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About Concepts
Á Make C++ Typed Again

Á Removes duck -typing from C++

Á ƪ@ sxod rxrsdl enq sxodrƫ

Á The Python 3 of C++

Á 20+ years in the making



The requires Clause
Á Before
template <typename It >
void sort ( It begin , It end) {

ƳƳ ƛ
}

Á After
template <typename It > requires Iterator <It >
void sort ( It begin , It end) {

ƳƳ ƛ
}



Abbreviated Templates
Á Before
template <typename T, typename U>
void foo ( T t , U u) {

ƳƳ ƛ
}

Á After
void foo ( auto t , auto u) {

ƳƳ ƛ
}



Static Requirements

template <typename T>
concept Large = sizeof ( T) > 10;

template <typename T, typename U>
concept FooableWith = requires ( T t , U u) {

typename T:: foo_type ;
{ t . foo ( u) } - > typename T:: foo_type ;
t ++;

};

void doFoo( FooableWith <int > auto t ) {

t . foo ( 3);

}



Nicer Errors
Á Before

std :: unordered_map<A, int > m;



Nicer Errors
Á After



Overloading
template <Iterator It >
void sort ( It begin , It end) {

ƳƳ ƛ
}

template <RandomAccessIterator It >
void sort ( It begin , It end) {

ƳƳ ƛ
}



About me
Á 24 years old, from Kiryat Atta (Northern Israel)
Á Like programming, graphic design and video games (Dark 

Souls)

Á Fell in love with C++ ever since I relearned it in 2015

Á Have been working on the Clang implementation of 
Concepts for the past year or so

Á This is the story of how I got around to doing this



A slippery slope
Á Started writing a game engine
Á Involved a lot of generics
Á Things were getting out of hand

Á Concepts had an implementation in GCC 7!
Á Vghbg v`rmƧs dudm nts a`bj sgdm

Á Oqna`akx rshkk atffxƱ
Á Not sure if maintained

Á M`g+ hsƧkk ad ehmd



A slippery slope
Á Built GCC 7

Á Wrote much code with concepts #future
Á Before:

Á Which is basically like:

template <typename Message_, typename Source_, typename PasserLocation _, typename ReceiverLocation _,
typename Context_ , typename Propagate_ >
auto passMessage( Message_ message, Source_ sourceFromPasser , PasserLocation _ passerLocation ,

ReceiverLocation _ receiverLocation , Context_ receiverContext ,
Propagate_ propagate ) {

ƳƳ ƛ
}

auto passMessage( auto message, auto sourceFromPasser , auto passerLocation , auto receiverLocation ,
auto receiverContext , auto propagate ) {

ƳƳ ƛ
}



C++ with strong typing
auto passMessage( auto message, auto sourceFromPasser , auto passerLocation ,

auto receiverLocation , auto receiverContext , auto propagate ) {

}

Á Becomes:
Message auto passMessage( Message auto message, MessageSource auto sourceFromPasser ,

Location auto passerLocation , Location auto receiverLocation ,
Context auto receiverContext , Callable auto propagate ) {

ƳƳ ƛ
}

Á

Á SgdqdƧr mn stqmhmf a`bj mnvѩ



And they lived happ -
Á Well it turns out GCC concepts did have bugs

Á No problem! I can report them!

Á (And that was the last time I heard of this)



Compile times
Á As I said before, this involved a bunch of templates.

Á Compile times started to get out of hand.

Á Dqqnq ldrr`fdr rs`qsdc sn fds nts ne g`mcƱ



An unindicative error message

Á So at one point I tried to compile the project

Á It froze
Á The whole PC

Á The kernel
Á Sgd lntrd vnmƧs dudm lnud

Á Maybe a very long error message?
Á -fmax -errors=1

Á Rshkk cndrmƧs vnqj
Á Output the message to a file?

Á Rshkk cndrmƧs vnqj

Á A problem with cygwin ?



Ng vdkk hsƧr oqna`akx ` Vhmcnvr oqnakdl

Á Move to a Linux VM

Á Freezes
Á The host as well

Á (In hindsight it was a BIOS problem)
Á Output the error message to a file

Á CndrmƧs eqddydƱ
Á We have a file with an error message!!!! 

Á 1.2GB
Á (-fmax -errors=1)
Á What does it say?
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How do you read 1.2GB?
Á Opens in some of the text editors

Á Only 10 lines of error message!
Á Each line ~ 100MB

Á In instantiation of foo::bar<T, U>::bar() [with T = foo<A, B> [with A = Ʊ, B = Ʊ], U = Ʊ]
Á In instantiation of foo::bar<T, U>:: baz() [with T = foo<A, B> [with A = Ʊ, B = Ʊ], U = Ʊ]

Á Ʊ

Á Template backtrace
Á We can limit the backtrace depth, but I needed all of it to 

understand what the problem was Ʊ
Á People complain C++ gives unindicative errors, I couldn Ƨt even 

read mine Ʊ
Á Let us parse!



How do you parse 1.2GB?

Á So I started writing a Python script -
Á In instantiation of foo::bar<T, U>::bar() [with T = <1>, U = <2>]
Á Click 1 to expand <1>, 2 to expand <2>

Á CndrmƧs vnqj
Á Oxsgnm hr snn rknvƱ
Á C++ to the rescue!

Á Works!
Á (I had to really optimize the C++ script)

Á Got the bug!!!
Á A few days later, the PC freezes again
Á 2.0GB

Á Rbqhos b`mƧs g`mckd sghr `mxlnqd



What now?
Á The long -named templates are actually compile -time trees:

Á tree <a, tree <c, tree <a>, tree <a>>, tree <a>, tree <c, tree <b>>>

Á How can we shorten their names?
struct my_tree : tree <a, tree <c, tree <a>, tree <a>>, tree <a>, tree <c, tree <b>>>
{

// inherit constructors
using tree <a, tree <c, tree <a>, tree <a>>, tree <a>, tree <c, tree <b>>>:: tree ;

};

Á my_tree behaves just like tree <a, tree <c, tree <a>, tree <a>>, tree <a>,

tree <c, tree <b>>>+ dwbdos sgd e`bs sg`s hsƧr m`ld hr rgnqsdq hm 
error messages!
Á Works! Only 400MB of error!

Á Piece of cake for the script



A long -term solution
Á Inheriting from every long template like this is a hassle

Á And sometimes I don Ƨt even need all that information

Á If we take a look at the error message:
Á In instantiation of foo::bar<T, U>::bar() [ with T = < 1>, U = < 2>]
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Another unindicative error message



And accusations of murder



He HƧl `kqd`cx o`sbghmf FBBƱ

Á I needed to debug a lot of compile -time stuff

Á There is no print -debugging at compile time 

Á LetƧs add some!

Á Opened up GCC sources



Fnnc sghmf FBBƧr bncd hr rn mhbd

Á Meet parser.c, which parses all of C++:

Á Yes, there are bigger files ( 52k lines)



static_print

Á I wanted to add a new keyword to C++:

int main() {
test <int , 3> y;
static_print ( "y's type is " , decltype ( y));
return 0;

}

Á While compiling the above code, the compiler will print:
Á yƧs type is test<int, 3>



How do you add a keyword?

Á Well I did take a compilers class back in university Ʊ

Á ThereƧs probably a nice little file that defines the grammar 
declaratively
Á I only need to add my new keyword and I Ƨm done, right??

Á The real world isn Ƨt as pretty

Á ItƧs functions all the way down

Á What now?
Á Copy & Paste!



Copy & Paste
Á static_print behaves awfully similar to static_assert

Á Can appear in the same places
Á It also parses string literals
Á It also starts with static_ and is also colored pink in the slides 

Á The plan:
Á Search the whole source for the string Ƨstatic_assert ƨ

Á Find where keyword is parsed
Á Wherever it is, duplicate it and change to Ƨstatic_print ƨ

Á If that string is assigned to any variables/constants ƣdo the 
same thing recursively



Copy & Paste
Á Found this:
const struct c_common_resword c_common_reswords[] =
{

{ "_Alignas" , RID_ALIGNAS, D_CONLY },
{ "_Alignof" , RID_ALIGNOF, D_CONLY },

// a bunch more like these...

{ "static_assert" , RID_STATIC_ASSERT, D_CXXONLY | D_CXX11 | D_CXXWARN },

// ...

Á Jackpot! Add this:
{ "static_print" , RID_STATIC_PRINT, D_CXXONLY | D_CXX11 | D_CXXWARN },

Á But now we have RID_STATIC_PRINT



More Copy & Paste
Á Then
enum rid {

RID_STATIC = 0,
// ...
RID_NULLPTR, RID_STATIC_ASSERT,
RID_STATIC_PRINT,
// ...

};

Á Search for usage of RID_STATIC_ASSERT
/* If the next token is ` static_assert ' we have a static assertion.  */

else if ( token 1- >keyword == RID_STATIC_ASSERT)
cp_parser_static_assert ( parser , /* member_p=*/ false );

Á IƧll just leave this here:
/* If the next token is ` static _print ' we have a static print statement.  */

else if ( token 1- >keyword == RID_STATIC_PRINT)
cp_parser_ static_print ( parser , /* member_p=*/ false ); 



More Copy & Paste
Á cp_parser_static_print (parser, /* member_p=*/false);

Á lse if ( token 1- >keyword == RID_STATIC_PRINT)

Á f the next token is `static_print' we have a static print statement. */

Á Then
enum rid {

RID_STATIC = 0,
// ...
RID_NULLPTR, RID_STATIC_ASSERT,
RID_STATIC_PRINT,
// ...

};

Á Search for usage of RID_STATIC_ASSERT

/* If the next token is `static_assert' we have a static assertion.  */
else if ( token 1- >keyword == RID_STATIC_ASSERT)

cp_parser_static_print ( parser , / *member_p=*/ false );



The business logic
static void 

cp_parser_static_assert ( cp_parser * parser , bool member_p)
{

tree condition;
tree message;
cp_token *token;
location_t saved_loc ;
bool dummy;

/* Peek at the ` static_assert ' token so we can keep track of exactly
where the static assertion started.  */

token = cp_lexer_peek_token (parser - >lexer );
saved_loc = token - >location;

/* Look for the ` static_assert ' keyword.  */
if (! cp_parser_require_keyword (parser, RID_STATIC_ASSERT, 

RT_STATIC_ASSERT))
return ;

/*  We know we are in a static assertion; commit to any tentative
parse.  */

if ( cp_parser_parsing_tentatively (parser))
cp_parser_commit_to_tentative_parse (parser);

/* Parse the `(' starting the static assertion condition.  */
cp_parser_require (parser, CPP_OPEN_PAREN, RT_OPEN_PAREN);

/* Parse the constant - expression.  Allow a non - constant expression
here in order to give better diagnostics in finish_static_assert .  */

condition = 
cp_parser_constant_expression (parser,

/* allow_non_constant_p =*/ true ,
/* non_constant_p =*/ &dummy);

if ( cp_lexer_peek_token (parser - >lexer ) - >type == CPP_CLOSE_PAREN)
{

if ( cxx_dialect < cxx 1z)
pedwarn ( input_location , OPT_Wpedantic,

" static_assert without a message "
"only available with - std= c++1z or - std=gnu++ 1z" );

/* Eat the ')'  */
cp_lexer_consume_token (parser - >lexer );
message = build_string ( 1, "" );
TREE_TYPE (message) = char_array_type_node ;
fix_string_type (message);

}
else

{
/* Parse the separating `,'.  */
cp_parser_require (parser, CPP_COMMA, RT_COMMA);

/* Parse the string - literal message.  */
message = cp_parser_string_literal (parser, 

/*translate=*/ false ,
/* wide_ok =*/ true );

/* A `)' completes the static assertion.  */
if (! cp_parser_require (parser, CPP_CLOSE_PAREN, RT_CLOSE_PAREN))

cp_parser_skip_to_closing_parenthesis (parser, 
/*recovering=*/ true , 
/* or_comma=*/ false ,
/* consume_paren=*/ true );

}

/* A semicolon terminates the declaration.  */
cp_parser_require (parser, CPP_SEMICOLON, RT_SEMICOLON);

/* Complete the static assertion, which may mean either processing 
the static assert now or saving it for template instantiation.  */

finish_static_assert (condition, message, saved_loc , member_p);
}
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The business logic
static void 
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{
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/* Eat the ')'  */
cp_lexer_consume_token (parser - >lexer );
message = build_string ( 1, "" );
TREE_TYPE (message) = char_array_type_node ;
fix_string_type (message);

}
else

{
/* Parse the separating `,'.  */
cp_parser_require (parser, CPP_COMMA, RT_COMMA);

/* Parse the string - literal message.  */
message = cp_parser_string_literal (parser, 

/*translate=*/ false ,
/* wide_ok =*/ true );

/* A `)' completes the static assertion.  */
if (! cp_parser_require (parser, CPP_CLOSE_PAREN, RT_CLOSE_PAREN))

cp_parser_skip_to_closing_parenthesis (parser, 
/*recovering=*/ true , 
/* or_comma=*/ false ,
/* consume_paren=*/ true );

}

/* A semicolon terminates the declaration.  */
cp_parser_require (parser, CPP_SEMICOLON, RT_SEMICOLON);

/* Complete the static assertion, which may mean either processing 
the static assert now or saving it for template instantiation.  */

finish_static_assert (condition, message, saved_loc , member_p);
}

Amazing!



The business logic
static void 
cp_parser_static_assert ( cp_parser * parser , bool member_p)
{

tree condition;
tree message;
cp_token *token;
location_t saved_loc ;
bool dummy;

/* Peek at the ` static_assert ' token so we can keep track of exactly
where the static assertion started.  */

token = cp_lexer_peek_token (parser - >lexer );
saved_loc = token - >location;

/* Look for the ` static_assert ' keyword.  */
if (! cp_parser_require_keyword (parser, RID_STATIC_ASSERT, 

RT_STATIC_ASSERT))
return ;

/*  We know we are in a static assertion; commit to any tentative
parse.  */

if ( cp_parser_parsing_tentatively (parser))
cp_parser_commit_to_tentative_parse (parser);

/* Parse the `(' starting the static assertion condition.  */
cp_parser_require (parser, CPP_OPEN_PAREN, RT_OPEN_PAREN);

/* Parse the constant - expression.  Allow a non - constant expression
here in order to give better diagnostics in finish_static_assert .  */

condition = 
cp_parser_constant_expression (parser,

/* allow_non_constant_p =*/ true ,
/* non_constant_p =*/ &dummy);

if ( cp_lexer_peek_token (parser - >lexer ) - >type == CPP_CLOSE_PAREN)
{

if ( cxx_dialect < cxx1z)
pedwarn ( input_location , OPT_Wpedantic,

" static_assert without a message "
"only available with - std= c++1z or - std=gnu++1z" );

/* Eat the ')'  */
cp_lexer_consume_token (parser - >lexer );
message = build_string ( 1, "" );
TREE_TYPE (message) = char_array_type_node ;
fix_string_type (message);

}
else

{
/* Parse the separating `,'.  */
cp_parser_require (parser, CPP_COMMA, RT_COMMA);

/* Parse the string - literal message.  */
message = cp_parser_string_literal (parser, 

/*translate=*/ false ,
/* wide_ok =*/ true );

/* A `)' completes the static assertion.  */
if (! cp_parser_require (parser, CPP_CLOSE_PAREN, RT_CLOSE_PAREN))

cp_parser_skip_to_closing_parenthesis (parser, 
/*recovering=*/ true , 
/* or_comma=*/ false ,
/* consume_paren=*/ true );

}

/* A semicolon terminates the declaration.  */
cp_parser_require (parser, CPP_SEMICOLON, RT_SEMICOLON);

/* Complete the static assertion, which may mean either processing 
the static assert now or saving it for template instantiation.  */

finish_static_assert (condition, message, saved_loc , member_p);
}



The business logic
static void 
cp_parser_static_assert ( cp_parser * parser , bool member_p)
{

tree condition;
tree message;
cp_token *token;
location_t saved_loc ;
bool dummy;

/* Peek at the ` static_assert ' token so we can keep track of exactly
where the static assertion started.  */

token = cp_lexer_peek_token (parser - >lexer );
saved_loc = token - >location;

/* Look for the ` static_assert ' keyword.  */
if (! cp_parser_require_keyword (parser, RID_STATIC_ASSERT, 

RT_STATIC_ASSERT))
return ;

/*  We know we are in a static assertion; commit to any tentative
parse.  */

if ( cp_parser_parsing_tentatively (parser))
cp_parser_commit_to_tentative_parse (parser);

/* Parse the `(' starting the static assertion condition.  */
cp_parser_require (parser, CPP_OPEN_PAREN, RT_OPEN_PAREN);

/* Parse the constant - expression.  Allow a non - constant expression
here in order to give better diagnostics in finish_static_assert .  */

condition = 
cp_parser_constant_expression (parser,

/* allow_non_constant_p =*/ true ,
/* non_constant_p =*/ &dummy);

if ( cp_lexer_peek_token (parser - >lexer ) - >type == CPP_CLOSE_PAREN)
{

if ( cxx_dialect < cxx1z)
pedwarn ( input_location , OPT_Wpedantic,

" static_assert without a message "
"only available with - std= c++1z or - std=gnu++1z" );

/* Eat the ')'  */
cp_lexer_consume_token (parser - >lexer );
message = build_string ( 1, "" );
TREE_TYPE (message) = char_array_type_node ;
fix_string_type (message);

}
else

{
/* Parse the separating `,'.  */
cp_parser_require (parser, CPP_COMMA, RT_COMMA);

/* Parse the string - literal message.  */
message = cp_parser_string_literal (parser, 

/*translate=*/ false ,
/* wide_ok =*/ true );

/* A `)' completes the static assertion.  */
if (! cp_parser_require (parser, CPP_CLOSE_PAREN, RT_CLOSE_PAREN))

cp_parser_skip_to_closing_parenthesis (parser, 
/*recovering=*/ true , 
/* or_comma=*/ false ,
/* consume_paren=*/ true );

}

/* A semicolon terminates the declaration.  */
cp_parser_require (parser, CPP_SEMICOLON, RT_SEMICOLON);

/* Complete the static assertion, which may mean either processing 
the static assert now or saving it for template instantiation.  */

finish_static_assert (condition, message, saved_loc , member_p);
}

Mmm .. A constant 
expression is not enough



Parsing the static_print arguments

Á I wanted static_print to accept any compile time thing, not 
only expressions
Á Types, template names

Á How in the world am I going to parse this?
Á Ideas?

Á Template arguments!
Á cp_parser_template_argument !



It works!
Á Compiled the first program using static_print !

Á But then, a bug:
Á This doesn Ƨt work:
Á static_print (ƧCheck this out: ƨ, sizeof ( T) > 3);

Á Ideas why?
Á I used cp_parser_template_argument , which knows it is inside a 

template argument list
Á When it sees the Ʀ>Ƨ, it terminates the argument!
Á Lesson learned:

Á Copy & Pasting may break some hidden code assumptions
Á Make sure to scan the code you use for those assumptions



Hurray!
Á Now it really works!

Á I can print -debug my own code at compile time!

Á Maybe others will like to use this as well?
Á 4 options:

1. Just use this for myself
Á (no work)

2. Publish the .patch file
Á (a dayƧs work)

3. Try getting this merged this into GCC 
Á (a month Ƨs work? Might not be accepted)

4. Propose this to the standard
Á (two years work? There Ƨs already some proposal in circulation)

Á Went with # 2



Hello, world!



Hello, world!
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Hello, world!



A bug?! Impossible!



Bootstrapping
Á A new version of GCC comes out, with new optimizations

Á Compile it ƣand get a compiler that builds faster code
Á But the compiler itself was compiled with a worse compiler

Á Compile again ƣand get a fast compiler that builds fast code
Á ƪRs`fd 1ƫ
Á But maybe the optimizations broke something?

Á Compile again ƣand check you got the same result as in 
stage 2
Á ƪRs`fd 2ƫ

Á TL;DRƣCompilers compiler compilers compile compile
compilers



So what was the issue?
Á How did compilation fail on stage 1 succeed but stage 2 failed?

Á Ideas?
Á We added a new keyword
Á In stage one we used a compiler without this keyword
Á I had a local variable named static_print
Á In stage 2, static_print is a keyword and using it as a variable 

name is a syntax error!
Á Changed the variable name ƣsolved ᾝᾝ



What now?
Á Given static_print + H bntkc ƪoqnehkdƫ lx knmf bnlohk`shnm 

times
static_print (Ƨ"ÅÆÏÒÅ ÂÉÇ ÔÅÍÐÌÁÔÅƨ);

funcThatInstantiatesHugeTemplates ();

static_print (Ƨ!ÆÔÅÒ ÂÉÇ ÔÅÍÐÌÁÔÅƨ);

Á 'bk`mf g`r ` sdlok`sd oqnehkdqƱ(

Á HsƧr rshkk snn rknv
Á GCC also had a page on their website saying they know the 

compiler is too slow and they need to take care of that
Á Rnld r`x Bk`mf hr e`rsdqƱ



4 options (Reprise)
1. Drop the project
Á (no work)

2. Stop using concepts
Á (a weekƧs work + a lifetime of regret)

3. Optimize GCC
Á (no)

4. Implement Concepts in Clang myself
Á (a month or two maybe?)

Á Went with the last one



Concepts in Clang
Á RnldnmdƧr oqna`akx cnmd hs `kqd`cx+ qhfgs>

Á LMGTFY

Á
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Concepts in Clang
Á SomeoneƧs probably done it already, right?

Á LMGTFY

Á


