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« XAZZE, HERFEANGamePieceXy R
export class GamePiece {
public:
virtual ~GamePiece() = default;
virtual std::unique_ptr<GamePiece> clone() const = 0;

%
o EFFREX RV 4R K GamePiece
class ChessPiece : public GamePiece {

public:
std::unique_ptr<GamePiece> clone() const override
{
// Call the copy constructor to copy this instance
return std::make_unique<ChessPiece>(*this);
}
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export class GameBoard {
public:  explicit GameBoard(size_t width = DefaultWidth, size_t height = DefaultHeight);
GameBoard(const GameBoard& src); // copy constructor
virtual ~GameBoard() = default; // virtual defaulted destructor
GameBoard& operator=(const GameBoard& rhs); // assignment operator
// Explicitly default a move constructor and move assignment operator.
GameBoard(GameBoard&& src) = default;
GameBoard& operator=(GameBoard&& src) = default;
std::unique_ptr<GamePiece>& at(size t x, size tv); /T NIRAMat, IREIPEZSIH, MAENER (BER)
const std::unigue_ptr<GamePiece>& at(size_t X, size_t y) const;
size_t getHeight() const { return m_height; } size_t getWidth() const { return m_width; }
static const size_t DefaultWidth{ 10 }; static const size_t DefaultHeight{ 10 };
void swap(GameBoard& other) noexcept;
private: void verifyCoordinate(size_t X, size_t y) const;
std::vector<std:vector<std:unique ptr<GamePiece>>> m cells; //TFHIHFRHEE, TTEHEE— D "HEA
size_t m_width { 0 }, m_height { 0 };

5

export void swap(GameBoard& first, GameBoard& second) noexcept;
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GameBoard::GameBoard(size_t width, size_t height) : m_width{ width }, m_height{ height } {
m_cells.resize(m_width);
for (auto& column : m_cells)
column.resize(m_height);
}
GameBoard::GameBoard(const GameBoard& src): GameBoard{ src.m_width, src.m_height } {
// The ctor-initializer of this constructor delegates first to the
// non-copy constructor to allocate the proper amount of memory.
// The next step is to copy the data.
for (size_t { 0 }; 1 < m_width; i++)
for (size_t {0}, ) < m_height; j++)
If (src.m_cells[i][j]) m_cells[i][j] = src.m_cells][i][j]->clone();
}
void GameBoard::verifyCoordinate(size_t x, size_t y) const {
If (x >= m_width) throw std::out_of range { std::format("{} must be less than {}.", x, m_width) };
If (y >= m_height) throw std::out_of_range { std::format("{} must be less than {}.", y, m_height) };
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void GameBoard::swap(GameBoard& other) noexcept {
std::swap(m_width, other.m_width); std::swap(m_height, other.m_height);
std::swap(m_cells, other.m_cells);

}

void swap(GameBoard& first, GameBoard& second) noexcept {
first.swap(second);

}

GameBoard& GameBoard::operator=(const GameBoard& rhs) { // Copy-and-swap idiom
GameBoard temp{ rhs }; // Do all the work in a temporary instance
swap(temp); // Commit the work with only non-throwing operations
return =this;

}

const unique_ptr<GamePiece>& GameBoard::at(size_t x, size_t y) const {
verifyCoordinate(x, y); return m_cells[x][y];

}

unique_ptr<GamePiece>& GameBoard:at(size_t x, size_ty) {
return const_cast<unique_ptr<GamePiece>&>(as_const(*this).at(x, y));

}
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» TiAfEAGameBoardiz{EF TR, ReEFETsE
o BFEHatiFRIEMETE, BEIANZunique_ptr<GamePiece>, HEIH A

ChessPiecet 8E{# FiChessPieceflYIigE, MX PN FEEIC(FIE FHHEF
B9 B A RE i IE #fa Y K B L

« O UE—MEHBFEARREET

o RNEEFFMEint, floatFRAKA ReEFiEGamePiece k4 2




7|:7%7|(&/TJC E'l\] Grid ;‘é = T EETHERR

HTHENERA, B
Hclass& X typename

 TRAERETSH

export template <typename T>

class Grid {

public:  explicit Grid(size_t width = DefaultWidth, size_t height = DefaultHeight);
virtual ~Grid() = default;

// Explicitly default a copy constructor and copy assignment operator. rhsHyK BN FHZconst GameBoard&, 1M
Grid(const Grid& src) = default; =const Grid&, Zﬁ@%%ﬁﬂ%,ﬁﬁﬁ%ﬁg
Grid& operator=(const Grid& rhs) = default; Grid<T>, TJUEIEE AGrid<T>&

// Explicitly default a move constructor and move assignment operator. ] operator=(const Grid<T>& rhs) = default;

Grid(Grid&& src) = default;

Grid& operator=(Grid&& rhs) = default;

std::optional<T>& at(size_t X, size_t y); !
const std::optional<T>& at(size t x, size_ty) const; atik [Eloptional<T>&
size_t getHeight() const { return m_height; }

size_t getWidth() const { return m_width; }

static const size_t DefaultWidth{ 10 }; m cellsTEiEE F 3 & T AE
static const size_t DefaultHeight{ 10 }; -T[-lé,_%_l_o @idoptional<T>, BT

private:  void verifyCoordinate(size_t x, size_t y) const; ETHRAE. tholhes
std::vector<std::vector<std:optional<T>>> m_cells;

size_t m_width { 0 }, m_height { 0 };
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template <typename T> /BN TTEEX B EX—17, WHXE— D REIER
Grid<T>:Grid(size_t width, size_t height) : m_width{ width }, m_height{ height } { //;Z=FFLEGrid<T>:
m_cells.resize(m_width); for (auto& column : m_cells) column.resize(m_height);
}
template <typename T>
void Grid<T>:verifyCoordinate(size_t X, size_t y) const {
If (x >= m_width) throw std::out_of_range{ std::format("{} must be less than {}.", x, m_width) },
if (y >= m_height) throw std::out_of_range{ std::format("{} must be less than {}.", y, m_height) };
}
template <typename T>
const std::optional<T>& Grid<T>:at(size_t x, size_t y) const {
verifyCoordinate(x, y); return m_cells[x][y];
}
template <typename T>
std::optional<T>& Grid<T>:at(size_t x, size_ty) {
return const_cast<std::optional<T>&>(std::as_const(xthis).at(x, y)); //;7FEIREM{EXAENE XL
}
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/IAGrdN R AR EL, DMEGrdRBPISEREFECHIFMITRRXE, HERE RIUER
void processIntGrid(Grid<int>& /xgrid*/) { ... }
iInt main() {
Grid<int> mylIntGrid; // #&#x SE45{¢ Declares a grid that stores ints, using default arguments for the constructor.
Grid<double> myDoubleGrid{ 11, 11 }; // Declares an 11x11 Grid of doubles.
myIntGrid.at(0, 0) = 10;
int x{ myIntGrid.at(0, 0).value_or(0) },//atiR Eloptional 5| FH, MRBEE1E, value_oriREiZ{E, &NIR[Evalue_orfy3LS
Grid<int> grid2{ myIntGrid }; // Copy constructor
Grid<int> anotherIntGrid; //0] A&k EKIgE R/ ERIZFR, using IntGrid=Grid<int>
anotherintGrid = grid2;  // Assignment operator
//Crid test; // TTEGmIF, BERMIERSE
//Grid<> test; // TTEGwmEF, RIRSEAKD
processintGrid(myIntGrid):;
/AT RRREFEEFMEXBNEE, ERintEAGrdAEFi#ESpreadsheetCellFEH © KA

Grid<SpreadsheetCell> mySpreadsheet; SpreadsheetCell myCell{ 1.234 }; mySpreadsheet.at(3, 4) = myCell;
Grid<const char*> myStringGrid; myStringGrid.at(2, 2) = "hello”;

Grid<vector<int>> gridOfVectors; vector<int> myVector{ 1, 2, 3,4 }, gridOfVectors.at(b, 6) = myVector;
auto myGridOnFreeStore { make_unique<Grid<int>>(2, 2) }; // a7 B

myGridOnFreeStore->at(0, 0) = 10; Int x2 { myGridOnFreeStore->at(0, 0).value_or(0) };
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« BERRITEEXE, SHT—YHENEERE, BEASREF
« BEILHMCAIRIREY, AENAVREAE N — P ERSE, BHla0CGrid<int>, SFFERBEREXH
E—PRBESEHBRAINt, BE—DNinthRABIGrid iRk
s MEBEFFERELFML, WASHFRZERPERAITENEX
s EFMLHL: FiFR|REEARBRNTE ETTEAEMRRD, BRSAFLLEREFE AR
FEETEEMRRIB. RFEFEIPDURFENIBEERZASHELL.
Grid<int> mylIntGrid;
myIntGrid.at(0,0)=10;
EEFRAAMULERTT, MR AINthREIGridERLTSWERE, TR BFIETE EMNatITE
S
o A B RARR LGRS Rk A PTE RTTEE R, SR EMIERTE.
fBla0template class Grid<int>:
« ERESRBTLRRMILAE, A XEREFG—ERi%R, FlAGridiRRRETERETE
o, SIEH/EsE, UREH/EHREN
* M ATRE fmiFkes o] BB FMRIEER S EE K
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// Grid.cppm

export module grid;

export import :definition;
export import :implementation;

//GridDefinition.cppm
module;

export module grid:definition;
export

template <typename T>

class Grid {...};

//Gridimplementation.cppm
module;

export module grid:implementation;
iImport :definition;

export
template <typename T>
Grid<T>:Grid(size_t width, size_t height)
- m_width{ width } , m_height{ height }
{.}
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//Grid.cppm
export module grid;

//GridTest.cpp
Import grid;
constexpr size_t getHeight() {

return 10;

Int main() {

Grid<int, 10, 10> myGrid,

Grid<int, 10, 10> anotherGrid;

myGrid.at(2, 3) = 42;

anotherGrid = myGrid;

cout << anotherGrid.at(2, 3).value_or(0);
Grid<double, 2, getHeight()> myDoubleGrid;

export
template <typename T, size_t WIDTH, size_t HEIGHT>
class Grid {
public:
Grid() = default;
virtual ~Grid() = default;
// Explicitly default a copy constructor and copy assignment operator.
Grid(const Grid& src) = default;
Grid& operator=(const Grid& rhs) = default;
std::optional<T>& at(size_t x, size_t y);
const std::optional<T>& at(size_t x, size_t y) const;
size_t getHeight() const { return HEIGHT; }
size_t getWidth() const { return WIDTH; }
private:
void verifyCoordinate(size_t x, size_t y) const;
std::optional<T> m_cells[WIDTH][HEIGHT]; // 8] M4 BB Z B £ B T A E S
%

template <typename T, size_t WIDTH, size_t HEIGHT>

void Grid<T, WIDTH, HEIGHT>::verifyCoordinate(size_t X, size_t y) const{ ... }

i =

ARBLIEEENEIUEESENREE,
Grid<int,10,height>testGrid st To £ 4%
AEZSEERREARANEXE, Grid<int55>#
Grid<int,5,6>2MMEXE, HEZ[EAREIE
IMESRE (FEBIEFEERER)
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//Grid.cppm
export module grid;

export
template <typename T = int, size_t WIDTH = 10, size_t HEIGHT = 10>
class Grid {...};

template <typename T, size_t WIDTH, size_t HEIGHT>
const std::optional<T>& Grid<T, WIDTH, HEIGHT>::at(size_t X, size_t y) const
{

verifyCoordinate(x, y);

return m_cells[x][y];

//GridTest.cpp
import grid;
int main()

{

Grid<> myIntGrid,

Grid<int> myGrid;

Grid<int, 5> anotherGrid;
Grid<int, 5, 5> aFourthGrid;
//Grid myDefaultGrid; //$51=
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© MFBLERBERIDERINILSHS LIRS
* C++172ZRlunique_ptrFishared_ ptrm%*i?’ﬁ—r c++17&u RATRES, EEEHEREH
make_unique()FImake shared )W EE, XHEELZES
« ART RS EiE SRR S E I AN
template <typename T>
class SpreadsheetCell {

public: SpreadsheetCell(T t) : m_content{ move(t) } { }
const T& getContent() const { return m_content; }

private: T m_content;

I3

SpreadsheetCell(const char*) -> SpreadsheetCell<std::string>; // F P Aconst chars4F{L iR ¥ S45F

int main({
string mysString{ "Hello World!" };
SpreadsheetCell cell{ myString },
SpreadsheetCell cell2{ “test” }; //#ES A SpreadsheetCell<std::string>
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o] PURMRA B B K IAR KRR P ENTIE, B AR BRI
B 4nGrid<int>#Grid<double> R MR EIAAERSE, U THRIELERIF
myDoubleGrid=myIntGrid;
Grid<double> newDoubleGrid{myIntGrid};
AGrid B9 #5 I A91E & EANTREZ EFFRIEX A
Grid(const Grid&);
Grid& operator=(const Grid& );
FINT
Grid(const Grid<T>&);
Grid<T> operator=(const Grid<T>&);



export template <typename T>

class Grid {

public:  explicit Grid(size_t width = DefaultWidth, size_t height = DefaultHeight); virtual ~Grid() = default;
// Explicitly default a copy constructor and copy assignment operator.
Grid(const Grid& src) = default; Grid& operator=(const Grid& rhs) = default;
// Explicitly default a move constructor and move assignment operator.
Grid(Grid&& src) = default; Grid& operator=(Grid&& rhs) = default;
template <typename E> Grid(const Grid<E>& src); //7NgE M BR 48 A9 FE D1 #4938 = B A IR B Iz E 1T
template <typename E> Grid& operator=(const Grid<E>& rhs): //40RE=T, NIEB#IE kR A
void swap(Grid& other) noexcept;

5

template <typename T> //SOZE*M&% KA KRBT FHARRAL, MHThiEE D918 R e AR YR BUE ARt
template <typename E> ///NgEE ftemplate<typename T, typename E>

Grid<T>::Grid(const Grid<E>& src): Grid{ src.getWidth(), src.getHeight() } { /2% AGrid<E>&, 1R[EIZEAE AGrid<T>&
// The ctor-initializer of this constructor delegates first to the
// non-copy constructor to allocate the proper amount of memory.
// The next step is to copy the data.
for (size_t { 0 }; 1 < m_width; i++)

for (size tj{ 0} j < m_height; j++) template <typename T>
m_cells[i][i] = src.at(i, j); template <typename E> |
) Grid<T>& Grid<T>:operator=(const Grid<E>& rhs) {
// Copy-and-swap idiom

template <typename T> Grid<T> temp{ rhs }; // Do all the work in a temporary instance.
void Grid<T>::swap(Grid& other) noexcept { //rhsEGrid<E>&, RITHTARYE IA91E R EX5 2 Grid<T>AYtemp

std::swap(m_width, other.m_width); swap(temp);

std::swap(m_height, other.m_height); return xthis;

std::swap(m_cells, other.m_cells):; } }



A AR R BB T EIRR

« KU

s TP AESEMTEENGHd#TENEE/RE, A—EELBEXNRTE
SR EFRNER, —A B IUMNEXNRF R E S AL RE B N B I3 R A
TR, 5—F7HE, NRENREENEE E/)NTERXYR, of ARARIAMESHR
TIEZ




export template <typename T, size_t WIDTH = 10, size_t HEIGHT = 10>
class Grid {
public:  Grid() = default; virtual ~Grid() = default;
// Explicitly default a copy constructor and copy assignment operator.

Grid(const Grid& src) = default; Grid& operator=(const Grid& rhs) = default;
template <typename E, size_t WIDTHZ2, size_t HEIGHT2> Grid(const Grid<k, WIDTH2, HEIGHT2>& src);
template <typename E, size_t WIDTHZ2, size_t HEIGHT2> Grid& operator=(const Grid<k, WIDTH2, HEIGHT2>& rhs);

void swap(Grid& other) noexcept;. ..

s

template <typename T, size_t WIDTH, size_t HEIGHT>
template <typename E, size_t WIDTHZ2, size_t HEIGHT2>
Grid<T, WIDTH, HEIGHT>::Grid(const Grid<E, WIDTH2, HEIGHT2>& src) {
for (size ti{ 0} i < WIDTH; i++) //FEERHITCE
for (size_t { 0 }; ] < HEIGHT; j++)
If i < WIDTH2 && j < HEIGHT2) m_cells[i][j] = src.at(i, ));
else m_cells[i][j].reset();

}

template <typename T, size_t WIDTH, size_t HEIGHT>
void Grid<T, WIDTH, HEIGHT>::swap(Grid& other) noexcept { std::swap(m_cells, other.m_cells); }

template <typename T, size_t WIDTH, size_t HEIGHT>

template <typename E, size_t WIDTHZ2, size_t HEIGHT2>

Grid<T, WIDTH, HEIGHT>& Grid<T, WIDTH, HEIGHT>::operator=(const Grid<k, WIDTH2, HEIGHT2>& rhs) {
Grid<T, WIDTH, HEIGHT> temp{ rhs }, // Do all the work in a temporary instance.
swap(temp); // Commit the work with only non-throwing operations.
return *this; }
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* Grid<const char~>¥4{# Fvector<vector<optional<const chars>>>{Fft &, MHNHIE I
& MR {EH {Tconst chary% EHI M A ERE &
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 Jconst char<45{LFIGrdSEIR H, G MIGrHdfER I BEAEmaintiikiZE O X &, 43 UED I
B fEstringtEHiz 07X
//Grid.cppm HEHE O 4
export module grid;
export import :main;
export Import :string;
o BEETFALE T I A ARRE, AP EIEGrid<int>B B M#IIR I Grid Btk & e, H
FRIEGrid<const char«>Ht B a1 A% LR A
s B EIRERE, FRAEARE, FEENMREERNMELM, AEREHEGHEERN
A ITANTE. BIAEEXZH AR Etemplate<>
« ANERARME




//GridString.cppm
export module grid:string;
// When the template specialization is used, the original template must be visible too.

import :main; //JRRBICridRER B IZE— DR AmainBIRH O XX

export template <> /& FRIFEIX EGridf¥const char-4F{L iRA, FIEEEAXKE S
class Grid<const charx> {
public:  explicit Grid(size_t width = DefaultWidth, size_t height = DefaultHeight);
virtual ~Grid() = default;
// Explicitly default a copy constructor and copy assignment operator.
Grid(const Grid& src) = default;
Grid& operator=(const Grid& rhs) = default;
// Explicitly default a move constructor and move assignment operator.
Grid(Grid&& src) = default;
Grid& operator=(Grid&& rhs) = default;
std::optional<std:string>& at(size_t x, size_t y);
const std::optional<std::string>& at(size_t x, size_t y) const;
size_t getHeight() const { return m_height; }  size_t getWidth() const { return m_width; }
static const size_t DefaultWidth{ 10 }; static const size_t DefaultHeight{ 10 };
private: void verifyCoordinate(size_t X, size_t y) const;
std::vector<std::vector<std::optional<std:string>>> m_cells;
size_t m_width { 0 }, m_height { 0 };
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Grid<const charx>::Grid(size_t width, size_t height) : m_width{ width }, m_height{ height } {
m_cells.resize(m_width);
for (auto& column : m_cells) column.resize(m_height);

}

void Grid<const charx>::verifyCoordinate(size_t x, size_t y) const {
if (x >= m_width) throw std::out_of _range { std::format("{} must be less than {}.", x, m_width) };
if (y >= m_height) throw std::out_of_range { std::format("{} must be less than {}.", y, m_height) };
}

const std::optional<std::string>& Grid<const char*>:at(size_t x, size_t y) const {
verifyCoordinate(x, y);
return m_cells[x][y];

}

std::optional<std::string>& Grid<const char*>::at(size_t X, size_ty) {
return const_cast<std::optional<std::string>&>(std::as_const(*this).at(x, y));

}
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int main()

{

Grid<int> myIntGrid; // Uses original Grid template.
Grid<const charx> stringGrid1{ 2, 2 };// Uses const char* specialization.

const charx dummy{ "dummy" };
stringGrid1.at(0, 0) = "hello”;

stringGrid1l.at(0, 1) = dummy;
stringGridl.at(1, 0) = dummy;
stringGridl.at(1, 1) = "there”;

Grid<const charx> stringGrid2{ stringGrid1 },

cout << stringGridl.at(
cout << stringGrid2.at(

).value_or(") << endl;

0,1
0, 1).value_or(™) << end];
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//GameBoard.cppm

import grid;

export template <typename T>

class GameBoard : public Grid<T> {

public:  explicit GameBoard(size_t width = Grid<T>::DefaultWidth, size_t height = Grid<T>::DefaultHeight);
vold move(size_t xSrc, size_t ySrc, size_t xDest, size_t yDest);

%

template <typename T>

GameBoard<T>::GameBoard(size_t width, size_t height) : Grid<T>{ width, height } {}

template <typename T>

void GameBoard<T>:move(size_t xSrc, size_t ySrc, size_t xDest, size_t yDest) {
/1% FthisZ{ Grid<T>:3k 8 BIE KRR R RV BUBE R R AN 7775
Grid<T>:at(xDest, yDest) = std::move(Grid<T>::at(xSrc, ySrc));
Grid<T>:at(xSrc, ySrc).reset(); // Reset source cell
// this->at(xDest, yDest) = std::move(this->at(xSrc, ySrc));
// this->at(xSrc, ySrc).reset();

}

//GameBoardTest.cpp

int main() {
GameBoard<ChessPiece> chessBoard{ 8, 8 }; ChessPiece pawn;
chessBoard.at(0, 0) = pawn; chessBoard.move(0, O, 0, 1);
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template<typename T1, typename 12>
class MyTemplateClass {...};
* JUBERNRESECKE X HHE
using OtherName=MyTemplateClass<int, double>;// 0] |)l FHtypedef
o WO PISERRM R, X NFRARBENR
template<typename T1>
using otherName=MyTemplateClass<T1, double>: //IttBF g Ftypedef
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static const size_t NOT_FOUND( static_cast<size_t>(-1) };

template <typename T>
size_t Find(const T& value, const T* arr, size_t size)

{
for (size_t {0 }; 1 <size; 1++){
If (arr[i] == value) {
return i; // Found It; return the index.
}
}
return NOT_FOUND; // Failed to find it; return NOT_FOUND.



Int main() {
int myInt{ 3}, intArray[[{ 1, 2, 3, 4 };
const size_t sizelntArray{ size(intArray) };
size_t res;
res = Find(myInt, intArray, sizelntArray); // calls Find<int> by deduction.
res = Find<int>(myInt, intArray, sizelntArray); // calls Find<int> explicitly.
if (res '= NOT_FOUND) { cout << res << endl; }
else { cout << "Not found" << endl; }
double myDouble{ 5.6 }, doubleArray[|{ 1.2, 3.4, 5.7, 7.5 };
const size_t sizeDoubleArray{ size(doubleArray) };
res = Find(myDouble, doubleArray, sizeDoubleArray); // calls Find<double> by deduction.
res = Find<double>(myDouble, doubleArray, sizeDoubleArray); // calls Find<double> explicitly.
if (res '= NOT_FOUND) { cout << res << endl; }
else { cout << "Not found" << endl; }
//res = Find(mylInt, doubleArray, sizeDoubleArray); // DOES NOT COMPILE! Arguments are different types.
res = Find<double>(myInt, doubleArray, sizeDoubleArray); // calls Find<double> explicitly, even with mylnt.
SpreadsheetCell cell1{ 10 };
SpreadsheetCell cellArray[[{ SpreadsheetCell{ 4 }, SpreadsheetCell{ 10 } };
const size_t sizeCellArray{ size(cellArray) };
res = Find(celll, cellArray, sizeCellArray); // calls Find<SpreadsheetCell> by deduction.
res = Find<SpreadsheetCell>(celll, cellArray, sizeCellArray); // calls Find<SpreadsheetCell> explicitly.
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template <typename T, size_t N>
size_t Find(const T& value, const T(&arr)[N])

{

}
* SO PIERRVAME
* BEURRANEX (AMXZRE) DIFBEEATCTNEXHTH, RitFERFHE
MNERE O X HHSE

return Find(value, arr, N);
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* {2 FAEARAR oR 20 EE ek SRR
size_t Find(const char* value, const char** arr, size_t size) {
for (size_t { 0 }; 1 <size; I1++)
If (strcmp(arr[i], value) == 0) return I; // Found it; return the index.
return NOT_FOUND; // Failed to find it; return NOT_FOUND.

}
ARG

Int main() {
const charx word{ “two” }; /b4 Hstring, XHFRRIRRFFEH==HFHEFmMAEART
const char* words[[{ "one”, "two", "three", "four” };
const size_t sizeWords{ size(words) };
size_t res{ Find(word, words, sizeWords) }; // Calls non-template function.
If (res 1= NOT_FOUND) { cout << res << endl; }
else { cout << "Not found” << endl; }

res = Find<const char*>(word, words, sizeWords); // Calls template with T=const char*.
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« BRWACridBIMMEE min, REWMEFEHB KRMERZ EIEHE0
export module grid;
export template <typename T> class Grid; // Forward declare Grid template.
export template<typename T> Grid<T> operator+(const Grid<T>& |hs, const Grid<T>& rhs);
export template <typename T>
class Grid { public: friend Grid operator+<T>(const Grid& lhs, const Grid& rhs); //operator+<T>1&{xEGrid<T>H& T
------ %
export template <typename T> Grid<T> operator+(const Grid<T>& lhs, const Grid<T>& rhs) {
size_t minWidth{ std::min(lhs.getWidth(), rhs.getWidth()) }; size_t minHeight{ std::min(lhs.getHeight(), rhs.getHeight()) };
Grid<T> result{ minWidth, minHeight },
for (size_t y{ 0 }; y < minHeight; ++y)
for (size_t x{ 0 }; x < minWidth; ++x) {
const auto& leftElement{ |hs.m_cells[x][y] }; const auto& rightElement{ rhs.m_cells[x][y] },
if (leftElement.has_value() && rightkElement.has_value())
result.at(x, y) = leftElement.value() + rightElement.value(); //E B FH BT R IFINE

}

return result;
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* RIERRBEES R IR RESERSHNRE, WLEESNERSEHE, WEREE
* N NaddR R T EI PRSI
template<typename RetType, typename T1, typename T2>
RetType addA(const T1& tl1, const T2& t2) { return t1 + t2; }
s EAXMRRE, TREEEMBITSEC
auto resultl{ addA<long long, Int, int>(1, 2) };
* BT RRSHTIMT2E NBE X5 #HTHS, AT {IsERE{ERKE
auto result2{ addA<long long>(1, 2) };
c ERXNAEZHSNSUNTSEIIRERN T 017!
template<typename T1, typename RetType, typename T2>
RetType addB(const T1& tl1, const T2& t2) { return t1 + t2; }
auto resultl{ addB<long long, int, int>(1, 2) }; //$81%, EEEBRNIEETL
oI R A KB RIEAE
template <typename RetType = long long, typename T1, typename 12>
RetType addC(const T1& t1, const T2& t2) { return t1 + t2; }
auto result{ addC(1, 2) };
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* AEFEHRESEREENKE

// From C++14: using automatic function return type deduction

/fauto= X125 Ffconst, BRIEE Akconst auto&. LLFIRIINEEMFNR, FrbUxE=m, EvgAfEAEET=
template<typename T1, typename T2>

auto addl(const T1& t1, const T2& t2) { return tl + t2; }

// From C++14: using decltype(auto)

//decltype = L1 5| FHFconst
template<typename T1, typename T2>

decltype(auto) add2(const T1& t1, const T2& t2) { return tl + t2; }

/] C++14Z BUsBIRMCE, FFkmERuMR, BRI AMEM2EMF4
template<typename T1, typename T2>
decltype(tl1+t2) add3(const T1& t1, const T2& t2) { return tl + t2; }

// C++14Z /], FRBMRECEE, BEROXE, FHIEFETNSEEIR, SEEEEIUKAIL+H2KEE A
template<typename T1, typename T2>
auto add4(const T1& t1, const T2& t2) -> decltype(tl + t2) { return tl + t2; }



fa] R BRI

« BI—IIAIBUE:
template<typename T1, typename 12>
decltype(auto) add2(const T1& t1, const T2& t2) { returntl + t2; }
 ELREURIR:
decltype(auto) add(const auto& tl, const auto& t2) { returntl +t2; }
: ngsﬁvﬁtemp|ate|;|e;caﬁ¢;azfr&¢3§ﬁ, (BEEMEIEE Hautol BB EE R 5 18R K A5
z
c VIR, BPMEIEE MautoNSEEI = BB ARIMNEREE S, THIRITAMEINE L
template<typename T>
decltype(auto) add2(const T& tl1, const T& t2) {returntl + t2; }
* AIMBEREIERNLI P ERXFASHELE, AAXEEHNSHIIEE LB BFR.
MRFEXHY, —MITEEEASBNREIRRIEE, B—EEAdecltypefE
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* THEPENTZER, MBI UERIFHERERNF I RTMNPiIE
template <typename T>
constexpr T pi{ T{ 3.141592653589793238462643383279502884 } };

INt main()
{
float piFloat{ pi<float> };
auto piLongDouble{ pi<long double> };

}
« C++205| A<numbers>, HHAEX T—AHEHANHNFEEE, HHpifstd:numbers:pi
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s BR AEREHREBERSHN, FERELHETHERER

« #= (Concepts) =AERFEENEARNLFE, EBEARERSE (KESHMNEXES
), BERERATREHOTEMN. BRESEMMENZERENRIEMN

* BEMSEAABXER, MAMUNEEEER

s S EXBNZENEEWNT

template <parameter-list>
concept concept-name=constraints-expression;

« B templatefFis, ER2MASHSEHI1L, constraints-expressiond] PIEFER (4R1FER
ItERN) FEREAN, DIE—PMRE, BEONASHETE. AURRERSLIUD
Zm B B SR

» MERIATNIBIE A concept-name<argument-list>, HZERAEZ R, MR AENRT
% ENRRES ISR
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RIAT

il

REBEMNARRKEANEITESER (BFHELXREER) AMRENSE
template <typename T>
concept C=sizeof(T)==

requireRIENZE— PR BRIATRER, AN RERS RN ER,
requires (parameter-list) { requirements; }

parameter- list b o] I S 44, /|\reqU|rements[/,{ SERE

AFREE requirement. fEE, KB, BF, HE
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& Erequirement

* B TMEERNFIARIBE, AATEAZERR, B8R, FHEAF, ZFIEARNIBAKIT
“SHITHE, BFRIAERIEEAREHRE
* THIMSEXIEERBETHMETEBN, XFHR++MEHR++EEFT
template <typename T>
concept Incrementable = requires(T x) { x++; ++X; }
* require RIANIISEGIRATsIA M FrequireRIAR TERFGFEELE, HrequireRIAR
NFEAEAEEEANLTENFH



HK Frequirement

- ATRIERSE—TFERE
* THIEKRTHvalue_typefl i
template <typename T>
concept C=requires { typename T:.value_type; };
« KRBT RO UAARRIERMEREZ S o] RS E KB H 1T
template <typename T>
concept C = requires { typename SomeTemplate<T>: };



H

2 Erequirement

- BTRIERERAASHBEETREF/HEIEENTTERGREIENLE, THIEESRF
noexcept#F->type-constraint;2 o] 1%
{ expression } noexcept -> type-constraint;
« THIEIELS E KRB R /R B HRIC AnoexceptdIswap Tk
template <typename T>
concept C=requires(T x, Ty){ {x.swap(y) } noexcept; }
« THIRIESE EXBEERRE —PsizeTiik, Biz717ARIR [E KB 0] 4416 Hsize t
template <typename T>
concept C=requires(const T x) { { x.size() } -> convertible_o<size_t>; }
* std:convertible to<From, to>ZfrEEFE <concepts> P EX S, BEERNEESE, ->AEDIHE
EREBBMENE—NLBESEEE S convertible, LT REIEEToMNNEISES (ILFHIH Asize t)
© THIZERKBTOTELER
template <typename T>
concept Comparable=requires(const T a, const T b) {
{a==b} -> convertible_o<bool>;
{ a<b} -> convertible_o<bool>;
/AR HEHRIZHE
%



#rErequirement

o THIERERINHANTS, ZRNBHEEY++5--
template <typename T>
concept C=requires (T t) {
requires sizeof(t) ==
t+ --0 T+ -

3
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s FAKH|NEBMSHITHSE
s BELZHE—Incrementablefl—/DecrementablefIE=, EX—NFHMS, ERk—4 %
BURE o] U 3 X o] 3% K
template <typename T>
concept IncrementableAndDecrementable=Incrementable<T> && Decrementable<T>



SR L= i

* concepts/E
s ZIMBES B same_as, derived from, convertible_to, integral, floating_point,
copy_constructibledeng
o EEESHES: equality-comparable, totaly orderedZ
« XHRMZ. movable, copyableZs
« T[IFRAEMMLE invocable, predicate&r
* iterator/&: random_access_iterator, forward_iteratorZs

- RETHBRERNIMS, EEEHEAHEAXERREIIRE
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« RBARTUAT: ARBINESEXNEE, AREHAFLOREKLIES D AVIREI KR,
2V R B R BER Az ”Iamdai\%lt‘tﬂlﬂé’]%%(

s TEHRRETMERSHFE, HAESHAEERZ int, @ int SEEWMSHERE

Incrementable auto valuel {1}

- THNRBESHE TR, REWHEN Astdistring CERER s 22— THAPEXHNFE
SRERT (X7 stdistring literals fp 2= E)H) , B4 const charx E#24 std::string) |
=T &R FARERETSIncrementable Y25 B

Incrementable auto value {"abc’s};



BEE G ENEtESES

e {F Ftemplate<>HBf, AfEMHtypename/class, TfEHXRIAR
template <convertable_to<bool> T> void handle(const T& t);
template <Incrementable T>  void process(const T& t);
S EE S E0E Aprocess o] Bid 45i%F, BRE AstringiANS% H ARANHE HNRFHEIR
{# Hrequire, &I\ Atemplate <typename T> requires constant expression, . constant expression
o] A=
template <typename T> requires Incrementable<T> /{IEEBE|HRELENEERIET,
template <typename T> requires convertible to<T,bool> //FilE X BFRERL S
template <typename T> requires requires(T x) {x++; ++x; } //—7 requirezFRiA T\
template <typename T> requires (sizeof(T)==4) //{FE=E£HM/RENEERIEAT
template <typename T> requires Incrementable<T> && Decrementable<T> //{EB&&F||#HfTHE
template <typename T> requires is_arithmetic v<T> //ZEFIZLEL
0] 7 Rk RIE Erequire 78, BI/EErequire 4]
template <typename T>
void process(const T& t) requires Incrementable<T>;
N ERER, ABEEFEHE —ERXBSHNAR, RNEHTERNR, NMEiESFT T

wE
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2R,

o] OB AE MBI AR K EH R EER, FESBREAFARERERARNER, &
BEAENARBE/MERRNAR

template <typename T>requires integral<T>

vold process(const T& t) {cout<<‘integral<T>"<<endl;}

template <typename T> requires (integral<T> && sizeof(T)==4)

vold process(const T& t) {cout<<‘integral<T> && sizeof(T)==4"<<endl;}
- ERARSINtH324L, shortl6fz, N

process(int {1}); //%i Hintegral<T> && sizeof(T)==4

process(short {2}); // integral<T>
WEMSBRYRE IR ERSA, N SABE B
BERAEEBEEEMATIEXZE, Blisizeof(T)>47E18 X ELtsizeof(T)>=4F &1k, {B%

BELHEASERREE
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© #EYGameBoardK &Mk, FRIRRK I SEEGamePieceAYIR4E K
template <std::derived_from<GamePiece> T>
//E0ZF template <typename T> requires std::derived from<T, GamePiece>
class GameBoard : public Grid<T> {
public: explicit GameBoard(size_t width = Grid<T>::DefaultWidth, size_t height = Grid<T>::DefaultHeight);
vold move(size_t xSrc, size_t ySrc, size_t xDest, size_t yDest);

5

template <std::derived_from<GamePiece> T>
GameBoard<T>::GameBoard(size_t width, size_t height) : Grid<T>{ width, height} { }

template <std::derived_from<GamePiece> T>

void GameBoard<T>:move(size_t xSrc, size_t ySrc, size_t xDest, size_t yDest) {
Grid<T>:at(xDest, yDest) = std::move(Grid<T>::at(xSrc, ySrc));
Grid<T>:at(xSrc, ySrc).reset(); // Reset source cell
// B F& this->at(xDest, yDest) = std::move(this->at(xSrc, ySrc));
// this->at(xSrc, ySrc).reset();



KITERIRBZ)R

o O AN ERRAVEFE TEARIIFIMNIAR . FlaimoveTs ki —HEKRKITE OB
template <std::derived_from<GamePiece> T>
class GameBoard : public Grid<T> {
public:
explicit GameBoard(size_t width = Grid<T>:DefaultWidth, size_t height = Grid<T>::DefaultHeight);
vold move(size_t xSrc, size_t ySrc, size_t xDest, size_t yDest) requires std:movable<T>;
%
« LI TR E X BTt EE fillrequire
template <std::derived_from<GamePiece> T>
void GameBoard<T>:move(size_t xSrc, size_t ySrc, size_t xDest, size_t yDest) requires std::movable<T>
{..}
« X BETRIEINICRNERMSEFIL, AT RUEAIEE KB RYGameBoard, REA{EHHEmoveliik
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« JUARBERBERNL, TUERRBEEREFERVDARESN, B U—KBERFTEFMFNREHT
B, IATEEAIFind R EIRR
template <typename T>
size_t Find(const T& value, const T+ arr, size_t size) {
for (size_t { 0 }; | < size; i++) if (arr[i] == value) return i; // Found it; return the index.
return NOT_FOUND; // Failed to find it; return NOT_FOUND.

}
© ZEREA=-CHTIER, EXTERE, XMARAKREE, AL#FETHEX
template <std::floating_point T>
size_t Find(const T& value, const T* arr, size_t size) {
for (size_t { 0 }; | < size; i++) if (ArekEqual(arr[i], value)) return i; // Found it; return the index.
return NOT_FOUND; // Failed to find it; return NOT_FOUND.
}
- WBIREAERAreEqual, thEFFHERIAR
template <std::floating_point T>
bool AreEqual(T x, Ty, int precision = 2) {
return fabs(x - y) <= numeric_limits<T>::epsilon() * fabs(x + y) * precision
|| fabs(x - y) < numeric_limits<T>:min(); // The result is subnormal.



