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[bookmark: _Toc22028057]Introduction
This document describes Version 2.0 of the data generation language, DGL. The language was originally designed to generate functional level tests for VLSI designs, but the power of the language has been greatly extended since that time. DGL is designed to be a tool for generating random data of all kinds for many different purposes. Random testing of both hardware and software is still a major target, but any application requiring random input can use DGL as a source of data. Some simple applications are dealing bridge hands for duplicate bridge and printing daily fortune messages at login time. A more serious application is generating input data for complex simulations.
The main intent of DGL is to provide a means for describing data templates that could been be filled in, at random, from a given list of alternatives. This concept is essentially identical to that of a context-free grammar. However, since data requirements are often more complex than can be expressed easily in a context-free grammar, DGL provides additional features that enable one to generate data in an unrestricted way. In fact, it has been proven that the generating power of DGL is equivalent to that of a Turing machine.
Although the basic features of DGL make it universally powerful, certain types of data are exceptionally difficult to generate using only basic features. Thus, DGL provides many advanced types of productions that generate complex data such as graphs and linked lists.
Version 1.0 of DGL was designed to generate test files, however modern software is seldom organized according to the file-processor paradigm. Thus, Version 2.0 adds additional features to facilitate the testing of modern software.
Data generation can be done in three ways. As before, it is possible to create a file-generator that creates randomized input files. It is also possible to create one or more data-generation subroutines that randomize various program elements when they are called. (Version 1.0 has data-generation subroutines, but they are organized as file generators.) Finally, it is possible to embed DGL statements directly in C++ code.
Like Version 1.0, Version 2.0 generates high-level code that must be compiled to produce the data generator. Version 1.0 code follows C standards, and in most cases will not compile as C++. Version 2.0 produces C++ code that will not compile as C code. In addition, the source code for Version 2.0 is C++, not C.
[bookmark: _Toc22028058]Syntax and Conventions
[bookmark: _Toc22028059]Productions
The basic descriptive unit of the dgl language is the production. Productions are used to describe the format of data that is to be output, with randomized fields. Productions are used by a data generator which can have several forms. The syntax of a production is as follows:

<name>:[<keywords>][<list-of-alternatives>];

In syntax descriptions, anything in square brackets, [ ] is optional, although these elements might be required for some types of productions. Syntactical elements that will be described in subsequent text are placed in angle brackets as in:<alternative>. Keywords are in bold. If one or more keywords are present, they usually must be specified in the order given. If a syntactical element is followed by an asterisk, as in <character>*, this means that the syntactical element may be repeated zero or more times. The plus sign, as in <character>+, means that the element may be repeated, but must appear at least once. The symbols * and + apply only to the immediately preceding element, however square brackets, [ ], and curly braces, { } may be used to change this binding.
In the description above, the element <name>, is the name of the production. It must be a string of letters, digits and underlines, and must start with a letter. Every production must have a name, and the names must be unique. Duplicate production names will be flagged as an error. The only exception is cvar productions that are used inside of an object declaration. See Chapter 12.
Keywords are case-insensitive, so the keyword macro may be specified as Macro, MaCrO, MACRO etc.
Production names are not case insensitive, so abc:, ABC:, and AbC: specify three different productions.
[bookmark: _Toc22028060]Alternatives of Productions
An alternative is a sequence of strings, quoted strings, character sets, macro references and non-terminals. DGL reserves certain characters for special purposes. These are called special characters. If a string contains special characters as data the string must be enclosed in quotes. The special characters are colon, comma, semicolon, parentheses, square brackets, dash, exclamation point, double and single quotes, space, tab, return and newline. Any string consisting of a DGL keyword must be enclosed in quotes or be preceded by a “\” character, as in "unique" or \unique. Keywords and special characters are listed in Appendix A. A quoted string may be protected either by single quotes (') or by double quotes ("), but quote-types cannot be mixed in a single quoted string. Thus ',,,' and ",,," are both legal, but ',,," is not. Strings may contain escaped characters such as \n. Escaped characters will be treated exactly as if they were in a C++ quoted string, except that \0 is not allowed. Thus \n is a line-feed \t is a tab and \r is a return. If a string begins with an escaped character, it must be enclosed in quotes.
Non-terminals have two forms exemplified by %s and %{main}. A non-terminal begins with the % character followed by a single character or a string enclosed in curly braces. In most cases the single character or the string will be the name of a production, but this is not necessary. Non-terminals may appear inside of quoted strings, and when this occurs, the non-terminal does not lose its meaning. To use the % character as an output character, two consecutive % characters must be used. The string %% will be output as a single % character.
The non-terminal %s appearing in a string represents a selection from the alternatives of production s. The same is true for productions enclosed in curly braces. If abc is the name of a production, then %{abc} represents a selection from the alternatives of production abc. If neither s nor abc is the name of a production, then %{abc} represents the string "abc" and %s represents the character s.
Non-terminals may contain a repetition count to avoid repetitive coding. The repetition count is placed immediately after the % symbol, and must be a string of digits 0-9. The non-terminal %5{abc} is functionally equivalent to %{abc}%{abc}%{abc}%{abc}%{abc}. If abc is not the name of a production then %5{abc} represents the string abcabcabcabcabc. The repetition count can be a range with the start and end separated either by a dash or a period. The production %5.10{abc} or %5-10{abc} will cause from five through ten (inclusive) selections to be made from the alternatives of abc. The numbers in the range 5, 6, 7, 8, 9, 10 will be selected with equal likelihood. Any range with start value greater than the end value will be treated as a zero. Thus the non-terminal %10.5{abc} represents the empty string. If the dash is used as a separator in a range, the non-terminal must be enclosed in quotes.
White space characters (spaces, returns, new-lines, and tabs) are ignored unless placed inside quotes, but are treated as separators. There is an implied concatenation between any two strings separated by white space. If one or both of the strings are enclosed in quotes, the white space may be omitted.

a b c d e is five separate strings.
abcde is one string.

However, the two alternatives of the following production are identical.

abc: a b c d e, abcde ;

Consecutive strings are concatenated in the order specified to create the alternative. This requires some care in coding. The following production has two alternatives, a and b.

X: a,b;

However the following production has one alternative, ab.

X: a b;

Quoted strings may be protected by either single or double quotes, but the two cannot be mixed in a single string. If a quoted string protected by double quotes contains a double quote, the double quote must be preceded by a backslash. Similarly, if a single quote appears in a string protected by single quotes, it must be preceded by a backslash. A double quote should always be preceded by a backslash no matter which characters are used to protect the string. The backslash will not appear in the output. A quoted string must begin and end on a single line. If it is necessary to include newline characters in a string, the sequence \n should be used. Any escape used in C++ is also recognized in dgl.
In most cases, strings do not need to be protected by quotes. The only exception is when a string begins with an escape. Such strings should be quoted.
Curly braces are significant only after the % character. If they appear anywhere else in a string they will be treated as data. If the data generator encounters the sequence "%{" and there is no matching "}" character, the entire rest of the string will be treated as the production name. If the rest of the string does not contain a name (terminates with “%25.40{” for example), the sequence of characters starting with the % is treated as output characters. If ranges are specified as "123." or ".123" the omitted number will be treated as a zero. A zero repetition count, a zero selected from a range, and a range with ending number smaller than the beginning number will cause the non-terminal to be ignored. If a range contains more than one dash, the second dash and everything following, up to the production name or curly brace, will be ignored. The numbers in a range cannot be negative. If an alternative ends with a sequence of the form "%" or "%{" or "%25" or "%25{" or "%25-200" or "%25-200{" this sequence will be treated as data. If a dash is used to specify a range of repetition counts, the non-terminal must be quoted because a dash is a special character.
[bookmark: _Toc22028061]Creating Grammars
It is simple to take an existing context-free grammar and transform it into a DGL grammar. Consider the following:




This translates into DGL as follows:

start: S;
S: a%Sb, ab;

The first statement specifies S as the start symbol, and the second defines the two production alternatives aSb, and ab. If no start statement is present, the start symbol defaults to main. Here is an example of the same grammar.

main: a%{main}b, ab;

To create tests for software, one typically starts with the production main, and provides a template or several templates describing the format of the data. These templates are the alternatives of the main production. Each template has non-terminals as wild cards that are filled in by selections from other productions. Non-terminals are replaced, recursively, until no non-terminals remain in the selected string. Consider the following grammar.

main: FirstName=%{first} "," LastName=%{last} "," Phone=%7{digit} "\n";
first: Joe, Mary, Fred, Helen;
last: Jones, Smith, Black, White;
digit: 0,1,2,3,4,5,6,7,8,9;

Here is an example of some of the data generated by this grammar.

FirstName=Fred,LastName=Jones,Phone=7204737
FirstName=Fred,LastName=White,Phone=7945153
FirstName=Joe,LastName=Jones,Phone=9655053
FirstName=Mary,LastName=Black,Phone=4817613
FirstName=Fred,LastName=White,Phone=9588682
FirstName=Fred,LastName=Black,Phone=3635205
FirstName=Mary,LastName=Black,Phone=1948330
FirstName=Helen,LastName=Jones,Phone=4075846
FirstName=Helen,LastName=Smith,Phone=8974027
FirstName=Helen,LastName=Smith,Phone=0070677
FirstName=Fred,LastName=White,Phone=2062016
FirstName=Fred,LastName=Black,Phone=3599793
FirstName=Joe,LastName=Jones,Phone=7974420
FirstName=Fred,LastName=Jones,Phone=6752261
FirstName=Helen,LastName=Jones,Phone=8358481
FirstName=Helen,LastName=Black,Phone=9286241
FirstName=Helen,LastName=Smith,Phone=9517688

Productions without any keywords are called normal productions. When a selection is made from a normal production, an equally weighted random selection is made from the alternatives of the production. In the following production, the alternatives “a%Sb” and “ab” are selected with equal probability, i.e. 50%. The lengths of the strings generated by this production are geometrically distributed.

S: a%Sb, ab;
[bookmark: _Toc22028062]Active Non-Terminals
Active non-terminals cause side-effects on productions or cause productions to generate data in an alternative manner. These non-terminals must be enclosed in curly braces because they are always longer than one character. An active non-terminal has two forms %{a.b} and %{$command.b}. In both cases b is the name of the production affected by the non-terminal.
In the first form, a is either the name of a production or an arbitrary string. If a is a production name, a selection is made from production a and the result is passed to production b. The selection is completely interpreted before being passed to production b. If the result of the selection starts with the “$” character it will be interpreted as a command rather than as data.
If a is not the name of a production, it will be passed, unchanged to the production b. If it is necessary to have a data string that begins with the “$” character, two consecutive “$” characters must be used to prevent the string from being interpreted as a command. The first $ will be ignored, and the remainder of the string will be passed to the production b as data. (Some productions treat an initial $ as data. See the descriptions of the individual productions.)
CCommands have the form %{$command.b}. The string “$command” may be specified explicitly, or may be provided as a result of a selection. The meaning of a command is to request some special action on the part of production b. The meaningful commands and the responses to them are listed with each production type. If the command is not recognized by the production, the default action is dependent on the production type, but in most cases the command will be treated as data. Commands are case insensitive, so %{$Count.abc}, %{$COUNT.abc}, and %{$CoUnT.abc} are all equivalent to %{$count.abc}.
[bookmark: _Toc22028063]Weighted Alternatives
Ordinarily the alternatives of a normal production will be chosen with equal probability. For example, the following production has four equally likely alternatives.
main: abc,def,ghi,jkl;
The output will contain roughly the same number of “abc”, “def”, “ghi”, and “jkl” strings. Weights can be used to select some alternatives more often than others. The following is an example of a production with weighted alternatives.
main: 1: abc, 2:def, 3:ghi, 4:jkl;
In the output from this production, "def" will appear approximately twice as often as "abc" while "ghi" will appear approximately three times as often. Weights must be integers, and if one alternative of a production is weighted, then all must be weighted. Weighted productions with all weights identical are legal but should be avoided. Weighted alternatives can be used in many different types of productions. The meaning of the weights depends on the production type.
SParentheses can be used to assign a weight to several alternatives at once. Suppose it is necessary to create numbers that contain mostly zeros. The following two productions can be used to accomplish this.
	numbers: 3:0, 1:%{nonzero};
	nonzero: 1,2,3,4,5,6,7,8,9;
The same thing can be done with a single production as follows.
numbers: 27:0, 1:(1,2,3,4,5,6,7,8,9);
In a normal production, when a list of strings is enclosed in parentheses following a weight, the weight applies to each individual element. If the set of strings can be completely specified without using commas, then the enclosing parentheses may be omitted. The following productions are equivalent to the preceding example.
numbers: 27:0,1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 1:7, 1:8, 1:9;
numbers: 27:0,1:[1-9];
Some productions do not permit the use of weighted alternatives.
[bookmark: _Toc22028064]Complex Alternatives
A character set, which is of the form [<string>] can be used to specify a set of alternatives. For example, the set of alternatives a,b,c,d,e,f,g can also be written [abcdefg]. A dash is used to specify a range of characters so [abcdefg] can also be written [a-g]. The following production can be used to select letters of the alphabet, one at a time.
letter: [a-zA-Z];
The simplest form of the character set contains no dashes as in [abxyz] which is the same as a,b,x,y,z. When the character set contains a dash, a range of characters is generated. This range includes the character preceding the dash, the character following the dash, and all characters in between. When it makes a difference, characters are generated consecutively either high-to-low or low-to-high, depending on the order of the beginning and ending characters. Thus [a-f] is the same as a,b,c,d,e,f and [f-a] is the same as f,e,d,c,b,a. Dashes can appear anywhere in a character set, and apply only to the nearest characters. Therefore, [a-fmnlv-z] is equivalent to [abcdefmnlvwxyz]. It is permissible for a character set to contain duplicates, so [aaa] is the same as a,a,a. Spaces tabs and newlines in a character set are ignored, so [ a b c ] is the same as [abc]. When a character set is concatenated with an ordinary string, the string is replicated for each member of the character set. Thus part[abc] is the same as parta, partb, partc. It is possible to concatenate more than one character set in a string as in [a-c]=[a-c] which is the same as a=a, a=b, a=c, b=a, b=b, b=c, c=a, c=b, c=c. If it is necessary to include any of the special characters in a string, they must be enclosed in quotes, and the quotes must appear inside the square brackets, as in ["[]()-"].It is not a good idea to try to use the dash along with special characters, but if you must, something of the form ["!(),:;a"-z] will work. In a character set, a backslash usually represents itself. One cannot include things like newlines and returns in character sets. One exception is a backslash that is preceded by a tab, space, newline, "[" character, a dash, or the closing quote of the preceding string. These backslashes disappear from the character set. If a character set looks like a dgl keyword, one of the conventions mentioned above must be used to remove the special meaning. Thus [macro] is illegal, but [\macro], ["macro"] and [ m a c r o ] are all legal and all mean the same thing.
Character sets are not the same as non-terminals and must not be used in the same way. Remember that character sets generate alternatives, all of which must be stored in memory. Suppose you want to generate strings of lower-case letters that are 25 characters long. The correct way to do this is:

	main: %a%a%a%a%a%a%a%a%a%a%a%a%a%a%a%a%a%a%a%a%a%a%a%a%a;
	a: [a-z];

Or better yet:

	main: %25a;
	a: [a-z];

The following is the wrong way to do this.

	main: 	[a-z] [a-z] [a-z] [a-z] [a-z] [a-z] [a-z] [a-z] [a-z] [a-z] [a-z] [a-z] [a-z] [a-z]
[a-z] [a-z] [a-z] [a-z] [a-z] [a-z] [a-z] [a-z] [a-z] [a-z] [a-z];

In the first example, the production main has one alternative requiring 50 bytes of storage. The production a has 26 alternatives, requiring 26 bytes of storage. In the second example, the production main has 236,773,830,007,967,588,876,795,164,938,469,376 alternatives, requiring 6,866,441,070,231,060,077,427,059,783,215,611,904 bytes of storage. (This is more storage than is available on all memory devices in the world, put together. At the time of this writing, world storage capacity is estimated to be around 295,000,000,000,000,000,000 bytes.)
The macro is an extension of the concept of the character set. Unlike the character set, the macro is always declared separately from the production in which it is used. The rules for defining macros are identical to those for defining normal productions, except for the "macro" keyword which must follow the name of the production. The syntax of the macro statement is:

<name>:macro [<keywords>] [<list-of-alternatives>] ;

An example of a macro statement is:
abcs: macro abc[123],abc100;
The definition of a macro must always precede its use. Once it has been defined, a macro may be used in any place where a character set is permitted. One uses a macro by preceding the name with an exclamation point. The name must be followed by a space or some other special character to indicate where the name ends. The following is an example of a production that uses the macro defined above.
useabcs: head_!abcs;
This production could also have been coded as head_abc1, head_abc2, ... . The rules for concatenating macros are the same as those for concatenating character sets. Version 2.0 of dgl allows any ordinary unweighted production to be used as a macro as long as the definition of the production precedes its use as a macro. Other types of productions can be used as macros. The description of the production type will indicate whether such use is permitted. Macros may reference other macros, but may not be recursive.
In the above specification, the number of characters in a string is determined by the length of the specification. However, if it is necessary to specify fixed length strings, a width specification can be inserted ahead of the first string of any alternative. When concatenation is used to form an alternative, the width specification applies to the length of the alternative not to the length of the strings that make up the alternative. When a width specification is used, the width applies to all alternatives following the width specification up to either the end of the production or to the next width specification. A width specification of zero is used to turn off the fixed width option. An alternative will be padded on the right with spaces, or truncated on the right to adjust it to the specified width. The effect of a fixed width specification always terminates at the end of a production. An example of a width specification is given below.

			a: "abc", "g" , width(4) , "uvwxyz", a, m a c r o;

This is equivalent to specifying the following.

			a: "abc", "g", "uvwx", "a   ", "macr";

[bookmark: _Toc22028065]White Space and Comments.
White space (spaces, tabs, and newlines) are acceptable anywhere within a dgl specification. White space appearing in a quoted string is part of the string, other white space is ignored. Newlines should not normally be included in a quoted string, since the "\n" sequence represents a newline. However, newlines inside of a quoted string will be accepted, but a warning message will be produced for each such character found.
Comments begin with the two-character sequence "/*" and end with the two-character sequence "*/".Comments may contain newlines. If the sequence "/*" appears inside a quoted string or inside an action routine, subroutines, defines, initialization, or termination statement, it will not be treated as the beginning of a comment. Beware of using the sequence "/*" in an unquoted string since it will be treated as the beginning of a comment. Comments may appear anywhere except embedded in a dgl keyword.
[bookmark: _Toc22028066]Generating Text
[bookmark: _Toc22028067]Normal Productions
<name>:<alternative> [ ,<alternative> ]* ;
Active Non-Terminals:
%{a.b}	If a is the name of a production, a selection is made from it, otherwise a is treated as a string. If selecting from a produces the string $count, this nonterminal is treated the same as %{$count.b}. Otherwise the result is converted to binary with non-numeric strings being converted to zero. The result is used as an index to select an alternative from b. The index is zero based, modulo the number of alternatives in b.
%{$count.b}	Returns the number of alternatives in b as an ASCII string. 

The simplest type of production is the normal production which has no keywords.
Production alternatives are separated by commas, and the entire production must end in a semicolon.
An example of a normal production is the following:
main: abc,def,ghi,jkl;
This production will cause the data generator to output one of the four alternatives. Whenever an alternative is selected from a production, the alternatives are selected with equal probability.
One can use active non-terminals with normal productions. Non-terminals of the form %{a.b} are used to select specific alternatives from the production. The element a must either be a numeric string or a production that produces a numeric string. Suppose the productions abc and qed are defined as follows:

abc: zero,one,two,three,four,five,six,seven,eight,nine;
qed: 3,5,7,9;

The non-terminal %{qed.abc} will produce the strings “three”, “five”, “seven”, and “nine” with equal probability. A selection is made from production qed and is passed to production abc. The value from qed is converted to a binary integer and is used to select an alternative from abc. The alternatives are numbered starting with zero in the order specified, modulo the number of alternatives in abc. If qed were not the name of a production, it would represent itself, so the non-terminal %{8.abc} will select the alternative “eight”.
Normal productions recognize only one command, “$count”. Any other command will be treated as the numeric string “0”. Using the above two productions as examples, the non-terminal %{$count.abc} will produce the string “10”, while the non-terminal %{$count.qed} will produce the string “4”.
[bookmark: _Toc22028068]Initializers and Terminators
<name> :	initializer	[<alternative> [, <alternative>]*] ;
<name> :	terminator	[<alternative> [, <alternative>]*] ;
Active Non-Terminals:
%{a.b}	This non-terminal works the same as that for normal productions.
%{$count.b}	Returns the number of alternatives in b as an ASCII string.

Initializers and terminators are normal productions that are used to initialize and terminate data generation. In most cases, they will have only a single alternative. When the data generator is invoked, a single selection will be made from each initializer. If the initializer has more than one alternative, only one alternative, chosen at random, will be interpreted. When data generation is complete, a single selection will be made from each terminator production.
In all other respects, initializers and terminators are normal productions. They may be used anywhere a normal production can be used. They may also be used as macros.
[bookmark: _Toc22028069]Global Initializers
<name> :	ginitializer	[<alternative> [, <alternative>]*] ;
Active Non-Terminals:
%{a.b}	This non-terminal works the same as for normal productions.
%{$count.b}	Returns the number of alternatives in b as an ASCII string. The string $count is case insensitive.

Ginitializer productions are similar to initializer productions. However, ginitializers will be used only when no seed file exists, or when the existing seed file’s time stamp is out of date. (See Chapter 18.) The selections from the ginitializer productions will be made first, followed by the selections from the initializer productions.
In all other respects, ginitializers are normal productions. They may be used anywhere a normal production can be used. They may also be used as macros.
There is no gterminator production, because data-generation is an on-going process that takes place over many invocations of the data generator.
[bookmark: _Toc22028070]Dynamic Probabilities
<name>: dynamic<weighted alternative> [, <weighted alternative> ]* ;
Active non-terminals:

%{a.b}	If the a is the name of a production, a selection will be made from that production, otherwise a is treated as text. If the text begins with the ‘$’ character, it is treated as a command. Otherwise it is converted to a number, with alphabetic strings treated as zeros. The resultant number is used as an index to select an alternative from the production. The first alternative is index zero. The number is reduced modulo the number of alternatives in the production.
%{$count.b}	Returns the number of alternatives in the production in ASCII format.
%{$weight.b}	Returns the total weight of all alternatives.
%{$prob.b}	Same as $weight.
%{$weight(n).b}	Returns the weight of alternative number n.
%{$prob(n).b}	Same as $weight.
%{$weight(n,m).b}	Sets the weight of the alternative n to m.
%{$prob(n,m).b}	Same as $weight.

A dynamic production is a weighted production which allows the weights to be changed dynamically. An example is given below.
b: dynamic 1:x, 2:y, 1:z;
x: %{$weight(0,2).b}

The active non-terminal in the production x sets the weight of the first alternative to 2. All of the alternatives in a dynamic production must be weighted. The difference between a dynamic production and a normal production with weighted alternatives is that the dgl compiler enables the $weight and $prob commands, and also generates a subroutine for a dynamic production that can be used by C++ code to change probabilities. The generated function begins with the production name and ends with the string “_setp”. The function for the production b above has the following prototype.

namespace DGLProductions {
void b_setp(int,int);
}

This subroutine will normally be invoked either by an action routine, by the caller of a data-generation subroutine, by code containing embedded DGL or by initialization and termination routines. To change the probability of the first alternative of the production b above from 1, to 7, the following function call can be executed.

	DGLProductions::b_setp(0,7);

The first argument is the index of the alternative to be changed, while the second is the new value of the probability of that alternative. Alternatives are numbered from zero in the order specified.
The same change can be made using the command %{$weight(0,7).b} or the command %{$prob(0,7).b}. The command %{$weight(k).b} or %{$prob(k).b} can be used to retrieve the current probability of alternative k. Alternatives are indexed in the order specified starting with zero. The command %{$weight.b} or %{$prob.b} retrieves the total weight of all alternatives.

As with normal productions, the active non-terminal %{n.b} can be used to retrieve the  alternative of b. (Indices start with zero.) The command %{$count.b} retrieves the number of alternatives in b. All commands can be produced as the result of interpreting the production a in the non-terminal %{a.b}.
[bookmark: _Toc22028071]Unique Productions: Random Selection without Replacement
<name>:unique [<eoc>] <alternative> [ ,<alternative> ]* ;
<eoc> default: restart. (stop for weighted alternatives)
Active Non-Terminals:
%{a.b}	if selecting from a produces a command it is treated as if it were specified explicitly. Otherwise the result is converted to binary with non-numeric strings being converted to zero. The result is used as an index to select an alternative from b. The index is zero based, modulo the number of alternatives in b.
%{$count.b}	Returns the number of alternatives in b as an ASCII string. The string $count is case insensitive.
%{$restart.b}	Returns the production to its initial state where every alternative is available.
%{$eoc.b}	Raises the end-of-choices condition within the production. The stop and bstop global conditions will also be raised, if appropriate.

An ordinary production uses selection with replacement which implies that duplicates can be selected. For example, each time the following production is used, the probability of each of the 26 alternatives remains the same no matter how many selections are made from abc.
abc: [a-z];
If it is desirable to select each letter once and only once, but in random order, the following production must be used.
abc: unique [a-z];
The unique keyword will cause a different letter to be selected each time the non-terminal %{abc} is interpreted. Letters are chosen at random with equal probability from the set of unused letters.
Sometimes it is useful to limit the number of selections of a certain alternative, but not restrict that number to 1. For example, it may be desirable to choose five a's and three b's in random order. One way to do this is as follows.
example: unique a,a,a,a,a, b,b,b;
Weights can be used to specify duplicate selections as in the following example.
example: unique 5:a, 3:b;
When this form is used, every alternative must have a weight, even if the weight is 1. If several alternatives have the same weight, those alternatives may be grouped as in the following example. The weights are distributed across the elements of a parenthesized list, so the weight 5 applies to each of the alternatives a, b, and c in the following example.
example: unique 5:(a,b,c), 3:(c,d);
Unique productions permit the use of active non-terminals of the form %{a.b}, where b is the unique production, and a is either a number or a production that produces numbers. The number will be used as an index to produce the selected alternative. The number is interpreted modulo the number of alternatives. Alternatives are numbered from zero in the order specified, ignoring weights and parentheses. Unique productions respond to the active non-terminal %{$count.b} by producing a numeric string which is equal to the number of alternatives in the production, ignoring weights and parentheses. %{a.b} will produce the specified alternative even if it has already been selected using a non-terminal of the form %b or %{b}. These active non-terminals are independent of the usual selection process. Anything not yet selected by %b and %{b} non-terminals remains available.
The <eoc> (end of choices) option defaults to restart for unweighted alternatives and stop for weighted alternatives. See Section 3.6.
[bookmark: _Toc22028072]Running out of Choices
The syntax element <eoc> represents the “end of choices” option, which defines what happens after all systematically selected alternatives have been generated in a unique production, or other production that systematically generates data.
There are seven selectable actions that can take place when a systematic production runs out of choices. The actions may be different for different productions. The actions are continue, restart, stop, abort, next, bstop, and babort.
The restart option causes the production to be reset to its initial state when all choices have been exhausted. The restart option is intended to be used when it is necessary to generate a sequence of choices repeatedly.
The stop option causes all further selections from the "main" production to be suppressed. (This option is meaningless in some contexts.) The stop option is intended to be used when it is necessary to generate everything until the set of available choices is exhausted and then stop.
The abort option causes immediate program termination if an attempt is made to reference a production after all choices have been exhausted.
The continue option causes the null string to be produced when no more choices remain.
The next option names an alternative production or string that will be used when no more choices remain in the current production. The format of the next option is next(<string>). If the string is the name of a production, the named production will be used as an alternative when no more choices are available in the current production. If the string is not the name of a production, the string itself will be generated when there are no more choices in the current production. To illustrate the next option, consider the following example which causes all lower case letters to be generated in random order, followed by all upper case letters in random order, followed by an error message.
	first: unique next(second) [a-z];
	second: unique next(“no more letters remain”) [A-Z];
Most <eoc> options are not invoked unless a selection is made from the production after all alternatives have been exhausted. The stop condition, however, is always raised immediately when alternatives become exhausted. In the following example, the <eoc> option will be invoked on the fifth selection from productions x, y, z, and w. The stop condition will be raised on the fourth selection from production q.

x: unique restart a,b,c,d;
y: unique abort a,b,c,d;
z: unique continue a,b,c,d;
w: unique next("done") a,b,c,d;

q: unique stop a,b,c,d;

The bstop option retreats to the most recent barrier after producing a complete string as defined by the barrier. (See Section 6.17.) The babort option immediately retreats to the most recent barrier without finishing the current string. The bstop condition is raised immediately when a production runs out of choices. The babort condition is raised only if a selection is made from the production after all choices have been exhausted. Consider the following two productions. The bstop condition will be raised on the fourth selection from production a. The babort condition will be raised on the fifth selection from production b.

a: unique bstop a,b,c,d;
b: unique babort a,b,c,d;

These options are explained fully in Section 6.17. If no barrier is active, these two options are identical to the stop option.
If no <eoc> option is specified, the default action is used. The default depends on the type of the production.
The options stop, abort, bstop, and babort are considered global conditions which can occur independently of any production. Restart is considered a local action within a production, while continue, and next are considered to be local responses to the local end-of-choices condition. The global conditions can be explicitly forced at any time by making a choice from a stop, abort, bstop, or babort production. (See Chapter 7.) Within a production the restart action and the end-of-choices condition can be explicitly forced with the $restart and $eoc commands.
When executing the $eoc command, if the <eoc> option is stop or bstop, the global stop or bstop condition is raised immediately. If the <eoc> option is bstop or babort and there is no active barrier, the global stop condition will be raised immediately.
[bookmark: _Toc22028073]Sequence Productions
<name> : sequence [<eoc>] <alternative> [ ,<alternative> ]* ;
<eoc> default: restart.
Active Non-Terminals:
%{a.b}	If selecting from a produces the string $count, this nonterminal is treated the same as %{$count.b}. Otherwise the result is converted to binary with non-numeric strings being converted to zero. The result is used as an index to select an alternative from b. The index is zero based, modulo the number of alternatives in b.
%{$count.b}	Returns the number of alternatives in b as an ASCII string. The string $count is case insensitive.
%{$restart.b}	Returns the production to its initial state where the next selection will be alternative zero.
%{$eoc.b}	Raises the end-of-choices condition within the production. The global stop and bstop conditions will also be raised, if appropriate.

Sequence productions are used to select alternatives sequentially instead of randomly. The following production produces the lower-case letters in alphabetical order. Weights, if they are used, designate a number of consecutive identical elements. Thus 3:a is the same as a,a,a. For parenthesized lists, the weight applies to the elements of the list, not to the list itself, so 3:(a,b,c) is identical to a,a,a,b,b,b,c,c,c. If one alternative is weighted, then every alternative must be weighted, even if the weight is 1. The following is an example of a sequence production.
x: sequence [a-z];
The first ten selections from this production will be:

a
b
c
d
e
f
g
h
i
j

Active non-terminals of the form %{n.b} select the nth alternative of b modulo the number of alternatives in b. The element n may be a number or the name of a production that produces a number. The non-terminal %{$count.b} produces a numeric string whose value is the number of alternatives of b. The $count command may be produced as the result of the selection from n.
Weighted alternatives may be used. The weight is considered a repetition count for the alternative. If one alternative is weighted, then all must be weighted. The following production will produce the sequence a, b, b, b, c, d, e.

a: sequence 1:a, 3:b, 1:c, 1:d, 1:e;

Parentheses may be used to provide the same repetition count for a set of alternatives. The above example may be rewritten as follows.

a: sequence 1:a, 3:b, 1:(c,d,e);

[bookmark: _Toc22028074]Chain Productions: Sequential Selection from A Production Tree
<name> : chain [<eoc>] <alternative> [ ,<alternative> ]* ;
<eoc> default: stop.
Active Non-Terminals:
%{a.b}	If a is the name of a production, a selection is made from a, otherwise a is treated as text. The result (if it is not a command) is converted to binary with non-numeric strings being converted to zero. The result is used as an index to select an alternative from b. The index is zero based, modulo the number of alternatives in b.
%{$count.b}	Returns the number of alternatives in b as an ASCII string. The string $count is case insensitive.
%{$restart.b}	Returns the production to its initial state. The string $restart is case insensitive
%{$eoc.b}	Raises the end-of-choices condition within the production. The stop and bstop conditions will also be raised, as appropriate. The string $eoc is case insensitive

The chain production is used to generate sequential data that cannot be specified with a single production. For example, suppose it is necessary to generate a list of with the first names John, Mary, Fred, and Rose, the last names Smith, Jones, and Brown, and an arbitrary letter for a middle initial. We want to generate full names for all combinations of these first names, last names, and middle initials. The following set of productions does this.
	full: chain %{first} " " %{mi} ". " %{last};
	first: chain John, Mary, Fred, Rose;
	mi: chain [A-Z].;
	last: chain Smith, Jones, Brown;
The following is sample output from this set of productions.
John A. Smith
John A. Jones
John A. Brown
John B. Smith
John B. Jones
John B. Brown
John C. Smith
John C. Jones
John C. Brown
John D. Smith
John D. Jones
John D. Brown
John E. Smith
John E. Jones
John E. Brown

When used in isolation, the chain production is identical to the sequence production, except for the default <eoc> option which is stop. For example, if the first production of the above example were referenced by an ordinary production, it would produce the sequence John, Mary, Fred, Rose. However, when a chain production is referenced by another chain, the sequential selection of alternatives is coordinated with the selection of alternatives from the referencing production. The easiest way to thing about the chain construction is to think of the highest level production as defining a set of strings which the data generator produces in sequential order. When successive strings are generated, the rightmost chain production at the greatest depth varies the fastest. In most cases the highest level production will define only a finite number of strings. However, it is also possible to use chain productions to define infinite languages. There is no restriction on how such a language may be defined, but to be able to (potentially) enumerate all elements of such a set, special precautions must be taken in how the chain productions are constructed. If the highest-level production has more than one alternative, only the last alternative should define an infinite number of strings. If the last alternative has more than one non-terminal, only the first non-terminal should define an infinite number of substrings. These rules apply recursively to any chain production referenced by the highest level production, directly or indirectly. The following is an example of a specification that enumerates strings of the form a...ab...b with an equal number of a's and b's. The strings are enumerated from shortest to longest.
s: chain "", a%sb;
Sample output is:
(empty string)
ab
aabb
aaabbb
aaaabbbb
aaaaabbbbb
aaaaaabbbbbb
aaaaaaabbbbbbb
aaaaaaaabbbbbbbb
aaaaaaaaabbbbbbbbb

The easiest way to use chain productions is to start with an ordinary grammar defining the data that is to be generated and add the chain keyword to those productions that should have every possibility enumerated. Then add the chain keyword to the highest-level production to coordinate the selections from the lower-level productions. Any chain production referenced either directly or indirectly from the highest-level production will be coordinated by the highest-level production.
The state of all productions in a set of chain productions is associated only with the highest-level production. The association between related chain productions is constructed at run time which implies that the state of a chain production is different depending on the highest level of production used to reference it. To illustrate, consider the following example.
	m: %s%s%t%t%u%u;
	s: chain x%u,y%u,z%u;
	t: chain q%u,e%u,d%u;
	u: chain a,b,c;
The first reference to "m" will produce the string xaxbqaqbab. Note that the production u has three internal states, one associated with indirect references through "s", one with indirect references through "t", and one associated with direct references. The state of all indirectly referenced productions is considered to be part of the state of the highest-level production.
If production is referenced more than once by the highest-level production, there is a separate state maintained for each reference. Thus, the following example generates all combinations of the characters "a", "b" and "c".
	letters: chain %s%s%s\n;
	s: chain a,b,c;
Complete output from this production is as follows:
aaa
aab
aac
aba
abb
abc
aca
acb
acc
baa
bab
bac
bba
bbb
bbc
bca
bcb
bcc
caa
cab
cac
cba
cbb
cbc
cca
ccb
ccc

Separate states are created even if the references are on different levels. Each distinct reference to a chain production in the derivation tree of a string is assigned a distinct state. A chain production should not reference another chain production using a non-terminal of the form %5-7s (%5s is ok). If this type of non-terminal is used, unpredictable results will occur. The same effect can be accomplished by using an intermediate chain production as follows.


Replace this:
a: %5-7s;
s: a,b,c;

With this:
a: chain %x;
x: chain %5s,%6s,%7s;
s: chain a,b,c;

Weighted alternatives are not allowed in chain productions.
[bookmark: _Toc22028075]Head productions
<name> : head [<eoc>] <alternative> [ ,<alternative> ]* ;
<eoc> default: stop.
%{a.b}	If a is the name of a production, a selection will be made from it. Otherwise a will be treated as text. If the result of the selection is a command, the command will be executed. Otherwise the result is converted to binary with non-numeric strings being converted to zero. The result is used as an index to select an alternative from b. The index is zero based, modulo the number of alternatives in b.
%{$count.b}	Returns the number of alternatives in b as an ASCII string. The string $count is case insensitive.
%{$restart.b}	Returns the production to its initial state: Every alternative is available. The string $restart is case insensitive
%{$eoc.b}	Raises the end-of-choices condition within the production. The stop and bstop conditions will also be raised, as appropriate. The string $eoc is case insensitive

The head production allows more than one chain to be active simultaneously. To illustrate how this works, consider the following set of productions which generates 5-digit base-3 numbers sequentially.

	base3: chain %5{b3digit};
	b3digit: chain 0,1,2;

The following set of productions generate sequentially all 8-character strings containing the letters "a" and "b", followed by all 8-character strings containing the letters "c" and "d".

	main: chain %{abcd};
	abcd: chain %8{ab},%8{cd};
	ab: chain a,b;
	cd: chain c,d;

If we wish to produce data in the following form, we must use a head production.

	00000. aaaaaaaa
	00001. aaaaaaab
	00002. aaaaaaba
	00010. aaaaaabb
	(etc.)

If the two sets are combined into a single grammar without using a head production, as in the following example, the data will not be generated correctly.

	main: chain %{base3} ". " %{abcd} "\n";
	abcd: chain %8{ab},%8{cd};
	ab: chain a,b;
	cd: chain c,d;
	base3: chain %5{b3digit};
	b3digit: chain 0,1,2;

The main production will coordinate the action of all chain productions to produce the following strings.

	00000. aaaaaaaa
	00000. aaaaaaab
	00000. aaaaaaba
	00000. aaaaaabb
	(etc.)

A new line number will not be generated until all choices from the production abcd have been exhausted. By changing the above grammar as follows, the desired data can be generated.


	main: chain %{base3} ". " %{abcd} "\n";
	abcd: chain %8{ab},%8{cd};
	ab: chain a,b;
	cd: chain c,d;
	base3: head %5{b3digit};
	b3digit: chain 0,1,2;

A head production always begins a new chain, and always acts as the highest level production in the tree. A chain production will always coordinate itself with any currently active chain or head production.
Any chain or head production may have an <eoc> option, but only the <eoc> option of the highest-level production is used. The <eoc> options of the lower-level chain productions are always ignored, even if the highest-level production has no <eoc> option.
The default <eoc> option for head and chain productions is stop.
Weighted alternatives are not allowed in head productions.
[bookmark: _Toc22028076]Readfile productions: Reading alternatives from files
<name> : [unique | sequence] [<eoc>] [weighted] readfile[(<filename>)] ;
Active non-terminals:
%{a.b}	Returns the specified alternative. Indices start with zero and are reduced modulo the number of alternatives in the file. If a is the name of a production, a selection will be made from it. If the result is a command, it will be executed, otherwise the result is converted to an integer, with non-numeric strings converted to zero. If a is not a production name, it will be treated as text.
%{$count.b} 	Returns the number of alternatives found in the file.

Production alternatives can be read from a file. The keyword readfile is used to indicate the name of the file. Consider the following two examples. In the first case the alternatives are read from the file named “pn.txt” while in the second they are read from “a.txt”. (Files containing alternatives are called readfiles.) The alternatives from a readfile may contain non-terminals, which are replaced in the usual fashion. The file is read in its entirety when the first reference of the form %b or %{b} is interpreted. Any changes to the file after it is read will have no effect on the production alternatives.

pn: readfile;
pn: readfile(a.txt);

The file name may contain non-terminals, which allows all or part of the file name to be read from the command line or generated in some other manner. For example, the following specifications expect the file name to be specified as the second argument of the command line.

pn: readfile(%n);
n: argument 2;

The alternatives read from the file may have weights associated with them. The weights must be specified in the file itself, as described in the next section. The weighted keyword is used to indicate that weights are present in the readfile, as in the following two examples.

pn: weighted readfile;
pn: weighted readfile(a.txt);

The alternatives from a weighted readfile are selected with a frequency that corresponds to their weight. Thus if the readfile had two alternatives, one with weight 2, and one with weight 1, the first alternative would be selected twice as often as the second.
Selection without replacement can be specified using the unique keyword. If the unique keyword is present, it may be followed by an end-of-choices option, as in the following three examples. The end-of-choices option is triggered when every alternative has been selected once (in random order).

pn: unique readfile;
pn: unique readfile(a.txt);
pn: unique abort readfile;

Alternatives in unique readfiles can be selected a limited number of times by adding weights to them. The weighted keyword is used to indicate that weights are present in the readfile. If the readfile has three alternatives “A” with weight 1, “B” with weight 2, and “C” with weight 3, six selections can be made before the end-of-choices option is triggered, one A, two Bs, and three Cs, in random order.

pn: unique weighted readfile;
pn: unique weighted readfile(a.txt);
pn: unique stop weighted readfile(a.txt);

The readfile alternatives can also be selected sequentially by using the sequence keyword as below. An end-of-choices option may be specified following the sequence keyword. When every alternative has been selected once, the end-of-choices option is triggered.

pn: sequence readfile;
pn: sequence readfile(a.txt);
pn: sequence continue readfile;

Sequenced readfiles may also be weighted. Each alternative is chosen a number of times that is equal to its weight. Thus if the readfile contains “A” with weight 1, “B” with weight 2, and “C” with weight 3, in that order, the selections from the production would be ABBCCC.

pn: sequence weighted readfile;
pn: sequence weighted readfile(a.txt);
pn: sequence continue weighted readfile;

The unique and sequence readfiles have a default end-of-choices option of restart.
[bookmark: _Toc22028077]The Syntax of readfiles
Unweighted readfiles have the following specifications.
1. Each line represents one alternative, except as noted in rules 2 and 4 below.
2. Blank lines, including lines containing only white space are ignored.
3. Comments begin with two slashes (//) and continue to the end of the line.
4. Lines containing only comments and white space are ignored.
5. Any leading white space on a line is ignored.
6. Any trailing white space on a line is ignored.
7. An alternative begins with the first non-white character on a line and continues to the end of the line, except as specified in rule 8.
8. If the first non-white character on a line is a double quote, the alternative ends with the next unescaped double quote, and all remaining characters on the line are ignored.
9. Escapes within quoted strings are handled the same way they are in C++ strings. That is, \n is a new-line, \r is a return, \" is a double quote, and so forth.
10. “Smart” quotes (as in this line) are not recognized as quotes.

Weighted readfiles follow the same rules, except the first thing on each line must be a weight. The weight begins with the first non-white character, and extends up to, but not including, the first non-numeric character. Numeric characters are 0-9. All weights are specified as decimal numbers. Octal, Hexadecimal and Binary are not allowed. Any white space between the weight and the first non-white character is ignored. If the first non-white character on a line is not numeric, the weight is assumed to be omitted, and is set to the default value of 1. The line is then parsed according to rules 1-10. Weights may not be placed inside of quotes.

Consider the following readfile.

thing
wiso // not a word
queed
feed the dog
I can see // but not too well
"When in the course of Human events" this should be ignored
"But here is something shorter"
"mine"
yours
ours // comment
// bomment
// lomment
thirty
// the following line will be ignored, and will not appear in the output

Nine
"" //this is a real blank line, and will appear in the output.
thudnie
"gargagula"
// va va va voom

This readfile would result in the following alternatives. The alternative following “Nine” is an empty string.

thing
wiso
queed
feed the dog
I can see
When in the course of Human events
But here is something shorter
mine
yours
ours
thirty
Nine

thudnie
gargagula


Here is an example of a weighted readfile.

10   thing
wiso   // not a word
2   queed   
4   feed the dog
12   "When in the course of Human events" this should be ignored
8   ours // comment
thirty
// the following line will be ignored, and will not appear in the output

50 	Nine
100 "" this is a real blank line, and will appear in the output.

This will give the following alternatives with the indicated weights. The alternative following Nine is an empty string.

Weight	Alternative
10		thing
1		wiso
2		queed
4		feed the dog
12		When in the course of Human events
8		ours
1		thirty
50 		Nine
100
[bookmark: _Toc22028078]Generating Numeric Data
Numeric data is generated as ASCII strings. There are many productions that produce such data. This data can be converted to raw binary data or to alternative ASCII formats using output filters. This data can also be converted to binary by assigning it to a C++ variable. See Chapters 8 and 10 for more information.
[bookmark: _Toc22028079]Range Productions
<name> : range[<widthspec>] <number>[ ,<number> ] ;
Active non-terminals: 
%{a.b}	Makes a selection from a, converts it to a binary integer, and replaces the end-value of the range with the number. If a is not the name of a production, a itself is converted to a binary integer. If the result of the selection begins with the “$” character, the result is treated as a command.
%{$count.b}	Returns the current ending number as an ASCII string.
%{$start.b}	Returns the current starting number as an ASCII string.
%{$end.b}	Returns the current ending number as an ASCII string.
%{$start(n).b}	Replaces the current starting number with n.
%{$end(n).b}	Replaces the current ending number with n.

The range production is used to generate random ASCII numbers within a specific range. The following production causes numbers to be selected from the range 1 through 100, inclusive.

main: %{example}\n;
example: range 1,100;

Sample output:
58
30
9
47
31
87
62
41
2
82

In this example, the one and two digit numbers will be printed without leading zeros. If it is desirable to have all numbers the same length, the <widthspec>option can be added as follows.

main: %{example}\n;
example: range width(5) 1,100;

Sample output:
00058
00030
00009
00047
00031
00087
00062
00041
00002
00082

This example will generate 5-digit numbers with leading zeros where necessary. If the specified width is too short for the generated number, leading digits will be truncated. The range production allows either number to be negative, and allows a range to be specified as a single number as illustrated below.

main: %{example}\n;
example: range 100;

Sample output:
57
47
68
87
65
92
91
88
32
8

When a single number is specified, the first number defaults to zero, and the specified number is treated as the upper limit. When using negative numbers in a range, it is important to remember that the first number should be less than the first, as in the following example.

main: %{example}\n;
example: range -100,0;

Sample output:
-43
-53
-32
-13
-35
-8
-9
-12
-68
-92

If the numbers of a range are specified out of order, the range production will reverse the two numbers treating the smallest number as the lower limit and the largest number as the upper limit, as in the following example.

main: %{example}\n;
example: range 10,5;

Sample output:
8
6
7
7
5
7
6
7
8
6

The upper limit of a range production named b can be changed with an active non-terminal of the form %{a.b} (%{25.b}, for example). If the element a is the name of a production, then a selection is made from a. If the result of the selection begins with the ‘$’ character, it is treated as a command, otherwise it is used as the new upper limit of a range. Only the leading numeric characters are used. All characters after the first non-numeric character are ignored. If the string starts with a non-numeric character, it is treated as a zero.
The current upper limit can be retrieved as an ASCII string using the command %{$count.b}, or {$end.b}. The current lower limit can be retrieved using the command %{$start.b}. Both upper and lower limits can be changed dynamically. The command %{$start(5).b} sets the lower limit to 5. The command %{$end(10).b} replaces the upper limit with 10, and is identical to ${10.b}. The commands %{$start(5).b} and %{$end(10).b} must be placed in quotes due to the parentheses which are special dgl characters.
Unrecognized commands are treated as the string “0”. The following example shows how to use these commands. If commands set the starting number to be larger than the ending number, the production will produce “0” whenever it is invoked in this state.

main: "s="%{$start.r}\n "e="%{$end.r}\n %5x "%{$start(50).r}" "%{$end(100).r}" %5x;
x: %r\n;
r: range 5,10;

Sample output:
s=5
e=10
8
6
7
7
5
82
72
79
98
51

[bookmark: _Toc22028080]Frange Productions
<name> : frange <number> [ ,<number> ] ;
Active non-terminals: 
%{a.b}	Makes a selection from a, converts it to a binary integer, and replaces the end-value of the range with the number. If a is not the name of a production, a itself is converted to a binary integer. If the result of the selection begins with the “$” character, the result is treated as a command.
%{$count.b}	Returns the current ending number as an ASCII string.
%{$start.b}	Returns the current starting number as an ASCII string.
%{$end.b}	Returns the current ending number with an ASCII string.
%{$start(n).b}	Replaces the current starting number with n.
%{$end(n).b}	Replaces the current ending number with n.

The frange production is used to generate random floating-point numbers within a specific range. The following production causes numbers to be selected from the range 2.5 through 7.3.

main: %{example}\n;
example: frange 2.5,7.3;

Sample Output:

7.03189172627993
4.09473406596293
6.10083242171406
5.54204555100462
3.24869198603343
3.9665801676401
4.79345185473337
3.1861874862373
5.7201428555186
5.34563608113073

The frange production allows either number to be negative, and allows a range to be specified as a single number as illustrated below.

main: %{example}\n;
example: frange 3.5e12;

Sample output:
3304504383745.78
1162826923097.97
2625606974166.5
2218158214274.2
545921239816.042
1069381372237.57
1672308644076.41
500345042048.035
2348020832148.98
2074942975824.49

When a single number is specified, the first number defaults to zero, and the specified number is treated as the ending number. When using negative numbers in a range, it is important to remember that the first number should be less than the first, as in the following example.

main: %{example}\n;
example: frange -2.85,0.3

Sample output:
0.124053945371201
-1.80345576921182
-0.486953723250147
-0.853657607153218
-2.35867088416556
-1.88755676498619
-1.34492222033123
-2.39968946215677
-0.736781251065919
-0.982551321757959

If the numbers of a frange are specified out of order, the frange production will reverse the numbers, and treat the smaller number as the starting value and the larger number as the ending value.
The upper limit of a frange production named b can be changed with an active non-terminal of the form %{a.b} (%{25.b}, for example). If the form %{25.b} is used, the upper limit must be an integer and may not contain a decimal point. Otherwise the form %{a.b} must be used, where a is the name of a production. In this case a selection is made from a and is assigned to b as the upper limit. If the result of the selection begins with the ‘$’ character, it is treated as a command.
The current upper limit can be retrieved as an ASCII string using the command %{$count.b}, or {$end.b}. The current lower limit can be retrieved using the command %{$start.b}. The command %{$start(5).b} sets the lower limit to 5. The command %{$end(25).b} replaces the upper limit with 25., and is identical to ${25.b}. The commands %{$start(5).b} and %{$end(25).b} must be placed in quotes. If the lower and upper limits contain decimal points, the commands must be generated using a production of the form %{a.b}. Unrecognized commands are treated as the string “0”.
The following example shows how to change upper and lower limits when decimal points are required.

main: "s="%{$start.r}\n "e="%{$end.r}\n %5x "%{sr.r}" "%{er.r}" %5x;
x: %r\n;
r: frange 2.1,2.2;
sr: "$start(10.1)";
er: "$end(10.2)";

Sample output:
s=2.1
e=2.2
2.19441441096417
2.13322362637423
2.17501734211904
2.16337594897926
2.11559774970903
10.1305537534925
10.1477802469736
10.1142955726299
10.16708630949
10.1592840850236

[bookmark: _Toc22028081]Counter Productions
<name> : counter [<eoc>] [<widthspec>] [<number>] [,[<number>] [,[<number>]]] ;
<eoc> default: restart.
Active Non-Terminals:
%{a.b}	Makes a selection from a, converts it to a binary integer, and replaces the end-value of the sequence with the number. If a is not the name of a production, a itself is converted to a binary integer. If the result of the selection begins with the “$” character, the result is treated as a command. If there currently is no ending value, this non-terminal establishes one.
%{$count.b}	Returns the current ending number as an ASCII string.
%{$start.b}	Returns the current starting number as an ASCII string.
%{$end.b}	Returns the current ending number as an ASCII string. If there is no ending number, the non-terminal produces the string “0”.
%{$incr.b}	Returns the current increment as an ASCII string.
%{$start(n).b}	Replaces the current starting number with n.
%{$end(n).b}	Replaces the current ending number with n. If there was previously no ending number, this command establishes one.
%{$incr(n).b}	Replaces the current increment with n.
%{$delete.b}	Removes the ending number without replacing it.
%{$restart.b}	Returns the production to its initial state.
%{$eoc.b}	Raises the end-of-choices condition within the production. The global stop, bstop, and babort conditions will also be raised, if appropriate.

The counter production is used to generate numbers sequentially. The following example produces the sequence 1,3,5,7,9.
ex: counter 1,9,2;
The three numbers following the counter keyword are the starting number, the ending number and the increment, respectively. Any or all of the three numbers may be omitted. If the first is omitted, it defaults to 1. If the second is omitted, it defaults to "no ending value," and if the third is omitted, it also defaults to 1. Any of the numbers may be negative. If the increment is negative, the second number must be omitted or must be smaller than the first number. If the combination of the starting number and increment make it impossible to hit the ending number exactly, the largest number generated will be strictly less (greater for negative increments) than the ending number.
Normally numbers are output without leading zeros, so numbers with fewer digits occupy less space than those with more. If it is necessary for all numbers to be the same length, the "width" keyword should be used as illustrated below.
ex: counter width(5) ,100000;
If the generated number is shorter than the width, it will be padded on the left with leading zeros. If it is longer than the width, high-order digits will be truncated. For negative numbers, the high-order leading zero will be replaced by a minus sign. If the number of significant digits is equal to or greater than the width, the minus sign will be truncated.
Any of the three numbers may be omitted. If the starting number is omitted, it defaults to 1. If the ending number is omitted then there is no ending value and the <eoc> option is deactivated. When deactivated the <eoc> option is ignored even if the counter overflows. If the increment is omitted, it defaults to 1. Omitting numbers may require the retention of commas. Trailing commas should never be specified. The legal combinations are ",n" ",,n" and "n" for two numbers omitted, and ",n,m" "n,m" and "n,,m" for one number omitted. If all three numbers are omitted, all commas must also be omitted.
An active non-terminal of the form %{a.b} can be used to replace the ending number. If there currently is no ending number (<eoc> ignored), this number establishes one (<eoc> can be triggered). If the element a is the name of a production, a selection is made from a and converted to a binary integer. If the result of the selection starts with the “$” character, the selection is treated as a command.
The current ending value can be retrieved, as an ASCII string, using the command %{$count.b} or %{$end.b}. The current starting value can be retrieved using the command ${$start.b}, and the current increment can be retrieved using the command %{$incr.b}. The command %{$start(5).b} sets the starting value to 5, the command %{$end(10).b} sets the ending value to 10, and the command %{$incr(3).b} sets the increment to 3. The commands %{10.b} and %{$end(10).b} both establish an ending value and activate the <eoc> option. The %{$delete.b} command eliminates the ending value and deactivates the <eoc> option. Any change to the start value, end value, or increment will force an automatic restart.
[bookmark: _Toc22028082]Fcounter Productions
<name> : fcounter [<eoc>] [<widthspec>] [<number>] [,[<number>] [,[<number>]]] ;
<eoc> default: restart.
Active Non-Terminals:
%{a.b}	Makes a selection from a, converts it to a binary integer, and replaces the end-value of the sequence with the number. If a is not the name of a production, a itself is converted to a binary integer. If the result of the selection begins with the “$” character, the result is treated as a command. If there currently is no ending value, this non-terminal establishes one.
%{$count.b}	Returns the current ending number as an ASCII string.
%{$start.b}	Returns the current starting number as an ASCII string.
%{$end.b}	Returns the current ending number with an ASCII string. If there is no ending number, the non-terminal produces the string “0”.
%{$incr.b}	Returns the current increment as an ASCII string.
%{$start(n).b}	Replaces the current starting number with n.
%{$end(n).b}	Replaces the current ending number with n. If there was previously no ending number, this command establishes one.
%{$incr(n).b}	Replaces the current increment with n.
%{$delete.b}	Removes the ending number without replacing it.
%{$restart.b}	Returns the production to its initial state.
%{$eoc.b}	Raises the end-of-choices condition within the production. The global stop, bstop, and babort conditions will also be raised, if appropriate.

The fcounter production is used to generate numbers sequentially. The following example produces the sequence 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8. (Round-off error prevents hitting 1.9 exactly.)

main: %{ex}\n;
ex: fcounter 1.1,1.9,.1;

Sample output:
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.1
1.2

The three numbers following the fcounter keyword are the starting number, the ending number and the increment, respectively. Any or all of the three numbers may be omitted. If the first is omitted, it defaults to 1.0. If the second is omitted, it defaults to "no ending value," and the <eoc> option is deactivated. When deactivated, the <eoc> option is ignored even if the counter overflows. If the third number is omitted, it also defaults to 1.0. Any of the numbers may be negative. If the increment is negative, the second number must be omitted or must be smaller than the first number. If the combination of the starting number and increment make it impossible to hit the ending number exactly, the largest number generated will be strictly less (greater for negative increments) than the ending number.
Omitting numbers may require the retention of commas. Trailing commas should never be specified. The legal combinations are ",n" ",,n" and "n" for two numbers omitted, and ",n,m" "n,m" and "n,,m" for one number omitted. If all three numbers are omitted, all commas must also be omitted.
An active non-terminal of the form %{a.b} can be used to replace the ending number. If there currently is no ending number (<eoc> ignored), this number establishes one (<eoc> can be triggered.) If the element a is the name of a production, a selection is made from a and converted to a binary integer. If the result of the selection starts with the “$” character, the selection is treated as a command.
The current ending value can be retrieved, as an ASCII string, using the command %{$count.b} or %{$end.b}. The current starting value can be retrieved using the command ${$start.b}, and the current increment can be retrieved using the command %{$incr.b}. The command %{$start(5).b} sets the starting value to 5, the command %{$end(10).b} sets the ending value to 10, and the command %{$incr(3).b} sets the increment to 3. The commands %{10.b} and %{$end.b} both establish and ending value and activate the <eoc> option. The %{$delete.b} command eliminates the ending value and deactivates the <eoc> option. Any change to start value, end value, or increment will force an automatic restart.
Active non-terminals may not contain decimal points. If a decimal point is needed, it must be generated using an active non-terminal of the form %{a.b}, where a is a production name.
The following shows how to set the increment value to 3.5.

I1: initializer %{sc.c};
c: fcounter 1,100,1;
sc: "$incr(3.5)";
main: %c\n;

Sample output:
1
4.5
8
11.5
15
18.5
22
25.5
29
32.5
[bookmark: _Toc22028083]Zrange Productions: Zero-Based Ranges
<name> : zrange <number> ;
Active Non-Terminals:
%{a.b}	Makes a selection from a, converts it to a binary integer, and replaces the end-value of the range with the number. If a is not the name of a production, a itself is converted to a binary integer. If the result of the selection begins with the “$” character, the result is treated as a command.
%{$count.b}	Returns the current ending number as an ASCII string.
%{$end.b}	Returns the current ending number as an ASCII string.
%{$end(n).b}	Replaces the current ending number with n.

A zero-based range is used to generate numbers in the range zero through n-1. The intent is to generate appropriate indices for a normal (or other) production given the number of alternatives in the production. The count can be specified as a constant or obtained from the $count command applied to another production, as in the following example. This example uses an initializer production to set the value of the zrange production, ix, to the number of choices in production k.

i1: initializer %{gix.ix};
gix: %{$count.k};
ix: zrange 1;
v: variable ;
main: %s\n;
s: %{ix.v}%{v.k} "—" %{v.m};
k: 1,2,3,4,5;
m: one,two,three,four,five;

If the number of alternatives in productions k and m is unlikely to change, the following can be used instead.

ix: zrange 5;
v: variable ;
main: %s\n;
s: %{ix.v}%{v.k} "—" %{v.m};
k: 1,2,3,4,5;
m: one,two,three,four,five;

The variable production, which is explained in Chapter 5, is used to apply the single selection from ix to both m and k.
The zrange production is similar to the range production, except the starting value is always omitted, and is always zero. Furthermore, the largest generated value will be one less than the specified maximum rather than equal to the specified maximum. The <widthspec> operates exactly as for range productions.
[bookmark: _Toc22028084]Zcounter Productions: Zero-BasedCounters
<name> : zcounter <eoc> <widthspec> [ <number> [, <number> ] ];
Default <eoc> option: restart
Active Non-Terminals:
%{a.b}	Makes a selection from a, converts it to a binary integer, and replaces the end-value of the sequence with the number. If a is not the name of a production, a itself is converted to a binary integer. If there currently is no ending value, this non-terminal establishes one. If the string, or the result of the selection begins with the “$” character, it is not converted to binary, but is treated as a command. Unrecognized commands are treated as zeros.
%{$count.b}	Returns the current ending number as an ASCII string.
%{$end.b}	Returns the current ending number with an ASCII string. If there is no ending number, the non-terminal produces the string “0”.
%{$incr.b}	Returns the current increment as an ASCII string.
%{$end(n).b}	Replaces the current ending number with n If there was previously no ending number, this command establishes one.
%{$incr(n).b}	Replaces the current increment with n.
%{$delete.b}	Removes the ending number without replacing it.
%{$restart.b}	Returns the production to its initial state.
%{$eoc.b}	Raises the end-of-choices condition within the production. The global stop and bstop conditions will also be raised, if appropriate.


Zcounter productions are intended for use as index generators for explicitly selecting alternatives with active non-terminals. The starting value of a zcounter is always zero. No starting value is permitted. If an ending value of n is supplied, the largest number generated will be . Otherwise the zcounter production works the same as a counter production.
Both the ending value and the increment may be omitted. The following examples show the various combinations of omitted values. If the ending value is omitted, it defaults to “no ending value,” and the <eoc> option is disabled. If the increment is omitted, it defaults to 1. The following examples illustrate this. Production a starts counting with zero and counts up by 1, with no upper limit. Production b starts counting with zero and counts up by 2, with no upper limit. Production c starts counting with zero and counts up by 1 until the number 19 is reached.

a: zcounter;
b: zcounter , 2;
c: zcounter 20;

Commands can be specified explicitly or generated as a result of the selection from production a in the non-terminal %{a.b}. The $count and $end commands retrieve the current ending value. The $incr command retrieves the current increment. The command $end(20) sets the ending value to 20 and activates the <eoc> option. The command $incr(2) sets the increment to 2. The $delete command removes the ending value and deactivates the <eoc> option. Any change in the increment or upper limit will force an immediate restart action.
The $restart command immediately performs a restart action, and the $eoc command explicitly raises the end-of-choices condition within the production. The $eoc command will also raise the global stop and bstop conditions, if appropriate.
The <widthspec> specification operates exactly the same as with counter productions.
[bookmark: _Toc22028085]Direct Access to the Random Number Generator
<name> : random ;
<name> : drandom ;
<name> :	srandom;
<name> :	urandom;
Active non-terminals: none.

These productions provide direct access to the random number generator. Output is in ASCII. Random productions produce a non-negative signed number, drandom productions provide a double precision floating point number in the range 0-1, srandom productions provide a signed random number, and urandom productions provide an unsigned random number. The range of the values produced byrandom, srandom, and urandom productions depends on whether a 32-bit or a 64-bit random number generator is being used. (See Chapter 19.) The ranges are as follows.

	
	32-bit
	64-bit

	random
	

	


	srandom
	

	


	urandom
	

	



[bookmark: _Toc22028086]Variables
Variables are productions with dynamic right-hand-sides. Active non-terminals are used to create the right-hand sides during data generation. It can be shown that the variable production is sufficient to allow a dgl grammar to emulate a Turing machine, making dgl grammars universal in the computational sense. Many different kinds of variable productions are available.
[bookmark: _Toc22028087]Variable Productions
<name> : variable [<alternative> [, <alternative>]*];
Active Non-Terminals:
%{a.b}	Assigns a to the variable b. If a is the name of a production, a selection will be made from a and the result will be assigned to b. Otherwise a itself will be assigned to b.
{$count.b}	Produces the number of characters in the variable b in the form of an ASCII string.

Variables can be used to generate non-context-free data and can be used to generate context-free data that cannot be conveniently generated by any other means. The primary use of variables is when it is necessary to general an item of data at random, and insert that item into the output at several different places, or when it is necessary to generate data in one place and then insert it in a different place in the output. A variable is declared in the following way.
x: variable;
A value is assigned to a variable by using an active non-terminal of the form %{y.x}.This non-terminal selects an alternative from the production y and assigns the choice to x. No output is generated. The alternative chosen from y is completely interpreted before being assigned to x. Under normal circumstances, the string assigned to x will not contain non-terminals, but non-terminals can be assigned to variables using the “%%” sequence. The value of the variable is interpreted as a normal production alternative. The non-terminal %x will cause the current value of the variable x to be inserted into the output. The value of a variable can be assigned to another variable, and variable assignments can be nested, in the sense that when the alternative from the production y is interpreted, it there may be intermediate assignments to variables. Nested variable assignments will work correctly even if the nested reference is to the variable currently being assigned.

Non-terminals can be inserted into a variable by assigning a string containing two consecutive % characters, such as "%%x", to the variable, or by using a nonterminal production. (See Section 6.16) When the string "%%x" is assigned to a variable, the double % is replaced with a single % character, and the non-terminal %x is assigned to the variable. When the value of a variable is inserted into the output, it is re-interpreted, and any non-terminals found in the value will be replaced by new choices from the referenced productions. In practice, this feature will seldom be used, however it allows one to simulate an arbitrary Turing machine with dgl variables. This implies that dgl grammars may be used to generate any kind of recursively enumerable data, not just context-free data. To illustrate, consider the non-context-free language with an equal number of a's, b's, and c's. The following dgl grammar can be used to generate this language.
	main: "%a%{cc}";
	cc: variable;
	a: a%ab%{c.cc},"";
	c: c%{cc};
This grammar makes use of the fact that the initial value of a variable is the null string. It is possible to initialize a variable by placing the initial value after the variable keyword. The rules for specifying the initial value are identical to those for constructing the alternatives of normal productions. If more than one initial value is specified, all but the last will be silently ignored.
In the active non-terminal %{a.b}, if a is not the name of a production, a itself will be assigned to the variable. If the string following the period is not the name of a production, the entire nonterminal will be output, minus the % sign and the curly braces. The null string can be assigned to a variable by beginning a non-terminal with a period as in %{.x}. The non-terminal %{x.} is considered to be the same as %{x}.
The command %{$count.b} will return the number of characters currently being held by the variable in the form of an ASCII string. Suppose that “abc” is not the name of a production, so the non-terminal %{abc.v} assigns the string “abc” to the variable production b. Then the command %{$count.v} will produce the string “3”. Unrecognized commands are treated as data strings.
If a non-terminal of the form %{a.b} causes the string “$count” to be selected from a, the result is treated as the $count command. To assign the string “$count” to the variable b, use the following non-terminal. %{$$count.v}, or derive the string “$$count”.
[bookmark: _Toc22028088]Stack Productions
<name> : stack<eoc> [<alternative> [, <alternative>]*] ;
Default <eoc> option: continue
Active Non-Terminals:
%{a.b}	Same as for a variable, but pushes the new value onto the stack.
%{$count.b}	Produces the number of items currently in the stack, in the form of an ASCII string.
%{$restart.b}	Returns the production to its initial state, and empties the stack, even if there were initial values.
%{$eoc.b}	Raises the end-of-choices condition within the production and empties the stack. The stop and bstop conditions will also be raised, if appropriate.

Stacks can hold multiple values. The following gives examples of declaring a stack.

	a: stack;

Non-terminals of the form %{a.b} assign a new value to a stack, while non-terminals of the form %{b} extract a value from the stack. When a value is extracted from a stack, it is removed. Suppose the following three assignments are made to the stack a defined above.

…%{s1.a}%{s2.a}%{s3.a}…
s1: First;
s2: Second;
s3: Third;

The three references %a%a%a will produce the string “ThirdSecondFirst”. The fourth reference will produce the null string.
Stacks can be given initial values using declarations such as the following.

	d: stack a,b,c;

The specified values will be assigned to the stack, d, in reverse of the order specified. The first reference to %d will produce the string “a”.
The command %{$count.b} can be used to retrieve the number of items currently stored in the stack b. The $count command can be produced as the result of a selection. To assign the string “$count” to a stack, use a non-terminal of the form %{$$count.b}. The string “$$count” can also be produced as the result of a selection.
[bookmark: _Toc22028089]Queue Productions
<name> :queue<eoc> [<alternative> [, <alternative>]*] ;
Default <eoc> option: continue
%{a.b}	Same as for a variable, but adds a new value to the tail of the queue. (Items are retrieved from the head.)
%{$count.b}	Produces the number of items currently in the queue, in the form of an ASCII string.
%{$restart.b}	Returns the production to its initial state. The queue is emptied, even if there were initial values
%{$eoc.b}	Raises the end-of-choices condition within the production, and empties the queue. The stop and bstop conditions will also be raised, if appropriate.

Like stacks, queues can hold multiple values. The following gives examples of declaring a queue.

	b: queue;

Non-terminals of the form %{a.b} assign a new value to a queue, while non-terminals of the form %{b} extract a value from the queue. When a value is extracted from a queue it is removed. Suppose the following three assignments are made to the queue a defined above.

…%{s1.b}%{s2.b}%{s3.b}…
s1: First;
s2: Second;
s3: Third;

The references %b%b%b will produce the string FirstSecondThird. The fourth reference produces the null string. Queues produce the oldest value assigned to them first.
Queues can be given initial values using declarations such as the following.

	e: queue a,b,c;

The specified values are assigned to the queue b in the order given. The first reference to %e will produce the string “a”.
[bookmark: _Toc22028090]RQueue Productions: Randomly Accessed Queues
<name> :rqueue<eoc>[<alternative> [, <alternative>]*] ;
Default<eoc> option: continue
Active Non-Terminals:
%{a.b}	Same as for queue.
%{$count.b}	Produces the number of items currently in the rqueue, in the form of an ASCII string.
%{$restart.b}	Returns the production to its initial state. The rqueue is emptied, even if there were initial values
%{$eoc.b}	Raises the end-of-choices condition within the production and empties the rqueue. The stop and bstop conditions will also be raised, if appropriate.

The rqueue variable is similar to a queue, except the values are accessed in random order. When a value is selected, it is removed from the rqueue. When an rqueue is empty it generates the null string and raises the end-of-choices condition. Assignments are essentially identical to those for variables, stacks, and queues.
An example of an rqueue production is:

repeat: 1;
main: %{x.r}%{y.r}%{z.r}%6s;
r: rqueue a,b,c;
s: %r\n;

Sample output:
x
z
a
y
b
c
[bookmark: _Toc22028091]Sorter Productions: Sorted Queues
<name> :<eoc> sorter ;
<name> :<eoc> sorter descending;
Default <eoc> option: continue
Active Non-Terminals
%{a.b}	Assigns a new alternative to the sorter.
%{$count.b}	Returns the current number of alternatives in the sorter.
%{$restart.b}	Returns the sorter to its initial state.
%{$eoc.b}	Explicitly raises the <eoc> condition for the sorter.

Sorter productions are used to sort randomly generated data into ascending order. The collating sequence of the underlying hardware determines the order into which the alternatives of a sorter are placed. Comparison is based on the entire string. When one string is the prefix of another, the shortest string sorts ahead of the longer string. Thus, ab will sort ahead of abc. Items are compared as strings, even if they are numeric. Thus, 10 will sort ahead of 9. By default, items are sorted into ascending sequence. The descending keyword may be added to sort items into descending sequence.
Here is an example of a DGL grammar that deals bridge hands, and a set of hands produced by this grammar.

main: %{north}%{east}%{west}%{south};
north: NORTH\n\n %13{getcard}\n\n\n;
east: EAST\n\n %13{getcard}\n\n\n;
west: WEST\n\n %13{getcard}\n\n\n;
south: SOUTH\n\n %13{getcard}\n\n\n;
getcard: %{cards}\n;
suits: macro hearts, diamonds, clubs, spades;
values: macro Ace, Two, Three, Four, Five, Six, Seven, Eight, Nine,
              Ten, Jack, Queen, King;
cards: unique !values " of " !suits;

Sample output:
NORTH

Eight of diamonds
Eight of hearts
Three of hearts
Four of spades
Six of hearts
King of diamonds
Seven of clubs
Jack of diamonds
Five of spades
Four of diamonds
Nine of spades
Jack of clubs
Five of clubs



EAST

Six of spades
Ten of diamonds
Two of clubs
Three of spades
Two of spades
King of spades
Ten of spades
Five of hearts
Six of clubs
Four of clubs
Five of diamonds
Nine of diamonds
Ten of clubs



WEST

Eight of spades
King of clubs
Seven of diamonds
Queen of spades
Nine of hearts
Ten of hearts
Seven of spades
Jack of hearts
Four of hearts
Three of diamonds
Seven of hearts
Eight of clubs
Two of hearts



SOUTH

Three of clubs
Queen of hearts
Two of diamonds
Ace of spades
Ace of diamonds
Queen of diamonds
Jack of spades
Nine of clubs
Six of diamonds
Ace of clubs
King of hearts
Queen of clubs
Ace of hearts



This output is somewhat less than satisfactory because the cards are printed in random order. Sorters can be used to sort the hands into the proper order as shown in the following grammar.

start: Deal;
Deal: %{DealCards} "__________________________\n\n";
DealCards: %{North}%{East}%{West}%{South};
Cards: unique restart
 " 1. Ace of Spades\n", " 2. 2 of Spades\n", " 3. 3 of Spades\n", " 4. 4 of Spades\n",
 " 5. 5 of Spades\n", " 6. 6 of Spades\n", " 7. 7 of Spades\n", " 8. 8 of Spades\n",
 " 9. 9 of Spades\n", "10. 10 of Spades\n", "11. Jack of Spades\n", "12. Queen of Spades\n",
 "13. King of Spades\n",
 "14. Ace of Hearts\n", "15. 2 of Hearts\n", "16. 3 of Hearts\n", "17. 4 of Hearts\n",
 "18. 5 of Hearts\n", "19. 6 of Hearts\n", "20. 7 of Hearts\n", "21. 8 of Hearts\n",
 "22. 9 of Hearts\n", "23. 10 of Hearts\n", "24. Jack of Hearts\n", "25. Queen of Hearts\n",
 "26. King of Hearts\n",
 "27. Ace of Diamonds\n", "28. 2 of Diamonds\n", "29. 3 of Diamonds\n",
 "30. 4 of Diamonds\n", "31. 5 of Diamonds\n", "32. 6 of Diamonds\n",
 "33. 7 of Diamonds\n", "34. 8 of Diamonds\n", "35. 9 of Diamonds\n",
 "36. 10 of Diamonds\n", "37. Jack of Diamonds\n", "38. Queen of Diamonds\n",
 "39. King of Diamonds\n",
 "40. Ace of Clubs\n", "41. 2 of Clubs\n", "42. 3 of Clubs\n", "43. 4 of Clubs\n",
 "44. 5 of Clubs\n", "45. 6 of Clubs\n", "46. 7 of Clubs\n", "47. 8 of Clubs\n",
 "48. 9 of Clubs\n", "49. 10 of Clubs\n", "50. Jack of Clubs\n", "51. Queen of Clubs\n",
 "52. King of Clubs\n";
Sort: sorter;
North: North "\n" %13{Cards.Sort}%13{Sort} "\n";
East: East "\n" %13{Cards.Sort}%13{Sort} "\n";
West: West "\n" %13{Cards.Sort}%13{Sort} "\n";
South: South "\n" %13{Cards.Sort}%13{Sort} "\n";

A sample set of hands from this grammar looks as follows.

North
 9. 9 of Spades
14. Ace of Hearts
16. 3 of Hearts
19. 6 of Hearts
20. 7 of Hearts
21. 8 of Hearts
27. Ace of Diamonds
29. 3 of Diamonds
30. 4 of Diamonds
36. 10 of Diamonds
42. 3 of Clubs
43. 4 of Clubs
50. Jack of Clubs

East
 7. 7 of Spades
 8. 8 of Spades
12. Queen of Spades
15. 2 of Hearts
17. 4 of Hearts
18. 5 of Hearts
23. 10 of Hearts
24. Jack of Hearts
34. 8 of Diamonds
38. Queen of Diamonds
39. King of Diamonds
40. Ace of Clubs
52. King of Clubs

West
 5. 5 of Spades
10. 10 of Spades
13. King of Spades
25. Queen of Hearts
26. King of Hearts
28. 2 of Diamonds
31. 5 of Diamonds
32. 6 of Diamonds
33. 7 of Diamonds
37. Jack of Diamonds
41. 2 of Clubs
48. 9 of Clubs
51. Queen of Clubs

South
 1. Ace of Spades
 2. 2 of Spades
 3. 3 of Spades
 4. 4 of Spades
 6. 6 of Spades
11. Jack of Spades
22. 9 of Hearts
35. 9 of Diamonds
44. 5 of Clubs
45. 6 of Clubs
46. 7 of Clubs
47. 8 of Clubs
49. 10 of Clubs

This is ugly, but better. The numbers at the beginning of each card are irritating, but necessary, to force the correct sort order. Ksorter productions can be used to produce cleaner output.
[bookmark: _Toc22028092]Ksorter Productions: Keyed Sorted Queues
<name> :<eoc> ksorter ;
<name> :<eoc> ksorter descending;
Active Non-Terminals
%{a.b}	Adds a new alternative to the ksorter from a keyed production.
%{$new(k,v).b}	Adds a new alternative, v, with key, k.
%{$count.b}	Returns the number of alternatives currently in the ksorter.
%{$restart.b}	Returns the ksorter to its initial state.
%{$eoc.b}	Raises the <eoc> condition for the ksorter.

Ksorter productions store an ASCII key with each value added to the production. The key is not output with the value when a selection is made from the production, so the output looks much cleaner than with a sorter.
When assigning a value to a ksorter using a non-terminal of the form %{a.b}, a must be the name of a keyed production, and b must be the name of a ksorter. If a is not the name of a keyed production, the ksorter will act as if it were a stack production. When a keyed production is used, the values assigned to the ksorter will be sorted into ascending order based on their keys. Keys can also be supplied using the $new command.
By default, the ksorter production sorts items into ascending order by key, using a string comparison. If one string is the prefix of another, the prefix string sorts first. Numeric data is sorted as strings, so 10 sorts ahead of 9. If numeric keys are needed, the width keyword should be added to the production that generates the key, as in the following example.

S: ksorter;
…
A: … ,%{v.S}, … ;
v: keyed %n,%m;
m: range 1,500;
n: range width(6) 1,100000


The following is a bridge-hands grammar using a ksorter instead of a sorter.

start: Deal;
Deal: %{DealCards} "__________________________\n\n";
DealCards: %{North}%{East}%{West}%{South};
Cards: unique keyed restart
 " 1","Ace of Spades\n", "13","2 of Spades\n", "12","3 of Spades\n", "11","4 of Spades\n",
 "10","5 of Spades\n", " 9","6 of Spades\n", " 8","7 of Spades\n", " 7","8 of Spades\n",
 " 6","9 of Spades\n", " 5","10 of Spades\n", " 4","Jack of Spades\n",
 " 3","Queen of Spades\n", " 2","King of Spades\n",

 "14","Ace of Hearts\n", "26","2 of Hearts\n", "25","3 of Hearts\n", "24","4 of Hearts\n",
 "23","5 of Hearts\n", "22","6 of Hearts\n", "21","7 of Hearts\n", "20","8 of Hearts\n",
 "19","9 of Hearts\n", "18","10 of Hearts\n", "17","Jack of Hearts\n",
 "16","Queen of Hearts\n", "15","King of Hearts\n",

 "27","Ace of Diamonds\n", "39","2 of Diamonds\n", "38","3 of Diamonds\n",
 "37","4 of Diamonds\n", "36","5 of Diamonds\n", "35","6 of Diamonds\n",
 "34","7 of Diamonds\n", "33","8 of Diamonds\n", "32","9 of Diamonds\n",
 "31","10 of Diamonds\n", "30","Jack of Diamonds\n", "29","Queen of Diamonds\n",
 "28","King of Diamonds\n",

 "40","Ace of Clubs\n", "52","2 of Clubs\n", "51","3 of Clubs\n", "50","4 of Clubs\n",
 "49","5 of Clubs\n", "48","6 of Clubs\n", "47","7 of Clubs\n", "46","8 of Clubs\n",
 "45","9 of Clubs\n", "44","10 of Clubs\n", "43","Jack of Clubs\n",
 "42","Queen of Clubs\n", "41","King of Clubs\n";

Sort: ksorter;
North: North "\n" %13{Cards.Sort}%13{Sort} "\n";
East: East "\n" %13{Cards.Sort}%13{Sort} "\n";
West: West "\n" %13{Cards.Sort}%13{Sort} "\n";
South: South "\n" %13{Cards.Sort}%13{Sort} "\n";

Here is a set of hands generated by this grammar:

North
King of Spades
10 of Spades
King of Hearts
10 of Hearts
7 of Hearts
5 of Hearts
4 of Hearts
2 of Hearts
10 of Diamonds
6 of Diamonds
2 of Diamonds
3 of Clubs
2 of Clubs

East
Ace of Spades
8 of Spades
Ace of Hearts
Queen of Hearts
Jack of Hearts
3 of Hearts
Jack of Diamonds
8 of Diamonds
7 of Diamonds
Ace of Clubs
6 of Clubs
5 of Clubs
4 of Clubs

West
Queen of Spades
Jack of Spades
9 of Spades
7 of Spades
6 of Spades
4 of Spades
9 of Hearts
Queen of Diamonds
9 of Diamonds
5 of Diamonds
King of Clubs
8 of Clubs
7 of Clubs

South
5 of Spades
3 of Spades
2 of Spades
8 of Hearts
6 of Hearts
Ace of Diamonds
King of Diamonds
4 of Diamonds
3 of Diamonds
Queen of Clubs
Jack of Clubs
10 of Clubs
9 of Clubs

Active non-terminals of the form %{a.b} are used to assign new values to a ksorter production. If interpretation of the production a produces a string that begins with a $ character, the string will be treated as a command. To assign a string beginning with a $ to a ksorter, it is necessary to start the string with two consecutive $ characters. The first of these will be ignored and the remainder will be assigned as the value. If a in the non-terminal %{a.b} is not the name of a keyed production (and does not generate a $new command) the key assigned to the new value will be the null string.
The following non-terminal assigns a new value of “qed” to the ksorter b with a key of “abc”. %{$new(abc,qed).b}. This assumes that neither “abc” nor “qed” is the name of a production. If “abc” is the name of a production, the key is generated by making a selection from the production abc. Similarly, if “qed” is the name of a production, the value of the new element is generated by making a selection from the production qed.
The non-terminal %{$count.b} retrieves the number of items currently stored in the ksorter b. The command %{$restart.b} empties b, restoring it to its initial state. The non-terminal %{$eoc.b} raises the end of choices condition within the ksorter, b.
[bookmark: _Toc22028093]ISorter and FSorter Productions: Sorting Numeric Data
<name> :<eoc> isorter ;
<name> :<eoc> isorter descending;
<name> :<eoc> fsorter ;
<name> :<eoc> fsorter descending;
Default <eoc> option: continue
Active Non-Terminals
%{a.b}	Assigns a new alternative to the sorter.
%{$count.b}	Returns the current number of alternatives in the sorter.
%{$restart.b}	Returns the sorter to its initial state.
%{$eoc.b}	Explicitly raises the <eoc> condition for the sorter.

Fsorter and isorter productions are used to sort randomly generated numeric data into ascending or descending order. By default, items are sorted into ascending sequence. The descending keyword may be added to sort items into descending sequence. Fsorter productions assume that their items are floating point numbers, while isorter productions assume their items are integers. All strings assigned to either are converted into binary numbers. Numbers may be positive or negative, in any form acceptable to the standard strtod or strtol functions respectively. Non-numeric strings are converted to zeros. Strings beginning with numeric data will be converted to numbers up to the first non-numeric character. 
[bookmark: _Toc22028094]Keyed Productions
<name> : keyed <Alternative> [ , <Alternative> ] ;
Active Non-Terminals:
%{a.b}	Selects the specified alternative. The first alternative is number zero. The key is not returned.
%{$count.b}	Returns the number of alternatives in the production, not counting the keys.
%{$key(n).b}	 Returns the key of alternative n. Alternatives are indexed from zero, modulo the number of alternatives in the production.

In keyed productions, the alternatives occur in pairs. The first alternative of the pair is the key, the second is the value. If an odd number of alternatives is specified, the final alternative is assumed to be a value with the empty string for the key. Keyed productions are intended for use with ksorter productions. The assignment must be direct as in the following example.

s: ksorter;
k: keyed 1,a,2,b,3,c;
x: %{k.s}

Active non-terminals of the form %{n.b} retrieve the nth value from the keyed production b. The string n must be either a number or the name of a production that generates numbers. The number will be interpreted modulo the number of values in b. If the production n generates a string beginning with the $ character, it will be interpreted as a command.
The command %{$key(n).b} retrieves the nth key from the production b. The command %{$count} retrieves the number of values in production b. For the keyed production k above, the non-terminal %{1.k} produces the string “b”, the non-terminal %{$count.k} produces the string “3”, and the non-terminal %{$key(0).k} produces the string “1”.
[bookmark: _Toc22028095]Unique Keyed Productions
<name> : unique keyed <eoc> <Alternative> [ , <Alternative> ] ;
Active Non-Terminals:
%{a.b}	Returns the specified alternative without the key.
%{$count.b}	Returns the number of alternatives in the production.
%{$key(n).b}	Returns the key of alternative n.
%{$restart.b}	Returns the unique keyed production to its initial state.
%{$eoc.b}	Raises the <eoc> condition for the unique keyed production.

Unique keyed productions are identical to keyed productions, except they perform sampling without replacement. They are used in exactly the same way. Alternatives occur in pairs, and if there is an odd number of alternatives, the last alternative is treated as a value with an empty-string key.
The active non-terminals operate in exactly the same way, with the addition of the commands $restart and $eoc. The $restart command performs an immediate restart action, and the $eoc option immediately raises the end-of-choijces condition within the production. The $eoc command will also raise the global stop and bstop conditions, if appropriate.
[bookmark: _Toc22028096]Collections
<name> : collection [<alternative> [, <alternative>]*];
Active Non-Terminals:
%{a.b}	Same as for variable, but adds a new alternative to the collection.
%{$count.b}	Returns the number of alternatives in the collection.

Collections combine the concepts of normal productions and variables. If b is the name of a collection, then the non-terminal %b selects an alternative from b randomly with equal likelihood. A non-terminal of the form %{a.b} will add a new alternative to the collection b. A selection is made from the production a, the selected alternative is completely interpreted, and the resulting string is added to the alternatives of b. If a is not the name of a production, a itself is added to the alternatives of b. If the selection from a is the string “$count”, the result is treated as the $count command. The count command, %{$count.b} produces the number of alternatives currently in b in the form of an ASCII string. The alternatives added to a collection may have non-terminals. However, since the selection from production a is completely interpreted, it is necessary to use two consecutive % characters to insert a non-terminal, as in %%{var} or use a nonterminal production.
A collection may have initial alternatives which appear ahead of the dynamic alternatives when order matters. (See the following section.) This is done as follows. The initial alternatives are treated differently from the dynamic ones by remove productions.

b: collection aa,bb,cc;

(Note: in dgl, version 1, the keyword hash_table was used for this production. This keyword may still be used instead of collection.)
[bookmark: _Toc22028097]Enumerate Productions: Alternative Accessors for Collections
<name> : enumerate <eoc> <name> [reverse] ;
	Default <eoc> option: stop
	Active Non-Terminals:
%{a.b}	Returns the specified alternative from the collection.
%{$count.b}	Returns the number of alternatives in the collection.

The enumerate production is used to provide an alternate interface to a collection. Many different interfaces can be created to the same collection. The default is to access the alternatives sequentially. The alternatives specified in the production (if any) will be produced first in the order specified. Then the alternatives that were added using active non-terminals will be produced, in the order that they were added to the collection. Once all alternatives have been produced, the <eoc> condition will be raised. The reverse keyword causes sequential selection to be made in reverse order of that described above.
[bookmark: _Toc22028098]Remove Productions: Removing Elements from Collections
<name> : remove <name> ;
	Active Non-Terminals:
%{a.b}	The element a is an explicit string or the name of a production that produces strings. Only those values that were added during data generation can be removed. This non-terminal removes the first such alternative whose value matches a. If more than one alternative matches a, only the first matching alternative is removed. 
%{$delete(n).b}	The nth alternative (if any) is removed. Alternatives are numbered starting from zero, with initial values, in the order specified, preceding any values added during data generation, in the order they were added. Only those values that were added during data generation can be removed.

Remove productions are used to delete elements from a collection. An example of a remove production is:

a: remove b;

The string b must be the name of a collection production, otherwise the remove production does nothing. Using the production in an ordinary non-terminal the produces null string. The non-terminal %{ragweed.a} deletes the alternative “ragweed” from the collection (if it exists), and the non-terminal %{$delete(0).a} deletes the first alternative, if it was added during data generation.
[bookmark: _Toc22028099]Programming Elements
The programming element productions permit short calculations to be performed directly in dgl without the need for setting up action productions. However, calculations are inefficient when performed directly in dgl, so use of these productions for extensive calculations is not recommended.
[bookmark: _Toc22028100]Argument Productions: Access to Command-Line Arguments
<name> : argument [ <number> ] ;

Active Non-Terminals:
%{a.b}	Assigns a new argument number to a production.
%{$count.b}	Gives the number of arguments on the command line of a stand-alone data generator.

The <number> element refers to a command-line argument when a stand-alone data generator is created. This type of production must not be used in data generation subroutines or in embedded DGL. When used with a stand-alone data generator it retrieves the nth argument from the command line. If the argument was not specified, immediate program termination will occur. The $count command can be used to avoid such an occurrence.
The active non-terminal %{n.b} can be used to replace the number originally specified in the production declaration. The string n must be a number or the name of a production that produces numbers. The number replaces the original number for all subsequent selections from the production. If selection from n generates the string “$count”, the non-terminal is treated as the $count command.
The $count command retrieves the number of arguments specified on the command line. This can be used for error checking or to process a variable number of arguments. The following example shows how to abort data generation if the wrong number of arguments is supplied.

I1: initializer %{check.yesno};
check: equal %{$count.a1},3;
yesno: choice "Please specify 2 arguments\n"%{byebye},"";
byebye: abort;
a1: argument 1;
a2: argument 2;

The equal, choice, and abort productions are explained below. The first command-line argument is argument zero, which is the name of the command used to invoke the program. Thus the check for “3” to determine if there are two arguments. Argument zero is accessible to argument productions.
The following example shows how to access a variable number of arguments.

I1: initializer %{m.ctr};
m: %{$count.a1};
ctr: zcounter stop 1;

main: %s\n;
a1: argument 0;
s: %{ctr.v} %{v.a1} "Argument %v is %{a1}";
v: variable;

The initializer sets up the zcounter to count from 0 to n-1, where n is the number of command-line arguments. The single alternative of production s makes a selection from the zcounter and stores it in variable v. Then it uses the value of v to replace the argument value of a1. The variable v is used a second time to print the message for each argument. Using these specifications, we created a stand-alone data-generator named listargs. We then invoked listargs with the following command line.

listargs abc qed "The Third" fortunate

This produced the following output:

Argument 0 is listargs
Argument 1 is abc
Argument 2 is qed
Argument 3 is The Third
Argument 4 is fortunate
[bookmark: _Toc22028101]Accessing the Repetition Count
<name> : repcount ;
Active Non-Terminals: none.

Each invocation of the data generator has a repetition count, which determines the number of items selected from the main production. At times, it is useful to be able to access this value. This production will produce either the default repetition count, if none is specified on the command line, or the first command-line argument. If command-line repetition counts are to be ignored, this production always produces the default count.
The following is an example of an array-generator that generates random arrays in C++ source-code form. The repetition count specifies the number of elements in the array.

main: %i ",";
i: range 0,1000;
init1: initializer "int A[%r] = {";
term1: terminator "};\n";
r: repcount;
[bookmark: _Toc22028102]Obtaining String Length
<name> : getlength ;
Active Non-Terminals: 

%{a.b}	A selection is made from a, and the length of the selection is returned. The selection itself is discarded. If a is not the name of a production, then the length of a is returned.

This production is used to determine the length of a generated string. Non-terminals of the form %b or %{b} return the empty string.
[bookmark: _Toc22028103]Arithmetic Expressions
<name> : exp <expression> ;
<name> : fexp <expression> ;
Active Non-Terminals: none

Expression productions can be used to generate numeric data that is difficult to generate by other means. For example the following grammar generates a series of perfect squares.

main: %s\n;
s: %{square}%{increment.var};
square: exp %{var} * %{var};
increment: exp %{var} + 1;
var: variable 0;

Sample output:

0
1
4
9
16
25
36
49
64
81

An expression production must contain the exp or fexp keyword following the production name. Exp productions perform integer operations and return an integer result. Fexp productions perform double precision floating point operations, and return a floating-point result. Arithmetic operations are performed using the operators "+", "-", "*", "/", and function calls. Function calls must be to an externally defined function or to a function defined in a defines section. For exp productions, the arguments must all be integers and the function must return an integer. For fexp productions, function arguments must all be floating-point numbers and the function must return a floating-point value. Calls to the math library are permissible without additional coding. Multiplication and division have equal precedence as do addition and subtraction. Multiplication and division, have precedence over addition and subtraction. Parentheses may be used to alter the usual precedence as in the following example. Parentheses may be nested arbitrarily deeply.

k: exp ( %{a} + %{b} ) * ( 10 + %{c} );

The operands consist of single strings. Non-terminals are permissible, but concatenation, character sets and macros should not be used. (Only the implied concatenation operator is illegal, so 1 2 3 4 5 is illegal, but 12%{a}34 is legal.) The operands should generate strings of digits, however strings that contain non-numeric characters will be treated as zeros. If a generated string consists of a number followed by non-numeric characters, the non-numeric characters will be silently ignored. The following is an example showing the use of a math library function to produce a floating-point number.

main: %s\n;
s: fexp sqrt(%d);
d: counter;

Sample output:

1
1.4142135623731
1.73205080756888
2
2.23606797749979
2.44948974278318
2.64575131106459
2.82842712474619
3
3.16227766016838

If it were necessary to convert the argument of sqrt to a floating-point number, the following production could be used. Note the “.0” after “%d”. This is seldom necessary for fexp expressions, because the fexp production interprets all numeric strings as floating-point numbers.

s: fexp sqrt(%d.0);

These productions produce numbers in ASCII format.
Exp and fexp productions are used when the amount of computation that must be done is limited. If more complex computations are necessary, the action production should be used.
[bookmark: _Toc22028104]Fixed-Count Iteration
<name> : iterator <name> ;
	Active Non-Terminals:
%{a.b}	Where a is an explicit number or the name of a production that produces numbers. If the number is n, this non-terminal iterates the production named in the iterator statement n times. The value n is saved in the iterator production for later access using an ordinary non-terminal.

Iterator productions are used to iterate other productions a specified number of times. The concept is similar to adding a repetition count to a non-terminal, but more general in scope. The iterator retains the last iteration count given, and uses the stored iteration count when a simple non-terminal is used. The saved iteration count is initialized to one. An iteration count of zero will cause the iterator to act as a no-op. Non-numeric iteration counts are treated as zeros.

Consider the following example.

main: %{iter} "---" %{10.iter} "---" %{iter} ;
iter: iterator x;
x: [a-z];

The first string produced by this grammar is:

d---veuwqxutph---xbeivdbrcc

[bookmark: _Toc22028105]While-Type Iteration
<name> : while <alternative>,<alternative>;
	Active Non-Terminals: none.

The while production provides functionality similar to that of a while statement in a general programming language. The first alternative acts as the condition and the second alternative acts as the body. When a while production is referenced, the first alternative is interpreted, and if the result is the string “0”, interpretation of the while production stops. Otherwise the second alternative is interpreted and the first alternative is interpreted again. This process continues until the interpretation of the first alternative produces the string “0”.
The following is an example.

main: %s;
s: while %k,%d;
k: less %z,10;
z: counter;
d: "line " %q\n;
q: counter 100,,100;

This grammar produces the following output.

line 100
line 200
line 300
line 400
line 500
line 600
line 700
line 800
line 900

[bookmark: _Toc22028106]Do All Type Iteration
<name> : doall <string>,<string>,<string>;
	Active Non-Terminals: none.

The doall production allows certain actions to be taken with each element of a collection. The three alternatives must be the names of three productions. The first alternative must be the name of a collection production, the second must be the name of a variable production, and the third must be the name of an arbitrary production. The doall production makes a selection from the arbitrary production once for each element of the collection. It goes through the members of the collection in the order in which they were assigned to the collection. Each member of the collection is placed in the variable named in the second alternative, and a selection is made from the third alternative. The following is an example.

[bookmark: _Hlk23413881]main: doall c,v,k;
c: collection;
v: variable;
k: "%v are wonderful\n";
zzz: initializer %{dogs.c}%{cats.c}%{chipmonks.c}%{cars.c}%{airplanes.c}%{guitars.c};
repeat: 1;

This grammar produces the following output.

dogs are wonderful
cats are wonderful
chipmonks are wonderful
cars are wonderful
airplanes are wonderful
guitars are wonderful

[bookmark: _Toc22028107]For-type Iteration
<name> : for <string>,<string>,<string>,<string>;
	Active Non-Terminals: none.

The for production performs iteration similar to that of the C++ for statement. The four strings represent the initialization, the test, the increment and the body of the for statement, in that order. Each string must be the name of a production. Initially a selection is made from the initialization production. Then, repetitively, a selection is made from the test production, the body production, and the increment production in that order. If the selection from the test production is 0, the iteration terminates before making a selection from the remaining two productions. Any other selection causes the iteration to continue. The following is an example.

main: for init,test,incr,body;
init: %{1.v};
incr: %{plus1.v};
plus1: exp %v + 1;
test: less %v , 10;
body: "Here is number %v right here.\n";
v: variable;
repeat: 1;

Here is the output from this grammar.

Here is number 1 right here.
Here is number 2 right here.
Here is number 3 right here.
Here is number 4 right here.
Here is number 5 right here.
Here is number 6 right here.
Here is number 7 right here.
Here is number 8 right here.
Here is number 9 right here.

[bookmark: _Toc22028108]Conditionals
<name> : equal <alternative> , <alternative> ;
<name> : notequal <alternative> , <alternative> ;
<name> : less <alternative> , <alternative> ;
<name> : greater <alternative> , <alternative> ;
<name> : lessequal <alternative> , <alternative> ;
<name> : greaterequal <alternative> , <alternative> ;
Active Non-Terminals:
%{a.b}	If the selection from a produces the string $count, this is treated the same as %{$count.b}. Otherwise the result is converted to binary with non-numeric strings being converted to zero. The result is used as an index to select an alternative from b. The index is zero based, modulo 2.
%{$count.b}	Always produces the string “2”.

Conditional productions produce the string “0” if the condition is false and “1” if the condition is true. They are normally used to select an alternative from a choice production. The production must have exactly two alternatives. When a selection is made from the production, both alternatives are completely interpreted. If both results are numeric, a numeric comparison is done, otherwise a string comparison is done. If the condition is true, the string “1” is produced. Otherwise the string “0” is produced. The following examples show the values returned by the various productions.

x: equal 2,2;	Always produces “1”.
x: equal 1,2;	Always produces “0”.

x: notequal 2,2;	Always produces “0”.
x: notequal 1,2;	Always produces “1”.

x: less 2,1;		Always produces “0”.
x: less 2,2;		Always produces “0”.
x: less 1,2;		Always produces “1”.

x: greater 2,1;	Always produces “1”.
x: greater 2,2;	Always produces “0”.
x: greater 1,2;	Always produces “0”.

x: lessequal 2,1;	Always produces “0”.
x: lessequal 2,2;	Always produces “1”.
x: lessequal 1,2;	Always produces “1”.

x: greaterequal 2,1;	Always produces “1”.
x: greaterequal 2,2;	Always produces “1”.
x: greaterequal 1,2;	Always produces “0”.

The value produced by a conditional is almost always used to select a value from a choice production. Any production that permits selecting specific alternatives may be used instead, but the intent is clearer if a choice production is used.
Consider the following example.

main: %s\n;
s: %{k.b};
k: equal %{ctr}, 7;
ctr: counter;
b: %l, “BOO!”;
l: [a-z];

The first ten selections from this grammar are:

f
m
w
i
n
k
BOO!
j
l
g

[bookmark: _Toc22028109]Logical Connectives
<name> : and <alternative> , <alternative> ;
<name> : or <alternative> , <alternative> ;
<name> : not <alternative> ;
%{a.b}	if selecting from a produces the string $count, this nonterminal is treated the same as %{$count.b}. Otherwise the result is converted to binary with non-numeric strings being converted to zero. The result is used as an index to select an alternative from b. The index is zero based, modulo 2 for and and or. For not, the single alternative is always chosen.
%{$count.b}	Always produces the string “2” for and and or, always produces “1” for not.

All specified alternatives are completely interpreted. The strings “0” and “” are treated as false. All other strings are treated as true. The appropriate logical operation is performed on these values. If the result is true, the string “1” is produced, otherwise the string “0” is produced.
[bookmark: _Toc22028110]Choice Productions
<name> : choice <alternative> , <alternative> ;
%{a.b}	If selecting from a produces the string $count, this nonterminal is treated the same as %{$count.b}. Otherwise the result is converted to binary with non-numeric strings being converted to 1. The result is used as an index to select an alternative from b. Any non-numeric string or a numeric value larger than 1 is treated as 1.
%{$count.b}	Always produces the string “2”.

A choice production is essentially a normal production with two alternatives when referenced with an ordinary non-terminal of the form %b or %{b}. The choice keyword is used to insure that there are exactly two alternatives and to change the way active non-terminals are interpreted. 
When referenced using an active non-terminal of the form %{a.b}, a selection is made from a, if a is the name of the non-terminal. Otherwise the string a is used explicitly. Any string other than “0” is treated as “1”. The numeric result is used to select one of the two alternatives. The “0” should be treated as “false” while the “1” should be treated as true, with the first alternative being selected for “false” and the second being selected for “true”. The choice production will most often be referenced by non-terminals of the form %{a.b} where a is a conditional production or a logical connective production.
The choice production may be used as a macro.
[bookmark: _Toc22028111]Minimum and Maximum Productions
<name> : minimum <alternative> [ , <alternative> ]* ;
<name> : maximum <alternative> [ , <alternative> ]* ;
%{a.b}	If selecting from a produces the string $count, this nonterminal is treated the same as %{$count.b}. Otherwise the result is converted to binary with non-numeric strings being converted to zero. The result is used as an index to select an alternative from b. The index is zero based, modulo the number of alternatives in b.
%{$count.b}	Returns the number of alternatives in b as an ASCII string. The string $count is case insensitive.

When a selection is made from one of these productions, all specified alternatives are completely interpreted. The minimum or the maximum of these is produced. If all strings are numeric, the comparison is numeric. Otherwise results are compared as strings.
The active non-terminals behave as they do for normal productions.

[bookmark: _Toc22028112]Substring Productions
<name> : substring <name> [ , <number> ] [ , <number> ]
Active Non-Terminals: none.

Substrings compute the substring of a selection. In a specification such as the following:

a: substring p, n, m;

The string p must be a string or the name of a production producing strings. The strings n and m must be numbers or the name of a production producing numbers. The substring output by this production will start at character n of p and will be m characters long. The first character of p is character zero. Negative numbers are treated as zeros. If n is beyond the end of p, the empty string will be output. If n+m is beyond the end of p, the substring will begin at character n and extend to the end of p. If m is omitted, or is zero, the substring begins at character n of p and extends to the end of p. If n is omitted, it is assumed to be zero.
Consider the following grammar:

main: %s\n;
s: substring x,k,26;
x: abcdefghijklmnopqrstuvwxyz;
k: zcounter stop 10;

This grammar will produce the following strings.

abcdefghijklmnopqrstuvwxyz
bcdefghijklmnopqrstuvwxyz
cdefghijklmnopqrstuvwxyz
defghijklmnopqrstuvwxyz
efghijklmnopqrstuvwxyz
fghijklmnopqrstuvwxyz
ghijklmnopqrstuvwxyz
hijklmnopqrstuvwxyz
ijklmnopqrstuvwxyz
jklmnopqrstuvwxyz

Now consider the following grammar:

main: %s\n;
s: substring x,0,k;
x: abcdefghijklmnopqrstuvwxyz;
k: zcounter stop 10;

This grammar will produce the following strings:

a
ab
abc
abcd
abcde
abcdef
abcdefg
abcdefgh
abcdefghi

[bookmark: _Toc22028113]Match Productions
<name> : match <alternative> , <alternative>;
Active Non-Terminals:
%{a.b}	After a successful match, this non-terminal produces the nth substring produced by the match. If a is the name of a production, a selection is made from a, otherwise a is treated as text. The result is converted to an integer with non-numeric strings converted to zero. String zero is the entire matched portion of the string. The other strings appear in their order of occurrence. If the match is unsuccessful, or if a is larger than the number of substrings, this non-terminal produces the empty string.
%{$count.b}	Produces the number of substrings generated by a successful match. Produces “0” after an unsuccessful match. 
%{$count(n).b}	Produces the length of the nth substring generated by a successful match.
%{$start.b}	Produces the position of substring zero in the target string after a successful match. 
%{$end.b}	Produces the position of the first character following substring zero in the target string after a successful match. 
%{$start(n).b}	Produces the position of first character following the nth substring in the target string after a successful match.
%{$end(n).b}	Produces the position of the nth substring in the target string after a successful match.

The first alternative is interpreted to create the target string. The second alternative is interpreted to produce a regular expression. The match production will match the regular expression with the string and report whether a match occured. If a match occurs, the production will produce the string “1”. If no match occurs the production will produce a “0”. The result may be used in a choice production, or for any other purpose. If a match occurs, the match production stores the strings matched by the regular expression. The maximum number of strings saved in the production will be equal to one plus the number of open parenthesis characters (‘(‘) in the regular expression.
Suppose we wish to determine whether an alternative chosen from production b starts with the string “RED”, and if so, store the remainder of the string in variable v. The following set of productions will accomplish this.

main : %{a.c};
a: match %b,"^RED(.*)”;
b: …
c: choice %{.v}, %{x.v};
v: variable;
x: %{1.a};
[bookmark: _Toc22028114]Indirect Productions
<name> : indirect <alternative> [ , <alternative> ]* ;
%{a.b}	If selecting from a produces the string $count, this nonterminal is treated the same as %{$count.b}. Otherwise the result is converted to binary with non-numeric strings being converted to zero. The result is used as an index to select an alternative from b. The index is zero based, modulo the number of alternatives in b.
%{$count.b}	Returns the number of alternatives in b as an ASCII string. The string $count is case insensitive.

Indirect productions are normal productions whose selections are interpreted as production names. When a selection is made from an indirect production, an alternative is chosen and completely interpreted. The result is then treated as a production name. If the result is indeed the name of a production, a selection will be made from the named production and will be completely interpreted. This allows one to emulate an indexed list of productions. The following grammar illustrates this.

main: %s\n;
s: indirect a%k;
k: range 1,8;
a1: abc;
a2: 30;
a3: "Time and Tide";
a4: 3.1416;
a5: limeaide;
a6: "Never give a sucker an even break!";
a7: infinity;

Here is the result of making 10 selections from the main production above.

limeaide
infinity
infinity
a8
Time and Tide
30
30
limeaide
a8
a8

Because of the recursive nature of DGL, it is not clear that such a production is needed, but it’s better to have it and not need it than to need it and not have it.
[bookmark: _Toc22028115]Nonterminal Productions
<name> : nonterminal<alternative> [ , <alternative> ]* ;
%{a.b}	if selecting from a produces the string $count, this nonterminal is treated the same as %{$count.b}. Otherwise the result is converted to binary with non-numeric strings being converted to zero. The result is used as an index to select an alternative from b. The index is zero based, modulo the number of alternatives in b.
%{$count.b}	Returns the number of alternatives in b as an ASCII string. The string $count is case insensitive.

Nonterminal productions are normal productions that can be used to simplify inserting non-terminals into variables. This production acts like a normal production. Once a selection has been made from the production and been completely interpreted, the result is framed with “%{“ at the beginning and “}” at the end. These characters are treated as data, allowing the constructed non-terminal to be inserted into a variable. Here is an example of how such a production might be used.

main: %{s.v}%{v}\n;
s: nonterminal a,b,c;
a: aaa;
b: bbb;
c: ccc;

Here is a sample of 10 successive selections from the main production above.

aaa
bbb
ccc
ccc
aaa
ccc
bbb
ccc
aaa
bbb

Normal productions can be used to create non-terminals, but the nonterminal production makes the intent clearer.
[bookmark: _Toc22028116]Barrier Productions
<name> : barrier <start name>;
Active Non-Terminals:
%{a.b}	The element a is either an explicit numeric string or the name of a production that produces a numeric string. The string is converted to binary and used as an iteration count. Zero and negative numbers are treated as infinity.

The barrier production introduces a sub-grammar into the original grammar. Subgrammars are distinguished by their response to the bstop and babort conditions. These conditions can arise as a response to an end-of-choices condition or be raised by an explicit reference to a bstop or babort production. The <start name> syntax element is the name of a production that will be treated as the start-symbol of the subgrammar. Production names are global, so all productions are shared between the subgrammar and its parent. Subgrammars can be nested arbitrarily deeply. Barriers are established dynamically, so the same barrier production can be used to establish several barriers recursively.
If b is the name of a barrier production with start-symbol a, the non-terminal %b establishes a barrier and makes one selection from a. The barrier disappears once the selection from a has been completely interpreted. The non-terminal %{n.b} causes n consecutive selections to be made from a. If n is the name of a production, then a selection is made from n and is completely interpreted. Then the result is converted to an integer. Non-numeric strings are treated as zeros.
If %{n.b} results in a count that is either zero or negative, the count is considered infinite, and selections are made repeatedly from b until a bstop or babort condition is raised.
The babort condition causes the interpretation process to be suspended. The interpreter retreats to the most recently referenced barrier production, eliminating all active references to incompletely interpreted production alternatives, until the reference to the start symbol of the current subgrammar has been eliminated. The barrier is eliminated, and interpretation then continues with any remaining references that are outside the barrier. If barriers are nested, only the most recently established barrier is eliminated.
The bstop condition is meaningful only if the barrier production was referenced by a nonterminal of the form %{n.b}. When the bstop condition is raised, interpretation continues until the start symbol of the barrier production has been completely interpreted. Then the barrier is removed and all further interpretations of the start symbol are canceled. If barriers are nested, the bstop condition disappears once the most recently established barrier is removed.
One common use of barriers is to exhaust the elements of a collection (using an enumerate production) and then continue with data generation. Since the size of the collection is usually unpredictable, this is difficult to do without using barriers.
If the bstop or babort conditions are raised when no barrier has been established, they are treated identically to the stop condition.
The following example is used to generate circuit-descriptions in the netlist language fhdl. The description begins with the keyword circuit on a separate line. Next comes a comma-separated list of primary inputs preceded by the keyword inputs. The list of primary inputs is followed by a list of gates, one per line. After the list of gates comes a comma-separated list of primary outputs preceded by the keyword outputs. The last line contains the keyword endcircuit.
Each gate has a list of inputs enclosed in parentheses followed by a list of outputs enclosed in parentheses. If there is a single input or a single output, the parentheses may be omitted. Here is an example of such a specification.

circuit
inputs a,b
and	(a,b),c
outputs c
endcircuit

There are several considerations that must be taken into account when generating a specification. First, every input to a gate must be a primary input or the output of another gate. Second, every primary input must be used as an input by some gate. Third, the circuit may not contain cycles (i.e. feedback arcs). Fourth, the primary outputs must be exactly those gate outputs that are not used as inputs by any gate. The following grammar takes these factors into account.

repeat: 1;

v: variable;
current: collection;
outputs: collection;
inputs: collection;

main: %{header}%{body}%{trailer};

/* generate primary input list and initialize collections. */
header: "\tcircuit\n" %{inputlist};
inputlist: "\tinputs\t" %{nname}%{namelist} "\n";

namelist: 10:"," %{nname} %{namelist},2:"";
nname: %{newname.v}%v%{v.current}%{v.inputs};

newname: chain n%d%d%d%d%d%d%d;
d: chain [0-9];

/* generate a list of gates */
body: 10000:%{gate}%{body},1:"";

gate: 2:%{si},6:%{mi};
si: "\t" %{nb} "\t" %{arg}","%{gname} "\n";
nb: not, buff;
mi: "\t" %{type} "\t(" %{arg} %{arglist} ")," %{gname} "\n";
type: and,or,nand,nor,xor,xnor;

gname: %{newname.v}%v%{v.current}%{v.outputs};

arglist: 70: "," %{arg},
         30: "," %{arg}"," %{arg},
         5: "," %{arg}"," %{arg}"," %{arg},
         1: "," %{arg}"," %{arg}"," %{arg}"," %{arg},
         1: "," %{arg}"," %{arg}"," %{arg}"," %{arg}"," %{arg};

arg: %{current.v}%v%{v.rmout}%{v.rminput};

rmout: remove outputs;
rminput: remove inputs;


/* clean up and generate output list */
trailer: %{0.doinputs} "\toutputs\t" %{eoutputs} %{0.dooutputs} "\n" "\tendcircuit\n";

/* create a buffer gate for each unused primary input */
doinputs: barrier buff;
buff: %{einputs.v} "\t" buff "\t" %{v} "," %{gname} "\n";
einputs: enumerate babort inputs;

/* generate the primary output list */
dooutputs: barrier dohead;
dohead: "," %{eoutputs};
eoutputs: enumerate bstop outputs;

In the above grammar, the production main: %{header}%{body}%{trailer}; generates the three sections of the circuit description. The non-terminal %{header} generates the circuit statement and the input list. The non-terminal %{body} generates the gates, and the non-terminal %{trailer} generates the output list and the endcircuit statement. Three collections are used to enforce the rules given above. The collection current contains all names that are available for use as gate inputs. The collection inputs contains all primary inputs that have not yet been used as the input to a gate. The collection outputs contains all gate outputs that have not yet been used as the input to a gate.
New names are generated using the chain productions newname and d. Each name is the letter “n” followed by 7 digits. When the list of primary inputs is created, each name is added to the collection current and the collection inputs. The %{inputlist} non-terminal in the header production is used to generate the list of primary inputs. The nname production is referenced recursively by the namelist production to generate new names and assign them to the current and inputs collections. Weights are used in the namelist production to control the length of the list.
The body production references itself recursively to generate a list of gates. Gates can be of two different types, single input (not and buff) , and multiple input (and, or, nand, nor, xor, and xnor). These are created by the si and mi productions, respectively. The %{arg} non-terminal is used to create the gate inputs, and the %{gname} non-terminal is used to create the gate output. Names generated by the gname production are inserted into the current and outputs collections.
The arg production selects a name from the current collection, and then removes the name from the inputs or the outputs collection using remove productions.
The trailer production has two tasks. Because every primary input must be used by at least one gate, a buff gate is generated for each remaining member of the inputs collection. This is done using the doinputs production. The generation is terminated by a babort action to prevent the rest of the production buff from being interpreted when the %{einputs.v} non-terminal attempts to access an element beyond the end of the inputs collection.
The second task of the trailer production is to create the primary output list. The keyword outputs is generated by the production itself, along with the first primary output in the list. The remainder of the output list is generated by the doutputs production. Generation is terminated by a bstop action.
The following is some sample output from this grammar. The constant 10000 in the body production was changed to 10 to keep the output to a reasonable size.

        circuit
        inputs  n0000000,n0000001
        nor     (n0000000,n0000000),n0000002 
        and     (n0000000,n0000002),n0000003
        nor     (n0000000,n0000002),n0000004
        buff    n0000003,n0000005
        and     (n0000000,n0000002,n0000002),n0000006
        nand    (n0000006,n0000003),n0000007
        xnor    (n0000000,n0000006),n0000008
        or      (n0000004,n0000006,n0000006),n0000009
        buff    n0000001,n0000010
        outputs n0000010,n0000009,n0000008,n0000007,n0000005
        endcircuit
[bookmark: _Toc22028117]Raising Global Conditions
Some <eoc> conditions raise a global condition within the data generator. The following productions can be used to raise these global conditions explicitly.
[bookmark: _Toc22028118]Abort Productions
<name> : abort ;
Active Non-Terminals: none;

Explicitly raises the abort condition. If b is the name of an abort production, interpreting the non-terminal %b will cause immediate program termination.
[bookmark: _Toc22028119]Stop Productions
<name> : stop;
Active Non-Terminals: none;

Explicitly raises the stop condition. If b is the name of a stop production, interpreting the non-terminal %b will cause all further selections from the main production to be cancelled.
[bookmark: _Toc22028120]BAbort Productions
<name> : babort ;
Active Non-Terminals: none;

Explicitly raises the babort condition. If b is the name of a babort production, interpreting the non-terminal %b will cause interpretation to be suspended. The interpreter will retreat to the most recently established barrier, cancelling the interpretation of all productions until interpretation of the start-symbol of the barrier has been cancelled. Then the most recently established barrier and the babort condition will be removed. If no barrier is present, the babort condition is identical to the stop condition.
[bookmark: _Toc22028121]BStop Productions
<name> : bstop ;
Active Non-Terminals: none;

Explicitly raises the bstop condition. If b is the name of a bstop production, interpreting the non-terminal %b will allow interpretation to continue until the start symbol of the most recently established barrier has been completely interpreted. All remaining interpretations of this start symbol will be cancelled. The most recently established barrier will be removed, and the bstop condition will be cancelled. It no barrier is present the bstop condition is identical to the stop condition.
[bookmark: _Toc22028122]Direct Assignment to C++ Variables
Cvar productions perform direct assignment to C++ variables that must be declared elsewhere. In most cases, the variable will have the same name as the production, but this can be overridden to assign values to variables that cannot be specified as production names. (NmSpc::abc, Myobj->k are examples.) Here are some sample declarations. The first three declare a cvar with a variable name identical to the production name. The second three use cvar names that are not acceptable as production names.

abc: cvar …
x: cvar …
MyVariable: cvar …
y: cvar(“MyNameSpace::abc”) …
q: cvar(“MyObj.k”) …
q: cvar(“MyObjPtr->qed”) …

The C++ variables can be declared in various ways. Global variables can be declared in a defines section, as in the following example. Variables can also be externs defined in other modules.

defines (
int x,y,z=5;
extern float b;
#include "someexterns.h"
);

Inside an Object/ObjectEnd pair, the variables declared inside the object can be used as cvars.
If DGL statements are embedded in C++ code, any variable that is accessible to the C++ code is also usable as a cvar variable.
Cvar variables may be arrays with an arbitrary number of dimensions. The syntax item <dim> is used to specify dimensions. There are three different forms of this specification:

dim( <number> [,<number> ] )
dynamic dim( <number> [,<number> ] )
dynamic dim( <number> [,<number> ] ) dimtab ( <name> )

If the first form of the specification is used, (without the dynamic keyword), then the array is assumed to be statically allocated. The proper number of dimensions must be supplied in the declaration, and the dimensions specified in the dim specification must match the dimensions specified in the variable. The following shows how one, two, and three dimensional arrays must be declared.

int One[3];			// dim(3)
int Two[3][4];		// dim(3,4)
int Three[3][4][5];		// dim(3,4,5)

If the dynamic keyword is present, the array will be created dynamically. The dimension numbers may contain non-terminals, causing the size of each dimension to be determined dynamically. Dynamically created arrays use a pointer-to-pointer type structure, so the variable declarations must include the proper number of indirect indicators, as in the following which declare a one dimensional, a two dimensional, and a three dimensional array respectively.

int *one;
int **two;
int ***three;

When size of dimensions are determined dynamically, as in dynamic dim(%a,%b,%c) it is advisable to also use the dimtab specification, as in:

dynamic dim(%a,%b,%c) dimtab(“DTab”)

In this example, DTab must be the name of a C++ variable. The variable must be an array of int’s whose dimension matches the number of dimensions in the dim specification. Thus DTab must be declared as follows.

int DTab[3];

If a cvar production is used to generate several selections for the same dynamic array variable, it is the responsibility of the user to free the previous value of the variable. Suppose a three dimensional array of integers has been created in the variable a, which has been declared as follows.

int ***a;

Suppose further that the dimensions are static: dim(4,5,6). Before a new value is generated for a, it is necessary to free the previous value using the following code.

for (int i=0 ; i<4 ; i++)
{
	for (int j=0 ; j<5 ; j++)
	{
		free(a[i][j]);
	}
	free(a[i]);
}
free(a);

When dimensions are dynamic, the dimension table should be used instead of a hard limit. Suppose the following specification is used: dynamic dim(%a,%b,%c) dimtab(“DTab”). Then the following code must be used to free the previous value.

for (int i=0 ; i<DTab[0] ; i++)
{
	for (int j=0 ; j<DTab[1] ; j++)
	{
		free(a[i][j]);
	}
	free(a[i]);
}
free(a);
[bookmark: _Toc22028123]Simple data types
In the following sections the syntax element <Alternative_List> is equivalent to <Alternative>[,<Alternative>]*. The <dim> specification is described in the preceding section. Alternatives may not be weighted. If weights are needed, use a single alternative of the form %{name}, where name is the name of a normal production with weighted alternatives.
[bookmark: _Toc22028124]Null-Terminated Strings
<name> :cvar [(<name> ) ] <dim> <Alternative_List>;
Active Non-Terminals: none.

This production works like a normal production, however a pointer to the generated string is placed in a C++ variable rather than being written to standard-out. This string is allocated using the malloc function, and must be explicitly freed by the user, using the free function. No garbage collection is done. The generated string will be null (‘\0’) terminated. The following is a sample production, and the associated C++ variable declaration.

b: cvar abc,def,ghi,jkl;

char * b;

This production must be embedded in a DGL grammar in a manner similar to the following.

defines (
char *b;
int main()
{
   DGLI("ex8.1.1a.rand");
   for (int i=0 ; i<10 ; i++)
   {
      DGL();
      fprintf(stdout,"%s\n",b);
      free(b);
   }
   DGLS("ex8.1.1a.rand");
}
);
options: subroutines;
main: %b;
b: cvar abc,def,ghi,jkl;

Sample output:
ghi
ghi
def
jkl
abc
ghi
ghi
abc
jkl
def

A static or dynamic dimension declaration can be used to declare an array of strings. When a selection is made from the production, the entire array is filled with strings. Each one of these must be explicitly freed using the free function. Suppose a dynamic three dimensional array of strings has been generated in the variable a. This variable must be declared as follows:

char ****a;

Suppose that an array with the static dimensions dim(4,5,6) has been created in a. Before a new value can be created for a, it is necessary to explicitly free the previous value using the following code. Note that this is somewhat different from the code given above, because the data items themselves must be freed.

for (int i=0 ; i<4 ; i++)
{
	for (int j=0 ; j<5 ; j++)
	{
		for (int k=0 ; k<6 ; k++)
		{
			free(a[i][j][k]);
		}
		free(a[i][j]);
	}
	free(a[i]);
}
free(a);

When the dimensions themselves are dynamic, the dimtab keyword must be used to free the data item, as in the following example. It is assumed that the specification dynamic dim(%a,%b,%c) dimtab(“DTab”) has been used.

for (int i=0 ; i<DTab[0] ; i++)
{
	for (int j=0 ; j<DTab[1] ; j++)
	{
		for (int k=0 ; k<DTab[2] ; k++)
		{
			free(a[i][j][k]);
		}
		free(a[i][j]);
	}
	free(a[i]);
}
free(a);

[bookmark: _Toc22028125]Character Data
<name> :cvar [(<name> ) ] char (<length>)<dim> <Alternative_List> ;
Active Non-Terminals: none.

This type of data is copied directly into a character array. The <length> specified after the char keyword specifies the length of this array, and cannot be omitted. Data will be copied as a null terminated string, and the specified length should be large enough to accommodate the trailing null character. The length specified in the production should match that specified in the variable declaration.
The following example shows how the cvar production and the variable should be declared.

char LastName[20]; 
LastName: cvar char(20) "Jones","Smithson","AVeryLongAndExtremelyImprobableName";

If the first alternative is chosen the first six characters of LastName will be J o n e s ‘\0’, and the remaining characters will remain unchanged. If the third is chosen, the content of the array will be A V e r y L o n g A n d E x t r e m e ‘\0’.
The following is sample data generated from the above production. To generate this data, the production was embedded in code similar to that given in Section 8.1.1.

Jones
Smithson
AVeryLongAndExtreme
AVeryLongAndExtreme
Jones
AVeryLongAndExtreme
Smithson
AVeryLongAndExtreme
Jones
Smithson

If a non-dynamic <dim> specification is used, the entire array will be filled with strings. The following is an example of how such an array is declared, along with the cvar specification.

char LastName[3][4][5][20]; 
LastName: cvar char(20) dim(3,4,5) "Jones","Smithson","AVeryLongName";

The generated data is never freed because the array is statically allocated.
When a dynamic dimension is specified, the strings are dynamically allocated, and must be freed before a new array is created. The allocated strings will all be the same length, the same as that specified in the cvar char declaration. Generated strings longer than the specified length will be truncated as above. The following is an example of such a declaration. The variable LastName must be freed as described in the preceding section.

char ****LastName; 
LastName: cvar char(20) dynamic dim(3,4,5) "Jones","Smithson","Long";

[bookmark: _Toc22028126]Binary Integers
<name> :cvar [(<name> ) ] binary[(<length>)]<dim> <Alternative_List>;
<name> :cvar [(<name> ) ] ubinary[(<length>)]<dim> <Alternative_List>;
Active Non-Terminals: none.

These productions are used to generate values for 8-bit, 16-bit, 32-bit and 64-bit binary integers. The length following the binary or ubinary keyword specifies the length. The length must be greater than zero. If omitted, it defaults to 32. Numbers from 1 through 7 are rounded up to 8. Numbers from 9 through 15 are rounded up to 16. Numbers from 17 through 31 are rounded up to 32. Any number greater than 32 is treated as 64, even if it is larger than 64.
When a selection is made from one of these productions, an alternative is selected from the list and interpreted. The result is converted to a binary integer and assigned to the C++ variable. If the number is too long to fit in the specified number of bits, the high-order bits are truncated.
The following is a list of the various different binary and ubinary productions, along with the associated C++ declarations.

char cc;
cc: cvar binary(8) 1, 2, 3, 4, 5 ;

short ss;
ss: cvar binary(16) 1, 2, 3, 4, 5 ;

int ii; // note: in Linux Gcc long is 64 bits
ii: cvar binary 1, 2, 3, 4, 5 ;

long long xx;
xx: cvar binary(64) 1, 2, 3, 4, 5 ;

unsigned char ucc;
ucc: cvar ubinary(8) 1, 2, 3, 4, 5 ;

unsigned short uss;
uss: cvar ubinary(8) 1, 2, 3, 4, 5 ;

unsigned int uii; // note: in Linux Gcc unsigned long is 64 bits
uii: cvar ubinary 1, 2, 3, 4, 5 ;

unsigned long long uxx;
uxx: cvar ubinary(64) 1, 2, 3, 4, 5 ;

Any of these productions may contain a dim specification. For statically declared arrays, the dim specification must match the dimensions specified in the C++ declaration. For dynamically specified dimensions, the proper number of indirect indicators must be specified, and the array must be explicitly freed as described in the introduction to the cvar section.
Here are two examples.

int ii[2][3];
ii: cvar binary dim(2,3) 1, 2, 3, 4, 5 ;

int **ii;
ii: cvar binary dynamic dim(2,3) 1, 2, 3, 4, 5 ;

The following is sample output from the following production. To produce this output, the production must be embedded in code similar to that shown in Section 8.1.1.

ii: cvar binary 1, 2, 3, 4, 5 ;

3
5
4
2
1
2
2
1
2
2
[bookmark: _Toc22028127]Binary Subfields
<name> :cvar [(<name> ) ] binfld[(<length>)] <dim> <Weighted_Alternative_List>;
Active Non-Terminals: none.

It is possible to specify portions of a bit-field by using the binfld keyword with weighted alternatives. The weight specifies the width of a subfield of the binary integer, rather than a probability. Every alternative must have a weight. When several alternatives are enclosed in parentheses, these alternatives are all used for the same subfield. Fields are placed in the binary integer from high-order to lower-order bits in the order specified. Fields that don’t fit into the integer are ignored. Unspecified bits will be set to zero. 
A length may be specified following the binfld keyword, just as for the binary keyword. (i.e binfld(64).) Values 1-8 are treated as 8, 9-16 are treated as 16, 17-32 are treated as 32, and 33-64 are treated as 64. Lengths longer than 64 are treated as errors. If the length is omitted, it defaults to 32.
The following specifies a 32-bit integer with a 5-bit field, a 4-bit field, and a 3-bit field. The high-order bits hold the 5-bit field, which is followed by the 4-bit field. The 3-bit field follows the 4-bit field. The specified values for each field will be chosen with equal probability to create the value for the field. The 20 low-order bits of the integer will be set to zero. All values produced by this production are unsigned.

unsigned int d;
d: cvar binfld 5:(1,2,3,4,5,17),4:(6,7,8,9),3:(7,6,5,4,3);

Sample output in hexadecimal is:
23c00000
1c600000
13600000
13c00000
8b300000
13e00000
13300000
0bd00000
2c600000
1cb00000
[bookmark: _Toc22028128]Floating Point Data
<name> :cvar [(<name> ) ] float <dim> <Alternative_List>;
<name> :cvar [(<name> ) ] double <dim> <Alternative_List>;
<name> :cvar [(<name> ) ] longdouble <dim> <Alternative_List> ;
Active Non-Terminals: none.

The alternatives for these types of productions must produce a string that corresponds to a floating point number. The string will be converted to a floating point number using the standard strtof, strtod, and strtold functions. Any string acceptable to these functions may be generated. The conversion functions accept strings of the following types.

A signed decimal number 21, +21, -22.
A signed decimal number with a decimal point: +2.2,-2.3,2.4.
A signed decimal number, followed by an e or an E, followed by a signed base-10 exponent:
2.1e4, 2.33E7, 3.3E+8, 4.1e-15.
A signed hexadecimal number: 0x431, -0x2a, +0xf7.
A signed hexadecimal number followed by a p or a P followed by a binary exponent. The binary exponent is specified in decimal, but is assumed to be a power of 2 rather than 10.
0x123p21, -0x4b7p+17, 0xb7p-12.
Infinity: INFINITY, INF, -INF.
Not a Number: NAN, implementation dependent NANs, see your system documentation.
The following are examples of these productions along with the C++ declarations.

float z;
z: cvar float 2.1, 3.3, "-8e21";

double q;
q: cvar double .99999,41, "19e-7",INF,NAN;

long double m;
m: cvar longdouble .88, 1.1e7, "-0x33ap21";

The following is sample output from production q above. This production was embedded in code similar to that shown in Section 8.1.1.

1.9e-06
nan
inf
41
0.99999
41
41
0.99999
41
41
[bookmark: _Toc22028129]Boolean Data
<name> :cvar [(<name> ) ] bool<dim> <Alternative_List> ;
Active Non-Terminals: none.

Boolean data is considered to be numeric data. If an alternative produces a numeric zero, it is assumed to be false. Numbers other than zero are considered to be true. Hexadecimal numbers starting with 0x are considered to be numeric. If the string contains non-numeric data, all numeric characters, up to the first non-numeric character are treated as the numeric string and all other characters are ignored. If a string begins with a non-numeric character, it is treated as a zero, except for the strings “true” and “false”, which are treated as Boolean values. These strings are case-independent, but must not be surrounded by other characters.
The following is an example with sample output. This production was embedded in code similar to that of Section 8.1.1.

bool b;
b: cvar bool true,false,0,1,12;

false
true
true
false
true
false
false
true
false
false

A static or dynamic dim specification can be used, in which case it is treated exactly as similar specifications for numeric data.
[bookmark: _Toc22028130]Random Variates in C++ Variables
Cvar productions are available for generating random variates for a number of different widely-used probability distributions. This data is all numeric. The term “random variates” implies that the generated numbers will have a particular probability distribution if a sufficient number of them are generated. Each of these productions permits a dim specification to be used, allowing a large number of random variates in one operation.
The basic idea behind generation of random variates is computing the inverse of the CDF function of a probability distribution. The CDF is defined in terms of the probability distribution function (PDF) for continuous distributions, and in terms of the probability mass function (PMF) for discrete distributions. For discrete distributions, the PMF function gives the actual probability of each discrete event. For continuous distributions, the probability of any given outcome is zero, but the probability that an event will fall in a particular range can be computed by integrating the PMF over that range.

For discrete events defined on non-negative integers, the CDF for an event k is defined as follows. If negative integers are also included, an infinite sum is required, because  is the probability that the outcome of a random experiment is less than or equal to k.






For continuous events, the CDF for an event k is defined as follows.  is the probability that the result of a random experiment will fall within the interval  .


 


















Although the idea of inverting the CDF is intuitively correct, the details are more complex. Suppose we start with the finite distribution   and PDF , , , . The CDF doesn’t make sense for this distribution, since for k,  is the probability that the outcome of a random experiment is less than or equal to k. However, we can assign the numeric values 0, 1, 2, and 3, respectively, to the four colors to enable sorting them into ascending order. Then the CDF values are , , , . Inverting this function would be pointless, because the inverse of c is defined only for the four values listed. To generate variates, we map the CDF values to the following intervals: , , , and . These intervals are continuous. We then generate evenly distributed random numbers in the interval . Since the four given intervals are a partition of the interval , any random number in the interval  must fall into one of these intervals. Because random numbers are uniform, the probability of falling into any one of the intervals is equal to the length of the interval. To generate the variates, we map the four intervals back to the four outcomes. To generate a variate, a random number is generated. We determine into which interval the random number falls. Then we generate the outcome that corresponds to the interval in which the random number falls. Determination of the correct interval requires a search. Since the intervals are ordered, the correct interval can be found using binary search.


If we generate a large enough set of variates from this distribution, we will find that approximately ½ of them are red, ¼ of them are green,  of them are blue, and  of them are yellow. The outcomes will never have precisely this distribution. (Nor is it desirable that they do.)

When the number of outcomes is infinite, a more common approach is to do a linear search while keeping a running total of the CDF. There are more sophisticated methods, but usually they must be tailored to each distribution. To clarify this approach, consider a PMF defined on the integers zero to infinity. To generate a variate, the variable CDF is initialized to PMF(0), and the variable OutCome is initialized to zero. The computation of the variate is an infinite loop that will be forcibly terminated when the variate is found. Before starting the loop, a uniformly distributed random number, R, is generated in the interval . In each iteration of the loop, CDF is compared to R. If R is greater than CDF, the loop continues by adding 1 to OutCome and adding PMF(OutCome) (after incrementing OutCome) to CDF. If R is less than or equal to CDF, the variable OutCome is returned as the variate. There are a number of minor variations on this algorithm.


Sometimes an infinite distribution can be treated as a finite distribution. The PMF always converges to zero. Therefore, there must be some point at which the probability of a particular event, represented as a floating point number, underflows to zero. If the PMF is strictly non-increasing, no outcomes beyond the underflow point need be considered. If the convergence to zero is sharp enough, only a small number of outcomes need be considered. Strict underflow to zero is not always necessary. For example, discrete outcomes with a probability of  hardly need to be considered even though the probability is far from double precision underflow. In general, if it is necessary to generate n random variates, outcomes whose probabilities are several orders of magnitude less than  will essentially never occur.


For continuous distributions, it is occasionally possible to find a closed form expression for the inverse of the CDF, in which case generating random variates is straightforward. Usually, however, more elaborate methods are necessary. The most common of these is the rejection method. The rejection method generates a point  and if y falls beneath the curve of the PDF at x, x is returned as the variate. Otherwise the point is rejected, a new point  is generated, and the process continues. For some distributions the number of rejects can be extremely large. The ziggurat method is a technique that drastically reduces the number of rejects for some distributions.
DGL makes use of all of these methods to generate random variates.
[bookmark: _Toc22028131]Poisson Variates
<name> :cvar [(<name> ) ] poisson (<parameter>) <dim> ;
Active Non-Terminals: none.

The Poisson distribution is a discrete distribution with the following probability mass function (PMF).






The Poisson distribution gives the probability of a number of independent events occurring in a fixed time interval, when the average occurance rate is . The cvar poisson production generates random variates with a Poisson distribution for a given .

The cvar poisson production generates 32 bit integers. The Poisson distribution is defined for all positive integers, but in most cases, large values are so unlikely they will never be generated. The average occurrence rate, , is supplied using the <parameter> syntax element. In the output of this production, integers will appear with a frequency that approximates the probability computed by the PMF.
The parameter must be a floating-point number, and may contain non-terminals to generate the number. The algorithm first generates a random floating point number between 0 and 1. The PMF is computed for each integer starting with 1, and a total of these values is kept. When the total exceeds the generated number, the integer that caused the condition is output. The method used is a linear lookup of an infinite table. Static and dynamic dim specifications work as for any other kind of numeric data. The following is an example.

int e[1000];
e: cvar poisson(2.1) dim(1000);

Here is an actual DGL grammar, with sample output. This grammar uses the subroutines option. See below for details.

defines(
int X;
int main(int argc,char *argv[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<100 ; i++)
   {
      DGL();
      fprintf(stdout,"%d\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar poisson(2.3);

This grammar generates and prints 100 variates. The sample output was generated one variate per line in random order, but to better illustrate the frequency of each variate, the output file was sorted, and identical variates were concatenated into a single line. The variates ranged from 0 through 6. Generating more variates will lead to generating larger values.

0000000000
1111111111111111111
2222222222222222222222222222
33333333333333333333333333
44444444444
55555
6

[bookmark: _Toc22028132]Geometric Variates
<name> :cvar [(<name> ) ] geometric (<parameter>) <dim> ;
Active Non-Terminals: none;

The model used by the cvar geometric is the number of trials necessary to produce the first success when the probability of success is p. The <parameter> syntax element supplies p. It must be a floating point number between 0 and 1, and may contain non-terminals to generate the value.
The PMF of the geometric distribution is:




The algorithm generates uniformly distributed floating point random numbers in the range 0 through 1 until a number less than or equal to p is generated. The number of iterations is returned as the random variate. The random variates are 32-bit integers greater than or equal to 1.
The method is an alternative form of an infinite linear lookup.
The following is a grammar used to test the geometric production. It generates 1,000,000 variates in random order.

defines(
int X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<1000000 ; i++)
   {
      DGL();
      fprintf(stdout,"%d\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar geometric(.5);

The frequency of each variate was counted, resulting in the following table.

Variate	Frequency
  1	498963
  2	250321
  3	125003
  4	63012
  5	31678
  6	15400
  7	7826
  8	3905
  9	1935
10	1008
11	469
12	246
13	110
14	68
15	26
16	20
17	5
18	2
19	2
20	1

[bookmark: _Toc22028133]Binomial Variates
<name> :cvar [(<name> ) ] binomial (<parameter>) <dim> ;
<name> :cvar [(<name> ) ] binomial (<parm1>,<parm2>) <dim> ;
Active Non-Terminals: none.

Binomial/Bernoulli trials are analogous to flipping a (possibly unfair) coin n times and counting the number of heads. The <parameter> or <parm1> syntax element is used to supply the number of trials, n. If two parameters are used, the second parameter, <parm2> gives the probability of heads/success. It must be a floating point number between 0 and 1. If the second parameter is omitted, the probability is assumed to be ½. The number of trials must not exceed 1000. The elements <parameter>, <parm1> and <parm2> must be numeric. Non-terminals are not allowed.
The PMF is defined for a finite set of integers from zero through n. The PMF for integer k is:




The DGL compiler generates a search tree at compile time that will be used to perform a binary search for CDF inversion. The values produced will be 32 bit integers from 0 through n inclusive.

defines(
int X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<100 ; i++)
   {
      DGL();
      fprintf(stdout,"%d\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar binomial(5);

000 
11111111111111111 
222222222222222222222222223 
33333333333333333333333333333333333 
444444444444444 
555

[bookmark: _Toc22028134]Hypergeometric Variates
<name> :cvar [(<name> ) ] hypergeometric (<parm1>,<parm2>,<parm3>) <dim> ;

The Hypergeometric distribution is the probability of k successes in n samples from a population of size N which contains K successes. Sampling is without replacement. For example, consider a population of N people with K women. When choosing a committee of n people, what is the probability that exactly k of them will be women? The PMF function is as follows.




The cvar hypergeometric production generates values for k, in the range 0 through K. The frequency of each integer in the range 0-K approximates the probability of k given by the function p(k) above. The syntax element <parm1> is the value of N, the size of the total population. The syntax element <parm2> is the value of K, the number of successes in the total population. The syntax element <parm3> is the number of samples, n. The three syntax elements must be numeric. No non-terminals are allowed. For the production to make sense, neither <parm2> nor <parm3> can be larger than <parm1>, and both <parm1> and <parm3> must be greater than zero.
The DGL compiler generates a search tree that is used for binary searches of the CDF table. The values produced will be 32-bit integers. The following is an example of a DGL grammar that generates hypergeometric variates.

defines(
int X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<100 ; i++)
   {
      DGL();
      fprintf(stdout,"%d\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar hypergeometric(20,9,15);






The PMF is defined for all values from 0 through 15, but because of the small size of the first two parameters, some of the PMF values are zero.  is 11, which is less than 15. This means that  is defined only when k is greater than 3. Therefore . The factor  is defined only when k is less than or equal to K, so . The remaining probabilities are (approximately)

p(4) = 0.00812693
p(5) = 0.0893963
p(6) = 0.297988
p(7) = 0.383127
p(8) = 0.191563
p(9) = 0.0297988

Here is a set of 100 variates generated by this grammar. The variates have been sorted, and the variates of identical value have been placed on one line to give an idea of the shape of the curve.

4
55555555555
66666666666666666666666666
77777777777777777777777777777777777777
8888888888888888888888
99

The exact values of the above probabilities are:













0. [bookmark: _Toc465326424][bookmark: _Toc22028135]Powerlaw Variates
<name> : cvar [(<name> ) ] powerlaw (<parm1>,<parm2>) <dim>;
Active Non-Terminals: none.



The power law model used in this production is the one described in “A Random Graph Model for Power Law Graphs” by William Aiello, Fan Chung, and Linyuan Lu. This model is based on two floating-point numbers,  and . In the random graphs generated by the Aiello/Chung/Lu technique, the frequency of vertices having degree d is:











This formula is used to compute a descending sequence of positive integers until the value zero is reached. In the cvar powerlaw production,  is given by <parm1>, and  is given by <parm2>. The DGL compiler uses the above formula to compute a series of ordered pairs , until  becomes zero. The result is a series of integers, , with weights . The DGL compiler then creates a binary search tree that allows the integers d, to be generated with a relative frequency given by . The elements <parm1> and <parm2> must be specified as numbers. No non-terminals are allowed.
The following grammar contains an example of a cvar powerlaw production.

defines(
int X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<1000000 ; i++)
   {
      DGL();
      fprintf(stdout,"%d\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar powerlaw(10.3,2.1);

The list of integers runs from 1 to 134, with the following frequencies.

	1	29732
2	6935
3	2959
4	1617
5	1012
6	690
7	499
8	377
9	294
10	236
11	193
12	161
13	136
14	116
15	100
	16	88
17	77
18	68
19	61
20	55
21	49
22	45
23	41
24	37
25	34
26	31
27	29
28	27
29	25
30	23
	31	21
32	20
33	19
34	18
35	17
36	16
37	15
38	14
39	13
40	12
41	12
42	11
43	11
44	10
45	10
	46	9
47	9
48	8
49	8
50	8
51	7
52	7
53	7
54	6
55	6
56	6
57	6
58	5
59	5
60	5
	61	5
62	5
63	4
64	4
65	4
66	4
67	4
68	4
69	4
70	3
71	3
72	3
73	3
74	3
75	3
	76	3
77	3
78	3
79	3
80	2
81	2
82	2
83	2
84	2
85	2
86	2
87	2
88	2
89	2
90	2
	91	2
92	2
93	2
94	2
95	2
96	2
97	1
98	1
99	1
100	1
101	1
102	1
103	1
104	1
105	1
	106	1
107	1
108	1
109	1
110	1
111	1
112	1
113	1
114	1
115	1
116	1
117	1
118	1
119	1
120	1
	121	1
122	1
123	1
124	1
125	1
126	1
127	1
128	1
129	1
130	1
131	1
132	1
133	1
134	1




In the output from the above grammar, we find 1 occurs 643,016 times out of a million samples, and 126 occurs 22 times. The frequency of the other numbers corresponds roughly to the frequencies given above.
[bookmark: _Toc22028136]Beta Variates
<name> : cvar [(<name> ) ] betavariate (<parm1>,<parm2>) <dim>;
Active Non-Terminals: none.

The Beta distribution is a generalized form of the binomial distribution with the variates compressed into the interval [0,1]. It is a continuous distribution with the following PDF.


 


Where B is the beta function,  is the gamma function, and x lies in the interval [0,1].



The two parameters  and  are given by <parm1> and <parm2> respectively. The elements <parm1> and <parm2> must be numeric and greater than zero. No non-terminals are allowed. The Beta distribution is seldom used as a model for random experiments, but is used in Bayesian inference. The cvar betavariate production will produce double-precision floating point numbers in the range [0-1]. The algorithm is the rejection method of R. C. H. Cheng presented in “Generating Beta Variates with Non-Integral Shape Parameters”. The following is an example of a cvar betavariate production with sample output.

defines(
double X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<10 ; i++)
   {
      DGL();
      fprintf(stdout,"%.15g\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar betavariate(2.0,2.0);

0.814699708061253
0.820728444155114
0.312008110725239
0.435613131126055
0.383256635792635
0.610587812826306
0.400456829840107
0.376829490045652
0.799038369070256
0.39025593357861

[bookmark: _Toc22028137]Negative Binomial Variates
<name> : cvar [(<name> ) ] negativebinomial (<parm1>,<parm2>) <dim> ;
Active Non-Terminals: none.

The negative binomial distribution is designed to model random experiments where the same experiment e, with an outcome of success or failure, is repeated until a specified number of failures occurs. We then count the number of successes before the final failure occurs. The PMF is gives the probability of k successes before the final failure. (Success and failure are just names for the outcomes. We could just as easily define the negative binomial distribution as the total number of failures until a specified number of successes occurs.) For example, consider a drawer containing an unlimited number of socks of all different colors. How many selections must be made, on the average, to select two red socks? The mean value of the negative binomial distribution can answer this question.

The negative binomial distribution requires two parameters: r, the number of required failures, and p the probability of success. The probability of success is given by <parm1> and the number of required failures is given by <parm2>. The distribution is defined for all , where k is the number of successes. The PMF is as follows.


 

The algorithm generates random double-precision floating-point numbers in the range 0-1. If the random number is greater than the probability of success, the trial is considered a failure and is counted as such. Otherwise it is counted as a success. The experiment is repeated until r failures have occurred. Then the success count is output as the random variate. The following is an example of a cvar negativebinomial production. 

defines(
double X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<100 ; i++)
   {
      DGL();
      fprintf(stdout,"%.15g\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar negativebinomial(.75,4);

Sample output:
20
16
11
10
1
10
18
1
6
24
8
22
13
23
0
9

[bookmark: _Toc22028138]Gamma Variates
<name> : cvar [(<name> ) ] gammavariate (<parameter>) <dim>;
Active Non-Terminals: none.




The gamma distribution is continuous on . It has two parameters, , known as the shape parameter, and , known as the scale parameter. It is used primarily in Bayesian analysis, but has uses in modeling rainfall, the size of insurance claims, wireless signal fading due to multipath signal propagation, and many others.

The PDF is:





Where  is the gamma function.


DGL uses only the shape parameter which is specified using the <parameter> syntax element. The scale parameter is set to 1, as is common in gamma variate generation. The scale parameter can be applied later by multiplying the generated random variates by . The parameter must be a positive floating-point number. No non-terminals are allowed.
When the shape parameter is greater than 1, DGL uses the rejection method of R. C. H. Cheng in “The Generation of Gamma Variables with Non-Integral Shape Parameter.” When the shape parameter is less than or equal to 1, DGL uses Algorithm GS by A. H. Ahrens and U. Dieter given in “Computing Methods for Sampling From Gamma, Beta, Poisson and Binomial Distributions.” When the shape parameter is equal to 1, the distribution becomes the exponential distribution, which should be used instead of the gamma distribution.
The following is an example of a cvar gammavariate production.

defines(
double XX;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<100 ; i++)
   {
      DGL();
      fprintf(stdout,"%.15g\n",XX);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %{XX};
XX: cvar gammavariate(4);

Sample output:
6.06103417211475
2.1130104129695
3.86790406854917
5.23538074525774
2.94751478510007
2.24922768538916
5.04682641800719
3.27150171500843
3.45668915679758
4.40519556676036
3.35895062254709

If we change the parameter to 0.4 we get the following:
1.83140740555546
0.0135427565901506
0.519561495853607
0.0744168221094437
0.0191050348642602
0.117425511823467
0.146784843601947
0.335926700166952
0.214937470002244
[bookmark: _Toc22028139]Exponential Variates
<name> : cvar [(<name> ) ] expvariate <dim> ;
<name> : cvar [(<name> ) ] expvariate ( <parameter> ) <dim> ;
<name> : cvar [(<name> ) ] expvariate ( <parm1>,<parm2> ) <dim> ;
Active Non-Terminals: none.

The exponential distribution is most commonly used to model the time intervals between independent discrete events that happen at a known rate. It is continuous and defined on the interval from zero to positive infinity. The PDF is:


 





The value  is the rate parameter. The cvar expvariate production has three forms. If no parameters are specified,  is set to 1. If one parameter is specified, its value is used for . If two parameters are specified <parm1> is  and <parm2> is a position constant that moves the distribution to a different place on the real line.



Exponential variates are computed using the ziggurat method of George Marsaglia as given in “The Ziggurat Method for Generating Random Variables.” Variates are initially computed using  set to 1. If <parameter> or <parm1> is specified, the result is multiplied by . If <parm2> is specified, it is added to the product of the variate and .
The following are examples of the three types cvar expvariate production, and examples of the output produced by each.

defines(
double X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<100 ; i++)
   {
      DGL();
      fprintf(stdout,"%.15g\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar expvariate(2.7);

Sample output:
2.38424003263148
8.78965849596364
1.1285735934363
0.313688150042892
1.85325112697259
0.195145248810214
6.90634705512555
4.6196070957916
0.472675561716306
1.67809647704669

defines(
double X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<100 ; i++)
   {
      DGL();
      fprintf(stdout,"%.15g\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar expvariate(2.7,3.8);

Sample output:
6.18424003263148
12.5896584959636
4.9285735934363
4.11368815004289
5.65325112697259
3.99514524881021
10.7063470551256
8.4196070957916
4.27267556171631
5.47809647704669

defines(
double X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<100 ; i++)
   {
      DGL();
      fprintf(stdout,"%.15g\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar expvariate;

Sample output:
0.883051863937586
3.25542907257913
0.417990219791224
0.116180796312182
0.686389306286144
0.0722760180778569
2.55790631671317
1.71096559103393
0.175065022857891
0.621517213720996

[bookmark: _Toc22028140]Normal Variates
<name> : cvar [(<name> ) ] norvariate <dim> ;
<name> : cvar [(<name> ) ] norvariate ( <parameter> ) <dim> ;
<name> : cvar [(<name> ) ] norvariate ( <parm1>,<parm2> ) <dim> ;
Active Non-Terminals: none.

The normal distribution is one of the most common distributions. It can be used in many different contexts where the random variates are clustered about a central point, with deviations in either direction, and where the probability of large deviations falls off smoothly in either direction. Examples are the height of individuals in a human population, the weight of pumpkins in a harvest, and many, many others. The colloquial term “Bell Curve” refers to the normal distribution. The normal distribution is sometimes called the Gaussian distribution after its discoverer. The PDF is as follows.










The two parameters are, , the variance with standard deviation, , and, , the expected value. The expected value is the highest point in the bell curve, so setting  to something other than zero moves the curve to the right or left along the x axis. The standard normal distribution has  and .




The cvar norvariate production has three forms. If no parameters are specified, variates are generated from the standard normal distribution. If one parameter is specified, the parameter is the value for , and  is set to zero. If two parameters are specified, the first is the value for  and the second is the value for .




The algorithm uses the ziggurat method of George Marsaglia as given in “The Ziggurat Method for Generating Random Variables.” Variates are first generated from the standard normal distribution. If  is specified, the generated variates are multiplied by . If  is specified, it is added to the product of  and the variate.
The following are examples of each type of cvar norvariate production, with sample data from each grammar.

defines(
double X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<100 ; i++)
   {
      DGL();
      fprintf(stdout,"%.15g\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar norvariate(2.7);

Sample output:
-2.07213292961758
3.84119058459834
4.03319243702611
1.39976527692221
-0.967764869613441
2.00025217810824
3.67722919193702
0.782249387272515
-2.26850154158221

defines(
double X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<100 ; i++)
   {
      DGL();
      fprintf(stdout,"%.15g\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar norvariate(2.7,3.8);

Sample output:
1.72786707038242
7.64119058459834
7.83319243702611
5.19976527692221
2.83223513038656
5.80025217810825
7.47722919193702
4.58224938727251
1.53149845841779
9.76850806814253

defines(
double X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<100 ; i++)
   {
      DGL();
      fprintf(stdout,"%.15g\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar norvariate;

Sample output:
-0.767456640599103
1.42266317948087
1.49377497667634
0.518431584045263
-0.358431433190163
0.740834140040091
1.36193673775445
0.289721995286116
-0.840185756141559
2.21055854375649

[bookmark: _Toc22028141]Raw Random Numbers
<name> : cvar [ ( <name> ) ] random <dim>;
<name> : cvar [ ( <name> ) ] drandom <dim>;
<name> : cvar [ ( <name> ) ] srandom <dim>;
<name> : cvar [ ( <name> ) ] urandom <dim>;
Format Active Non-Terminals: none.

These productions obtain one random number from the random number generator and assign the result to the specified C++ variable. The default random number generator is rand96, a 64-bit generator. There are many other random number generators available in DGL, some 64-bit, some 32-bit. The random number generators all generate unsigned integers. The urandom production passes the generated number unchanged. The associated C++ variable should also be unsigned. The random production shifts the generated number to the right one bit, leaving the high-order bit zero. The result is a non-negative signed integer. The srandom production passes the generated number to the variable unchanged, but coerces the number to a signed number so that the high-order bit becomes the sign. The drandom production coerces the generated number to a signed integer, then to a double precision floating-point number, and finally, scales the number into the range zero through one.
The following are examples of each type of random number generator, with sample output for each. These examples use the default random number generator, which produces 64-bit results. These productions use whatever random number generator is specified in the rng statement, if the default random number generator is not used. The default random number generator is rand96, a random number generator based on the Linux rand48 package. It is a linear congruential generator. (See the RNG section, Section 19.2, for more details.)

defines(
long long X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<100 ; i++)
   {
      DGL();
      fprintf(stdout,"%lld\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar random;

Sample output:
4096506361202567757
7676024683057021429
2307442537372099508
1233713537817299546
6050324503468636530
7429772374264358186
9018635956931652061
5930219866885894340
1575933891628434201
856305701940566581

defines(
unsigned long long X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<100 ; i++)
   {
      DGL();
      fprintf(stdout,"%llu\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar urandom;

Sample output:
8193012722405135515
15352049366114042858
4614885074744199016
2467427075634599092
12100649006937273060
14859544748528716372
18037271913863304123
11860439733771788680
3151867783256868402
1712611403881133162

defines(
long long X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<100 ; i++)
   {
      DGL();
      fprintf(stdout,"%lld\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar srandom;

Sample output:
8193012722405135515
-3094694707595508758
4614885074744199016
2467427075634599092
-6346095066772278556
-3587199325180835244
-409472159846247493
-6586304339937762936
3151867783256868402
1712611403881133162

defines(
double X;
int main(int argc,char *[])
{
   DGLI("tcvar.rand");
   for (int i=0 ; i<100 ; i++)
   {
      DGL();
      fprintf(stdout,"%.15g\n",X);
   }
   DGLS("tcvar.rand");
}
);
options: subroutines;
main: %X;
X: cvar drandom;

Sample output:
0.944144109641651
0.332236263742278
0.75017342119043
0.633759489792629
0.155977497090298
0.30553753492502
0.477802469736118
0.142955726299439
0.670863094899708
0.592840850235569
[bookmark: _Toc22028142]Non-Singular Matrices
<name> : cvar [ ( <name> ) ] matrix <dim> [ , <fieldspec>] ;
<name> : cvar [ ( <name> ) ] matrix2 <dim> [ , <fieldspec>] ;
<name> : cvar [ ( <name> ) ] matrix3 <dim> [ , <fieldspec>] ;
Active non-terminals: none.

The matrix cvar production is used to create random non-singular matrices over GF(2). The C++ variable must be a square two-dimensional array of integers, as in the following. The types char, short, int, long, or long long may be used. The integers may be unsigned if desired.

int MyMat[4][4];

The <dim> syntax element must give the dimension of the C++ variable, as in the following.

MyMat: cvar matrix 4;

The <fieldspec> parameter may be used to change from GF(2) to another field. The value zero specifies a matrix of floating point numbers, in which case the declaration of the C++ variable must be changed from int to double. If any other number is used, the matrix will be generated modulo the number specified. The number 1 may not be specified. When a number other than zero or 2 is specified, it should be a prime number, otherwise the resultant matrix is not guaranteed to be non-singular. However, any positive number other than 1 is permitted. All calculations will be done modulo the number specified in the <fieldspec> parameter. This production does not support fields that are powers of primes. This may change in the future.
The matrix specification differs from generating random matrices using binary integers because the resultant matrices are guaranteed to be non-singular. Unfortunately, the perfect algorithm for generating non-singular matrices has yet to be discovered. Therefore three options are provided. The keyword matrix provides a large variety of matrices without bias. However the scope is limited in the sense that there are non-singular matrices that cannot be generated. The keyword matrix2 provides full scope. Any matrix can be generated, but the generation is highly biased, with certain matrices being generate more often than others. The keyword matrix3 provides full scope with very little bias, but the algorithm is slow. It is up to the user to determine which method is preferable.
[bookmark: _Toc22028143]Input from C++ Variables
Icvar productions allow values to be imported from C++ variables into the data-generation process. The main reason these exist is to facilitate returning data values from action productions. An action production consists of arbitrary C++ code. There are other procedures for returning data, but they are elaborate and somewhat complicated. Icvar variables make the process simple and straightforward. Furthermore, it is possible to return many values from a single invocation of an icvar production. There is no easy way to do this without icvar productions.
[bookmark: _Toc22028144]Null-Terminated Strings
<name> :icvar [(<name> ) ] ;
Active Non-Terminals: none.

The specified C++ variable is assumed to be a char * or char[] containing a null terminated string. The string is passed to the output, with standard replacement of any non-terminals found in the string.
[bookmark: _Toc22028145]Character Data
<name> :icvar [(<name> ) ] char (<length>) ;
Active Non-Terminals: none.

The specified C++ variable is assumed to be a char * or char[] containing a string of the specified length. The first <length> characters of the string are passed to the output, with standard replacement of any non-terminals found in the string. Null characters are treated as data characters and do not terminate the string.
[bookmark: _Toc22028146]Binary Integers
<name> :icvar [(<name> ) ] binary[(<length>)] ;
<name> :icvar [(<name> ) ] ubinary[(<length>)] ;
Active Non-Terminals: none.

The specified variable is assumed to be a char, short, int, or long long, depending on the <length> specification. 1 through 8 specify a char, 9 through 16 specify a short, 17 through 32 specify an int, and 33 through 64 specify a long long. If the ubinary keyword is used, the variable is assumed to be unsigned, if the binary keyword is used, it is assumed to be signed.
The value of the variable is converted to ASCII and is passed to the output.
[bookmark: _Toc22028147]Floating Point Data
<name> :icvar [(<name> ) ] float ;
<name> :icvar [(<name> ) ] double ;
<name> :icvar [(<name> ) ] longdouble ;
Active Non-Terminals: none.

The specified variable is assumed to be a float, double or long double respectively. The value of the variable is converted to ASCII, with up to 15 decimal places, and is passed to the output.
[bookmark: _Toc22028148]Boolean Data
<name> :icvar [(<name> ) ] bool ;
<name> :icvar [(<name> ) ] cbool ;
Active Non-Terminals: none.

The specified variable is assumed to be a bool, although integer variables (of all sizes) may also be referenced. If the keyword bool is used, the value of the variable is converted to the string “1” or the string “0”, depending on whether the variable is true or false (respectively). If the keyword cbool is used, the value is converted to the string “true” or the string “false”. The resultant string is passed to the output.
[bookmark: _Toc22028149]Output Filters
Output filters are used to introduce raw binary data into the output stream, or to provide alternative ASCII formats for numeric data.
[bookmark: _Toc22028150]Binary output
<name> : binary [ ( <number> ) ] <name> ;
<name> : ubinary [ ( <number> ) ] <name> ;
Active Non-Terminals: none.

These productions insert raw binary data into the output stream. The data is provided by the production given in the <name> syntax item. A selection is made from the production <name>, which produces the data in ASCII format. The ASCII data is converted to a binary integer and the bytes of the integer are inserted into the output stream. On little-endian systems, the bytes appear in little-endian order. On big-endian systems, the bytes appear in big-endian order. The number following the keyword gives the size of the integer. The result may be an 8-bit, 16-bit, 32-bit, or 64-bit number. The default is 32 bits. Numbers from 1-8 are treated as 8, 9-16 are treated as 16, 17-32 are treated as 32. Any number larger than 32 is treated as 64.
[bookmark: _Toc22028151]Floating Point output
<name> : float <name> ;
<name> : double <name> ;
<name> : longdouble <name> ;
Active Non-Terminals: none.

These productions insert raw binary data into the output stream. The data is provided by the production given in the <name> syntax item. A selection is made from the production <name>, which produces the data in ASCII format. The ASCII data is converted to a floating point number of the specified size and the bytes of the number are inserted into the output stream. On little-endian systems, the bytes appear in little-endian order. On big-endian systems, the bytes appear in big-endian order.
[bookmark: _Toc22028152]ASCII Binary, Octal, and Hexadecimal
<name> : binformat <name> ;
<name> : octformat <name> ;
<name> : hexformat <name> ;
Active Non-Terminals: none.

These productions convert decimal numeric output into binary, octal and hexadecimal format. The binary output is taken from the production name following the keyword. The following are examples of each with sample output.

main: %s\n;
s: binformat k;
k: range 25,75;

1000000
110101
1001011
1000101
11100
111001
101111
110110
1001001
11010

main: %s\n;
s: octformat k;
k: range 25,75;

100
65
113
105
34
71
57
66
111
32

main: %s\n;
s: hexformat k;
k: range 25,75;

40
35
4b
45
1c
39
2f
36
49
1a
[bookmark: _Toc22028153]Comma-Separated Integers
<name> : commaformat <name> ;
Active Non-Terminals: none.

This production inserts commas into numeric data. The data comes from the production named after the keyword. The following is an example followed by sample output.

main: %s\n;
s: commaformat k;
k: range 20000,10001000;

2,382,721
7,209,930
6,126,116
5,485,798
576,240
1,552,809
5,603,833
911,897
7,433,745
4,237,271


[bookmark: _Toc22028154]Binary Subfields
<name> : binfld [ ( <length> ) ] <WeightedAlternative> [ <WeightedAlternative> ]* ;
Active Non-Terminals: none.

When injecting binary data into the output stream, it is possible to specify portions of a bit-field by using the binfld keyword with weighted alternatives. The weight specifies the width of a subfield of the binary integer, rather than a probability. Fields are placed in the binary integer from left to right in the order specified. Fields that don’t fit into the integer are ignored. Unspecified bits will be set to zero. The following specifies a 32-bit integer with a 5-bit field, a 4-bit field, and a 3-bit field. The high-order bits hold the 5-bit field, which is followed by the 4-bit field. The 3-bit field follows the 4-bit field. The 20 low-order bits of the integer will be set to zero. The string generated by each field is converted to a 32-bit integer using the rules specified above. The integer is then truncated on the left to fit the field size.
A length can be specified in parentheses following the binfld keyword. Values from 1-8 are treated as 8, values from 9-16 are treated as 16, values from 17-32 are treated as 32 and values from 33-64 are treated as 64. Other values are treated as errors.
The bytes of the binary representation are injected unchanged into the output stream. On little-endian systems the bytes will appear in little-endian order. On big-endian systems the bytes will appear in big-endian order.

d:	binfld	5:(1,2,3,4,5,17),4:(6,7,8,9),3:(7,6,5,4,3);

[bookmark: _Toc22028155]Combinatorial Productions
The combinatorial productions produce combinatorial data of various types. It is not yet clear how these productions can be best used. In the future there may be alterations to them to make them more useful. The existing productions are a starting point for new features that may be of greater utility in the future.
[bookmark: _Toc22028156]Permutations
<name> : permutation <eoc> <alternative> [, <alternative> ]* ;
<eoc> default: stop
Active Non-Terminals:
%{$restart.b }	Restarts the production so that the next selection will list the alternatives in the specified order.
%{$eoc.b}	Raises the internal end-of-choices condition.

Permutations of a list of elements can be generated systematically. An example of a permutation declaration is given below. This production generates all permutations of the letters a, b, c, d, e, and f.
exam: permutation a,b,c,d,e,f;
Successive references to this production will generate the strings "abcdef," abcdfe," "abcfde," and so forth. The rules for declaring a permutation production are identical to those for defining an ordinary unweighted production.
[bookmark: _Toc22028157]Combinations
<name> : combination(<number>) <eoc> <alternative> [, <alternative> ]* ;
<eoc> default: stop
Active Non-Terminals:
%{$restart.b}	Restarts the production so that the next selection will consist of the first <number> alternatives in the order specified.
%{$eoc.b}	Raises the internal end-of-choices condition.

Mathematical combinations of elements can be generated using the combination production. This corresponds to the operation of taking n things m at a time, or n choose m. It does not correspond to the intuitive idea of generating all combinations of certain possibilities. The intuitive idea is implemented using chain productions.
An example of a combination declaration that implements the notion of taking six things three at a time is given below.
exam2: combination(3) a,b,c,d,e,f;
This construct will generate the following strings: "abc," "abd," "abe," "abf," "bcd," and so forth. To take n things m at a time, it is necessary to construct a production containing n alternatives, and place the number m in parentheses following the combination keyword. The rules for constructing a combination production are identical to those for constructing a normal production with unweighted alternatives.
[bookmark: _Toc22028158]Partitions of an Integer
<name> :integerpartition <eoc> [ <number> ] ;
<eoc> default: stop
Active Non-Terminals:
%{a.b}	Replaces the number specified in the production declaration.
%{$count.b}	Retrieves the current number.
%{$restart.b}	Restarts the production so that the next selection will consist of a single number.
%{$eoc.b}	Raises the internal end-of-choices condition.

This production generates a sequence of positive integers separated by commas. The sequence of integers will add up to the number specified by the production. For example, consider the following production.

x: integerpartition 5

Successive selections from this production will produce the following:

5
4,1
3,2
3,1,1
2,2,1
2,1,1,1
1,1,1,1,1

[bookmark: _Toc22028159]Subsets of a Set
<name> : subset <eoc> <Alternative> [, <Alternative> ]*;
<eoc> default: stop
Active Non-Terminals:
%{a.b}	Selects the nth alternative, modulo the number of alternatives, and completely interprets it.
%{$count.b}	Retrieves the number of alternatives in the production.
%{$restart.b}	Restarts the production so that the next selection will consist of the empty set.
%{$eoc.b}	Raises the internal end-of-choices condition.

This production will produce all subsets of a given set of alternatives. Each subset will be a comma-separated list of completely interpreted alternatives. The list will be enclosed in curly braces. Research is being done to determine a more useful presentation of the data.
Consider the following production.

x: subset a,b,c,d;

Successive selections from this production will produce the following strings.

{}
{a}
{b}
{a,b}
{c}
{a,c}
{b,c}
{a,b,c}
{d}
{a,d}
{b,d}
{a,b,d}
{c,d}
{a,c,d}
{b,c,d}
{a,b,c,d}
[bookmark: _Toc22028160]Partitions of a Set
<name> : partition <eoc> <Alternative> [ , <Alternative> ]* ;
Active non-terminals:
%{a.b}	Selects the nth alternative, modulo the number of alternatives, and completely interprets it.
%{$count.b}	Retrieves the number of alternatives in the production.
%{$restart.b}	Returns the production to its initial state.
%{$eoc.b}	Raises the end-of-choices condition.





This production produces all partitions of a set of alternatives. A partition of a set S is a collection of subsets, , such that , and for all , . Each subset will be presented as a comma separated list of completely interpreted alternatives. The list will be enclosed in parentheses. The sets themselves will be separated by commas. A more useful presentation of the data may be available in the future, if required.
Consider the following production.

x: partition a,b,c,d;

Successive selections from this production will produce the following.

(a,b,c,d)
(b,c,d),(a)
(a,c,d),(b)
(c,d),(a,b)
(c,d),(b),(a)
(a,b,d),(c)
(b,d),(a,c)
(b,d),(c),(a)
(a,d),(b,c)
(d),(a,b,c)
(d),(b,c),(a)
(a,d),(c),(b)
(d),(a,c),(b)
(d),(c),(a,b)
(d),(c),(b),(a)

[bookmark: _Toc22028161]Fibonacci Sequences
<name> :fibonacci;
<name> :fibonacci (<number> ) ;
<name> :fibonacci<Alternative>,<Alternative>;
Active non-terminals:
%{a.b}	Selects the nth alternative, modulo the number of alternatives, and completely interprets it.
%{$count.b}	Retrieves the number of alternatives in the production.

When a fibonacci production has two alternatives, the first selection from the production produces the first string, the second produces the second string, and each successive selection will produce the concatenation of the two most recently generated strings. The length of the selections grows exponentially. With two single-character alternatives, the 100th selection will have 354,224,848,179,261,915,075 characters, more than 354 Exabytes (an Exabyte is one million Terabytes). A file holding each of the first 100 selections would be 927,372,692,193,078,999,173 bytes long, nearly a zettabyte.
Consider the following production:

x: fibonacci a,b;

The first 10 selections from x are:
a
b
ab
bab
abbab
bababbab
abbabbababbab
bababbababbabbababbab
abbabbababbabbababbababbabbababbab
bababbababbabbababbababbabbababbabbababbababbabbababbab

If no alternatives are specified, the production produces the Fibonacci sequence starting with 1,1. 64-bit integers are used to generate the sequence. This will overflow around the 90th output.
If a number is specified in parentheses following the keyword, the output is reduced modulo the specified number.

OK, OK, I like Fibonacci sequences, especially over modular rings. I couldn’t help implementing this, although I don’t really think it’s good for anything.
However, if you find a genuine use for this, I’d be grateful.
[bookmark: _Toc22028162]Objects and Pointers
There are several production types that generate structures with internal pointers. These productions are all inherently cvar productions, even though the keyword cvar is omitted. These structures are generated internally, and one or more pointers to them are assigned to C++ variables. These variables, and their types, must be defined elsewhere, just as other cvar variables. In all cases, the generated structures assume the existence of a suitable class (or struct). These classes must be defined elsewhere, but the class declaration must be available to the DGL generated code. This is usually done by placing a reference to an include file in a defines section (see below).
[bookmark: _Toc22028163]Object Randomizers
<name> : object [ ( <name> ) ] [ <name> ];
objectend : <name> ;
Active Non-Terminals: none.

The object production generates a randomizer routine for the named class. The class declaration must be accessible to the generated C++ code, either by placing the declaration in a defines section or by placing an include reference in a defines section. If embedded DGL is being used, the class declaration must be accessible to the surrounding code. The name of the object production is normally the name of the class. If the class name is not suitable as a production name, the class name may be placed in quotes and surrounded by parentheses following the object keyword. The name of the generated subroutine is normally Randomize, but this can be overridden by placing a function name after the object keyword.
All variables that are normally accessible to the object can be assigned values using cvar productions. The cvar productions are local to the object declaration. The same production names may be used in several different object declarations. This does not apply to productions other than cvar productions. Such productions are, as usual, global to the entire DGL grammar.
The object production must be followed by an objectend statement bearing the same name as the object production. This terminates the generation of the Randomize routine, and the special treatment for cvar productions.
Object productions may be nested to create randomizer functions for classes that are declared inside of another class. The code for the two routines will not be intermixed. When an objectend statement is encountered that names the containing class, the generation of both subroutines will be terminated. It is also possible to terminate the generation of the nested function by using an objectend statement that names the nested class. Object productions may be nested arbitrarily deeply. Here is an example of an object production.

MyClass: object;
Weight : cvar binary %w;
Color: cvar green,blue,yellow;
w: range 10,40;
objectend: MyClass;

The generated code will begin with the following function header.

void MyClass::Randomize(void)

Here is an example of a nested object declaration.

Outer: object;
Weight : cvar binary %w; /* defined above */
Color: cvar binary 1,2,3,4;
Inner: object;
Weight: cvar binary 10,20,30;
objectend; Inner;
Cost: cvar double 1.5,2.0,3.5;
Objectend: Outer;

The two generated function headers will be:

void Outer::Randomize(void)

and

void Outer::Inner::Randomize(void)

In addition to explicit cvar productions, any of the productions that generate pointer-based structures may be used to assign values to class variables. The names of these productions are also local to the object declaration.
No cvar (implicit or explicit) production used inside a class definition may be referenced by another production, even if that production is inside the class definition.
In the following example, the class name is overridden. The generated

MyObject: object("Unique");

The generated function header will be:

void Unique::Randomize(void)

The following declaration overrides both the class name and the function name.

MyObject: object("Unique") Rand1;

The generated function header will be:

void Unique::Rand1(void)

Finally, it is possible to override the function name without overriding the class name as in the following:

MyObject: object Rand1;

The generated function header will be:

void MyObject::Rand1(void)

By overriding the function name, it is possible to create several different randomizers for the same class.
[bookmark: _Toc22028164]Linked Lists
Linked lists will be generated by allocating a number of objects whose type definition is a class declared elsewhere. The class defines one element of the linked list and is required to have a forward pointer. Doubly linked lists also require a backward pointer. The class must declare a Randomize function with the following prototype.

void Randomize(void);

The body of the Randomize function may be empty. If it is not empty, is used to randomize the variables of the list-element that are not affected by the list generation process. The objects of the list will normally contain many data items beyond those required by the list and dlist productions. These items will normally be initialized by the default constructor and the Randomize function.
List productions create singly linked lists, while dlist productions create doubly linked lists.
Here is an example of a class for a singly linked list. Next and Randomize must be public.

class Single
{
public:

   Single * Next;
   void Randomize(void);
};

The following is a class definition for a doubly linked list. These class definitions are minimal. In virtually all cases, there will be many additional functions and data items.

class Double
{
public:
   Double * Next;
   Double * Prev;
   void Randomize(void);
};

The Randomize functions in each of these classes can be created using object productions or by any other means.
[bookmark: _Toc22028165]List Productions
<name> : list [ (<Length>) ] <ClassName> {<ListOptions>*} ;
Active Non-Terminals: none.

List options

next(<ClassVariableName>)
head(<CVARname)
tail(<CVARname>)
length(<CVARname)

Singly linked lists may be created in a C++ variable by using the list production. The syntax element <ClassName> gives the name of the class that defines the elements of the list. The class must have a next pointer which points to the next element in the list and a function named Randomize to provide random values for the other elements of the list. The prototype of the Randomize function must be as follows.

void Randomize(void);

The next pointer is assumed to be named Next, but if this is not the case the next parameter must be used to give the name of the next pointer. After the list is created, the head of the list will be placed in a C++ whose name is identical to the production name. If a different C++ variable is to be used, the head option must be used to supply the name. The head option can name variables that are not acceptable as production names, such as MyPtr->list.
Normally only the head-pointer of the list is passed to the C++ program. If a tail pointer is required, the tail option can be used to supply the variable-name for the tail pointer. If the length of the list must be easily accessible, the length option can be used to supply the name of a variable to contain the length of the list. The head and tail variables must be pointers to objects of the specified class. The length variable must be an integer.
The <Length> specification of the production may contain non-terminals. Once interpreted, the string will be converted to a binary integer. Numbers may be specified in decimal, hexadecimal or octal using the usual C++ conventions. For non-numeric strings, any leading numeric characters are treated as the length with trailing characters ignored. Strings beginning with a non-numeric character are treated as zeros. If the <length> is zero (either explicitly or after interpretation), an empty list will be created. Head and tail pointers will be set to NULL, and the length variable will be set to zero. If the <length> specification is omitted, it is treated as a zero.

Example:

defines (
class ListItem
{
public:
   ListItem *Next;
   void Randomize(void);
}
ListItem *Head,*Tail;
int Count;

);
…
Makelist: list(%d) head(“Head”) tail(“Tail”), length(“Count”);
d: range 1000,2000;

The following shows how to create a linked list containing the items from a readfile production.

defines (
class ListItem
{
public:
   ListItem() {Next=NULL;Data=NULL;}
   ~ListItem() { if (Data != NULL) {free(Data);}}
   void Randomize(void);
   ListItem *Next;
   char * Data;
};
class Container
{
public:
   Container() {Head=NULL; Tail=NULL; Count=0;}
   ~Container() {while (Head != NULL) {ListItem * Temp = Head; Head=Head->Next; delete Temp;}}
   ListItem *Head;
   ListItem *Tail;
   int Count;
};
Container ListObject;
int main()
{
   DGLI("llrf.rand");
   DGL();
   DGLS("llrf.rand");
   int i;
   i = 1;
   for (ListItem * Temp = ListObject.Head ; Temp ; Temp=Temp->Next)
   {
      fprintf(stdout,"Item %d : %s\n",i,Temp->Data);
      i++;
   }
}
);
options: subroutines;
main: %{MakeList};
Rf: sequence readfile("testfile.txt");
ListSize: %{$count.Rf};
MakeList: list("%{ListSize}") ListItem head("ListObject.Head") tail("ListObject.Tail") length("ListObject.Count");
ListItem: Object;
Data: cvar %{Rf};
ObjectEnd: ListItem;

The output of this grammar is as follows:

Item 1 : thing
Item 2 : wiso
Item 3 : queed
Item 4 : feed the dog
Item 5 : I can see
Item 6 : When in the course of Human events
Item 7 : But here is something shorter
Item 8 : mine
Item 9 : yours
Item 10 : ours
Item 11 : thirty
Item 12 : Nine
Item 13 : 
Item 14 : thudnie
Item 15 : gargagula
[bookmark: _Toc22028166]DList Productions: Doubly linked lists
<name> : dlist[(<Length>)] <ClassName> [ <ListOption>* ] ;
Active Non-Terminals: none.

List options

next(<ClassVariableName>)
prev(<ClassVariableName>)
head(<CVARname)
tail(<CVARname>)
length(<CVARname)

Doubly linked lists may be created in a cvar by using a dlist production. The class definition has the same restrictions as those for singly linked lists, except that a previous pointer must be present. As with singly linked lists, the class must provide the definition of the Randomize function, which is used to provide random values for elements of the list not affected by the list generation process.

void Randomize(void);

The next pointer is assumed to be named Next, and the previous pointer is assumed to be named Prev. If these assumptions are incorrect, the actual name or names must be supplied using the next and prev options. After the list is created, the head of the list will be placed in a C++ variable whose default name is identical to the production name. If this name is not correct, the correct name must be specified using the head option. Normally, only the head of the list is available, but the tail and length options can be used to provide variable names for the tail of the list and its length. The head and tail variables must be pointers to objects of the type specified by the <ClassName> syntax item. The length variable must be an integer.
The <length> syntax item is used to specify the length of the list. It may contain non-terminals to generate lists of random length. If the length of the list is zero, either explicitly or after interpretation of the <length> item, the head (and tail) variables will be set to NULL, and the length variable, if specified, will be set to zero. The length may be specified in decimal, hexadecimal or octal using normal C++ conventions. If the <length> specification is omitted, it is assumed to be zero.
Here is an example:

defines (
class ListItem
{
public:
   ListItem *Next,*Prev;
   void Randomize(void) {}
}
ListItem *Head,*Tail;
int Count;

);
…
Makelist: dlist(%d) head(“Head”) tail(“Tail”), length(“Count”);
d: range 100000,500000;
[bookmark: _Toc22028167]Graph Productions: RandomGraphs
<name>: graph[(<VertexCount>)]<ObjectName >[,<ObjectName >] <GraphOption>*;
Active Non-Terminals: none.

Graph options:
enext(<name>)
evertex(<name>)
ehead(<name>)
adjlist(<name>)
vcount(<name>)
ecount(<name>)
edgeprob(<name>[,<name>])
edgecount(<name>)
powerlaw(<name>,<name>[,<number>])
degreedist(<name>)
directed
simple

The theory of random graphs is an on-going field of research. New models and new generation algorithms are continually being discovered. The DGL algorithms, as of fall 2016, are a snapshot of current research. New discoveries will be incorporated into DGL as time permits.
The <number> item following the graph keyword gives the number of vertices in the generated graph. It can be an explicit number or may contain non-terminals to generate the number.



In the Erdos-Renyi graph model, every graph with n vertices and m edges is equally likely. Such graphs can be generated using the edgecount option. DGL permits the edge count m to fall within the range , where n is the number of vertices. For directed graphs, the limit is . Another popular model, the Gilbert model, each edge in a graph with n vertices has a fixed probability of existence. Such graphs can be generated using the edgeprob option. If the edgeprob option has a single parameter, it is assumed to be a percentage giving the probability of an edge being present. If it has two parameters a and b, these numbers are assumed to be the relative frequency of present edges and absent edges. The probability of an edge being present is .
In many cases, graphs obtained from real-world data do not follow either model. Many of these graphs follow the power-law model, in which the degrees of the vertices have a power-law distribution. In the Erdos-Renyi and Gilbert models, the degrees of the vertices have been shown to have a Poisson distribution. The powerlaw option can be used to generate graphs with a power law degree-distribution. This option uses the technique of Aiello, Chung, and Lu, as presented in “A Random Graph Model for Power Law Graphs.” The graphs generated by this technique have a perfect power law degree distribution. Although these graphs are realistic, the perfect power law distribution seldom appears in actual real-world data. It is more common to find graphs that have an approximate power law distribution. The degreedist option can be used to generate power law graphs that more closely resemble real-world data, in that the degree distribution is approximate rather than exact. The degreedist option allows the generation of graphs whose degree distribution follows some model other than power law. See the chapter “ASCII Random Variates”, Chapter 15, for more information.
The edgeprob, edgecount, powerlaw, and degreedist options are mutually exclusive. If all are omitted, edgeprob(50) (50%) is assumed. When the edgeprob or edgecount option is used, the generated graphs are always simple: no duplicate edges and no self-loops will appear. On the other hand, the simplest algorithms for generating powerlaw and degreedist graphs usually result in non-simple graphs. This may indeed model real-world data more closely than simple graphs. But if a simple graph is desired, the simple keyword can be used to enforce this condition. Generating simple graphs is slower (potentially much slower) than generating non-simple graphs.
By default, the graph production produces ordinary, undirected graphs. The directed option can be used to create a directed graph.
Graphs will be created as adjacency lists. Each edge is represented as an object. It its most simplistic form the graph consists of an array of pointers to edge objects (i.e. an object that represents an edge). A graph may also be represented as an array of vertex objects, each one of which contains a linked list of edge objects. If one <ObjectName> is specified, the adjacency list will be an array of pointers to this object. If two <ObjectName> specifications are used, the first is the edge object and the second is the vertex object. The adjacency list will consist of an array of vertex objects. Each vertex object must contain a pointer to a linked list of edge objects.
The following is the definition of a minimal edge object. The Next and Vertex items must be public. The Vertex item contains an index into the adjacency list, indicating the other endpoint of the edge.

class Edge
{
    Edge();
    ~Edge();
    void Randomize(void);
    Edge * Next;
    int Vertex;
};

The next and vertex elements must be present and must be public. By default, their names are Next and Vertex. If these names are not correct, the enext and evertex options can be used to specify the correct names.
When an undirected graph is being created, two edge objects are created for each edge, one pointing in each direction. The Randomize function is called once for the first object, and then the first object is copied into the second object. This is intended to make the randomized elements of the edge identical for both objects. A suitable copy constructor may be required to make this happen correctly. When a directed graph is being generated, a single object is created for each edge.
If a vertex object is used, the following gives a minimal specification for such an object.

class Vertex
{
    Vertex();
    ~Vertext();
    void Randomize(void);
    Edge * Head;
};

The head item must be present and must be public. By default its name is assumed to be Head. If this is incorrect, the ehead option can be used to specify the correct name. The Randomize function is called once for each vertex before any edges are added.
A pointer to the adjacency list is placed in a variable whose default name is identical to the name of the production. This will usually be a global variable, but can be any variable of the correct type accessible to the production. The default name can be overridden using the adjlist option. The variable must either be a pointer to a vertex object or a pointer to a pointer to an edge object, depending on whether a vertex object is used.
The <VertexCount> item is used to specify the number of vertices desired. This item may contain non-terminals to generate a random number of vertices. If this specification produces a zero, or is omitted, an empty graph is created. If a random number of vertices is created, the vcount option should be used to specify the name of an integer variable for the vertex count. This variable is usually a global, but can be any variable of the correct type accessible to the production.
If a count of the total number of edges in the graph is desired the ecount option can be used to specify an integer variable for the count. The generation algorithm does not keep track of the degree of vertices. If this count is required, it must be computed externally after the graph is generated. (An action routine could be used for this purpose.)
The edge-generation algorithms work as follows.
For the edgecount option, a list of all potential edges is created. A random number is generated for each potential edge, and the list is sorted into ascending order based on the random numbers. The first n edges (where n is the desired number of edges) are selected from the sorted list and added to the graph. The other edges are discarded.
For the edgeprob option with a single number, a random number between 0 and 99, inclusive, is generated for each edge. (The edges are not physically created. The endpoints are generated in a doubly nested loop.) If the generated random number is less than the specified percentage, the edge is added to the graph.
The procedure is essentially the same when two values are specified in the edgeprob option. In this case a random number from 0 through S-1 is generated, where S is the sum of the two numbers. If the generated number is less than F, where F is the first number, then the edge is added to the graph.





For powerlaw specifications, the formula  is computed for x values 1, 2, 3, …, until . For each , , vertices of degree , are created. If the total of the degrees of all vertices is odd, an extra vertex of degree 1 is added to the graph to make the total even. The <VertexCount> item, if specified, is ignored.
Edge endpoints are enumerated and sorted into random order. Then the ordered list is traversed, two endpoints at a time, and an edge is generated for each pair of endpoints. This can easily lead to self-loops and duplicate edges. Power law graphs can be undirected or directed. For directed graphs, a single edge structure is generated for each endpoint pair. For directed graphs, two edge structures are generated, one in each direction. For a directed graph, the computed degree of a vertex is assumed to be the sum of the in-degree and the out-degree, unless an option is specified as the third parameter of the powerlaw option. The third parameter must be an integer from 0 through 5 inclusive. The parameter values have the following meaning. Note that the third parameter has meaning only for directed graphs. For undirected graphs, the parameter is ignored. Note also that the computations for in-degree and out-degree cannot be independent of one another because the total of all in-degrees must be identical to the total of all out-degrees.

0 – The power-law degree is the sum of the in-degree and the out-degree of a vertex. This option is the default.
1 – The power-law degree is the out-degree of the vertex. The other endpoint of each edge is chosen at random.
2 – The power-law degree is the in-degree of the vertex. The other endpoint of each edge is chosen at random.
3 – This is a mixture of options 1 and 2. One end of an edge is determined by the power-law computation, while the other end is chosen at random. The direction of the edge is determined by a random number which can be 0 or 1 with 50% probability.
4 – The power-law computation applies to both the in-degree and the out-degree of the vertex. The in-degree and out-degree will not necessarily be the same.
5 – The power-law computation applies to both in-degree and out-degree, which will be identical for each vertex.

The degreedist option works similarly to the powerlaw option, except the number of vertices is governed by the <VertexCount> option. The degreedist option must specify a string containing non-terminals that generates integers. (A single non-terminal is usually specified.) Each vertex is assigned a degree by making a selection from the degreedist string. If the total of the generated degrees is odd, the degree of one vertex is increased by one to make the total even. The endpoints are enumerated, sorted into random order, and an edge is generated for each pair of endpoints. For directed graphs, the generated degree of a vertex is assumed to be the sum of the in-degree and the out-degree.
To create a simple graph with power law and degree distribution graphs we start with a set of vertices, each one of which has an “unused endpoint” count equal to its degree. This count will be reduced by one each time an edge is attached to a vertex. Vertices are processed in descending order by degree, so a vertex of high degree is always being attached to a vertex of equal or lower degree. As each vertex is processed, the remaining endpoints of the vertex, if any, are assigned to edges. The other end-point of the edge is selected from the available vertices further down the list. Each vertex has one of three statuses: available, temporarily unavailable, and permanently unavailable. A vertex, v, is available if it has endpoints that have not been assigned to an edge, and there is no edge from the current vertex to v. A vertex is permanently unavailable if it has no remaining end-points. A vertex, v, is temporarily unavailable if it has unused end-points, but there is already an edge between v and the current vertex.
The algorithm keeps both a global and a local count of available vertices. The global count includes those vertices that are temporarily unavailable, while the local count does not. When the global availability count reaches zero, the algorithm terminates. (This will occur before all vertices have been processed.) When the global availability count reaches zero there may still be one single vertex with unused endpoints. These endpoints are dropped, lowering the degree of the vertex. It is also possible for the local availability count to reach zero before the global availability count becomes zero. When this happens, all remaining endpoints of the current vertex are dropped. Dropping vertices is extremely rare. In our experiments we have observed this phenomenon only when the degreedist option generates a vertex whose degree is greater than or equal to the number of vertices.
At the start of processing, the global count is set to n-1, where n is the number of vertices. The local count is set equal to the global count each time a new vertex begins processing.
The following is the pseudo-code for the simple-graph algorithm.

Sort vertices into descending order by degree.
Set the global availability count to n-1, where n is the number of vertices
For each vertex v, while the global availability count is greater than zero
	Set the local availability count equal to the global availability count
	For each unused endpoint of v
		Generate a random number i from 0 through m-1, where m is the local availability count
		Locate vertex w, the ith element of the set of available vertices
		If there are no available vertices, drop the remaining endpoints of v,
				and continue with the next vertex.
		Add an edge between v and w
		Mark w as temporarily unavailable and reduce its end-point count by 1.
		Reduce the local availability count by 1
		If the endpoint count of w is zero
			mark w as permanently unavailable
			Reduce the global availability count by 1
		Endif
	Endfor
	Mark v as permanently unavailable
	Reduce the global availability count by 1
	Mark all temporarily unavailable vertices as available
Endfor

[bookmark: _Toc22028168]CGraph Productions: Connected Graphs
<name>: cgraph[(<number>)]<ObjectName>[,<ObjectName >] <GraphOption>*;
Active Non-Terminals: none.

The first step in generating an undirected connected graph is to create the backbone, which is a spanning tree that connects each vertex of the graph. (An undirected graph is connected if and only if this spanning tree exists.) The other edges are added in the same way that they are added to a general graph.
The backbone algorithm creates a list of vertices already included in the spanning tree. This collection initially contains only vertex 0 (the first vertex in the adjacency list). Each vertex from 1 through n-1 (assuming that there are n vertices) is attached to the tree by generating a random number i from 0 through k-1 (where k is the number of vertices already in the tree). Vertex v is then attached to the ith tree vertex. This creates an acyclic connected graph.
For directed graphs, the procedure is more complicated, because the backbone must be a single strongly connected component. The first step is to run the algorithm described above for undirected graphs. First, vertex 0 is added to the tree. All subsequent edges go from the existing tree vertex to the new vertex. This creates a single-source directed acyclic graph, with vertex 0 as the source. A variant of Tarjan’s strongly connected component algorithm is used to connect the tree. The framework of Tarjan’s algorithm is given here for reference. The array ST contains the start-time for each vertex. This is a number from 1 through n, inclusive, that indicates the relative order in which the vertices are first visited. The global variable StartTime is used to generate these numbers. The SCC function is called once for each vertex, starting with SCC(0). Low is an array containing the start-time vertex with the smallest start-time that can be reached from vertex v by following zero or more tree edges and exactly one back-edge or cross-edge. In Tarjan’s algorithm it is necessary to ignore those cross-edges that lead to previously discovered strongly connected components, but in our variation of the algorithm this is not necessary since we are creating a single strongly connected component.

void SCC(int v)
{
	StartTime++;
	ST[v] = StartTime;
	Low[v] = StartTime;
	Push v on stack;
	for (Edge *t=G[v] ; t != NULL ; t=t->Next)
	{
		int w = t->Vertex;
		if (ST[v] == 0)
		{
			SCC(w);
			Low[v] = minimum(Low[v],Low[w]);
		}
		else if (w has not already been assigned to a Component)
		{
			Low[v] = minimum(Low[v],ST[w]);
		}
	}
	// Backing up from the current vertex
	If (Low[v] == ST[v]) // my parent and I are in different SCC’s
	{
		Pop everything off the stack until v has been popped
			and assign these vertices to a new SCC.
	}
}

For our purposes we also need an inverted start-time array, IST. This array is indexed by start-time and provides the number of the vertex that has been assigned that start time. The span from 1 through maximum start-time, m, is divided into two intervals [1,s-1] and [s,m], where s is the start-time of vertex v. If v is found not to be in the same SCC as its parent, a random number, i, is generated from the interval [s,m] and a second random number, j, is generated from the interval [1,s-1]. An edge is added from the vertex that corresponds to start time i to the vertex that corresponds to the start time j. This will either be a back-edge or a cross-edge. Low[v] is then set to j. The algorithm is specified below.

void SCC(int v)
{
	StartTime++;
	ST[v] = StartTime;
	IST[StartTime] = v;
	Low[v] = StartTime;
	Push v on stack;
	for (Edge *t=G[v] ; t != NULL ; t=t->Next)
	{
		int w = t->Vertex;
		if (ST[v] == 0)
		{
			SCC(w);
			Low[v] = minimum(Low[v],Low[w]);
		}
		else
		{
			Low[v] = minimum(Low[v],ST[w]);
		}
	}
	// Backing up from the current vertex
	If (Low[v] == ST[v]) // my parent and I are in different SCC’s
	{
		int i = Random number from ST[v] through StartTime;
		int j = Random number from 1 through ST[v]-1;
		Add Edge from IST[i] to IST[j];
		Low[v] = j;
	}
}

For edgeprob specifications, the remaining edges are enumerated. A random number is generated for each to determine whether the edge should be added to the tree. The procedure is identical to that for graph productions.
For edgecount specifications, the unused edges are enumerated and sorted into random order. The first j edges in the sorted list are added to the graph, where j is the number obtained from the edgecount specification. The edgecount specification is assumed to specify the number of edges over and above the n-1 edges used to create the backbone.
The powerlaw and degreedist options cannot be used for connected graphs.
[bookmark: _Toc22028169]Tree Productions: General Trees
<name>: tree[(<number>)]<ObjectName>[,<ObjectName>] <GraphOption>*;
Active Non-Terminals: none.

A spanning tree is created using the backbone algorithm for cgraph productions. For directed trees, only the first part of the directed-graph backbone algorithm is run, creating a single-source directed acyclic graph.
None of the options edgeprob, edgecount, powerlaw or degreedist may be specified for trees.
[bookmark: _Toc22028170]Bipartite Productions: Bipartite Graphs
<name>: bipartite[(<number>[,<number>])]<EdgeObject> [,<VertexObject>]
<GraphOption>*;
Active Non-Terminals: none.

The bipartite production creates a bipartite graph in a C++ variable. The number or numbers following the bipartite keyword give the number of vertices in the graph. Vertices are assigned to two classes, and all edges connect a vertex of one class to a vertex of the other class. If one number is specified, this number specifies the number of vertices in each class. The classes will be of the same size and equal to the specified number. The generated graph will have twice the number of vertices as the number specified. If two numbers are specified, the first specifies the number of vertices in the first class, and the second specifies the number of vertices in the second class.
If the edgeprob option is specified, the potential edges are enumerated, and a random number is generated for each. If the random number is less than the probability that an edge exists, it is added to the graph, otherwise it is not. As with ordinary graphs, if a single number is specified, it is treated as a percentage. If two numbers are specified, the first is the relative frequency of existence, and the second is the relative frequency of non-existence. If the edgecount property is specified, the specified number of edges is generated. Both the edgecount and the edgeprob options generate simple graphs.
If the powerlaw option is specified, the number of vertices in the first class is determined by the powerlaw parameters. If the third option is a 0, or omitted, the numbers following the bipartite keyword determine the number of vertices in the second class. If the third powerlaw parameter is a 1, the powerlaw parameters determine the number of vertices in both classes. In this case, both classes will have the same number of vertices. Powerlaw graphs may not be simple. If the simple option is specified it will be ignored.
When the degreedist option is specified, the degrees of the vertices in class 1 is determined by the selection string specified in the degreedist option. This string is interpreted once for each vertex, and the result is converted to an integer. This integer is used as the degree of the vertex. The number of vertices in each class is determined by the numbers following the degreedist parameter. The resultant graph may not be simple. If the simple keyword is specified, it will be ignored.
[bookmark: _Toc22028171]Dag Productions: Directed Acyclic Graphs
<name>: dag[(<number>[,<number>[,<number>]])]<EdgeObject> [,<VertexObject>]
<GraphOption>*;
Active Non-Terminals: none.

The dag production produces directed acyclic graphs. The keyword dag must be followed by from one to three numbers in parentheses. These numbes specify the counts of each vertex type. The first number is a count of vertices that have both an indegree and an outdegree greater than zero. These are the “middle” vertices. The second number specifies the number of vertices that have an indegree of zero and an outdegree greater than zero. These are the “source” vertices. The third number specifies the number of vertices with an indegree greater than zero and an outdegree equal to zero. These are the “sink” vertices. Source and sink counts default to 1. The middle count defaults to zero. The <EdgeObject> gives the class name for the edge objects while the <VertexObject>, if any, gives the class name for the vertex objects. If there is no <VertexObject>, the result is an adjacency list which is an array of pointers to edge objects. Otherwise the adjacency list is an array of vertex objects. Edge and vertex objects follow the same rules as those for general graphs.
The first step in graph generation is to hook up the vertices so that each source vertex has an outdegree of 1, each sink vertex has an indegree of 1, and each middle vertex has an indegree of 1 and an outdegree of 1. If this is not possible, (10 middle vertices, 1 source, 1 sink, for example) indegrees and outdegrees are adjusted as necessary. Once the minimum degree for each vertex has been established, the edgeprob or edgecount option is used to determine the number of additional edges. The powerlaw and degreedist options may not be used.
[bookmark: _Toc22028172]Bintree Productions: Binary Trees
<name>: bintree <VertexObject>[(<ParentRandomizer>[,LeafRandomizer])] <Option List>;
Active Non-Terminals: none.

Binary tree options:
childprob(<number>[,<number>])
left(<name>)
right(<name>)
parent(<name>)
root(<name>)

The bintree production produces binary trees with edges represented as pointers and vertices represented as objects from the class named in <VertexObject>. The usual graph options do not apply to bintree productions. Instead there is a distinct list of options that apply only to binary trees. The root option specifies the name of a variable, (a cvar) into which a pointer to the root object will be placed. If the root option is not specified, this name defaults to the name of the production. Each vertex is assumed to have a left-child and a right-child pointer, named “Left” and “Right” respectively. These names can be changed using the left and right options. These are both pointers to a <VertexObject>. If a particular child does not exist, the respective pointer will be set to NULL. Leaves have both pointers set to NULL. Objects, once created, will be randomized by calling the “Randomize” function of the class, which must have the following prototype.

void Randomize(void);

If the randomizer function has a different name, it must be specified using the <ParentRandomizer> element. If parents (non-leaves) and leaves must have different randomizers, the names of the two functions must be specified using the <ParentRandomizer> and <LeafRandomizer> elements. If only <ParentRandomizer> is specified, it is used for both leaves and non-leaves. If each object has a parent pointer, the name of the variable containing the parent pointer must be specified using the parent option. If no parent option is present, the parent pointer is assumed to be absent. The parent pointer of the root vertex will be set to NULL.
The size of the tree is determined by the childprob option. If this option is not specified, childprob(50) is assumed. If one integer is specified, it is assumed to be a percentage, from 1 to 100, of the probability of a child’s existence. If two integers are specified they are assumed to represent the relative probability of existence and non-existence. The specifications, childprob(50) and childprob(1,1) produce identical results.
[bookmark: _Toc22028173]Searchtree Productions: Search Trees

<name>: searchtree(<number>,<number>)<VertexObject>[(Randomizer)]<Option List>;
Active Non-Terminals: none.

Search tree options:
left(<name>)
right(<name>)
value(<name>)
root(<name>)

The searchtree production is used to produce random binary search trees. The keyword searchtree must be followed by two numbers in parentheses. The first number gives the number of vertices in the search tree, while the second gives the value of each vertex. Both numbers are strings that may contain non-terminals. The first number will be interpreted once for each non-terminal reference of the form %b or %{b}. The second number will be interpreted once for each generated vertex. All strings will be converted to numbers. If a numeric string ends with non-numeric characters, the non-numeric characters will be silently ignored. If a string begins with a non-numeric character, it will be treated as a zero.
Each time a vertex is generated, it will be of the class <VertexObject>. Immediately after the object is created, the randomizer function will be called. The default name of the function is “Randomize” and it must have the following prototype.

void  Randomize(void);

If the randomizer function has some other name, it must be specified in parentheses following the <VertexObject> specification. The <VertexObject> class must contain a left-child pointer a right-child pointer and a value variable. The default names of these variables are Left, Right, and Value. If the actual names are different, the left, right, and value options must be used to specify the correct variable name.
After the tree is generated, a pointer to the root will be placed in the root variable. The default name of the root variable is identical to the production name. If this is not correct, the root option must be used to specify the correct variable name.
[bookmark: _Toc22028174]Rbtree Productions: Red/Black Trees
<name>: rbtree(<number>,<number>)<VertexObject>[(Randomizer)]<Option List>;
Active Non-Terminals: none.

Red/Black tree options:
left(<name>)
right(<name>)
parent(<name>)
value(<name>)
root(<name>)
color(<name>)
red(<name>)
black(<name>)

The rbtree production is used to produce random red/black binary search trees. The keyword rbtree must be followed by two numbers in parentheses. The first number gives the number of vertices in the search tree, while the second gives the value of each vertex. Both numbers are strings that may contain non-terminals. The first number will be interpreted once for each non-terminal reference of the form %b or %{b}. The second number will be interpreted once for each generated vertex. All strings will be converted to numbers. If a numeric string ends with non-numeric characters, the non-numeric characters will be silently ignored. If a string begins with a non-numeric character, it will be treated as a zero.
Each time a vertex is generated, it will be of the class <VertexObject>. Immediately after the object is created, the randomizer function will be called. The default name of the function is “Randomize” and it must have the following prototype.

void  Randomize(void);

If the randomizer function has some other name, it must be specified in parentheses following the <VertexObject> specification. The <VertexObject> class must contain a left-child pointer a right-child pointer, a value variable, a parent pointer, and a color variable. The default names of these variables are Left, Right, Value, Parent, and Color. If the actual names are different, the left, right, value, parent and color options must be used to specify the correct variable name. In addition, the color variable must have two distinct values that are used to distinguish between red and black vertices. It is assumed that the color variable is an enumerated type with the values “Red” and “Black” designating the red and black variables. If this is not the case, the red and black options must be used to specify the correct values.
After the tree is generated, a pointer to the root will be placed in the root variable. The default name of the root variable is identical to the production name. If this is not correct, the root option must be used to specify the correct variable name.

[bookmark: _Toc22028175]Input/Output Facilities
[bookmark: _Toc22028176]Section Productions: Sectioned output
<name> :section;
Active Non-Terminals: none.
%{a.b}  redirects the output from production a into section b.

Section productions work like variables, except they have no internal value. The data is stored in a temporary file which is then copied to the appropriate place after data generation is complete. If no section map is present (see below), the output for each section will appear in the order in which the sections were declared. Any output not directed to a section will appear ahead of the output directed to sections. The following is an example followed by sample output. Strings beginning with $ are not interpreted as commands, and the $ will be output as regular text.
Using the section name in an ordinary non-terminal as in %{s1}, will produce the empty string.

main: %a %x;
x: %{b.s1} %{c.s2};
s1: section;
s2: section;
a: a\n;
b: b\n;
c: c\n;

a
a
a
a
a
b
b
b
b
b
c
c
c
c
c

The main use of this production is to create output that has distinct sections, such as global variable declarations, followed by executable code. It is often more natural to generate items for different sections simultaneously. This production enables one to do this.
[bookmark: _Toc22028177]The Section Map
Section_Map:<SectionItem>[,<SectionItem>]*;
Active Non-Terminals: N/A.

The Section_Map statement is a configuration statement, not a production. The syntax element, <SectionItem>, is the name of a section (which must be defined using a section production) or the name of a section followed by an output file name in parentheses. Sections will be output in the order specified. There is an implicit, unnamed section for output that is not assigned to a section. The unnamed section will be output first to standard-out. Then the remaining sections will be output in the order specified by the section map. If no section map is specified, then all sections will be output to standard-out in the order that they were defined in the DGL specification. If a <SectionItem> specifies a file name, the data assigned to the section will be output to the specified file instead of standard-out. If more than one section is assigned to a particular file, the sections will be output to the file in the order specified by the section map. Any section not named in the section map will be output to standard out following the section map data. If there is more than one such section, they will be output in the same order in which they were declared.
The following is an example.

main: %{a.s3} %{b.s1} %{c.s2};
section_map s2,s3,s1(x.txt);
s1: section;
s2: section;
s3: section;

This specification will output a string of c’s followed by an equal number of a’s on standard out. A string of all b’s will be written to the file “x.txt”.
[bookmark: _Toc22028178]The File production
[bookmark: _Hlk20829335]<name> : file <FileName> ;
Active Non-Terminals:
%{a.b}	A selection is made from the production named a and is output to the named file. If a is not the name of a production, a itself is written to the file. The file must be opened before use, using either the $open, or the $reopen command, or a simple non-terminal of the form %b.
%{$close.b}	Closes the file.
%{$open.b}	Explicitly opens the named file. The <FileName> is interpreted at this point. The current content of the file is erased.
%{$reopen.b}	Explicitly opens the file named in the file production. The <FileName> is interpreted at this point. The current content is not erased. New output will be added to the end of the current content.
%{$set.b}	Sets the current file position to zero, effectively starting again from the beginning.
%{$set(n).b}	Sets the current file position to n. File position is the character offset from the beginning of the file. Zero indicates the beginning of the file. A negative number specifies an offset from the end of the file rather than the beginning. Non numeric strings are treated as zeros.
%{$tell.b}	Inserts the current file position, which is a character offset starting with zero from the beginning of the file, into the output stream. The number is in ASCII format. Normally this value is stored in a variable.

The file production is used to output data to a named file. An ordinary non-terminal reference of the form %b produces the empty string and opens the file. The current content of the file is erased. The file name may contain non-terminals, which will be interpreted in the usual fashion when the file is opened or reopened. If the file must be explicitly opened before the first reference of the form %{a.b}. If it is necessary to output a string that begins with $, two $’s must be used. The first $ is not output.
[bookmark: _Toc22028179]The Infile production
[bookmark: _Hlk20829284]<name> : infile <eoc> <FileName> ;
Active Non-Terminals:
%{$close.b}	Closes the file.
%{$eoc.b}	Raises the end-of-choices condition for the file. This condition is set automatically when reading past end of file.
%{$open.b}	Explicitly opens the named file. The <FileName> is interpreted at this point. Character offset is set to zero. If the file is currently open, it is closed and reopened after reinterpreting <FileName>.
%{$open(f).b} 	Explicitly opens the file named in the command rather than the one on the infile statement. If the file is currently open, it is closed and reopened, possibly with a new file name. The name, f, is interpreted at this point. Character offset is set to zero.
%{$reopen.b} 	Closes and reopens the file without reinterpreting the name. The file position remains at its previous value. The file must be open when this non-terminal is interpreted.
%{$restart.b}	If the file is currently open, the file is closed and reopened without reinterpreting the file name. If the file is not open, nothing happens.
%{$set.b}	Sets the current file position to zero, effectively starting again from the beginning.
%{$set(n).b}	Sets the current file position to n. File position is the character offset from the beginning of the file. If the number is negative, the position is set relative to the end of the file rather than from the beginning. Zero indicates the beginning of the file. Non numeric strings are treated as zeros.
%{$tell.b}	Inserts the current file position, which is a character offset starting with zero from the beginning of the file, into the output stream. The number is in ASCII format. Normally this value is stored in a variable.

The infile production is used to input raw unformatted data one line at a time. Lines will be passed through the interpreter. Each reference of the form %a will cause one line to be read from the named file. This line will be passed through the interpreter to the output. The file name may contain non-terminals which are interpreted when the file is opened. If the file is not opened explicity, it will be opened automatically upon the first %a reference. The file name will be interpreted at this point.
[bookmark: _Toc22028180]The Document Production
<name> : document <FileName> [ , <FileName> ] ;
Active Non-Terminals: none.

When this production is referenced using an ordinary non-terminal, the data from the first file is read, passed through the interpreter, and written to the second file. If the second file name is omitted, the transformed output is written back to the input file. (Usually not a good idea because the file data is unbuffered.) File names may contain non-terminals, which are interpreted upon each reference of the form %b or %{b}.

[bookmark: _Toc22028181]Database Access
DGL permits data to be obtained from mysql databases, and also permits mysql databases to be created and populated with generated data. It is possible to treat a database table as a normal production, a selection without replacement (unique) production, or sequential production. Any of these options may include weighted alternatives. It is possible to retrieve data using an SQL query, and manipulate the data result in the same manner as a table. Any SQL query can be executed directly. Using arbitrary queries, it is possible to create databases and database tables and populate tables with generated data. Individual fields in both tables and queries can be updated with generated data of any kind.
The database production provides the connection to the database system, or to a particular database within the database system. The connection may be either remote or local, depending on the database permissions granted by the database administrator. The dbtable production represents a table within the database selected by a database production. The dbfield production represents a field within the table selected by a dbtable or dbquery production. All navigation is done through the dbtable or dbquery production. All data access is done through dbfield productions that are linked to a dbtable or dbquery production. The dbtable or dbquery production maintains a current record, which is taken from the selected database table or query data result. All dbfield productions associated with a dbtable or dbquery production are updated when the current record of a dbtable or dbquery production is changed. The dbquery production can also be used to execute arbitrary queries on the database.
[bookmark: _Toc22028182]Database Productions
<name> : database [<host>,]<user>, <password>, <DBName> ;
Active Non-Terminals:
%{a.b}	If a is the name of a production, a selection is made from a. Otherwise a is considered text. The selection or text replaces the database name givein in <DBName> or overrides a NULL specification. If a is NULL, either directly or after selection, the database production becomes a NULL database.
%{$count.b}	Returns the number of databases in the database system, or the number of tables in the current database. If <DBName> is NULL, then the number of databases is returned, otherwise the number of tables in the database is returned.
%{$restart.b}	Reloads the list of databases or list of tables.

This production establishes a link to a particular database. This production is not normally used in a non-terminal, but it must be referenced by other productions. When linked dbtable, dbquery, and dbfield productions are referenced, the data will be taken from the database named in this production. Any reference of the form %a will cause the list of tables in the referenced database to be enumerated in circular fashion without an <eoc> condition being raised. If the database name is specified as NULL, the databases in the referenced database system will be enumerated in circular fashion without an <eoc> condition being raised. The %{$count.b} active non-terminal can be used to determine the length of the list.
To access the content of the database, it is necessary to have one or more linked dbtable or dbquery productions. The dbtable and dbquery productions provide the mechanism for navigating through record sets. The dbfield productions provide access to table or query data.
[bookmark: _Toc22028183]DBTable Productions
<name> : dbtable [ sequence | unique] [ weighted(<FieldName>) ] <eoc> 
<database> ,<table> ;
Active Non-Terminals:
%{a.b}	If a is the name of a production a selection will be made from a, otherwise a will be used directly. If the selection from a begins with $, it will be treated as a command. If the string is numeric, the current record is set to the specified value. If the string is not numeric, it is taken as a table name. This table name replaces the name specified on the dbtable production, and a $reset action and $restart action are performed. Table names must not begin with $.
%{$next.b}	Advances to the next row in the order that it appears in the table.
%{$prev.b}	Goes to the previous row in the order appearing in the table.
%{$first.b}	Goes to the first row in the table.
%{$last.b}	Goes to the last row in the table.
%{$reset.b}	Reinitialzies the DGL internal structures for the table, rereading all data, and performing a $restart action.
%{$count.b}	Returns the number of rows in the table.
%{$restart.b}	For productions with sequence and unique keywords, restarts the selection process from the beginning.
%{$eoc.b}	Raises the eoc condition.
%{$fcount.b}	Returns the number of fields in the table.
%{$field.b}	Returns the field names sequentially in circular fashion.
%{$save.b}	Saves any changes made using the $new command or updates of field values made using dbfield productions.
%{$new.b}	Creates a temporary new row. The row becomes permanent when a $save command is performed.
%{$delete.b}	Deletes the current row from the table.

This production links to a particular table in a database. The database is determined by the <database> parameter, which must be the name of a database production. The dbtable production is the mechanism for navigating through the records of a table. To access the data of the table there must be one or more dbfield productions linked to the dbtable production. When the dbtable production is used to navigate to a new record, the content of the linked dbfield productions changes to correspond to the data in the new record. The linked dbfield productions are empty until the first record is selected using either a %a reference or a navigation command.
The keywords weighted, sequence and unique are used to specify the type of access to the table. Normally each reference of the form %a selects a row from the table at random. All rows are selected with equal probability. A particular row may be selected many times.
The keyword unique causes each row to be selected at most once. Rows are selected at random. After all rows have been selected, the eoc condition is raised.
The keyword sequence is used to select each row once, in the order they appear in the table. Once all rows have been selected, the eoc condition is raised.
The weighted keyword modifies the type of selection specified by the other keywords. The weighted keyword must be followed by a field name in parentheses. This field must be numeric, but not binary. This number is taken to be the weight of the row. For random selection, the weight is the unnormalized probability that the row will be selected, with a zero indicating no selection for this row. Random selection will be done according to the specified probabilities, with higher-weighted rows being selected more often than lower weighted ones.
When the weighted keyword is specified with the unique keyword, the weight specifies the number of times the row is allowed to be selected. A weight of zero prevents the row from being selected. Rows are selected at random until each row has been selected its maximum number of times. When this occurs, the eoc condition is raised.
When the weighted keyword is specified with the sequence keyword, the weight specifies the number of times the same row is to be selected before moving to the next row in the table. Rows are selected in sequence as if they were replicated the same number of times as their weight. A weight of zero prevents a row from being selected. Once every row has been selected the specified number of times, the eoc condition is raised.
[bookmark: _Toc22028184]DBQuery Productions
<name> : dbquery [ sequence | unique] [ weighted(<FieldName>) ] <eoc>
<database> ,<query-string> ;
Active Non-Terminals:
%{a.b}	If a is the name of a production a selection will be made from a, otherwise a will be used directly. If the selection from a begins with $, it will be treated as a command. If the string is numeric, the current record is set to the specified value. If the string is not numeric, it is taken as a query string. This query replaces the string specified on the dbquery production, and and is executed immediately, followed by a $reset action and $restart action.
%{$next.b}	Advances to the next row in the order that it appears in the data result.
%{$prev.b}	Goes to the previous row in the order appearing in the data result.
%{$first.b}	Goes to the first row in the data result.
%{$last.b}	Goes to the last row in the data result.
%{$reset.b}	Reinitialzies the DGL internal structures for the dbquery production, rereading all data, and performing a $restart action.
%{$count.b}	Returns the number of rows in the data result.
%{$restart.b}	For productions with sequence and unique keywords, restarts the selection process from the beginning.
%{$eoc.b}	Raises the eoc condition.
%{$fcount.b}	Returns the number of fields in the data result.
%{$field.b}	Returns the field names sequentially in circular fashion.
%{$save.b}	Saves any changes made using the $new command or updates of field values made using dbfield productions.
%{$new.b}	Creates a temporary new row. The row becomes permanent when a $save command is performed.
%{$delete.b}	Deletes the current row from the tables. A reset operation is done immediately after the $delete to force a re-execution of the query.

This production executes a query on a specified database. The query specified on the dbquery production is performed immediately during the data-generator initialization phase. This action can be bypassed by specifying a null query string (""). The database is determined by the <database> parameter, which must be the name of a database production. If the query returns data, the dbquery production is the mechanism for navigating through the records of the data result. To access the data of the result there must be one or more dbfield productions linked to the dbquery production. When the dbquery production is used to navigate to a new record, the content of the linked dbfield productions changes to correspond to the data in the new record. Linked dbfield productions are empty until the first %a non-terminal is interpreted, or until a navigation command is performed. The specified query string is executed during initialization.
The keywords weighted, sequence and unique are used to specify the type of access to the query result. Normally each reference of the form %a selects a row from the result at random. All rows are selected with equal probability. A particular row may be selected many times.
The keyword unique causes each row to be selected at most once. Rows are selected at random. After all rows have been selected, the eoc condition is raised.
The keyword sequence is used to select each row once, in the order they appear in the data result. This order is unpredictable unless an “order” clause is specified in the query. Once all rows have been selected, the eoc condition is raised.
The weighted keyword modifies the type of selection specified by the other keywords. The weighted keyword must be followed by a field name in parentheses. This field must be numeric, but not binary. This number is taken to be the weight of the row. For random selection, the weight is the unnormalized probability that the row will be selected, with a zero indicating no selection for this row. Random selection will be done according to the specified probabilities, with higher-weighted rows being selected more often than lower weighted ones. Changing the value of the weight will not affect the selection probability unless a $save command is performed.
When the weighted keyword is specified with the unique keyword, the weight specifies the number of times the row is allowed to be selected. A weight of zero prevents the row from being selected. Rows are selected at random until each row has been selected its maximum number of times. When this occurs, the eoc condition is raised.
When the weighted keyword is specified with the sequence keyword, the weight specifies the number of times the same row is to be selected before moving to the next row in the table. Rows are selected in sequence as if they were replicated a number of times equal to their weight. A weight of zero prevents a row from being selected. Once every row has been selected the specified number of times, the eoc condition is raised.
[bookmark: _Toc22028185]DBField Productions
<name> : dbfield { <table> | <query> } , <FieldName> ;
<name> : dbfield { <table> | <query> } ,  <FieldName>  [, <TableName> ] ;
Active Non-Terminals:

%{a.b}	Changes the value of the field controlled by this production. If a is the name of a production, a selection is made from a to determine the new value. Otherwise a is taken as the new value. This value is temporary and will be lost unless a $save command is done on the linked table or query. Regardless of this, the new value will be returned by the %b non-terminal until the linked dbtable or dbquery navigates to a new row. Strings beginning with $ are not interpreted as commands. A leading $ is considered part of the new value.

This production is used to access the data of a field in the current row of a table or a query. The <table> or <query> element must be the name of a dbtable or a dbquery production. A non-terminal of the form %b returns the content of the field in the current row. This value remains constant until the dbtable or dbquery production navigates to a new row, or until it is changed using a %{a.b} non-terminal. The <TableName> specification is used with dbquery productions when each row consists of fields from two or more tables. The <TableName> specification is used to disambiguate identically named fields from several different tables. The <TableName> specification may be used with linked dbtable productions, but is superfluous. The <TableName> specification is also superfluous if a query contains data from a single table, or if all fields returned in a data result have unique names.
When updating fields from a query data result, it is necessary to include the primary key of each table that will be updated, even if that key is identical to another field in the query. For example, in the query:

"SELECT Owners.Id, Owners.First, Owners.Last, Owners.Guitar, Guitars.Id, Guitars.brand,
                 Guitars.model, Guitars.color, Guitars.Price 
                 FROM Owners JOIN Guitars ON Owners.Guitar = Guitars.Id"

If it is necessary to update the Guitars table, the field Guitars.Id must be present in the query (as illustrated) even though it is identical to Owners.Guitar. The $save command, issued to the dbquery production, will ignore any field-updates for a table whose primary key is not present in the query result.
[bookmark: _Toc22028186]Examples
The following examples show various types of database applications. Each of these examples shows a single table from a single database. There is no limit to the number of database productions that can be specified, and there is no limit to the number of dbtable productions that can be associated with a database production. A single table can be referenced in several different dbtable productions to permit different types of simultaneous access to the same table. If multiple dbtable productions are used to access a single table, and changes are made to the table, each of the tables must be reset ($reset command) before the updates will become visible.

The first example shows a a randomly accessed table. The %{TABLE} non-terminal in the main production in each of the examples accesses the next row.

main: %{TABLE}%{FIELD1} "--" %{FIELD2} "--" %{FIELD3} "--" %{FIELD4} "\n";
CONNECTION: database "localhost", "root", "********" , "DglTest";
TABLE: dbtable CONNECTION, Colors;
FIELD1: dbfield TABLE, "name";
FIELD2: dbfield TABLE, "id";
FIELD3: dbfield TABLE, "code";
FIELD4: dbfield TABLE, "number";

Sample output with a repetition count of 20 specified on the command line:

blue--2--b--40
yellow--4--y--57
green--3--g--42
pink--9--pk--99
purple--6--p--82
black--7--bl--87
orange--5--o--68
white--8--w--96
white--8--w--96
pink--9--pk--99
green--3--g--42
yellow--4--y--57
white--8--w--96
orange--5--o--68
black--7--bl--87
black--7--bl--87
black--7--bl--87
blue--2--b--40
white--8--w--96
green--3--g--42

The following example shows a randomly accessed table with each row accessed at most once. The stop eoc action will be raised by default when the table Colors is exhausted.

main: %{TABLE}%{FIELD1} "--" %{FIELD2} "--" %{FIELD3} "--" %{FIELD4} "\n";
CONNECTION: database "localhost", "root", "********" , "DglTest";
TABLE: dbtable unique CONNECTION, Colors;
FIELD1: dbfield TABLE, "name";
FIELD2: dbfield TABLE, "id";
FIELD3: dbfield TABLE, "code";
FIELD4: dbfield TABLE, "number";

Sample output run to <eoc>.

white--8--w--96
black--7--bl--87
blue--2--b--40
green--3--g--42
red--1--r--25
purple--6--p--82
orange--5--o--68
pink--9--pk--99
yellow--4--y--57
brown--10--br--220

The following example shows a table accessed in sequence. The default action of stop is raised when reaching the end of the table.

main: %{TABLE}%{FIELD1} "--" %{FIELD2} "--" %{FIELD3} "--" %{FIELD4} "\n";
CONNECTION: database "localhost", "root", "********" , "DglTest";
TABLE: dbtable sequence CONNECTION, Colors;
FIELD1: dbfield TABLE, "name";
FIELD2: dbfield TABLE, "id";
FIELD3: dbfield TABLE, "code";
FIELD4: dbfield TABLE, "number";

Sample output run to <eoc>. Note that the numbers following the colors are in order. These numbers are the primary key of the table.

red--1--r--25
blue--2--b--40
green--3--g--42
yellow--4--y--57
orange--5--o--68
purple--6--p--82
black--7--bl--87
white--8--w--96
pink--9--pk--99
brown--10--br--220

The following example shows a table with internal weights. Rows are accessed randomly with the probability of selection determined by the field id in the table. This field is also used as the primary key of the table, and is referenced by the FIELD2 dbfield production.

main: %{TABLE}%{FIELD1} "--" %{FIELD2} "--" %{FIELD3} "--" %{FIELD4} "\n";
CONNECTION: database "localhost", "root", "********" , "DglTest";
TABLE: dbtable weighted(id) CONNECTION, Colors;
FIELD1: dbfield TABLE, "name";
FIELD2: dbfield TABLE, "id";
FIELD3: dbfield TABLE, "code";
FIELD4: dbfield TABLE, "number";

Sample output with a repetition count of 20 specified on the command line. The sample size is too small to show the effect of the weights.

pink--9--pk--99
purple--6--p--82
orange--5--o--68
brown--10--br--220
pink--9--pk--99
purple--6--p--82
pink--9--pk--99
red--1--r--25
purple--6--p--82
pink--9--pk--99
white--8--w--96
black--7--bl--87
green--3--g--42
black--7--bl--87
white--8--w--96
orange--5--o--68
brown--10--br--220
pink--9--pk--99
purple--6--p--82
yellow--4--y--57

The following example shows the internal weights of the table being used as a selection count for each item. Before the table can be exhausted, each row must be selected a number of times equal to its weight.

main: %{TABLE}%{FIELD1} "--" %{FIELD2} "--" %{FIELD3} "--" %{FIELD4} "\n";
CONNECTION: database "localhost", "root", "********" , "DglTest";
TABLE: dbtable unique weighted(id) CONNECTION, Colors;
FIELD1: dbfield TABLE, "name";
FIELD2: dbfield TABLE, "id";
FIELD3: dbfield TABLE, "code";
FIELD4: dbfield TABLE, "number";

Sample output with a repetition count of 20 specified on the command line. When run to <eoc>, 55 lines are produced.

pink--9--pk--99
purple--6--p--82
orange--5--o--68
brown--10--br--220
pink--9--pk--99
purple--6--p--82
pink--9--pk--99
red--1--r--25
purple--6--p--82
pink--9--pk--99
white--8--w--96
black--7--bl--87
green--3--g--42
black--7--bl--87
white--8--w--96
orange--5--o--68
brown--10--br--220
pink--9--pk--99
purple--6--p--82
yellow--4--y--57

The next example shows rows selected in sequence, with each row selected a number of times equal to its weight.

main: %{TABLE}%{FIELD1} "--" %{FIELD2} "--" %{FIELD3} "--" %{FIELD4} "\n";
CONNECTION: database "localhost", "root", "********" , "DglTest";
TABLE: dbtable sequence weighted(id) CONNECTION, Colors;
FIELD1: dbfield TABLE, "name";
FIELD2: dbfield TABLE, "id";
FIELD3: dbfield TABLE, "code";
FIELD4: dbfield TABLE, "number";

Sample output with a repetition count of 20 specified on the command line. When run to <eoc>, 55 lines are produced.

red--1--r--25
blue--2--b--40
blue--2--b--40
green--3--g--42
green--3--g--42
green--3--g--42
yellow--4--y--57
yellow--4--y--57
yellow--4--y--57
yellow--4--y--57
orange--5--o--68
orange--5--o--68
orange--5--o--68
orange--5--o--68
orange--5--o--68
purple--6--p--82
purple--6--p--82
purple--6--p--82
purple--6--p--82
purple--6--p--82

Here is an example of a dbquery production that is used to create a table and populate it with data. The “CREATE TABLE” query is executed during initialization. The “INSERT INTO” queries are executed as soon as they are assigned to the dbquery production.

repeat: 1;
main: %14{p.q};
conn: database "localhost", "root", "MyPass" , "DglTest";
q: dbquery conn, "CREATE TABLE Guitars(Id INT AUTO_INCREMENT PRIMARY KEY,
                              brand TEXT, model TEXT, color TEXT, Price DECIMAL(7,2))";
p: sequence 
"INSERT INTO Guitars VALUES(DEFAULT,'Cozart','Telecaster','white',139.95)",
"INSERT INTO Guitars VALUES(DEFAULT,'Squier','Bullet','sea foam',119.99)",
"INSERT INTO Guitars VALUES(DEFAULT,'Squier','Telecaster','red',129.99)",
"INSERT INTO Guitars VALUES(DEFAULT,'King','Hollow Body','flamed',260.99)",
"INSERT INTO Guitars VALUES(DEFAULT,'Jay Turser','Stratocaster','black',149.99)",
"INSERT INTO Guitars VALUES(DEFAULT,'Ibanez','RT150','red',450.00)",
"INSERT INTO Guitars VALUES(DEFAULT,'Fender','Stratocaster','sunburst',405.00)",
"INSERT INTO Guitars VALUES(DEFAULT,'Supro','Westbury','white',177.50)",
"INSERT INTO Guitars VALUES(DEFAULT,'Fender','Telecaster','crimson',252.00)",
"INSERT INTO Guitars VALUES(DEFAULT,'Fender','Standard Telecaster','white',430.00)",
"INSERT INTO Guitars VALUES(DEFAULT,'Oscar Schmidt','OE20','purple',264.00)",
"INSERT INTO Guitars VALUES(DEFAULT,'Silvertone','strat','turquoise',75.00)",
"INSERT INTO Guitars VALUES(DEFAULT,'Glen Burton','strat','black',50.00)",
"INSERT INTO Guitars VALUES(DEFAULT,'Epiphone','Les Paul','sunburst',299.99)";

[bookmark: _Toc22028187]ASCII Random Variates
A thorough discussion of random variates is given above in the chapter on cvar productions, Chapter 8. Further information can be found in an introductory book on probability or from Wikipedia or other online resources. The following productions generate random numbers that are distributed according to a particular probability distribution. Some of these productions generate integers, others generate floating point numbers. All numbers are generated in ASCII format. The cvar production can be used to generate binary data. The following descriptions are minimal. For a full description, see Chapter 8.
[bookmark: _Toc22028188]Poisson Productions: Poisson Variates
<name> : poisson ( <parameter> ) ;
Active Non-Terminals: none.

This production generates random integers distributed according to the Poisson distribution. The parameter is a number with a possible decimal point giving the Poisson parameter. This number may contain non-terminals, which are reinterpreted each time the Poisson production is referenced. The integers range from zero through infinity. Productions with large parameters will operate more slowly than those with small parameters.
[bookmark: _Toc22028189]Geometric Productions: Geometric Variates
<name> : geometric ( <parameter> ) ;
Active Non-Terminals: none.

The parameter gives the probability of success in a binary trial. The parameter is a decimal number greater than or equal to zero and less than or equal to 1. The parameter may contain non-termnals which are interpreted each time the geometric production is referenced. The result is a random integer giving the number of trials required to obtain a success in the current experiment. A new experiment is performed for each reference. Productions with small parameters operate more slowly than those with large parameters.
[bookmark: _Toc22028190]Binomial Productions: Binomial Variates
<name> : binomial  ( <parameter> [, <parameter> ] ) ;
Active Non-Terminals: none.

The probability space is the number of successes out of n trials of a binary experiment. The first parameter is the number of trials, which must not exceed 1000. The second parameter is the probability of success, which defaults to .5 if the second parameter is omitted. Each reference to this production is, theoretically speaking, a set of n trials. The number generated indicates the number of successes. These numbers will be distributed according to the binomial distribution. If parameter 1 is less than 30, integer calculations will be used. Otherwise floating point numbers will be used. The production generates integers. The sizes of the parameters have only a slight affect on generation speed.
[bookmark: _Toc22028191]Hypergeom Productions: Hypergeometric Variates
<name> : hypergeom ( <parameter> , <parameter> , <parameter> ) ;
Active Non-Terminals: none.

The hyper-geometric distribution answers the question, “Given a population of k people with j females, what is the probability that in a sample of y individuals there will be x females?” The distribution applies to any collection of objects of two different types. The three parameters, in order, are total population size, number of females, and sample size. Each reference to this production, logically, performs one sample, counts the number of females and returns the result. This production generates integers that are distributed according to the hypergeometric distribution. The sizes of the parameters have only a slight affect on generation speed.
[bookmark: _Toc22028192]Powerlaw Productions: Power-Law Variates
<name> : powerlaw ( <parameter> , <parameter> ) ;
Active Non-Terminals: none.

The powerlaw distribution is used to model networks, web page links, and other graphical data. The integer result normally indicates the degree of a vertex, with large degrees being less frequent than small degrees. The powerlaw distribution has two parameters which are both floating point numbers. See Chapter 9 for more information.
[bookmark: _Toc22028193]Betavariate Productions: Beta Variates
<name> : betavariate ( <parameter> , <parameter> ) ;
Active Non-Terminals: none.

The beta distribution is similar to the binomial distribution, but compressed into the interval 0 through 1. This production generates floating point numbers in the range 0 through 1, distributed according to the binomial distribution. See Chapter 8 for more information.
[bookmark: _Toc22028194]Negbinom Productions: Negative Binomial Variates
<name> : negbinom  ( <parameter> , <parameter> ) ;
Active Non-Terminals: none.

The negative binomial distribution is similar to the geometric distribution. An experiment is performed in which k successes are required. The first parameter is the number of required successes and the second parameter is the probability of success. The negative binomial distribution gives the probability of n failures before k successes, where n ranges over all non-negative integers. This production produces integers in the range from zero to infinity (or, largest integer) that are distributed according to the negative binomial distribution.
[bookmark: _Toc22028195]Gammavariate Productions: Gamma Variates
<name> : gammavariate  ( <parameter> ) ;
Active Non-Terminals: none.

The parameter is known as the shape parameter of the gamma distribution. The scale parameter is not used, but can be applied later using an exp production. See Chapter 8 for more information.
[bookmark: _Toc22028196]Expvariate Productions: Exponential Variates
<name> : expvariate [ ( <parameter> [, <parameter> ] ) ] ;
Active Non-Terminals: none.

The exponential distribution is the continuous version of the Poisson distribution. The first parameter is the arrival rate, while the second parameter is a positioning parameter that moves the distribution to the right or left along the x axis. If not specified, the second parameter defaults to 0.0. If neither parameter is specified, the first parameter defaults to 1.0 and the second to 0.0. Both parameters are floating point numbers. See Chapter 8 for more information.
[bookmark: _Toc22028197]Norvariate Productions: Normal Variates
<name> : norvariate  [ ( <parameter> [, <parameter> ] ) ] ;
Active Non-Terminals: none.

This production will generate floating point numbers whose frequency over equally spaced intervals has the shape of the bell curve. The first parameter determines the height or shape of the curve, while the second specifies the offset. If the second parameter is not specified, it defaults to 0.0. If both parameters are omitted, the first defaults to 1.0 and the second defaults to 0.0. Both parameters are floating point numbers. See Chapter 8 for more information.
[bookmark: _Toc22028198]Injecting C++ Code
Although the facilities of dgl are sufficient to generate almost any kind of random data, it is possible to inject C++ code directly into a dgl data generator to accomplish things that cannot be done by any other means. If a significant amount of computation is required for certain types of data, action productions should be used instead of dgl programming elements.
[bookmark: _Toc22028199]Action Productions: C++ Coded Selection Routines
<name> :action ( <Arbitrary C++ Code> ) ;
Active non-terminals: none.

At times it may be convenient to have action routines attached to certain productions. An action routine could be used, for example, to create a separate file of expected results for tests generated by the dgl productions. Since the underlying implementation language of dgl is C++, action routines must be coded in C++. The following production is an example of an action routine.
	a: action
	(
		cout<< “Hello World\n”;
	);
Each action routine will be turned into a separate subroutine. Once an action routine has been defined, it may be referenced like any other production, as in the following example.
ordinary: %a;
Action routines are allowed to produce output by calling the interpret subroutine. This subroutine must be invoked with a single character-pointer argument that points to a null-terminated string. If the string contains non-terminals, they will be replaced by choices from the referenced productions. The subroutine interpret is contained in the DGLSystem namespace.
The subroutine interp2 can be used to interpret an arbitrary sequence of characters which can possibly contain null characters. This subroutine requires two parameters, a character pointer which points to the first character of the string, and a count giving the number of characters in the string. The count must be specified second. The string passed to interp2 will be scanned for non-terminals. The subroutine interp2 is also contained in the DGLSystem namespace. Neither "interpret" nor "interp2" make any changes to their argument string.
Uninterpreted output can be produced by calling the two routines "outcc" and "outstr".The first of these takes a single character as an argument, while the second takes a pointer to a null terminated string. All output passed to these routines (and the interpreter routines) will be redirected into a variable if a variable assignment is in progress when they are invoked. It is possible to circumvent variable assignments by writing to "stdout" directly, but this practice is strongly discouraged.
Action routines may produce error messages on standard-error and may open and close their own files. They are also permitted to read standard in.
There are four additional statements that can be used to include supporting code for action routines. The defines statement can be used to include any required "#define" statements and global variable declarations. The defines statement is also the preferred place for global variable declarations and arbitrary subroutines.
The initialize statement can be used to include global initialization code, such as opening files. The termination statement can be used to include global termination code such as closing files. The subroutines statement can be used to specify globally accessible subroutines. Subroutines may also be separately compiled and declared in the defines section. The format of each of these statements is given below.
	defines
	(
		Arbitrary C code.
	);
	initialization
	(
		Arbitrary C code
	);
	termination
	(
		Arbitrary C code
	);
	subroutines
	(
		Arbitrary C code
	);
The initialization and termination statements will be turned into single subroutines. The dgl compiler will add the subroutine name and the enclosing curly braces. The first portion of the bodies of these statements should be declarations of local variables. The bodies of the other two statements are copied into the generated program intact. Note that if the defines statement contains "#define" statements, these must begin on the first character of a line.
It is possible for action routines, and the initialization and termination routines, to be separately compiled. A separately compiled action routine is declared by the following statement.
a: action;
The name of the separately compiled subroutine must be "a_select," for this declaration. In general, the string "_select" is appended to the name of the action routine to create the name of the separately compiled subroutine. The separately compiled routines must be compiled as C++ to guarantee that decorated names are created correctly.
[bookmark: _Toc22028200]Initialization and Termination Action Routines
Separately compiled initialization and termination routines are declared by the following statements.
initialization: initl;
termination: terml;
For these two statements, the name of the separately compiled subroutines are "initl" and "terml" respectively. In general, the initialization and termination statements give the name of the separately compiled subroutine exactly. These routines must be compiled as C++.
It is possible for action routines and code included in action, initialization, termination and subroutines statements to access command line arguments. The dgl compiler initializes two global variables "argc" and "argv".The main routine copies the arguments of "main" into these variables. These variables can be used in the same manner as normal "main" program arguments.
Action routines can access the state of various productions, and the tables used to hold the alternatives of various productions.
[bookmark: _Toc22028201]The Defines Action Routine
Action routines can be used to implement attributes and conditional interpretation of productions based on the values of attributes. When designing a grammar this way, remember that dgl interpretation is strictly right-to-left. Consider, for example, the following grammar, which uses the attribute "count" to generate a non-context free language.

	defines(int count=0;);
	main: %{s}%{t}\n;
	s: "",a%sb%{a1};
	a1: action (count++;);
	t: action (if (count>0) interpret("c%t"););
[bookmark: _Toc22028202]External Productions
<name> :external;
Active non-terminals: none.

The external declaration allows the right-hand side of an ordinary unweighted production to be constructed at run time either by an action routine or by the caller of a data-generation subroutine. The following is an example of an external declaration.
a: external;
This declaration requires the user to provide two variables which may either be separately compiled or placed in a defines construct. The first variable is an integer (int) and must be named "a_size". The second variable is a pointer to a pointer to a character (char **) and must be named "a_table" (replace "a" in both variables with the name of your production). This variable points to an array of character pointers that must be at least as large as the value of the "a_size" variable. The variables must be placed in the namespace DGLProductions.
Each pointer in the array points to a null-terminated string containing one alternative for the production. The alternatives may contain non-terminals. The external construct is experimental and may be changed or removed in the future. The alternatives of an external production cannot be weighted.
[bookmark: _Toc22028203]State Variables.
At times it may be convenient to reset the state of a production to its initial value before exhausting all available choices. Dgl does not provide a specific mechanism for doing this, but instead provides a general mechanism that allows this to be done as a special case. A state_variable can be used to store the internal state of a production, and restore the state at some later time. Saving the initial state of a production in a state_variable allows the initial state to b e restored at any convenient time. A state_variable is declared using a statement similar to the following.
restore_s: state_variable;
An assignment to a state_variable is identical to an assignment to an ordinary variable, therefore, the non-terminal %{s.restore_s} assigns the current state of the production "s" to the state_variable "restore_s."To restore the state of "s", the non-terminal %{restore_s} is used. Neither of these non-terminals produces any output. Assigning the state of a production to a state_variable does not cause a selection to be made from the production, so the internal state of the production does not change. If you attempt to assign the state of a "stateless" production to a state_variable, the state_variable will be set to its initial "null" state. A reference to a "null" state_variable is ignored.
The association between a state_variable and the production whose state it contains is made at run time, so a state_variable may be used to hold the state of several different productions, one at a time. A state_stack or a state_queue can be used to store the state of several productions at once.When the state_stack or state_queue is referenced, the state of one production is restored. For state_stacks, the states are restored in reverse order of assignment.For state_queues, states are restored in the order of assignment.
It is possible to save the state of the random number seed in a state_variable by declaring the seed and using the name in an assignment. This technique can be used to reproduce exactly a sequence of random choices.
The states of the following types of productions can be saved in a state_variable: unique, counter, sequence, chain, variable, stack, queue, hash_table, rqueue, state_variable, state_stack, state_queue, and seed. It is possible to save the state of a state_variable in itself. Assigning the state of one state_variable to another does not copy the value of the state_variable. For example, if "s" is a "sequence" and "v" and "w" are state_variables, the sequence %{s.v}%{v.w}...%w will cause the state of "v" to be restored, the state of "s" will remain unchanged.
The state of a state_variable (or state_stack or state_queue) may be saved across invocations of the data-generator by specifying the name of the variable in a save statement. The save: all; statement applies to state_variables, state_stacks, and state_queues.
[bookmark: _Toc22028204]Configuration Statements.
Dgl provides features for changing many of the things discussed in previous section. The state of systematic productions can be saved across invocations, the default number of selections made from the "main" production can be changed, the name of the random-number seed file can be changed or eliminated entirely, and one can prevent the user from changing the number of "main" selections at run time. Data generators may be linked with separately compiled code, and may be used as subroutines by other programs. These features should allow you to create a data generator that precisely fits your application.
[bookmark: _Toc22028205]Changing the Start Symbol
Normally the data generator makes one or more selections from the production main. If the name "main" is inconvenient for some reason, the "start" statement can be used to change the name of the starting production. The following statement changes the starting production from "main" to "S".
start: S;
[bookmark: _Toc22028206]Changing the Flag Character
If it is inconvenient to use the flag character "%" as the first character of each non-terminal, the "flag" statement can be used to change the leading character to something else.The following statement causes "$" to be the character that identifies non-terminals.
flag: $;
If one of the special characters is used as a flag, it must be enclosed in quotes as follows. (It will also be necessary to enclose all non-terminals in quotes.)
flag: "!";
If there is more than one "flag" statement, all but the last will be ignored. All productions in a particular grammar must have the same flag character.
The flag statement is not guaranteed to work correctly unless it is the first statement in a DGL specification.
[bookmark: _Toc22028207]Saving the State of Productions
Many dgl productions have an internal state that can be saved across invocations of the data generator. The types of productions mentioned so far that have internal states are unique, variable, stack, queue, rqueue, collection, sequence, counter, head, and chain. The save statement causes the internal state of named productions to be saved in the seed file. The following statement causes the state of production "a" to be saved across invocations. 
save: a;
A list of production names can be specified as follows.
save: a,b,c;
If it is necessary to save the state of all productions, the following statement should be used.
save: all;
If it is necessary to save the state of all productions except a, the following two statements should be used
	save:all;
	nosave: a;
The rules for save and nosave are identical. The save and nosave statements can also be used to prevent the saving of the random-number seed. To prevent the seed from being saved across invocations, use the following statement.
nosave: seed;
[bookmark: _Toc22028208]Changing the Default Repetition Count
The default number of selections from the "main" production is 100. The "repeat" statement can be used to change this value. The following "repeat" statement makes the default number of selections from the "main" production equal to 1.
repeat: 1;
The options statement can be used to prevent the user from changing the number of selections at run time. This statement is illustrated below.
options: nocount;
When the "nocount" option is specified, the default number of repetitions will be used for all invocations of the data generator, regardless of the value of any argument specified on the command line.
[bookmark: _Toc22028209]Changing the Seed File Name
The name of the seed file is normally determined at run time by concatenating the string ".rand" to the name used to invoke the program. The name of the seed file can be changed using the "file" statement. The following statement changes the seed file name to "xyz.file".
file: xyz.file;
Note that no suffix will be appended to the specified name. In this case, the file name will be relative to the directory in which the data generator is invoked. One can specify a full path name to override this feature, as in the following example.
file: "/usr/lib/seed.file";
When a full path name is used, all users of the program use the same seed file. No special protection for the seed file is taken in this case. It is necessary to insure that the proper UNIX permissions and protections are set properly if the program is to be used by several different id's. It will normally be necessary to enclose the name of the seed file in quotes, because the slash (/) is one of DGL's special characters.
[bookmark: _Toc22028210]Ignoring Seed File Time Stamp
The first line of the seed file is a time-stamp. This is the date and time that the DGL compiler was run to create the data generator. If the time stamp of the seed file does not match the internal time stamp of the data generator, this implies that the seed file was created before the current data generator was compiled. Since recompilation can change the definition of certain non-terminals, and also change the structure of the grammar to the point where the seed file is no longer valid, a difference in time stamps causes the seed file to be ignored, and a new seed file to be created. The ignorets option can be used to circumvent this feature and force the reuse of the seed file regardless of the time-stamp. The ignorets option is specified as follows.
options: ignorets;
When the ignorets option is used, it is the user's responsibility to delete the seed file when it is no longer valid.
[bookmark: _Toc22028211]Random Number Generators
The random number generator is used to make selections from tables and generate other sorts of random data. By default, DGL uses the rand96 generator which is a 64-bit generator based on the Linux rand48 package. Like rand48, rand96 is a linear congruential generator. The multiplier is 6364136223846793005 and the adder is1442695040888963407. When generating a random number, rand96 updates the seed (a 96-bit number consisting of 3 32 bit words) and returns the high-order 64 bits. The generator rand96 will be sufficient for most needs, but it is possible to use one of 46 other random number generators in place of rand96. DGL provides a wide range of choices which spans the spectrum of modern random number generators. To change random number generators, use the following statement. The various rng-names are given in section 19.2.

rng :<rng-name>;

The following statement can be used to initialize the random number seed for your chosen random number generator. For rand96, three unsigned 32-bit numbers must be supplied. The rng statement must precede any seed production.

x: seed number-list;


[bookmark: _Toc22028212]Seed Productions
The save: all; and nosave: all; statements normally do not affect the random-number seed. You can change this by explicitly declaring the seed using a statement similar to the following.
x: seed;
This statement allows x to be used in place of seed in save and nosave statements, and causes save: all; and nosave: all; statements to be applied to the seed as well as to other statements. When the seed is explicitly declared, it can be given an initial value. The initial value of the seed is specified as follows. The number and size of the initial values depends on the random number generator currently in use.
a: seed16000,-3100,14001;
The initial value, which depends on the random number generator currently in use, is used only when there is no seed file from the previous run in the current directory or if the timestamp of the file is invalid.
The name of a seed production should not be used in non-terminals.
[bookmark: _Toc22028213]Random Number Generator Names
The following is a list of the various random number generators that are available, arranged by type. The name in bold is the name that must be used in the RNG statement to select that random number generator. The return value distinguishes 32-bit rngs from 64-bit rngs. The seed specification gives the length of each word in the seed, and the number of seed values that must be supplied.
[bookmark: _Toc22028214]Complementary add with carry:
cmwc4096: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 4097;
cmwc1024: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 1025;
cmwc512: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 513;
cmwc256: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 257;
cmwc128: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 129;
cmwc64: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 65;
cmwc16: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 17;
cmwc32: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 33;
cmwc8: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 9;
[bookmark: _Toc22028215]Lagged Fibonacci sequence:
fib: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 2;
lfib4: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 256;
[bookmark: _Toc22028216]Keep-It-Simple-Stupid:
kiss: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 4;
kiss64: Return value: 64-bits
Bits in each Seed: 64;
Number of Seed Values: 4099;
[bookmark: _Toc22028217]Linear Congruential Generators
lcg: Return value: 32-bits
Generator supplied by G.M.
Bits in each Seed: 32;
Number of Seed Values: 1;
lcg64: Return value: 64-bits
64-bit generator with same multiplier and adder as rand96. Returns all bits.
Bits in each Seed: 64;
Number of Seed Values: 1;
lcgc: Return value: 32-bits
C/C++ rand function, but returns all 32 bits, not just the high-order 16 bits. 16-bit generators are not much use in today’s world.
Bits in each Seed: 32;
Number of Seed Values: 1;
rand48: Return value: 32-bits
Linux rand48 – linked from stdlib
Bits in each Seed: 16;
Number of Seed Values: 3;
nrand48: Return value: 32-bits
New rand48 using 64-bit arithmetic returns high-order 32 bits of low-order 48 bits.
Bits in each Seed: 64;
Number of Seed Values: 1;
rand96: Return value: 64-bits
default RNG.
Bits in each Seed: 32;
Number of Seed Values: 3;
[bookmark: _Toc22028218]Linear Feedback Shift Registers
lfsr113: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 4;
lfsr258: Return value: 64-bits
Bits in each Seed: 64;
Number of Seed Values: 5;
[bookmark: _Toc22028219]MaD0
mad0: Return value: 64-bits
Bits in each Seed: 64;
Number of Seed Values: 100;
[bookmark: _Toc22028220]marc
marc: Return value: 32-bits
Bits in each Seed: 8;
Number of Seed Values: 259;
[bookmark: _Toc22028221]Mersenne Twister
mt19937: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 624;
[bookmark: _Toc22028222]Multiply with Carry
mwc: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 4;
mwc256: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 257;
mwca: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 2;
[bookmark: _Toc22028223]Subtract with borrow
swb: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 259;
[bookmark: _Toc22028224]Well-distributed
well1024a: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 32;
well512a: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 16;
[bookmark: _Toc22028225]Xor-shift with Weyl generator
xorgens32: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 130;
xorgens64: Return value: 64-bits
Bits in each Seed: 64;
Number of Seed Values: 66;
[bookmark: _Toc22028226]Xor-shift
shr3: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 1;
xor64: Return value: 32-bits
Bits in each Seed: 64;
Number of Seed Values: 1;
xor64a: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 2;
xor96: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 3;
xor96a: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 3;
xor128: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 4;
xor128a: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 4;
xor128b: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 4;
xor160: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 5;
xor192: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 6;
[bookmark: _Toc22028227]Xorshift+
xor128plus: Return value: 64-bits
Bits in each Seed: 64;
Number of Seed Values: 2;
shr3plus: Return value: 32-bits
Bits in each Seed: 32;
Number of Seed Values: 1;
[bookmark: _Toc22028228]Xorshift*
xor64star: Return value: 64-bits
Bits in each Seed: 64;
Number of Seed Values: 1;
xor1024star: Return value: 64-bits
Bits in each Seed: 64;
Number of Seed Values: 16;
xor4096star: Return value: 64-bits
Bits in each Seed: 64;
Number of Seed Values: 64;

[bookmark: _Toc22028229]Creating Data Generators.

Data generators can be created in three ways: as a stand-alone program, as a collection of subroutines, and as embedded statements in C++ code. 
To create a data generator, one must first have access to the "dgl" program which is the dgl compiler. Source code and installation instructions may be obtained from the author. Once the dgl compiler has been installed, it can be used to create a data generator from a collection of dgl productions. The compiler runs under the LINUX operating system. Modifications may be necessary to run it on other operating systems.
[bookmark: _Toc22028230]Stand-Alone Data Generators
The first step is to create a file containing dgl productions. This file should have the suffix ".dgl", and should contain a production named main. The dgl compiler is used to transform the set of productions into a C program using the following command.
dgl specs.dgl  –o  specs.cpp
Error messages will appear on stderr. In most cases if error messages appear, the output file (specs.cpp in this example) will be empty. In any case, the output file will be unusable if error messages appear. The output of the dgl compiler must be compiled using the C++ compiler as demonstrated below.
g++ specs.cpp -o specs
The "specs" program is now the data generator specified by the productions of "specs.dgl." Each time the "specs" program is executed, it will make 100 selections from the "main" production. This can be changed by putting some other number on the command line, as illustrated below.
specs 20
In this case, 20 selections will be made from the main production. Assuming that only ordinary productions have been used to construct the data-generator, the "specs" program will produce a different collection of data items each time it is invoked. This feature is implemented by having the data generator write its random-number seed to a file after each invocation, and reading that same file at the beginning of each new invocation. The file is created in the directory in which the data generator is invoked, so changing directories circumvents this feature. The name of the file containing the seed is <command.name>.rand, where <command name> is the name of the UNIX command used to invoke the data generator. For the "specs" example, the seed file will be named "specs.rand". The file name is determined dynamically, so changing the name of the program, or linking it to a new name, will change the name of the “.rand” file.
[bookmark: _Toc22028231]Data-Generation Subroutines.
Normally a set of dgl productions is used to create a stand-alone data-generator. It is also possible to use the productions to create a data-generation subroutine. This is done by including the following statement in a set of dgl specifications.
options: subroutine;
When this option is specified, the dgl productions will be turned into a subroutine that can be linked with a main routine. In fact, three subroutines are created, an initialization subroutine, a termination subroutine, and a data-generation subroutine. The initialization subroutine must be called before the first invocation of the data-generation subroutine to initialize the random-number seed, and process the seed file. The termination routine must be called after the last invocation of the data-generation subroutine to write the seed file. Any declared initialization or termination code is executed by the initialization and termination routines.
The data-generation subroutine is invoked without arguments and returns a pointer to a character string. This string will be null-terminated, and will be the result of making one selection from the "main" production. The "repeat" statement and the "nocount" option are ignored when a subroutine is generated. The string returned by the data-generation subroutine will have been allocated using the "malloc" subroutine, and must be freed by the caller of the data-generation subroutine.
By default the name of the data-generation subroutine is "DGL" while the names of the initialization and termination routines are "DGLI" and "DGLS" respectively. The prototypes of these functions are “char *DGL(void)”, “void “DGLI(const char *FileName)”, and “DGLS(const char *FileName)”. You can change the names of the functions by using the "name" statement as illustrated below. This statement changes the data-generation, initialization, and termination subroutine names to "gen", "init", and "term" respectively. The prototypes are the same.
name: gen,init,term;
You can omit names from this statement if you don't want to change them all. If you change the initialization subroutine name but don't change the data-generation subroutine name, you must specify a leading comma to indicate that the data-generation name is omitted. Similarly, if the termination routine name is specified, and the initialization routine name is omitted, two consecutive commas must be specified. Trailing commas should never be specified.
It is possible to include more than one data generator in a program. To do this it is necessary to guard against generating "duplicate definition" messages from the linkage editor. This problem can be avoided by specifying the "static" option. This option causes everything that does not need to be truly global to be specified as "static." The "static" option is specified as below. Note, however, that if this option is used, the output routines, and the data structures of productions will be inaccessible to separately compiled action routines. (Action routines whose code is specified in the grammar are unaffected.)
options: subroutines, static;
Because the C++main routine is no longer generated by the dgl compiler, it is impossible for the initialization routine to create the seed-file name from command-line argument zero. Because of this, the initialization and termination routines must be explicitly informed of the name of the seed file. If a "file" statement is specified, the initialization and termination routines will use this name. If no "file" statement is specified, the initialization and termination routines must be invoked with a single character-pointer argument that points to a null terminated string containing the name of the seed file. It is not necessary to specify the same name to both subroutines but in this case, it is the user's responsibility to pass the file along to future invocations of the program.
[bookmark: _Toc22028232]Embedded Code
Dgl specifications may be directly incorporated into C++ code by using the tags <dgl> and </dgl>. These tags must be on a separate line and must begin at the extreme left. Anything between these two tags is treated as dgl specifications. The source file must be filtered through the dgl compiler before being compiled by the C++ compiler. We prefer to use the “.dgl” suffix for files containing embedded dgl code, rather than the “.cpp” suffix.
The main function of embedded dgl is to assign random values to variables and objects. Any cvar production specified in the embedded code generates a random assignment to the specified variable. Non-cvar productions are resource productions used by the cvar productions. Embedded code can be used to initialize variables, or it can be placed inside a loop to generate successive random values. We recommend debugging all code before adding the embedded dgl, because the dgl compiler does not add #line directives to the generated output, and the source code added by the dgl compiler is substantial.
When using embedded code, the DGLI and DGLS function calls need to be used to manage the seed file. Any initializer or terminator productions specified in the generated code will be invoked by these two functions.
The following is an example of embedded dgl.

int main()
{
   char *stuff;
   for (int i=0 ; i<10 ; i++)
   {
<dgl>
	stuff: cvar "abc","def","ghi","jkl","mno","pqr","stu";
</dgl>
      cout<<stuff;
      free(stuff);
   }
}
[bookmark: _Toc22028233]Appendix A: Dgl Keywords and Reserved Characters
The following is an alphabetical list of dgl keywords.
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abort
action
adjlist
all
and
argument
babort
barrier
betavariate
betavariates
binary
binfld
binformat
binomial
bintree
bipartite
bool
boundary
bstop
cbool
cgraph
chain
char
childprob
choice
collection
color
combination
commaformat
continue
counter
cvar
dag
database
dbfield
dbquery
dbtable
debug
define
defines
degreedist
descending
dim
dimtab
directed
dlist
doall
document
double
drandom
dynamic
ecount
edgecount
edgeprob
ehead
endobject
enext
enumerate
equal
evertex
exp
expression
expvariate
expvariates
external
fcounter
fexp
fexpression
fibonacci
file
flag
float
for
frange
fsorter
gammavariate
gammavariates
geometric
getlength
ginitializer
graph
greater
greaterequal
hash_table
head
hexformat
hypergeometric
icvar
ignorets
indirect
infile
initialization
initializer
integerpartition
isorter
iterator
keyed
ksorter
left
length
less
lessequal
list
longdouble
macro
match
matrix
matrix1
matrix2
matrix3
maximum
minimum
name
names
negativebinomial
negbinom
next
nocount
nodebug
nonterminal
norvariate
norvariates
nosave
not
notequal
object
objectend
octformat
option
options
or
parent
partition
permutation
poisson
powerlaw
prev
queue
random
range
rbblackcolor
rbredcolor
rbtree
readfile
remove
repcount
repeat
restart
reverse
right
rng
root
rqueue
save
searchtree
section
section_map
seed
sequence
simple
sorter
srandom
stack
start
state_queue
state_stack
state_variable
static
stop
subroutine
subroutines
subset
substring
tail
termination
terminator
tree
ubinary
unique
urandom
value
variable
vcount
weighted
while
width
zcounter
zrange


The following is a list of all dgl special characters.

'	(	-
"	)	/
:	!	*
[	,	+
]	;	\

—<—
</dgl>, 166
<dgl>, 166
<eoc>, 14
—A—
abort, 14
abort production, 73
action, 151, 152
active non-terminals, 5
alternate random number generators, 158
alternatives, 2
and, 63
argument production, 55
array output, 74
ASCII binary output, 108
assigment, 40
assignment, 154
attributes, 153
—B—
babort, 14, 68
babort production, 73
barrier productions, 68
barriers, 68
beta random variates, 149
beta variates, 92
betavariate productions, 149
binary integers, 79
binary output, 74, 108
binary subfields, 81, 110
binary trees, 131
binomial productions, 148
binomial random variates, 148
binomial variates, 88
bipartite graphs, 129
Boolean data, 82
bstop, 14, 68
bstop production, 73
—C—
C variables, 74
C++ variables, 74
chain, 17
character arrays, 78
character sets, 7
choice, 63
cmwc1024 rng, 159
cmwc128 rng, 159
cmwc16 rng, 159
cmwc256 rng, 159
cmwc32 rng, 159
cmwc4096 rng, 159
cmwc5121 rng, 159
cmwc64 rng, 159
cmwc8rng, 159
collection, 53
combination, 111
commands, 5
comma-separated numeric output, 110
comment, 9
concatenation, 3
conditionals, 61, 63
connected graphs, 127
continue, 14
counter, 33, 35, 38
cvar, 74
cvar beta variates, 92
cvar binary integers, 79
cvar binary subfields, 81
cvar binomial variates, 88
cvar Boolean data, 82
cvar character arrays, 78
cvar data types, 76
cvar exponential variates, 96
cvar floating point, 81
cvar gamma variates, 94
cvar geometric variates, 86
cvar hypergeometric variates, 89
cvar negative binomial variates, 93
cvar non-singular matrices, 104
cvar normal variates, 98
cvar null terminated string, 76
cvar poisson variates, 85
cvar powerlaw variates, 91
cvar random variates, 83
cvar raw random numbers, 101
—D—
dag, 130
data generation program, 164
database access, 138
database fields, 142
database productions, 138
database queries, 141
database tables, 139
dbfield productions, 142
dbquery productions, 141
dbtable productions, 139
defines, 152
delete from collection, 54
dgl command, 164
dgl file, 164
dgl format, 2
directed acyclic graphs, 130
doall production, 60
document productions, 137
doubly linked lists, 121
drandom, 38
dynamic, 12
dynamic arrays, 74
—E—
embedded C++ code, 151
embedded code, 166
embedded dgl specs, 166
end of choices, 14
enumerate, 53
equal, 61
exp, 57
exponential random variates, 150
exponential variates, 96
expression, 57
expvariate productions, 150
external, 153
—F—
fcounter, 35
fexp, 57
fexpression, 57
fib rng, 159
Fibonacci sequence, 114
file, 156
file output, 136
file productions, 136
fixed sized character arrays, 78
flag, 155
floating point data, 81
floating point output, 108
for production, 60
format, dgl, 2
frange, 30
fsorter, 51
—G—
gamma random variates, 150
gamma variates, 94
gammavariate productions, 150
general trees, 129
geometric  random variates, 148
geometric productions, 148
geometric variates, 86
getlength, 57
global conditions, 73
graphs, 123
greater, 61
greaterequal, 61
—H—
hash_table, 53
head, 22
hexadecimal output, 108
hyper geometric random variates, 149
hypergeom productions, 149
hypergeometric variates, 89
—I—
icvar, 106
ignorets, 157
implied concatenation, 3
indirect, 67
infile productions, 137
initialization, 152
initializer, 11
input from C++ variables, 106
input from files, 137
integer partitions, 112
interp2, 151
interpret, 151
isorter, 51
iteration, 59, 60
iterator production, 59
—K—
keyed production, 52
keywords, 2
kiss rng, 160
kiss64 rng, 160
ksorter, 48
—L—
lcg rng, 160
lcg64 rng, 160
lcgc rng, 160
less, 61
lessequal, 61
lfib4 rng, 159
lfsr113 rng, 160
lfsr258 rng, 160
linked lists, 118
Linux command, 164
logical connectives, 63
—M—
macro documents, 137
macro, dgl, 8
mad0 rng, 161
making choices, 63
marc rng, 161
match production, 66
maximum, 64
minimum, 64
mt19937 rng, 161
mwc rng, 161
mwc256 rng, 161
mwca rng, 161
—N—
name, 165
names, 2
negative binomial random variates, 149
negative binomial variates, 93
negbinom productions, 149
newline, 9
next, 14
nocount, 156, 165
non-singular matrices, 104
nonterminal productions, 68
non-terminals, 2
normal production, 10
normal productions, 5
normal random variates, 150
normal variates, 98
norvariate productions, 150
nosave, 156
not, 63
notequal, 61
nrand48 rng, 160
null terminated string, 76
—O—
objects, 116
octal output, 108
options, 156, 157, 165
or, 63
outcc, 151
output filters, 108
outstr, 151
—P—
parenthesized alternatives, 6, 14
partial non-terminals, 4
permutation, 111
pointers, 116
poisson productions, 148
poisson random variates, 148
poisson variates, 85
power law random variates, 149
powerlaw productions, 149
powerlaw variates, 91
production, 2
production names, 2
—Q—
query fields, 142
queue, 42
quoted strings, 2, 3
—R—
rand48 rng, 160
rand96 rng, 160
random, 38
random graphs, 123
random number generators, 158
random numbers, 38
random objects, 116
random queue, 43
random variates, 83, 148
range, 27, 30, 36
raw random numbers, 38, 101
readfile, 22
readfile syntax, 24
red black trees, 132
regular expressions, 66
remove, 54
repcount, 56
repeat, 156, 165
repetition count, 3, 4, 56
restart, 14
rqueue, 43
—S—
save, 155
save all, 156
search trees, 132
section map, 135
section productions, 134
sectioned output, 134, 135
seed, 154, 156
seed file, 156, 158, 164, 165
seed productions, 158
selection without replacement, 13
sequence, 16
sequence readfile, 22
set partitions, 113
shr3 rng, 162
shr3plus rng, 162
simple cvar data types, 76
singly linked lists, 119
sorter, 44
space, 9
special characters, 3
srandom, 38
stack, 41
start, 155
state_queue, 154
state_stack, 154
state_variable, 154
static, 165
stop, 14
stop production, 73
string length, 57
subgrammars, 68
subroutine, 165
subroutines, 152
subset enumeration, 113
substring productions, 64
swb rng, 161
—T—
tab, 9
table fields, 142
termination, 152
terminator, 11
trees, 129
—U—
unique, 13
unique keyed production, 52
unique readfile, 22
unique, weighted, 13
urandom, 38
—V—
variable, 40
—W—
weighted alternatives, 6
weighted readfile, 22
weighted readfile syntax, 24
well1024a rng, 161
well512a rng, 161
while production, 59
white space, 3
width, 8, 27, 33
—X—
xor1024star rng, 163
xor128 rng, 162
xor128a rng, 162
xor128b rng, 162
xor128plus rng, 162
xor160 rng, 162
xor192 rng, 162
xor4096star rng, 163
xor64 rng, 162
xor64a rng, 162
xor64star rng, 163
xor96 rng, 162
xor96a rng, 162
xorgens32 rng, 161
xorgens64 rng, 162
—Z—
zcounter, 38
zrange, 36
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