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Offloading in OpenMP 

•  OpenMP provides a directive language for controlling execution of a parallel 
application 

–  Control how threads cooperate 
•  Assign different loop iterations to different threads (parallel directive) 
•  Assign task to threads controlled by a set of dependencies (task directive) 

–  Provide optimization hints to take full advantage of the host machine 
•  Mark loops for SIMDzation 
•  Collapse loops, determine loop scheduling, identify reductions 

–  C/C++ and Fortran  
•  OpenMP 4.0 introduces offloading: the ability to transfer execution to a target 

device present in the system 
–  Mark target regions through dedicated directives 
–  Control data movement between host and device 
–  Most OpenMP directives valid for the host can also be used inside target regions 

Challenge: A good OpenMP implementation for one target may perform 
poorly for others – Each target requires a tuned implementation 
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Offloading in OpenMP – Impl. components 
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Clang and LLVM in a nutshell 
•  LLVM  

–  Open-source software infrastructure  
–  Develop compilers and other toolchain components 
–  Modern codebase with a large collection of state-of-the-art algorithms and data structures ready 

to be used for the most common compiler optimizations and code generation 
–  Several targets supported including PowerPC and CUDA-enabled GPUs 
–  Comprehensive but yet simple intermediate language (LLVM IR)  
–  Rich and diverse ecosystem of projects and tools, including Clang 

•  Clang 
–  LLVM IR client that operates as a frontend to the C family programing languages  
–  Fast development pace, adopting the most recent language specs 
–  Clang implements a driver to several LLVM components 

•  Both Clang and LLVM adopt a modular codebase that eases the integration of new 
features and enhances the maintainability  

•  License enables the development of commercial products on top of LLVM 

•  OpenMP support has been gradually added Clang as an external project that only 
recently started to be merged into the main project codebase. 
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Clang with OpenMP 

•  Compiler actions: 
–  Driver preprocesses input source 

files using host preprocessor 
–  For each preprocessed file, the 

driver spawns a job using the 
host compiler and an additional 
job for each target specified by 
the user 

–  Flags informing the frontend that 
we are compiling code for a target 
so only the relevant target 
regions are considered 

–  Target linker creates a self-
contained (no undefined symbols) 
image file 

–  Target image file is embedded 
“as is” by the host linker into the 
host fat binary 

–  The host linker is provided with 
information to generate the 
symbols required by the RTL 
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Code generation for Nvidia GPUs 

•  GPU constraints: 
–  GPUs have unique properties in terms of their execution model 

•  Massive amount of threads executed in wavefronts (CUDA warps) 
•  Threads divided by logical execution groups (CUDA blocks) 
•  Threads within a block can cooperate more efficiently due to fast shared memory  
•  Lightweight  mechanism to schedule each thread 
•  Considerable overhead when threads in the same warp diverge (serialization) 
•  Threads spawning other threads causes significant overhead 
•  Prone to deadlocks with misplaced synchronization barriers 

–  GPU-specific constraints potentially require highly customized code generation in order to obtain 
interesting performance figures 

•  Clang constraints 
–  Code generation should not disrupt the codebase 
–  Centralize OpenMP related features into an independent module 
–  Reuse the implementation of the code generation across different targets 
 

•  Challenge: cope with both sets of constraints 
•  Our approach: implement possible code generation approaches using CUDA 

and evaluate the implications.  
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Code generation for Nvidia GPUs – Example 

#pragma omp target map(to:a,b), map(c)  
{  

#pragma omp teams num_teams(N), thread_limit(M)  
{  

 // some sequential code 
 

#pragma omp distribute  
for (int i0 = 0 ; i0 < VECTOR_SIZE ; i0 += blockSize) {  
 

#pragma omp parallel for  
for (int i = i0 ; i < min (i0+blockSize, VECTOR_SIZE) ; i++)  

 c[i] += a[i] + b[i];  
} 
 
// some sequential code 

}  
} 

… 

… 

… 

Host 

CUDA block CUDA block 

CUDA block CUDA block 

CUDA block CUDA block 

Master thread 

… … 
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Two possible approaches 

__global__ void parallelfor_kernel (..) { !
  <codegen for parallel region> !
} !
__global__ void teams_kernel (..) {!
  !
  // sequential region !
  !
  parallelfor_kernel <<<1, M>>> (..); !
  cudaDeviceSynchronize (); !
!
  // sequential region !
} !
!
__global__ void target_kernel (..) { !
  teams_kernel <<<N, 1>>> (..);  !
  cudaDeviceSynchronize (); !
} !
!
void hostFunction (..) { !
  target_kernel <<<1, 1>>> (..); !
}!

#define MASTER 0 !
!
__global__ void kernel (..) { !
!
  // only team master !
  if (threadIdx.x == MASTER) { !
    // sequential region!
  } !
!
  // all threads in block wait for master   !
  __syncthreads (); !
  <codegen for parallel for> !
!
  __syncthreads ();  //required by #for !
!
  // only team master !
  if (threadIdx.x == MASTER) { !
    // sequential region!
  } !
!
  // all threads in block wait for master!
  __syncthreads (); !
}!

•  CUDA dynamic parallelism •  If-master scheme 
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Dynamic parallelism vs. if-master 
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Figure 11: Execution time of thread coordination schemes for the first benchmark (see Figure 10). Results are for the the
dynamic parallelism scheme (left) and the if-master one (right).

were obtained for di↵erent vector sizes (parameter N), with
the maximum percentage increase in run-time of 4.79%.

To understand the di↵erence in performance between the
two strategies, we analyzed the output produced by the nvcc
compiler. For the switch construct in the control-loop strat-
egy, the compiler generates a sequence of cascaded compare
instructions with the label variable and one of the values
of the switch cases as input. Each compare instruction is
followed by a conditional branch: if the label variable is
equal to the case value, the control-flow branches to the basic
block implementing the switch case block. For the studied
benchmark the compiler generated five compare plus branch
instructions.

For sequential regions, all warps that do not contain the
master will evaluate the first compare to true and jump into
the IDLE label. The warp with the master will scan, in the
worst case, the entire set of compares for the master thread
to reach the one evaluating to true. This means that we pay
an entire round of compares in the worse case, and half of
it in the average case, because all warps will be waiting for
the master to execute the sequential region. Similarly, when
executing a parallel region, all warps will have to execute
the same number of compares, which is equal to the total
number of labels in the worst case scenario.

An alternative implementation of this is based on setting up
a table of labels and by indexing it using switch labels. The
implementation of the switch would consist in a load from
the table and a branch to the read value. This would avoid
the execution of the if-statements discussed above. This
scheme can be implemented in the LLVM compiler when
targeting PTX. We will explore this scheme as future work.

6. IMPLICATIONS FOR CLANG/LLVM
The code generation proposals presented in this paper aim
at minimal changes to the design of Clang and its current
OpenMP implementations. The required modifications in
Clang are solely contained in the OpenMP implementation
and do not require changes in any other Clang code gener-
ation component.

The OpenMP implementation is shared by any target sup-
ported by LLVM. However, some specialization of the OpenMP
code generation features is required for a given target. In the

previous sections we discussed that a team region may spawn
multiple blocks each containing multiple threads, but only
team masters are active in the team region, until a parallel
region is encountered. As described in the proposal, forking
all threads, even the ones that will not do any immediate
computation (non-masters), is remarkably more e�cient for
GPUs. However, this is a GPU-specific optimization: mak-
ing several threads active without any real computation on
a di↵erent target platform may be excessive. Therefore, the
code generation of the threads forking, as well as the corre-
sponding RTL calls, need to be overloaded if the target is a
GPU. The default implementation should only be used for
those targets that can e�ciently fork several threads from
the master thread of a team.

For this purpose, we implemented a facility that permits
overloading calls to the OpenMP RTL, where we can special-
ize the implementation of the calls depending on the target
platform. This is used by the implementation of the teams
directive, as described above, when targeting the NVPTX
backend (NVIDIA GPU assembly language). Other special-
izations include code inlining of critical OpenMP function-
alities.

Another modification relates with the code insertion points
for basic blocks that are going to be executed either by the
master or all threads in a team. This is useful for imple-
menting the switch construct in the control-loop solution.
New basic blocks have to be created each time the code gen-
eration switches from a single thread (master) to multiple
threads and vice-versa, where each basic block implements
a case of the switch construct. This requires extending the
initial and final code generation of parallel regions so that
the appropriate control flow variables (jump table labels) are
updated when the parallel region is contained in a target re-
gion. As we have seen in the performance analysis section,
this would prevent the creation of a sequence of if-statements
to implement the switch construct.

To implement this, we extend the Clang code generation
with “hook” RTL functions. These are properly overloaded
for NVIDIA GPU targets, while they do not produce any
action by default, to support other targets. This means
that for any target other than NVIDIA GPUs there will be
no corresponding statement in the produced code.
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dynamic parallelism scheme (left) and the if-master one (right).

were obtained for di↵erent vector sizes (parameter N), with
the maximum percentage increase in run-time of 4.79%.

To understand the di↵erence in performance between the
two strategies, we analyzed the output produced by the nvcc
compiler. For the switch construct in the control-loop strat-
egy, the compiler generates a sequence of cascaded compare
instructions with the label variable and one of the values
of the switch cases as input. Each compare instruction is
followed by a conditional branch: if the label variable is
equal to the case value, the control-flow branches to the basic
block implementing the switch case block. For the studied
benchmark the compiler generated five compare plus branch
instructions.

For sequential regions, all warps that do not contain the
master will evaluate the first compare to true and jump into
the IDLE label. The warp with the master will scan, in the
worst case, the entire set of compares for the master thread
to reach the one evaluating to true. This means that we pay
an entire round of compares in the worse case, and half of
it in the average case, because all warps will be waiting for
the master to execute the sequential region. Similarly, when
executing a parallel region, all warps will have to execute
the same number of compares, which is equal to the total
number of labels in the worst case scenario.

An alternative implementation of this is based on setting up
a table of labels and by indexing it using switch labels. The
implementation of the switch would consist in a load from
the table and a branch to the read value. This would avoid
the execution of the if-statements discussed above. This
scheme can be implemented in the LLVM compiler when
targeting PTX. We will explore this scheme as future work.

6. IMPLICATIONS FOR CLANG/LLVM
The code generation proposals presented in this paper aim
at minimal changes to the design of Clang and its current
OpenMP implementations. The required modifications in
Clang are solely contained in the OpenMP implementation
and do not require changes in any other Clang code gener-
ation component.

The OpenMP implementation is shared by any target sup-
ported by LLVM. However, some specialization of the OpenMP
code generation features is required for a given target. In the

previous sections we discussed that a team region may spawn
multiple blocks each containing multiple threads, but only
team masters are active in the team region, until a parallel
region is encountered. As described in the proposal, forking
all threads, even the ones that will not do any immediate
computation (non-masters), is remarkably more e�cient for
GPUs. However, this is a GPU-specific optimization: mak-
ing several threads active without any real computation on
a di↵erent target platform may be excessive. Therefore, the
code generation of the threads forking, as well as the corre-
sponding RTL calls, need to be overloaded if the target is a
GPU. The default implementation should only be used for
those targets that can e�ciently fork several threads from
the master thread of a team.

For this purpose, we implemented a facility that permits
overloading calls to the OpenMP RTL, where we can special-
ize the implementation of the calls depending on the target
platform. This is used by the implementation of the teams
directive, as described above, when targeting the NVPTX
backend (NVIDIA GPU assembly language). Other special-
izations include code inlining of critical OpenMP function-
alities.

Another modification relates with the code insertion points
for basic blocks that are going to be executed either by the
master or all threads in a team. This is useful for imple-
menting the switch construct in the control-loop solution.
New basic blocks have to be created each time the code gen-
eration switches from a single thread (master) to multiple
threads and vice-versa, where each basic block implements
a case of the switch construct. This requires extending the
initial and final code generation of parallel regions so that
the appropriate control flow variables (jump table labels) are
updated when the parallel region is contained in a target re-
gion. As we have seen in the performance analysis section,
this would prevent the creation of a sequence of if-statements
to implement the switch construct.

To implement this, we extend the Clang code generation
with “hook” RTL functions. These are properly overloaded
for NVIDIA GPU targets, while they do not produce any
action by default, to support other targets. This means
that for any target other than NVIDIA GPUs there will be
no corresponding statement in the produced code.

§  If-master perform more than 10x faster than dynamic parallelism 

§  If-master variance with #threads/blocks is lower 

§ However… 
–  Control flow decisions may depend on multiple parallel or sequential regions 

•  Require customization of code not directly related with OpenMP 

– More complex control flows may require synchronizations in different paths 
•  Barriers need to be reachable by all threads to avoid deadlocks 

•  CUDA dynamic parallelism •  If-master scheme 
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Control-loop scheme 

§  Single synchronization barrier hit by all 
threads 

§  Code generation for parallel and sequential 
regions remains untouched 

§  OpenMP-related code generation fully 
accomplished while processing a given 
OpenMP directive 

§  Less that 5% overhead regarding the if-
master scheme 

Full details: 
 
Bertolli et al. 
“Coordinating GPU Threads for OpenMP 4.0 
in LLVM”  
The LLVM Compiler Infrastructure in HPC 
Workshop, SC14 
New Orleans, Louisiana, USA  
 

#define SEQ_REG1 0!
#define PAR_REG1 1!
__global__ void kernel () {!
  __shared__ int labMaster; __shared__ int labOthers;!
!
  if (threadIdx.x == MASTER)!
    labelMaster = SEQ_REG1, labelOthers = IDLE;!
  !
  bool finished = false;!
  while (!finished) {!
    int nextLabel;!
!
    __syncthreads ();!
!
    if (threadIdx.x == MASTER)!
      nextLabel = labMaster;!
    else!
      nextLabel = labOthers;!
!
    switch (labelNext) {!
    case IDLE:!
      break;!
    case SEQ_REG1:!
      <code gen for seq region 1>!
      <assign labMaster and labOthers>!
      break;!
    case PAR_REG1:!
      <code gen for par region 1>!
      if (threadIdx.x == MASTER)!
        <assign labMaster and labOthers>!
      break;!
!
    <..other cases.>!
    }!
}!

Control 
Loop 
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Where to get it 

•  How to use it: 
–  Grab the latest source files and install LLVM as usual 
–  Use the right options to specify host and target machines, e.g.: 
$ clang –fopenmp –target powerpc64le-ibm-linux-gnu –mcpu pwr8!

! !   –omptargets=nvptx64sm_35-nvidia-cuda <source files> !

LLVM	  main	  repository	  
h"p://llvm.org	  	  

	  

Version	  3.5	  

Version	  3.6	  

Clang-‐OMP	  repository	  
hIp://clang-‐omp.github.io	  

	  

Ini5al	  version	  

Current	  version	  

Clang/LLVM 
snapshot 

Added OpenMP 
features to Clang 

Changes 
gradually merged 

Preliminary 
offloading 
support 
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