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Papers & Presentations
(selection)

Papers:

● Efficient Execution of OpenMP on GPUs (CGO’22) 
● Co-Designing an OpenMP GPU Runtime Optimizations for

Near-Zero Overhead Execution (IPDPS’22)
● Remote OpenMP Offloading (ISC’22, best paper)
● A Virtual GPU as Developer-Friendly OpenMP Offload Target (LLPP’21)
● Advancing OpenMP Offload Debugging Capabilities in LLVM (LLPP’21)
● Experience Report: Writing A Portable GPU Runtime with OpenMP 5.1 (IWOMP’21)
● Compiler Optimizations For Parallel Programs (LCPC’18)

Presentations:
● LTO and JIT Support in LLVM OpenMP Target Offloading 

https://www.youtube.com/watch?v=T43nhJNSGHg 
● A Compiler’s View of OpenMP 

https://www.openmp.org/events/webinar-a-compilers-view-of-the-openmp-api/ 

Screenshot 
m
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https://www.youtube.com/watch?v=T43nhJNSGHg
https://www.openmp.org/events/webinar-a-compilers-view-of-the-openmp-api/
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(Some) Initial 
Problems
Or, how we started.

● Debugging Challenges
● Indirection Overheads
● GPU Performance



Debugging Challenges



Improved OpenMP Offload Error Diagnostic

$ clang++ -fopenmp -fopenmp-targets=nvptx64 -O3 -gline-tables-only sum.cpp -o sum
$ ./sum
CUDA error: an illegal memory access was encountered
Libomptarget error: Copying data from device failed.
Libomptarget error: Call to targetDataEnd failed, abort target.
Libomptarget error: Failed to process data after launching the kernel.
Libomptarget error: Consult https://openmp.llvm.org/design/Runtimes.html for debugging options.
sum.cpp:5:1: Libomptarget error 1: failure of target construct while offloading is mandatory

See: Advancing OpenMP Offload Debugging Capabilities in LLVM (LLPP’21)



$ clang++ -fopenmp -fopenmp-targets=nvptx64 -O3 -gline-tables-only sum.cpp -o sum
$ env LIBOMPTARGET_INFO=$((0x1 | 0x10 | 0x20)) ./sum
Entering OpenMP kernel at sum.cpp:5:1 with 3 arguments:

firstprivate(N)[8] (implicit)
tofrom(sum)[8] (implicit)
to(A[:N])[8192]

Copying data from host to device, Size=8, Name=sum
Copying data from host to device, Size=8192, Name=A[:N]
Launching kernel __omp_offloading_fd02_60a38a2f__Z3sumPdm_l5 with 1 blocks and 128 threads in SPMD mode 

Improved OpenMP GPU Runtime Information

See: Advancing OpenMP Offload Debugging Capabilities in LLVM (LLPP’21)



Improved OpenMP GPU Runtime Checks

$ clang++ -fopenmp -fopenmp-targets=nvptx64 -fopenmp-target-debug=0x5 sum.cpp -o sum
$ env LIBOMPTARGET_DEVICE_RTL_DEBUG=0x5 ./sum
Shared memory stack full, fallback to dynamic allocation of global memory will negatively impact performance.
nullptr returned by malloc!
CUDA error: an illegal memory access was encountered

See: Advancing OpenMP Offload Debugging Capabilities in LLVM (LLPP’21)



Indirection Overheads



Compiler Optimizations



Compiler Optimizations



Compiler Optimizations For Parallel Programs



Compiler Optimizations For Parallel Programs?



Compiler Optimizations For Parallel Programs?



Compiler Optimizations For Parallel Programs?

See: Compiler Optimizations For OpenMP (IWOMP’18)



CPU vs GPU Execution Model



CUDA vs OpenMP Offload

__global__ void cuda() {

  
  __shared__ double Buffer[BLOCK_SIZE];

  int L;

  if (threadIdx.x == 0)
    single_thread_init();
  __syncthreads();

  L = load_data(Buffer, threadIdx.x);
  __syncthreads();

  if (L != 0)
    parallel_work(Buffer, threadIdx.x);

}



CUDA vs OpenMP Offload

__global__ void cuda() {

  

  __shared__ double Buffer[BLOCK_SIZE];

  int L;

  if (threadIdx.x == 0)
    single_thread_init();
  __syncthreads();

  L = load_data(Buffer, threadIdx.x);
  __syncthreads();

  if (L != 0)
    parallel_work(Buffer, threadIdx.x);

}

void openmp() {
  #pragma omp target teams distribute

  for (int i = 0; i < GRID_SIZE; i += BLOCK_SIZE) {
    double Buffer[BLOCK_SIZE];

    int L;

    // No conditional, conceptually one thread only
    single_thread_init();
    // No synchronization, again, one thread

    #pragma omp parallel for num_threads(...)
    for (int j = 0; j < BLOCK_SIZE; ++j)
      L = load_data(Buffer, j);
    // Synchronization is implicit

    #pragma omp parallel for num_threads(...)
    for (int j = 0; j < BLOCK_SIZE; ++j)
      if (L != 0)
        parallel_work(Buffer, j);

  }
}



CUDA vs OpenMP Offload — Globalization of Locals

__global__ void cuda() {

  
  __shared__ double Buffer[BLOCK_SIZE];

  int L;

  if (threadIdx.x == 0)
    single_thread_init();
  __syncthreads();

  L = load_data(Buffer, threadIdx.x);
  __syncthreads();

  if (L != 0)
    parallel_work(Buffer, threadIdx.x);

}

void openmp_impl() {
  #pragma omp target teams distribute

  for (int i = 0; i < GRID_SIZE; i += BLOCK_SIZE) {
    double *Buffer = __omp_alloc(8 * BLOCK_SIZE);

    int *L = __omp_alloc(sizeof(int));

    // No conditional, conceptually one thread only
    single_thread_init();
    // No synchronization, again, one thread

    #pragma omp parallel for num_threads(...) shared(L)
    for (int j = 0; j < BLOCK_SIZE; ++j)
      *L = load_data(Buffer, j);
    // Synchronization is implicit

    #pragma omp parallel for num_threads(...) shared(L)
    for (int j = 0; j < BLOCK_SIZE; ++j)
      if (*L != 0)
        parallel_work(Buffer, j);

    __omp_free(...)
  }
}

Local/Stack variables cannot be shared across GPU threads.



CUDA vs OpenMP Offload — Execution Mode Mismatch

__global__ void cuda() {

  
  __shared__ double Buffer[BLOCK_SIZE];

  int L;

  if (threadIdx.x == 0)
    single_thread_init();
  __syncthreads();

  L = load_data(Buffer, threadIdx.x);
  __syncthreads();

  if (L != 0)
    parallel_work(Buffer, threadIdx.x);

}

void openmp_impl() {
  #pragma omp target teams distribute

  for (int i = 0; i < GRID_SIZE; i += BLOCK_SIZE) {
    double *Buffer = __omp_alloc(8 * BLOCK_SIZE);

    int *L = __omp_alloc(sizeof(int));

    // No conditional, conceptually one thread only
    single_thread_init();
    // No synchronization, again, one thread

    #pragma omp parallel for num_threads(...) shared(L)
    for (int j = 0; j < BLOCK_SIZE; ++j)
      *L = load_data(Buffer, j);
    // Synchronization is implicit

    #pragma omp parallel for num_threads(...) shared(L)
    for (int j = 0; j < BLOCK_SIZE; ++j)
      if (*L != 0)
        parallel_work(Buffer, j);

    __omp_free(...)
  }
}

   SPMD/GPU Execution Mode
block

thread

kernel

   Generic/CPU Execution Mode

block

thread

parallel
region

seq. code



CUDA vs OpenMP Offload — Globalization of Locals

__global__ void cuda() {

  

  __shared__ double Buffer[BLOCK_SIZE];

  int L;

  if (threadIdx.x == 0)
    single_thread_init();
  __syncthreads();

  L = load_data(Buffer, threadIdx.x);
  __syncthreads();

  if (L != 0)
    parallel_work(Buffer, threadIdx.x);

}

void openmp_impl() {
  #pragma omp target teams distribute

  for (int i = 0; i < GRID_SIZE; i += BLOCK_SIZE) {
    double *Buffer = __omp_alloc(8 * BLOCK_SIZE);

    int *L = __omp_alloc(sizeof(int));

    // No conditional, conceptually one thread only
    single_thread_init();
    // No synchronization, again, one thread

    #pragma omp parallel for num_threads(...) shared(L)
    for (int j = 0; j < BLOCK_SIZE; ++j)
      *L = load_data(Buffer, j);
    // Synchronization is implicit

    #pragma omp parallel for num_threads(...) shared(L)
    for (int j = 0; j < BLOCK_SIZE; ++j)
      if (*L != 0)
        parallel_work(Buffer, j);

    __omp_free(...)
  }
}



OpenMP-Opt — Deglobalization

void openmp_impl() {
  #pragma omp target teams distribute

  for (int i = 0; i < GRID_SIZE; i += BLOCK_SIZE) {
    double Buffer[BLOCK_SIZE];
    #pragma omp allocate(Buffer) allocator(cgroup)
    int L;
    #pragma omp allocate(L) allocator(thread)
    // No conditional, conceptually one thread only
    single_thread_init();
    // No synchronization, again, one thread

    #pragma omp parallel for
    for (int j = 0; j < BLOCK_SIZE; ++j)
      L = load_data(Buffer, j);
    // Synchronization is implicit

    #pragma omp parallel for
    for (int j = 0; j < BLOCK_SIZE; ++j)
      if (L != 0)
        parallel_work(Buffer, j);

  }
}

__global__ void cuda() {

  __shared__ double Buffer[BLOCK_SIZE];

  int L;

  if (threadIdx.x == 0)
    single_thread_init();
  __syncthreads();

  L = load_data(Buffer, threadIdx.x);
  __syncthreads();

  if (L != 0)
    parallel_work(Buffer, threadIdx.x);

}

See: CGO’22



OpenMP-Opt — “SPMDzation”

__global__ void cuda() {

  __shared__ double Buffer[BLOCK_SIZE];

  int L;

  if (threadIdx.x == 0)
    single_thread_init();
  __syncthreads();

  L = load_data(Buffer, threadIdx.x);
  __syncthreads();

  if (L != 0)
    parallel_work(Buffer, threadIdx.x);

}

See: CGO’22

void openmp_impl() {
  #pragma omp target teams distribute
  #pragma omp parallel
  for (int i = 0; i < GRID_SIZE; i += BLOCK_SIZE) {
    double Buffer[BLOCK_SIZE];
    #pragma omp allocate(Buffer) allocator(cgroup)
    int L;
    #pragma omp allocate(L) allocator(thread)
    if (__omp_get_thread_id() == 0)
      single_thread_init();
    #pragma omp barrier // aligned

    #pragma omp for nowait
    for (int j = 0; j < BLOCK_SIZE; ++j)
      L = load_data(Buffer, j);
    #pragma omp barrier // aligned

    #pragma omp for nowait
    for (int j = 0; j < BLOCK_SIZE; ++j)
      if (L != 0)
        parallel_work(Buffer, j);
    #pragma omp barrier // aligned
  }
}



OpenMP-Opt — Loop Oversubscription (User Assumption)

__global__ void cuda() {

  __shared__ double Buffer[BLOCK_SIZE];

  int L;

  if (threadIdx.x == 0)
    single_thread_init();
  __syncthreads();

  L = load_data(Buffer, threadIdx.x);
  __syncthreads();

  if (L != 0)
    parallel_work(Buffer, threadIdx.x);

}

See: CGO’22

void openmp_impl() {
  #pragma omp target teams parallel
  int i = omp_get_team_num();
  if (i < GRID_SIZE) {
    double Buffer[BLOCK_SIZE];
    #pragma omp allocate(Buffer) allocator(cgroup)
    int L;
    #pragma omp allocate(L) allocator(thread)
    if (__omp_get_thread_id() == 0)
      single_thread_init();
    #pragma omp barrier // aligned

    int j = omp_get_thread_num();
    if (j < BLOCK_SIZE)
      L = load_data(Buffer, j);
    #pragma omp barrier // aligned

    int j = omp_get_thread_num();
    if (j < BLOCK_SIZE)
      if (L != 0)
        parallel_work(Buffer, j);
    #pragma omp barrier // aligned
  }
}



OpenMP-Opt — Aligned Barrier Removal

__global__ void cuda() {

  __shared__ double Buffer[BLOCK_SIZE];

  int L;

  if (threadIdx.x == 0)
    single_thread_init();
  __syncthreads();

  L = load_data(Buffer, threadIdx.x);
  __syncthreads();

  if (L != 0)
    parallel_work(Buffer, threadIdx.x);

}

See: CGO’22

void openmp_impl() {
  #pragma omp target teams parallel
  int i = omp_get_team_num();
  if (i < GRID_SIZE) {
    double Buffer[BLOCK_SIZE];
    #pragma omp allocate(Buffer) allocator(cgroup)
    int L;
    #pragma omp allocate(L) allocator(thread)
    if (__omp_get_thread_id() == 0)
      single_thread_init();
    #pragma omp barrier // aligned

    int j = omp_get_thread_num();
    if (j < BLOCK_SIZE)    
      L = load_data(Buffer, j);
    #pragma omp barrier // aligned

    int j = omp_get_thread_num();
    if (j < BLOCK_SIZE)
      if (L != 0)
        parallel_work(Buffer, j);
    #pragma omp barrier // aligned
  }
}



OpenMP-Opt — Runtime Call Specialization

__global__ void cuda() {

  __shared__ double Buffer[BLOCK_SIZE];

  int L;

  if (threadIdx.x == 0)
    single_thread_init();
  __syncthreads();

  L = load_data(Buffer, threadIdx.x);
  __syncthreads();

  if (L != 0)
    parallel_work(Buffer, threadIdx.x);

}

See: CGO’22

void openmp_impl() {
  #pragma omp target teams parallel
  int i = omp_get_team_num();
  if (i < GRID_SIZE) {
    double Buffer[BLOCK_SIZE];
    #pragma omp allocate(Buffer) allocator(cgroup)
    int L;
    #pragma omp allocate(L) allocator(thread)
    if (__omp_get_thread_id() == 0)
      single_thread_init();
    #pragma omp barrier // aligned

    int j = omp_get_thread_num();
    if (j < BLOCK_SIZE)    
      L = load_data(Buffer, j);
    #pragma omp barrier // aligned

    int j = omp_get_thread_num();
    if (j < BLOCK_SIZE)
      if (L != 0)
        parallel_work(Buffer, j);
   
  }
}

num_teams(GRID_SIZE) 
thread_limit(BLOCK_SIZE)



OpenMP-Opt — CUDA-like Kernel Code

__global__ void cuda() {

  __shared__ double Buffer[BLOCK_SIZE];

  int L;

  if (threadIdx.x == 0)
    single_thread_init();
  __syncthreads();

  L = load_data(Buffer, threadIdx.x);
  __syncthreads();

  if (L != 0)
    parallel_work(Buffer, threadIdx.x);

}

See: CGO’22

void openmp_impl() {
  #pragma omp target teams parallel
  
  {
    double Buffer[BLOCK_SIZE];
    #pragma omp allocate(Buffer) allocator(cgroup)
    int L;
    #pragma omp allocate(L) allocator(thread)
    if (__omp_get_thread_id() == 0)
      single_thread_init();
    #pragma omp barrier // aligned

 
    L = load_data(Buffer, j);
    #pragma omp barrier // aligned

    if (L != 0)
      parallel_work(Buffer, j);
   
  }
}



Optimized OpenMP Offload Performance
See: CGO’22



Optimized OpenMP Offload Performance
See: CGO’22



Co-Designing Opt. & Portable GPU Runtime



Explicit (Shared) Global State and Powerful IPO

__shared__ StateTy State;

__global__ void kernel() {
  State.TeamSize = 1;
  __omp_aligned_barrier(); // assume((ompx_aligned))
  __omp_parallel(outlined_fn, ...);
}

__device__ static void outlined_fn(...) {
  // Do not (transitively) call __omp_parallel.
  use(State.TeamSize);
}



Explicit (Shared) Global State and Powerful IPO

__shared__ StateTy State;

__global__ void kernel() {
  State.TeamSize = 1;
  __omp_aligned_barrier(); // assume((ompx_aligned))
  __omp_parallel(outlined_fn, ...);
}

__device__ static void __omp_parallel(fn, ...) {
  if (State.TeamSize > 1)
    return __omp_parallel_sequentialized(fn, ...);
  __omp_aligned_barrier(); // assume((ompx_aligned))
  State.TeamSize = blockDim.x;
  __omp_aligned_barrier(); // assume((ompx_aligned))
  fn();
  __omp_aligned_barrier(); // assume((ompx_aligned))
  State.TeamSize = 1;
  __omp_aligned_barrier(); // assume((ompx_aligned))
}

__device__ static void outlined_fn(...) {
  // Do not (transitively) call __omp_parallel.
  use(State.TeamSize);
}



Explicit (Shared) Global State and Powerful IPO

__shared__ StateTy State;

__global__ void kernel() {
  State.TeamSize = 1;
  __omp_aligned_barrier(); // assume((ompx_aligned))
  __omp_parallel(outlined_fn, ...);
}

__device__ static void __omp_parallel(fn, ...) {
  if (1 > 1)
    return __omp_parallel_sequentialized(fn, ...);
  __omp_aligned_barrier(); // assume((ompx_aligned))
  State.TeamSize = blockDim.x;
  __omp_aligned_barrier(); // assume((ompx_aligned))
  fn();
  __omp_aligned_barrier(); // assume((ompx_aligned))
  State.TeamSize = 1;
  __omp_aligned_barrier(); // assume((ompx_aligned))
}

__device__ static void outlined_fn(...) {
  // Do not (transitively) call __omp_parallel.
  use(State.TeamSize);
}

IP-Reachability + 
shared memory lifetime



Explicit (Shared) Global State and Powerful IPO

__shared__ StateTy State;

__global__ void kernel() {
  State.TeamSize = 1;
  __omp_aligned_barrier(); // assume((ompx_aligned))
  __omp_parallel(outlined_fn, ...);
}

__device__ static void __omp_parallel(fn, ...) {

  __omp_aligned_barrier(); // assume((ompx_aligned))
  State.TeamSize = blockDim.x;
  __omp_aligned_barrier(); // assume((ompx_aligned))
  fn();
  __omp_aligned_barrier(); // assume((ompx_aligned))
  State.TeamSize = 1;
  __omp_aligned_barrier(); // assume((ompx_aligned))
}

__device__ static void outlined_fn(...) {
  // Do not (transitively) call __omp_parallel.
  use(blockDim.x);
}

IP-Reachability  + 
shared memory lifetime + 
IP-Dominance +
intrinsic annotations



Explicit (Shared) Global State and Powerful IPO

__shared__ StateTy State;

__global__ void kernel() {
  State.TeamSize = 1;
  __omp_aligned_barrier(); // assume((ompx_aligned))
  __omp_parallel(outlined_fn, ...);
}

__device__ static void __omp_parallel(fn, ...) {

  __omp_aligned_barrier(); // assume((ompx_aligned))
  State.TeamSize = blockDim.x;
  __omp_aligned_barrier(); // assume((ompx_aligned))
  fn();
  __omp_aligned_barrier(); // assume((ompx_aligned))
  State.TeamSize = 1;
  __omp_aligned_barrier(); // assume((ompx_aligned))
}

__device__ static void outlined_fn(...) {
  // Do not (transitively) call __omp_parallel.
  use(blockDim.x);
}

shared memory lifetime + IP-write-only

shared memory lifetime + IP-DSE



Explicit (Shared) Global State and Powerful IPO

__global__ void kernel() {
  
  __omp_aligned_barrier(); // assume((ompx_aligned))
  __omp_parallel(outlined_fn, ...);
}

__device__ static void __omp_parallel(fn, ...) {

  __omp_aligned_barrier(); // assume((ompx_aligned))
  
  __omp_aligned_barrier(); // assume((ompx_aligned))
  fn();
  __omp_aligned_barrier(); // assume((ompx_aligned))
 
  __omp_aligned_barrier(); // assume((ompx_aligned))
}

__device__ static void outlined_fn(...) {
  // Do not (transitively) call __omp_parallel.
  use(blockDim.x);
}

IP-aligned barrier elimination



Explicit (Shared) Global State and Powerful IPO

__global__ void kernel() {
  
  
  __omp_parallel(outlined_fn, ...);
}

__device__ static void __omp_parallel(fn, ...) {

  
  
  
  fn();
 
 
 
}

__device__ static void outlined_fn(...) {
  // Do not (transitively) call __omp_parallel.
  use(blockDim.x);
}

__global__ void kernel() {
  use(blockDim.x);
}

Simplifications, e.g., inlining, remove 
(now empty) abstraction layers.

⇒ CUDA-like code (IR and PTX)



Remarks & Assumptions - Interactive Optimization

OpenMP-Opt emits remarks:
❏ -Rpass=openmp-opt
❏ -Rpass-missed=openmp-opt
❏ -Rpass-analysis=openmp-opt

to report success and failure,

and utilizes assumptions:
❏ #pragma omp assumes ...

❏  __attribute__((assume(“...”)))

❏ command line flags

to enhance static analysis.

omp_no_openmp

omp_no_parallelism

omp_no_openmp_routines

ompx_spmd_amenable

ompx_aligned_barrier

ompx_no_sync

-fopenmp-assume-teams-oversubscription

-fopenmp-assume-threads-oversubscription

OpenMP 5.1 spec 
assumptions

LLVM assumption 
extensions



Optimized OpenMP Offload Performance
See: IPDPS’22



Optimized OpenMP Offload Performance
See: IPDPS’22



Beyond 
“Standard” 
OpenMP

Or, playing the long game.

● Remote OpenMP Offloading
● OpenMP as Intermediate Layer



Remote OpenMP Offloading



Remote OpenMP Offloading (Plugin)

GPU 0
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Remote OpenMP Offloading (Plugin)

GPU 0

GPU 1

…



Remote OpenMP Offloading (Plugin)

GPU 0

GPU 2-4 GPU 5-7 GPU 8-10

GPU 1

See: Remote OpenMP Offloading (ISC’22, best paper)



Remote OpenMP Offloading (Plugin)

GPU 0

GPU 2-4 GPU 5-7 GPU 8-10

GPU 1
XSBench - Strong scaling - up to 

15x8 A100 GPUs compared to 1x8

See: Remote OpenMP Offloading (ISC’22, best paper)



Remote OpenMP Offloading (Plugin)

See: Remote OpenMP Offloading (ISC’22, best paper)



Remote OpenMP Offloading (Plugin)

See: Remote OpenMP Offloading (ISC’22, best paper)



OpenMP as Intermediate Layer



LLVM/OpenMP Target Offloading



LLVM/OpenMP Target Offloading



LLVM/OpenMP Target Offloading + Math Runtimes



LLVM/OpenMP Target Offloading + CUDA Device Compilation
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