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#define MAX(X, Y) (((X) > (Y)) 2?2 (X) : (Y))
MAX (a++, b++) // (((a++) > (b++)) 2?2 (a++) : (b++))

MAX(0, "123") // runtime error

void gsort( void *ptr, size t count, size t size,
int (*comp) (const void *, const void *) );

-

int values[] = { 88, 56, 100, 2, 25 };
int cmpfunc (const void* a, const void* b) {
return ( *(int*)a - *(int*)b );

}

gsort(values, 5, sizeof(int), cmpfunc);
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}

template<typename T>
T max(T&& a, T&& b) {
return a > b ? a : b;

-~

max(0, "123"); // error: no matching function for call to 'max(int,

const char [4])'

template<typename RandomIt, typename Compare>
void sort(RandomIt first, RandomIt last, Compare comp);

int values[] = { 88, 56, 100, 2, 25 };
std::sort(values, values + 5, [](int a, int b) {
return a < b;

})i




e & 7

// collection.h
struct Collection ## TYPE {
TYPE *array;
size t size, n;

}i

#ifdef INSTANCE @
Collection_ ## TYPE make Collection_ ## TYPE(size t sz) {
//

}
#endif

O £BBH Tyre

© I EE
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// main.cpp
#define INSTANCE

#define TYPE int @
#include "collection.h"
#undef TYPE

#define TYPE double@
#include "collection.h"
#undef TYPE

int main() {
Collection_int 1lstInt = make Collection_int(5); e,
Collection double lstDouble = make Collection double(5);

}

“5‘2@]%;‘5?2 Collection_int |, Collection_double

O o R R
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// collection.h
template <typename T> "
class Collection {

T* array;

size t size, n;

public:
Collection(size t sz) {
//
}
}i

// main.cpp

int main() {
Collection<int> 1lstInt(5); e,
Collection<double> lstDouble(5); e’

}

O RS T

QEE@UTJ@EE! Collection<int> , | Collection<double>
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C++ implementations obey the zero-overhead principle: What you don't use, you
don't pay for. And further: What you do use, you couldn't hand code any better.

Foundations of C++
— Bjarne Stroustrup


http://www.stroustrup.com/ETAPS-corrected-draft.pdf

To/mTE & Metaprogramming
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o BIBETREEMRIRENITE, SMEBMASRHR
o ETTIRBENELSIREES), IFfEe



ToRIE & K

e Constexpr all the things!
o BWRITHRTZ
- MBLES
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https://www.youtube.com/watch?v=PJwd4JLYJJY

Constexpr all the things!

constexpr ALL THE-
THINGS!

-
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EMRTTEIR: MEITE

O EIRTEREK BN 5%

NI N, [size_t FIAWMASEN H
it#Fibonacci#B: f(n) = f(n = 1) +f(n = 2| @ migrmms rivonaces

template <size t N> @) © EiIRTEE B RE 8 | value
struct Fibonacei { @ O &R IE, REGEIFNRE
constexpr static size t value = GD .
Fibonacci<N - 1>::value + G%U%, 751;1@%

Fibonacci<N - 2>::value;

}i ;ZD ﬁﬁﬁﬁﬁ

template <> struct Fibonacci<0> { o Fibonacci<10>::value // 55
constexpr static size_t value = 0; Fibonacci_v<10> // 55
}i
_ _ 1. 9% RIES HIERTTH
template <> struct Fibonacci<1l> { °

2FEA, value fFAHREX

constexpr static size t value = 1;
} Y R E1E
2 k&R TT R % 4% Y
template<size t N> @ BRI E/E ;2\ :V '_Ijj
constexpr size t Fibonacci v = Fibonacci<N>::value; 9 Hall: [ Fvans |, BRE

—1KEB | F<IN>::value | YU
1
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AR T HIEHAR T |
template <typename T> g 401

struct AddPointer {

using type = T*; ‘a _ _
typename AddPointer<int>::type px =

new int{5};
AddPointer_ t<int> px2 = new int{5};

}i

template <typename T>

using AddPointer t =
typename AddPointer<T>::type; o 1. AT RIES NRIRTREFER, | type | {F

e — oY B EE
O BIBTER BA KB, penane EBGASH O 2 EEEEMEEE © WESIE T

il it - , % T E—KE  typename F<IN>::type HJMM
© EiRTEHE 1%
© EIRTRE M SRE 2R | type
O35, HEERD
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S ARIELR: TypeList

o HIH— TypeList Z£8U

template <typename ...Ts> "
struct TypeList {
using type = TypeList<Ts...>; e’
constexpr static size t size = sizeof...(Ts); e,

}i

O wAsE, .Ts ERSHE BH, XREREESWRESH: 11,7273, ..

O meks Ts. FREF ERSKE, BABHNTI, 72,73, ..
O SR KE, (sizeot. IRIERRSEHENEK
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using BoolSet = TypeList<true, false>; a?ﬁﬁé'éﬂ, S EsE
O =FhEEmE
(EFE IR :
t4A=21E
using true type = integral constant<bool,
15%9%«% true>;
., using false type = integral constant<bool,
1-|_/A\/_~EE;'§;_—:F|2 false>;
KXEZENES R BVBR IR AR :

B85 = BIUN{alFE R
—— RSy, MBEHEARIR

‘ | S O\ S F
template<typename T, T v> a mm)\xiﬂs’%
struct integral constant ({

constexpr static T value = v; e’

true type::value
false type::value

using BoolSet = Typelist<true type, |

}i false type>;

19/67
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EARRE
o [O)TypeListEERfEN—LESLEY:  append

i *#J%ikz&?ﬂ%?i exportTo
o SFTERET

= Map

" Filter

= Fold



append

M TypelList/EEPiH N\ —LEEHY

template <typename ...Ts>
struct TypeList {

template <typename ...T> ‘.

using append = TypeList<Ts..., T...>; t’
}i

O )\ —LEETIF A L RISE 1.
© % IEN LR Y E i TypelList

aN{elvE A

[TypeList<int, char>: :append<long, double> // TypeList<int, char, long, double>
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RESENER
& TypeList<Ts.> SEEFELEZHMIENRZE, HIW0FERK: std::tuple<Ts..>
template <typename ...Ts>

struct TypeList {
template <template<typename...> typename T> ‘,
using exportTo = T<Ts...>;

}i

O @A —MERET
© BBt A KBS SRR T<Ts...>

\

0 template<typename ..> typename T i‘%ﬂ_ﬂﬁ?ﬂi;’é T }%Hﬁﬂﬁ;’éﬂ%ﬁf{

I CIRIE )22

TypeList<int, char>::exportTo<std::tuple> // std::tuple<int, char>
TypeList<int, char>::exportTo<std::variant> // std::variant<int, char>
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Sort

template<typename RandomIt, typename Compare>
void sort(RandomIt first, RandomIt last, Compare comp); ‘)

O sorthSHERE, EBMASEAN comp HE
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o WA—THIRMPRZY f
o FHLXFIRFIE T TRHITIRIUBAERITIR

X’Zmap(X,f)

f(x)=x+1
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Filter= [ BRIZX

o WA—TIHIRMIEEREP
o XFIRFNBPTITRRITIDRRE, Wb RREEEDRSNERTRYIER

X '=filter (X ,f) f(x)=x%2=0

Current State
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Fold &[T ERI X

o MA—TIIR, “TREX
f, F{Einit

o IH—TITR, BARNIIK
BN TTES ZTRENEAE
FBEN%

foldl (+) 0 [1,2,3,4

0+1=1

¥J

foldl (+) 1 [2,3,4]

X

6+4 =10

foldl (+) 10 [] = 10

26/67



Map/Filter/Fold

map([w, ©, ©, K], 2T = [£, 6, v, 1]
filter((S, W, %, W], Z8) = [U, ]
fold([£, ©, %, W], 0, 1Z) = &

27167
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Richard Waters (1979) developed a program that automatically analyzes traditional
Fortran programs, viewing them in terms of maps, filters, and accumulations. He
found that fully 90 percent of the code in the Fortran Scientific Subroutine Package
fits neatly into this paradigm. One of the reasons for the success of Lisp as a
programming language is that lists provide a standard medium for expressing
ordered collections so that they can be manipulated using higher-order operations.
The programming language APL owes much of its power and appeal to a similar
choice. In APL all data are represented as arrays, and there is a universal and
convenient set of generic operators for all sorts of array operations.

Structure and Interpretation of Computer Programs - SICP
— Conor Hoekstra


https://github.com/codereport/Talks/raw/master/2020-09-CppCon/SICP/Structure%20and%20Interpretation%20of%20Computer%20Programs%20-%20SICP.pdf

yHERforfd*4 (Sobol Sequence)

SUBROUTINE example ( D, N, M, dirVs, ret )
INTEGER i, j, k, D, N, M, len
INTEGER ia(M), ret(D,N), dirVs(M,D)
DO i =1, N

14
len = 0
DO k=1, M
IF( test(i,k) ) THEN
len = len + 1
ia(len) = k

ENDIF ENDDO
DO j =1, D

ret(j, i) = 0
DO k =1, len
ret(j,1i) = ret(j,1) XOR dirVs(ia(k), J)
ENDDO
IF(i .GT. 1)
ret(j,1i) = ret(j,1) XOR ret(j,i-1)
ENDDO
ENDDO END
example n m dirVs = -- dxm nxd
let lbody i = (let ia = filter (test i) [0..m-1]

xorV v = fold xor 0 [v!]]| j<-ia]
in map xorV dirVs)
ret = map lbody [1l..n]
e = replicate (length dirvVs) 0
in tail (scan (zipWith xor) e ret)

29/67
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template<typename IN, template <typename> class F> "
struct Map;

template<template <typename> class F, typename ...Ts>
struct Map<TypeList<Ts...>, F> {
using type = TypeList<typename F<Ts>::type...>; ‘9

}i

template<typename IN, template <typename> class F>
using Map t = typename Map<IN, F>::type;

O B\ ERISEIN 1 TR F
© =E— TR EMap
eﬁfﬁlﬂﬁﬂéﬂN BN TypeListhf, SWEE  T1s.. =2 FHITITERECERE

1. template <typename> class F | NTEEEEM, HRZRMMA—TEESH
2. ypename Fetes: type | EFHCEE F B, BA—NESH 7o), EEIEREHLLSE

0 :itype

3. typename F<Ts>::type.. BIAEEERN

typename F<T1>::type, typename F<T2>::type, typename F<T3>::type, ..
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template<typename IN, template <typename> class P, typename OUT = TypelList<>> "
struct Filter { using type = OUT; };

template<template <typename> class P, typename OUT, typename H, typename ...Ts>
struct Filter<Typelist<H, Ts...>, P, OUT>:
std::conditional t<P<H>::value,
Filter<TypelList<Ts...>, P, typename OUT::template append<H>>,
Filter<TypeList<Ts...>, P, OUT>> { };

template<typename IN, template <typename> class P>
using Filter t = typename Filter<IN, P>::type;

O 5 )\ LRSS EIN 7] SRR P
© ZHAREIZE R ZS TypelList; 5% A 258K IHRE 2487 OUT TypeList
© HLFTIRE—NDSHH T P REEM, RIEEEBHMERSIELSRKE OUT TypeList
1. FitersLIRATEZFETAN, FIeeBTRiIFSRIEERIFRE
2. {FAMREBFRNEZETE using type = .. | RS
O 3 roviivele RRMTEMPHIER, BA—DLBSHH, BHEBRE : value

4. 33 OUT TypelListi#{TappendZ 3 H, EN | append | L@ MENRTTEREL, WExTF L TypeListh, EEEh

typename OUT: :template append<H> |, AIAE K2 out.append(h) o
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template<typename IN, typename INIT, template<typename, typename> class OP> "
struct Fold { using type = INIT; };

template<typename IN, typename INIT, template<typename, typename> class OP>
using Fold t = typename Fold<IN, INIT, OP>::type;

template<typename ACC, template<typename, typename> class OP,
typename H, typename ...Ts>

struct Fold<TypeList<H, Ts...>, ACC, OP>:
Fold<TypeList<Ts...>, typename OP<ACC, H>::type, OP> {}; G’

O B ERISEIN, FAKBISE INIT, Z5TE % OP
SRAREIRNE; FIRNTRBITRINRE ST INT %
© 3HLFTSH H H4TTTRE OP, ELREIZEBIEST INIT S5

1. template <typename, typename> class OP ﬁgiﬁéﬁ%&ﬁgﬁﬁ, T typename ﬁé&ﬁﬁi@@%&ﬁ@)\ﬁﬁﬁ\ﬂéﬁg

0 S
2.| typename OP<ACC, H>::type RN TCRREX OP A, MAMTEEISENACC, H, REFARGRIZER
%3%& L itype
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ZEIEM N TypeList: | concat
FIRTE R 2 B TypeList?: Elem
TypeListEE: unique

IRIFEHE: [ QuickSort

- XKEZRHERRZ, IFES

o MJjETaskDSL



Concat

EIE T TypeList

template<typename IN, typename IN2> "
class Concat {
template<typename ACC, typename E> e,
struct Append: ACC::template append<E> { };
public:
using type = Fold t<IN2, IN, Append>; ‘a
}i

template<typename IN, typename IN2>
using Concat t = typename Concat<IN, IN2>::type;

© A\ TypeList: IN, IN2
© =X Append ZTTIREMAF NS E, — ACC TypeList, —NERISEE, @it A TypeListhy
append | JTCRRI%

© Fold SMEEOEA, M IN2, FEIN, TR Append, XJIN2 TypeListl98 1 tE 31T Append A

an{alvE A

Concat t<TypeList<int, char>, TypelList<float>> // TypeList<int, char, float>
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Concat 2
BixBHEMEEE

template<typename IN, typename IN2>
struct Concat;

template<typename ...Ts, typename ...Ts2>
struct Concat<TypeList<Ts...>, TypeList<Ts2...>> { "
using type = TypelList<Ts..., Ts2...>;

}i

template<typename IN, typename IN2>
using Concat t = typename Concat<IN, IN2>::type;

O BRI M ypelist, B3&EERSHME Ts, Ts2
O Z2HF M Typelistts S M ARG EI—i2
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Concat 3
N E B E MEE

template<typename IN, typename IN2>
struct Concat: IN2::template exportTo<IN::template append> { }; "

template<typename IN, typename IN2>
using Concat t = typename Concat<IN, IN2>::type;

) [FES LR exportTo, JGIN2MYS EiE 4 2 INEappend K 2=

o 1. X B exportToS S M REER, HIA—TKRE IN:append, 8B SMNZSEHEERIXTRE L
2. HTINEERERSE, append N E2BRRTTRE, EEERL| IN::template append
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Elem

FIBTZE R 2 B E TypelistH

template<typename IN, typename E> "
class Elem {
template<typename ACC, typename T>
struct FindE: std::conditional t<ACC::value, ACC, std::is_same<T, E>> {} ; "

using Found = Fold t<IN, std::false type, FindE>; €>
public:
constexpr static bool value = Found::value; ¢,

}i

template<typename IN, typename E>
constexpr bool Elem v = Elem<IN, E>::value;

O HAFELBSE: IN Typelist, SEHLHIE

© TN ZTRMEFIndE, EACCHEMFAEAKINT, HERE; BNHE L LRSKET5EH
€ Fold #2E, 5NN TypeList, ¥MEZEE Hfalse_type, —ITTiR{EFindE

O WRRERERIEM

PLCINEEE

favay

=3

Elem v<TypelList<int>, int>; // true
Elem v<TypeList<int>, float>; // false

37/67



Elem 2

EB =B A

template<typename IN, typename E>
struct Elem {
constexpr static bool value = false; "

}i
template<typename E, typename ...Ts>
struct Elem<TypeList<Ts...>, E> {
constexpr static bool value = (std::is same Vv<E, Ts> || ...); e)
}i

template<typename IN, typename E>
constexpr bool Elem v = Elem<IN, E>::value;

SRR ERZIETFING
©) B ITE, EINEE KHTypelist, ME—N LR SETE

@) BRFC++17MIRSRAR(fold expression): [ (pack op - ) |, {EXFARALT
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Unique
33 TypeListk B {E

template<typename IN> "
class Unique {
template<typename ACC, typename E> e)
struct Append: std::conditional t<Elem v<ACC, E>, ‘a
ACC, typename ACC::template append<kE>> {};

public:
using type = Fold t<IN, TypelList<>, Append>; ¢,

}i

template<typename IN>
using Unique t = typename Unique<IN>::type;

@ B\ EEEHIN TypeList
© E= X = TiefEAppend, HINACC TypeListfil{EiEN LTS EE
© LFHYHERFETACCHIENTIE

O rFold EMREAR, MANEEENIN Typelist, ¥MAZR, ZITiR{E Append, XFIN TypeListtiE N TtE=
#1T Append &

39/67



QuickSort

o JRENFERFPivottE, LAPivotu¥lls s FiltertRfE
» /NFPivOtBIFRB TR R T IBF AT =
» KRTZETPivottIFi B T2 MEIRBR R
o WEGRMPTRHAITIEYIQuickSortiRiEfG, EIZMKRBEREBEFZE FoldiRfE

1. {40, 80, 30, 90, 10, 70, 50}

2. {{30, 10}, 40, {80, 90, 70, 50}}

3. {{{10}, 30}, 40, {80, 90, 70, 50}}

4. {{{10}, 30}, 40, {{70, 50}, 80, {90}}}
5. {{{10}, 30}, 40, {{{50}, 70}, 80, {90}}}
6. {10, 30, 40, 50, 70, 80, 90}



QuickSort

template<typename IN, template<typename, typename> class CMP> 2;
struct QuickSort { using type = TypeList<>; };

template<typename IN, template<typename, typename> class CMP>
using QuickSort t = typename QuickSort<IN, CMP>::type;

template<template<typename, typename> class CMP, typename PIVOT, typename ...Ts>
class QuickSort<TypeList<PIVOT, Ts...>, CMP> {
using tails = TypeList<Ts...>;
template<typename E>
struct LT { constexpr static bool value
template<typename E>
struct GE { constexpr static bool value

CMP<E, PIVOT>::value; }; G’

ICMP<E, PIVOT>::value; }; €

using SmallerSorted = QuickSort t<Filter t<tails, LT>, CMP>; ig
using BiggerSorted = QuickSort t<Filter t<tails, GE>, CMP>;
public:
using type = Concat t<typename SmallerSorted::template append<PIVOT>,
BiggerSorted>;

}i

@ %)\ —NIN TypeList, HEERTTREICMP
ZRINREIZSTIE
© =X TRELT/GT, BTFASIFPIVIOTH &L
O Filter IRIEBIEEMNE, WFPEHTIBIAQuickSortiR{E
O EERERIRRERFE
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QuickSort

an{alvE A

template<typename LHS, typename RHS> "
struct SizeCmp {

constexpr static bool value = sizeof(LHS) < sizeof (RHS); "

}i

QuickSort t<
TypeList<char, float, double, int, char>,
SizeCmp> // TypeList<char, char, float, int, double>>

O EXEBEE, WAL, RIELRANHE
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TA1ChS

ERLEM TR, RAREMTER, AEUT

def find shortest path(from, to, path = []): "
if from == to: return path # reach target
if from in path: return [] # find cycle

for each (from, v) in edges: # expand next nodes
cur path = from + find shortest path(v, to) e,
path = min(path, cur path) (’
return path

O %)\ Sfrom, & Sto

O =x 3B, EEXATKE

© ZUpEEELRERD, WB TR, RESKEZ

O MibtEedgestFI X i S fromBISHIZNE FiltertRfE
MEBIEIDEISEIBIE R T MapiRAE

O =3 4a0%Zcurr_path

O KL BEIETIER FoldiRiE
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template<char ID>

link(node(2)
link(node(2)
link(node(B)
link(node(2)

using A = Node<'A'>;
using B = Node<'B'>;
using C = Node<'C'>;
using D = Node<'D'>;
using E = Node<'E'>;

using g = Graph< "

->
->
->
->

struct Node { constexpr static

node(B) ->
node(C)),
node(A)),
node(E))>;

char id = ID; };

node(C) -> node(D)),

// test shortest path: A -> C -> D
// test cycle

// test D -> E unreachable

static assert(g::getPath('A', 'D').sz == 3); // compile-time test
auto path = g::getPath(argv[1l][0], argv[2][0]); // runtime test
std::cout << " path size: " << path.sz << std::endl;

0)33)*'1"]5:“:5_m,

IR [E]GraphXd 5

© Graphd&B4E RiMgetPathiZ CIBRAEFR T 4iRAT, thasis/Th
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using g = Graph< "

link(node(A) -> node(B) -> node(C) -> node(D)),

link(node(A) -> node(C)), // test shortest path: A -> C -> D
link(node(B) -> node(A)), // test cycle

link(node(A) -> node(E))>; // test D -> E unreachable

3

using g = Graph<
auto(*)(A) -> auto(*)(B) -> auto(*)(C) -> auto(*)(D) -> void,
auto(*)(A) -> auto(*)(C) -> void,
auto(*)(B) -> auto(*)(A) -> void,
auto(*)(A) -> auto(*)(E) -> void>;

auto(x) (A) - B | FEA—TREUEHEE, Jy FEREXRE 5%, BEEMERA auto |, KHHREIXE
AET BT AL~ BEIEE

1. A TEFHEAE, EFALE BEREEE PRELTS

0 2. BFREFIDURE—RER, FRLARIDASE#ER, AZHE
auto(x) (A) - auto(*)(B) - auto(*)(C) - auto(x)(D) - void | AR
3. YERFZHRER void | RINER
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struct Edge {
using From
using To =

T;
}i

template<typename F, typename T>

B

template<typename Node =
struct EdgeTrait {
template<typename Edge>

template<typename Edge>

template<typename Edge>

}i

struct GetFrom { using tise =

struct GetTo { using type =

void>

struct IsFrom "

}i

typename Edge::From;

typename Edge::To; };

{ constexpr static bool value = std::is same v<typename Edge::From, Node>; };
template<typename Edge> struct IsTo
{ constexpr static bool value = std::is same v<typename Edge::To, Node>; };

O A — 1T ENode, —£iNEdge, % S 25 WEdgettiBFrom. BrISTo
© 5 \—%£30Edge, BWHTHEFrom. BHSTo

Q

AER Trait FRRMAN—ARBENENME. oIF
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) %Chain

ﬁ& auto(x) (A) -» auto(x)(B) - auto(x)(C) -» auto(x) (D) - void

v

EdgeilZ | TypeList<Edge<A, B>, Edge<B, C>, Edge<C, D>>

TN —MRYIREIChain, BWAEE, #HEdge®

template<typename T, typename OUT = TypeList<>>
struct Chain;

template<typename F, typename OUT>
struct Chain<auto(*)(F) -> void, OUT> {
using From = F;
using type = OUT; "
}i

template<typename F, typename T, typename OUT>
struct Chain<auto(*)(F) -> T, OUT> {
private:

using To = typename Chain<T, OUT>::From;
public:

using From = F;

using type = typename Chain<T,

typename OUT::template append<Edge<From, To>>>::type; e,

}i

O 2D RBER, YBIERE void |, EEHFTNE
O =MIBR, TEMEEdgel, ZE138ZFO0UT TypeListd
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template<typename... Chains> "
class Graph {
using Edges = Fold t< e)
TypelList<typename Chain<Chains>::type...>

TypeList<>,
Concat>;
}i
0 i PN

© chainTREMME—RESXBIDRNES, BT Fold BIERABILNE
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ToRREYPathFinderE= AUl

-

template<typename FROM, typename TARGET, 0
typename PATH = TypeList<>, typename = void> 9
struct PathFinder;

@ AP SFROM, TARGET, b2 ERE®KEZ
O PATHERZEF UM ETET TIF; BN S5 E FER IR h K LIk

0 ﬁﬁ{l’ﬂ% typename Cond = void ij;’éﬂ%ﬁ&% Cond K?&;IHTI, E_[L){EE‘Z typename = void
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// if from == to: return path # reach target

template<typename TARGET, typename PATH>

struct PathFinder<TARGET, TARGET, PATH>:
PATH: :template append<TARGET> { };

@ =t ITAE, HFROM == TARGETHEY, ZIA&S
O EERE%RRZ

// if from in path: return [] # find cycle
template<typename CURR _NODE, typename TARGET, typename PATH>
struct PathFinder<CURR NODE, TARGET, PATH,

std::enable if t<Elem v<PATH, CURR NODE>>>: @)

TypelList<> {}; // return empty path i’

mﬂ@@a 4 CURR_NODE ! HI7E S ATER12 R, %8RRI TR
‘E’]_. TER1Z
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template<typename CURR NODE, typename TARGET, typename PATH>
class PathFinder<CURR NODE, TARGET, PATH,
std::enable if t<! std::is_same v<CURR_NODE, TARGET>
&& !Elem v<PATH, CURR NODE>>> { @

// for each (from, v) in edges: # expand next nodes
using NextNodes = Map t<EdgesFrom, EdgeTrait<>::GetTo>; e,
// cur path = from + find shortest path(v, to)
template<typename NEXT NODE>
struct GetPath: PathFinder<NEXT NODE, TARGET,

typename PATH::template append<CURR NODE>> {};
using AllPaths = Map t<NextNodes, GetPath>;
template<typename ACC, typename Path> struct MinPath:

std::conditional t<(ACC::size == ||

((ACC::size > Path::size) && Path::size > 0)), Path, ACC> {};
public:

// path = min(path, cur path)
using type = Fold t<AllPaths, TypelList<>, MinPath>; ‘3

}:

using EdgesFrom = Filter t<Edges, EdgeTrait<CURR_ NODE>::template IsFrom>;

O ERTER, 4EY Y L FICURR_NODEYS SR 248 S TARGET, 3+ H A2 IRET
© Filter #2E, MihEEEdgestt + 4R#=CURR_NODES

© Map 18E, DRE—KINHITCetTolRE, SREXCURR_NODEABIES S
O Map B1E, WENBESHESHTRIARSERZE

O Fold 18, HERTTRRZ, KERENBRIENSERERZ
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{A, B} x {B, C}

v

{(A,B), (A, C), (B, B), (B, C)}
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template<typename A, typename B,
template<typename, typename> class PAIR>
struct CrossProduct;

template<typename A, typename B, template<typename, typename> class PAIR>
using CrossProduct t = typename CrossProduct<A, B, PAIR>::type;

template<typename A, typename B, template<typename, typename> class PAIR>
class CrossProduct {
template<typename RESULT OUTTER, typename TA> "
struct OuterAppend {
template<typename RESULT INNER, typename TB> e’
struct InnerAppend: RESULT INNER::template append<PAIR<TA, TB>> { };
using type = Fold t<B, RESULT OUTTER, InnerAppend>;
}i
public:
using type

Fold t<A, Typelist<>, OuterAppend>;

}i

O S\ REIR, BIIERSHTA
©) REEF, BIXRSHTB, MMASHENPAIR<TA TB>, HEFIRESULTEH
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using AllPairs = CrossProduct t<
Unique t<Map t<Edges, EdgeTrait<>::GetFrom>>,
Unique t<Map t<Edges, EdgeTrait<>::GetTo>>,
std: :pair>;

Eﬂ LEELE

template<typename NODE TYPE>
struct Path {
const NODE TYPE* path;
size t sz;

}i

template<typename NODE, typename... NODEs>
class PathStorage {
using NODE TYPE = std::decay t<decltype(NODE::id)>;
constexpr static NODE TYPE pathStorage[] { NODE::id, NODEs::id... };
public:
constexpr static Path<NODE TYPE> path {
.path pathStorage,
.Sz = sizeof...(NODEs) + 1,

€ PathStorage<A, B, C>::path 77 A—C Z [E&RERKREZ
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FROM DST MinPath

A B PathStorage<A, B>::path

A C PathStorage<A, C>::path

A D PathStorage<A, C, D>::path
A A PathStorage<A>::path

A E PathStorage<A, E>::path

RITBUELFT: PATH_PAIR: std::pair<PAIR, PATH> =
std::pair<std::pair<FROM, DST>, PATH>
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AN S FITPAIR, % PATH_PAIR, Map #&{E

template<typename PAIR>

struct GetPath {

using type = std::pair<PAIR,
typename PathFinder<typename PAIR::first type,

typename PAIR::second type>::type>;
}i

using AllPaths =

Map t<AllPairs, GetPath>;

hﬂUIZﬁ??E%@Iﬁ, Filter $2{E

template<typename PATH PAIR>
struct IsNonEmptyPath {

constexpr static bool value
}i

(PATH PAIR::second type::size > 0);

using AllNonEmptyPaths Filter t<AllPaths, IsNonEmptyPath>;
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Map 1#R{E

template<typename PATH PAIR>
struct SavePath {
using type = std::pair<typename PATH PAIR::first type,
typename PATH PAIR::second type::template exportTo<PathStorage>>; "

}i

using SavedPaths = Map t<AllNonEmptyPaths, SavePath>; ‘9

@ /2 50EEE £ = PathStorage £, il & 72HE
© savedPathBI RERIZE
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template<typename NODE TYPE, typename FROM, typename TARGET, typename PATH>
constexpr static bool matchPath(NODE TYPE from, NODE TYPE to,
Path<NODE TYPE>& result, std::pair<std::pair<FROM, TARGET>, PATH>) {
if (FROM::id == from && TARGET::id == to) {
result = PATH::path;
return true;

}
return false;
}
template<typename NODE TYPE, typename ...PATH PAIRs>

constexpr static void matchPath(NODE_TYPE from, NODE TYPE to,
Path<NODE TYPE>& result, TypeList<PATH PAIRs...>) {
(matchPath(from, to, result, PATH PAIRs{}) || ...);

// export compile/run-time interface

template<typename NODE TYPE>

constexpr static Path<NODE TYPE> getPath(NODE TYPE from, NODE TYPE to) { e,
Path<NODE TYPE> result{};
matchPath(from, to, result, SavedPaths{});
return result;

}

€D LFROM/TARGETS £ TRILERY, REEER result
O BREEDE, EIRIKZHIE
© (TR ER
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template<char ID>
struct Node { constexpr static

using
using
using
using
using

using

HOOQwWp

g

Node<'A'>;

= Node<'B'>;

Node<'C'>;
Node<'D'>;
Node<'E'>;

Graph<

link(node(A) -> node(B) ->
link(node(A) -> node(C)),
link(node(B) -> node(Z)),
link(node(A) -> node(E))>;

static assert(g::getPath('A’,

auto path

char id = ID; };

node(C) -> node(D)),

// test shortest path: A -> C -> D
// test cycle

// test D -> E unreachable

'D').sz == 3); // compile-time test

= g::getPath(argv[1][0], argv[2][0]); // runtime test
std::cout << " path size: " <<

path.sz << std::endl;
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PRJ:$E: https:/github.com/taskflow/taskflow/pull/222

tf::Executor executor;
tf::Taskflow taskflow("simple");

auto A = taskflow.emplace([]() { std::cout << "TaskA\n"; }); //
auto B = taskflow.emplace([]() { std::cout << "TaskB\n"; }); // +——==>| B |—==—= +
auto C = taskflow.emplace([]() { std::cout << "TaskC\n"; }); // |
auto D = taskflow.emplace([]() { std::cout << "TaskD\n"; }); // +-——+ +-v-+
/7| A | D |
A.precede(B); // B runs after A /] +———t +-" =+
A.precede(C); // C runs after A // \
B.precede(D); // D runs after B // +——>| C |=-=—-- +
C.precede(D); // D runs after C //
executor.run(taskflow).wait();
tf::Executor executor;
tf::Taskflow taskflow("simple");
def task((A), { std::cout << "TaskA\n"; }); // +-———+
def task((B), { std::cout << "TaskB\n"; }); // +====>| B |-=—-- +
def task((C), { std::cout << "TaskC\n"; }); // \ +——t \
def task((D), { std::cout << "TaskD\n"; }); // +-——+ +-v-+
/7| A | D |
taskbuild( YA —— +-" =
task(2) // | o=t |
->fork(B, C) // t=——=>| C |-=—-- +
->task(D) // +———t

) (taskflow);

executor.run(taskflow).wait();
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TaskDSL: Context

int counter;
struct Context {

int &rcounter; // use counter (borrow)
} context{counter};

def task((A, Context), { rcounter=0; });

def task((B, Context), { rcounter++; });

def task((C, Context), {
if (rcounter != 5) std::cout << "loops again (goes to B)\n"; return 0;
std::cout << "breaks the loop (goes to D)\n"; return 1;

})i

def task((D, Context), { std::cout << "done with counter equal to " << rcounter <<

‘\n'; });

auto tasks = taskbuild(
task(A) -> task(B) -> task(C),
task(C) -> fork(B, D)
) (taskflow, context);
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1986 C++5| \1&EHx
C++98 =R SLHI1L

C++11 &R EAR . AIERIRSEN.
static_assert, decltype. type_traits

C++14 £ =1&E1x. decltype(auto).
integer_sequence

C++17 I1&FAX. CTAD. autodfEFES
£ . void_t

C++20 Concept. lambdat&irZ%

constexpr

« C++11 5| \constexpri&] & &£
o C++14 [iFFconstexprzR, {ZRT =
o C++17 if constexpr. constexprlambda

o C++20 constexpr&z3. constexpr new,
constexpr try-catch. constexpriz X #X.
consteval/constinit

o constexpr STL algorithms
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Reference

e Modern C++ Design
e Introduction to C++ Metaprogramming
e« CppCon 2017: Ben Deane & Jason Turner “constexpr ALL the Things!”

e CppCon 2020 - Structure and Interpretation of Computer Programs: SICP - Conor
Hoekstra

o C++ Template: A Quick UpToDate Look(C++11/14/17/20)
o Category Theory for Programmers
o Structure and Interpretation of Computer Programs - MIT

e Learn You a Haskell
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https://book.douban.com/subject/1755195/
http://odinthenerd.blogspot.com/2014/07/introduction-to-c-metaprogramming-part-1.html
https://www.youtube.com/watch?v=PJwd4JLYJJY
https://www.youtube.com/watch?v=7oV7hiAsVTI
http://www.vishalchovatiya.com/c-template-a-quick-uptodate-look/
https://bartoszmilewski.com/2014/10/28/category-theory-for-programmers-the-preface/
https://web.mit.edu/alexmv/6.037/sicp.pdf
http://learnyouahaskell.com/
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