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Problem

* OpenMP Target, Kokkos, and RAJA generate
sophisticated GPU code with many small
procedures

* Complex calling contexts on both CPU and GPU

* Existing performance tools are ill-suited for
analyzing such complex kernels because they lack a
comprehensive profile view

* At best existing tools only attribute runtime cost to
a flat profile view of functions executed on GPUs
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Key contribution

* A novel measurement system builds a complete
profile view to show performance metrics for GPU-
accelerated code for multiple CPU threads

* Construct calling context trees for GPU programs by
analyzing control flow and call graphs

* Employ wait-free data structures to attribute GPU
samples back to heterogenous calling contexts

* Apportion GPU samples to calling contexts using
instruction samples of GPU function calls



Start from a simple application
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Two OpenMP threads launch vecAdd kernels concurrently

#omp parallel num_threads(2)
cuLaunchKernel(vecAdd, ...)

int _ noinline _ add(int a, int b) {
return a + b;

}

void vecAdd(int *1, int *r, int *p, size_t iterl, size_t iter2) {
size t idx = blockDim.x * blockIdx.x + threadIdx.x;
for (size_t i = 90; i < iterl; ++1i) {
p[idx] = add(1l[idx], r[idx]);
}
for (size_ t i = 90; i < iter2; ++i) {
p[idx] = add(1l[idx], r[idx]);
}
}
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nvvp lacks of calling context

A tool should attribute latencies back to
call sites at line 12 and line 15

Lin Latency Reasons File - fhome/jokeren/Downloads/vecAdd.cu

1 __device__

2 int __attribute__ ((noinline)) add(int a, int b) {

3 return a + b;|

4 }

5

v}

7 extern "C"

8 __global_

9 void vecAdd(int *|, int *r, int *p, size t iter1, size t iter2) {
10 size t idx = blockDim.x #* blockidx.x + threadldx.x;
11 For (size b i =0; i < iter1; ++i) {

12 plidx] = add(l[idx], r[idx]);

13 }

14 For (size bt i =0; i < iter2; ++i) {

15 plidx] = add(l[idx], r[idx]);

16 1

17 }
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nvvp lacks of control flow analysis

A tool should attribute performance to loops
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Lin Latency Reasons File- /home/jokeren/Downloads/vecAdd.cu

1 __device__

2 int __attribute__ ((noinline)) add(int a, int b) {

3 return a + b;|

4 }

5

v}

7 extern "C"

8 __global__

9 void vecAdd(int *|, int *r, int *p, size t iter1, size t iter2) {
10 size t idx = blockDim.x #* blockidx.x + threadldx.x;
11 For (size bt i =0; i < iter1; ++i) {

12 plidx] = add(l[idx], r[idx]);

13 }

14 For (size b i = 0; i < iter2; ++i) {

15 plidx] = add(l[idx], r[idx]);

16 1

17 }



A complete profile view
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Loop

Call

e vecAdd.cu %] =5
1  device ~
Zint attribute ((noinline)) add(int a, int b} {

g return a + b

4}

6

7extern "C"

5 global

Svoid vecRdd(int *1, int *r, int *p, size t N, size t iterl, size t iter2) ({
10 size t idx = blockDim.x * blockIdx.x + " threadIdx.x;

l,11 for (size t 1 = 0; 1 < iterl; ++1i) {

/42 plidx] = add(1l[idx], rl[idx]):

13 } v

%2 Calling Context View 2 ]«'ﬁ:\. Callers View }. Flat View| -
T AR WMEFA N Samples

N\ope GPU_ISAMP.[0,0] (I) A
loop at vecAdd.cu: 14 1.07e+07 60.3%
v loop at vecAdd.cu: 11 5.26e+06 29.6%
vecAdd.cu: 12 §.71l=+05 4.9%
v By 12 $vecAdd$_Z3addii 6.95e+05 3.9%
vecAdd.cu: 3 6.17e+05 3.5%
vecAdd.cu: 17 T.78=+04 0.4% W

2019/3/19



% RICE

Step 1: Build calling context tree

on CPU

oONOUT A~ WN -
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e Use HPCToolkit’s CCT-tree

cuLaunchKernel(vecAdd, ...)

int _ noinline _ add(int a, int b) {
return a + b;

}

void vecAdd(int *1, int *r, int *p, size_t
iterl, size_t iter2) {
size_t idx = blockDim.x * blockIdx.x +
threadIdx.x;
for (size_t i = 0; i < iterl; ++i) {
p[idx] = add(1l[idx], r[idx]);
}
for (size t i = 0; i < iter2; ++i) {
p[idx] = add(1l[idx], r[idx]);
}
}
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Step 2: Apply static control flow

analysis

oONOUT A~ WN -
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* |dentify loops

#omp parallel num_threads(2)
cuLaunchKernel(vecAdd, ...)

int _ noinline _ add(int a, int b) {
return a + b;

}

void vecAdd(int *1, int *r, int *p, size_t
iterl, size_t iter2) {
size_t idx = blockDim.x * blockIdx.x +
threadIdx.x;
for (size_t i = 0; i < iterl; ++i) {
p[idx] = add(1l[idx], r[idx]);
}
for (size t i = 0; i < iter2; ++i) {
p[idx] = add(1l[idx], r[idx]);
}
}
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#pragma omp parallel
,A\\ spawn
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t0 tl
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Step 3: Collect GPU samples

* Two categories of threads

 Worker threads
* Launch kernels, move and allocate data, synchronize GPU calls

* CUPTI thread
* Collect GPU samples

* Interaction

* Notification: A worker thread T creates a notification record
when it launches a kernel and tags the kernel with a
correlation ID C, notifying the CUPTI thread that C belongs to
T

* Sample attribution: The CUPTI thread collects samples
associated with C and communicates sample attribution
records back to thread T
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Sample attribution as an example

* The CUPTI thread adds samples to sample
attribution queues using a push (CAS) operation.
Each worker thread steals (XCHG) the head of its
sample queue with NULL to steal all its records

* Wait-free progress is guaranteed because a CUPTI
thread’s CAS fails at most once when tries to add
samples

* Memory reclamation occurs when a worker
thread’s samples have been attributed to its calling
context tree. The worker puts records into a free
gueue which can be swapped by the CUPTI thread
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Step 4: Attribute GPU samples

oONOUT A~ WN -
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* Attribute samples to function calls

#omp parallel num_threads(2)
cuLaunchKernel(vecAdd, ...)

int _ noinline _ add(int a, int b) {
return a + b;

}

void vecAdd(int *1, int *r, int *p, size_t
iterl, size_t iter2) {
size_t idx = blockDim.x * blockIdx.x +
threadIdx.x;
for (size_t i = 0; i < iterl; ++i) {
p[idx] = add(1l[idx], r[idx]);
}
for (size t i = 0; i < iter2; ++i) {
p[idx] = add(1l[idx], r[idx]);
}
}
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#pragma omp parallel
A’/\\*:pawn
t0 tl
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cuLaunchKernel culLaunchKernel

}
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Approximate a calling context tree

* Problem
* High cost to unwind call stacks on GPU

e Solution

e Construct a call graph by parsing call instructions and
linking corresponding procedures

* Create “supernode” for recursive procedures
Split the call graph into a calling context tree

Apportion samples of procedures that have multiple call
sites
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Apportion samples of a procedure

based on its call sites

GPU Static Call Graph GPU Calling Context Tree
Procedure P1 | 10 Samples Procedure P1 | 10 Samples
Procedure P2 Procedure P3 4 Procedure P2 Procedure P3
10 Samples 10 Samples 10 Samples 10 Samples
4 Calls 6 Calls 4 Calls 6 Calls
//' v\\\
Ve
e Procedure P4 AN Procedure P4’ Procedure P4”
4 6
Ratio(P,, P,) = yorw i 0.4 | 10 Samples | Ratio(P;,P,) = yprre 0.6 4 Samples 6 Samples
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RAJA

* Template-based programming model based on C++

* Loop template can map a C++ lambda function for
an iteration onto GPUs using CUDA

* RAJA performance suite

* Explores performance of 30 loop-based computational
kernels

e https://github.com/LLNL/RAJAPerf
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https://github.com/LLNL/RAJAPerf

Profile rajapert
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s POLYBENCH_2MM-Cuda.cpp &2 ]
158 BAJA::nested::forall (EXEC POL{},
157 RAJA: :make tuple (RAJL::RangeSegment (0, ni),
158 BLJL: :RangeSegment (0, nl)),
159 [=] device  (Index type i, Index type 1) ({
1le0
161 POLYBENCH 2MM BODY3;
162 for (Index type Jj=0;j<nj;j++) {
163 POLYBENCH ZMM BODY4;
led
- <

“i: Calling Context View &2 ]"\k Callers View | 5. Flat View

3| s foo| W] 5 A nl v

Scope GPU_ISAMPE.[0,0] (I)
w B 274 cudalaunch<chars= £.03=+05 B86.1%

~ B 1879 cudalaunch 3.11=+05 44.4%

~ B cupti_correlation_callback_cuda 3.11=+05 44.4%

~ B 307 RAJAznestediinternal;cudalauncher<RAJAmnest:  3.11e+05 44.4%

Inline function < [l inlined from POLYBENCH_2MM-Cuda.cop: 162  3.03=+05 43.3%
Loop ~  loop at POLYBENCH_2MM-Cuda.cpp: 162 2.49e+05 35.5%

Hotspot POLYBENCH_2MM-Cuda.cpp: 163 2.49e+05 35.5%
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Status and ongoing work

* We extended HPCToolkit to build a complete profile
view for analyzing the runtime characteristics of
GPU-accelerated applications

* Work in progress

e Collect all the performance information, including kernel
performance, data movement, compute utilization, and
PC sampling information in a single phase

e Study MPI-based GPU-accelerated applications
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ATANn

vhalf

= Real_t(1.) / (Real_t(1.) + compHalfStep) ;

if ( delvc > Real_t(@.) ) {
g_new /* = qgq_old[i] = ql_old[i] */ = Real_t(®@.) ;
} else {
= ( pbvc * e_new + vhalf * vhalf * bvc * pHalfStep ) / rhoe ;

SsC

if ( ssc <= Real_t(.1111111le-36) ) {
ssc = Real_t(.3333333e-18) ;
} else {
ssc = SQRT(ssc) ;
b
g_new = (ssc*ql_old + qq_old) ;
¥
e_new = e_new + Real_t(@.5) * delvc

* (Real_t(3.0)*(p_old + g_old)

NAaal +/A4 AVKSaUATLECHAn 1 A ;A )

R Top-down view &%  =#, Bottom-up view| T3, Flat view
| foa [ 5 A

Scope

v

CPUTIME (usec):Sum (1) GPU?ISAMVP:Sum n

v [E¥main

2

v [E#3225: LagrangeleapFrog(Domain&) 2
v [m3056: LagrangeElements(Domain&, int) 8.41e+06 31.7%

v [E2864: ApplyMaterialPropertiesForElems(Domain&., double*) 1

v [E#2846: EvalEOSForElems(Domain&, double®) 1

. .65e+07 99.8% 4
CPU Calling Context 560407 96.3%
.13e+06 6.5%
.73e+06 6.5%

v [Er2626: __omp_offloading_35_d6ae3ae_ ZL15EvalEOSForElemsR6DomainPd_[2626
v [E2627: __omp_offloading_35_d6ae3ae_ ZL15EvalEOSForElemsR6DomainPd_12626_impl__debug__
v [1] inlined from lulesh.cc: 2626
v B$2626: _omp_kernel_initialization_$_36
v loop at lulesh.cc: 0 .
v BE$2628: _$ omp_outlined §_debug _$ 29 GPU Ca”lng ConteXt
lulesh.cc: 2725 GPU Hotspot

lulesh.cc: 2803
lulesh.cc: 2767
lulesh.cc: 2720
lulesh.cc: 2688
lulesh.cc: 2686
lulesh.cc: 2834
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"2 main.c e Operators.hpp < | ™% KernelBase.cpp
311 template <typename Ret, typename Argl = Ret, typename Arg2 = Argl>
312 struct plus : public detail::binary_function<Argl, Arg2, Ret>,
313 detail::associative_tag {
314 RAJA_HOST_DEVICE constexpr Ret operator()(const Argl& lhs,
315 const Arg2& rhs) const
316 {
317 return Ret{lhs} + rhs;
318 }
319 RAJA_HOST_DEVICE static constexpr Ret identity() { return Ret{®0}; }
320 };
321
322 template <typename Ret, typename Argl = Ret, typename Arg2 = Argl>
323 struct minus : public detail::binary_function<Argl, Arg2, Ret> {
324 RAJA_HOST_DEVICE constexpr Ret operator()(const Argl& lhs,

325 const Arg2& rhs) const
326 {

327 return Ret{lhs} - rhs;

328 }

329};

Ann

*% Top-down view 3% *x, Bottom-up view | 1, Flat view

A foo W] 5 A v

Scope GPU_ISAMP.[0,0] ()  CPUTIME (usec).[0,0...
v E#516: main 6.57e+06 100 % 2.80e+07 100.0
.57e+06 100 2.80e+07 100.0
.40e+06 97.4 7.94e+06 28.4
.40e+06 97.4 7.90e+06 28.3
.6le+06 85.4 4.25e+06 15.2

4

4

a0

v B34 rajaperf:Executor:runSuite()
v E#390: rajaperf:KernelBase:execute(rajaperf:VariantID)

a0
a0

v [Er72: rajaperfistream:DOT:runKernel(rajaperf:VariantD)

a0
a0

ae
ae

v E167: void RAJA:policy:cuda:forall_impl <RAJA:TypedRangeSegment<long, long>, _nv_dI_wrapper_t<__nv_dI_tag <void (rajaperf:stream:D
v B 190: cudalaunchKernel<char>
v [B#195: cudalaunchKernel

©
©
©
5
5.6le+06 85.4 .25e+06 15.2
5.6le+06 85.4 .25e+06 15.2
5.6le+06 85.4
v 151 RAJAzinternal:Privatizer<rajaperf:stream:DOT:runCudaVariant(rajaperf:VariantID):{lambda(long)#1}>::~Privatizer 4.78e+06 72.7
v 54 rajaperfistream:DOT:runCudaVariant 4.69e+06 71.3
Template GPU v E#129: RAJAzReduceSum <RAJA:policy:cuda:cuda_reduce<256ul, false, false>, double>:~ReduceSum 4.61le+06 70.1
4
4
4
3
1
6
1
7
5

ae
ae

o
ae

a0

v [E#RAJA:policy:cudazimpl:forall_cuda_kernel <256ul, RAJA:Iterators:numeric_iterator<long, long, long*>, rajaperf:stream:DOT:rung

PR

o0

.53e+06 68.9
.45e+06 67.
.32e+06 65.
.19e+06 48.5
.18e+06 17.9
.40e+05
.32e+05
.06e+04
.67e+04

oo

v B 190: RAJA:cuda:Reduce <false, RAJA:reduce:sum<double>, double, false>::~Reduce
Procedures above > .
v [Bp848: RAJA:cuda:Reduce<false, RAJA:reduce:sum<double>, double, false>:~Reduce

Actual Kerne’ COde v B$843: RAJA:cudazReduce_Data<false, RAJAzreduce:sum<double>, double>:grid_reduce
v [I] inlined from reduce.hpp: 203

o

a0

a0

a0

v loop at reduce.hpp: 203

]
ae

loop at reduce.hpp: 203

o
a0

v [Ep72: RAJAzoperators:plus<double, double, double>:operator
Operators.hpp: 317

(=2 \C I
[l
o oP

Operators.hpp: 314
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