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@ Introduction QDP++



Brief Overview of QDP++

What is QDP++?

(QCD Data Parallel, C++ interface)

@ provides data types and operations suitable for lattice field theory
@ implicitly data-parallel framework
@ hides architectural details from the user

@ can be deployed on parallel systems with CPU architectures
@ basis of the popular LQCD software suite Chroma (421718 C++ code lines, 295 cites)

@ open source software
@ main software architects: B. Jo6, R. Edwards (Jefferson Lab)
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QDP++ Type System

@ Domain specific data types (C++ templates)

ETs evaluate in a cache-friendly manner

Operations are implemented as expressions (PETE)

ETs provide syntactic sugar, e.g. write x [rb[0] ]=axy+z; instead of saxpy (x,a, vy, z)

@ However, high performance only achievable through specialization (not portable)

(efforts underway to avoid this, e.g., parscalarvec architecture)

typedef OLattice< PSpinVector<
typedef OLattice< PScalar<

typedef OLattice< PSpinVector<
typedef OLattice< PSpinMatrix<

PColorVector< RComplex<
PColorMatrix< RComplex<
PColorVector< RComplex<
PColorMatrix< RComplex<

float >
float >
float >
float >

typedef OScalar< PSpinMatrix< PColorMatrix< RComplex< double >
typedef OScalar< PSpinVector< PColorVector< RComplex< double >

Nec>,
Nc>

Nc>,
Nc>,

Nc>,
Nc>,

4 >

Ns>
Ns>

Ns>
Ns>

LatticeDiracFermion
LatticeColorMatrix;
LatticeFermion;
LatticePropagator;

PropagatorD;
FermionD;
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QDP++

@ Extensive range of Lattice QCD functionality ‘1’

o Gauge generation, Propagators, Contractions Chroma

e Variety of actions (Gauge, Fermion, 4D and 5D)
@ Clean design \1,

o Operations implemented using QDP++ API (some exceptions apply)

e Design patterns, e.g. C++ factories C++ hpst

o Dynamic binding of class implementations via XML compiler
@ Plug-in libraries (mostly solvers) \l,

e QUDA (highly-tuned solver package for NVIDIA CUDA GPUs)

host

machine code
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@ Goal: Run Chroma application on GPU-enabled parallel systems
@ just adding Level-3 libraries (QUDA) opens a serious Amdahl’s law issue
@ this motivates to move all of Chroma to the GPUs

@ QDP++ is a framework worth targeting because
it implements virtually all functionality of Chroma,
it is relatively compact,

and getting it onto GPUs can have an immediate, large impact.
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Problems

@ Expressions: To date no compiler can off-load ET to accelerators
@ Possible solutions (assumed no code changes to Chroma): Chroma

e Domain specific compiler

e ETs to build code generators

@ Memory management: Current GPU programming frameworks expose
low-level details to the user
given the large code base of Chroma an automatic memory
management is desired host device
machine code  machine code
(I/O, control, ..) (parallel parts)
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QDP-JIT: Overview

QDPJIT
v

Chroma

v
@ QDP-JIT implements QDP++ API with support for NVIDIA GPUs ot host

compiler

@ Automatic off-loading of expressions to the accelerator v

executable

@ Dynamic PTX code generation

scalar code, I/0, etc.

@ Additional Just-In-Time (JIT) compilation step
calls to code generator
for parallel program parts

@ Data layout is optimized for coalesced memory accesses

v

@ Automatic memory transfers via a ’software cache’ code sanarator
\4
@ Automatic tuning of CUDA kernels Device code

device machine code
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Dynamic PTX code generation in QDP-JIT

@ Using ET to build code generators (T. Veldhuizen)

@ In analogy to static compilers, unparsing the program

AST interfaces to a code generator
1 5
@ In contrast, our ASTs are ETs and are visited at static
Compile tlme | BinaryNode (Multiply) | UnaryNode (Map) |
2 3 N
@ Example: U, (X)¢(x + 1) + UL(x — fa)b(x — i) / \ ——
/ OLattice / UnaryNode (Map) (Algji'IZIti%I;)
e Inner tree nodes: Operations l4 /7 %
o Leaf tree nodes: Data fields / oLattice / / OLattice / / OLattice /

@ Visiting the tree nodes (depth first, 1-8) interfacing a
PTX code generator
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NVIDIA Parallel Thread Execution (PTX)

.version 2.3

.target sm_20

.address_size 64

.entry function (.param .s32 param0,
.param .s32 paraml,

@ low-level, strongly-typed, machine-independent virtual machine and b
instruction set architecture .param .u64 paramd,

.param .u64 param5,
.param .u64 paramé6,
@ three-argument assembly language style syntax e et
{
@ defined on an infinite register model Tl
.reg .u32 u<s>;
@ NVIDIA compute compiler driver: gl
.reg .s64 1<234>;
. . .re .pred 2>;
e optimizes the PTX code La-paran.s3 10, (paran0l;
ld.param.s32 i1, [paraml];
o JIT compilation to architecture-dependent code (SASS) B e
mov.ulé h2,hl;
mov.ulé h3,ho;
mul.wide.ul6é u0,h2,h3;

@ Math functions only as hardware fast-math versions (approximations, ool 1l el

mov.u32 u2,u0;
small subset of llbm) cvt.u32.ul6 u3,hd;
2dd.u32 ul,u2,u3;
cvt.s32.u32 i2,ul;
mov.s32 13,11;
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Maths functions hack

.func (.reg .f64 %res) _func_sin_ptx ( .reg .f64 %arg )
{

.reg .u32 $r<77>;

.reg .u64 $rd<10>;

.reg .£32 $£<94>;

.reg .£64 $£d<5>;

.reg .pred %p<l4>;
begin:

@ QDP-JIT provides math functions versions with — %£d1, 3arq;
IEEE compliant rounding (SP/DP) PV i i
cvt.rn.f32.f64 %f2, %fd2;
. . y mov. £32 $£3, 0£7£800000; (1.0F) /(0.0F))
@ Hack: Pre-generate functions with NVIDIA’s setp.eq.£32  Spl, we2, ¥ ‘
high-level toolchain (NVCC) ST St
mul.rn.£32 sfl, %f1, %f4;
@ Not ideal: rLr:‘c:)\‘r.f:SZ $£5, 0f3£22£983;
mul.f32 $f6, %fl, %£5;
@ Compiler issues function calls (no inlining) and i
might miss optimization opportunities cvt.rn.£32.532 %£7, %rl;
neg.f£32 $£8, %£7;
H H H s H mov.£32 $£9, %£8;
@ Ships in text form with QDP-JIT (specific version of V-2 te1h, 0ehees0000; R
PTX) mov.£32 $£f11, $£10;
mov.£32 $f12, %fl;
mad.f32 %f13, %f9, %fll, %f12;
mov.£f32 $£14, %£13;
mov.£32 $£15, %f8;

mov.£32 %fl16, 0£39£d8000; 0.000483513

}
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Automatic Memory Management

@ QDP-JIT abstracts and completely hides CUDA memory
management from the user dereference

cache/
launch

@ No need for data placement annotations like e.g. in OpenACC

@ Cache (LRU) implementation as a state machine

launch
cache/launch

@ Simultaneous PCle data transfers and compute kernels

S.Z‘ms S‘S‘ms ﬁ‘ﬂ‘mi 5.5‘m5 ﬁ‘ﬁlmi S.T‘ms ﬁ‘ﬂlms 5.9‘m5
[=| Process 6739
= Thread 1542572864
Driver API ( | Wl [[ ] custreamSynchronize I N N
Profiling Overhead [] 11 [] 11
[= [0] Tesla k2om
=] Context 1 (CUDA)
T MemCpy (HtoD) | | | |
=) compute I
7 100.0% [20] function ]
= Streams
Stream 7 | | | |
stream 8 |
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Auto-Tuning of CUDA Kernels

CUDA kernel autotuning

lcm,SP 1
lcm,DP
upsi,SP
upsi,DP
spmat,SP
spmat,DP
matvec,SP
matvec,DP
clover,SP
clover,DP

16384

8192

@ Kernel performance depends on
number of threads per block

4096
@ Auto-tuning of each kernel determines =
best configuration £ sl
@ Carried out once for each local ‘
volume, kernel combination 1024}
@ Subsequent launches use optimal
settings 512

256

SN BeRRS

execution time [us]

1 2 4 8 16 32 64 128 2.“‘:6 siz 1024
threads per block
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Kepler K20X (single precision)

250 K20x_eccoff (single precision) 200 K20x_eccoff (single precision)
4 Icm 4% Icm
 upsi  upsi
+ spmat + spmat
200
A4 matvec 150L| &4 matvec
+ clover + clover
150
4
@
o ~
I @ 100
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100
50
50
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=L 4
lem Uy = Us x Us flops/byte = 0 917 (SP) upsi 1 = Uy * 4o (1.0), spmat 'y = 2 x '3 (1.25), matvec o = Uy x 1 + Us * 1ho (1.28)

@ NVIDIA Kepler K20X peak bandwidth 250 GB/s. Kernels are memory bandwidth bound and achieve up to 79% of achievable
performance.
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Kepler K20X (double precision)

K20x_eccoff (double precision)

K20x_eccoff (double precision)

120————— - 200————r————————
% Icm % Icm
¥ upsi F upsi
100r| +— spmat  spmat
k4 matvec 150L| &4 matvec
4 clover 1 clover
80
& n
S .l o
S e0 3 100
o]
40t
50t
20t
03" 4 6 & 10 12 14 16 18 20 22 24 26 28 054 6 & 10 12 14 16 18 20 22 24 26 28
V=L"4 V=L"4

@ For DP Kepler’s large register file helps to maintain the performance
@ Identified performance “shoulder” at around 14* local volume
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Full HMC on Blue Waters

V/=40x40x40x256, m_~ 230 MeV, Anisotropic clover

10000 —————————————T——T—
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9000 =2x speedup &—o GPU (JITPTX+QUDA)
8000 [~ -
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c
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c o — -
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wool—L 0 1y
400 600 800 1000 1200 1400 1600
Nodes

@ Still preliminary! (in this run QUDA interface via CPU memory)
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e Conclusions



Conclusions

@ QDP-JIT provides QDP++ API with support for
NVIDIA GPUs

dynamic generation of PTX kernels

coalesced memory accesses

auto-tuning of kernels

memory management completely automated

@ high-level user code runs unaltered on GPUs
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