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Preface



Conventions Used in This Book

The following typographical conventions are used in this book:


	Italic

	
Indicates new terms, URLs, email addresses, filenames, and file extensions.



	Constant width

	
Used for program listings, as well as within paragraphs to refer to program elements such as variable or function names, databases, data types, environment variables, statements, and keywords.



	Constant width bold

	
Shows commands or other text that should be typed literally by the user.



	Constant width italic

	
Shows text that should be replaced with user-supplied values or by values determined by context.





Tip

This element signifies a tip or suggestion.



Note

This element signifies a general note.



Warning

This element indicates a warning or caution.







Using Code Examples

Supplemental material (code examples, exercises, etc.) is available for download at https://github.com/oreillymedia/title_title.

This book is here to help you get your job done. In general, if example code is offered with this book, you may use it in your programs and documentation. You do not need to contact us for permission unless you’re reproducing a significant portion of the code. For example, writing a program that uses several chunks of code from this book does not require permission. Selling or distributing a CD-ROM of examples from O’Reilly books does require permission. Answering a question by citing this book and quoting example code does not require permission. Incorporating a significant amount of example code from this book into your product’s documentation does require permission.

We appreciate, but do not require, attribution. An attribution usually includes the title, author, publisher, and ISBN. For example: “JavaScript: The Definitive Guide, Seventh Edition, by David Flanagan (O’Reilly). Copyright 2019 David Flanagan, 978-1-491-95202-3.”

If you feel your use of code examples falls outside fair use or the permission given above, feel free to contact us at permissions@oreilly.com.





O’Reilly Online Learning

Note

For almost 40 years, O’Reilly has provided technology and business training, knowledge, and insight to help companies succeed.



Our unique network of experts and innovators share their knowledge and expertise through books, articles, conferences, and our online learning platform. O’Reilly’s online learning platform gives you on-demand access to live training courses, in-depth learning paths, interactive coding environments, and a vast collection of text and video from O’Reilly and 200+ other publishers. For more information, please visit http://oreilly.com.





How to Contact Us

Please address comments and questions concerning this book to the publisher:


  	O’Reilly Media, Inc.

  	1005 Gravenstein Highway North

  	Sebastopol, CA 95472

  	800-998-9938 (in the United States or Canada)

  	707-829-0515 (international or local)

  	707-829-0104 (fax)



We have a web page for this book, where we list errata, examples, and any additional information. You can access this page at http://www.oreilly.com/catalog/9781491952023.


To comment or ask technical questions about this book, send email to bookquestions@oreilly.com.

For more information about our books, courses, conferences, and news, see our website at http://www.oreilly.com.

Find us on Facebook: http://facebook.com/oreilly

Follow us on Twitter: http://twitter.com/oreillymedia

Watch us on YouTube: http://www.youtube.com/oreillymedia
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Chapter 1. Classes



With Early Release ebooks, you get books in their earliest form—the author’s raw and unedited content as he or she writes—so you can take advantage of these technologies long before the official release of these titles. The following will be Chapter 9 in the final release of the book.


JavaScript objects were covered in Chapter 6. That chapter treated
each object as a unique set of properties, different from every other
object. It is often useful, however, to define a class of objects
that share certain properties. Members, or instances, of the class
have their own properties to hold or define their state, but they also
have methods that define their behavior. These methods are defined by
the class and shared by all instances. Imagine a class named Complex
that represents and performs arithmetic on complex numbers, for
example. A Complex instance would have properties to hold the real and
imaginary parts (the state) of the complex number. And the Complex
class would define methods to perform addition and multiplication (the
behavior) of those numbers.


In JavaScript, classes use prototype-based inheritance: if two objects
inherit properties (generally function-valued properties, or methods)
from the same prototype, then we say that those objects are instances
of the same class. That, in a nutshell, is how JavaScript classes
work.  JavaScript prototypes and inheritance were covered
earlier, and you will need to be familiar
with that material to understand this chapter. This
chapter covers prototypes in “Classes and Prototypes”.


If two objects inherit from the same prototype, this typically (but
not necessarily) means that they were created and initialized by the
same constructor function or factory function.


JavaScript has always allowed the definition of classes. ECMAScript 6
introduced a brand-new syntax (including a class keyword) that makes
it even easier to create classes. These new JavaScript classes work
in the same way that old style classes do, and this chapter starts by
explaining the old way of creating classes because that demonstrates
more clearly what is going on behind the scenes to make classes
work. Once we’ve explained those fundamentals, we’ll shift and start
using the new simplified class definition syntax.


If you’re familiar with strongly-typed object-oriented programming
languages like Java or C++, you’ll notice that JavaScript classes are
quite different from classes in those languages. There are some
syntactic similarities, and you can emulate many features of
“classical” classes in JavaScript, but it is best to understand up
front that JavaScript’s classes and prototype-based inheritance
mechanism are substantially different from the classes and class-based
inheritance mechanism of Java and similar languages.








Classes and Prototypes


In JavaScript, a class is a set of objects that inherit properties
from the same prototype object. The prototype object, therefore, is
the central feature of a class. Chapter 6 covered the
Object.create() function that returns a newly created object that
inherits from a specified prototype object. If we define a prototype
object, and then use Object.create() to create objects that inherit
from it, we have defined a JavaScript class. Usually, the instances of
a class require further initialization, and it is common to define a
function that creates and initializes the new object. Example 1-1
demonstrates this: it defines a prototype object for a class that
represents a range of values and also defines a “factory”
function that creates and initializes a new instance of the class.


Example 1-1. A simple JavaScript class


// This is a factory function that returns a new range object.
function range(from, to) {
    // Use Object.create() to create an object that inherits from the
    // prototype object defined below.  The prototype object is stored as
    // a property of this function, and defines the shared methods (behavior)
    // for all range objects.
    let r = Object.create(range.methods);

    // Store the start and end points (state) of this new range object.
    // These are noninherited properties that are unique to this object.
    r.from = from;
    r.to = to;

    // Finally return the new object
    return r;
}

// This prototype object defines methods inherited by all range objects.
range.methods = {
    // Return true if x is in the range, false otherwise
    // This method works for textual and Date ranges as well as numeric.
    includes(x) { return this.from <= x && x <= this.to; },

    // A generator function that makes instances of the class iterable.
    // Note that it only works for numeric ranges.
    *[Symbol.iterator]() {
        for(let x = Math.ceil(this.from); x <= this.to; x++) yield x;
    },

    // Return a string representation of the range
    toString() { return "(" + this.from + "..." + this.to + ")"; }
};

module.exports = range;

// Here are example uses of a range object.
let r = range(1,3);      // Create a range object
r.includes(2)            // => true: 2 is in the range
r.toString()             // => "(1...3)"
[...r]                   // => [1, 2, 3]; convert to an array via iterator



There are a few things worth noting in the code of Example 1-1:



	
This code defines a factory function range() for creating new
range objects.



	
It uses the methods property of this range() function as a
convenient place to store the prototype object that defines the
class. There is nothing special or idiomatic about putting the
prototype object here.



	
The range() function defines from and to properties on each
range object. These are the unshared, noninherited properties that
define the unique state of each individual range object.



	
The range.methods object uses the ES6 shorthand syntax for
defining methods, which is why you don’t see the function keyword
in the prototype. (See Chapter 6 to
review object literal shorthand method syntax.)



	
One of the methods in the prototype has the computed name Symbol.iterator which means that it
is defining an iterator for range objects. The name of this method
is prefixed with * which indicates that it is a generator function
instead of a regular function. Iterators and generators are covered
in detail in Chapter 2. For now, the upshot is that instances of
this range class can be used with the for/of loop, and with the
... spread operator.



	
The shared, inherited methods defined in range.methods all use the
from and to properties that were initialized in the range()
factory function. In order to refer to them, they use the this
keyword to refer to the object through which they were invoked. This
use of this is a fundamental characteristic of the methods of any
class.





















Classes and Constructors


Example 1-1 demonstrates a simple way to define a JavaScript
class. It is not the idiomatic way to do so, however, because it did
not define a constructor. A constructor is a function designed for
the initialization of newly created objects. Constructors are invoked
using the new keyword. Constructor invocations using new
automatically create the new object, so the constructor itself only
needs to initialize the state of that new object. The critical feature
of constructor invocations is that the prototype property of the
constructor is used as the prototype of the new object. This means
that all objects created with the same constructor inherit from the
same object and are therefore members of the same class.
Example 1-2 shows how we could alter the range class of
Example 1-1 to use a constructor function instead of a factory
function. Example 1-2 demonstrates the idiomatic way to create a
class in versions JavaScript that do not support the ES6 class
keyword. Even though class is well-supported now, there is still
lots of older JavaScript code around that defines classes like this,
and you should be familiar with the idiom so that you can read old
code and so that you understand what is going on “under the covers”
when you use the class keyword.


Example 1-2. A Range class using a constructor


// This is a constructor function that initializes new Range objects.
// Note that it does not create or return the object. It just initializes this.
function Range(from, to) {
    // Store the start and end points (state) of this new range object.
    // These are noninherited properties that are unique to this object.
    this.from = from;
    this.to = to;
}

// All Range objects inherit from this object.
// Note that the property name must be "prototype" for this to work.
Range.prototype = {
    // Return true if x is in the range, false otherwise
    // This method works for textual and Date ranges as well as numeric.
    includes: function(x) { return this.from <= x && x <= this.to; },

    // A generator function that makes instances of the class iterable.
    // Note that it only works for numeric ranges.
    [Symbol.iterator]: function*() {
        for(let x = Math.ceil(this.from); x <= this.to; x++) yield x;
    },

    // Return a string representation of the range
    toString: function() { return "(" + this.from + "..." + this.to + ")"; }
};

module.exports = Range;

// Here are example uses of this new Range class
let r = new Range(1,3);   // Create a Range object
r.includes(2)             // => true: 2 is in the range
r.toString()              // => "(1...3)"
[...r]                    // => [1, 2, 3]; convert to an array via iterator



It is worth comparing Example 1-1 and Example 1-2 fairly carefully
and noting the differences between these two techniques for defining
classes.  First, notice that we renamed the range() factory function
to Range() when we converted it to a constructor. This is a very
common coding convention: constructor functions define, in a sense,
classes, and classes have names that begin with capital
letters. Regular functions and methods have names that begin with
lowercase letters.


Next, notice that the Range() constructor is invoked (at the end
of the example) with the new keyword while the range() factory
function was invoked without it. Example 1-1 uses regular function
invocation to create the new object and
Example 1-2 uses constructor invocation. Because the Range() constructor is
invoked with new, it does not have to call Object.create() or take
any action to create a new object. The new object is automatically
created before the constructor is called, and it is accessible as the
this value. The Range() constructor merely has to initialize
this. Constructors do not even have to return the newly created
object. Constructor invocation automatically creates a new object,
invokes the constructor as a method of that object, and returns the
new object. The fact that constructor invocation is so different from
regular function invocation is another reason that we give
constructors names that start with capital letters. Constructors are
written to be invoked as constructors, with the new keyword, and
they usually won’t work properly if they are invoked as regular
functions. A naming convention that keeps constructor functions
distinct from regular functions helps programmers to know when to use
new.


Another critical difference between Example 1-1 and Example 1-2 is
the way the prototype object is named. In the first example, the
prototype was range.methods. This was a convenient and descriptive
name, but arbitrary. In the second example, the prototype is
Range.prototype, and this name is mandatory. An invocation of the
Range() constructor automatically uses Range.prototype as the
prototype of the new Range object.


Finally, also note the things that do not change between Example 1-1
and Example 1-2: the range methods are defined and invoked in the
same way for both classes. Because Example 1-2 demonstrates the
idiomatic way to create classes in versions of JavaScript before ES6,
it does not use the ES6 shorthand method syntax in the prototype
object and explicitly spells out the methods with the function
keyword. But you can see that the implementation of the methods is the
same in both examples.


Importantly, note that neither of the two range examples uses arrow
functions when defining constructors or methods. Recall that functions defined in this way do not have a
prototype property and so can not be used as constructors. Also,
arrow function inherit the this keyword from the context in which
they are defined rather than setting it based on the object which they
are invoked through, and this makes them useless for methods, because
the defining characteristic of methods is that they use this to
refer to the instance on which they were invoked.


Fortunately, the new ES6 class syntax doesn’t allow the option of
defining methods with arrow functions, so this is not a mistake that
you can accidentally make when using that syntax. We will cover the
ES6 class keyword soon, but first there are more details to cover
about constructors.










Constructors, Class Identity and instanceof


As we’ve seen, the prototype object is fundamental to the identity of
a class: two objects are instances of the same class if and only if
they inherit from the same prototype object. The constructor function
that initializes the state of a new object is not fundamental: two
constructor functions may have prototype properties that point to
the same prototype object. Then both constructors can be used to
create instances of the same class.


Even though constructors are not as fundamental as prototypes, the
constructor serves as the public face of a class. Most obviously, the
name of the constructor function is usually adopted as the name of the
class. We say, for example, that the Range() constructor creates
Range objects. More fundamentally, however, constructors are used with
the instanceof operator when testing objects for membership in a
class. If we have an object r and want to know if it is a Range
object, we can write:


r instanceof Range   // => true: r inherits from Range.prototype


The instanceof operator was described earlier. The
left-hand operand should be the object that is being tested, and the
right-hand operand should be a constructor function that names a
class. The expression o instanceof c evaluates to true if o
inherits from c.prototype. The inheritance need not be direct. If
o inherits from an object that inherits from an object that inherits
from c.prototype, the expression will still evaluate to true.


In the code above, the instanceof operator is not actually checking
whether r was initialized by the Range constructor. It is checking
whether r inherits from Range.prototype. Nevertheless, the
instanceof syntax reinforces the use of constructors as the public
identity of a class.


If you want to test the prototype chain of an object for a specific
prototype and do not want to use the constructor function as an
intermediary, you can use the isPrototypeOf() method. In
Example 1-1, for example, we defined a class without a constructor
function, so there is no way to use instanceof with that
class. Instead, however, we could test whether an object r was a
member of that constructor-less class with this code:


range.methods.isPrototypeOf(r);  // range.methods is the prototype object.

















The constructor Property


In Example 1-2 we set Range.prototype to a new object that
contained the methods for our class. Although it was convenient to
express those methods as properties of a single object literal, it was
not actually necessary to create a new object. Any regular JavaScript
function (excluding arrow functions, generator functions and async
functions) can be used as a constructor, and constructor
invocations need a prototype property. Therefore, every regular
JavaScript function1
automatically has a prototype property. The value of this property
is an object that has a single nonenumerable constructor
property. The value of the constructor property is the function
object:


let F = function() {}; // This is a function object.
let p = F.prototype;   // This is the prototype object associated with F.
let c = p.constructor; // This is the function associated with the prototype.
c === F                // => true: F.prototype.constructor === F for any F


The existence of this predefined prototype object with its constructor
property means that objects typically inherit a constructor property that
refers to their constructor. Since constructors serve as the public identity of
a class, this constructor property gives the class of an object:


let o = new F();      // Create an object o of class F
o.constructor === F   // => true: the constructor property specifies the class


Figure 1-1 illustrates this relationship between the constructor
function, its prototype object, the back reference from the prototype
to the constructor, and the instances created with the constructor.


[TODO: the line “foreach…” in the middle block of the figure should
be removed, because I’ve removed it from the code]



[image: js6e 0901]
Figure 1-1. A constructor function, its prototype, and instances




Notice that Figure 1-1 uses our Range() constructor as an
example. In fact, however, the Range class defined in Example 1-2
overwrites the predefined Range.prototype object with an object of
its own. And the new prototype object it defines does not have a
constructor property. So instances of the Range class, as defined,
do not have a constructor property.  We can remedy this problem by
explicitly adding a constructor to the prototype:


Range.prototype = {
    constructor: Range,  // Explicitly set the constructor back-reference

    /* method definitions go here */
};


Another common technique that you are likely to see older JavaScript
code is to use the predefined prototype object with its constructor
property, and add methods to it one at a time with code like this:


// Extend the predefined Range.prototype object so we don't overwrite
// the automatically created Range.prototype.constructor property.
Range.prototype.includes = function(x) {
    return this.from<=x && x<=this.to;
};
Range.prototype.toString = function() {
    return "(" + this.from + "..." + this.to + ")";
};
























Classes with the class Keyword


Classes have been part of JavaScript since the very first version of
the language, but in ECMAScript 6 they finally got their own syntax,
with the introduction of the class keyword. Example 1-3 shows what
our Range class looks like when written with this new syntax.


Example 1-3. The Range class rewritten using class


class Range {
    constructor(from, to) {
        // Store the start and end points (state) of this new range object.
        // These are noninherited properties that are unique to this object.
        this.from = from;
        this.to = to;
    }

    // Return true if x is in the range, false otherwise
    // This method works for textual and Date ranges as well as numeric.
    includes(x) { return this.from <= x && x <= this.to; }

    // A generator function that makes instances of the class iterable.
    // Note that it only works for numeric ranges.
    *[Symbol.iterator]() {
        for(let x = Math.ceil(this.from); x <= this.to; x++) yield x;
    }

    // Return a string representation of the range
    toString() { return "(" + this.from + "..." + this.to + ")"; }
}

module.exports = Range;

// Here are example uses of this new Range class
let r = new Range(1,3);   // Create a Range object
r.includes(2)             // => true: 2 is in the range
r.toString()              // => "(1...3)"
[...r]                    // => [1, 2, 3]; convert to an array via iterator



It is important to understand that the classes defined in
Example 1-2 and Example 1-3 work in exactly the same way. The
introduction of the class keyword to the language does not alter the
fundamental nature of JavaScript’s prototype-based classes. And
although Example 1-3 uses the class keyword, the resulting Range
object is a constructor function, just like the version defined in
Example 1-2. The new class syntax is clean and convenient but is
best thought of as “syntactic sugar” for the more fundamental class
definition mechanism shown in Example 1-2.


Note the following things about the class syntax in Example 1-3:



	
The class is declared with the class keyword which is followed by
the name of class and a class body in curly braces.



	
The class body includes method definitions that use object literal
method shorthand (which we also used in Example 1-1) where the
function keyword is omitted. In addition, however, no commas are
used to separate the methods from each other.



	
The keyword constructor is used to define the constructor function
for the class. The function defined is not actually named
“constructor”, however. The class declaration statement defines a
new variable Range and assigns the value of this special
constructor function to that variable.



	
If your class does not need to do any initialization, you can omit
the constructor keyword and its body, and an empty constructor
function will be implicitly created for you.






If you want to define a class that subclasses–or inherits
from-another class, you can use the extends keyword with the
class keyword:


// A Span is like a Range, but instead of initializing it with
// a start and an end, we initialize it with a start and a length
class Span extends Range {
    constructor(start, length) {
        if (length >= 0) {
            super(start, start + length);
        } else {
            super(start + length, start);
        }
    }
}


Creating subclasses is a whole topic of its own. We’ll return to it,
and explain the extends and super keywords shown here, in
“Subclasses”.


Like function declarations, class declarations have both statement and
expression forms. Just as we can write:


let square = function(x) { return x * x; }
square(3)  // => 9


we can also write:


let Square = class { constructor(x) { this.area = x * x; } }
new Square(3).area  // => 9


As with function definition expressions, class definition expressions
can include an optional class name. If you provide such a name, that
name is only defined within the class body itself.


Although function expressions are quite common (particularly with the
arrow function shorthand) in JavaScript programming, class definition
expressions are not something that you are likely to use much unless
you find yourself writing a function that takes a class as its
argument and returns a subclass.


We’ll conclude this introduction to the class keyword by mentioning
a couple of important things you should know that are not apparent
from class syntax:



	
All code within the body of a class declaration is implicitly in
strict mode even if no "use strict" directive
appears. This means, for example, that you can’t use octal integer
literals or the with statement within class bodies, and that you
are more likely to get syntax errors if you forget to declare a
variable before using it.



	
Unlike function declarations, class declarations are not
“hoisted”. Recall that function definitions
behave as if they had been moved to the top of the enclosing file or
enclosing function, meaning that you can invoke a function in code
that comes before the actual definition of the function. Although
class declarations are like function declarations in some ways, they
do not share this hoisting behavior: you can not instantiate a
class before you declare it.














Static Methods


You can define a static method within a class body by prefixing the
method declaration with the static keyword. Static methods are
defined as properties of the constructor function rather than
properties of the prototype object. For example, suppose we added
the following code to  Example 1-3 above:


static parse(s) {
    let matches = s.match(/^\((\d+)\.\.\.(\d+)\)$/);
    if (!matches) {
        throw new TypeError(`Cannot parse Range from "${s}".`)
    }
    return new Range(parseInt(matches[1]), parseInt(matches[2]));
}


The method defined by this code is Range.parse(), not
Range.prototype.parse(), and you must invoke it through the
constructor, not through an instance:


let r = Range.parse('(1...10)'); // Returns a new Range object
r.parse('(1...10)');             // TypeError: r.parse is not a function


You’ll sometimes see static methods called class methods because
they are invoked using the name of the class/constructor. When this
term is used, it is to contrast class methods with the regular
instance methods that are invoked on instances of the class.
Because static methods are invoked on the constructor rather than on
any particular instance, it almost never makes sense to use the this
keyword in a static method.


We’ll see examples of static methods in Example 1-4 below.

















Getters, Setters and other Method Forms


Within a class body, you can define getter and setter methods just as you can in object literals. The only
difference is that in class bodies, you don’t put a comma after the
getter or setter. Example 1-4 includes a practical example of a
getter method in a class.


In general, the all of the shorthand method definition syntaxes
allowed in object literals are also allowed in class bodies. This
includes generator methods (marked with *), and methods whose names
are the value of an expression in square brackets. In fact, you’ve
already seen (in Example 1-3) a generator method with a computed
name that makes the Range class iterable:


*[Symbol.iterator]() {
    for(let x = Math.ceil(this.from); x <= this.to; x++) yield x;
}

















Public, Private and Static Fields


In the discussion above of classes defined with the class keyword,
we have only described the definition of methods within the class
body. The ES6 standard only allows the creation of methods (including
getters, setters and generators) and static methods; it does not
include syntax for defining fields. If you want to define a field
(which is just another name for a property) on a class instance, you
must do that in the constructor function or in one of the methods. And
if you want to define a static field for a class, you must do that
outside the class body, after the class has been
defined. Example 1-4 includes examples of both kinds of fields.


Standardization is underway, however, for extended class syntax that
allows the definition of instance and static fields, in both public
and private forms. The code shown in the rest of this section is not
legal JavaScript in early 2019 as I write this, but it is already
supported in the Chrome web browser, is in fairly common use with
transpilers like Babel, and may well have been standardized by the
time you read this.


Suppose you’re writing a class like this one, with a constructor that
initializes three fields:


class Buffer {
    constructor() {
        this.size = 0;
        this.capacity = 4096;
        this.buffer = new Uint8Array(this.capacity);
    }
}


With the new instance field syntax that is likely to be standardized,
you could instead write:


class Buffer {
    size = 0;
    capacity = 4096;
    buffer = new Uint8Array(this.capacity);
}


The field initialization code has moved out of the constructor and now
appears directly in the class body. (That code is still run as part of
the constructor, of course. If you do not define a constructor, the
fields are initialized as part of the implicitly created constructor.)
The this. prefixes that appeared on the left-hand side of the
assignments are gone, but note, that you still must use
this. to refer to these fields, even on the right-hand side of the
initializer assignments. The advantage of initializing your instance
fields in this way is that this syntax allows (but does not require)
you to put the initializers up at the top of the class definition,
making it clear to readers exactly what fields will hold the state of
each instance. You can declare fields without an initializer by just
writing the name of the field followed by a semicolon. If you do that
the initial value of the field will be undefined. It is better style
to always make the initial value explicit for all of your class
fields.


Before the addition of this field syntax, class bodies looked a lot
like object literals using shortcut method syntax, except that the
commas had been removed. This field syntax, with equals signs and
semicolons instead of colons and commas makes it clear, however that
class bodies are not at all the same as object literals.


The same proposal that seeks to standardize these instance fields also
defines private instance fields. If you use the instance field
initialization syntax shown above to define a field whose name begins
with # (which is not normally a legal character in JavaScript
identifiers), that field will be usable (with the # prefix) within
the class body, but will be invisible and inaccessible (and therefore
immutable) to any code outside of the class body. If, for the
hypothetical Buffer class above, you wanted to ensure that users of the
class could not inadvertently modify the size field of an instance,
you could use a private #size field instead, and then define a getter
function to provide read-only access to the value:


class Buffer {
    #size = 0;
    get size() { return this.#size; }
}


Note that private fields must be declared using this new field syntax
before they can be used. You can’t just write this.#size = 0; in the
constructor of a class unless you include a “declaration” of the field
directly in the class body.


Finally, a related proposal seeks to standardize the use of the
static keyword for fields. If you add static before a public or
private field declaration, those fields will be created as properties
of the constructor function instead of properties of
instances. Consider the static Range.parse() method we defined
above. It included a fairly complex regular expression that might be
good to factor out into its own static field. With the proposed new
static field syntax, we could do that like this:


static integerRangePattern = /^\((\d+)\.\.\.(\d+)\)$/;
static parse(s) {
    let matches = s.match(Range.integerRangePattern);
    if (!matches) {
        throw new TypeError(`Cannot parse Range from "${s}".`)
    }
    return new Range(parseInt(matches[1]), matches[2]);
}


If we wanted this static field to be accessible only within the class,
we could make it private using a name like #pattern.

















Example: a Complex Number Class


The example below defines a class to represent complex numbers. The
class is a relatively simple one, but it includes instance methods
(including getters), static methods, instance fields, and static
fields. It includes some commented-out code demonstrating how we might
use the not-yet-standard syntax for defining instance fields and
static fields within the class body.


Example 1-4. Complex.js: A complex number class


/**
 * Instances of this Complex class represent complex numbers.
 * Recall that a complex number is the sum of a real number and an
 * imaginary number and that the imaginary number i is the square root of -1.
 */
class Complex {
    // Once class field declarations are standardized, we could declare
    // private fields to hold the real and imaginary parts of a complex number
    // here, with code like this:
    //
    // #r = 0;
    // #i = 0;

    // This constructor function defines the instance fields r and i on every
    // instance it creates. These fields hold the real and imaginary parts of
    // the complex number: they are the state of the object.
    constructor(real, imaginary) {
        this.r = real;       // This field holds the real part of the number.
        this.i = imaginary;  // This field holds the imaginary part.
    }

    // Here are two instance methods for addition and multiplication
    // of complex numbers. If c and d are instances of this class, we
    // might write c.plus(d) or d.times(c)
    plus(that) {
        return new Complex(this.r + that.r, this.i + that.i);
    };
    times(that) {
        return new Complex(this.r * that.r - this.i * that.i,
                           this.r * that.i + this.i * that.r);
    };

    // And here are static variants of the complex arithmetic methods.
    // We could write Complex.sum(c,d) and Complex.product(c,d)
    static sum(c, d) { return c.plus(d); }
    static product(c, d) { return c.times(d); }

    // These are some instance methods that are defined as getters
    // so they're used like fields. The real and imaginary getters would
    // be useful if we were using private fields this.#r and this.#i
    get real() { return this.r; }
    get imaginary() { return this.i; }
    get magnitude() { return Math.sqrt(this.r*this.r + this.i*this.i); }

    // Classes should almost always have a toString() method
    toString() { return "{" + this.r + "," + this.i + "}"; }

    // It is often useful to define a method for testing whether
    // two instance of your class represent the same value
    equals(that) {
        return that instanceof Complex &&
            this.r === that.r &&
            this.i === that.i;
    }

    // Once static fields are supported inside class bodies, we could
    // define a useful Complex.ZERO constants like this:
    // static ZERO = new Complex(0,0);
}

// Here are some class fields that hold useful predefined complex numbers.
Complex.ZERO = new Complex(0,0);
Complex.ONE = new Complex(1,0);
Complex.I = new Complex(0,1);

module.exports = Complex;



With the Complex class of Example 1-4 defined, we can use the constructor,
instance fields, instance methods, class fields, and class methods with code
like this:


let c = new Complex(2, 3);     // Create a new object with the constructor
let d = new Complex(c.i, c.r); // Use instance fields of c
c.plus(d).toString()           // => "{5,5}"; use instance methods
c.magnitude                    // => Math.sqrt(13); use a getter function
Complex.product(c, d)          // => new Complex(0, 13); a static method
Complex.ZERO.toString()        // => "{0,0}"; a static property
























Adding Methods to Existing Classes


JavaScript’s prototype-based inheritance mechanism is dynamic: an
object inherits properties from its prototype, even if the properties
of the prototype change after the object is created. This means that
we can augment JavaScript classes simply by adding new methods to
their prototype objects. Here, for example, is code that adds a method
for computing the complex conjugate to the Complex class of
Example 1-5:


// Return a complex number that is the complex conjugate of this one.
Complex.prototype.conj = function() { return new Complex(this.r, -this.i); };


The prototype object of built-in JavaScript classes is also open like
this, which means that we can add methods to numbers, strings, arrays,
functions, and so on. This is useful for implementing new language
features in older versions of the language:


// If the new String method startsWith() is not already defined...
if (!String.prototype.startsWith) {
    // ...then define it like this using the older indexOf() method.
    String.prototype.startsWith = function(s) {
        return this.indexOf(s) === 0;
    };
}


Here is another example:


// Invoke the function f this many times, passing the iteration number
// For example, to print "hello" 3 times:
//     let n = 3;
//     n.times((i) => { console.log("hello"); });
Number.prototype.times = function(f, context) {
    let n = this.valueOf();
    for(let i = 0; i < n; i++) f.call(context, i);
};


Adding methods to the prototypes of built-in types like this is
generally considered to be a bad idea because it will cause confusion
and compatibility problems in the future if a new version of
JavaScript defines a method with the same name. It is even possible to
add methods to Object.prototype, making them available for all
objects. But this is never a good thing to do because properties added
to Object.prototype are visible to for/in loops.


In web browsers newer than Internet Explorer, you can add methods to
Document.prototype, HTMLElement.prototype and other client-side
JavaScript classes.

















Subclasses


In object-oriented programming, a class B can extend or subclass
another class A. We say that A is the superclass and B is the
subclass. Instances of B inherit the methods of A. The class B can
define its own methods, some of which may override methods of the
same name defined by class A. If a method of B overrides a method of
A, the overriding method in B often needs to invoke the overridden
method in A: this is called method chaining. Similarly, the subclass
constructor B() must typically invoke the superclass constructor
A() in order to ensure that instances are completely
initialized. This is called constructor chaining.


This section starts by showing how to define subclasses the old,
pre-ES6 way, and then quickly moves on to demonstrate subclassing
using the class and extends keywords, as well as constructor
chaining and method chaining with the super keyword. Next is a
sub-section about avoiding subclasses and relying on object
composition instead of inheritance. The section ends with an extended
example that defines a hierarchy of Set classes and demonstrates how
abstract classes can be used to separate interface from
implementation.










Subclasses and Prototypes


Suppose we wanted to define a Span subclass of the Range class from
Example 1-2. This subclass will work just like a Range, but instead
of initializing it with a start and an end, we’ll instead specify a
start and a distance, or span. An instance of this Span class is also
an instance of the Range superclass. A span instance inherits a
customized toString() method from Span.prototype, but in order to
be a subclass of Range, it must also inherit methods (such as
includes()) from Range.prototype.


Example 1-5. Span.js: A simple subclass of Range


// This is the constructor function for our subclass
function Span(start, span) {
    if (span >= 0) {
        this.from = start;
        this.to = start + span;
    } else {
        this.to = start;
        this.from = start + span;
    }
}

// Ensure that the Span prototype inherits from the Range prototype
Span.prototype = Object.create(Range.prototype);

// We don't want to inherit Range.prototype.constructor, so we
// define our own constructor property.
Span.prototype.constructor = Span;

// By defining its own toString() method, Span overrides the
// toString() method that it would otherwise inherit from Range.
Span.prototype.toString = function() {
    return `(${this.from}... +${this.to - this.from})`;
};



In order to make Span a subclass of Range, we need to arrange for
Span.prototype to inherit from Range.prototype. The key line of
code above is this one, and if it makes sense to you, you
understand how subclasses work in JavaScript:


Span.prototype = Object.create(Range.prototype);


Objects created with the Span() constructor will inherit from the
Span.prototype object. But we created that object to inherit from
Range.prototype, so Span objects will inherit from both
Span.prototype and Range.prototype.


You may notice that our Span() constructor sets the same from and
to properties that the Range() constructor does and so does not
need to invoke the Range() constructor to initialize the new
object. Similarly, Span’s toString() method completely re-implements
the string conversion without needing to call Range’s version of
toString(). This makes Span a special case, and we can only really
get away with this kind of subclassing because we know the
implementation details of the superclass. A robust subclassing
mechanism needs to support constructor chaining and method chaining,
but prior to ES6, JavaScript did not have a simple way to do these
things.


Fortunately, ES6 solves these problems with the super keyword as
part of the class syntax. The next section demonstrates how it
works.

















Subclasses with extends and super


In ES6 and later, you can create a superclass simply by adding an
extends clause to a class declaration, and you can do this even for
built-in classes:


// A trivial Array subclass that adds getters for the first and last elements.
class EZArray extends Array {
    get first() { return this[0]; }
    get last() { return this[this.length-1]; }
};

let a = new EZArray();
a instanceof EZArray  // => true: a is subclass instance
a instanceof Array    // => true: a is also a superclass instance.
a.push(1,2,3,4);      // a.length == 4; we can use inherited methods
a.pop()               // => 4: another inherited method
a.first               // => 1: first getter defined by subclass
a.last                // => 3: last getter defined by subclass
a[1]                  // => 2: regular array access syntax still works.
Array.isArray(a)      // => true: subclass instance really is an array
EZArray.isArray(a)    // => true: subclass inherits static methods, too!


This EZArray subclass defines two simple getter methods. Instances of
EZArray behave like ordinary arrays, and we can use inherited methods
and properties like push(), pop(), and length. But we can also
use the first and last getters defined in the subclass. Not only
are instance methods like pop() inherited, but static methods like
Array.isArray are also inherited. This is a new feature enabled by
ES6 class syntax: EZArray() is a function, but it inherits from
Array():


// EZArray inherits instance methods because EZArray.prototype
// inherits from Array.prototype
Array.prototype.isPrototypeOf(EZArray.prototype) // => true

// And EZArray inherits static methods and properties becasue
// EZArray inherits from Array. This is a special feature of the
// extends keyword and is not possible before ES6.
Array.isPrototypeOf(EZArray) // => true


Our EZArray subclass is too simple to be very instructive.
Example 1-6 is a more fully fleshed-out example. It defines a
TypedMap subclass of the built-in Map class that adds type checking to
ensure that the keys and values of the map are of the specified types
(according to typeof). Importantly, this example demonstrates the
use of the super keyword for both constructor and method chaining.


Example 1-6. TypedMap.js: A subclass of Map that checks key and value types


class TypedMap extends Map {
    constructor(keyType, valueType, entries) {
        // If entries are specified, check their types
        if (entries) {
            for(let [k, v] of entries) {
                if (typeof k !== keyType || typeof v !== valueType) {
                    throw new TypeError(`Wrong type for entry [${k}, ${v}]`);
                }
            }
        }

        // Initialize the superclass with the (type-checked) initial entries
        super(entries);

        // And then initialize this subclass by storing the types
        this.keyType = keyType;
        this.valueType = valueType;
    }

    // Now redefine the set() method to add type checking for any
    // new entries added to the map.
    set(key, value) {
        // Throw an error if the key or value are of the wrong type
        if (this.keyType && typeof key !== this.keyType) {
            throw new TypeError(`${key} is not of type ${this.keyType}`);
        }
        if (this.valueType && typeof value !== this.valueType) {
            throw new TypeError(`${value} is not of type ${this.valueType}`);
        }

        // If the types are correct, we invoke the superclass's version of
        // the set() method, to actually add the entry to the map. And we
        // return whatever the superclass method returns.
        return super.set(key, value);
    }
}

module.exports = TypedMap;



The first two arguments to the TypedMap() constructor are the
desired key and value types. These should be strings, such as number
and boolean that the typeof operator returns. You can also specify
a third argument: an array (or any iterable object) of [key,value]
arrays that specify the initial entries in the map. If you specify any
initial entries, then the first thing the constructor does is verify
that their types are correct. Next, the constructor invokes the
superclass constructor, using the super keyword as if it was a
function name. The Map() constructor takes one optional argument: an
iterable object of [key,value] arrays. So the optional third
argument of the TypedMap() constructor is the optional first
argument to the Map() constructor, and we pass it to that superclass
constructor with super(entries).


After invoking the superclass constructor to initialize superclass
state, the TypedMap() constructor next initializes its own subclass
state by setting this.keyType and this.valueType to the specified
types. It needs to set these properties so that it can use them again
in the set() method.


There are a few important rules you need to know about using super()
in constructors:



	
If you define a class with the extends keyword, then the
constructor for your class must use super() to invoke the
superclass constuctor.



	
If you don’t define a constructor in your subclass, one will be
defined automatically for you. This implicitly defined constructor
simply takes whatever values are passed to it and passes those
values to super()



	
You may not use the this keyword in your constructor until after
you have invoked the superclass constructor with super(). This
enforces a rule that superclasses get to initialize themselves
before subclasses do.






After the constructor, the next part of Example 1-6 is a method
named set(). The Map superclass defines a method named set() to
add a new entry to the map. We say that this set() method in
TypedMap overrides the set() method of its superclass. This simple
TypedMap subclass doesn’t know anything about adding new entries to
map, but it does know how to check types, so that is what it does
first, verifying that the key and value to be added to the map have
the correct types, and throwing an error if they do not. This set()
method doesn’t have any way to add the key and value to the map
itself, but that is what the superclass set() method is for. So we
use the super keyword again to invoke the superclass’s version of
the method. In this context, super works much like the this
keyword does: it refers to the current object, but allows access to
overridden methods defined in the superclass.


In constructors you are required to invoke the superclass constructor
before you can access this and initialize the new object
yourself. There are no such rules when you override a method. A method
that overrides a superclass method is not required to invoke the
superclass method. If it does use super to invoke a the overridden
method (or any method) in the superclass, it can do that at the
beginning or the middle or the end of the overridding method.


When introducing subclassing, we used the term “chaining” to refer to
the process of invoking the superclass constructor or invoking an
overridden method. The reason for the chain analogy becomes clear when
you think about deeply nested class hierarchies. If class C extends B
and class B extends A, then the C() constructor will invoke the
B() constructor which will invoke the A() constructor forming a
chain of constructor calls. Depending on which methods are defined by
which classes, it is also possible to have this kind of chain for
overridden methods.


Finally, before we leave the TypedMap example behind, it is worth
noting that this class is an ideal candidate for the use of private
fields. As the class is written now, a user could change the
keyType or valueType properties to subvert the typechecking. Once
private fields are supported, we could change these properties to
#keyType and #valueType so that they could not be altered from the
outside.

















Delegation Instead of Inheritance


The extends keyword makes it easy to create subclasses. But that
does not mean that you should create lots of subclasses. If you want
to write a class that shares the behavior of some other class you can
try to inherit that behavior by creating a subclass. But often it is
easier and more flexible to get that desired behavior into your class
by having your class create an instance of the other class and simply
delegating to that instance as needed. You create a new class not by
subclassing, but instead by wrapping or “composing” other
classes. This delegation approach is often called “composition”, and
it is an oft-quoted maxim of object-oriented programming that one
should “favor composition over inheritance”2.


Suppose, for example, we wanted a Histogram class that behaves
something like JavaScript’s Set class, except that instead of just
keeping track of whether a value has been added the set or not, it
instead maintains a count of the number of times the value has been
added. Because the API for this Histogram class is similar to Set, we
might consider subclassing Set, and adding a count() method. On the
other hand, once we start thinking about how we might implement this
count() method, we might realize that the Histogram class is more
like a Map than a Set, because it needs to maintain a mapping between
values and the number of times they have been added. So instead of
subclassing Set, we can instead create a class that defines a Set-like
API, but implements those methods by delegating to an internal Map
object. Example 1-7 shows how we could do this:


Example 1-7. Histogram.js: A Set-like class implemented with delegation instead of inheritance


/**
 * A Set-like class that keeps track of how many times a value has
 * been added. Call add() and remove() like you would for a Set, and
 * call count() to find out how many times a given value has been added.
 * The default iterator yields the values that have been added at least
 * once. Use entries() if you want to iterate [value, count] pairs.
 */
class Histogram {
    // To initialize, we just create a Map object to delegate to
    constructor() { this.map = new Map(); }

    // For any given key, the count is the value in the Map, or zero
    // if the key does not appear in the Map.
    count(key) { return this.map.get(key) || 0; }

    // The Set-like method has() returns true if the count is non-zero
    has(key) { return this.count(key) > 0; }

    // The size of the histogram is just the number of entries in the Map.
    get size() { return this.map.size; }

    // To add a key, just increment its count in the Map.
    add(key) { this.map.set(key, this.count(key) + 1); }

    // Deleting a key is a little trickier because we have to delete
    // the key from the Map if the count goes back down to zero.
    delete(key) {
        let count = this.count(key);
        if (count === 1) {
            this.map.delete(key);
        } else if (count > 1) {
            this.map.set(key, count - 1);
        }
    }

    // Iterating a Histogram just returns the keys stored in it
    [Symbol.iterator]() { return this.map.keys(); }

    // For compatibility with Set, the keys() and values() methods
    // do exactly the same thing as the default iterator.
    values() { return this.map.keys(); }
    keys() { return this.map.keys(); }

    // This Map-like method allows iteration of [value, count] pairs.
    entries() { return this.map.entries(); }
}

module.exports = Histogram;



All the Histogram() constructor does in Example 1-7 is create a
Map object. And most of the methods are one-liners that just delegate
to a method of the map, making the implementation quite
simple. Because we used delegation rather than inheritance, a
Histogram object is not an instance of Set or Map. But Histogram
implements a number of commonly-used Set methods, and in an untyped
language like JavaScript that is often good enough: a formal
inheritance relationship is sometimes nice, but often optional.

















Class Hierarchies and Abstract Classes


Example 1-6 demonstrated how we can subclass Map. Example 1-7
demonstrated how we can instead delegate to a Map object without
actually subclassing anything. Using JavaScript classes to encapsulate
data and modularize your code is often a great technique, and you may
find yourself using the class keyword frequently. But you may find
that you prefer composition to inheritance and that you rarely need to
use extends (except when you’re using a library or framework that
requires you to extend its base classes).


There are some circumstances when multiple levels of subclassing is
appropriate however, and we’ll end this chapter with an extended
example that demonstrates a hierarchy of classes representing
different kinds of sets. (The set classes defined in Example 1-8 are
similar to, but not completely compatible with JavaScript’s built-in
Set class.)


Example 1-8 defines lots of subclasses, but it also demonstrates how
you can define abstract classes – classes that do not include a
complete implementation – to serve as a common superclass for a group
of related subclasses. An abstract superclass can define a partial
implementation that subclasses all inherit and share. The subclasses,
then, only need to define their own unique behavior by implementing
the abstract methods defined, but not implemented, by the superclass.


Example 1-8 is well-commented and stands on its own. I encourage you
to read it as a capstone example for this chapter on classes. The
final class in Example 1-8 does a lot of bit manipulation with the
&, | and ~ operators.


Example 1-8. sets.js: A hierarchy of abstract and concrete set classes


/**
 * The AbstractSet class defines a single abstract method, has().
 */
class AbstractSet {
    has(x) { throw new Error("Abstract method"); }
}

/**
 * NotSet is a concrete subclass of AbstractSet.
 * The members of this set are all values that are not members of some
 * other set. Because it is defined in terms of another set it is not
 * writable, and because it has infinite members, it is not enumerable.
 * All we can do with it is test for membership and convert it to a
 * string using mathematical notation.
 */
class NotSet extends AbstractSet {
    constructor(set) {
        super();
        this.set = set;
    }

    // Our implementation of the abstract method we inherited
    has(x) { return !this.set.has(x); }
    // And we also override this Object method
    toString() { return `{ x| x ∉ ${this.set.toString()} }`; }
}

/**
 * Range set is a concrete subclass of AbstractSet. Its members are
 * all values that are between the from and to bounds, inclusive.
 * Since its members can be floating point numbers, it is not
 * enumerable and does not have a meaningful size.
 */
class RangeSet extends AbstractSet {
    constructor(from, to) {
        super();
        this.from = from;
        this.to = to;
    }

    has(x) { return x >= this.from && x <= this.to; }
    toString() { return `{ x| ${this.from} ≤ x ≤ ${this.to} }`; }
}

/*
 * AbstractEnumerableSet is an abstract subclass of AbstractSet.  It defines
 * an abstract getter that returns the size of the set and also defines an
 * abstract iterator. And it then implements concrete isEmpty(), toString(),
 * and equals() methods on top of those. Subclasses that implement the
 * iterator, the size getter, and the has() method get these concrete
 * methods for free.
 */
class AbstractEnumerableSet extends AbstractSet {
    get size() { throw new Error("Abstract method"); }
    [Symbol.iterator]() { throw new Error("Abstract method"); }

    isEmpty() { return this.size === 0; }
    toString() { return `{${Array.from(this).join(', ')}}`; }
    equals(set) {
        // If the other set is not also Enumerable, it isn't equal to this one
        if (!(set instanceof AbstractEnumerableSet)) return false;

        // If they don't have the same size, they're not equal
        if (this.size != set.size) return false;

        // Loop through the elements of this set
        for(let element of this) {
            // If an element isn't in the other set, they aren't equal
            if (!set.has(element)) return false;
        }

        // The elements matched, so the sets are equal
        return true;
    }
}

/*
 * SingletonSet is a concrete subclass of AbstractEnumerableSet.
 * A singleton set is a read-only set with a single member.
 */
class SingletonSet extends AbstractEnumerableSet {
    constructor(member) {
        super();
        this.member = member;
    }

    // We implement these three methods, and inherit isEmpty, equals()
    // and toString() implementations based on these method.
    has(x) { return x === this.member; }
    get size() { return 1; }
    *[Symbol.iterator]() { yield this.member; }
}

/*
 * AbstractWritableSet is an abstract subclass of AbstractEnumerableSet.
 * It defines the abstract methods insert() and remove() that insert and
 * remove individual elements from the set, and then implements concrete
 * add(), subtract(), and intersect() methods on top of those. Note that
 * our API diverges here from the standard JavaScript Set class.
 */
class AbstractWritableSet extends  AbstractEnumerableSet {
    insert(x) { throw new Error("Abstract method"); }
    remove(x) { throw new Error("Abstract method"); }

    add(set) {
        for(let element of set) {
            this.insert(element);
        }
    }

    subtract(set) {
        for(let element of set) {
            this.remove(element);
        }
    }

    intersect(set) {
        for(let element of this) {
            if (!set.has(element)) {
                this.remove(element);
            }
        }
    }
}

/**
 * A BitSet is a concrete subclass of AbstractWritableSet with a
 * very efficient fixed-size set implementation for sets whose
 * elements are non-negative integers less than some maximum size.
 */
class BitSet extends AbstractWritableSet {
    constructor(max) {
        super();
        this.max = max;  // The maximum integer we can store.
        this.n = 0;      // How many integers are in the set
        this.numBytes = Math.floor(max / 8) + 1;   // How many bytes we need
        this.data = new Uint8Array(this.numBytes); // The bytes
    }

    // Internal method to check if a value is a legal member of this set
    _valid(x) { return Number.isInteger(x) && x >= 0 && x <= this.max; }

    // Tests whether the specified bit of the specified byte of our
    // data array is set or not. Returns true or false.
    _has(byte, bit) { return (this.data[byte] & BitSet.bits[bit]) !== 0; }

    // Is the value x in this BitSet?
    has(x) {
        if (this._valid(x)) {
            let byte = Math.floor(x / 8);
            let bit = x % 8;
            return this._has(byte, bit);
        } else {
            return false;
        }
    }

    // Insert the value x into the BitSet
    insert(x) {
        if (this._valid(x)) {               // If the value is valid
            let byte = Math.floor(x / 8);   // convert to byte and bit
            let bit = x % 8;
            if (!this._has(byte, bit)) {    // If that bit is not set yet
                this.data[byte] |= BitSet.bits[bit]; // then set it
                this.n++;                            // and increment set size
            }
        } else {
            throw new TypeError("Invalid set element: " + x );
        }
    }

    remove(x) {
        if (this._valid(x)) {              // If the value is valid
            let byte = Math.floor(x / 8);  // compute the byte and bit
            let bit = x % 8;
            if (this._has(byte, bit)) {    // If that bit is already set
                this.data[byte] &= BitSet.masks[bit];  // then unset it
                this.n--;                              // and decrement size
            }
        } else {
            throw new TypeError("Invalid set element: " + x );
        }
    }

    // A getter to return the size of the set
    get size() { return this.n; }

    // Iterate the set by just checking each bit in turn.
    // (We could be a lot more clever and optimize this substantially)
    *[Symbol.iterator]() {
        for(let i = 0; i <= this.max; i++) {
            if (this.has(i)) {
                yield i;
            }
        }
    }
}

// Some pre-computed values used by the has(), insert() and remove() methods
BitSet.bits = new Uint8Array([1, 2, 4, 8, 16, 32, 64, 128]);
BitSet.masks = new Uint8Array([~1, ~2, ~4, ~8, ~16, ~32, ~64, ~128]);

module.exports = {
    AbstractSet, NotSet, RangeSet,
    AbstractEnumerableSet, SingletonSet,
    AbstractWritableSet, BitSet
};


















1 Except functions returned by the ECMAScript 5 Function.bind() method. Bound functions have no prototype property of their own, but use the prototype of the underlying function if they are invoked as constructors.
2 See Design Patterns by Erich Gamma et al. or Effective Java by Joshua Bloch, for example.







  
Chapter 2. Iterators and Generators



With Early Release ebooks, you get books in their earliest form—the author’s raw and unedited content as he or she writes—so you can take advantage of these technologies long before the official release of these titles. The following will be Chapter 12 in the final release of the book.


Iterable objects and their associated iterators are a feature of
ECMAScript 6 that we’ve seen several times throughout this
book. Arrays (including TypedArrays) are iterable, as are strings and
Set and Map objects. This means that the contents of these data
structures can be iterated—looped over—with the for/of loop, as we
saw earlier:


let sum = 0
for(let i of [1,2,3]) { // Loop once for each of these values
  sum += i
}
// sum == 6


Iterators can also be used with the … operator to expand
or “spread” an iterable object into an array initializer or function
invocation, as we saw earlier:


let chars = [..."abcd"]; // chars == ["a", "b", "c", "d"]
let data = [1, 2, 3, 4, 5];
Math.max(...data)        // => 5


Iterators can be used with destructuring assignment:


let purpleHaze = Uint8Array.of(255, 0, 255, 128);
let [r, g, b, a] = purpleHaze; // a == 128


When you iterate a Map object, the returned values are [key, value]
pairs, which work well with destructuring assignment in a for/of
loop:


let m = new Map([["one", 1], ["two", 2]]);
for (let [k,v] of m) console.log(k, v); // Logs 'one 1' and 'two 2'


If you want to iterate just the keys or just the values rather than
the pairs, you can use the keys() and values() methods:


[...m]            // => [["one", 1], ["two", 2]]: default iteration
[...m.entries()]  // => [["one", 1], ["two", 2]]: entries() method is the same
[...m.keys()]     // => ["one", "two"]: keys() method iterates just map keys
[...m.values()]   // => [1, 2]: values() method iterates just map values


Finally, a number of built-in functions and constructors that are
commonly used with Array objects are actually written (in ECMAScript 6
and later) to accept arbitrary iterators instead. The Set()
constructor is one such API:


// Strings are iterable so the two sets are the same:
new Set("abc") // => new Set(["a", "b", "c"])


This chapter explains how iterators work and demonstrates how to
create your own data structures that are iterable. After explaining
basic iterators, this chapter covers generators, a powerful new
feature of ES6 that are primarily used as a particularly easy way to
create iterators.








How iterators work


The for/of loop and spread operator work seamlessly with iterable
objects, but it is worth understanding what is actually happening to
make the iteration work. There are three separate types that you need
to understand to understand iteration in JavaScript. First, there are
the iterable objects: these are types like Array, Set, and Map that
can be iterated. Second, there is the iterator object itself, that
performs the iteration. And third, there is the iteration result
object that holds the result of each step of the iteration.


An iterable object is any object with a special iterator method that
returns an iterator object.  An iterator is any object with an
next() method that returns an iteration result object.  And an
iteration result object is an object with properties named value
and done. To iterate an iterable object, you first call its
iterator method to get an iterator object. Then, you call the next()
method of the iterator object repeatedly until the returned value has
its done property set to true. The tricky thing about this is that
the iterator method of an iterable object does not have a conventional
name, but uses the Symbol Symbol.iterator as its name. So a simple
for/of loop over an iterable object iterable could also be written
the hard way, like this:


let iterable = [99];
let iterator = iterable[Symbol.iterator]();
for(let result = iterator.next(); !result.done; result = iterator.next()) {
  console.log(result.value)  // result.value == 99
}


The iterator object of the built-in iterable data types is itself
iterable. (That is, it has a method named Symbol.iterator that just
returns itself). This is occasionally useful in code like the
following when you want to iterate though a “partially used” iterator.


let list = [1,2,3,4,5];
let iter = list[Symbol.iterator]();
let head = iter.next().value;  // head == 1
let tail = [...iter];          // tail == [2,3,4,5]

















Implementing Iterable Objects


Iterable objects are so useful in ES6 that you should consider making
your own data types iterable whenever they represent something that
can be iterated. Creating iterable JavaScript classes is
straightforward. You must implement a method with Symbol.iterator as
its name. That method must return an object that has a next method,
and that method must return an object that has a value property
and/or a boolean done property. Example 2-1 implements an
iterable class and demonstrates how to create an iterable, iterator,
and iteration result objects.


Example 2-1. An iterable numeric Range class


/*
 * A Range object represents a range of numbers {x: from <= x <= to}
 * Range defines a has() method for testing whether a given number is a member
 * of the range. Range is iterable and iterates all integers within the range.
 */
class Range {
  constructor (from, to) {
    // Define from and to as properties, but make them read-only
    Object.defineProperty(this, 'from', { value: from, enumerable: true });
    Object.defineProperty(this, 'to', { value: to, enumerable: true });
  }

  // Make a Range act like a Set of numbers
  has(x) { return typeof x === 'number' && this.from <= x && x <= this.to; }

  // Return string representation of the range using set notation
  toString() { return '{ x | ' + this.from + ' ≤ x ≤ ' + this.to + ' }'; }

  // Make a Range iterable by returning an iterator object.
  // Note that the name of this method is a special symbol, not a string.
  [Symbol.iterator]() {
    // Each iterator instance must iterate the range independently of others.
    // So we need a state variable to track of our location in the iteration.
    // We start at the first integer >= from.
    let next = Math.ceil(this.from);      // This is the next value we return
    let last = this.to;                   // We won't return anything > this
    return {  // This is the iterator object
      // This next() method is what makes this an iterator object.
      // It must return an iterator result object.
      next() {
        return (next <= last)   // If we haven't returned the last value yet
          ? { value: next++ }   // return the next value and increment it
          : { done: true };     // otherwise indicate that we're done
      },

      // As a convenience, we make the iterator itself iterable.
      [Symbol.iterator]() { return this; }
    };
  }
}

for(let x of new Range(1,10)) {
  console.log(x)            // Logs numbers 1 to 10
}
[...new Range(-2,2)]        // => [-2, -1, 0, 1, 2]
new Range(0,5).toString()   // => "{ x | 0 ≤ x ≤ 5 }"
new Range(0,2).has(2)       // => true
new Range(0,2).has(3)       // => false



In addition to making your classes iterable, it can be quite useful to
define functions that return iterable values. Consider these
iterable-based alternatives to the map() and filter() methods of
JavaScript arrays:


// Return an iterable object that iterates the result of applying f()
// to each value from the source iterable
function map(iterable, f) {
  let iterator = iterable[Symbol.iterator]();
  return { // This object is both iterator and iterable
    [Symbol.iterator]() { return this; },
    next() {
      let v = iterator.next();
      if (v.done) {
        return v;
      }
      else {
        return { value: f(v.value) }
      }
    }
  }
}

// Map a range of integers to their squares and convert to an array
[...map(new Range(1,4), x => x*x)]  // => [1, 4, 9, 16]

// Return an iterable object that filters the specified iterable,
// iterating only those elements for which the predicate returns true
function filter(iterable, predicate) {
  let iterator = iterable[Symbol.iterator]();
  return { // This object is both iterator and iterable
    [Symbol.iterator]() { return this; },
    next() {
      for(;;) {
        let v = iterator.next();
        if (v.done || predicate(v.value)) {
          return v;
        }
      }
    }
  }
}

// Filter a range so we're left with only even numbers
[...filter(new Range(1,10), x => x % 2 === 0)]  // => [2,4,6,8,10]


One key feature of iterable objects and iterators is that they are
inherently lazy: when computation is required to compute the next
value, that computation can be deferred until the value is actually
needed. Suppose, for example, that you have a very long string of text
that you want to tokenize into space-separated words. You could simply
use the split() method of your string, but if you do this, then the
entire string has to be processed before you can use even the first
word. And, you end up allocating lots of memory for the returned array
and all of the strings within it. Here is a function that allows you
to lazily iterate the words of a string without keeping them all in memory
at once:


function words(s) {
  var r = / +|$/g; // Match one or more spaces or end of string
  r.lastIndex = s.match(/[^ ]/).index; // Start matching at first non-space
  return { // Do everything else lazily
    [Symbol.iterator]() { return this; },  // This makes us iterable
    next() {                               // This makes us an iterator
      let start = r.lastIndex;  // Resume where the last match ended
      if (start < s.length) {   // If we're not done
        let match = r.exec(s);  // Match the next word boundary
        if (match) {            // If we found one, return the word
          return { value: s.substring(start, match.index) };
        }
      }
      return { done: true };    // Otherwise, say that we're done
    }
  };
}

[...words(' abc def  ghi! ')] // => ['abc', 'def', 'ghi!']










“Closing” an iterator: the return method


Imagine a (server-side) JavaScript variant of the words() iterator
above that instead of taking a source string as its argument instead
takes the name of a file, opens the file, reads lines from it and
iterates the words from those lines. In most operating systems,
programs that open files to read from them need to remember to close
those files when they are done reading, so this hypothetical iterator
would be sure to close the file after the next() method returns the
last word in it.


But iterators don’t always run all the way to the end: a for/of loop
might be terminated with a break or return or by an
exception. Similarly, when an iterator is used with destructuring
assignment, the next() method is only called enough times to obtain
values for each of the specified variables. The iterator may have many
more values it could return, but they will never be requested.


If our hypothetical words-in-a-file iterator never runs all the way to
the end, it still needs to close the file it opened. For this reason
iterator objects may implement a return() method to go along with
the next() method. If iteration stops before next() has returned
an iteration result with the done property set to true (most
commonly because you left a for/of loop early via a break
statement), then the interpreter will check to see if the iterator
object has a return() method. If this method exists, the interpreter
will invoke it with no arguments, giving the iterator the chance to
close files, release memory and otherwise clean up after itself. The
return() method must return an iterator result object. The
properties of the object are ignored, but it is an error to return a
non-object value.


The for/of loop and the spread operator are really useful features
of JavaScript, so when you are creating APIs, it is a good idea to use
them when possible. But having to work with an iterable object, its
iterator object and the iterator’s result objects makes the process
somewhat complicated. Fortunately, generators can dramatically
simplify the creation of custom iterators, as we’ll see in the rest of
this chapter.
























Generators


A generator is a kind of iterator defined with powerful new ES6
syntax and particularly useful when the values to be iterated are not
the elements of a data structure, but the result of a computation.


To create a generator, you must first define a generator function. A
generator function is syntactically like a regular JavaScript
function, but is defined with the keyword function* rather than
function. (Technically, this is not a new keyword, just a * after
the keyword function and before the function name.)  When you invoke
a generator function, it does not actually execute the function body,
but instead returns a generator object. This generator object is an
iterator. Calling its next() method causes the body of the generator
function to run from the start (or whatever its current position is)
until it reaches a yield statement. yield is new in ES6 and is
something like a return statement. The value of the yield
statement becomes the value returned by the next() call on the
iterator.  An example makes this clearer:


// A generator function that yields the set of one digit (base-10) primes.
function* oneDigitPrimes() { // Invoking this function does not run the code
  yield 2;                   // but just returns a generator object. Calling
  yield 3;                   // the next() method of that generator runs
  yield 5;                   // the code until a yield statement provides
  yield 7;                   // the return value for the next() method.
}

// When we invoke the generator function, we get a generator
let primes = oneDigitPrimes();

// A generator is an iterator object that iterates the yielded values
primes.next().value          // => 2
primes.next().value          // => 3
primes.next().value          // => 5
primes.next().value          // => 7
primes.next().done           // => true

// Generators have a Symbol.iterator method to make them iterable
primes[Symbol.iterator]()    // => primes

// We can use generators like other iterable types
[...oneDigitPrimes()]        // => [2,3,5,7]
let sum = 0;
for(let prime of oneDigitPrimes()) sum += prime;
sum                          // => 17


In the example above, we used a function* statement to define a
generator. Like regular functions, however, we can also define
generator in expression form. Once again, we just put an asterisk
after the function keyword:


const seq = function*(from,to) {
    for(let i = from; i <= to; i++) yield i;
};
[...seq(3,5)]  // => [3, 4, 5]


In classes and object literals, we can use shorthand notation to omit
the function keyword entirely when we define methods. To define a
generator in this context, we simply use an asterisk before the method
name, where the function keyword would have been, had we used it:


let o = {
    x:1, y:2, z:3,
    // A generator that yields each of the keys of this object
    *g() {
        for(let key of Object.keys(this))
            yield key;
    }
}
[...o.g()] // => ['x', 'y', 'z', 'g']


Note that there is no generator equivalent of arrow functions. You
cannot define a generator with ⇒*.










Generator Examples


Generators are more interesting if they actually generate the values
they yield by doing some kind of computation. Here, for example, is a
generator function that yields Fibonacci numbers:


function* fibonacciSequence() {
  let x = 0, y = 1;
  for(;;) {
    yield y;
    [x, y] = [y, x+y];  // Note: destructuring assignment
  }
}


Note that the fibonacciSequence() generator function above has an
infinite loop and yields values forever without returning. If this
generator is used with the … spread operator, it will loop until
memory is exhausted and the program crashes. With care it is possible
to use it in a for/of loop, however:


// Return the nth Fibonacci number
function fibonacci(n) {
  for(let f of fibonacciSequence()) {
    if (n-- <= 0) return f;
  }
}
fibonacci(20)   // => 10946


This kind of infinite generator becomes more useful with a take()
generator like this:


// Yield the first n elements of the specified iterable object
function* take(n, iterable) {
  let it = iterable[Symbol.iterator](); // Get iterator for the iterable object
  while(n-- > 0) {         // Loop n times:
    let next = it.next();  // Get the next item from the iterator.
    if (next.done) return; // If there are no more values return early
    else yield next.value; // otherwise yield the value
  }
}

// An array of the first 5 Fibonacci numbers
[...take(5, fibonacciSequence())]  // => [1, 1, 2, 3, 5]


Here is another useful generator function that interleaves the
elements of multiple iterable objects.


// Given an array of iterables, yield their elements in interleaved order.
function* zip(...iterables) {
  // Get an iterator for each iterable
  let iterators = iterables.map(i => i[Symbol.iterator]());
  let index = 0;
  while(iterators.length > 0) {         // While there are still some iterators
    if (index >= iterators.length)      // If we reached the last iterator
      index = 0;                        // go back to the first one.
    let item = iterators[index].next(); // Get next item from next iterator.
    if (item.done) {                    // If that iterator is done
      iterators.splice(index, 1);       // then remove it from the array.
    }
    else {                              // Otherwise,
      yield item.value;                 // yield the iterated value
      index++;                          // and move on to the next iterator.
    }
  }
}

// Interleave three iterable objects
[...zip(oneDigitPrimes(),"ab",[0])]     // => [2,'a',0,3,'b',5,7]

















yield* and Recursive Generators


In addition to the zip() generator defined above, it might be useful
to have a similar generator function that yields the elements of
multiple iterable objects sequentially rather than interleaving
them. We could write that generator like this:


function* sequence(...iterables) {
  for(let iterable of iterables) {
    for(let item of iterable) {
      yield item;
    }
  }
}

[...sequence("abc",oneDigitPrimes())]  // => ['a','b','c',2,3,5,7]


This process of yielding the elements of some other iterable object is
common enough in generator functions that ES6 has special syntax for
it. The yield* keyword is like yield except that rather than
yielding a single value, it iterates an iterable object and yields
each of the resulting values. The sequence() generator function
above can be simplified with yield* like this:


function* sequence(...iterables) {
  for(let iterable of iterables) {
    yield* iterable;
  }
}

[...sequence("abc",oneDigitPrimes())]  // => ['a','b','c',2,3,5,7]


The array forEach() method is often an elegant way to loop over the
elements of an array, so you might be tempted to write the sequence()
function above like this:


function* sequence(...iterables) {
  iterables.forEach(iterable => yield* iterable );  // Error
}


This does not work, however. yield and yield* can only be used
within generator functions, but nested arrow function in the code
above is a regular function, not a function* generator function, so
yield is not allowed.


yield* can be used with any kind of iterable object, including
iterables implemented with generators. This means that yield* allows
us to define recursive generators, and you might use this feature to
allow simple non-recursive iteration over a recursively-defined tree
structure, for example.
























Advanced Generator Features


The most common use of generator functions is to create iterators, but
the fundamental feature of generators is that they allow us to pause a
computation, yield intermediate results, and then resume the
computation later. This means that generators have features beyond
those of iterators, and we explore those features below.










The Return Value of a Generator Function


The generator functions we’ve seen so far have not had return
statements, or if they have, they have been used to cause an early
return, not to return a value. Like any function, though, a generator
function can return a value. In order to understand what happens in
this case, recall how iteration works. The return value of the
next() function is an object that has a value property and/or a
done property. With typical iterators and generators, if the value
property is defined, then the done property is undefined or is
false. And if done is true then value is undefined.  But in
the case of a generator that returns a value, the final call to next
returns an object that has both value and done defined. The
value property holds the return value of the generator function and
the done property is true indicating that there are no more values
to iterate.  This final value is ignored by the for/of loop and by
the spread operator, but it is available to code that manually
iterates with explicit calls to next():


function *oneAndDone() {
  yield 1;
  return 'done'
}

// The return value does not appear in normal iteration.
[...oneAndDone()]   // => [1]

// But it is available if you explicitly call next()
let generator = oneAndDone();
generator.next()           // => { value: 1, done: false}
generator.next()           // => { value: 'done', done: true }
// If the generator is already done, the return value is not returned again
generator.next()           // => { value: undefined, done: true }

















The Value of a yield Expression


In the discussion above, we’ve treated yield as a
statement that takes a value, but has no value of its own. In fact,
however, yield is an expression and it can have a value.


When the next() method of a generator is invoked, the generator
function runs until it reaches a yield expression. The expression
that follows the yield keyword is evaluated and that value becomes
the return value of the next() invocation.  At this point, the
generator function stops executing right in the middle of evaluating
the yield expression.  The next time the next() method of the
generator is called, the argument passed to next() becomes the value
of the yield expression that was paused. So the generator returns
values to its caller with yield, and the caller passes values in to
the generator with next().  The generator and caller are two
separate streams of execution passing values (and control) back and
forth. The following code illustrates:


function* smallNumbers() {
  console.log('next() invoked the first time; argument discarded');
  let y1 = yield 1;    // y1 == 'b'
  console.log('next() invoked a second time with argument', y1);
  let y2 = yield 2;    // y2 == 'c'
  console.log('next() invoked a third time with argument', y2);
  let y3 = yield 3;    // y3 == 'd'
  console.log('next() invoked a fourth time with argument', y3);
  return 4;
}

let g = smallNumbers();
console.log('generator created; no code runs yet');
let n1 = g.next('a');   // n1.value == 1
console.log('generator yielded', n1.value);
let n2 = g.next('b');   // n2.value == 2
console.log('generator yielded', n2.value);
let n3 = g.next('c');   // n3.value == 3
console.log('generator yielded', n3.value);
let n4 = g.next('d');   // n4 == { value:4, done:true }
console.log('generator returned', n4.value);


Note the asymmetry in the code above. The first invocation of next()
starts the generator, but the value passed to that invocation is not
accessible to the generator.

















The return() and throw() Methods of a Generator


We’ve seen above that you can receive values yielded by or returned by
a generator function. And you can pass values to a running generator
by passing those values when you call the next() method of the
generator.


In addition to providing input to a generator with next(), you can
also alter the flow of control inside the generator by calling its
return() and throw() methods. As the names suggest, calling these
methods on a generator causes it to return a value or throw an
exception as if the next statement in the generator was a return or
throw.


let smallPrimes = oneDigitPrimes();
smallPrimes.next()     // => {value: 2, done: false}
smallPrimes.return(11) // => {value: 11, done: true}
try {
    smallPrimes = oneDigitPrimes();
    smallPrimes.throw(new Error(13));
}
catch(e) {
    // e.message == '13'
}


Recall from earlier in the chapter that if an iterator defines a
return() method and iteration stops early then the interpreter
automatically calls the return() method to give the iterator a
chance to close files or do other cleanup. In the case of generators,
you can’t define a custom return() method to handle cleanup, but you
can structure the generator code to use a try/finally statement that
ensures the necessary cleanup is done (in the finally block) when
the generator returns. By forcing the generator to return, the
generator’s built-in return() method ensures that the cleanup code
is run when the generator will no longer be used.


Just as the next() method of generator allows us to pass arbitrary
values into a running generator, the throw() method of a generator
gives us a way to send arbitrary signals (in the form of exceptions)
into a generator. Calling the throw() method always causes an
exception inside the generator. But if the generator function is
written with appropriate exception handling code, the exception need
not be fatal but can instead be a means of altering the behavior of
the generator. Imagine, for example, a counter generator which yields
an ever-increasing sequence of integers. This could be written so that
an exception sent with throw() would reset the counter to zero.


When a generator uses yield* to yield values from some other
iterable object, then a call to the next() method of the generator
causes a call to the next() method of the iterable object. The same
is true of the return() and throw() methods. If a generator uses
yield* on an iterable object that has these methods defined, then
calling return() or throw() on the generator causes the iterator’s
return() or throw() method to be called in turn. All iterators
must have a next() method. Iterators that need to clean up after
incomplete iteration should define a return() method. And any
iterator may define a throw() method, though I don’t know of any
practical reason to do so.

















A Final Note about Generators


Generators are a very powerful generalized control structure. They
give us the ability to pause a computation with yield and restart it
again at some arbitrary later time with an arbitrary input value.  It
is possible to use generators to create a kind of cooperative
threading system within single-threaded JavaScript code. And it is
possible to use generators to mask asynchronous parts of your program
so that your code appears sequential and synchronous even though some
of your function calls are actually asynchronous and depend on events
from the network.


Trying to do these things with generators leads to code that is
mind-bendingly hard to understand or to explain. It has been done,
however, and the only really practical use-case has been for managing
asynchronous code. JavaScript now has async and await keywords for
this very purpose, however (see Chapter 3), and there is no longer any
reason to abuse generators in this way.
























Summary


In this chapter, you have learned:



	
The for/of loop and the ... spread operator work with iterable
objects.



	
An object is iterable if it has a method with the symbolic name
[Symbol.iterator] that returns an iterator object.



	
An iterator object has a next() method that returns an iteration
result object.



	
An iteration result object has a value property that holds the
next iterated value, if there is one. If the iteration has
completed, then the result object must also have a done property
set to true.



	
You can implement your own iterable objects by defining a
[Symbol.iterator]() method that returns an object with a next()
method that returns iteration result objects. You can also implement
functions that accept iterator arguments and return iterator
values.



	
Generator functions (functions defined with function* instead of
function) are another way to define iterators.



	
When you invoke a generator function, the body of the function does
not run right away; instead the return value is an iterable iterator
object. Each time the next() method of the iterator is called,
another chunk of the generator function runs.



	
Generator functions can use the yield operator to specify the
values that are returned by the iterator. Each call to next()
causes the generator function to run up to the next yield
expression. The value of that yield expression then becomes value
returned by the iterator. When there are no more yield
expressions, then the generator function returns and the iteration
is complete.




















  
Chapter 3. Asynchronous JavaScript



With Early Release ebooks, you get books in their earliest form—the author’s raw and unedited content as he or she writes—so you can take advantage of these technologies long before the official release of these titles. The following will be Chapter 13 in the final release of the book.


Some computer programs, such as scientific simulations and machine
learning models are compute-bound: they run continuously, without
pause, until they have computed their result. Most real-world computer
programs, however, are significantly asynchronous. This means that
they often have to stop computing while waiting for data to arrive or
for some event to occur. JavaScript programs in a web browser are
typically event-driven, meaning that they wait for the user to click
or tap before they actually do anything. And JavaScript-based servers
typically wait for client requests to arrive over the network before
they do anything.


This kind of asynchronous programming is commonplace in JavaScript and
this chapter documents three important language features that help
make it easier to work with asynchronous code. Promises, new in
ECMAScript 6, are objects that represent the not-yet-available result
of an asynchronous operation. The keywords async and await were
introduced in ECMAScript 2017 and provide new syntax that simplifies
asynchronous programming by allowing you to structure your Promise-based
code as if it was synchronous. Finally, asynchronous iterators and the
for/await loop were introduced in ECMAScript 2018 and allow you to
work with streams of asynchronous events as if they were simple
synchronous loops.


Ironically, even though JavaScript provides these powerful features
for working with asynchronous code, there are no features of the core
language that are themselves asynchronous. In order to demonstrate
Promises, async, await and for/await, therefore, we will first
have take a detour into client-side and server-side JavaScript to
explain some of the asynchronous features of web browsers and Node.








Asynchronous Programming with Callbacks


At its most fundamental level asynchronous programming in JavaScript
is done with callbacks. A callback is a function that you write and
then pass to some other function. That other function then invokes
(“calls back”) your function when some condition is met or some
(asynchronous) event occurs. The invocation of the callback function
you provide notifies you of the condition or event, and sometimes the
invocation will include function arguments that provide additional
details. This is easier to understand with some concrete examples, and
the subsections that follow demonstrate various forms of
callback-based asynchronous programming, using both client-side
JavaScript and Node.










Timers


One of the simplest kinds of asynchrony is when you want to run some
code after a certain amount of time has elapsed. In both client-side
JavaScript and Node, you can do this with the setTimeout() function:


setTimeout(checkForUpdates, 60000);


setTimeout() is not defined by the core JavaScript language, but it
is globally available in web browsers and in Node. Its first argument
is a function and the second is a time interval measured in
milliseconds. In the code above, a hypothetical checkForUpdates()
function will be called 60,000 milliseconds (1 minute) after the
setTimeout() call. checkForUpdates() is a callback function that
your program might define, and setTimeout() is the function that you
invoke to register your callback function and specify under what
asynchronous conditions it should be invoked.


setTimeout() calls the specified callback function one time, passing
no arguments, and then forgets about it. If you are writing a function
that really does check for updates, you probably want it to run
repeatedly. You can do this by using setInterval() instead of
setTimeout():


// Call checkForUpdates in one minute and then again every minute after that
let updateIntervalId = setInterval(checkForUpdates, 60000);

// setInterval() returns a value that we can use to stop the repeated
// invocations by calling clearInterval(). (Similarly, setTimeout()
// returns a value that you can pass to clearTimeout())
function stopCheckingForUpdates() {
    clearInterval(updateIntervalId);
}

















Events


Client-side JavaScript programs are almost universally event-driven:
rather that running some kind of pre-determined computation they
typically wait for the user to do something and then respond to the
user’s actions. The web browser generates an event when the user
presses a key on the keyboard, moves the mouse, clicks a mouse button
or touches a touchscreen device. Event-driven JavaScript programs
register callback functions for specified types of events in specified
contexts, and the web browser invokes those functions whenever the
specified events occur. These callback functions are called event
handlers or event listeners and they are registered with
addEventListener():


// Ask the web browser to return an object representing the HTML
// <button> element that matches this CSS selector
okay = document.querySelector('#confirmUpdateDialog button.okay')

// Now register a callback function to be invoked when the user
// clicks on that button.
okay.addEventListener('click', applyUpdate);


In this example, applyUpdate() is a hypothetical callback function
that we assume is implemented somewhere else. The call to
document.querySelector() returns an object that represents a single
specified element (specified via CSS selector) in the web page. We
call addEventListener() on that element to register our
callback. The first argument to addEventListener() is a string that
specifies the kind of event we’re interested in—a mouse click or
touchscreen tap in this case. If the user clicks or taps on that
specific element of the web page, then the browser will invoke our
applyUpdate() callback function, passing an object that includes
details (such as the time and the mouse pointer coordinates) about
the event.

















Network Events


Another common source of asynchrony in JavaScript programming is
network requests. JavaScript running in the browser can fetch data
from a web server with code like this:


function getCurrentVersionNumber(versionCallback) { // Note callback argument
    // Make a scripted HTTP request to a backend version API
    request = new XMLHttpRequest();
    request.open('GET', 'http://www.example.com/api/version');
    request.send();

    // Register a callback that will be invoked when the response arrives
    request.onload = function() {
        if (request.status === 200) {
            // If HTTP status is good, get version number and call callback.
            current_version = parseFloat(request.responseText);
            versionCallback(null, current_version);
        } else {
            // Otherwise report an error to the callback
            versionCallback(response.statusText, null);
        }
    };
    // Register another callback that will be invoked for network errors
    request.onerror = request.ontimeout = function(e) {
        versionCallback(e.type, null)
    }
}


Client-side JavaScript code can use the XMLHttpRequest class plus
callback functions to make HTTP requests and asynchronously handle the
server’s response when it arrives. The getCurrentVersionNumber() function
defined here (we can imagine that it is used by the hypothetical
checkForUpdates() function we discussed above) makes an HTTP
request, and defines event handlers that will be invoked when the
server’s response is received, or when a timeout or other error causes
the request to fail.


Notice that the code above does not call addEventListener() as our
previous example did. For most web APIs (including this one) event
handlers can be defined by invoking addEventListener() on the object
generating the event, and passing the name of the event of interest
along with the callback function. Typically, though, you can also
register an event listener by assigning it directly to a property of
the object. That is what we do in the example code above, assigning
functions to the onload, onerror, and ontimeout properties. By
convention, event listener properties like these always have names
that begin with on. addEventListener() is the more flexible
technique because it allows for multiple event handlers. But in cases
where you are sure that no other code will need to register a listener
for the same object and event type, it can be simpler to simply set
the appropriate property to your callback.


Another thing to note about the getCurrentVersionNumber() function
above is that because it makes an asynchronous request, it cannot
synchronously return the value (the current version number) that the
caller is interested in. Instead, the caller passes a callback
function, which is invoked when the result is ready or when an error
occurs. In this case the caller supplies a callback function that
expects two arguments. If the XMLHttpRequest works correctly, then
getCurrentVersionNumber() invokes the callback with a null first
argument and the version number as the second argument. Or, if an
error occurs, then getCurrentVersionNumber() invokes the callback
with error details in the first argument and null as the second
argument.

















Callbacks and Events in Node


The Node.js server-side JavaScript environment is deeply asynchronous
and defines many APIs that use callbacks and events. The default API
for reading the contents of a file, for example, is asynchronous and
invokes a callback function when the contents of the file have been
read:


const fs = require('fs'); // The "fs" module has filesystem-related APIs
let options = {           // An object to hold options for our program
  // default options would go here
};

// Read a configuration file, then call the callback function
fs.readFile('config.json', 'utf-8', (err, text) => {
    if (err) {
        // If there was an error, display a warning, but continue
        console.warn('Could not read config file:', err);
    } else {
        // Otherwise parse the file contents and assign to the options object
        Object.assign(options, JSON.parse(text));
    }

    // In either case, we can now start running the program
    startProgram(options);
});


Node’s fs.readFile() function takes a two-parameter callback as its
last argument. It reads the specified file asynchronously and then
invokes the callback. If the file was read successfully, it passes the
file contents as the second callback argument. If there was an error
it passes the error as the first callback argument. In this example we
express the callback as an arrow function which is a succinct and
natural syntax for this kind of simple operation.


Node also defines a number of event-based APIs. The following function
shows how to make an HTTP request for the contents of a URL in
Node. It has two layers of asynchronous code handled with event
listeners. Notice that Node uses an on() method to register event
listeners instead of addEventListener():


const https = require('https');

// Read the contents of the url as text and pass it to the callback
function getText(url, callback) {
    // Start an HTTP GET request for the URL
    request = https.get(url);

    // Register an function to handle the 'response' event.
    request.on('response', response => {
        // The response event means that response headers have been received
        let httpStatus = response.statusCode;

        // The body of the HTTP response has not been received yet.
        // So we register more event handlers to to be called when it arrives.
        response.setEncoding('utf-8');  // We're expecting Unicode text
        let body = "";                  // which we will accumulate here.

        // This event handler is called when a chunk of the body is ready
        response.on('data', chunk => { body += chunk });

        // This event handler is called when the response is complete
        response.on('end', () => {
            if (httpStatus == 200) {    // If the HTTP response was good
                callback(null, body);   // Pass response body to the callback
            } else {                    // Otherwise pass an error
                callback(httpStatus, null);
            }
        });
    });

    // We also register an event handler for errors
    request.on('error', (err) => {
        callback(err, null);
    });
}
























Promises


Now that we’ve seen examples of callback and event-based asynchronous
programming in client-side and server-side JavaScript environments, we
can introduce Promises, a core language feature designed to simplify
asynchronous programming.


A Promise is an object that represents the result of an asynchronous
computation. That result may or may not be ready yet, and the Promise
API is intentionally vague about this: there is no way to
synchronously get the value of a Promise; you can only ask the Promise
to call a callback function when the value is ready.  If you are
defining an asynchronous API like the getText() function in the
previous section, but want to make it Promise-based, omit the callback
argument and instead return a Promise object. The caller can then
register one or more callbacks on this Promise object and they will be
invoked when the asynchronous computation is done.


So at the simplest level, Promises are just a different way of working
with callbacks. But there are practical benefits to using them. One of
the real problems with callback-based asynchronous programming is that
it is common to end up with callbacks inside callbacks inside
callbacks with lines of code so highly indented that it is difficult
to read. Promises allow this kind of nested callback to be
re-expressed as a more linear promise chain that tends to be easier
to read and easier to reason about.


Another problem with callbacks is that they can make handling errors
difficult. If an asynchronous function (or an asynchronously invoked
callback) throws an exception there is no way for that exception to
propagate back to the initiator of the asynchronous operation. This is
a fundamental fact about asynchronous programming: it breaks exception
handling. The alternative is to meticulously track and propagate
errors with callback arguments and return values, but this is tedious
and difficult to get right. Promises help here by standardizing a way
to handle errors, and providing a way for errors to propagate
correctly through a chain of promises.


Note that Promises represent the future results of single asynchronous
computations. They cannot be used to represent repeated asynchronous
computations, however. Later in this chapter we’ll write a
Promise-based alternative to the setTimeout() function, for
example. But we can’t use Promises to replace setInterval(), because
that function invokes a callback function repeatedly, which is
something that Promises are just not designed to do. Similarly, we
could use a Promise instead of the “load” event handler of an
XMLHttpRequest object, since that callback is only ever called
once. But we typically would not use a Promise in place of an “click”
event handler of an HTML button object, since we normally want to
allow the user to click a button multiple times.


The subsections that follow will:



	
explain Promise terminology and show basic Promise usage



	
show how promises can be chained



	
demonstrate how to create your own Promise-based APIs.





Important

Promises seem simple at first, and the basic use case for
Promises is, in fact, straightforward and simple. But they can become
surprisingly confusing for anything beyond the simplest use cases.
Promises are a powerful idiom for asynchronous programming but you
need to understand them deeply to use them correctly and
confidently. It is worth taking the time to develop that deep
understanding, however (which is why this chapter is so long!)












Using Promises


With the advent of Promises in the core JavaScript language, web
browser have begun to implement Promise-based APIs. In the previous
section, we implemented a getText() function that made an
asynchronous HTTP request and passed the body of the HTTP response to
a specified callback function as a string. Imagine a variant of this
function, getJSON(), which parses the body of the HTTP response as
JSON and which returns a Promise instead of accepting a callback
argument. We will implement a getJSON() function later in this
chapter, but for now let’s look at how we would use this
Promise-returning utility function:


getJSON(url).then(jsonData => {
    // This is a callback function that will be asynchronously
    // invoked with the parsed JSON value when it becomes available.
});


getJSON() starts an asynchronous HTTP request for the URL you
specify and then, while that request is pending, it returns a Promise
object. The Promise object defines a then() instance method. Instead
of passing our callback function directly to getJSON(), we instead
pass it to the then() method. When the HTTP response arrives, the
body of that response is parsed as JSON, and the resulting parsed
value is passed to the function that we passed to then().


You can think of the then() method as a callback registration method
like the addEventListener() method used for registering event
handlers in client-side JavaScript. If you call then() multiple
times, each of the functions you specify will be called when the
promised computation is complete. Unlike many event listeners, though,
a Promise represents a single computation, and each function
registered with then() will be invoked only once. It is worth noting
that the function you pass to then() is invoked asynchronously even
if the asynchronous computation is already complete when you call then().


At a simple syntactical level, the then() method is the distinctive
feature of Promises, and it is idiomatic to append .then() directly
to the function invocation that returns the Promise, without the
intermediate step of assigning the Promise object to a variable. It is
also idiomatic to name functions that return Promises and functions
that use the results of Promises with verbs, and these idioms lead to
code that is particularly easy to read:


// Suppose you have a function like this to display a user profile
function displayUserProfile(profile) { /* implementation omitted */ }

// Here's how you might use that function with a Promise.
// Notice how this line of code reads almost like an English sentence:
getJSON('/api/user/profile').then(displayUserProfile);












Handling Errors with Promises


Asynchronous operations, particularly those that involve networking,
can typically fail in a number of ways, and robust code has to be
written to handle the errors that will inevitably occur. For promises
we can do this by passing a second function to the then() method:


getJSON('/api/user/profile').then(displayUserProfile, handleProfileError);


A Promise represents an asynchronous computation that is separated in
time from the computation that creates it. Because it runs at a
different time, there is no way that the asynchronous computation can
return a value to us, and no way that it can throw an exception that
we can catch. The functions that we pass to then() provide
alternatives. When a synchronous computation completes normally, it
simply returns its result to its caller. When a Promise-based
asynchronous computation completes normally, it passes its result to
the function that is the first argument to then(). When something
goes wrong in a synchronous computation, it throws an exception that
propagates up the call stack until there is a catch clause to handle
it. When an asynchronous computation runs, its caller is no longer on
the stack, so if something goes wrong, it is simply not possible to
throw an exception back to the caller. Instead, Promise-based
asynchronous computations pass the exception (typically as an Error
object of some kind, though this is not required) to the second
function passed to then(). So, in the code above, if getJSON()
runs normally, it passes its result to displayUserProfile(). If
there is an error (the user is not logged in, the server is down, the
user’s internet connection dropped, the request timed out, etc.) then
getJSON() passes an Error object to handleProfileError().


In practice it is rare to see two functions passed to then(). There
is a better and more idiomatic way of handling errors when working
with Promises. To understand it, first consider what happens if
getJSON() completes normally, but an error occurs in
displayUserProfile(). That callback function is invoked
asynchronously when getJSON() returns, so it is also asynchronous
and cannot meaningfully throw an exception (because there is no code
on the call stack to handle it). The more idiomatic way to handle
errors in this code looks like this:


getJSON('/api/user/profile').then(displayUserProfile).catch(handleProfileError);


With this code, a normal result from getJSON() is still passed to
displayUserProfile() but any error in getJSON() or in
displayUserProfile() (including any exceptions thrown by
displayUserProfile) get passed to handleProfileError(). The
catch() method is just a shorthand for calling then() with a
null first argument and the specified error handler function as the
second argument. We’ll have more to say about catch() and this error
handling idiom when we discuss Promise chains below.

Promise Terminology

Before we discuss Promises further, it is worth pausing to define some
terms. When we are not programming and we talk about promises, we say
that a promise is “kept” or “broken”. When discussing JavaScript
Promises, the equivalent terms are “fulfilled” and “rejected”. Imagine
that you have called the then() method of a Promise and have passed
two callback functions to it. We say that the promise has been
fulfilled if and when the first callback is called. And we say that
the Promise has been rejected if and when the second callback is
called. If a Promise is neither fulfilled nor rejected, then it is
pending. And once a promise is fulfilled or rejected we say that it
is settled. Note that a Promise can never be both fulfilled and
rejected. Once a Promise settles it will never change from fulfilled
to rejected or vice versa.


Remember how we defined Promises at the start of this section: “a
Promise is an object that represents the result of an asynchronous
operation”. It is important to remember that Promises are not just
abstract ways registering callbacks to run when some async code
finishes—they represent the results of that async code. If the async
code runs normally (and the Promise is fulfilled) then that result is
essentially the return value of the code. And if the async code does
not complete normally (and the Promise is rejected) then the result is
an Error object or some other value that the code might have thrown if
it was not asynchronous. Any Promise that has settled has a value
associated with it, and that value will not change. If the Promise is
fulfilled, then the value is a return value that gets passed to any
callback functions registered as the first argument of then(). If
the Promise is rejected, then the value is an error of some sort that
is passed to any callback functions registered with catch() or as
the second argument of then().


The reason that we want to be precise with our Promise terminology is
that we also sometimes talk about a Promise being resolved. It is
easy to confuse this resolved state with the fulfilled state or with
settled state, but it is not precisely the same as
either. Understanding the resolved state is one of the keys to a deep
understanding of Promises, and we’ll come back to it after we’ve
discussed Promise chains below.
























Chaining Promises


One of the most important benefits of Promises is that they provide a
natural way to express a sequence of asynchronous operations as a
linear chain of then() method invocations, without having to nest
each operation within the callback of the previous one. Here, for
example is a long Promise chain I wrote in 2016 as part of the initial
WiFi setup for an IoT device prototype:


wait(2000)
    .then(() => wifi.stopAP())
    .then(() => wait(5000))
    .then(() => wifi.defineNetwork(ssid, password))
    .then(() => waitForWifi(20, 3000))
    .then(() => runNextStageAndExit())
    .catch(() => {
      // Not much we can do at this point but log the error.
      console.error("Failed to bring up wifi in handleConnect()");
});


The code above illustrates how a chain of Promises can make it easy to
express a sequence of async operations. We’re not going to discuss
this particular Promise chain at all, however. Instead, we’ll explore
Promise chains used to make HTTP requests.


Earlier in this chapter we saw the XMLHttpRequest object used to make
an HTTP request in JavaScript. That strangely-named object has an old
and awkward API, and it has largely been replaced by the newer,
Promise-based Fetch API. In its simplest form, this new HTTP API is
just the function fetch(). You pass it a URL, and it returns a
Promise. That promise is fulfilled when the HTTP response begins to
arrive and the HTTP status and headers are available:


fetch('/api/user/profile').then(response => {
    // When the promise resolves, we have status and headers
    if (response.ok &&
        response.headers.get('Content-Type') === 'application/json') {
        // What can we do here? We don't actually have the response body yet.
    }
})


When the Promise returned by fetch() is fulfilled, it passes a
Response object to the function you passed to its then()
method. This response object gives you access to request status and
headers, and its also defines methods like text() and json() which
give you access to the body of the response in text and JSON-parsed
forms, respectively. But although the initial Promise is fulfilled,
the body of the response may not yet have arrived. So these methods
for accessing the body of the response themselves return
Promises. Here’s a naive way of using fetch() and the
Response.json() method to get the body of an HTTP response:


fetch('/api/user/profile').then(response => {
    response.json().then(profile => {  // Ask for the JSON-parsed body
        // When the body of the response arrives, it will be automatically
        // parsed as JSON, and the resulting object will be passed to
        // this function.
        displayUserProfile(profile)
    })
})


This is a naive way to use Promises because we nested them, like
callbacks, and basically defeated the purpose. The preferred idiom is
to use Promises in a sequential chain with code like this:


fetch('/api/user/profile')
    .then(response => {
        return response.json();
    })
    .then(profile => {
        displayUserProfile(profile)
    });


Let’s look at the method invocations in the code above, ignoring the
arguments that are passed to the methods:


fetch().then().then()


When more than one method is invoked in a single expression like this,
we call it a method chain. We know that the fetch() function
returns a Promise object, and we can see that the first .then() in
this chain invokes a method on that returned Promise object. But there
is a second .then() in the chain, which means that the first
invocation of the then() method must itself return a Promise.


Sometimes, when an API is designed to use this kind of method
chaining, there is just a single object and each method of that object
returns the object itself in order to facilitate chaining. (The jQuery
library is a well-known example of this kind of API.) That is not how
Promises work, however. When we write a chain of .then()
invocations, we are not registering multiple callbacks on a single
Promise object. Instead, each invocation of the then() method
returns a new Promise object. That new Promise object is not fulfilled
until the function passed to then() is complete.


Let’s return to a simplified form of the original fetch() chain
above. If we define the functions passed to the then() invocations
elsewhere, we might refactor the code to look like this:


fetch(theURL)          // task 1; returns promise 1
    .then(callback1)   // task 2; returns promise 2
    .then(callback2);  // task 3; returns promise 3


Let’s walk through this code in detail:


	
On the first line, fetch() is invoked with a URL. It initiates an
HTTP GET request for that URL and returns a Promise. We’ll call this
HTTP request “task 1” and we’ll call the Promise “promise 1”.



	
On the second line, we invoke the then() method of promise 1,
passing the callback1 function that we want to be invoked when
promise 1 is fulfilled. The then() method stores our callback
somewhere, and then returns a new Promise. We’ll call the new Promise
returned at this step “promise 2”, and we’ll say that “task 2” begins
when callback1 is invoked.



	
On the third line, we invoke the then() method of promise 2,
passing the callback2 function we want invoked when promise 2 is
fulfilled. This then() method remembers our callback and returns yet
another Promise. We’ll say that “task 3” begins when callback2 is
invoked. We can call this latest Promise “promise 3”, but we don’t
really need a name for it because we won’t be using it at all.



	
The three steps above all happen synchronously while when the
expression is first executed. Now we the have an asynchronous pause while
the HTTP request initiated in step 1 is sent out across the internet.



	
Eventually the HTTP response starts to arrive. The asynchronous part
of the fetch() call wraps the HTTP status and headers in a Response
object and fulfills promise 1 with that Response object as the value.



	
When promise 1 is fulfilled, its value (the Response object) is
passed to our callback1() function, and task 2
begins. The job of this task, given a Response object as input, is to
obtain the response body as a JSON object.



	
Let’s assume that task 2 completes normally and is able to parse the
body of the HTTP response to produce a JSON object. This object is
used to fulfill promise 2.



	
The value that fulfills promise 2 becomes the input to task 3 when
it is passed to the callback2() function. This third task now
displays the data to the user in some unspecified way. When task 3 is
complete (assuming it completes normally) then promise 3 will be
fulfilled. But because we never did anything with promise 3, nothing
happens when that promise settles, and the chain of asynchronous
computation ends at this point.






















Resolving Promises


While explaining the URL-fetching promise chain with the list above,
we talked about promises 1, 2, and 3. But there is actually a fourth
Promise object involved as well, and this brings us to our important
discussion of what it means for a Promise to be “resolved”.


Remember that fetch() returns a Promise object which, when
fulfilled, passes a Response object to the callback function we
register. This Response object has .text(), .json(), and other
methods to request the body of the HTTP response in various forms. But
since the body may not yet have arrived, these methods must return
Promise objects. In the example we’ve been studying, “task 2” calls
the .json() method and returns its value. This is the fourth Promise
object, and it is the return value of the callback1() function.


Let’s rewrite the URL fetching code one more time in a verbose and
non-idiomatic way that makes the callbacks and promises explicit:


function c1(response) {               // callback 1
    let p4 = response.json();
    return p4;                        // returns promise 4
}

function c2(profile) {                // callback 2
    displayUserProfile(profile);
}

let p1 = fetch('/api/user/profile');  // promise 1, task 1
let p2 = p1.then(c1);                 // promise 2, task 2
let p3 = p2.then(c2);                 // promise 3, task 3


In order for promise chains to work usefully, the output of task 2
must become the input to task 3. And in the example we’re considering
here, the input to task 3 is the body of the URL that was fetched,
parsed as a JSON object. But, as we’ve just discussed, the return
value of callback c1 is not a JSON object, but Promise p4 for that
JSON object. This seems like a contradiction, but it is not: when p1
is fulfilled, c1 is invoked, and task 2 begins. And when p2 is
fulfilled, c2 is invoked and task 3 begins. But just because task 2
begins when c1 is invoked, it does not mean that task 2 must end
when c1 returns. Promises are about managing asynchronous tasks,
after all, and if task 2 is asynchronous (which it is, in this case)
then that task will not be complete by the time the callback returns.


We are now ready to discuss the final detail that you need to
understand to really master Promises. When you pass a callback c to
the then() method, it returns a Promise p and arranges to
asynchronously invoke c at some later time. The callback performs
some computation and returns a value v. When the callback returns,
p is resolved with the value v. When a Promise is resolved with
a value that is not itself a Promise, it is immediately fulfilled with
that value. So if c returns a non-Promise, that return value becomes
the value of p, p is fulfilled and we are done. But if the return
value v is itself a Promise, then p is resolved but not yet
fulfilled. At this stage p cannot settle until the Promise v
settles. If v is fulfilled, then p will be fulfilled to the same
value. If v is rejected, the p will be rejected for the same
reason. This is what the “resolved” state of a Promise means: the
promise has become associated with, or “locked onto” another
Promise. We don’t know yet whether p will be fulfilled or rejected,
but our callback c no longer has any control over that. p is
“resolved” in the sense that its fate now depends entirely on what
happens to Promise v.


Let’s bring this back to our URL fetching example. When c1 returns
p4, p2 is resolved. But being resolved is not the same as being
fulfilled, so task 3 does not begin yet. When the full body of the
HTTP response becomes available, then the .json() method can parse
it and use that parsed value to fulfill p4. When p4 is fulfilled,
p2 is automatically fulfilled as well, with the same parsed JSON
value. At this point, the parsed JSON object is passed to c2 and
task 3 begins.


This can be one of the trickiest parts of JavaScript to understand,
and you may need to read this section more than
once. Example 3-1 presents the process in visual form
and may help to clarify it for you.


Example 3-1. Fetching a URL with Promises


// start HTTP request, return p1         |                               |
let p1 = fetch('/api/user/profile');     | HTTP GET /api/user/profile    |
                                         | ----------------------------> |
// register c1 on p1, returning p2       |                               |
let p2 = p1.then(c1);                    |                               |
                                         |                               |
// register c2 on p2, returning p3       |                               |
let p3 = p2.then(c2);                    |                               |
                                         |                               |
                                         \                               \
                                         /   Async: time passes...       /
                                         \                               \
                                         |                               |
                                         |   HTTP partial response       |
// p1 fulfilled, c1(response) invoked    | <---------------------------- |
let p4 = response.json();                |    status and headers         |
                                         |                               |
// c1 returns p4, resolving p2           |                               |
return p4                                |                               |
                                         |                               |
                                         \                               \
                                         /   Async: time passes...       /
                                         \                               \
                                         |                               |
                                         |   HTTP response completes     |
// Response body parsed as JSON          | <---------------------------- |
// The parsed object fulfills p4 and p2  |     full body available       |
                                         |                               |
// c2 invoked with the parsed body       |                               |
displayUserProfile(profile)              |                               |
                                         |                               |


















More on Promises and Errors


Earlier in the chapter we saw that you can pass a second callback
function to the .then() method, and that this second function will
be invoked if the Promise is rejected. When that happens, the argument
to this second callback function is a value—typically an Error
object—that represents the reason for the rejection. We also learned
that it is uncommon (and even unidiomatic) to pass two callbacks to a
.then() method. Instead, Promise-related errors are typically
handled by adding a .catch() method invocation to a Promise
chain. Now that we have examined Promise chains, we can
return to error handling and discuss it in more detail. To preface the
discussion, I’d like to stress that careful error handling is really
important when doing asynchronous programming. With synchronous code,
if you leave out error handling code, you’ll at least get an exception
and a stack trace that you can use to figure out what is going
wrong. With asynchronous code, un-handled exceptions will often go
unreported and errors can occur silently, making them much harder to
debug. The good news is that the .catch() method makes it easy to
handle errors when working with Promises.

The catch and finally Methods

The .catch() method of a Promise is not a new feature: it is simply
a shorthand way to call .then() with null as the first argument
and an error handling callback as the second argument. Given any Promise
p, and a callback c, the following two lines are equivalent:


p.then(null, c)
p.catch(c)


The .catch() shorthand is preferred because it is simpler and
because the name matches the catch clause in a try/catch exception
handling statement. As we’ve discussed, normal exceptions don’t work
with asynchronous code. The .catch() method of Promises is an
alternative that does work for asynchronous code. When something goes
wrong in synchronous code, we can speak of an exception “bubbling up
the call stack” until it finds a catch block. With an asynchronous
chain of Promises, the comparable metaphor might be of an error
“trickling down the chain” until it finds a .catch() invocation.


In ECMAScript 2018, Promise objects also define a .finally() method
whose purpose is similar to the finally clause in a
try/catch/finally statement. If you add a .finally() invocation to
your Promise chain, then the callback you pass to .finally() will be
invoked when the Promise you called it on settles. Your callback will
be invoked if the Promise fulfills or rejects, and it will not be
passed any arguments, so you can’t find out whether it fulfilled or
rejected. But if you need to run some kind of cleanup code (such as
closing open files or network connections) in either case, a
.finally() callback is the ideal way to do that. Like .then() and
.catch(), .finally() returns a new Promise object. The return
value of a .finally() callback is generally ignored, and the Promise
returned by .finally() will typically resolve or reject with the
same value that the Promise that .finally() was invoked on resolves
or rejects with. The exception is that if a .finally() callback
throws an exception, then the Promise returned by .finally() will
reject with that value.




The URL fetching code that we studied in the sections above did not do
any error handling. Let’s correct that now with a more realistic
version of the code:


fetch('/api/user/profile')    // Start the HTTP request
    .then(response => {       // Call this when status and headers are ready
        if (!response.ok) {   // If we got a 404 Not Found or similar error
            return null;      // Maybe user is logged out; return null profile
        }

        // Now check the headers to ensure that the server sent us JSON.
        // If not, our server is broken and this is a serious error!
        let type = response.headers.get('content-type');
        if (type !== 'application/json') {
            throw new TypeError(`Expected JSON, got ${type}`)
        }

        // If we get here then we got a 2xx status and a JSON content-type
        // so we can confidently return a Promise for the response
        // body as a JSON object.
        return response.json();
    })
    .then(profile => {        // Called with the parsed response body or null
        if (profile) {
            displayUserProfile(profile)
        }
        else { // If we got a 404 error above and returned null we end up here
            displayLoggedOutProfilePage()
        }
    });
    .catch(e => {
        if (e instanceof NetworkError) {
            // fetch() can fail this way if the internet connection is down
            displayErrorMessage('Check your internet connection.');
        }
        else if (e instanceof TypeError) {
            // this happens if we throw TypeError above
            displayErrorMessage('Something is wrong with our server!');
        }
        else {
            // This must be some kind of unanticipated error
            console.error(e);
        }
    })


Let’s analyze this code by looking at what happens when things go
wrong. We’ll use the naming scheme we used above: p1 is the Promise
returned by the fetch() call. p2 is the Promise returned by the
first .then() call, and c1 is the callback that we pass to that
.then() call. p3 is the Promise returned by the second .then()
call, and c2 is the callback we pass to that call. Finally, c3 is
the callback that we pass to the .catch() call. (That call returns a
Promise, but we don’t need to refer to it by name.)


The first thing that could fail is the fetch() request itself. If
the network connection is down (or for some other reason an HTTP
request cannot be made) then Promise p1 will be rejected with a
NetworkError object. We didn’t pass an error-handling callback
function as the second argument to the .then() call, so p2 rejects
as well, with the same NetworkError object. (If we had passed an error
handler to that first .then() call, the error handler would be
invoked, and if it returned normally, p2 would be resolved and/or
fulfilled with the return value from that handler.) Without a handler,
though p2 is rejected, and then p3 is rejected for the same
reason. At this point, the c3 error handling callback is called, and
the NetworkError specific code within it runs.


Another way our code could fail is if our HTTP request returns a 404
Not Found or other HTTP error. These are valid HTTP responses, so the
fetch() call does not consider them errors. fetch() encapsulates a
404 Not Found in a Response object and fulfills p1 with that object,
causing c1 to be invoked. Our code in c1 checks the ok property
of the Response object to detect that it has not received a normal
HTTP response and handles that case by simply returning
null. Because this return value is not a Promise, it fulfills p2
right away, and c2 is invoked with this value. Our code in c2
explicitly checks for and handles falsy values by displaying a
different result to the user. This is a case where we treat an
abnormal condition as a non-error and handle it without actually using
an error handler.


A more serious error occurs in c1 if the we get a normal HTTP
response code, but the Content-Type header is not set
appropriately. Our code expects a JSON-formatted response, so if the
server is sending us HTML, XML or plain-text instead, we’re going to
have a problem. c1 includes code to check the Content-Type
header. If the header is wrong it treats this as a non-recoverable
problem and throws a TypeError. When a callback passed to .then()
(or .catch()) throws a value, the Promise that was the return value
of the .then() call is rejected with that thrown value. In this
case, the code in c1 that raises a TypeError causes p2 to be
rejected with that TypeError object. Since we did not specify an error
handler for p2 means that p3 will be rejected as well. c2 will
not be called and the TypeError will be passed to c3, which has code
to explicitly check for and handle this type of error.


There are a couple of things worth noting about this code. First,
notice that the error object thrown with a regular, synchronous
throw statement ends up being handled asynchronously with a
.catch() method invocation in a Promise chain. This should make it
clear why this shorthand method is preferred over passing a second
argument to .then(), and also why it is so idiomatic to end Promise
chains with a .catch() call.


Before we leave the topic of error handling, I want to point out that
although it is idiomatic to end every promise chain with a .catch()
to clean up (or at least log) any errors that occurred in the chain,
it is also perfectly valid to use .catch() elsewhere in a promise
chain. If one of the stages in your Promise chain can fail with an
error, and if the error is some kind of recoverable error that should
not stop the rest of the chain from running, then you can insert a
.catch() call in the chain, resulting in code that might look like
this:


startAsyncOperation()
    .then(doStageTwo)
    .catch(recoverFromStageTwoError)
    .then(doStageThree)
    .then(doStageFour)
    .catch(logStageThreeAndFourErrors)


Remember that the callback you pass to .catch() will only be invoked
if the callback at a previous stage throws an error. If the callback
returns normally, then the .catch() callback will be skipped and the
return value of the the previous callback will become the input to the
next .then() callback. Also remember that .catch() callbacks are
not just for reporting errors, but for handling and recovering from
errors. Once an error has been passed to a .catch() callback, it
stops propagating down the promise chain. A .catch() callback can
throw a new error, but if it returns normally, than that return value
is used to resolve and/or fulfill the associated promise and the error
stops propagating.


Sometimes in complex network environments, errors can occur more or
less at random, and it can be appropriate to handle those errors by
simply retrying the asynchronous request. Imagine you’ve written a
promise-based operation to query a database:


queryDatabase()
    .then(displayTable)
    .catch(displayDatabaseError)


Now suppose that transient network load issues are causing this to
fail about 1% of the time. A simple solution might be to retry the
query with a .catch() call:


queryDatabase()
    .catch(e => wait(500).then(queryDatabase))  // On failure, wait and retry
    .then(displayTable)
    .catch(displayDatabaseError)


If the hypothetical failures were truly random, then adding this one
line of code should reduce your error rate from 1% to .01%.

Returning from a Promise Callback

Let’s return one last time to the URL fetching example above, and
consider the c1 callback that we passed to the first .then()
invocation. Notice that there are three ways that c1 can
terminate. It can return normally with the Promise returned by the
.json() call. This causes p2 to be resolved, but whether that
promise is fulfilled or rejected depends on what happens with the
newly returned Promise. c1 can also return normally with the value
null which causes p2 to be fulfilled immediately. Finally c1 can
terminate by throwing an error, which causes p2 to be
rejected. These are the three possible outcomes for a Promise, and the
code in c1 demonstrates how the callback can cause each outcome.


In a Promise chain, the value returned (or thrown) at one stage of the
chain becomes the input to the next stage of the chain so it is
critical to get this right. In practice, forgetting to return a value
from a callback function is actually a common source of
Promise-related bugs, and this is exacerbated by JavaScript’s arrow
function shortcut syntax. Consider this line of code from above:


// Correct: returns a Promise
.catch(e => wait(500).then(queryDatabase))


Recall from Chapter 8 that arrow functions allow a lot of
shortcuts. Since there is exactly one argument (the error value) we
can omit the parentheses. Since the body of the function is a single
expression, we can omit the curly braces around the function body, and
the value of the expression becomes the return value of the
function. Because of these shortcuts, the code above is correct. But
consider this innocuous-seeming change:


// Error: returns undefined
.catch(e => { wait(500).then(queryDatabase) })


By adding the curly braces we no longer get the automatic return. This
function now returns undefined instead of returning a Promise which
means that the next stage in this Promise chain will be invoked with
undefined as its input rather than the result of the retried
query. It is a subtle error that may not be easy to debug.



















Promises in Parallel


We’ve spent a lot of time talking about Promise chains for
sequentially running the asynchronous steps of a larger asynchronous
operation. Sometimes, though we want to execute a number of
asynchronous operations in parallel. The function Promise.all() can
do this. Promise.all() takes an array of Promise objects as its
input and returns a Promise. The returned Promise will be rejected if
any of the input Promises are rejected. Otherwise, it will be
fulfilled with an array of the fulfillment values of each of the input
promises. So, for example, if you want to fetch the text content of
multiple URLs, you could use code like this:


// We start with an array of URLs
const urls = [ /* zero or more urls here */ ]
// And convert it to an array of Promise objects
promises = urls.map(url => fetch(url).then(r => r.text()))
// Now get a promise to run all those promises in parallel
Promise.all(promises)
    .then(bodies => { /* do something with the array of strings */ })
    .catch(e => console.error(e))


Promise.all is slightly more flexible than described above. The
input array can contain both Promise objects and non-Promise
values. If an element of the array is not a Promise, it is treated as
if it is the value of an already fulfilled Promise and is simply
copied unchanged into the output array.


Occasionally, you may want to run a number of Promises at once but may
only care about the value of the first one to fulfill. In that case,
you can use Promise.race() instead of Promise.all(). It returns a
Promise that is fulfilled or rejected when the first of the Promises
in the input array is fulfilled or rejected. (Or, if there are any
non-Promise values in the input array, it simply returns the first of
those.)

















Making Promises


We’ve used the Promise-returning function fetch() in many of the
examples above because it is one of the few functions built-in to web
browsers that returns a Promise. Our discussion of Promises has also
relied on hypothetical Promise-returning functions getJSON() and
wait(). Functions written to return Promises really are quite
useful, and this section shows how you can create your own
Promise-based APIs. In particular, we’ll show implementations of
getJSON() and wait().












Promises Based on Other Promises


It is easy to write a function that returns a Promise if you have some
other Promise-returning function to start with. Given a Promise, you
can always create (and return) a new one by calling .then(). So if
we use the existing fetch() function as a starting point, we can
write getJSON() like this:


function getJSON(url) {
    return fetch(url).then(response => response.json());
}


The code is trivial because the Response object of the fetch() API
has a pre-defined json() method. The json() method returns a
Promise, which we return from our callback (the callback is an arrow
function with a single-expression body, so the return is implicit), so
the Promise returned by getJSON() resolves to the Promise returned
by the response.json(). When that Promise fulfills, the Promise
returned by getJSON() fulfills to the same value. Note that there is
no error handling in this getJSON() implementation. Instead of
checking response.ok and the “Content-Type” header, we instead just
allow the json() method to reject the Promise it returned with a
SyntaxError if the response body cannot be parsed as JSON.


Let’s write another Promise-returning function, this time using
getJSON() as the source of the initial Promise:


function getHighScore() {
    return getJSON('/api/user/profile').then(profile => profile.highScore);
}


We’re assuming that this function is part of some sort of web-based
game and that the URL “/api/user/profile” returns a JSON-formatted
data structure that includes a highScore property.

















Promises Based on Synchronous Values


Sometimes, you may need to implement an existing Promise-based API and
need to return a Promise from a function even though the computation
to be performed does not actually require any asynchronous
operations. In that case, the static methods Promise.resolve() and
Promise.reject() will do what you want. Promise.resolve() takes a
value as its single argument and returns a Promise that will
immediately (but asynchronously) be fulfilled to that
value. Similarly, Promise.reject() takes a single argument and
returns a Promise that will be rejected with that value as the
reason. (To be clear: the Promises returned by these static methods
are not already fulfilled or rejected when they are returned, but they
will fulfill or reject immediately after the current synchronous chunk
of code has finished running. Typically this happens within a few
milliseconds unless there are many pending asynchronous tasks waiting
to run.)


It is possible, but unusual, to write a Promise-based function where
the value is computed synchronously and returned asynchronously with
Promise.resolve(). It is fairly common, however, to have synchronous
special cases within an asynchronous function, and you can handle
these special cases with Promise.resolve() and
Promise.reject(). In particular, if you detect error conditions
(such as bad argument values) before beginning an asynchronous
operation, you can report that error by returning a Promise created
with Promise.reject().  (You could also just throw an error
synchronously in that case, but that is considered poor form because
then the caller of your function needs to write both a synchronous
catch clause and use asynchronous .catch() method to handle errors.)
Finally, Promise.resolve() is sometimes useful to create the initial
Promise in a chain of Promises. We’ll see a couple of examples below
that use it this way.

















Promises From Scratch


For both getJSON() and getHighScore(), we started off by calling
an existing function to get an initial Promise, and then created and
returned a new Promise by calling the .then() method of that initial
Promise. But what about writing a Promise-returning function when you
can’t use another Promise-returning function as the starting point? In
that case, you use the Promise() constructor to create a new Promise
object that you have complete control over. Here’s how it works: you
invoke the Promise() constructor and pass a function as its only
argument. The function you pass should be written to expect two
parameters which, by convention, should be named resolve and
reject. The constructor synchronously calls your function with
function arguments for the resolve and reject parameters. After
calling your function, the Promise() constructor returns the newly
created Promise. That returned Promise is under the control of the
function you passed to the constructor. That function should perform
some asynchronous operation and then call the resolve function to
resolve or fulfill the returned Promise, or call the reject function
to reject the returned Promise. Your function does not have to be
asynchronous: it can call resolve or reject synchronously, but the
Promise will still be resolved, fulfilled or rejected asynchronously if
you do this.


It can be hard to understand the functions passed to a function passed
to a constructor by just reading about it, but hopefully some examples
will make this clear. Here’s how to write the Promise-based wait()
function that we used in various examples earlier in the chapter:


function wait(duration) {
    // Create and return a new promise
    return new Promise((resolve, reject) => { // These control the Promise
        // If the argument is invalid, reject the promise
        if (duration < 0) {
            reject(new Error('Time travel not yet implemented'));
        }
        // Otherwise, wait asynchronously and then resolve the Promise.
        // setTimeout will invoke resolve() with no arguments, which means
        // that the Promise will fulfill with the undefined value.
        setTimeout(resolve, duration);
    });
}


Note that the pair of functions that you use to control the fate of a
Promise created with the Promise() constructor are named resolve()
and reject(), not fulfill() and reject(). If you pass a Promise
to resolve(), the returned Promise will resolve to that new
Promise. Often, however, you will pass a non-Promise value,
which fulfills the returned Promise with that value.


Here’s another example of using the Promise() constructor. This one
implements our getJSON() function for use in Node, where the
fetch() API is not built in. Remember that we started this chapter
with a discussion of asynchronous callbacks and events. This example
uses both callbacks and event handlers and is a good demonstration,
therefore, of how we can implement Promise-based APIs on top of other
styles of asynchronous programming:


const http = require('http');

function getJSON(url) {
    // Create and return a new Promise
    return new Promise((resolve, reject) => {
        // Start an HTTP GET request for the specified URL
        request = http.get(url, response => { // called when response starts
            // Reject the promise if the HTTP status is wrong
            if (response.statusCode !== 200) {
                reject(new Error(`HTTP status ${response.statusCode}`));
                response.resume();  // so we don't leak memory
            }
            // And reject if the response headers are wrong
            else if (response.headers['content-type'] !== 'application/json') {
                reject(new Error('Invalid content-type'))
                response.resume();  // don't leak memory
            }
            else {
                // Otherwise, register events to read the body of the response
                let body = '';
                response.setEncoding('utf-8');
                response.on('data', chunk => { body += chunk; });
                response.on('end', () => {
                    // When the response body is complete, try to parse it
                    try {
                        let parsed = JSON.parse(body);
                        // If it parsed successfully, fullfil the Promise
                        resolve(parsed);
                    }
                    catch(e) {
                        // If parsing failed, reject the Promise
                        reject(e)
                    }
                });
            }
        });
        // We also reject the Promise if the request fails before we
        // even get a response (such as when the network is down)
        request.on('error', error => {
            reject(error);
        });
    });
}






















Promises in Sequence


Promise.all() makes it easy to run an arbitrary number of Promises
in parallel. And Promise chains make easy to express a sequence of a
fixed number of Promises. Running an arbitrary number of Promises in
sequence is trickier, however. Suppose, for example, that you have an
array of URLs to fetch, but that to avoid overloading your network,
you want to fetch them one at a time. If the array is of arbitrary
length and unknown content you can’t write out a Promise chain in
advance, so you need to build one dynamically, with code like this:


function fetchSequentially(urls) {
    // We'll store the URL bodies here as we fetch them
    const bodies = [];

    // Here's a Promise-returning function that fetches one body
    function fetchOne(url) {
        return fetch(url)
            .then(response => response.text())
            .then(body => {
                // We save the body to the array and we're purposely
                // omitting a return value here (returning undefined)
                bodies.push(body);
            });
    }

    // Start with a promise that is already fulfilled (with value undefined)
    let p = Promise.resolve(undefined);

    // Now loop through the desired URLs, building a Promise chain
    // of arbitrary length, fetching one URL at each stage of the chain
    for(url of urls) {
        p = p.then(() => fetchOne(url))
    }

    // When the last promise in that chain is fulfilled, then the
    // bodies array is ready. So let's return a promise for that
    // bodies array. Note that we don't include any error handlers:
    // we want to allow errors to propagate to the caller.
    return p.then(() => bodies);
}


With this fetchSequentially() function defined, we could fetch the
URLs one at a time with code much like the fetch-in-parallel code we
used earlier to demonstrate Promise.all().


fetchSequentially(urls)
    .then(bodies => { /* do something with the array of strings */ })
    .catch(e => console.error(e))


The fetchSequentially() function starts by creating a Promise that
will fulfill immediately after it returns. It then builds a long
linear Promise chain off of that initial Promise, and returns the last
Promise in the chain. It is like setting up a row of dominoes and then
knocking the first one over.


There is another, possibly more elegant, approach that we can
take. Rather than creating the Promises in advance, we can have the
callback for each Promise create and return the next Promise. That is,
instead of creating and chaining a bunch of Promises, we instead
create Promises that resolve to other Promises. Rather than creating a
domino-like chain of Promises, we are instead creating a sequence of
Promises nested one inside the other like a set of matryoshka
dolls. With this approach, our code can return the first (outermost)
Promise, knowing that it will eventually fulfill (or reject!) to the
same value that the last (innermost) Promise in the sequence does. The
promiseSequence() function below is written to be generic and is not
specific to URL fetching. It is here at the end of our discussion of
Promises because it is complicated. If you’ve read this chapter
carefully, however, I hope you’ll be able to understand how it
works. In particular, note that the nested function inside
promiseSequence() appears to call itself recursively, but because
the “recursive” call is through a then() method, there is not
actually any traditional recursion happening:


// This function takes an array of input values and a "promiseMaker" function.
// For any input value x in the array, promiseMaker(x) should return a Promise
// that will fulfill to an output value. This function returns a Promise
// that fulfills to an array of the computed output values.
//
// Rather than creating the Promises all at once and letting them run in
// parallel, however, promiseSequence() only runs one Promise at a time,
// and does not call promiseMaker()  for a value until the previous Promise
// has fulfilled.
function promiseSequence(inputs, promiseMaker) {
    // Make a copy of the array that we can modify
    inputs = inputs.slice();

    // Here's the function that we'll use as a Promise callback
    // This is the pseudo-recursive magic that makes this all work.
    function handleNextInput(outputs) {
        if (inputs.length == 0) {
            // If there are no more inputs left, then return the array
            // of outputs, finally fulfilling this Promise and all the
            // previous resolved-but-not-fulfilled Promises.
            return outputs;
        } else {
            // If there are still input values to process, then we'll
            // return a Promise object, resolving the current Promise
            // with the future value from a new Promise.
            nextInput = inputs.shift();    // Get the next input value,
            return promiseMaker(nextInput) // compute the next output value,
                 // Then create a new outputs array with the new output value
                .then(output => outputs.concat(output))
                 // Then "recurse", passing the new, longer, outputs array
                .then(handleNextInput);
        }
    }

    // Start with a promise that fulfills to an empty array and use
    // the function above as its callback
    return Promise.resolve([]).then(handleNextInput);
}


This promiseSequence() function is intentionally generic. We can use
it to fetch URLs with code like this:


// Given a URL, return a Promise that fulfills to the URL body text
function fetchBody(url) { return fetch(url).then(r => r.text()); }
// Use it to sequentially fetch a bunch of URL bodies
promiseSequence(urls, fetchBody)
    .then(bodies => { /* do something with the array of strings */ })
    .catch(console.error)
























async and await


ECMAScript 2017 introduces two new keywords, async and await that
represent a paradigm shift in asynchronous JavaScript
programming. These new keywords dramatically simplify the use of
Promises, and allow us to write Promise-based asynchronous code that
looks like synchronous code that blocks while waiting for network
responses or other asynchronous events. Although it is still important
to understand how Promises work, much of their complexity (and
sometimes even their very presence!) vanishes when you use them with
async and await.


As we discussed earlier in the chapter, asynchronous code can’t
return a value or throw an exception the way that regular synchronous
code can. And this is why Promises are designed the way the are. The
value of a fulfilled Promise is like the return value of a synchronous
function. And the value of a rejected Promise is like a value thrown
by a synchronous function. This latter similarity is made explicit by
the naming of the .catch() method. async and await take
efficient, Promise-based code and hide the Promises, so that your
asynchronous code can be as easy to read and as easy to reason about
as inefficient, blocking, synchronous code.










await Expressions


The await keyword takes a Promise and turns it back into a return
value or a thrown exception. Given a Promise object p, the
expression await p waits until p settles. If p fulfills, then
the value of await p is the fulfillment value of p. On the other
hand, if p is rejected, then await p expression throws the
rejection value of p. We don’t usually use await with a variable
that holds a promise, and instead we use it before the invocation of a
function that returns a Promise:


let response = await fetch('/api/user/profile');
let profile = await response.json();


It is critical to understand right away that the await keyword does
not cause your program to block and literally do nothing until the
specified Promise settles. The code remains asynchronous, and the
await simply disguises the fact. This means that any code that uses
await is itself asynchronous.

















async Functions


Because any code that uses await is asynchronous, there is one
critical rule: you can only use the await keyword within functions
that have been declared with the async keyword. Here’s a version of
the getHighScore() function from earlier in the chapter, rewritten
to use async and await:


async function getHighScore() {
    let response = await fetch('/api/user/profile');
    let profile = await response.json();
    return profile.highScore;
}


Declaring a function async means that the return value of the
function will be a Promise even if no Promise-related code appears in
the body of the function. If an async function appears to return
normally, then the Promise object that is the real return value of the
function will resolve to that apparent return value. And if an async
function appears to throw an exception, then the Promise object that
it returns will be rejected with that exception.


The getHighScore() function is declared async, so it returns a
Promise. And because it returns a Promise, we can use the await
keyword with it:


displayHighScore(await getHighScore());


But remember, that line of code will only work if it is inside another
async function! You can nest await expressions within async
functions as deeply as you want. But if you’re at the top-level
1 or are inside a function that
is not async for some reason, then you can’t use await and have to
deal with a returned Promise in the regular way:


getHighScore().then(displayHighScore).catch(console.error)


You can use the async keyword with any kind of function. It works
with the function keyword as a statement or as an expression. It
works with arrow functions, and with the method shortcut form in
classes and object literals. (See Chapter 8 for more about the
various ways to write functions.)

















Awaiting Multiple Promises


Suppose that we’ve written our getJSON() function using async:


async function getJSON(url) {
    let response = await fetch(url);
    let body = await response.json();
    return body;
}


And now suppose that we want to fetch two JSON values with this
function:


let value1 = await getJSON(url1);
let value2 = await getJSON(url2);


The problem with this code is that it is unnecessarily sequential: the
fetch of the second url will not begin until the first fetch is
complete.  If the second URL does not depend on the value obtained
from the first URL, then we should probably try to fetch the two
values at the same time. This is a case where the Promise-based nature
of async functions shows. In order to await a set of
concurrently-executing async functions, we use Promise.all() just
as we would if working with Promises directly:


let [value1, value2] = await Promise.all([getJSON(url1), getJSON(url2)]);

















Implementation Details


Finally, in order to understand how async functions work, it may help
to think about what is going on under the hood. Suppose you write an
async function like this:


async function f(x) { /* body */ }


You can think about this as a Promise-returning function wrapped
around the body of your original function:


function f(x) {
    return new Promise(function(resolve, reject) {
        try {
            resolve((function(x) { /* body */ })(x));
        }
        catch(e) {
            reject(e);
        }
    };
}


It is harder to express the await keyword in terms of a syntax
transformation, like the one above. But think of the await keyword
as a marker that breaks a function body up into separate synchronous
chunks. A ECMAScript 2017 interpreter can break the function body up
into a sequence of separate sub-functions, each of which gets passed
to the then() method of the await-marked Promise that precedes
it.
























Asynchronous Iteration


We began this chapter with a discussion of callback and event-based
asynchrony, and when we introduced Promises we noted that they were
useful for single-shot asynchronous computations, but were not
suitable for use with sources of repetitive asynchronous events such
as setInterval() or the click event in a web browser or the data
event on a Node stream. Because single Promises do not work for
sequences of asynchronous events, we also cannot use regular async
functions and the await statements for these things.


ECMAScript 2018 provides a solution, however. Asynchronous iterators
are like the iterators described in Chapter 2, but they are Promise
based, and are meant to be used with a new form of the for/of loop,
for/await.










The for/await Loop


Node 10 makes its readable streams asynchronously
iterable2. This means you can read
successive chunks of data from a stream with a for/await loop like
this one:


const fs = require('fs');

async function parseFile(filename) {
    let stream = fs.createReadStream(filename, { encoding: 'utf-8'});
    for await(let chunk of stream) {
        parseChunk(chunk); // Assume parseChunk() is defined elsewhere
    }
}


Like a regular await expression, the for/await loop is
Promise-based. Roughly speaking, the asynchronous iterator produces a
Promise, the for/await loop waits for that Promise to fulfill,
assigns the fulfillment value to the loop variable and runs the body
of the loop. And then it starts over, getting another Promise from the
iterator and waiting for that new Promise to fulfill.


Suppose you have an array of URLs:


const urls = [url1, url2, url3];


You can call fetch() on each url to get an array of Promises:


const promises = urls.map(url => fetch(url))


We saw earlier in the chapter that we could now use Promise.all() to
wait for all the Promises in the array to be fulfilled. But suppose we
want the results of the first fetch as soon as they become available,
and don’t want to wait for all the URLs to be fetched. Arrays are
iterable so we can iterate through the array of promises with a
regular for/of loop:


for(const promise of promises) {
    response = await promise;
    handle(response)
}


This code above uses a regular for/of loop with a regular
iterator. But because this iterator returns Promises, we can also use
the new for/await for slightly simpler code:


for await(const response of promises) {
    handle(response)
}


In this case, the for/await loop just builds the await call into
the loop and makes our code slightly more compact, but the two
examples do exactly the same thing. Importantly, both examples will
only work if they are within functions declared async: a for/await
loop is no different than a regular await expression in that way.


It is important to realize, however that we’re using for/await with
a regular iterator in this example. Things are more interesting with
fully asynchronous iterators.

















Asynchronous Iterators


Let’s review some terminology from Chapter 2. An iterable object
is one that can be used with a for/of loop. It defines a method
with the symbolic name Symbol.iterator. This method returns an
iterator object. The iterator object has a next() method which can
be called repeatedly to obtain the values of the iterable object. The
next() method of the iterator object returns iteration result
objects. The iteration result object has a value property and/or a
done property.


Asynchronous iterators are quite similar to regular iterators, but
there are two important differences. First, an asynchronously iterable
object implements a method with the symbolic name
Symbol.asyncIterator instead of Symbol.iterator. (As we saw above,
for/await is compatible with regular iterable objects, but it
prefers asynchronously iterable objects, and tries the
Symbol.asyncIterator method before it tries the Symbol.iterator
method.) Second, the next() method of an asynchronous iterator
returns a Promise that resolves to an iterator result object instead
of returning an iterator result object directly.

Note

In the section above, when we used for/await on a regular,
synchronously iterable array of Promises, we were working with
synchronous iterator result objects in which the value property
was a Promise object but the done property was synchronous. True
asynchronous iterators return Promises for iteration result objects
and both the value and the done properties are asynchronous. The
difference is a subtle one: with asynchronous iterators the choice
about when iteration ends can be made asynchronously.



















Asynchronous Generators


As we saw in Chapter 2, the easiest way to implement an iterator is
often to use a generator. The same is true for asynchronous iterators,
which we can implement with generator functions that we declare
async. An async generator has the features of async functions and
the features of generators: you can use await as you would in a
regular async function, and you can use yield as you would in a
regular generator. But values that you yield are automatically wrapped
in Promises. Even the syntax for async generators is a combination:
async function and function * combine into async function *.
Here is an example that shows how you might use an async generator and
a for/await loop to repetitively run code at fixed intervals, using
loop syntax instead of a setInterval() callback function:


// A Promise-based wrapper around setTimeout() that we can use await with.
// Returns a Promise that fulfills in the specified number of milliseconds
function elapsedTime(ms) {
    return new Promise(resolve => setTimeout(resolve, ms));
}

// An async generator function that increments a counter and yields it
// a specified (or infinite) number of times at a specified interval.
async function* clock(interval, max=Infinity) {
    for(let count = 1; count <= max; count++) { // regular for loop
        await elapsedTime(interval);            // wait for time to pass
        yield count;                            // yield the counter
    }
}

// A test function that uses the async generator with for/await
async function test() {                      // Async so we can use for/await
    for await(let tick of clock(300, 100)) { // Loop 100 times every 300ms
        console.log(tick);
    }
}

















Implementing Asynchronous Iterators


Instead of using async generators to implement asynchronous iterators,
it is also possible to implement them directly, by defining an object
with a Symbol.asyncIterator() method that returns an object with a
next() method that returns a Promise that resolves to an iterator
result object. In the code below we re-implement the clock()
function above so that it is not a generator and instead just returns
an asynchronously iterable object. Notice that the next() method in
this example does not explicitly return a Promise; instead we just
declare next() to be async.


function clock(interval, max=Infinity) {
    // A Promise-ified version of setTimeout that we can use await with.
    // Note that this takes an absolute time instead of an interval.
    function until(time) {
        return new Promise(resolve => setTimeout(resolve, time - Date.now()));
    }

    // Return an asynchonously iterable object
    return {
        startTime: Date.now(),  // Remember when we started
        count: 1,               // Remember which iteration we're on
        async next() {          // The next() method makes this an iterator
            if (this.count > max) {     // Are we done?
                return { done: true };  // Iteration result indicating done
            }
            // Figure out when the next iteration should begin,
            let targetTime = this.startTime + this.count * interval;
            // wait utill that time,
            await until(targetTime);
            // and return the count value in an interation result object.
            return { value : this.count++ };
        },
        // This method means that this iterator object is also an iterable.
        [Symbol.asyncIterator]() { return this; }
    };
}


This iterator-based version of the clock() function fixes a flaw in
the generator-based version. Note that in this newer code we target
the absolute time that each iteration should begin at and subtract the
current time from that in order to compute the interval that we pass
to setTimeout(). If we use clock() with a for/await loop, this
version will run loop iterations more precisely at the specified
interval because it accounts for the time required to actually run the
body of the loop. But this fix isn’t just about timing accuracy. The
for/await always waits for the Promise returned by one iteration to
be fulfilled before it begins the next iteration. But if you use an
asynchronous iterator without a for/await loop, there is nothing to
prevent you from calling the next() method whenever you want. With
the generator-based version of clock(), if you call the next()
method three times sequentially, you’ll get three Promises that will
all fulfill at almost exactly the same time, which is probably not
what you want. The iterator-based version we’ve implemented here does
not have that problem.


The benefit of asynchronous iterators is that they allow us to
represent streams of asynchronous events or data. The clock()
function above was fairly simple to write because the source of the
asynchrony was the setTimeout() calls we were making ourselves. But
when we are trying to work with other asynchronous sources, such as
the triggering of event handlers it becomes substantially harder to
implement asynchronous iterators—we typically have a single event
handler function that responds to events, but each call to the
iterator’s next() method must return a distinct Promise object, and
multiple calls to next() may occur before the first Promise
resolves. This means that any asynchronous iterator method must be
able to maintain an internal queue of Promises that it resolves in
order as asynchronous events occur. If we encapsulate this Promise
queueing behavior into an AsyncQueue class, then it becomes much
easier to write asynchronous iterators based on
AsyncQueue. 3


The AsyncQueue class below has enqueue() and dequeue() methods as
you’d expect for a queue class. The dequeue() class returns a
Promise rather than an actual value, however, which means that it is
okay to call dequeue() before enqueue() has ever been called. This
class is also an asynchronous iterator, and is intended to be used
with a for/await loop whose body runs once each time a new value is
asynchronously enqueued. (AsyncQueue has a close() method. Once
called, no more values can be enqueued. When a closed queue is empty,
the for/await loop will stop looping.)


Note that the implementation of AsyncQueue does not use async or
await and instead works directly with Promises. The code is somewhat
complicated; and you can use it to test your understanding of the
material we’ve covered in this long chapter. Even if you don’t fully
understand the AsyncQueue implementation, do take a look at the
shorter example that follows it: it implements simple but very
interesting asynchronous iterator on top of AsyncQueue.


/**
 * A very simple asynchronously iterable queue class. Add values with
 * enqueue(), and remove them with dequeue(). dequeue() returns a Promise
 * which means that values can be dequeued before they are enqueued.
 * The class implements [Symbol.asyncIterator] and next() so that it can
 * be used with the for/await loop (which will not terminate until the
 * close() method is called.)
 */
class AsyncQueue {
    constructor() {
        // Values that have been queued but not dequeued yet are stored here
        this.values = []
        // When promises are dequeued before their corresponding values are
        // queued the resolve methods for those promises are stored here.
        this.resolvers = []
        // Once closed, no more values can be enqueued, and no more unfulfilled
        // promises returned.
        this.closed = false;
    }

    enqueue(value) {
        if (this.closed) {
            throw new Error('AsyncQueue closed');
        }
        if (this.resolvers.length > 0) {
            // If this value has already been promised, resolve that Promise
            const resolve = this.resolvers.shift();
            resolve(value)
        }
        else {
            // Otherwise queue it up
            this.values.push(value);
        }
    }

    dequeue() {
        if (this.values.length > 0) {
            // If there is a queued value, return a resolved Promise for it
            const value = this.values.shift();
            return Promise.resolve(value);
        }
        else if (this.closed) {
            // If no queued values and we're closed, return a resolved
            // Promise for the "end-of-stream" marker
            return Promise.resolve(AsyncQueue.EOS);
        }
        else {
            // Otherwise, return an unresolved Promise,
            // queuing the resolver function for later use
            return new Promise((resolve) => { this.resolvers.push(resolve) });
        }
    }

    close() {
        // Once the queue is closed, no more values will be enqueued.
        // So resolve any pending Promises with the end-of-stream marker
        while(this.resolvers.length > 0) {
            this.resolvers.shift()(AsyncQueue.EOS);
        }
        this.closed = true;
    }

    // Define the method that makes this class asynchronously iterable
    [Symbol.asyncIterator]() { return this; }

    // Define the method that makes this an asynchronous iterator. The
    // dequeue() Promise resolves to a value or the EOS sentinel if we're
    // closed. Here, we need to return a Promise that resolves to an
    // iterator result object.
    next() {
        return this.dequeue().then(value => (value === AsyncQueue.EOS)
                                   ? { value: undefined, done: true }
                                   : { value: value, done: false });
    }
}

// A sentinel value returned by dequeue() to mark "end of stream" when closed
AsyncQueue.EOS = {};


Because this AsyncQueue class defines the asynchronous iteration
basics, we can create our own, more interesting asynchronous iterators
simply by asynchronously queueing values. Here’s an example that uses
AsyncQueue to produce a stream of web browser events that can be
handled with a for/await loop:


// Push events of the specified type on the specified document element
// onto an AsyncQueue object, and return the queue for use as an event stream
function eventStream(elt, type) {
    const q = new AsyncQueue();                  // Create a queue
    elt.addEventListener(type, e=>q.enqueue(e)); // Enqueue events
    return q;
}

async function handleKeys() {
    // Get a stream of keypress events and loop once for each one
    for await (const event of eventStream(document, 'keypress')) {
        console.log(event.key);
    }
}
























Summary


In this chapter, you have learned:



	
Most real-world JavaScript programming is asynchronous.



	
Traditionally, asynchrony has been handled with events and callback
functions. This can get complicated however because you can end up
with multiple levels of callbacks nested inside other callbacks, and
because it is difficult to do robust error handling.



	
Promises provide a new way of structuring callback functions. If
used correctly (and unfortunately, Promises are easy to use
incorrectly), they can convert asynchronous code that would have
been nested into linear chains of then() calls where one
asynchronous step of a computation follows another. Also, promises
allow you to centralize your error handling code into a single
catch() call at the end of a chain of then() calls.



	
The async and await keywords allow us to write asynchronous code
that is Promise-based under the hood, but which looks like
synchronous code. This makes the code easier to understand and
reason about. If a method is declared async it will implicitly
return a Promise. Inside an async method, you can await
a Promise (or a function that returns a Promise), as if the Promise
value was synchronously computed.



	
Objects that are asynchronously iterable can be used with a
for/await loop. You can create asynchronously iterable objects by
implementing a [Symbol.asyncIterator]() method. Asynchronous
iterators provide an alternative to “data” events on streams in
server-side JavaScript and to user input events in client-side
JavaScript.














1 some browsers allow you to use await at the top level of their developer consoles; others do not
2 This was an experimental feature in Node 10.x, but has graduated to stable status in Node 11.14
3 I learned this approach to asynchronous iteration from the blog of Dr. Alex Rauschmayer, 2ality.com
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