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ÅÚõâïåâóå Êyyďô ôöññðóõ çðó ñâóâííæíêôî õðåâú

Å Parallel algorithms

Å Data -parallel types

Å Permissions to parallelize

ÅWhy support parallel multidimensional algorithms in C++?

ÅWhat supporting them might look like

Ëðïďõ æùñæäõ çöííú ãâìæå êåæâô!  Þæ îâú ñöõ úðö õð øðóì!

Welcome to the kitchen!
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CONSTRAIN order, for CORRECTNESS

Ìïôöóæ õéâõ ß đéâññæïô ãæçðóæĒ à

ÅE.g., changes to a variable happen in some order

Å¸đÈõðîêäâííúĒ êô ôðîæ ðóåæó# ïðõ ïæäæôôâóêíú ðãôæó÷âãíæ¹

Sometimes means N > 1 actual threads

ÅÌ!è!# đäðïäöóóæïõ çðóøâóå ñóðèóæôôĒ

RELAX order, for PERFORMANCE

X and Y can happen in any order, with respect to

Å (Parallel) Each other

Å (Asynchronous) The caller

Permission, not necessarily N > 1 actual threads

Þéâõ åð Ð îæâï ãú đñâóâííæíêôîĒ%

Parallelism Concurrency

Control of execution order

MoreLess

Credit: Daisy Hollman



Êyyďô ñâóâííæíêôî 
support today
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ÅAsynchronous execution

ÅParallel algorithms

ÅData -parallel types & operations

ÅArrays

How Standard C++ exposes parallelism



7

ÅAsynchronous execution

Å Ìùñíêäêõíú äóæâõêïè õéóæâåô õéâõ óöï êï õéæ đãâäìèóðöïåĒ

Å std::thread, std::async (C++11)

Å std:: jthread  (C++20)

Å Creating asynchronous, dependent tasks

Å Coroutines (C++20)

Å std::execution (C++26)

ÅParallel algorithms

ÅData -parallel types & operations

ÅArrays

How Standard C++ exposes parallelism
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ÅAsynchronous execution

ÅParallel algorithms

Å Iterator (C++17) & ranges (C++26) algorithms

Å Asynchronous parallel algorithms (C++26)

Å bulk, bulk_unchunked , bulk_chunked

Å Linear algebra (std:: linalg ) algorithms (C++26)

Å Multidimensional algorithms (Proposed)

Å Copy & fill for mdspan  (pending LWG)

Å Multidimensional for -each (pending LEWG)

Å memcpy  (C++98, as opposed to memmove )

ÅData -parallel types & operations

ÅArrays

How Standard C++ exposes parallelism

ranges::transform(execution:: par_unseq , x, y,
  [] (auto x_k ) { return sin( x_k ) + 2.5; })

. . . . .

ώ ὃὼ

ώ ὃ ὼ for_each_index (
  execution::par,
  X.mapping (),
  [] (int r, int c) {
    body(r, c);
  });

linalg :: matrix_vector_product (
  execution::par, A, x, y);

x_k

r, c
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ÅAsynchronous execution

ÅParallel algorithms

ÅData -parallel types & operations

Å Bitwise operations on words: built -in, <bit> (C++20)

Å std::simd  ¸đåâõâ-ñâóâííæí õúñæô ­ ðñæóâõêðïôĒ# Êyy?C¹

ÅArrays

How Standard C++ exposes parallelism

= alpha * +  beta * +  gamma * 

using V = simd :: vec <float>;
constexpr  auto VS = V::size();
constexpr  auto overalign  =
  simd :: flag_overaligned <VS * alignof (float)>;

// 0, 1, ..., VS -  1
using simd_size_t  = decltype (VS);
auto iota = simd ::iota< simd :: vec <simd_size_t >>;

V::mask_type in_bounds  = (iota + v_ind ) < x.size ();

// PARALLEL LOADS
auto xv = simd :: partial_load (x + v_ind , VS, in_bounds , overalign );
auto yv  = simd :: partial_load (y + v_ind , VS, in_bounds , overalign );
auto zv  = simd :: partial_load (z + v_ind , VS, in_bounds , overalign );

// PARALLEL ARITHMETIC
return alpha * xv + beta * yv  + gamma * zv ;
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ÅParallel algorithms are GLOBAL: outer loop, all the data

ÅData -parallel types are LOCAL: little chunks

ÅÞæďíí õâíì îðóæ âãðöõ èíðãâí ­ íðäâí êïõæóâäõêðïô íâõæó

ÅAsynchronous execution

ÅParallel algorithms

ÅData -parallel types & operations

ÅArrays

How Standard C++ exposes parallelism

body(12) accessing x[8:12], x[12:16], x[16:20]

= alpha * +  beta * +  gamma * 

ranges:: for_each (policy, views::iota(4, N - 4) | views::stride(4), body)
. . . . .
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ÅAsynchronous execution

ÅParallel algorithms

ÅData -parallel types & operations

ÅArrays

Å Raw arrays & memory allocations

Å Contiguity: Containers, views, ranges, mdspan  accessors

Å vector, array, span, string_view , contiguous_{ iterator,range }

Å valarray  (much -maligned, but still used)

Å default_accessor , aligned_accessor

Å Overalignment : assume_aligned , is_sufficiently_aligned

How Standard C++ exposes parallelism
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ÅAsynchronous execution

ÅParallel algorithms

ÅData -parallel types & operations

ÅArrays

Å Raw arrays & memory allocations

Å Contiguity: Containers, views, ranges, mdspan  accessors

Å vector, array, span, string_view , contiguous_{ iterator,range }

Å valarray  (much -maligned, but still used)

Å default_accessor , aligned_accessor

Å Overalignment : assume_aligned , is_sufficiently_aligned

How Standard C++ exposes parallelism

What do arrays 
have to do with 
parallelism?
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Assumptions we make about arrays:

Åx[j]  and x[k]  distinct for j != k

ÅÚæñâóâõæ âííðäâõêðïô åðïďõ ð÷æóíâñ

Å auto* x = new T[N]; 
auto* y = new T[N];
assert( less_equal <float*>()(p + N, q) ||
       less_equal <float*>()(q + N, p));

Å&x[k] + 1 == &x[k+1]

Å&x[k]  åðæôïďõ äéâïèæ

Å is_sufficiently_aligned <
  alignof (T)>(x)

ÅT* x2 = assume_aligned <8 * alignof (T)>(x);

Arrays reveal 3 properties that enable parallelism

Disjointness , locality, coupling
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Assumptions we make about arrays:

Åx[j]  and x[k]  distinct for j != k

ÅÚæñâóâõæ âííðäâõêðïô åðïďõ ð÷æóíâñ
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Arrays reveal 3 properties that enable parallelism

Disjointness , locality, coupling

Disjointness  

ÅFor 1 array
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Assumptions we make about arrays:
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Disjointness  

ÅFor 1 array

ÅFor 2 arrays
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Assumptions we make about arrays:
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ÅÚæñâóâõæ âííðäâõêðïô åðïďõ ð÷æóíâñ

Å auto* x = new T[N]; 
auto* y = new T[N];
assert( less_equal <float*>()(p + N, q) ||
       less_equal <float*>()(q + N, p));

Å&x[k] + 1 == &x[k+1]

Å&x[k]  åðæôïďõ äéâïèæ

Å is_sufficiently_aligned <
  alignof (T)>(x)

ÅT* x2 = assume_aligned <8 * alignof (T)>(x);

Arrays reveal 3 properties that enable parallelism

Disjointness , locality, coupling

Disjointness  

ÅFor 1 array

ÅFor 2 arrays

Locality

ÅSpatial

ÅTemporal
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1. For 1 array, does every element have a unique index?

Å  ɱὮ Ὧ such that x[j] is not x[k] ?

Å Do different indices always refer to different elements?

Å Sounds trivial, but what about a stride -zero array?

2 questions

Disjointness : Permission to reorder writes



Example: SAXPY(N, ALPHA, X, INCX, BETA, Y, INCY)

Å ÉÓÈÚď îâõóêù-vector multiply: ώ ḧ ‍ώ ‌ὃὼ

Å BLAS takes integer strides for X & Y; forbids zero

Å Read-only stride -= âóóâú đãóðâåäâôõôĒ > ÷âíöæ õð Õ

Å Meaningful: e.g., X[:] == 1  gives row sums of A

Å DLPack (popular Python format) permits 0 strides

20

1. For 1 array, does every element have a unique index?

Å  ɱὮ Ὧ such that x[j] is not x[k] ?

Å Do different indices always refer to different elements?

Å Sounds trivial, but what about a stride -zero array?

2 questions

Disjointness : Permission to reorder writes

Ay

x

Matrix -vector multiply

Stride 1

Stride 2

Stride 0
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1. For 1 array, does every element have a unique index?

Å  ɱὮ Ὧ such that x[j] is not x[k] ?

Å Do different indices always refer to different elements?

Å Sounds trivial, but what about a stride -zero array?

2. For 2 arrays x and y, do they overlap?

Å  ɱὮȟὯ where x[j] is y[k] ?

2 questions

Disjointness : Permission to reorder writes



Ýæäõðóêûæ# ðó đóæðóåæó ãú äéöïìô#Ē æ!è!# çðó ÚÐÔË

Parallelize, e.g., with a parallel algorithm

22

1. For 1 array, does every element have a unique index?

Å  ɱὮ Ὧ such that x[j] is not x[k] ?

Å Do different indices always refer to different elements?

Å Sounds trivial, but what about a stride -zero array?

2. For 2 arrays x and y, do they overlap?

Å  ɱὮȟὯ where x[j] is y[k] ?

2 questions

Disjointness : Permission to reorder writes

memcpy (

)

,

memmove (

)

,
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C++ already has some ways to express disjointness

ÅLanguage rules about arrays (1)

ÅLanguage rules about distinct objects & allocations (2)

ÅÌùñíêäêõ đâôôöîæĒ åæäíâóâõêðï% (2)

2 questions:

1. For 1 array, does every element have a unique index?

2. For 2 arrays x and y, do they overlap?

Disjointness : Permission to reorder writes
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C++ already has some ways to express disjointness

ÅLanguage rules about arrays (1)

ÅLanguage rules about distinct objects & allocations (2)

ÅÌùñíêäêõ đâôôöîæĒ åæäíâóâõêðï% ¸?¹

2 questions:

1. For 1 array, does every element have a unique index?

2. For 2 arrays x and y, do they overlap?

Disjointness : Permission to reorder writes

void f(span<float> q, span<const float> p) 
  pre( p.size () == q.size ())
{
  size_t  N = q.size ();

  [[assume(
    less_equal <float*>()(p + N, q) ||
    less_equal <float*>()(q + N, p)]];

  ranges::copy(execution::par, q, p);
}

Ďďď

Êðîñêíæóô åðïďõ ôææî õð ãæ âãíæ õð öôæ õéêô êï ñóâäõêäæ

Pattern -match: arbitrary algebraic expression Č

đõéæôæ âóæ âóóâúô# õéæú åðïďõ ð÷æóíâñ# ôð ðñõêîêûæ çðó õéâõĒ
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C++ already has some ways to express disjointness

ÅLanguage rules about arrays (1)

ÅLanguage rules about distinct objects & allocations (2)

ÅÌùñíêäêõ đâôôöîæĒ åæäíâóâõêðï% ¸?¹

2 questions:

1. For 1 array, does every element have a unique index?

2. For 2 arrays x and y, do they overlap?

Disjointness : Permission to reorder writes

Þéâõ âãðöõ đóæôõóêäõĒ%
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Example: Compilers could vectorize &/or parallelize this, but only 
øêõé đóæôõóêäõĒ

void copy_every_other (float* restrict t,
  float* restrict s, int n)
{
  for (int k = 0; k < n; ++k, s+=2, t+=2)
    *t = *s;
}

copy_every_other (x, x+1, num_elements /2);

Üôæóô ÞÈÕÛ êõ õð îæâï đõéæôæ âóóâúô åðïďõ ð÷æóíâñĒ

Means something more complicated, about access through 
ñðêïõæó æùñóæôôêðïô đãâôæå ðïĒ ôðîæ ñðêïõæó ÷âíöæ

C++ has resisted adopting it; see N4150 (2014, Hal Finkel et al.)

Ìùâîñíæ" ÖÕÓà øêõé đóæôõóêäõ#Ē îöíõêñíæ äðîñêíæóô íðøæó õéêô õð â 
memcpy  call: https://godbolt.org/z/bTfM4nEMd  

void copy_backwards (int n, float* restrict p,
  float* restrict q)
{
  while (n --  > 0) { *p++ = *q++;  }
}

Ê Úõâïåâóå åðæô!  Ðï Êyy êõďô â ñðñöíâó äðîñêíæó æùõæïôêðï

Disjointness " Êyy åðæôïďõ éâ÷æ đóæôõóêäõĒ

. . . . .

. . . . .

https://godbolt.org/z/bTfM4nEMd
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Êâï äóæâõæ Êyy íêãóâóêæô õéâõ éêåæ ôíêäæô# æïäðöóâèæ đñâóõêõêðï 
õéêïìêïè#Ē ­ îâêïõâêï đïð ð÷æóíâññêïè âääæôôĒ âô íêãóâóú êï÷âóêâïõ

void apply_left_right (auto p, auto x, auto fun) {
  template for (auto sub : split_left_right (x, p))
    fun(sub);
}
void quicksort(auto x) {
  auto p = partition(x);
  apply_left_right (p, x, quicksort); 
}

Êyy íâäìô Ùöôõďô ãðóóðøêïè êåæâ õéâõ øðöíå îâìæ öôêïè ù åöóêïè 
lifetime of x_left  or x_right  a compile -time error  

  let p = partition(x);
  let ( x_left , x_right ) = x.split_at_mut (p);
  join(|| quicksort( x_left ),
       || quicksort( x_right ));

Array SLICE views subset of elements: std::span:: subspan

void quicksort(span<float> x) {
  auto p = partition(x);
  auto x_left  = x.subspan (0, p - 1);
  auto x_right  = x.subspan (p+1, x.size () - p- 1));
  quicksort( x_left ); quicksort( x_right );
}

x, x_left , x_right : overlapping views with overlapping lifetimes

Þæ éâññæï õð ìïðø õéâõ êõďô ôâçæ õð óöï òöêäìôðóõ¸x_left ) & 
quicksort( x_right¹ êï ñâóâííæí# ãöõ õéæ äðîñêíæó åðæôïďõ&

What the algorithm actually needs  is a PARTITION

ÅCreate nonoverlapping subviews

ÅPrevent access to original view during subviewsď íêçæõêîæô

Êyy åðæôïďõ éâ÷æ õéæ óêèéõ îâäéêïæóú õð öïåæóôõâïå ñâóõêõêðïêïè  

Disjointness : Slicing != partitioning

low p
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Array SLICE views subset of elements: std::span:: subspan

void quicksort(span<float> x) {
  auto p = partition(x);
  auto x_left  = x.subspan (0, p - 1);
  auto x_right  = x.subspan (p+1, x.size () - p- 1));
  quicksort( x_left ); quicksort( x_right );
}

x, x_left , x_right : overlapping views with overlapping lifetimes

Þæ éâññæï õð ìïðø õéâõ êõďô ôâçæ õð óöï òöêäìôðóõ¸x_left ) & 
quicksort( x_right¹ êï ñâóâííæí# ãöõ õéæ äðîñêíæó åðæôïďõ&

What the algorithm actually needs  is a PARTITION

ÅCreate nonoverlapping subviews

ÅPrevent access to original view during subviewsď íêçæõêîæô

Êyy åðæôïďõ éâ÷æ õéæ óêèéõ îâäéêïæóú õð öïåæóôõâïå ñâóõêõêðïêïè  

Disjointness : Slicing != partitioning

low p

Þéâõ êç øæ äðöíå ÚÈà đâôôöîæ ù âïå ú åðïďõ ð÷æóíâñĒ%

ÅAlias sets proposal (N4150, 2014)

ÅWould need to teach it about std::span

ÅBUT: Partitioning would prove this for free

How much does C++ need this?

ÅÞæďíí óæ÷êôêõ õéêô õðñêä íâõæó

Hal Finkel, N4150 
lead author
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Index neighbors Č (virtual) memory neighbors

C++ Standard Library promises contiguity
for other data structures, e.g., std::vector.

Å (LWG 69, filed 1998, fixed in C++03 as DR).

Computers optimize contiguous access

Å Interleaved memory (hides latency)

ÅCache lines (amortize latency)

ÅCoalesced access on GPUs

ÅPrefetching; async memcpy  (on our GPUs)

ÅMemory pages & Translation Lookaside Buffer (TLB)

Ïâóå õð çêïå äðîñöõæóô õéâõ åðïďõ

Åe.g., Tera Ą Cray MTA / XMT

&x[k] + 1 == &x[k+1]

Spatial locality: Contiguity

ÐÉÔ D=@= đÚõóæõäéĒ ¸>FC>¹ øâô âï æâóíú âåðñõæó ðç êïõæóíæâ÷æå îæîðóú!
Left: IBM 7030 circuit board (Bradbury Museum, Los Alamos);
Right: Stephen Dunwell (project lead) & Erich Bloch (engineering manager).
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Reuse optimizes for memory hierarchy

Temporal locality: Reuse

Ideally one would desire an 
indefinitely large memory capacity 
ôöäé õéâõ âïú ñâóõêäöíâó+ øðóå 
øðöíå ãæ êîîæåêâõæíú â÷âêíâãíæ+! 
Þæ âóæ + çðóäæå õð óæäðèïêûæ õéæ 
possibility of constructing a 
hierarchy of memories , each of 
which has greater capacity than the 
preceding but which is less quickly 
âääæôôêãíæ!Ē

A. W. Burks, H. H. Goldstine, and J. von Neumann, 
đ×óæíêîêïâóú Ëêôäöôôêðï ðç õéæ Óðèêäâí Ëæôêèï ðç âï 
Ìíæäõóðïêä Êðîñöõêïè ÐïôõóöîæïõĒ ¸>FAC¹

Left clockwise: Arthur W. Burks, Julian Bigelow, Herman H. Goldstine, J. 
Robert Oppenheimer, & John von Neumann, in front of the IAS machine
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Memory hierarchy Č matters at all parallelism levels

Ùæøâóåô â đchunkwiseĒ óæöôæ ñâõõæóï

ÅLoad a small chunk of elements into fast, small memory

ÅDo as much work with it as you can

ÅStore it back to make room for the next chunk

Historical example: Cray -1 (1976)

ÅVector registers

Å CHAINING: Pipeline parallelism over multiple vector ops

Å Lesson learned from CDC STAR -100

Å Intermediate register files for scalars & addresses

Å 1 cycle to load from them to main registers

Å Block transfers to/from memory

Reuse optimizes for memory hierarchy

Temporal locality: Reuse

Seymour Cray next to the Cray -1
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A large class of multidimensional algorithms

ÅMore potential & realizable reuse

ÅEven with little work per element

for (int i = 0; i < M; ++i) {
  for (int j = 0; j < N; ++j) {
    auto C_ij  = beta * C[i, j];  
    for (int k = 0; k < K; ++k) {
      C_ij  += alpha * A[i, k] * C[k, j];
    }
    C[i, j] = C_ij ;
  }
}

Single -pass iteration

ÅPotential reuse limited to amount of work per element

ranges::transform(x, y, y.begin (),
  [] (auto x_i , auto y_i ) {
    return y_i  + alpha * x_i ;
  });

Foreshadowing: Multidimensional Č more reuse
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Respecting disjointness  & locality is (mostly) abstract

ÅNo system -specific interfaces (only portable C++) 

ÅNo hardware -dependent constants

Some parallelism features are COUPLED to memory

Symptoms

ÅAccess restrictions " Ðõďô ïðõ âï âóóâú

ÅOveralignment  of memory accesses

ÅCoupled sizes of memory accesses & parallel operations

ÅLocal memories , often under compiler control

Effects: Hardware -dependent choices

ÅPrefer: Integer constants

ÅSometimes: Algorithm variants

Coupling of memory to parallelism



36

Bitwise data parallelism in a word

ÅElementwise: &, |, ^, ~

ÅReductions: e.g., popcount  (# 1s in a word)

ÅData movement: e.g., left & right shifts

ÅOther parallel algorithms (bit ops + integer arithmetic)

Coupling to memory

ÅÊâïďõ äéâïèæ > ãêõ ðó ðãôæó÷æ ãêõ ôõðóâèæ ðóåæó

ÅÔæîðóú âääæôôæô âóæ đE-bit overalignedĒ

ÅBit ops happen to integers in words (>= byte)

Å In registers (special compiler -controlled local memory)

ÅConstants: Best word size for bit operations

ÅAlgorithms: Variants of operation sequences

Symptoms

ÅAccess restrictions " Ðõďô ïðõ âï âóóâú

ÅOveralignment  of memory accesses

ÅCoupled sizes of memory accesses & parallel operations

ÅLocal memories , often under compiler control

Effects: Hardware -dependent choices

ÅPrefer: Integer constants

ÅSometimes: Algorithm variants

Coupling example: Bit operations on words

1 0 1 0 0 0 1 1

0 1 0 1 1 1 0 0&
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Memory bank conflicts

Å16 (or 8) interleaved memory banks, 1 word per bank

Åx[k] Č bank k % 16, x[k+1] Č bank (k + 1) % 16 

ÅCan access same bank once every 4 clocks

ÅLoad or store with stride 8k Č bandwidth penalty

Local memory  ¸÷æäõðó óæèêôõæóô¹ æïâãíæô đäéâêïêïèĒ

ÅStart using results of 1 instruction as input to another 
instruction before the first is done

ÅČ Can produce >1 result per clock

ÅÉÜÛ" Eì ôõóêåæô ñóæ÷æïõ äéâêïêïè ¸îêôô đäéâêï ôíðõĒ¹

Pad 2-D arrays Č stride relatively prime with # banks

Å Integer constants  (stride, padding)

ÅHelps with CUDA shared memory bank conflicts

ÅHelps with low -associativity caches as well

Pad multidimensional arrays to avoid powers -of -2 strides 

Coupling example: Cray -1 memory bank conflicts

Seymour Cray next to the Cray -1
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Access restrictions  (simd :: {vec , mask} not an array)

Åoperator[]  is const; returns value, not reference

ÅNo .data() ; simd - iterator  is not contiguous_iterator

ÅČ È÷ðêå đîâõæóêâíêûâõêðïĒ êï îæîðóú

Size restrictions

Local memories  

ÅUsers declare SIMD variables

ÅCompiler tries to place them in SIMD registers

ÅWhich it uses as input & output to SIMD instructions

Prefer overaligned  memory access

Integer constant : SIMD width

Analogous to bitwise

Coupling example: std:: simd

= alpha * +  beta * +  gamma * 

using V = simd :: vec <float, SIMD_WIDTH>;

constexpr  auto overalign  =
  simd :: flag_overaligned <
    SIMD_WIDTH * alignof (float)>;

auto mask = simd ::iota<V> < bound;

auto xv =
  simd :: partial_load (
    x + v_ind , SIMD_WIDTH, mask, overalign );

// xv[k] - > float, not float&
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Analogous to bitwise

Coupling example: std:: simd

= alpha * +  beta * +  gamma * 

using V = simd :: vec <float, SIMD_WIDTH>;

constexpr  auto overalign  =
  simd :: flag_overaligned <
    SIMD_WIDTH * alignof (float)>;

auto mask = simd ::iota<V> < bound;

auto xv =
  simd :: partial_load (
    x + v_ind , SIMD_WIDTH, mask, overalign );

// xv[k] - > float, not float&

simd ::iota<V> " ¼=# ># ?# +# V::size()  ¶ 1]

iota < bound : common SIMD pattern
for masking out -of -bounds elements.

LEWG forwarded P3319 but we ran out
of time for C++26.  For now, replace with

simd :: vec <simd_size_t > iota(
  [] (auto k) {
    return simd_size_t (k());
  });
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Gathers & scatters: ptr [ inds [0 : W - 1]]

ÅNoncontiguous data Ą contiguous chunk

ÅSome computers accelerate these

Masked loads & stores: *load( ptr , mask)

ÅNoncontiguous control flow Č contiguous chunk

ÅReplaces mask[k] ? ptr [k] : T()

ÅCompare to Standard algorithms copy_if

Memory features enable locality creation

std:: simd : system for creating locality opportunities

0 1 2 3

0 1 2 3 . . . . .

3 7 1 5 0 7 0 5
mask = 
iota % 2 
!= 0
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auto f(span<float> out, span<const float> in)
  pre( out.size () == in.size ()
{
  using V = simd :: vec <float>;
  constexpr  auto B = V::size();
  constexpr  auto A = B * sizeof (float);
  float* out_ptr  = assume_aligned <A>( out.data ());
  float* in_ptr   = assume_aligned <A>( in.data () );

  const auto N = out.size ();
  auto bound = (N + B -  1) / B * B;
  auto range = views::indices(bound) | views::stride(B);

  ranges:: for_each (std::execution::par, range,
    [=] ( size_t  t) {
      constexpr  auto overalign  =
        simd :: flag_overaligned <A>();
      auto mask = iota(t, t + B) < N;
      V x( in_ptr  + t, mask, overalign );
      auto y = user_function (x);
      simd :: partial_store (y, out_ptr  + t,
        B, mask, overalign );
    });
}

Local + global?  2 options:

ÅRoll your own

Å Assert overalignment

Å Parallel algorithm over index range

Å Explicit indexing inside

ÅOR: SIMD algorithms (next slide)

Globally loop in parallel over all chunks, locally data -parallel over each chunk

Global & local parallelism
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auto f(span<float> out, span<const float> in)
  pre( out.size () == in.size ()
{
  using V = simd :: vec <float>;
  constexpr  auto B = V::size();
  constexpr  auto A = B * sizeof (float);
  float* out_ptr  = assume_aligned <A>( out.data ());
  float* in_ptr   = assume_aligned <A>( in.data () );

  const auto N = out.size ();
  auto bound = (N + B -  1) / B * B;
  auto range = views::indices(bound) | views::stride(B);

  ranges:: for_each (std::execution::par, range,
    [=] ( size_t  t) {
      constexpr  auto overalign  =
        simd :: flag_overaligned <A>();
      auto mask = iota(t, t + B) < N;
      V x( in_ptr  + t, mask, overalign );
      auto y = user_function (x);
      simd :: partial_store (y, out_ptr  + t,
        B, mask, overalign );
    });
}

Local + global?  2 options:

ÅRoll your own

Å Assert overalignment

Å Parallel algorithm over index range

Å Explicit indexing inside

ÅOR: SIMD algorithms (next slide)

Globally loop in parallel over all chunks, locally data -parallel over each chunk

Global & local parallelism
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auto f(span<float> out, span<const float> in)
  pre( out.size () == in.size ()
{
  using V = simd :: vec <float>;
  constexpr  auto B = V::size();
  constexpr  auto A = B * sizeof (float);
  float* out_ptr  = assume_aligned <A>( out.data ());
  float* in_ptr   = assume_aligned <A>( in.data () );

  const auto N = out.size ();
  auto bound = (N + B -  1) / B * B;
  auto range = views::indices(bound) | views::stride(B);

  ranges:: for_each (std::execution::par, range,
    [=] ( size_t  t) {
      constexpr  auto overalign  =
        simd :: flag_overaligned <A>();
      auto mask = iota(t, t + B) < N;
      V x( in_ptr  + t, mask, overalign );
      auto y = user_function (x);
      simd :: partial_store (y, out_ptr  + t,
        B, mask, overalign );
    });
}

Local + global?  2 options:

ÅRoll your own

Å Assert overalignment

Å Parallel algorithm over index range

Å Explicit indexing inside

ÅOR: SIMD algorithms (next slide)

Globally loop in parallel over all chunks, locally data -parallel over each chunk

Global & local parallelism
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auto f(span<float> out, span<const float> in)
  pre( out.size () == in.size ()
{
  using V = simd :: vec <float>;
  constexpr  auto B = V::size();
  constexpr  auto A = B * sizeof (float);
  float* out_ptr  = assume_aligned <A>( out.data ());
  float* in_ptr   = assume_aligned <A>( in.data () );

  const auto N = out.size ();
  auto bound = (N + B -  1) / B * B;
  auto range = views::indices(bound) | views::stride(B);

  ranges:: for_each (std::execution::par, range,
    [=] ( size_t  t) {
      constexpr  auto overalign  =
        simd :: flag_overaligned <A>();
      auto mask = iota(t, t + B) < N;
      V x( in_ptr  + t, mask, overalign );
      auto y = user_function (x);
      simd :: partial_store (y, out_ptr  + t,
        B, mask, overalign );
    });
}

Local + global?  2 options:

ÅRoll your own

Å Assert overalignment

Å Parallel algorithm over index range

Å Explicit indexing inside

ÅOR: SIMD algorithms (next slide)

Globally loop in parallel over all chunks, locally data -parallel over each chunk

Global & local parallelism



45

auto f(span<float> out, span<const float> in)
  pre( out.size () == in.size ()
{
  using V = simd :: vec <float>;
  constexpr  auto B = V::size();
  constexpr  auto A = B * sizeof (float);
  float* out_ptr  = assume_aligned <A>( out.data ());
  float* in_ptr   = assume_aligned <A>( in.data () );

  const auto N = out.size ();
  auto bound = (N + B -  1) / B * B;
  auto range = views::indices(bound) | views::stride(B);

  ranges:: for_each (std::execution::par, range,
    [=] ( size_t  t) {
      constexpr  auto overalign  =
        simd :: flag_overaligned <A>();
      auto mask = iota(t, t + B) < N;
      V x( in_ptr  + t, mask, overalign );
      auto y = user_function (x);
      simd :: partial_store (y, out_ptr  + t,
        B, mask, overalign );
    });
}

// AFTER

ranges::transform(execution:: simd ,
  in, out, user_function );

×=@B=ÙA# đÐïõæèóâõêïè simd  øêõé ñâóâííæí âíèðóêõéîôĒ

Åstd::execution:: simd  ñðíêäú äéâïèæô óâïèæďô
element type to std:: simd

Advantages

ÅEnsures access disjointness  Č correct parallelism

ÅAutomates loop indexing & use of overalignment

Disadvantages

ÅPattern must map to standard algorithms & range adapters

ÅRange adapters (like views::stride) may lose contiguous_range

Å Which SIMD loads & stores need

Open questions

ÅMust update for parallel ranges algorithms (last revision 2020)

ÅÏðø åð Ð æùñóæôô đÚÐÔË y ñâóâííæí ðï õéæ ðöõôêåæĒ%

SIMD algorithms automate common patterns

Matthias Kretz, 
std::simd  architect
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Who maps work items to execution agents

User acts on data structures

Who ensures local disjointness  (elements, chunks)

Who ensures global disjointness  (whole arrays)

Coupling of data structures to parallelism

Where do SIMD algorithms belong?

Implicit vs. explicit parallelism

Implicit Explicit

Create threadsArray -based

Åstd::simd

Åvalarray

ÅNumPy, Matlab ,
Fortran, APL

For each partition

Åsplit_at [_mut] + 
join (Rust)

ÅFortran coarrays

Åstd::execution::
bulk_chunked

For each index

ÅMultidimensional 
for_each_index

Åstd::execution::
{bulk, 
bulk_unchunked }

Task-based

Åstd::execution

SYSTEM 

LOCALLY

SYSTEM

USER

MORE

USER 

GLOBALLY

USER

USER

LESS

For each element

Åmdspan  copy & fill

ÅStandard 
algorithms

Åmemcpy

Å×=@B=ďô ÚÐÔË 
algorithms
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We imagine the typical SIMD user as wanting to write index -based loops 
(and fearing overhead of library abstractions).

Temper that fear with performance experiments!  Now we can do them.

ÅC++23 makes parallel algorithms work (better) with Range adapters

ÅC++26 adds parallel Ranges algorithms

Where do SIMD algorithms belong?

Implicit vs. explicit parallelism

Implicit Explicit

Create threadsArray -based

Åstd::simd

Åvalarray

ÅNumPy, Matlab ,
Fortran, APL

For each partition

Åsplit_at [_mut] + 
join (Rust)

ÅFortran coarrays

Åstd::execution::
bulk_chunked

For each index

ÅMultidimensional 
for_each_index

Åstd::execution::
{bulk, 
bulk_unchunked }

Task-based

Åstd::execution

For each element

Åmdspan  copy & fill

ÅStandard 
algorithms

Åmemcpy

Å×=@B=ďô ÚÐÔË 
algorithms



Multidimensionality Č 
optimal algorithms
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copy, for_each# õóâïôçðóî# óæåöäæ# +

ÅAccess ɡὔ  data

Åɡρ work / datum, ɡὔ  work total

ÅČ Potential reuse: work/data = ὕρ

Example: Dot product  ὶ В ὼᾀ

Temporal locality is reuse.  Multidimensional algorithms may have more of it.

Multidimensionality & temporal locality

r

x

z
. . .

* *
+
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copy, for_each# õóâïôçðóî# óæåöäæ# +

ÅAccess ɡὔ  data

Åɡρ work / datum, ɡὔ  work total

ÅČ Potential reuse: work/data = ὕρ

Example: Dot product  ὶ В ὼᾀ

Temporal locality is reuse.  Multidimensional algorithms may have more of it.

Multidimensionality & temporal locality

Matrix -matrix multiply

ὅ В ὃ ὄ  (where A, B, C are N x N)

Read at least ςὔ, write at least ὔ data

Do ɡὔ  work (ɡὔ  per output datum)

Č Potential reuse: ὕὔ

8 

r

x

z
. . .

* *
+

A

B

C
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copy, for_each# õóâïôçðóî# óæåöäæ# +

ÅAccess ɡὔ  data

Åɡρ work / datum, ɡὔ  work total

ÅČ Potential reuse: work/data = ὕρ

Example: Dot product  ὶ В ὼᾀ

Temporal locality is reuse.  Multidimensional algorithms may have more of it.

Multidimensionality & temporal locality

Matrix -matrix multiply

ὅ В ὃ ὄ  (where A, B, C are N x N)

Read at least ςὔ, write at least ὔ data

Do ɡὔ  work (ɡὔ  per output datum)

Č Potential reuse: ὕὔ

Matrix -vector multiply

ώ В ὃ ὼ (where A is N x N)

Could implement as N dot products or 
scaled vector additions, but combining 
them exposes more optimizations.

Still only ὕρ potential reuse!

Ay

x

r

x

z
. . .

* *
+

A

B

C
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For N x N matrix multiply & algorithms like it 

Þêõé đçâôõ îæîðóúĒ ¸æ!è!# äâäéæ¹ ðç Ô øðóåô

Lower bound on number of words read & written

õð ­ çóðî đôíðø îæîðóúĒ êô ɱ

Èññíêæô õð îâïú đ@ ïæôõæå íððñôĒ âíèðóêõéîô

ÅNot just linear algebra!

ÅE.g., Floyd-Warshall  all-pairs shortest path 

Many such algorithms can attain this lower bound

Realized by breaking up arrays into B x B tiles

See overview in our 2014 Acta Numerica article

Many algorithms can exploit reuse like matrix multiply

Intuition for lower bound: 
volume of a box equals square 
root of product of the areas of 
its projections

đÊðîîöïêäâõêðï íðøæó 
bounds & optimal algorithms 
çðó ïöîæóêäâí íêïæâó âíèæãóâĒ 
(Acta Numerica 2014).



Êyyďô ôöññðóõ çðó 
multidimensionality
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ÅAsynchronous execution

ÅParallel algorithms

ÅData -parallel types & operations

ÅArrays

Îæïæóâíêûæô A øâúô õéâõ êõ æùñðôæô đ>-ËĒ ñâóâííæíêôî

How Standard C++ exposes (multidimensional) parallelism
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We have many of these already!

P1684 (mdarray ) is a start, but needs work.

ÅAsynchronous execution

Å TODO: Multidimensional bulk*

ÅParallel algorithms

Å Copy & fill for mdspan  (in LWG review)

Å Multidimensional for -each (in LEWG review)

Å TODO: Multidimensional reduce

ÅData -parallel types & operations

Å TODO: Multidimensional SIMD

ÅArrays

Å mdspan  (multidimensional array view): C++23

Å submdspan  (mdspan  slicing): C++26

Å TODO: Multidimensional containers

Îæïæóâíêûæô A øâúô õéâõ êõ æùñðôæô đ>-ËĒ ñâóâííæíêôî

How Standard C++ exposes (multidimensional) parallelism
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Ëðïďõ ïææå âíí õéæ Úõâïåâóå âíèðóêõéîô!
(What would sorting mean?)

BUT: Multiple dimensions Č new kinds of algorithms:

ÅReductions over subset of extents (e.g., row sums)

ÅTensor contractions (generalizing matrix -matrix multiply)

ÅScans over subsets of extents? Mixed scans / reductions?

Ëðïďõ õóú õð âõõâäì æ÷æóúõéêïè âõ ðïäæ!

ÅAsynchronous execution

Å TODO: Multidimensional bulk*

ÅParallel algorithms

Å Copy & fill for mdspan  (in LWG review)

Å Multidimensional for -each (in LEWG review)

Å TODO: Multidimensional reduce

ÅData -parallel types & operations

Å TODO: Multidimensional SIMD

ÅArrays

Å mdspan  (multidimensional array view): C++23

Å submdspan  (mdspan  slicing): C++26

Å TODO: Multidimensional containers

How Standard C++ exposes (multidimensional) parallelism
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?????

ÅAsynchronous execution

Å TODO: Multidimensional bulk*

ÅParallel algorithms

Å Copy & fill for mdspan  (in LWG review)

Å Multidimensional for -each (in LEWG review)

Å TODO: Multidimensional reduce

ÅData -parallel types & operations

Å TODO: Multidimensional SIMD

ÅArrays

Å mdspan  (multidimensional array view): C++23

Å submdspan  (mdspan  slicing): C++26

Å TODO: multidimensional containers

How Standard C++ exposes (multidimensional) parallelism



reference mdspan::
operator[]( Inds ¡ inds ) const
{
  return accessor().access(
    data_handle (),
    mapping()( inds ¡³³ 
}
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std:: layout_right ::mapping map(11, 13, 17);
std::vector<float> d( map.required_span_size ());
std:: mdspan x( d.data (), map);
for ( size_t  i = 0; i < x.extents (0); ++ii) {
  for ( size_t  j = 0; j < x.extents (1); ++j) {
    for ( size_t  k = 0; k < x.extents (2); ++k) {
      x[i, j, k] = some_function (i, j, k);
    }
  }
}

Parts:

1. Data handle: generalizes pointer; non( -uniquely) -owning

2. Layout mapping: Multidimensional index Ą offset

3. Accessor: data handle + offset Ą reference

Generalizes std::span

mdspan : Multidimensional array views

x[ i,j,k ]

Layout mapping

Data handleAccessor

mapping()( i,j,k )

accessor().access( data_handle (), offset)
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Layout mapping queries: is[_always]_X()

ÅUnique: injective (1 -to -1)

ÅExhaustive : surjective (onto)

ÅStrided : linear function of indices

Disjointness : Unique

Contiguous: Unique + exhaustive + strided

Contiguous in >= 1 extent: layout_{ left,right }[_padded]  

mdspan  layouts express disjointness  & spatial locality

x[ i,j,k ]

Layout mapping

Data handleAccessor

mapping()( i,j,k )

accessor().access( data_handle (), offset)

4 2 3 0 1 Exhaustive

2 0 1 Unique

0 1 2
Strided  + 
unique
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Layout mapping queries: is[_always]_X()

ÅUnique: injective (1 -to -1)

ÅExhaustive : surjective (onto)

ÅStrided : linear function of indices

Accessors map [0, required_span_size () ) to set of 
min( required_span_size () , 1) or more elements

Ïðø îâïú%  Þæ åðïďõ ìïðø&  Õð òöæóêæô& 

BUT: Idiomatic accessors are unique

ÅLayout mapping can already express nonuniqueness

Åmdspan  design decouples layout mapping & accessor

PLAN: Consider adding accessor queries

But good accessors express a unique mapping

mdspan  accessors are missing queries

x[ i,j,k ]

Layout mapping

Data handleAccessor

mapping()( i,j,k )

accessor().access( data_handle (), offset)

4 2 3 0 1 Exhaustive

2 0 1 Unique

0 1 2
Strided  + 
unique
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For 1-Ë" Êyy äâïďõ distinguish partitioning from slicing

Þêõéðöõ đóæôõóêäõĒ ðó âïâíðèðöô åæäíâóâõêðïô# äðîñêíæóô éâ÷æ â 
éâóå õêîæ åæåöäêïè õéâõ đêïõæóíæâ÷æåĒ ÷êæøô âóæ åêôëðêïõ

Partitioning a multidimensional array makes it harder to avoid 
interleaved views

ÅClassic pattern: Factoring a matrix in place by partitioning it 
êïõð ? ù ? đãíðäì îâõóêùĒ

ÅČ Columns of top & bottom block are interleaved

Å&A_10[N/2, j] == &A_00[N/2 ¦ 1, j] + 1 , for all j 

Disjointness : Slicing != partitioning

mdspan A( A_data , layout_left ::mapping(N, N));

auto A_00 = submdspan (A, pair(0, N/2), pair(0, N/2));
auto A_10 = submdspan (A, pair(N/2, N), pair(0, N/2));

. . . . .

. . . . .
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LU factorization with partial pivoting: A Ą PA = LU

Å×" Ùðø ñæóîöõâõêðï# ôõðóæå âô đñê÷ðõôĒ âóóâú

ÅL: Lower triangular matrix with unit diagonal

ÅU: Upper triangular matrix 

Algorithm factors A in place, partitioning A:

1. Split vertically: ὃ O ὃ ὃ

2. Recurse left: ὃ ᴼὖὃ  ὒ Ὗ

3. Apply pivots ὖ from (2) to right side ὃ

4. Split 2x2: ὃᴼ
ὃ ὃ
ὃ ὃ

5. Triangular solve in place: ὃ ḧὒ  ὃ

6. Update lower right block: ὃ ḧὃ ὃ ὃ

7. Recurse right on lower right block ὃ

8. Apply pivots from (7) to lower left block ὃ

Linear algebra algorithms are naturally expressed with partitions

Disjointness : Slicing != Partitioning

mdspan A( A_data , UserLayout ::mapping(N, N));
span pivots( pivots_data , N);

auto A_f0 = submdspan (A, full_extent , pair(0, N/2));  // (1)
auto A_f1 = submdspan (A, full_extent , pair(N/2, N));

factor(A_f0, pivots);                // recurse left     (2)
swap_rows (A_f1, pivots);             // apply row swaps  (3)
 
auto A_00 = submdspan (A, pair(0, N/2), pair(0, N/2)); // (4)
auto A_10 = submdspan (A, pair(N/2, N), pair(0, N/2));
auto A_01 = submdspan (A, pair(0, N/2), pair(N/2, N));
auto A_11 = submdspan (A, pair(N/2, N), pair(N/2, N));

triangular_matrix_matrix_left_solve (A_00,
  lower_triangle , implicit_unit_diagonal , A_01);      // (5)

matrix_product (scaled( - 1.0, A_10), A_01, A_11, A_11); // (6)

factor(A_11, pivots.subspan (N/2));      // recurse right (7)
swap_rows (A_10, pivots.subspan (N/2));   //               (8)
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LU factorization with partial pivoting: A Ą PA = LU

Å×" Ùðø ñæóîöõâõêðï# ôõðóæå âô đñê÷ðõôĒ âóóâú

ÅL: Lower triangular matrix with unit diagonal

ÅU: Upper triangular matrix 

Algorithm factors A in place, partitioning A:

1. Split vertically: ὃ O ὃ ὃ

2. Recurse left: ὃ ᴼὖὃ  ὒ Ὗ

3. Apply pivots ὖ from (2) to right side ὃ

4. Split 2x2: ὃᴼ
ὃ ὃ
ὃ ὃ

5. Triangular solve in place: ὃ ḧὒ  ὃ

6. Update lower right block: ὃ ḧὃ ὃ ὃ

7. Recurse right on lower right block ὃ

8. Apply pivots from (7) to lower left block ὃ

Linear algebra algorithms are naturally expressed with partitions

Disjointness : Slicing != Partitioning

mdspan A( A_data , UserLayout ::mapping(N, N));
span pivots( pivots_data , N);

auto A_f0 = submdspan (A, full_extent , pair(0, N/2));  // (1)
auto A_f1 = submdspan (A, full_extent , pair(N/2, N));

factor(A_f0, pivots);                // recurse left     (2)
swap_rows (A_f1, pivots);             // apply row swaps  (3)
 
auto A_00 = submdspan (A, pair(0, N/2), pair(0, N/2)); // (4)
auto A_10 = submdspan (A, pair(N/2, N), pair(0, N/2));
auto A_01 = submdspan (A, pair(0, N/2), pair(N/2, N));
auto A_11 = submdspan (A, pair(N/2, N), pair(N/2, N));

triangular_matrix_matrix_left_solve (A_00,
  lower_triangle , implicit_unit_diagonal , A_01);      // (5)

matrix_product (scaled( - 1.0, A_10), A_01, A_11, A_11); // (6)

factor(A_11, pivots.subspan (N/2));      // recurse right (7)
swap_rows (A_10, pivots.subspan (N/2));   //               (8)
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C++ has managed thus far with

ÅLibrary preconditions

ÅCoding discipline

Python (especially NumPy & its progeny)

ÅComplete indifference to possibility of overlapping arrays

ÅRely on assumptions of underlying C++, Fortran, etc. libraries

PLAN: Do we need this?  If so:

ÅAny syntax must acknowledge multidimensionality

ÅÜïåæóôõâïåêïè ëöôõ äðïõêèöðöô âóóâúô êôïďõ æïðöèé

ÅMust understand span & mdspan , not just raw pointers

How much does C++ need this?

Disjointness : Slicing != Partitioning

mdspan A( A_data , layout_left ::mapping(N, N));

auto A_00 = submdspan (A, pair(0, N/2), pair(0, N/2));
auto A_10 = submdspan (A, pair(N/2, N), pair(0, N/2));

. . . . .

. . . . .
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layout_right ::mapping map(11, 13);
vector<float> A_storage ( map.required_span_size ());
mdspan A( A_storage.data (), map);

Þéú äâïďõ øæ ëöôõ ôâú

mdarray <float, layout_right > A(11, 13);

Outstanding proposal: mdarray  (P1684)

ÅR0 came out 2019

ÅR5 in 2023

ÅStalled in LEWG

Þéú êôïďõ õéêô êï õéæ Úõâïåâóå úæõ%

Multidimensional containers
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1. Move -from behavior is hazardously unspecified

using Ex = dims<2>; // dynamic extents
mdarray <T, Ex, L, C> x0(11, 13);
mdarray <T, Ex, L, C> x1 = std::move(x0);
// x0.extents() == ???
// x0.data() == nullptr  ???

using Ey = extents<int, 5, 7>; // static
mdarray <T, Ey, L, C> y0();
mdarray <T, Ey, L, C> y1 = std::move(y0);
assert(y0.extent(0) == 5); // !!!
assert(y0.extent(1) == 7); // !!!
// y0.data() == nullptr  ???
auto y0_12 = y0[1, 2]; // valid but moved - from???

Åmdarray : container ADAPTER; wraps a contiguous container

ÅMove -from behavior depends on the container it wraps

ÅÊðïõêèöðöô äðïõâêïæóô åðïďõ ôñæäêçú îð÷æ-from behavior

ÅÊâïďõ ôæõ ôõâõêä æùõæïõô õð ûæóð

layout_right ::mapping map(11, 13);
vector<float> A_storage ( map.required_span_size ());
mdspan A( A_storage.data (), map);

Þéú äâïďõ øæ ëöôõ ôâú

mdarray <float, layout_right > A(11, 13);

Outstanding proposal: mdarray  (P1684)

ÅR0 came out 2019

ÅR5 in 2023

ÅStalled in LEWG

ÞÏà õéêô êôïďõ êï õéæ Úõâïåâóå úæõ

Multidimensional containers
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ÅSmall: like std::array

Å Static allocation & extents

Å std::move just moves the 
elements

Å Construction & copy are 
LOCAL

layout_right ::mapping map(11, 13);
vector<float> A_storage ( map.required_span_size ());
mdspan A( A_storage.data (), map);

Þéú äâïďõ øæ ëöôõ ôâú

mdarray <float, layout_right > A(11, 13);

Outstanding proposal: mdarray  (P1684)

ÅR0 came out 2019

ÅR5 in 2023

ÅStalled in LEWG

ÞÏà õéêô êôïďõ êï õéæ Úõâïåâóå úæõ

Multidimensional containers

ÅLarge: like std::vector

Å Dynamic allocation & extents

Å std::move moves the storage

Å Construction & copy are 
GLOBAL; possibly should be 
PARALLEL

?! Êðïçíâõæô đôîâííĒ ­ đíâóèæĒ

mdspan x_huge  = /* ... */;  
mdarray  y( x_huge );

Allocation + deep copy (possibly different layout &/or elements)

ÅBest execution policy depends on both input & result

ÅHides parallel algorithm inside constructor

ÅÊðïõâêïæóô åðïďõ ïâõöóâííú æùñóæôô âôúïäéóðïðöô ðñæóâõêðïô
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layout_right ::mapping map(11, 13);
vector<float> A_storage ( map.required_span_size ());
mdspan A( A_storage.data (), map);

Þéú äâïďõ øæ ëöôõ ôâú

mdarray <float, layout_right > A(11, 13);

Outstanding proposal: mdarray  (P1684)

ÅR0 came out 2019

ÅR5 in 2023

ÅStalled in LEWG

ÞÏà õéêô êôïďõ êï õéæ Úõâïåâóå úæõ

Multidimensional containers

3. Asynchronous copy & fill are a poor match for containers

ÅContainers depend on allocation, copy, & fill

ÅWe can do all of those asynchronously

float* host_ptr  = /* some host allocation */
float* dev_ptr  = nullptr ;
cudaMallocAsync (& dev_ptr , num_bytes , stream);
cudaMemcpyAsync ( dev_ptr , host_ptr , num_bytes ,
  cudaMemcpyHostToDevice , stream);
my_compute_async ( dev_ptr , num_bytes , stream);

ÅËæñíðúæå êï ÙÈ×ÐËÚ ÙÈÍÛďô mdarray  (+ extensions)

ÅÉöõ êõďô ïðõ â èððå çêõ çðó äðïõâêïæó ãæéâ÷êðó

ÅUsers prefer familiar interface despite risk
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PLAN

Å Split mdarray  into 2 containers (not adapters)

Å Static allocation, static extents, like std::array

Å Dynamic allocation, any extents, like std::vector

Å I only want to write the static container

Å Ëúïâîêä äðïõâêïæóô äâïďõ éâïåíæ âôúïäéóðïú# øéêäé êô äóêõêäâí çðó öô

Å I have a multidimensional analog of unique_ptr ~Û¼½# Ë  êç úďâíí øâïõ êõ

layout_right ::mapping map(11, 13);
vector<float> A_storage ( map.required_span_size ());
mdspan A( A_storage.data (), map);

Þéú äâïďõ øæ ëöôõ ôâú

mdarray <float, layout_right > A(11, 13);

Outstanding proposal: mdarray  (P1684)

ÅR0 came out 2019

ÅR5 in 2023

ÅStalled in LEWG

Plan to fix mdarray

Multidimensional containers
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C++26 parallel ranges algorithms

Å (P3179, Ruslan Arutyunyan et al.)

ÅËðïďõ éâ÷æ õð õâìæ âñâóõ â óâïèæ
into iterator + sentinel

ÅÛéâõ åêåïďõ æ÷æï øðóì öïõêí Êyy?@
(P2408, David Olsen)

views::indices (P3060, C++26, Weile Wei & Zhihao Yuan)

ÅFixes views::iota(0, x.extent (k)) getting truncated to 32 bits

mdspan x = /* ... */;
auto body = [x] (int i, int j, int k) {
  ÇÔ ¡ 9;;=KK P´A| B| Cµ ¡ ÔÇ
};

ranges:: for_each (execution::par,
  views:: cartesian_product (
    views::indices( x.extent (0)),
    views::indices( x.extent (1)),
    views::indices( x.extent (2))) |
  views::transform(
    [body] (auto ijk_tuple ) {
      auto [i, j, k] = ijk_tuple ;
      body(i, j, k);
    });

C++26 parallel ranges:: for_each  + C++23 views::cartesian_product  + C++26 views::indices

Multidimensional for -each: status quo

Row-major iteration of 
a 3-D structured grid
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French philosopher? Whose name we spell oddly?

Users must unpack tuple of indices

ONLY row-major order

Êâïďõ óöï õéêô ðï âï âääæíæóâõðó øêõé ôæñâóâõæ îæîðóú

Å lambda with value capture IS trivially copyable

ÅBUT transform_view  of it is NOT

ÅP3963 aims to fix C++29

Êâïďõ ñðóõâãíú ðñõêîêûæ ãú đôñæäêâíêûâõêðïĒ

mdspan x = /* ... */;
auto body = [x] (int i, int j, int k) {
  ÇÔ ¡ 9;;=KK P´A| B| Cµ ¡ ÔÇ
};

ranges:: for_each (execution::par,
  views:: cartesian_product (
    views::indices( x.extent (0)),
    views::indices( x.extent (1)),
    views::indices( x.extent (2))) |
  views::transform(
    [body] (auto ijk_tuple ) {
      auto [i, j, k] = ijk_tuple ;
      body(i, j, k);
    });

Verbose, repetitive, obscure, possibly slow 

Multidimensional for -each: status quo

Row-major iteration of 
a 3-D structured grid

René Descartes
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cartesian_product_view  åðæôïďõ æùñðôæ êõô subviews

Č äâïďõ èæõ íððñ ãðöïåô

Č Êâïďõ ¸öôæçöííú¹ ôñæäêâíêûæ ÜÚÌÙ""óâïèæô""for_each  on 
cartesian_product_view  (| transform_view )

ÅE.g., by rewriting as plain nested loops with OpenACC pragmas

ÅOr any other way other than what Ranges does already

Implementations would need nonportable hooks on views

ÅClang needs to work with both libc++ & libstdc ++

Ånvc++ (our HPC compiler) needs to work with libstdc ++

Would be a complete rewrite of Ranges

mdspan x = /* ... */;
auto body = [x] (int i, int j, int k) {
  ÇÔ ¡ 9;;=KK P´A| B| Cµ ¡ ÔÇ
};

ranges:: for_each (execution::par,
  views:: cartesian_product (
    views::indices( x.extent (0)),
    views::indices( x.extent (1)),
    views::indices( x.extent (2))) |
  views::transform(
    [body] (auto ijk_tuple ) {
      auto [i, j, k] = ijk_tuple ;
      body(i, j, k);
    });

#pragma acc parallel loop gang vector \
  collapse(3) copyin (body)
for (int i = 0; i < x.extent (0); ++i) {
  for (int j = 0; j < x.extent (1); ++j) {
    for (int k = 0; k < x.extent (2); ++k) {
      body(i, j, k);
    }
  }
}

Êâïďõ đôñæäêâíêûæĒ ñâóâííæí âíèðóêõéîô ðï óâïèæ âåâñõæóô êï ñðóõâãíæ Êyy

Multidimensional for -each: status quo
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Üôæóô åðïďõ ïææå õð öïñâäì êïåêäæô

Takes iteration domain as layout mapping, not extents

ÅPreferred iteration order hint

ÅEncourage users to communicate what they know

mdspan x = /* ... */;
auto body = [x] (int i, int j, int k) {
  ÇÔ ¡ 9;;=KK P´A| B| Cµ ¡ ÔÇ
};

// Before P4150
ranges:: for_each (execution::par,
  views:: cartesian_product (
    views::indices( x.extent (0)),
    views::indices( x.extent (1)),
    views::indices( x.extent (2))) |
  views::transform(
    [body] (auto ijk_tuple ) {
      auto [i, j, k] = ijk_tuple ;
      body(i, j, k);
    });

// After P4150
for_each_index (execution::par, x.mapping (), body);

R0 released April 2026; awaiting design (LEWG) review

Multidimensional for_each_index : P4150
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What about loop tiling ?

ÅChange loop order: compile -time -ôêûæå Û= ù Û> ù Û? đõêíæôĒ

for (int i = 0; k < x.extent (0); i += T0)
  for (int j = 0; j < x.extent (1); j += T1)
    for (int k = 0; k < x.extent (2); k += T2)
      for ( i_t  = 0; i_t  < T0; ++ i_t )
        for ( j_t  = 0; j_t  < T1; ++ j_t )
          for ( k_t  = 0; k_t  < T2; ++ k_t )
            body(i + i_t , j + j_t , k + k_t );

ÅSpecial syntax in directives -based OpenACC & OpenMP

ÅOne way to reorganize loops for temporal locality

ÅÓæôô öôæçöí êç øæ éâ÷æ đîöíõêåêîæïôêðïâí ÚÐÔËĒ íðâåô ­ ôõðóæô

ÅÞæďíí õâíì âãðöõ õéêô ôððï

mdspan x = /* ... */;
auto body = [x] (int i, int j, int k) {
  ÇÔ ¡ 9;;=KK P´A| B| Cµ ¡ ÔÇ
};

// Before P4150
ranges:: for_each (execution::par,
  views:: cartesian_product (
    views::indices( x.extent (0)),
    views::indices( x.extent (1)),
    views::indices( x.extent (2))) |
  views::transform(
    [body] (auto ijk_tuple ) {
      auto [i, j, k] = ijk_tuple ;
      body(i, j, k);
    });

// After P4150
for_each_index (execution::par, x.mapping (), body);

R0 released April 2026; awaiting design (LEWG) review

Multidimensional for_each_index : P4150



A_n = submdspan (A, pair(0, R - 2), full_extent );
A_e = submdspan (A, full_extent , pair(2, C));
A_s = submdspan (A, pair(2, R), full_extent );
A_w = submdspan (A, full_extent , pair(0, C - 2));
A_mid  = submdspan (A, pair(1, R - 1), pair(1, C - 1));
transform_element (par, A_mid.mapping (),
  [] (auto&& As_tuple , auto& Temp) {
    auto [...As] = As_tuple ;
    Temp[ r,c ] := (0.0 + ...  + As) / 4.0;
  }, views::zip( A_n, A_e, A_s, A_w), Temp);75

Array -based, over elements (less natural), or over indices

Multidimensional for -each: 3 options

Implicit Explicit

Create threadsArray -based

Åstd::simd

Åvalarray

ÅNumPy, Matlab ,
Fortran, APL

For each partition

Åsplit_at [_mut] + 
join (Rust)

ÅFortran coarrays

Åstd::execution::
bulk_chunked

For each index

ÅMultidimensional 
for_each_index

Åstd::execution::
{bulk, 
bulk_unchunked }

Task-based

Åstd::execution

For each element

Åmdspan  copy & fill

ÅStandard 
algorithms

Åmemcpy

Å×=@B=ďô ÚÐÔË 
algorithms

Temp := ( A@north  +
   A@east + A@south +
   A@west) / 4.0;

for_each_index (execution::par,
  A.mapping (),
  [A, Temp] (int r, int c) {
    Temp[ r,c ] := (A[r - 1,c] +
      A[r,c+1] + A[r+1,c] +
      A[r,c - 1]) / 4.0;
  });

ZPL (Z-level Programming 
Language) example

C++ P4150 example
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Original intent (P0443, P2300R0)

ÅđÚéâñæĒ Õ äðöíå éâ÷æ îöíõêñíæ åêîæïôêðïô ¶ like extents

Å Inspired by CUDA kernel launches

Åbulk[_ unchunked ] : f(i, j, k, args ...)

bulk_chunked  ñâôôæô âï êïõæó÷âí ¼ã# æ¹ õð õéæ öôæóďô çöïäõêðï

ÅMultidimensional analog: Rank -R box

Å ὦȟὩ ὦȟὩ Ễ ὦ ȟὩ

ÅSet of boxes partitions extents

ôõå""æùæäöõêðï" @ ñâóâííæí đâíèðóêõéîôĒ ¸ôæïåæó âåâñõæóô¹

Åbulk( exec_policy , N, f) :

Å Runs f(k, args ...)  in parallel over k in [0, N)

Å args ... value(s) sent from the previous sender

Åbulk_unchunked ( exec_policy , N, f) :

Å Like bulk , but recommended practice:

Å Each f(k, args ...)  runs  ðï êõô ðøï đæùæäöõêðï âèæïõĒ

Å Ùæíâõæô õð õéæ çðóøâóå ñóðèóæôô èöâóâïõææ$ õéêïì đõéóæâåĒ

Åbulk_chunked ( exec_policy , N, f) :

Å Runs f(begin, end, args ...)  in parallel

Å Over set of [ begin , end ) intervals partitioning [0, N)

Lower -level than for_each_index

Multidimensional bulk* & asynchronous algorithms?
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Original intent (P0443, P2300R0)

ÅđÚéâñæĒ Õ äðöíå éâ÷æ îöíõêñíæ åêîæïôêðïô ¶ like extents

Å Inspired by CUDA kernel launches

Åbulk[_ unchunked ] : f(i, j, k, args ...)

bulk_chunked  ñâôôæô âï êïõæó÷âí ¼ã# æ¹ õð õéæ öôæóďô çöïäõêðï

ÅMultidimensional analog: Rank -R box

Å ὦȟὩ ὦȟὩ Ễ ὦ ȟὩ

ÅSet of boxes partitions extents

NOTE: bulk* are building blocks, not high -level algorithms.

P3300 proposes actual 1 -D asynchronous algorithms.
We should develop a consistent interface for 1 -D first.

ôõå""æùæäöõêðï" @ ñâóâííæí đâíèðóêõéîôĒ ¸ôæïåæó âåâñõæóô¹

Åbulk( exec_policy , N, f) :

Å Runs f(k, args ...)  in parallel over k in [0, N)

Å args ... value(s) sent from the previous sender

Åbulk_unchunked ( exec_policy , N, f) :

Å Like bulk , but recommended practice:

Å Each f(k, args ...)  runs  ðï êõô ðøï đæùæäöõêðï âèæïõĒ

Å Ùæíâõæô õð õéæ çðóøâóå ñóðèóæôô èöâóâïõææ$ õéêïì đõéóæâåĒ

Åbulk_chunked ( exec_policy , N, f) :

Å Runs f(begin, end, args ...)  in parallel

Å Over set of [ begin , end ) intervals partitioning [0, N)

Lower -level than for_each_index

Multidimensional bulk* & asynchronous algorithms?

Bryce Adelstein Lelbach, P3300 author
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Þæď÷æ ñóðñðôæå

ÅCopy & fill for mdspan  (P3242R2, awaiting LWG)

ÅMultidimensional for_each_index  (P4150, awaiting LEWG)

Could imagine a few more: e.g., transform, reduce

Ôðôõ âíèðóêõéîô# íêìæ ôðóõ# åðïďõ ïææå îöíõêåêîæïôêðïâí ÷æóôêðïô

Other parallel multidimensional algorithms?
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But multidimensional arrays Č new kinds of algorithms

ÅRank-reducing reductions , like column or row sums

ÅđContractions Ē ¸âïâíðèðöô õð ãêïâóú transform_reduce ),
like matrix -matrix multiply

ÅNested algorithms , e.g., for_each  over rows, scan over each row 

Þæď÷æ ñóðñðôæå

ÅCopy & fill for mdspan  (P3242R2, awaiting LWG)

ÅMultidimensional for_each_index  (P4150, awaiting LEWG)

Could imagine a few more: e.g., transform, reduce

Ôðôõ âíèðóêõéîô# íêìæ ôðóõ# åðïďõ ïææå îöíõêåêîæïôêðïâí ÷æóôêðïô

Other parallel multidimensional algorithms?
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But multidimensional arrays Č new kinds of algorithms

ÅRank-reducing reductions , like column or row sums

ÅđContractions Ē ¸âïâíðèðöô õð ãêïâóú transform_reduce ),
like matrix -matrix multiply

ÅNested algorithms , e.g., for_each  over rows, scan over each row 

Þæď÷æ ñóðñðôæå

ÅCopy & fill for mdspan  (P3242R2, awaiting LWG)

ÅMultidimensional for_each_index  (P4150, awaiting LEWG)

Could imagine a few more: e.g., transform, reduce

Ôðôõ âíèðóêõéîô# íêìæ ôðóõ# åðïďõ ïææå îöíõêåêîæïôêðïâí ÷æóôêðïô

Other parallel multidimensional algorithms?

Ûéæôæ âóæ đèíðãâíĒ âíèðóêõéîô# ð÷æó âóóâúô!

Þæďíí ôææ õéæôæ âèâêï êï íðäâí çðóî øêõé îöíõêåêîæïôêðïâí ÚÐÔË!

Global forms are useful but can be proposed at leisure.

ÞÎ?> éâô õéðöèéõ âãðöõ ïæôõæå ñâóâííæíêôî$ êõďô éâóå õð åð øæíí!

Most idiomatic form might be array libraries, not algorithms

Úææ æ!è!# Êðïðó Ïðæìôõóâďô ×âóóðõ

https://nvlabs.github.io/parrot/  

https://nvlabs.github.io/parrot/


Multidimensional SIMD
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With std:: simd -like restrictions (due to coupling)

ÅLimited extents: e.g., powers of 2

ÅPrefer or require aligned loads & stores

ÅLimited element types & reduction operations

ÅÖñâòöæ âóóâú íâúðöõ$ äâïďõ èæõ ñðêïõæó õð âï æíæîæïõ

std::simd  features

ÅArray -like value types with compile -time -only extents

ÅOverloaded arithmetic operators & math functions

ÅLocality -creating memory operations (to/from mdspan )

Å Masked loads & stores

Å Gathers & scatters

Plus multidimensional array features

ÅQuery compile -time shape

ÅReshape

ÅTranspose

Plus multidimensional algorithm features

ÅRank-reducing reductions (e.g., row & column sums)

ÅContractions (e.g., matrix -matrix multiply)

std::simd , enriched with multidimensional array operations 

Multidimensional SIMD

0 1

2 3

4 5

6 7

0 2

1 3

4 6

5 7

0 1 2 3 4 5 6 7

0 1

2 3

4 5

6 7

+
1

5

9

13

transpose

reshape
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cuTile: family of array -based programming languages

ÅPython (released Dec 2025, CUDA 13.1)

ÅJulia, Rust, BASIC (just for fun, but it works!)

ÅC++ (coming very soon)

Based on Tile IR

ÅPortable virtual machine & instruction set

ÅČ you can implement cuTile in your favorite language

cuTile works like CUDA

ÅÜôæóô øóêõæ đõêíæ ìæóïæíôĒ êï â ôöãôæõ ðç õéæ éðôõ íâïèöâèæ

ÅThose kernels run on the GPU

Explicit global parallelism over {1,2,3} -Ë èóêå ðç đãíðäìôĒ

Úæòöæïõêâí äðåæ øêõéêï â ãíðäì öôæô êîñíêäêõíú ñâóâííæí đõêíæôĒ

ÕÝÐËÐÈďô cuTile  is multidimensional SIMD

template <int TN, int TK, int TM>
__tile__
void matmul (
  ct :: tensor_span_like  auto A,
  ct :: tensor_span_like  auto B,
  ct :: tensor_span_like  auto C)
{
  auto acc =
    ct ::zeros< ct ::tile<float, shape<TN, TM>>>();
  auto aV = partition_view {A, shape<TN, TK>{}};
  auto bV = partition_view {B, shape<TK, TM>{}};
  auto cV = partition_view {C, shape<TN, TM>{}};

  for (auto k : ct :: irange (0, aV.index_space (1))) {
    auto aTile  = aV.load ( ct ::bid().x, k);
    auto bTile  = bV.load (k, ct ::bid().y);
    acc = ct :: mma( aTile , bTile , acc);
  }

  cV.store (acc, ct ::bid().x, ct ::bid().y);
}
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tensor_span_like : Multidimensional array view

ÅCurrently: tensor_span

ÅLooks like mdspan, but with interface & layout restrictions

tile " đÔöíõêåêîæïôêðïâí simd ::vecĒ

shape : Compile-time extents

partition_view

ÅDeclares intent to do aligned tiled loads & stores on a global 
multidimensional array view

ÅCan load & store without it, but it declares access intent & 
thus may permit optimizations

ÅOther kinds of views will support other access patterns, e.g., 
đstrided Ē çðó ïæâóæôõ-ïæêèéãðó đôõæïäêíôĒ

bid() " đÉíðäì ÐïåæùĒ" ¾># ?# @¿-D coordinates of the current block

irange : Integer iteration range; permits optimization

mma: matrix multiply: acc = aTile * bTile + acc

ÕÝÐËÐÈďô cuTile  is multidimensional SIMD

template <int TN, int TK, int TM>
__tile__
void matmul (
  ct :: tensor_span_like  auto A,
  ct :: tensor_span_like  auto B,
  ct :: tensor_span_like  auto C)
{
  auto acc =
    ct ::zeros< ct ::tile<float, shape<TN, TM>>>();
  auto aV = partition_view {A, shape<TN, TK>{}};
  auto bV = partition_view {B, shape<TK, TM>{}};
  auto cV = partition_view {C, shape<TN, TM>{}};

  for (auto k : ct :: irange (0, aV.index_space (1))) {
    auto aTile  = aV.load ( ct ::bid().x, k);
    auto bTile  = bV.load (k, ct ::bid().y);
    acc = ct :: mma( aTile , bTile , acc);
  }

  cV.store (acc, ct ::bid().x, ct ::bid().y);
}
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tensor_span_like : Multidimensional array view

ÅCurrently: tensor_span

ÅLooks like mdspan, but with interface & layout restrictions

tile " đÔöíõêåêîæïôêðïâí simd ::vecĒ

shape : Compile-time extents

partition_view

ÅDeclares intent to do aligned tiled loads & stores on a global 
multidimensional array view

ÅCan load & store without it, but it declares access intent & 
thus may permit optimizations

ÅOther kinds of views will support other access patterns, e.g., 
đstrided Ē çðó ïæâóæôõ-ïæêèéãðó đôõæïäêíôĒ

bid() " đÉíðäì ÐïåæùĒ" ¾># ?# @¿-D coordinates of the current block

irange : Integer iteration range; permits optimization

mma: matrix multiply: acc = aTile * bTile + acc

ÕÝÐËÐÈďô cuTile  is multidimensional SIMD

template <int TN, int TK, int TM>
__tile__
void matmul (
  ct :: tensor_span_like  auto A,
  ct :: tensor_span_like  auto B,
  ct :: tensor_span_like  auto C)
{
  auto acc =
    ct ::zeros< ct ::tile<float, shape<TN, TM>>>();
  auto aV = partition_view {A, shape<TN, TK>{}};
  auto bV = partition_view {B, shape<TK, TM>{}};
  auto cV = partition_view {C, shape<TN, TM>{}};

  for (auto k : ct :: irange (0, aV.index_space (1))) {
    auto aTile  = aV.load ( ct ::bid().x, k);
    auto bTile  = bV.load (k, ct ::bid().y);
    acc = ct :: mma( aTile , bTile , acc);
  }

  cV.store (acc, ct ::bid().x, ct ::bid().y);
}
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tensor_span_like : Multidimensional array view

ÅCurrently: tensor_span

ÅLooks like mdspan, but with interface & layout restrictions

tile " đÔöíõêåêîæïôêðïâí simd ::vecĒ

shape : Compile-time extents

partition_view

ÅDeclares intent to do aligned tiled loads & stores on a global 
multidimensional array view

ÅCan load & store without it, but it declares access intent & 
thus may permit optimizations

ÅOther kinds of views will support other access patterns, e.g., 
đstrided Ē çðó ïæâóæôõ-ïæêèéãðó đôõæïäêíôĒ

bid() " đÉíðäì ÐïåæùĒ" ¾># ?# @¿-D coordinates of the current block

irange : Integer iteration range; permits optimization

mma: matrix multiply: acc = aTile * bTile + acc

ÕÝÐËÐÈďô cuTile  is multidimensional SIMD

template <int TN, int TK, int TM>
__tile__
void matmul (
  ct :: tensor_span_like  auto A,
  ct :: tensor_span_like  auto B,
  ct :: tensor_span_like  auto C)
{
  auto acc =
    ct ::zeros< ct ::tile<float, shape<TN, TM>>>();
  auto aV = partition_view {A, shape<TN, TK>{}};
  auto bV = partition_view {B, shape<TK, TM>{}};
  auto cV = partition_view {C, shape<TN, TM>{}};

  for (auto k : ct :: irange (0, aV.index_space (1))) {
    auto aTile  = aV.load ( ct ::bid().x, k);
    auto bTile  = bV.load (k, ct ::bid().y);
    acc = ct :: mma( aTile , bTile , acc);
  }

  cV.store (acc, ct ::bid().x, ct ::bid().y);
}
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tensor_span_like : Multidimensional array view

ÅCurrently: tensor_span

ÅLooks like mdspan, but with interface & layout restrictions

tile " đÔöíõêåêîæïôêðïâí simd ::vecĒ

shape : Compile-time extents

partition_view

ÅDeclares intent to do aligned tiled loads & stores on a global 
multidimensional array view

ÅCan load & store without it, but it declares access intent & 
thus may permit optimizations

ÅOther kinds of views will support other access patterns, e.g., 
đstrided Ē çðó ïæâóæôõ-ïæêèéãðó đôõæïäêíôĒ

bid() " đÉíðäì ÐïåæùĒ" ¾># ?# @¿-D coordinates of the current block

irange : Integer iteration range; permits optimization

mma: matrix multiply: acc = aTile * bTile + acc

ÕÝÐËÐÈďô cuTile  is multidimensional SIMD

template <int TN, int TK, int TM>
__tile__
void matmul (
  ct :: tensor_span_like  auto A,
  ct :: tensor_span_like  auto B,
  ct :: tensor_span_like  auto C)
{
  auto acc =
    ct ::zeros< ct ::tile<float, shape<TN, TM>>>();
  auto aV = partition_view {A, shape<TN, TK>{}};
  auto bV = partition_view {B, shape<TK, TM>{}};
  auto cV = partition_view {C, shape<TN, TM>{}};

  for (auto k : ct :: irange (0, aV.index_space (1))) {
    auto aTile  = aV.load ( ct ::bid().x, k);
    auto bTile  = bV.load (k, ct ::bid().y);
    acc = ct :: mma( aTile , bTile , acc);
  }

  cV.store (acc, ct ::bid().x, ct ::bid().y);
}
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tensor_span_like : Multidimensional array view

ÅCurrently: tensor_span

ÅLooks like mdspan, but with interface & layout restrictions

tile " đÔöíõêåêîæïôêðïâí simd ::vecĒ

shape : Compile-time extents

partition_view

ÅDeclares intent to do aligned tiled loads & stores on a global 
multidimensional array view

ÅCan load & store without it, but it declares access intent & 
thus may permit optimizations

ÅOther kinds of views will support other access patterns, e.g., 
đstrided Ē çðó ïæâóæôõ-ïæêèéãðó đôõæïäêíôĒ

bid() " đÉíðäì ÐïåæùĒ" ¾># ?# @¿-D coordinates of the current block

irange : Integer iteration range; permits optimization

mma: matrix multiply: acc = aTile * bTile + acc

ÕÝÐËÐÈďô cuTile  is multidimensional SIMD

template <int TN, int TK, int TM>
__tile__
void matmul (
  ct :: tensor_span_like  auto A,
  ct :: tensor_span_like  auto B,
  ct :: tensor_span_like  auto C)
{
  auto acc =
    ct ::zeros< ct ::tile<float, shape<TN, TM>>>();
  auto aV = partition_view {A, shape<TN, TK>{}};
  auto bV = partition_view {B, shape<TK, TM>{}};
  auto cV = partition_view {C, shape<TN, TM>{}};

  for (auto k : ct :: irange (0, aV.index_space (1))) {
    auto aTile  = aV.load ( ct ::bid().x, k);
    auto bTile  = bV.load (k, ct ::bid().y);
    acc = ct :: mma( aTile , bTile , acc);
  }

  cV.store (acc, ct ::bid().x, ct ::bid().y);
}
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tensor_span_like : Multidimensional array view

ÅCurrently: tensor_span

ÅLooks like mdspan, but with interface & layout restrictions

tile " đÔöíõêåêîæïôêðïâí simd ::vecĒ

shape : Compile-time extents

partition_view

ÅDeclares intent to do aligned tiled loads & stores on a global 
multidimensional array view

ÅCan load & store without it, but it declares access intent & 
thus may permit optimizations

ÅOther kinds of views will support other access patterns, e.g., 
đstrided Ē çðó ïæâóæôõ-ïæêèéãðó đôõæïäêíôĒ

bid() " đÉíðäì ÐïåæùĒ" ¾># ?# @¿-D coordinates of the current block

irange : Integer iteration range; permits optimization

mma: matrix multiply: acc = aTile * bTile + acc

ÕÝÐËÐÈďô cuTile  is multidimensional SIMD

template <int TN, int TK, int TM>
__tile__
void matmul (
  ct :: tensor_span_like  auto A,
  ct :: tensor_span_like  auto B,
  ct :: tensor_span_like  auto C)
{
  auto acc =
    ct ::zeros< ct ::tile<float, shape<TN, TM>>>();
  auto aV = partition_view {A, shape<TN, TK>{}};
  auto bV = partition_view {B, shape<TK, TM>{}};
  auto cV = partition_view {C, shape<TN, TM>{}};

  for (auto k : ct :: irange (0, aV.index_space (1))) {
    auto aTile  = aV.load ( ct ::bid().x, k);
    auto bTile  = bV.load (k, ct ::bid().y);
    acc = ct :: mma( aTile , bTile , acc);
  }

  cV.store (acc, ct ::bid().x, ct ::bid().y);
}
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tensor_span_like : Multidimensional array view

ÅCurrently: tensor_span

ÅLooks like mdspan, but with interface & layout restrictions

tile " đÔöíõêåêîæïôêðïâí simd ::vecĒ

shape : Compile-time extents

partition_view

ÅDeclares intent to do aligned tiled loads & stores on a global 
multidimensional array view

ÅCan load & store without it, but it declares access intent & 
thus may permit optimizations

ÅOther kinds of views will support other access patterns, e.g., 
đstrided Ē çðó ïæâóæôõ-ïæêèéãðó đôõæïäêíôĒ

bid() " đÉíðäì ÐïåæùĒ" ¾># ?# @¿-D coordinates of the current block

irange : Integer iteration range; permits optimization

mma: matrix multiply: acc = aTile * bTile + acc

ÕÝÐËÐÈďô cuTile  is multidimensional SIMD

template <int TN, int TK, int TM>
__tile__
void matmul (
  ct :: tensor_span_like  auto A,
  ct :: tensor_span_like  auto B,
  ct :: tensor_span_like  auto C)
{
  auto acc =
    ct ::zeros< ct ::tile<float, shape<TN, TM>>>();
  auto aV = partition_view {A, shape<TN, TK>{}};
  auto bV = partition_view {B, shape<TK, TM>{}};
  auto cV = partition_view {C, shape<TN, TM>{}};

  for (auto k : ct :: irange (0, aV.index_space (1))) {
    auto aTile  = aV.load ( ct ::bid().x, k);
    auto bTile  = bV.load (k, ct ::bid().y);
    acc = ct :: mma( aTile , bTile , acc);
  }

  cV.store (acc, ct ::bid().x, ct ::bid().y);
}
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tensor_span_like : Multidimensional array view

ÅCurrently: tensor_span

ÅLooks like mdspan, but with interface & layout restrictions

tile " đÔöíõêåêîæïôêðïâí simd ::vecĒ

shape : Compile-time extents

partition_view

ÅDeclares intent to do aligned tiled loads & stores on a global 
multidimensional array view

ÅCan load & store without it, but it declares access intent & 
thus may permit optimizations

ÅOther kinds of views will support other access patterns, e.g., 
đstrided Ē çðó ïæâóæôõ-ïæêèéãðó đôõæïäêíôĒ

bid() " đÉíðäì ÐïåæùĒ" ¾># ?# @¿-D coordinates of the current block

irange : Integer iteration range; permits optimization

mma: matrix multiply: acc = aTile * bTile + acc

ÕÝÐËÐÈďô cuTile  is multidimensional SIMD

template <int TN, int TK, int TM>
__tile__
void matmul (
  ct :: tensor_span_like  auto A,
  ct :: tensor_span_like  auto B,
  ct :: tensor_span_like  auto C)
{
  auto acc =
    ct ::zeros< ct ::tile<float, shape<TN, TM>>>();
  auto aV = partition_view {A, shape<TN, TK>{}};
  auto bV = partition_view {B, shape<TK, TM>{}};
  auto cV = partition_view {C, shape<TN, TM>{}};

  for (auto k : ct :: irange (0, aV.index_space (1))) {
    auto aTile  = aV.load ( ct ::bid().x, k);
    auto bTile  = bV.load (k, ct ::bid().y);
    acc = ct :: mma( aTile , bTile , acc);
  }

  cV.store (acc, ct ::bid().x, ct ::bid().y);
}
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Ôâïú àðöÛöãæ õâíìô" Úæâóäé çðó đÕÝÐËÐÈ cuTileĒ

Úõæñéæï Ñðïæôď ÎÛÊ ?=?C óðâåîâñ ôéðøô cuTile C++ examples

https://developer.nvidia.com/cuda/tile  

Many examples: https://github.com/NVIDIA/TileGym  

cuTile C++ release is coming very soon!

cuTile  resources

https://developer.nvidia.com/cuda/tile
https://github.com/NVIDIA/TileGym
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How do we name multidimensional std:: simd ::vec?

NOT a general N-D array

ÅÕÖ" đmdvecĒ ¸ÏÈÏÈÏÈ¹# đmdarray#Ē đõæïôðóĒ 

PARTITIONS (or covers) some bigger array

ÅNO: General words for >2 -Ë óæäõâïèíæ" đãðù#Ē đðóõéðõðñæĒ

ÅÕÖ" đÈõðîĒ ¸êõďô ïðõ êïåê÷êôêãíæ$ ôõå""simd ::chunk)
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How do we name multidimensional std:: simd ::vec?

NOT a general N-D array

ÅÕÖ" đmdvecĒ ¸ÏÈÏÈÏÈ¹# đmdarray#Ē đõæïôðóĒ 

PARTITIONS (or covers) some bigger array

ÅNO: General words for >2 -Ë óæäõâïèíæ" đãðù#Ē đðóõéðõðñæĒ

ÅÕÖ" đÈõðîĒ ¸êõďô ïðõ êïåê÷êôêãíæ$ ôõå""simd ::chunk)

ÔÈàÉÌ" đäæííĒ

ÅÓâõêï" đäæíí¸öí¹âĒ ¸ôîâíí óððî# æ!è!# çðó â îðïì¹

ÅHoneycomb

ÅBUT: spreadsheets, cellular automata

ÅMay inaccurately suggest programming models

?

Monastic cells at the 
Monastery of Christ in the 
Desert, Abiquiu, NM, USA


