
P4343— 
OPENUH: OPEN SOURCE OPENACC COMPILER 

Xiaonan (Daniel) Tian, Rengan Xu and Barbara 
Chapman 

HPCTools Group 
Computer Science Department 

University of Houston 
GTC2014, San Jose, CA; 03/26 /2014 

Presenter
Presentation Notes
Good afternoon, everyone. My name is Xiaonan Tian, and I am a, I a Ph.d student in Computer science department, university of Houston. My advisor is Dr. Chapman.  Today, I am going to give a talk about OpenUH which is an open source compiler supporting OpenACC 1.0. 2.0 is on its way.



I. Motivation 

II. Introduction to OpenUH 

III. Loop Scheduling 

IV. Data Movement 

O 
U 
T 
L 
I 
N 
E 
 

VI. Future and Conclusion 

V. Performance 

2 

Presenter
Presentation Notes
This is the outline of my talk. First, I will give a brief talk about my motivation and short introduction of OpenUH. Then I will focus on Loop scheduling and data movement implementation. Then performance data will be given. Finally, I will a give a conclusion and our future work.



I.Motivation 
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Presenter
Presentation Notes
OK, first thing is first: motivation.  Why do we put the OpenACC support in our OpenUH?



WHY do we implement OpenACC support in 
OpenUH? 
 Performance gap between OpenACC and 

CUDA more research on OpenACC 
compiler optimization 

 Open Source OpenACC compiler is 
required for research purposes.  

     WHY is this talk important? 
 BETTER understand OpenACC 

implementation, BETTER knowledge on 
application optimization.  

Motivation 
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Presenter
Presentation Notes
OpenACC is a new-born standard and ask more research to dig more optimization in compiler. For example, loop scheduling strategy, memory movement between host/device memory system. 2. to shrink the performance gap between OpenACC compiler and CUDA,  ask more research on compiler optimization.Why do I give this talk? I believe the better understand how compiler implemented the OpenACC compiler will definitely help users better optimize their applications. The most important thing is that I just love compiler implementation and research.



II. Introduction to OpenUH 

Website: http://web.cs.uh.edu/~openuh/ 
Source: https://github.com/pumpkin83/OpenUH-OpenACC 
Email: openuh@cs.uh.edu 
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Presenter
Presentation Notes
This is our OpenUH official website. And  you can send your questions and suggestions the email. 

http://web.cs.uh.edu/%7Eopenuh/
https://github.com/pumpkin83/OpenUH-OpenACC


• Open Source Research Compiler 
 Open64 based 
 Support C/C++/Fortran/Coarray 

• Parallel Programming model 
 OpenMP 
 OpenACC 
 COARRAY 

Introduction to OpenUH 
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Presenter
Presentation Notes
OpenUH is an open source compiler based on Open64 branch. And OpenUH is developed by HPCTools lab, CS UH. OpenUH compiler supports several parallel programming model: OpenMP, Coarray Fortran, and OpenACC.



• OpenACC 1.0 implementation  
 Directives: Parallel, kernels, Data, Loop, 

Wait 
 Data Clause: 

copy/copyin/copyout/create/update 
 Loop Scheduling Clauses: 

gang/worker/vector 
 Async clause: async/wait 
 Unsupported:  host_data/declare/cache 

Introduction to OpenUH OpenACC 
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Presenter
Presentation Notes
Here we are talking about OpenACC, so the OpenUH OpenACC  compiler infrastructure is given.



PRELOWER 
(Preprocess OpenACC) 

LOWER 
(Transformation of OpenACC) 

WOPT 
(Global Scalar Optimizer) 

 

WHIRL2CUDA 

CG(Code for IA-32,IA-64,X86_64) 

OpenUH OpenACC Compiler Infrastructure 

Source Code 
with OpenACC 

Directives 

GPU Code 
 

NVCC 
Compiler 

PTX 
Assembler 

Loaded 
Dynamically 

CPU Binary 

Runtime 
Library Linker 

Executable 

FRONTENDS (C, OpenACC) 

IPA(Inter Procedural Analyzer) 

LNO 
(Loop Nest Optimizer) 

 

Introduction to OpenUH OpenACC 
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Presenter
Presentation Notes
Here we are talking about OpenACC, so the OpenUH OpenACC  compiler infrastructure is given. This is the baseline implementation which doesn’t involve any optimization and dependency analysis for parallel/kernels region. We are working on LNO and IPA. Currently, the main part of OpenACC implementation is transformation of OpenACC module which includes two important parts: Loop Scheduling solution  and data movement. So today, the rest of the slides focuses on this two topic. 



III. LOOP SCHEDULING 

9 

Presenter
Presentation Notes
Let’s begin our main topic: loop scheduling.



• What’s Loop Scheduling? 1 

• Parallel Loop Scheduling 2 

• Kernels Loop Scheduling 3 

Loop Scheduling 
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Presenter
Presentation Notes
Here are three issues we will cover. We proposed two different loop scheduling in our OpenACC implementation: Parallel loop scheduling and kernels loop scheduling. 



• What is Loop Scheduling? 
– Solutions to distribute sequential loop iterations 

across a large number of threads 

• Why we have two different Loop Scheduling 
strategies?  
– Explore multi-dimensional topology of NVIDIA 

GPGPU architecture 

Loop Scheduling 
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Presenter
Presentation Notes
The way we extended the standard loop scheduling is to explore more options for nvidia GPGPU arch. Let’s take a look at several basic and simple loop scheduling.



• #pragma acc loop gang(4) 
• For(i=0; i<11; i++){…} 

 

Loop Scheduling 

0 1 2 3 

0 2 10 9 8 4 3 1 7 6 5 

Iterations 

Gangs 
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Presenter
Presentation Notes
Let’s take look at this simple basic gang scheduling. Each iteration is distributed to a specified gang which is determined by compiler. This animation is used to show which iteration goes to which gang. Actually each gang works in parallel.  The stride is 4 which is the number of the total gangs in this acc loop.



• #pragma acc loop gang(4) 
• For(i=0; i<11; i++){…} 

 

Loop Scheduling 

0 1 2 3 

0 2 10 9 8 4 3 1 7 6 5 

Iterations 

Gangs 
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Presenter
Presentation Notes
Each gang works simultaneously and independently



• #pragma acc loop vector(64) 
• For(i=0; i<99; i++){…} 

 

Loop Scheduling 

Vectors 

Iterations 

0 31 … 32 63 … 95 64 … 96 99 … 

0 31 … 32 63 … 

0 31 … 64 95 … 32 63 … 96 99 … 
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Presenter
Presentation Notes
How about this? In our implementation, vector maps to thread in NVIDIA CUDA architecture. 32 vectors(threads) are grouped in 1 one warp, and they share a same PC register which means they run the same instruction each time. So all the loop iterations are distributed across all threads evenly. Like the gang scheduling, each vector carries a specific series of iterations. 



Gang 0 

• #pragma acc loop gang(3) vector(32) 
• For(i=0; i<130; i++){…} 

 

Loop Scheduling 

0 … 31 32 … 63 64 … 95 

0 31 … 0 31 … 0 31 … 

Gang 1 Gang 2 

96 … 127 128…129 

Iterations 

0 … 31 32 … 63 64 … 95 96 … 127 128…129 
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Presenter
Presentation Notes
Combine the previous two scheduling, we have gang vector loop scheduling. Pretty similar to the previous two.



Parallel Loop Scheduling 
 Gang  → (CUDA) thread-block 
 Worker   → (CUDA) y dimensional threads in a thread 

block 
 Vector  → (CUDA) x dimensional threads in a thread block  

 1D Grid, and 1D/2D thread-block. 
 # of Worker * # of Vector <= 1024 
 Requires minimal lower-level knowledge. 
 Follows OpenACC 2.0: gang contains worker and vector; 

worker can only include vector. 
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Presenter
Presentation Notes
Here, we have parallel loop scheduling. Actually, this is pretty similar to each OpenACC compiler vendor’s implementation. 



Parallel Loop Scheduling 
 1. Single Loop  

 #pragma acc loop gang worker vector 
 for(...){} 

 2. Two-level Nested Loop 
   2.1. loop gang / loop worker vector 

  #pragma acc loop gang 
   for(…){  
  #pragma acc loop worker vector 

 for(…){ 
 } 

  } 
   2.2. loop gang worker / loop vector 

  #pragma acc loop gang worker  
   for(…){  
  #pragma acc loop vector 

 for(…){ 
 } 

  } 
2.3. loop gang / loop vector 17 

 

Presenter
Presentation Notes
First, for single nested loop,  all the iterations will be distribute across all gangs, workers and vectors evenly. For the double nested loop, solution 2.1 and 2.2 are different, although their GPGPU topology are both 2D thread-block and 1D grid.  Outter loop iterations are distributed across gangs in 2.1. But in 2.2, they are distributed across both gang and worker. I will give an example later to show the difference between this two. 2.3 is simple, the first one  nested parallelism



Parallel Loop Scheduling:example 
• #pragma acc loop gang(2) worker(4) vector(64) 
• For(i=istart; i<iend; i++){…} 
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Presenter
Presentation Notes
What will the audience be able to do after this training is complete? Briefly describe each objective how the audience will benefit from this presentation.



… 

Parallel Loop Scheduling:example 
• #pragma acc loop gang(2) worker(4) vector(64) 
• For(i=istart; i<iend; i++){…} 

:32iterations/ threads 

Iterations 

CUDA 
Architecture 

Block 0 Block 1 
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Presentation Notes
What will the audience be able to do after this training is complete? Briefly describe each objective how the audience will benefit from this presentation.



… 

Parallel Loop Scheduling 
• #pragma acc loop gang(2) worker(4) vector(64) 
• For(i=istart; i<iend; i++){…} 

:32iterations/ threads 

Iterations 

CUDA 
Architecture 
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Presentation Notes
What will the audience be able to do after this training is complete? Briefly describe each objective how the audience will benefit from this presentation.



Parallel Loop Scheduling 
• #pragma acc loop gang(2)  
   for(i=istart; i<iend; i++){ 

 #pragma acc loop worker(4) vector(64) 
 for(j=jstart; j<jend; j++){…} 
} 
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What will the audience be able to do after this training is complete? Briefly describe each objective how the audience will benefit from this presentation.



Parallel Loop Scheduling 
• #pragma acc loop gang(2)  
   for(i=istart; i<iend; i++){ 

 #pragma acc loop worker(4) vector(64) 
 for(j=jstart; j<jend; j++){…} 
} 

 

… 

… 

… 

… 

… 

… … … … … … … … 

Inner Loop Iterations 

O
uter Loop Iterations 
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What will the audience be able to do after this training is complete? Briefly describe each objective how the audience will benefit from this presentation.



Parallel Loop Scheduling 
• #pragma acc loop gang(2)  
   for(i=istart; i<iend; i++){ 

 #pragma acc loop worker(4) vector(64) 
 for(j=jstart; j<jend; j++){…} 
} 

 

… 

… 

… 
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What will the audience be able to do after this training is complete? Briefly describe each objective how the audience will benefit from this presentation.



Parallel Loop Scheduling 
• #pragma acc loop gang(2) worker(4) 
   for(i=istart; i<iend; i++){ 

 #pragma acc loop vector(64) 
 for(j=jstart; j<jend; j++){…} 
} 

… 
… 
… 
… 

… 
… … … … … … … … 

Inner Loop Iterations 

O
uter Loop Iterations 

… 
… 
… 
… 
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What will the audience be able to do after this training is complete? Briefly describe each objective how the audience will benefit from this presentation.



Parallel Loop Scheduling 
• #pragma acc loop gang(2) worker(4) 
   for(i=istart; i<iend; i++){ 

 #pragma acc loop vector(64) 
 for(j=jstart; j<jend; j++){…} 
} 

… 
… 
… 
… 

… 
… … … … … … … … 

Inner Loop Iterations 

O
uter Loop Iterations 

… 
… 
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… 
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What will the audience be able to do after this training is complete? Briefly describe each objective how the audience will benefit from this presentation.



Parallel Loop Scheduling 
 3. Three level Nested Loop 

   loop gang/loop worker/ loop vector 
 

#pragma acc loop gang 
for(...) 

#pragma acc loop worker 
for(...) 

#pragma acc loop vector 
for(...) 
{ 
} 
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Presentation Notes
Here this triple nested loop,  once you understand the previous one, this is not different to understand. I am not going to show a 3D demo which is too difficult for me. 



Why do we need different strategies 
for implementing loop scheduling? 

#pragma acc loop gang(19) 
for(i=0; i<19; i++) 

#pragma acc loop worker(32) 
for(j=0; j<1000000; j++) 

#pragma acc loop vector(32) 
For(k=0; k<100000; k++) 
{ 
} 
What is the maximum threads we have? 
19*32*32 = 19K 

27 
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Presentation Notes
For some applications, this parallel loop scheduling can not fully exploit the resources in GPU card. 



Try this loop scheduling 
 According the scheduling in the code, 2D grid and 2D 

thread-block in NVIDIA GPGPU are created. 
#pragma acc loop gang(19) 
for(i=0; i<19; i++) 

#pragma acc loop gang(32)  vector(32) 
for(j=0; j<1000000; j++) 

#pragma acc loop vector(32) 
for(k=0; k<100000; k++) 
{ 
} 

 What is the maximum threads we have here? 
19*32 *32*32= 32*19K 28 
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Presentation Notes
Reduction can not be done in this kind of loop scheduling.



Kernels Loop Scheduling 
 Gang  → (CUDA) thread-block, can be in x, y, z dimension 
 Worker   → Ignored 
 Vector  → (CUDA) thread, can be in x, y, z dimension 

 Multi-dimensional grid/thread-block, both of them can be 
extended into 3 dimensional topology. 

 Fine tuning: provide more scheduling options for users. 
 Users need to have more knowledge about compiler and 

hardware information(currently, no autotuning)  
 Provided more choices to loop scheduling.  
 In some cases, it does help improve performance 
 

29 

 



Kernels Loop Scheduling 
 1. Single Loop  

#pragma acc loop gang vector 
for(...){} 

 2. Double Nested Loop 
   2.1. loop gang / loop vector 
   2.2. loop gang vector/ loop vector 
   2.3. loop gang / loop gang vector 
   2.4. loop gang vector / loop gang vector 
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Presentation Notes
I am not going to give talk too much about this. Basically, it is very similar to parallel scheduling with additional multi dimensional gang and vector organization  support. 



Kernels Loop Scheduling 
3. Triple Nested Loop 
   3.1 loop gang / loop gang vector / loop vector 
   3.2 loop vector / loop gang vector / loop gang 
   3.3 loop gang vector / loop gang vector / loop vector 
   3.3 loop gang vector / loop gang vector / loop gang 
vector 
 … 

31 
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Presentation Notes
In CPU compiler, compiler does the loop permutation in order to get better cache data locality. Here OpenACC  tries different loop scheduling to get memory access coalesced which helps improve performance. 



Kernels Loop Scheduling: Example 
• #pragma acc loop gang(2) vector(4) 
    for(i=istart; i<iend; i++){ 

 #pragma acc loop gang(3) vector(64) 
 for(j=jstart; j<jend; j++){…} 
} 

… 
… 
… 
… 

… 
… … … … … … … … 

Inner Loop Iterations 

O
uter Loop Iterations 

… 
… 
… 
… 
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Presentation Notes
Here a simple example is given to demonstrate the double nested loop scheduling in two dimensional grid and two dimensional thread-block. We can create more complex topology  and more total threads to carry out the iterations.



Parallel Loop Scheduling 
• #pragma acc loop gang(2) worker(4) 
   for(i=istart; i<iend; i++){ 

 #pragma acc loop vector(64) 
 for(j=jstart; j<jend; j++){…} 
} 

… 
… 
… 
… 

… 
… … … … … … … … 

Inner Loop Iterations 

O
uter Loop Iterations 

… 
… 
… 
… 
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We can have more coverage in iteration space.



IV. DATA MOVEMENT 
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Presenter
Presentation Notes
Use a section header for each of the topics, so there is a clear transition to the audience. 



Copyout 

Copyin 

Data Movement 
 1. Data transfer between CPU and GPU 

 

 
Multi-core CPU GPU Thousands of Cores 

M
ain M

em
ory 

G
PU

 M
em

ory 

How to optimize? 
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What will the audience be able to do after this training is complete? Briefly describe each objective how the audience will benefit from this presentation.



Data Movement 
 2. Basic Implementation 

 copypcopy;  
 copyinpcopyin 
 copyoutpcopyout 
 createpcreate 

 
 Free buffer/variables when you exit the current region 

 
 

Goal: Avoid duplicate data traffic(malloc, copyin, 
copyout) 

36 
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Presentation Notes
In our implementation, we treat more copy, copyin, copyout and create into present-copy, present-copyin, present-copyout and present-create. If the data is already in the GPU memory system, there is no necessary to create a new one. We just find it and use it. 



Data Movement 
 2. Basic Implementation 
 #pragma acc data 

data_clauses 
 { 

 #pragma acc data 
data_clauses 

 { 
 #pragma acc kernels 

data_clauses 
 { 
 … 
 } 

 } 
 } 37 
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Presentation Notes
So if the data is create in current region,  it will be deallocated by the end of this region. In our compiler, when entering a new data region, a new bucket will be pushed into the stack which holds all the data that we will create in this region. And after the exit the region, the data will be picked up from this bucket and freed. 



Data Movement 
 2. Basic Implementation 
 #pragma acc data 

data_clauses 
 { 

 #pragma acc data 
data_clauses 
{ 

 #pragma acc kernels 
data_clauses 

 { 
 … 
 } 

 } 
 } 

38 

 



Data Movement 
 3. Partial Array 
 #pragma acc data 

create(xx[0:N]) 
 { 

 Foo(&xx[start]) 
 } 
 … 
 Foo(double* x) 
 { 

 #pragma acc parallel 
pcopy(x[n1:n2]) 

 { 
 … 
 } 

 } 
GPU Memory 

CPU Memory 

CPU GPU 
Memory Mapping Table 

39 
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Why do we have to do this?



Data Movement 
 3. Partial Array 
 #pragma acc data 

create(xx[0:N]) 
 { 

 Foo(&xx[start]) 
 } 
 … 
 Foo(double* x) 
 { 

 #pragma acc parallel 
pcopy(x[n1:n2]) 

 { 
 … 
 } 

 } 
GPU Memory 

CPU Memory 

CPU GPU 
Memory Mapping Table 

xx 

xx’ 

xx xx’ 
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Why do we have to do this?



Data Movement 
 3. Partial Array 
 #pragma acc data 

create(xx[0:N]) 
 { 

 Foo(&xx[start]) 
 } 
 … 
 Foo(double* x) 
 { 

 #pragma acc parallel 
pcopy(x[n1:n2]) 

 { 
 … 
 } 

 } 
GPU Memory 

CPU Memory 

CPU GPU 
Memory Mapping Table 

xx 

xx’ 

xx xx’ 
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Why do we have to do this?



Data Movement 
 3. Partial Array 
 #pragma acc data 

create(xx[0:N]) 
 { 

 Foo(&xx[start]) 
 } 
 … 
 Foo(double* x) 
 { 

 #pragma acc parallel 
pcopy(x[n1:n2]) 

 { 
 … 
 } 

 } 
GPU Memory 

CPU Memory 

CPU GPU 
Memory Mapping Table 
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Why do we have to do this?



VI. Performance 
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This is another option for an Overview slides using transitions.



Three-Level Nested Loop Scheduling 
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Loop Scheduling 

Laplacian 

OpenUH

CAPS

PGI

CRAY

Kernels 
OpenUH: g-gv-v scheduling 
PGI: default 
CAPS: default 
CRAY: default 

Same experimental platform used 
for OpenUH, CAPS and  PGI 
 
CRAY platform used for Cray 
machine 

Presenter
Presentation Notes
Take a look at the small kernels efficiency generated by four OpenACC compilers. Both Wave13pt and Laplacian are stencil-like applications. Their three-level nested loops can be fully parallelized. The PGI, CAPS and CRAY compiler, they can do really good auto-analysis and auto-parallelization. They analysis the memory access pattern in loop body statements, and match the best loop scheduling strategy for this loop. So I choose default loop scheduling for three vendors’ compiler.



NAS Benchmark 
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Presenter
Presentation Notes
We are still working with the NAS benchmarks with compiler vendors. I apologize that some data is incomplete in this slides. 



NAS Benchmark 
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Presenter
Presentation Notes
MG crashes due to out of memory with PGI and CRAY compiler.  



NAS Benchmark 
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V. Future and Conclusion 
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This is another option for an Overview slides using transitions.



Future Work 
 Support Fortran 
 Support Xeon Phi/AMD GPGPUs and APU 
 Perform more optimization: Irregular Memory access 

optimization 
 Provide a more robust OpenACC implementation 

49 
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What will the audience be able to do after this training is complete? Briefly describe each objective how the audience will benefit from this presentation.



Conclusion 
 Open source OpenACC research compiler, based on 

Open64 
 Competitive performance, compared to other commercial 

compilers 
 Proposed regular loop scheduling for parallel region and 

non-standard loop scheduling for kernels region 
 
 

 

Question? 
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Presentation Notes
We just begun! Please keep an eye on OpenUH OpenACC compiler.
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