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- Regular expression



Before that...

We first review and extend something in character and string
literals.

« First, character is just like “a’, or escaped one ‘\n’, “\\’, or octal
representation \0’, “\123’, or hexadecimal representation “\x12’.

« Since C++23, you can also use “\o{12}’, “\x{12}’.
« C Strings: like “abc\x12\n”.

« It's null-terminated, which means it in fact has 6 characters.

* This d)istinguishes it from a pure character array(like char a[] = { ‘1°,
27 }).
« Though it's in fact const char[], assigning to auto variable will decay to const
char*; you cannot assign it to char* without const cast in C++.

* You can concatenate them, e.g. “123” “456” is actually same as “123456”.
« This is convenient if you need a long string - just add newlines!



Before that...

« Raw strings: any character will not be escaped.

« For example, “\\\n'"” means “\\n"” in fact, but R“(\\\n\")” means exactly
SiX characters.

« This is really useful for e.qg. filesystem path in Windows, which uses
backslash \ (instead of slash / like Unix) for delimiter.

« If you want a “\n’, then just input a real new line, like R“(This is a
new line)” will get “This is a \n new line”.

« To prevent parsing error(e.g. “"” is abnormal), the boundary are determined
by “( and )~”.

« But what if we want a )” in the string?
« Then you can change the boundary by adding some internal characters, e.q.
R+(I want a )”!)+” .
» Besides, we will call string that shows all characters in escaped
form (e.g. \n instead of a new line) an escaped string.



String and Stream

String and string view



String and stream

« string



string

* std::string is just an enhancement to std: :vector<char>.

« The basic implementation is usually same as vector, like reallocation.
Contiguous range.
Random-access iterators, i.e. (c)begin/end, (r)begin/end();
Comparison, swap, std::erase(_if).
.empty/size/max_size/capacity;

« .length() is also provided, just same as .size().
.at/operator[]/front/back();
.clear/shrink_to _fit/reserve/resize/push _back/pop_back();

« Particularly, reserve in std::string can be used to shrink memory before; but
since C++20, it's same as std: :vector, i.e. no effect if param <= capacity.

.assign/insert/erase/insert _range/assign range (C++23);
« .append/.append _range is also provided, which is just like insert(str.end(), ..).
« But it returns reference to the new string.



string& insert (size_t pos, const string& str);
string& insert (size_t pos, const string& str, size_t subpos, size_t sublen);

string& insert (size_t pos, const char* s);

]
string& insert (size_t pos, const char* s, size_t n);
string& insert (size_t pos, size_t n, char c);

string& insert(size_t pos, StringView str, size_t subpos=0, size_t sublen=npos);

- Besides, it also provides unique APIs that’s suitable for string:
« Index is more commonly used for string, so .assign/insert/erase/append()
also provides index-based version.

« The first parameter is changed from iterator to index; if the index > size, then
std::out_of range will be thrown.

« For insertion/assign, then you can provide a string/C-string/string view, which
will insert/assign the total.

« For C-string, you can also provide a count to explicitly designate the
character number you want to insert.

« Of course, it may be more efficient (compared with only a C-string) to
pass the length if you've known it before.

« For string/string_view, you can provide another index for the begin copy
position, and an optional (default to end) count.

« For erase, only (index, count) is provided.

« For append, it's just same as insertion, with the first index parameter equal to
str.size().



string

« All index-based methods returns std: :string& instead of iterator.

« More other string-related methods.
 operator+/+=/hash;
e .starts with/ends with (C++20); contains (C++23);
« Parameter is char/any string.
e .substr(index(, count)): return a new string same as sub-string.
« .replace: replace part of the string with a new string, return std: :stringg&.

« “part of” is specified by the first two parameters, by an iterator pair (first,
last) or (index, count).

« “a new string” is specified by the following parameters, which is basically
same as insert (e.g. all strings, C-string with count, character with count,
strings with (index(, count)).

 Anyway, see IDE prompts if you're not sure.
« C++23 also supports .replace with range(), i.e. (first, last, range)



string

e .data()/.c_str(): get the underlying pointer (i.e. const char*).

« .data() returns char* (i.e. no const, like vector) for non-const string since
C++17.

« Search: .find/rfind/find_first(_not) of/find last(_not)_of().

« They’re similar to algorithms in standard library, but return index instead of
iterator.

« If not found, std::string::npos (i.e. static cast<size t>(-1)) will be
returned.

« .find/rfind are used to find a character/sub-string, with the following
parameter as the start position (by default 0).
« E.g. str = “PKU>THU”; str.find(“TH”); will get 4, str.find(“TH”, 5); will
get std: :string: :npos.
« E.g. str = “PKU>THU”; str.find first of(“TH”); will get 4 (because str[4]

is ‘T’ in “TH”) is the first occurrence for one of character in “TH”),
str.find first of(“TH”, 5); will get 5 (i.e. ‘H’).



string

« Finally, all count can be substituted by std: :string: :npos, which means

\\ - - n
until end of string”. (R SRR AT

« Okay, APIs may be boring to you, B s -
so at least have a rough impression
of them, and utilize you IDE to give
you hints!

 Now let’s talk about some interesting
things about string...

« Notel: Remember what we've mention
in review lecture?

isual Studio WhilP X =t B

s\CPP_PROJECTS\CppTest\x64\Debug\CppTest.exe (i 58780) &
It B XARHE, #ER«TR->“KIM"->“@il"->«F i & Lk it

HZANBE—NEE, XEABERE, EARERA



string

* Note2: std::string guarantees the underlying string is null-
terminated.

* You can also have “\0’ in your string too, since it doesn’t judge end like C-
style string, but by .size().

* Note3: Usually, std::string has SSO (small string optimization).

« That is, if the string is small, it may not allocate memory on heap, but just
utilize stack memory.

« Remember? new/delete is a rather expensive operation compared with e.g.
integer add. So when string is small, it's not worthwhile to do so.

« The concrete number is not determined, but in x64 libstdc++/VC is 15, libc++
is 22.

« Even if it has SSO, the total size is small enough; they're usually smaller
than 40 bytes, meaning that copying them is basically as cheap as copying
several std: :uint64_t.



string

« When the string is long enough, the storage will be allocated on
heap, and it's basically same as std: :vector<char>.

* Noted4: C++23 introduces another optimization for resizing.
« Resize only gives fixed character (by default “\e”’) to fill in, which usually
needs following assignments; that’s performance loss...
« Of course, we can use reserve + insert sometimes;

« But there should be a more convenient (and possibly more efficient) API for
users to reallocate and write!

 .resize _and overwrite(newSize, Op) is for that.
* Op should accept (char* ptr, size t len), and then overwrite it.

« len is equal to newSize, and [ptr, ptr + min(oldSize, newSize)) is same
as [.data(), .data() + min(oldSize, newSize)).

« Return realSize (<= newSize) so that finally .size() == realSize.
« It shouldn’t throw any exception.



string

« Note5: you can also convert a string to/back from a number.
e std::stoi/sto(u)l/sto(u)ll(string, std::size t* end = nullptr, int
base = 10);

« It will stop at the end of the first parsed nhumber, and try to write the stop
index to *end (e.g. “123 456” will write *end = 3; past-end is size).

« If the first digit is not valid (i.e. stop without finding a number),
std::invalid argument will be thrown.

« Base(i##l]) can be 2-36; for base > 10, alphabet will be used for digit.

« Base=0 means identify base automatically by prefix (i.e. O for octal, Ox for
hexadecimal, otherwise decimal).

« If the result cannot be represented by int/.., std::out _of range will be thrown.
* std::stof/stod/stold(string, std::size t* end = nullptr)
« std::to _string(), accept floating points or integers.

« Breaking change since C++26: it will be same as std: :format(“{}”, val);
we’ll cover format later. See P2587 for changing details.
« Before it will show fixed point (i.e. always 6 digits after dot) for floating points, which may not be

able to be converted back by e.g. stof(). For example, std: :to_string(le-7f) will get
“0.000000” before C++26, and “1e-7f” after that.


https://www.open-std.org/jtc1/sc22/wg21/docs/papers/2022/p2587r3.html#proposal

String and stream

« string view



string view

« Sometimes, you may only read the string in a function, so you
use const std::string& as parameter.

However, if you pass a C-string, e.g. “PKU”’, then it has to create a
temporary string. But we only want to read it, so why should we endure
this performance loss?

std::string view defined in <string view> since C++17 is for that!

« Before, you may have to define overloads for C-string (that’s why methods of
std::string has so many overloads...)

« std::string and C-string can convert to std::string view implicitly, and you
can also use iterator pair to construct it.

It's like a specialization of span<const char>, i.e. it just has a const char*
with a length.

 Thus, use std::string view instead of const char* without count for
std::string methods may boost performance.

It has almost all non-modified methods of std: :string.



C++26 is likely to add operator+ to concatenate

St ri n g VieW std::string and std::string view, see P2591.

Random-access iterators, i.e. (c)begin/end, (r)begin/end();
Comparison, swap, hash.
.empty/size/length/max_size;

 No capacity since it's a view; it only observes the memory.
* .at/operator[]/front/back();
 .clear/shrink_to_fit/resize/push_back/pop back();
« .starts_with/ends _with/contains();
e .find/rfind/find_first(_not) of/find last( _not) of();

e std::string view: :npos.

* .substr(index(, count))/remove_prefix(n)/remove_suffix(n);

 They all create std::string view instead of std::string, so it's 0(1).
.data(); it always return const char*, and there is no .c_str();

It doesn’t support operator+, since you need to create std: :string to
make sense, but it’s costly so you need to explicitly do it.


https://github.com/cplusplus/papers/issues/1249

string view

class Hasher

{
. public:
* Some examples' using is_transparent = void;
° Transparent operator: size_t operator()(std::string_view sv) const {
return std::hash<std::string_view>{}(sv);
1
};
. . std: :vector<std: :string> vec{ "PKU", "
° Std‘ :sort by SUbStrlng' stdr::sort(vec, [1( std: :string ; :string
° It’s an Optimizaticn return std::string_view{ }.substr(1) < std::string_view{ }.substr(1);
Compared with Sl-SUbStr‘() 3); B C:\WINDOWS\system32\cmd.exe

std: :print(vec);

since it will not create a [THU, PKU, CMUDWifFitfdest. . . o
temporary string, but just a cheap view to sub-part of it!

« Before, you have to use std::lexicographical compare.



Caveats on string view

« 1. std::string view is not required to be null-terminated.
« Anyway, it’s just a const char* with a length!

« S0, it may be not safe to use .data() to pass into an API that requires null
termination, like C-string APIs.

« If you really need it, there are two possible ways:

« Construct string view to make .back() == “\0’, e.qg. by iterator pairs.

« But this will make .size() different from strlen, since it counts
termination additionally.

« Or make sure str[size] == “\0’;

« This should be guaranteed by the user, since you're reading past end,
which is “logically” wrong.

« Qutput it by stream doesn’t require null-termination.



But since C++23, you cannot use

Caveats on string View i to construct

std::string view directly; you
need {nullptr, 0} or default ctor.

« 2. The pointer it contains can be nullptr (as default ctor does).
* This usually happens when .size() is 0, so check it specially.

* 3. You should be really cautious if you want to use
std::string view as return value.
« It's just like span or a ref_view; if the referred object goes out of its
Iifetime, then it's dang“ngl std::string_view func( std::string& str) {
« It may be hidden sometimes, for example: return str;

- If you pass a temporary string (e.g. “Pku”), b
then its lifetime ends once the function ends, so std: :string view is dangling.

« Ranges have similar problem, but it will use owning view for rvalues, so it's
slightly safer (but for this example it’s still dangerous since it's not rvalue).
 Another example: auto s = CreatePerson().GetName(); is dangerous,
since the temporary person has been destructed, invalid view to its name.




Caveats on string view

« Instead, return std::string is safer.

« So, if you really want to return std: :string view, document and name the
function in an explicit and noticeable way!

« 4, Template parameter that may be related to std: :string view
should also pay attention to return type

« If we pass into two < e
Std Str\lng_Vlew then T Add(T a, T b) { return Std::Str‘i!“!g{ 3 } + std: :strinc
returned thing is still std::string view.

« Use auto instead.

« 5. If you will create the string anyway (like in a ctor), pass a
std::string view is not a good idea.

« We'll tell you why in the next lecture after learning move semantics!




User-defined literals

* You may find that it's troublesome to create a string/string_view
from a C-string.
e €.g. std::string view{ “PKU” }.
« Why cannot we use something like 1ull to denote the type?
« User-defined literals are for that!

« There are some pre-defined standard literals, e.g. for string/string_view
we can use “PKU”s and “PKU”sv.
« Besides strings, there are other two kinds of standard literals:
« Time-related: 1s for seconds, 1.1ms for milliseconds, 1d for 1 day, etc.

« Complex-related: 1i for pure imaginary number, 1.2if/2.5id for explicit
types (float/double imaginary).

« Remember using namespace std::literals; in your local scope!



User-defined literals

* You can also define your own literals, e.g. cache simulator I've

COded . CacheConfig Llconfig{ 32 KB, 8, 64 B, 1, ©, CacheConfig::WriteP: 1_____ :WriteBack Allocate };
CacheConftig L2config{ 256 KB, 8, 64 B, 8, 6, CacheConfig::WritePol :WriteBack Allocate };
CacheConfig LLCconfig{ 8 MB, 8, 64 B, 20, 20, CacheConfig::WritePg ll y::WriteBack Allocate };

* You need to define Ilteral operators

operator"" _KB(uns » ng m) { return stat >(m) * 1024; }

» It's recommended that Ilterals you define are xx, i.e. begin with a
underscore, to prevent possible confliction with standard literals.

« Here we assume < 4GB, so we use unsigned int as return type; unsigned
long long is better for general case.

« We'll explain “constexpr” in detail in the future; basically it means
“compiler will try to calculate at compile time”.



User-defined literals

« The parameter type is limited:
« For integers, only unsigned long long is permitted.

« This is because it’s usually the largest integer, which can unify all integers
instead of defining lots of overloads.

« Conversion will not cause performance loss, since they’re finished in
compilation time.

For floating points, only long double.
For characters, e.g. char and Unicode characters, they’re all OK.
For C-strings, (const CHAR*, std::size t) is needed, where CHAR is any
character type.
« Thus, you can utilize length to maximize efficiency!
Finally, a (const char*) is also provided, as a fallback of integers and

ﬂoating pOintS. void operator"" print(const char* str)
. i {
« It will treat them as strings. std::cout << str << ‘\n';
- This is rarely used, though. }

Ox123ABC_print;



charconv

 Finally, stoi/to _string will create new std::string; we may
want to provide storage ourselves.

« E.g. stoi(std::string{view}) is costly, since we only read the string.
« Also, they may throw exceptions, which are expensive sometimes.

* You can use std::from chars and std::to chars in <charconv>!

e std::from_chars(const char* begin, const char* end, val) will try to
save the result into val (an integer or a floating point).

« It returns std::from chars _result, which includes .ptr as stopping point
and .ec as error code.

« When ec == std::errc{}, success; it's also possible that ec ==
std::errc::invalid_argument, or std::errc::result _out_of range.

* You can use structured binding, e.g. if(auto [ptr, ec] = xx; ec !=
std::errc{}).
Notice that C++26 can drop ec != std::errc{}, since
std::from/to_chars result can be converted to bool directly.



charconv

std: :cout << "String: << gtd::quoted(str) <<
result{};
[ptr, ec] = ::from_chars(str.data(), str.data() + str.size(), result);

- {ec == otdss U2
Gt 2 coliti << W RpsiiThs A TEN RN SR << gtd::quoted(ptr);

(ec == std:: ::invalid_argument)

"«
» -

.icout <<
:icout << Remaining chars: " << ptr;

::result_out_of_range)

::cout <<

:scout <<

B C:\WINDOWS\system32\cmd.exe
std::cout << "\n"; ing: “1234”. Result: 1234, ptr —>

: ”15 foo”. Result: 15, ptr —> ” foo”
: “bar”. This is not a number. Remaining chars: bar . .
B RS ing: ” 42”. This is not a number. Remaining chars: 42 Out Of Ffange will Stl”

: ”5000000000”. This number is larger than an int. Remaining chars: .
Y & 2 get advanced pointer!



charconv

* base/std::chars_format can also be provided as the last parameter.
« For integers, base should be in [2, 36] and by default 10.

« Notice that only minus sign will be recognized; e.g. Leading whitespaces,
“@x” are not.

« For floating point, std::chars_format::xx should be provided.
* scientific: like (-)d.ddde+dd;
fixed: like (-)d.ddd;
hex: like (-)h.hhhp+hh;(hex floating point is rarely used, so not covered).
general: scientific | fixed, both are OK.
Particularly, “NAN”, “INF”(case-insensitive) are all Okay.
Results are rounded to nearest.

Unfortunately, libc++ doesn’t support std: :from chars for floating points yet even in
2024/6 (see impl status). libstdc++/MS-STL all support it.



https://github.com/llvm/llvm-project/issues/92711

charconv

e std::to _chars(char* begin, char* end, value) will try to write val (an
integer or a floating point) into [begin, end).
« Notice that null-termination will not be written!

o It returns std::to chars_result, which also includes .ptr as stopping point
and .ec as error code.

« When ec == std::errc{}, success; it's also possible that ec ==
std::errc::value too large (ptr == end, [begin, end) may be anything).
* base/std::chars_format can also be provided as the last parameter.
« For integers, base should be in [2, 36] and by default 10.
« For floating point, std::chars_format::xx should be provided.

* You can also provide an int precision, which specifies number of digits
after dot.

« Particularly, floating points that are integrals or some values that can be
precisely represented by it (as you've learnt in ICS, e.g. 2.0f, 2.125f) with
std::chars_format::general will truncate instead of aligning.

« E.g. (general, 4) will get 2 or 2.125, but (fixed, 4) will get 2.0000 or 2.125@.



charconv

* Precision is 10, meaning that 10 digits are required after dot,
which is not possible for std: :array<char, 10>.

« Changing to 3.14 will still fail!
« Besides, null termination is not

std::

N BN C\WIND... —

= = in() 42
written, so we don't write str.data() e 314159
. i -3. 14159
di reCtIY' show_to_chars(42); i3-1142$+001
« Add a null termination at ptr yourself, show_to_chars(+3.14150F); e

or construct a string_view like this. show_to_chars(-3.1415Ggichars formatiiute
show_to_chars(-3.14159, std::chars_format::scientific, 3);
* Finally, from_chars/to chars without R e R e S S eC N OF

return 0;

precision limit can do round-trip on §
the same platform. std: :cout << std:: { str.data(), ptr } << '\n';

We don’t show entire function body since we
haven’t learn how to pass into varying parameters.



String and Stream

Unicode support and locale



String and stream

« Unicode support and locale
« Unicode

Credit:

CppCon 2014: "Unicode in C++", James McNellis



Unicode

« Characters that we used before is just char, which usually uses
ASCII.
« However, ASCII cannot represent all symbols, like French, Chinese, etc..

« Many coding standards are provided, e.g. GBK(E#r¥ &#4) for Chinese,
EUCKR (Extended Unix Code for Korean) for Korean, etc...

« But they're usually not cross-platform; for example, GBK file will be a total
mess for some terminals (you may encounter that when using Python...).

« Thus, Unicode is provided as unified character code.

« Unicode also evolves step by step, and we’ll cover it roughly.

« UTF1.0: each character has 16 bits; it’s also called UCS-2.

« Since it needs 2 bytes, byte order should be determined; BOM (Byte-Order
Mask) ©oxFE oxFF thus may be provided if your file may use in another

machine with different endianness.



Unicode

« UTF2.0: considering that 21 = 65536, it’s still limited for
characters in the whole world.
« This is usual case for Hieroglyphs(& X =), e.g. GBK has 21003 Chinese
characters.
« Emoji are also coded in Unicode; even larger!

« So UTF2.0 is introduced, with different code representation.

« They all have the same Unicode id (e.g. = is 0x1F449), but have different
coding representations in computer.
« UTF-32: make each character occupy 32 bits; it's direct but useful, since at
most 4 billion characters can be used.

« But it may occupy too much space, e.g. “abc” needs only 4 bytes before, but
currently 16 bytes!

« It also needs BOM.



Unicode

« UTF-8: to solve space waste, UTF-8 uses code with varying length.
« Different character length has different coding prefix (like Huffman tree that
we’ve learnt) to ensure no ambiguity.
« This makes it waste some code space, so some characters may need more
than 4 bytes.
« For example, ASCII characters, including null-termination “\0’, still occupy 1
byte in UTF-8 (the coding is same too).
« UTF-8 is the most commonly used character set in modern systems.
« UTF-16: to be compatible with UTF-1.0 (UCS-2), UTF-16 is also introduced.
« It's similar to UTF-8, but extend by 2 bytes (e.g. when 2 bytes not enough, 4
bytes are used).
« 16-bits codes are totally same as UCS-2.
« UTF-16 is used as default internal encoding for strings in Java, C#, etc..

Notice that UTF8 doesn’t need BOM, but Windows identifies Unicode by BOM long long before (UCS-2 needs
that), and it has been part of Windows and hard to change, so Windows may require you to give UTF8 a BOM.

This only happens when encoding is automatically detected, but Notebook software usually gives you an
option to designate the encoding explicitly, and then BOM is not necessary.



Unicode

« Character normalization:

- Many characters act as “modifier”, e.g. tone in #f&, top things on
AAAAAA....

- Unicode also supports composite characters, i.e. combining the modifier
with the character (e.g. we combine * with A to get A).

 They're coded into two characters, but only shown as one.

« However, some of the composite characters may already have their
Unicode id, so each symbol may have different representations.

« If you want to compare two Unicode strings, you may need to normalize
them to get a unified representation.

- Unicode characters may also have their alias name, e.g. GREEK
CAPITAL LETTER OMEGA means Q. You can check them here.



https://www.unicode.org/Public/UCD/latest/ucd/NameAliases.txt

Unicode

« So to conclude, Unicode has these basic elements:

 Byte, i.e. computer representation.

Code unit, i.e. (byte count + minimal bytes) used to represent a
character (1 for UTF-8, 2 for UTF-16, 4 for UTF-32).

Code point, i.e. each Unicode character.

Text element, i.e. what humans really see on the screen.
« We need normalization to compare two strings in the level of text element.

« For example, omit null-termination, 1A © has 3 text elements, 4
code points (since there is a composite character), and:

Representation byte count code unit
UTF-8 (31) (41) (CC 88) (FO 9F 8D B8) 8 8
UTF-16  (0031)(0041) (0308) (D83C DF7/8) 10 5

UTF-32  (00000031) (00000041) (00000308) (O001F378) 16 4



String and stream

« Unicode support and locale

« Unicode support in C++



Unicode support in C++

Unluckily, Unicode support in C++ is rather weak.

 There are char8 t/charl6_t/char32 t for UTF-8/16/32, but it's used as
one code unit, instead of one code point.

They're at least 8/16/32 bits to hold one code unit.
You can use u8/u/U as prefix separately.

But one code point may (and usually) have more than one code unit, so some
Weird thlngS may happen: char8_t chl = u8'A'; // correct.
There are aIso types ||ke char8_t ch2 = u8'%|'; // cannot be represented in 1 byte, compile eror.
std: :u85tr*ing, bUt they const char8_t strl[] = u8"x|"; // correct, but sizeof(strl) == 3, 2 for x
are all in code units! and 1 for null-termination.
« This makes traversal really hard, e.g. for(auto ch :
std::u8string{u8“x|”}) will not get “X|”, but several code units.

e .size(), .find first _of().. are also for code unit.



Unicode support in C++

 So in fact, e.g. std::string, std::string view are just
instantiation of template!

More specifically, i.e. std: :basic_string<char> and
std::basic_string view<char>.

So, e.g. std::u8string, std::u8string view are just
std::basic_string<char8 t> and std::basic_string view<char8 t>.

Since char8_t itself is code unit, the string represents vector of code units

too.

It also accepts Traits = std::char_traits<charT> as the second template parameter, which
regulates operations used by basic_string like comparison of characters. So theoretically
(but usually not used) you can define you own character type as long as it's standard-layout
and trivial, then give a YourString with the NewTraits<NewCharType>.

You can also provide an allocator, just like STL. We'll cover it in the future.



© P2729 Unicode in the Library, Part 2: Normalization (B3 - add

#1423 opened on Jan 16, 2023 by wg21bot EIL-> 2024-telecon

Unicode support in CH++4  cagrmmmmmmns

#1422 opened on Jan 16, 2023 by wg21bot

 Weak Unicode support is mostly due to its complexity, so why
not use the standard library provided by Unicode?

« C++ core guideline recommends you to use ICU (International
Components for Unicode), Boost.Locale, etc. for complete Unicode support.

« You may also use utf8cpp, which operates UTF-8 by code point, since ICU
is too large for small project,.

» Besides, input/output Unicode is troublesome in C++.

« This is improved in C++23 (but still output UTF-8 only), and we’ll mention
it sooner.

Unicode regular expression is not supported in standard library too; we’ll mention it in regex section.


https://unicode-org.github.io/icu/
https://github.com/nemtrif/utfcpp

Unicode support in C++

 There is also a wide character wchar_t in C/C++.

« It's platform dependent, only regulated that “it has the same property with
one of integer types”.
« Practically, it's UTF-16 on Windows, while UTF-32 on Linux.
« SO, it can be used if your platform is the same.
. Prefix for wide character/string literals is L, e.qg. L"Z/50] DUEBEX EFA".
« And, you can also use std: :wcout/wcin/wstring( view).
« Well, there is no std: :u8cout etc. in C++.



Unicode support in C++

 Here we assume all character types can be converted to int
without precision loss.

ring 1 = L"\UGOO1F449" ;

< >

DecomposeToByte(const T& str) ::u8string S2 = u8"\UGBO1F449";
\ 2 ng 83 = u"\U0RO1F449";
for ( i G str.size(); i++)
std::u32string s4 = U"\UGOO1F449";
DecomposeToByte(sl); B Ra\VINOSGISeTNE
DecomposeToByte(s2); d8 =>49 dc =>

< >(str[i]);

mask = (1 << CHAR_BIT) - 1;

j=0; < (str[0]); j++) DecomposeToByte§s3); Z§9£>Z;9éczi§9 =
DecomposeToByte(s4); £4 01 00 =>
stdaicout << std::format("{:02x} ", (mask & ch));
XN 2 \Uxxxxxxxx(8 digits) or \uxxxx(4 digits) means
itd::cout \ Unicode id, which is not affected by computer
' representation. \UOOO1F449 is w.

1
J

std::cout << "\n";

return;

Since C++23, you can also use \u{1F449},
whose digits can be of any length. Symbols
that have alias name can be specified as \N{..}
(e.g. “\N{GREEK CAPITAL LETTER OMEGA}”).



Unicode support in C++

« Finally, you may write non-ascii characters in C-string before, but
still get correct input/output.

 So why? Shouldn’t they be Unicode?

« In fact, C-string or std: :string is more like a byte array instead of an
ASCII string.

« For example, most Chinese computers use GBK character set by default:

« But if we specify /utf-8 in VS, then you
will get:

BB L AVVINLIAU VY D\ Sy s LT

_ ) -0 Sc 97 e4 ba ac
IRl -5 Sc 97 e4 ba ac

 You need to choose UTF8 as file format to
get rid of warnings.

im 1 g = 'IT}"%T"'

DecomposeToByte(s3) ; SURS I IINCE N - RE-10
17 53 ac 4e
DecomposeToByte(s4); 17 53 00 00 ac 4e 00 00

GBK coding table

B1BO GO 5 R I O# o m = B O& 8 B can be found here.

g2 db



https://www.toolhelper.cn/Encoding/GBK

For string literals without any prefix, the
encoding is determined by execution charset.
FHEF in GBK
Execution character set
Input character set
All characters are of same encoding.

06 O, 08 09 6A ©B
6E 00 GE 61 6E 28
69 74 75 00 00 00
61 6E 90 vO 00 @0
00 00 61 6E ©0 00
00 00 30 70 -8B 30

int main()
{
std::cout << “FHIF”;
const char8 t str[] = u8“FHfEE";

00 00 30 65 2B 30
const charl6e_t str2[] = u“{R;AfR"; i K > 09 00
COnSt wchar‘_‘t Str‘3[] — Lcri/&,l%ﬁ» Comp| er work... T
L“g/A‘Z:%'/TﬁE:,,; 99 gg
97 5F
Imagine another programmer who wants to 90 0@
read your code. If your source code is GBK, 22 zz
but he/she opens it as UTF-8, then “¢g T #£"! o0 00
00 00
Compiler is just the “another programmer?”; 00 00

input charset is to let it know how to read.
WAEE in UTF-8 {RifMAE in UTF-16

HBERZ 44A£E in wide character
encoding (UTF-16 on Windows)



/utf-8 == /source-charset:utf-8
+ /execution-charset:utf8

Unicode support in C++

BEE(C): FrakE v | EZ(P): FEES

4 BEEH ~ | FrEEmL)
=M < NEEm>

« To specify UTF8 as string character set, =
you need to go to Im B -> g4, then add L

/Utf_8 ||ke thls: ‘CEﬁ

FkhEER

« Besides, you need to save your file as =

UTF8 (otherwise warnings are prompted if s

=R

you use non-ascii characters, since GBK =

FrigizEln

cannot |dent|fy UTF8). we SBATA(D)

P fEERR

- One way is ' & -> #ZUTF -> T#;: IR s
PSSR

HEFRRIR: 2B UTF

F::i:':e bRt et - glEEE: 1ndrew100
: Bz 0.0.3 D:\111\University\Course\CS\IERFIE L3 5C+ +\Project\tempp\main.cpp
s: 55336

EffFEI: 22 E(E):

T kA ok ok (318E)

NoBom.UTF8
Save files css =g

Unicode (UTF-8 &) - HF8L1 65001 v

TEL):

 The other way is to use VS settings, see here e .
for more details.


https://blog.csdn.net/weixin_43705303/article/details/130223035

Unicode support in C++

« For gcc/clang, you can use —finput-charset=utf-8 -fexec-
charset=utf-8 to specify it.
« Clang only supports UTF8 as execution charset.

« VSCode can easily select encoding at right bottom : RS EEE TR
« However, for Windows console output, you may need SetConsoleOutputCP(CP_UTF8) in

<Windows.h>; console deesntsuppert UTF-8-inputyetfnomatterwhatsettings)

supports UTF 8 input for terminal v1.18 since Windows 11 in 2023/5.

* Final word: if you really want localized things, like operating
Unicode strings in some complex ways, it's recommended to use
UnicodeString in ICU or Qstring in QT.

« We'll briefly introduce locale in C++, but it's also recommended to use
other localization libraries.

In xmake, you can use set_encodings(“utf-8").



String and stream

« Unicode support and locale

e Locale



Locale*

« Preface: A great resource to understand locale and facet is Apache’s doc
(Chapter 24 - 26). If you want to learn more, don’t hesitate to read it!

Locale is used for localization.
« Each std::locale contains information for a set of culture-dependent
features by std: :facet objects.

« That is, you can think std::1locale as a collection of pointers to std: :facet,
and each std: :facet contains one feature of some culture.

« Standard facets are divided into six categories:
« Collate: i.e. how characters are compared, transformed or hashed.

« They don’t affect default comparison/hash behavior, you still need to
explicitly pass corresponding functors.

« Numeric: num_get, num _put, numpunct.

« num_get will affect how std::cin works, num_put -> std::cout, numpunct
only affect punctuation.



https://stdcxx.apache.org/doc/stdlibug/24-2.html

Locale*

« For example, in German, 1.234,56 means 1234.56; if you use Germany locale,
then inputting 1.234,56 will correctly get it instead of 1.234.

Time: time get/time put;
Monetary: money get/money put/moneypunct;
Message: transform some error message to another language.

Ctype: ctype/codecvt, how characters are classified and converted, e.qg. is
upper.

« BTW, <codecvt> is deprecated in C++17 and removed in C++26, but in fact
standard codecvt is defined in <locale>, so it doesn’t affect anything.

« Before codecvt also has Unicode conversion, but it's deprecated since C++26.
See LWG3767 and now we need to wait standard Unicode library to do so.

« They will affect how input, output, character identification and
regular expression works.

« For example, to output Chinese characters for wstring, you may need .imbue:
std: :wcerr.imbue(std: :locale("chs"));

Create a locale by name (the name depends on the OS). The native locale can be get by std: :locale(“”).


https://cplusplus.github.io/LWG/issue3767

<cctype> have similar functions, which uses the global locale (by

Loca Ie * default classic()), but you can use std::locale::global(Loc) to

set another one, so it's possibly not safe.

« <locale> also defines character classification functions.

« It accepts locale as the second parameter (who then uses ctype facet to
classify), so that you may e.g. use French-version std: :toupper.

 ASCII one is std::1locale::classic().

ASCII values . iscntrl | isprint | isspace  isblank | isgraph | ispunct  isalnum | isalpha isupper | islower | isdigit | isxdigit
CheCkS lf a character iS Classiﬂed as WhitESF)ace by a Iocale decimal| hexadecimal| octal characters iswcntrl|iswprint iswspace iswblank iswgraph iswpunct iswalnum iswalpha iswupper| iswlower iswdigit iswxdigit
isspace std::locale) {function template) \8 trol cod
- plat : - 0-8 \XB-\x8 \lé CO(EUT ;E’C fs z0 2] ] 0 0 (] a 0 (] 0 ] ]
isblank L checks if a character is classified as a blank character by a locale L
isblankistd::locale) (C4++11) {function template) \x9 \11 tab (\t) z0 [:] z0 z0 0 ] 2] 0 ] 2} 2] ]

. _ o checks if a character is classified as a control character by a locale| 1013 | waxp ‘12 whitespaces (n, 1 oy ) # 0 0 ) 0 o o 3 0 3
iscntrlistd::locale) (function template) R
- - - — R _ 16—
LSUDDEr (cid:  locale) checks if a character is classified as uppercase by a locale 14-31 | WEIF | (o | control codes  [E8 g o 8 0 9 8 o o 8 8 o
|lstd:: locale) .

Pper| mes (function template) 32 \x20 \40 space 0 20 #0 20 0 0 0 0 0 0 0 [}
isloweristd::locale) {Cfrjl?cii};i |t1;r3|§£r2)raCter 's classified as lowercase by a locale 33-47 | LRL-\X2F \\4517' rrgess ()%, -/ 8 20 (] 0 20 20 0 0 (] 0 0 (]
isaloha s d: localel checks if a character is classified as alphabetic by a locale 48-57 | \x38-\x39 \\5701’ 0123456789 0 20 ()} 0 z0 0 20 0 0 0 20 z0

|std:: locale) .
phaist pea (function template) \72
i5digit sed: : locate; checks if a character is classified as a digit by a locale SRED || WERRED | aiey =1 g =3 e g 20 =3 g g 9 J g e
|std:: locale)} .
gitist oea (function template) \101-
. . - . 65-70 \x41-\x46 ABCDEF a Z0 ] a 0 L] 0 0 #0 2] (2] #0
. lotd: locales checks if a character is classified as punctuation by a locale \106
1spunctistd::locale) {function template) \107-|  GHIJKLMNOP
unction template 71-90 | \eA7\EA |\l etz [ 20 ) 0 Z0 [} #0 z0 =0 0 0 )
isxdigit L checks if a character is classified as a hexadecimal digit by a locale 12
1SXalglTistd::locale) {function template) 91-96 | \x5B-\x50 \\149' ANl 0 20 0 0 %0 20 @ 0 0 ) [ 0
. : o checks if a character is classified as alphanumeric by a locale \141-
isalnumistd: :locale . 97-102 | \x61-\x66 abcdef [’} Z0 -] 0 20 ] Z0 20 ] Z0 0 70
{function template) \146
. — L checks if a character is classified as printable by a locale = ¥ \147-|  ghijklmnop
J.S'p rint (std: :locale {function ten~p|ate) p y 103-122| \x67-\Xx7A \172 T a Z0 ] a 0 L] 0 0 L] 0 (2] ]
R . e . 172-
isaraph (std::locsl checks if a character is classified as graphical by a locale 123-126| \x7B-\x7JE \\175 {13~ (] 20 o 0 20 =0 0 ] ] ] ] )
graph (std::locale {function template) R
127 \X7F \177 P 0 ] (] a 2] L] a 2] L] 2] 2] (]

character (DEL)



locale M{"de™) . time_get<>
imp

G— B vector<facet /

e

* cr time_put<>
LO C a I e locale 12(11) - pexres

codecyix>

 Locale is cheap to copy; it uses reference g
count when copied and points to same set - o
of tacets. ::?:;c,?clf:aluse(”fr”) ilclinesnlie e

I

(o

« Facets use the address of a static member| LE-ME L

el

time_put<>

id to group; e.qg. if you want a new facet, - >
you need to inherit from std::locale::facet ;I
and have static std::locale::id id.

(m]

struct french_bool : std::numpunct<char>

{ Inherit and override the parent method.

string_type do_truename() const override { return "vrai"; }

string type do_falsename() const override { return “faux"; } Substitute a facet Of the Original IOcale. It
belongs to the same group as numpunct
because they have the same id.

};

int main()

{

std::cout << "default locale: "

<< std: :boolalpha << true << ", " << false << '\n'; Facet WI” be deleted When it’s never
std::cout.imbue(|std::locale(std::cout.getloc(), [new french bool)] )
std::cout << "lotatewithmodifi=dTomponctT— referenced, SO new IS correct. It a|SO

<< std::boolalpha << true << ", " << false << '\n';

} uses reference count.



Locale*

« Create a new group of facet:

« Great extensibility.

std: :ctype<char> is regulated by the
standard, so use it without check.

When the facet group doesn’t exist,
std::bad_cast will be thrown.

class Umlaut : public std::locale::facet { /71

public: .
IStatic std::locale::id id;l New id addressl new facet group.
Umlaut (std::s1ze t refs=0): std::locale::facet(refs) {} //3
bocl is umlaut (char ¢) const {return do_ isumlaut(c):} /74

protected:

virtual bool de isumlaut (char) const; /7B
std::locale loc(std::locale(""), // native locale
new Umlaut) ; // the new facet /71
char c,d;
while (std::cin >> )/
d = std::use facet<std::ctype<char> >(loc).tolower(c); //2
if (std::has facet<Umlaut>(loc)) { F/3
if (std::use facet<Umlaut>(loc).is umlaut(d)) /74
std::cout << c << "belongs to the German alphabet!" << '"\n';

« We'll have a locale exercise in homework adopted from
Chapter26 of Apache’s doc. It's optional and just for your

Interest.



String and Stream

Print function and formatter



Format

 You may be annoying when you write a series of << for stream.
E.g. std::cout << “a=” << a << “,b=" << b << “,c="” << c << ‘\n’;
But printf is just like printf(“a=%d,b=%d,c=%d\n”, a, b, c);

« Sometimes, you may also hear of that printf is faster than std: :cout

dramatically...
« However, printf is not type-safe, i.e. type cannot be identified to match %d.

« Also, printf cannot be customized, but stream can overload operator<«.
So, with the great power of C++, why cannot we create a type-safe,
customizable, convenient and fast function?

That’s what std: : format for!
« Defined in <format>.
* You can use std::cout << std::format(“a={},b={},c={}\n",a,b,c);
« C++23 introduces std: :print, which also utilizes format.



Format

* std::format is even faster than sprintf()!
« For msvgc, this requires e.g. /utf-8 because: /utf-s _.If you don't use the /utf-8 option then

« Release, x64, msvc:

main / ‘
sprintf ()

42 7.700000
measure("sprintf() , checkSPrintf);
", check0OStringStream)

, checkToString);

42 7.7
to_string()
42 7.700000

measure("ostringstres
measure("to_stri
measure("to_chars() . checkToChars):
measure("format() - eheckeormat):

measure("format_to()

, checkFormatTo);

return 0;

BN C:\WINDOWS\system32\cm
: 0.4757ms

ostringstream: 2.0376ms
: 0.9862ms
: 0.1477ms
: 0. 3478ms
: 0.2317ms

performance can be significantly degraded
because we need to retrieve your system locale to
correctly parse the format string. While we're


https://devblogs.microsoft.com/cppblog/format-in-visual-studio-2019-version-16-10/#performance

Format

So, let’s first tell you how to use these APIs.
 The most basic ones are like std: :format(“a={},b={},c={}\n”,a,b,c).
« To print { or }, you need to use {{ or }}.
« You can also specify order explicitly, e.g. like
std: :format(“c={1},a={0},c={1}\n”,a,c).
Beyond these, you can write format specifiers after :, e.g. c={:xx}
or a={0:xx} (9 is order).



Format

« The format is like fill - align - sign - # - @ - width -
.precision - L - type, and all parts are optional.

« £fill, align, width are used to fill into additional characters to keep a
fixed length.

width means the total character numbers (including element itself).
fi11l means the character to fill in (by default whitespace).

align can be left(<), right(>) or middle(”) (by default left, except for integers
and floating points to be right).

For example: std::format(“{:078}”, 1) will get 00010000,
std::format(“{:08}”, 1) will get oooooo01.

Notel: if element itself is longer than width (e.g. here we pass 10000000),
then these specifiers will do nothing.

Note2: if only a number is given, then it's seen as width instead of fill.

Note3: for most of East Asian characters and many emojis, width is seen as 2

InStead Of 1 . e Any code point whose Unicode property East _Asian_ Width & has value Fullwidth (F) or Wide (W)
e U+4DCO - U+4DFF (Yijing Hexagram Symbols)

};—(HE'I‘,'_}'\:, %éjz:/_\\.—l_-lzlil\ﬁfmﬁ 7 C+ +7F7_|—§;'E|:Fl ( e U+1F300 - U+1F5FF (Miscellaneous Symbols and Pictographs)

e U+1F900 - U+1F9FF (Supplemental Symbols and Pictographs)


https://www.unicode.org/reports/tr11/

Format

- sign: can be - (default, i.e. only show sign when the number is negative,
including -0.0), + (always show sign), and whitespace (only show negative
sign, but non-negative number will fill into a whitespace).

 For example, std: :format(“{:07+8}”, 1) will get 000+1000,
std::format(“{:+8}”, 1) will get +1 , std::format(“{: }”, 1) willget 1
« type: how to show the element in many forms.
« Integer: b/B/d/o/x/X; by default d(ecimal). Prefix is not output.
« Particularly, bool has an additional s (default), which will get true/false;

* char/wchar_t has an additional ¢ (default), which will get the character;
and an additional ? since C++23, which will output raw character (e.g. ‘\n’

instead of a new line).
« Floating point: e/f/g/a/E/F/G/A; by default g(eneral).
« Same as std::chars_format::scientific/fixed/general/hex, while default
parameter to precision of e/f/g/E/F/G is 6.

Remember special case for precision in general?



Format

« String (including C-string, std::string, etc.): s; by default s.

« C++23 adds a ?, which outputs escaped string (surrounding “” will be
output too).

« pointer: p; by default p. Same as reinterpret cast<std::uintptr t>(ptr).
« It will additionally output a ox.
« C++26 adds a P, which will force hexadecimal letters to be uppercase.

« For example, std: :format(“{:m*+8x}”, 32) will get mm+20mmm;
std::format(“{:e}”, 32.F) will get 3.200000e+01.

e #: alternative form.
« For integers with type x/X/o0/b/B, prefix ox/0x/0/eb/0B will be added.

« For floating points, dot will always be shown (e.g. 42.f by default is “42”, but
will get “42.” with #).

« Particularly, for explicit #g/#G, all zeros will be shown, e.g. 42.0000.
 For example, std: :format(“{:m "#8x}”, 32) will get mmox2emm.



std::format(“{:+06}”, 120) -> +00120
FO rmat std::format(“{:0>+6}”, 120) -> 00+120
4

- .precision: valid for floating point and string.
« For floating point, same as to_chars, i.e. digits after dot.
« For strings, it's the maximum characters to output.
 For example, std: :format(“{:.4e}”, 32.F) will get 3.2000e+01.

 0: fill into O for only integers and floating points after sign and prefix
(different from fill!), when align isn’t specified.

- L: apply locale information on integers and floating points by the current
locale (you can also provide std::locale as the first parameter to specify it).

e fill - align - sign - # - @ - width - .precision - L - type.
« If you've known printf formatting thoroughly, or formatting on some other
languages, it's easy for you to understand formatting in C++.

« When the format string is invalid, compilation will fail; if the
memory is not enough, std::bad alloc will be thrown.
More flexibly, width and precision can be determined in runtime, i.e. you can use

std::format(“{:{}.{}e}”, 32.F, 3, 10) (order is determined by the position of left brace) or
std::format(“{0:{2}.{1}e}”, 32.F, 10, 3) are both equivalent to std::format(“{:10.3e}”, 32.F).



Format

« With the format string, we can easily use std: :format(“xx”, yy)
(or std::format(locale, “xx”, yy), or wstring version).

« It generates a std: :string, but we may already prepare a buffer so that
dynamic allocation can be prevented (just like to_string with to chars).

« Then you can use std: :format_to(OutIt, ..) where .. are arguments of
std: :format, which will output the string to the OutIt.

* You must ensure that the destination range is large enough for the output; the
size needed can be got by std::formatted size(..).

« Of course, you can also use a std: :back _inserter. Format functions are even
optimized for it, which will not insert one by one but insert the whole directly.

« If you cannot ensure buffer size, you can use std: :format to n(OutIt,
n, ..), so that if the size exceeds n, the string will be truncated.

 Notice: these two functions don’t write null-termination!



It can only be passed directly; we’ll tell you how to do that in Move Semantics!

FO r m a t auto runtime_fmt = std::runtime_format("{}");

auto s0@ = std::format(runtime_fmt, 1);
std::format(std: :move(runtime_fmt), 1);
std::format(std: :runtime_format("{}"), 1);

auto sl
auto s2

« std::format only accepts a format string that can be determined
in compilation time; what if we want a user-customized format

string?
« Since C++26, you can use std: :runtime_format.
« The format string may be invalid #include <format>
since it cannot be determined in T
COmpI|atI0n t|me. #include <string view>
« SO std::format_error may be g ey
thl"OWI’]. std::print("Hello {}!\n", "world");
std::string fmt;
for (int i{}; i !'= 3; ++i)
{ fmt += "{} ";
std::print("{} : ", fmt);
NOtICG that VSZOlg ShOUld be updated to g std::println(std::runtime_format(fmt), "alpha", 'Z', 3.14, "unused");
latest version, otherwise std: :format '
may throw std::format_error though output:
check is done when compiling. Hetlo verta

{} {3 : alpha Z
{} {3 {3 : alpha Z 3.14



Format

« Before C++26, you can use std: :vformat(_to)...
« Similarly for std: :vprint(_unicode/nonunicode) ~ std::print.
 The arguments slightly change, i.e. it should use std: :make format_args.
« E.g. std::string fmt{ “{}, {}\n” }; std::vformat(fmt,
std: :make_format_args(a, b)).
- But it’s dangerous!
« Reason: std::make format args stores reference.

 auto args = std::make_format_args(std::string{“Dangling”});
std::vformat(fmt, args) => The temporary string is already destructed.

* So rvalues will also be rejected since C++26, see P2095R2.

« Anyway, vformat should never be called by us since C++26. It's utilized by the
implementer of <format> only to “reduce code bloat”.

« We’'ll tell you the technique in Template!


https://www.open-std.org/jtc1/sc22/wg21/docs/papers/2023/p2905r2.html

Format

 C++23 reinforces functionality of std: :format, i.e. it can format
a range.

* Yeap, it saves the burden of for(const auto& ele : vec)
std::cout << ele << ° ;.
« By default, ranges are output as [...] (i.e. sequence).
« E.g. std::vector v{1,2,3} will get [1, 2, 3], std::vector<std::vector<int>>
v{{1,2},{3,4}} will get [[1, 2], [3, 4]].
« Some ranges are specialized:

« For container adaptors (i.e. stack, queue, priority_queue), they don’t provide
iterators so it’s hard to print them before; now they also support std: :format.

« For std::vector<bool>, the proxy type doesn’t support output before.
 For std::pair/std::tuple, you will get (xx, yy, ..).

« For associative containers, you will get {xx:yy, aa:bb,..} or {xx, aa}
(depending on map/set).



Format

 Particularly, if the element of range is char/string, then escaped
character/string will be output (i.e. as if it's {:?}).

* You can use std::format_kind<R> to check how a range is formatted; it will
get std: :range_format::xx, where xx is disabled/map/set/sequence/
string/debug string (i.e. escaped string).

« If you're adept at Python, you may be very happy that they’re same!

« Of course, you can add format specifier for elements and ranges.

« For ranges, the type specifiers have only 5 options:
- s/?s: only valid for range of string, output string/escaped string.

« m: only valid for range of pair/tuple of size 2, output as {k1: vi1, k2: v2, ..}
(like element of map).

* n: strip the surrounding wrapper, e.g. [xX, yy] will become xx, yy (so that you
can customize your parentheses).

 nm: combine n with m, i.e. output as k1: v1, k2: v2, ..
SO, you can use e.g. std: :format(“{:n}”, v).



Format

« If you want to specify format of elements, then you can use multiple
colons, i.e. std: :format(“{:n:x}"”, v).
« If elements are still ranges, just continue to specify it; anyway, each colon
specifies elements at one level.

« For example, for a vector v{vector{'a'}, vector{'b', 'c'}}; and you
want to output it in a flattened way with decimal numbers, you can use
“{:n:n:d}”.

« Normally, you'll get [[‘a’], [‘b’, ‘c’]1];

 The first n means to strip [] of v, i.e. get [‘a’ ], [‘b’, ‘c’].

« The second n means to strip all [] of elements of v, i.e. get ‘a’, ‘b’, ‘c’.
« Final d means to convert characters to decimal values, i.e. get 97, 98, 99.

* Notice that for string elements, “{::}” is different from “{}”, since the former
will disable escaped string output.

« Finally, range formatter also support fill, align, width specifiers, so
thoroughly you can use fill - align - width - type.

« E.g. “{:**4n:n:d}” will get **97, 98, 99**,



Print function

By format, C++23 introduces print functions in <print>.
e std::print(“{}”, v), or std::println(“{}”, v) to print an additional “\n”.

« C++26 adds std: :println() (i.e. no parameter), which will only output a new
line; Big3 all see it as DR23.

« It uses C output destination (i.e. stdout instead of std: :cout), but faster
than printf.

« So it may have synchronization problem when you both use std::cout and
std::print when you decouple them (we’'ll tell you how to do that in stream).

It can also specify a stream or FILE* as the first parameter, so that you
can output to a file.

« You can surely output to std: :cout, which is still faster than use std: :cout <«

directly. VS2019, debug
. Benchmark Time CPU TIterations Benchmark Time CPU  Iterations
Mac Clang -O3: ™+ /% =% -~ o e e i
printf 87.0 ns 86.9 ns 7834009 printf 835 ns 816 ns 746667
ostream 255 ns 255 ns 2746434 ostream 2410 ns 2400 ns 280000
print 78.4 ns 78.3 ns 9895989 print 580 ns 572 ns 1126060
print cout 89.4 ns 89.4 ns 7792973 print_cout 623 ns 614 ns 1120000

print cout sync 91.5 ns 91.4 ns 7903889 print_cout sync 615 ns 614 ns 1126000



Print function —

std::println("{}", arx>(test)); | e

std: :cout << : x>(test) << '\n'; BRiA (A

Beyond that, std: :print/println supports UTF-8 output.

« But bit of ironically, it accepts char[] instead of char8 t[].
e std::print(“\U00Q1F449”) V/
e std::print(u8“\U0BO1F449”) x (compile error).
o std::print(“{}”, u8“\U0OO1F449”) x (compile error);
« char8 t[] doesn’t support format.

« They may throw std::system error when output stream goes
wrong, or other exceptions of std: :(v)format.

« Particularly, if the Unicode string is invalid, then UB (but it's encouraged to
be diagnosed by library implementation by e.g. assert).

C++26 accepts two proposals (likely to be DR23) to make std: :print
even faster (20% ~ 200%). See my analysis article!



https://zhuanlan.zhihu.com/p/700348965

User-defined format

 There is one more thing... streams can be overloaded so it's more
convenient than printf; so how can we customize format for our

own types?

« In essence, resolving format has two phases:

« Parsing: the formatter should parse things in the {}, and record
necessary states.

 Formatting: according to the recorded states of parsing, the string is
inserted from back.

« So similarly, customized format needs these two methods.
« Let’s give an example by output scoped enumeration name!

s Color { Red = OxFFQOQO, Green = OxOOFFPO, Blue = OXOOOOFF, White = OXFFFFFF };




User-defined format

* You need to specialize std: :formatter<T>.
« Just remember it now, and we’ll talk about template specialization in the future.

« Then just define a constexpr auto parse(const std::format parse context&).

* You can think the parameter as a std: :string view with strictly constrained
methods; iterators can be got by .begin()/.end().

 The type of iterators is actually std: :format_parse context::const_iterator.
« For {:..}, it refers to ..} (the right brace is still there!).

« For {:}/{}, it refers to either(for libstdc++) } Or(for MS STL) an empty string
view (you may think it as a view to nullptr whose size is 0).

 The return type of parse is also const_iterator, which specifies the position to
continue the following parse.
« To be exact, you should usually return context.end() - 1; if the received
string view is empty, then just return context.end().

« Otherwise compile error (or for vformat() exception
std::format_error is thrown); you can utilize this property to check
whether users input redundant specifiers.
pc.begin() points to the beginning of the format-spec ([format.string]) of the replacement field being formatted in

the format string. If format-specis empty then either pc.begin() == pc.end() or *pc.begin() == "}".



User-defined format

« We assume that we only accept specifiers ‘x’ or ‘s’, and the former will
show the color hexadecimal id (i.e. #rgb, e.qg. #FF0000 for pure red), the
latter (default one) will show the string (e.g. “Red”).

« Aughhh, too long, just show me the code!

 When parsing, we first store the specified state.

Default is “s”.

std::format_pars

it = context.begin(); Double check for
if (it == context.end() || *it == '}') cross-platform ability.

return it;
type = *(it++);

it (typedls “(iitrpentss S , it should be context.end()
throw std::format_error{ "Unrecognized color % . .
- 1, otherwise compile error.

return it;




parse( std: : format

it = text.begin();

1T (itES= i end@Onlil *it == Y}
return it;

type = *(it++);

if (type !'= ‘X' && typest= 's'
throw std::format_erro
return it;

« Notice that constexpr has many restrictions to be called in compilation
time, e.g. you cannot print [begin, end) to see the content of the context.

* You can throw an exception in some condition (here type = ‘x’ && type !=
“s?), and if the condition is satisfied, compile error (since exception is runtime
thing!).

« To conclude:
« {}, {:}, {:x}, {:s} are all OK.
« Compile error (or throw exception for std: :vformat):
« {:c}, {:11}, since we check it in type != ‘x’ && type != s’.
« {:x11}, since returned it != context.end() - 1.



User-defined format

« After parsing, we need to utilize saved state to fill in string.

« This is done at runtime, so no constexpr needed; but the saved state
shouldn’t be changed, so const should be added.

« That is, you need auto format(const T&/T, auto& context) const { .. },
where T is the object type (Color here).

* You can use .out() to get the output iterator, where you need to append new
contents; the function should return new iterator.

You can use std::format_context& context as parameter to help
Intellisense to work, and make it auto& when all other things are done.

format(Color 5 &

return formatByType("Red", "

formatByType = [outIt = .out(), type = type]
(std::string view , std::string view

Green:
return formatByType("Green", "#00

- case Blue:
return type == 's' ? std::format_to(outlt, "{}", .

i return formatByType("Blue", "
: std::format_to(outIlt, "{}", ) ’ A

case White:

return formatByType("White"




User-defined format

- Additionally, we need a default branch, since users may use e.g.
Color{ex1000} to explicitly create an enumeration!

* Notice that we have a White = OxFFFFFF so that it's legal.

« Remember? Range of scoped enumeration is the (1 << (MSB(MaxEnum) + 1))- 1,
e.g. if we only use {R, G, B}, then the max allowed value is (1 << (MSB(B)+1))
-1 = (1 << (MSB(2) + 1)) - 1 =4 - 1 = 3; otherwise UB.

* So:

outlt = t.out();
if (type == 's')
outIt = std::format_to(outlt, "Unknown color:");

return std::format_to(
outIt, "#{:0>6x}",
<gtd::underlying_type_t<Color>>( ¥




User-defined format

::cout << ::format(" 01 : :Red); B ZEE C:\WINDOWS\system

* The reSU|t iS Iike: ::cout < ::format (" lor{ 0x0100 1}); Red

J S nknown color:#000100
: :cout ::format (" : or::Green); Yoon

s:cout < : :format (" , Color{ OxFF }); 2001000
::cout << s :format("{:x}\n", Color::Blue); IR gk E:. | . o
::cout << ::format (" , Color{ 0x1000 1});
« Note that context has some other member functions (optional, rarely used):
« .advance to(newIt), so that the next time .out() is called, newIt is returned.
« This is used by standard library after you return a new iterator.
« std::format _parse context has a .advance_ to similarly.
* .locale().

« .arg(size_t id), return the idth argument; it’s in fact std: :basic_format arg and
can be seen as having a std::variant<..>. See here if you're interested.


https://en.cppreference.com/w/cpp/utility/format/basic_format_arg

User-defined format

 Notel: now you may understand why it can be faster than printf!

It tries to parse when compiling, and only fill string in runtime.
« C and C functions cannot utilize compile-time evaluation.

 Note2: you can save the context string in the member in parse,
and then print it in format to debug, which saves the trouble that

you cannot output in parse.
e For example; td::string state; std::ranges::copy(it, context.end(), std::back_inserter(state));

 Note3: the general parameter is in fact
std: :basic _format context<T>/std::basic format parse context
<T>, which can also support e.g. std: :wstring; if you want that,
auto& and const auto& as parameter types are also OK.

std: :cout << state << '\n';



User-defined format

 Note4: it's also acceptable to inherit or own another
std::formatter<T> as member, so that you can utilize its parsing

or formatting. For example:

template<>
struct std::formatter<Always42> : std::formatter<int>
By inheritance: 1 .parse() is
auto format(const Always42& obj, std::format_context& ctx) { .
. : same as int.
// delegate formatting of the value to the standard formatter:
return std::formatter<int>::format (obj.getValue(), ctx);
}
¥
constexpr auto parse(std::format_parse_context& ctx) {
return f.parse(ctx);

}

By member: // delegate formatting of the int value to the standard int formatter: S_/r’;eedgonf_i_/-ei_tze 0 G-Ui de
auto format(const Always42& obj, std::format_context& ctx) const { . P .
by Nicolai Josuttis.

return f.format(obj.getValue(), ctx);
+

std: :formatter<int> f£;



User-defined format

 Note5: C++23 also adds std: :range_formatter<T>, which is used
to be inherited by std: :formatter<Container<T>> for customizing
range of T to output.
* Yes, you are usually not supposed to specialize std: :range_formatter<C<T>>,
but std: :formatter<C<T>> with parent class std: :range_formatter<T>.

* std::range_formatter has .set brackets(left, right)
/.set_separators(sep), and .underlying() to get the std::formatter of
the element, and .parse()/.format() (so that usually you don’t need to
specify new parse/.format after inheriting from it).

« Particularly, pair and tuple are not ranges, so their std::formatter are
specialized with these new methods added, and has no .underlying.



User-defined format

You will know why you can write template parameter
like this in Templates!

° For example: template 4std::-For*ma'ttable<char*>|}(ey, class Compare, class Allocator>
struct std::formatter<std::set<Key, Compare, Allocator>>

: std::range_formatter<Key>

{
this-)-lset_br‘ackets(" ", ") will make this-> obligated.
} We'll also tell you why in Templates.
}s

template <std::formattable<char> Key, std::formattable<char> T,
class Compare, class Allocator>
struct std::formatter<std::map<Key, T, Compare, Allocator>>
: range_formatter<std::pair<Key const, T>>

constexpr formatter() {
this->set_brackets("{", "}");
this->underlying().set_brackets({}, {});
this->underlying().set_separator(": ");

}s



Possible future of format

« As you can see, format and print functions are super powerful
and convenient.
 However, there are still several minor things to improve.
« 1. You cannot specify different formats for elements of pair/tuple.
« 2. Vocabulary types format?

« Besides, we only introduce output methods, but where are input methods?

- std::scan has been proposed here in 2023, which is said to be faster and
more convenient too. Hopefully it can be accepted in C++26.

Notice that C++ has different format for time and thread id; we’ll mention them when
taking about them.


https://www.open-std.org/jtc1/sc22/wg21/docs/papers/2023/p1729r2.html
https://github.com/eliaskosunen/scnlib

String and Stream



String and stream

e Stream
« Stream overview



Stream

« Stream is a high-level abstraction of readable/writeable buffer;
No matter it’s in fact console, file or just memory, users usually
don’t need to care about the details, but just see it as a
continuous buffer to read/write.

 It's a successful OOP design in C++98, but unluckily console
ones (i.e. std::(w)cout/(w)cin) aren’t favored by many because

of their horrible efficiency.

« However, it’s still worthwhile to learn other streams (e.g. there shouldn’t
be great performance gap between file stream and FILE*).

« There is also an <iomanip> to manipulate format of output result, but it’s
recommended to just use format specifiers of std: :format/print because
it's more efficient and user-friendly, so we may only cover iomanip roughly
and it’s also just optional if you can use C++20.



Stream

- Before we go on, let’s talk about IO system in OS.

* You'll learn it thoroughly in your OS course, and here we just give a brief
view.

* Roughly speaking, IO system can be divided into the following parts:

Application / Service

I High Level I/O Streams
™ File Descript : -
Low Level /O e Descriprors ~. What you've learnt and used in ICS
Syscall open(), read(), write(), close(), ... : : . :
ysca LT ’ (file descriptors, Linux file APIs).
Open File Descriptions
File System Files/Directories/Indexes
‘ l/O Driver ‘ Commands and Data Transfers

|
é ﬁ_. Disks, Flash, Controllers, DMA

Credit: Prof Jin Xin @ PKU



Stream

« We know that system call is relatively expensive, so if syscall is

used every time when users need something in file, then it would
be very slow.

* Yeap, it's similar to disk storage; you need a cache in memory!

« That is, we prepare a buffer and read a lot of things from the file into the
buffer even if users haven’t needed it, and then just adjust pointer to

buffer when reading.
« Once the pointer reaches its end, we need to load new content from file again.
« This makes an illusion to users to read continuously from the file.
* So space locality is also important in IO, which can reduce system call.

« Similarly, when users write to the stream, it doesn’t really go down to the

disk directly, but is saved in the buffer; once the write buffer is full, then
everything is flushed into the disk.

“Flush to disk” may be not rigorous because it depends on OS; That is, flush in our application level
may still be cached in the OS buffer, which needs OS-dependent API to go to disk thoroughly.



std::endl v.s. '\n’

« After knowing this, an important and basic problem can be
solved: what's the difference between std: :endl and ‘\n’?

* Your first C++ program is likely to be std::cout << “Hello, world!” <<
std: :endl.

* std::endl is in fact a special IO manipulator, meaning that
“output a newline, and flush the stream”.

« That is, if you output a “\n’, file/console may not get it immediately until
proper time; std: :endl will force it to be there.

« So, it will be dramatically slow if you call std: :endl over and over again.

« If you don’t want flush that frequently, it’'s recommended to use ‘\n’, and
<< std::flush when you really need.

« When the stream is destructed, it will be flushed automatically too.

Notice that there is also a std::cerr, which is similar to stderr (instead of stdout/stdin that

you've learnt in ICS) and has no buffer because it wants to warn users error immediately; if you
want buffered one, you can use std::clog.



Design overview

in will work for numbers

will work.
I/O manipulators will also work

std::basic_streambuf
<CharT, Traits>

Formatted I/0 flush

Stream buffer External device

( )

sync

std::basic_istream/
5 - nly for CharT and CharT*.
ostream<CharT, Traits> Only for CharT and Char

Unformatted I/0 *1 >>/<< std::basic_streambuf* is
( unformatted.

)



String and stream

e Stream

* Output stream



489.514 ns 441.838 ns 607.432 ns
355.161 ns 186.138 ns 719.388 ns

benchmark name samples iterations estimated
mean low mean high mean
low std dev  high std dev

1.776 ms

106 35 1.8235 ms
655.943 ns 539.229 ns 952.8 ns
886.931 ns A426.673 ns 1.77422 us

« There are two kinds of streams: output ones and input ones.
* For output stream, it’s inherited from std: :basic_ostream.

It's in fact a template, i.e. <Char, CharTraits = std::char_traits<Char>>.

Formatted output: just use << (sometimes named “insertion operator”),
like what you’ve done in std: : cout.
Unformatted output: not affected by io manipulator.
« Only for raw character (& its array) output; return reference to *this.
 .put(ch) and .write(chArr, len).
« They’re similar to putc(), putchar(), puts() in C.

« For example, .write(fmtStr.data(), fmtStr.size()) is same as << fmtStr
with no manipulator.

Sometimes, you may want to jump to other positions (as if you move the
pointer to some place of the whole buffer).

* You can use .tellp() and .seekp() to get or set the “"put” position.



O t t t Note that std::cout etc. don’t have meaningful
U p U S rea I I l .seekp/tellp(), and the behavior is platform-dependent.

« .tellp() returns & .seekp() accepts std: :basic_ostream<xx>::pos_type,
which can be seen as a signed integer (in fact a class std: :streampos).

« Besides, you can use relative position to seek, i.e. by .seekp(off_type off,
std::ios base::seekdir dir).
« std::ios base::seekdir has three constant global values (not enumerations!).
* beg, end and cur.

« off type is usually a signed integer type, so you may advance or withdraw the
pointer.

 For example, .seekp(-1, std::ios_base::end) will place the pointer to the
last character of the stream, .seekp(0,std::ios _base::beg) will rewind the
stream, and .seekp(2, std::ios base::cur) will advance the pointer by 2.



==%»:Depend on implementation to use the one or the another or both.

Ee-Xtr :Called on condition of text.

Pointer positioning
Output functions functions

Locale functions

B (out mode) EEHAAS
put write operator<<

7’
> _ R l
,I \ ,¢,I flush For_r.elat|v,e,/ i
/ position , I
,/’ Fdr absolute
: , e
\ K Qstream_ pubimbue pubsync ,,, %P&UOH
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sputc Public functions =d pubseekoff pubseekpos
i
Called when |
buffer is full :
i
4 v ! ¥
overflow xsputn [« Protected functions —> | seekoff seekpos

ostreambuf . Y
imbue sync

iterator




« std::basic_streambuf also handles buffering automatically, so
derived class doesn’t need to care “when buffer is full”.

« Usually the derived class has a default memory buffer, while users can
use .pubsetbuf() to set it by themselves.

« This calls .setbuf() of the derived class, so it depends on the implementation
of the derived class to either use it or not.

« The buffer is abstracted as three components: begin, curr, end.
« For output, it’s the protected methods pbase/pptr/epptr.
« For example, sputc will write into *pptr directly and advance pptr.

« Only when pptr == epptr (i.e. the buffer is full so put is impossible) will it call
virtual method overflow to let the derived class to give some extra space.

« E.g. for file, flush all things to the disk and rewind pptr to pbase by setp.
« If you want to adjust pptr manually, you can use .pbump(int off).

Real buffer in memory

[pptr, epptr) is empty and ready to be inserted. [begin, end)



Output stream

 The stream buffer can be got by .rdbuf(), which returns
std: :basic_streambuf*.
« It's a base class that has a protected ctor, which uses polymorphism to
access the actual buffer (e.g. std: :basic_filebuf for file stream).
« This facilities your possible customization of the buffer.

« As we mentioned, for output buffer of stream, there are several things that
can be used or customized (these functions are protected):

* .pbase()/.pptr()/.epptr(): return begin/cur/end pointer.

« .setp(pBeg, pEnd): set the begin/cur/end pointer to pBeg/pBeg/pEnd.
e .pbump(int off): cur += off; cur can go out of [begin, end).

- And virtual methods that can be overridden in derived class...

* Notice that unless specified explicitly, all virtual methods implemented in
base class have no effect or only return failure (like eof), which requires
the derived class (like basic_ifstream) to implement meaningful things.



Output stream

e .overflow(int type ch = Traits::eof()): if ch is eof, then do nothing;
otherwise put the ch to the proper position.

« Return eof if fail, or any other value if succeed.

« This will only be invoked when cur reaches/goes beyond end; you may need to
reposition your pointers by .setp after flushing.

e .xsputn(const Char* arr, std::streamsize cnt): output a string to the
proper position.
« The default implementation for base class is a loop to call .sputc
(and .overflow if necessary).

« If your implementation can output a bunch of things more efficiently, then just
implement .xsputn; for example, if the string is very long, you may only need

to output a big part of the string without caching it in the buffer to flush over
and over again.

« Return the number of characters that are written successfully.

In the most general way, you may use Traits::eq_int type(ch, Traits::eof()) to judge eof;
but ch != Traits::eof() is enough for most cases.



Stream

« For both input and output buffer, some protected positioning can
be overridden.

¢ .seekoff(off _type off, seekdir, std::ios_base::openmode mode): seek
position by relative offset; the buffer should adjust its pointers to proper
position; return the absolute position of type pos_type, or pos_type(-1) if
fail.
« Input/output buffer is specified by mode; if it's std::ios _base::in, then adjust
input buffer; if it's std::ios_base: :out, then adjust output buffer.

« We'll talk about stream with both input & output buffer later, then it's also
legal to use in | out (also default parameter).

« It's also usually lazy, i.e. only reload for the next read if exceeds buffer.
« This is exposed by public method .pubseekoff().

* Notice .tellg() also uses this method, i.e. return .pubseekoff (0,
std::ios_base::cur).



Stream

« .seekpos(pos_type pos, openmode mode): seek position by absolute offset;
the buffer should adjust its pointers to proper position; return the absolute
position of type pos type, or pos_type(-1) if fail.

» This is exposed by public method .pubseekpos().

« .sync(): write buffer back for output stream and empty the buffer for
input stream. Exposed by .pubsync().

« It depends on implementation to reload immediately for input buffer or not.

e .setbuf(Char* s, std::streamsize n): allow to set the underlying buffer

manually; you can use it to set a larger buffer. Return this. Exposed
by .pubsetbuf().



Output stream

We'll show you a
overflow( ey <23 ) { return 9; ]} more useful but
xsputn ( r% arr, T Freri 8 complex example

in the homework.

S BN C:\WINDOWS\system32\cmd.exe

Here is it.

std: :cout << "Here is it.\n"; I TR gk, . . o
LDevBuf buf;

std: :cout.set_rdbuf (&buf);

std::cout << "Not printed.\n";

return 9;



String and stream

e Stream

« Input stream
 Stream status



Notice: since C++20, you can only >> char[N]

I n p Ut St rea m instead of >> char*, since the latter may overflow.

* For input stream, it's inherited from std: :basic_istream.

« Formatted input: just use >> (sometimes named “extraction operator”),
like what you’ve done in std: :cin.

« Unformatted input: not affected by io manipulator.

« Only for raw character (& its array) input.

« .get(), .get(ch) and .read(chArr, len).
« They're similar to getc(), getchar(), fgets() in C.

o .get() will return int_type, while .get(Char& c) will save the result into c.
« Why .get() doesn’t return Char?
« It's possible to have no character anymore (e.g. end of file)!

« In that case, return Trait::eof() and it may be not a valid Char value.

« A typical way in C is return EOF (a negative integer value), and that’s why getc()
return int instead of char.

« For .get(Char& ch), it just remains the character unchanged for this case.
 For .read(chArr, len), remaining characters can be less than len.



Input stream

« Sometimes, you may want to jump to other positions (as if you move the
pointer to some place of the whole buffer).

 You can you .tellg() and .seekg() to get or set the “get” position.

« .tellg() returns & .seekg() accepts std::basic_ostream<xx>::pos_type;
you can also use relative position to seek, i.e. by .seekg(off_type off,
std::ios_base::seekdir dir).

« Beyond these, input stream provides more utility functions.

« Some more unformatted input functions:
* >> streambuf (only this >> is unformatted).

e .get(Char* buffer, std::streamsize count, delim = Char(‘\n’)): input to the
buffer, until delim or character numbers are count.

« .get(streambuf buf, delim = Char(‘\n’)): input to the output stream buffer,
until delim.



Input stream

.getline(Char* buffer, std::streamsize count, delim = Char(f\n’)): similar
to .get, except that it will eat the delim while .get() will keep it in the stream
(so that the next time you can still get the delim).

« If you want to getline to a std::string, you shouldn’t use the member
function, but std::getline(stream, std::string, delim = ‘\n’).
.readsome(Char* buffer, std::streamsize count): extract at most count
characters from buffer in memory (i.e. no need to reload from e.g. file).
* std::cin.readsome() may or may not fill in the buffer.

.ignore(count = 1, delim = Traits::eof()): eat at most count characters /
until reaching delinm.

.peek(): get the next character without really changing the status of the
stream (i.e. next .get() will get the peeked result). Return eof if stream
reaches its end.

* Note that cin.peek() blocks instead of returning eof if no next character is
available.



Input stream

« .unget(): try to put back the last extracted character; .peek() is basically
equivalent to .get() + .unget().

e .putback(ch): try to put an arbitrary character back to the stream.

« .gcount(): get number of characters got from the last unformatted input
functions.

* .read(chArr, count) may get characters less than count, and you can
use .gcount to get the actual length!

The following member functions of basic_istream change the value of subsequent gcount() calls:
& move constructor
e swap()
e get()
e getline()
e ignore()
e read()
* readsome()
s operator>>(basic_streambuf¥*)
The following functions set gcount() to zero:
e constructor
e putback()
e unget()
* peek()



Input stream

 And a synchronization function:

« .sync(): synchronize the buffer with the underlying sequence; for example,
if the file is written, input stream can use this method to reload.

* Notice again that it's implementation-defined whether the buffer is reloaded
immediately when calling .sync() or later in the next read.

« Return O if success, -1 if fail.
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Putback functions
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putback

pubimbue pubsync

Public functions gptr

Alowaw Ul J24inq |eay

,/
s’

4
/
Called when * /  Called when [gptr, egptr)
buffer is full or % ,/ Dbufferis full contains
*(gptr-1) 1= ch.n / content and is
W ready to read.
pbackfail « Protected functions

4 egptr
imbue sync




Input stream

e List them all:
« .eback()/.gptr()/.egptr(): return begin/cur/end pointer.
.setg(gBeg, gCurr, gEnd): set the begin/cur/end pointer to gBeg/gCurr/gEnd.
.gbump(int off): cur += off; cur can go out of [begin, end).
And many methods that can be overridden in derived class:

.underflow(): return the next character and adjust pointers to the proper
position. Return eof if fail.

« This will only be invoked when cur reaches end; you may need to
reposition your pointers by .setg after reloading new contents.

.uflow(): .underflow() and then advance cur by 1.
 The default implementation is to call .underflow() and increments gptr.

.xsgetn(Char* arr, std::streamsize cnt): input a string to arr and return the
number of characters that are written successfully.

« Default: a loop to call .sbumpc (and .underflow if necessary).



Input stream

e .pbackfail(int_type ch = Traits::eof()): this method is called if eback ==
gptr or gptr == nullptr or *(gptr-1) != ch (i.e. fail to go back); buffer
should put the character back (e.g. for file buffer, it may need to reload buffer
by going backwards). Return eof if fail.

« .showmanyc(): abbr. for stream-how-many-character; return estimated

remaining number of characters of the underlying sequence (or O if not sure;
default of base class).

e .in_avail(): return (end - cur) of type std::streamsize, meaning the
content that can be got immediately without reloading.

« .showmanyc is used by .in_avail() when the buffer is empty (i.e. gptr ==
egptr); by default 0, which means unknown.

« One case that I can think it's useful:

« If we implement a TCP_streambuf ourselves, and we want to know how
many characters can be got from the system buffer immediately.

 Then you can call system API to know it, and returned by .showmanyc!



Stream status

« We've found that stream buffer will report eof to denote failure;
but it seems that stream itself doesn’t expose it!
« So how can we know this failure?
« Stream uses stream status to denote that!

« There are three bits for that: eofbit, failbit and badbit.
« std::ios _base::eofbit is commonly used to denote end of stream.

« std::ios_base::failbit: commonly used when parsing error, e.qg. if you
cin >> SomeFloat but input a character “a’; or failing to open/close file.

 std::ios base::badbit: some irrecoverable error happens.

« You can use .rdstate() to get the state flags, and test it by e.g. s &
eofbit, .clear(states = goodbit) to set flags, .setstate(states) to add

flags (equivalent to .clear(rdstate() | states)).
« Particularly, O or std::ios base::goodbit means no error.

For details of when these bits are set when stream buffer failure happens, see here if you need it/are interested.


https://en.cppreference.com/w/cpp/io/ios_base/iostate

Stream status

« However, it's usually not convenient to operate on bits, so
methods are also provided directly:
e .good()/operator bool: return whether the stream is good.

« Combined with the fact that all input/output methods return the stream itself,
so that you can use while(std::cin >> xx)!

« operator! is also overloaded.
« .eof(): return whether eofbit is set.
« .fail(): return whether failbit or badbit is set.
e .bad(): return whether badbit is set.

« Besides, if you want to throw std::ios base::failure (derived
from std::system error/runtime _error) when error states occur,
YOU can use .exceptions(states).

« .exceptions() can get the exception states; default is none.



Stream status

 When the stream is not good, any input/output will do nothing;
so don't forget to .clear() if you want to continue to use the

stream normally!

« Some operations (i.e. putback/unget/seekg()) may reset the eofbit as side
effects too.

* Final word: all streams are move-only, move-constructible and
swappable.

« We will cover move semantics in the next lecture, but now it’s just enough
to know it's not copyable.



String and stream

e Stream

 Bidirectional stream and stream linking



Bidirectional stream

« Streams can also both input and output by std: :basic iostream.

« It has a single buffer in the streambuf, with two sets of begin/cur/end
pointers.

« It has all methods from istream and ostream, e.g. .tellg/seekg/tellp/
seekp().

« Whether they share the same position is determined by the derived class. For
example, file stream share while other streams don’t.

Test(std: :iostream

o ::stringstream si{ "123 456" };

std::fstream s2{ "test.txt" };
std::cout << s.tellg() << " " << g.tellp() << "\n";
< (a+1);

Test(sl);

std::cout << s.tellg() << " " << s.tellp() << "\n"; Test(s2);
return; -




Stream linking

 Beyond that, you can also link an istream and ostream, so that
when the istream reads something, ostream will call flush()

automatically.
« By .tie(basic_ostream*), which returns the pointer to the original linked
basic_ostream.

« Since both flush and sync only calls pubsync(), it also indirectly
synchronizes input buffer.

 Notel: use .tie() to get the original link directly, and .tie(nullptr) to
decouple original link.

« Note2: You can also tie an output stream on another output stream, but
this seems to be rarely used.



Stream linking

* The difference between bidirectional stream and stream linking is
that the latter are two individual streams, which use two states,
two locales, etc..

 The most typical example is std::cin and std::cout; they are
tied automatically (i.e. input will flush the output).

 They also have a .sync_with stdio(), which controls whether
printf/scanf can be used when using std::cin/std: :cout.

« S0 in some ACM solutions, you may see std::cin.sync_with_stdio(false),
std::cout.sync with stdio(false), and std::cin.tie(nullptr).

« But it's usually not used in real projects, since it’s hard to guarantee no
external library uses printf.

« And std::print in C++23 is fast enough!



String and stream

e Stream

« Standard streams



Standard streams

 There are three pre-defined standard streams with their buffers,
inherited from std: :basic_istream/ostream/iostream/streambuf.
* File stream: std::basic_ifstream/ofstream/fstream, with
std::basic_filebuf as buffer. They're defined in <fstream>.

» String stream: std::basic_istringstream/ostringstream/stringstream,
with std: :basic_stringbuf as buffer. They're defined in <sstream>.
« There is a <strstream>, but deprecated in C++98, removed in C++26 and replaced by span stream!

« Span stream (C++23): std::basic_ispanstream/ospanstream/spanstrean,
with std: :basic _spanbuf as buffer. They’re defined in <spanstream>.

« And a stream used with other streams:

» Synchronized output stream: C++20, std: :basic_osyncstream, with
std: :basic_syncbuf as buffer. They're defined in <syncstream>.



std: :ifstream fin{ "in.txt" };

File stream Loat a; it b

fin >> a >> b;

As its name, the underlying byte sequence of file stream is file.

 Thus, to construct a new file stream, you need a path and open mode.

« Path can be a std::string and const char*; you can also use
std::filesystem: :path (which is a canonical way to represent a path) or
its native string view. We'll cover them in the future.

« Open mode is widely used in many languages and platform APIs, e.qg. C,
Python, Go, etc., with slight difference on name or functionality.
« We've seen in / out, which is in fact the default mode for ifstream/ofstream;

they specify only read / can write the file; out will also create the file if it
doesn’t exist, and truncate (i.e. delete all contents) if the file exists.

« However, if you use in | out (as the default mode for fstream), truncation
will not happen automatically; you need to add | trunc explicitly.

« Also, if you want to fail rather than create a new file when it doesn’t exist,
you can use noreplace (also called “exclusive mode”) since C++23.



Opens in text (translated) mode. In this mode, carriage return-line feed (CR-LF) combinations are translated
into single line feeds (LF) on input, and LF characters are translated into CR-LF combinations on output.

Also, CTRL+Z is interpreted as an end-of-file character on input. In files opened for reading or reading and

u
F I I e S t re a I I l writing, fopen checks for CTRL+Z at the end of the file and removes it, if possible. It's removed because

using the fseek and ftell functions to move within a file ending with CTRL+Z may cause fseek to behave

improperly near the end of the file.

 There are also two specifiers to affect initial position of sequence pointer.
- ate: after opening the file, seek the pointer to the end of file immediately.

« This is often used with out, which makes it not truncate and may append
some contents at the end first.

« app: seek the pointer to the end of file every time before writing happens.

« The difference with ate is that ate will only seek to end once, while app
will always append at the end (even .seekg() doesn’t affect it).

- Besides, files can be opened in text mode (default) or binary
mode (| binary).

« For example, in Windows, newline will output “\r\n” (CRLF) though you
only write a “\n”.

« If you open in binary mode, then only ‘\n’ will be written.
« Also, some unprintable characters will cause error in text mode.



File stream

« ATTENTION: This is the only difference between binary mode
and text mode!

« In binary mode, you can also use operator<< (e.g. fout << 1). Parameters
are formatted to string and the characters are then written!

« Since numbers are all printable, then it's same as text mode.
« If you want to write “real binary data”, you need to use:
int a = 10;

fout.write((const char*)&a, sizeof(int

* a is then a character array, e.g. 0x00, 00, 00, Oa (depend on endianness).

« So what if we use code above in text mode?
« 0x00 is unprintable, so it may be wrong in some systems.
« Ox0a is newline, so on Windows it will be converted to \r\n!

« And that’s why we need binary mode.

See Windows docl and doc2.


https://learn.microsoft.com/en-us/cpp/c-runtime-library/file-translation-constants
https://learn.microsoft.com/en-us/cpp/standard-library/binary-output-files

File stream

There are many files that should be read as pure byte sequence,
like some compressed file, video/image, etc.

Similarly, you can use .read() to read bytes directly.

 It's theoretically illegal to .read(reinterpret _cast<char*>(&obj),
sizeof(obj)) and then use obj because of lifetime concern, but practically
it's usually Okay.

« It's definitely OK to create the byte array with proper alignment, read in the
buffer, and then start lifetime as<Object>.

« It's definitely Okay to .write(reinterpret _cast<const char*>(&obj),
sizeof(obj)) for objects, since it's legal to read as byte sequence.

« Remember? only “trivially copyable” objects can be safely copied from a
bunch of bytes got from object of the same type.



The file is opened as if by calling std: : fopen with the second argument (file access mode) determined by the result of

[mnde & ~std::io0s base: :ate] as follows, open () fails if the result is not some combination of flags shown in the table:

‘mode & ~std::ios base::ate 4ot
noreplace © geeean " Actionif file | Action if file
binary in out trunc app (since e already exists | does not exist
C++23)
Failure to open
Read from start
Error
Destroy contents |Create new
Failure to open Create new
Write to end Create new
If the open operation succeeds and (openmode & std::ios base::ate) != @ (the ate bit is set), repositions the file

position to the end of file, as if by calling std::fseek(file, 0, SEEK END) ,where file is the pointer returned by
calling std: : fopen. If the repositioning fails, calls close() and returns a null pointer to indicate failure.

Summary on
open mode.



File stream

« If the file fails to open, like file doesn’t exist with in mode, or
you don’t have permission to open the file in some mode (e.q.
read-only to you), then failbit will be set.

« You can use .is open() to check whether the file stream associates with a
file explicitly.
* You can also use .close() to close a file, but dtor will do it automatically.

« Unless you want to open a new file (by .open(..)) on the same stream object,
you don’t need to call .close() explicitly.

« Since C++26, you can also call .native handle() to get the native handle
of the file stream.



Codecvt

* Finally we need to mention codecvt in stream...

 The conversion happens when goes to external device, i.e. the encoding of
the memory buffer haven’t changed at all.

« Codecvt in file stream is always std: :codecvt<CharT, char>, i.e. convert to
char when writing.

* Notice that MS-STL will cancel codecvt when .pubsetbuf(CharT*, size), but
libc++/libstdc++ won't.

« The default locale is same as std: :1locale::global(), which is C locale by
default (i.e. wide characters -> char always fails).

« Binary mode for file stream will still go through codecvt.

str[] = L"ZBEILURBEXBEFA";
std: :wofstream fout{ "test-locale.txt" };

fout.imbue(std: :locale("chs"));
fout << str;




Codecvt

« For example, if you want to use std: :wfstream to output L"{R&"
in its native encoding (e.g. UTF-16 on Windows).
It will by default fail since C locale cannot do so.

« It still fails when switching to binary mode, since binary mode still go
through codecvt.
« It works on MS-STL if pubsetbuf() + binary mode, which disables codecvt
and can write “unprintable characters” (for char) normally.
« But not work on libstdc++/libc++.
« And don't forget to write BOM!
« To make it cross-platform, we need to write our own codecvt + binary
mode to make it success.
« We'll leave it in our homework; check it!



https://learn.microsoft.com/en-us/cpp/standard-library/basic-filebuf-class

String stream

 The underlying sequence of the string stream is just memory.
* You can use any string type to construct it, with an optional open mode
(yes, you may just treat it as file in memory with no flush/sync).

» The string stream will reallocate when overflow.

* You can use .str() to copy it out, or replace with a new string
by .str(newStr).

« Since C++20, you can also .view() to get the string view to it.
« But notice that future reallocation may make the view invalid!

* For example: . :string s0{ "1.234 567 " 3: B CAWINDOWS\... — O

a = 1.234, b = 567
get pos = 9, put pos = 3
- ; original string = 1.234 567 ,
Remember? tellx() returns nderlying string = 56734 567

AT Sk, | .

std: :streampos, which can be seen
as an unsigned integer but in fact a
class. It should subtract another
stream size to get std: :streamoff, std::cout << std::format("get pos = {}
which is a real signed integer. s.tellg() - std::streampos

std::cout << std::format("original string = {},\nunderlying string = {}", s@, s.str());

std::cout << std::format("a = {},
S << b;




Span stream

« String stream will always create a new underlying string; but
what if we want to provide the buffer ourselves?

« Changes are applied on the buffer directly, without worrying about whether
the output exceeds the buffer (just truncates it rather than reallocate).
* badbit will be set in this case.

« But then you need to ensure that the lifetime of buffer > scope for spanstream
to operate on it.

« Ctor: use a span<CharT> + mode.
* rdbuf()->pubsetbuf(CharT*, len) (or move ctor/assignment) can reset it.
« Get view: .span(), get span<CharT> (instead of basic_string view<CharT>!)

* Notice: if the mode contains out, then it returns [pbase, pptr), i.e. the part
that’s already written.

« Otherwise the whole buffer.

String stream and span stream don’t have “external device”;
flush & sync do nothing and codecvt will never work.



an stream

<print>
main()

std::arra , 10> buffer;
std: :spanstream s{ buffer };

S << 1 << " test";

currSpan = s.span();

std: :printin("{} }", currSpan.size(),
tring_view{currSpan.data(), currSpan.size()},

std::s

std::string_view{ buffer.data(), currSpan.size() });

aL=10:
S >> a;

std: :println(" et pos: {},
s.tellg() - std::streampos{}, s.tellp() - std::stre

s << " 999999999 3

hewSpan = s.span();

std: :println("{} {} {}", newSpan.size(),

stdsstri

stdsiprintln(" or not: {}", s.bad());

return 0;

iew{ newSpan.data(), newSpan.size() },
std::string_view{ buffer.data(), newSpan.size() });

Microsoft Visual Studio il X

6 1 test 1 test p

1, get pos: 1, put pos: 6
10 1 test 999*1 test 999
Bad or. not: true

D: \Work\CS\C++\Test\Proje
REZEXALEOD. . .|




Synchronized stream

 If you've coded some multi-threading program that uses
std::cout, you may find output is messed up...
« E.g. std::cout << “a=” << a << “c=" << c; in two threads may have any
permutation (e.g. “a=a=1c=c=22").
« Before, you may have to create std: :ostringstream, and std::cout << .str()
so that it will output the string as a whole.
« std::format will help to eliminate that problem too.
« However, this only holds water for standard output because it has an inner
global lock.

« Other streams, like file stream you create, will still cause data race because
two threads may operate on file pointer simultaneously. You need to add a lock
manually!

e std::osyncstream is to solve that!



Work(std: :osyncstream&

" << gtd::flush_emit;

Synchronized stream %

std: :ofstream fout{ "out.txt" };
std: :osyncstream si{ fout }, s2{ fout };
* You need to create two std: :osyncstream work(s1);

work(s2);

and each thread has its own.

« You may think osyncstream prepares an additional ==t

buffer; when you use std::flush_emit explicitly,
the buffer is output to the attached stream (fout here) without data race.

« This is done by sharing mutex on streams with the same buffer address; only
OS APIs can do so currently.
« If you want / don’t want to emit every std: :flush, you can use
<< std::emit _on_flush / std::noemit_on_flush.
« The stream will be emitted too when destructed.
* You can also use .get wrapped() to get the buffer of the attached stream,

too.




String and stream

e Stream

« IO manipulator*



IO manipulator*®

« As we've said, you can now use std::format for formatting, so

most of IO manipulators are not that useful (especially for output)
and we’ll only give a brief view.
« The vexing fact of IO format manipulators is that many of them will keep
the manipulation state so that any following output will be affected.
 For example, std::cout << std::hex << 16; std::cout << 32; will also
make 32 hexadecimal.

« If you want to restore the status, you either remember what status you’ve
changed and adjust it back (e.g. std::cout << std::dec << 32), or auto
flags = stream.flags() before status changing, and stream.flags(flags)
at the end to restore all settings.

» First, they’re defined in <ios> & <iomanip>.



IO manipulator*

adjustfield 1left | right | internal

basefield

floatfield

dec | oct | hex

scientific | fixed
and other two.

Defined in header <10s5=

boolalpha
noboolalpha

showbhase
noshowbase

showpoint
noshowpoint

showpos
noshowpos

skipws
noskipws

uppercase
nouppercase

unitbuf
nounitbuf

internal
left
right

dec
hex
oct

fixed
scientific
hexfloat

(C++11)
defaultfloat (c++11)

switches between textual and numeric representation of booleans
(function)

controls whether prefix is used to indicate numeric base
(function)

controls whether decimal point is always included in floating-point representation
(function)

controls whether the + sign used with non-negative numbers
(function)

controls whether leading whitespace is skipped on input
(function)

controls whether uppercase characters are used with some output formats
(function)

controls whether output is flushed after each operation

(function)

sets the placement of fill characters
(function)

changes the base used for integer /O
(function)

changes formatting used for floating-peint IJO
(function)



IO manipulator*

« For those three that have multiple options, their default values

are left/dec/fixed.

* You can also use e.g. << std::resetiosflags(std::ios::basefield/

adjustfield/floatfield) to restore the default

one.

 There is also a std::setiosflags; << std::setiosflags(std::ios::fixed) is

basically same as << std::fixed.

 For fill-align-width-type, you can use:

changes the base used for integer |/O

input/output field

setbase (function)
setfill chanlges the fill character
(function template)
setprecision changes floating-point precision
(function)
changes the width of|the next
setw .
(function)

setbase only accepts 8/10/16.

setw has no after effects!



IO manipulator*

 And some locale-related manipulators:

get_money (C++11) (function template)

put_money (C++11) (function template)

get_time (C++11) (function template)

pUt—tlmE{C++ll) (function template)

parses a monetary value

formats and outputs a monetary value

parses a date/time value of specified format

formats and outputs a date/time value according to the specified format

« And a final one std: :quoted(str, delim="", escape=°\\").

« It will add delim on both sides, and add escape for characters in the str
that equaIS to delim. void default_delimiter()

« This can be basically substituted {
by ? type in C++23.

Default delimiter case:

read in [std::quoted() quotes this string and embedded "quotes" too]
stored as ["std::quoted() quotes this string and embedded \"quotes\" too"]
written out [std::quoted() quotes this string and embedded "quotes" too]

const std::string in = "std::quoted()
std::stringstream ss;
§5 << std::quoted(in});
std::string out;

s5 »>> std::quoted({out);

std::cout <<

"Default delimiter
“read in [" =<
"stored as [" <<

"written out [" =<

quotes this string and embedded \"quotes\"™ too";

case:\n"

in =<
ss.str
out ==

"1\n"
{) << "I\n"
“1\n\n";



IO manipulator*

« And finally non-formatting manipulators:

Defined in header <istream>
consumes whitespace

WS (function template)

Defined in header <ostream>

outputs ‘\0°
ends (function template)
flush flushes the output stream

(function template)

endl outputs '\n' and flushes the output stream
(function template)

emit_on_flush (C+420) controls whether a stream's basic_syncbuf emits on flush
noemit _on_flush (function template)

flushes a stream and emits the content if it is using a basic_syncbuf

flush_emit (C++20) (function template)



String and Stream

Regular Expression



String and stream

« Regular expression
« Regex syntax



Regular expression

 We've learnt pattern matching by searcher in std: :search.

« But pattern matching is really strict; you must match the whole pattern string
almost exactly.

* You cannot express meaning like "*match if there are at least 10 “a°”.

 Regex (Regular expression) is for that!
« It regulates some set of syntax to match in some pattern.

« For classic regex, it can be converted to a finite automata (FA, ERBE=I¥l) , which will
be strictly 0(n).

« You'll learn theory of classic regex and FA in compiler principles.
« KMP is a kind of FA in essence.

« However, classic regex has its limitation:
« Its syntax is restricted, which still can only do simple work.

- The FA may be very huge, and its construction also typically needs 0(r3) (and worst
0(r?2"), where r is length of regex), which consumes a lot of space and time too.

« Patterns of compiler are fixed, so time of regex construction there is just
preprocessing and it's then not that important.



recursively enumerable

Regex =N\
/ ontext- fre\l ‘

\ </ FA > i/

« SO most regex engines don’t adopt FA-based way; instead, they
use backtracking way.
« This can extend the functionality of regex greatly.

« However, the semantic meaning is slightly different from the classic one,
and even worse, its time complexity can be as bad as 0(2") (or even higher,
even never ends!).

« Formally, it's even not fully conveyed by Context-Free Language, which can
nearly express programming languages like C. It's some form of Context-
Sensitive Language. See here for details.

Some useful websites to practice or do experiments on regex:

« https://regex101.com/, which will analyze how an regex (fails) to match
the string and how many steps it will take to finish.

« https://regexlearn.com/zh-cn, learn basic regex and test at playground.



https://stackoverflow.com/a/11255218/15582103
https://regex101.com/
https://regexlearn.com/zh-cn
https://regexlearn.com/zh-cn/playground

Regex

» Classic regex has these syntax:
« Alternative (or): |; for example, a | b will match both a and b.
« Concatenate: e.g. a will match a, b will match b - ab will match ab.

« Kleene closure: *, which means match more than zero times, e.g. a* will
match € (i.e. nothing), a, aa, aaa, ...

« Precedence of these three operators are * > concatenate > |, e.g. ab*
means e.g. abbbbb...

« Combine: (), which will raise the precedence of some group, e.g. (ab)*.

 There are some syntax sugar for it:
« Positive closure: +, which match more than one times.
« Zero or one: ?, which match zero or one time.
« Multiple: a{1,3} will match 1 to 3 times; a{3,} will match at least 3 times.

« Character class: [atyz] means a|t]|y|z; [*atyz] means all characters
except for a|t|y|z; [a-z] can represent a|b]...|z.



Regex

 Beyond these extensions, there are some pre-defined regular
definitions.
- \d: all digits, equivalent to [0-9].
« \w: all English letters, digits and underscore, i.e. [a-zA-Z0-9_].
« \s: all blank letters, i.e. whitespace, tab and \n.
« \D, \W, \S: [~0-9], [Ma-zA-Z0-9_], all non-blank letters.
- .(yes, a dot): any character.

« Of course, you need escaped “\’ to express the original one; considering
that C-string needs escaped themselves, you need “\\\\” is actually “\\”,
which express “\’ in regex.

« Thus, raw string is extremely important for regex; you need R“(\\)” for that.
 Particularly, slash needs escape too, i.e. you need R“(\/)”.
« For non-printable values, octal form “\9’ and hexa form “\x..” can be used.



Regex

« Notice that different languages may provide different regex functionalities, and what
we taught here is basically supported by all; if you hope to utilize other features, check
document of the language.

« Some examples:

« Email: R"([\w\.\-J+@[\w\-J+\.[\w\.\-]+)"
* j.e. XX.yy...@aa.bb..., and there is at least one . after @.

« Hexadecimal rgb: R" (#?[\da-fA-F]{6})"
« i.e. an optional # as the beginning, with 6 hexadecimal digits.

« Valid Linux file absolute path: R"((\/[*\/\x00]+)+)"
« That is, a file/directory cannot have any backslash or “\0”.
« Here we don’t consider pure directory path, like “/a/b/”, or “/>.


https://stackoverflow.com/a/31976060/15582103

Regex

« Backtracking regex distorts the original semantic meaning of
classic regex.

« It will not create a FA (thus space consumption and preparation time may
be less), so new rules are needed to regulate how to match.

It introduces “greedy match” and “lazy match”!

« Thatis, *, +, ? will first try to match as much as it can, and *?, +7, ?? will first
try to match as little as it can.

 For example, a+.+ to match aaa, then a+ matches all things and .+ matches
nothing; and for a+?.+ to match aaa, then a+? matches only a single a and .+
matches aa.
 If the choice doesn’t successfully match, it will go back to the last
successful state and try another option (same as DFS).

« Thus, greedy or lazy preference may affect the performance depending on
matched string; it prefers some branch than others.

Some regex engines also support “possessive match”; we don’t talk about it here.



Regex

It also extends the functionality of regex.

« Anchors: » means matched string must at the beginning; $ means it must
go until the end; \b means ending at word boundary (i.e. the next
character after the matched string shouldn’t be \w), and \B conversely .

« For example, a* can match aaa in baaa, but ~a* cannot; a* can match aaa in
aaab, but a*$ cannot.

« Capture: () is additionally used to capture matched part, and you can get
these capture afterwards.

« For example, (a+)b to match aaab, then aaa is captured; you may use it in
your program (e.g. matched result.get(1)).

« id is determined by the order of left brace.
« The whole matched string is also usually seen as capture 0.
« If you don’t want to capture (which will boost performance), use (?:) instead.



Regex

« Back reference (not supported by Re2): utilize the captured group in the
regex by \id; e.g. (a+)b\1 will match aabaa in aabaaa, because aa is
captured and \1 refers to the same thing as it.

- Lookahead and lookbehind (5= fEFHS, SHMETKS)

* Not supported by Re2, either.
« Positive lookahead: (?=xx), meaning that the following characters must match
xx to be seen as satisfied (but xx isn’t part of matched string).

« For example, “everybody(?= lives)” to match “everybody dies but not
everybody lives” will only match the second everybody since 1lives
(including space!) follows it.

« The matched string is not everybody lives, and lives is not captured too.

« Positive lookbehind: (?<=xx), meaning that the previous characters must
match xx to be seen as satisfied.

« For example, “(?<=not )to be” to match “to be or not to be” will only
match the second to be since it follows not (including space!).



Regex

« Negative lookahead: (?!=xx), meaning that the following characters
shouldn’t match xx to be seen as satisfied.

* Negative lookbehind: (?!<xx), meaning that the previous characters
shouldn’t match xx to be seen as satisfied.

« Lookahead and lookbehind also help to prone the DFS tree.

« Finally, regex can usually designate some modes.
* You can specify them by APIs of languages.

« The most common ones are global, case-insensitive and multiline.

« Global means continue to match when the first match is found; this is so
common that it's usually provided as an API instead of mode.

« Case-insensitive can be in fact alternated by specify manually.

« Multiline means to treat a string as multiple strings split by “\n’; This affects »
and $, which will have multiple possible positions to match.

* Now let’s see how backtracking works...



Regex

For example, “Computer graphics is awesome!” and we match it
with “.*some”, then the procedures are like:
- . * will match all (success!), and then finds that s cannot match anything.
« Then .* withdraw (i.e. match all except for !), but s still cannot match !.
 Then .* withdraw (i.e. match all except for e!), etc.

Finally, .* only matches “Computer graphics is awe”, and s finally
succeeds to match, the following match continues.

The matched result is “Computer graphics is awesome™.

* You may understand why backtracking may lead to worst
performance — It may traverse all paths on the DFS tree.

 When bad case occurs, we call it “regex catastrophic backtracking”; This is

utilized by ReDOS (IEN#E2# AR5 ), which used to corrupt StackOverflow
and Cloudflare.



REGULAR EXPRESSION no match (24 steps, 0.0ms) & REGULAR EXPRESSION
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 For example: ~(?:a+)+$ to match aaaaaab.

« Here we can obviously use ~a+$, but real applications may have more
complex regex that the simplified form cannot be found easily.

« The procedures are like:

a+ first matches all aaaaaa, but $ finds that end is not matched.

a+ then withdraws to match aaaaa, and + use another a+ to consume the last a;
but then ¢ finds that end is not matched.

a+ then withdraws to match aaaa, and + use another a+ to consume aa; but
then $ finds that end is not matched.

« This failure makes the second a+ to match only a single a, and + use
another a+ to consume the last a...

As a whole, we go through every node of a DFS tree.

Or theoretically, it's likeTn+1)=Tn)+T(n—1)+ -+ T(1) + k (n means the
length of suffix), which leads to T(n) = k - 2™.

« It's OK if you cannot understand, just try it on regex101.



Regex

« Personally, I recommend you to read / watch the following
documents / videos to learn further how regex works and why
catastrophic backtracking happens.

e https://www.bilibili.com/video/BV17N411b72t (kI AHEEZIBZT K T Frl =,
EEFHNENA AR BRFERENRAR, mEFEAHTEEZENLE)

« C# regex doc: Details of regular expression, Backtracking in regular
expression, Best practice of regex.

« If you want to see how features of C# help to reduce backtracking further,
see Reqgular expression options — nonbacktracking mode.

« https://www.regular-expressions.info/catastrophic.html (no need to check
atomic group and possessive matching).



https://www.bilibili.com/video/BV17N411b72t
https://learn.microsoft.com/zh-cn/dotnet/standard/base-types/details-of-regular-expression-behavior
https://learn.microsoft.com/zh-cn/dotnet/standard/base-types/backtracking-in-regular-expressions
https://learn.microsoft.com/zh-cn/dotnet/standard/base-types/backtracking-in-regular-expressions
https://learn.microsoft.com/zh-cn/dotnet/standard/base-types/best-practices-regex
https://learn.microsoft.com/zh-cn/dotnet/standard/base-types/regular-expression-options#nonbacktracking-mode
https://www.regular-expressions.info/catastrophic.html

String and stream

« Regular expression

« C++ support for Regex



Overview

« Regex in many programming languages (like C#, Python) or
libraries can be compiled, which means trying to optimize the
regex to achieve higher performance.

« But compilation needs time, so it shouldn’t be used for regex that is used
only once.

« There are three operations for regex:
« Match: match the whole string.

« Search: find matched substring.

« Matched part will be skipped, e.g. aaaa will only match 2 aa; this is similar to
std: :search continue to search with end iterator instead of begin iterator.

« Replace: replace the matched string with another string.
« Different languages may have different or even conflicting API names.



Overview

« Unfortunately, C++ standard library on regex has a tragic
performance (even much slower than Python), and doesn't
support Unicode regex.

« A small benchmark shows that it's almost the slowest among all languages.
« I've tested it myself, that’s trrrrrue.

« There are some fast alternative solutions.
« Boost.Regex, also supports Unicode regex.

« CTRE (compile-time regex), which compiles the regex pattern in C++
compilation time and optimizes the matching procedures.

« Defect: Pattern should be determined in C++ compilation time, meaning
that they can only be fixed string; only support UTF-8 for unicode.

« RE2 by Google, guarantees linear complexity;

« An NFA engine (with some more techniques to support e.g.
captures).

« Defect: don’t support back reference, lookahead and lookbehind.
« Hyperscan by Intel (only usable on x86/x86-64 Intel platform).



https://github.com/mariomka/regex-benchmark
https://www.boost.org/doc/libs/1_83_0/libs/regex/doc/html/index.html
https://github.com/hanickadot/compile-time-regular-expressions
https://github.com/google/re2/wiki/CplusplusAPI
https://github.com/intel/hyperscan

Overview

 According to author of CTRE:

Runtime Searching (Clang 7): [0-9a-fA-F] {8,16}

Searching pattern against Big CSV file (1.3 GiB, 6.5 MLoC).

2min 45s

Q
£

34.70s

o 110s 1075 4 e 1905
9s s :
| l I (
egrep CTRE xpressive PCRE2 PCRE2 (jit)  std RE2  boost:regex

(less is better)


https://compile-time.re/cpp-on-sea/#/1

Notice: The regex string should be not way too long for

C + + Reg EX CTRE, otherwise compiler may complain it's too complex

and it will take dramatically long time to compile.

« So we only talk about CTRE (“ctre.hpp”) and RE2 (“re2/re2.h”).

« CTRE doesn’t support replace operation directly, because replacing is slow
in C++ (do it yourself if you want).

« The good thing about RE2 over CTRE is that it doesn’t support complex
backtracking, which guarantees linear time so it doesn’t incur ReDOS; the
regex pattern can also be determined in runtime.

« Also, CTRE needs at least C++17 and at best C++20.

« There will be some personal notes on regex in standard library at the end,
in case you may want to learn it.

« Some features that CTRE doesn’t support: octal form character, optional
escaped character (e.g. dash should add \ in brackets, i.e. [a\-], to

diStinQUiSh it from character class) " Explicitly allowed character escapes which insert only the character are:

- <o


https://github.com/google/re2/wiki/WhyRE2

C++ Regex

» First, CTRE returns matched result by a struct, while RE2 by
passing pointers.

* regex_results is a matched result; you can use .get<ID>() to get its
capture of type captured content.

« .get<0>() is the matched result itself.

// result type is deconstructible into a structured bindings

template <...> struct regex results {

- RE2 doesn’t capture the whole matched e o e e )
reSUIt by defaUItl SO you need to add an auto to:string{) const -» std::str*i;g; ') aisc str() :
add|t|0na| pa|r Of parentheses. operator std::string view() const; // also supports all char variants
o You can use VieW( )/ tO VieW( )/ Str‘( )/ explicit operator std::string() const;
.to_string() to turn captured_content /1 also size() data()
to a Strlng VIeW/StrIng' size t count() const; // number of captures
° Pa rt|CUIar|y, . get<@>() . Str\() |S template <size t Id>» const captured_content & get() const; // provide

—
50

equivalent to .to_string().

* You can also use structured binding to get
captures, e.g. auto [whole, a, b] = m.



StringPiece(const std::string& str): ptr

( I I Re eX StringPiece() : ptr (nNULL), length (@) {
s;; stringPiece(const char® str): ptr_(str),
(
StringPiece(const char® offset, int len)
« For RE2:

* You can compile for preparation, e.g. re2::RE2 regex{“[a-z]"};

« Also, the matching data str is of type StringPiece, which can be seen as a
string view; CTRE accepts any range or iterator pair instead.

 Matching: ctre: :match<regex>(str) /
bool re2::RE2::FullMatch(str, regex, manyCapturesAddress..).
« Notice that manyCapturesAddress can accept any number of arguments.
« For example: if(auto m = ctre::match<R“(\w+)”>(“abc”))
std::cout << m.to view();
* re2::RE2 r{R"((\w+))"}; std::string s;
if(re2::RE2::FullMatch("abc", r, &s))
std::cout << s << "\n’; For unused captures, pass nullptr.

CTRE also has a ctre::starts _with, which requires to match from the beginning(like adding an anchor *).



C++ Regex

« Search: ctre::search<regex>(str) / bool
re2::RE2::PartialMatch(str, regex, manyCapturesAddress..).

« Example: K i‘\d+\-\.d+\-\d+\..\d+):([@—9]”.?’L.f

E*PinﬂPiﬁrﬂ content{”alease visit 127.0.0.1:¢

12
please visit 127.

7.0.0.1 899
0.0.1:8999

here

std::cout << ip << ' ' << port <«

1
J
std::cout << content << "\n';

whole, ip, port] = ctre::search<R"((\d+\.\d+\.\d+\.\d+):([0-9]+))" >
"please visit 127.0.0. 999 here"); whole)

std::cout << whole << ' " << ip << ' ' << port << "\n’; 127.9.0.1:8999 127.9.0.1 8999




C + + Reg ex Since v3.9 (2024/5/17), ctre::range is renamed as

ctre::search_all.

« If you want to get all matched strings, you need
ctre::range<regex>(str) /

i There is also a Consume(),
bool re2::RE2::FindAndConsume(str*, regex,

which requires match from
manyCapturesAddress...). the beginning.
» The difference between FindAndConsume and PartialMatch is that
FindAndConsume will set the passed string to a new state.

std::string s1, s2;

RE2 re{ R"((\d+\.\d+\.\d+\.\d+):([0-9]+))" };

StringPiece content{"please visit 127.0.06.1:8999 here, not 127.0.0.1:9998 heyhey"};

while(re2::RE2::FindAndConsume(&content, re, &s1, &s2))

std::cout << s1 << ' " << 52 << "\n';
T _ . R R N . .
std::cout << content << '\n'; "please visit 127.0.0.1:8999 here, not 127.06.0.1:9998"); whole)
127.9.0.1 8999 1

127.0.8.1 9998

heyhey

whole, ip, port]: ctre::range<R"((\d+\.\d+\.\d+\.\d+):([0-9]+))" >\

std::cout << whole << ' " << ip << " °




RE2 re{ R"((\d+\.\d+\.\d+\.\d+):([©-9]+))" };.:

‘ + + Re ex re2::StringPiece replaceStr{ "SOME_IP"};
if(re2::RE2::Replace(&content, re, replaceStr))

std::cout << content << '\n';
lease visit SOME IP here, not 127.8.0.1:9880,

 RE2 additionally supports replace, by bool
re2::RE2::Replace(std::string*, regex, replaceStr);
» Notice that the first parameter is std::string instead of StringPiece.
» The result will be stored in the std: :string*.

« If you want to replace all strings, you need int
re2::RE2::GlobalReplace(std::string*, regex, replaceStr);

« It will return the number of matched subpart.

RE2 re{ R"((\d+\.\d+\.\d+\.\d+):([©-9]+))" };
S C . , hot 127.9.0.1:9000."};
re2::StringPiece replaceStr{ "SOME_IP"};
if( cnt = re2::RE2::GlobalReplace(&content, re, replacestr))
std::cout << cnt << "," << content << "\n';

2,please visit SOME IP here, not SOME IP.




[ R"((\d+\.\d+\.\d+\.\d+):([0-9]+))" };

regex {R J
I I e g e X st L 127.0.0.1:899¢ , hot 127.08.0.1:9000 heyhey."};

for( str : ctre::split<regex>(content))
std::cout << str << "\n’;

please visit

 CTRE additionally supports split by regex, by IS 0%
ctre::split<regex>(str). |
* The return result is still regex_results, with the first capture the split part,

and other captures the captures in the regex.

« For example, here the first str.get<o>() is please visit , str.get<1>() is
127.0.0.1, and str.get<2>() is 8999.

 And tokenize, by ctre::tokenize<regex>(str).
« That is, match over and over again until regex fail to do so.

regex {R"(\d )"};
std::string content{"1 2 3 4 52"};

for( str : ctre::tokenize<regex>(content))
std::cout << str<< '\n';

Bl b

BTW, CTRE “functions” are all in fact functors.



Summary

Character and string literals. - Format string specification, including
- Raw string. range format.

- - : - User-defined f t.
std::string and std::string_view >er-detined forma

. Index-based methods, SSO. * Stream
- Non-null-termination of view; Some * Input/output stream
caveats. * Bidirectional stream and stream
. charconv linking
. Unicode « Stream buffer.

e Stream status.

« Bytes, code point, code unit and text; . 10 Manipulator*

normalization
« C++ support for Unicode. « Regex
« /utf-8 (input / execution charset) « Syntax and catastrophic backtracking.

std::format and std::print * CTRE and RE2



Next lecture...

« We finally step into move semantics...
« One of the most basic and important part of modern C++.
« We'll use two and half lectures to teach it; time is abundant!



HA R EIBRERICRregexfi. (BERE AR —NE, C++HNregexFIFEE, AUfEHRe28L
HCTRE, REE EAEMtreplace HiZ,

regexFES N="8B%: basic_regex (F=IEMFAT,) . match_results F]sub_match

(sub_match St EMIAAYERS, M match_result FLELEZIRISREFANERIVES;
match_result[0] FEEICEEIFNEE FE; sub_match OJL AR first/second 53|ILEEEIRERN
[begin, end) iEf{E8, .str() oJLAUR[Estring) .

Hrh  basic_regex =¥ regex/wregex : sub_match $5kH csub_match/wc_submatch/
ssub_match/wssub_match ; match_results 551k cmatch/smatch/wematch/wsmatch , Hc
£ZFE const char* —25fJCEFE, s{tFEstring, wtEEFFT.

A %" RIEAR AR, KR ERIER LRRSBBERFIE.



regexts —fMERTGIX:

/] APEEASEEEITICES, PLACLS B {EfEfEMatchResuTts

/7 REESICECR T S AT, Mmatch_results Hitidfsizeflemptyiyik, H{huB
// InputSequence: [first, last) iter pair; std::string; C-style string.
bool regex_match(InputSequence[, MatchResults], Regex[, Flags]):

// Er B F TR TICES, iR R B TLEC LS B 7 ik fEMatchResuTts .
// IREESAT 7o Al IhILEL.

bool regex_search(InputSequence[, MatchResults], Regex[, Flags]);
// HEREA R+ regex_searchikth iy al ILEL 7, ZBIN:

/7 + GIENZFEnl LT &, W2 FE1E 5.

/) + EEMFGARAEA (A, $) , AR ERER T RAMNKITE, FEEERARY
// W RLiZAE fiterator, EAEH 2.

// {|-‘"'f’-'|"-ITJfJa'%iJﬁlij',;_'-Regex, FiReplacestr &4, iR [al¥ i 4h ).

// HrfReplacestrnal LI —SbpBRA1EE L7510, Sndon T M Hn M ERAR 78, S&FRBEAILAM
TH, $ IR THPETH ’r{"“'-"I".I“"’i"‘ffi, TRt . $$A R~ do1larfF s

// HrFlags nl Ll Hregex_constants: :format_no_copy/format_first on]y, A& s R AR
EAEE, R AE N EERR RS UL A i B . B4 - HfbhiIF ag,
M T .

std::string regex_replace(InputSequence, Regex, ReplacesStr[, Flags]);

// or:

/7 RN, outputIto Ak, RptH B, R[FEH LS R end. InputSequence H ik
PN A ] 5 AR

QutputIt regex_replace(OutputIt, BidIt begin, BidIt end, RegEx, ReplaceStr[,
Flags]);



Hrhiteratorgt 2RSS HATE LA 7/, BLANFER:

* regex_iterator: EFils. . /c.

CE— it EENaiFE match_result, FEHEHEW
T~

for(std::sregex_iterator it{ str.begin(), str.end(), reg };
1t != std::sregex_iterator{}; ++1t) // ...

* regex_token_iterator : RXIULERYFEBA—EBotokeni#H Tk, T

for(std::sregex_token_iterator 1t{ str.begin(), str.end(), reg };
it != std::sregex_token_iterator{}; ++it) // ...

Hrh it SERaRIEI N 221, BFEEREEtoken (Bl— match_results [HpLL
sub_match) , ERAE 0 (BIILECRUEEFE8) |, thoJLUEA HithEEaia=

vector/initilizer_list/C-array 52, HTEEANE sub_match , FILEZEH

it->str() XML, AREBE*it[0].str() 7, 55, BIE -187, EEETRN
tokenizeThge, BI=iECEREAPLECIENIZFIATAIFER,

Some performance pitfall:

https://stackoverflow.com/questions/76400707/why-is-stdcmatch-slower-than-stdsmatch-here



https://stackoverflow.com/questions/76400707/why-is-stdcmatch-slower-than-stdsmatch-here
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