OP_N, CUBLAS_OP_N, 

  M, N, K, &alpha, 

  gpu_A, m, gpu_B, k, &beta, gpu_C, m);

cudaMemcpy(C, gpu_C, M * N * sizeof(float), cudaMemcpyDeviceToHost);
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cuSOLVER
LAPACK – Linear Algebra PACKage

CUDA Libraries 13



David Mayerich STIM Laboratory, University of Houston

LAPACK – Linear Algebra PACKage

• Specification for higher-level linear algebra routines
oCommonly used with BLAS: Accelerate (Apple), Intel MKL, SciPy, ...

onetlib Reference Implementation (FORTRAN): https://www.netlib.org/lapack/

• Similar naming convention (prefix + function)

• Addition of a two-letter “matrix code” identifying the types of matrices 
provided:
obd = bidiagonal matrix

oge = general matrix

osy = symmetric matrix

otr = triangular matrix
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sgesv(

      integer  n,

      integer   nrhs,

      real      a,

      integer   lda,

      integer   ipiv,

      real      b,

      integer   ldb,

      integer   info)

LAPACK_sgesv(int    layout,

             int    n,

             int    nrhs,

             float* a

             int    lda,

             int*   ipiv,

             float* b,

             int    ldb)

 

LAPACK FORTRAN Standard (netlib.org) LAPACK C Bindings (Intel oneAPI)
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Solve 𝑨𝑿 = 𝑩 with 32-bit precision

matrix size

number of

right-hand-sides

matrix 𝑨

leading 𝑨
dimension

pivot indices

matrix 𝑩

leading 𝑩
dimension

0 = success
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cusolverStatus_t cusolverDnSSgesv(

 cusolverDnHandle_t      handle,

              int        n,

              int        nrhs,

              float*     dA

              int        ldda

              int*       dipiv,

              float*     dB,

              int        lddb,

              float*     dX,

              int        lddx,

              void*      dWorkforce,

              size_t     lwork_bytes,

              int*       niter

              int*       dinfo)

cusolverStatus_t cusolverDnSSgesv_bufferSize(

    cusolverHandle_t        handle,

               int          n,

               int          nrhs,

               float*       dA,

               int          ldda,

               int*         dipiv,

               float*       dB,

               int          lddb,

               float*       dX,

               int          lddx,

               void*        dwork,

               size_t*      lwork_bytes);

 

 

cusolverDn  S  S  gesv

Workspace Allocation
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Solve 𝑨𝑿 = 𝑩 with 32-bit precision (cuSolver)

cusolverDN context

number of rows in 𝐴

right-hand-sides to solve

matrix 𝐴

leading dimension of 𝐴

permutation vector

matrix 𝐵

leading dimension of 𝐵

matrix 𝑋

leading dimension of 𝑋

workspace device pointer

workspace size

error output

solver status

cusolver dense precision function
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cuFFT
FFTW – Fastest Fourier Transform in the West
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Discrete Fourier Transform

• DFT definition – 𝑂(𝑛2)

𝑋𝜈 = ෍

𝑡=0

𝑇−1

𝑥𝑡𝑒
−2𝜋𝑖
𝑇

𝑛𝑡

𝜈 = [0,⋯ ,𝑁 − 1]

• Fast Fourier Transform (FFT) – 𝑂(𝑛 log 𝑛)
oCooly – Turkey algorithm

o recursively divide the FFT into blocks of size Τ𝑁 2
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FFTW – Fastest Fourier Transform in the West

http://www.fftw.org/

• Fastest Fourier Transform in the West (FFTW)
o fastest open-source FFT (used in MATLAB)
o developed by Frigo and Johnson (MIT)
o uses Cooley – Turkey
o written in C: http://www.fftw.org/

#include<fftw3.h>

⋯ 

fftw_complex* f = (fftw_complex*) malloc(N * sizeof(fftw_complex));

fftw_complex* g = (fftw_complex*) malloc(N * sizeof(fftw_complex));

 //create an FFTW handle (allocate FFTW data and resources)

fftw_plan p = fftw_plan_dft_1d(N, f, g, FFTW_FORWARD, FFTW_ESTIMATE);

fftw_execute(p);   //perform the DFT

fftw_destroy_plan(p);  //free memory for the fftw handle

⋯     //use result, free memory...
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cuFFT
• CUDA DFT implementation

#include<cufft.h>

⋯ 

cufftComplex* f = (cufftComplex*) malloc(N * sizeof(cufftComplex));

⋯    //load data

cufftHandle h;  //create a cuFFT handle

cufftComplex* gpu_f; //create a device pointer

cudaMalloc(&gpu_f, N * sizeof(cufftComplex)); //allocate device space memory

cudaMemcpy(gpu_f, f, N * sizeof(cufftComplex), cudaMemcpyHostToDevice);

cufftPlan1d(&h, N, CUFFT_C2C, 1);   //allocate cuFFT resources

cufftExecC2C(h, gpu_f, gpu_f, CUFFT_FORWARD); //perform the DFT

⋯    //use the data, free memory...
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NPP
NVIDIA 2D Image and Signal Processing Performance Primitives
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• Image Convolution

• Computer Vision
oDistance Transform

oCanny Edge Detection

oHough Transform

• Flood Fill

• Connected Components

Filtering Examples
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NPP Functions

nppiFilterCannyBorder_8uC1R_Ctx(…)

• 8u – 8-bit unsigned integer

• C1 – 1 color channel

• R – rectangular region

• Ctx – allows streaming
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