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2. 5 

2.1 PPM  

 

 PPM Portable Pixmap Format  

 Wikipedia  PPM 6  

  RGB  PPM  

1.  P3   

2.  # P3 代表所有的颜色都是用 ASCII 表示的，接着表示散列两行   
3.  # 255 表示最大值，接着是 RGB 三元组   
4.     

5.  3 2   

6.  255   

7.  255   0   0    0   255    0   0   0   255   

8.  255 255   0  255   255  255   0   0     0   

 

 

2.2  EasyX  

  EasyX  loadimage  putimage 

 GetImageBuffer 

 

  Device  

 

 
5  C++  PPM  EasyX 

 EasyX 
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/** 

 * \file device.h 

 * \brief 封装了有关绘图设备相关的操作 

 */ 

 

#pragma once 

 

#include <graphics.h> 

#include <iostream> 

 

/** 

 * \brief 绘图设备的封装类 

 */ 

class Device { 

public: 

    Device(const int& WWidth, const int& WHeight) 

        : Width(WWidth), Height(WHeight), MaximumPixel(Width * Height) { 

        Handle = initgraph(Width, Height); 

        if (Handle != nullptr) { 

            Buffer = GetImageBuffer(); 

 

            BeginBatchDraw(); 

        } else { 

            std::clog << "\rDevice Creating Failure : No widget has been 

created." 

                      << std::flush; 

 

            exit(-1); 

        } 

    } 

 

public: 

    DWORD& At(const size_t& X, const size_t& Y) const { 

        if (Y * Height + X >= MaximumPixel) { 

            std::clog << "\rDevice Failure : Subscript out of range." << 

std::flush; 

        } 

 

        return Buffer[Y * Width + X]; 

    } 

 

    static void Flush() { 

        FlushBatchDraw(); 

    } 
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private: 

    HWND   Handle; 

    DWORD* Buffer; 

    int    Width; 

    int    Height; 

    int    MaximumPixel; 

}; 

 1 Device [device.h] 

  

  Device  

#define UNICODE 

#define _UNICODE 

 

#include <conio.h> 

#include <device.h> 

 

int main() { 

    constexpr int Width  = 640; 

    constexpr int Height = 480; 

    const Device  Graphics(Width, Height); 

 

    for (size_t Y = 0; Y < Height; ++Y) { 

        const double G = static_cast<double>(Y) / (Height - 1) * 255.999; 

        for (size_t X = 0; X < Width; ++X) { 

            const double R = static_cast<double>(X) / (Width - 1) * 255.999; 

 

            Graphics.At(X, Y) = BGR(RGB(R, G, 0)); 

        } 

    } 

 

    Device::Flush(); 

 

    _getch(); 

 

    return 0; 

} 

 

 2  
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 1  

 

 

2.3  

 

 

 std::cout

std::clog 7  

for (size_t Y = 0; Y < Height; ++Y) { 

    std::clog << "\r还剩下：" << (Height - Y) << "条扫描线待渲染。 " << 

std::flush; 

    const double G = static_cast<double>(Y) / (Height - 1) * 255.999; 

    for (size_t X = 0; X < Width; ++X) { 

        const double R = static_cast<double>(X) / (Width - 1) * 255.999; 

         

        Graphics.At(X, Y) = BGR(RGB(R, G, 0)); 

    } 

} 

 

std::clog << "\r渲染完毕。           \n"; 

 3 [main.cpp] 

 
7  PPM  EasyX 

std::cout

std::clog  
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3. Vec3  

  

4D  3D   RGB  Alpha 

 3D 

 point3 color  vec3

 

  Vec3  

/** 

 * \file vec3.h 

 * \brief 定义了向量有关的操作 

 */ 

 

#pragma once 

 

#include <cmath> 

#include <iostream> 

 

class Vec3 { 

public: 

    Vec3() : e{0, 0, 0} { 

 
8  CLion Nova Preview  IDE 

 IDE  EasyX 

 Device  initgraph initgraph(Width, Height, EW_SHOWCONSOLE)  
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    } 

    Vec3(const double& e0, const double& e1, const double& e2) : e{e0, e1, 

e2} { 

    } 

 

public: 

    double X() const { 

        return e[0]; 

    } 

    double Y() const { 

        return e[1]; 

    } 

    double Z() const { 

        return e[2]; 

    } 

 

public: 

    Vec3 operator-() const { 

        return Vec3{-e[0], -e[1], -e[2]}; 

    } 

    double operator[](const int& Index) const { 

        return e[Index]; 

    } 

    double& operator[](const int& Index) { 

        return e[Index]; 

    } 

 

    Vec3& operator+=(const Vec3& Vector) { 

        e[0] += Vector.e[0]; 

        e[1] += Vector.e[1]; 

        e[2] += Vector.e[2]; 

 

        return *this; 

    } 

    Vec3& operator*=(const Vec3& Vector) { 

        e[0] *= Vector.e[0]; 

        e[1] *= Vector.e[1]; 

        e[2] *= Vector.e[2]; 

 

        return *this; 

    } 

    Vec3& operator*=(const double& Value) { 

        e[0] *= Value; 

        e[1] *= Value; 
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        e[2] *= Value; 

 

        return *this; 

    } 

    Vec3& operator/=(const double& Value) { 

        return *this *= 1 / Value; 

    } 

 

public: 

    /** 

     * \brief 计算向量模长 

     */ 

    double Length() const { 

        return sqrt(LengthSquared()); 

    } 

    /** 

     * \brief 计算向量模长（未开方） 

     */ 

    double LengthSquared() const { 

        return std::pow(e[0], 2) + std::pow(e[1], 2) + std::pow(e[2], 2); 

    } 

 

public: 

    double e[3]; 

}; 

 

/** 

 * Point3 只是一个 Vec3 的别名，但可以提高代码可读性 

 */ 

using Point3 = Vec3; 

 

/** 

* 向量操作有关函数 

*/ 

 

inline std::ostream& operator<<(std::ostream& Output, const Vec3& Vector) { 

    return Output << Vector.e[0] << ' ' << Vector.e[1] << ' ' << Vector.e[2]; 

} 

inline Vec3 operator+(const Vec3& Left, const Vec3& Right) { 

    return Vec3{ Left.e[0] + Right.e[0], Left.e[1] + Right.e[1], Left.e[2] + 

Right.e[2] }; 

} 

inline Vec3 operator-(const Vec3& Left, const Vec3& Right) { 
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    return Vec3{ Left.e[0] - Right.e[0], Left.e[1] - Right.e[1], Left.e[2] - 

Right.e[2] }; 

} 

inline Vec3 operator*(const Vec3& Left, const Vec3& Right) { 

    return Vec3{ Left.e[0] * Right.e[0], Left.e[1] * Right.e[1], Left.e[2] * 

Right.e[2] }; 

} 

inline Vec3 operator*(const double& Value, const Vec3& Vector) { 

    return Vec3{ Value * Vector.e[0], Value * Vector.e[1], Value * 

Vector.e[2] }; 

} 

inline Vec3 operator/(const Vec3& Left, const double& Value) { 

    return (1 / Value) * Left; 

} 

/** 

 * 向量点乘操作 

 */ 

inline double Dot(const Vec3& w, const Vec3& v) { 

    return w.e[0] * v.e[0] + w.e[1] * v.e[1] + w.e[2] * v.e[2]; 

} 

/** 

 * 向量叉乘操作 

 */ 

inline Vec3 Cross(const Vec3& w, const Vec3& v) { 

    return Vec3{ w.e[1] * v.e[2] - w.e[2] * v.e[1], 

               w.e[2] * v.e[0] - w.e[0] * v.e[2], 

               w.e[0] * v.e[1] - w.e[1] * v.e[0] }; 

} 

/** 

 * 归一化向量 

 */ 

inline Vec3 UnitVector(const Vec3& Vector) { 

    return Vector / Vector.Length(); 

} 

 4  Vec3 [vec3.h] 

  double  float 

 double 

 double  float 
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3.1 9 

  Vec3  Color

 Vec3  Color  

/** 

 * \file color.h 

 * \brief 定义颜色 

 */ 

 

#pragma once 

 

#include <vec3.h> 

#include <graphics.h> 

 

using Color = Vec3; 

 

/** 

 * 将颜色转换为对应的内存 DWORD 值 

 */ 

DWORD ColorToDWORD(const Color& Value) { 

    return BGR(RGB(Value.X(), Value.Y(), Value.Z())); 

} 

 5  Color [color.h] 

  

#define UNICODE 

#define _UNICODE 

 

#include <device.h> 

#include <conio.h> 

#include <color.h> 

#include <vec3.h> 

 

int main() { 

    constexpr int Width  = 640; 

    constexpr int Height = 480; 

    const Device  Graphics(Width, Height); 

 

 
9  PPM 

 EasyX  
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    Color WriteColor; 

 

    for (size_t Y = 0; Y < Height; ++Y) { 

        std::clog << "\r还剩下：" << (Height - Y) << "条扫描线待渲染。 " << 

std::flush; 

        WriteColor.e[1] = static_cast<double>(Y) / (Height - 1) * 255.999; 

        for (size_t X = 0; X < Width; ++X) { 

            WriteColor.e[0] = static_cast<double>(X) / (Width - 1) * 255.999; 

 

            Graphics.At(X, Y) = ColorToDWORD(WriteColor); 

        } 

    } 

 

    std::clog << "\r渲染完毕。           \n"; 

 

    Device::Flush(); 

 

    _getch(); 

 

    return 0; 

} 

 

 6  

  

 

 

4.  

4.1 Ray  

  Ray 

( )P A tbt = + P  3D 

A b t  double 

t P t

 3D t A
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 2  

  Ray ( )tP  

Ray::at(t)  

/** 

 * \file ray.h 

 * \brief 定义了光线相关的操作 

 */ 

 

#pragma once 

 

#include <vec3.h> 

 

class Ray { 

public: 

    Ray() = default; 

    Ray(const Point3& Orig, const Vec3& Direct) : Origin(Orig), 

Direction(Direct) {  } 

 

public: 

    const Point3 OriginPoint() const { 

        return Origin; 

    } 

    const Point3 RayDirection() const { 

        return Direction; 

    } 

    Point3 At(const double& Value) const { 

        return Origin + Value * Direction; 

    } 

 

private: 

    Point3 Origin; 

    Vec3   Direction; 

}; 

 7 Ray [ray.h] 
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4.2  

 

 

1.  

2.  

3.  

 

x y

1:1

16:9  16:9 

 16:9  16:9  

width 16
1.7778

height 9
=   

 800  400  2:1  

 1  

viewport

 3D 
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 2.0

 

/* 

 * 横纵比 

 */ 

auto AspectRatio = 16.0 / 9.0; 

int  Width       = 400; 

 

/* 

 * 求解图像高度，并确保其起码大于 1 

 */ 

int Height = static_cast<int>(Width / AspectRatio); 

Height     = (Height < 1) ? 1 : Height; 

 

/* 

 * 视口的宽可以小于 1 

 */ 

auto          ViewportHeight = 2.0; 

auto          ViewportWidth  = ViewportHeight * (static_cast<double>(Width) / 

Height); 

 8  

 AspectRatio  ViewportWidth  

AspectRatio  Width  Height  

Height  AspectRatio  Width  

Height —— IntegerHeight 

 IntegerHeight  1

 

 AspectRatio 
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 3D 

——eye point

focal length  

( )0,0,0 y x z

10——right-handed coordinates  

  

 3  

 3D 

y y  

( )0,0

uV vV  
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x
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 4  

10 6 Q
0,0P

uV vV u v  

 RayColor(const Ray& Light) 

 

 

#define UNICODE 

#define _UNICODE 

 

#include <color.h> 

#include <conio.h> 

#include <device.h> 

#include <ray.h> 

#include <vec3.h> 

 

Color RayColor(const Ray& Light) { 

    return Color{ 0, 0, 0 }; 

} 

 

int main() { 

    // 图像部分 

 

    const auto AspectRatio = 16.0 / 9.0; 

    const auto ImageWidth  = 640; 

 

    // 计算图像的高，并且确保其起码为一 

 

    auto ImageHeight = static_cast<int>(ImageWidth / AspectRatio); 
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    ImageHeight      = (ImageHeight < 1) ? 1 : ImageHeight; 

 

    // 相机部分 

 

    const auto FocalLength    = 1.0; 

    const auto ViewportHeight = 2.0; 

    const auto ViewportWidth = ViewportHeight * 

(static_cast<double>(ImageWidth) / ImageHeight); 

    const auto CameraCenter  = Point3(0, 0, 0); 

 

    // 计算横纵向量 u 和 v 

 

    const auto ViewportU = Vec3(ViewportWidth, 0, 0); 

    const auto ViewportV = Vec3(0, -ViewportHeight, 0); 

 

    // 由像素间距计算横纵增量向量 

 

    const auto PixelDeltaU = ViewportU / ImageWidth; 

    const auto PixelDeltaV = ViewportV / ImageHeight; 

 

    // 计算左上角像素的位置 

 

    const auto ViewportUpperLeft = 

        CameraCenter - Vec3(0, 0, FocalLength) - ViewportU / 2 - ViewportV / 

2; 

    const auto   Pixel100Loc = ViewportUpperLeft + 0.5 * (PixelDeltaU + 

PixelDeltaV); 

    const Device Graphics(ImageWidth, ImageHeight); 

 

    // 渲染部分 

 

    Color WriteColor; 

 

    for (size_t Y = 0; Y < ImageHeight; ++Y) { 

        std::clog << "\r还剩下：" << (ImageHeight - Y) << "条扫描线待渲染。 " << 

std::flush; 

        const auto HeightVec = static_cast<double>(Y) * PixelDeltaV; 

        for (size_t X = 0; X < ImageWidth; ++X) { 

            auto PixelCenter = Pixel100Loc + (static_cast<double>(X) * 

PixelDeltaU) + HeightVec; 

            const auto RayDirection = PixelCenter - CameraCenter; 

            Ray        Light(CameraCenter, RayDirection); 

 

            WriteColor = RayColor(Light); 
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            Graphics.At(X, Y) = ColorToDWORD(WriteColor); 

        } 

    } 

 

    std::clog << "\r渲染完毕。           \n"; 

 

    Device::Flush(); 

 

    _getch(); 

 

    return 0; 

} 

 9 [main.cpp] 

  RayDirection 

 

  RayColor 

 y  ( )1.0,1.0y −

lerp a 0 1  

( )1 start endResult a aValue Value= − +  11  

  RayColor  

Color RayColor(const Ray& Light) { 

    Vec3 UnitDirection = UnitVector(Light.RayDirection()); 

    const auto a = 0.5 * (UnitDirection.Y() + 1.0); 

    auto Result = (1.0 - a) * Color(1.0, 1.0, 1.0) + a * Color(0.5, 0.7, 

1.0); 

    Result *= 255.0; 

 

    return Result; 

} 

 10  RayColor  

 

11 ( )1 aa  + = − 起始值 终止值插值结果  
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5.  
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( )2b b A C=  −  

( ) ( ) 2c A C A C r= −  − −  

t

0
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5.2  

z  -1 

 

bool HitSphere(const Point3& Center, double Radius, const Ray& Light) { 

    Vec3       Origin = Light.OriginPoint() - Center; 

    const auto a      = Dot(Light.RayDirection(), Light.RayDirection()); 

    const auto b      = 2.0 * Dot(Origin, Light.RayDirection()); 

    const auto c      = Dot(Origin, Origin) - Radius * Radius; 

    const auto Delta  = b * b - 4 * a * c; 

 

    return (Delta >= 0); 

} 

 

Color RayColor(const Ray& Light) { 

    if (HitSphere(Point3(0, 0, -1), 0.5, Light)) { 

        auto Result = Color(1, 0, 0); 
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        // 注意 EasyX 中的颜色采用 [0, 255] 的 RGB 制，应把原 [0, 1] 表示颜色的方法映

射到 [0, 255] 上 

        Result *= 255; 

 

        return Result; 

    } 

 

    Vec3       UnitDirection = UnitVector(Light.RayDirection()); 

    const auto a             = 0.5 * (UnitDirection.Y() + 1.0); 

    auto       Result        = (1.0 - a) * Color(1.0, 1.0, 1.0) + a * 

Color(0.5, 0.7, 1.0); 

    Result *= 255.0; 

 

    return Result; 

} 

 11 [main.cpp] 
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6.  

6.1  

 

 

 

1) 

 

2)  

3) 

 hit  

 

 

 

 

 8  

 

n  -1  

1  0,1 ( ), ,x y z ( ), ,r g b
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t t

n  

double HitSphere(const Point3& Center, double Radius, const Ray& Light) { 

    Vec3       Origin = Light.OriginPoint() - Center; 

    const auto a      = Dot(Light.RayDirection(), Light.RayDirection()); 

    const auto b      = 2.0 * Dot(Origin, Light.RayDirection()); 

    const auto c      = Dot(Origin, Origin) - Radius * Radius; 

    const auto Delta  = b * b - 4 * a * c; 

 

    if (Delta < 0) { 

        return -1.0; 

    } else { 

        return (-b - sqrt(Delta)) / (2.0 * a); 

    } 

} 

 

Color RayColor(const Ray& Light) { 

    const auto t = HitSphere(Point3(0, 0, -1), 0.5, Light); 

    // 计算法线 

    if (t > 0.0) { 

        Vec3 Normal = UnitVector(Light.At(t) - Vec3(0, 0, -1)); 

        return 255 * 0.5 * Color(Normal.X() + 1, Normal.Y() + 1, Normal.Z() + 

1); 

    } 

 

    Vec3       UnitDirection = UnitVector(Light.RayDirection()); 

    const auto a             = 0.5 * (UnitDirection.Y() + 1.0); 

    auto       Result        = (1.0 - a) * Color(1.0, 1.0, 1.0) + a * 

Color(0.5, 0.7, 1.0); 

 

    return 255.0 * Result; 

} 

 12  
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 9  

 

 

6.2  

 

double HitSphere(const Point3& Center, double Radius, const Ray& Light) { 

    Vec3       Origin = Light.OriginPoint() - Center; 

    const auto a      = Dot(Light.RayDirection(), Light.RayDirection()); 

    const auto b      = 2.0 * Dot(Origin, Light.RayDirection()); 

    const auto c      = Dot(Origin, Origin) - Radius * Radius; 

    const auto Delta  = b * b - 4 * a * c; 

 

    if (Delta < 0) { 

        return -1.0; 

    } else { 

        return (-b - sqrt(Delta)) / (2.0 * a); 

    } 

} 

 13 [main.cpp] 
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double HitSphere(const Point3& Center, double Radius, const Ray& Light) { 

    Vec3       Origin = Light.OriginPoint() - Center; 

    const auto a      = Dot(Light.RayDirection(), Light.RayDirection()); 

    const auto HalfB  = Dot(Origin, Light.RayDirection()); 

    const auto c      = Origin.LengthSquared() - Radius * Radius; 

    const auto Delta  = HalfB * HalfB - a * c; 

 

    if (Delta < 0) { 

        return -1.0; 

    } else { 

        return (-HalfB - sqrt(Delta)) / a; 

    } 

} 

 14  

 

 

6.3  

object

surface

hittable

hittable  
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 Hittable  hit

mint maxt min maxt t t 

t

 

 

/** 

 * \file Hittable.h 

 * \brief 有关求交的类定义 

 */ 

 

#pragma once 

 

#include <ray.h> 

 

class HitRecord { 

public: 

    HitRecord() = default; 

 

public: 

    Point3 Point; 

    Vec3   NormalVector; 

    double TValue{}; 

}; 

 

class Hittable { 

public: 

    virtual ~Hittable()                       = default; 

    virtual bool Hit(const Ray& Light, const double& RayTMin, const double& 

RayTMax, 

                     HitRecord& Record) const = 0; 

}; 

 15 Hittable [hittable.h] 

  Sphere  

/** 



31  

 

 * \file sphere.h 

 * \brief 球体相关定义代码 

 */ 

 

#pragma once 

 

#include <hittable.h> 

 

class Sphere : public Hittable { 

public: 

    Sphere(Point3 ICenter, const double& IRadius) : Center(ICenter), 

Radius(IRadius) { 

    } 

    bool Hit(const Ray& Light, const double& RayTMin, const double& RayTMax, 

             HitRecord& Record) const override { 

        Vec3 Origin = Light.OriginPoint() - Center; 

 

        // 求判别式 

 

        const auto A     = Light.RayDirection().LengthSquared(); 

        const auto HalfB = Dot(Origin, Light.RayDirection()); 

        const auto C     = Origin.LengthSquared() - Radius * Radius; 

        const auto Delta = HalfB * HalfB - A * C; 

        if (Delta < 0) { 

            return false; 

        } 

 

        const auto SqrtDelta = sqrt(Delta); 

        // 这里只采用最靠近原点（即最小的根） 

        auto Root = (-HalfB - SqrtDelta) / A; 

        // 如果超出范围，则选用另一个根 

        if (Root <= RayTMin || RayTMax <= Root) { 

            // 如果依然 OOR 则没有交点 

            Root = (-HalfB + SqrtDelta) / A; 

            if (Root <= RayTMin || RayTMax <= Root) { 

                return false; 

            } 

        } 

 

        // 求解出交点并记录在 Record 中 

        Record.TValue       = Root; 

        Record.Point        = Light.At(Root); 

        Record.NormalVector = (Record.Point - Center) / Radius; 
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        return true; 

    } 

 

private: 

    Point3 Center; 

    double Radius; 

}; 

 16 Sphere [sphere.h] 

 

 

6.4  

 

 

 

 10  
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if (Dot(RayDirection, OutwardNormal) > 0.0) { 

    // 光线在球体之内 

    ... 

} else { 

    // 光线在球体之外 

    ... 

} 

 17  

 

bool FrontFace; 

if (Dot(RayDirection, OutwardNormal) > 0.0) { 

    // 光线在球体之内 

    Normal      = -OutwardNormal; 

    FrontFace   = false; 

} else { 

    // 光线在球体之外 

    Normal      = OutwardNormal; 

    FrontFace   = true; 

} 

 18  

 

 FrontFace  HitRecord  

SetFaceNormal  SetFaceNormal 
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class HitRecord { 

public: 

    HitRecord() = default; 

 

    void SetFaceNormal(const Ray& Light, const Vec3& OutwardNormal) { 

        // 设置 HitRecord 法向量 

        // 注意：参数‘OutwardNormal’已经假设拥有单位长度 

        FrontFace    = Dot(Light.RayDirection(), OutwardNormal) < 0; 

        NormalVector = FrontFace ? OutwardNormal : -OutwardNormal; 

    } 

 

public: 

    Point3 Point; 

    Vec3   NormalVector; 

    double TValue{}; 

    bool   FrontFace; 

}; 

 19  FrontFace  HitRecord [hittable.h] 

 Sphere  

class Sphere : public Hittable { 

public: 

    ... 

    bool Hit(const Ray& Light, const double& RayTMin, const double& RayTMax, 

             HitRecord& Record) const override { 

        ... 

         

        // 求解出交点并记录在 Record 中 

        Record.TValue      = Root; 

        Record.Point       = Light.At(Root); 

        Vec3 OutwardNormal = (Record.Point - Center) / Radius; 

        Record.SetFaceNormal(Light, OutwardNormal); 

 

        return true; 

    } 

    ... 

}; 

 20  Sphere [sphere.h] 
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6.5  Hittable  

 Hittable 

 Hittable  

/** 

 * \file HittableList.h 

 * \brief 一个 Hittable 类的列表 

 */ 

 

#pragma once 

 

#include <hittable.h> 

 

#include <memory> 

#include <vector> 

 

class HittableList : public Hittable { 

public: 

    HittableList() = default; 

    explicit HittableList(const std::shared_ptr<Hittable>& Object) { 

        Add(Object); 

    } 

 

public: 

    void Clear() { 

        Objects.clear(); 

    } 

    void Add(const std::shared_ptr<Hittable>& Object) { 

        Objects.push_back(Object); 

    } 

    bool Hit(const Ray& Light, const double& RayTMin, const double& RayTMax, 

             HitRecord& Record) const override { 

        HitRecord Temp; 

        auto      HitFlag = false; 

        auto      Closet  = RayTMax; 

 

        for (const auto& Object : Objects) { 

            if (Object->Hit(Light, RayTMin, Closet, Temp)) { 

                HitFlag = true; 

                Closet  = Temp.TValue; 

                Record  = Temp; 

            } 
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        } 

 

        return HitFlag; 

    } 

 

public: 

    std::vector<std::shared_ptr<Hittable>> Objects; 

}; 

 21 HittableList [hittableList.h] 

 

 

6.6  C++  

 HittableList  C++  C++ 

 vector  shared_ptr  

shared_ptr<Type>

 

 

shared_ptr<double> DoublePointer = make_shared<double>(0.37); 

shared_ptr<Sphere> SpherePointer = make_shared<Sphere>(Point3(0,0,0), 1.0); 

 22  shared_ptr  

 make_shared<Type>(Para …)  Type  Para 

 shared_ptr<type>  

 make_shared<Type>(…)  C++  

auto  

auto DoublePointer = make_shared<double>(0.37); 

auto SpherePointer = make_shared<Sphere>(Point3(0,0,0), 1.0); 

 23  auto  shared_ptr  
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 shared_pointer<Type>

 

std::shared_ptr  <memory>  

 C++  std::vector

 Hittable std::vector 

Objects.push_back(Object)  std::vector  Objects 

 

using 12  std  shared_ptr  make_shared 

 std::  

 

 

6.7  

 rtweekend.h 

 

/** 

 * \file rtweekend.h 

 * \brief 常用数学常量和功能性函数定义 

 */ 

 

#pragma once 

 

#include <cmath> 

#include <limits> 

 
12  using 

 using  std:: 

 using “using std::shared_ptr;” “using std::make_shared;”
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#include <memory> 

#include <numbers> 

 

// 数学常量 

 

constexpr double Infinity = std::numeric_limits<double>::infinity(); 

constexpr double Pi       = std::numbers::pi; 

 

// 功能性函数 

 

inline double DegreeToRad(const double& Degrees) { 

    return Degrees * Pi / 180.f; 

} 

 

#include <ray.h> 

#include <vec3.h> 

 24 rtweekend.h [rtweekend.h] 

 main  

#define UNICODE 

#define _UNICODE 

 

#include <rtweekend.h> 

 

#include <color.h> 

#include <device.h> 

#include <hittable.h> 

#include <hittableList.h> 

#include <sphere.h> 

 

#include <conio.h> 

 

Color RayColor(const Ray& Light, const Hittable& World) { 

    HitRecord Record; 

    if (World.Hit(Light, 0, Infinity, Record)) { 

        return 255.f * 0.5 * (Record.NormalVector + Color(1, 1, 1)); 

    } 

 

    Vec3       UnitDirection = UnitVector(Light.RayDirection()); 

    const auto a             = 0.5 * (UnitDirection.Y() + 1.0); 

    auto       Result        = (1.0 - a) * Color(1.0, 1.0, 1.0) + a * 

Color(0.5, 0.7, 1.0); 
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    return 255.0 * Result; 

} 

 

int main() { 

    // 图像部分 

 

    const auto AspectRatio = 16.0 / 9.0; 

    const auto ImageWidth  = 640; 

 

    // 计算图像的高，并且确保其起码为一 

 

    auto ImageHeight = static_cast<int>(ImageWidth / AspectRatio); 

    ImageHeight      = (ImageHeight < 1) ? 1 : ImageHeight; 

 

    // 相机部分 

 

    const auto FocalLength    = 1.0; 

    const auto ViewportHeight = 2.0; 

    const auto ViewportWidth = ViewportHeight * 

(static_cast<double>(ImageWidth) / ImageHeight); 

    const auto CameraCenter  = Point3(0, 0, 0); 

 

    // 计算横纵向量 u 和 v 

 

    const auto ViewportU = Vec3(ViewportWidth, 0, 0); 

    const auto ViewportV = Vec3(0, -ViewportHeight, 0); 

 

    // 由像素间距计算横纵增量向量 

 

    const auto PixelDeltaU = ViewportU / ImageWidth; 

    const auto PixelDeltaV = ViewportV / ImageHeight; 

 

    // 计算左上角像素的位置 

 

    const auto ViewportUpperLeft = 

        CameraCenter - Vec3(0, 0, FocalLength) - ViewportU / 2 - ViewportV / 

2; 

    const auto   Pixel100Loc = ViewportUpperLeft + 0.5 * (PixelDeltaU + 

PixelDeltaV); 

    const Device Graphics(ImageWidth, ImageHeight); 

 

// 渲染光线 

 

HittableList World; 
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    auto GroundSphere  = std::make_shared<Sphere>(Point3(0, 0, -1), 0.5); 

auto FakeGround  = std::make_shared<Sphere>(Point3(0, -100.5, -1), 

100); 

 

    World.Add(GroundSphere); 

    World.Add(FakeGround); 

 

    // 渲染部分 

 

    Color WriteColor; 

 

    for (size_t Y = 0; Y < ImageHeight; ++Y) { 

        std::clog << "\r还剩下：" << (ImageHeight - Y) << "条扫描线待渲染。 " << 

std::flush; 

        const auto HeightVec = static_cast<double>(Y) * PixelDeltaV; 

        for (size_t X = 0; X < ImageWidth; ++X) { 

            auto PixelCenter = Pixel100Loc + (static_cast<double>(X) * 

PixelDeltaU) + HeightVec; 

            const auto RayDirection = PixelCenter - CameraCenter; 

            Ray        Light(CameraCenter, RayDirection); 

 

            WriteColor = RayColor(Light, World); 

 

            Graphics.At(X, Y) = ColorToDWORD(WriteColor); 

        } 

    } 

 

    std::clog << "\r渲染完毕。           \n"; 

 

    Device::Flush(); 

 

    _getch(); 

 

    return 0; 

} 

 25  Hittable  main [main.cpp] 
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 11  

 

 

6.8  

 

/** 

 * \file interval.h 

 * \brief 一个区间类 

 */ 

 

#pragma once 

 

#include <rtweekend.h> 

 

class Interval { 

public: 

    // 默认一个空区间 

    Interval() : Minimum(+Infinity), Maximum(-Infinity) { 

    } 

    Interval(const double& Min, const double& Max) : Minimum(Min), 

Maximum(Max) { 

    } 

 

public: 

    // 闭区间 

    bool Contains(const double& Value) const { 

        return Value >= Minimum && Value <= Maximum; 

    } 
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    // 开区间 

    bool Surrounds(const double& Value) const { 

        return Value > Minimum && Value < Maximum; 

    } 

 

public: 

    static const Interval Empty; 

    static const Interval Universe; 

 

public: 

    double Minimum; 

    double Maximum; 

}; 

 

const static Interval Empty(+Infinity, -Infinity); 

const static Interval Universe(-Infinity, +Infinity); 

 26 [interval.h] 

// 常用头文件 

 

#include <ray.h> 

#include <vec3.h> 

#include <interval.h> 

 27 [rtweekend.h] 

class Hittable { 

public: 

    ... 

    virtual bool Hit(const Ray& Light, const Interval& RayRange, 

                     HitRecord& Record) const = 0; 

}; 

 28 Hittable::Hit() [hittable.h] 

class HittableList : public Hittable { 

public: 

    ... 

    bool Hit(const Ray& Light, const Interval& RayRange, HitRecord& Record) 

const override { 

        HitRecord Temp; 

        auto      HitFlag = false; 

        auto      Closet  = RayRange.Maximum; 

 

        for (const auto& Object : Objects) { 
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            if (Object->Hit(Light, Interval(RayRange.Minimum, Closet), Temp)) 

{ 

                HitFlag = true; 

                Closet  = Temp.TValue; 

                Record  = Temp; 

            } 

        } 

 

        return HitFlag; 

    } 

    ... 

}; 

 29 HittableList::Hit [hittable_list.h] 

class Sphere : public Hittable { 

public: 

    ... 

    bool Hit(const Ray& Light, const Interval& RayRange, 

             HitRecord& Record) const override { 

        ... 

 

        const auto SqrtDelta = sqrt(Delta); 

        // 这里只采用最靠近原点（即最小的根） 

        auto Root = (-HalfB - SqrtDelta) / A; 

        // 如果超出范围，则选用另一个根 

        if (!RayRange.Surrounds(Root)) { 

            // 如果依然 OOR 则没有交点 

            Root = (-HalfB + SqrtDelta) / A; 

            if (!RayRange.Surrounds(Root)) { 

                return false; 

            } 

        } 

        ... 

    } 

    ... 

}; 

 30  Sphere [sphere.h] 

... 

Color RayColor(const Ray& Light, const Hittable& World) { 

    HitRecord Record; 

    if (World.Hit(Light, Interval(0, Infinity), Record)) { 

        return 255.f * 0.5 * (Record.NormalVector + Color(1, 1, 

1)); 



44  

 

    } 

 

    Vec3       UnitDirection = UnitVector(Light.RayDirection()); 

    const auto a             = 0.5 * (UnitDirection.Y() + 1.0); 

    auto       Result        = (1.0 - a) * Color(1.0, 1.0, 1.0) + a 

* Color(0.5, 0.7, 1.0); 

 

    return 255.0 * Result; 

} 

... 

 31  main [main.cpp] 

 

 

7.  

 

 

1.  

2.  

  RayColor 

 Initialize  Render  GetRay 

RayColor  

 

 Initialize 

 getter setter 

 

Initialize  Render  

  main  Render Render 
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#include <rtweekend.h> 

 

#include <color.h> 

#include <device.h> 

#include <hittable.h> 

 

class Camera { 

  public: 

    // 相机的公共参数 

 

    void Render(const Hittable& World) { 

        ... 

    } 

 

  private: 

    // 相机的私有变量 

 

    void Initialize() { 

        ... 

    } 

 

    Color RayColor(const Ray& Light, const Hittable& World) const { 

        ... 

    } 

}; 

 32 [camera.h] 

  main.cpp  RayColor  

class Camera { 

    ... 

private: 

    ... 

 

    Color RayColor(const Ray& Light, const Hittable& World) const { 

        HitRecord Record; 

        if (World.Hit(Light, Interval(0, Infinity), Record)) { 

            return 255.f * 0.5 * (Record.NormalVector + Color(1, 1, 1)); 

        } 

 

        Vec3       UnitDirection = UnitVector(Light.RayDirection()); 

        const auto a             = 0.5 * (UnitDirection.Y() + 1.0); 
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        auto       Result        = (1.0 - a) * Color(1.0, 1.0, 1.0) + a * 

Color(0.5, 0.7, 1.0); 

 

        return 255.0 * Result; 

    } 

}; 

 33 Camera::RayColor [camera.h] 

  main main 

 

class Camera { 

public: 

    void Render(const Hittable& World) { 

        Initialize(); 

 

        // 渲染部分 

 

        Color WriteColor; 

 

        for (size_t Y = 0; Y < ImageHeight; ++Y) { 

            std::clog << "\r还剩下：" << (ImageHeight - Y) << "条扫描线待渲染。 " 

<< std::flush; 

            const auto HeightVec = static_cast<double>(Y) * PixelDeltaV; 

            for (size_t X = 0; X < ImageWidth; ++X) { 

                auto PixelCenter = 

                    Pixel100Loc + (static_cast<double>(X) * PixelDeltaU) + 

HeightVec; 

                const auto RayDirection = PixelCenter - CameraCenter; 

                Ray        Light(CameraCenter, RayDirection); 

 

                WriteColor = RayColor(Light, World); 

 

                Graphics->At(X, Y) = ColorToDWORD(WriteColor); 

            } 

        } 

 

        std::clog << "\r渲染完毕。           \n"; 

 

        Device::Flush(); 

    } 

 

public: 
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    double AspectRatio  = 16.0 / 9.0; 

    int    ImageWidth   = 640; 

 

private: 

    void Initialize() { 

        // 计算图像的高，并且确保其起码为一 

 

        ImageHeight = static_cast<int>(ImageWidth / AspectRatio); 

        ImageHeight = (ImageHeight < 1) ? 1 : ImageHeight; 

 

        // 相机部分 

 

        const auto FocalLength    = 1.0; 

        const auto ViewportHeight = 2.0; 

        const auto ViewportWidth = 

            ViewportHeight * (static_cast<double>(ImageWidth) / ImageHeight); 

        CameraCenter = Point3(0, 0, 0); 

 

        // 计算横纵向量 u 和 v 

 

        const auto ViewportU = Vec3(ViewportWidth, 0, 0); 

        const auto ViewportV = Vec3(0, -ViewportHeight, 0); 

 

        // 由像素间距计算横纵增量向量 

 

        PixelDeltaU = ViewportU / ImageWidth; 

        PixelDeltaV = ViewportV / ImageHeight; 

 

        // 计算左上角像素的位置 

 

        const auto ViewportUpperLeft = 

            CameraCenter - Vec3(0, 0, FocalLength) - ViewportU / 2 - 

ViewportV / 2; 

        Pixel100Loc = ViewportUpperLeft + 0.5 * (PixelDeltaU + PixelDeltaV); 

        Graphics    = std::make_shared<Device>(ImageWidth, ImageHeight); 

    } 

 

    Color RayColor(const Ray& Light, const Hittable& World) const { 

        ... 

    } 

 

private: 

    std::shared_ptr<Device> Graphics; 
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    int    ImageHeight; 

    Point3 CameraCenter; 

 

    Vec3 PixelDeltaU; 

    Vec3 PixelDeltaV; 

    Vec3 Pixel100Loc; 

}; 

 34 [camera.h] 

  main  

#include <rtweekend.h> 

 

#include <camera.h> 

#include <color.h> 

#include <device.h> 

#include <hittableList.h> 

#include <sphere.h> 

 

#include <conio.h> 

 

int main() { 

    // 渲染场景 

 

    HittableList World; 

 

    auto GroundSphere = std::make_shared<Sphere>(Point3(0, 0, -1), 0.5); 

    auto FakeGround   = std::make_shared<Sphere>(Point3(0, -100.5, -1), 100); 

 

    World.Add(GroundSphere); 

    World.Add(FakeGround); 

 

    Camera WorldCamera; 

 

    WorldCamera.AspectRatio = 16.f / 9.f; 

    WorldCamera.ImageWidth  = 640; 

 

    WorldCamera.Render(World); 

 

    _getch(); 

 

    return 0; 

} 

 35  Camera  main [main.cc] 
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8.  

aliasing or jaggies

 

 8 8 

 

 

(

A Pixel is Not a Little Square 13  

 
13 https://www.researchgate.net/publication/244986797 
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 12  

 

 

8.1  

0 1n  1  

 <cstdlib>  rand 0

 RAND_MAX  rtweekend.h  

#pragma once 

 

#include <cmath> 

#include <limits> 

#include <memory> 

#include <numbers> 

#include <cstdlib> 

 

... 

 

inline double RandomDouble() { 

    // 返回一个随机数位于 [0, 1) 中 

    return rand() / (RAND_MAX + 1.0); 

} 

inline double RandomDouble(const double& Min, const double& Max) { 

    // 返回一个随机数位于 [Min, Max) 中 

    return Min + RandomDouble() * (Max - Min); 

} 

 

... 

 36 RandomDouble [rtweekend.h] 
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 C++  C++  <random> 

 C++ 

 

#include <random> 

 

inline double RandomDouble() { 

    static std::uniform_real_distribution<double> Distribution(0.0, 1.0); 

    static std::mt19937                             Generator; 

    return Distribution(Generator); 

} 

 37 RandomDouble  C++  

 

 

8.2  

 

 WriteColor 

 0,1

interval::clamp  

class Interval { 

public: 

    ... 

    double Clamp(const double& X) const { 

        if (X < Minimum) { 

            return Minimum; 

        }else if (X > Maximum) { 

            return Maximum; 

        } 

        else { 

            return X; 

        } 

    } 
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    ... 

}; 

 38 Interval::Clamp [interval.h] 

 WriteColor 14  

/** 

 * 将颜色转换为对应的内存 DWORD 值 

 */ 

DWORD ColorToDWORD(const Color& Value, const int& SamplesPerPixel) { 

    auto R = Value.X(); 

    auto G = Value.Y(); 

    auto B = Value.Z(); 

 

    // 将颜色除以采样数 

    auto Scale = 1.f / SamplesPerPixel; 

    R *= Scale; 

    G *= Scale; 

    B *= Scale; 

 

    static const Interval Intensity(0, 255); 

    return BGR(RGB(Intensity.Clamp(R), Intensity.Clamp(G), 

Intensity.Clamp(B))); 

} 

 39  WriteColor  

 Camera::GetRay 

 PixelSampleSquare

 

class Camera { 

public: 

    void Render(const Hittable& World) { 

        Initialize(); 

 

        // 渲染部分 

 

 
14  EasyX  EasyX  

WriteColor  ColorToDWORD  WriteColor  PPM  
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        for (size_t Y = 0; Y < ImageHeight; ++Y) { 

            std::clog << "\r还剩下：" << (ImageHeight - Y) << "条扫描线待渲染。 " 

<< std::flush; 

            const auto HeightVec = static_cast<double>(Y) * PixelDeltaV; 

            for (size_t X = 0; X < ImageWidth; ++X) { 

                Color WriteColor; 

                for (int Sample = 0; Sample < SamplesPerPixel; ++Sample) { 

                    Ray Light = GetRay(X, Y, HeightVec); 

                    WriteColor += RayColor(Light, World); 

                } 

 

                Graphics->At(X, Y) = ColorToDWORD(WriteColor, 

SamplesPerPixel); 

            } 

        } 

 

        std::clog << "\r渲染完毕。           \n"; 

 

        Device::Flush(); 

    } 

 

public: 

    double AspectRatio     = 16.0 / 9.0; // 图像纵高比 

    int    ImageWidth      = 640;        // 图像像素宽 

    int    SamplesPerPixel = 10;         // 采样率 

 

private: 

    ... 

     

    Ray GetRay(const size_t& X, const size_t& Y, const Vec3& HeightVec) const 

{ 

        // 从位于 (X, Y) 的像素获得获取一个随机采样光线 

        auto PixelCenter = Pixel100Loc + (static_cast<double>(X) * 

PixelDeltaU) + HeightVec; 

        auto PixelSample = PixelCenter + PixelSampleSquare(); 

 

        const auto RayOrigin    = CameraCenter; 

        const auto RayDirection = PixelSample - RayOrigin; 

 

        return Ray{RayOrigin, RayDirection}; 

    } 

    Vec3 PixelSampleSquare() const { 

        // 返回一个位于像素为中心的正方形内的随机采样点 

        auto PointX = -0.5 + RandomDouble(); 
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        auto PointY = -0.5 + RandomDouble(); 

 

        return (PointX * PixelDeltaU) + (PointY * PixelDeltaV); 

    } 

     

    ... 

}; 

 40  SPP Samples-Per-Pixel [camera.h]15 

main  

int main() { 

    ... 

     

    Camera WorldCamera; 

 

    WorldCamera.AspectRatio = 16.f / 9.f; 

    WorldCamera.ImageWidth  = 640; 

    WorldCamera.SamplesPerPixel = 100; 

 

    WorldCamera.Render(World); 

 

    ... 

} 

 41  SPP [main.cpp] 

 

 

 13  

 
15  pixel_sample_square

 GitHub  pixel_sample_disk pixel_sample_disk 

 random_in_unit_disk  EasyX 

PixelSampleDisk  
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9.  

 

 

 

9.1  

 

 

 14  
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 15  

 

 

class Vec3 { 

    ... 

public: 

    ... 

     

    double LengthSquared() const { 

        return std::pow(e[0], 2) + std::pow(e[1], 2) + std::pow(e[2], 2); 

    } 

    static Vec3 Random() { 

        return Vec3(RandomDouble(), RandomDouble(), RandomDouble()); 

    } 

    static Vec3 Random(const double& Min, const double& Max) { 

        return Vec3(RandomDouble(Min, Max), RandomDouble(Min, Max), 

RandomDouble(Min, Max)); 

    } 

     

    ... 

}; 

 42 Vec3 [vec3.h] 
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1.  

2.  

3.  

 

 , , 1,1x y z −  

 

 16  

... 

 

// 归一化向量 

inline Vec3 UnitVector(const Vec3& Vector) { 

    return Vector / Vector.Length(); 

} 

// 生成一个位于单位球体中的向量 

inline Vec3 RandomInUnitSphere() { 

    while (true) { 

        auto Vector = Vec3::Random(); 

        if (Vector.LengthSquared() < 1) { 

            return Vector; 

        } 

    } 
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} 

 43 RandomInUnitSphere [vec3.h] 

 

 

 

 17  

// 生成一个随机单位向量 

inline Vec3 RandomUnitVector() { 

    return UnitVector(RandomInUnitSphere()); 

} 

 44 [vec3.h] 

 

 

 

 18  
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... 

 

// 生成一个随机单位向量 

inline Vec3 RandomUnitVector() { 

    return UnitVector(RandomInUnitSphere()); 

} 

// 判断随机所在半球 

inline Vec3 RandomOnHemisphere(const Vec3& Normal) { 

    Vec3 OnUnitSphere = RandomInUnitSphere(); 

    if (Dot(OnUnitSphere, Normal) > 0.f) { 

        return OnUnitSphere; 

    } 

    else { 

        // 如果不在同一个平面则反转变量 

        return -OnUnitSphere; 

    } 

} 

 45 RandomInHemisphere [vec3.h] 

  100% 

 RayColor  50%  

... 

 

class Camera { 

public: 

    void Render(const Hittable& World) { 

        Initialize(); 

 

        // 渲染部分 

 

        for (size_t Y = 0; Y < ImageHeight; ++Y) { 

            std::clog << "\r还剩下：" << (ImageHeight - Y) << "条扫描线待渲染。 " 

<< std::flush; 

            const auto HeightVec = static_cast<double>(Y) * PixelDeltaV; 

            for (size_t X = 0; X < ImageWidth; ++X) { 

                Color WriteColor; 
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                for (int Sample = 0; Sample < SamplesPerPixel; ++Sample) { 

                    Ray Light = GetRay(X, Y, HeightVec); 

                    WriteColor += 255.f * RayColor(Light, World); 

                } 

 

                Graphics->At(X, Y) = ColorToDWORD(WriteColor, 

SamplesPerPixel); 

            } 

        } 

 

        std::clog << "\r渲染完毕。           \n"; 

 

        Device::Flush(); 

    } 

 

    ... 

     

private: 

    ... 

 

    Color RayColor(const Ray& Light, const Hittable& World) const { 

        HitRecord Record; 

        if (World.Hit(Light, Interval(0, Infinity), Record)) { 

            Vec3 Direction = RandomOnHemisphere(Record.NormalVector); 

            return 0.5 * RayColor(Ray(Record.Point, Direction), World); 

        } 

 

        Vec3       UnitDirection = UnitVector(Light.RayDirection()); 

        const auto a             = 0.5 * (UnitDirection.Y() + 1.0); 

        auto       Result        = (1.0 - a) * Color(1.0, 1.0, 1.0) + a * 

Color(0.5, 0.7, 1.0); 

 

        return Result; 

    } 

     

    ... 

}; 

 46 RayColor [camera.h] 
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9.2  

RayColor 

 

class Camera { 

public: 

    void Render(const Hittable& World) { 

        Initialize(); 

 

        // 渲染部分 

 

        for (size_t Y = 0; Y < ImageHeight; ++Y) { 

            std::clog << "\r还剩下：" << (ImageHeight - Y) << "条扫描线待渲染。 " 

<< std::flush; 

            const auto HeightVec = static_cast<double>(Y) * PixelDeltaV; 

            for (size_t X = 0; X < ImageWidth; ++X) { 

                Color WriteColor; 

                for (int Sample = 0; Sample < SamplesPerPixel; ++Sample) { 

                    Ray Light = GetRay(X, Y, HeightVec); 

                    WriteColor += 255.f * RayColor(Light, MaxDepth, World); 

                } 
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                Graphics->At(X, Y) = ColorToDWORD(WriteColor, 

SamplesPerPixel); 

            } 

        } 

 

        std::clog << "\r渲染完毕。           \n"; 

 

        Device::Flush(); 

    } 

 

public: 

    double AspectRatio     = 16.0 / 9.0; // 图像纵高比 

    int    ImageWidth      = 640;        // 图像像素宽 

    int    SamplesPerPixel = 10;         // 采样率 

    int    MaxDepth        = 10;         // 最大光反射数量 

 

    ... 

}; 

 47 Camera::RayColor [camera.h] 

main  

int main() { 

    ... 

 

    Camera WorldCamera; 

 

    WorldCamera.AspectRatio     = 16.f / 9.f; 

    WorldCamera.ImageWidth      = 400; 

    WorldCamera.SamplesPerPixel = 200; 

    WorldCamera.MaxDepth        = 50; 

 

    WorldCamera.Render(World); 

     

    ... 

} 

 48 [main.cpp] 
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9.3  

0.000000001t =

 

class Camera { 

    ... 

private: 

    ... 

Color RayColor(const Ray& Light, int Depth, const Hittable& World) const  

{ 

        HitRecord Record; 

        if (Depth <= 0) { 

            return Color{0, 0, 0}; 

        } 

 

        if (World.Hit(Light, Interval(0.001, Infinity), Record)) { 
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            Vec3 Direction = RandomOnHemisphere(Record.NormalVector); 

            return 0.5 * RayColor(Ray(Record.Point, Direction), Depth - 1, 

World); 

        } 

 

        Vec3       UnitDirection = UnitVector(Light.RayDirection()); 

        const auto a             = 0.5 * (UnitDirection.Y() + 1.0); 

        auto       Result        = (1.0 - a) * Color(1.0, 1.0, 1.0) + a * 

Color(0.5, 0.7, 1.0); 

 

        return Result; 

    } 

     

    ... 

}; 

 49  
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class Camera { 

    ... 

     

    Color RayColor(const Ray& Light, int Depth, const Hittable& World) const 

{ 

        HitRecord Record; 
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        if (Depth <= 0) { 

            return Color{0, 0, 0}; 

        } 

 

        if (World.Hit(Light, Interval(0.001, Infinity), Record)) { 

            Vec3 Direction = Record.NormalVector + RandomUnitVector(); 

            return 0.5 * RayColor(Ray(Record.Point, Direction), Depth - 1, 

World); 

        } 

 

        Vec3       UnitDirection = UnitVector(Light.RayDirection()); 

        const auto a             = 0.5 * (UnitDirection.Y() + 1.0); 

        auto       Result        = (1.0 - a) * Color(1.0, 1.0, 1.0) + a * 

Color(0.5, 0.7, 1.0); 

 

        return Result; 

    } 

     

    ... 

}; 

 50  RayColor [camera.h] 
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9.5  Gamma  

 50%

 

RayColor  0.5 50%  0.1 10%  

class Camera { 

public: 

    ... 

     

    Color RayColor(const Ray& Light, int Depth, const Hittable& World) const 

{ 

        HitRecord Record; 

        if (Depth <= 0) { 

            return Color{0, 0, 0}; 

        } 

 

        if (World.Hit(Light, Interval(0.001, Infinity), Record)) { 

            Vec3 Direction = Record.NormalVector + RandomUnitVector(); 

            return 0.1 * RayColor(Ray(Record.Point, Direction), Depth - 1, 

World); 

        } 

 

        Vec3       UnitDirection = UnitVector(Light.RayDirection()); 
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        const auto a             = 0.5 * (UnitDirection.Y() + 1.0); 

        auto       Result        = (1.0 - a) * Color(1.0, 1.0, 1.0) + a * 

Color(0.5, 0.7, 1.0); 

 

        return Result; 

    } 

     

    ... 

}; 

 51 10%  RayColor [camera.h] 

 10%  30%
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Gamma Space
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Gamma 2

Gamma 

2
1

gamma
 

// 线性空间到伽马空间的变化 

inline double LinearToGamma(const double& LinearComponent) { 

    return sqrt(LinearComponent); 

} 

// 将颜色转换为对应的内存 DWORD 值 

DWORD ColorToDWORD(const Color& Value, const int& SamplesPerPixel) { 

    auto R = Value.X(); 

    auto G = Value.Y(); 

    auto B = Value.Z(); 

 

    // 将颜色除以采样数 

    auto Scale = 1.f / SamplesPerPixel; 

    R *= Scale; 

    G *= Scale; 

    B *= Scale; 

 

    // 进行线性空间到 Gamma 空间的变换 

    R = LinearToGamma(R); 

    G = LinearToGamma(G); 

    B = LinearToGamma(B); 

 

    // 将颜色分量映射到 RGB 空间上 

    static const Interval Intensity(0.f, 0.999); 

    return BGR(RGB(Intensity.Clamp(R) * 255, Intensity.Clamp(G) * 255, 

Intensity.Clamp(B) * 255)); 

} 

 52  Gamma  WriteColor [color.h] 

 Camera 

 ColorToDWORD  RGB 16  

 

 
16  EasyX  
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class Camera { 

    ... 

     

    void Render(const Hittable& World) { 

        Initialize(); 

 

        // 渲染部分 

 

        for (size_t Y = 0; Y < ImageHeight; ++Y) { 

            std::clog << "\r还剩下：" << (ImageHeight - Y) << "条扫描线待渲染。 " 

<< std::flush; 

            const auto HeightVec = static_cast<double>(Y) * PixelDeltaV; 

            for (size_t X = 0; X < ImageWidth; ++X) { 

                Color WriteColor; 

                for (int Sample = 0; Sample < SamplesPerPixel; ++Sample) { 

                    Ray Light = GetRay(X, Y, HeightVec); 

                    WriteColor += RayColor(Light, MaxDepth, World); 

                } 

 

                Graphics->At(X, Y) = ColorToDWORD(WriteColor, 

SamplesPerPixel); 

            } 

        } 

 

        std::clog << "\r渲染完毕。           \n"; 

 

        Device::Flush(); 

    } 

 

    ... 

} 

 53  Camera::Render [camera.h] 
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10.  

10.1  

 

1.  

2.  

 

/** 

 * \file material.h 

 * \brief 材质抽象类 

 */ 

 

#pragma once 

 
17  
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#include <color.h> 

#include <rtweekend.h> 

 

class HitRecord; 

 

class Material { 

public: 

    virtual ~Material() = default; 

    virtual bool Scatter(const Ray& LightIn, const HitRecord& Recrod, Color& 

Attenuation, Ray& Scattered) const = 0; 

}; 

 54 [material.h] 

 

 

10.2  

 HitRecord 

 C++ 

 class Material;  Material 

 Material  Material 

 

class Material; 

 

class HitRecord { 

public: 

    HitRecord() = default; 

 

    void SetFaceNormal(const Ray& Light, const Vec3& OutwardNormal) { 

        // 设置 HitRecord 法向量 

        // 注意：参数‘OutwardNormal’已经假设拥有单位长度 

        FrontFace    = Dot(Light.RayDirection(), OutwardNormal) < 0; 

        NormalVector = FrontFace ? OutwardNormal : -OutwardNormal; 

    } 

 

public: 
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    Point3                    Point; 

    Vec3                      NormalVector; 

    double                    TValue{}; 

    bool                      FrontFace; 

    std::shared_ptr<Material> OMaterial; 

}; 

 55  Material  HitRecord[hittable.h] 

HitRecord 

HitRecord  Material 

 main  RayColor  HitRecord 

 

Sphere  HitRecord  

/** 

 * \file sphere.h 

 * \brief 球体相关定义代码 

 */ 

 

#pragma once 

 

#include <hittable.h> 

 

class Sphere : public Hittable { 

public: 

    Sphere(Point3 ICenter, const double& IRadius, std::shared_ptr<Material> 

IMaterial) : Center(ICenter), Radius(IRadius), OMaterial(IMaterial) { 

    } 

    bool Hit(const Ray& Light, const Interval& RayRange, HitRecord& Record) 

const override { 

        ... 

         

        // 求解出交点并记录在 Record 中 

        Record.TValue      = Root; 

        Record.Point       = Light.At(Root); 

        Record.OMaterial   = OMaterial; 

        Vec3 OutwardNormal = (Record.Point - Center) / Radius; 

        Record.SetFaceNormal(Light, OutwardNormal); 

 

        return true; 
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    } 

 

private: 

    Point3                    Center; 

    double                    Radius; 

    std::shared_ptr<Material> OMaterial; 

}; 

 56  Sphere [sphere.h] 

 

 

10.3  

R

1 R−

 

#include <color.h> 

#include <rtweekend.h> 

#include <hittableList.h> 

 

class HitRecord; 

 

class Material { 

public: 

    virtual ~Material()                        = default; 

    virtual bool Scatter(const Ray& LightIn, const HitRecord& Record, Color& 

Attenuation, 

                         Ray& Scattered) const = 0; 

}; 

 

// 朗伯漫反射材质 

class Lambertian : public Material { 

public: 

    Lambertian(const Color& IAlbedo) : Albedo(IAlbedo) { 

    } 

    bool Scatter(const Ray& LightIn, const HitRecord& Record, Color& 

Attenuation, 

                 Ray& Scattered) const override { 

        auto ScatterDirection = Record.NormalVector + RandomUnitVector(); 

        Scattered             = Ray(Record.Point, ScatterDirection); 

        Attenuation           = Albedo; 
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        return true; 

    } 

 

private: 

    Color Albedo; 

}; 

 57  

p
albedo

p

 

 NaN  

class Vec3 { 

public: 

    ... 

    bool NearZero() const { 

        auto Judge = 1e-8; 

        return (fabs(e[0]) < Judge) && (fabs(e[1]) < Judge) && (fabs(e[2]) < 

Judge); 

    } 

    ... 

}; 

 58 Vec3::NearZero [vec3.h] 

class Lambertian : public Material { 

public: 

    Lambertian(const Color& IAlbedo) : Albedo(IAlbedo) { 

    } 

    bool Scatter(const Ray& LightIn, const HitRecord& Record, Color& 

Attenuation, 

                 Ray& Scattered) const override { 

        auto ScatterDirection = Record.NormalVector + RandomUnitVector(); 

        if (ScatterDirection.NearZero()) { 

            ScatterDirection = Record.NormalVector; 

        } 
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        Scattered             = Ray(Record.Point, ScatterDirection); 

        Attenuation           = Albedo; 

 

        return true; 

    } 

 

private: 

    Color Albedo; 

}; 

 59 [material.h] 

 

 

10.4  

 

  

 26  

2v b+ n v

b v n v  

... 

inline Vec3 RandomOnHemisphere(const Vec3& Normal) { 

    ... 

} 

Vec3 Reflect(const Vec3& Vector, const Vec3& Normal) { 

    return Vector - 2.f * Dot(Vector, Normal) * Normal; 

} 
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 60 Vec3 [vec3.h] 

  Reflect  

... 

 

class Metal : public Material { 

public: 

    Metal(const Color& IAlbedo) : Albedo(IAlbedo) { 

    } 

    bool Scatter(const Ray& LightIn, const HitRecord& Record, Color& 

Attenuation, 

                 Ray& Scattered) const override { 

        Vec3 Reflected = Reflect(UnitVector(LightIn.RayDirection()), 

Record.NormalVector); 

        Scattered      = Ray(Record.Point, Reflected); 

        Attenuation    = Albedo; 

 

        return true; 

    } 

 

private: 

    Color Albedo; 

}; 

 61 [material.h] 

  RayColor  

#include <rtweekend.h> 

 

#include <color.h> 

#include <device.h> 

#include <hittable.h> 

#include <material.h> 

 

class Camera { 

    ... 

     

private: 

    ... 

 

    Color RayColor(const Ray& Light, int Depth, const Hittable& World) const 

{ 

        HitRecord Record; 
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        if (Depth <= 0) { 

            return Color{0, 0, 0}; 

        } 

 

        if (World.Hit(Light, Interval(0.001, Infinity), Record)) { 

            Ray   Scattered; 

            Color Attenuation; 

            if (Record.OMaterial->Scatter(Light, Record, Attenuation, 

Scattered)) { 

                return Attenuation * RayColor(Scattered, Depth - 1, World); 

            } 

            return Color{0, 0, 0}; 

        } 

 

        Vec3       UnitDirection = UnitVector(Light.RayDirection()); 

        const auto a             = 0.5 * (UnitDirection.Y() + 1.0); 

        auto       Result        = (1.0 - a) * Color(1.0, 1.0, 1.0) + a * 

Color(0.5, 0.7, 1.0); 

 

        return Result; 

    } 

     

    ... 

}; 

 62  RayColor [camera.h] 

  

 

10.5  

 

int main() { 

    // 渲染场景 

 

    HittableList World; 

 

    auto MaterialGround = std::make_shared<Lambertian>(Color(0.8, 0.8, 0.0)); 

    auto MaterialCenter = std::make_shared<Lambertian>(Color(0.7, 0.3, 0.3)); 

    auto MaterialLeft   = std::make_shared<Metal>(Color(0.8, 0.8, 0.8)); 

    auto MaterialRight  = std::make_shared<Metal>(Color(0.8, 0.6, 0.2)); 

 

    World.Add(make_shared<Sphere>(Point3( 0.0, -100.5, -1.0), 100.0, 

MaterialGround)); 
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    World.Add(make_shared<Sphere>(Point3( 0.0,    0.0, -1.0),   0.5, 

MaterialCenter)); 

    World.Add(make_shared<Sphere>(Point3(-1.0,    0.0, -1.0),   0.5, 

MaterialLeft)); 

    World.Add(make_shared<Sphere>(Point3( 1.0,    0.0, -1.0),   0.5, 

MaterialRight)); 

 

    Camera WorldCamera; 

 

    WorldCamera.AspectRatio     = 16.f / 9.f; 

    WorldCamera.ImageWidth      = 400; 

    WorldCamera.SamplesPerPixel = 100; 

    WorldCamera.MaxDepth        = 50; 

 

    WorldCamera.Render(World); 

 

    _getch(); 

 

    return 0; 

} 

 63 [main.cpp] 
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10.6  

 

 

 

 28  

 

 

 

class Metal : public Material { 

public: 

    Metal(const Color& IAlbedo, const double& IFuzz) : Albedo(IAlbedo), 

Fuzz(IFuzz < 1 ? IFuzz : 1) { 

    } 

    bool Scatter(const Ray& LightIn, const HitRecord& Record, Color& 

Attenuation, 

                 Ray& Scattered) const override { 

        Vec3 Reflected = Reflect(UnitVector(LightIn.RayDirection()), 

Record.NormalVector); 

        Scattered      = Ray(Record.Point, Reflected + Fuzz * 

RandomUnitVector()); 

        Attenuation    = Albedo; 

 

        return (Dot(Scattered.RayDirection(), Record.NormalVector) > 0); 

    } 

 

private: 

    Color Albedo; 

    double Fuzz; 
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}; 

 64 [material.cpp] 

  main  

int main() { 

    ... 

     

    auto MaterialGround = std::make_shared<Lambertian>(Color(0.8, 0.8, 0.0)); 

    auto MaterialCenter = std::make_shared<Lambertian>(Color(0.7, 0.3, 0.3)); 

    auto MaterialLeft   = std::make_shared<Metal>(Color(0.8, 0.8, 0.8), 0.3); 

    auto MaterialRight  = std::make_shared<Metal>(Color(0.8, 0.6, 0.2), 1.f); 

     

    ... 

} 

 65 [main.cpp] 
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11.2  

Snell’s Law  
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 ... 

Vec3 Reflect(const Vec3& Vector, const Vec3& Normal) { 

    ... 

} 
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Vec3 Refract(const Vec3& UnitVector, const Vec3& Normal, const double& Frac) 

{ 

    auto CosTheta     = fmin(Dot(-UnitVector, Normal), 1.f); 

    Vec3 ROutPerp     = Frac * (UnitVector + CosTheta * Normal); 

    Vec3 ROutParallel = -sqrt(fabs(1.f - ROutPerp.LengthSquared())) * Normal; 

 

    return ROutPerp + ROutParallel; 

} 

 66 [vec3.h] 

  

class Dielectric : public Material { 

public: 

    Dielectric(const double& Refraction) : IndexRefraction(Refraction) { 

 

    } 

    bool Scatter(const Ray& LightIn, const HitRecord& Record, Color& 

Attenuation, 

                 Ray& Scattered) const override { 

        Attenuation = Color{ 1.f, 1.f, 1.f }; 

        double RefractionRatio = Record.FrontFace ? (1.f / IndexRefraction) : 

IndexRefraction; 

 

        Vec3 UnitDirection = UnitVector(LightIn.RayDirection()); 

        Vec3 Refracted = Refract(UnitDirection, Record.NormalVector, 

RefractionRatio); 

 

        Scattered = Ray(Record.Point, Refracted); 

 

        return true; 

    } 

 

private: 

    double IndexRefraction; 

}; 

 67 [material.h] 
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  main  

auto MaterialGround = std::make_shared<Lambertian>(Color(0.8, 0.8, 0.0)); 

auto MaterialCenter = std::make_shared<Dielectric>(1.5); 

auto MaterialLeft   = std::make_shared<Dielectric>(1.5); 

auto MaterialRight  = std::make_shared<Metal>(Color(0.8, 0.6, 0.2), 1.f); 

 68 [main.cpp] 

  

 

 32  
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if (RefractionRatio * SinTheta > 1.f) { 

    // 必须反射 

} else { 

    // 可以折射 

} 

 69  

Total Internal Reflection

 

sin  

21 cossin = −  

cos R n =   

double CosTheta = fmin(Dot(-UnitDirection, Record.NormalVector), 1.f); 

double SinTheta = sqrt(1.f - CosTheta * CosTheta); 

 

if (RefractionRatio * SinTheta > 1.f) { 

    // 必须反射 

} else { 

    // 可以折射 

} 

 70 [material.h] 

 

class Dielectric : public Material { 

public: 

    Dielectric(const double& Refraction) : IndexRefraction(Refraction) { 

    } 

    bool Scatter(const Ray& LightIn, const HitRecord& Record, Color& 

Attenuation, 

                 Ray& Scattered) const override { 

        Attenuation            = Color{1.f, 1.f, 1.f}; 

        double RefractionRatio = Record.FrontFace ? (1.f / IndexRefraction) : 

IndexRefraction; 
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        Vec3 UnitDirection = UnitVector(LightIn.RayDirection()); 

 

        double CosTheta = fmin(Dot(-UnitDirection, Record.NormalVector), 

1.f); 

        double SinTheta = sqrt(1.f - CosTheta * CosTheta); 

        Vec3 Direction; 

 

        if (RefractionRatio * SinTheta > 1.f) { 

            Direction = Reflect(UnitDirection, Record.NormalVector); 

        } else { 

            Direction = Refract(UnitDirection, Record.NormalVector, 

RefractionRatio); 

        } 

 

        Scattered = Ray(Record.Point, Direction); 

 

        return true; 

    } 

 

private: 

    double IndexRefraction; 

}; 

 71 [material.h] 

 1  

auto MaterialGround = std::make_shared<Lambertian>(Color(0.8, 0.8, 0.0)); 

auto MaterialCenter = std::make_shared<Lambertian>(Color(0.1, 0.2, 0.5)); 

auto MaterialLeft   = std::make_shared<Dielectric>(1.5); 

auto MaterialRight  = std::make_shared<Metal>(Color(0.8, 0.6, 0.2), 0.f); 

 72 [main.cpp] 
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11.3  

Christophe Schlick

 

( ) ( )( )
5

0 01 1 cosR R R + − −=  

 

class Dielectric : public Material { 

public: 

    Dielectric(const double& Refraction) : IndexRefraction(Refraction) { 

    } 

    bool Scatter(const Ray& LightIn, const HitRecord& Record, Color& 

Attenuation, 

                 Ray& Scattered) const override { 

        Attenuation            = Color{1.f, 1.f, 1.f}; 

        double RefractionRatio = Record.FrontFace ? (1.f / IndexRefraction) : 

IndexRefraction; 

 

        Vec3 UnitDirection = UnitVector(LightIn.RayDirection()); 

 

        double CosTheta = fmin(Dot(-UnitDirection, Record.NormalVector), 

1.f); 

        double SinTheta = sqrt(1.f - CosTheta * CosTheta); 

        Vec3 Direction; 

 

        if (RefractionRatio * SinTheta > 1.f || Reflectance(CosTheta, 

RefractionRatio) > RandomDouble()) { 

            Direction = Reflect(UnitDirection, Record.NormalVector); 

        } else { 

            Direction = Refract(UnitDirection, Record.NormalVector, 

RefractionRatio); 

        } 

 

        Scattered = Ray(Record.Point, Direction); 

 

        return true; 

    } 

 

private: 
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    // Schlick 近似法 

    static double Reflectance(const double& Cosine, const double& RefIndex) { 

        auto R0 = (1 - RefIndex) / (1 + RefIndex); 

        R0 *= R0; 

 

        return R0 + (1 - R0) * pow((1 - Cosine), 5); 

    } 

 

private: 

    double IndexRefraction; 

}; 

 73 [material.h] 

 

 

11.5  

 

World.Add(make_shared<Sphere>(Point3(0.0, -100.5, -1.0), 100.0, 

MaterialGround)); 

World.Add(make_shared<Sphere>(Point3(0.0, 0.0, -1.0), 0.5, MaterialCenter)); 

World.Add(make_shared<Sphere>(Point3(-1.0, 0.0, -1.0), 0.5, MaterialLeft)); 

World.Add(make_shared<Sphere>(Point3(-1.0, 0.0, -1.0), -0.4, MaterialLeft)); 

World.Add(make_shared<Sphere>(Point3(1.0, 0.0, -1.0), 0.5, MaterialRight)); 

 74 [main.cpp] 
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12.  

 

fov

 

12.1  
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class Camera { 

    ... 

     

public: 

    double AspectRatio     = 16.0 / 9.0; // 图像纵高比 

    int    ImageWidth      = 640;        // 图像像素宽 

    int    SamplesPerPixel = 10;         // 采样率 

    int    MaxDepth        = 10;         // 最大光反射数量 

 

    double VFov = 90.f; // 垂直视角（视野） 
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private: 

    void Initialize() { 

        // 计算图像的高，并且确保其起码为一 

 

        ImageHeight = static_cast<int>(ImageWidth / AspectRatio); 

        ImageHeight = (ImageHeight < 1) ? 1 : ImageHeight; 

 

        // 相机部分 

 

        const auto FocalLength    = 1.0; 

        const auto Theta          = DegreeToRad(VFov); 

        const auto H              = tan(Theta / 2); 

        const auto ViewportHeight = 2 * H * FocalLength; 

        const auto ViewportWidth = 

            ViewportHeight * (static_cast<double>(ImageWidth) / ImageHeight); 

        CameraCenter = Point3(0, 0, 0); 

 

        // 计算横纵向量 u 和 v 

 

        const auto ViewportU = Vec3(ViewportWidth, 0, 0); 

        const auto ViewportV = Vec3(0, -ViewportHeight, 0); 

 

        // 由像素间距计算横纵增量向量 

 

        PixelDeltaU = ViewportU / ImageWidth; 

        PixelDeltaV = ViewportV / ImageHeight; 

 

        // 计算左上角像素的位置 

 

        const auto ViewportUpperLeft = 

            CameraCenter - Vec3(0, 0, FocalLength) - ViewportU / 2 - 

ViewportV / 2; 

        Pixel100Loc = ViewportUpperLeft + 0.5 * (PixelDeltaU + PixelDeltaV); 

        Graphics    = std::make_shared<Device>(ImageWidth, ImageHeight); 

    } 

} 

 75  

  90   

int main() { 

    // 渲染场景 

 

    HittableList World; 
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    auto R = cos(Pi / 4); 

 

    auto MaterialLeft  = std::make_shared<Lambertian>(Color{0, 0, 1}); 

    auto MaterialRight = std::make_shared<Lambertian>(Color{1, 0, 0}); 

 

    World.Add(std::make_shared<Sphere>(Point3(-R, 0, -1), R, MaterialLeft)); 

    World.Add(std::make_shared<Sphere>(Point3(R, 0, -1), R, MaterialRight)); 

 

    Camera WorldCamera; 

 

    WorldCamera.AspectRatio     = 16.f / 9.f; 

    WorldCamera.ImageWidth      = 400; 

    WorldCamera.SamplesPerPixel = 100; 

    WorldCamera.MaxDepth        = 50; 

 

    WorldCamera.VFov = 90; 

 

    WorldCamera.Render(World); 

 

    _getch(); 

 

    return 0; 

} 

 76 [main.cpp] 
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class Camera { 

    ... 

 

public: 

    ... 

 

    Point3 LookFrom = Point3(0, 0, -1); 

    Point3 LookAt   = Point3(0, 0, 0); 

    Vec3   VUP      = Vec3(0, 1, 0); 

    double VFov     = 90.f; // 垂直视角（视野） 

 

private: 

    void Initialize() { 

        // 计算图像的高，并且确保其起码为一 

 

        ImageHeight = static_cast<int>(ImageWidth / AspectRatio); 

        ImageHeight = (ImageHeight < 1) ? 1 : ImageHeight; 

 

        CameraCenter = LookFrom; 

 

        // 相机部分 

 

        const auto FocalLength    = (LookFrom - LookAt).Length(); 

        const auto Theta          = DegreeToRad(VFov); 

        const auto H              = tan(Theta / 2); 

        const auto ViewportHeight = 2 * H * FocalLength; 

        const auto ViewportWidth = 

            ViewportHeight * (static_cast<double>(ImageWidth) / ImageHeight); 

 

        W = UnitVector(LookFrom - LookAt); 

        U = UnitVector(Cross(VUP, W)); 

        V = Cross(W, U); 

 

        // 计算横纵向量 u 和 v 

 

        const auto ViewportU = ViewportWidth * U; 

        const auto ViewportV = ViewportHeight * -V; 
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        // 由像素间距计算横纵增量向量 

 

        PixelDeltaU = ViewportU / ImageWidth; 

        PixelDeltaV = ViewportV / ImageHeight; 

 

        // 计算左上角像素的位置 

 

        const auto ViewportUpperLeft = 

            CameraCenter - (FocalLength * W) - ViewportU / 2 - ViewportV / 2; 

        Pixel100Loc = ViewportUpperLeft + 0.5 * (PixelDeltaU + PixelDeltaV); 

        Graphics    = std::make_shared<Device>(ImageWidth, ImageHeight); 

    } 

 

public: 

    ... 

 

    Vec3 U; 

    Vec3 V; 

    Vec3 W; 

}; 

 77 [camera.h] 

  

int main() { 

    // 渲染场景 

 

    HittableList World; 

 

    auto MaterialGround = std::make_shared<Lambertian>(Color(0.8, 0.8, 0.0)); 

    auto MaterialCenter = std::make_shared<Lambertian>(Color(0.1, 0.2, 0.5)); 

    auto MaterialLeft   = std::make_shared<Dielectric>(1.5); 

    auto MaterialRight  = std::make_shared<Metal>(Color(0.8, 0.6, 0.2), 0.f); 

 

    World.Add(make_shared<Sphere>(Point3(0.0, -100.5, -1.0), 100.0, 

MaterialGround)); 

    World.Add(make_shared<Sphere>(Point3(0.0, 0.0, -1.0), 0.5, 

MaterialCenter)); 

    World.Add(make_shared<Sphere>(Point3(-1.0, 0.0, -1.0), 0.5, 

MaterialLeft)); 

    World.Add(make_shared<Sphere>(Point3(-1.0, 0.0, -1.0), -0.4, 

MaterialLeft)); 

    World.Add(make_shared<Sphere>(Point3(1.0, 0.0, -1.0), 0.5, 

MaterialRight)); 
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    Camera WorldCamera; 

 

    WorldCamera.AspectRatio     = 16.f / 9.f; 

    WorldCamera.ImageWidth      = 300; 

    WorldCamera.SamplesPerPixel = 50; 

    WorldCamera.MaxDepth        = 50; 

 

    WorldCamera.VFov     = 90; 

    WorldCamera.LookFrom = Point3(-2, 2, 1); 

    WorldCamera.LookAt   = Point3(0, 0, -1); 

    WorldCamera.VUP      = Vec3(0, 1, 0); 

 

    WorldCamera.Render(World); 

 

    _getch(); 

 

    return 0; 

} 

 78 [main.cpp] 

  

 

 39  

  

 WorldCamera.VFov     = 20; 

 79 [main.cpp] 
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13.  
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13.1  
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 FocalLength 

 

  

  

  1.  

2.  

3.  

4.  

5.  
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6.  
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13.2  

 lookfrom

lookfrom  

 

RandomInUnitDisk 

 RandomInUnitSphere  

inline Vec3 UnitVector(const Vec3& Vector) { 

    return Vector / Vector.Length(); 

} 

// 生成一个离焦盘上的随机点 

inline Vec3 RandomInUnitDisk() { 
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    while (true) { 

        auto Point = Vec3(RandomDouble(-1, 1), RandomDouble(-1, 1), 0); 

        if (Point.LengthSquared() < 1) { 

            return Point; 

        } 

    } 

} 

 80 [vec3.h] 

  

class Camera { 

public: 

    ... 

     

public: 

    ... 

 

    double DefocusAngle  = 0; 

    double FocusDistance = 10; 

 

private: 

    void Initialize() { 

        // 计算图像的高，并且确保其起码为一 

 

        ImageHeight = static_cast<int>(ImageWidth / AspectRatio); 

        ImageHeight = (ImageHeight < 1) ? 1 : ImageHeight; 

 

        CameraCenter = LookFrom; 

 

        // 相机部分 

 

        const auto Theta          = DegreeToRad(VFov); 

        const auto H              = tan(Theta / 2); 

        const auto ViewportHeight = 2 * H * FocusDistance; 

        const auto ViewportWidth = 

            ViewportHeight * (static_cast<double>(ImageWidth) / ImageHeight); 

 

        W = UnitVector(LookFrom - LookAt); 

        U = UnitVector(Cross(VUP, W)); 

        V = Cross(W, U); 

 

        // 计算横纵向量 u 和 v 
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        const auto ViewportU = ViewportWidth * U; 

        const auto ViewportV = ViewportHeight * -V; 

 

        // 由像素间距计算横纵增量向量 

 

        PixelDeltaU = ViewportU / ImageWidth; 

        PixelDeltaV = ViewportV / ImageHeight; 

 

        // 计算左上角像素的位置 

 

        const auto ViewportUpperLeft = 

            CameraCenter - (FocusDistance * W) - ViewportU / 2 - ViewportV / 

2; 

        Pixel100Loc = ViewportUpperLeft + 0.5 * (PixelDeltaU + PixelDeltaV); 

        Graphics    = std::make_shared<Device>(ImageWidth, ImageHeight); 

 

        auto DefocusRadius = FocusDistance * tan(DegreeToRad(DefocusAngle / 

2)); 

        DefocusDiskU = DefocusRadius * U; 

        DefocusDiskV = DefocusRadius * V; 

    } 

 

    Ray GetRay(const size_t& X, const size_t& Y, const Vec3& HeightVec) const 

{ 

        // 从位于 (X, Y) 的像素获得获取一个随机采样光线 

        auto PixelCenter = Pixel100Loc + (static_cast<double>(X) * 

PixelDeltaU) + HeightVec; 

        auto PixelSample = PixelCenter + PixelSampleSquare(); 

 

        const auto RayOrigin    = (DefocusAngle <= 0) ? CameraCenter : 

DefocusDiskSample(); 

        const auto RayDirection = PixelSample - RayOrigin; 

 

        return Ray{RayOrigin, RayDirection}; 

    } 

    Point3 DefocusDiskSample() const { 

        auto Point = RandomInUnitDisk(); 

        return CameraCenter + (Point[0] * DefocusDiskU) + (Point[1] * 

DefocusDiskV); 

    } 

 

public: 

    std::shared_ptr<Device> Graphics; 
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    int    ImageHeight; 

    Point3 CameraCenter; 

 

    Vec3 PixelDeltaU; 

    Vec3 PixelDeltaV; 

    Vec3 Pixel100Loc; 

 

    Vec3 U; 

    Vec3 V; 

    Vec3 W; 

    Vec3 DefocusDiskU; 

    Vec3 DefocusDiskV; 

}; 

 81 dof [camera.h] 

  main  

int main() { 

    ... 

 

    Camera WorldCamera; 

 

    WorldCamera.AspectRatio     = 16.f / 9.f; 

    WorldCamera.ImageWidth      = 400; 

    WorldCamera.SamplesPerPixel = 100; 

    WorldCamera.MaxDepth        = 50; 

 

    WorldCamera.VFov     = 20; 

    WorldCamera.LookFrom = Point3(-2, 2, 1); 

    WorldCamera.LookAt   = Point3(0, 0, -1); 

    WorldCamera.VUP      = Vec3(0, 1, 0); 

 

    WorldCamera.DefocusAngle  = 10.f; 

    WorldCamera.FocusDistance = 3.4; 

 

    WorldCamera.Render(World); 

     

    ... 

} 

 82 [main.cpp] 
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14.  

14.1  

  

int main() { 

    // 渲染场景 

 

    HittableList World; 

 

    auto GroundMaterial = std::make_shared<Lambertian>(Color(0.5, 0.5, 0.5)); 

    World.Add(std::make_shared<Sphere>(Point3(0, -1000, 0), 1000, 

GroundMaterial)); 

 

    for (int a = -11; a < 11; a++) { 

        for (int b = -11; b < 11; b++) { 

            auto   ChooseMat = RandomDouble(); 

            Point3 Center(a + 0.9 * RandomDouble(), 0.2, b + 0.9 * 

RandomDouble()); 

 

            if ((Center - Point3(4, 0.2, 0)).Length() > 0.9) { 

                std::shared_ptr<Material> SphereMaterial; 

 

                if (ChooseMat < 0.8) { 

                    auto Albedo    = Color::Random() * Color::Random(); 

                    SphereMaterial = std::make_shared<Lambertian>(Albedo); 

                    World.Add(std::make_shared<Sphere>(Center, 0.2, 

SphereMaterial)); 

                } else if (ChooseMat < 0.95) { 

                    auto Albedo    = Color::Random(0.5, 1); 

                    auto Fuzz      = RandomDouble(0, 0.5); 

                    SphereMaterial = std::make_shared<Metal>(Albedo, Fuzz); 

                    World.Add(std::make_shared<Sphere>(Center, 0.2, 

SphereMaterial)); 

                } else { 

                    SphereMaterial = std::make_shared<Dielectric>(1.5); 

                    World.Add(std::make_shared<Sphere>(Center, 0.2, 

SphereMaterial)); 

                } 

            } 

        } 

    } 
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    auto Material1 = std::make_shared<Dielectric>(1.5); 

    World.Add(std::make_shared<Sphere>(Point3(0, 1, 0), 1.0, Material1)); 

 

    auto Material2 = std::make_shared<Lambertian>(Color(0.4, 0.2, 0.1)); 

    World.Add(std::make_shared<Sphere>(Point3(-4, 1, 0), 1.0, Material2)); 

 

    auto Material3 = std::make_shared<Metal>(Color(0.7, 0.6, 0.5), 0.0); 

    World.Add(std::make_shared<Sphere>(Point3(4, 1, 0), 1.0, Material3)); 

 

    Camera WorldCamera; 

 

    WorldCamera.AspectRatio     = 16.f / 9.f; 

    WorldCamera.ImageWidth      = 1500; 

    WorldCamera.SamplesPerPixel = 500; 

    WorldCamera.MaxDepth        = 50; 

 

    WorldCamera.VFov     = 20; 

    WorldCamera.LookFrom = Point3(13, 2, 3); 

    WorldCamera.LookAt   = Point3(0, 0, 0); 

    WorldCamera.VUP      = Vec3(0, 1, 0); 

 

    WorldCamera.DefocusAngle  = 0.6; 

    WorldCamera.FocusDistance = 10.f; 

 

    WorldCamera.Render(World); 

 

    _getch(); 

 

    return 0; 

} 

 83 [main.cpp] 
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