@

SPL

Open Source, Constexpr Library for

g Algorithms

John Bandela




Outline

1. What is pipeline style programming

2. Issues with using ranges for pipeline style programming
3. SPL Introduction

4. Examples

5. Architecture

6. Benchmarks

2/142



Pipeline Style Programming
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History

]
- programming
with Special Guest Oysters earls
Don Knuth and Doug Mcllroy

A LITERATE PROGRAM
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Challenge

Given a text file and an integer k, print the k most common words in the file (and the number of their
occurrences) in decreasing frequency.
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Don Knuth

Produces an absolute virtuoso work of art using literate programming and WEB.

» Elegant Pascal code
o Tries
« Beautifully typeset with cross-references
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Doug Mcllroy

tr -cs A-Za-z '\n' |
tr A-Z a-z |

sort |

uniq -c |

sort -rn |

sed ${1}q
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Pipeline Style

Writing a series of transformations as a single expression without nested parentheses, rather than the more
standard style of using separate invocations.

» Common in other languages

« Bash uses | to "pipe" data through a sequence of programs.

e F# uses |>

» The primary syntactic feature is the lack of unbounded nesting.
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(++ Pseudocode

// Standard C++, non-pipelined

auto resultl = fi(input);
auto result2 = f2(resultl);
auto result3 = f3(result2);

// Pipeline style
auto result = input | f1 | f2 | f3;
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std: :ranges

auto const ints = {0, 1, 2, 3, 4, 5};
auto even = []J(int 1) { return 0 == 1 % 2; };
auto square = [](int 1) { return 1 * 1; };

for (int 1 : ints
| std::views::filter(even)
| std::views::transform(square))

std::cout << 1 << 9

https://en.cppreference.com/w/cpp/ranges#Range ada
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A More Complicated Example

using IntAndString = std::pair<int, std::string>;
auto make_1int_and_string = [](int 1) -> IntAndString {
return {i*1*1, std::to_string(i)};
I¥
auto result = std::views::iota(1,1000001)
| std::views::transform(make_int_and_string)
| std::views::filter([](const auto& p) {
return p.first >= std::hash<std::string>()(p.second);
1)
| std::views::transform(&IntAndString::second)
| std::views::take(4);
for (auto s : result)
std::cout << s << "\n";
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Crash

(If you are lucky)
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Why?

using IntAndString = std::pair<int, std::string>;
auto make_1int_and_string = [](int 1) -> IntAndString {
return {i*1*1, std::to_string(i)};
I¥
auto result = std::views::iota(1,1000001)
| std::views::transform(make_int_and_string)
| std::views::filter([](const auto& p) {
return p.first >= std::hash<std::string>()(p.second);
1))
| std::views::transform(&IntAndString::second)
| std::views::take(4);
for (auto s : result)
std::cout << s << "\n";
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Reduced

using IntAndString = std::pair<int, std::string>;
auto make_int_and_string = [](int 1) -> IntAndString {
return {i*1*1, std::to_string(i)};
I¥
auto result = std::views::iota(1,1000001)
| std::views::transform(make_int_and_string)
| std::views::transform(&IntAndString::second)
for (auto s : result)
std::cout << s << "\n";
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Transform Iterators

struct MakeIntAndStringIterator{
Iotalterator iota_iter;
IntAndString operator*(){
return make_int_and_string(*iota_iter);
}
I

struct SecondIterator{
MakeIntAndStringIterator int_and _string_iter;
std::string& operator*(){
return (*int_and_string_iter).second;
}
}
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Transform Iterators Inlined

struct SecondIteratorInlined{
Iotalterator iota_iter;
std::string& operator*(){
int 1 = *ilota_1iterator;
return std::pair<int,string>{i*1*i,std::to_string(i)}.second;
}
}
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TPOIASI

int times2(int n){
return n * 2;

}
bool isMultipleOf4(int n){return n % 4 == 0;}

int main() {
std::vector<int> numbers = {1, 2, 3, 4, 5};
auto results = numbers
| std::ranges::views::transform(times2)
| std::ranges::views::filter(isMultipleOf4);
for (auto result : results)
std::cout << result << '\n';
}

https://www.fluentcpp.com/2019/02/12/the-terrible-problem-of-incrementing-a-smart-iterator/
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Output
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TPOIASI (With Logging)

int times2(int n){
std::cout << "transforming " << n << "\n";
return n * 2;

}
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Output (With Logging)

transforming
transforming
transforming
4

transforming
transforming
transforming
8

transforming 5

NN =

A b w

The filter iterator has an embedded loop.
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Stack Frame Growth (std: : ranges)

auto even = [](auto 1) { return 1 % 2 == 0; };

__attribute_ ((noinline)) void RangesN() {
std::vector<int> r0 = {0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10};
auto result = r@ | std::views::filter(even)

| std::views::filter(even)
/* ...up to N copies... */ ;
PrintStack("RangesN");
}
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Results (std: : ranges)

192
208
256
320
432
608
816
1104

N | o G s W N = O
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Flexibility Has a Price

std: :ranges is highly flexible

You may not need the flexibility

We can trade flexibility for correctness/simplicity/performance
Structured programming vs jmp

Strong typed vs untyped

Memory aliasing

Alignment

And not just computer science
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Introducing SPL

« Based on the design of Rappel (C++Now 2024)
o Slides
o Video
« C++23 single header library with no dependencies
e constexpr-friendly
o Safer defaults
o max, first, last return std: :optional<T>
o partial_sort(n) is safe even if n > number of elements
o nth_element(n) is safe even if n > number of elements

» Uses continuation passing style to reduce risk of temporaries
 https://github.com/jbandela/cpp-from-the-sky-down/tree/main/spl
» https://godbolt.org/z/E98fWKzbh
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https://schedule.cppnow.org/wp-content/uploads/2024/02/Rappel.pdf
https://www.youtube.com/watch?v=itnyR9j8y6E
https://github.com/jbandela/cpp-from-the-sky-down/tree/main/spl
https://godbolt.org/z/E98fWKzbh

Continuation Passing Style and Safety

void Output(const std::string& s){
std::cout << s << "\n";

}
std::string& Iterator(){
return std::pair{1l, std::string("Hello")}.second;

}
void Unsafe(){
Output(Iterator());

template<typename F>
void Algorithm(F f){
f(std::pair<int, std::string>(1, "Hello").second);

void Safe(){
Algorithm(&O0utput);
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Namespaces

e spl:: — general usage. The stages, apply, compose, generator, etc. This is what 95% of users write.

e spl::impl:: — implementation utilities. Reach for these when you're writing a stage, a custom generator,
or an ADL hook (calculate_type_v, output, make_generator).

» All other namespaces (spl::detail::, spl::impl::cpo::, ...) are internal. Don't depend on them.

26 /142



Terminology

Pipeline

The entire series: input | f1 | f2 | f3;

Stage

Each individual component of the pipeline: f1, f2, f3
(Sometimes called a combinator — this talk uses stage.)
Processing style

How a stage processes its input — incremental (one element at a time) or complete (one whole value). Coming
up next.
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Incremental

Processes elements one at a time.
filter, transform are all examples of incremental.

Can have 0, 1, or more outputs for a single element
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Complete

Process a single element as a whole.

» sort is an example of complete — you need all the elements to sort
» Surprising: max — you take all the elements and reduce them to a single value. You are treating that value
as a whole, not part of something else.
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Input and Output

The input and output processing style don't have to be the same.

Incremental | Incremental

Incremental | Complete
Complete Complete

Complete Incremental
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Incremental — Incremental

transform, filter

Take a single element, and output an element as part of something larger

31/142



Incremental — Complete

to_vector, max, any_of, all_of, none_of

Take values that are parts of a whole and collect them into new whole.
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Complete — Complete

sort (based on std::sort)

Transforms a collection, sorts it, and outputs that collection as a whole. Others include partial_sort,
stable_sort, nth_element, unique.
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Complete — Incremental

Iterating a range. Implicit in SPL.
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Rules for Incremental and Complete

« The input processing style of a stage has to match the output processing style of the previous stage

+ We can implicitly convert complete to incremental

« The final stage passed to apply has to be complete — apply needs to return a single value that stands on its
own.
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apply

template <typename Range, typename... Stages>
[[nodiscard]] constexpr auto apply(Range&& range,
Stages&&... stages);

» The first parameter is a range
« The stages is one or more of the above stages.
« Note that the return type is auto. It will return a value and not a reference. This is for safety by default.
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Test

std::vector<int> v{...};
// Assume we capture the return value
apply(v, max());
apply(v, transform(triple));
apply(v, transform(triple), to_vector());
apply(v, transform(triple), sort());
apply(v, transform(triple), to_vector(), sort());
apply(v, transform(triple), to_vector(),
sort(), filter_duplicates(), accumulate());

—~——
N~

LASIELS BULS BEISRELN |

-~J
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compose

Creates new stages by composition.

apply treats passing in compose(...) as if you passed those stages directly
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Crash (SPL)

using IntAndString = std::pair<int, std::string>;
auto make_int_and_string = [](int 1) -> IntAndString {
return {i*1*1, std::to_string(i)};

I

spl::apply(spl::iota(1, 10000001),
spl::transform(make_int_and_string),
spl::filter([](const auto& p) {

return p.first >= std::hash<std::string>()(p.second);
1),
spl::transform(&IntAndString::second),
spl::take(4),
spl::for_each([](const auto& s){
std::cout << s << "\n";
1))
E
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Output (SPL)

1291
1292
1293
1294
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TPOIASI (SPL)

int times2(int n){
std::cout << "transforming:
return n * 2;

n ",
<< n << "\n";

}
bool isMultipleOf4(int n){return n % 4 == 0;}

int main() {
std::vector<int> numbers = {1, 2, 3, 4, 5};
spl::apply(numbers,
spl::transform(times2),
spl::filter(isMultipleOf4),
spl::for_each([](auto result){
std::cout << result << '\n';

D)
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Output (SPL)

transforming: 1
transforming: 2
4

transforming: 3
transforming: 4
8

transforming: 5
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Stack Frame Growth (SPL)

__attribute__((noinline)) void SpIN() {
std::vector<int> r0 = {0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10};
auto result = spl::apply(ro,
spl::filter(even),
spl::filter(even),
/* ...up to N copies... */
spl::to_vector());
PrintStack("SpIN");
}
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Results (SPL)

N frame size (bytes)

N oy g ks | W N e o

192
224
224
224
240
240
256
256
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Simpler Evaluation Model

« Transforms and filters are not repeatedly evaluated
 Stateful function objects for transform
 Stateful predicates for filter
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Every Other

std::vector<int> v = {1, 2, 3, 4};

spl::apply(v,
spl::filter([emit = false](auto&&...) mutable {
return emit = !emit;
1),
spl::for_each([J(int 1) {
std::cout << i << "\n";
D
);
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Dot Product

std::vector<int> vi

{1’ 2’ 3, 4};
std::vector<int> v2 = {5, 6, 7, 8};

int dot_product = spl::apply(vi,
spl::zip(v2),
spl::transform(std: :multiplies<int>()),
spl::sum()

3
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compose (Generators

auto perfect_squares() {
return spl::compose(
spl::iota(1),
spl::transform([](size_t 1) { return i*i; }));

}

spl::apply(
perfect_squares(),
spl::filter([](size_t 1) { return 1 >= 100; }),
spl::take(5),
spl::to_vector());
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compose Ranges

struct Transactions {
std: :vector<double> amounts;
auto credits() const {
return spl::compose(
std::cref(amounts),
spl::filter([](double d) { return d > 0; }));
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tee Splits Outputs to Multiple Stages

tee runs each sub-pipeline over the same input. Its results flow into the next stage as separate arguments (not

a tuple).

std::vector<int> values = {...};
auto summary = spl::apply(
values,
spl::tee(spl::min(), spl::max(), spl::count()),
spl::transform_complete([](std::optional<int> min,
std: :optional<int> max,
size_t count) {
return std::tuple{min, max, count};

);
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Computing an Average

double avg = spl::apply(std::vector{1, 2, 3, 4, 5},
spl::tee(spl::sum(), spl::count()),
spl::transform_complete([](int sum, size_t count) {

return static_cast<double>(sum) / count;
b
iE
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Group Elements

struct Employee {
int id;

bool is_fulltime;
std::string org;
I

std: :vector<Employee> employees = {...};

auto counts = spl::apply(
employees,
spl::filter(&Employee::is_fulltime),
spl::group_by(&Employee::org, spl::count()),
spl::to_vector());

52 /142



Run-Length Encoding

std::string input = "aaabbcdddde";
spl::apply(input,
spl::chunk_by(std::equal_to<>{},
spl::tee(spl::first_or_null(), spl::count()),
spl::transform_complete(
[1(char* ch, size_t n) {
return std::make_pair(*ch, n);

),
spl::expand_tuple(),
spl::for_each([](char c, size_t n) {

std::cout << n << "x" << c << "\n";

);
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Handling optional

std::optional<int> ParseInt(std::string_view);
std::vector<std::optional<std::string>> values = {...};

std::vector<int> ints = spl::apply(
values,
spl::flatten_optional(),
spl::transform(&Parselnt),
spl::flatten_optional(),
spl::to_vector()

)
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Handling optional

std::optional<int> ParseInt(std::string_view);
std::vector<std::optional<std::string>> values = {...};

std::optional<std::vector<int>> ints = spl::apply(
values,
spl::unwrap_optional(),
spl::transform(&Parselnt),
spl::unwrap_optional(),
spl::to_vector()

)
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The Challenge (Reminder)

Given a text file and an integer k, print the k most common words in the file (and the number of their
occurrences) in decreasing frequency.
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read_lines

auto read_lines() {
return spl::transform_complete([](std::istream &is) {

return spl::generator(
[&ils, line = std::string()](auto&& output) mutable {
auto emit = [&] { return output(std::string_view(line)); };
if constexpr (spl::impl::calculate_type_v<decltype(output)>) {
return emit();
} else {
if (std::getline(is, line)) { emit(); return true; }

return false;

}
s
s
}
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split_string

auto split_string() {
return spl::compose(
spl::flatten(),
spl::chunk_by(
[](unsigned char prev, unsigned char c) {
return std::isalpha(prev) == std::isalpha(c);

3,
spl::tee(spl::first_or_null(), spl::count()),
spl::construct_complete<std::string_view>()),
spl::filter([](std::string_view s) {
return !s.empty() &&
std::isalpha((unsigned char)s.front());
)
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lower_case_string

auto lower_case_string() {
return spl::transform([](std::string_view s) {
return spl::apply(
S,
spl::transform([](char c) {
return (char)std::tolower((unsigned char)c);
1,
spl::to_string_reserve(s.size())
IE
s
}
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unique_counts

auto unique_counts() {

return spl::compose(
spl::group_by(std::identity{}, spl::count()),
spl::swizzle<1, 0>(),
spl::make_pair()
)
}
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Word Counts Pipeline

spl::apply(
std::cin,
read_lines(),
split_string(),
lower_case_string(),
unique_counts(),
spl::to_vector(),
spl::partial_sort(k, std::greater<>()),
spl::take(k),
spl::expand_tuple(),
spl::for_each([](int n, const auto &s) {
std::cout << n << " " << s << "\n";
b
)
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The Example

auto result = spl::apply(
std::vector<int>{-3, 4, -1, 9},
spl::filter([](int n){ return n > 0; }),
spl::transform([](int n){
return std::sqrt((double)n);
b,

spl::sum());
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The Stages and Their Styles

mismatch!

vector<int> filter(>0) transform(sqrt) sum

in: incremental in: incremental in: incremental

Y

out: complete
out: incremental out: incremental out: complete

complete vs incremental
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Auto-Inserted Stages

vector<int> filter(>0)
out: complete > —» incremental - incrementdt
sum transform(sqrt)

7Yy

¢— incremental - complete incremental - increment
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Type Computation

vector<int>

out: vector&&

filter(>0)

in: int&&

out: int&&
sum transform(sqrt)
in: double&& in: int&&

out: double&&

out: double&&
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The Final Nested Object

filter_impl<... int&&, F_pred>
F_pred predicate;
next —
transform_impl<... int&&, F_sqrt>
F_sqrt f;
next —
accumulate_in_place_impl<... double ...>
double accumulated = 0.0;
next —
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Step 1: Vector Arrives

vector filter(>0)
[-3, 4, -1, 9] »| -process_complete(
vector)
sum transform(sqrt)
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Step 2: values() Pulls Elements

vector filter(>0)
-3, 4, -1, 9 for each elem:
next.process_
incremental(elem)
first element: -3
sum transform(sqrt)
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Step 33: -3 Blocked by filter

vector

-3, 4, -1, 9

filter(>0)

-3 > 07?7 no

drops element

acc = 0.0

transform(sqrt)

no call
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Step 3b: 4 Passes Through

vector

-3, 4, -1, 9

filter(>0)
4 > 07 yes
forwards

sum

acc += 2.0

acc = 2.

0

transform(sqrt)

sqrt(4) = 2.0
forwards 2.0
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Step 3¢:-1Blocked by filter

vector

-3, 4, -1, 9

filter(>0)

-1 > 0?7 no

drops element

acc = 2.0

transform(sqrt)

no call
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Step 3d: 9 Passes Through

vector filter(>0)
-3, 4, -1, 9 —p] 9 > 07 yes
forwards
sum transform(sqrt)
acc += 3.0 sqrt(9) = 3.0
acc = 5.0 forwards 3.0
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Step 4: finish() (ascades Back

apply

returns 5.0

filter

return
next.finish();

sum

return next
.process_complete(
accumulated);

transform

return
next.finish();
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What s a Stage

LCo~NOaTULTRRWNBE

template <typename SP, typename IT, /* user params */>
struct my_stage_impl; // forward declare

template <typename SP, /* unpacked I... */, /* user params */>

struct my_stage impl<SP, spl::impl::types<I...>, /* params */>
: spl::impl::stage_impl<my_stage_impl<...>> {

using output_types = /* what flows downstream */;

/* state members */

/* override process_* / finish() / done() as needed */

s

template </* user params */>
constexpr auto my_stage(/* args */) {
return spl::impl::make_stage<my_stage_impl,
spl::impl::processing_style::incremental, // input
spl::impl::processing_style::incremental, // output
/* type params */>(/* runtime args */);
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What Stages Need

Member When Default in stage_impl
output_types always none — must declare
this->next always provided
process_complete(I...) complete input forwards to next

process_incremental(I...) | incremental input | forwards to next

finish() incremental input | calls next.finish()

done() const incremental input | returns next.done()
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transform_complete Impl

// (1) primary template — never defined
template <typename SP, typename IT, typename F>
struct transform_complete impl;

// (2) partial specialization unpacks impl::types<I...>
template <typename SP, typename... I, typename F>
struct transform_complete_impl<SP, impl::types<I...>, F>
: impl::stage_impl<transform_complete_impl<...>> {
using output_types =
impl::types<std::invoke_result_t<F, I...>8&>;
[[no_unique_address]] F f;

constexpr decltype(auto) process_complete(I... inputs) {

return this->next.process_complete(
std: :invoke(f, static_cast<I>(inputs)...));
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transform_complete

template <typename F>
constexpr auto transform_complete(F f) {
return impl::make_stage<transform_complete impl,
impl::processing_style::complete,
impl::processing_style::complete,
F>(std::move(f));
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transformImpl

template <typename SP, typename IT, typename F>
struct transform_impl;

template <typename SP, typename... I, typename F>
struct transform_impl<SP, impl::types<I...>, F>
: impl::stage_impl<transform_impl<...>> {
using output_types =
impl::types<std::invoke_result_t<F, I...>8&>;
[[no_unique_address]] F f;

constexpr void process_incremental(I... inputs) {
this->next.process_incremental(
std::invoke(f, static_cast<I>(inputs)...));

s
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transform

template <typename F>
constexpr auto transform(F f) {
return impl::make_stage<transform_impl,
impl::processing_style::incremental,
impl::processing_style::incremental,
F>(std::move(f));
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filter Impl

template <typename SP, typename IT, typename Predicate>
struct filter_impl;

template <typename SP, typename... I, typename Predicate>
struct filter_impl<SP, impl::types<I...>, Predicate>
. impl::stage_impl<filter_impl<...>> {
using output_types = impl::types<I...>;
[[mo_unique_address]] Predicate predicate;

constexpr void process_incremental(I... inputs) {
if (std::invoke(predicate, inputs...)) {
this->next.process_incremental(
static_cast<I>(inputs)...);

i
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filter

template <typename Predicate>
constexpr auto filter(Predicate predicate) {
return impl::make_stage<filter_1impl,
impl::processing_style::incremental,
impl::processing_style::incremental,
Predicate>(std: :move(predicate));
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take Impl

template <typename SP, typename IT>
struct take_impl;

template <typename SP, typename... I>
struct take_impl<SP, impl::types<I...>>
: impl::stage_impl<take_impl<...>> {
using output_types = impl::types<I...>;
size_t remaining;

constexpr void process_incremental(I... inputs) {
--remaining;
this->next.process_1incremental(static_cast<I>(inputs)...);

}

constexpr bool done() const {
return remaining == 0 || this->next.done();
}
}3
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take

constexpr auto take(size_t n) {
return impl::make_stage<take_ impl,
impl::processing_style::incremental,
impl::processing_style::incremental>(n);
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sum Impl

template <typename SP, typename IT>
struct sum_1impl;

template <typename SP, typename T>
struct sum_impl<SP, impl::types<T>>
: impl::stage_impl<sum_impl<...>> {
using accumulated_t = std::remove_cvref t<T>;
using output_types = impl::types<accumulated_t&&>;
accumulated_t acc{};

constexpr void process_1incremental(T x) {
acc += static_cast<T>(x);

}

constexpr decltype(auto) finish() {
return this->next.process _complete(std::move(acc));

}
B
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sSum

constexpr auto sum() {
return impl::make_stage<sum_impl,
impl::processing_style::incremental,
impl::processing_style::complete>();
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Four Combinations, Four Helpers

complete
complete
incremental

incremental

Output

complete
incremental
incremental

complete

transform_complete
generator + ADL hooks
flat_map

accumulate_in_place[_with_1init]
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Complete — Complete

auto reverse_string = spl::transform_complete(
[1(std::string s) {
std::reverse(s.begin(), s.end());
return s;

13

std::string out = spl::apply(std::string("hello"),
reverse_string);
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Complete — Incremental

constexpr void SkydownSplOutput(auto&& out, MyType const& t);

constexpr auto SkydownSplMakeGenerator(MyType&& t);
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Worked Example: SkydownSp10utput for Ranges

namespace spl::impl {

template <typename Output, typename R>

constexpr auto SkydownSplOutput(Output&& output, R&& r)
requires std::ranges::range<std::remove_cvref_ t<R>>

{

if constexpr (calculate_type v<Output>) {
auto&& v = *r.begin();
return output(std::forward<decltype(v)>(v));
} else {
for (auto&& v : std::forward<R>(r)) {
if (!output) return false;
output(std: :forward<decltype(v)>(v));

return true;

}
3
}
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generator:Alambda That Is a Generator

template <typename F>
struct generator : F { using F::operator(); };

template <typename F>
generator(F) -> generator<F>;
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Worked Example: iota

inline constexpr auto iota(size_t start, size_t end) {
return spl::generator([start, end](auto&& output, auto&&... args)
mutable {
auto emit = [&] {
return output(std::forward<decltype(args)>(args)..., start);
}s
if constexpr (spl::impl::calculate_type_v<decltype(output)>) {
return emit();
} else {
if (start < end) {
emit(); ++start;
return true;

return false;

}
1 0I5
}

91/142



Worked Example: iota

inline constexpr auto iota(size_t start) {
return iota(start, std::numeric_limits<size_t>::max());

}
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Incremental — Incremental

spl::flat_map([](auto&& out, auto&&... inputs){
// call out(...) zero or more times
// return true to keep going, false to stop

1)
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flat_map Impl

template <typename SP, typename IT, typename F>
struct flat_map_impl;

template <typename SP, typename... I, typename F>
struct flat_map_impl<SP, impl::types<I...>, F>
: impl::stage_impl<flat_map_impl<...>> {
using output_types = decltype(std::invoke(
std::declval<F>(),
impl::type_calculating_outputter(),
std::declval<I>()...));
[[no_unique_address]] F f;
bool done_ = false;
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flat_map Impl

constexpr void process_incremental(I... inputs) {
done_ = !std::invoke(f,
impl::incremental_outputter{this->next},
static_cast<I>(inputs)...);

}
constexpr bool done() const {
return done_ || this->next.done();
}
I
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flat _map

template <typename F>
constexpr auto flat_map(F f) {
return impl::make_stage<flat_map_impl,
impl::processing_style::incremental,
impl::processing_style::incremental,
F>(std::move(f));
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transformviaflat _map

auto transform_via_flat_map = [](auto f){
return spl::flat_map([f]<typename Out>(Out&& out, auto&& x){
if constexpr (spl::impl::calculate_type v<Out>) {
return out(f(std::forward<decltype(x)>(x)));
} else {
out(f(std::forward<decltype(x)>(x)));
return true;

}
s

.
3
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filterviaflat_map

auto filter_via_flat_map = [](auto pred){
return spl::flat_map([pred]<typename Out>(Out&& out, auto&& x){
if constexpr (spl::impl::calculate_type v<Out>) {
return out(std::forward<decltype(x)>(x));
} else {
if (pred(x)) out(std::forward<decltype(x)>(x));
return true;

}
s

.
3
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takeviaflat _map

auto take_via_flat_map = [](size_t n){
return spl::flat_map([n]<typename Out>(
Out&& out, auto&&... inputs) mutable {
if constexpr (spl::impl::calculate_type_v<Out>) {
return out(std::forward<decltype(inputs)>(inputs)...);

} else {
if (n == 0) return false;
__n;
out(std: :forward<decltype(inputs)>(inputs)...);
return n != 0;
}
s
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Incremental — Complete

spl::accumulate_in_place(initial_value,
[](auto& acc, auto&& v){
// mutate acc with v in place

s
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sum, count, for_each

constexpr auto sum() {
return accumulate(std::plus<>{});

}

constexpr auto count() {
return accumulate_in_place(size_t{0},
[1(size_t& c, auto&&...) { ++c; });

template<typename F>
constexpr auto for_each(F f) {
return accumulate_1in_place(std::monostate(),
[f = std::move(f)](auto&, auto&&... ts) {
std::invoke(f, std::forward<decltype(ts)>(ts)...);

13

» count ignores the value, just counts calls
o for_each uses monostate for "no accumulator" — the result is the side effect
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When the Output Type Depends on the Input

auto v = spl::apply(std::vector{1, 2, 3},
spl::transform([](int x){ return x * 1.5; }),
spl::to_vector());

to_vector doesn't know its element type until it sees the pipeline above it. accumulate_in_place_with_init lets
the init be a lambda that receives impl: : types<Inputs...>— a type-list it can inspect at compile time:

spl::accumulate_in_place_with_init(
[]<typename T, typename... Rest>(impl::types<T, Rest...>){
return std::remove_cvref_t<T>{};
15

[1(auto& acc, auto&& v){ acc = acc + v; 1});
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to_vectorand to vector reserve

template <template <typename...> class C>
constexpr auto push_back_to() {
return accumulate_in_place with_init(
[]<typename T>(impl::types<T>) {
return C<std::remove_cvref_t<T>>{};
1,

[1(auto& c, auto&& v) {
c.push_back(std: :forward<decltype(v)>(v));

L
}
constexpr auto to_vector() { return push_back_ to<std::vector>(); }
constexpr auto to_string() { return push_back_to<std::basic_string>(); }

Reserve-aware variants — same shape, the init also calls c.reserve(n):

constexpr auto to_vector_reserve(size_t n);
constexpr auto to_string_reserve(size_t n);
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Higher-Order Stages

* tee
e chunk_by
e group_by
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tee_impl

template <typename SP, typename IT, typename... Composed>
struct tee_impl;

template <typename SP, typename... I, typename... Composed>
struct tee_impl<SP, impl::types<I...>, Composed...>
: impl::stage_impl<tee_impl<...>> {
template <typename C>
using pipeline_type = decltype(impl::make_pipeline<
impl::types<I...>, impl::processing_style::incremental>(
std::declval<C>()));

using output_types =
impl: :types<decltype(

std::declval<pipeline_type<Composed>>().finish())&&...>;

std: :tuple<pipeline_type<Composed>...> pipelines;

e
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tee_imp1 Continued

constexpr void process_incremental(I... inputs) {
std::apply([&](auto&... p) {

(p.process_1incremental(static_cast<I>(inputs)...

}, pipelines);

constexpr decltype(auto) finish() {
return std::apply([this](auto&... p) {

return this->next.process_complete(p.finish()...

}, pipelines);

Do ooo)§

IE
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tee

template <typename... Stages>
constexpr auto tee(Stages... stages) {
return impl::make_stage<tee_ impl,
impl::processing_style::incremental,
impl::processing_style::complete,
Stages...>(std::move(stages)...);
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Performance
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The Benchmark Setup

Apple clang on Apple silicon (M-series), Google Benchmark
Three workloads, each timed at five compiler opt levels: Debug (-00), -Og, -01, -02, -03
Three implementations per workload:
1. Hand — handwritten for loop, no abstraction
2. std::ranges — pull-based view chain, std: :ranges: : fold_left
3. SPL — push-based pipeline, spl: :apply + spl::sum()
« Sweep input sizes 1,000 — 1,000,000; numbers shown are at 1M
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The Lambdas — Defined Once, Used by All Three

Predicates (chosen so each filter prunes a roughly distinct subset):

constexpr auto not divisible by 2 = []J(size_t 1){ return 1 % 2 != 0; };
constexpr auto not_divisible_ by 3 = [](size_t 1){ return 1 % 3 != 0; };
constexpr auto not_divisible_by 5 = []J(size_t 1){ return 1{ % 5 != 0; };
constexpr auto not_divisible by 7 = [](size_t 1){ return 1 % 7 != 0; };
constexpr auto not divisible by 11 = []J(size_t 1){ return 1 % 11 != 0; };

constexpr auto times 13 = [](size_t 1){ return 1 * 13; };
constexpr auto plus_17 = [](size_t 1){ return 1 + 17; };
constexpr auto times_19 = [](size_t 1){ return 1 * 19; };
constexpr auto minus_23 = [](size_t 1){ return 1 - 23; };
constexpr auto times 29 = [](size_t 1){ return 1 * 29; };
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Filter Chain — Hand

size_t result = 0;
for (size_t 1 = 0; 1 < end; ++1) {
if (1%2 '=08&& 1 %3 !=08&& 1 %5 !=0
&& 1 % 7 !=0 8 1 % 11 != 0) {
result += i;

}
}
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Filter Chain— std: : ranges

using std::ranges::views::filter;
size_t result = std::ranges::fold_left(
std::ranges::iota_view(size_t{0}, end)
| filter(not_divisible_by_2)
| filter(not_divisible_by_3)
| filter(not_divisible by 5)
| filter(not_divisible by 7)
| filter(not_divisible_by_11),
size_t{0}, std::plus<>{});
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Filter Chain — SPL

size_t result = spl::apply(spl::iota(size_t{0}, end),
:filter(not_divisible_by 2),
:filter(not_divisible_by 3),
:filter(not_divisible_by 5),
:filter(not_divisible by 7),
:filter(not_divisible_by 11),
:sum()

IE

spl:
spl:
spl:
spl:
spl:
spl:
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Filter Chain — Results (1M Elements)

Hand 2.03ms 1.69 ms 1.69 ms 1.68 ms 1.70 ms
std::ranges | 76.65ms | 2.35ms | 2.35ms | 2.58ms | 0.72 ms
SPL 16.96ms | 0.79ms | 0.77ms | 0.77ms | 0.79 ms
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Mixed Chain — Hand

size_t result = 0;
for (size_t 1 = 0; 1 < end; ++1) {
size_t x = 1 * 13;
if (x %3 !'=0) {
X =X+ 17;
if (x %5 !'=0) {
X =X * 19;
if (x %7 '=0) {
X =X - 23;
if (x % 11 != 0) result += x * 29;
}
}
}
}
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Mixed Chain— std: : ranges

size_t result = std::ranges::fold_left(

std::ranges::iota_view(size_t{0}, end)
| transform(times_13) | filter(not_divisible by 3)
| transform(plus_17) | filter(not_divisible_by_5)
| transform(times_19) | filter(not_divisible_ by _7)
| transform(minus_23) | filter(not_divisible by 11)
| transform(times_29),

size_t{0}, std::plus<>{});
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Mixed Chain — SPL

size_t
spl:
spl:
spl:
spl:
spl:
spl:

IE

result = spl::apply(spl::iota(size_t{0}, end),

:transform(times_13),
:transform(plus_17),
:transform(times_19),
:transform(minus_23),
:transform(times_29),
:sum()

spl
spl
spl
spl

::filter(not_divisible_by_3),
::filter(not_divisible_by_ 5),
::filter(not_divisible_by 7),
::filter(not_divisible_by 11),
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Mixed Chain — Results (1M Elements)

Hand 3.10 ms 1.37 ms 1.34 ms 1.35 ms 1.40 ms
std::ranges | 185.07ms | 3.32ms | 3.28ms | 3.21ms | 1.93ms
SPL 49.21ms | 1.34 ms 1.34 ms 1.33ms | 1.34ms
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Transform Chain — Hand

size_t result = 0;
for (size_t 1 = 0; 1 < end; ++1) {
result += ((((1 * 13) + 17) * 19) - 23) * 29;
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Transform Chain— std: : ranges

using std::ranges::views::transform;
size_t result = std::ranges::fold_left(
std::ranges::iota_view(size_t{0}, end)
| transform(times_13)
| transform(plus_17)
| transform(times_19)
| transform(minus_23)
| transform(times_29),
size_t{0}, std::plus<>{});
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Transform Chain — SPL

size_t result = spl::apply(spl::iota(size_t{0}, end),
:transform(times_13),
:transform(plus_17),

IE

spl:
spl:
spl::
spl::
spl:
spl:

transform(times_19),
transform(minus_23),

:transform(times_29),
:sum()
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Transform Chain — Results (1M Elements)

Hand 750us | 0.30ns | 0.25ns | 0.25ns | 0.25ns
std::ranges | 33.55ms | 0.34ns | 0.25ns | 0.26ns | 0.26 ns
SPL 39.10ms | 0.26ns | 0.25ns | 0.25ns | 0.26 ns
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SPL vs Handwritten (1M Elements, Ratio = SPL / Hand)

Workload
Filter 8.34x 0.47x 0.46x 0.46x 0.47x
Mixed 15.86x 0.98x 1.00x 0.99x 0.96x%

Transform | 52.13x | folded | folded | folded | folded
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SPLvs std: : ranges (1M Elements, Ratio = SPL /
std: :ranges)

Workload
Filter 0.22x | 0.34x | 0.33x | 0.30x | 1.10x
Mixed 0.27x | 0.40x | 0.41x | 0.41x | 0.69x

Transform 1.17x | 0.76x% 1.00x 0.96x% 1.00x
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Review

1. What is pipeline style programming

2. Issues with using ranges for pipeline style programming
3. SPL Introduction

4. Examples

5. Architecture

6. Benchmarks
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Version 1.23.0

July 6th, 2001 12:00 GMT

Any Library added. Safe, generic container for single
values of different value types, from Kevlin Henney.

Function Library added. Function object wrappers
for deferred calls or callbacks, from Doug Gregor.

« Tokenizer Library added. Break a string into a series
of tokens, from John Bandela.

Special functions, octonions, quaternions added,
from Hubert Holin.

Smart Pointer Library: shared_ptr polymorphic
pointers now work on more broken compilers.

IBM/Aix Compiler status table contributed by Toon
Knapen.

Minor fixes to a number of other libraries.

https:/github.com/jbandela/cpp-from-the-sky-down/tree/main/spl
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https://github.com/jbandela/cpp-from-the-sky-down/tree/main/spl

Bonus
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The Closed Form — The Algebra

Compose the five transforms by hand:

((((L x 13) + 17) x 19) - 23) x 29= (247 1 + 300) x 29= 7163 1 + 8700
Sumoveri = 0 .. end-1:

Yi (7163 1 + 8700) = 7163 - end-(end-1)/2 + 8700 - end

A polynomial of end. The compiler will evaluate this once at the apply call site, not once per iteration.
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The Closed Form — Clang's Reformulation

Clang doesn't compute end - (end-1) / 2.Ituses (end-1) - (end-2) / 2 and corrects the linear term.

Why? Avoids one operand-prep step: end-1 and end-2 are both decrements of the same register, cheaper to
schedule than mixing end and end-1.

Substituting (end-1)(end-2)/2 = end-(end-1)/2 - (end - 1):

7163 - end-(end-1)/2 + 8700 - end= 7163 - [(end-1)(end-2)/2 + (end - 1)] + 8700 - end = 7163 - (end-1)
(end-2)/2 + 7163 - end - 7163 + 8700 - end= 7163 - (end-1)(end-2)/2 + (7163 + 8700) - end - 7163 = 7163
- (end-1)(end-2)/2 + **15863** . end - 7163

S0 15863 = 8700 + 7163 is the linear coefficient absorbed into one madd, and the trailing -7163 is the constant.
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The Closed Form — What Shipped

SPL transform body, -Og, arm64. The "loop" is gone:

mov w8, #15863
sub x9, x20, #1
sub  x10, x20, #2
mul x11, x9, x10 ; low(end-1)(end-2)

umulh x9, x9, x10 ; high(end-1)(end-2) (128-bit)

; 8700 + 7163 (linear coefficient)
extr x9, x9, x11, #1 ; (high:low) >> 1 - (end-1)(end-2)/2

end - 1
; end - 2

mov w10, #7163 ; 7163

mul x9, x9, x10 - 7163

madd x8, x20, x8, x9 ; + end - 15863
mov X9, #-7163 ;

add x8, x8, x9 ; — 7163

Eleven instructions. No iteration over end elements. The pipeline output is a pure function of end, computed
exactly once. The hand and std::ranges versions get the same treatment.
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Imitation Is the Sincerest Form of Flattery
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std: : ranges Implementation
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Helper Range

template<Semiregular T>
struct maybe_view : view_interface<maybe_view<T>> {
maybe_view() = default;
maybe view(T t) : data_(std::move(t)) {
}
T const *begin() const noexcept {
return data_ ? &*data_ : nullptr;

T const *end() const noexcept {
return data_ ? &*data_ + 1 : nullptr;
}

private:

optional<T> data_{};
I¥
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Helper Lambdas

inline constexpr auto for_each =

[J<Range R,
Iterator I = iterator_t<R>,
IndirectUnaryInvocable<I> Fun>(R&& r, Fun fun)
requires Range<indirect_result_t<Fun, I>> {

return std::forward<R>(r)
| view::transform(std::move(fun))
| view::join;

i

inline constexpr auto yield_if =
[]<Semiregular T>(bool b, T x) {
return b ? maybe view{std::move(x)}
: maybe_view<T>{};
I
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Lazy Triples (std: : ranges)

using view::1ota;
auto triples =
for_each(iota(1), [](int z) {
return for_each(iota(1, z+1), [=](int x) {
return for_each(iota(x, z+1), [=](int y) {
return yield if(x*x + y*y == z*z,
make tuple(x, y, z));
1)
s
s

135/ 142



Output

for(auto triple

cout <<
<<
<<
<<

get<0>(triple) <<
get<1l>(triple) <<
get<2>(triple) <<

3

3

)

. triples | view::take(10)) {

<< "\n';
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SPL Version
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Pythagorean Triples

void OutputPythagoreanTriples() {
spl::apply(

bE

spl:

spl:
spl:
spl:
spl:
spl:
return a*a + b*b == c*c;}),

spl::swizzle<1, 2, 0>(),

spl::take(10),

spl::for_each([](size_t a, size_t b, size_t c){

std::cout << a <<

)

:lota(1),

:zip_result([](size_t c) {return spl::iota(1, c+1);1}),
:flatten(),

:zip_result([](size_t c, size_t a){return spl::iota(a, c+1);}),
:flatten(),

filter([](size_t c, size_t a, size_t b){

<< b << << c << "\n";
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Repetition

The zip_result + flatten pattern repeats...
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Compose

void OutputPythagoreanTriples() {
auto zip_flat = [](auto f){

return spl::compose(spl::zip_result(f), spl::flatten());};

spl::apply(

b

spl::iota(1),
zip_flat([](size_t c) {return spl::iota(1l, c+1);}),
zip_flat([](size_t c, size_t a) {return spl::iota(a, c+1);}),
spl::filter([](size_t c, size_t a, size_t b){
return a*a + b*b == c*c;}),
spl::swizzle<1, 2, 0>(),
spl::take(10),
spl::for_each([](size_t a, size_t b, size_t c){
std::cout << a << " " << b << " " << c << "\n";
D
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Flexibility

Replace apply with compose to get a reusable stage:

auto PythagoreanTriples() {
auto zip_flat = [](auto f){
return spl::compose(spl::zip_result(f), spl::flatten());};

return spl::compose(
spl::iota(1),
zip_flat([](size_t c) {return spl::iota(1l, c+1);1}),
zip_flat([](size_t c, size_t a) {return spl::iota(a, c+1);}),
spl::filter([](size_t c, size_t a, size_t b){
return a*a + b*b == c*c;}),
spl::swizzle<1, 2, 0>()
)
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Pythagorean Triples (Reusable)

vector<tuple<size_t,size_t,size_t>> triples =
spl::apply(

PythagoreanTriples(),

spl::take(100),

spl::make_tuple(),

spl::to_vector()

);
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