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Introduction

The Metal shading language is a unified programming language for writing both graphics and compute kernel functions that
are used by apps written with the Metal framework.

The Metal shading language is designed to work together with the Metal framework, which manages the execution, and
optionally the compilation, of the Metal shading language code. The Metal shading language uses clang and LLVM so
developers get a compiler that delivers close to the metal performance for code executing on the GPU.
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At a Glance

This document describes the Metal unified graphics and compute shading language. The Metal shading language is a C++
based programming language that developers can use to write code that is executed on the GPU for graphics and
general-purpose data-parallel computations. Since the Metal shading language is based on C++, developers will find it
familiar and easy to use. With the Metal shading language, both graphics and compute programs can be written with a single,
unified language, which allows tighter integration between the two.
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How to Use This Document

Developers who are writing code with the Metal framework will want to read this document, because they will need to use
the Metal shading language to write graphics and compute programs to be executed on the GPU. This document is organized
into the following chapters:

e Metal and C++11 (page 8) covers the similarities and differences between the Metal shading language and C++11.

e Metal Data Types (page 10) lists the Metal shading language data types, including types that represent vectors, matrices,
buffers, textures, and samplers. It also discusses type alignment and type conversion.

® Operators (page 30) lists the Metal shading language operators.

e [Functions, Variables, and Qualifiers (page 36) details how functions and variables are declared, sometimes with qualifiers
that restrict how they are used.

e Metal Standard Library (page 62) defines a collection of built-in Metal shading language functions.

e Compiler Options (page 93) details the options for the Metal shading language compiler, including pre-processor
directives, options for math intrinsics, and options that control optimization.

® Numerical Compliance (page 95) describes requirements for representing floating-point numbers, including accuracy in
mathematical operations.
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See Also

C++11

Stroustrup, Bjarne. The C++ Programming Language. Harlow: Addison-Wesley, 2013.

Metal Framework

The {Metal Programming Guide) provides a detailed introduction to writing apps with the Metal framework. 4/}
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Metal and C++11

The Metal shading language is based on the C++11 Specification (ak.a., the ISO/IEC JTC1/SC22/WG21 N3290 Language
Specification) with specific extensions and restrictions. Please refer to the C++11 Specification for a detailed description of
the language grammar. This section and its subsections describe modifications and restrictions to the C++11 language
supported in the Metal shading language. For more information about Metal shading language pre-processing directives and
compiler options, see Compiler Options (page 93) of this document.
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Overloading H.%,

The Metal shading language supports overloading as defined by section 13 of the C++11 Specification . The function
overloading rules are extended to include the address space qualifier of an argument. The Metal shading language graphics
and kernel functions cannot be overloaded. (For definition of graphics and kernel functions, see Function Qualifiers (page
36).)
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Templates Ak

The Metal shading language supports templates as defined by section 14 of the C++11 Specification .
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Preprocessing Directives
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The Metal shading language supports the pre-processing directives defined by section 16 of the C++11 Specification .
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The following C++11 features are not available in the Metal shading language (section numbers in this list refer to the
C++11 Specification ):
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® lambda expressions (section 5.1.2) lambda 1k =

® recursive function calls (section 5.2.2, item 9) 18 I pR A H

® dynamic_cast operator (section 5.2.7) A FE AR ERT

® type identification (section 5.2.8) AR ]

® new and delete operators (sections 5.3.4 and 5.3.5) X G 01 2 (new) FIAH % (delete) #EERT
® noexcept operator (section 5.3.7) EEFRF noexcept

® goto statement (section 6.6) gotok¥%

® register, thread_local storage qualifiers (section 7.1.1) % 5 A7 fifi 12 i ffregister I thread_local
® virtual function qualifier (section 7.1.2) JiE R BB T 1T

® derived classes (sections 10 and 11) IRAE SR

e exception handling (section 15) S AL F

The C++ standard library must not be used in the Metal shading language code. Instead of the C++ standard library, Metal
has its own standard library that is described in Metal Standard Library (page 62).
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e Arguments to Metal graphics and kernel functions that are pointers declared in a program must be declared with the
Metal device, threadgroup, or constant address space qualifier. (See Address Space Qualifiers for Variables and
Arguments (page 37) for more about address space qualifiers.)
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® Function pointers are not supported.
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A Metal function cannot be called main.
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Metal Pixel Coordinate System
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In Metal, the origin of the pixel coordinate system of a texture or a framebuffer attachment is defined at the top left corner.
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Metal Data Types
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This chapter details the Metal shading language data types, including types that represent vectors and matrices. Atomic data
types, buffers, textures, samplers, arrays, and user-defined structs are also discussed. Type alignment and type conversion are
also described.
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Scalar Data Types
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Metal supports the scalar types listed in Table 2-1 (page 10). Metal does not support the double, long, unsigned long,
long long,unsigned long long,and long double data types.

Metal 3 FFUNFR2-1 5 25 bR A R, Metal N SCFFX L4 #E 257 double, long, unsigned long, long long,
unsigned long long, long double.

Table 2-1 Metal scalar data types

Type Description

A conditional data type that has the value of either true or false. The value true expands to the
bool integer constant 1, and the value false expands to the integer constant 0.

TR BHEEMN, BUYE A trueilifalse, trueP] LF RN FE &1, false™] LLF & NBEEFE E0

A signed two’s complement 8-bit integer.

A 555 8-bit 4L

char

An unsigned 8-bit integer.
unsigned char

uchar T 5 8-bitHE ]

A signed two’s complement 16-bit integer.

H 5 16-bitHEE]

short

An unsigned 16-bit integer.
unsigned short

ushort Toi5 5 16-bit B %

A signed two’s complement 32-bit integer.

A 775 32-bit B4

int

An unsigned 32-bit integer.
unsigned int

uint TofF532-bitdE

A 16-bit floating-point. The half data type must conform to the IEEE 754 binary16 storage format.
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half

A 32-bit floating-point. The float data type must conform to the IEEE 754 single precision storage
float format.
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An unsigned integer type of the result of the sizeof operator. This is a 64-bit unsigned integer.
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size_t




A signed integer type that is the result of subtracting two pointers. This is a 64-bit signed integer.
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ptrdiff_t

The void type comprises an empty set of values; it is an incomplete type that cannot be completed.
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void

Note: Metal supports the following suffixes that specify the type for a literal:

the standard f or F suffix to specify a single precision floating-point literal value (e.g., @.5f or 0.5F).
the h or H suffix to specify a half precision floating-point literal value (e.g., @.5h or 0.5H).

the u or U suffix for unsigned integer literals.
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Vector and Matrix Data Types
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The Metal shading language supports a subset of the vector and matrix data types implemented by the system vector math
library.

The vector type names supported are:
booln charn,
shortn, intn, ucharn, ushortn, uintn
halfn and floatn
n is 2, 3, or 4 representing a 2-, 3- or 4- component vector type.
Metal# thiF 5 0 1T 2 5t 7] B 400 e ST — AR 1 1) B AT P i 28 7
Metal 2 Fr I &R 4 W1 R . booln, charn, shortn, intn, ucharn, ushortn, uintn, halfn, floatn
nfTBUE N2 38024, 7ralRos—A24E, 34Ei244E BN,
The matrix type names supported are:
halfnxm and floatnxm

where n and m are number of columns and rows. n and m can be 2, 3, or 4. A matrix is composed of several vectors. For
example, a floatnx3 matrix is composed of n float3 vectors. Similarly, a halfnx4 matrix is composed of n half4 vectors.

Metal SZ £ FERESR LA 40 R . halfnxm, floatnxm
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Accessing Vector Components
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Vector components can be accessed using an array index. Array index O refers to the first component of the vector, index 1 to
the second component, and so on. The following examples show various ways to access array components:
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pos = float4(1.0f, 2.0f, 3.0f, 4.0f);
float x = pos[0]; // x = 1.0

float z = pos[2]; // z = 3.0

float4 vA = float4(1.0f, 2.0f, 3.0f, 4.0f)

float4 vB;
for (int i=0; i<4; i++)
vB[i] = vA[i] % 2.ef // vB = (2.0, 4.0, 6.0, 8.0);

Metal supports using the period ( . ) as a selection operator to access vector components, using letters that may indicate
coordinate or color data: <vector_data_type>.xyzw or <vector_data_type>.rgba.

In the following code, the vector test is initialized, and then components are accessed using the . xyzw or . rgba selection
syntax:
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int4 test = int4(o, 1, 2, 3);

int a = test.x; // a=0
int b = test.y; // b=1
int ¢ = test.z; // c=2
int d = test.w; // d=3
int e = test.r; // e=0
int f = test.g; // f=1
int g = test.b; // g=2
int h = test.a; // h=3

The component selection syntax allows multiple components to be selected.
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float4d c;
c.xyzw = float4(1.0f, 2.0f, 3.0f, 4.0f);
c.z = 1.0f;

c.xy = float2(3.0f, 4.0f);
c.xyz = float3(3.0f, 4.0f, 5.0f);

The component selection syntax also allows components to be permuted or replicated.
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float4 pos = float4(1l.0f, 2.0f, 3.0f, 4.0f);
float4 swiz = pos.wzyx; // swiz = (4.0f, 3.0f, 2.0f, 1.0f)
float4 dup = pos.xxyy; // dup = (1.0f, 1.0f, 2.0f, 2.0f)

The component group notation can occur on the left hand side of an expression. To form the lvalue, swizzling may be applied.
The resulting lvalue may be either the scalar or vector type, depending on number of components specified. Each component
must be a supported scalar or vector type. The resulting lvalue of vector type must not contain duplicate components.
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float4 pos = float4(1l.0f, 2.0f, 3.0f, 4.0f);

// pos = (5.0, 2.0, 3.0, 6.0)
pos.xw = float2(5.0f, 6.0f);
// pos = (8.0, 2.0, 3.0, 7.0)
pos.wx = float2(7.0f, 8.0f);
// pos = (3.0, 5.0, 9.0, 7.0)

pos.xyz = float3(3.0f, 5.0f, 9.0f);
The following methods of vector component access are not permitted and result in a compile-time error:
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® Accessing components beyond those declared for the vector type is an error. 2-component vector data types can only
access .xy or .rg elements. 3-component vector data types can only access .xyz or .rgb elements. For instance:
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float2 pos;

pos.x = 1.0f; // is legal; so is vy
pos.z = 1.0f; // is illegal; so is w
float3 pos;

pos.z = 1.0f; // is legal

pos.w = 1.0f; // is illegal

® Accessing the same component twice on the left-hand side is ambiguous; for instance,
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// illegal - 'x' used twice
pos.xx = float2(3.0f, 4.0f);

// illegal - mismatch between float2 and float4
pos.xy = float4(1.0f, 2.0f, 3.0f, 4.0f);

® The .rgba and .xyzw qualifiers cannot be intermixed in a single access; for instance,
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float4 pos = float4(1l.0f, 2.0f, 3.0f, 4.0f);
pos.x = 1.0f; // OK
pos.g = 2.0f; // OK

pos.xg = float2(3.0f, 4.0f); // illegal - mixed qualifiers used
float3 coord = pos.ryz; // illegal - mixed qualifiers used

® A pointer or reference to a vector with swizzles; for instance
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float4 pos = float4(1l.0f, 2.0f, 3.0f, 4.0f);
my_func(&pos.xy); // illegal

The sizeof operator on a vector type returns the size of the vector, which is given as the number of components * size of
each component. For example, sizeof(float4) returns 16 and sizeof(half4) returns 8.

sizeof #RAEFFZIREIMEM T, ENRSTETHESENSEE * N ERRST . Hllisizeof(floatd)iR [F116, 11
sizeof(half4) 1% [A]8.

Accessing Matrix Components
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The floatnxm and halfnxm matrices can be accessed as an array of n floatm or n halfm entries.

The components of a matrix can be accessed using the array subscripting syntax. Applying a single subscript to a matrix
treats the matrix as an array of column vectors. The first column is column 0. A second subscript would then operate on the
resulting vector, as defined earlier for vectors. Hence, two subscripts select a column and then a row.
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floatdx4 m;
// sets the 2nd column to all 2.0
m[1] = float4(2.0f);

// sets the 1st element of the 1st column to 1.0
m[@] [0] = 1.0f;

// sets the 4th element of the 3rd column to 3.0
m[2] [3] = 3.0f;

Accessing a component outside the bounds of a matrix with a non-constant expression results in undefined behavior.
Accessing a matrix component that is outside the bounds of the matrix with a constant expression generates a compile-time
error.
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Vector Constructors
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Constructors can be used to create vectors from a set of scalars or vectors. When a vector is initialized, its parameter signature
determines how it is constructed. For instance, if the vector is initialized with only a single scalar parameter, all components
of the constructed vector are set to that scalar value.

If a vector is constructed from multiple scalars, one or more vectors, or a mixture of these, the vector's components are
constructed in order from the components of the arguments. The arguments are consumed from left to right. Each argument
has all its components consumed, in order, before any components from the next argument are consumed.

This 1s a complete list of constructors that are available for float4:
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float4(float x);

float4(float x, float y, float z, float w);
float4(float2 a, float2 b);

float4(float2 a, float b, float c);
float4(float a, float b, float2 c);
float4(float a, float2 b, float c);
float4(float3 a, float b);

float4(float a, float3 b);

float4(floatd x);

This is a complete list of constructors that are available for float3:
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float3(float x);

float3(float x, float y, float z);
float3(float a, float2 b);
float3(float2 a, float b);
float3(float3 x);

This 1s a complete list of constructors that are available for float2:
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float2(float x);
float2(float x, float y);
float2(float2 x);

The following examples illustrate uses of the constructors:
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float x = 1.0f, y = 2.0f, z = 3.0f, w = 4.0f;

float4 a = float4(0.0f);
floatd4 b = floatd(x, y, z, w);
float2 ¢ = float2(5.0f, 6.0f);
float2 a = float2(x, y);
float2 b = float2(z, w);
floatd4 x = floatd(a.xy, b.xy);

Under-initializing a vector constructor is a compile-time error.
ARG AR S HON R a7 A BN R R

Matrix Constructors
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Constructors can be used to create matrices from a set of scalars, vectors or matrices. When a matrix is initialized, its
parameter signature determines how it is constructed. For example, if a matrix is initialized with only a single scalar
parameter, the result is a matrix that contains that scalar for all components of the matrix’s diagonal, with the remaining
components initialized to 0.0. For example, a call to
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float4x4(fval);

where fval is a scalar floating-point value, constructs a matrix with these initial contents:

fval /@ — MAREF R AR R B R % 0 B4R s

val 0.0 0.0 0.0
0 fval 0.0 0.0
.0 0.0 fval 0.0
0 0.0 0.0 fval

A matrix can also be constructed from another matrix that is of the same size, i.e., has the same number of rows and columns.
For example,

R U S N E FRE R (Rt 2 A R R AT BRSO R RIS, Ledn:

float3x4(float3x4);
float3x4(half3x4);

Matrix components are constructed and consumed in column-major order. The matrix constructor must have just enough
values specified in its arguments to initialize every component in the constructed matrix object. Providing more arguments
than are needed results in an error. Under-initializing a matrix constructor also results in a compile-time error.
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A matrix of type T with n columns and m rows can also be constructed from n vectors of type T with m components. The
following examples are legal constructors:
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float2x2(float2, float2);

float3x3(float3, float3, float3);
float3x2(float2, float2, float2);

The following are examples of matrix constructors that are not supported. A matrix cannot be constructed from multiple
scalar values, nor from combinations of vectors and scalars.
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// both cases below are not supported
float2x2(float a0@, float a0l, float ale, float all);
float2x3(float2 a, float b, float2 c, float d);

Atomic Data Types
JET B 2R T

The Metal atomic data type is restricted for use by atomic functions implemented by the Metal shading language, as
described in Atomic Functions (page 89). These atomic functions are a subset of the C++11 atomic and synchronization
functions. Metal atomic functions must operate on Metal atomic data.

The Metal atomic types are defined as: atomic_int and atomic_uint.
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Metal i F-H#EZ24% 2 XN atomic_int Al atomic_uint

Buffers

Metal implements buffers as a pointer to a built-in or user defined data type described in the device or constant address
space. (Refer to Address Space Qualifiers for Variables and Arguments (page 37) for a full description of these address
qualifiers.) These buffers can be declared in program scope or passed as arguments to a function.

Metal P SE I A7 & — N e %, T i8I — N fEdevice B2 constantHihlZS (8] Fp N s S P H 5 R, 22
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Example:

device float4 xdevice_buffer;
struct my_user_data {

float4 a;

float b;

int2 c;
Y

constant my_user_data *xuser_data;

Textures

AgL

The texture data type is a handle to one-, two-, or three-dimensional texture data that corresponds to all or a portion of a
single mipmap level of a texture. The following templates define specific texture data types:

SRR R E —ANAE, BR R AN 14, 24E S 3ESCIE AR, 0 SO AR X N — NSO B Mevel fimipmap
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enum class access { sample, read, write };

textureld<T, access a = access::sample>
textureld_array<T, access a = access::sample>
texture2d<T, access a = access::sample>
texture2d_array<T, access a = access::sample>
texture3d<T, access a = access::sample>
texturecube<T, access a = access::sample>
texture2d_ms<T, access a = access::read>

Textures with depth formats must be declared as one of the following texture data types:

i AT R A ZC I SCEL L AR W D T SR S A R i — A

enum class depth_format { depth_float };
depth2d<T, access a = access::sample,
depth_format d = depth_format::depth_float>

depth2d_array<T, access a = access::sample,

depth_format d = depth_format::depth_float>
depthcube<T, access a = access::sample,

depth_format d = depth_format::depth_float>
depth2d_ms<T, access a = access::read,

depth_format d = depth_format::depth_float>

T specifies the color type returned when reading from a texture or the color type specified when writing to the texture. For
texture types (except depth texture types), T can be half, float, short, ushort, int, or uint. For depth texture types, T
must be float.

TWIE | NG A e BB M S P 5N R R A, ar B m 2R (fr VIR , TH] DL &half, float,
short, ushort, int /2 uint. X TIRE LS, T float,

Note: If T is int or short, the data associated with the texture must use assigned integer format. If T is uint or ushort, the
data associated with the texture must use an unsigned integer format. If T is half, the data associated with the texture must



either be a normalized (signed or unsigned integer) or half precision format. If T is float, the data associated with the texture
must either be a normalized (signed or unsigned integer), half or single precision format.

ER: WERTRintE Eshort, SCEMRHEIELAE AT S8 . WERTZuintsliZushort, LU < 420 H
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The access qualifier describes how the texture can be accessed. The supported access qualifiers are:

e sample - The texture object can be sampled. sample implies the ability to read from a texture with and without a
sampler.

® read - Without a sampler, a graphics, or kernel function can only read the texture object.

® write — A graphics or kernel function can write to the texture object.

AccessEIiFT A | SCR WAL T 1] o A SCHF A access B IHAT 41 F -

® sample — ZUHU R AT LIBCRAE, RAERRAG ] B0 AN IR as S o 3 U3

® read — AMEFRFES, — D ERIE G EBEGE — D IAT T B R Hon] LSS R

® write - —/MEEIE QR R — AN IFAT TR B BT BLR SO R AN

The depth_format qualifier describes the depth texture format. The only supported value is depth_format.
depth_formatBiMfFiiid T IRE SN, ME—SCRFH{E & depth_format.

Note: For multisampled textures, only the read qualifier is supported. For cube textures, only the samp le and read qualifiers
are supported. For depth textures, only the sample and read qualifiers are supported.A pointer or a reference to a texture
type is not supported and will result in a compilation error.

ER: W T2 ERAELHE, RAreadBIfT 250 F . XT38, R A sampleMlreadfB i /E CRFfT. XTI
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The following example uses these access qualifiers with texture object arguments.

T, SUEXN RSHAEH T accessfB AT

void foo (texture2d<float> imgA [[ texture(@) 11,
texture2d<float, access::read> imgB [[ texture(1) 11,

. texture2d<float, access::write> imgC [[ texture(2) 11)

¥

(See Attribute Qualifiers to Locate Resources (page 40) for description of the texture attribute qualifier.)
Samplers

KAFE A

In the Metal shading language, the sampler type identifies how to sample a texture. The Metal framework allows you to
create a corresponding MTLSamplerState object and pass it in an argument to a graphics or kernel function. A sampler
object can also be described in Metal shading language program source instead of in the Metal framework. For these cases we
only allow a subset of the sampler state to be specified: the addressing mode, filter mode, normalized coordinates, and
comparison function.

Table 2-2 (page 20) describes the list of supported sampler state enums and their associated values (and defaults). These
states can be specified when a sampler is initialized in Metal shading language program source.

fEMetal &5 (018 5 11, REFAFRBRIE 1 Wt — D EORPEAT R . MetalMEZACIS ] DLATE — DX N AE s 5
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Table 2-2 Sampler State Enumeration Values



Enum Name

Valid Values

Description

normalized (default)

Specifies whether the texture coordinates when sampling from
a texture are normalized or unnormalized values.

coord
ixel . ~ 1y y -
P MECHE SRR, S0 A AT 7 — L
clamp_to_edge (default)
y clamp_to_zero Sets the addressing mode for all texture coordinates.
address
mirrored_repeat WE A B S AR R B TR A 2
repeat
clamp_to_edge (default) ) o )
s address Sets the addressing mode for an individual texture coordinate.
t_address clamp_to_zero - A 1 =1
r address _ BB S AL BRI F-hE R R
- mirrored_repeat repeat
Sets the magnification and minification filtering modes for
filter nearest (default) texture sampling.
linear VFL o Th S A o Lp ISl R
i B SO B TR AN 48 /N o AR 2
nearest (default) Sets the magnification filtering mode for texture sampling.
mag_filter

linear

BB SRR A O e 5

min_filter

nearest (default)

linear

Sets the minification filtering modes for texture sampling.

SRR 4 /N L IR 2

none (default)

Sets the mipmap filtering mode for texture sampling. If none,
then only one level-of-detail is active

mip_filter nearest L _ S
_ AR AE B mipmap R R, W Enone, A REF —NE
Linear FISCHE A 2K
Enum Name Valid Values Description

compare_func

none (default)
les
less_equal
greater
greater_equal
equal

not_equal

Sets comparison test to use with r texture coordinate for
shadow maps.

The compare_func can only be specified for samplers declared
in Metal shading language source.

AE Fr 8 PR AL Bt shadow map s B LGN 02 4
IXARSE R E R AT PLEMetalE ik 5 727 4 58 ilo

For the addressing mode, clamp_to_zero is similar to the OpenGL clamp to border addressing mode except that the border
color value is always (0.0, 0.0, 0.0, 1.0) when sampling outside a texture that does not have an alpha component or is (0.0, 0.0,
0.0, 0.0) when sampling outside the texture that has an alpha component.

The enumeration types used by the sampler data type as described in Table 2-2 (page 20) are specified as follows. (If coord
1s set to pixel,the min_filter and mag_filter values must be the same, the mip_filter and compare_func values
must be none, and the address modes must be either clamp_to_zero or clamp_to_edge.)

X FakE A, clamp_to_zerofOpenGL¥jclamp to border{7 AL, &2 REEEH 7 403 (JoalphailiiE) WL
P AE~(0.0,0.0,0.0,1.0), U2 FHalphaldiild IS, 8 5 BUEEAE 4(0.0,0.0,0.0,0.0).

FE2-2H IR KA A AT FH IR R S S s CanRcoord #% 1% B Apixel, #-4min_filterflmag_filterf{H
W—3, mip_filterflcompare_funcHJ{E Y20 Anone, H Gzl Nclamp_to_zerodiclamp_to_edge) -



enum class coord { normalized, pixel };

enum class filter { nearest, linear };

enum class min_filter { nearest, linear };

enum class mag_filter { nearest, linear };

enum class s_address { clamp_to_zero, clamp_to_edge, repeat, mirrored_repeat };
enum class t_address { clamp_to_zero, clamp_to_edge, repeat, mirrored_repeat };
enum class r_address { clamp_to_zero, clamp_to_edge, repeat, mirrored_repeat };
enum class address { clamp_to_zero, clamp_to_edge, repeat, mirrored_repeat };
enum class mip_filter { none, nearest, linear };

// can only be used with depth_sampler

enum class compare_func { none, less, less_equal, greater, greater_equal, equal, not_equal };

The Metal shading language implements a sampler object as follows:

MetalZ& (615 5 1% 08 U0 T Bz BACRD SEEL — AN R AL 28 5] 4 -

struct sampler {
public:
// full version of sampler constructor
template<typename... Ts>
constexpr sampler(Ts... sampler_params){};
private:

+;

Ts must be the enumeration types listed above that can be used by the sampler data type. If the same enumeration type is
declared multiple times in a given sampler constructor, the last listed value will take effect.

an ERAAS H Ts U —N i EAH ) LA T RAEGS HOAZE SR . AN RAE — /RS s oh, — DN REARRIAR
HEMYFEWZIR, &Ja—MEAER.
The following Metal program source illustrates several ways to declare samplers. (The attribute qualifiers (sampler(n),

buffer(n), and texture(n)) that appear in the code below are explained in Attribute Qualifiers to Locate Resources (page
40).). Note that samplers or constant buffers declared in program source do not need these attribute qualifers.

T IX B Metal 27 B s 1 2 M B RAEERS ) vk . (H A & M2 i fFsampler(n), buffer(n), Fltexture(n)¥é7E 5 [ )
SATYHA) o VERL, 5 UITERR AR A B AT R T K L S U7
constexpr sampler s(coord::pixel,
address::clamp_to_zero,
filter::1linear);
constexpr sampler a(coord::normalized);
constexpr sampler b(address::repeat);
constexpr sampler s(address::clamp_to_zero,
filter::linear,
compare_func::less);
kernel void my_kernel(device float4 xp [[ buffer(o) 11,
texture2d<float4> img [[ texture(Q) 11,
sampler smp [[ sampler(3) 1],

Note: Samplers that are initialized in the Metal program source must be declared with the constexpr qualifier.

A pointer or a reference to a sampler type is not supported and will result in a compilation error.
JEE: fEMetalf2 /7 AT ) KAF 25 0 A% FH constexpri& 1 £+ 75 B .
KEEAHHBEI A G| FI AR, K38 IR,

Arrays and Structs

ARy AR

Arrays and structs are supported with the following restrictions:
® Arrays of texture and sampler types are not supported.

® The texture and sampler types cannot be declared in a struct.



® Arguments to graphics and kernel functions cannot be declared to be of type size_t, ptrdiff_t, or a struct and/or
union that contain members declared to be one of these built-in scalar types.

® Members of a struct must belong to the same address space.
KU AN 5 R AR 258 7 40N A PR 51«

® SUHLNIRAR M B A ST
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® REEIELL R M AT IR R S EOR R R I ysize_t, ptediff_to WERZSHURES A (BU2HkE) , HBES
1 size_tBAE ptrdiff SRR, WA
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Alignment and Size of Types
X FF AISRARAT

Table 2-3 (page 23) lists the alignment and size of the scalar and vector data types.
®2-3 B2E [ R E M A EBE SRR AR . GRALER— )
Table 2-3 Alignment and Size of Scalar and Vector Data Types

Type Alignment (in bytes) Size (in bytes)

boo'l 1 1

char uchar 1 1

char?2
uchar?2

char3 R
uchar3 4 4 ek

char4
uchar4

short
ushort

short2 4 4
ushort?2

short3 8 8 A6k
ushort3

short4 8 8
ushort4

Type Alignment (in bytes) Size (in bytes)

int uint 4 4

int2
uint?2

int3

NH %
uint3 16 16 A2 120k

int4

uint4 16 16

half 2 2

half2 4 4

half3 8 8 MNE6ME




half4 8 8

float 4 4

float2 8 8

float3 16 16 A 7e 121k
float4 16 16

Table 2-4 (page 24) lists the alignment and size of the matrix data types.
R2-AFNHE | R PRSI AR 57T

Table 2-4 Alignment and Size of Matrix Data Types

Type Alignment (in bytes) Size (in bytes)
half2x2 4 8

half2x3 8 16 A 7e 121k
half2x4 8 16

half3x2 4 12

half3x3 8 24 A 18Mk
Type Alignment (in bytes) Size (in bytes)
half3x4 8 24

half4x2 4 16

half4x3 8 32 A 24k
half4x4 8 32
float2x2 8 16
float2x3 16 32 A 24k
float2x4 16 32
float3x2 8 24
float3x3 16 48 A Fe36Mk
float3x4 16 48
float4x2 8 32
float4x3 16 64 AN z48MHk
floatdx4 16 64

Since a matrix is composed of vectors, each column of a matrix has the alignment of its vector component. For example, each
column of a floatnx3 matrix is a float3 vector that is aligned on a 16-byte boundary, as shown in Table 2-3 (page 23).
Similarly, each column of a halfnx2 matrix is a half2 vector that is aligned on a 4-byte boundary.

The alignas alignment specifier can be used to specify the alignment requirement of a type or an object. The alignas
specifier may be applied to the declaration of a variable or a data member of a struct or class. It may also be applied to the
declaration of a struct, class or enumeration type.

The Metal shading language compiler is responsible for aligning data items to the appropriate alignment as required by the
data type. For arguments to a graphics or kernel function declared to be a pointer to a data type, the Metal shading language
compiler can assume that the pointer is always appropriately aligned as required by the data type.
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Packed Vector Data Types

R T ) R

The vector data types described in Vector and Matrix Data Types(pagel1) are aligned to the size of the vector. There are a
number of use cases where developers require their vector data to be tightly packed. For example — a vertex struct that may
contain position, normal, tangent vectors and texture coordinates tightly packed and passed as a buffer to a vertex function.

The packed vector type names supported are:
packed_charn, packed_shortn, packed_intn,
packed_ucharn, packed_ushortn, packed_uintn,
packed_halfn, and packed_floatn
where n is 2, 3, or 4 representing a 2-, 3- or 4- component vector type. ( The packed_booln vector type names are reserved.)

Table 2-5 (page 26) lists the alignment and size of the packed vector data types.

[ A ST AR R LR R X551, (HaR Bl 21500, JFPRE & 2 MBS I . ki, — P Tiask
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packed_charn, packed_shortn, packed_intn,

packed_ucharn, packed_ushortn, packed_uintn,

packed_halfn, packed_floatn,
HrAmr PLE2, 3, 84 RR24E, 348, 44K M &E.  (packed_boolnff PR E AFTH)D
25528 | R TE R A B AR

Table 2-5 Alignment and Size of Packed Vector Data Types

Packed Vector Type Alignment (in bytes)  sizeof (in bytes)
packed_char2 1 2
packed_uchar2

packed_char3 1 3 A4l
packed_uchar3

packed_char4 1 4
packed_uchar4

packed_short2 2 4
packed_ushort2

packed_short3 2 6 A8k
packed_ushort3

packed_short4 2 8
packed_ushort4

packed_int2 4 8
packed_uint2

Packed Vector Type Alignment (in bytes)  sizeof (in bytes)
packed_int3 4 12
packed_uint3

packed_int4 4 16

packed_uint4

packed_half2 2 4




packed_half3 2 6 A e

packed_half4 2 8
packed_float2 4 8
packed_float3 4 12 A& 161k
packed_float4 4 16

Packed vector data types are typically used as a data storage format. Loads and stores from a packed vector data type to an
aligned vector data type and vice-versa, copy constructor and assignment operator are supported. The arithmetic, logical, and
relational operators are also supported for packed vector data types.

ST R A TR A AN U AN R e R M B RS R RS ez, HRAA RS DRI
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Example:

device float4 xbuffer;

device packed_float4 *xpacked_buffer;

int 1i;

packed_float4 f ( buffer[i] );

pack_buffer[i] = bufferl[il;

// operator to convert from packed_float4 to float4.
buffer[i]l = float4( packed_buffer[i] );

Components of a packed vector data type can be accessed with an array index. However, components of a packed vector data
type cannot be accessed with the . xyzw or . rgba selection syntax.

A DM B S AR E R VT M R H AR M =R =, HE2ASKFHEH xyzw 1 rgbatfiik ks (a5 % H 78 8 M n)
R

Example:

packed_float4 f;

f[o] = 1.0f; // OK
f.x = 1.0f; // Illegal - compilation error

Implicit Type Conversions

f A e

Implicit conversions between scalar built-in types (except void) are supported. When an implicit conversion is done, it is not
just a re-interpretation of the expression's value but a conversion of that value to an equivalent value in the new type. For
example, the integer value 5 is converted to the floating-point value 5.0.

FEPIAS P EE S T b i 1) (R B R T e 2 S 1. R e i, AN A RIA AN E B R ks, e s s
[ 5 S T B ) S5 R0 e i o LUV AR S % B R R 5.0,

All vector types are considered to have a higher conversion rank than scalar types. Implicit conversions from a vector type to
another vector or scalar type are not permitted and a compilation error results. For example, the following attempt to convert
from a 4-component integer vector to a 4-component floating-point vector fails.

P i ) 2R R b B 2R R e e ok E . — DN E R S DA EEGERE R SRR TR, 23
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int4 i; floatd4 f = i; // compile error

Implicit conversions from scalar-to-vector types are supported. The scalar value is replicated in each element of the vector.
The scalar may also be subject to the usual arithmetic conversion to the element type used by the vector or matrix.

Mo 2 1A & 1 R SRS, EEER REN S 08, 1 HIBEE N 200 & 18k 280 47 20k
KA. i N AIFTR.

For example:



floatd f = 2.0f; // f = (2.0f, 2.0f, 2.0f, 2.0f)

Implicit conversions from scalar-to-matrix types and vector-to-matrix types are not supported and a compilation error results.
Implicit conversions from a matrix type to another matrix, vector or scalar type are not permitted and a compilation error
results.

Implicit conversions for pointer types follow the rules described in the C++11 Specification .

PRERERE, RPN EAR IO A SR, 2 SE IR JERERERE, BlRE, BArERRERARZA
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Type Conversions and Re-interpreting Data

Y T A RN = A AT

The static_cast operator is used to convert from a scalar or vector type to another scalar or vector type with no saturation
and with a default rounding mode (i.e., when converting to floating-point, round to zero or round to the nearest even number

depending on the rounding mode supported by the GPU; when converting to integer, round toward zero). If the source type is
a scalar or vector boolean, the value false 1s converted to zero and the value true is converted to one.

static_castBRE T TN MrREEE AT iy J—MrEeGEmE, Faek i AEmIrsl 1 BOArEA
feal, LRy s, , A moE AN, b2 FRITIHEE N, ZHGPUSCHF & ABIL Hi B,
FOEAN) o WERIFERAE —~MMi/RARE B M E, falseME B 80, trueHERF#A1,

The Metal shading language adds an as_type<type-id> operator to allow any scalar or vector data type (that is not a
pointer) to be reinterpreted as another scalar or vector data type of the same size. The bits in the operand are returned directly
without modification as the new type. The usual type promotion for function arguments is not performed.

For example, as_type<float>(0x3f800000) returns 1.0f, which is the value of the bit pattern 0x3f800000 if viewed as an
IEEE-754 single precision value.

It is an error to use the as_type<type-id> operator to reinterpret data to a type of a different number of bytes.

Metal# (418 5 U I T — 1 as_type<type-id>#ERF, ERVHMEE RN =R GAEFRE) FRE BN A — A F
RAFbr g A . IXFR R e, YR 10 S bitfs BB B gl R [RE i im0 . s S0 2
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Examples:

float f = 1.0f;
// Legal. Contains: 0x3f800000
uint u = as_type<uint>(f);

// Legal. Contains:

// (int4) (0x3f800000, 0x40000000,

// 0x40400000, 0x40800000)

float4 f = float4(l.0f, 2.0f, 3.0f, 4.0f);
int4 i = as_type<int4>(f);

int 1i;
// Legal.
short2 j = as_type<short2>(i);

half4 f;
// Error. Result and operand have different sizes
float4 g = as_type<floatd>(f);

floatd4 f;

// Legal. g.xyz will have same values as f.xyz.
// g.w 1is undefined

float3 g = as_type<float3>(f);



Operators

N S S
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This chapter lists and describes the Metal shading language operators.
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Scalar and Vector Operators

b A A E s AT

1.

The arithmetic operators, add (+), subtract (-), multiply (*) and divide (/), operate on scalar and vector, integer and
floating-point data types. All arithmetic operators return a result of the same built-in type (integer or floating-point) as
the type of the operands, after operand type conversion. After conversion, the following cases are valid:

® The two operands are scalars. In this case, the operation is applied, and the result is a scalar.

® One operand is a scalar, and the other is a vector. In this case, the scalar is converted to the element type used by
the vector operand. The scalar type is then widened to a vector that has the same number of components as the
vector operand. The operation is performed component-wise, which results in a same size vector.

® The two operands are vectors of the same size. In this case, the operation is performed component-wise, which
results in a same size vector.

Division on integer types that results in a value that lies outside of the range bounded by the maximum and minimum
representable values of the integer type, such as TYPE_MIN/-1 for signed integer types, or division by zero does not
cause an exception but results in an unspecified value. Division by zero for floating-point types results in +infinity or
NaN, as prescribed by the IEEE-754 standard. (For details about numerical accuracy of floating-point operations, see
Numerical Compliance (page 95).)
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The operator modulus (%) operates on scalar and vector integer data types. All arithmetic operators return a result of
the same built-in type as the type of the operands, after operand type conversion. The following cases are valid:

® The two operands are scalars. In this case, the operation is applied, and the result is a scalar.

® One operand is a scalar, and the other is a vector. In this case, the scalar is converted to the element type used by
the vector operand. The scalar type is then widened to a vector that has the same number of components as the
vector operand. The operation is performed component-wise, which results in a same size vector.

® The two operands are vectors of the same size. In this case, the operation is performed component-wise, which
results in a same size vector.

The resulting value is undefined for any component computed with a second operand that is zero, while results for other
components with non-zero operands remain defined. If both operands are non-negative, the remainder is non-negative.
If one or both operands are negative, results are undefined.

BRI 5.(%) 7T AR R An B A ) . IR [BME SR TN 2 52 AR B s H A B S BRI AR A o BRAFASE Y
A s, R IR LR TR SR



o PN EEHIZHNAZrE, Wik, REMEHERE.

o NEHELENE, N NEME, W, WEFEIONRES BN, B TR ERGEREK D
AR (QEEMZ SR EMRD , RFEEAEMNDRENS DD EZEBAT, HFRE-—HE.

® P NMEATHCAS AN R EE M, s EAE A AR RSN BT, BJR iR E A

an R BUBE ST A TH R EON0, THRAIRARE X, X T R E RIS F AR BRI T, RIS AR 7
B THRAE RIE AL AT ARUERT . AR AN IS B AR AR, BELRAR, WRIADEGEMNEON I, 458K
5E Lo

The arithmetic unary operators (+ and -) operate on scalar and vector, integer and floating-point types.
BEHEARBES M- AU EEGE MR, BAEBCEF A 8UE.

The arithmetic post- and pre-increment and decrement operators (-- and ++) operate on scalar and vector integer types.
All unary operators work component-wise on their operands. The result is the same type they operated on. For post-
and pre-increment and decrement, the expression must be one that could be assigned to (an I-value). Pre-increment and
pre-decrement add or subtract 1 to the contents of the expression they operate on, and the value of the pre-increment or
pre-decrement expression is the resulting value of that modification. Post-increment and post-decrement expressions
add or subtract 1 to the contents of the expression they operate on, but the resulting expression has the expression’s
value before the post-increment or post-decrement was executed.
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The relational operators greater than (>), less than (<), greater than or equal (>=), and less than or equal (<=) operate on

scalar and vector, integer and floating-point types. The result is a Boolean (bool type) scalar or vector. After operand
type conversion, the following cases are valid:

® The two operands are scalars. In this case, the operation is applied, resulting in a bool.

® One operand is a scalar, and the other is a vector. In this case, the scalar is converted to the element type used by
the vector operand. The scalar type is then widened to a vector that has the same number of components as the
vector operand. The operation is performed component-wise, which results in a Boolean vector.

® The two operands are vectors of the same type. In this case, the operation is performed component-wise, which
results in a Boolean vector.

The relational operators always return false if either argument is a NaN.

For vector operands, to test whether any or all elements in the result of a vector relational operator test true, use the any
or all built-in functions defined in Relational Functions (page 65).

WHRXRBHEHFE, KT &, M (<), RET =), NET (<= . EATTUEEREM A E, BE
FF . BRERE MRk brE, BUEM/RAE. BEBCRTIAR S, FHXE &SRR :

o I NERIERH SR E, tith, S, IR Bl RAE .

o MNEMFAENRE, 5 MRIFAZFE, Wb By E s EREIRER, 5 Kb E R R
—ANAE (EENSHEENFEEMED , RE LBEFEANDFER S EZ EEET, &ERE—A
AR [ B

® NEATHHER AN FIYERZ I 17 &, Gt EEBEa SHAE A TR0 B (0 2 A o0 B2 TR R AT, foe e 3R [8]— A K A

MRZ HzHERBRIELENaN, HEE IR [Ffalse.

T ESAER, ENAK REFEERIAAARAES, 56702 NtrueB 2 Ird o= # Ntrue, 7] LI 5
M “o% AR BREL” BT RIR A A S pR A
The equality operators, equal (==) and not equal (!=), operate on scalar and vector, integer and floating-point types. All

equality operators result in a Boolean (bool type) scalar or vector. After operand type conversion, the following cases
are valid:



10.

1.

® The two operands are scalars. In this case, the operation is applied, resulting in a bool.

® One operand is a scalar, and the other is a vector. In this case, the scalar is converted to the element type used by
the vector operand. The scalar type is then widened to a vector that has the same number of components as the
vector operand. The operation is performed component-wise, resulting in a Boolean vector.

® The two operands are vectors of the same type. In this case, the operation is performed component-wise resulting in
a same size Boolean vector.

All other cases of implicit conversions are illegal. If one or both arguments is “Not a Number” (NaN), the equality
operator equal (==) returns false. If one or both arguments is “Not a Number” (NaN), the equality operator not equal
(!=) returns true.

WHHSERRBENE, HERR (==) AFHLE (=), TUERFEREMAE, BEME . BERRE-—
MR EEGE AR, HRAFBCEAR R, N X R VAN

® DI NRIEECA b, Wik, SCHEAHSEIR AR, R B RE.

o MNRMFUENRE, 5 MRIFAZFE, Wb By E D EREIRER, 5N Rbr E R R
—ANEE (GRS H5EENAEMRD , REHERRICBISEAEN DN RSN EZEBT, &5
AR [A] AN IR TR

® P NEATHCAR AN R LEEE ) B, A A SR LU BOE AR AN A R A B AT, fJmiR Bl — A R

7] 5

TG AE ER IS LB ERAE RS A EVERT . W RS LB I DN ERAE A A NaN, AR (==) 1R ]A]
false, ANEZEELE (! =) iR[Altrue.

The bitwise operators and (&), or (I), exclusive or (), not (~) operate on all scalar and vector built-in types except the
built-in scalar and vector floating-point types. For built-in vector types, the operators are applied component-wise. If
one operand is a scalar and the other is a vector, the scalar is converted to the element type used by the vector operand.
The scalar type is then widened to a vector that has the same number of components as the vector operand. The
operation is performed component-wise resulting in a same size vector.

MEAFEHMNR, 5ieH(&), BUsH(), REUsE (M), EBHE (~) o WTRUERIEREE SEOMY A 2k
MbrEMFE. XNTRE, MEFEESEERENE & R - MRESERE, B EAE,
Wb B IS E ) 7 EULAC, BB SN MR R EM RN R E, RN RN
oy EARRIREAT AL R .

The logical operators and (&&), or (Il) operate on two Boolean expressions. The result is a scalar or vector Boolean.
CHIEHEM, HEEH (&&) , BEsf (D, BIEMDARERIEN, HARE MR s EB0RAUR A&
The logical unary operator not (!) operates on a Boolean expression. The result is a scalar or vector Boolean.
PHZEIZES, REHE (1), BE - MRERER, HERE MR bR E BT K [

The ternary selection operator (?:) operates on three expressions (expl ? exp2 : exp3 ). This operator evaluates the first
expression expl , which must result in a scalar Boolean. If the result is true, it selects to evaluate the second expression;
otherwise it evaluates the third expression. Only one of the second and third expressions is evaluated. The second and
third expressions can be any type, as long their types match, or there is a conversion in Implicit Type Conversions
(page 28) that can be applied to one of the expressions to make their types match, or one is a vector and the other is a
scalar in which case the scalar is widened to the same type as the vector type. This resulting matching type is the type
of the entire expression.

“HEBEF), BIE="1FKIARK (expl 2exp2:exp3) . ERMEFE - NPERAXAE (DI MH/RRE)

W Mtrue, ERMEIFIR I —ARARNAE, W Nfalse, REFHIREIFE =ANRAKXHE. B DL =K
IERXASEH —MYORME. 58 ADRE = ARIE XA DR ERA, TR ARFSRAY,; B pl e i e [ 45 2
MIFE; BE— N E, —MrE, WA ER R XA F IR AR RE R,

The ones’ complement operator (~). The operand must be of a scalar or vector integer type, and the result is the ones’
complement of its operand.



The operators right-shift (>>), left-shift (<<) operate on all scalar and vector integer types. For built-in vector types, the
operators are applied component-wise. For the right-shift (>>), left-shift (<<) operators, if the first operand is a scalar,
the rightmost operand must be a scalar. If the first operand is a vector, the rightmost operand can be a vector or scalar.

The result of E1 << E2 is E1 left-shifted by log2(N) least significant bits in E2 viewed as an unsigned integer value,
where N is the number of bits used to represent the data type of E1, if E1 is a scalar, or the number of bits used to
represent the type of E1 elements, if E1 is a vector. The vacated bits are filled with zeros.

The result of E1 >> E2 is E1 right-shifted by log2(N) least significant bits in E2 viewed as an unsigned integer value,
where N is the number of bits used to represent the data type of E1, if E1 is a scalar, or the number of bits used to
represent the type of E1 elements, if E1 is a vector. If E1 has an unsigned type or if E1 has a signed type and a
nonnegative value, the vacated bits are filled with zeros. If E1 has a signed type and a negative value, the vacated bits
are filled with ones.

PHBMIEE (&) BAFBLI0E DM EIR b B A, HE R HRIFEEE —dkH iU

BN AR (5>) G (<< BAFIA B R M E, XN RERN, BARIEES S8 BT,
MR DR E, BAH N ERIFB R WRE —MREECE AR, A N REET Lbs
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o N TRREIEPR ANt wI A s, WRELEME, HPREAELSENRA. L2 HK
FIbitHOIEFE .  (LLUELZint, IANN1G, log2(16)=4, HAE2HIHAKA ZALHKI4 M bitsHfiE T KNI EL. 4
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BALERAED

12. The assignment operator behaves as described by the C++11 Specification. For the lvalue = expression assignment
operation, if expression is a scalar type and lvalue is a vector type, the scalar is converted to the element type used by
the vector operand. The scalar type is then widened to a vector that has the same number of components as the vector
operand. The operation is performed component-wise, which results in a same size vector.

TR B E R AT A UNC++ 11AR#ME, X F1value = expressionT{fE#/F, WA )Rk Rexpressiongh B g — M5
B, i Elvalue & — AN a) &, BB br EAR B S AR A Al 1A = 1 2R YA VU AD , BEE b Bl 18 J il — N4k
A EAMAFEME, RS0 T RAEEE.

Note: Operators not described above that are supported by C++11(such as sizeof(T), unary(&) operator, and comma ()
operator) behave as described in the C++11 Specification .

Unsigned integers shall obey the laws of arithmetic modulo 2", where n is the number of bits in the value representation of
that particular size of integer. The result of signed integer overflow is undefined.

For integral operands the divide (/) operator yields the algebraic quotient with any fractional part discarded. (This is often
called truncation towards zero.) If the quotient a/b is representable in the type of the result, (a/b)*b + a%b is equal to a.

VER : WAL LR B I XA Cr+ TITARESCRF I BAE R AT N W [RICH++ 1 1ARMHERGIE (Eednsizeof(T), B H HUHbHERF 5
(&), EF()) o

TR 5 B NAZE A2 F AR BUSNE N, no TR B b AL A . AT 5 B H i 45 R R e X

NPT R B ERL, R (O BRIEARE, MaEH TR CEEFCON0EE) - B a/biiE & # R i (Wb
N0, £15F|NaN, XA giRR) , HAab)b=a.

Matrix Operators

RIS AT



The arithmetic operators add (+), subtract (-) operate on matrices. Both matrices must have the same numbers of rows and
columns. The operation is done component-wise resulting in the same size matrix. The arithmetic operator multiply (*),
operates on:

BWARBEAT, ), W) AT AR, 2 51858 1M FEEAA FIAACE AT NS AR & — T
AT SRERME OO ATRAEM R BT HLEEAT

® ascalar and a matrix, —MhrE *F - ERE
® amatrix and a scalar, — /M%) iR
® avector and a matrix, — N[ E F —PIERE
® amatrix and a vector, — MHE[E F ] E
® amatrix and a matrix. — /MR 0 — N HEEE

If one operand is a scalar, the scalar value is multiplied to each component of the matrix resulting in the same size matrix. A
right vector operand is treated as a column vector and a left vector operand as a row vector. For vector — matrix, matrix —
vector and matrix — matrix multiplication, the number of columns of the left operand is required to be equal to the number of
rows of the right operand. The multiply operation does a linear algebraic multiply, yielding a vector or a matrix that has the
same number of rows as the left operand and the same number of columns as the right operand.

GURFEREARSRAT — D REEGE I, A XA EMIEFE T Ao R, B3 DREREA A RAT S e
B

MRAEEEE — M E, BAEEM— 1 mE, R AREESE — PN rE, B EM—"MTRE X [
AR, SRR, AR, ARSI EAA B R AT B S . FRIVE R A ST B S B 2 — A
AR HERE, SR AR EBGERERE, AT BRI AT RO CInR AR R R E, $EMATR
&, THONL, PN, PR EAER I AIEE R (SR, GiRfERoe msE, #EMIIRE, 17808, FECN
D o e ¥ EEE R 2 ASIBATHI, AEAERFEREZCHIAITH, A4 AE = A ) 45 B & — N CITBA I RE R
mLeft(AxB) * mRight(CxA) ##15 2] mReturn(CxB).

The examples below presume these vector, matrix, and scalar variables are initialized:
A R R, R R AR AR e A an A 7Y

float3 v;
float3x3 m;
float a = 3.0f;

The following matrix-to-scalar multiplication [ [~ [\ 1[4 &t

float3x3 m1 = m x a;

is equivalent to: i1 BT FE AL

m1[0] [0] = m[0] [0] * a;
ml[0][1] = m[Q] [1] % a;
ml[0][2] = m[@] [2] * a;
ml[1]1[0] = m[1][0Q] * a;
ml[1]1[1] = m[1][1] % a;
ml[1]1[2] = m[1][2] * a;
ml[2]1[0] = m[2][0] * a;
ml[2]1[1] = m[2] [1] * a;
ml[2]1[2] = m[2][2] * a;

The following vector-to-matrix multiplication, 1 [ ] [r] & [
float3 u = v *x m;

is equivalent to: i} 5T FE AL

dot(v, ml[@]);// mlo] %504 &

dot(v, m[1]);// dot, Mm&EAMREEL, WA ESDES MRS, FefFH R,
dot(v, m[2]);

cC C C
N < X
In

The following matrix-to-vector multiplication 1 [ [ F[% * [n] 5

float3 u = m % v;



is equivalent to: i} 5T FE AL

u=v.x x m[@0]; // u.x = v.x *x m[0][0]
u+= v.y x m[1]l; // u.x += v.y * m[1][0]
u+=v.z x m[2]; // u.x += v.z * m[2]1[0], so u.x = dot(m&zs—47n&, v)

AR T B A T B R S

dot(float3(m[@][@] mi1]1[0] m[21[01), Vv); // missiiriidey
dot(float3(m[@][1] m[11[1] m[21[11), Vv); // miss2ir ey
dot (float3(m[@][2] m[1112] m[2112]1), Vv); // miss3iriidey

cC C C
N < X
in 1

The following matrix-to-matrix multiplication 1 [ )54 * %

float3x3 m, n, r;
r=ms*x nj;

is equivalent to: i} 5T FE AL

r(e] = m[0] * n[0].x;
r[(@] += m[1] x n[0].y;
rie] += m[2] * n[0].z;
r(1] = m[@] * n[1].x;
r{1] += m[1] * n[1].y;
ri1] += m[2] * n[1].z;
ri2] = m[@] *x n[2].x;
r(2] += m[1] * n[2].y;
ri2] += m[2] *x n[2].z;

Note: The order of partial sums for the vector-to-matrix, matrix-to-vector and matrix-to-matrix multiplication operations
described above is undefined.

ERG: W ERGRRRAEAE T, R, R, FRREERERE, SR A R E S



Functions, Variables, and Qualifiers
ik, e, BUST

This chapter describes how functions, arguments, and variables are declared. It also details how qualifiers are often used with
functions, arguments, and variables to specify restrictions.

RERHIR TR S8 BRUUTE XL, TR TEFENRE. S48 BE R HIRBWRT e e T3 T 40

Function Qualifiers
o

The Metal shading language supports the following qualifiers that restrict how a function may be used:
® Kkernel - A data-parallel function that is executed over a 1-, 2- or 3-dimensional grid.
® vertex - A vertex function that is executed for each vertex in the vertex stream and generates per-vertex output.

e fragment — A fragment function that is executed for each fragment in the fragment stream and their associated data and
generates per-fragment output.

A function qualifier is used at the start of a function, before its return type. The following example shows the syntax for a
compute function.

Metal# (35 2 SCHF T 91 56 SUIE 7
o kernel, FRAMBUE— MCUEIATHES QMY SR 4. 24T 3N LR AL T

® vertex, FRABEUE TSR OB T T A BRI T AT BRI AT — SR 5 9 REA T A
iy L B R

® fragment, L/NZMEE MR ITE ORI, ERO A e ldER PR A A oe A SIREEE AT — OR TR N R
Frr oG 2B RS ) 2% i 2

— AR BB T H IUAE R AR TG, AR BOR BME A= B FT, N BT s 1 IR AT S e A

kernel void foo(...)

{

[(IERREPE

W

}

For functions declared with the kernel qualifier, the return type must be void.

Only a graphics function can be declared with one of the vertex or fragment qualifiers. For graphics functions, the return
type identifies whether the output generated by the function is either per-vertex or per-fragment. The return type for a
graphics function may be void indicating that the function does not generate output.

Functions that use a kernel, vertex or fragment function qualifier cannot call functions that also use these qualifiers, or a
compilation error results.

Hkerne Ui H ek %y, iR BHMESEALA AT void.

HAEEE R ECA v Llgivertexsifragment B 1. xFFEEHE R, MR BHEZER AT BUEA H EE BRI A
e F ISR N B R RO R . B R E IR [ AT BAOgvoid, GHH RN 122 eR B4 7 A i fan t 3 20 4G

— /A eR BB IR R A2 1 ) B0 20 AN BE PR L A s BB TR AT B s A, IR 3 80 TR IR
Address Space Qualifiers for Variables and Arguments
M T2 = M HH k= [BE 1

The Metal shading language implements address space qualifiers to specify the region of memory where a function variable
or argument is allocated. These qualifiers describe disjoint address spaces for variables:



device (for more details, see device Address Space (page 37))
threadgroup (see threadgroup Address Space (page 38))
constant (see constant Address Space (page 39))

thread (see thread Address Space (page 39))

All arguments to a graphics (vertex or fragment) or compute function that are a pointer or reference to a type must be
declared with an address space qualifier. For graphics functions, an argument that is a pointer or reference to a type must be
declared in the device or constant address space. For kernel functions, an argument that is a pointer or reference to a type
must be declared in the device, threadgroup, or constant address space. The following example introduces the use of
several address space qualifiers. (Thethreadgroup qualifier is supported here for the pointer 1_data only if foo is called by
a kernel function, as detailed in threadgroup Address Space (page 38))

MetalZ5 (015 5 “ LS BT S 7 KER A R AR e 2B 0 B T WAF X N T X SR A 7T il
BT AR B AR A A

device
threadgroup
constant
thread

FTA HE R (vertex. fragment. kernel) HJZH, WIERZ TR B 51 F A A0 A bk 23 B 175 . %1 B
WA ek, HAREH B 51 RS Huh e A device /& constant bk 23 R . X T HATIHE S kg, Hig
Brolse 5l RSB A8 L fEdevicedi & threadgroupali & constantthit 2= (8], NI AIB]F s T anfal {8 A
A bkt 22 S R (1917 b B A Thethreadg roupf M FHIE M T S 80841 _data, B4 2850t X AR I F T 11 505
£ R 5 DD

void foo(device int *g_data,

threadgroup int *1_data,
constant float xc_data)

{...
}
The address space for a variable at program scope must be constant.

Any variable that is a pointer or reference must be declared with one of the address space qualifiers discussed in this section.
If an address space qualifier is missing on a pointer or reference type declaration, a compilation error occurs.

ERRF I (FEFR T & BRSO B 8 SUIX 3 A 77D (738 2 g i bk 2% [R] 24 23 cons tant

AR B AT AR AT BIOR 51 IS B (038 S 0 7% S0 — AN bk S MBI RIS, n B A A A G R T 1R
device Address Space

A& Lk 25 ]

The device address space name refers to buffer memory objects allocated from the device memory pool that are both
readable and writeable.

A buffer memory object can be declared as a pointer or reference to a scalar, vector or user-defined struct. The actual size of
the buffer memory object is determined when the memory object is allocated via appropriate Metal framework API calls in
the host code.

Some examples are:
ek Mk 2 [B) 9 5] V8 A2 i HY SRV 22 A7 R R, B R ATt B .

— NN G UM B MR e MEBGE RS B SRR e 5] H . 275 S48 H B A7 52 bR R
TECPU i PR € Metal AE 22 APTHE U FH B 5 Af € 1 o

ff F device 2 MR AT A - T

// an array of a float vector with 4 components
device float4 xcolor;
struct Foo {
float al3];
int b[2];
b
// an array of Foo elements
device Foo *my_info;



Since texture objects are always allocated from the device address space, the device address qualifier is not needed for
texture types. The elements of a texture object cannot be directly accessed. Functions to read from and write to a texture
object are provided.

LU G A I ik 2 (A 7 BE N A, devicediht 2= (BB IHAT 5 A b A SO SE b e — DNAER R
BIEELVT R, Metalf2 it 1 1325 SCHE XS R 2L

threadgroup Address Space
£ TR 4R ik % ]

The threadgroup address space name is used to allocate variables used by a kernel function that are shared by all theads of a
threadgroup. Variables declared in the threadgroup address space cannot be used in graphics functions.

Variables allocated in the threadgroup address space in a kernel function are allocated for each threadgroup executing the
kernel and exist only for the lifetime of the threadgroup that is executing the kernel.

The example below shows how variables allocated in the threadgroup address space can be passed either as arguments or
be declared inside a kernel function. (The qualifier [[ threadgroup(@) ]] in the code below is explained in Attribute
Qualifiers to Locate Resources (page 40).)

RS A T T B R B BC N AR, RSB - DMERRANITE ARt s, ALt
7 (8] 79 Fie A2 B AN REAH] T R B 2 155 o pR 4

EITIHEE R, LA IES R BBy — DR, HoA R A 2R A A
R BT R T 2R A B ] DI N S g I B0 T A TFAT TSR (s A

kernel void my_func(threadgroup float xa [[ threadgroup(@) 11, ...)

{
// A float allocated in threadgroup address space
threadgroup float x;
// An array of 10 floats allocated in
// threadgroup address space
threadgroup float b[10];

}
constant Address Space

B LA [A]

The constant address space name refers to buffer memory objects allocated from the device memory pool but are read-only.
Variables in program scope must be declared in the constant address space and initialized during the declaration statement.
The values used to initialize them must be a compile-time constant. Variables in program scope have the same lifetime as the

program, and their values persist between calls to any of the compute or graphics functions in the program.

Pointers or references to the constant address space are allowed as arguments to functions.Writing to variables declared in
the constant address space is a compile-time error. Declaring such a variable without initialization is also a compile-time
error.

Note: To decide which address space(device or constant), a read-only buffer passed to a graphics or kernel function
should use, look at how the buffer is accessed inside the graphics or kernel function. The constant address space is
optimized for multiple instances executing a graphics or kernel function accessing the same location in the buffer. Some
examples of this access pattern are accessing light or material properties for lighting / shading, matrix of a matrix array used
for skinning, filter weight accessed from a filter weight array for convolution. If multiple executing instances of a graphics or
kernel function are accessing the buffer using an index such as the vertex ID, fragment coordinate, or the thread position in
grid, then the buffer should be allocated in the device address space.

FE Ml TR 48 1] A 2 A0 R AR A G AT P BCAF %, (HR 0 R FERE Pk i) AL S AU SCAE 5 B s ik
75 8] I HAE 7 B B I 0T AR 1 . FIRWTAR A0 B J0 G PEIN B . R B AR 2 i A i S ANRE P — e, AR
AT TSRS (R B R B B iR B A ], (HE constanB I A & B IR FFANEL

HE M (] A FE BB 5L AT MR B 25, = O R AR B E 27 A g iR, AU R EEZ AR
TR R =77 A g B R



R AR R A7 2| B 41 8BS AT TH 5 R BN A% A AP b bk 25 18] (device BYJ& constant) We? X EH
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thread Address Space

The thread address space refers to the per-thread memory address space. Variables allocated in this address space are not
visible to other threads. Variables declared inside a graphics or kernel function are allocated in the thread address space.

thread ik 2 145 1945 N ARV & ROMBIE 22 1], 7R3N R FR AL 2 7] i SRS BAE MR T L, 7 P24
SRR AT H B 0 B K 7 W) S B th read MO 2 7 40 BE A7 -

constant float samples[] = { 1.0f, 2.0f, 3.0f, 4.0f };
kernel void my_func(...)

{
// A float allocated in the per-thread address space
float x;
// A pointer to variable x in per-thread address space
thread float p = &x;

Function Arguments and Variables

RS BN AL &

All inputs and outputs to graphics or kernel functions are passed as arguments (except for initialized variables in the
constant address space and samplers declared in program scope). Arguments to graphics and kernel functions can be one of
the following:

device buffer — a pointer or reference to any data type in the device address space (see Buffers (page 17))

constant buffer — a pointer or reference to any data type in the constant address space (see Buffers (page 17))
texture object (see Textures (page 18))

sampler object (see Samplers (page 20))

a buffer shared between threads in a threadgroup — a pointer to a type in the threadgroup address space. (This buffer
can only be used as an argument with kernel functions.)

Buffers (device and constant) specified as argument values to a graphics or kernel function cannot alias; i.e., a buffer passed
as an argument value cannot overlap another buffer passed to a separate argument of the same graphics or kernel function.

The arguments to these functions are often specified with attribute qualifiers to provide further guidance on their use.
Attribute qualifiers are used to specify:

® the resource location for the argument (see Attribute Qualifiers to Locate Resources (page 40)),

® Dbuilt-in variables that support communicating data between fixed-function and programmable pipeline stages (see
Attribute Qualifiers to Locate Per-Vertex Inputs (page 42)),

e which data is sent down the pipeline from vertex function to fragment function (see stage_in Qualifier (page 50)).
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Attribute Qualifiers to Locate Buffers, Textures, and Samplers

T T2 17 S8, RSB IEB AT

For each argument, an attribute qualifier must be specified to identify the location of a buffer, texture, or sampler to use for
this argument type. The Metal framework API uses this attribute to identify the location for these argument types.

R T BB HOR I, — MBI R SAURER, S RBE— M, SO8. TR E (ERY R
51 ORL A\ MetalffE 48 APTHL B 501 HE A 5 MK R R ST Tk . 460 S0 2 0 A 57 5 1 T
i

device and constant buffers — [[ buffer(index) 1]
texture — [[ texture (index) 11
sampler — [[ sampler (index) 1]
threadgroup buffer — [[ threadgroup (index) 1]

The index value is an unsigned integer that identifies the location of a buffer, texture, or sampler argument that is being
assigned. The proper syntax is for the attribute qualifier to follow the argument/variable name.

The example below is a simple kernel function, add_vectors, that adds an array of two buffers in the device address space,
inA and inB, and returns the result in the buffer out. The attribute qualifiers (buffer(index)) specify the buffer locations
for the function arguments.

indexs& —~unsigned integer R MH, ‘BRR T —NERAF SO RFEESH MV E ERBES BRI R TALED .
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kernel void add_vectors(const device float4 xinA [[ buffer(o) 11,

const device float4 *inB [[ buffer(1l) 11,

device float4 xout [[ buffer(2) 11,

uint id [[ thread_position_in_grid 11)

{
}

out[id] = inA[id] + inBI[id];

The example below shows attribute qualifiers used for function arguments of several different types (a buffer, a texture, and a
sampler):
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kernel void my_kernel(device float4 xp [[ buffer(0) 11,

texture2d<float> img [[ texture(Q) 11,
sampler sam [[ sampler(1) 1])

}

Vertex function example that specifies resources and outputs to device memory
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The following example is a vertex function, render_vertex, which outputs to device memory in the array
xform_pos_output, which is a function argument specified with the device qualifier (introduced in Function Arguments
and Variables (page 40)). All the render_vertex function arguments are specified with qualifiers (buffer(0), buffer(1),
buffer(2),and buffer(3)), as introduced in Attribute Qualifiers to Locate Resources (page 40). (The position qualifier
shown in this example is discussed in Attribute Qualifiers to Locate Per-Vertex Inputs (page 42).)

N TR — AT R E (R B render_vertex, BRI H 2L TR & WA E 4 xform_pos_output, ZEAEE
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#include <metal_stdlib>
using namespace metal;

struct VertexOutput {



float4 position [[position]];
float4 color;
float2 texcoord;

};

struct VertexInput {
float4 position;
float3 normal;
float2 texcoord;

};

constexpr constant uint MAX_LIGHTS =
struct LightDesc {
uint num_Llights;
float4 light_position[MAX_LIGHTS];
float4 light_color[MAX_LIGHTS];
float4 light_attenuation_factors[MAX_LIGHTS];

};

vertex VertexOutput render_vertex(
const device VertexInputkx v_in [[ buffer(@) 11,
constant float4x4& mvp_matrix [[ buffer(1) 11,
constant LightDesc& light_desc [[ buffer(2) 11,
device float4x xform_pos_output [[ buffer(3) 11,

uint v_id [[ vertex_id 1]

VertexOutput v_out;
v_out.position = v_in[v_id].position *x mvp_matrix;
v_out.color = do_lighting(v_in[v_id].position,
v_in[v_id].normal,
light_desc);
v_out.texcoord = v_in[v_id].texcoord;

// output position to a buffer
xform_pos_output[v_id] = v_out.position;
return v_out;

}

Attribute Qualifiers to Locate Per-Vertex Inputs
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A vertex function can read per-vertex inputs by indexing into a buffer(s) passed as arguments to the vertex function using the
vertex and instance IDs. In addition, per-vertex inputs can also be passed as an argument to a vertex function by declaring
them with the [ [stage_in]] attribute qualifier. For per-vertex inputs passed as an argument declared with the stage_in
qualifier, each element of the per-vertex input must specify the vertex attribute location as

[[ attribute(index) 11

The index value is an unsigned integer that identifies the vertex input location that is being assigned. The proper syntax is for
the attribute qualifier to follow the argument/variable name. The Metal framework API uses this attribute to identify the
location of the vertex buffer and describe the vertex data such as the buffer to fetch the per-vertex data from, its data format,
and stride.

The example below shows how vertex attributes can be assigned to elements of a vertex input struct passed to a vertex
function using the stage_in qualifier.
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#include <metal_stdlib>
using namespace metal;
struct VertexInput {

float4 position [[ attribute(0) 11;
float3 normal |[[ attribute(1) 11;
half4 color [[ attribute(2) 11;

\



half2 texcoord [[ attribute(3) 11;
b
constexpr constant uint MAX_LIGHTS = 4;
struct LightDesc {
uint num_Llights;
float4 light_position[MAX_LIGHTS];
float4 light_color[MAX_LIGHTS];
float4 light_attenuation_factors[MAX_LIGHTS];
b
constexpr sampler s = sampler(coord::normalized,
address::clamp_to_zero,
filter::1linear);
vertex VertexOutput
render_vertex(VertexInput v_in [[ stage_in ]1,
constant float4x4& mvp_matrix [[ buffer(1) 11,
constant LightDesc& lights [[ buffer(2) 11,
uint v_id [[ vertex_id 1])

VertexOutput v_out;

return v_out;

}

The example below shows how both buffers and the stage_in qualifier can be used to fetch per-vertex inputs in a vertex
function.
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#include <metal_stdlib>
using namespace metal;
struct VertexInput {
float4 position [[ attribute(o) 1];
float3 normal [[ attribute(1) 11;
b
struct VertexInput2 {
half4 color;
half2 texcoord[4];
b
constexpr constant uint MAX_LIGHTS = 4;
struct LightDesc {
uint num_Llights;
float4 light_position[MAX_LIGHTS];
float4 light_color[MAX_LIGHTS];
float4 light_attenuation_factors[MAX_LIGHTS];
b
constexpr sampler s = sampler(coord::normalized,
address::clamp_to_zero,
filter::1linear);
vertex VertexOutput
render_vertex(VertexInput v_in [[ stage_in ]1,
VertexInput2 v_in2 [[ buffer(o) 11,
constant float4x4& mvp_matrix [[ buffer(1) 11,
constant LightDesc& lights [[ buffer(2) 11,
uint v_id [[ vertex_id 1])

VertexOutput vOut;

return vOut;

b
Attribute Qualifiers for Built-in Variables
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Some graphics operations occur in the fixed-function pipeline stages and need to provide values to or receive values from
graphics functions. Built-in input and output variables are used to communicate values between the graphics (vertex and
fragment) functions and the fixed-function graphics pipeline stages. Attribute qualifiers are used with arguments and the
return type of graphics functions to identify these built-in variables.
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Attribute Qualifiers for Vertex Function Input
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Table 4-1 (page 45) lists the built-in attribute qualifiers that can be specified for arguments to a vertex function and the
corresponding data types with which they can be used.
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Table 4-1 Attribute Qualifiers for Vertex Function Input Arguments

Attribute Qualifier Corresponding Data Types

[[vertex_id]] ushort oruint

[[instance_id]] ushort oruint

Attribute Qualifiers for Vertex Function Output
3T R0 €8 R 5 S P A S A B ) D I AR T 15

Table 4-2 (page 45) lists the built-in attribute qualifiers that can be specified for a return type of a vertex function or the
members of a struct that are returned by a vertex function (and the corresponding data types with which they can be used).
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Table 4-2 Attribute Qualifiers for Vertex Function Return Types

Attribute Qualifier Corresponding Data Types

[[clip_distance]] ftoat or float[nln must be known at compile time

[[point_sizel] float

[[position]] floatd

The example below describes a vertex function called process_vertex. The function returns a user-defined struct called
VertexOutput, which contains a built-in variable that represents the vertex position, so it requires the [ [position]]
qualifier.
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struct VertexOutput {
float4 position [[position]];
float4 color;
float2 texcoord;

b
vertex VertexOutput process_vertex(...)
{
VertexOutput v_out;
// compute per-vertex output
return v_out;
}

Attribute Qualifiers for Fragment Function Input
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Table 4-3 (page 46) lists the built-in attribute qualifiers that can be specified for arguments of a fragment function (and their
corresponding data types).

Note: If the return type of a vertex function is not void, it must include the vertex position. If the vertex return type is
float4 this always refers to the vertex position (and the [ [ position ]] qualifier need not be specified). If the vertex return
type is a struct, it must include an element declared with the [[ position 1] qualifier.
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Table 4-3 Attribute Qualifiers for Fragment Function Input Arguments

Attribute Qualifier Corresponding Data Types Description

The input value read from a color attachment. The index m indicates
which color attachment to read from.

Tt NME M — N Fitattachment 352 B, mA T35 52 WA B
thattachment 7 132 HY .

floatn, halfn, intn,uintn,

shortn,or ushortn
[[color(m)]]

MUA SR I 5

This value is true if the fragment belongs to a front-facing
bool primitive.
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[[front_facing]]

Two-dimensional coordinates indicating where within a point
primitive the current fragment is located. They range from 0.0 to 1.0
across the point.

X YRR, RoRTE A A E o 28T ool T AL, B
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[ [point_coord]] float2

Describes the window relative coordinate (x, y, z, 1/w) values for
floatd the fragment.

iR T R e E LA AR (x,y, z, 1/w)

[[position]]

The sample number of the sample currently being processed.

le_id uint RV e
[[sample_id]] HRTIEAEB A PRI FEAS KRR, CXTMAZ M)
The set of samples covered by the primitive generating the fragment
during multisample rasterization.
uint
sample_mask]] PR TEE % TRREMIME A 2 6 TE T A e R A I A . (X

TM2 )

A variable declared with the [[ position ]] attribute as input to a fragment function can only be declared with the
center_no_perspective sampling and interpolation qualifier.

For [[color(m)]],m is used to specify the color attachment index when accessing (reading or writing) multiple color
attachments in a fragment function.
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Attribute Qualifiers for Fragment Function Output
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The return type of a fragment function describes the per-fragment output. A fragment function can output one or more
render-target color values, a depth value, and a coverage mask, which must be identified by using the attribute qualifiers
listed in Table 4-4 (page 47). If the depth value is not output by the fragment function, the depth value generated by the
rasterizer is output to the depth attachment.
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Table 4-4 Attribute Qualifiers for Fragment Function Return Types

Attribute Qualifier Corresponding Data Types

floatn, halfn, intn, uintn, shortn, or ushortn

[[color(m)]] MDA R A J 12 I} 3l O 5

[[depth(depth_qualifier)]] float

[ [sample_mask]] uint

The color attachment index m for fragment output is specified in the same way as it is for [ [color(m)]] for fragment input
(see discussion for Table 4-3 (page 46)).

If there is only a single color attachment in a fragment function, then [ [color(m)]] is optional.If [[color(m)]] is not
specified, the attachment index will be 0. If multiple color attachments are specified, [ [color(m)]] must be specified for all
color values. See examples of specifying the color attachment in Per-Fragment Function vs. Per-Sample Function (page 54)
and Programmable Blending (page 55).

If a fragment function writes a depth value, the depth_qualifier must be specified with one of the following values: any,
greater,or less.

The following example shows how color attachment indices can be specified. Color values written in clr_f write to color
attachment index O, clr_1i to color attachment index 1, and clr_ui to color attachment index 2.
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struct MyFragmentOutput {
// color attachment 0
float4 clr_f [[color(@)11;
// color attachment 1
int4 clr_i [[color(1)11;
// color attachment 2
uint4 clr_ui [[color(2)11;
b

fragment MyFragmentOutput my_frag_shader( ... )
MyFragmentOutput f;
f.clr_f = ...;

return f;

}

Note: If a color attachment index is used both as an input to and output of a fragment function, the data types associated with
the input argument and output declared with this color attachment index must match.
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Attribute Qualifiers for Kernel Function Input
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When a kernel is submitted for execution, it executes over an N-dimensional grid of threads, where N is one, two or three. An
instance of the kernel executes for each point in this grid. A thread is an instance of the kernel that executes for each point in
this grid, and thread_position_in_grid identifies its position in the grid.



Threads are organized into threadgroups. Threads in a threadgroup cooperate by sharing data through threadgroup
memory and by synchronizing their execution to coordinate memory accesses to both device and threadgroup memory.
The threads in a given threadgroup execute concurrently on a single compute unit on the GPU. (A GPU may have multiple
compute units. Multiple threadgroups can execute concurrently across multiple compute units.) Within a compute unit, a
threadgroup is partitioned into multiple smaller groups for execution. The execution width of the compute unit, referred to as
the thread_execution_width, determines the recommended size of this smaller group. For best performance, the total
number of threads in the threadgroup should be a multiple of the thread_execution_width.
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Threadgroups are assigned a unique position within the grid (referred to as threadgroup_position_in_grid) with the
same dimensionality as the index space used for the threads. Threads are assigned a unique position within a threadgroup
(referred to as thread_position_in_threadgroup). The unique scalar index of a thread within a threadgroup is given by
thread_index_in_threadgroup.

Each thread’s position in the grid and position in the threadgroup are N-dimensional tuples. Threadgroups are assigned a
position using a similar approach to that used for threads. Threads are assigned to a threadgroup and given a position in the
threadgroup with components in the range from zero to the size of the threadgroup in that dimension minus one.

When a kernel is submitted for execution, the number of threadgroups and the threadgroup size are specified. For example,
consider a kernel submitted for execution that uses a 2-dimensional grid where the number of threadgroups specified are (W,,

W,) and the threadgroup size is (S, S,). Let (w,, wy) be the position of each threadgroup in the grid (i.e.,
threadgroup_position_in_grid), and (1,, ly) be the position of each thread in the threadgroup (i.e.,
thread_position_in_threadgroup).

The thread position in the grid (i.e., thread_position_in_grid) is:
(2x:8y)=(Wy *Sy +1,wy *Sy +,)

The grid size (i.e., threads_per_grid) is:

(G, Gy) = (W, * S, W *S)

The thread index in the threadgroup (i.e., thread_index_in_threadgroup) is:
1y *Sy +1,
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Iy *Sy +1,

Table 4-5 (page 49) lists the built-in attribute qualifiers that can be specified for arguments to a compute function and the
corresponding data types with which they can be used.
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Table 4-5 Attribute Qualifiers for Kernel Function Input Arguments

Attribute Qualifier Corresponding Data Types

[[thread_position_in_grid] ushort,ushort2,ushort3,uint, uint2, or uint3

[[thread_position_in_threadgroup ushort, ushort2,ushort3,uint,uint2,or uint3

]

[[thread_index_in_threadgroup]] uint, ushort

[ [threadgroup_position_in_grid]] ushort,ushort2,ushort3,uint, uint2, or uint3

[[threads_per_grid]] ushort,ushort2,ushort3,uint,uint2, or uint3

[[threads_per_threadgroup]] ushort,ushort2,ushort3,uint, uint2, or uint3

[ [threadgroups_per_grid]] ushort,ushort2,ushort3,uint, uint2, or uint3

[[thread_execution_width]] ushort oruint

Notes on kernel function attribute qualifiers:

® The type used to declare [[thread_position_in_gridl]l, [[threads_per_grid]l,
[[thread_position_in_threadgroupl], [[threads_per_threadgroupl],
[[threadgroup_position_in_grid]] and [[threadgroups_per_grid]] must be a scalar type or a vector type. If it
1s a vector type, the number of components for the vector types used to declare these arguments must match.

® The data types used to declare [ [thread_position_in_grid] and [[threads_per_grid]] must match.

® The data types used to declare [ [thread_position_in_threadgroupl] and [[threads_per_threadgroup]] must
match.

e If thread_position_in_threadgroup is declared to be of type uint, uint2, or uint3, then
[[thread_index_in_threadgroup]] must be declared to be of type uint.
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® [[thread_position_in_grid]], [[threads_per_grid]], [[thread_position_in_threadgroup]], [[threads_per_threadgroup]],
[[threadgroup_position_in_grid]], [[threadgroups_per_grid]]# /= RN I0E — MrEEE — M E. W2 —1
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stage_in Qualifier
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The per-fragment inputs to a fragment function are generated using the output from a vertex function and the fragments
generated by the rasterizer. The per-fragment inputs are identified using the [ [stage_in]] attribute qualifier.

A vertex function can read per-vertex inputs by indexing into a buffer(s) passed as arguments to the vertex function using the
vertex and instance IDs. In addition, per-vertex inputs can also be passed as arguments to a vertex function by declaring them
with the [[stage_in]] attribute qualifier.



Only one argument of the fragment or vertex function can be declared with the stage_in qualifier. For a user-defined struct
declared with the stage_in qualifier, the members of the struct can be:

a scalar integer or floating-point value or a vector of integer or floating-point values.

Note: Packed vectors, matrices, structs, references or pointers to a type, and arrays of scalars, vectors, and matrices are not
supported as members of the struct declared with the stage_in qualifier.
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Vertex function example that uses the stage_in qualifier
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The following example shows how to pass per-vertex inputs using the stage_in qualifier.
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#include <metal_stdlib>
using namespace metal;

struct VertexOutput {
float4 position [[position]];
float4 color;
float2 texcoord[4];

b

struct VertexInput {
float4 position [[ attribute(0) 11;
float3 normal [[ attribute(1) 11;
half4 color [[ attribute(2) 11;
half2 texcoord [[ attribute(3) 11;
b

constexpr constant uint MAX_LIGHTS = 4;

struct LightDesc {

uint num_Llights;

float4 light_position[MAX_LIGHTS];

float4 light-colored [MAX_LIGHTS];

float4 light_attenuation_factors[MAX_LIGHTS];
b

constexpr sampler s = sampler(coord::normalized,
address::clamp_to_zero,
filter::1linear);

vertex VertexOutput render_vertex(
VertexInput v_in [[ stage_in ]1,
constant float4x4& mvp_matrix [[ buffer(1) 11,
constant LightDesc& lights [[ buffer(2) 11,
uint v_id [[ vertex_id 11])
{
VertexOutput v_out;
v_out.position = v_in.position % mvp_matrix;
v_out.color = do_lighting(v_in.position, v_in.normal, lights);

return v_out;

}



Fragment function example that uses the stage_in qualifier
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An example in Attribute Qualifiers to Locate Per-Vertex Inputs (page 42) previously introduces the process_vertex vertex
function, which returns a VertexOutput struct per vertex. In the following example, the output from process_vertex is
pipelined to become input for a fragment function called render_pixel, so the first argument of the fragment function uses
the [ [stage_in]] qualifier and the incoming VertexOutput type. (In render_pixel, the imgA and imgB 2D textures call
the built-in function samp le, which is introduced in 2D Texture (page 76).)
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F“[[stage_inl]” JEMEASTHRT UL K VertexOutputZ#g 284, (JouE tukiirender_pixelH, —4EZ 3 imgAFlimgB
VA N 4 B £l isample, HAE S T E T URIA)

#include <metal_stdlib>

using namespace metal;

struct VertexOutput {
float4 position [[positionll];
float4 color;
float2 texcoord;

};

struct VertexInput {
float4 position;
float3 normal;
float2 texcoord;

b
constexpr constant uint MAX_LIGHTS = 4;

struct LightDesc {

uint num_Llights;

float4 light_position[MAX_LIGHTS];

float4 light_color[MAX_LIGHTS];

float4 light_attenuation_factors[MAX_LIGHTS];
b

constexpr sampler s = sampler(coord::normalized,
address::clamp_to_border,
filter::1linear);

vertex VertexOutput render_vertex(
const device VertexInputx v_in [[ buffer(o) 11,
constant float4x4& mvp_matrix [[ buffer(1) 11,
constant LightDesc& lights [[ buffer(2) 11,
uint v_id [[ vertex_id 1])

{
VertexOutput v_out;
v_out.position = v_in[v_id].position *x mvp_matrix;
v_out.color = do_lighting(v_in[v_id].position,
v_in[v_id].normal,
lights);
v_out.texcoord = v_in[v_id].texcoord;
return v_out;
b

fragment float4 render_pixel(
VertexQutput input [[stage_inl],
texture2d<float> imgA [[ texture(Q) 11,
texture2d<float> imgB [[ texture(1) ]1)

float4 tex_clro = imgA.sample(s, input.texcoord);
float4 tex_clrl = imgB.sample(s, input.texcoord);

// compute color
float4 clr = compute_color(tex_clr@, tex_clrl, ...);
return clr;

}

Storage Class Specifiers
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The Metal shading language supports the static and extern storage class specifiers. Metal does not support the

thread_local storage class specifiers.

The extern storage-class specifier can only be used for functions and variables declared in program scope or variables
declared inside a function. The static storage-class specifier is only for variables declared in program scope (see constant
Address Space (page 39)) and is not for variables declared inside a graphics or kernel function. In the following example, the
static specifier is incorrectly used by the variables b and ¢ declared inside a kernel function.

Metal’& (615 5 S FrstaticflexternfAfig R € 7. Metal A3 Fithread_loca UFfif PR E 5 o
extern i fif PR 2 &7 FH TSI EFE 77 38 i) BR B R AR & BV R AR RN = B AR & .

staticfHif B AT T EIRER P AR &, AREA T RBN AR E, £ MK, staticfF iR e
YT A IATIHRE R BN & = B A2 b Alle, IX NIRRT

#include <metal_stdlib>
using namespace metal;

extern constant float4 noise_table[256];

static constant float4 color_table[256] = { ... }; // static is okay
extern void my_foo(texture2d<float> img);

extern void my_bar(device float *a);

kernel void my_func(texture2d<float> img [[ texture(@) 11,
device float xptr [[ buffer(o) 11)
{

extern constant float4 a;
static constant float4 b; // static is an error.
static float c; // static is an error.

my_foo(img);
my_bar(ptr);
}

Sampling and Interpolation Qualifiers

KAEREAE AR 1T

Sampling and interpolation qualifiers are used with inputs to fragment functions declared with the stage_in qualifier. The
qualifier determines what sampling method the fragment function uses and how the interpolation is performed, including
whether to use perspective-correct interpolation, linear interpolation, or no interpolation.

The sampling and interpolation qualifier can be specified on any structure member declared with the stage_in qualifier. The
sampling and interpolation qualifiers supported are:

AR AR IR H T fstage _infE 175 Fr oo & sk B AR, X MEIRATIE 1 7 038 th R B8 PRI RATE 7
IR LA E I S, B R S I LB R A, 2Pl i AN diE .

Wistage_infB AT A B A S5 A4 A4 1 e 53 ) DLAE RERABE AR L2 14T, ) A BB IR T
® center_perspective

center_no_perspective

centroid_perspective

centroid_no_perspective

sample_perspective

sample_no_perspective

flat



center_perspective is the default sampling and interpolation qualifier for all attribute qualfiiers for return types of vertex
functions and arguments to fragment functions, except for [ [position]], which can only be declared with
center_no_perspective.

The following example is user-defined struct that specifies how data in certain members are interpolated:

X TG R e i P & e s ss DL B ooRe e s AN I & JE B IR FF R 10, center_perspectives& SR IA
PR FEAEEBINRT, (H2 “[[position]]” 4, ‘B f# Hcenter_no_perspective.

NHEEG T EE XIS, $85E T 52 IR ] Jdi {E -

struct FragmentInput {
float4 pos [[center_no_perspectivel];
float4 color [[center_perspectivell;
float2 texcoord;
int index [[flatl];
float f [[sample_perspectivell;

i
For integer types, the only valid interpolation qualifier is flat.

The sampling qualifier variants (sample_perspective and sample_no_perspective) interpolate at a sample location
rather than at the pixel center. With one of these qualifiers, the fragment function or code blocks in the fragment function that
use these variables execute per-sample rather than per-fragment.

X TERICAE, MEA IR E AT flat

KRBT A & (Hsample_perspective 1 sample_no_perspectivef&ififf]) 1 KFEAL B MIHEE AR E O
i . T 7R IAT S HEOL T, FroosE th s B Hoh o (O ARG B IR AR T AR U AN 2 Fr oo i &
F AT
Per-Fragment Function vs. Per-Sample Function

— N S TN N, NV AV S TN N,
ot R GHEE SR B R
The fragment function is typically executed per-fragment. The sampling qualifier identifies if any fragment input is to be
interpolated at per-sample vs. per-fragment. Similarly, the [ [sample_id]] attribute is used to identify the current sample
index and the [[color(m)]] attribute is used to identify the destination fragment color or sample color (for a multisampled
color attachment) value. If any of these qualifiers are used with arguments to a fragment function, the fragment function may

execute per-sample instead of per-pixel. (The implementation may decide to only execute the code per-sample that depends
on the per-sample values, and the rest of the fragment function may execute per-fragment.)

Only the inputs with sample specified (or declared with the [ [sample_id]] or [[color(m)]] qualifier) differ between
invocations per-fragment or per-sample, whereas other inputs still interpolate at the pixel center.

The following example uses the [[color(m)]] attribute to specify that this fragment function should be executed on a
per-sample basis.

F e B AUE e 1R R et R UHAT I . SREFEAN T 0] LLR SR W€ B oo s ek 2 1 H N\ i {8 A2 F2 R A
(per-sample) & /21% F oG (per-fragment) - LK, “[[sample_id]]” 1B AFH SR KR HHTRFER 51, “[[color(m)]]”

AT SRR~ H AR A e B BB B R E . O T —> 2 R A il thattachment) o W15 UL _EATART — AMEAH A 1
HTF R IcE GRS, FIouE BRI HERER (per-sample) $ATT A F Gt HEZ (per-pixel)  (HR#E
KAEE, Metal 1] DLk @ DORAERL A HATANS , HAR Y Focds (s 80 Foo ik B 3T
AR PR N (B2 [[sample_id]]. [[color(m) ] MEMRFHID , FociHER, REETTEE S HIZE
Ao T EAt Y F N S ARG R O AR T
TSP, AT “Ilcolor(m)]]” JEMEEIGRT, XA F ok Bk R FAE AT
#include <metal_stdlib>
using namespace metal;
fragment float4 my_frag_shader(

float2 tex_coord [[ stage_in 11,

texture2d<float> img [[ texture(@) 11,

sampler s [[ sampler(Q) 11,
float4 framebuffer [[color(@)11)



return ¢ = mix(img.sample(s, tex_coord), framebuffer, mix_factor);

}

Programmable Blending

A 2 A VR 5 1A

The fragment function can be used to perform per-fragment or per-sample programmable blending. The color attachment
index identified by the [[color(m)]] attribute qualifier can be specified as an argument to a fragment function.

Below is the programmable blending example from Allan Schaffer’s Advances in OpenGL and OpenGL ES talk at WWDC
2012 that describes how to paint grayscale onto what is below. (Look for the talk and slide set among the WWDC 2012 talks
at https://developer.apple.com/videos/wwdc/2012/)

Fr ot R ET DA R SEI 14 R B R MR T dm iR & . 83 “[[color(m)11” JEMH:A
attachmentsZ 5| 1] LA W€ N R ocE B R 240

P AT gmAR VR A6 7ok B TWWDC2012, Allan Schaffer 5 [ {Advances in OpenGL and OpenGL ES) , ‘Efiid |
A 2 il K

The GLSL version is:

GLSLiE & SLEL 611~ T

#extension GL_APPLE_shader_framebuffer_fetch : require

w

(GIEREEpER TN

\

void main() {
// RGB to grayscale
mediump float lum = dot(gl_LastFragDatal[@].rgb,

vec3(0.30,0.59,0.11));
gl_FragColor = vec4(lum, lum, lum, 1.0);

The equivalent Metal function is:
Xt S5 FIMetal % (7 p& HAAS G h
#include <metal_stdlib>
using namespace metal;

fragment half4 paint_grayscale(half4 dst_color [[color(@)11)

{
// RGB to grayscale
half lum = dot(dst_color.rgb,
half3(0.30h, 0.59h, 0.11h));
return half4(lum, lum, lum, 1.0h);
¥

Graphics Function — Signature Matching

R 22 6 B —— 55 44 DL

A graphics function signature is a list of parameters that are either input to or output from a graphics function.

NI O R B 5 44 2 A H R E e AR i H AL R S 081 3R

Vertex — Fragment Signature Matching

I OSEs Wi = RN E A ECE N

The per-instance input to a fragment function is declared with the [ [stage_in]] qualifier. These are output by an associated
vertex function.



Built-in variables are declared with one of the attribute qualifiers defined in Attribute Qualifiers to Locate Per-Vertex Inputs
(page 42). These are either generated by a vertex function (such as [ [position]], [[point_size]],
[[clip_distancell), are generated by the rasterizer (such as [ [point_coord]], [[front_facingl], [[sample_id]],
[ [sample_mask] 1) or refer to a framebuffer color value (such as [ [color]]) passed as an input to the fragment function.

Fr oo R B BN SE B N “ [[stage_in]]” ABRAT 2E 3, 3K S84 N HE HAH L A T3 55 €0 R Bk H 1

WETT AT AN F B A AT R AR, PN AR i JE MEAS AT R B o G A g A e T
EO B (Heinlpositionl], [[point_sizell, [[clip_distancell) , Bi@@EiaMbAk CEean
[[point_coord]], [[front_facingl]l, [[sample_idl], [[sample_maskl]) , BY&5|H— " Mmig FEitE CLhan
[[color]]) , ABATTRT LAVE N4 AAL 15 2] ot 3E EL ek 2L

The built-in variable [ [position]] must always be returned. The other built-in variables ([ [point_size]],
[[clip_distance]]) generated by a vertex function, if needed, must be declared in the return type of the vertex function
but cannot be accessed by the fragment function.

Built-in variables generated by the rasterizer or refer to a framebuffer color value may also declared as arguments of the
fragment function with the appropriate attribute qualifier.

The attribute [ [user(name)]] syntax can also be used to specify an attribute name for any user-defined variables.

NEAEE “[[position]]” ZTH GO RELAUREK, HEMHNEZE ([[point_sizell, [[clip_distancell)
R TR, ERBORPIEPERAI G S, HEENIAGER A 0E O R ET 0 2,

H1 G A B A A B 5 ] — AN g A e, T DL I 0 DUy € B Js PR TR AT 7 B O v oo C ek B 280
ifE “[luser(name)]]” HITEVEHTHREE—HE NEEWEIESA .

A vertex and fragment function are considered to have matching signatures if:

® There is no input argument with the [ [stage_in]] qualifier declared in the fragment function.

e For a fragment function argument declared with [[stage_in]], each element in the type associated with this argument
can be one of the following: a built-in variable generated by the rasterizer, a framebuffer color value passed as input to
the fragment function, or a user-generated output from a vertex function. For built-in variables generated by the rasterizer
or framebuffer color values, there is no requirement for a matching type to be associated with elements of the vertex
return type. For elements that are user-generated outputs, the following rules apply:

m If the attribute name given by [[user(name)]] is specified for an element, then this attribute name must match with
an element in the return type of the vertex function, and their corresponding data types must also match.

m Ifthe [[user(name)]] attribute name is not specified, then the argument name and types must match.
— NIRRTy e LR B R 2 — B a2 —, AN B VLI -
® (T nH MR NS E P IRA T “[[stage_in]]” E1HFT

® - NHICELHRBMMASLHIEN “[[stage_in]]” BUFT, ZSEIEISH H BN TOR AT LIZ ML
AN HEHME A R N AR, N ZRAF AR, R B R G R B T B e S . X ok B e e
RN R BE WA, ANERS 0 M TR & O R HOR BHE SRR A VL AC . X3 B N, #
T A2 T R

W UR “[[user(name)]]” 43 HHIBIERTEE 1T ous, HAXAJEIEL DU 5 bR B0R B SR )
—AJERILES, W AT IR E S B 7 EEULAC .

B QR “[[user(name)]]” 4B IEL A TR, A E A FRELNL LA .
Below is an example of compatible signatures:

IR A NGO

struct VertexOutput

{
float4 position [[position]];
float3 normal;
float2 texcoord;

};

vertex VertexOutput my_vertex_shader(...)



{
VertexOutput v;

return v;

b
fragment float4 my_fragment_shader(VertexOutput f [[stage_in]l, ...)
! floatd clr;
}é%urn clr;
b

fragment float4 my_fragment_shader2(
VertexOutput f [[stage_inl],

bool is_front_face [[front_facingll, ...)
{

floatd clr;

return clr;
}

my_vertex_shader and my_fragment_shader, or my_vertex_shader and my_fragment_shader2 can be used together
to render a primitive.

M, my_vertex_shader Bl my_fragment_shader, B/ & my_vertex_shader /il my_fragment_shader2,
H AR ULEC R, P LA T 28— 1B o,

Below is another example of compatible signatures:

N R — A ULECHE] £ [[user(normal)]]H FLAE Ti R 36 €0 bR 0 1 4 H HR AN R oo sk B N
user(texturecoord)f B AL T 5 €6 o8 B i G b .

struct VertexOutput

{
float4 position [[position]];
float3 vertex_normal [[user(normal)]ll;
float2 texcoord [[user(texturecoord)]l];
b
struct FragInput
{
float3 frag_normal [[user(normal)ll;
float4 position [[position]];
float4 framebuffer_color [[color(0)]];
bool is_front_face [[front_facingll;
b
vertex VertexOutput my_vertex_shader(...)
{
VertexOutput v;
return v;
}
fragment float4 my_fragment_shader(FragInput f [[stage_inl], ...)
{
float4 clr;
return clr;
}

Below is another example of compatible signatures:

e AR DL R R

struct VertexOutput

{
float4 position [[position]];
float3 normal;
float2 texcoord;

b

struct FragInput



float4 position [[position]];
float2 texcoord;

Fi
vertex VertexOutput my_vertex_shader(...)
! VertexOutput v;
return v;
¥

fragment float4 my_fragment_shader(FragInput f [[stage_inl]],

{
floatd clr;

return clr;

}

Below is another example of compatible signatures:

N AN UL R BT

struct VertexOutput

{
float4 position [[position]];
float3 normal;
float2 texcoord;
b
vertex VertexOutput my_vertex_shader(...)
{
VertexOutput v;
return v;
}

fragment float4 my_fragment_shader(float4 p [[position]],
{
floatd4 clr;

return clr;

}

Below is an example of incompatible signatures:

N AR AL E R

struct VertexOutput

{
float4 position [[position]];
float3 normal;
float2 texcoord;
b
struct FragInput
{
float4 position [[position]];
half3 normal; // FOI0s3E (o sk 20 fn R DL 2
b
vertex VertexOutput my_vertex_shader(...)
{
VertexOutput v;
return v;
b

fragment float4 my_fragment_shader(FragInput f [[stage_in]],

{
floatd4 clr;

return clr;
¥

Below is another example of incompatible signatures:

.)

.)
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struct VertexOutput

{
float4 position [[position]];
float3 normal [[user(normal)l]l;
float2 texcoord [[user(texturecoord)ll;
b
struct FragInput
{
float3 normal [[user(foo)l1; // Fnsss (Bt ARULHL 2
float4 position [[position]];
b
vertex VertexOutput my_vertex_shader(...)
{
VertexOutput v;
return v;
}
fragment float4 my_fragment_shader(FragInput f [[stage_inll, ...)
{
floatd clr;
return clr;
}

Additional Restrictions

HAmZ) R

Writes to a buffer or a texture are disallowed from a fragment function. Writes to a texture are disallowed from a vertex
shader.

Writes to a buffer from a vertex function are not guaranteed to be visible to reads from the associated fragment function of a
given primitive.

The return type of a vertex or fragment function cannot include an element that is a packed vector type, matrix type, array
type, or a reference or a pointer to a type.

A maximum of 128 scalars can be used as inputs to a fragment function declared with the stage_in qualifier. (The
restriction does not include the built-in variables declared with one of the following attributes: [[ color(m) ]1],

[[ front_facing 11, [[ sample_id ]],and [[ sample_mask ]].) If an input to a fragment function is a vector, then the
input vector counts as n scalars where n is the number of components in the vector.

T o R B R S A SR R A RVER), R R (R 0 S5 50 21— NS R A SRV

RIS A R B i LS AR 2 — A7, (HEARIE, 2% e B, HXNE R oh e BRe i i i 5
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TS E bR BN oo R B IR [BME SR A AT LA B X Be 2R ) Ju 25 . packed vector, matrix, array (5% 35 76 [ []
m. RS ) |, fREFEIHS
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: [[ color(m) 11, [[ front_facing 11, [[ sample_id 11, [[ sample_mask 11) 5 A o074 0 oR 50 A5 N\ A& —
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Metal Standard Library
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Metal PRt %
This chapter describes the functions supported by the Metal shading language standard library.
AT IR Metal 4 (015 5 R ZE SR AL 7%

Namespace and Header Files

iy 44 2 A AN Sk SCA:

The Metal standard library functions and enums are declared in the metal namespace. In addition to the header files
described in the Metal standard library functions, the <metal_stdlib> header is available and can access all the functions
supported by the Metal standard library.

Metal bR fE 2 H 1) 7 VE RIS fEmetaldy 44 25 RI A B o Bk 1 b AE R 7 753k SR BAAN, AT BLiE id <metal_stdlib>1jj Al
T & FIMetal b 22 SZ KR 7 vE (BIBEB D HIbRHEE L, HE RG] < metal_stdlib>Ei5eFH KE 1) o

Common Functions
RSB

The functions in this section are in the Metal standard library and are defined in the header <metal_common>. T is one of the
scalar or vector floating-point types.

X 4 Metal bR 1FE 22 J7 V48 75 B AE Sk S0 <metal_common>Ht . TRR —MrEEE T SR R &,

T clamp(T x, T minval, T maxval)Returns fmin(fmax(x, minval), maxval).Results are undefined if minval >
maxval.

T clamp(T x, T minval, T maxval), fEffiFEminvalttmaxval’Ni)3&Eat F: @18 xtbminval/), 1% [Flminval. #15x
ttmaxval X, % [Almaxval. ﬁD%xEmmval A maxvalZ [A], R[Flx. FHiZ#H 2% T fmin(fmax(x, minval), maxval). %1%
minval A Ebmaxval/)y, IR [81 458 K e o

T mix(T x, T y, T a)Returns the linear blend of x and y implemented as: x + (y — x ) * a.a must be a value in the
range 0.0 ... 1.0. If a 1s not in the range 0.0 ... 1.0, the return values are undefined.

Tmix(T x, Ty, T a), @X%Dyﬁ’]%‘éf REEER, aN0, RElx. aNlRFEly, aN0.5, RFExFyPIHE,. aik/)iz
lﬁl@iﬂ?ﬂﬁx, Al KR FME R Ry, HIZHEEETx + (y — x ) * a. affJHUE T Z0.03]1.0. 0 Fals H BUE G,
/n%ﬂi/"\EXo

T saturate(T x)Clamp x within the range of 0.0 to 1.0.
T saturate(T x), ZEKEZE T clamp(x, 0.0, 1.0)

T sign(T x)Returns 1.0 if x>0, -0.0 if x=-0.0, +0.0 if x=+0.0, or -1.0 if x< 0. Returns 0.0 if x is a NaN.

T sign(T x), RExPIEMAEN, 1EREI1.0, 71xE-1.0, WExHNNaN, iR[H0.

T smoothstep(T edge@, T edgel, T x)

Returns 0.0 if x <= edge® and 1.0 if x >= edgel and performs a smooth Hermite interpolation between 0 and 1 when edge®
< x < edgel. This is useful in cases where you want a threshold function with a smooth transition. Results are undefined if
edge@® >=edgel orif x,edge@ or edgel is a NaN. This is equivalent to:

T smoothstep(T edge0, T edgel, T X), I x<=edege01z [F10.0, W HEx>=edgeliZ[F]1.0. R x7EedegeOFledgel 2 ], N
IR B — N RIS UR Ay B S0t — R I FUE < R -~ A8 He, AT DA A i pR 2. a0 2Redge0 >= edgel iR [H]
@*E}(o ZRE B RS TR

t = clamp((x — edge0@)/(edgel — edge@), 0, 1);
return t * t x (3 = 2 % t);

T step(T edge, T x)Returns 0.0 if x < edge, otherwise it returns 1.0.



T step(T edge, T x), Hx<edgeiz[710.0, 7 MJR[A]1.0.

For single-precision floating-point, Metal also supports a precise and fast variant of the following common functions: clamp
and saturate. The difference between the fast and precise variants is how NaNs are handled. In the fast variant, the
behavior of NaNs is undefined, whereas the precise variants follow the IEEE 754 rules for NaN handling. The —ffast-math
compiler option (see Math Intrinsics Options (page 93)) is used to select the appropriate variant when compiling the Metal
source. In addition, the metal: :precise and metal::fast nested namespaces are available to provide developers a way to
explicitly select the fast or precise variant of these common functions, respectively.

X RS A clampAlisaturate /55, Metal SCFFFSH (precise) FIRIE (fast) PRI, X HI7E T Wifel 4b
PINaNHU i . 7Efastii 0N, NaNBUE AT AR E X . fEprecisefizl F, NaNEJEIEEE7453 M. —ffast-math 4wk
T A] DA7E 2 BEMetal I ACHS B FH >R 5 e 1k MR AP S I, 554, metal::precise I metal::fastr] AHRE/RTE
JE TEIX 877325 L THDN — A2 248 F precise B fastiiE =X .

Integer Functions

AR

The functions in this section are in the Metal standard library and are defined in the header <metal_integer>. T is one of
the scalar or vector integer types. Tu is the corresponding unsigned scalar or vector integer type.

IX A F5 1T A PR . AE Sk 0 <metal_integer>H . TR 2B R BIEFE, Tu L5 %
CEESIALR ¢

T abs(T x)) Returns | x . &[] X408 %HH .

X

PR TR

Tu absdiff(T x, T y) Returns|x — y | without modulo overflow. & [rlx Ay 1) 2= {8 (14006 H .

T clamp(T x, T minval, T maxval)Returns min(max(x, minval), maxval). Results are undefined if minval > maxval.
x U fEminvalflmaxval Z [A]iR [Alx, @1 5H-x Fiminval /MR [Elminval, 205 x Fmaxval KR [Almaxval

T c1lz(T x)Returns the number of leading 0-bits in x, starting at the most significant bit position. If x is 0, returns the size in
bits of the type of x or component type of x, if x is a vector. F</~x [P LG, M5 A IHECA 2 /04180, kb2 /b,
nRxN0, R EHERT (BE BxH BRI EIERAD KR

T ctz(T x)Returns the count of trailing O-bits in x. If x is 0, returns the size in bits of the type of x or component type of x,
if x is a vector. R x ZHEM], MRIGITIEECA 2 /D40, BlREIZ /D WiRxoN0, R BIFRRxEIERA (57 2x
17y EHEIRAL) 1 LEARF L.

T hadd(T x, T y)Returns (x +y)>> 1. The intermediate sum does not modulo overflow. i [F]x A1y [P Cll e x+y 7%
HiEH) .

T mulhi(T x, T y)Computes x * y and returns the high half of the product of x and y. 1 5x*y, JERIEL, 1z [0 &7 .
T madhi(T a, T b, T c) Returnsmulhi(a, b) + c.

T madsat(T a, T b, T c)Returnsa * b + c and saturates the result. i1 5T a*b+c/{E, 28 )5 H 178w A7 ik [m] .

T max(T x, T y)Returnsy if x <y, otherwise it returns x. 12 [7[xFlyF 4 K1 —4,

T min(T x, T x)Returnsy ify < x, otherwise it returns x. 12 [7[xFly P40 /N1 —A,

T popcount(T x)Returns the number of non-zero bits in x. 1% |7 & x ) JEHIE A 2 /D AE 2 1 EL AT .

T rhadd(T x, T y)Returns (x +y + 1) >> 1. The intermediate sum does not modulo overflow. i [F]x A1y [1) 47 H{E (U
Rx+y+1EHEE) .

T rotate(T v, T i)For each element in v, the bits are shifted left by the number of bits given by the corresponding element
in i. Bits shifted off the left side of the element are shifted back in from the right. X T-v[&E N #7454, B4 240
R LU, #2282 B U AL IR e o B A28 e AL B R R

T subsat(T x, T y)Returns x -y and saturates the result. 15 xFly(1 728, 2R )5 178 S iz [a]

Relational Functions
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The functions in this section are in the Metal standard library and are defined in the header <metal_relational>. T is one
of the scalar or vector floating-point types. Ti is one of the scalar or vector integer or boolean types. Tb only refers to the
scalar or vector boolean types.

XA 2775 0 1 R B B AR SL U <metal_relational >H'. TRRF LSRRGS F S M &, TieBE e e
Fola &, ThseAm /R bs s An /R B 0] & .

bool all(Tb x)Returns true only if all components of x are true. 15 x 1 A1 77 = A/t true, % [H]true.
bool any(Tb x)Returns true only if any component of x is true. U1 x )70 & 47— ZEtrue, 12 |0ltrue.
Tb isfinite(T x) Tests for finite value. Wlli{xie 7747057 A

Tb isinf(T x) Tests for infinity value (positive or negative). Il i:x /& 75 55 KA

Tb isnan(T x) Tests for a NaN. Jl[i:{x /& 75 NaN.

Tb isnormal(T x)Tests for a normal value. x5/~ H— 40 fH .

Tb isordered(T x, T y)Tests if arguments x and y are ordered. Returns the result (x == x) && (y ==y). M2 HxAly e 75
R, Rk [A (x ==x) && (y ==Y)

Tb isunordered(T x, T y)Tests if arguments x and y are unordered. Returns true if x or y is NaN and false otherwise. il
RS ExAAEE R IAERN . R xBly &NaNiR [Fltrue, 753 MR [Flfalse.

Tb not(Tb x)Returns the component-wise logical complement of x. i [1]x[{] |Fiz 57 45

T select(T a, T b, Tb c)

Ti select(Ti a, Ti b, Tb ¢)

For each component of a vector type, result[i] = c[i] ? b[i] : al[i] For ascalar type,result = ¢ ? b : a.
StF i, FNCRWITE, result[i] = c[i] ? b[i] : a[i]l. X Ths&E, &[Flc?b:a.

Tb signbit(T x)Tests for sign bit. Returns true if the sign bit is set for the floating-point value in x and false otherwise.
WA S0, X T xR RS, WERRT 5 AV R [Fltrue, 75 U3 [#lfalse o

Math Functions

The functions in this section are in the Metal standard library and are defined in the header <metal_math>. T is one of the
scalar or vector floating-point types. Ti refers only to the scalar or vector integer types.

XA B R R B A Sk S <metal_math > . TRIREE RUEFRE B FE RE R E, T BRI BIE N E.
T abs(T x)

T fabs(T x) Computes absolute value of x. i1 x40 0HE.

T acos(T x) Computes arc cosine function of x. 115ix[T 439418 .

T acosh(T x) Computes inverse hyperbolic cosine of x. i15ix1) 0 435218 .

T asin(T x) Computes arc sine function of x. 15 xS 1F5Z1H.

T asinh(T x) Computes inverse hyperbolic sine of x. 115 xS AU 1F5Z1H .

T atan(T y_over_x) Computes arc tangent function of y_over_x. i1 %iy_over x{ )z IEVH .

T atan2(T y, T x) Computes arc tangent of y over x. TF&iyXfFxi b

T atanh(T x) Computes hyperbolic arc tangent of x. if5ix/1 s X i P)ME .

T ceil(T x) Rounds x to integral value using the round to positive infinity rounding mode. J4xHi%%,

ik I 1A] 15T 55 O AR 5



T copysign(T x, T y)Returns x with its sign changed to match the sign of y. SCx[FF 547 Ayl
{jﬁaﬁ’ jBIE]‘Zo

T cos(T x)Computes cosine of x. il 5ix[439%1H.

T cosh(T x)Computes hyperbolic cosine of x. it x4 4x7Z1H .

T exp(T x)Computes the base—e exponential of x. il-Fie NJEx[{IFE%L.

T exp2(T x)Computes the base-2 exponential of x. 152 NJExIITE%L.

T expl@(T x)Computes the base-10 exponential of x. i[5 10 MExIIEHL.

T fdim(T x, T y)Returns x — y if x >y, +0 if x is less than or equal toy. WIHx>y z[alx-y, 5]z
1] +0

T floor(T x)Rounds x to integral value using the round to negative infinity rounding mode. X%,

5 FH 1) 408 55 U AR 5

T fmod(T x, Ty)Returns x—y * trunc(x/y). 1IF&E xSy G H 450, il fmod(8.1 ,3) =2.1 = 8.1 — 3 * trunk(2.7)
=81-3*2=2.1

T fract(T x)Returns the fractional part of x which is greater than or equal to @ or less than 1. i

xRN 7 (e — DN RETONT 1D
T frexp(T x, Ti &exp)

Extracts mantissa and exponent from x. For each component the mantissa returned is a float with magnitude
in the interval [1/2, 1] or @. Each component of x equals mantissa returned x 2%P .

M ox SREEHAR G B b BEUE ViR BME , B —ME[1/2, 1 IX ) f)7 R R 0, T T8 27E exp A2 & A s ol
R [BE AT exp R X N AR: x= REME * 2P, LU x=16.4; intn; B4 y=frexp(x, &n); N y=0.5125, n=5. x=16.4
=0.5124 *2°=0.5125 * 32

Ti ilogb(T x) Returns the exponent as an integer value.

T ldexp(T x, Ti k) Multiply x by 2 to the power k. 12 [1lx3[¢ L2 Ik J7 .
T log(T x)Computes natural logarithm of x. 12 [1]x [ F Z8%f 47 .

T 1og2(T x)Computes a base-2 logarithm of x. i [1] PL2 4 i x [T 4] £ .

T 1og10(T x)Computes a base-10 logarithm of x. 1 [1] L 10 A4 i x 1) 4] 24
Tmax(T x, Ty) MT fmax(T x, T y)

Returns y if x < y, otherwise it returns X. If one argument is a NaN, fmax() returns the other argument. If both arguments are
NaNs, fmax() returns a NaN. ( The NaN behavior is only valid for precise::fmax and precise: :max.)

anx<y, iR \ly, SR ExX, WERLF—DNSHENaN, KEGRE S — NS, RS EEENaN, KEUR [EINaN
(NaN{ XJprecise::fmax Ml precise::max i %)

T min(T x, Ty) # T fmin(T x, T y)

Returns y if y < x, otherwise it returns X. If one argument is a NaN, fmin() returns the other argument. If both arguments are
NaNs, fmin() returns a NaN. ( The NaN behavior is only valid for precise::fmin and precise::min.)

anRy<x, & [\ly, SR ExX, WEREF—DNSHENaN, KEGRE S NS, RS EEZNaN, KR [FINaN
(NaNf¥ Xfprecise::fminflprecise::min g 4% )

T modf(T x, T &intval)

Decompose a floating-point number. The modf function breaks the argument x into integral and fractional parts each of
which has the same sign as the argument. Returns the fractional value. The integral value is returned in intval.

R N F R EUE, SESHr OGS AR AR AN By, BERGES 3 A /NS 23 R B Al — R IE DU 5
PR BSCR [BNECER 3, BB DABUE 25 intval (1) 7 208 (6]



T pow(T x, T y) Computes x to the powery. 11 HxHIyik .

T powr(T x, T y) Computes x to the power y, where x is >=0. 11 5ix[{y/x /7, Hix>=0

T rint(T x) Rounds x to integral value using round to nearest even rounding mode in floating-point format.
T round(T x) Returns the integral value nearest to x rounding halfway cases away from zero.

T rsqrt(T x) Computes inverse square root of x. 11 5x 11 /7 # f2]%¢ .

T sin(T x) Computes sine of x. 1 5x [ 1E5%1H .

T sincos(T x, T &cosval)Computes sine and cosine of x. The computed sine is the return value and the computed cosine
is returned in cosval. THEXPIESZEMRZAE, THES R IEZEAE VIR IEME, RS 2R 5248 LARE 45 cosval )
I3 A E] o

T sinh(T x)Computes hyperbolic sine of x. T 57x [ XL 15418 .

T sqrt(T x)Computes square root of x. 11 5x /11 7.

T tan(T x)Computes tangent of x. 1 5x /1 [E1)1H .

T tanh(T x)Computes hyperbolic tangent of x. 1 57x 10 Hh 1= DI .

T trunc(T x)Rounds x to integral value using the round to zero rounding mode. X xUF 47T HURE (155, {5 F [A) O i =

For single precision floating-point, the Metal shading language supports two variants of the math functions listed above: the
precise and the fast variants. The —ffast-math compiler option (refer to Math Intrinsics Options (page 93)) is used to select
the appropriate variant when compiling Metal shading language source. In addition, the metal: :precise and metal:: fast
nested namespaces are also available and provide developers a way to explicitly select the fast or precise variant of these
math functions for single precision floating-point.

X T RS BEVE AL Metal 5 (il 5 SCRF IR RS L T 81 L )RR eR B A RA AR DRI i o 2 3 428 THL-ffast-math I K
T8 7€ 16 U A icAs Y T4 1 Metal 5 018 5 IRAURY . 8 DA b s H0E 55 500G B2V 3K IR, metal::precise Allmetal::fast
iy 4% 20 18] ] LA 308 75 398 398 A58 P RS 180 i o PR i

Examples:
#include <metal_stdlib>

using namespace metal;

float x;

float a = sin(x); // use fast or precise version of sin based on whether —ffast-math is specified as compile
option.

float b = fast::sin(x); // use fast version of sin()

float ¢ = precise::cos(x); // use precise version of cos()

Matrix Functions

EL SR

The functions in this section are in the Metal standard library and are defined in the header <metal_matrix>.

T THIIX S8 R B . XA K X <metal_matrix>Hi.

float determinant(floatnxn)
half determinant(halfnxn)

Computes the determinant of mat rix, which must be a square matrix. 1157 E 147710 8, AF 2201 RE PR L 7 B

floatmxn transpose(floatnxm)
halfmxn transpose(halfnxm)

Transpose matrix. i1 5 4% &%

Example:

floatdx4 mA;
float det = determinant(mA);



Geometric Functions

JARGIESE ¢

The functions in this section are in the Metal standard library and are defined in the header <metal_geometric>.T isa
vector floating-point type (floatn or halfn). Ts refers to the corresponding scalar type (i.e. float if T is floatn and half
if T is halfn).

A/NFTHIH B R BB 8 AR K A H<metal_geometric>. TR —MNMEF A RIE (floatnEhalfn) o TsERTX N IR =

K,

T cross(T x, T y)Returns the cross product of x and y. T must be a 3-component vector type. i [11] [] T x Aly 1] X ()
B, TLZE3YE A &

Ts distance(T x, T y)Returns the distance between x and y;i.e., length(x — y) & [0][r] 5 x Ay PR 5.
Ts distance_squared(T x, T y)Returns the square of the distance between x and y. 1 [9] ] 5 x Al y 1) #2510~ 7 .
Ts dot(T x, T y)Returns the dot product of x and y;i.e.,x[0] x y[0] + x[1] * y[1] + ... &[=|[a]mx Ayl i,

T faceforward(T N, T I, T Nref)Ifdot(Nref, I) < 0.0 returns N, otherwise returns -N. 15 Z 20151 Z E Nref[1]
AR, R A AUNF0.0, RIFIN, FNER[E N,

Ts length(T x)Returns the length of vector x;i.e., sqrt(x[0172 + x[1172 + ...) & ExPEE, HAE AN
sqrt(x[0]A2 + x[1]72 + ...

Ts length_squared(T x)Returns the square of the length of vector x; i.e., x[0]17°2 + x[117°2 + ... i&[a[[r] Ex K
77, THEA (0142 + x[1]42 + ...

T normalize(T x)Returns a vector in the same direction as x but with a length of 1. 1 [F] Fllx /7 7] — 2 &S 2N 11 7]
o

T reflect(T I, T N)

For the incident vector I and surface normal N, returns the reflection direction: I — 2 * dot(N, I) * N In order to achieve
the desired result, N must be normalized.

SN EL AP HEREN, RERE A E. HEARNI-2 *dot(N, ) * N. A THEFIHAEKE, NOSE AT
E=
T refract(T I, T N, Ts eta)

For the incident vector I, the surface normal N, and the ratio of indices of refraction eta, returns the refraction vector. The
input parameters for the incident vector I and the surface normal N must already be normalized to get the desired results.

XFFNSEEL AEPFEE R EN, ASEEAI Reta, RS FE . NS EEL P K R ENG A0S A7 R &,
A e 2 R S5 R

For single precision floating-point, Metal also supports a precise and fast variant of the following geometric functions:
distance, length, and normalize. The —ffast—-math compiler option (refer to Math Intrinsics Options (page 93)) is used
to select the appropriate variant when compiling the Metal shading language source. In addition, the metal: :precise and
metal::fast namespaces are also available and provide developers a way to explicitly select the fast or precise variant of
these geometric functions.

XF - HUORE BEVF S, IX SRR H: distance, length, normalize, Metal 32 3574 B ORISR « - 2 3 4%E 10 -ffast-math 4 FH R 7E
Y 13 I 195 B FWIR i AR« meetal::precise flimetal::fastfiy 44 %5 8] 0] DL 3 52 75512 8450 FH RS 1 il e 2 R il

Compute Functions

HAT TS R AR

The functions in this section and its subsections can only be called from a kernel function and are defined in the header
<metal_compute>.



ZANTE AN R R B BEAEIFAT UF AR TR A, X 28 s HUE XAE K 3 F<metal_compute> ¢

threadgroup Synchronization Functions

LR A 2D PR 2L
The threadgroup function described below is supported.

void threadgroup_barrier(mem_flags flags)
All threads in a threadgroup executing the kernel must execute this function before any thread is allowed to continue
execution beyond the threadgroup_barrier.

XTEREHF L —DNERE (PUTkemel#2)7) , 7EHAMLFEY: oVt e FE U MA: (threadgroup_barrier) 4k
SEHAT 20T, DIHAT XA R E .

The threadgroup_barrier function acts as an execution and memory barrier. The threadgroup_barrier function must
be encountered by all threads in a threadgroup executing the kernel.

threadgroup_barrier{F AT N AFMAL . E— N EAFR L b 1 P Ze AR AR L 250 I 2% e 20 (i Rkernal B2 7 1 H I 1

B .

If threadgroup_barrier is inside a conditional statement and if any thread enters the conditional statement and executes
the barrier, then all threads in the threadgroup must enter the conditional and execute the barrier.

i R threadgroup_barrierft — >k AFE A IF HAR PN RN T RXMERFH R e, AL s 2o
IR IE N BIXAS SR A A I F AT X

If threadgroup_barrier is inside a loop, for each iteration of the loop, all threads in the threadgroup must execute the
threadgroup_barrier before any threads are allowed to continue execution beyond the threadgroup_barrier.

U R threadgroup_barrier/E — /MENEN, BRIRIEINENR, LR F1T TG 1 LEFE#S J07E AT 2l threadgroup_barrier
1= TR, HIALREHY FrE MEFEEHAT 1 threadgroup_barrier, F4FZEHAT .

The threadgroup_barrier function can also queue a memory fence (reads and writes) to ensure correct ordering of
memory operations to threadgroup or device memory.

threadgroup_barrierit 7] L ER AT AL — AN WA= R4 (RS ), Gntb PR UE 2R 72 40 9 A7 A Bl 2 W 2% N A7 #E 3% IEHA
RIS PP 34T

The mem_flags argument in threadgroup_barrier can be one of the following flags, as described in Table 5-1 (page 72).

threadgroup_barrier 8 £ H i Jmem_flagsZ % n] UL T 3R H ME. .

Table 5-1 mem_f lags Enum Values for threadgroup_barrier

mem_flags Description

In this case, no memory fence is applied, and threadgroup_barrier acts only as an
execution barrier.

RN AL N A ERAE, BB AT A

mem_none

Ensure correct ordering of memory operations to device memory.

RN TR 2 AR AR 2R IR I I 573254 T

mem_device

Ensure correct ordering of memory operations to threadgroup memory for threads in a
threadgroup.

RN DR ERE AL N A7 R F R i O I 2 1264 T

mem_threadgroup

mem_flags Description

Ensure correct ordering of memory operations to device and threadgroup memory for
mem_device_and_threadgroup threads in a threadgroup.




RN R B s WATERAE 1 e WATERAE a2 IR IR BRI P 3k AT

The enumeration types used by mem_flags are specified as follows:

mem_flags{¥ FH FIAZS SR A0S Fro
enum class mem_flags {mem_none,
mem_device,

mem_threadgroup,
mem_device_and_threadgroup };

Graphics Functions

T 22 1) R £

This section and its subsections list the set of graphics functions that can be called by fragment functions. These are defined
in the header <metal_graphics>.

/N A R R 21 A B s 0T LA P oo B R PP R A, e IE AR S 30 < metal _graphics >

Fragment Functions

The functions in these subsections can only be called inside a fragment function (a function declared with the fragment
qualifier) or inside a function called from a fragment function. Otherwise the behavior is undefined and may result in a
compile-time error.

N H )RR R BETE R e R TR A (4 fragment BV 55 75 B D 5038 HHIRTE v oG ORI U 1 R 4
o GRAEIXHE, IXEERRATHIAT N ARRE X, B 2IE g B % -

Fragment Functions — Derivatives

Metal includes the following functions to compute derivatives. T is one of float, float2, float3, float4, half, half2,
half3 or half4.

Metal & N HIIX LR 20 H T 5480, THIZEM AT PLAE float, float2, float3, float4, half, half2, half3, half4
Note: Derivatives are undefined within non-uniform control flow.
T dfdx(T p)

Returns a high precision partial derivative of the specified value with respect to the screen space x coordinate. 12 [F[ 41X}

7 ) FRx A o K 5 50
T dfdy(T p)

Returns a high precision partial derivative of the specified value with respect to the screen space y coordinate. 12 [ f%] T

7 )y A o K B 1 5 50

T fwidth(T p)Returns the sum of the absolute derivatives in x and y using local differencing for p; i.e. fabs(dfdx(p)) +
fabs (dfdy(p)). 11EZSEprIdfdx K45 HE A dfdy B Za 6B 2 Fl. AN fabs(dfdx(p)) + fabs(dfdy(p)

Fragment Functions — Samples
Metal includes the following per-sample functions.
Metal 0,25 X 28 pR HOH T B A KA

uint get_num_samples()
Returns the number of samples for the multisampled color attachment. X - % Fi X AE il fLattachment, 12 A RAEEL

float2 get_sample_position(uint indx)

Returns the normalized sample offset (x, y) for a given sample index indx. Values of x and y are in [-1.0, 1.0]. X/ /%%

SE MR R 5Hindx, R [BT AL RAZ R (x, y), Haxcfly RHE G BIZ[-1.0, 1.0].

get_num_samples and get_sample_position



return the number of samples for the color attachment and the sample offsets for a given sample index. For example, for
transparency super-sampling, this can be used to shade per-fragment, but do the alpha test per-sample. X| | /Zi {fattachment

REFEARRCE, KT — N REERGHRBEERAER A . B, XF “EUGERRE” , X0 LU R BElcE o alphaill]
i, A P AR AR alphaill il -

Fragment Functions — Flow Control
The following Metal function is used to terminate a fragment.
XA R R AL — A oiE .

void discard_fragment(void)
Marks the current fragment as being terminated, and the output of the fragment function for this fragment is discarded. 1% X

OB 2mr i oeE R b ic N W, 21T I Hn AT
Texture Functions

S PR Y

The texture functions are categorized into: sample from a texture, sample compare from a texture, read (sampler-less read)
from a texture, gather from a texture, gather compare from a texture, write to a texture, and texture query functions.

LB PR LA SR R LS AN SRR, NN SOERFE LA, NGB B (sampler-less read), M
QA RE, NN EEE, BN, SCHEHKRE

These are defined in the header <metal_texture>.
X HL pR 0 AE Sk X <metal_texture>Ht,

The texture sample, sample_compare, gather, and gather_compare functions take an offset argument for a 2D texture,
2D texture array, 3D texture, and cube texture. The offset is an integer value that is applied to the texture coordinate before
looking up each pixel. This integer value can be in the range -8 to +7. The default value is O.

X T2DSCH, 2DAERAAL, 3DSCHEMLTT SO, R, RFFELEL RE, REHEREHA —DoffsetZ 8. 1254
e MEERUE, ERWEMEER TSSO AR, X BEAIEE-8R]72 W, BUMEZO.

Overloaded variants of texture sample and sample_compare functions for a 2D texture, 2D texture array, 3D texture, and
cube texture are available and allow the texture to be sampled using a bias that is applied to a mip-level before sampling or
with user-provided gradients in the x and y direction.

2DZCHE, 2DLIEEEZH, 3DSCFR RIS T SCER H R AE R A L R BUF{EOverloaded 28 &, ‘B FU VRS FL R LB FH — >
Wz (MHT—Pmipmap/z) B &N FR—ALRIX T [ Ry 5 1] RS B

Note: The texture sample, sample_compare, gather, and gather_compare functions require that the texture is declared
with the sample access qualifier.

The texture sample_compare and gather_compare functions are only available for depth texture types.
The texture read functions require that the texture is declared with the sample or read access qualifier.
The texture write functions require that the texture is declared with the write access qualifier.

R SUHREE, KFELLE, RE, BE BT ELOH @ sample V] FZ 1T 5 & o
SR LA & LB vk Rl TR SR AL

2 PR X pR K T AU E SO sampleBliread U7 R Z 14

SURE N R B T E LU 8 SN write U7 TR AT

In this section, Tv is a 4-component vector type based on the templated type <T> used to declare the texture type. If T is
float,Tvis floatd. If Tis half, Tvishalf4.If Tis int, Tvis int4. If Tisuint, Tvisuint4.If Tis short, Tvis short4.
If T isushort, Tv is ushort4.

RN, Tvie DT ERtype<T>44E &850, B R E Lok, R TR floatH A TvZ&floatd . Ul
Trhalf il A Tvighalf4. WRTEintHlATvr2intd. UWHRTAuintI A Tvigunitd. R TAEshort A Tvsgshortd. U1HRT
FEushortH S 4 Tvsgushort4 .



1D Texture
14ESCH TV
The following built-in function samples from a 1D texture. [ [f] [1J P £ bR ZT M — S T4ESLEE P R AT

Tv sample(sampler s, float coord) const

The following built-in function performs sampler-less reads from a 1D texture. [~ [fil 1Y) A 2 pf A/ 1 4E 20 P
sampler-less =2 HY

Tv read(uint coord, uint lod = @) const

The following built-in function writes to a specific mip-level of a 1D texture. [N [f] [{J P4 232 pf £ ] — A~ 1 4E L0 PR 2
mipmap /= 5 ANE .

void write(Tv color, uint coord, uint lod = 0)

The following built-in 1D texture query function is provided. [ [ #1125 | 548 SRR 1 4E 40 FE A1) 77

uint get_width(uint lod = @) const
uint get_num_mip_levels() const

1D Texture Array
14E SR EH 715

The following built-in function samples from a 1D texture array. [~ [] 1) A 2 bR 2T A — S 14ESCEE AL A1 A KA

Tv sample(sampler s, float coord, uint array) const

The following built-in function performs sampler-less reads from a 1D texture array. [~ [fil [ 4 %2 PR AL A~ 1 4E 40 20 20
fiisampler-less 12 HY o

Tv read(uint coord, uint array, uint lod = @) const

The following built-in function writes to a specific mip-level of a 1D texture array. [N [] [ P4 232 pf 5[] — AN 1 4E L0 PR 2
mipmap)Z 5 ANz

void write(Tv color, uint coord, uint array, uint lod = 0)

The following built-in 1D texture array query functions are provided. | [ 4125 | 5 40 52 57 101 4E 20 5 2 A if) J7 72

uint get_width(uint lod = @) const
uint get_array_size() const
uint get_num_mip_levels() const

2D Texture

LS TV

The following data types and corresponding constructor functions are available to specify various sampling options.
T A H s SR AR MR E 5 T 08 2 KRR S AL

bias(float value)
level(float lod)
gradient2d(float2 dPdx, float2 dPdy)

The following built-in functions sample from a 2D texture.

N A )P TTVE N A 2GR SRR

Tv sample(sampler s,



float2 coord,
int2 offset = int2(0)) const

Tv sample(sampler s,
float2 coord,

lod_options options,
int2 offset = int2(@)) const

lod_options must be one of the following types: bias, level, or gradient2d.
B R F 25 lod_options A2 EL L REH ) —>: bias, level, gradient2d.
The following built-in function performs sampler-less reads from a 2D texture.

T A H R P T R AN 24E S S it sampler-less 1K

Tv read(uint2 coord, uint lod = @) const

The following built-in function writes to a 2D texture.

NS P TR R AN 24ESCHE N E

void write(Tv color, uint2 coord, uint lod = 0)

The following built-in function does a gather of four samples that may be used for bilinear interpolation when sampling a 2D
texture.

N A )P TTVE T ASERL N AREE SR, XA DU XS — N2 4E SO R A IR O 2 VA 1R

enum class component { X, y, z, W };
Tv gather(sampler s,
float2 coord,
int2 offset
component ¢

int2(0),
component::x) const

The following built-in 2D texture query functions are provided.

NS T AT R N 24 S A T TV
uint get_width(uint lod = @) const

uint get_height(uint lod = @) const
uint get_num_mip_levels() const

2D Texture Sampling Example
UL RAF 7

The following code shows several uses of the 2D texture sample function, depending upon its arguments.

T A AR e s 24 SOHRAE TR T LR R (AN [F B 240

#include <metal_stdlib>
using namespace metal;

texture2d<float> tex;
sampler s;

float2 coord;
int2 offset;
float lod;

// no optional arguments
float4 clr = tex.sample(s, coord);

// sample using a mip-level
clr = tex.sample(s, coord, level(lod));

// sample with an offset
clr = tex.sample(s, coord, offset);

// sample using a mip-level and an offset
clr = tex.sample(s, coord, level(lod), offset);



2D Texture Array
UL 7%

The following built-in functions sample from a 2D texture array.

N TR A2 4 S E A R

Tv sample(sampler s,
float2 coord,
uint array,
int2 offset = int2(@)) const

Tv sample(sampler s,
float2 coord,
uint array,
lod_options options,
int2 offset = int2(@)) const

lod_options must be one of the following types: bias, level, or gradient2d.

PL T EH 24 lod_options L ZHL LA MMEH ) —>: bias, level, gradient2d.

The following built-in function performs sampler-less reads from a 2D texture array.

TS RN T VR N — AN 2 4 S B A S i sampler-less K o

Tv read(uint2 coord, uint array, uint lod = @) const

The following built-in function writes to a 2D texture array.

NS DT VR R A2 4E SR SN E

void write(Tv color,
uint2 coord,
uint array,
uint lod = 0)

The following built-in function does a gather of four samples that may be used for bilinear interpolation when sampling a 2D
texture array.

T A H P R R ASEIL AR R A, 1] BUA AR AN 24 S R I O 2 M

Tv gather(sampler s,
float2 coord,
uint array,
int2 offset
component ¢

int2(0),
component::x) const

The following built-in 2D texture array query functions are provided.

NS T AR P R R 2 4 SO R A ) Tk
uint get_width(uint lod = @) const
uint get_height(uint lod = @) const

uint get_array_size() const
uint get_num_mip_levels() const

3D Texture
3YESUHH TV
The following data types and corresponding constructor functions are available to specify various sampling options.

A R R SR AR L R TR T ROE 2 SRS AL

bias(float value)
level(float lod)
gradient3d(float3 dPdx, float3 dPdy)



The following built-in functions sample from a 3D texture.

A N BT VE M AN 34E SO A H R
Tv sample(sampler s,
float3 coord,
int3 offset = int3(Q)) const
Tv sample(sampler s,
float3 coord,

lod_options options,
int3 offset = int3(0@)) const

lod_options must be one of the following types: bias, level, or gradient3d.
CL T 22 lod_options L ZHL LA MMEH ) —>: bias, level, gradient2d.
The following built-in function performs sampler-less reads from a 3D texture.

NS P TR N AN 3YESCE A A 747 sampler-less TR

Tv read(uint3 coord, uint lod = @) const

The following built-in function writes to a 3D texture.

NS P TT VR R A 3RS A S N E

void write(Tv color, uint3 coord, uint lod = 0)

The following built-in 3D texture query functions are provided.

NS T AR P R 3 SR A ) Tk
uint get_width(uint lod = @) const
uint get_height(uint lod = @) const

uint get_array_size() const
uint get_num_mip_levels() const

Cube Texture

S BUE

The following data types and corresponding constructor functions are available to specify various sampling options.
N T A H s SR B MR E TR T 08 2 KRR S AL

bias(float value)

level(float lod)
gradientcube(float3 dPdx, float3 dPdy)

The following built-in functions sample from a cube texture.

MBS BT TR AN ST SO A R

Tv sample(sampler s,
float3 coord) const

Tv sample(sampler s,

float3 coord,
lod_options options) const

lod_options must be one of the following types: bias, level, or gradientcube.
PL T EH 24 lod_options L ZHL LA MEH ) —>: bias, level, gradient2d.
The following built-in function writes to a cube texture.

NS DT VAR A 3YESUEE A SN E

void write(Tv color, float3 coord, uint lod = 0)



Note: Table5-2(page81)describes the cube texture face and the number used to identify the face.
NARAIR 1AL SO AN T S AU N R

Table 5-2 Cube Texture Face Number /. /7 20 HL [ 4 5 4

Face number Cube texture face

0 Positive X
1 Negative X
2 Positive Y
3 Negative Y
4 Positive Z
5 Negative Z

The following built-in function does a gather of four samples that may be used for bilinear interpolation when sampling a
cube texture.

THEHAHE N 7L PLSEI— NSRS RS, XA L FAEXN AN 7 SO R AE O 2R PR FE
Tv gather(sampler s,

float3 coord,
component ¢ = component::x) const

The following built-in cube texture query functions are provided.

NS TR R ST SO A TS

uint get_width(uint lod = @) const
uint get_height(uint lod = @) const
uint get_depth(uint lod = @) const
uint get_num_mip_levels() const

2D Multisampled Texture
24EZ BRAEGUH TR

The following built-in function performs a sampler-less read from a 2D multisampled texture.
A H N T VR A 24E 2 ER AR SO S i sampler-less 1 o

Tv read(uint2 coord, uint sample) const

The following built-in 2D multisampled texture query functions are provided.

NTA T AT 24E 2 BRSO AR TV

uint get_width(uint lod = @) const
uint get_height(uint lod = @) const
uint get_num_mip_levels() const

2D Depth Texture
QAETR L SO T

The following data types and corresponding constructor functions are available to specify various sampling options.
N T A H R SR AR ML E 5 T B8 2R EES AL
bias(float value)

level(float lod)
gradient2d(float2 dPdx, float2 dPdy)



The following built-in functions sample from a 2D depth texture.

IS N TG TR AN 2 GETR L SO AR A

T sample(sampler s,
float2 coord,
int2 offset = int2(0@)) const

T sample(sampler s,
float2 coord,
lod_options options,
int2 offset = int2(@)) const

lod_options must be one of the following types: bias, level, or gradient2d.
PL_ET7iH 240 lod_options U A L FEH ) —>: bias, level, gradient2d.

The following built-in functions sample from a 2D depth texture and compare a single component against the specified
comparison value.

N T A R PSR T AN A 2R SR R SRR I ELRT MR E AR AT R

T sample_compare(sampler s,
float2 coord,
float compare_value,
int2 offset = int2(@)) const

T sample_compare(sampler s,
float2 coord,
float compare_value,
lod_options options,
int2 offset = int2(@)) const

lod_options must be one of the following types: bias, level, or gradient2d. T must be a float type.
PL BT IS 3 lod_options W ZIEL LA FEAH ) —1>: bias, level, gradient2d. TUAZE—/MF S2KA,

Note: sample_compare performs a comparison of compare_value against the pixel value (1.0 if the comparison passes and
0.0 if it fails). These comparison result values per-pixel are then blended together as in normal texture filtering and the
resulting value between 0.0 and 1.0 is returned.

R K%L sample_compare G compare_value A RZFAH (AR HCEGETIR[E1.0, HAEAEDTIRE0.0) Z L
B, XEWRERBE FRARGRIWIRES (A Es0E i iEEE) I Hik BIFE0.0F1.02 [ 1R [HME,

The following built-in function performs a sampler-less read from a 2D depth texture.

A H T VR N A2 4R R B S 34T sampler-less TR AR

T read(uint2 coord, uint lod = @) const

The following built-in function does a gather of four samples that may be used for bilinear interpolation when sampling a 2D
depth texture.

T A H P R R R ASEIL AR R A, 1] BUS AR AN 2GR TR B SR I O 2 M

Tv gather(sampler s,
float2 coord,
int2 offset = int2(@)) const

The following built-in function does a gather of four samples that may be used for bilinear interpolation when sampling a 2D
depth texture and comparing these samples with a specified comparison value (1.0 if the comparison passes and 0.0 if it
fails).

N H A P VR T PASE I — ANSRAE SR A, X0 A RS — A2 4R IR B SO R AR (ON 2R e, [FIRY, i
B IX SRR S A — M e E s (R b aE iR E1.0, A ET IR [E0.0)

Tv gather_compare(sampler s,
float2 coord,
float compare_value,
int2 offset = int2(@)) const



T must be a float type.
L 77 2 A3 T AR — ANF R,
The following built-in 2D depth texture query functions are provided.

NHA T PR AT ] 2 4R TR B SO A T

uint get_width(uint lod = @) const
uint get_height(uint lod = @) const
uint get_num_mip_levels() const

2D Depth Texture Array
DUER L SCH A T 1%

The following built-in functions sample from a 2D depth texture array.

T HE ) P S TR AN AN 24 R SO A R A

T sample(sampler s,
float2 coord,
uint array,
int2 offset = int2(@)) const

T sample(sampler s,
float2 coord,
uint array,
lod_options options,
int2 offset = int2(@)) const

lod_options must be one of the following types: bias, level, or gradient2d.
PL v 22 lod_options L ZHL LA MEH ) —>: bias, level, gradient2d.

The following built-in functions sample from a 2D depth texture array and compare a single component against the specified
comparison value.

T HE B PSS T AN A 24 R SO A R AR I AR e B AR EEAT AL

T sample_compare(sampler s,

float2 coord,

uint array,

float compare_value,

int2 offset = int2(@)) const
T sample_compare(sampler s,

float2 coord,

uint array,

float compare_value,

lod_options options,

int2 offset = int2(@)) const

lod_options must be one of the following types: bias, level, or gradient2d. T must be a float type.
PL_ 75 vEH 24 lod_options e ZTHL LA FEH ) —>: bias, level, gradient2d. T@AZ0E —NF s R4,
The following built-in function performs a sampler-less read from a 2D depth texture array.

B ) AR VR A 2GR B LB A2 4T sampler-less R AT

T read(uint2 coord, uint array, uint lod = @) const

The following built-in function does a gather of four samples that may be used for bilinear interpolation when sampling a 2D
depth texture array.

T A R P TR T ASEIL DN AREE RS, X A] DU A AN 2GR SRR A I O Z M

Tv gather(sampler s,
float2 coord,
uint array,



int2 offset = int2(0)) const

The following built-in function does a gather of four samples that may be used for bilinear interpolation when sampling a 2D
depth texture array and comparing these samples with a specified comparison value.

NI A N TR AT DLSEI — AR SRS, IR AT DA AR — AN 24E VR B SO A SRAE IS SO A 4 AR, (RIS
R IR B KA A —NREE A R (R b RaE ik A 1.0, PhEeA i@ iR [910.0)
Tv gather_compare(sampler s,

float2 coord,

uint array,

float compare_value,
int2 offset = int2(@)) const

T must be a float type.
CL_E 5 VET 20 5 — N i 2R,
The following built-in 2D depth texture array query functions are provided.

N T R R B 248 R B SO 2 A .
uint get_width(uint lod = @) const
uint get_height(uint lod = @) const

uint get_array_size() const
uint get_num_mip_levels() const

Cube Depth Texture

ST TR BE S

The following data types and corresponding constructor functions are available to specify various sampling options.
bias(float value)

level(float lod)
gradientcube(float3 dPdx, float3 dPdy)

The following built-in functions sample from a cube depth texture.

T HE ) P 3 T AN AN L TR R SR A R

T sample(sampler s,
float3 coord) const

T sample(sampler s,

float3 coord,
lod_options options) const

lod_options must be one of the following types: bias, level, or gradientcube.
UL ET7EEF 124 lod_options W ZHL LA MMEH H—>: bias, level, gradient2d.

The following built-in functions sample from a cube depth texture and compare a single component against the specified
comparison value.

T A R PN A T VR N AN ST R B S B A SR A I HR — ANREE AR B AT L
T sample_compare(sampler s,

float3 coord,
float compare_value) const

T sample_compare(sampler s,
float3 coord,

float compare_value,
lod_options options) const

lod_options must be one of the following types: bias, level, or gradientcube. T must be a float type.
PL_ET7iH 240 lod_options U A L FEH ) —>: bias, level, gradient2d. T@AZ0i7E — N s KA,

The following built-in function does a gather of four samples that may be used for bilinear interpolation when sampling a
cube depth texture.



A ATV T USSR RS, X R DU AR A LT TR SRR R A I O Z VA

Tv gather(sampler s, float3 coord) const

The following built-in function does a gather of four samples that may be used for bilinear interpolation when sampling a
cube depth texture and comparing these samples with a specified comparison value.

T A H R N VR T PASEE — N4 R 'E/E?é/m\, X 7%)5@ ?EXT*/I\jjﬂfT%f”?X@%ﬁéﬂ%ﬁéHﬂﬁiﬂ%{é‘@?ﬂ?@, [] s}
X B KR S A — MR E L G teBo@E iz Bl 1.0, A @ I [F0.0)

Tv gather_compare(sampler s,
float3 coord,
float compare_value) const

T must be a float type.
T AUE — R R,
The following built-in cube depth texture query functions are provided.

NTEAHS T AR AL T IR SR A T

uint get_width(uint lod = @) const
uint get_height(uint lod = @) const
uint get_num_mip_levels() const

2D Multisampled Depth Texture
DU 2 B PR IR L SUH TR

The following built-in function performs a sampler-less read from a 2D multisampled depth texture.

NI A N DTV A2 4E 22 ER AR IR T AU 4T sampler-less EHR 1 .

T read(uint2 coord, uint sample) const

The following built-in 2D multisampled depth texture query functions are provided.

NI TP )R] 24 2 BRI EE SO A U

uint get_width() const
uint get_height() const
uint get_num_samples() const

Pack and Unpack Functions

DRGNS

This section lists the Metal functions for converting a vector floating-point data to and from a packed integer value. The
functions are defined in the header <metal_pack>. Refer to Texture Addressing and Conversion Rules (page 100) for details
on how to convert from a 8-bit, 10-bit or 16-bit signed or unsigned integer value to a normalized single- or half-precision
floating-point value and vice-versa.

XANFHI T E A E N DR TR R 2 (R Metal bR A, 1X 88 R HOE AL Sk S <metal_pack>
1o /N QU UEAT R BRI R PR IR T W 8L, 10LURFEE 16U CAMT S ELR AT S ) BIRE
AT ANV — A I BRG FE B R BV B8, AR A S ) B 45k

Unpack Integer(s); Convert to a Floating-Point Vector

PR R I e B O — N R

The following functions unpack multiple values from a single unsigned integer and then convert them into floating-point
values that are stored in a vector.



NARTAEN DTS BE R IR 2 AME, R 2 AME R 087 SR R A A R IR A

float4 unpack_unormd4x8_to_float(uint x) // ®BKELFKS
float4 unpack_snorm4x8_to_float(uint x) // BKEERS
half4 unpack_unormd4x8_to_half(uint x) // ¥KEELKFS
half4 unpack_snormd4x8_to_half(uint x) // FEHEAEFRS

Unpack a 32-bit unsigned integer into four 8-bit signed or unsigned integers and then convert each 8-bit signed or unsigned
integer value to a normalized single- or half-precision floating-point value to generate a 4-component vector.

A H A R AR A 32 BERF IR TE AT 5 B EOA S LURF A 77 5 B AT 5 8B AL ANR R R B E R Oy —
VA FR B R B R PR B AN R AR R A T &

float4 unpack_unorm4x8_srgb_to_float(uint x)
half4 unpack_unorm4x8_srgb_to_half(uint x)

Unpack a 32-bit unsigned integer into four 8-bit signed or unsigned integers and then convert each 8-bit signed or unsigned
integer value to a normalized single- or half-precision floating-point value to generate a 4-component vector. The r, g, and b
color values are converted from sRGB to linear RGB.

A H ) R AR 32 BERF R TE AT 5 B EONA S LU A 7 5 B AT 5 B AL ANR R R BB E R Oy —
U A 1R RN 2 Bl R P B, IR R ZE R i A R ERRR B AR NP E, Hr, g, b EH
CAE B> MAsRGBEIU 4 [H] 2R GBI 7 2 8] ) 4% i .

float2 unpack_unorm2x16_to_float(uint x)
float2 unpack_snorm2x16_to_float(uint x)
half2 unpack_unorm2x16_to_half(uint x)
half2 unpack_snorm2x16_to_half(uint x)

Unpack a 32-bit unsigned integer into two 16-bit signed or unsigned integers and then convert each 16-bit signed or unsigned
integer value to a normalized single- or half-precision floating-point value to generate a 2-component vector. (The
unpack_unorm2x16_to_half and unpack_snorm2x16_to_half functions may result in precision loss when converting
from a 16-bit unorm or snorm value to a half-precision floating point.)

T A H )RR B AL — AN 32 Ee R B TR S BN 2N 16 LU R A R 5 BUR B S B A, AR E M RN B UE e o — A
VA — A0 ) BEORS BT Bl R PV A8, ARG AR 24ERT I & . (PR unpack_unorm2x16_to_half Al
unpack_snorm2x16_to_half 1E##t—/"16LRFIE T 5 82 AT BUE N — DN BRE R S8, B SREUEERE, D

float4 unpack_unorml@a2_to_float(uint x)
float3 unpack_unorm565_to_float(ushort x)
half4 unpack_unorml@a2_to_half(uint x)
half3 unpack_unorm565_to_half(ushort x)

Convert a 1010102 (10a2), or 565 color value to the corresponding normalized single- or half-precision floating-point vector.
A H R AU 4 — > 1010102 (10a2) 28 B8E0(H 7 B 565K XS B I U — 1 (1) BRE B B RS P r M) =

Convert Floating-Point Vector to Integers, then Pack the Integers

et R R BN 2R, AR R X B

The following functions start with a floating-point vector, convert the components into integer values, and then pack the
multiple values into a single unsigned integer.

PO RS N RAENSE, BRELE D BV EEUE, RRERX 2 N EER BRI 5B

uint pack_float_to_unorm4x8(floatd x)
uint pack_float_to_snorm4x8(floatd x)
uint pack_half_to_unorm4x8(half4 x)
uint pack_half_to_snorm4x8(half4 x)

22l

Convert a 4-component vector normalized single- or half-precision floating-point value to four 8-bit integer values and pack
these 8-bit integer values into a 32-bit unsigned integer.

T A ) R AR A4 TR R ) AR BRORS E B AR P T R N4 SRR M B UE, R JR TR A B A R
BRI 32 R AT 5 B T

uint pack_float_to_srgb_unorm4x8(float4 x)



uint pack_half_to_srgb_unorm4x8(half4 x)

Convert a 4-component vector normalized single- or half-precision floating-point value to four 8-bit integer values and pack
these 8-bit integer values into a 32-bit unsigned integer. The color values are converted from linear RGB to sRGB.

T H R R B A A A4 ) I A A ) HORS B EIGR FRS BETE RUE VA SR R BUE, AR S XA A
BB =32 R S B . B[ 22 ARGB I 7 [A] 4 4 4E SRGB B 7 [A]

uint pack_float_to_unorm2x16(float2 x)

uint pack_float_to_snorm2x16(float2 x)

uint pack_half_to_unorm2x16(half2 x)
uint pack_half_to_snorm2x16(half2 x)

Convert a 2-component vector of normalized single- or half-precision floating-point values to two 16-bit integer values and
pack these 16-bit integer values into a 32-bit unsigned integer.

T A H A R B A 24 [ B VA P B RN R B AR PV RN N 16 R B EE, PR X2 B R 2
BRI 32 R AT 5 BT

uint pack_float_to_unorml@a2(float4)
ushort pack_float_to_unorm565(float3)
uint pack_half_to_unorml@a2(half4)
ushort pack_half_to_unorm565(half3)

Convert a 4- or 3-component vector of normalized single- or half-precision floating-point values to a packed, 1010102 or 565
color integer value.

ETHA S RTBR H, e AN AYE BE 3L R E A VA A Y RO R B R P I S E O R R TE ) “ 101010287
BT 565 5t R R R .

Atomic Functions

JE T AR R AL

The Metal shading language implements a subset of the C++11 atomics and synchronization operations. For atomic
operations, only a memory_order of memory_order_relaxed is supported. If the atomic operation is to threadgroup
memory, the memory scope of these atomic operations is a threadgroup. If the atomic operation is to device memory, then the
memory scope is the GPU device.

MetalZ5 B1E 5 LI 7 C++ 1B R -FRIEDEAE IR — 8. XFREFEE, R B memory_order_relaxed )
memory_order e #% > 7 1 MR FEAE 2N EBENAFET S, A FEAE i N B S — R, iR
JR A ERMN AN S, A NAEILHEZ2GPUKR -

There are only a few kinds of operations on atomic types, although there are many instances of those kinds. This section
specifies each general kind.

These are defined in the header <metal_atomic>.

HEANZ JUM R 2R EAE, H2FIRZ XA sef], XANNTEHRE 2850 R -F#EAE R o e XAE
S 4< metal_atomic >,

Note: Atomic operations to device and threadgroup memory can only be performed inside a kernel function (a function
declared with the kernel qualifier) or inside a function called from a kernel function.

ER: TN M RREHNAR T 3RIE RGN IFAT T Hkemel R 57 HH VB CRREEEA ] T kerne {21 155
K1) BUE Wikernel R 7 FH I eR 4o

The memory_order enum is defined as follows.

memory_orderf 45 g XU

enum memory_order {
memory_order_relaxed
b

Atomic Store Functions



JE¥ 17 fith R 2L

These functions atomically replace the value pointed to by obj (*obj) with desired.

N4 R ECRS 3 0 F *objdi [ FU{E N Z AL desired HIMH

void atomic_store_explicit(volatile device atomic_intx obj,
int desired,
memory_order order)

void atomic_store_explicit(volatile device atomic_uintx obj,
uint desired,
memory_order order)

void atomic_store_explicit(volatile threadgroup atomic_int* obj,
int desired,
memory_order order)

void atomic_store_explicit(volatile threadgroup atomic_uint* obj,

uint desired,
memory_order order)

Atomic Load Functions

LS WANEE

These functions atomically obtain the value pointed to by obj.

N4 R ECHRS SRR 7] i *obj 8 H] AIAE -

int atomic_load_explicit(volatile device atomic_intx obj,
memory_order order)

uint atomic_load_explicit(volatile device atomic_uintx obj,
memory_order order)

int atomic_load_explicit(volatile threadgroup atomic_int* obj,
memory_order order)

uint atomic_load_explicit(volatile threadgroup atomic_uintx obj,
memory_order order)

Atomic Exchange Functions

JEL A i R AT
These functions atomically replace the value pointed to by obj with desired and return the value obj previously held.

A R HORH A8 T 2 M desired HOAE 5 # H1*obj s ] IR, HACobj Y JEAEAF ik [RIE iR A o

int atomic_exchange_explicit(volatile device atomic_int *obj,
int desired,
memory_order order)

uint atomic_exchange_explicit(volatile device atomic_uint *xobj,
uint desired,
memory_order order)

int atomic_exchange_explicit(volatile threadgroup atomic_int xobj,
int desired,
memory_order order)

uint atomic_exchange_explicit(volatile threadgroup atomic_uint *obj,

uint desired,
memory_order order)

Atomic Compare and Exchange Functions

JEL¥ R AR 6 R AT

These functions atomically compare the value pointed to by obj with the value in expected. If those values are equal, the
function replaces *obj with desired (by performing a read-modify-write operation). The function returns the value obj
previously held.



) R L EE B < obifi [R] IR E A 2 B expected B,  WERAMEAESE, A4 EHiobj NS Hdesired ME (3L 32-12
-5 B o BREUREobj i HAE

bool atomic_compare_exchange_weak_explicit(
volatile device atomic_int *obj,
int *expected,
int desired,
memory_order succ,
memory_order fail)

bool atomic_compare_exchange_weak_explicit(
volatile device atomic_uint *obj,
uint *xexpected,
uint desired,
memory_order succ,
memory_order fail)

bool atomic_compare_exchange_weak_explicit(
volatile threadgroup atomic_int *obj,
int *expected,
int desired,
memory_order succ,
memory_order fail)

bool atomic_compare_exchange_weak_explicit(
volatile threadgroup atomic_uint *obj,
uint xexpected,
uint desired,
memory_order succ,
memory_order fail)

Atomic Fetch and Modify Functions
JR SR EORIE 24 R 2

The following operations perform arithmetic and bitwise computations. All these operations are applicable to an object of any
atomic type. The key, operator, and computation correspondence is given in Table 5-3 (page 91).

NS IR AT SCBUEARMALAE T P XA R AR A LN FH B DR R E R R TR, ARG T4,
BAERE, RIS

Table 5-3 Atomic Operation Function

key operator computation

add + addition

and & bitwise and 1% /7 5
max max compute max

min  min compute min

key operator computation

or | bitwise inclusive or 1%/ ol 51
sub - subtraction
xor ~ bitwise exclusive or St/

Atomically replaces the value pointed to by obj with the result of the computation of the value specified by key and arg.
These operations are atomic read-modify-write operations. For signed integer types, arithmetic is defined to use two’s
complement representation with silent wrap-around on overflow. There are no undefined results. It returns the value obj held
previously.

B th*objfe M L EFMEN HZSEkey M argit HASH R, XEEELE T ZB-BS-BAN #iE. XNTFH
RS, EAREEA E SONE AN A E R NS, & B fisilent wrap-around. NFEFEARE X ISR . BREUR
5] obj i) JEAH -



int atomic_fetch_key_explicit(volatile device atomic_int *obj,
int arg,
memory_order order)

uint atomic_fetch_key_explicit(volatile device atomic_uint xobj,
uint arg,
memory_order order)

int atomic_fetch_key_explicit(volatile threadgroup atomic_int *obj,
int arg,
memory_order order)

uint atomic_fetch_key_explicit(volatile threadgroup atomic_uint *obj,
uint arg,
memory_order order)



Compiler Options
PRI

The Metal compiler can be used online (i.e. using the appropriate APIs to compile Metal shading language sources) or offline.
Metal shading language source code that is compiled offline can be loaded as binaries, using the appropriate Metal
framework API.

This chapter explains the compiler options supported by the Metal shading language compiler, which are categorized as
pre-processor options, options for math intrinsics, options that control optimization and miscellaneous options. The online
and offline Metal compiler support these options.

Metal g 2% 7T AFEISAT I A8 (LG Gn s F AR 38 B AP BEMetal s (a8 5 VARS8 RS TRMEH . Metal /5 (15 S
PEARRS FE AR I8 4T I 4 9 3 5 P LA FH AR € HIMetal HEZRAPL, 4 9w P45 JRAE Jy kil FEZN

XA T FEMetal (015 5 9 A PIT SCIF O W R 00, 70 9 PiAL BRI, it SRk I, AR A AR o . 12
AT FHARIZ AT B ()1 1 Metal g 13 # #18 SCRFIX B 1R 10

Pre-Processor Options

AL P 18 T

These options control the Metal preprocessor that is run on each program source before actual compilation.
— IR EEAE I i Metal AL B, THAL R AR AE R A e VR D 4 SE R g B TS AT AL R AR P PR AR
-D name

Predefine name as a macro, with definition 1.

€ Xname N — 54, HAENI.
-D name=definition

The contents of definition are tokenized and processed as if they appeared in a #define directive. This option may receive
multiple options, which are processed in the order in which they appear. This option allows developers to compile Metal code
to change which features are enabled or disabled.

definition ] N R HEFRICAIACEE, a0 [FPEARCHS i #definetsg & — M, IXAMETUR] IRINEZAME, EATR % I8 H L G
S SR AL . XN IR AT & 35 g B Metal YA AL I 1 5 MR L6 45 1 P IR Ll s 1 o

-I dir

Add the directory dir to the list of directories to be searched for header files. This option is only available for the offline
compiler.

FINAE, TS0, AR TSRS 17 i .

Math Intrinsics Options
HOE ST

These options control compiler behavior regarding floating-point arithmetic. These options trade off between speed and
correctness.

AN TR ) Gt 1P A AE AL PR S EORIB E N ATy, XN IR A A T Is AN S A TS R

—ffast-math (default)

This option enables the optimizations for floating-point arithmetic that may violate the IEEE 754 standard. It also enables
the high-precision variant of math functions for single-precision floating-point scalar and vector types. —ffast-math is the
default.

PRI A AR RO, EE T BEAZIEEETS4ME, Eib R8T M e AR E (R REVF R
B EIRA) AR XEBOINRECA T BT



—-fno-fast—-math

This option is the opposite of —ffast-math. It disables the optimizations for floating-point arithmetic that may violate
the IEEE 754 standard. It also disables the high-precision variant of math functions for single-precision floating-point scalar
and vector types.

ZIETA “—ffast-math” #), ‘BEI<H T4 & S EezisZ il Qi vl g8 R IEEE754 070D « Bibk
A TR B B AR B (R S A ] BT STER

Options to Request or Suppress Warnings
BT ORI T

The following options are available. 7 £F [ [ [111% 1l

-Werror
Make all warnings into errors. 4 75 7 [ 25 A 42 b 1 g i
—-W

Inhibit all warning messages. /il A~ Hi 225



Numerical Compliance

BUE A

This chapter covers how the Metal shading language represents floating-point numbers with regard to accuracy in
mathematical operations. Metal is compliant to a subset of the IEEE 754 standard.

XN PR T Metald 5018 5 W] R IF S 80T BAEBCA T FEERAE P AR RS B - Metali NIEEE754 076 1) — /> T 4E

INF, NaN and Denormalized Numbers
INF must be supported for single precision floating-point numbers and are optional for half precision floating-point numbers.
INF 5 - B BV U — 58 SCIFIY, T 2PHG 0 B0 T IE SRR Y

NaNs must be supported for single precision floating-point numbers (with fast math disabled) and are optional for half
precision floating-point numbers. If fast math is enabled the behavior of handling NalN (as inputs or outputs) is undefined.

NaNsXf + HFE I RAUE SO (fastBUA g IR ORI IR UL B ) 5 X 2R L AU I SCHF o i SRfast
HOFIm PR TUT I, NaNIAT NARE Xo

Denormalized single or half precision floating-point numbers passed as input or produced as the output of single or half
precision floating-point operations may be flushed to zero.

Denormalized FAfEERE 05 B2V 8, ARV W REERIER) MASHEGRH M E R v LLgai 90,

Rounding Mode
EVE 2 S

Either round to zero or round to nearest rounding mode may be supported for single precision and half precision
floating-point operations.

[FIOHUEE BUAE Ry fls A SR AU, Xt T BRGNP 1 s R A AR S 1Y
Floating-Point Exceptions

s =

R
Floating-point exceptions are disabled in Metal.

A e fEMetal AN SR o

Relative Error as ULPs
CLULP{E 25 H AR X vR 22

Table 7-1 (page 96) describes the minimum accuracy of single-precision floating-point basic arithmetic operations and math
functions given as ULP values. The reference value used to compute the ULP value of an arithmetic operation is the infinitely
precise result.

RT- VIR 1 FNG P R B AR SR A AN e A B /S B2 (s FHULPAE 45 HD

Table 7-1 Minimum Accuracy of Floating-Point Operations and Functions

Math Function Min Accuracy - ULP values

X+y Correctly rounded

X-y Correctly rounded




X*y Correctly rounded

1.0/x <= 2.5 ulp for single precision

x/y <= 2.5 ulp for single precision

acos(X) <=4 ulp

acosh(x) <=4 ulp

asin(x) <=4 ulp

asinh(x) <=4 ulp

atan(x) <=5Sulp

atan2(y, X) <=6ulp

atanh(x) <=5Sulp

ceil(x) Correctly rounded

copysign(x) 0 ulp

cos(x) <=4 ulp

cosh(x) <=4 ulp

exp(x) <=4ulp

exp2(x) <=4ulp

expl0(x) <=4 ulp

fabs(x) 0 ulp

fdim(x, y) Correctly rounded

floor(x) Correctly rounded

fma(x, y. 2) Correctly rounded — see note below the
table

Math Function = Min Accuracy - ULP values

fmax(x,y) 0 ulp

fmin(x, y) 0 ulp

fmod(x, y) 0 ulp

fract(x) Correctly rounded

frexp(x, y) 0 ulp

ilogb(x) 0 ulp

ldexp(x,y) Correctly rounded

log(x) <=4ulp

log2(x) <=4 ulp

log10(x) <=4ulp

modf(x, 1) 0 ulp

pow(X,y) <=16ulp

powr(x,y) <= 16 ulp

rint(x) Correctly rounded




round(x) Correctly rounded

rsqrt(x) <=2ulp

sin(Xx) <=4 ulp

sincos(X, C) <=4 ulp

sinh(x) <=4 ulp

sqrt(x) <= 3 ulp for single precision
tan(x) <=6ulp

tanh(x) <=5Sulp

trunc(x) Correctly rounded

Note: The metal_math header does not declare a fma() function that developers can directly call. However, the Metal
compiler contracts floating-point expressions (i.e.,a * b + ¢) to a fused multiply-add instruction.

VERL: k3O “ metal_math ” 3% 75 B — ST fma() B 8 BT K8 BREAEHT, {52, Metaldi 3 4585 17 57 28 30 (a*b+ce)
B AR R IR 2

Table 7-2 (page 98) describes the minimum accuracy of single-precision floating-point arithmetic operations given as ULP
values with fast math enabled (which is the default unless -ffast-math-disable is specified as a compiler option).

RT3 1 AEfast B2 G BB I T I AU TS 00 & GO S A Y G 1 6 - ffast-math-disable () 5 00 ), 8 FHULP{E br
TE A RS P RO AR AR R B /R T

Table 7-2 Minimum Accuracy of Operations and Functions with Fast Math Enabled

Math Function Min Accuracy - ULP values

X+y Correctly rounded

X-y Correctly rounded

X*y Correctly rounded

1.0/x <= 2.5 ulp for x in the domain of 2-126 to 2126

x/y <= 2.5 ulp for x in the domain of 2-1?6 to 2126

acos(x) <=5Sulp

acosh(x) Implemented as log(x + sqrt(x * x — 1.0))

asin(x) <=5 ulp for Ix| >=21%

asinh(x) Implemented as log(x + sqrt(x * x + 1.0))

atan(x) <=5Sulp

atanh(x) Implemented as 0.5 * (log(1.0 + x) / log(1.0 — x))

atan2(y, x) Implemented as atan(y / x)

cos(x) For x in\t/he domflin [—Pi, Pi], the maxirr{urr‘l absolgte error 1s <= 2“13. Outs‘imdé that domain, the error is
larger. 4xf{E X [A][-pi, pi]#', S ANHIRZE/NTET2D, XA, RZEZ K.

cosh(x) Implemented as 0.5 * (exp(x) + exp(-X))

exp(x) <=3 + floor(fabs(2 * x)) ulp

exp2(x) <=3 + floor(fabs(2 * x)) ulp




Math Function

Min Accuracy - ULP values

expl0(x) Implemented as exp2(x * log2(10))
Implemented either as a correctly rounded fma or as a multiply and an add, both of which are correctly
fma(x, y, z)
rounded.
log(x) For x in the domain [0.5, 2], the maximum absolute error is <= 22!; otherwise the maximum error is <=
8 3ulp HxTEXAI[0.5, 2] KR Z /N T8 122, xfEX[E4h, & KiRZE /N T T 3ulp.
log2(x) For x in the domain [0.5, 2], the maximum absolute error is <= 2-2!; otherwise the maximum error is <=
8 3ulp HxTEXAI[0.5, 2] KR Z /N T8 1221, xfEX A 4N, | KiRZE/NT5 T 3ulp.
log10(x) Implemented as log2(x) * log10(2)
pow(x,y) Implemented as exp2(y * log2(x))
powr(X,y) Implemented as exp2(y * log2(x))
round(x) Returns a value equal to the nearest integer to x. The fraction 0.5 is rounded in a direction chosen by the
ouneix implementation. i [Al 5T x I EERUE, 40 400.50 5 A TJ7 A SO E
sin(x) For x in the domain [-pi, pi], the maximum absolute error is <= 2-13_ Qutside that domain, the error is
larger. 4xfE X [A][-pi, pi]#, AR ZE/NTETF2D, EXES, RZEZ K.
sinh(x) Implemented as 0.5 * (exp(x) — exp(-x))
sincos(x) ulp values as defined for sin(x) and cos(x)
sqrt(x) Implemented as 1.0 / rsqrt(x)
tan(x) Implemented as sin(x) * (1.0 / cos(x))
tanh(x) Implemented as (t — 1.0)/(t + 1.0) where t = exp(2.0 * x)

Edge Case Behavior in Flush To Zero Mode

AFATN

If denormals are flushed to zero, then a function may return one of these two results:

Any conforming result for non-flush-to-zero mode. If the result is a subnormal before rounding, it may be flushed to zero.

Any non-flushed conforming result for the function if one or more of its subnormal operands are flushed to zero. If the result
is a subnormal before rounding, it may be flushed to zero

In each of the cases, if an operand or result is flushed to zero, the sign of the zero is undefined.
WS, A —A~ R EnT LU [ A 45 R B — A
1T Z FF B non-flush-to-zerof T AR, 4 SR 45 R AE BUE H & — /> subnormal & ] LA (I M0

1T B 5F G non-flushed B A ME, WS — R 2 AN EAE R ) 0. 0 58 28 B8 BUES AT 7& — 1 >subnormal , & A] DA I

Jill 90,

CLEPIRME DL, WR AR B2 45 R i ou0, AR AO0MIFT 5 3E R E X

Texture Addressing and Conversion Rules

2P - 1k AR R

The texture coordinates specified to the sample, sample_compare, gather, gather_compare, read, and write functions
cannot be INF or NaN. In addition, the texture coordinate must refer to a region inside the texture for the texture read and

write functions.



The following sections discuss conversion rules that are applied when reading and writing textures in a graphics or kernel

function.

AP ARBRXT TR HIX 2L pR AN GE NINF 872 NaN: sample, sample_compare, gather, gather_compare, read, write. 154 ,
X Fread fwrite PR EL, SUEEALFR DA RS B T A& — A DX 380 P 38 o

A 7E R 35 € R AT+ S kerne B FF - S0 O SEURI 55 A\ Fi 2 D B 8 01

Conversion rules for normalized integer pixel data types

SR T S ¢ EE

This section discusses converting normalized integer pixel data types to floating-point values and vice-versa.
REANTE BRI AR R BT, B 3 SR A A .
Converting normalized integer pixel data types to floating-point values
FHIA— A B AR R B R A 27 S AUE

For textures that have 8-bit, 10-bit or 16-bit normalized unsigned integer pixel values, the texture sample and read functions
convert the pixel values from an 8-bit or 16-bit unsigned integer to a normalized single or half-precision floating-point value

in the range [0.0, 1.0].

AR, 104, 16ERFIERT S RIL B R E ISR, SOHRAE A R R e B R Bl A8 LLy
oo 16 LURF A TC AT 5 38 HFE B VA — AL I RS B P B B, HAE809[0.0, 1.0

For textures that have 8-bit or 16-bit normalized signed integer pixel values, the texture sample and read functions convert the
pixel values from an 8-bit or 16-bit signed integer to a normalized single or half-precision floating-point value in the range

[-1.0, 1.0].

AR, 104, 16 AT SRILBRRERNSE, SORRMEAM B R BOR F B R Bl 8Ly
oo 16 LURF A A7 5 B8 EUE B o9 VA — AL I RS B~ 7 R 3, HAE O [-1.0, 1.0

These conversions are performed as listed in the second column of Table 7-3 (page 100). The precision of the conversion
rules are guaranteed to be <= 1.5 ulp except for the cases described in the third column.

B ) SR R R T35 A . B Hors EEORUE/N T 1.5ulp, BRZE N EREE =2 P ARRFR G O o

Table 7-3 Rules for Conversion from a Normalized Integer to a Normalized Floating-Point Value

Convert from

Conversion Rule to Normalized Float

Corner Cases

8-bit normalized unsigned integer

float(c) / 255.0

0 must convert to 0.0 255 must convert to 1.0

10-bit normalized unsigned integer

float(c) / 1023.0

0 must convert to 0.0 1023 must convert to 1.0

16-bit normalized unsigned integer

float(c) / 65535.0

0 must convert to 0.0 65535 must convert to 1.0

Convert from

Conversion Rule to Normalized Float

Corner Cases

8-bit normalized signed integer

max(-1.0, float(c)/127.0)

-128 and -127 must convert to -1.0 O must convert
must convert to 1.0

16-bit normalized signed integer

max(-1.0, float(c)/32767.0)

-32768 and -32767 must convert to -1.0 O must co
0.032767 must convert to 1.0

Converting floating-point values to normalized integer pixel data types

FE T FUOE R IH — AR AR R B 2R Y

For textures that have 8-bit, 10-bit or 16-bit normalized unsigned integer pixel values, the texture write functions convert the
single or half-precision floating-point pixel value to an 8-bit or 16-bit unsigned integer.



TSRS, 10t%r, 16HAFRI M S RILR HAERSOE, SUH S o B 40 BORG B2 B B A L R R —
8L B 16 LA T 1T 5 2L

For textures that have 8-bit or 16-bit normalized signed integer pixel values, the texture write functions convert the single or
half-precision floating-point pixel value to an 8-bit or 16-bit signed integer.

TSRS, 10k, 16t RIA TS5 BIVR R EREOE, SURE o 8O R BB PG L R R Ry — 1
8RB 16 LU A 175 2L

The preferred methods to perform conversions from floating-point values to normalized integer values are listed in Table 7-4
(page 101).

RT-4 S T NEFE SBUE RSO IA — B RME R T

Table 7-4 Rules for Conversion from a Floating-Point to a Normalized Integer Value

Convert to Conversion Rule to Normalized Integer
8-bit normalized unsigned integer float(c) / 255.0

10-bit normalized unsigned integer float(c) / 1023.0

16-bit normalized unsigned integer float(c) / 65535.0

8-bit normalized signed integer max(-1.0, float(c)/127.0)
16-bit normalized signed integer max(-1.0, float(c)/32767.0)

The GPU may choose to approximate the rounding mode used in the conversions described in Table 7-4 (page 101).If a
rounding mode other than round to nearest even is used, the absolute error of the implementation dependent rounding mode
vs. the result produced by the round to nearest even rounding mode must be <= 0.6.

GPURS e 5 45 1 (R UB A UM, FH R 7-4 e i k. InRAE ] — AR T “ U B S B %07 MBUERE, A4
KR ZEAHLEAEH] “ BUB R e B4 b 2/ T5510.6.

Conversion rules for half precision floating-point pixel data type

PR P R BB B R T )

For textures that have half-precision floating-point pixel color values, the conversions from half to float are lossless.
Conversions from float to half round the mantissa using the round to nearest even or round to zero rounding mode.
Denormalized numbers for the half data type which may be generated when converting a f loat to a half may be flushed to
zero. A float NaN may be converted to an appropriate NaN or be flushed to zero in the half type. A float INF may be
converted to an appropriate INF or be flushed to zero in the half type.

X RS T SR RPN E SR, MRS 2 SRE B R B i i 2 e A 1R 1), MCERRE BE 2 kG BE T U
ey, AR B B C o ERCE 7 BB NJE 2. Denormalized X TS ERIR A (Fefh— AN RS
FERCNERE R FE = A ) S8 i 0. — /N S EINaN B] DA 8% e 4 — M a 29 I NaN B2 3 0 (R R
B o — N REINFR] DA R 44— NG M B INFEGE #E PR R0 CERSED .

Conversion rules for floating-point channel data type

V- 5 A T AR ST ) P R D)

The following rules apply for reading and writing textures that have single-precision floating-point pixel color values.
T HOM 5 N BN BV VR R B R T SR RIS, T F10 DUt g v FH

® NaNs may be converted to a NaN value(s) or be flushed to zero. NaNs {4 # 7 4 yNaNAH 22 il 50

® INFs may be converted to a INF value(s) or be flushed to zero. INFs 5 #7 5 4 9 INFAE 24 5 7l 0

® Denorms may be flushed to zero. Denorms & #% /14 il 50

e All other values must be preserved. A 115 4% {4 B4



Conversion rules for signed and unsigned integer pixel data types

A FF 5 MR 5 BEIAR 2R 2 S A A o )

For textures that have 8-bit or 16-bit signed or unsigned integer pixel values, the texture sample and read functions return a
signed or unsigned 32-bit integer pixel value. The conversions described in this section must be correctly saturated. Writes to
these integer textures perform one of the conversions listed in Table 7-5 (page 102).

ST 8 LA R 16, 775 2 T TR 2 (A (500, 500 SRR T 1 0 ] — A 45 2 T 2
R G, AN RO SUE PSR . X KRR RO S A, KB T 4551 Hh 5 4
FrERE

Table 7-5 Rules for Conversion between Integer Pixel Data Types

Convert from Convert to Conversion Rule

32-bit signed integer 8-bit signed integer result = convert_char_saturate(val)
32-bit signed integer 16-bit signed integer result = convert_short saturate(val)
32-bit unsigned integer  8-bit unsigned integer result = convert_uchar_saturate(val)
32-bit unsigned integer  16-bit unsigned integer o<1t = conve rt_ushort_saturate(val)

Conversion rules for SRGBA and sBGRA Textures
SRGBAFISBGRAZL HH i) 5 i 1 ]

Conversion from sRGB space to linear space is automatically done when sampling from an sRGB texture. The conversion
from sRGB to linear RGB is performed before the filter specified in the sampler specified when sampling the texture is
applied. If the texture has an alpha channel, the alpha data is stored in linear color space.

2 —/sRGBEUH FFRAE A I, M sRGBEI 2 18] 4% i 2 2 M 2t 45 [R) 2 B 3 58 B o 2 SUBRAE S I i, A
sRGBII{ 2 [8] B PERGBE L 22 [8] U FE e S5 5 RAE AR U8B R AT o« N RS AT alphalliE, alpha%fii 447 i ££
2L 2 () o

Conversion from linear to sSRGB space is automatically done when writing to an sSRGB texture. If the texture has an alpha
channel, the alpha data is stored in linear color space.

21— sRGBLUH G NN, M sRGBZI 7 2% [A) e 45 B e 1 B 4 0] 52 H BN 58 il A1 REUH A alphaili&, alphafitifa
WA AL L ME BB 2 ) v
The following is the conversion rule for converting a normalized 8-bit unsigned integer SRGB color value to a floating-point

linear RGB color value (call it ) as per rules described in Converting normalized integer pixel data types to floating-point
values (page 100).

N A SR N A RIS LR AT S B IESRGBEI A N — MF R ZRPERGBEI A (dndd Ne) HEH

if (c <= 0.04045),
result = ¢ / 12.92;
else
result = powr((c + 0.055) / 1.055, 2.4);

The resulting floating point value, if converted back to an SRGB value without rounding to a 8-bit unsigned integer value,
must be within 0.5 ulp of the original sSRGB value.

EE AR R TR A R S BUE, R A 2 B — N sRGBAH (AN &N, 8bit LT 58I , IBAMNFEKAIsSRGB
{EHAHEE, TRZHRALEO. Sulp.

The following are the conversion rules for converting a linear RGB floating-point color value (call it ¢) to a normalized 8-bit
unsigned integer SRGB value.

NS H R R — DN VERGBIEE RUBEVE (A4 Ae) A — DNIH— 8 ELRs 7T 5 B sRGBAE HIIEH .

if (isnan(c))
cC = 0.0;



if (c > 1.0)

c = 1.0;
else if (c < 0.0)
cC = 0.0;

else if (c < 0.0031308)
c = 12.92 % c;
else
c = 1.055 x powr(c, 1.0/2.4) - 0.055;
convert to integer scale i.e. ¢ = ¢ x 255.0
convert to integer:
c=cC+ 0.5
drop the decimal fraction, and the remaining
floating-point(integral) value is converted
directly to an integer.

The precision of the above conversion should be such that:

T A B B RS LTS

fabs(reference result — integer result) <= 0.6

Document Revision History
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This table describes the changes to Metal Shading Language Guide .

2014-09-17 New document that describes the programming language used to create graphics and compute functions to use
with the Metal framework.
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