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!   Iterate	  over	  domain,	  apply	  fixed	  stencil	  

	  
	  

for y in range(0, arr.rows) { 
  for x in range(0, arr.cols) { 
    arr(x, y) =           
                         0.25f * in(x, y-1) + 
    0.25f * in(x-1, y) + 0.50f * in(x, y  ) + 0.25f * in(x+1, y) + 
                         0.25f * in(x, y+1); 
  } 
} 

Serial	  2D-‐Stencil	  Code	  

!   Domain-‐specific	  variants	  
!   Stencil	  size,	  shape	  
!   Boundary	  handling	  

!   Target-‐specific	  opCmizaCons	  
!   Blocking	  
! VectorizaCon	  
!   Accelerator	  offloading	  
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Stencil	  Interpreter	  

!   Interpreter	  considers	  domain-‐specific	  variants	  

fn apply_stencil(x: int, y: int, 
                 field: Field, stencil: Stencil, 
                 border: fn(int, int, int) -> int 
                ) -> float { 
  let mut sum = 0.0f; 
  let half = stencil.size / 2; 
   
  for ys in range(-half, half+1) { 
    for xs in range(-half, half+1) { 
 
        let xx = border(x+xs, 0, field.cols-1); 
        let yy = border(y+ys, 0, field.rows-1); 
        sum += field(xx, yy) * stencil(xs, ys); 
 
    } 
  } 
 
  sum 
} 
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Stencil	  Interpreter	  

!   Interpreter	  considers	  domain-‐specific	  variants	  

fn apply_stencil(x: int, y: int, 
                 field: Field, stencil: Stencil, 
                 border: fn(int, int, int) -> int 
                ) -> float { 
  let mut sum = 0.0f; 
  let half = stencil.size / 2; 
   
  for ys in range(-half, half+1) { 
    for xs in range(-half, half+1) { 
      if stencil(xs, ys) != 0.0f { 
        let xx = border(x+xs, 0, field.cols-1); 
        let yy = border(y+ys, 0, field.rows-1); 
        sum += field(xx, yy) * stencil(xs, ys); 
      } 
    } 
  } 
 
  sum 
} 
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Domain	  Variants	  

!   ApplicaCon	  developer	  selects	  domain-‐specific	  components	  
!   Boundary	  handling	  
!   Stencil	  

fn clamp(idx: int, lower: int, upper: int) -> int { 
  min(upper, max(lower, idx)) 
} 
 
let stencil: Stencil = { data: [[0.00f, 0.25f, 0.00f], 
                                [0.25f, 0.50f, 0.25f], 
                                [0.00f, 0.25f, 0.00f]],  
                         /* ... */ }; 
let mut out: Field   = { /* ... */ }; 
 
for x, y in iterate(out) { 
  out(x, y) = apply_stencil(x, y, field, stencil, clamp); 
} 
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Stencil	  Specializa6on	  using	  Par6al	  Evalua6on	  

!   Normal	  program	  execuCon	   !   ExecuCon	  with	  program	  specializaCon	  

Program	  P	  Input	  S	  

Input	  D	  

Output	   PE	  Input	  D	   Output	  

ParCal	  
Evaluator	  

Program	  
Input	  S	  

Interpreter	  
Input	  P	  

Specialized	  
Program	  
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Stencil	  Specializa6on	  through	  Par6al	  Evalua6on	  

!   ParCal	  evaluaCon	  is	  exposed	  through	  @	  
!   Preserves	  program	  semanCcs	  

fn clamp(idx: int, lower: int, upper: int) -> int { 
  min(upper, max(lower, idx)) 
} 
 
let stencil: Stencil = { data: [[0.00f, 0.25f, 0.00f], 
                                [0.25f, 0.50f, 0.25f], 
                                [0.00f, 0.25f, 0.00f]],  
                         /* ... */ }; 
let mut out: Field   = { /* ... */ }; 
 
for x, y in iterate(out) { 
  out(x, y) = @apply_stencil(x, y, field, stencil, clamp); 
} 
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Exploi6ng	  Boundary	  Handling	  

!   Boundary	  handling	  
!   Evaluated	  for	  all	  points	  
!   Unnecessary	  evaluaCon	  of	  condiConals	  

!   Specialized	  variants	  for	  different	  regions	  
[HiStencils14]	  

!   AutomaCc	  generaCon	  of	  variants	  
à	  ParCal	  evaluaCon	  
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Compiler	  Work-‐Flow	  

!   General-‐purpose	  languages	  

!   Domain-‐specific	  languages	  (embedding)	  

Lexer	  

Run	  

Parser	   …	   Opt	   …	  

Lexer	   Parser	   …	   Opt	   …	  

DSL	  Rep.	  

Embedded	  
DSL	  

Program	   DSL	  Opt	   …	  
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Our	  Approach	  

!   DSL	  embedding	  in	  own	  host	  language	  

!   ParCal	  evaluaCon	  
!   Triggered	  code	  generaCon	  
! Typesafe	  

Run	  

Lexer	   Parser	   …	   Opt	   …	  

DSL	  Rep.	  

Embedded	  
DSL	  

Program	   DSL	  Opt	   …	  
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Our	  Approach	  

! AnyDSL	  framework	  

	  
	  

Computer	  
Vision	  
DSL	  

AnyDSL	  Compiler	  Framework	  (Thorin)	  	  

Physics	  
DSL	   …	  Ray	  Tracing	  

DSL	  

Various	  Backends	  (via	  LLVM)	  

De
ve
lo
pe

r	  Parallel	  
Run6me	  
DSL	  

AnyDSL	  Unified	  Program	  RepresentaCon	  

Layered	  DSLs	  
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Many-‐Core	  Dilemma	  

!   Many-‐core	  HW	  is	  everywhere	  –	  but	  programming	  it	  is	  sCll	  hard	  

	  
	  

Intel Haswell Architecture (1.4B Transistors) AMD Brazo 

CPU	  
	  	  

GPU	   GPU	  

Nvidia Kepler  
(~7B Transistors) 

Intel Knights Ferry 
(~5B Transistors) 

CPU/GPU	  

CPU	  

GPU	  

CPU	  

Intel Knights Landing 
 

CPU/GPU	  
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Mapping	  to	  Target	  Hardware	  

!   Higher	  level	  domain-‐specific	  code	  
!   iterate	  funcCon	  iterates	  over	  field	  (provided	  by	  machine	  expert)	  

fn clamp(idx: int, lower: int, upper: int) -> int { 
  min(upper, max(lower, idx)) 
} 
 
let stencil: Stencil = { data: [[0.00f, 0.25f, 0.00f], 
                                [0.25f, 0.50f, 0.25f], 
                                [0.00f, 0.25f, 0.00f]],  
                         /* ... */ }; 
let mut out: Field   = { /* ... */ }; 
 
for x, y in iterate(out) { 
  out(x, y) = @apply_stencil(x, y, field, stencil, clamp); 
} 
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Mapping	  to	  Target	  Hardware	  

!   Higher	  level	  domain-‐specific	  code	  
!   for	  syntax:	  syntacCc	  sugar	  for	  lambda	  funcCon	  as	  last	  argument	  

fn clamp(idx: int, lower: int, upper: int) -> int { 
  min(upper, max(lower, idx)) 
} 
 
let stencil: Stencil = { data: [[0.00f, 0.25f, 0.00f], 
                                [0.25f, 0.50f, 0.25f], 
                                [0.00f, 0.25f, 0.00f]],  
                         /* ... */ }; 
let mut out: Field   = { /* ... */ }; 
 
iterate(out, |x, y| -> () { 
  out(x, y) = @apply_stencil(x, y, field, stencil, clamp); 
}); 
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!   Scheduling	  &	  mapping	  provided	  by	  machine	  expert	  
!   Simple	  sequenCal	  code	  on	  a	  CPU	  
!   body	  gets	  inlined	  through	  specializaCon	  at	  higher	  level	  

fn iterate(arr: Field, body: fn(int, int) -> ()) -> () { 
  for y in range(0, arr.rows) { 
    for x in range(0, arr.cols) { 
      ... 
      body(x, y); 
    }    
  } 
} 

Mapping	  to	  Target	  Hardware	  (1)	  

15	  



!   Scheduling	  &	  mapping	  provided	  by	  machine	  expert	  	  
!   CPU	  code	  using	  vectorizaCon	  (e.g.	  AVX)	  
! vectorize	  is	  provided	  by	  the	  compiler,	  uses	  whole-‐funcCon	  vectorizaCon	  

fn iterate(arr: Field, body: fn(int, int) -> ()) -> () { 
  let vector_length = 8; 
  for y in range(0, arr.rows) { 
    for vectorize(vector_length, 0, arr.cols) { 
      let x = wfv_get_tid(); 
      ... 
      body(x, y); 
    } 
  } 
} 

Mapping	  to	  Target	  Hardware	  (2)	  
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Mapping	  to	  Target	  Hardware	  (3)	  

!   Scheduling	  &	  mapping	  provided	  by	  machine	  expert	  
!   Exposed	  NVVM	  (CUDA)	  code	  generaCon	  
!   Last	  argument	  of	  nvvm	  is	  funcCon	  we	  generate	  NVVM	  code	  for	  

	  

fn iterate(arr: Field, body: fn(int, int) -> ()) -> () { 
  let grid  = (arr.cols, arr.rows, 1); 
  let block = (32, 4, 1); 
 
  nvvm(grid, block, || { 
    let x = nvvm_tid_x() + nvvm_ntid_x() * nvvm_ctaid_x(); 
    let y = nvvm_tid_y() + nvvm_ntid_y() * nvvm_ctaid_y(); 
    body(x, y); 
  }); 
} 
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Compiler	  Framework	  

!   Impala	  language	  (Rust	  dialect)	  
!   FuncConal	  &	  imperaCve	  language	  

! Thorin	  compiler	  [CGO	  2015]	  
!   Higher-‐order	  funcConal	  IR	  

!   Special	  opCmizaCon	  passes	  
!   No	  overhead	  during	  runCme	  

!   Whole-‐FuncCon	  Vectorizer	  [CGO	  2011]	  
!   LLVM	  

!   Full	  compiler	  opCmizaCon	  passes	  
!   MulC-‐target	  code	  generaCon	  

!   SPIR,	  NVVM	  
!   CPUs,	  GPUs,	  MICs,	  …	  

Thorin	  

LLVM	  

NVVM	  

Impala	  

SPIR	  

Vectorizer	  

Na6ve	  
Code	  

CUDA	  
OpenCL	  
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Applica6on:	  Mul6grid	  Method	  

1.  Pre-‐smoothing	  
2.  Residual	  computaCon	  
3.  RestricCon	  
4.  Recursion	  
5.  InterpolaCon	  
6.  CorrecCon	  
7.  Post-‐smoothing	  

!   Previous	  work:	  Modeled	  in	  Hipacc	  [WOLFHPC’12]	  
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4

time
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l
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Applica6on:	  Mul6grid	  Method	  

1.  Pre-‐smoothing	  
2.  Residual	  computaCon	  
3.  RestricCon	  
4.  Recursion	  
5.  InterpolaCon	  
6.  CorrecCon	  
7.  Post-‐smoothing	   0

1

2

3

4

time

le
ve

l

fn vcycle(in: Field, levels) -> Field { 
  // allocate memory for all levels 
 
  /∗ vcycle implementation ∗/ 
  fn vcycle_intern(level: int) -> () { 
    if level == levels-1 { 
      jacobi(/* fields */);    
    } else { 
      jacobi(/* fields */); 
      residual(/* fields */); 
      restrict(/* fields */); 
 
      vcycle_intern(level+1); // recursion 
 
      interpolate(/* fields */); 
      jacobi(/* fields */); 
    } 
  } 
  
  vcycle_intern(0); 
} 
 
/* call to vcycle */ 
let result = vcycle(input, levels); 
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A	  DSL	  for	  the	  V-‐cycle	  

!   Pass	  V-‐cycle	  components	  as	  higher-‐order	  funcCons	  

fn vcycle_dsl(in: Field, levels: int, 
              smoother:    fn(/* ... */) -> (), 
              residual:    fn(/* ... */) -> (), 
              restrict:    fn(/* ... */) -> (), 
              interpolate: fn(/* ... */) -> ()  
             ) -> Field { 
  /* ... */ 
} 
 
/* call to vcycle_dsl */ 
let result = @vcycle_dsl(input, 6 /* levels */, 
                         jacobi, residual, restrict, interpolate); 
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A	  DSL	  for	  the	  V-‐cycle	  

!   Perform	  scheduling	  in	  the	  DSL	  
fn vcycle_dsl(/* ... */) -> Field { 
  fn vcycle_dsl_intern(level: int) -> () { 
    if level == levels-1 { 
      for x, y in iterate(Sol(level)) { 
        solver(x, y, /* fields */);    
      }    
    } else { 
      // call smoother 
      // call residual 
      // call restrict 
      vcycle_dsl_intern(level+1); // recursion 
      // call interpolate 
      // call smoother 
    } 
  } 
  
  vcycle_dsl_intern(0); 
} 
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Loop	  Fusion	  

!   Exemplarily	  shown	  for	  residual	  and	  restrict	  
!   Create	  schedule	  that	  merges	  loop	  bodies	  

fn iterate_rr(Sol: Field, Res: Field, RHSF: Field, RHSC: Field, 
              residual: fn(/* ... */) -> (),  
              restrict: fn(/* ... */) -> ()) -> () { 
 
 
  for y in $range(0, Res.rows) { 
    for x in range(0, Res.cols) @{ // residual for two rows 
      residual(x, y /* ... */ Sol, Res, RHSF); 
    }    
  } 
  for y in $range(0, RHSC.rows) {    
    for x in range(0, RHSC.cols) @{ // restrict the residual 
      restrict(x, y /* ... */ Res, RHSC); 
    } 
  } 
} 
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Loop	  Fusion	  

!   Exemplarily	  shown	  for	  residual	  and	  restrict	  
!   Create	  schedule	  that	  merges	  loop	  bodies	  

fn iterate_rr(Sol: Field, Res: Field, RHSF: Field, RHSC: Field, 
              residual: fn(/* ... */) -> (),  
              restrict: fn(/* ... */) -> ()) -> () { 
  let mut tmp: Field = { /* ... */ }; // temporary array for 2 rows 
 
  for y in $range_step(0, Res.rows, 2) @{ 
    for yi in range(0, 2) { 
      for x in $range(0, Res.cols) @{ // residual for two rows 
        residual(x, yi /* ... */ Sol, tmp, RHSF); 
      }    
    }    
    for x in $range(0, RHSC.cols) @{ // restrict the residual 
      restrict(x, 0 /* ... */ tmp, RHSC); 
    } 
  } 
} 
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A	  DSL	  for	  the	  V-‐cycle	  

!   Same	  high-‐level	  descripCon	  
!   Intel	  Core	  i5-‐4288U	  

!   CPU	  
!   AVX	  

!   :M	  mapping	  merges	  
residual	  and	  restrict	  
components	  

smoother	   residual	   restrict	   interpolate	  
CPU	   18.62	   17.08	   6.82	   10.24	  
CPU:M	   18.62	   17.84	   10.24	  
AVX	   16.80	   16.69	   10.15	   16.18	  
AVX:M	   16.80	   17.26	   16.18	  

Times	  in	  ms	  for	  finest	  level	  of	  V-‐cycle;	  field	  of	  4096x4096,	  Jacobi	  as	  smoother	   25	  



A	  DSL	  for	  the	  V-‐cycle	  

!   Same	  high-‐level	  descripCon	  
!   NVIDIA	  GeForce	  GTX	  680	  	  

!   NVVM	  

!   AMD	  Radeon	  R9	  290X	  	  
!   SPIR	  

!   :M	  mapping	  merges	  
residual	  and	  restrict	  
components	  

smoother	   residual	   restrict	   interpolate	  
NVVM	   1.61	   1.61	   0.55	   1.01	  
NVVM:M	   1.61	   1.26	   1.01	  
SPIR	   0.77	   0.77	   0.29	   0.53	  
SPIR:M	   0.77	   0.56	   0.53	  

Times	  in	  ms	  for	  finest	  level	  of	  V-‐cycle;	  field	  of	  4096x4096,	  Jacobi	  as	  smoother	   26	  



Speedup	  by	  Merged	  Computa6on	  

0 20 40 60 80 100 120 140 160

SPIR

NVVM

AVX

CPU

100

1.21x (1.86 ms)

1.19x (3.88 ms)
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1x (50.55 ms)

1x (52.76 ms)

merged normal

Figure 8. Speedup from merging the residual and restrict
computation for the first level of the V-cycle (smooth, resid-
ual, restrict, interpolate). The execution times are also listed
in ms for a field of size 4096 ⇥ 4096.

stead of computing the residual for the whole field first and
then restrict the field produced by the residual, we compute
the residual only for two rows and restrict the residual before
the next rows are processed. This pipelined processing allows
to hold the result of the restrict component in cache on the
CPU and allows to merge compute kernels on the GPU when
using scratchpad (local or shared) memory. On the GPU, this
has the same e↵ect as loop fusion. Figure 7 illustrates this
for the CPU. The index passed to the residual and restrict
component refer to the temporary field. The o↵set to the cur-
rent row of the other fields are tracked in the Field object
and are used when accessing field elements. Merging the two
components is only valid if the operation of the multigrid
components is known: in our example, the restrict compo-
nent is allowed to access two rows only. Otherwise, a larger
temporary array has to be allocated and pre-computed before
applying restrict.

Results. While we have shown in Section 5.1 that we
achieve competitive performance for stencil codes, the multi-
grid iteration o↵ers optimization opportunities when com-
ponents are scheduled in a clever way. Figure 8 shows the
speedup we get by merging the residual and restrict com-
ponents for the first level of the V-cycle (smooth, residual,
restrict, interpolate). The speedup is between 11 % on the
CPU and up to 20 % on the GPU. Considering only the resid-
ual and restrict component, the computation is 25 % (27 %)
faster on the CPU (AVX) and 42 % (47 %) faster on the GPU
when using NVVM (SPIR). For AVX, we vectorize only the
smooth and residual component since restrict and interpolate
are otherwise slower due to their memory access pattern.

Discussion. Our implementation can be easily extended to
express di↵erent multigrid iterations. It is actually su�cient
to change the recursion in the V-cycle implementation in
order to get the schedule for the W-cycle multigrid iteration.

The performance evaluation has shown that we can map
the same high-level description to di↵erent target platforms
by providing target-specific mappings. Moreover, we merge

multiple components as shown exemplarily for the residual
and restrict components.

We believe that using our approach, we can get the same
performance as target-dependent, hand-optimized implemen-
tations for multigrid solvers [e. g., Köstler et al. 2013]. Cur-
rently, we are working on mappings to merge computations
across not only two, but several components in order to get
the same performance as hand-tuned implementations.

5.3 Ray Tracer
We have implemented a Whitted-style ray-tracer supporting
recursive raytracing (mirrors), shadows, procedural textures
as well as normal textures. The implementation consists
of more than 4000 lines of LANG code and we need only
58 lines for the GPU mapping. For all functions used by the
renderer, NVVM assembly code is generated, resulting in
more than 6700 lines of generated NVVM code.

While we do not generate fully optimized GPU code at
the moment, we can generate a GPU implementation from
the same code base. For a fixed scene of size 2560 ⇥ 1920
with 1000 polygons and instancing, we achieve 1.57 FPS on
the CPU (Intel Core i5-4288U) and 9.96 FPS on the GPU
(NVIDIA GTX 680).

6. Conclusions
In this paper, we presented a novel online PE strategy. The
programmer can steer the evaluator with annotations in
order to specialize code. Furthermore, our evaluator has
precisely defined termination properties: Every invocation of
the evaluator triggered by an annotation will terminate if the
full evaluation of the program terminates. This property of our
evaluator solves a long-standing problem of prior evaluators:
Non-termination of PE on code that does terminate on full
evaluation. Finding and eliminating the cause for such an
induced divergence was a major inconvenience of PE. Our
experimental evaluation shows that our partial evaluator can
be used to produce highly specialized, e�cient code for high-
performance image processing on GPUs.

We further believe that our work also contributes to
simplify and speed up the creation of staged domain-specific
languages. Using PE of higher-order functions, the DSL
program can be specialized with a concrete implementation
of the language’s constructs. In fact, in our experimental
evaluation, we implemented a small “stencil DSL” with an
interpreter, that was partially evaluated with the input stencil.
Using this technique, writing a separate compiler for the
staged DSL, as it is common practice today, is not needed
anymore.
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Conclusion	  

!   SeparaCon	  of	  concerns	  through	  code	  
refinement	  
!   Higher-‐order	  funcCons	  
!   ParCal	  evaluaCon	  
!   Triggered	  code	  generaCon	  

Applica6on	  developer	  

DSL	  developer	  

Machine	  expert	  
fn iterate(field: Field, ...) -> () { 
  let grid = (field.cols, field.rows); 
  nvvm(grid, (128, 1, 1), || { 
    ... 
    body(x, y); 
  } 
} 

for x, y in @iterate(out) { 
  out(x, y) = apply(x, y, field, stencil, 
                    bh_lower, bh_upper); 
}  

 let result = vcycle(jacobi, ...); 
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Thank	  you	  for	  your	  aYen6on.	  
Ques6ons?	  


