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Vector-Level Dynamic Row Distribution

procedure spmvCudaKernel()

Informatik

Performance Evaluation

LightSpMV [1] 1s a novel CUDA-compatible sparse matrix-vector multiplication (SpMV) algorithm using * [Initially, each vector obtains a row index I from a > get the lane TD and vector ID for the thread * A Kepler-based Tesla K40c GPU and Matrix Warp / Vector (GFLOPS) Speedup
the standard compressed sparse row (CSR) storage format. It achieves high speed by benefiting from the global row management (GRM) data structure, and taneld = threadlcs.x % ,\G; CUDA 6.5 toolkit Single Double Single || Double
fine-grained dynamic distribution of matrix rows over vectors, where a warp is virtualized as a single computes Y[i]. — B At S O R e o index webbase-1M 147/ 3.6 13.0/3.5 4.15 3.71
instruction multiple data (SIMD) vector and can be further split into a set of equal-sized smaller vectors * GSR contains an integet-type variable row_counter, e o = B a0 * The vector-level kernel produces an dblp-2010 11.4/5.1 9.6 /438 2.25 1.98
for finer-grained processing, which is stored in global memory and represents the if (aneld < 2) hen o1 e Sarting and end offsets for the row average performance of 14.8 GFLOPS in-2004 19.3/10.4 15.6/9.4 1.85 1.66
. space[vectorld][laneld] = row_offsets[row + laneld]; : :

In LightSpMV, we have investigated two dynamic row distribution approaches at the vector and warp lowest row index among all b rocessed o Fow_start = spacelvectorld 0] with the o perfo.rr.nance of 270 L g - —
. > . . o * When a vector has completed its current row, 1t will row_end = space[vectorld][1]: GFLOPS for single precision, and an cop20k_A 226/134 1) 162/116 1.69 1.40

levels with atomic operations and warp shuffle functions as the fundamental building blocks. We have retrieve a new row from GRM by incrementing = 0: > compute the dot product of the vector average performance of 12.2 GFLOPS eu-2005 24.1/15.5 || 189/ 13.4 1.55 1.41
evaluated Lig}.ltSpMV using various sparse matrices and further .com.pared it to the CSR—bgsed SpMV row_counter through an atomic addition operation. it (ijo‘;fgfﬁfﬁ’)(rtg;‘;m & (warpSize - 1)) + laneld: with the maximum performance of 20.9 | _indochina-2004 2257158 || 17.4/13.1 1.42 1.34
subprograms in the state-of-the-art CUSP [2] and cuSPARSE [3] libraries. Performance evaluation reveals . Thg first thread of each vector takes charge of the ! i+~ aluesli] * xlcolurmn.indicestil GFLOPS for double precision nlpkkt120 253 /15.1 || 19.3/ 127 1.68 1.52
that on a single Tesla K40c GPU, LightSpMYV 1s superior to both CUSP and cuSPARSE, with a speedup new row retrieval and broadeasts the new row index cnd (§f+= Vi < row_end: i +2 V) do qed5_4 319/214 || 238/ 178 1.49 1.34
of up to 2.60 and 2.63 over CUSP, and up to 1.93 and 1.79 over cuSPARSE for single and double (6 all of the other threads in the vector. e by = valuesli]  xleolumn_indices{i]] * The warp-level kernel yields an average rmal0 28.0/22.5 || 21.4/18.0 1.24 1.19
precision, respectively. The source code of LightSpMV is available at http://lightspmv.sourceforge.net. « Warp shuffle functions are used for row index O or (i = row_start + laneld: i < row_end: i += V) do performance of 21.7 GFLOPS with the pwtk 31.0/27.0 || 23.0/20.9 1.15 1.10
broadcasting and intra-vector reduction for vector ende;'}fdsg 1 el et maximum performance of 32.0 shipsec] 207207 || 2337204 12 L

dot product. o > intra-vector reduction GFLOPS for singe precision, and an kron_g500-logn21 487438 4.0/74.0 1.00 1.00

COmpl‘ €SS€d SP Arsc ROW (CSR) F or mat function getRowlIndex Vector() for (i =V >> 13> 0: >>= 1) do average performance of 16.6 GCUPS rail4284 1357135 9.3/9.3 100 1.00

sum += __shfl_down(sum, 1, V);
end for

> compute the lane ID of each threac Warp and Vector denote the warp-level and vector-level kernel, respec-

with the maximum performance of 23.8 | , : A ,
tively; Single and Double denote single and double precision, respectively.

GFLOPS for double precision

laneld = threadldx.x % V:

> save the result

* A frequently used format for sparse matrix storage in CPU-centric software

> get the row inde» if (laneld == 0) then

y[row] = sum + 3 * y[row]:
end if

if (laneld == 0) then
row = atomicAdd(row_counter, 1);
end if

* Efficient compression of structured and un-structured sparse matrices Performance of the vector-level and warp-level kernels

* Good amenability to efficient algorithms designed for CPUs

> get a new row

row = getRowlIndexVector();

. > broadcast the row index to all other threads within the vecto end while 25 - Single Precision 22.76
* Enables good SpMV performance on CPUs, b.ut _shows a relatively low performanFe on GPUs g (f0W = __shil(row, 0, V)): - end provedure + Two CSR-based SpMV subprograms in .
* Uses three separate vectors: row_offsets, column_indices, and values to represent a matrix Pseudocode for vector-level row distribution Pseudocode for the vector-level CUDA kernel CUSP: spmv_csr_scalar_tex (denoted as o CSRScalar 16.87 16.62
Torl o | o A I N S CSR-Scalar) and Spmv_csr_vector_tex 815 = CSRVector
. . row_offsets =
] Warp-Level Dynamic Row Distribution (denoted as CSR-Veeton
0 02|08 0 -
" 0.5 0 03 | 09 eomnndiees= ’ 1 1 i ’ i ’ i ’ ) Only one atomic operation is function %eifl?ggtgeihfﬁgg ID and vector ID of each thread within the warp . LightSp b far SUPCIiOf © CSR_SC&IM, 0 N W
: : : - hievin r £ 10.76 an '
issued for a warp warpLaneld = threadldx.x & (warpSize - 1): ac evo }glave fage speedups o ‘ and 16 - Double Precision .
0 06| 0 | 04 values= | 01 | 07 | 02 | 08 | 05 | 03 | 0.9 | 06 | 04 * Distributes warpSize / V rows warpVectorld = warpLaneld / V: | 8.75 with maximum speedups of 22.76 14 1267 1304 1,9 '
' ' ' ' ' ' ' ' ' ' ' : . > get the row index and 13.87 for sinole and double 19 - mCSRScalar
to a single warp at a time if (warpLaneld == 0) then ' S 0 8 993
. . i _ _ . vel a 10 - mCSRVector 9.67
CSR representation of an example sparse mattix * Obtains the warp-level CUDA row = atomicAdd(row_counter, warpSize / V); precision, respectively E e 826 e
. . end if § 8- 6.20 6.07 .
. . . . kiardlbg re\};;latcmg .t}}lle flunctlon > broadcast the row index to all other threads within the vector * Compared to CSR-Vector, the average P 6
_ ‘ 7 JEtROWINGEX VECIOI with the return (row = __shfl(row, 0, warpSize) + warpVectorld); U ’ 4 - 210 2.97
SP arse Matrlx eCtor Multlpllcatlon function getROWIndeXWarp E]'ld flllll’:tiﬂll Speedups Of nghtSpD I‘T are 172 and . 2.63 Lol 175 1.96001.88012.10081 708 167 27 rsalst Meaamy ol o6
: 1.70, and the maximum speedups are 0
. . Q > Qv ¢ X N X QX > N ™
General SpMV equation: rocedure sequentialCSRSHMY e o 2.60 and 2.63 for single and double %@'\@ S S Y T S N &S & & &
p q pPMV() | D bl P S . . SEE R GRS N » &
_ > iterate each row Ooupic recision upp ort precision, respectively & ° ¢ & T $
y=aAx +by for (i = 0: i < R: ++i) do $ &

> compute the dot product of two vectors

function __shfl_down(value, delta, vectorSize)
int2 tmp = *reinterpret_cast<int2*>(&value); .
tmp.X = __shfi_down(tmp.x, delta, vectorSize);
tmp.y = __shfi_down(tmp.y, delta, vectorSize);
return *reinterpret_cast<double®>(&tmp):
end function

Intra-vector reduction for double precision.

* Overloads the __shfl down function for double
* Uses the reinterpret_cast compiler directive

* Uses integer __shfl_down to exchange data

sum = 0 Performance comparison to CUSP
for (j = row_offsets[i]; } < row_offsets[i + 1]; ++)) do
sum += values[j| * x[column_indices|j]];

end for

* A s a sparse matrix of size RXC
with NNZ non-zeros
* X is the source vector of size C

Two CSR-based SpMV subprograms in 3
cuSPARSE: cusparseScsrmv and
cusparseDesrmyv for single and double
precision, respectively

B Single precisior M Double precisiol
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: . . > finalize and save the multiplication result
* YV is the destination vector of size y[i] = a * sum + 3 * y[i]:
R end for

end procedure
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Speedup

Texture fetch for double precision

* Uses texture object API to reinterpret a double-
type value to an int2-type value

e Uses the  hiloint2double function to recover the

o

e Aand Aare scalars function texkFetch(x, 1) * LightSpMV outperforms cuSPARSE for

int2 tmp = tex1Dfetch<<int2>(x, 1): 1 -

return __hiloint2double(tmp.y, tmp.x): each case, with the average speedup of
end function 1.47 and the maximum speedup of 1.93 0 -

Pseudocode of the sequential SpMV using CSR

. .. @ \Q Qb‘ Qv \ad Q°3 O %Q E‘ \,Q & > "]> °ob‘
. o o double-type value for single precision, and an average & & S F I o .&’»QQ & F S W
Host-side SpMYV Driver Routine dup of 1.32 with the max & ETT I o
P speedup of 1.32 with the maximum & &
<

speedup of 1.79 for double precision

Benchmark Sparse Matrices

procedure spmvHostDriver(cudaDeviceProp& prop, ...)
> set thread block and kernel grid configuration

Performance comparison to cuSPARSE

* Dynamic determination of
vector size based on average

14 sparse matrices are used for

lenoth E = Pmp-mmfglélreadspﬂrlglﬂd:; * Name Rows / Cols Nnz w!l o Src

row leng = prop.multiProcessorCoun £ luati R f
* prop.maxThreadsPerMultiProcessor / numThreadsPerBlock; performance evatuation webbase-IM 1,000,005 3,105,536 3125 N e er ences
: > reset row_counter to zero dblp-2010 326,186 1.615.400 5/8 F
Do not nee(.tl anyfht%St—élsli cudaMemset(row_counter, 0, Sisz(i';t)}; leulate (h enoth * One half are from NVIDIA in-2004 1,382,908 16,917,053 12 /37 F 1. Y. Liu and B. Schmidt: LightSpMYV: Faster CSR-based Sparse Matrix-Vector Multiplication on
re-processin C calcuiale C dveragc row icn . . . . .
pre-processing o mean = rint(No» / R): . . Research [2] uk-2002 18,520,486 298,113,762 16 /28 F CUDA-enabled GPUs. 26th IEEE International Conference on Application-specific Systems, Architectures and
data Structure ’ > launch the kernel cop20k_A 121,192 2,624,331 22/ 14 N Processors’ 2015, ready to Smeit.
. N if (mean 5‘1 d2) thEﬂ] e BT oo (o > set the vector size to 2 e The other half are from the eu-2005 862,664 19,235,140 22729 F 2. N. Bell and M. Garland: CUSP : Generic Parallel Algorithms for Sparse Matrix and Graph
* [.aunch only a single kernel to spmvCudakerne , N : : : : - i . . .
uf thyS g : else if (mean < 4) then 5 set the vector size (o 4 University of Florida sparse indochina-2004 1*414’866 194’1059’3” 20/ 216 F Computations (v0.4). http://cusplibrary.github.io, 2014
perform the SpMV operation. - spvCudaRemel S<< BT > (4 h o matrix collection [3] mhL o S — - 3. NVIDIA: The NVIDIA CUDA Sparse Matrix Library (cuSPARSE), In CUDA 6.5 toolkit, 2014
C . . s . . . . .
CUDA kernel ‘ SESLITETSSSHEEI’HJ] {Eg < B. T >>> (8, ..): > setthe vector size to . 1_0 16835 337 2001 51703 N 4. N. Bell and M. Garland: Implementing Sparse Matrix-Vector Multiplication on Throughput-
. ernels are = > o) _ rma 83 37, , . ) . :
, 4 else > set the vector size to 32 * Average row lengths range from oriented Processors. Proceedings of the Conference on High Performance Computing Networking, Storage and
implemented as CUDA C++ CudaKernel BT ) pwik 217.918 11,634,424 53/5 N _
sproveudaemel <<< B, T >>> 32, ...) 3 up to 2,633 with standard hipsecl 140.874 7.813.404 55/ 11 N Analysis, 2009

template functions end if ’ shipsec : 015, - : : : : : :

p end procedure deviations varying from 0 up to kron_2500-Togn? | 2097152 182.082.042 37 7 756 7 5. T. A. Da\.fls and Y. Hu: The University of Florida Sparse Matrix Collection. ACM Transactions on

Pseudocode of the host-side driver for SpMV kernel invocation 4,210 rail4284 4,284 /1,092,610 11,279,748 2,633 74.210 N Mathematical Software, 38 (1), 2011
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