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All code is a liability.
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All code is a liability.
Let's write less.
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Make it generic!

/// Arranges the elements of ¢ 1n non-decreasing order.
function sort(c: number[]) { /*...*/ }

TS
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Make it generic!

/// Arranges the elements of ¢ 1n non-decreasing order.
function sort<T>(c: T[]) { /*...*/ }

'\‘ Adobe 6 © 2023 Adobe. All Rights Reserved.



The spectrum of generality

sort(c: number[]) sort<C>(Cc: O
One type is valid Any type is valid

Generic

—

Constrained
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The spectrum of generality

sort(c: number[]) sort<T>(c: T[]) sort<C>(Cc: O
One type is valid Any built-in array is valid Any type is valid

Constrained Generic
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The spectrum of generality

/// Arranges the elements of ¢ 1n non-decreasing order.
function sort<T>(c: T[]) { /*...*/ }

'\‘ Adobe O © 2023 Adobe. All Rights Reserved.



The spectrum of generality

function sort<T>(c: T[]) { /*...*/ }

let numArray = new Int32Array([3, 2, 1]);

'\‘ Adobe 10 © 2023 Adobe. All Rights Reserved.



The spectrum of generality

function sort<T>(c: T[]) { /*...*/ }

let numArray = new Int32Array([3, 2, 1]);
sort(numArray);

'\‘ Adobe 17 © 2023 Adobe. All Rights Reserved.



The spectrum of generality | That's too constrained!

/// Arranges the elements of ¢ 1n non-decreasing order.
function sort<T>(c: T[]) { /*...*/ }

let numArray = new Int32Array([3, 2, 1]);
sort(numArray);

Argument of type 'Int32Array’ 1s not assignable to parameter of
type 'T[]"'.

Type "Int3Z2Array' 1is missing the following properties from type
'"T[]': pop, push, concat, shift, and 3 more

FA\ Adobe 12
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The spectrum of generality

sort(c: number[]) sort<T>(c: T[]) sort<C>(Cc: O
One type is valid Any built-in array is valid Any type is valid

Constrained Generic
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The spectrum of generality

/// Arranges the elements of ¢ 1n non-decreasing order.
function sort<C>(c: O { /*...*/ }

'\‘ Adobe 14 © 2023 Adobe. All Rights Reserved.



The spectrum of generality

function sort<C>(c: O {

for (let 1 = 0; 1 < c.length; 1++) {
for (let ] =0; j <c.length -1 - 1; j++) {
if (1Ccl3] < cl3 +1DD) {
[c[3], <l + 111 = [c[J + 1], c[31];
3
3
5
3
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The spectrum of generality | That's too generic!

/// Arranges the elements of ¢ 1n non-decreasing order.
function sort<C>(c: O {
// Bubble sort implementation to demonstrate.
for (let 1 = 0; 1 < c.length; 1++) { Property 'length' does not exist on type 'C’.
for (let 3y =0; j < c.length -i -21; j+ 0 ¢{ —// —F70H0—/7#mm/4? —»—/m /o —//7
it (1CclJ] < cly + 1])) {
[c[J], c[J + 111 = [c[J + 1], c[J]];

? No index signature with a parameter
of type 'number' was found on type 'C'.

'\‘ Adobe 16 © 2023 Adobe. All Rights Reserved.



The spectrum of generality

sort(c: number[]) sort<T>(c: T[]) sort<C>(Cc: O
One type is valid Any built-in array is valid Any type is valid

Constrained Generic

Any type with the required functionality is valid

'\‘ Adobe 1/ © 2023 Adobe. All Rights Reserved.



The spectrum of generality

sort(c: number[]) sort<T>(c: T[]) sort<C>(Cc: O
One type is valid Any built-in array is valid Any type is valid

Constrained Generic

sort<???>(c: ?777)

Any type with the required functionality is valid

'\‘ Adobe 18 © 2023 Adobe. All Rights Reserved.



The spectrum of generality | Precise constraints

/// Arranges the elements of ¢ 1n non-decreasing order.
function sort<??7?>(c: ?2?7?) { ... }
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The spectrum of generality | Precise constraints

/// Arranges the elements of ¢ 1n non-decreasing order.
function sort<C>(c: O { ... }
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The spectrum of generality | Precise constraints

/// Arranges the elements of ¢ 1n non-decreasing order.

function sort<C -(c: O 9{...1%

'\‘ Adobe 1 © 2023 Adobe. All Rights Reserved.



The spectrum of generality | Precise constraints

/// Arranges the elements of ¢ 1n non-decreasing order.

function sort<C extends {_}>(c: O 4{...1%

'\‘ Adobe ) © 2023 Adobe. All Rights Reserved.



The spectrum of generality | Precise constraints

/// Arranges the elements of ¢ 1n non-decreasing order.

function sort<C extends {length: number, ->(c: O 4{...1%

'\‘ Adobe 23 © 2023 Adobe. All Rights Reserved.



The spectrum of generality | Precise constraints

/// Arranges the elements of ¢ 1n non-decreasing order.
function sort<l, C extends {length: number, [n: number] .>(c: O 9{...1%

'\‘ Adobe 4 © 2023 Adobe. All Rights Reserved.



The spectrum of generality | Precise constraints

function sort<T, C extends {length: number, [n: number]: T}>(c: CO) {
for (let 1 = 0; 1 < c.length; 1++) {
for (let  =0; jJ < c.length - 1 - 1; j++) {
if (1Ccl] < cly + 110D {
[c[J], c[J + 111 = [c[J + 1], c[J]];
5
3
3
3
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The spectrum of generality | Precise constraints

function sort<T, C extends {- length: number, [n: number]: T}>(Cc: CO) {
for (let 1 = 0; 1 < c.length; 1++) {
for (let J =0; jJ <c.length -1 - 1; jJ++) {
if (1Cc[3] < cl3 + 1) {
[c[j], c[3 + 11] = [c[J + 11, c[31];
5
3
3
3

'\‘ Adobe 6 © 2023 Adobe. All Rights Reserved.



The spectrum of generality | Precise constraints

/// Arranges the elements of ¢ 1n non-decreasing order.
function sort<T, C extends {readonly length: number, [n: number]: T}>(c: C) {
for (let 1 = 0; 1 < c.length; 1++) {
for (let  =0; jJ < c.length - 1 - 1; j++) {
¢ IR
[c[j], c[3 + 11] = [c[J + 11, c[31];
5
3
¥
3
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The spectrum of generality | That's just right!

function sort<T, C extends {readonly length: number, [n: number]: T}>(c: O { ... }

let numArray = new Int32Array([3, 2, 1]);
sort(numArray); v

let stringArray = ["c", "d", "a"];
sort(stringArray); v

let unsortable: Record<string, string> = { first: "Jane", last: "Doe" };
sort(unsortable); v

h‘ Adobe 8 © 2023 Adobe. All Rights Reserved.



The spectrum of generality

/// Arranges the elements of ¢ 1n non-decreasing order.
function sort<T, C extends {readonly length: number, [n: number]: T}>(c: O { ... }

Generic

Constrained

Any type with the required functionality is valid

'\‘ Adobe )0 © 2023 Adobe. All Rights Reserved.



Key takeaway 1/8:

Maximize reusability with minimally* complete constraints
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function sort<T, C extends {readonly length: number, [n: number]: T}> ...

'\‘ Adobe 31 © 2023 Adobe. All Rights Reserved.



function sort<T, C extends {readonly length: number, [n: number]: T}> ...

function sortSubrange<T, C extends {readonly length: number, [n: number]: T}> ...

F\\ Adobe 3D © 2023 Adobe. All Rights Reserved.



function sort<T, C extends {readonly length: number, [n: number]: T}> ...

function sortSubrange<T, C extends {readonly length: number, [n: number]: T}> ...

function nthElement<T, C extends {readonly length: number, [n: number]: T}> ...

F\\ Adobe 33 © 2023 Adobe. All Rights Reserved.



Naming our constraints

1nterface ?77<T> = {
readonly length: number,
[n: number]: T

s

'\‘ Adobe 34 © 2023 Adobe. All Rights Reserved.



Naming our constraints

1nterface ?77<T> = {
readonly length: number,
[n: number]: T

MDN web docs

oz.lla

Array.prototype,sort()

The sort() method 1s generic. It only expects the this value to have a length property and
1nteger-keyed properties.

Although strings are also array-like, this method 1s not suitable to be applied on them, as
strings are immutable.

'«‘ Adobe 35 © 2023 Adobe. All Rights Reserved.



Naming our constraints

1nterface ?77<T> = {
readonly length: number,
[n: number]: T

MDN web docs

oz.lla

Array.prototype,sort()

The sort() method 1s generic. It only expects the this value to have a length property and
1nteger-keyed properties.

Although strings are also array-like, this method 1s not suitable to be applied on them, as
strings are immutable.
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Naming our constraints [ij ¥ 1ad421a7 ~  TypeScript /src /lib [ es5.d.ts

Code Blame 4545 lines (4005 loc) - 213 KB

1551
interface ?777<T> = { ees 1552 interface ArrayLike<T> {
readonly length: number, 1553 readonly length: number;
[n: number]: T 1554 readonly [n: number]: T
1555 }
1556

MDN web docs

oz.lla

Array.prototype,sort()

The sort() method 1s generic. It only expects the this value to have a length property and
1nteger-keyed properties.

Although strings are also array-like, this method 1s not suitable to be applied on them, as
strings are immutable.
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Naming our constraints TJ_]. ¥ 1ad421a7 ~  TypeScript/src/lib [/ es5.d.ts

' Code | Blame 4545 lines (4005 loc) - 213 KB

1551
readonly length: number, 1553 readonly length: number;
[n: number]: T 1554 readonly [n: number]: T;
1555 }
¥ 1556

'\‘ Adobe 38 © 2023 Adobe. All Rights Reserved.



Documenting Semantics TJ_I. ¥ 1ad421a7 ~  TypeScript /src/lib /[ es5.d.ts

' Code | Blame 4545 lines (4005 loc) - 213 KB

1551
readonly length: number, 1553 readonly length: number;
[n: number]: T 1554 readonly [n: number]: T;
1555 }
¥ 1556

'\‘ Adobe 30 © 2023 Adobe. All Rights Reserved.



Documenting semantics

interface MutableArraylLike<T>
readonly length: number,

[n

F\\ Adobe

number]: T

{

typescript - v3.7.7

Q

v All

Inherited Externals [ Only exported

Globals / "node_modules/typedoc/node_modules/typescript/lib/lib.es5.d" / ArrayLike /

Interface ArrayLike<T>

Type parameters

=T

Hierarchy

= ArrayLike

Indexable

D [n: number]: T

Index

Properties

O length

Properties

length

O length: number

Defined in node_modules/typedoc/node_modules/typescript/lib/lib.es5.d.ts:1434

40

Globals

"node_modules/
typedoc/node_
modules/typescript/
lib/lib.es5.d"

Intl

50 ArrayLike
O length

lib / es5.d.ts

213 KB

© 2023 Adobe. All Rights Reserved.



Documenting semantics

1nterface MutableArraylLike<T> =
readonly length: number,
[n: number]: T

F\\ Adobe

{
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typescript - v3.7.7 Q v Al M@ Inherited [ Externals [0 Only exported lib / ess d ts

Globals / "node_modules/typedoc/node_modules/typescript/lib/lib.es5.d" / ArrayLike /

Interface ArrayLike<T>

213 KB
Go gle typescript arraylike X & & Q
All Videos Images Shopping News More ~ Tools

About 119,000 results (0.26 seconds)

. Stack Overflow
https://stackoverflow.com > questions » unable-to-unde...

Unable to understand ArrayLike interface in Typescript

Jan 18, 2019 — | am struggling to understand what [n:number]:T means. Is this declaring an
array of type T and the size of the array is n ?
1 answer - Top answer: It's an index signature. An object can be indexed using a string or a nu...

How to implement a "ArrayLike" class in TypeScript? Feb 17, 2022
Declare TypedArray with ArrayLike? - typescript - Stack Overflow Oct 25, 2015
Oct 23, 2019
May 24, 2015

Typescript array-like type with same generic type between ...
TypeScript: is there an interface for array-like object?
More results from stackoverflow.com

M. Microsoft Open Source
A https://microsoft.github.io » interfaces »

ArrayLike | typescript - v3.7.7

Defined in node_modules/typedoc/node _modules/typescript/lib/lib.es5.d.ts:1434. Globals -
"node_modules/typedoc/node _modules/typescript/lib/lib.es5.d".



typescript - v3.7.7 Q VAl Inherited [4 Externals ([ Only exported Iib / ess d ts

Documenting semantics

Globals / "node_modules/typedoc/node_modules/typescript/lib/lib.es5.d" / ArrayLike /

Interface ArrayLike<T>

+ 213 KB
GQ gle typescript arraylike X § & Q

interface MutableArraylLike<T> = {

readonly length: number, .
[n: number]: T Unable to understand ArrayLike
¥ interface in Typescript

Asked 5 years, 3 months ago Modified 8 months ago Viewed 5k times

| recently found about ArrayLike interface

A

7 interface ArrayLike<T> {
length: number;
[n: number]l: T;

v

| am struggling to understand what [n:number]:T means. Is this
declaring an array of type T and the size of the array is n?

typescript
F\\ Adobe




typescript - v3.7.7 Q v Al M@ Inherited [ Externals [0 Only exported lib / ess d ts

Documenting semantics

Globals / "node_modules/typedoc/node_modules/typescript/lib/lib.es5.d" / ArrayLike /

Interface ArrayLike<T>

+ 213 KB
Go gle typescript arraylike X & & Q

interface MutableArraylLike<T> = {

readonly length: number, .
[n: number]: T Unable to understand ArrayLike
¥ interface in Typescript

Asked 5 years, 3 months ago Modified 8 months 290 Viewed 5k times

| recently found about ArrayLike interface

A

7 interface ArrayLike<T> {
length: number;
[n: number]: T;

v

| am struggling to understand what [n:number]:T means. Is this
declaring an array of type T and the size of the array is n?

typescript
F\\ Adobe




Documenting semantics

interface MutableArraylLike<T> = {
readonly length: number,
[n: number]: T

s

'\‘ Adobe 44 © 2023 Adobe. All Rights Reserved.



Documenting semantics

/// A random access sequence of mutable elements.
interface MutableArraylLike<T> = {

readonly length: number,

[n: number]: T

s

'\‘ Adobe 45 © 2023 Adobe. All Rights Reserved.



Documenting semantics

1nterface MutableArraylLike<T> = {
/// The number of elements
readonly length: number,
/// Gets the n th element
[n: number]: T

s

'\‘ Adobe 46 © 2023 Adobe. All Rights Reserved.



Documenting semantics

/// A random access sequence of mutable elements.
interface MutableArraylLike<T> = {

/// The number of elements

readonly length: number,

/// Gets the n th element

[n: number]: T

s

/// Arranges the elements of ¢ 1n non-decreasing order.
function sort<T, C extends MutableArraylLike<T>> ...

'\‘ Adobe 47 © 2023 Adobe. All Rights Reserved.



Key takeaway 2/8:

Extract common constraints and document their semantics
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What is this thing?

/// A random access sequence of mutable elements.
interface MutableArraylLike<T> = {

/// The number of elements

readonly length: number,

/// Gets the n th element

[n: number]: T

s

'\‘ Adobe 49 © 2023 Adobe. All Rights Reserved.



Concepts

We call the set of axioms satisfied by a data type and a
set of operations on it a concept.

The critical insight... is that
must be programmed assL
of such concepts, [wh

Nig

mi

nly reusable components

ng @ minimal collection

ich] must match as wide a variety

of concrete program structures as possible.

Thus, successful production of a generic component is
bly a matter of identitying the

not sim

F\\ Adobe

requirements of an arbitrary type or a
requires identifying the common requ
broad collection of similar components.
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gorithm - it

irements of a
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Fundamentals of Generic Programming

James C. Dehnert and Alexander Stepanov

Silicon Graphics, Inc.
dehnertj@acm.org, stepanov@ attlabs.att.com

Keywords: Generic programming, operator semantics, concept, regular type.

Abstract. Generic programming <depends on the
decomposition of programs into components which may be
developed separately and combined arbitrarily, subject only
to well-defined interfaces. Among the interfaces of interest,
indeed the most pervasively and unconsciously used, are
the fundamental operators common to all C++ built-in types,
as extended to user-defined types, e.g. copy constructors,
assignment, and equality. We investigate the relations which
must hold among these operators to preserve consistency
with their semantics for the built-in types and with the
expectations of programmers. We can produce an
axiomatization of these operators which yields the required
consistency with built-in types, matches the intuitive
expectations of programmers, and also reflects our
underlying mathematical expectations.
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Concepts

We call the set of axioms satisfied by a data type and a
set of operations on it a concept.

The critical insight... is that

must be programmec
o such concepts
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ch] must match as wide a variety
of concrete program structures as possible.

Thus, successful production of a generic component is

F\\ Adobe

not simply a matter of identitying the minimal
requirements of an arbitrary type or algorithm - it
requires identitying the common requirements of 3
broad collection of similar components.

S1

Fundamentals of Generic Programming

James C. Dehnert and Alexander Stepanov

Silicon Graphics, Inc.
dehnertj@acm.org, stepanoyv @ attlabs.att.com

Keywords: Generic programming, operator semantics, concept, regular type.

Abstract. Generic programming <depends on the
decomposition of programs into components which may be
developed separately and combined arbitrarily, subject only
to well-defined interfaces. Among the interfaces of interest,
indeed the most pervasively and unconsciously used, are
the fundamental operators common to all C++ built-in types,
as extended to user-defined types, e.g. copy constructors,
assignment, and equality. We investigate the relations which
must hold among these operators to preserve consistency
with their semantics for the built-in types and with the
expectations of programmers. We can produce an
axiomatization of these operators which yields the required
consistency with built-in types, matches the intuitive
expectations of programmers, and also reflects our
underlying mathematical expectations.
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requirements of an arbitrary ty
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Abstract. Generic programming <depends on the
decomposition of programs into components which may be
developed separately and combined arbitrarily, subject only
to well-defined interfaces. Among the interfaces of interest,
indeed the most pervasively and unconsciously used, are
the fundamental operators common to all C++ built-in types,
as extended to user-defined types, e.g. copy constructors,
assignment, and equality. We investigate the relations which
must hold among these operators to preserve consistency
with their semantics for the built-in types and with the
expectations of programmers. We can produce an
axiomatization of these operators which yields the required
consistency with built-in types, matches the intuitive

expectations of programmers, and also reflects our
underlying mathematical expectations.
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Concepts

/// A random access sequence of mutable elements.
1nterface MutableArraylLike<T> = {

/// The number of elements

readonly length: number,

/// Gets the n th element

[n: number]: T

s

/// Arranges the elements of "¢ 1n non-decreasing order.
function sort<T, C extends MutableArraylLike<T>> ...

/// Arranges the elements 1n ¢ from first to last 1n non-decreasing order.
function sortSubrange<T, C extends MutableArraylLike<T>> ...

/// Partitions ¢ around nth, leaving the value of nth as 1if ¢ were entirely sorted.
function nthElement<T, C extends MutableArraylLike<T> ...

FA\ Adobe 53
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Concepts | Finding common behavior

/// A sequence of T stored non-contiguously
template <class T>
struct linked_list { ... };

C

'\‘ Adobe 56 © 2023 Adobe. All Rights Reserved.



Concepts | Finding common behavior

template <class T>
struct linked_list {
struct node {
std: :unique_ptr<node> _next = nullptr;
T _value;
¥
std: :unique_ptr<node> _head = nullptr;

s

C
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Concepts | Finding common behavior

/// A sequence of T stored non-contiguously
template <class T>
struct linked_list { ... };

/// Returns the frequency of t 1n the linked l1ist.

auto count(T t, linked_list<T>& list) -> std::size_t { ... }

C

'\‘ Adobe 58 © 2023 Adobe. All Rights Reserved.



Concepts | Finding common behavior

/// A sequence of T stored non-contiguous
template <class T>
struct linked_l1ist { ... };

1 & meaningful

1 & meaningful

/// Returns the frequency of 't 1n Thked list.

auto count(T t, linked_list<T>& list) -> std::size_t { ... }

C
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Concepts | Finding common behavior

template <class T>
struct linked_list { ... };

template <std::equality_comparable T>
auto count(T t, linked_list<T>& list) -> std::size_t {
std::s1ze_t count{0};
for (auto 1 = list._head.get(); 1 !'= nullptr; 1 = 1 = 1->_next.get())

1f (1->_value == t) count++;

return count; @

¥

F\\ Adobe 60 © 2023 Adobe. All Rights Reserved.



Concepts | Finding common behavior

template <input_streamable T>
class user_input { ... };

C

'\‘ Adobe 61 © 2023 Adobe. All Rights Reserved.



Concepts | Finding common behavior

/// A stream of T  from stdin.
T>

class user_input { ...

(std::1stream& stream, T t) {
stream >> t; // 1s legal & meaningful

¥

C
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Concepts | Finding common behavior

template <input_streamable T>
class user_input {

auto read() -> std::optional<T> { ... }
o

C
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Concepts | Finding common behavior

template <input_streamable T>
class user_input {

auto read() -> std::optional<T> { ... }
o

template <std::equality_comparable T>
auto count(T t, user_input<T>& 1n) -> std::size_t { ... }

C
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Concepts | Finding common behavior

template <input_streamable T>

class user_input {

auto read() -> std::optional<T> { ... }
o

template <std::equality_comparable T>
auto count(T t, user_input<T>& 1n) -> std::size_t {

std::s1ze_t count{0};
for (auto 1 = in.read(); 1 != std::nullopt; 1 = 1in.read())

1f (*1 == t) count++;
return count; @

¥
F\\ Adobe 65
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Concepts | Finding common behavior

/// Returns the frequency of t 1n the linked list.

template <std: :equality_comparable T>
auto count(T t, linked_list<T>& list) -> std::size_t {
std::s1ze_t count{0};

return count;

/// Returns the frequency of "t 1n the user input stream.
template <std: :equality_comparable T>

auto count(T t, user_input<T>& 1n) -> std::size_t {
std::s1ze_t count{0};

return count; @

¥
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Lifting Concepts

// linked_l1ist<T>
for (auto 1 = list._head.get(); 1 != nullptr; 1 = 1->_next.get())
1f (1->_value == t) count++;

// user_input<T>
for Cauto 1 = in.read(); 1 != std::nullopt; 1 = in.read())
1f (*1 == t) count++;

// Generally,
for (Cauto 1 = the_beginning(); 1 != the_end(); get_next(1)) {
1f (get_value(i) == t) count++;

C

'\‘ Adobe 6/ © 2023 Adobe. All Rights Reserved.



Lifting Concepts

template <class I>
concept 7?7 = requires(I 1) { ... };

for (auto 1 = the_beginning(); 1 != the_end(); get_next(1)) {
1f (get_value(i) == t) count++; e
5
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Lifting Concepts

template <class I>
concept 7?7 = requires(I 1) { ... };

template <class I>
constexpr bool 777 =
/* some predicates over 1 */;

for (auto 1 = the_beginning : &_end(); get_next(1)) {
1f (get_value(i) == t) count++; @
}
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Lifting Concepts

template <class I>
concept 7?7 = requires(I 1) { ... };

(I 1)1

/* ... these operations on 1 are

legal & meaningful
*/

for (auto 1 = the_beginning(); 1 1 ; get_next(i)) {
1f (get_value(i) == t) count++;

¥
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Lifting Concepts

template <class I>
concept 7?7 = requires(I 1) { ... };

for (auto 1 = the_beginning(); 1 != the_end(); get_next(1)) {
1f (get_value(i) == t) count++; e
5
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Lifting Concepts

template <class I>
concept 7?7 = requires(I 1) {
/// Returns the next valid position or an invalid sentinel for the end.

s

// Generally,

for (auto 1 = the_beginning(); 1 !'= the_end(); -) 1

1f (get_value(i) == t) count++; @
¥
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Lifting Concepts

template <class I>
concept 7?7 = requires(I 1) {
/// Returns the next valid position or an invalid sentinel for the end.
{ ++1 } > I&;
/// Returns the value at this position; invalid 1ff this position 1s 1invalid.

_,

s

// Generally,
for (auto 1 = the_beginning(); 1 != the_end(); get_next(1)) {

¢ GRBTRY  © cor 3
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Lifting Concepts

template <class I, ->

concept 7?7 = requires(I 1) {
/// Returns the next valid position or an invalid sentinel for the end.
{ ++1 } > I&;
/// Returns the value at this position; invalid 1ff this position 1s 1invalid.

{*i}—>.

s

// Generally,
for (auto 1 = the_beginning(); 1 != the_end(); get_next(1)) {

¢ GRBTRY  © cor 3

¥
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Lifting Concepts

template <class I, class T>

conceit 277 =

requires(I 1) {

/// Returns the next valid position or an invalid sentinel for the end.
{ ++1 } > I&;
/// Returns the value at this position; 1invalid i1ff this position 1s invalid.
{ *1 } > T&;
¥

// Generally,

for (auto 1 = the_beginning(); _get_next(i)) {

1f (get_value(i) == t) count++; @
5
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Lifting Concepts

template <class I, class T>
concept 777 =
std: :equality_comparable &&
requires(l 1) {

{ ++1 } > I&;

{ *1 1 > T&;
s

for (auto 1 = the_beginning(); 1 != the_end(); get_next(1)) {
1f (get_value(i) == t) count++; e
5
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Lifting Concepts

template <class I, class T>
concept 1terator =
std: :equality_comparable &&
requires(l 1) {

{ ++1 } > I&;

{ *1 1 -> T&;
s

for (auto 1 = the_beginning(); 1 != the_end(); get_next(1)) {
1f (get_value(i) == t) count++; e
5
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Lifting Concepts

/// A position 1n a sequence of T .
template <class I, class T>
concept 1terator =
std: :equality_comparable &&
requires(I 1) {
/// Returns the next valid position or an invalid sentinel for the end.

/// Returns the value at this position; invalid iff this position 1s 1invalid.

s

// Generally,

for (auto 1 = the_beginning(); 1 != the_end(); get_next(1)) {
1f (get_value(i) == t) count++; @
5

'\‘ Adobe 78 © 2023 Adobe. All Rights Reserved.



Modeling concepts

/// A sequence of T stored non-contiguously
template <class T>

struct linked_list {

/// A position 1n a sequence of T .
template <class I, class T>

concept 1iterator =
struct node { unique_ptr<node> _next; T _value; }; std: :equality_comparable &&

unique_ptr<node> _head = nullptr; requires(l 1) {

{ ++1 } -> std::same_as<I&>;
struct List_tterator { ... }; {1} > std: :same_as<Te>:

s b

// Generally,

for (auto 1 = the_beginning(); 1 != the_end(); get_next(1)) {
1f (get_value(i) == t) count++; @
5
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Modeling concepts

/// A sequence of T stored non-contiguously /// A position 1n a sequence of T .
template <class T> template <class I, class T>
struct linked_l1ist { concept 1iterator =

struct node { unique_ptr<node> _next; T _value; }; std: :equality_comparable &&

unique_ptr<node> _head = nullptr; requires(l 1) {

{ ++1 } -> std::same_as<I&>;
struct list_iterator { ... }; { *1 } -> std::same_as<T&>;
s

auto { return list_iterator(_head.get()); }

{ return list_iterator(nullptr); } // "invalid sentinel for the end.”

auto

s

// Generally,

for Cauto i - EHedbeginning0); | - EHECERAO); oet-next(1) ¢

1f (get_value(i) == t) count++; @

¥
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Modeling concepts

template <class T>

struct linked_list {
struct node { unique_ptr<node> _next; T _value; };
unique_ptr<node> _head = nullptr;

struct list_iterator {
nhode* _node;
explicit list_iterator(node* n) : _node(n) {}
¥
auto begin() { return list_iterator(_head.get()); }
auto end() { return list_iterator(nullptr); }

S

F\\ Adobe 81 © 2023 Adobe. All Rights Reserved.



Modeling concepts

template <class T>

struct linked_list {
struct node { unique_ptr<node> _next; T _value; };
unique_ptr<node> _head = nullptr;

struct list_iterator {
nhode* _node;
explicit list_iterator(node* n) : _node(n) {}
auto& operator++() { }

auto& operator*() { }
bool operator==(const list_iterator& rhs) const = default;

¥
auto begin() { return list_iterator(_head.get()); }
auto end() { return list_iterator(nullptr); }

s &
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Modeling concepts

/// A sequence of T stored non-contiguously /// A position 1n a sequence of T .
template <class T> template <class I, class T>
struct linked_l1ist { concept 1iterator =
struct node { unique_ptr<node> _next; T _value; }; std: :equality_comparable &&
unique_ptr<node> _head = nullptr; requires(l 1) {
{ ++1 } -> std::same_as<I&>;
struct list_iterator { { *1 } -> std::same_as<T&>;
node* _node; };

explicit list_iterator(node* n

auto& operator++() {
auto& operator*() {
bool operator==(const list_iterator& rhs) const = default;

s
auto begin() { return list_iterator(_head.get()); }
auto end() { return list_iterator(Cnullptr); } // "invalid sentinel for the end.”
s @
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Modeling concepts

template <class T>

struct linked_list {
auto begin() { return list_iterator(_head.get()); }
auto end() { return list_iterator(nullptr); }

s

template <input_streamable T>

class user_input {
auto begin() { return user_input_iterator(std: :addressof(std::cin)); }
auto end() { return user_input_iterator(nullptr); }

s

S
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Modeling concepts

template <class T>

struct linked_list {
1terator<T> auto begin() { return list_iterator(_head.get()); }
1terator<T> auto end() { return list_iterator(nullptr); }

s

template <input_streamable T>

class user_input {
1terator<T> auto begin() { return user_input_iterator(std: :addressof(std::cin)); }
1terator<T> auto end() { return user_input_iterator(nullptr); }

¥
See: https://tinyurl.com/GCClstreamlterator &
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Modeling concepts

template <class T> template <input_streamable T>
struct linked_l1ist { class user_input {
1terator<T> auto begin() { ... } 1terator<T> auto begin() { ... }
1terator<T> auto end() { ... } 1terator<T> auto end() { ... }
¥ s
template <std::equality_comparable T, _>
auto count(T t, Iter begin, Iter end) -> std::size_t { ... }

C
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Lifting concepts (again)

/// A sequence of T stored non-contiguously /// A stream of T from stdin.
template <class T> template <input_streamable T>

struct linked_list
1terator<T> auto

class user_input {

ce. ) 1terator<T> auto { ...}
1terator<T> auto .} 1terator<T> auto { ...}

s s

/// Returns the frequency of 't 1n the sequence.

template <std::equality_comparable T, iterator<T> Iter>
auto count(T t, Iter ITter . -> std::s1ze_t { ... }

C
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Lifting concepts (again)

template <class T> template <input_streamable T>
struct linked_l1ist { class user_input {
1terator<T> auto begin() { ... } 1terator<T> auto begin() { ... }
1terator<T> auto end() { ... } 1terator<T> auto end() { ... }
5 5

template <class R, class T>
concept ?7?? = requires(Rr) { ... };

C
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Lifting concepts (again)

template <class T> template <input_streamable T>
struct linked_l1ist { class user_input {
1terator<T> auto begin() { ... } 1terator<T> auto begin() { ... }
1terator<T> auto end() { ... } 1terator<T> auto end() { ... }
5 5

template <class R, class T>
concept 7?7 = requires(R r) {

{ r.begin() } -> 1terator<T>;

{ r.end() } -> 1iterator<T>; &
¥
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Lifting concepts (again)

template <class T> template <input_streamable T>
struct linked_l1ist { class user_input {
1terator<T> auto begin() { ... } 1terator<T> auto begin() { ... }
1terator<T> auto end() { ... } 1terator<T> auto end() { ... }
5 5

template <class R, class T>
concept range = requires(R r) {

{ r.begin() } -> 1terator<T>;

{ r.end() } -> 1terator<T>; &
5
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Lifting concepts (again)

template <class R, class T>

concept range = requires(R r) {
{ r.begin() } -> 1terator<T>;

{ r.end() } -> i1terator<T>;
5

static_assert(range<int[42], int>); @

)
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Lifting concepts (again)
template <class R, class T>
concept range = requires(R r) {

{ r.begin() } -> iterator<T>;

{ r.end() } -> i1terator<T>;

s
error: static assertion failed
static_assert(range<int[], 1nt>);
Ao s s s s s e s s s s s s
. because 'range<int[42], int>' evaluated to false
. because 'r.begin()' would be 1invalid: 'int *' 1s not a structure or union
{ r.begin() } -> 1terator<T>;
static_assert(range<int[42], int>); // X Sized array-of-int is not a range. @
F\\ Adobe
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Lifting concepts (again)

/// A sequence of T
template <class R, class T>
concept range = requires(R r) {
/// Returns an iterator to the first element.

{-} -> 1terator<T>;

/// Returns a sentinel representing the end.

{-} -> 1terator<T>;
¥

C
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Lifting concepts (again)
template <class R, class T>
concept range = requires(R r) {

{ begin(r) } -> iterator<T>;

{ end(r) } -> iterator<T>;
5

template <class R>
auto begin(R& r) -> decltype(r.begin()) { ... }

template <class T, std::size_t N>
auto begin( T(&array)[N] ) > T* { ... }

C
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Lifting concepts (again)
template <class R, class T>
concept range = requires(R r) {

{ begin(r) } -> iterator<T>;

{ end(r) } -> iterator<T>;

s

template <class R>
auto begin(R& r) -> decltype(r.begin) { ... }

template <class T, std::size_t N>
auto begin( T(&array)[N] ) > T* { ... }

static_assert(range<int[42], int>); V) E
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Generic algorithms in terms of concepts

/// A position 1n a sequence of T . /// A sequence of T
template <class I, class T>

concept iterator =

template <class R, class T>

concept range = requires(R r) {
std: :equality_comparable && { begin(r) } -> iterator<T>;

requires(I 1) { { end(r) } -> 1terator<T>;
{ ++1 } -> std::same_as<I&>; }

{ *1 } -> std::same_as<T&>;

s

/// Returns the frequency of "t 1n the range.

template <std::equality_comparable T, range<T> Range>
auto count(T t, Range r) -> std::size_t { ... }

C
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Generic algorithms in terms of concepts

template <std::equality_comparable T, range<T> Range>
auto count(T t, Range r) -> std::size_t {
std::s1ze_t count{0};
for (1terator<T> auto 1 = begin(r); 1 !'= end(r); ++1)
1f (*1 == t) count++;

return count; @
}
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Generic algorithms in terms of concepts

/// A position 1n a sequence of T . /// A sequence of T

template <class I, class T> template <class R, class T>

concept - = concept - requires(R r) {

std: :equality_comparable && { begin(r) } -> iterator<T>;

requires(I 1) { { end(r) } -> iterator<T>;
{ ++1 } -> std::same_as<I&>; }

{ *1 } -> std::same_as<T&>;

s

/// Returns the freguency of t 1n the range.

auto count(T t, Range r) -> std::size_t {
std::s1ze_t count{0};

for (- auto 1 = begin(r); 1 !'= end(r); ++1)

1f (*1 == t) count++;

return count; @
¥
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Key takeaway 3/8:

Discover Concepts by analyzing common
semantics in algorithms
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Fundamentals of Generic Programming

James C. Dehnert and Alexander Stepanov

Silicon Graphics, Inc.
dehnertj@acm.org, stepanov@ attlabs.att.com

Keywords: Generic programming, operator semantics, concept, regular type.

Abstract. Generic programming depends on the
decomposition of programs into components which may be
developed separately and combined arbitrarily, subject only
to well-defined interfaces. Among the interfaces of interest,
indeed the most pervasively and unconsciously used, are
the fundamental operators common to all C++ built-in types,
as extended to user-defined types, e.g. copy constructors,
assignment, and equality. We investigate the relations which
must hold among these operators to preserve consistency
with their semantics for the built-in types and with the
expectations of programmers. We can produce an
axiomatization of these operators which yields the required
consistency with built-in types, matches the intuitive
expectations of programmers, and also reflects our
underlying mathematical expectations.
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Regular types

If we hope to reuse code [whic
operators, and apply it to both

N uses] the standard C++

built-in and user-defined

types, we must extend the semantics as well as the
syntax of the standard operators to user-defined types.

.. concepts which match the semantics of built-in types
and operators provide an excellent foundation for

generic programming.

.. a regular type matches the built-in type semantics,
thereby making our user-defined types behave like

built-in types as well.
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Fundamentals of Generic Programming

James C. Dehnert and Alexander Stepanov

Silicon Graphics, Inc.
dehnertj@acm.org, stepanov@ attlabs.att.com

Keywords: Generic programming, operator semantics, concept, regular type.

Abstract. Generic programming <depends on the
decomposition of programs into components which may be
developed separately and combined arbitrarily, subject only
to well-defined interfaces. Among the interfaces of interest,
indeed the most pervasively and unconsciously used, are
the fundamental operators common to all C++ built-in types,
as extended to user-defined types, e.g. copy constructors,
assignment, and equality. We investigate the relations which
must hold among these operators to preserve consistency
with their semantics for the built-in types and with the
expectations of programmers. We can produce an
axiomatization of these operators which yields the required
consistency with built-in types, matches the intuitive
expectations of programmers, and also reflects our
underlying mathematical expectations.
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Regular types have value semantics

Fig. 1. Fundamental Operations on Type T

Default constructor T a;
Copy constructor T a = b;
Destructor ~T(a) ;
Assignment a = b;
Equality a == Db
Inequality a !=Db
Ordering, e.g. a<b

Fundamentals of Generic Programming

C
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Regular types have value semantics

Fig. 1. Fundamental Operations on Type T

Default constructor T a;
Copy constructor T a = b;
Destructor ~T(a) ;
Assignment a = b;
Equality a == Db
Inequality a l=D

Fundamentals of Generic Programming

C
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Regular types have value semantics

Fig. 1. Fundamental Operations on Type T template <class T>
concept regular =

Default constructor T a; std: :semiregular<T> &&
Copy constructor T a = b; std: :equality_comparable<T>;
Destructor ~T (a) ;
Assignment a = b; template <class T>
Equality a == b concept semiregular =
Inequality a 1= b std: :copyable<T> &&
Orderirgreg—————a <5 std: :default_initializable<T>;

// ... taxonomy 4-5 layers deep

Fundamentals of Generic Programming

C
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Intertwined semantics

interface MutableArraylLike<T> = {
readonly length: number,

[n: number]: T

s

C
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Intertwined semantics

template <class I, class T>
concept 1iterator =
std: :equality_comparable &&
requires(l 1) {

{ ++1 } > I&;

{ *1 } -> T&;
s

C
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Intertwined semantics

template <class R, class T>

concept range = requires(R r) {
{ begin(r) } -> iterator<T>;

{ end(r) } -> 1terator<T>;
s

C
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Intertwined semantics

Fig. 1. Fundamental Operations on Type T

Default constructor T a;
Copy constructor T a = b;
Destructor ~T (a) ;
Assignment a = b;
Equality a ==Db
Inequality a !=Db

Fundamentals of Generic Programming

C
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Intertwined semantics

Fig. 1. Fundamental Operations on Type T

Default constructor T a;

Copy constructor T a = b;

Destructor ~T (a) ;

Assignment a = b;

Equality a == Db T a=b;
Inequality a !=Db assert(a == b);

Fundamentals of Generic Programming

C
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Intertwined semantics

Fig. 1. Fundamental Operations on Type T

Default constructor T a;
Copy constructor T a = b;
Destructor ~T (a) ;
Assignment a = b;
Equality a == b T a=b;
. assert(a == b);

Inequality a !=Db

, assert(f(a) == f(b))

Fundamentals of Generic Programming

C
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Intertwined semantics

F\\ Adobe

Fig. 1. Fundamental Operations on Type T

Default constructor T a;

Copy constructor T a = b;
Destructor ~T (a) ;
Assignment a = b; :)
Equality a == b
Inequality a !

Fundamentals of Generic

11

T a= c;

T b =c;
always_mutates(a);
assert(b==c & a !'= b);

© 2023 Adobe. All Rights Reserved.



Intertwined semantics

Fig. 1. Fundamental Operations on Type T

Default constructor T a;

Copy constructor T a = b;
Destructor ~T (a) ;
Assignment a = b; :)
Equality a == b
Inequality a !l=D>

Fundamentals of Generic Programming

C
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Intertwined semantics

Fig. 1. Fundamental Operations on Type T template <class T>
concept regular =

Default constructor T a; std: :semiregular<T> &&
Copy constructor T a = b; std: :equality_comparable<T>;
Destructor ~T (a) ;
Assignment a = b; :) template <class T>
Equality a == b concept semiregular =
Inequality a 1= b std: :copyable<T> &&
Orderirgreg—————a <5 std: :default_initializable<T>;

// ... taxonomy 4-5 layers deep

Fundamentals of Generic Programming

C
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T cppreference.com & Login | search’

Page Discussion Standard revision: Diff v View Edit History

C++ Concepts library

std::COPY constructible

Defined in header <concepts>

template< class T >
concept copy constructible =
1 std::move constructible<T> &&
std::constructible from<T, T& && std::convertible to<T&, T> &&
; std::constructible from<T, const T&> && std::convertible to<const T&, T> &&
std::constructible from<T, const T> && std::convertible to<const T, T>;

(since C++20)

| The concept copy constructible is satisfied if T is an lvalue reference type, orif it is a move constructible object

type where an object of that type can constructed from a (possibly const) lvalue or const rvalue of that type in both
;| direct- and copy-initialization contexts with the usual semantics (a copy is constructed with the source unchanged).

Semantic requirements
If T is an object type, then copy constructible<T> is modeled only if given

e Vv, an lvalue of type (possibly const ) T or an rvalue of type const T,
the following are true:

» After the definition T u = v; , u isequalto v and v is not modified; a
e T(v) i1sequalto v and does not modify v .
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Key takeaway 4/8:

Define concepts with intertwined
semantics.
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Using our 1terator

/// A monotonically 1increasing integer count.
struct counter { };

/// A position i1n a sequence of T .
template <class I, class T>
concept 1iterator =
std: :equality_comparable &&
requires(Il 1) {
{ ++1 } -> std::same_as<I&>;
{ *1 } -> std::same_as<T&>;

s

C
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Using our 1terator

struct counter {
friend bool operator==(Ccounter, counter) = default;

auto& operator++() { ++count; return *this; }
auto& operator*() { return count; }
std::s1ze_t count = 0;

C
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Using our 1terator

struct counter {
friend bool operator==(Ccounter, counter) = default;
auto& operator++() { ++count; return *this; }
auto& operator*() { return count; }
std::s1ze_t count = 0;

int main() {
static_assert(iterator<counter, std::size_t>); // 4

S
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Using our 1terator

struct counter {
friend bool operator==(Ccounter, counter) = default;

auto& operator++() { ++count; return *this; }
auto& operator*() { return count; }
std::s1ze_t count = 0;

int main() {
static_assert(iterator<counter, std::size_t>); // 4

auto ¢ = counter{40};
std: :ranges: :advance(c, 2);

} C
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Using our 1terator

struct counter {
friend bool operator==(Ccounter, counter) = default;

auto& Arnoarnnt+tAarnii N\ S5 sairniindke notiinn ¥+Fhace 1
error: no matching function for call to object of type 'const __advance_fn'

auto&
std: :ranges: :advance(c, 10);
std::s >
¥ ... because 'counter' does not satisfy 'input_or_output_iterator’ |
because 'counter' does not satisfy 'weakly_incrementable’
no type named 'difference_type' 1n 'std::1incrementable_traits<counter>"'
1nt maing, .

static_assert(iterator<counter, std::size_t>); // 4

auto ¢ = counter{40};
std: :ranges: :advance(c, 2); @
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Using our 1terator

struct counter {
using difference_type = std::ptrdiff_t;
friend bool operator==(counter, counter) = default;
auto& operator++() { ++count; return *this; }
auto& operator*() { return count; }
std::s1ze_t count = 0;

s

int main() {
static_assert(iterator<counter, std::size_t>); // 4

auto ¢ = counter{40};
std: :ranges: :advance(c, 2);

} C
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Using our 1terator

struct counter {
using difference_type = std::ptrdiff_t;

'Frllend hnnl AnarnAa+Aan——(CrrAniin+an rniintFan — AafAanl+-.
error: no matching function for call to object of type 'const __advance_fn’

auto&
std: :ranges: :advance(c, 10);
auto& :
std::s | because 'counter' does not satisfy 'input_or_output_iterator’ |
s ... because 'counter' does not satisfy 'weakly_incrementable’
because '__1++' would be 1invalid: cannot increment value of type 'counter'
1nt maing, .

static_assert(iterator<counter, std::size_t>); // 4

auto ¢ = counter{40};
std: :ranges: :advance(c, 2); @
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The spectrum of generality

Constrained Generic

Any type with the required functionality is valid

C
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std::Input_or _output iterator

Defined in header <iterator>

template< class I >
concept input or output iterator =
requires(I 1) {
{ *1 } -> /*can-reference*/;
r &
std: :weakly incrementable<I>;

(since C++20)

The input or output iterator concept forms the basis of the iterator concept taxonomy; every iterator type satisfies
the input or output iterator requirements.

std::weakly incrementable

Defined in header <iterator>

template< class I >
concept weakly incrementable =

std: :movable<I> &&

requires(I 1) {
typename std::iter difference t<I>; (since C++20)
requires /*is-signed-integer-like*/<std::iter difference t<I>>;
{ ++1 } -> std::same as<I&>; // not required to be equality-preserving
1++; // not required to be equality-preserving

] C
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Concepts are abstract entities

template <class T>
concept Addable = requires(T t) {
{t+t} -> std::same_as<T>;

b

template <class T>
concept Subtractable = requires(T t) {
{t -t} -> std::same_as<T>;

s

template <class T>
concept Multipliable = requires(T t) {
{t*t} -> std::same_as<T>;

s

. .etc |EE;
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Concepts are abstract entities

topplote—<olgoss | template <class T>
coreopttddablo = rooppeos L concept Numeric = requires(T t) {
e sl came ge el {t+ t} -> std::same_as<T>;
3 {t -1t} -> std::same_as<T>;
{t * t} -> std::same_as<T>;
tomptato—<elass—T> {t/ t} -> std::same_as<T>;
copcopt—SHetrackgblo——roguirost 1 ...etc
f+ —+ 3} -5 cstd::same—as<P>+ 1
i)
topptatbe —wclagss 1>
concept-Addable =reguires(T-+t){
£+ /+ 31 > stdr:same—as<Por
1+

..etc 'EE’
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Using our 1terator

struct counter {
using difference_type = std::ptrdiff_t;
friend bool operator==(counter, counter) = default;
auto& operator++() { ++count; return *this; }
auto& operator*() { return count; }
std::s1ze_t count = 0;

s

int main() {
static_assert(iterator<counter, std::size_t>); // 4

auto ¢ = counter{40};
std: :ranges: :advance(c, 2); // '__1++' 1invalid: cannot increment value of type 'counter'

} C
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Using our 1terator

struct counter {
using difference_type = std: . p+=" -
friend bool operatg
auto& operator
auto& operg h

std::size Semantic consistency >>> Maximum reusability
s

int main() {
static_assert(iterator<cou “FOLOr

auto ¢ = counter{40};
std: :ranges: :advance(c, 2); // "__1++' 1nvalid: cannot increment value of type 'counter' @
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The spectrum of generality

Constrained Generic

Any type with the required functionality is valid

C
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The spectrum of generality

Constrained Generic

Any type satisfying the required concepts is valid

] b ol od functionelitv icvalid

C
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Key takeaway 5/8:

[Over-]constrain algorithms with Concepts
that model abstract entities.
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Concepts FTW

struct counter {
using difference_type = std::ptrdiff_t;
friend bool operator==(counter, counter) = default;
auto& operator++() { ++count; return *this; }
auto& operator*() { return count; }
std::s1ze_t count = 0;

s

int main() {
static_assert(iterator<counter, std::size_t>); // 4

auto ¢ = counter{40};
std: :ranges: :advance(c, 2); // '__1++' 1invalid: cannot increment value of type 'counter'

} C
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WTF Concepts

template <std::input_iterator I, std::equality_comparable T>
auto find(I first, I last, const T& x) {
while (first < last && !(*first == value))
++f1irst;
return first;

C

FA\ Adobe 133 © 2023 Adobe. All Rights Reserved.



WTF Concepts

template <std::input_iterator I, std::equality_comparable T>
auto find(I first, I last, const T& x) {
while (first < last && !(*first == value))
++f1irst;
return first;

int main() {
std: :vector<int> v{1l, 2, 3};
find(begin(v), end(v), 2); // 4

S
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WTF Concepts

template <std::input_iterator I, std::equality_comparable T>
auto find(I first, I last, const T& x) {
while (first < last && !(*first == value))
++f1irst;
return first;

int main() {
std: :vector<int> v{1l, 2, 3};
find(begin(v), end(v), 2); // 4

std: :1stream_iterator first(std::cin), last;
find(first, last, 42);

} C
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WTF Concepts

template <std::input_iterator I, std::equality_comparable T>
auto find(I first, I last, const T& x) {
while (first < last && !(*first == value))
++f1irst;
return first;

¥
In "auto find(I, I, T) [with I = std::1stream_iterator<char>; T = 1nt]":
no match for 'operator<' (operand types are 'std::istream_iterator<char>'...)
int main  while (first < last && !(*first == value))
std::v @ o~~~ Ammimmins
find(b

std: :1stream_iterator first(std::cin), last;
find(first, last, 42);

} C
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The spectrum of generality | That's too generic!

/// Arranges the elements of ¢ 1n non-decreasing order.
function sort<C>(c: O {
// Bubble sort implementation to demonstrate.
for (let 1 = 0; 1 < c.length; 1++) { Property 'length' does not exist on type 'C’.
for (let 3y =0; j < c.length -i -21; j+ 0 ¢{ —// —F70H0—/7#mm/4? —»—/m /o —//7
it (1CclJ] < cly + 1])) {
[c[J], c[J + 111 = [c[J + 1], c[J]];

? No index signature with a parameter
of type 'number' was found on type 'C'.
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WTF Concepts

template <std::input_iterator I, std::equality_comparable T>
auto find(I first, I last, const T& x) {
while (first < last && !(*first == value))
++f1irst;
return first;

¥
In "auto find(I, I, T) [with I = std::1stream_iterator<char>; T = 1nt]":
no match for 'operator<' (operand types are 'std::istream_iterator<char>'...)
int main  while (first < last && !(*first == value))
std::v @ o~~~ Ammimmins
find(b

std: :1stream_iterator first(std::cin), last;
find(first, last, 42);

} C
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WTF Concepts | Stealthy Requirements

template <std::input_iterator I, std::equality_comparable T>
auto find(I first, I last, const T& x) {
while (first < last && !(*first == value))
++f1irst;
return first;

int main() {
std: :vector<int> v{1l, 2, 3};
find(begin(v), end(v), 2); v

std: :1stream_iterator first(std::cin), last;
find(first, last, 42); // No operator <

| e
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Archetypes

template <std::input_iterator I, std::equality_comparable T>
auto find(I first, I last, const T& x) {
while (first < last && !(*first == value))
++f1irst;
return first;

inline void test_find(input_iterator_archetype f,

1nput_iterator_archetype 1,
equality_comparable_archetype x) {
find(f, 1, x); // No operator < ... but caught by the author of find .

C
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Archetypes

https://www.boost.org/doc/libs/1_84_0/libs/concept_check/concept_covering.htm
template <class T>

class 1input_iterator_archetype
{
private:
typedef 1input_iterator_archetype self;
public:
typedef std::input_iterator_tag iterator_category;
typedef T value_type;
struct reference {
operator const value_type&() const { return static_object<T>::get(); }
¥
typedef const T* pointer;
typedef std::ptrdiff_t difference_type;
self& operator=(const self&) { return *this; }
bool operator==Cconst self&) const { return true; }
bool operator!=(const self&) const { return true; }
reference operator*() const { return reference(); }
self& operator++() { return *this; }
self operator++(int) { return *this; } &

b
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Archetypes

- Boost Concept Check Library
- https://www.boost.org/doc/libs/1_84 0/libs/concept_check/concept check.htm

- Andrzej Krzemienski Blog Post: Concept Archetypes
- https://akrzemil.wordpress.com/2020/09/02/concept-archetypes/

- "I'm skeptical that we should expect early-checked generics to land in a C++ compiler, given their
inflexibility." -- Sean Baxter
- https://github.com/seanbaxter/circle/blob/master/new-circle/README.md#generic

C
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https://www.boost.org/doc/libs/1_84_0/libs/concept_check/concept_check.htm
https://akrzemi1.wordpress.com/2020/09/02/concept-archetypes/
https://github.com/seanbaxter/circle/blob/master/new-circle/README.md#generic

Stealthy Requirements

template <std::input_iterator I, std::equality_comparable T>
auto find(I first, I last, const T& x) {
while (first < last && !(*first == value))
++f1irst;
return first;

int main() {
std: :vector<int> v{1l, 2, 3};
find(begin(v), end(v), 2); v

std: :1stream_iterator first(std::cin), last;
find(first, last, 42); // No operator <

| e
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Key takeaway 6/8:

I, Beware of stealthy requirements
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"Making maximally reusable functions
isn't what's needed to ship product.”
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Industrial Revolution in Software

] Large, systematic catalogs

-1 Validated, efficient, generic components
- Component engineers (few)

7] System engineers (many)

Alexander Stepanov: STL and its Design Principles (Jan 2002)

https://youtu.be/COuHLky7E2Q
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Ul Layouts std: :vector

Product
Code

Library
Code

—
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Composite

File P std: :vector
Ul Layouts Graph ile Parsers
Product . . Library
Code Code
User Event Mouse
preferences Handling tracker
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All code is a liability.

Composite

File P std: :vector
Ul Layouts Graph ile Parsers
Product . . Library
Code Code
User Event Mouse
preferences Handling tracker
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Active

Development
Composite
Graph
Ul Layouts
Product . . Library
Code Code

Mouse

Event tracker
Handling
User
preferences
File Parsers
- std: :vector
Stable
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Key takeaway 7/8:

Generalize your stable code before it rots.
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Lehman's laws of software evolution

F\\ Adobe

153

1060

PROCEEDINGS OF THE IEEE, VOL. 68, NO. 9, SEPTEMBER 1980

Programs, Life Cycles, and Laws of
Software Evolution

MEIR M. LEHMAN, SENIOR MEMBER, IEEE

Abstract-By classifying programs according to their relationship to
the environment in which they are executed, the paper identifies the
sources of evolutionary pressure on computer applications and pro-
grams and shows why this results in a process of never ending mainte-
nance activity. The resultant life cycle processes are then briefly dis-
cussed. The paper then introduces laws of Program Evolution that have
been formulated following quantitative studies of the evolution of a
number of different systems. Finally an example is provided of the
application of Evolution Dynamics models to program release planning.

I. BACKGROUND
A. The Nature of the Problem

HE TOTAL U.S. expenditure on programming in 1977 is
I estimated to have exceeded $50 billion, and may have
been as high as $100 billion. This figure, which repre-
sents more than 3 percent of the U.S. GNP for that year, is
already an awesome figure. It has increased ever since in real
terms and will continue to do so as the microprocessor finds
ever wider application. Programming effectiveness is clearly a
significant component of national economic health. Even
small percentage improvements in productivity can make sig-
nificant financial impact. The potential for saving is large.
Economic considerations are, however, not necessarily the
main cause of widespread concern. As computers play an ever
larger role in society and the life of the individual, it becomes
more and more critical to be able to create and maintain effec-
tive, cost-effective, and timely software. For more than two
decades, however, the programming fraternity, and through
them the computer-user community, has faced serious prob-
lems in achieving this [1]. As the application of microproces-
sors extends ever deeper into the fabric of society the problems
will be compounded unless very basic solutions are found and
developed.

B. Programming

The early 1950’s had been a piong
ming. The sheer ecstasy of instructi
to achieve automatic computation
dreamed of, completely hid the i
aspects of programming; the lack of
cipline; the largely hit or miss natu
which an acceptable program was
present uncertainty about the accur
the final resulit.

More immediately, the gradual pen
into the academic, industrial, and ¢

Manuscript received February 27, 1980;
The author is with the Department of Co
Science and Technology, 180 Queen’s Gate

serious problems in the provision and upkeep of satisfactory
programs. It also yielded new insights. Programming as then
practiced required the breakdown of the problem to be solved
into steps far more detailed than those in terms of which
people thought about it and its solution. The manual genera-
tion of programs at this low level was tedious and error prone
for those whose primary concern was the result; for whom
programming was a means to an end and not an end in itself.
This could not be the basis for widespread computer application.

Thus there was born the concept of high-level, problem-
oriented, languages created to simplify the development of
computer applications. These languages did not just raise the
level of detail to which programmers had to develop their
view of the automated problem-solving process. They also
removed at least some of the burdens of procedural organiza-
tion, resource allocation and scheduling, burdens which were
further reduced through the development of operating systems
and their associated job-control languages. Above all, however,
the high-level language trend permitted a fundamental shift in
attitude. To the discerning, at least, it became clear that it
was not the programmer’s main responsibility to instruct a
machine by defining a step-by-step computational process.
His task was to state an algorithm that correctly and unambig-
uously defines a mechanical procedure for obtaining a solution
to a given problem [2], [3]. The transformation of this into
executable and efficient code sequences could be more safely
entrusted to automatic mechanisms. The objective of language
design was to facilitate that task.

Languages had become a major tool in the hands of the
programmer. Like all tools, they sought to reduce the manual
effort of the worker and at the same time improve the quality
of his work. They permitted and encouraged concentration on
the intellectual tasks which are the real province of the human

diadlmiie 4 100 b aanas sinaa, the search for better lan-
ogies for their use, has con-

t the development of pro-
languages and associated
ant step for successful com-
t is by no means sufficient.
1al methodologies and tools,
ogram maintenance.

1 and programming-related
rtant. But a second statis-
essage. Of the total U.S.
cent was spent on program
rcent on program develop-
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Lehman's laws of software evolution

| The classifications of software in this paper are] based
on a recognition of the fact that, at the very least, any
program is @ model of a model within a theory of a
model of an abstraction of some portion of the world or
of some universe of discourse.
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Software Evolution

MEIR M. LEHMAN, SENIOR MEMBER, IEEE

Abstract-By classifying programs according to their relationship to
the environment in which they are executed, the paper identifies the
sources of evolutionary pressure on computer applications and pro-
grams and shows why this results in a process of never ending mainte-
nance activity. The resultant life cycle processes are then briefly dis-
cussed. The paper then introduces laws of Program Evolution that have
been formulated following quantitative studies of the evolution of a
number of different systems. Finally an example is provided of the
application of Evolution Dynamics models to program release planning.

I. BACKGROUND
A. The Nature of the Problem

HE TOTAL U.S. expenditure on programming in 1977 is
I estimated to have exceeded $50 billion, and may have
been as high as $100 billion. This figure, which repre-
sents more than 3 percent of the U.S. GNP for that year, is
already an awesome figure. It has increased ever since in real
terms and will continue to do so as the microprocessor finds
ever wider application. Programming effectiveness is clearly a
significant component of national economic health. Even
small percentage improvements in productivity can make sig-
nificant financial impact. The potential for saving is large.
Economic considerations are, however, not necessarily the
main cause of widespread concern. As computers play an ever
larger role in society and the life of the individual, it becomes
more and more critical to be able to create and maintain effec-
tive, cost-effective, and timely software. For more than two
decades, however, the programming fraternity, and through
them the computer-user community, has faced serious prob-
lems in achieving this [1]. As the application of microproces-
sors extends ever deeper into the fabric of society the problems
will be compounded unless very basic solutions are found and
developed.

B. Programming

The early 1950’s had been a pion
ming. The sheer ecstasy of instruct
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dreamed of, completely hid the
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serious problems in the provision and upkeep of satisfactory
programs. It also yielded new insights. Programming as then
practiced required the breakdown of the problem to be solved
into steps far more detailed than those in terms of which
people thought about it and its solution. The manual genera-
tion of programs at this low level was tedious and error prone
for those whose primary concern was the result; for whom
programming was a means to an end and not an end in itself.
This could not be the basis for widespread computer application.

Thus there was born the concept of high-level, problem-
oriented, languages created to simplify the development of
computer applications. These languages did not just raise the
level of detail to which programmers had to develop their
view of the automated problem-solving process. They also
removed at least some of the burdens of procedural organiza-
tion, resource allocation and scheduling, burdens which were
further reduced through the development of operating systems
and their associated job-control languages. Above all, however,
the high-level language trend permitted a fundamental shift in
attitude. To the discerning, at least, it became clear that it
was not the programmer’s main responsibility to instruct a
machine by defining a step-by-step computational process.
His task was to state an algorithm that correctly and unambig-
uously defines a mechanical procedure for obtaining a solution
to a given problem [2], [3]. The transformation of this into
executable and efficient code sequences could be more safely
entrusted to automatic mechanisms. The objective of language
design was to facilitate that task.

Languages had become a major tool in the hands of the
programmer. Like all tools, they sought to reduce the manual
effort of the worker and at the same time improve the quality
of his work. They permitted and encouraged concentration on
the intellectual tasks which are the real province of the human
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Lehman's laws of software evolution

* E-Programs
» Outcomes specified, and the program is embedded in the problem space (e.g. delivery truck scheduling & orchestration)
» Change frequently in response to changing environment.

* P-Programs
» Outcome specified, but implementation is @ models the problem. (e.g. chess player / stockfish)
» Programs are evaluated subjectively; how well do they do?
» Spec doesn't change, but model of the problem might.

= S-Programs

» Completely specified (e.g. 8-Queens Problem)

= Programs are evaluated entirely in relation to their spec, and rarely change.
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Lehman's laws of software evolution

* E-Programs
= Qutcomes specified, and the progr: 7 || 'uck scheduling & orchestration)
= Change frequently in response to ¢
* P-Programs
= Qutcome specified, but implement W 4 kfish)

» Programs are evaluated subjectivel

= Spec doesn't change, but model of

= S-Programs

a b ¢ d e f g h

» Completely specified (e.g. 8-Queens | . |
The only symmetrical solution to the eight

- Programs are evaluated entirely in re queens puzzle (up to rotation and
reflection)
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Lehman's laws of software evolution

* E-Programs
» Outcomes specified, and the program is embedded in the problem space (e.g. delivery truck scheduling & orchestration)
» Change frequently in response to changing environment.

* P-Programs
» Outcome specified, but implementation is @ models the problem. (e.g. chess player / stockfish)
» Programs are evaluated subjectively; how well do they do?
» Spec doesn't change, but model of the problem might.

= S-Programs

» Completely specified (e.g. 8-Queens Problem)

= Programs are evaluated entirely in relation to their spec, and rarely change.
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Lehman's laws of software evolution

= P-Programs
» Outcome specified, but implementation is a models the problem. (e.g. chess player / stockfish)
= Programs are evaluated subjectively; how well do they do?

= Spec doesn't change, but model of the problem might.
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Lehman's laws of software evolution

= E-Programs
» Qutcomes specified, and the program is embedded in the problem space (e.g. delivery truck scheduling & orchestration)

= Change frequently in response to changing environment.
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Lehman's laws of software evolution

» Continuing Change
= E-Programs must be continually adapted or they become progressively less satistactory.
» Continuing Growth

= the functional content of an E-Program must be continually increased to maintain user
satisfaction over its lifetime.

* Increasing Complexity

» 3s E-Programs evolve, their complexity increases unless work is done to maintain or
reduce it.

» Declining Quality

= the quality of an E-Program will appear to be declining unless it is rigorously maintained
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Lehman's laws of software evolution Active

Development

= Continuing Change = E-Programs
= E-Programs must be continually adapted or they become progressively less satistactory.
» Continuing Growth

= the functional content of an E-Program must be continually increased to maintain user
satisfaction over its lifetime. = P-Programs

* Increasing Complexity

» 3s E-Programs evolve, their complexity increases unless work is done to maintain or
reduce it.

 Declining Quality = S-Programs

= the quality of an E-Program will appear to be declining unless it is rigorously maintained
Stable
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Lehman's laws of software evolution Active

Development

« E-Programs = E-Programs
» QOutcomes specified, and the program is embedded in the problem space (delivery truck scheduling)

= Change frequently in response to changing environment.

= P-Programs
= Outcome specified, but implementation is a models the problem. (e.g. chess player / stockfish) * P-Programs
= Programs are evaluated subjectively; how well do they do?

= Spec doesn't change, but model of the problem might.

= S-Programs

= S-Programs
» Completely specified (e.g. 8-Queens Problem)

= Programs are evaluated entirely in relation to their spec, and rarely change. Stable
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Key takeaway 8/8:

Ildentify stable specifications and
generalize their implementations.
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