Åèíéêü Ìåôóüâéï ÐïëõôåœíåSSï

ÓœïëÞ Çëåêôñïëüãùí Ìçœáíéêþí êáé Ìçœáíéêþí Õðïëïãéóôþí ÔïìÝáò ÔåœíïëïãSSáò ÐëçñïöïñéêÞò êáé Õðïëïãéóôþí

ÓœåäSSáóç, ÓçìáóéïëïãéêÞ ÐåñéãñáöÞ êáé ÕëïðïSSçóç ôçò Ãëþóóáò Ðñïãñáììáôéóìïý Cantor

ÄÉÐËÙÌÁÔÉÊÇ ÅÑÃÁÓÉÁ

ÊÕÑÉÁÊÏÓ Ã. ÃÊÉÍÇÓ

ÅðéâëÝðùí : Íéêüëáïò Ðáðáóðýñïõ ËÝêôïñáò Å.Ì.Ð.

ÁèÞíá, Éïýëéïò 2003

Åèíéêü Ìåôóüâéï ÐïëõôåœíåSSï

ÓœïëÞ Çëåêôñïëüãùí Ìçœáíéêþí êáé Ìçœáíéêþí Õðïëïãéóôþí ÔïìÝáò ÔåœíïëïãSSáò ÐëçñïöïñéêÞò êáé Õðïëïãéóôþí

ÓœåäSSáóç, ÓçìáóéïëïãéêÞ ÐåñéãñáöÞ êáé ÕëïðïSSçóç ôçò Ãëþóóáò Ðñïãñáììáôéóìïý Cantor

ÄÉÐËÙÌÁÔÉÊÇ ÅÑÃÁÓÉÁ

ÊÕÑÉÁÊÏÓ Ã. ÃÊÉÍÇÓ

ÅðéâëÝðùí : Íéêüëáïò Ðáðáóðýñïõ

ËÝêôïñáò Å.Ì.Ð.

ÅãêñSSèçêå áðü ôçí ôñéìåëÞ åîåôáóôéêÞ åðéôñïðÞ ôçí 23ç ÉïõëSSïõ 2003.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ÅììáíïõÞë ÓêïñäáëÜêçò ÊáèçãçôÞò Å.Ì.Ð.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ÅõóôÜèéïò ÆÜœïò ÊáèçãçôÞò Å.Ì.Ð.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Íéêüëáïò Ðáðáóðýñïõ ËÝêôïñáò Å.Ì.Ð.

ÁèÞíá, Éïýëéïò 2003

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ÊõñéÜêïò Ã. ÃêSSíçò Äéðëùìáôïýœïò Çëåêôñïëüãïò Ìçœáíéêüò êáé Ìçœáíéêüò Õðïëïãéóôþí Å.Ì.Ð.

Copyright © ÊõñéÜêïò Ã. ÃêSSíçò, 2003.

Ìå åðéöýëáîç ðáíôüò äéêáéþìáôïò. All rights reserved.

Áðáãïñåýåôáé ç áíôéãñáöÞ, áðïèÞêåõóç êáé äéáíïìÞ ôçò ðáñïýóáò åñãáóSSáò, åî ïëïêëÞñïõ Þ ôìÞìáôïò áõôÞò, ãéá åìðïñéêü óêïðü. ÅðéôñÝðåôáé ç áíáôýðùóç, áðïèÞêåõóç êáé äéáíïìÞ ãéá óêïðü ìç êåñäïóêïðéêü, åêðáéäåõôéêÞò Þ åñåõíçôéêÞò öýóçò, õðü ôçí ðñïûðüèåóç íá áíáöÝñåôáé ç ðçãÞ ðñïÝëåõóçò êáé íá äéáôçñåSSôáé ôï ðáñüí ìÞíõìá. ÅñùôÞìáôá ðïõ áöïñïýí ôç œñÞóç ôçò åñãáóSSáò ãéá êåñäïóêïðéêü óêïðü ðñÝðåé íá áðåõèýíïíôáé ðñïò ôïí óõããñáöÝá.

Ïé áðüøåéò êáé ôá óõìðåñÜóìáôá ðïõ ðåñéÝœïíôáé óå áõôü ôï Ýããñáöï åêöñÜæïõí ôïí óõããñáöÝá êáé äåí ðñÝðåé íá åñìçíåõèåSS üôé áíôéðñïóùðåýïõí ôéò åðSSóçìåò èÝóåéò ôïõ Åèíéêïý Ìåôóüâéïõ ÐïëõôåœíåSSïõ.

ÐåñSSëçøç

Ï óêïðüò ôçò åñãáóSSáò Þôáí ç óœåäSSáóç ìéáò ìéêñÞò áëëÜ éäéáSSôåñá åêöñáóôéêÞò óõíáñôçóéáêÞò ãëþóóáò ðñïãñáììáôéóìïý, ç ôõðéêÞ ðåñéãñáöÞ ôçò óçìáóéïëïãSSáò ôçò êáé ç êáôáóêåõÞ åíüò äéåñìçíÝá êáé åíüò ìåôáãëùôôéóôÞ ãéá áõôÞí. ÓõãêåêñéìÝíá, óœåäéÜóôçêå ç ãëþóóá Cantor, ôá êõñéüôåñá œáñáêôçñéóôéêÜ ôçò ïðïSSáò åSSíáé ïé óõíáñôÞóåéò õøçëÞò ôÜîçò ìå äõíáôüôçôá êëÞóçò ìå üíïìá êáé ìå ôéìÞ, ïé ôïðéêÝò ìåôáâëçôÝò ìå äõíáôüôçôá áíÜèåóçò, ïé åããñáöÝò (records) ôùí ïðïSSùí ôá ðåäSSá ìðïñïýí íá Ýœïõí ôýðï óõíÜñôçóçò, êáé ç áíáäñïìÞ. Ôá œáñáêôçñéóôéêÜ áõôÜ Ýœïõí åíóùìáôùèåSS óôç ãëþóóá Cantor ìå ôÝôïéï ôñüðï þóôå íá åSSíáé êáôÜ ôï äõíáôü ïñèïãþíéá.

Áöïý ïñSSóôçêå ç óçìáóéïëïãSSá ôýðùí ôçò Cantor, ôï óýóôçìá ôýðùí ôçò ïðïSSáò åðéôñÝðåé ôïí ðëÞñç óôáôéêü Ýëåãœï ôùí ðñïãñáììÜôùí, õëïðïéÞèçêå ï åëåãêôÞò ôýðùí. Ç õëïðïSSçóç áõôÞ üðùò êáé ïé õëïðïéÞóåéò ôùí õðüëïéðùí ôìçìÜôùí ôçò åñãáóSSáò, Ýãéíå óôç ãëþóóá Haskell êáé âáóSSæåôáé óôç œñÞóç ìïíÜäùí. Óôç óõíÝœåéá ïñSSóôçêå ç äõíáìéêÞ óçìáóéïëïãSSá ôçò Cantor ìå ôç âïÞèåéá ìïíÜäùí êáé õëïðïéÞèçêå Ýíáò äéåñìçíÝáò ìÝóù áðëÞò êùäéêïðïSSçóçò ôçò óçìáóéïëïãSSáò áõôÞò óå Haskell. To åðüìåíï óôÜäéï ôçò åñãáóSSáò Þôáí ç êáôáóêåõÞ åíüò ìåôáãëùôôéóôÞ ãéá ôçí Cantor. Ï ìåôáãëùôôéóôÞò ðïõ êáôáóêåõÜóôçêå ðáñÜãåé êþäéêá ãéá ìéá ðáñáëëáãÞ ôçò áöçñçìÝíçò ìçœáíÞò õðïëïãéóìïý G-machine. ÐñïêåéìÝíïõ íá äïêéìáóôåSS ç ïñèüôçôá ôïõ ìåôáãëùôôéóôÞ, êáôáóêåõÜóôçêå êáé Ýíáò äéåñìçíÝáò ãéá ôïí êþäéêá G-machine.

ÊáôÜ ôç äéÜñêåéá ôçò åñãáóSSáò Ýãéíå öáíåñÞ áöåíüò ç œñçóéìüôçôá ôùí ìïíÜäùí ôüóï óôç öÜóç ôïõ ïñéóìïý ôçò äõíáìéêÞò óçìáóéïëïãSSáò üóï êáé óôç öÜóç ôçò õëïðïSSçóçò ìéáò ãëþóóáò ðñïãñáììáôéóìïý, áöåôÝñïõ ôï ãåãïíüò üôé ìéá óõíáñôçóéáêÞ ãëþóóá üðùò ç Haskell ðïõ õðïóôçñSSæåé ìïíÜäåò åSSíáé éäéáSSôåñá êáôÜëëçëç ãéá ôçí õëïðïSSçóç äéåñìçíÝùí êáé ìåôáãëùôôéóôþí.

ËÝîåéò êëåéäéÜ

ÓçìáóéïëïãSSá ãëùóóþí ðñïãñáììáôéóìïý, óõíáñôçóéáêüò ðñïãñáììáôéóìüò, Haskell, ìïíÜäåò, äéåñìçíÝáò, ìåôáãëùôôéóôÞò, åëåãêôÞò ôýðùí, G-machine.

5

Abstract

The aim of this project was the design of a small but highly expressive functional programming language, the formal description of its semantics and the implementation of an interpreter and a compiler for this language. More speci˛cally, the language Cantor was designed, whose main characteristics are higher-order functions supporting call-by-value and call-by-name, local variables supporting assignment, records whose ˛elds can be functions, and recursion. These characteristics have been incorporated in Cantor in such a way that they are as orthogonal as possible.

After the typing semantics of Cantor was de˛ned (Cantor’s type system allows the full static check of programs), a type checker was implemented. This implementation, as well as the implementations of all other parts of this project, was done in Haskell and is based on the use of monads. Subsequently, the dynamic semantics of Cantor was de˛ned and an interpreter was implemented by a simple encoding of this semantics in Haskell. The next stage of the project was the implementation of a compiler for Cantor. The compiler that was built produces code for a variation of the abstract computing machine known as G-machine. In order to verify the correctness of the compiler, an interpreter for G-machine code was also implemented.

During this project it was evident that monads are very useful both for the de˛nition of dynamic semantics and for the implementation of a programming language. On the other hand, it was evident that a functional language supporting monads, such as Haskell, is highly appropriate for the implementation of interpreters and compilers.

Key words

Programming language semantics, dynamic semantics, functional programming, Haskell, monads, interpreter, compiler, type checker, G-machine.

7

ÅõœáñéóôSSåò

Ðñéí áðü üëïõò èá Þèåëá íá åõœáñéóôÞóù ôïõò ãïíåSSò ìïõ, ãéá ôçí áìÝñéóôç óõìðáñÜóôáóç ðïõ Ýäåéîáí êáôÜ ôç äéÜñêåéá üœé ìüíï ôçò åêðüíçóçò ôçò äéðëùìáôéêÞò ìïõ åñãáóSSáò, áëëÜ êáé ôùí óðïõäþí ìïõ ãåíéêüôåñá. ÅðSSóçò èá Þèåëá íá åõœáñéóôÞóù ôïí åðéâëÝðïíôá ôçí äéðëùìáôéêÞ ìïõ ê. ÍSSêï Ðáðáóðýñïõ ãéá ôçí êáèïäÞãçóç êáé ôéò óõìâïõëÝò ðïõ ìïý Ýäùóå, êáèþò êáé ãéá ôï ãåãïíüò üôé Þôáí ðÜíôá äéáèÝóéìïò êáé öéëéêüò ïðïôåäÞðïôå ôïí œñåéÜóôçêá. ÔÝëïò, èá Þèåëá íá åõœáñéóôÞóù ôá ìÝëç ôçò åîåôáóôéêÞò åðéôñïðÞò ê.ê. ÓôÜèç ÆÜœï êáé Ìáíüëç ÓêïñäáëÜêç, ôïí ðñþôï ãéáôSS ìå ôá ìáèÞìáôá ðïõ äSSäáóêå êáôÜ ôç äéÜñêåéá ôïõ ðñþôïõ Ýôïõò óôï ÐïëõôåœíåSSï ìå Ýöåñå óå åðáöÞ ãéá ðñþôç öïñÜ ìå ôïí ðñïãñáììáôéóìü êáé ôçí ÐëçñïöïñéêÞ ãåíéêÜ, êáé ôïí äåýôåñï äéüôé ìå ôï ìÜèçìÜ ôïõ ńÌåôáãëùôôéóôÝòż êÝíôñéóå ôï åíäéáöÝñïí ìïõ ãéá ôï óõãêåêñéìÝíï áíôéêåSSìåíï êáé óõíåôÝëåóå óôï íá åðéëÝîù ôï èÝìá ôçò ðáñïýóáò äéðëùìáôéêÞò åñãáóSSáò.

ÊõñéÜêïò Ã. ÃêSSíçò,

ÁèÞíá, 22 ÉïõëSSïõ 2003.

Ç åñãáóSSá áõôÞ åSSíáé åðSSóçò äéáèÝóéìç ùò ÔåœíéêÞ ÁíáöïñÜ CSD-SW-TR-1-03, Åèíéêü Ìåôóüâéï ÐïëõôåœíåSSï, ÓœïëÞ Çëåêôñïëüãùí Ìçœáíéêþí êáé Ìçœáíéêþí Õðïëïãéóôþí, ÔïìÝáò ÔåœíïëïãSSáò ÐëçñïöïñéêÞò êáé Õðïëïãéóôþí, ÅñãáóôÞñéï ÔåœíïëïãSSáò Ëïãéóìéêïý, Éïýëéïò 2003.

URL: http://www.softlab.ntua.gr/techrep/ FTP: ftp://ftp.softlab.ntua.gr/pub/techrep/ 9

Ðåñéåœüìåíá

ÐåñSSëçøç . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 ÅõœáñéóôSSåò . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 Ðåñéåœüìåíá . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 1. ÅéóáãùãÞ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.1 Óêïðüò . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.2 Ãëþóóá Cantor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.3 Ãëþóóá Haskell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.4 ÌïíÜäåò . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.5 G-Machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 1.6 ÄïìÞ åñãáóSSáò . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2. ÐåñéãñáöÞ ãëþóóáò Cantor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2.1 ÃåíéêÞ ðåñéãñáöÞ ôçò ãëþóóáò Cantor . . . . . . . . . . . . . . . . . . . . . . 17 2.1.1 ÁíáãíùñéóôéêÜ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2.1.2 Ôýðïé . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.1.3 ÄïìÞ ðñïãñÜììáôïò . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.1.4 ÅêöñÜóåéò . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.1.5 Ðñïôåñáéüôçôá êáé ðñïóåôáéñéóôéêüôçôá . . . . . . . . . . . . . . . . . 20 2.2 Ç ãñáììáôéêÞ ôçò ãëþóóáò Cantor . . . . . . . . . . . . . . . . . . . . . . . . 20 2.2.1 ÁöçñçìÝíç óýíôáîç óå ìïñöÞ EBNF . . . . . . . . . . . . . . . . . . . 20 2.2.2 ÓõãêåêñéìÝíç óýíôáîç óå ìïñöÞ ÅBNF . . . . . . . . . . . . . . . . . 21 3. ÿëåãœïò ôýðùí . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 3.1 MoíÜäåò . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 3.1.1 Oñéóìüò . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 3.1.2 ÌïíÜäåò êáé Haskell . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 3.2 ÅëåãêôÞò ôýðùí . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 3.2.1 Oñéóìüò áðáñáSSôçôùí ìïíÜäùí . . . . . . . . . . . . . . . . . . . . . . 24 3.2.2 Ïñéóìüò ôýðùí . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 3.2.3 ÔõðéêÞ óçìáóéïëïãSSá êáé åëåãêôÞò ôýðùí . . . . . . . . . . . . . . . . 26

4. ÄõíáìéêÞ óçìáóéïëïãSSá êáé äéåñìçíÝáò . . . . . . . . . . . . . . . . . . . . . . 35 4.1 Ïñéóìüò ìïíÜäùí . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 4.2 Ïñéóìüò óõíüëùí êáé ôýðùí . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 4.3 ÄõíáìéêÞ óçìáóéïëïãSSá êáé õëïðïSSçóç . . . . . . . . . . . . . . . . . . . . . . 37

5. ÐåñéãñáöÞ êáé äéåñìçíÝáò G-machine . . . . . . . . . . . . . . . . . . . . . . . 45 5.1 ÃåíéêÜ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 5.2 ÊëåéóSSìáôá (closures) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 5.3 ÓõóôÞìáôá ìåôÜâáóçò êáôÜóôáóçò (state transition systems) . . . . . . . . . 46 5.4 ÊáôÜóôáóç ôïõ G-machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 5.5 ÁñœéêÞ êáôÜóôáóç . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 5.6 ÕëïðïSSçóç äéåñìçíÝá ãéá ôçí G-machine . . . . . . . . . . . . . . . . . . . . . 47 5.7 EíôïëÝò { Êáíüíåò ìåôÜâáóçò . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

6. ÌåôáãëùôôéóôÞò óå êþäéêá G-machine . . . . . . . . . . . . . . . . . . . . . . 59 6.1 ÃåíéêÜ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 6.2 Ôýðïé . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 6.3 Åëåýèåñåò ìåôáâëçôÝò . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 6.4 ÓõíÜñôçóç ìåôáãëþôôéóçò . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 6.5 ÁðáëïéöÞ ðåñéôôþí åíôïëþí Eval . . . . . . . . . . . . . . . . . . . . . . . . . 67 7. ÓõìðåñÜóìáôá . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

ÂéâëéïãñáöSSá . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

ÊåöÜëáéï 1

ÅéóáãùãÞ

1.1 Óêïðüò

Óêïðüò ôçò ðáñïýóáò äéðëùìáôéêÞò åñãáóSSáò åSSíáé ç óœåäSSáóç ìéáò ìéêñÞò óõíáñôçóéáêÞò ãëþóóáò ðñïãñáììáôéóìïý, ç óçìáóéïëïãéêÞ áíÜëõóç ôçò ãëþóóáò áõôÞò, ç êáôáóêåõÞ äéåñìçíÝá ìå âÜóç ôç äõíáìéêÞ óçìáóéïëïãSSá êáé ôÝëïò ç êáôáóêåõÞ ìåôáãëùôôéóôÞ ãéá ôç ãëþóóá. Ôï ðñïãñáììáôéóôéêü êïììÜôé ôçò åñãáóSSáò Ýãéíå óôç óõíáñôçóéáêÞ ãëþóóá ðñïãñáììáôéóìïý Haskell.

1.2 Ãëþóóá Cantor

Ãéá ôéò áíÜãêåò ôçò åñãáóSSáò óœåäéÜóôçêå ç ìéêñÞ óõíáñôçóéáêÞ ãëþóóá Cantor, óôá ðñüôõðá ôçò Idealized Algol ðïõ ðñïôåSSíåé ï Reynolds óôï [1]. Ç Cantor äéáèÝôåé ðïéêéëSSá œáñáêôçñéóôéêþí, üðùò åêöñÜóåéò ëÜìâäá, ôïðéêÝò ìåôáâëçôÝò ìå äõíáôüôçôá áíÜèåóçò, records ê.Ü., êÜôé ðïõ êáèéóôÜ åíäéáöÝñïõóá ôüóï ôç óçìáóéïëïãéêÞ áíÜëõóÞ ôçò, üóï êáé ôçí êáôáóêåõÞ ôïõ äéåñìçíÝá êáé ôïõ ìåôáãëùôôéóôÞ. ÅðSSóçò äéáèÝôåé óýóôçìá ôýðùí ðïõ êáèéóôÜ äõíáôü ôïí ðëÞñç óôáôéêü Ýëåãœï ôýðùí åíüò ðñïãñÜììáôïò Cantor.

1.3 Ãëþóóá Haskell

ĳëåò ïé õëïðïéÞóåéò ðïõ Ýœïõí ãSSíåé óôá ðëáSSóéá ôçò ðáñïýóáò åñãáóSSáò, Ýœïõí ãñáöôåSS óôç ãëþóóá Haskell. H Çaskell åSSíáé ìéá êáèáñÞ (pure), lazy óõíáñôçóéáêÞ ãëþóóá, âáóéóìÝíç óôï ëÜìâäá ëïãéóìü, ìå ðïëõìïñöéêü óýóôçìá ôýðùí (polymorpicly typed). Méá óõíáñôçóéáêÞ ãëþóóá óáí ôç Haskell ìÜò ðñïóöÝñåé ôç äõíáôüôçôá íá ãñÜöïõìå êþäéêá ìéêñüôåñï óå ìÝãåèïò, ðéï åýêïëá êáôáíïçôü êáé ìå ëéãüôåñá ëÜèç áðü üôé ìå ìéá óõìâáôéêÞ ðñïóôáêôéêÞ ãëþóóá.

Ôï êåSSìåíï ôçò ðáñïýóáò åñãáóSSáò ðñïûðïèÝôåé üôé ï áíáãíþóôçò äéáèÝôåé ôïõëÜœéóôïí âáóéêÝò ãíþóåéò Haskell. Óå áíôSSèåôç ðåñSSðôùóç, ùò ìéá åéóáãùãÞ óôç ãëþóóá Haskell ðñïôåSSíåôáé ôï [2], ôï ïðïSSï ìáæSS ìå ðëçèþñá õëéêïý ãéá ôç ãëþóóá Haskell, õðÜñœåé äéáèÝóéìï óôçí éóôïóåëSSäá ôçò ãëþóóáò, http://www.haskell.org.

1.4 ÌïíÜäåò

ÌåãÜëï ìÝñïò ôùí õëïðïéÞóåùí ðïõ Ýœïõìå êÜíåé, áëëÜ êáé ç äõíáìéêÞ óçìáóéïëïãSSá, âáóSSæïíôáé óôç œñÞóç ìïíÜäùí (monads). Ïé ìïíÜäåò Ýœïõí Ýñèåé óôï ðñïóêÞíéï ôá ôåëåõôáSSá œñüíéá óôï œþñá ôïõ óõíáñôçóéáêïý ðñïãñáììáôéóìïý, êáèþò äSSíïõí ôç äõíáôüôçôá óå êáèáñÝò (pure) óõíáñôçóéáêÝò ãëþóóåò, üðùò ç Haskell, íá ðñïóåããSSóïõí ìå åðéôõœSSá ðñïãñáììáôéóôéêÜ ðñïâëÞìáôá üðùò ï œåéñéóìüò ëáèþí êáé åîáéñÝóåùí, ç åSSóïäïò/Ýîïäïò Þ ïé stateful áëãüñéèìïé, óôá ïðïSSá åìöáíSSæïíôáí íá õóôåñïýí, ôüóï Ýíáíôé ôùí ðñïóôáêôéêþí (imperative) ãëùóóþí, üóï êáé Ýíáíôé ìç êáèáñþí (impure) óõíáñôçóéáêþí ãëùóóþí üðùò ç Standard ML. Ôáõôüœñïíá, œÜñç óôéò ìïíÜäåò ïé êáèáñÝò óõíáñôçóéáêÝò ãëþóóåò áíôéìåôùðSSæïõí ôá

ÓœÞìá 1.1: ÄïìÞ õëïðïéÞóåùí.

ðñïâëÞìáôá áõôÜ ìå ôñüðï ðïõ äéáôçñåSS áíÝðáöá ôá ðëåïíåêôÞìáôÜ ôïõò (referential transparency, equational reasoning, áíåîáñôçóSSá áðü ôçí óåéñÜ áðïôSSìçóçò, lazy evaluation).

ÅðéðëÝïí ç œñÞóç ìïíÜäùí êÜíåé åýêïëç ôçí åê ôùí õóôÝñùí áëëáãÞ åíüò óõíáñôçóéáêïý ðñïãñÜììáôïò Þ ôçí ðñïóèÞêç íÝùí œáñáêôçñéóôéêþí. ÿóôù ãéá ðáñÜäåéãìá üôé èÝëïõìå íá êáôáóêåõÜóïõìå Ýíá äéåñìçíÝá ìå ìéá êáèáñÞ óõíáñôçóéáêÞ ãëþóóá. Áí èåëçóïõìå íá ðñïóèåóïõìå óôï äéåñìçíÝá äõíáôüôçôá œåéñéóìïý ëáèþí, èá ðñÝðåé íá ôñïðïðïéÞóïõìå ôïí ôýðï ôçò êýñéáò óõíÜñôçóçò ôïõ äéåñìçíÝá, þóôå íá óõìðåñéëáìâÜíåé êáé ôá ðéèáíÜ ìçíýìáôá ëÜèïõò. Èá ðñÝðåé åðSSóçò óå êÜèå áíáäñïìéêÞ êëÞóç íá öñïíôSSóïõìå þóôå ôá ëÜèç íá áíôéìåôùðSSæïíôáé ìå ôïí êáôÜëëçëï ôñüðï. ÁíôSSèåôá óå ìéá ìç êáèáñÞ óõíáñôçóéáêÞ ãëþóóá ìå äõíáôüôçôá œåéñéóìïý åîáéñÝóåùí, ìéá ôÝôïéá ðñïóèÞêç èá Þôáí ðïëý áðëïýóôåñç. ÐáñïìïSSùò, áí èåëÞóïõìå íá ðñïóèÝóïõìå óôï äéåñìçíÝá Ýíá ìåôñçôÞ, èá ðñÝðåé êáé ðÜëé íá ôñïðïðïéÞóïõìå ôïí ôýðï åðéóôñïöÞò êáé íá öñïíôSSóïõìå þóôå óå êÜèå áíáäñïìéêÞ êëÞóç íá ðåñíÜåé ï ìåôñçôÞò ùò üñéóìá. Óå ìéá ìç êáèáñÞ óõíáñôçóéáêÞ ãëþóóá èá áñêïýóå ç œñÞóç ìéáò global ìåôáâëçôÞò. Ïé ìïíÜäåò, üðùò èá äïýìå ðáñáêÜôù, Ýñœïíôáé íá ëýóïõí áõôÜ ôá ðñïâëÞìáôá.

1.5 G-Machine

Ç ìåôáãëþôôéóç óõíáñôçóéáêþí ãëùóóþí áðáéôåSS ôç œñÞóç äéáöïñåôéêþí ôåœíéêþí áðü ôç ìåôáãëþôôéóç ðñïóôáêôéêþí ãëùóóþí. ÌåñéêÝò ôÝôïéåò ôåœíéêÝò, ðïõ ðáñïõóéÜæïíôáé óôï [3], åSSíáé ç \Template instantiation", ç \G-Machine" êáé ç \Three Instruction Machine (ÔÉÌ)". ÅìåSSò ãéá ôï ìåôáãëùôôéóôÞ ìáò åðéëÝîáìå ôçí G-machine, ôñïðïðïéþíôáò ôçí ùóôüóï óå óœÝóç ìå ôï ìïíôÝëï ðïõ ðñïôåSSíåôáé óôï [3], þóôå íá ðñïóáñìïóôåSS êáëýôåñá óôéò éäéáéôåñüôçôåò ôçò ãëþóóáò Cantor. H G-machine ðñþôá áíáðôýœèçêå áðü ôïõò Johnsson & Augustsson [4, 5] êáé ìå êÜðïéåò ðáñáëëáãÝò êáé âåëôéþóåéò œñçóéìïðïéåSSôáé óÞìåñá óå ìåôáãëùôôéóôÝò üðùò ï GHC ôçò ãëþóóáò Haskell. H êåíôñéêÞ éäÝá ðSSóù áðü ôçí G-machine, åSSíáé ç ìåôáãëþôôéóç êÜèå óõíÜñôçóçò êáé ôåëéêÜ ïëüêëçñïõ ôïõ óõíáñôçóéáêïý ðñïãñÜììáôïò óå ìéá óåéñÜ áðü åíôïëÝò, ïé ïðïSSåò áíÞêïõí óå ìéá åíäéÜìåóç áöçñçìÝíç ńãëþóóá ìçœáíÞòż. H ãëþóóá áõôÞ ðñÝðåé íá Ýœåé åðéëåãåSS êáôÜ ôÝôïéï ôñüðï, þóôå ïé åíôïëÝò ôçò íá åSSíáé åýêïëï íá ìåôáöñáóôïýí óå êáíïíéêÞ ãëþóóá ìçœáíÞò ãéá äéÜöïñåò áñœéôåêôïíéêÝò, áëëÜ ôáõôüœñïíá íá ìçí êáèéóôÜ äýóêïëç ôç ìåôÜâáóç áðü ôïí áñœéêü êþäéêá óôïí åíäéÜìåóï.

Óôçí õëïðïSSçóç ðïõ Ýœïõìå êÜíåé, Ýœïõìå öôÜóåé ìÝœñé ôï óôÜäéï ôçò åíäéÜìåóçò ãëþóóáò. Óå ìéá êáíïíéêÞ õëïðïSSçóç, ç åíäéÜìåóç áõôÞ ãëþóóá èá ìåôáãëùôôéæüôáí óå êáíüíéêÞ ãëþóóá ìçœáíÞò, þóôå íá ðáñáœèåSS Ýíá åêôåëÝóéìï áñœåSSï ðïõ èá áíôéóôïéœïýóå óôïí ðçãáSSï êþäéêá ðïõ äüèçêå ùò åSSóïäïò. ÁíôéèÝôùò óôçí õëïðïSSçóç ìáò, õðÜñœåé Ýíáò äéåñìçíÝáò ãéá ôçí åíäéÜìåóç ãëþóóá.

To óœÞìá 1.1 ðáñïõóSSáæåé ôç äïìÞ ôùí õëïðïéÞóåùí ðïõ Ýœïõìå êÜíåé.

1.6 ÄïìÞ åñãáóSSáò

H åñãáóSSá ìáò Ýœåé ôçí áêüëïõèç äïìÞ:

ÊåöÜëáéï 2. Óôï êåöÜëáéï áõôü ðåñéãñÜöåôáé ç ãëþóóá Cantor.

ÊåöÜëáéï 3. Óå áõôü ôï êåöÜëáéï ïñSSæåôáé ç óçìáóéïëïãSSá ôýðùí ôçò ãëþóóáò Cantor êáé ðáñÜëëçëá ðåñéãñÜöåôáé ç õëïðïSSçóç ôïõ åëåãêôÞ ôýðùí. ÅðSSóçò óôçí áñœÞ ôïõ êåöáëáSSïõ ãSSíåôáé ìéá óýíôïìç ðåñéãñáöÞ ôùí ìïíÜäùí.

ÊåöÜëáéï 4. Óôï êåöÜëáéï áõôü ïñSSæåôáé ç äõíáìéêÞ óçìáóéïëïãSSá ôçò Cantor êáé ðåñéãñÜöåôáé ç õëïðïSSçóç ôïõ äéåñìçíÝá.

ÊåöÜëáéï 5. Óôï êåöÜëáéï áõôü äSSíåôáé ï ïñéóìüò ôçò G-Machine, êáèþò êáé ç ðåñéãñáöÞ ôçò õëïðïSSçóçò ôïõ äéåñìçíÝá ôçò G-Machine.

ÊåöÜëáéï 6. Óå áõôü ôï êåöÜëáéï äSSíïíôáé ïé êáíüíåò ìåôáãëþôôéóçò óå êþäéêá G-Machine ôçò ãëþóóáò Cantor êáé ç áíôSSóôïéœç õëïðïSSçóç.

ÊåöÜëáéï 7. Óôï êåöÜëáéï áõôü ôÝëïò, ðåñéÝœïíôáé ôá óõìðåñÜóìáôá ôçò åñãáóSSáò ìáò.

ÊåöÜëáéï 2

ÐåñéãñáöÞ ãëþóóáò Cantor

Óôï êåöÜëáéï áõôü äSSíåôáé ç ðåñéãñáöÞ ôçò ãëþóóáò Cantor. Óôçí ðáñÜãñáöï 2.1 ãSSíåôáé ìéá ãåíéêÞ ðåñéãñáöÞ ôçò ãëþóóáò, åíþ óôçí ðáñÜãñáöï 2.2 äSSíåôáé ç ãñáììáôéêÞ ôçò Cantor.

2.1 ÃåíéêÞ ðåñéãñáöÞ ôçò ãëþóóáò Cantor

H Cantor åSSíáé ìéá áðëÞ ãëþóóá ðñïãñáììáôéóìïý ðïõ âáóéæåôáé óôï ëÜìâäá-ëïãéóìü êáé áêïëïõèåSS ôéò áñœÝò ôçò Idealized Algol [1]. ÊáôÜ ôïí áñœéêü óœåäéáóìü õðÞñîå ðñüíïéá þóôå ôá äéÜöïñá œáñáêôçñéóôéêÜ ôçò ãëþóóáò íá åSSíáé ïñèïãþíéá, êÜôé ôï ïðïSSï Ýêáíå äõíáôÞ ôç óôáäéáêÞ ðñïóèÞêç œáñáêôçñéóôéêþí, áëëÜ âïÞèçóå êáé óôçí êáôáóêåõÞ ôùí äéÜöïñùí ôìçìÜôùí ôïõ äéåñìçíÝá êáé ôïõ ìåôáãëùôôéóôÞ. Ç Cantor åSSíáé strongly-typed ãëùóóá, ôï óýóôçìá ôýðùí ôçò äçëáäÞ äéáóöáëSSæåé üôé üóá ðñïãñÜììáôá ðåñÜóïõí ôï óôáôéêü Ýëåãœï ôýðùí èá åêôåëåóôïýí œùñSSò ëÜèïò ôýðùí.

Ôá êõñéüôåñá œáñáêôçñéóôéêÜ ôçò åSSíáé åí óõíôïìSSá ôá åîÞò:

• áðëïSS ôýðïé äåäïìÝíùí (int, bool)

• óýíèåôïé ôýðïé äåäïìÝíùí (records)

• óõíáñôÞóåéò ìå êëÞóç ìå ôéìÞ (call-by-value) Þ üíïìá (call-by-name)

• áðëÞ åíôïëÞ óõíèÞêçò if-then-else

• ôïðéêÝò ìåôáâëçôÝò ìå äõíáôüôçôá áíÜèåóçò

• óåéñéáêÞ åêôÝëåóç

• áíáäñïìÞ

Óôéò åðüìåíåò ðáñáãñÜöïõò äSSíïíôáé ðåñéóóüôåñåò ëåðôïìÝñåéåò ôçò ãëþóóáò.

2.1.1 ÁíáãíùñéóôéêÜ

Ôá áíáãíùñéóôéêÜ (identi˛ers) ôçò ãëþóóáò Cantor áðïôåëïýíôáé áðü ãñÜììáôá (Á..Æ, a..z) êáé áñéèìïýò (0..9). ÅSSíáé õðïœñåùôéêü ùóôüóï Ýíá áíáãíùñéóôéêü íá îåêéíÜ áðü ãñÜììá. Ôá ìéêñÜ êáé ôá êåöáëáSSá ãñÜììáôá èåùñïýíôáé äéáöïñåôéêÜ, åíþ äåí õðÜñœåé ðåñéïñéóìüò óôï ìÞêïò ôïõ áíáãíùñéóôéêïý.

Ôá ðáñáêÜôù áíáãíùñéóôéêÜ åSSíáé äåóìåõìÝíá ùò ëÝîåéò êëåéäéÜ êáé äåí åðéôñÝðåôáé ç œñÞóç ôïõò ùò êïéíÜ áíáãíùñéóôéêÜ:

and bool deref else empty exp false if in int lambda neg not or rec record true var

2.1.2 Ôýðïé Ïé âáóéêïSS ôýðïé äåäïìÝíùí (data types) ðïõ õðïóôçñSSæåé ç ãëþóóá Cantor åSSíáé ïé åîÞò:

• int : áêÝñáéïé áñéèìïSS^1 • bool : ëïãéêüò ôýðïò äåäïìÝíùí, ðïõ ìðïñåSS íá ðÜñåé ôéò ôéìÝò true Þ false ÿíáò ôýðïò äåäïìÝíùí ìå ôçí ðñïóèÞêç ôïõ ðñïóäéïñéóôéêïý var Þ exp (ð.œ. int exp) ìåôáôñÝðåôáé óå ôýðï öñÜóçò (phrase type). To ðñïóäéïñéóôéêü exp áíôéóôïéœåSS óå óôáèåñÝò, åíþ ôï ðñïóäéïñéóôéêü var óå ìåôáâëçôÝò. ÅðéðëÝïí ôùí âáóéêþí ôýðùí äåäïìÝíùí, ç Cantor õðïóôçñSSæåé ôýðï óõíÜñôçóçò (áðü ôýðï öñÜóçò óå ôýðï öñÜóçò, ð.œ. int exp −> int exp) êáé ôï óýíèåôï ôýðï äåäïìÝíùí record. ÿíá record ðåñéÝœåé Ýíá ìç äéáôåôáãìÝíï óýíïëï áðü åôåñïãåíÞ ðåäSSá, ãéá êáèÝíá áðü ôá ïðïSSá ðñÝðåé íá äçëùèåSS Ýíáò ôýðïò öñÜóçò êáé ôá ïðïSSá áíáãíùñSSæïíôáé áðü ôï üíïìÜ ôïõò, ð.œ. record(i:int var, j:int exp, f:(int exp −> int exp) exp). Ç äåóìåõìÝíç ëÝîç empty óõìâïëSSæåé ôï êåíü record.

2.1.3 ÄïìÞ ðñïãñÜììáôïò ÿíá ðñüãñáììá ãñáììÝíï óôç ãëþóóá Cantor áðïôåëåSSôáé áðü ìéá Ýêöñáóç (expression). Ìéá Ýêöñáóç üðùò èá äïýìå ðáñáêÜôù, ìðïñåSS íá åSSíáé ìéá åíôïëÞ óõíèÞêçò, ìéá óåéñÜ áðü åêöñÜóåéò œùñéóìÝíåò ìå semicolon, ìéá óõíÜñôçóç, ê.ëð.

2.1.4 ÅêöñÜóåéò Ç Cantor õðïóôçñSSæåé ôá ðáñáêÜôù åSSäç åêöñÜóåùí:

• ÓôáèåñÜ ôýðïõ int, ð.œ. 5, 42. • ÓôáèåñÜ ôýðïõ bool, ð.œ. true, false. • Áíáãíùñéóôéêü, ð.œ. x, i3.

• ÔåëåóôÞò not Þ neg áêïëïõèïýìåíïò áðü Ýêöñáóç, ð.œ. neg 5, not true. • Äýï åêöñÜóåéò ìåôáîý ôùí ïðïSSùí ðáñåìâÜëëåôáé Ýíáò áðü ôïõò ðáñáêÜôù äõáäéêïýò ôåëåóôÝò: +, −, ∗, /, %, ==, !=, <=, >=, <, >, and, or, ;. Ð.œ.

3+5, x;5, true and false, x<0 or y<0

Aðü ôïõò ðáñáðÜíù ôåëåóôÝò, áõôïSS ôùí áñéèìçôéêþí ðñÜîåùí êáé ôùí óõãêñSSóåùí Ýœïõí ôçí SSäéá óçìáóéïëïãSSá ìå áõôÞí ðïõ Ýœïõí óôç ãëþóóá C. Óôçí ðåñSSðôùóç ôïõ ôåëåóôÞ \;" áðïôéìÜôáé ðñþôá ôï ðñþôï ïñéóìÜ ôïõ êáé óôç óõíÝœåéá ôï äåýôåñï üñéóìÜ ôïõ, ôïõ ïðïSSïõ ç ôéìÞ êáé åðéóôñÝöåôáé. Oé ôåëåóôÝò \and" êáé \or" (ëïãéêÞ óýæåõîç êáé äéÜæåõîç áíôSSóôïéœá) äåí áðïôéìïýí ôï äåýôåñï üñéóìÜ ôïõò, áí ôï áðïôÝëåóìá ôçò ëïãéêÞò Ýêöñáóçò ìðïñåSS íá óõíáœèåSS áðü ôçí ôéìÞ ôïõ ðñþôïõ ïñSSóìáôïò.

• ÅíôïëÞ óõíèÞêçò: if ⟨Ýêöñáóç⟩_1 then ⟨Ýêöñáóç⟩_2 else ⟨Ýêöñáóç⟩_3, ð.œ.

if x==0 then 3 else 42

Ç óçìáóéïëïãSSá ôçò Ýêöñáóçò åSSíáé Þ SSäéá ìå ôçí áíôSSóôïéœç ôçò ãëþóóáò C. 1 Óôï äéåñìçíÝá êáé óôï ìåôáãëùôôéóôÞ ðïõ Ýœïõìå õëïðïéÞóåé, œñçóéìïðïéåSSôáé ï ôýðïò Int ôçò Haskell, ðïõ áíôéóôïéœåSS óå áêÝñáéï óôáèåñïý ìÞêïõò êáé óýìöùíá ìå ôïí ïñéóìü ôçò Haskell98 [6, §6.4] êáëýðôåé ôïõëÜœéóôïí ôïõò áêåñáSSïõò áðü −2^{29} Ýùò 2^{29} − 1.

• ËÜìâäá Ýêöñáóç: lambda ⟨áíáãíùñéóôéêü⟩ : ⟨ôýðïò öñÜóçò⟩ . ⟨Ýêöñáóç⟩, ãéá óõíáñôÞóåéò êëÞóçò ìå ôéìÞ (call-by-value), Þ lambda ! ⟨áíáãíùñéóôéêü⟩ : ⟨ôýðïò öñÜóçò⟩ . ⟨Ýêöñáóç⟩, ãéá óõíáñôÞóåéò êëÞóçò ìå üíïìá (call-by-name), ð.œ. lambda x:int exp. x+1 lambda !x:int exp. if x<0 then true else false • ÊëÞóç óõíÜñôçóçò: ⟨Ýêöñáóç⟩_1 ⟨Ýêöñáóç⟩_2, ð.œ.

(lambda x:int exp. neg x) 5 f 42 • ÄÞëùóç ôïðéêÞò ìåôáâëçôÞò: var ⟨áíáãíùñéóôéêü⟩ : ⟨ôýðïò äåäïìÝíùí⟩ in ⟨Ýêöñáóç⟩.

ð.œ.

var i:int in i := 0; deref i • Ðñüóâáóç óôç ôéìÞ ìåôáâëçôÞò: deref ⟨áíáãíùñéóôéêü⟩, ð.œ.

deref i • Áðüäïóç ôéìÞò óå ìåôáâëçôÞ: ⟨Ýêöñáóç⟩_1:=⟨Ýêöñáóç⟩_2. Ðñþôá áðïôéìÜôáé ç ⟨Ýêöñáóç⟩_1, óôç óõíÝœåéá ç ⟨Ýêöñáóç⟩_2 êáé ôÝëïò áðïäSSäåôáé ç ôéìÞ ôçò ⟨Ýêöñáóçò⟩_2 óôç èÝóç ìíÞìçò ðïõ áíôéóôïéœåSS óôçí ⟨Ýêöñáóç⟩_1. ĳëç ç Ýêöñáóç ÝðéóôñÝöåé ôçí ôéìÞ ôçò ⟨Ýêöñáóçò⟩_2. Ð.œ.

i := 3 (3+5 ; i) := 42 f := (lambda x:int exp. x+42) var f:bool exp -> bool exp in

f := (lambda x:bool exp. not x); (deref f) true • ÁíáäñïìÞ: rec ( ⟨Ýêöñáóç⟩ ). Ãéá ðáñÜäåéãìá ìå ôçí ðáñáêÜôù Ýêöñáóç ïñSSæïõìå ôçí ðáñáãïíôéêÞ óõíÜñôçóç:

rec (lambda !f:(int exp -> int exp) exp. lambda x:int exp. if x<=1 then 1 else x*f(x-1)) • Êåíü record: empty.

• ÅðÝêôáóç record: ⟨Ýêöñáóç⟩_1 [⟨áíáãíùñéóôéêü⟩ := ⟨Ýêöñáóç⟩_2], ð.œ.

empty[i:=3] var r:record(i:int exp, j:bool exp) in r:=empty[i:=3][j:=true] • Ðñüóâáóç óå ðåäSSï record: ⟨Ýêöñáóç⟩ :: ⟨áíáãíùñéóôéêü⟩, ð.œ.

x :: i

(deref r) :: x

empty[i:=3] :: i

2.1.5 Ðñïôåñáéüôçôá êáé ðñïóåôáéñéóôéêüôçôá

Óôïí ðáñáêÜôù ðSSíáêá äSSíåôáé ç ðñïôåñáéüôçôá ôùí ôåëåóôþí êáé åêöñÜóåùí ôçò ãëþóóáò Cantor, îåêéíþíôáò áðü ôç ìåãáëýôåñç êáé ðçãáSSíïíôáò ðñïò ôç ìéêñüôåñç ðñïôåñáéüôçôá (ôåëåóôÝò Þ åêöñÜóåéò ðïõ âñSSóêïíôáé óôçí SSäéá ãñáììÞ ôïõ ðSSíáêá Ýœïõí ôçí SSäéá ðñïôåñáéüôçôá). Óôïí SSäéï ðSSíáêá äSSíåôáé åðSSóçò êáé ç ðñïóåôáéñéóôéêüôçôá ôùí ôåëåóôþí.

ÔåëåóôÞò/ÿêöñáóç Ðñïóåôáéñéóôéêüôçôá rec üœé ÊëÞóç óõíÜñôçóçò, ::, [ := ] ← neg, not → deref üœé ∗, /, % ← +, − ← ==, !=, <=, >=, <, > üœé and ← or ← := → ; ←

2.2 Ç ãñáììáôéêÞ ôçò ãëþóóáò Cantor

ÁêïëïõèåSS ï ïñéóìüò ôçò ãñáììáôéêÞò ôçò ãëþóóáò Cantor. Óôçí ðáñÜãñáöï 2.2.1 äSSíåôáé ç áöçñçìÝíç óýíôáîç ôçò ãëþóóáò, ç ïðïSSá œñçóéìïðïéåSSôáé êáé óôá åðüìåíá êåöÜëáéá ãéá ôïí ïñéóìü ôùí êáíüíùí ôýðùí, ôçò äõíáìéêÞò óçìáóéïëïãSSáò, ê.ëð. Ãéá ëüãïõò ðëçñüôçôáò ùóôüóï, óôçí ðáñÜãñáöï 2.2.2 äSSíåôáé êáé ç óõãêåêñéìÝíç óýíôáîç (concrete syntax) ôçò Cantor.

2.2.1 ÁöçñçìÝíç óýíôáîç óå ìïñöÞ EBNF

ÁêïëïõèåSS ç áöçñçìÝíç óýíôáîç ôçò ãëþóóáò Cantor óå ìïñöÞ EBNF. Tá ôåñìáôéêÜ óýìâïëá áíáãñÜöïíôáé ìÝóá óå äéðëÜ åéóáãùãéêÜ. ÌÝóá óå ãùíéáêÝò áãêýëåò (⟨ ⟩) áíáãñÜöïíôáé ôá ìç ôåñìáôéêÜ óýìâïëá êáèþò êáé ïé áêüëïõèåò ëåêôéêÝò ìïíÜäåò:

⟨n⟩ : áêÝñáéá óôáèåñÜ (œùñSSò ðñüóçìï) ⟨id⟩ : áíáãíùñéóôéêü

Ç áíáãñáöÞ ìéáò ðáñÜóôáóçò ìÝóá óå ðáñåíèÝóåéò áêïëïõèïýìåíåò áðü áóôåñSSóêï óçìáSSíåé \ìçäÝí Þ ðåñéóóüôåñåò" åðáíáëÞøåéò ôçò ðáñÜóôáóçò áõôÞò.

⟨expr⟩ ::= ⟨n⟩ | \true" | \false" | ⟨id⟩

| ⟨unop⟩ ⟨expr⟩ | ⟨expr⟩ ⟨binop⟩ ⟨expr⟩ | \if" ⟨expr⟩ \then" ⟨expr⟩ \else" ⟨expr⟩ | \var" ⟨id⟩ \:" ⟨data⟩ \in" ⟨expr⟩ | \deref" ⟨id⟩ | ⟨expr⟩ \:=" ⟨expr⟩ | \lambda" ⟨mode⟩ ⟨id⟩ \:" ⟨type⟩ \." ⟨expr⟩ | ⟨expr⟩ ⟨expr⟩ | \rec" \(" ⟨expr⟩ \)" | \empty" | ⟨expr⟩ \[" ⟨id⟩ \:=" ⟨expr⟩ \]" | ⟨expr⟩ \::" ⟨id⟩ ⟨unop⟩ ::= \neg" | \not" ⟨binop⟩ ::= \+" | \−" | \∗" | \/" | \%"

| \==" | \! =" | \<" | \>" | \<=" | \>=" | \and" | \or" | \;"

⟨data⟩ ::= \int" | \bool" | ⟨type⟩ \−>" ⟨type⟩

| \record" \(" ⟨id⟩ \:" ⟨type⟩ (\," ⟨id⟩ \:" ⟨type⟩)^∗ \)" ⟨type⟩ ::= ⟨data⟩ \exp" | ⟨data⟩ \var" ⟨mode⟩ ::= \!" | ϵ

2.2.2 ÓõãêåêñéìÝíç óýíôáîç óå ìïñöÞ ÅBNF ÐáñáêÜôù ðáñáôSSèåôáé ç óõãêåêñéìÝíç óýíôáîç ôçò ãëþóóáò Cantor, üðùò œñçóéìïðïéÞèçêå ãéá ôçí êáôáóêåõÞ ôïõ óõíôáêôéêïý áíáëõôÞ ôçò ãëþóóáò. Óçìåéþíïõìå üôé ç ðáñáêÜôù ãñáììáôéêÞ Ýœåé õðïóôåSS ôïõò êáôÜëëçëïõò ìåôáóœçìáôéóìïýò þóôå íá áðáëåéöèåSS ç (Üìåóç êáé Ýììåóç) áñéóôåñÞ áíáäñïìéêüôçôá.

ĳðùò êáé óôçí ðåñSSðôùóç ôçò áöçñçìÝíçò óýíôáîçò, ìÝóá óå ãùíéáêÝò áãêýëåò ðáñáôSSèåíôáé ôá ìç ôåñìáôéêÜ óýìâïëá, êáèþò êáé ïé ðáñáêÜôù ëåêôéêÝò ìïíÜäåò:

⟨n⟩ : áêÝñáéá óôáèåñÜ (œùñSSò ðñüóçìï) ⟨id⟩ : áíáãíùñéóôéêü

ÌÝóá óå äéðëÜ åéóáãùãéêÜ ðáñáôSSèåíôáé ôá ôåñìáôéêÜ óýìâïëá.

⟨expr⟩ ::= ⟨expr0⟩ ⟨expr0list⟩ ⟨expr0list⟩ ::= \;" ⟨expr0⟩ ⟨expr0list⟩ | ϵ ⟨expr0⟩ ::= ⟨expr1⟩ ⟨expr1list⟩ ⟨expr1list⟩ ::= \:=" ⟨expr0⟩ | ϵ ⟨expr1⟩ ::= ⟨expr2⟩ ⟨expr2list⟩ ⟨expr2list⟩ ::= \or" ⟨expr2⟩ ⟨expr2list⟩ | ϵ ⟨expr2⟩ ::= ⟨expr3⟩ ⟨expr3list⟩ ⟨expr3list⟩ ::= \and" ⟨expr3⟩ ⟨expr3list⟩ | ϵ ⟨expr3⟩ ::= ⟨expr4⟩ ⟨expr4list⟩ ⟨expr4list⟩ ::= ⟨compop⟩ ⟨expr4⟩ ⟨expr4list⟩ | ϵ ⟨compop⟩ ::= \==" | \! =" | \<" | \>" | \<=" | \>=" ⟨expr4⟩ ::= ⟨expr5⟩ ⟨expr5list⟩ ⟨expr5list⟩ ::= \+" ⟨expr5⟩ ⟨expr5list⟩ | \−" ⟨expr5⟩ ⟨expr5list⟩ | ϵ

⟨expr5⟩ ::= ⟨expr6⟩ ⟨expr6list⟩ ⟨expr6list⟩ ::= \∗" ⟨expr6⟩ ⟨expr6list⟩ | \/" ⟨expr6⟩ ⟨expr6list⟩ | \%" ⟨expr6⟩ ⟨expr6list⟩ | ϵ ⟨expr6⟩ ::= \neg" ⟨expr6⟩ | \not" ⟨expr6⟩ | ⟨expr7⟩ ⟨expr7⟩ ::= \if" ⟨expr0⟩ \then" ⟨expr0⟩ \else" ⟨expr0⟩ | \lambda" \!" ⟨id⟩ \:" ⟨type⟩ \." ⟨expr⟩ | \lambda" ⟨id⟩ \:" ⟨type⟩ \." ⟨expr⟩ | \var" ⟨id⟩ \:" ⟨data⟩ \in" ⟨expr⟩ | \deref" ⟨aexpr⟩ ⟨aexprlist⟩ | ⟨aexpr⟩ ⟨aexprlist⟩ ⟨aexprlist⟩ ::= ⟨aexpr⟩ ⟨aexprlist⟩ | \::" ⟨id⟩ ⟨aexprlist⟩ | \[" ⟨id⟩ \:=" ⟨expr⟩ \]" | ϵ ⟨aexpr⟩ ::= ⟨n⟩ | \true" | \false" | ⟨id⟩ | \empty" | \(" ⟨expr⟩ \)" | \rec" \(" ⟨expr⟩ \)" ⟨data⟩ ::= ⟨intboolrec⟩ ⟨data’⟩ | \(" ⟨data⟩ \)" ⟨data’⟩ | \(" ⟨data⟩ ⟨varexp⟩ \)" \−>" \(" ⟨data⟩ ⟨varexp⟩ \)" ⟨data’⟩ | \(" ⟨data⟩ ⟨varexp⟩ \)" \−>" ⟨data⟩ ⟨varexp⟩ ⟨data’⟩ ⟨data’⟩ ::= ⟨varexp⟩ \−>" ⟨data⟩ ⟨varexp⟩ ⟨data’⟩ | ⟨varexp⟩ \−>" \(" ⟨data⟩ ⟨varexp⟩ \)" ⟨data’⟩ | ϵ ⟨intboolrec⟩ ::= \int" | \bool" | \record" \(" ⟨varlist⟩ \)" | \(" ⟨intboolrec⟩ \)" ⟨varexp⟩ ::= \var" | \exp" | \(" ⟨varexp⟩ \)" ⟨type⟩ ::= ⟨data⟩ ⟨varexp⟩ | \(" ⟨type⟩ \)" ⟨varlist⟩ ::= ⟨decl⟩ ⟨vars⟩ ⟨decl⟩ ::= ⟨id⟩ \:" ⟨type⟩ ⟨vars⟩ ::= \," ⟨decl⟩ | ϵ

ÊåöÜëáéï 3

ÿëåãœïò ôýðùí

Óôï ðáñüí êåöÜëáéï ðåñéãñÜöïíôáé ç óçìáóéïëïãSSá ôýðùí ôçò ãëþóóáò Cantor êáé ï åëåãêôÞò ôýðùí ðïõ Ýœåé êáôáóêåõáóôåSS ìå âÜóç áõôÞ ôç óçìáóéïëïãSSá (ðáñÜãñáöïò 3.2). Êáèþò ç õëïðïSSçóç ôïõ åëåãêôÞ ôýðùí (áëëÜ êáé ôùí äéåñìçíÝá & ìåôáãëùôôéóôÞ üðùò èá äïýìå ðáñáêÜôù) œñçóéìïðïåSS ìïíÜäåò, ðñïçãåSSôáé óôçí ðáñÜãñáöï 3.1 ìéá óõíïðôéêÞ ðåñéãñáöÞ ôùí ìïíÜäùí.

3.1 MoíÜäåò

3.1.1 Oñéóìüò

Ïé ìïíÜäåò ìðïñïýí íá ïñéóôïýí åSSôå ìå áõóôçñÜ ìáèçìáôéêü ôñüðï ìÝóù ôçò èåùñSSáò êáôçãïñéþí [7], åSSôå ìÝóù ôçò óõíáñôçóéáêÞò ðñïóÝããéóçò ðïõ Ýœåé áêïëïõèÞóåé ï Wadler óôï [8]. Êáèþò óêïðüò ôçò ðáñïýóáò ðáñáãñÜöïõ åSSíáé ìüíï ç óõíïðôéêÞ ðåñéãñáöÞ ôùí ìïíÜäùí, þóôå íá äéåõêïëõíèåSS ç êáôáíüçóç ôùí õëïðïéÞóåùí ðïõ Ýœïõìå êÜíåé, ðáñáêÜôù ðáñáôSSèåôáé ìüíï ç óõíáñôçóéáêÞ ðñïóÝããéóç ôïõ ïñéóìïý ôçò ìïíÜäáò. O áíáãíþóôçò ìðïñåSS íá áíáôñÝîåé óôï [7] ãéá ìéá áíáëõôéêüôåñç åéóáãùãÞ óôéò ìïíÜäåò.

Ùò ìïíÜäá ïñSSæïõìå ìéá ôñéÜäá (M, unit, bind), ç ïðïSSá áðïôåëåSSôáé áðü Ýíáí type constructor Ì êáé äýï ðïëõìïñöéêÝò óõíáñôÞóåéò^1:

unit :: a -> M a bind :: M a -> (a -> M b) -> M b

ãéá ôéò ïðïSSåò ðñÝðåé íá éóœýïõí ïé ðáñáêÜôù óœÝóåéò, ãíùóôÝò êáé ùò íüìïé ôùí ìïíÜäùí (monad laws):

(unit a) ‘bind‘ k = k a m ‘bind‘ unit = m m ‘bind‘ (\a -> (k a) ‘bind‘ (\b -> h b)) = (m ‘bind‘ (\a -> k a)) ‘bind‘ (\b -> h b)

Ïé ôñåéò ðáñáðÜíù óœÝóåéò áíôéóôïéœïýí óôï áñéóôåñü ïõäÝôåñï óôïéœåSSï, óôï äåîSS ïõäÝôåñï óôïéœåSSï êáé óôçí ðñïóåôáéñéóôéêÞ éäéüôçôá.

ÄéáéóèçôéêÜ ìðïñåSS íá åéðùèåSS üôé ôï íüçìá ôçò unit v åSSíáé ç ìåôáôñïðÞ ìéáò ôéìÞò v::Value óå Ýíáí õðïëïãéóìü (computation) m :: M Value, åíþ ç óçìáóSSá ôçò

m ‘bind‘ (\v -> k)

åSSíáé êáôÜ óåéñÜ ç áðïôSSìçóç ôïõ m, ç áíÜèåóç ôïõ áðïôåëÝóìáôïò óôï v êáé ôÝëïò ç áðïôSSìçóç ôïõ k.

1 Œñçóéìïðïéïýìå ôïí óõìâïëéóìü ôçò ãëþóóáò Haskell ãéá óõíáñôÞóåéò êáé åêöñÜóåéò ëÜìâäá.

3.1.2 ÌïíÜäåò êáé Haskell

H Haskell ïñSSæåé ôçí Monad class, ç ïðïSSá ãéá ôçí óõíÜñôçóç unit œñçóéìïðïéåSS ôçí ïíïìáóSSá return, åíþ ãéá ôçí bind œñçóéìïðïéåSS ôï óýìâïëï >>=. ÅðéðëÝïí, ç Haskell ðáñÝœåé ôoí do-óõìâïëéóìü (do notation, [6, §3.14]), ðñïêåéìÝíïõ íá äéåõêïëýíåé ôçí œñÞóç ôùí ìïíÜäùí. ÿôóé ç Ýêöñáóç

m >>= (\a -> k a >>= (\b -> return (h b)))

ìðïñåSS íá ãñáöåSS êáé ùò:

do { a <- m ; b <- k a ; return (h b) }

Þ êÜíïíôáò œñÞóç ôçò óôïSSœéóçò (layout, [6, §2.7]):

do a <- m

b <- k a return (h b)

O do-óõìâïëéóìüò åSSíáé áõôüò ðïõ œñçóéìïðïéåSSôáé óôá áðïóðÜóìáôá êþäéêá ðïõ ðáñïõóéÜæïíôáé óôï õðüëoéðï ôçò åñãáóSSáò.

3.2 ÅëåãêôÞò ôýðùí

3.2.1 Oñéóìüò áðáñáSSôçôùí ìïíÜäùí

Ï åëåãêôÞò ôýðùí ðñÝðåé áöåíüò íá ìðïñåSS íá áíôéóôïéœåSS Ýíáí ôýðï óå êÜèå áíáãíùñéóôéêü ðïõ óõíáíôÜ (óôáôéêü ðåñéâÜëëïí), áöåôÝñïõ íá Ýœåé ôç äõíáôüôçôá üôáí åíôïðSSóåé êÜðïéï ëÜèïò íá ôõðþíåé ôï êáôÜëëçëï ìÞíõìá. Ùò åê ôïýôïõ, åSSíáé áíáãêáSSï íá ïñéóôïýí ïé êáôÜëëçëåò ìïíÜäåò, äçë. ìéá ìïíÜäá œåéñéóìïý ëáèþí êáé ìéá ìïíÜäá ðåñéâÜëëïíôïò. ÅðéðëÝïí, èá ðñÝðåé ïé ìïíÜäåò áõôÝò íá ìðïñïýí íá óõíäõáóôïýí ìåôáîý ôïõò. ÿôóé, üðùò ðåñéãñÜöåôáé óôï [9], ïñSSæïõìå ìéá ôáõôïôéêÞ ìïíÜäá (Id), êáé äýï ìåôáóœçìáôéóôÝò ìïíÜäùí ErrorT êáé EnvT.

O oñéóìüò ôçò ôáõôïôéêÞò ìïíÜäáò åSSíáé áðëüò:

newtype Id a = MkId a

instance Monad Id where

return = MkId MkId m >>= k = k m

Ðñïœùñþíôáò óôç ìïíÜäá œåéñéóìïý ëáèþí, ïñSSæïõìå ôïí ôýðï Error:

data Error a = Ok a | Error String

ìå ôï String íá áíôéóôïéœåSS óôï åêÜóôïôå ìÞíõìá ëÜèïõò. Eí óõíåœåSSá ïñSSæïõìå ôï ìåôáóœçìáôéóôÞ ìïíÜäáò ÅrrorÔ, ï ïðïSSïò áíÞêåé óôçí class Monad êáé ãéá ôïí ïðïSSïí ïñSSæïíôáé oé óõíáñôÞóåéò return êáé >>=:

newtype ErrorT m a = MkErrT {fromErrT :: m (Error a) }

instance Monad m => Monad (ErrorT m) where

return a = MkErrT (return (Ok a)) MkErrT m >>= k = MkErrT (m >>= r) where r (Error s) = return (Error s) r (Ok x) = fromErrT (k x)

ÏñSSæïõìå áêüìç ôçí class ErrMonad, ç ïðïSSá Ýœåé ìïíáäéêü ìÝëïò ôç óõíÜñôçóç err, ðïõ èá êáëåSSôáé áðü ôïí åëåãêôÞ ôýðùí üôáí åíôïðSSæåôáé ëÜèïò. Káèéóôïýìå ôï ErrorT ìÝëïò ôçò class ErrMonad:

class Monad m => ErrMonad m where

err :: String -> m a

instance Monad m => ErrMonad (ErrorT m) where

err s = MkErrT (return (Error s))

TÝëïò, áêïëïõèþíôáò ðÜíôá ôï [9], åSSíáé áðáñáSSôçôï ãéá êÜèå ìåôáóœçìáôéóôÞ ìïíÜäáò t íá ïñéóôåSS ç óõíÜñôçóç lift :: m a -> t m a, üðïõ m ìïíÜäá. Ãéá ôï óêïðü áõôü ïñSSæïõìå ôçí class MonadT, ìå ìïíáäéêü ìÝëïò ôç óõíÜñôçóç lift, êáé êáèéóôïýìå ôï ErrorT ìÝëïò ôçò class áõôÞò. Óçìåéþíïõìå åäþ üôé ç óõíÜñôçóç map_m ðïõ œñçóéìïðïéåSSôáé óôï [9] ãéá ôïí ïñéóìü ôçò lift, ðáñÝœåôáé áðü ôï Monad module ôçò Haskell ìå ôçí ïíïìáóSSá liftM.

class MonadT t where

lift :: Monad m => m a -> t m a

instance MonadT ErrorT where

lift = MkErrT . liftM Ok

Ìå åíôåëþò ðáñüìïéï ôñüðï ïñSSæïõìå êáé ôç ìïíÜäá œåéñéóìïý ðåñéâÜëëïíôïò, ôçí ïðïSSá ïíïìÜæïõìå EnvT, êáé ôçí class EnvMonad, ìå ìÝëç ôéò óõíáñôÞóåéò rdEnv :: m env (åðéóôñÝöåé ôï ôñÝœïí ðåñéâÜëëïí) êáé inEnv :: env -> m a -> m a (áðïôéìÜ^2 ôï äåýôåñï üñéóìÜ ôçò œñçóéìïðïéþíôáò ùò ðåñéâÜëëïí ôï ðñþôï ïñéóìÜ ôçò).

newtype EnvT env m a = EnvT {fromEnvT :: env -> m a}

instance Monad m => Monad (EnvT env m) where

return a = EnvT (\e -> return a) EnvT m >>= k = EnvT (\e -> do a <- m e fromEnvT (k a) e)

class Monad m => EnvMonad env m where

rdEnv :: m env inEnv :: env -> m a -> m a

instance Monad m => EnvMonad env (EnvT env m) where

rdEnv = EnvT (\r -> return r) inEnv env m = EnvT (\env’ -> fromEnvT m env)

instance MonadT (EnvT env) where

lift c = EnvT (\env -> c)

3.2.2 Ïñéóìüò ôýðùí

ÌåôáöÝñïíôáò ìå åíôåëþò åõèý ôñüðï ôçí áöçñçìÝíç óýíôáîç ðïõ ïñSSóôçêå óôçí § 2.2.1, êáé áíôéóôïéœSSæïíôáò ôá ìç ôåñìáôéêÜ óýìâïëá ⟨expr⟩, ⟨unop⟩, ⟨binop⟩, ⟨data⟩, ⟨type⟩, ⟨mode⟩ óôïõò ôýðïõò Expr, UnOp, BinOp, Data, Type êáé Mode ïñSSæïõìå ôïõò ðáñáêÜôù ôýðïõò:

type I = String

2 Óùóôüôåñá åðéóôñÝöåé Ýíáí õðïëïãéóìü (computation) ðïõ áíôéóôïéœåSS óå áõôÞ ôçí áðïôSSìçóç.

data Expr = Con Int --óôáèåñÜ ôýðïõ Int | MyTrue --óôáèåñÜ ôýðïõ bool | MyFalse | Ide I --áíáãíùñéóôéêü | Unexp UnOp Expr --unary Ýêöñáóç (neg Þ not) | Bexp BinOp Expr Expr --binary Ýêöñáóç | If Expr Expr Expr --åíôïëÞ óõíèÞêçò | Var I Data Expr --äÞëùóç ôïðéêÞò ìåôáâëçôÞò | Deref Expr --ðñüóâáóç óôçí ôéìÞ ìåôáâëçôÞò | Assign Expr Expr --áíÜèåóç ôéìÞò óå ìåôáâëçôÞ | Lam Mode I Type Expr --ëÜìäá Ýêöñáóç | Call Expr Expr --êëÞóç óõíÜñôçóçò | MyRec Expr --áíáäñïìÞ | RecAccess Expr I --ðñüóâáóç óå ðåäSSï record | RecExtend Expr I Expr --åðÝêôáóç record | Empty --êåíü record deriving Show

data UnOp = Not | Neg deriving (Eq, Show)

data BinOp = Plus | Minus | Mul | Div | Mod | Eq’ | Ne | Gt | Lo | Ge | Le | And | Or | Semicolon deriving (Eq, Show)

data Data = MyInt | MyBool | Func Type Type | Recor [(I, Type)] deriving (Eq, Show)

data Type = Exp Data | Vari Data deriving (Eq, Show)

data Mode = BV --êëÞóç ìå ôéìÞ (call-by-value) | BN --êëÞóç ìå üíïìá (call-by-name) deriving Show

Óçìåéþíïõìå åäþ, üôé ç Ýíôáîç ôïõ ôýðïõ Data óôçí class Eq, óõíåðÜãåôáé üôé ôá ìÝëç ôçò ëSSóôáò [(I, Type)] ôïõ data constructor Recor åSSíáé ôáîéíïìçìÝíá ùò ðñïò ôï ðåäSSï É. Áõôü ãSSíåôáé ìüíï åóùôåñéêÜ ãéá ëüãïõò äéåõêüëõíóçò ôçò õëïðïSSçóçò ôïõ åëåãêôÞ ôýðùí, êáé äåí áëëÜæåé üóá ïñSSóáìå óôçí ðáñÜãñáöï 2.1.2, óýìöùíá ìå ôá ïðïSSá ôá records åSSíáé óýíïëá ìç äéáôåôáãìÝíùí ðåäSSùí.

3.2.3 ÔõðéêÞ óçìáóéïëïãSSá êáé åëåãêôÞò ôýðùí

ÌåôÜ ôïí ïñéóìü ôùí áðáñáSSôçôùí ìïíÜäùí êáé âïçèçôéêþí ôýðùí, åSSìáóôå Ýôïéìïé íá ðñïœùñÞóïõìå óôçí õëïðïSSçóç ôïõ êõñSSùò åëåãêôÞ ôýðùí. Ï Ýëåãœïò ôýðùí åêôåëåSSôáé áðü ôç óõíÜñôçóç

gettype :: Expr -> Typecheck Type üðïõ Typecheck êáôÜëëçëç ìïíÜäá, êáé ðéï óõãêåêñéìÝíá type Typecheck a = EnvT StaticEnv (ErrorT Id) a ìå type StaticEnv = I -> Maybe Type

ÂëÝðïõìå üôé ç ìïíÜäá ðïõ œñçóéìïðïéïýìå åSSíáé óýíèåóç ôçò ìïíÜäáò ðåñéâÜëëïíôïò EnvT êáé ôçò ìïíÜäáò äéáœåSSñéóçò ëáèþí ErrorT. Ãéá íá ìðïñïýìå ùóôüóï íá êáëïýìå ôç óõíÜñôçóç err ôçò ìïíÜäáò äéáœåSSñéóçò ëáèþí, áíáãêáSSá ðñïûðüèåóç åSSíáé íá êÜíïõìå ôçí ðáñáêÜôù äÞëùóç:

instance ErrMonad m => ErrMonad (EnvT StaticEnv m) where err = lift . err Ðñéí ðñïœùñÞóïõìå óôçí ôõðéêÞ óçìáóéïëïãSSá ôçò Cantor, åSSíáé áðáñáSSôçôï íá ïñSSóïõìå ôá óôáôéêÜ óýíïëá (static domains): τ : TypeDat = int | bool | func(θ_1, θ_2) | record [(I, θ)] θ : TypePhr = exp(τ) | var(τ) e : TypeEnv = Ide → TypePhr ⊕ U üðïõ Ide ôï óýíïëï ôùí áíáãíùñéóôéêþí, êáé U ôï óýíïëï ìå ìïíáäéêü óôïéœåSSï ôï ⊥. Óôá ðåäSSá τ, θ êáé e áíôéóôïéœïýí ïé ôýðïé Data, Type êáé StaticEnv ðïõ ïñSSóáìå ðáñáðÜíù, äçëáäÞ ïé ôýðïé äåäïìÝíùí, öñÜóåùí êáé óôáôéêïý ðåñéâÜëëïíôïò. ÿóôù åðSSóçò ïé óõíáñôÞóåéò

{|⟨id⟩|} : Ide {|⟨data⟩|} : TypeDat {|⟨type⟩|} : TypePhr ðïõ áðåéêïíSSæïõí ôá óõíôáêôéêÜ óýíïëá ôùí áíáãíùñéóôéêþí, ôýðùí äåäïìÝíùí êáé ôýðùí öñÜóåùí óôá áíôSSóôïéœá óôáôéêÜ óýíïëá.

• Ãéá óôáèåñÝò ôýðïõ int êáé bool éóœýïõí ïé ðáñáêÜôù êáíüíåò ôýðùí: e ⊢ ⟨n⟩ : exp(int) e ⊢ true : exp(bool) e ⊢ false : exp(bool) ïé ïðïSSïé ìåôáöñÜæïíôáé ìå åõèý ôñüðï óôïí ðáñáêÜôù êþäéêá Haskell: gettype (Con n) = return (Exp MyInt) gettype MyTrue = return (Exp MyBool) gettype MyFalse = return (Exp MyBool) • ÁíáãíùñéóôéêÜ: Id = {|⟨id⟩|} e Id = inl θ e ⊢ ⟨id⟩ : θ Êþäéêáò Haskell:

gettype (Ide i) = do e <- rdEnv case e i of

Just t -> return t Nothing -> err ("unbound variable: " ++ i)

Ðáñáôçñïýìå üôé ï ðáñáðÜíù êþäéêáò êáëåSS ôçí rdEnv ç ïðïSSá åðéóôñÝöåé ôï ôñÝœïí ðåñéâÜëëïí. Óå ðåñSSðôùóç ðïõ äåí õðÜñœåé ôï áíáãíùñéóôéêü \i" óôï ðåñéâÜëëïí áõôü, êáëåSSôáé ç err ìå üñéóìá ôï êáôÜëëçëï ìÞíõìá ëÜèïõò. Áîéïðïéïýíôáé Ýôóé ïé ìïíÜäåò ðïõ ïñSSóáìå óôçí § 3.2.1.

• ÅêöñÜóåéò neg êáé not: e ⊢ ⟨expr⟩ : exp(bool) e ⊢ not ⟨expr⟩ : exp(bool) e ⊢ ⟨expr⟩ : exp(int) e ⊢ neg ⟨expr⟩ : exp(int) Êþäéêáò Haskell:

gettype (Unexp Not e) = do t <- gettype e case t of Exp MyBool -> return t _ -> err ("not: argument should be boolean") gettype (Unexp Neg e) = do t <- gettype e case t of Exp MyInt -> return t _ -> err ("neg: argument should be integer")

• ÄõáäéêÝò åêöñÜóåéò ìå Ýíáí áðü ôïõò ôåëåóôÝò +, −, ∗, /, %: Ôá ïñSSóìáôÜ ôïõò üðùò êáé ôá áðïôåëÝóìáôÜ ôïõò ðñÝðåé íá åSSíáé ôýðïõ exp(int), ïðüôå ðñïêýðôïõí ïé ðáñáêÜôù êáíüíåò ôýðùí: e ⊢ ⟨expr⟩_1 : exp(int) e ⊢ ⟨expr⟩_2 : exp(int) e ⊢ ⟨expr⟩_1 + ⟨expr⟩_2 : exp(int) e ⊢ expr_1 : exp(int) e ⊢ ⟨expr⟩_2 : exp(int) e ⊢ ⟨expr⟩_1 − ⟨expr⟩_2 : exp(int) e ⊢ ⟨expr⟩_1 : exp(int) e ⊢ ⟨expr⟩_2 : exp(int) e ⊢ ⟨expr⟩_1 ∗ ⟨expr⟩_2 : exp(int) e ⊢ ⟨expr⟩_1 : exp(int) e ⊢ ⟨expr⟩_2 : exp(int) e ⊢ ⟨expr⟩_1/⟨expr⟩_2 : exp(int) e ⊢ ⟨expr⟩_1 : exp(int) e ⊢ ⟨expr⟩_2 : exp(int) e ⊢ ⟨expr⟩_1%⟨expr⟩_2 : exp(int) O áíôSSóôïéœïò êþäéêáò óå Haskell åSSíáé:

gettype (Bexp Plus e1 e2) = do t1 <- gettype e1 case t1 of

Exp MyInt ->

do t2 <- gettype e2 case t2 of Exp MyInt -> return (Exp MyInt) _ -> err ("+ : illegal type") _ -> err ("+ : illegal type")

O êþäéêáò åSSíáé áíôSSóôïéœïò êáé ãéá ôïõò ôåëåóôÝò −, ∗, / êáé % (Minus, Mul, Div êá Mod áíôSSóôïéœá).

• ÄõáäéêÝò åêöñÜóåéò ìå Ýíáí áðü ôïõò ôåëåóôÝò and êáé or: Óå áõôÞí ôçí ðåñSSðôùóç ïñSSóìáôá êáé áðïôåëÝóìáôá ðñÝðåé íá åSSíáé ôýðïõ exp(bool). Êáíüíåò ôýðùí: e ⊢ ⟨expr⟩_1 : exp(bool) e ⊢ ⟨expr⟩_2 : exp(bool) e ⊢ ⟨expr⟩_1 and ⟨expr⟩_2 : exp(bool) e ⊢ ⟨expr⟩_1 : exp(bool) e ⊢ ⟨expr⟩_2 : exp(bool) e ⊢ ⟨expr⟩_1 or ⟨expr⟩_2 : exp(bool) Êþäéêáò Haskell:

gettype (Bexp And e1 e2) = do t1 <- gettype e1 case t1 of

Exp MyBool -> do t2 <- gettype e2 case t2 of Exp MyBool -> return (Exp MyBool) _ -> err ("and: illegal type") _ -> err ("and: illegal type")

ÁíôSSóôïéœïò åSSíáé ï êþäéêáò ãéá ôïí ôåëåóôÞ or (Or).

• ÄõáäéêÝò åêöñÜóåéò ìå Ýíáí áðü ôïõò ôåëåóôÝò <=, >=, <, > : Tá ïñSSóìáôá ðñÝðåé íá åSSíáé ôýðïõ exp(int), ï ôýðïò üìùò üëçò ôçò Ýêöñáóçò åSSíáé exp(bool). Êáíüíåò ôýðùí: e ⊢ ⟨expr⟩_1 : exp(int) e ⊢ ⟨expr⟩_2 : exp(int) e ⊢ ⟨expr⟩_1 <= ⟨expr⟩_2 : exp(bool) e ⊢ ⟨expr⟩_1 : exp(int) e ⊢ ⟨expr⟩_2 : exp(int) e ⊢ ⟨expr_1⟩ >= ⟨expr⟩_2 : exp(bool) e ⊢ ⟨expr⟩_1 : exp(int) e ⊢ ⟨expr⟩_2 : exp(int) e ⊢ ⟨expr⟩_1 < ⟨expr⟩_2 : exp(bool) e ⊢ ⟨expr⟩_1 : exp(int) e ⊢ ⟨expr⟩_2 : exp(int) e ⊢ ⟨expr⟩_1 > ⟨expr⟩_2 : exp(bool) Êþäéêáò åëåãêôÞ ôýðùí:

gettype (Bexp Le e1 e2) = do t1 <- gettype e1 case t1 of Exp MyInt ->

do t2 <- gettype e2 case t2 of

Exp MyInt -> return (Exp MyBool) _ -> err ("<= : illegal type") _ -> err ("<= : illegal type")

Ðáñüìïéoò åSSíáé ï êþäéêáò ãéá ôïõò ôåëåóôÝò >=, < êáé > (Ge, Lo êáé Gt áíôSSóôïéœá).

• ÄõáäéêÝò åêöñÜóåéò óýãêñéóçò == êáé != : Åäþ ï ôýðïò ôçò Ýêöñáóçò åSSíáé exp(bool), ï ôýðïò ôùí ïñéóìÜôùí üìùò ìðïñåSS íá åSSíáé åSSôå exp(int) åSSôå exp(bool), ìå ôçí ðñïûðüèåóç üôé ôá äýï ïñSSóìáôá ðñÝðåé íá Ýœïõí ôïí SSäéï ôýðï. Êáíüíåò ôýðùí:

e ⊢ ⟨expr⟩_1 : exp(int) e ⊢ ⟨expr⟩_2 : exp(int) e ⊢ ⟨expr⟩_1 == ⟨expr⟩_2 : exp(bool) e ⊢ ⟨expr⟩_1 : exp(bool) e ⊢ ⟨expr⟩_2 : exp(bool) e ⊢ ⟨expr⟩_1 == ⟨expr⟩_2 : exp(bool) e ⊢ ⟨expr⟩_1 : exp(int) e ⊢ ⟨expr⟩_2 : exp(int) e ⊢ ⟨expr⟩_1!= ⟨expr⟩_2 : exp(bool) e ⊢ ⟨expr⟩_1 : exp(bool) e ⊢ ⟨expr⟩_2 : exp(bool) e ⊢ ⟨expr⟩_1!= ⟨expr⟩_2 : exp(bool) Kþäéêáò Haskell:

gettype (Bexp Eq’ e1 e2) = do t1 <- gettype e1 t2 <- gettype e2 case (t1, t2) of (Exp MyInt, Exp MyInt) -> return (Exp MyBool) (Exp MyBool, Exp MyBool) -> return (Exp MyBool) _ -> err ("== : illegal type")

ÐáñáëåSSðåôáé ï êþäéêáò ðïõ áíôéóôïéœåSS óôïí ôåëåóôÞ != (Ne), ðïõ åSSíáé åíôåëþò ðáñüìïéïò.

• ÄõáäéêÞ Ýêöñáóç ìå ôïí ôåëåóôÞ \;" : Óôçí ðñïêåéìÝíç ðåñSSðôùóç, äåí õðÜñœåé ðåñéïñéóìüò ãéá ôïí ôýðï ôùí äýï ïñéóìÜôùí (åêôüò öõóéêÜ üôé ðñÝðåé íá åSSíáé êÜðïéïò ôýðïò öñÜóçò θ ∈ TypePhr). Ï ôýðïò ôçò Ýêöñáóçò åSSíáé ï ôýðïò ôïõ äåýôåñïõ ïñSSóìáôïò. Êáíüíáò ôýðùí: e ⊢ ⟨expr⟩_1 : θ_1 e ⊢ ⟨expr⟩_2 : θ_2 e ⊢ ⟨expr⟩_1 ; ⟨expr⟩_2 : θ_2 Kþäéêáò Haskell:

gettype (Bexp Semicolon e1 e2) = do _ <- gettype e1 t2 <- gettype e2 return t2

• ÅíôïëÞ óõíèÞêçò: Ç Ýêöñáóç ðïõ áêïëïõèåSS ôï if ðñÝðåé ðñïöáíþò íá åSSíáé ôýðïõ exp(bool), åíþ ïé åêöñÜóåéò ðïõ áêïëïõèïýí ôá then êáé else ðñÝðåé íá Ýœïõí ôïí SSäéï ôýðï θ ∈ TypePhr, o ïðïSSïò èá åSSíáé êáé ï ôýðïò üëçò ôçò Ýêöñáóçò. Êáíüíáò ôýðùí: e ⊢ ⟨expr⟩_1 : exp(bool) e ⊢ ⟨expr⟩_2 : θ e ⊢ ⟨expr⟩_3 : θ e ⊢ if ⟨expr⟩_1 then ⟨expr⟩_2 else ⟨expr⟩_3 : θ Êþäéêáò Haskell:

gettype (If e1 e2 e3) = do t1 <- gettype e1 case t1 of Exp MyBool ->

do t2 <- gettype e2 t3 <- gettype e3 if t2==t3 then return t3 else err("if : illegal types") _ -> err ("if : boolean expression expected")

• ËÜìâäá åêöñÜóåéò: Ç äÞëùóç ôçò ðáñáìÝôñïõ ðñÝðåé íá áêïëïõèåSSôáé áðü êÜðïéïí ôýðï öñÜóçò θ_1, êáé áí, ìåôÜ ôçí êáôÜëëçëç åðÝêôáóç ôïõ óôáôéêïý ðåñéâÜëëïíôïò^3, θ_2 åSSíáé ï ôýðïò ðïõ ðñïêýðôåé ãéá ôï ńóþìáż ôçò Ýêöñáóçò ëÜìâäá, ôüôå ï ôýðïò üëçò ôçò Ýêöñáóçò åSSíáé exp(func(θ_1, θ_2)). Óçìåéþíïõìå åäþ üôé ï ôñüðïò êëÞóçò (ìå ôéìÞ Þ ìå üíïìá) åSSíáé áäéÜöïñïò êáôÜ ôïí Ýëåãœï ôýðùí, êáèþò õðÜñœåé Ýíáò êáé ìüíï ôýðïò óõíÜñôçóçò. Êáíüíáò ôýðùí: Id = {|⟨id⟩|} θ_1 = {|⟨type⟩|} e{Id → θ_1} ⊢ ⟨expr⟩ : θ_2 e ⊢ lambda ⟨mode⟩ ⟨id⟩ : ⟨type⟩.⟨expr⟩ : exp(func(θ_1, θ_2)) Êþäéêáò Haskell:

gettype (Lam m x t v)= do e <- rdEnv t2 <- inEnv (extendEnv e (x, t)) (gettype v) return (Exp (Func t t2))

Ç âïçèçôéêÞ óõíÜñôçóç extendEnv ïñSSæåôáé ùò åîÞò:

extendEnv :: StaticEnv -> (I, Type) -> StaticEnv extendEnv e (i, t) = \i’ -> if i==i’ then Just t else e i’

• ÊëÞóç óõíÜñôçóçò:

Êáíüíáò ôýðùí: e ⊢ ⟨expr⟩_1 : exp(func(θ_1, θ_2)) e ⊢ ⟨expr⟩_2 : θ_1 e ⊢ ⟨expr⟩_1 ⟨expr⟩_2 : θ_2 Êþäéêáò Çaskell:

gettype (Call f u) = do t1 <- gettype f

case t1 of Exp (Func x y) -> do t2 <- gettype u

if t2 == x then return y else err ("call : illegal type of argument") _ -> err("call: " ++ show f ++ " not a function")

• ÄÞëùóç ôïðéêÞò ìåôáâëçôÞò: Ôï üíïìá ôçò ìåôáâëçôÞò ðñÝðåé íá áêïëïõèåSSôáé áðü Ýíá íüìéìï ôýðï äåäïìÝíùí τ, åíþ ôï óôáôéêü ðåñéâÜëëïí åíçìåñþíåôáé êáôÜëëçëá üðùò óôçí ðåñSSðôùóç ôùí åêöñÜóåùí ëÜìâäá. Êáíüíáò ôýðùí: Id = {|⟨id⟩|} τ = {|⟨data⟩|} e{Id → var(τ)} ⊢ ⟨expr⟩ : θ e ⊢ var ⟨id⟩ : ⟨data⟩ in ⟨expr⟩ : θ Êþäéêáò Haskell:

3 O óõìâïëéóìüò e{Id → θ} œñçóéìïðïéåSSôáé ãéá íá óõìâïëSSóåé ôçí åðÝêôáóç ôïõ õðÜñœïíôïò ðåñéâÜëëïíôïò e ìå ôçí áíôéóôïSSœéóç ôïõ ôýðïõ θ óôï áíáãíùñéóôéêü Id.

gettype (Var i d exp) = do e <- rdEnv inEnv (extendEnv e (i, Vari d)) (gettype exp)

• Ðñüóâáóç óôçí ôéìÞ ôïðéêÞò ìåôáâëçôÞò: Ôï üñéóìá ôïõ ôåëåóôÞ deref èá ðñÝðåé íá Ýœåé ôýðï var(τ), ìå τ ∈ TypeDat. O ôýðïò üëçò ôçò Ýêöñáóçò èá åSSíáé ôüôå exp(τ). Êáíüíáò ôýðùí: e ⊢ ⟨expr⟩ : var(τ) e ⊢ deref ⟨expr⟩ : exp(τ) Êþäéêáò Çaskell:

gettype (Deref exp) = do i <- gettype exp case i of

Vari t -> return (Exp t) _ -> err ("deref: illegal argument")

• AíÜèåóç ôéìÞò óå ôïðéêÞ ìåôáâëçôÞ: To ðñþôï ôåëïýìåíï ôïõ ôåëåóôÞ := èá ðñÝðåé íá Ýœåé ôýðï var(τ) êáé ôï äåýôåñï exp(τ), åíþ üëç ç Ýêöñáóç èá Ýœåé ôýðï exp(τ). Ï êáíüíáò ôýðùí ðïõ ðñïêýðôåé åSSíáé ï: e ⊢ ⟨expr⟩_1 : var(τ) e ⊢ ⟨expr⟩_2 : exp(τ) e ⊢ ⟨expr⟩_1 := ⟨expr⟩_2 : exp(τ) Ï áíôSSóôïéœïò êþäéêáò ôïõ åëåãêôÞ ôýðùí Ýœåé ùò åîÞò:

gettype (Assign exp1 exp2) = do i <- gettype exp1 case i of Vari t ->

do t1 <- gettype exp2

if t1 == Exp t then return t1 else err ("assignment: illegal rvalue") _ -> err ("assignment: illegal lvalue")

• ÁíáäñïìÞ rec ⟨expr⟩ : Áðáéôïýìå ôï ⟨expr⟩ íá Ýœåé ôýðï exp(func(θ, θ)). Ôüôå üëç ç Ýêöñáóç èá Ýœåé ôýðï θ. Êáíüíáò ôýðùí: e ⊢ ⟨expr⟩ : exp(func(θ, θ)) e ⊢ rec (⟨expr⟩) : θ) Êþäéêáò Haskell:

gettype (MyRec e) = do t <- gettype e case t of

Exp (Func x y) -> if x==y then return x else err ("rec: illegal type") _ -> err ("rec: illegal type")

• Êåíü record (empty): ÿœåé ôýðï exp(record[]). Ìå [] óõìâïëSSæïõìå ôçí êåíÞ ëSSóôá.

Êáíüíáò ôýðùí: e ⊢ empty : exp(record []) Êþäéêáò Haskell:

gettype Empty = return (Exp (Recor []))

• ÅðÝêôáóç record ⟨expr_1⟩[⟨id⟩ := ⟨expr_2⟩] : Áðáéôïýìå ç expr_1 íá Ýœåé ôýðï exp(record π) êáé ç ëSSóôá π íá ìçí ðåñéÝœåé æåýãïò ìå ðñþôï ìÝëïò ôï áíáãíùñéóôéêü ⟨id⟩. Aí éóœýïõí ïé ðñïûðïèÝóåéò áõôÝò, êé áí õðïèÝóïõìå üôé ç expr_2 Ýœåé ôýðï θ ∈ TypePhr, ôüôå üëç ç Ýêöñáóç èá Ýœåé ôýðï exp(record π^′). H ëSSóôá π^′ ðñïêýðôåé áí ðñïóèÝóïõìå óôçí π ôï æåýãïò (⟨id⟩, θ), äéáôçñþíôáò üìùò ôç ëSSóôá ôáîéíïìçìÝíç ùò ðñïò ôï ðñþôï óôïéœåSSï êÜèå æåýãïõò^4. Ç ôáîéíüìçóç åSSíáé áíáãêáSSá, þóôå äýï records ðïõ Ýœïõí áêñéâþò ôá SSäéá ðåäSSá (ùò ðñïò ôï üíïìÜ ôïõò êáé ùò ðñïò ôïí ôýðï ôïõò), áëëÜ ìå äéáöïñåôéêÞ äéÜôáîç, íá Ýœïõí ôïí SSäéï ôýðï. Êáíüíáò ôýðùí: e ⊢ ⟨expr⟩_1 : exp(record π) Id = {|⟨id⟩|} (Id, θ^′) ∉ π e ⊢ ⟨expr⟩_2 : θ π^′ = (Id, θ) →_s π e ⊢ ⟨expr⟩_1[⟨id⟩ := ⟨expr⟩_2] : exp(record π^′) Êþäéêáò Haskell:

gettype (RecExtend exp1 id exp2)

= do r <- gettype exp1

case r of Exp (Recor pi)

-> case lookup id pi of Just d -> err ("record extension: field already exists") Nothing -> do t <- gettype exp2

return (Exp (Recor (a ++ [(id, t)] ++ b))) where (a,b) = span ((< id).fst) pi _ -> err ("record extension: not a record")

• Ðñüóâáóç óå ðåäSSï record ⟨expr⟩ :: ⟨id⟩ : ÐñÝðåé ôï ⟨expr⟩ íá åSSíáé ôýðïõ exp(record π) êáé ôï áíáãíùñéóôéêü ⟨id⟩ íá õðÜñœåé óôç ëSSóôá π ìáæSS ìå ôïí ôýðï ôïõ, θ ∈ TypePhr. O ôýðïò üëçò ôçò Ýêöñáóçò åSSíáé θ. Êáíüíáò ôýðùí: e ⊢ ⟨expr⟩ : exp(record π) Id = {|⟨id⟩|} (Id, θ) ∈ π e ⊢ ⟨expr⟩ :: ⟨id⟩ : θ Êþäéêáò Haskell:

gettype (RecAccess exp i)

= do r <- gettype exp

case r of 4 Ï óõìâïëéóìüò →_s œñçóéìïðïéåSSôáé ãéá ôçí åéóáãùãÞ óôïéœåSSïõ óå ôáîéíïìçìÝíç ëSSóôá.

Exp (Recor l) ->

let v = lookup i l in case v of Just t -> return t Nothing ->err ("record access: no field "++ i) _ -> err ("record access: not a record")

ÊåöÜëáéï 4

ÄõíáìéêÞ óçìáóéïëïãSSá êáé äéåñìçíÝáò

Óêïðüò ôïõ êåöáëáSSïõ áõôïý åSSíáé íá ðåñéãñÜøåé ôçí õëïðïSSçóç ôïõ äéåñìçíÝá (interpreter) ôçò ãëþóóáò Cantor. ÏñSSæåé åðSSóçò ôç äõíáìéêÞ óçìáóéïëïãSSá ôçò ãëþóóáò, óôçí ïðïSSá âáóSSæåôáé ï äéåñìçíÝáò.

4.1 Ïñéóìüò ìïíÜäùí

źäç áðü ôï ÊåöÜëáéï 3 Ýœïõìå ïñSSóåé ìéá ìïíÜäá œåéñéóìïý ëáèþí êáé ìéá ìïíÜäá äéáœåSSñéóçò ðåñéâÜëëïíôïò. Ç ôåëåõôáSSá œñçóéìïðïéÞèçêå ãéá ôç äéáœåSSñéóç ôïõ óôáôéêïý ðåñéâÜëëïíôïò êáôÜ ôç äéÜñêåéá åëÝãœïõ ôýðùí, êáé èá œñçóéìïðïéçèåSS êáé áðü ôï äéåñìçíÝá, ãéá ôç äéáœåSSñéóç ôïõ äõíáìéêïý ðåñéâÜëëïíôïò áõôÞ ôç öïñÜ. Êáèþò üìùò ç ãëþóóá Cantor äéáèÝôåé ôïðéêÝò ìåôáâëçôÝò ìå äõíáôüôçôá áíÜèåóçò ôéìþí óå áõôÝò, åSSíáé áðáñáSSôçôï ï äéåñìçíÝáò íá ìðïñåSS íá õðïóôçñSSîåé áõôü ôï œáñóêôçñéóôéêü. Ãéá ôï óêïðü áõôü èá ïñSSóïõìå êáé ìéá ìïíÜäá êáôÜóôáóçò (state monad), áêïëïõèþíôáò ôï [9].

ÊáôáñœÞí, ïñSSæïõìå ôïí ôýðï StateT, ðïõ åSSíáé Ýíáò ìåôáóœçìáôéóôÞò ìïíÜäáò ðïõ ðñïóèÝôåé äõíáôüôçôåò œåéñéóìïý êáôÜóôáóçò óå ìéá ïðïéáäÞðïôå ìïíÜäá m:

newtype StateT s m a = StateT { runStateT :: s -> m (a, s)}

Óôç óõíÝœåéá, äçëþíïõìå üôé ôï StateT áíÞêåé óôçí class Monad êáé óôçí class MonadT, êáé ïñSSæïõìå ôéò áðáñáSSôçôåò óõíáñôÞóåéò return, >>= êáé lift.

instance Monad m => Monad (StateT s m) where

return a = StateT (\s -> return (a, s)) StateT m >>= k = StateT (\s0 -> do (a, s1) <- m s0 runStateT (k a) s1)

instance MonadT (StateT s) where

lift c = StateT (\s -> do {x <- c; return (x, s)})

Êáôüðéí ïñSSæïõìå ìéá íÝá class StateMonad, ìå ìÝëç ôéò óõíáñôÞóåéò fetch (åðéóôñÝöåé ôçí ôñÝœïõóá êáôÜóôáóç) êáé update (ðáSSñíåé ùò üñéóìá ìéá óõíÜñôçóç ôçí ïðïSSá åöáñìüæåé óôçí ôñÝœïõóá êáôÜóôáóç). Äçëþíïõìå üôé ôï StateT áíÞêåé óôçí class áõôÞ êáé ïñSSæïõìå ôéò áíôSSóôïéœåò óõíáñôÞóåéò:

class Monad m => StateMonad s m where

fetch :: m s update :: (s -> s) -> m ()

instance Monad m => StateMonad s (StateT s m) where

fetch = StateT (\s -> return (s,s)) update f = StateT (\s -> return ((), f s))

TÝëïò ïñSSæïõìå ôá áðáñáSSôçôá liftings:

instance ErrMonad m => ErrMonad (StateT s m) where

err = lift . err

instance ErrMonad m => ErrMonad (EnvT Env m) where

err = lift . err

instance StateMonad s m => StateMonad s (EnvT Env m) where

fetch = lift fetch update = lift . update

4.2 Ïñéóìüò óõíüëùí êáé ôýðùí

ÿóôù E ç óõíÜñôçóç áðïôSSìçóçò (evaluation) ôïõ äéåñìçíÝá, ç ïðïSSá äÝœåôáé ùò üñéóìáôá åêöñÜóåéò (expressions) êáé åðéóôñÝöåé õðïëïãéóìïýò (computations). Áí ïíïìÜóïõìå Value ôï óýíïëï óôï ïðïSSï èá áíÞêïõí ôá áðïôåëÝóìáôá{ôéìÝò áõôþí ôùí õðïëïãéóìþí, ï ôýðïò ôçò E èá åSSíáé E : Expr → Compute Value üðïõ Compute ìéá êáôÜëëçëá ïñéóìÝíç ìïíÜäá. Ôï óýíïëï Value èá ðåñéëáìâÜíåé áêåñáSSïõò áñéèìïýò (óýíïëï N), ëïãéêÝò (boolean) óôáèåñÝò (óýíïëï T), óõíáñôÞóåéò (óýíïëï Fun), records (óýíïëï Record) êáé äéåõèýíóåéò óôç ìíÞìç/store (óýíïëï Loc). Ìðïñïýìå óõíåðþò íá ãñÜøïõìå

Value = N ⊕ T ⊕ Fun ⊕ Record ⊕ Loc

ËáìâÜíïíôáò õðüøç üôé ç Cantor ðåñéëáìâÜíåé ôüóï óõíáñôÞóåéò call-by-value üóï êáé callby-name, ìðïñïýìå íá óõìâïëSSóïõìå ôï óýíïëï Fun óáí ìéá óõíÜñôçóç áðü õðïëïãéóìïýò óå õðïëïãéóìïýò: Fun = Compute Value → Compute Value Tï óýíïëï ôùí records áêüìç, Ýœåé ùò óôïéœåSSá ëSSóôåò, ïé ïðïSSåò ðåñéÝœïõí æåýãç áíáãíùñéóôéêþí êáé ôéìþí. Áí Ide åSSíáé ôï óýíïëï ôùí áíáãíùñéóôéêþí, èá Ýœïõìå

Record = (Ide × Value)^∗

To óýíïëï Loc ôÝëïò, ìðïñïýìå íá èåùñÞóïõìå üôé ôáõôSSæåôáé ìå ôï N.

Áí ìåôáöÝñïõìå ôïõò ðáñáðÜíù ïñéóìïýò óôç Haskell, êáé áí ïíïìÜóïõìå ôç óõíÜñôçóç áðïôSSìçóçò ev, ðñïêýðôïõí ôá ðáñáêÜôù^1:

data Value = Num Int | Mbool Bool | Fun (Compute Value -> Compute Value) | Record [(I, Value)] | Loc Location

type Location = Int

ev :: Expr -> Compute Value

1 Ãéá ôïí ôýðï Expr éóœýåé ï ïñéóìüò ðïõ Ýœåé äïèåSS óôçí §3.2.2

ÁðïìÝíåé ôþñá íá ïñSSóïõìå ôç ìïíÜäá Compute. Ç ìïíÜäá áõôÞ üðùò ðñïáíáöÝñáìå ðñÝðåé íá Ýœåé äõíáôüôçôåò œåéñéóìïý ëáèþí, œåéñéóìïý êáôÜóôáóçò êáé œåéñéóìïý ðåñéâÜëëïíôïò. ÏñSSæïõìå ëïéðüí:

type Compute a = EnvT Env (StateT Store (ErrorT Id)) a

newtype Env = MkE {fromE :: I -> Maybe (Compute Value)}

type Store = ([Maybe Value], Location)

4.3 ÄõíáìéêÞ óçìáóéïëïãSSá êáé õëïðïSSçóç

ÅSSìáóôå Ýôïéìïé íá ðñïœùñÞóïõìå óôïí ïñéóìü ôçò äõíáìéêÞò óçìáóéïëïãSSáò, ãéá ôéò åêöñÜóåéò ôçò Cantor, êáé óôç ìåôáöïñÜ ôçò óçìáóéïëïãSSáò áõôÞò óôç ãëþóóá Haskell^2.

• ÓôáèåñÝò ôýðïõ int êáé bool: ÁñêåSS íá êëçèåSS ç \unit", þóôå íá åðéóôñáöåSS Ýíáò óôïéœåéþäçò õðïëïãéóìüò ìå áðïôÝëåóìá ôéò áíôSSóôïéœåò óôáèåñÝò. Óçìåéþíïõìå üôé áí êáé óôéò ôñåéò ðñþôåò åîéóþóåéò êáëïýìå ôéò óõíáñôÞóåéò in_i (injections) ðïõ ìåôáôñÝðïõí ôéò óôáèåñÝò áêåñáSSïõ Þ ëïãéêïý ôýðïõ óå óôïéœåSSá ôïõ óõíüëïõ Value, óôéò åðüìåíåò åîéóþóåéò ðïõ ðáñáèÝôïõìå ïé êëÞóåéò ôùí óõíáñôÞóåùí áõôþí, êáèþò êáé ôùí áíôéóôñüöùí ôïõò, ðáñáëåSSðïíôáé.

E[[n]] = unit(in_1 n) E[[true]] = unit(in_2 true) E[[false]] = unit(in_2 false)

Ï áíôSSóôïéœïò êþäéêáò ôïõ äéåñìçíÝá, ðïõ ðñïêýðôåé áí ìåôáöñÜóïõìå ôéò ðáñáðÜíù åîéóþóåéò óå êþäéêá Haskell, åSSíáé ï åîÞò:

ev (Con n) = return (Num n) ev (MyTrue) = return (Mbool True) ev (MyFalse) = return (Mbool False)

• ÁíáãíùñéóôéêÜ: ÊáëåSSôáé ç \rdEnv" ðïõ åðéóôñÝöåé ôï ôñÝœïí ðåñéâÜëëïí ρ, êáé êáôüðéí êáëåSSôáé ôï ρ ìå üñéóìá ôï áíáãíùñéóôéêü: E[[id]] = rdEnv ∗ (λρ.ρ id) Êþäéêáò Haskell:

ev (Ide i) = do e <- rdEnv fromJust (fromE e i)

• ÅêöñÜóåéò neg êáé not: Óôçí ðåñSSðôùóç áõôÞ áðïôéìÜôáé ðñþôá ôï ôåëïýìåíï ôïõ ôåëåóôÞ neg Þ not êáé ôï áðïôÝëåóìá åöáñìüæåôáé ç áíÜëïãç óõíÜñôçóç: E[[not e]] = E[[e]] ∗ (λu.unit(not u)) E[[neg e]] = E[[e]] ∗ (λu.unit(−u)) Ï êþäéêáò Haskell åSSíáé ï ðáñáêÜôù:

2 Óôéò ðáñáêÜôù åîéóþóåéò óõìâïëSSæïõìå ìå \∗" ôç óõíÜñôçóç \bind" ôçò ìïíÜäáò Compute.

ev (Unexp Not e) = do u <- ev e not’ u ev (Unexp Neg e) = do u <- ev e neg u

not’ :: Value -> Compute Value not’ (Mbool b) = return (Mbool (not b))

neg :: Value -> Compute Value neg (Num n) = return (Num (-n))

• ÄõáäéêÝò åêöñÜóåéò ìå Ýíáí áðü ôïõò ôåëåóôÝò +, −, ∗, /, %, ==, ! =, <=, >= , <, > : Ìå åíôåëþò ðáñüìïéï ìå ôçí ðñïçãïýìåíç ðåñSSðôùóç ôñüðï, ôá äýï ôåëïýìåíá áðïôéìïýíôáé êáé ìå ôç œñÞóç ôçò óõíÜñôçóçò bind ðåñíïýí ùò ïñSSóìáôá óôçí áíôSSóôïéœç óõíÜñôçóç.

E[[e_1 + e_2]] = E[[e_1]] ∗ (λu.E[[e_2]] ∗ (λv.unit(u + v))) E[[e_1 − e_2]] = E[[e_1]] ∗ (λu.E[[e_2]] ∗ (λv.unit(u − v))) E[[e_1 ∗ e_2]] = E[[e_1]] ∗ (λu.E[[e_2]] ∗ (λv.unit(u ∗ v))) E[[e_1/e_2]] = E[[e_1]] ∗ (λu.E[[e_2]] ∗ (λv.unit(u/v))) E[[e_1%e_2]] = E[[e_1]] ∗ (λu.E[[e_2]] ∗ (λv.unit(u%v))) E[[e_1 == e_2]] = E[[e_1]] ∗ (λu.E[[e_2]] ∗ (λv.unit(u == v))) E[[e_1!= e_2]] = E[[e_1]] ∗ (λu.E[[e_2]] ∗ (λv.unit(u!= v))) E[[e_1 <= e_2]] = E[[e_1]] ∗ (λu.E[[e_2]] ∗ (λv.unit(u <= v))) E[[e_1 >= e_2]] = E[[e_1]] ∗ (λu.E[[e_2]] ∗ (λv.unit(u >= v))) E[[e_1 < e_2]] = E[[e_1]] ∗ (λu.E[[e_2]] ∗ (λv.unit(u < v))) E[[e_1 > e_2]] = E[[e_1]] ∗ (λu.E[[e_2]] ∗ (λv.unit(u > v)))

ÁêïëïõèåSS ï êþäéêáò Haskell ðïõ áíôéóôïéœåSS óå ìåñéêÝò áðü ôéò ðáñáðÜíù åîéóþóåéò. Óôéò õðüëïéðåò åSSíáé ðáñüìïéïò.

ev (Bexp Plus e1 e2) = do {n1 <- ev e1; n2 <- ev e2; plus n1 n2}

ev (Bexp Div e1 e2) = do {n1 <- ev e1; n2 <- ev e2; div’ n1 n2}

ev (Bexp Eq’ e1 e2) = do {n1 <- ev e1; n2 <- ev e2; eq n1 n2}

ev (Bexp Gt e1 e2) = do {n1 <- ev e1; n2 <- ev e2; gt n1 n2}

plus :: Value -> Value -> Compute Value plus (Num n1) (Num n2) = return (Num (n1+n2))

div’ :: Value -> Value -> Compute Value div’ (Num n1) (Num n2) = if n2 == 0 then err ("divide by zero") else return (Num (div n1 n2))

eq :: Value -> Value -> Compute Value eq (Num n1) (Num n2) = return (Mbool (n1 == n2)) eq (Mbool b1) (Mbool b2)= return (Mbool (b1 == b2)) gt :: Value -> Value -> Compute Value gt (Num n1) (Num n2) = return (Mbool (n1 > n2))

• ÄõáäéêÝò åêöñÜóåéò ìå Ýíáí áðü ôïõò ôåëåóôÝò and êáé or: Ç äõíáìéêÞ óçìáóéïëïãSSá óôçí ðåñSSðôùóç ôùí äýï áõôþí ôåëåóôþí äéáöïñïðïéåSSôáé áðü áõôÞí ôùí õðüëïéðùí äõáäéêþí ôåëåóôþí, êáèþò ï äéåñìçíÝáò, üôáí ìðïñåSS íá õðïëïãSSóåé ôï áðïôÝëåóìá ôçò ëïãéêÞò óýæåõîçò Þ äéÜæåõîçò áðü ôçí ôéìÞ ôïõ ðñþôïõ ôåëïýìåíïõ, äåí áðïôéìÜ ôï äåýôåñï ôåëïýìåíï. Ïé óœåôéêÝò åîéóþóåéò Ýœïõí ùò åîÞò:

E[[e_1 and e_2]] = E[[e_1]] ∗ (λu.u → E[[e_2]], false) E[[e_1 or e_2]] = E[[e_1]] ∗ (λu.u → true , E[[e_2]])

Ôá ðáñáðÜíù ìåôáöÝñïíôáé óôçí Haskell ùò åîÞò:

ev (Bexp And e1 e2) = do u <- ev e1 case u of Mbool True -> ev e2 Mbool False -> return (Mbool False)

ev (Bexp Or e1 e2) = do u <- ev e1 case u of Mbool True -> return (Mbool True) Mbool False -> ev e2

• ÄõáäéêÞ Ýêöñáóç ìå ôïí ôåëåóôÞ \;" : ÁðïôéìÜôáé ôï ðñþôï ôåëïýìåíï, ç ôéìÞ ôïõ áãíïåSSôáé êáé êáôüðéí áðïôéìÜôáé ôï äåýôåñï ôåëïýìåíï. Ç ôéìÞ üëçò ôçò Ýêöñáóçò åSSíáé ç ôéìÞ ôïõ äåýôåñïõ ôåëïýìåíïõ.

E[[e_1 ; e_2]] = E[[e_1] ∗ (λ .E[[e_2]])

Êþäéêáò Haskell:

ev (Bexp Semicolon e1 e2) = do ev e1 ev e2

• ÅíôïëÞ óõíèÞêçò: ÁðïôéìÜôáé ç Ýêöñáóç ðïõ áêïëïõèåSS ôï if êáé áí åSSíáé áëçèÞò åðéóôñÝöåôáé ç ôéìÞ ôçò Ýêöñáóçò ðïõ áêïëïõèåSS ôï then, áëëéþò ç ôéìÞ ôçò Ýêöñáóçò ìåôÜ ôï else.

E[[if e_1 then e_2 else e_3]] = E[[e_1]] ∗ (λb.b → E[[e_2]], E[[e_3]])

Êþäéêáò Haskell:

ev (If e1 e2 e3) = do b <- ev e1 case b of Mbool True -> ev e2 Mbool False -> ev e3

• ËÜìâäá åêöñÜóåéò: Åäþ äéáêñSSíïõìå ôéò äõï ðåñéðôþóåéò ôçò êëÞóçò êáôÜ ôéìÞ êáé ôçò êëÞóçò êáôÜ üíïìá. Êáé óôéò äýï ðåñéðôþóåéò ôï üñéóìá ôçò ëÜìâäá Ýêöñáóçò åSSíáé

Ýíáò õðïëïãéóìüò. Óôçí ðñþôç ðåñSSðôùóç, ôçò êëÞóçò êáôÜ ôéìÞ, ï õðïëïãéóìüò áõôüò (arg) áðïôéìÜôáé êáé ôï áðïôÝëåóìá (v) ðåñíÜ ùò üñéóìá óôç óõíÜñôçóçů ôï ðåñéâÜëëïí åíçìåñþíåôáé êáôÜëëçëá óõíäÝïíôáò ôï üíïìá x ôçò ðáñáìÝôñïõ ôçò óõíÜñôçóçò ìå ôï unitv: E[[lambda x : type.e]] = rdEnv ∗ (λρ.unit(λarg.arg ∗ (λv.inEnv ρ[unitv/x]) E[[e]])) Óôçí ðåñSSðôùóç ôçò êëÞóçò êáôá üíïìá, ï SSäéïò ï õðïëïãéóìüò{üñéóìá (arg) óõíäÝåôáé ìå ôï üíïìá ôçò ðáñáìÝôñïõ, Ýôóé þóôå ôï arg íá áðïôéìÜôáé áí êáé üðïôå óõíáíôÜôáé óôï óþìá ôçò ëÜìâäá Ýêöñáóçò: E[[lambda ! x : type.e]] = rdEnv ∗ (λρ.unit(λarg.inEnv ρ[arg/x] E[[e]])) Ôá ðáñáðÜíù ìåôáöÝñïíôáé åýêïëá óå êþäéêá Haskell ùò åîÞò (ç åíçìÝñùóç{åðÝêôáóç ôïõ ðåñéâÜëëïíôïò ãSSíåôáé ìå ôç óõíÜñôçóç extendEnv):

ev (Lam m x t expr)

= do e <- rdEnv case m of BV -> return (Fun (\arg -> do v <- arg

inEnv (extendEnv (x, return v) e) (ev expr))) BN -> return (Fun (\arg -> inEnv (extendEnv (x, arg) e) (ev expr)))

extendEnv :: (I, Compute Value) -> Env -> Env extendEnv (i, v) e = MkE (\i’ -> if i==i’ then Just v else fromE e i’)

• ÊëÞóç óõíÜñôçóçò: ÁðïôéìÜôáé ç ðñþôç Ýêöñáóç (óõíÜñôçóç) êáé óôï áðïôÝëåóìá ôçò áðïôSSìçóçò ðåñíÜ ùò üñéóìá Ýíáò õðïëïãéóìüò ðïõ áíôéóôïéœåSS óôçí áðïôSSìçóç ôçò äåýôåñçò Ýêöñáóçò (üñéóìá). ÿíá óçìåSSï ðïõ œñÞæåé ðñïóïœÞò åSSíáé üôé ç áðïôSSìçóç ôïõ ïñSSóìáôïò ãSSíåôáé ìÝóá óôï ðåñéâÜëëïí ðïõ õðÜñœåé êáôÜ ôç óôéãìÞ ðïõ êáëåSSôáé ç óõíÜñôçóç:

E[[e_1 e_2]] = E[[e_1]] ∗ (λf.rdEnv ∗ (λρ.f (inEnv ρ E[[e_2]])))

Êþäéêáò Haskell:

ev (Call t u) = do f <- ev t case f of

Fun k -> do e <- rdEnv k (inEnv e (ev u))

• ÄÞëùóç ôïðéêÞò ìåôáâëçôÞò: ÊáëåSSôáé ç âïçèçôéêÞ óõíÜñôçóç alloc : Compute Loc, ç ïðïSSá åðéóôñÝöåé ìéá íÝá äéåýèõíóç óôï œþñï áðïèÞêåõóçò, êáé åíçìåñþíåôáé ôï ðåñéâÜëëïí óõíäÝïíôáò ôï üíïìá ôçò ìåôáâëçôÞò ìå ôç äéåýèõíóç áõôÞ: E[[var i : data in e]] = rdEnv ∗ (λρ.alloc ∗ (λl.inEnv ρ[l/i] E[[e]]))

MåôáöÝñïíôáò ôçí ðáñáðÜíù óœÝóç óå êþäéêá Haskell, ïñSSæïõìå ôç óõíÜñôçóç alloc ç ïðïSSá åðéóôñÝöåé ôçí ðñþôç åëåýèåñç äéåýèõíóç óôï œþñï áðïèÞêåõóçò. ÕðåíèõìSSæïõìå üôé Ýœïõìå ïñSSóåé ôïí ôýðï Store ùò Ýíá æåýãïò ëSSóôáò êáé áêåñáSSïõ áñéèìïý: Ç ëSSóôá œñçóéìåýåé ùò œþñïò áðïèÞêåõóçò, åíþ ï áñéèìüò éóïýôáé ìå ôçí ðñþôç åëåýèåñç äéåýèõíóç (ïõóéáóôéêÜ ï áñéèìüò áõôüò ìáò äSSíåé ôï ôñÝœïí ìÞêïò ôçò ëSSóôáò). H alloc åðéðëÝïí ôïðïèåôåSS ôçí ôéìÞ Nothing óôç íÝá èÝóç.

ev (Var i d exp) = do e <- rdEnv l <- alloc inEnv (extendEnv (i, return (Loc l)) e) (ev exp)

alloc :: Compute Location alloc = do update (cross ((++ [Nothing]), (+1))) store <- fetch return ((snd store) - 1)

cross :: (a -> b, c -> d) -> (a, c) -> (b, d) cross (f, g) (x, y) = (f x, g y)

• Ðñüóâáóç óôçí ôéìÞ ôïðéêÞò ìåôáâëçôÞò: ÁðïôéìÜôáé ôï üñéóìá ôïõ ôåëåóôÞ deref êáé ôï áðïôÝëåóìá (ðïõ åSSíáé ìéá äéåýèõíóç óôï œþñï áðïèÞêåõóçò) äSSíåôáé ùò üñéóìá óôç âïçèçôéêÞ óõíÜñôçóç getV alue : Loc → (Compute Value ⊕ U), ç ïðïSSá åðéóôñÝöåé ôï ðåñéåœüìåíï ôçò äéåýèõíóçò áõôÞò: E[[deref e]] = E[[e]] ∗ (λl.getV alue l) Ï êþäéêáò Haskell ðïõ õëïðïéåSS ôá ðáñáðÜíù åSSíáé ï åîÞò:

ev (Deref exp) = do l <- ev exp getValue (unLoc l)

getValue :: Location -> Compute Value getValue i = do store <- fetch case ((fst store) !! i) of

Just v -> return v Nothing -> err "uninitialized variable"

unLoc :: Value -> Location unLoc (Loc a) = a

• AíÜèåóç ôéìÞò óå ôïðéêÞ ìåôáâëçôÞ: To áñéóôåñü ôåëïýìåíï ôïõ ôåëåóôÞ \:=" áðïôéìÜôáé êáé åðéóôñÝöåé ìéá äéåýèõíóç ç ïðïSSá ìáæSS ìå ôçí ôéìÞ ôïõ äåîéïý ôåëïýìåíïõ äSSíåôáé ùò üñéóìá óôç óõíÜñôçóç putV alue :: Loc → Value → Value, ðïõ áíáèÝôåé ôçí ôéìÞ/äåýôåñï üñéóìÜ ôçò óôç äéåýèõíóç/ðñþôï üñéóìÜ ôçò, êáé åðéóôñÝöåé ôçí ôéìÞ ðïõ áíÝèåóå.

E[[e_1 := e_2]] = E[[e_1]] ∗ (λl.E[[e_2]] ∗ (λv.putV alue l v))

Óå êþäéêá Haskell ôá ðñïçãïýìåíá õëïðïéïýíôáé ùò åîÞò:

ev (Assign exp1 exp2) = do l <- ev exp1 v <- ev exp2 putValue (unLoc l) v

putValue :: Location -> Value -> Compute Value putValue i v = do update (cross (modifyVar i v, id)) return v

modifyVar :: Location -> Value -> [Maybe Value] -> [Maybe Value] modifyVar l v s = let (a, b) = splitAt l s in a ++ [Just v] ++ tail b

• ÁíáäñïìÞ rec (⟨expr⟩): AðïôéìÜôáé ôï üñéóìá ôïõ ôåëåóôÞ rec êáé äSSíåôáé ùò üñéóìá óôç óõíÜñôçóç fix : (α → α) → α (least ˛xed point operator), ãéá ôçí ïðïSSá éóœýåé fix f = f (fix f). E[[rec (exp)] = E[[exp]] ∗ (λf.fix f) Êþäéêáò Haskell:

ev (MyRec exp) = do e <- ev exp case e of

Fun k -> fix k

fix :: (a -> a) -> a fix f = f (fix f)

• Êåíü record: ĳðùò êáé óôçí ðåñSSðôùóç ôùí áêåñáSSùí êáé ëïãéêþí óáèåñþí, áñêåSS íá åðéóôñáöåSS Ýíáò óôïéœåéþäçò õðïëïãéóìüò ìå áðïôÝëåóìá ôï êåíü record, äçëáäÞ:

E[[empty]] = unit([])

Êþäéêáò Haskell:

ev Empty = return (Record [])

• ÅðÝêôáóç record ⟨expr_1⟩[⟨id⟩ := ⟨expr_2⟩]: Áöïý áðïôéìçèïýí ôá ⟨expr_1⟩ êáé ⟨expr_2⟩, ðñïóôSSèåôáé^3 ôï æåõãÜñé (id, ôéìÞ ⟨expr_2⟩) óôï record. ÕðåíèõìSSæïõìå üôé Ýíá record åSSíáé ìéá ëSSóôá æåõãþí áíáãíùñéóôéêþí êáé ôéìþí. ÅðSSóçò óçìåéþíïõìå åäþ, üôé äåí œñåéÜæåôáé íá ãSSíåé Ýëåãœïò ãéá ôçí ðéèáíÞ ýðáñîç ðåäSSïõ ⟨id⟩ óôï record, êáèþò áõôüò ï Ýëåãœïò Ýœåé Þäç ãSSíåé óôï óôáôéêü Ýëåãœï ôýðùí.

E[[e_1[id := e_2]]] = E[[e_1]] ∗ (λr.E[[e_2]] ∗ (λv.unit((id, v) → r)))

ev (RecExtend exp1 i exp2)

= do r <- ev exp1 v <- ev exp2

3 Må a → l óõìâïëSSæïõìå ôçí åéóáãùãÞ óôïéœåSSïõ a óå ëSSóôá l.

return (Record ((i, v):unRec r))

unRec :: Value -> [(I, Value)] unRec (Record r) = r

• Ðñüóâáóç óå ðåäSSï record ⟨expr⟩ :: ⟨id⟩: ÁðïôéìÜôáé ç Ýêöñáóç ðñéí ôïí ôåëåóôÞ \::"

êáé ç ôéìÞ ôçò ìáæSS ìå ôï áíáãíùñéóôéêü id äSSíåôáé ùò üñéóìá óôç óõíÜñôçóç lookup : Ide → Record → (Value ⊕ U): E[[e :: id]] = E[[e]] ∗ (λr.[unit, err(”field does not exist”)] (lookup id r))

ev (RecAccess exp i) = do r <- ev exp case lookup i (unRec r) of Just v -> return v Nothing -> err ("record: field does not exist")

ÊåöÜëáéï 5

ÐåñéãñáöÞ êáé äéåñìçíÝáò G-machine

Óôï êåöÜëáéï áõôü ðåñéãñÜöïõìå ôçí G-machine, óôçí ïðïSSá âáóSSæåôáé ï ìåôáãëùôôéóôÞò ôçò Cantor ðïõ êáôáóêåõÜóáìå. ÐáñÜëëçëá ìå ôçí ôõðéêÞ ðåñéãñáöÞ ôçò G-machine, äSSíïõìå êáé ôçí õëïðïSSçóç óôç ãëþóóá Haskell ôïõ äéåñìçíÝá ôçò G-machine.

5.1 ÃåíéêÜ

Ç G-machine ðïõ œñçóéìïðïéåSS ï ìåôáãëùôôéóôÞò ôçò Cantor, âáóSSæåôáé óå áõôÞ ðïõ ðáñïõóéÜæïõí ïé Peyton Jones & Lester óôï [3]. Ëüãù üìùò ôùí äéáöïñþí ìåôáîý ôçò Cantor êáé ôçò õðïèåôéêÞò ãëþóóáò \Core" ðïõ œñçóéìïðïéïýí ïé ôåëåõôáSSïé óôï âéâëSSï ôïõò, Þôáí áíáãêáSSåò êÜðïéåò ôñïðïðïéÞóåéò óôï ìïíôÝëï ôçò G-machine. Åêôüò áðü ôéò áíáãêáSSåò ðñïóèÞêåò óôç G-machine ëüãù ôçò ýðáñîçò records, ç Üëëç êýñéá áéôSSá ôñïðïðïéÞóåùí Þôáí ç ýðáñîç óôçí Cantor ôïðéêþí ìåôáâëçôþí ìå äõíáôüôçôá áíÜèåóçò, ïé ïðïSSåò ìÜëéóôá ìðïñåSS íá Ýœïõí êáé ôýðï óõíÜñôçóçò, üðùò åðSSóçò êáé ç õðïóôÞñéîç êëÞóçò ìå üíïìá áëëÜ êáé êëÞóçò ìå ôéìÞ. ÔÝëïò, ìéá áêüìç óçìáíôéêÞ äéáöïñÜ ðñïêýðôåé áðü ôï ôñüðï œåéñéóìïý ôùí åêöñÜóåùí ëÜìäá, üðïõ áíôSS ãéá ôçí ôåœíéêÞ ôïõ \lambda lifting" ç ïðïSSá ïäçãåSS óôçí áðáëïéöÞ ôùí åêöñÜóåùí áõôþí, ï ìåôáãëùôôéóôÞò ôçò Cantor áêïëïõèåSS ìéá ôáêôéêÞ ðáñüìïéá ìå áõôÞ ðïõ ðáñïõóéÜæåôáé óôï [10], ðïõ ðåñéãñÜöåé ôçí G-machine óôç ïðïSSá âáóSSæåôáé ï GHC.

5.2 ÊëåéóSSìáôá (closures)

Ðñéí ðñïœùñÞóïõìå óôçí ôõðéêÞ ðåñéãñáöÞ ôçò G-machine, åSSíáé áíáãêáSSï íá ðåñéãñÜøïõìå ìåñéêÜ ãåíéêÜ óôïéœåSSá ôçò ëåéôïõñãSSáò ôçò G-machine. Ç G-machine áðïôåëåSSôáé áðü ôéò óôïSSâåò ìåôáâëçôþí êáé áðïôSSìçóçò, áðü ôï œþñï áðïèÞêåõóçò ôïõ óõíïëéêïý êþäéêá, áðü ôï œþñï áðïèÞêåõóçò ôïõ ôñÝœïíôá êþäéêá, êáèþò êáé áðü ôï óùñü (heap).

Êåíôñéêü ñüëï óôç ëåéôïõñãSSá ôçò G-machine Ýœåé ï óùñüò, ï ïðïSSïò ðåñéÝœåé äýï êáôçãïñéþí áíôéêåSSìåíá: ÔéìÝò åêöñÜóåùí (values), ð.œ. áêåñáSSïõò áñéèìïýò, óõíáñôÞóåéò, êáé ìç áðïôéìçìÝíåò åêöñÜóåéò, äçëáäÞ ïñSSóìáôá óõíáñôÞóåùí Þ êëÞóåéò óõíáñôÞóåùí. Ïé óõíáñôÞóåéò (äçë. ïé åêöñÜóåéò ëÜìäá) êáèþò êáé ôá ïñSSóìáôá ôùí óõíáñôÞóåùí, áíáðáñéóôþíôáé óôï óùñü ùò êëåéóSSìáôá (closures). Ðéï óõãêåêñéìÝíá, áíáðáñéóôïýìå Ýíá êëåSSóéìï ùò Ýíá äåSSêôç óå Ýíá êïììÜôé êþäéêá, o ïðïSSïò óõíïäåýåôáé áðü ìéá ëSSóôá äåéêôþí (äéåõèýíóåùí óôï óùñü) ðñïò ôéò åëåýèåñåò ìåôáâëçôÝò ôïõ óõãêåêñéìÝíïõ ôìÞìáôïò êþäéêá. ĳôáí îåêéíÜ ç áðïôSSìçóç åíüò êëåéóSSìáôïò, ôï êïììÜôé êþäéêá óôï ïðïSSï äåSSœíåé ï äåSSêôçò ðñïóôSSèåôáé óôçí áñœÞ ôïõ ôñÝœïíôïò êþäéêá, êáé ïé äéåõèýíóåéò ôùí åëåýèåñùí ìåôáâëçôþí (ìáæSS ìå ôï üñéóìá áí ï êëåSSóéìï áíáðáñéóôÜ óõíÜñôçóç) öïñôþíïíôáé óôçí óôïSSâá ìåôáâëçôþí. Ç öüñôùóç ôùí äéåõèýíóåùí ôùí åëåýèåñùí ìåôáâëçôþí óôç óôïSSâá ìåôáâëçôþí ãSSíåôáé þóôå íá ìåéùèïýí ïé êáôÜ ôåêìÞñéï áêñéâÝò œñïíéêÜ áíáãíþóåéò êáé áíáæçôÞóåéò óôï óùñü. Êáèþò åêôåëïýíôáé äéáäïœéêÜ ïé åíôïëÝò ðïõ áðïôåëïýí ôïí ôñÝœïíôá êþäéêá, ńêáôáóêåõÜæåôáéż óôáäéáêÜ óôç óôïSSâá áðïôSSìçóçò ç Ýêöñáóç ç ïðïSSá áíôéóôïéœåSS óôï êëåSSóéìï. ĳôáí ïëïêëçñùèåSS ç áðïôSSìçóç ôçò Ýêöñáóçò/êëåéóSSìáôïò, óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò õðÜñœåé ðëÝïí ôï áðïôÝëåóìá ôçò áðïôSSìçóçò áõôÞò, åíþ ïé äéåõèýíóåéò ôùí åëåýèåñùí ìåôáâëçôþí áöáéñïýíôáé áðü ôç óôïSSâá ìåôáâëçôþí.

Óçìåéþíïõìå åäþ üôé ïé äéåõèýíóåéò ôùí åëåõèåñùí ìåôáâëçôþí åSSíáé áíáãêáSSï íá áðïèçêåõèïýí ìáæSS ìå ôï êëåSSóéìï óôï óùñü, äéüôé üôáí œñåéáóôåSS íá áðïôéìçèåSS ôï êëåSSóéìï áõôü, åSSíáé ðéèáíü íá ìçí õðÜñœïõí ðëÝïí óôç óôïSSâá ìåôáâëçôþí. Ð.œ. óôïí ðáñáêÜôù êþäéêá,

var f:int exp -> int exp in

(lambda x:int exp. f:=(lambda y:int exp. x+y)) 42; (deref f) 5

üôáí êëçèåSS ç óõíÜñôçóç f, ç ïðïSSá óôï G-machine èá áíáðáñáóôáèåSS ùò Ýíá êëåSSóéìï (äåSSêôçò óå êþäéêá & äéåýèõíóç ôçò åëåýèåñçò ìåôáâëçôÞò x), ç ìåôáâëçôÞ x äåí èá õðÜñœåé ðéá óôçí óôïSSâá ìåôáâëçôþí, áöïý èá Ýœåé ïëïêëçñùèåSS ç áðïôSSìçóç ôçò óõíÜñôçóçò ôçò ïðïSSáò Þôáí ðáñÜìåôñïò.

5.3 ÓõóôÞìáôá ìåôÜâáóçò êáôÜóôáóçò (state transition systems)

Ãéá ôçí ôõðéêÞ ðåñéãñáöÞ ôçò G-machine èá œñçóéìïðïéÞóïõìå Ýíá óýóôçìá ìåôÜâáóçò êáôÜóôáóçò, üðùò êáé ïé Peyton Jones & Lester óôï [3]. Ôï óýóôçìá ìåôÜâáóçò êáôÜóôáóçò åSSíáé ìéá ìÝèïäïò ðåñéãñáöÞò ôïõ ôñüðïõ ëåéôïõñãSSáò ìéáò óåéñéáêÞò ìçœáíÞò. ÁðïôåëåSSôáé áðü ìéá áñœéêÞ êáôÜóôáóç s_0 êáé Ýíá óýíïëï êáíüíùí ìåôÜâáóçò (state transition rules) s_a ⇒ s_b. ÊÜèå œñïíéêÞ óôéãìÞ, ôï óýóôçìá (äçë. ç ìçœáíÞ) âñSSóêåôáé óå ìéá óõãêåêñéìÝíç êáôÜóôáóç s_i. Áí õðÜñœåé êáíüíáò ìåôÜâáóçò s_a ⇒ s_b, ìå s_i = s_a, ï êáíüíáò áõôüò åíåñãïðïéåSSôáé êáé ç ìçœáíÞ ðåñíÜ óôçí åðüìåíç êáôÜóôáóç s_b. Áí üœé, ç ìçœáíÞ ôåñìáôSSæåé.

Tá óõóôÞìáôá ìåôÜâáóçò êáôÜóôáóçò ìÜò ðáñÝœïõí ôçí áíáãêáSSá áöáSSñåóç (abstraction) ðïõ œñåéÜæåôáé þóôå íá ðåñéãñÜøïõìå ôç ëåéôïõñãSSá ôçò G-machine, œùñSSò üìùò íá ìÜò áðïêñýðôïõí óçìáíôéêÝò ëåðôïìÝñåéåò. ÅðSSóçò, üðùò èá äïýìå, åSSíáé áñêåôÜ áðëÞ ç ìåôáöïñÜ ôùí êáíüíùí ìåôÜâáóçò óå ìéá óõíáñôçóéáêÞ ãëþóóá üðùò ç Haskell.

5.4 ÊáôÜóôáóç ôïõ G-machine

Ç êáôÜóôáóç ôïõ G-machine ìðïñåSS íá ïñéóôåSS ùò ìéá ðåíôÜäá

(current code, codestore, variable stack, evaluation stack, heap)

Þ åí óõíôïìSSá (c, cs, vs, es, h).

• Ï ôñÝœùí êþäéêáò (current code) åSSíáé ìéá óåéñÜ áðü åíôïëÝò ðïõ Ýœïõí ńöïñôùèåSSż óå ðñùôýôåñç öÜóç ôçò åêôÝëåóçò ôïõ ðñïãñÜììáôïò óôçí G-machine êáé åêôåëïýíôáé ç ìSSá ìåôÜ ôçí Üëëç. Ï óõìâïëéóìüò i_1 : is äçëþíåé ìéá óåéñÜ áðü åíôïëÝò ðïõ îåêéíÜ ìå ôçí i_1. ĳðùò èá äïýìå ðáñáêÜôù, üôáí ìéá åíôïëÞ åêôåëåSSôáé, áöáéñåSSôáé áðü ôïí ôñÝœïíôá êþäéêá. ĳôáí óôï ðåäSSï ôïõ ôñÝœïíôá êþäéêá äåí õðÜñœïõí Üëëåò åíôïëÝò, ç G-machine ôåñìáôSSæåé.

• Ï œþñïò áðïèÞêåõóçò êþäéêá (codestore) åSSíáé ìéá ëSSóôá ðïõ ðåñéÝœåé üëï ôï G-machine êþäéêá ðïõ áíôéóôïéœåSS óôï ðñüãñáììá êáé ðïõ Ýœåé ðáñáœèåSS áðü ôï ìåôáãëùôôéóôÞ. ÊÜèå ìÝëïò ôçò ëSSóôáò åSSíáé Ýíá ôìÞìá êþäéêá (code segment), ðïõ üðùò èá äïýìå óôï åðüìåíï êåöÜëáéï ìðïñåSS íá áíôéóôïéœåSS óå ìéá Ýêöñáóç ëÜìäá, óå ìéá Ýêöñáóç{üñéóìá óõíÜñôçóçò Þ óå Ýíá óêÝëïò ìéáò åíôïëÞò óõíèÞêçò if{then{else.

• Ç óôïSSâá ìåôáâëçôþí (variable stack) ðåñéëáìâÜíåé ôéò äéåõèýíóåéò óôï óùñü (heap) ðïõ áíôéóôïéœïýí óôéò åëåýèåñåò ìåôáâëçôÝò ôïõ ôñÝœïíôïò êëåéóSSìáôïò, óôï üñéóìá, áí ôï êëåSSóéìï áíôéóôïéœåSS óå óõíÜñôçóç, êáé óôéò ôõœüí ôïðéêÝò ìåôáâëçôÝò ðïõ Ýœïõí äçìéïõñãçèåSS ìÝóá óôï ôñÝœïí êëåSSóéìï. (ÌðïñåSS íá åéðùèåSS üôé ç óôïSSâá ìåôáâëçôþí åSSíáé ôï áíôSSóôïéœï ôïõ äõíáìéêïý ðåñéâÜëëïíôïò ôïõ äéåñìçíÝá.) Ï óõìâïëéóìüò α : αs õðïäçëþíåé üôé óôçí êïñõöÞ ôçò óôïSSâáò õðÜñœåé ç äéåýèõíóç α, êáé ç õðüëïéðç óôïSSâá óõìâïëSSæåôáé ìå ôï αs.

• H óôïSSâá áðïôSSìçóçò (evaluation stack) ðåñéÝœåé åðSSóçò äéåõèýíóåéò óôï óùñü, êáé œñçóéìïðïéåSSôáé áðü ôéò åíôïëÝò áñéèìçôéêþí êáé ëïãéêþí ðñÜîåùí, äéáêëÜäùóçò, êëÞóçò óõíÜñôçóçò ê.ëð. ôçò G-machine. ÊÜèå Ýêöñáóç ðñïêåéìÝíïõ íá áðïôéìçèåSS, ńêáôáóêåõÜæåôáéż óôçí êïñõöÞ ôçò óôïSSâáò áðüôSSìçóçò.

• O óùñüò (heap) œñçóéìïðïéåSSôáé áðü ôçí G-machine ùò œþñïò áðïèÞêåõóçò, êáé ðåñéÝœåé ôéìÝò (values) êáé êëåéóSSìáôá (closures). Ï óõìâïëéóìüò h[α : V alue] óçìáSSíåé üôé ôï ðåñéåœüìåíï ôçò äéåýèõíóçò α ôïõ óùñïý åSSíáé \V alue".

5.5 ÁñœéêÞ êáôÜóôáóç

Ç áñœéêÞ êáôÜóôáóç ôïõ G-machine åSSíáé áõôÞ ðïõ ðñïêýðôåé áí öïñôþóïõìå óôï ðåäSSï ôïõ ôñÝœïíôá êþäéêá ôï ðñþôï êïììÜôé êþäéêá ôïõ codestore. Ïé óôïSSâåò ìåôáâëçôþí êáé áðïôSSìçóçò, êáèþò êáé ï óùñüò, åSSíáé áñœéêÜ êåíÝò:

(code, code:cs, [], [], [])

5.6 ÕëïðïSSçóç äéåñìçíÝá ãéá ôçí G-machine

Ç õëïðïSSçóç ôïõ äéåñìçíÝá óå ìéá óõíáñôçóéáêÞ ãëþóóá üðùò åSSíáé ç Haskell åSSíáé áñêåôÜ áðëÞ äéáäéêáóSSá. ÎåêéíÜìå ôïí ïñéóìü ôùí áðáñáSSôçôùí ôýðùí áðü ôçí êáôÜóôáóç (state) ôçò G-machine:

type Evalstate = (GMCodeSegment, GMCodeStore, VarStack, EvalStack, Heap Value)

type GMCodeSegment = [GMInstruction]

type GMCodeStore = [GMCodeSegment]

type VarStack = [HAddr]

type EvalStack = [HAddr]

Ï ôýðïò GMInstruction áíáöÝñåôáé óôéò åíôïëÝò ôçò G-machine êáé ï ïñéóìüò ôïõ èá äïèåSS ðáñáêÜôù. O ôýðïò HAddr áíáðáñéóôÜ ôéò äéåõèýíóåéò óôï óùñü (Heap), ïé ëåðôïìÝñåéåò ôçò õëïðïSSçóçò ôïõ ïðïSSïõ ðáñáëåSSðïíôáé. Ïé óõíáñôÞóåéò œåéñéóìïý ôïõ óùñïý ðïõ èá œñçóéìïðïéÞóïõìå åSSíáé ïé ðáñáêÜôù:

hInitial :: Heap a hAlloc :: Heap a -> a -> (Heap a, HAddr) hUpdate :: Heap a -> HAddr -> a -> Heap a hLookup :: Heap a -> HAddr -> a

H hInitial åðéóôñÝöåé Ýíáí Üäåéï óùñü êáé œñçóéìïðïéåSSôáé ãéá ôçí áñœéêïðïSSçóç ôïõ óùñïý. Ç hAlloc œñçóéìïðïéåSSôáé ãéá ôçí åéóáãùãÞ íÝùí óôïéœåSSùí óôï óùñüů äÝœåôáé ùò üñéóìá ôïí õðÜñœïíôá óùñü êáé ôï íÝï óôïéœåSSï, êáé åðéóôñÝöåé Ýíá æåõãÜñé ìå ìÝëç ôï íÝï óùñü êáé ôç äéåýèõíóç óôçí ïðïSSá ôïðïèåôÞèçêå ôï íÝï óôïéœåSSï. H hUpdate œñçóéìïðïéåSSôáé ãéá íá áëëÜîåé ôï ðåñéåœüìåíï ìéáò äéåýèõíóçò óôï óùñüů äÝœåôáé ùò ïñSSóìáôá ôïí õðÜñœïíôá óùñü, ôç äéåýèõíóç êáé ôï íåü ðåñéåœüìåíï êáé åðéóôñÝöåé ôï íÝï óùñü. Ç hLookup ôÝëïò, åðéóôñÝöåé ôï ðåñéåœüìåíï ìéáò äéáýèõíóçò óôï óùñüů äÝœåôáé ùò üñéóìá ôï óùñü êáé ôç äéÝõèõíóç êáé åðéóôñÝöåé ôï áíôSSóôïéœï ðåñéåœüìåíï.

Ï ôýðïò Value ïñSSæåôáé ùò åîÞò:

data Value = Num Int --óôáèåñÝò áêåñáSSïõ ôýðïõ | MBool Bool --óôáèåñÝò ëïãéêïý ôýðïõ | Record [(I, HAddr)] --records | Loc HAddr --ôïðéêÝò ìåôáâëçôÝò | Fun Int [HAddr] --óõíÜñôçóç | Arg Int [HAddr] --üñéóìá óõíÜñôçóçò | App HAddr HAddr --êëÞóç óõíÜñôçóçò

Áðü ôá ðáñáðÜíù, ôï Loc HAddr åSSíáé ïõóéáóôéêÜ Ýíáò äåSSêôçò ðñïò ôï ðåñéåœüìåíï ìéáò ôïðéêÞò ìåôáâëçôÞò. Ôá Fun Int [HAddr] êáé Arg Int [HAddr] áíáðáñéóôïýí êëåéóSSìáôá. Ôï ðñþôï ôïõò ðåäSSï åSSíáé ç èÝóç óôç ëSSóôá GMCodeStore ôïõ êþäéêá ðïõ áíôéóôïéœåSS óôï êëåSSóéìï, åíþ ôï äåýôåñï ðåäSSï åSSíáé ìéá ëSSóôá ìå ôéò äéåõèýíóåéò ôùí åëåýèåñùí ìåôáâëçôþí.

Ç óõíÜñôçóç execute ðïõ åêôåëåSS Ýíá ðñüãñáììá óå êþäéêá G-machine êáé ôõðþíåé ôï áðïôÝëåóìá, ïñSSæåôáé ùò åîÞò:

execute :: GMCodeStore -> String execute cs = showValue finalheap value where (value, _, _, finalheap) = eval (head cs, cs, [], [], hInitial)

showValue :: Heap Value -> Value -> String --ç õëïðïSSçóç ôçò showValue ðáñáëåSSðåôáé

eval :: Evalstate -> Output eval state = if final state then getresult state else eval (step state)

type Output = (Value, VarStack, EvalStack, Heap Value)

final :: Evalstate -> Bool final ([], cs, as, es, h) = True final _ = False

getresult :: Evalstate -> Value getresult (i, cs, as, es, h) = hLookup h (head es)

Áðï ôá ðáñáðÜíù âëÝðïõìå ç ìçœáíÞ ôåñìáôSSæåé üôáí åSSíáé êåíü ôï ðåäSSï ôïõ ôñÝœïíôïò êþäéêá, êáé ôï áðïôÝëåóìá ôçò áðïôSSìçóçò åSSíáé ôï ðåñéåœüìåíï ôçò äéåýèõíóçò ðïõ âñSSóêåôáé óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò óôï ôÝëïò ôçò åêôÝëåóçò. Ç óõíÜñôçóç step Ýœåé ôýðï Evalstate -> Evalstate êáé õëïðïéåSS ôïõò êáíüíåò ìåôÜâáóçò ðïõ èá ïñSSóïõìå ðáñáêÜôù.

5.7 EíôïëÝò { Êáíüíåò ìåôÜâáóçò

Óôïí ðáñáêÜôù ðSSíáêá äSSíåôáé ôï óýíïëï åíôïëþí ôçò G-machine, åíþ áêïëïõèåSS ï áíôSSóôïéœïò êþäéêáò Haskell, üðïõ äçëþíåôáé ï ôýðïò GMInstruction.

Alloc Assig Cond Int Int Dere¸ Eval Iadd Idiv Ieq Ige Igt Ile Ilo Imod Imul Ine Ineg Inot Isub Mkap MkFix PopVar Int Pop Int PushArg Int Int PushFun Int Int Push Int PushVal Value RecAcc String RecExt String Update

type I = String

data GMInstruction = PushVal Value | Inot | Ineg | Iadd | Isub | Imul | Idiv | Imod | Ieq | Ine | Igt | Ilo | Ige | Ile | Cond Int Int | PushArg Int Int | PushFun Int Int | Push Int | Mkap | MkFix | Eval | Update | Pop Int | PopVar Int | Alloc | Assig | Dereff | RecAcc I | RecExt I

Áêïëïõèïýí ïé êáíüíåò ìåôÜâáóçò êáé ï áíôSSóôïéœïò êþäéêáò Haskell ãéá êÜèå åíôïëÞ:

• Álloc : Ç åíôïëÞ áõôÞ œñçóéìïðïéåSSôáé ãéá íá äåóìåýóåé œþñï óôï óùñü ãéá ìéá íÝá ôïðéêÞ ìåôáâëçôÞ. ŒñçóéìïðïéåSS ãéá áñœéêïðïSSçóç ôçí åéäéêÞ äéåýèõíóç ôïõ óùñïý hNull, óôçí ïðïSSá äåí áíôéóôïéœåSS êáíÝíá áíôéêåSSìåíï ôïõ óùñïý. ÔïðïèåôåSS ôç äéåýèõíóç ðïõ äÝóìåõóå óôçí êïñõöÞ ôçò óôïSSâáò ìåôáâëçôþí:

Alloc : is cs vs es h

⇒ is cs v : vs es h[v : Loc hNull] Ï áíôSSóôïéœùò êþäéêáò Haskell åSSíáé ï åîÞò:

step (Alloc:is, cs, vs, es, h) = (is, cs, v:vs, es, h’) where (h’, v) = hAlloc h (Loc hNull)

• Assig : H åíôïëÞ áõôÞ œñçóéìïðïéåSSôáé ãéá ôçí áíÜèåóç ôéìÞò óå ôïðéêÞ ìåôáâëçôÞ. ÐåñéìÝíåé íá Ýœïõí ôïðïèåôçèåSS óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò ç äéåýèõíóç ôçò ôïðéêÞò ìåôáâëçôÞò êáèþò êáé ç äéåýèõíóç óôï óùñü ôïõ íÝïõ ðåñéåœïìÝíïõ, êáé åíçìåñþíåé êáôÜëëçëá ôï óùñü. ÁöÞíåé óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò ìüíï ôç äéåýèõíóç ôïõ íÝïõ ðåñéåœïìÝíïõ (õðåíèõìSSæïõìå üôé ìå âÜóç ôç óçìáóéïëïãSSá ôçò Cantor ç ôéìÞ ìéáò ðáñÜóôáóçò ⟨expr⟩_1:=⟨expr⟩_2 åSSíáé SSóç ìå ôçí ôéìÞ ôïõ äåîéïý ôåëïýìåíïõ).

Assig : is cs vs rval : lval : es h[lval : Loc oldcontent]

⇒ is cs vs rval : es h[lval : Loc rval] Êþäéêáò Haskell:

step (Assig:is, cs, vs, rval:lval:es, h) = (is, cs, vs, rval:es, h’) where h’ = hUpdate h lval (Loc rval)

• Cond n m : Ç åíôïëÞ áõôÞ åêôåëåSS Üëìá õðü óõíèÞêç. ÁíáìÝíåé íá õðÜñœåé óôç êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò äéåõèõíóç óôï óùñü ç ïðïSSá ðåñéÝœåé ëïãéêÞ (boolean) ôéìÞ. Áí ç ôéìÞ åSSíáé áëçèÞò, ôüôå öïñôþíåôáé óôçí áñœÞ ôïõ ôñÝœïíôïò êþäéêá ôï êïììÜôé êþäéêá ðïõ âñSSóêåôáé óôç èÝóç n ôïõ codestore, áëëéþò áõôü ðïõ âñSSóêåôáé óôç èÝóç m. Óôçí åíïëÞ áõôÞ áíôéóôïéœïýí äýï êáíüíåò ìåôÜâáóçò:

Cond n m : is c_0 : c_1 : ... : c_n : ... : c_m : cs vs a : es h[MBool True]

⇒ c_n ++is c_0 : c_1 : ... : c_n : ... : c_m : cs vs es h Åíþ áí ôï ðåñéåœüìåíï ôçò äéåýèõíóçò ðïõ åSSíáé óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò åSSíáé False, åíåñãïðïéåSSôáé ï êáíüíáò:

Cond n m : is c_0 : c_1 : ... : c_n : ... : c_m : cs vs a : es h[MBool False]

⇒ c_m ++is c_0 : c_1 : ... : c_n : ... : c_m : cs vs es h Êþäéêáò Haskell:

step ((Cond i1 i2):is, cs, vs, a:es, h) = (cs!!i ++ is, cs, vs, es, h) where i = case hLookup h a of MBool True -> i1 MBool False -> i2

• Dereff : Ç åíôïëÞ áõôÞ œñçóéìïðïéåSSôáé ãéá íá äéáâÜóåé ôï ðåñéåœüìåíï ìéáò ôïðéêÞò ìåôáâëçôÞò :

Dereff : is cs vs a : es h[a : Loc l]

⇒ is cs vs l : es h Êþäéêáò Haskell:

step (Dereff:is, cs, vs, a:es, h) = case hLookup h a of

Loc l -> (is, cs, vs, l:es, h)

• Eval : Ç åíôïëÞ áõôÞ åSSíáé âáóéêÞ óôç ëåéôïõñãSSá ôçò G-machine. ÅëÝãœåé áí ç äéåýèõíóç ðïõ âñSSóêåôáé óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò ðåñéÝœåé áðïôéìçìÝíç Þ ìç Ýêöñáóç, êáé óôçí äåýôåñç ðåñSSðôùóç îåêéíÜ ôçí áðïôSSìçóç öïñôþíïíôáò ôïí áíôSSóôïéœï êþäéêá óôçí áñœÞ ôïõ ôñÝœïíôá êþäéêá. Ïé ðáñáêÜôù 5 êáíüíåò áíáöÝñïíôáé óôçí ðåñSSðôùóç ðïõ äåí œñåéÜæåôáé áðïôSSìçóç, ïðüôå ç ìçœáíÞ áðëþò ðåñíÜ óôçí åðüìåíç åíôïëÞ œùñSSò íá êÜíåé ôSSðïôá:

Eval : is cs vs a : es h[a : Num n]

⇒ is cs vs a : es h

Eval : is cs vs a : es h[a : MBool b]

⇒ is cs vs a : es h

Eval : is cs vs a : es h[a : Record r]

⇒ is cs vs a : es h

Eval : is cs vs a : es h[a : Loc l]

⇒ is cs vs a : es h

Eval : is cs vs a : es h[a : Fun n l]

⇒ is cs vs a : es h Óçìåéþíïõìå åäþ üôé óôçí ðåñSSðôùóç ôïõ Fun n l, ôï ðåñéåœüìåíï ôçò äéåýèõíóçò óôï óùñü åSSíáé óõíÜñôçóç êáé üœé êëÞóç óõíÜñôçóçò, åðïìÝíùò äåí œñåéÜæåôáé íá ãSSíåé áðïôSSìçóç. ÁíôSSèåôá áðïôSSìçóç ãSSíåôáé óôéò äýï ðáñáêÜôù ðåñéðôþóåéò, ðïõ áíôéóôïéœïýí óå üñéóìá óõíÜñôçóçò êáé óå êëÞóç óõíÜñôçóçò. Óôçí ðñþôç ðåñSSðôùóç, ôï áíôSSóôïéœï êïììÜôé êþäéêá áðü ôï codestore ðñïóôSSèåôáé óôçí áñœÞ ôïõ êþäéêá, åíþ êáé ïé äéåõèýíóåéò ôùí åëåýèåñùí ìåôáâëçôþí ðñïóôSSèåíôáé óôçí êïñõöÞ ôçò óôïSSâáò ìåôáâëçôþí:

Eval : is c_0 : ... : c_n : ... : cs vs a : es h[a : Arg n l]

⇒ c_n ++is c_0 : ... : c_n : ... : cs l ++vs es h Óôç äåýôåñç ðåñSSðôùóç, ç åîåôáæüìåíç äéåýèõíóç óôï óùñü ðåñéÝœåé êüìâï êëÞóçò óõíÜñôçóçò. ÌÝóù ôïõ êüìâïõ áõôïý ç G-machine âñSSóêåé ôç äéåýèõíóç f óôï óùñü ðïõ ðåñéÝœåé ôçí êáëïýìåíç óõíÜñôçóç êáé ôç äéåýèõíóç arg ðïõ ðåñéÝœåé ôï áíôSSóôïéœï üñéóìá. Ï êþäéêáò ðïõ áíôéóôïéœåSS óôç óõíÜñôçóç ôïðïèåôåSSôáé óôçí áñœÞ ôïõ ôñÝœïíôïò êþäéêá, åíþ ç äéåýèõíóç ôïõ ïñSSóìáôïò áêïëïõèïýìåíç áðü ôç ëSSóôá ôùí åëåýèåñùí ìåôáâëçôþí ôçò óõíÜñôçóçò ôïðïèåôïýíôáé óôçí êïñõöÞ ôçò óôïSSâáò ìåôáâëçôþí:

Eval : is c_0 : .. : c_n : .. : cs vs a : es h[a : App f arg, f : Fun n l]

⇒ c_n ++is c_0 : .. : c_n : .. : cs arg : (l ++vs) es h Ï êþäéêáò Haskell ãéá üëåò ôéò ðáñáðÜíù ðåñéðôþóåéò Ýœåé ùò åîÞò:

step (Eval:is, cs, vs, a:es, h) = case hLookup h a of Num n -> (is, cs, vs, a:es, h) MBool b -> (is, cs, vs, a:es, h) Record r -> (is, cs, vs, a:es, h) Loc l -> (is, cs, vs, a:es, h) Fun n l -> (is, cs, vs, a:es, h) Arg n l -> (cs !! n ++ is, cs, l++vs, es, h) App f arg -> case hLookup h f of

Fun n l -> (cs !! n ++ is, cs, arg:(l++vs), es, h)

• ÅíôïëÝò áñéèìçôéêþí ðñÜîåùí Iadd, Isub, Imul, Idiv êáé Imod : Ïé åíôïëÝò áõôÝò áíôéóôïéœïýí óôçí ðñüóèåóç, áöáSSñåóç, ðïëëáðëáóéáóìü, ðçëSSï äéáSSñåóçò êáé õðüëïéðï äéáSSñåóçò. ÁíáìÝíïõí ïé äýï äéåõèýíóåéò ðïõ âñSSóêïíôáé óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò íá ðåñéÝœïõí áêåñáSSïõò áñéèìïýò. Áöïý åêôåëÝóïõí ôçí ðñÜîç, ôïðïèåôïýí ôï áðïôÝëåóìá óå ìéá íÝá äéåýèõíóç óôï óùñü, ç ïðïSSá ìðáSSíåé óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò. Ïé äëõï äéåõèýíóåéò ðïõ ðåñéåSSœáí ôá ôåëïýìåíá ôçò ðñÜîçò áöáéñïýíôáé áðü ôç óôïSSâá áðïôSSìçóçò.

Iadd : is cs vs a : b : es h[a : Num n, b : Num m]

⇒ is cs vs c : es h[c : Num (m + n)]

Isub : is cs vs a : b : es h[a : Num n, b : Num m]

⇒ is cs vs c : es h[c : Num (m − n)]

Imul : is cs vs a : b : es h[a : Num n, b : Num m]

⇒ is cs vs c : es h[c : Num (m ∗ n)]

Idiv : is cs vs a : b : es h[a : Num n, b : Num m]

⇒ is cs vs c : es h[c : Num (m/n)]

Imod : is cs vs a : b : es h[a : Num n, b : Num m]

⇒ is cs vs c : es h[c : Num (m%n)] ÐáñáêÜôù äSSíåôáé ï êþäéêáò Haskell ãéá ôçí åíôïëÞ Iadd. Ãéá ôéò õðüëïéðåò åíôïëÝò åSSíáé åíôåëþò ðáñüìïéïò êáé ðáñáëåSSðåôáé:

step (Iadd:is, cs, vs, a:b:es, h)

= (is, cs, vs, c:es, h’) where (h’, c) = hAlloc h (hAdd (hLookup h b) (hLookup h a))

hAdd :: Value -> Value -> Value hAdd (Num a) (Num b) = Num (a+b)

• ÅíôïëÝò éóüôçôáò êáé áíéóüôçôáò Ieq êáé Ine : ĳðùò êáé óôçí ðåñSSðôùóç ôùí åíôïëþí áñéèìçôéêþí ðñÜîåùí, ïé åíôïëÝò éóüôçôáò êáé áíéóüôçôáò ðåñéìÝíïõí ïé äéåõèýíóåéò ðïõ áíôéóôïéœïýí óôá äýï ôåëïýìåíá íá âñSSóêïíôáé óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò, êáé ôéò áíôéêáèéóôïýí ìå ôç äéåýèõíóç ôïõ áðïôåëÝóìáôïò:

Ieq : is cs vs a : b : es h[a : Num n, b : Num m]

⇒ is cs vs c : es h[c : MBool (m == n)]

Ieq : is cs vs a : b : es h[a : MBool n, b : MBool m]

⇒ is cs vs c : es h[c : MBool (m == n)]

Ine : is cs vs a : b : es h[a : Num n, b : Num m]

⇒ is cs vs c : es h[c : MBool (m != n)]

Ine : is cs vs a : b : es h[a : MBool n, b : MBool m]

⇒ is cs vs c : es h[c : MBool (m != n)] ÐáñáêÜôù ðáñáôSSèåôáé ï êþäéêáò Haskell ãéá ôçí åíôïëÞ éóüôçôáò Ieq. Ãéá ôçí åíôïëÞ Ine åSSíáé ðáñüìïéïò êáé ðáñáëåSSðåôáé:

step (Ieq:is, cs, vs, a:b:es, h) = (is, cs, vs, c:es, h’) where (h’, c) = hAlloc h (hEq (hLookup h b) (hLookup h a))

hEq :: Value -> Value -> Value hEq (Num a) (Num b) = MBool (a==b) hEq (MBool a) (MBool b) = MBool (a==b)

• EíôïëÝò óýãêñéóçò Ige, Igt, Ile, êáé Ilo. ESSíáé ðáñüìïéåò ìå ôéò åíôïëÝò áñéèìçôéêþí ðñÜîåùí, ðëçí öõóéêÜ ôïõ ãåãïíüôïò üôé ôï áðïôÝëåóìá åSSíáé ëïãéêïý ôýðïõ:

Ige : is cs vs a : b : es h[a : Num n, b : Num m]

⇒ is cs vs c : es h[c : MBool (m >= n)]

Igt : is cs vs a : b : es h[a : Num n, b : Num m]

⇒ is cs vs c : es h[c : MBool (m > n)]

Ile : is cs vs a : b : es h[a : Num n, b : Num m]

⇒ is cs vs c : es h[c : MBool (m <= n)]

Ilo : is cs vs a : b : es h[a : Num n, b : Num m]

⇒ is cs vs c : es h[c : MBool (m < n)] Ï áíôSSóôïéœïò êþäéêáò óå Haskell ãéá ôçí åíôïëÞ Ige (ãéá ôéò õðüëïéðåò åSSíáé ðáñüìïéïò) Ýœåé ùò åîÞò:

step (Ige:is, cs, vs, a:b:es, h) = (is, cs, vs, c:es, h’) where (h’, c) = hAlloc h (hGe (hLookup h b) (hLookup h a))

hGe :: Value -> Value -> Value hGe (Num a) (Num b) = MBool (a >= b)

• ÅíôïëÞ áëëáãÞò ðñïóÞìïõ Ineg : ÁëëÜæåé ôï ðñüóçìï ôïõ ðåñéåœïìÝíïõ ôçò äéåýèõíóçò ðïõ âñSSóêåôáé óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò êóé ôïðïèåôåSS ôï áðïôÝëåóìá óå ìéá íÝá äéåýèõíóç óôï óùñü. ÔïðïèåôåSS ôç äéåýèõíóç ôïõ áðïôåëÝóìáôïò óôçí êïñõöÞ ôçò óôïSSâáò, åíþ áöáéñåSS áðï åêåSS ôç äéåýèõíóç ôïõ ôåëïýìåíïõ:

Ineg : is cs vs a : es h[a : Num n]

⇒ is cs vs b : es h[b : Num (−n)] Êþäéêáò Haskell:

step (Ineg:is, cs, vs, a:es, h) = (is, cs, vs, b:es, h’) where (h’, b) = hAlloc h (hNeg (hLookup h a))

hNeg :: Value -> Value hNeg (Num a) = Num (-a)

• ÅíôïëÞ ëïãéêÞò Üñíçóçò Inot : Ðáñüìïéá ìå ôçí åíôïëÞ áëëáãÞò ðñïóÞìïõů õðïëïãSSæåé ôï ëïãéêÜ áíôSSèåôï ôïõ ðåñéåœïìÝíïõ ôçò äéåýèõíóçò ðïõ âñSSóêåôáé óôçí êïñõöÞ ôçò óôïSSâáò, ôï áðïèçêåýåé óå ìéá íÝá äéåýèõíóç óôï óùñü ôçí ïðïSSá ôïðïèåôåSS óôçí êïñõöÞ ôçò óôïSSâáò óôç èÝóç ôçò äéåýèõíóçò ôïõ ôåëïýìåíïõ:

Ineg : is cs vs a : es h[a : MBool n]

⇒ is cs vs b : es h[b : MBool (not n)] Êþäéêáò Haskell:

step (Inot:is, cs, vs, a:es, h) = (is, cs, vs, b:es, h’) where (h’, b) = hAlloc h (hNot (hLookup h a))

hNot :: Value -> Value hNot (MBool a) = MBool (not a)

• ÅíôïëÞ äçìéïõñãSSáò êüìâïõ êëÞóçò óõíÜñôçóçò Mkap : Ç åíôïëÞ áíáìÝíåé óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò íá âñSSóêïíôáé ìéá äéåýèõíóç óôï óùñü ðïõ ðåñéÝœåé ôï êëåSSóéìï/üñéóìá, êáé ìéá äéåýèõíóç ðïõ ðåñéÝœåé ôï êëåSSóéìï ðïõ áíôéóôïéœåSS óôç óõíÜñôçóç. ÁöáéñåSS ôéò äýï áõôÝò äéåõèýíóåéò êáé ôïðïèåôåSS óôç èÝóç ôïõò ìéá íÝá, ðïõ ðåñéÝœåé Ýíá êüìâï êëÞóçò óõíÜñôçóçò (application node):

Mkap : is cs vs a : f : es h

⇒ is cs vs app : es h[app : App f a] Êþäéêáò Haskell:

step (Mkap:is, cs, vs, a:f:es, h) = (is, cs, vs, app:es, h’) where (h’, app) = hAlloc h (App f a)

• ÅíôïëÞ áíáäñïìÞò MkFix : H åíôïëÞ áõôÞ õðïèÝôåé üôé óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò õðÜñœåé ìéá äéåýèõíóç ðïõ ðåñéÝœåé Ýíá êëåSSóéìï{óõíÜñôçóç f. Óêïðüò ôçò åíôïëÞò åSSíáé íá öôéÜîåé Ýíá êüìâï êëÞóçò óõíÜñôçóçò ðïõ íá áíôéóôïéœåSS óôç óõíÜñôçóç fix f. ĳðùò Ýœïõìå äåé óôï êåöÜëáéï 4, ãéá ôç óõíÜñôçóç áõôÞ éóœýåé fix f = f (fix f). ÅðïìÝíùò óôç èÝóç ôçò äéåýèõíóçò ôïõ ïñSSóìáôïò, ðñÝðåé íá õðÜñœåé ç äéåýèõíóç ôïõ SSäéïõ ôïõ êüìâïõ êëÞóçò:

MkFix : is cs vs r : es h

⇒ is cs vs app : es h[app : App r app] Êþäéêáò Çaskell:

step (MkFix:is, cs, vs, r:es, h) = (is, cs, vs, app:es, h’) where (h’, app) = hAlloc h (App r app)

• PopVar n : Ðñüêåéôáé ãéá ìéá áðëÞ åíôïëÞ, ç ïðïSSá äÝœåôáé ùò üñéóìá Ýíáí áêÝñáéï áñéèìü n êáé áöáéñåSS n äéåõèýíóåéò áðü ôçí êïñõöÞ ôçò óôïSSâáò ìåôáâëçôþí:

PopVar n : is cs v_1 : v_2 : ... : v_n : vs es h

⇒ is cs vs es h Êþäéêáò Haskell:

step ((PopVar n):is, cs, vs, es, h) = (is, cs, drop n vs, es, h)

• Pop n : ÅSSíáé ìéá åíôïëÞ ðáñüìïéá ìå ôçí ðñïçãïýìåíçů áöáéñåSS n äéåõèýíóåéò áðü ôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò:

Pop n : is cs vs a_1 : a_2 : ... : a_n : es h

⇒ is cs vs es h Êáé ï áíôSSóôïéœïò êþäéêáò Haskell:

step ((Pop n):is, cs, vs, es, h) = (is, cs, vs, drop n es, h)

• PushArg n m : Ç åíôïëÞ áõôÞ êáôáóêåõÜæåé Ýíá êëåSSóéìï ðïõ áíôéóôïéœåSS óå üñéóìá óõíÜñôçóçò. Ôï êëåSSóéìï ðïõ êáôáóêåõÜæåôáé ðåñéÝœåé ôïí áñéèìü n, ðïõ åSSíáé ç èÝóç ôïõ áíôSSóôïéœïõ êþäéêá óôç ëSSóôá codestore, êáé ìSSá ëSSóôá ìå m ìÝëç, ðïõ åSSíáé ïé äéåõèýíóåéò óôï óùñü ôùí åëåýèåñùí ìåôáâëçôþí ôïõ êþäéêá áõôïý. Ç åíôïëÞ áíáìÝíåé üôé ïé m áõôÝò äéåõèýíóåéò õðÜñœïõí óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò, áðü üðïõ êáé ôéò áöáéñåSS. Óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò ôïðïèåôåSS ôç äéåýèõíóç ôïõ êëåéóSSìáôïò ðïõ êáôáóêåýáóå:

PushArg n m : is cs vs a_1 : ... : a_m : es h

⇒ is cs vs addr : es h[addr : Arg n (a_1 : ... : a_m)] Ï êþäéêáò Haskell ðïõ õëïðïéåSS ôïí ðáñáðÜíù êáíüíá Ýœåé ùò åîÞò:

step ((PushArg n m):is, cs, vs, es, h) = (is, cs, vs, addr: drop m es, h’) where freevars = take m es (h’, addr) = hAlloc h (Arg n freevars)

• PushFun n m : Ç åíôïëÞ áõôÞ åSSíáé åíôåëþò ðáñüìïéá ìå ôçí ðñïçãïýìåíç, ìå ôç äéáöïñÜ üôé üôé êáôáóêåõÜæåé Ýíá êëåSSóéìï ðïõ áíôéóôïéœåSS óå óõíÜñôçóç:

PushFun n m : is cs vs a_1 : ... : a_m : es h

⇒ is cs vs addr : es h[addr : Fun n (a_1 : ... : a_m)] Êþäéêáò Haskell:

step ((PushFun n m):is, cs, vs, es, h) = (is, cs, vs, addr: drop m es, h’) where freevars = take m es (h’, addr) = hAlloc h (Fun n freevars)

• Push n : TïðïèåôåSS óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò ôç äéåýèõíóç ðïõ âñSSóêåôáé óôç n-ïóôÞ (îåêéíþíôáò áðü ôï ìçäÝí) èÝóç ôçò óôïSSâáò ìåôáâëçôþí:

Push n : is cs v_0 : v_1 : ... : v_{n−1} : vs es h

⇒ is cs v_0 : v_1 : ... : v_{n−1} : vs v_{n−1} : es h Ï êþäéêáò óå Haskell Ýœåé ùò åîÞò:

step ((Push n):is, cs, vs, es, h) = (is, cs, vs, vs!!n : es, h)

• PushVal val : ÄçìéïõñãåSS Ýíá íÝï êüìâï óôï óùñü óôïí ïðïSSïí ôïðïèåôåSS ôçí ôéìÞ val.

Óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò ôïðïèåôåSS ôç äéåýèõíóç áõôïý ôïõ íÝïõ êüìâïõ:

PushVal val : is cs vs es h

⇒ is cs vs a : es h[a : val] Êþäéêáò Haskell:

step ((PushVal val):is, cs, vs, es, h) = (is, cs, vs, a:es, h’)

where (h’, a) = hAlloc h val

• RecAcc id : H åíôïëÞ áõôÞ äSSíåé ðñüóâáóç óôï ðåäSSï id åíüò record. ÁíáìÝíåé íá âñSSóêåôáé óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò ç äéåýèõíóç ðïõ ðåñéÝœåé ôï record. ÁíáæçôÜ óôï record ôï ðåäSSï id, êáé ôïðïèåôåSS ôç äéåýèõíóç ôïõ ôåëåõôáSSïõ óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò:

RecAcc id : is cs vs addr : es h[addr : Record (⟨id_1, a_1⟩ : ... : ⟨id, a⟩ : ...)]

⇒ is cs vs a : es h Êþäéêáò Haskell:

step ((RecAcc id):is, cs, vs, addr:es, h) = (is, cs, vs, a:es, h) where a = loookup id (unRec (hLookup h addr))

loookup :: Eq a => a -> [(a, b)] -> b loookup x ((y, i):xs) = if x==y then i else loookup x xs

unRec :: Value -> [(I, HAddr)] unRec (Record r) = r

• RecExt id : ÁõôÞ ç åíôïëÞ óå Ýíá õðÜñœïí record ðñïóèÝôåé Ýíá ðåäéü id, ôïõ ïðïSSïõ ôï ðåñéåœüìåíï âñSSóêåôáé óôç äéåýèõíóç ðïõ åSSíáé óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò ôç óôéãìÞ ðïõ åêôåëåSSôáé ç åíôïëÞ. Óôç äåýôåñç èÝóç ôçò óôïSSâáò áðïôSSìçóçò âñSSóêåôáé ç äéåýèõíóç ôïõ áñœéêïý record. Ôï íÝï record ôïðïèåôåSSôáé óå ìéá íÝá èÝóç óôï óùñü, ç äéåýèõíóç ôçò ïðïSSáò ôïðïèåôåSSôáé óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò:

RecExt id : is cs vs f : addr : es h[addr : Record r]

⇒ is cs vs a : es h[a : Record (⟨id, f⟩ : r)] Êþäéêáò Haskell:

step ((RecExt id):is, cs, vs, f:addr:es, h) = (is, cs, vs, a:es, h’) where (h’, a) = hAlloc h (hRecExt (hLookup h addr) id f)

hRecExt :: Value -> I -> HAddr -> Value hRecExt (Record r) i a = Record ((i, a):r)

• Update : Ç åíôïëÞ áõôÞ, ç ïðïSSá üðùò èá äïýìå óôï åðüìåíï êåöÜëáéï œñçóéìåýåé óôçí êëÞóç êáôÜ ôéìÞ, áíôéêáèéóôÜ ôç äéåýèõíóç ðïõ âñSSóêåôáé óôçí êïñõöÞ ôçò äéåýèõíóçò ìåôáâëçôþí ìå áõôÞí ðïõ âñSSóêåôáé óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò:

Update : is cs v : vs a : es h

⇒ is cs a : vs es h Ï êþäéêáò Haskell åSSíáé ï áêüëïõèïò:

step (Update:is, cs, vs, a:es, h) = (is, cs, a: tail vs, es, h)

ÊåöÜëáéï 6

ÌåôáãëùôôéóôÞò óå êþäéêá G-machine

Óôï ðáñüí êåöÜëáéï ðáñïõóéÜæïõìå ôïí ìåôáãëùôôéóôÞ ðïõ äÝœåôáé ùò åSSóïäï Ýíá ðñüãñáììá Cantor êáé óôçí Ýîïäï ðáñÜãåé G-machine êþäéêá.

6.1 ÃåíéêÜ

Ï ìåôáãëùôôéóôÞò öÝñåé êÜðïéåò ïìïéüôçôåò ìå ôï äéåñìçíÝá ðïõ ðáñïõóéÜóáìå óôï êåöÜëáéï 4. ŒñçóéìïðïéåSS ìéá ìïíÜäá ðåñéâÜëëïíôïò êáé ìéá ìïíÜäá êáôÜóôáóçò. Ç Ýîïäüò ôïõ åSSíáé ìéá ëSSóôá áðïôåëïýìåíç áðü ôìÞìáôá êþäéêá, üðïõ êÜèå ôìÞìá êþäéêá åSSíáé ìéá óåéñÜ áðü åíôïëÝò G-machine. Óôçí ðñþôç èÝóç ôçò ëSSóôáò åSSíáé ôï ôìÞìá êþäéêá ðïõ áíôéóôïéœåSS óôçí ńêýñéáż Ýêöñáóç ôïõ ðñïãñÜììáôïò ðïõ äüèçêå óôçí åSSóïäï, åíþ óôéò åðüìåíåò èÝóåéò õðÜñœïõí ôìÞìáôá êþäéêá ðïõ áíôéóôïéœïýí óå õðïåêöñÜóåéò ôçò Ýêöñáóçò áõôÞò/. Óôçí ðñþôç èÝóç ôçò ëSSóôáò åSSíáé ôï ôìÞìá êþäéêá ðïõ áíôéóôïéœåSS óôçí ńêýñéáż Ýêöñáóç ôïõ ðñïãñÜììáôïò ðïõ äüèçêå óôçí åSSóïäï, åíþ óôéò åðüìåíåò èÝóåéò õðÜñœïõí ôìÞìáôá êþäéêá ðïõ áíôéóôïéœïýí óå õðïåêöñÜóåéò ôçò Ýêöñáóçò áõôÞò. Ãéá êÜèå Ýêöñáóç ëÜìäá ðïõ óõíáíôÜ, äçìéïõñãåSS Ýíá êáéíïýñéï ôìÞìá êþäéêá óôç ëSSóôá åîüäïõ. Ôï SSäéï êÜíåé êáé ãéá ôá ïñSSóìáôá óõíáñôÞóåùí, êáèþò ç êëÞóç ìå üíïìá áðáéôåSS ôï üñéóìá íá áðïôSSìçèåSS üœé êáôÜ ôçí êëÞóç ôçò óõíÜñôçóçò, áëëÜ üðïõ óõíáíôÜôáé ìÝóá óôï ńóþìáż ôçò óõíÜñôçóçò ç ôõðéêÞ ðáñÜìåôñïò ôçò ôåëåõôáSSáò. ÄçëáäÞ ôá ïñSSóìáôá óõíáñôÞóåùí áíôéìåôùðSSæïíôáé ïõóéáóôéêÜ óáí óõíáñôÞóåéò ìçäåíéêïý áñéèìïý ôõðéêþí ðáñáìÝôñùí. ÅðSSóçò, îåœùñéóôÜ ôìÞìáôá êþäéêá äçìéïõñãïýíôáé ãéá êÜèå åíáëëáêôéêü óêÝëïò óå ìéá ÝíôïëÞ óõíèÞêçò (if{then{else). ÔÝëïò, êáèþò êáôÜ ôç äéÜñêåéá ôçò ìåôáãëþôôéóçò ï ìåôáãëùôôéóôÞò ðñÝðåé íá ãíùñSSæåé ðïéÝò åSSíáé ïé åëåýèåñåò ìåôáâëçôÝò êÜèå Ýêöñáóçò ëÜìäá, Þ ïé ìåôáâëçôÝò ðïõ õðÜñœïõí ìÝóá óå ìéá Ýêöñáóç{üñéóìá óõíÜñôçóçò, ðñéí áñœSSóåé ç ìåôáãëþôôéóç ãSSíåôáé áíÜëõóç ôçò Ýêöñáóçò{åéóüäïõ áðü ìéá êáôÜëëçëç óõíÜñôçóç.

6.2 Ôýðïé

H åSSóïäïò ôïõ ìåôáãëùôôéóôÞ, üðùò êáé óôçí ðåñSSðôùóç ôïõ åëåãêôÞ ôýðùí êáé ôïõ äéåñìçíÝá, åSSíáé ôýðïõ Expr. Ôïí ôýðï áõôüí ôïí ïñSSóáìå óôçí ðáñÜãñáöï 3.2.2 êáé äåí åðáíáëáìâÜíïõìå ôïí ïñéóìü ôïõ åäþ. ÅðåéäÞ ùóôüóï ðñéí ôç ìåôáãëþôôéóç ðñÝðåé íá åíôïðéóôïýí ïé åëåýèåñåò ìåôáâëçôÝò, œñåéáæüìáóôå Ýíáí ńåìðëïõôéóìÝíïż ôýðï óôïí ïðïSSï íá ìðïñïýí óõíõðÜñîïõí ç Ýêöñáóç åéóüäïõ ìáæSS ìå åðéëÝïí ðëçñïöïñSSåò, üðùò åSSíáé ïé åëåýèåñåò ìåôáâëçôÝò êÜèå õðïÝêöñáóçò. ÏñSSæïõìå Ýôóé ôïí ôýðï FreeVarExpr êáé ôïí ðáñáìåôñéêü ôýðï AnnotExpr a:

data FreeVarExpr = FV {freevs :: [I], annexpr :: AnnotExpr FreeVarExpr}

data AnnotExpr a = ACon Int | AMyTrue | AMyFalse | AIde I | AUnexp UnOp a

| ABexp BinOp a a | AIf a a a | AVar I Data a | ADeref a | AAssign a a | ALam Mode I Type a | ACall a a | ARec a | ARecAccess a I | ARecExtend a I a | AEmpty

Ãéá ôïõò ôýðïõò I, UnOp, BinOp, Data, Mode êáé Type éóœýïõí ïé ïñéóìïSS ðïõ äþóáìå óôçí ðáñÜãñáöï 3.2.2.

6.3 Åëåýèåñåò ìåôáâëçôÝò

Ç åýñåóç ôùí åëåýèåñùí ìåôáâëçôþí óôçí Ýêöñáóç åéóüäïõ ãSSíåôáé áðü ôç óõíÜñôçóç

freevar :: Expr -> FreeVarExpr

ÐñïêåéìÝíïõ íá åíôïðSSóåé ôéò åëåýèåñåò ìåôáâëçôÝò ìéáò Ýêöñáóçò ëÜìäá, ç óõíÜñôçóç freevar åíôïðSSæåé ðñþôá ôï óýíïëï ôùí ìåôáâëçôþí ðïõ âñSSóêïíôáé ìÝóá óôo ńóþìáż ôçò Ýêöñáóçò ëÜìäá, êáé áöáéñåSS óôç óõíÝœåéá áðü ôï óýíïëï áõôü ôçí ôõðéêÞ ðáñÜìåôñï ôçò Ýêöñáóçò ëÜìäá.

ÐáñáêÜôù äSSíåôáé ï êþäéêáò ãéá ôç óõíÜñôçóç freevar ãéá ïñéóìÝíåò åíäåéêôéêÝò åêöñÜóåéò ôçò Cantor. Êáèþò ï êþäéêáò ãéá ôéò õðüëïéðåò åSSíáé ðáñüìïéïò, ðáñáëåSSðåôáé:

• ÓôáèåñÝò áêåñáSSïõ ôýðïõ: Ðñïöáíþò äåí õðÜñœåé ìåôÜâëçôÞ:

freevar (Con i) = FV [] (ACon i)

• ÁíáãíùñéóôéêÜ: ÅSSíáé öáíåñü üôé ðåñéÝœïõí ìéá ìåôáâëçôÞ, äçë. ôïí åáõôü ôïõò:

freevar (Ide x) = FV [x] (AIde x)

• ÄõáäéêÝò åêöñÜóåéò: Ïé ìåôáâëçôÝò åSSíáé ç Ýíùóç ôïõ óõíüëïõ ôùí ìåôáâëçôþí ôïõ ðñþôïõ ôåëïýìåíïõ ìå ôï óýíïëï ôùí ìåôáâëçôþí ôïõ äåýôåñïõ ôåëïýìåíïõ:

freevar (Bexp binop u v) = let d1 = freevar u d2 = freevar v in FV (freevs d1 ++ freevs d2) (ABexp binop d1 d2)

• ÅêöñÜóåéò ëÜìäá: Oé åëåýèåñåò ìåôáâëçôÝò åSSíáé ôï óýíïëï ôùí ìåôáâëçôþí ôïõ ńóþìáôïòż ôçò Ýêöñáóçò ëÜìäá, áí áöáéñÝóïõìå ôï áíáãíùñéóôéêü ðïõ áíôéóôïéœåSS óôçí ôõðéêÞ ðáñÜìåôñï ôçò Ýêöñáóçò ëÜìäá:

freevar (Lam m x t u)= let d = freevar u in FV (filter (/= x) (freevs d)) (ALam m x t d)

• ÄÞëùóç ôïðéêþí ìåôáâëçôþí: Ðáñüìïéá ðåñSSðôùóç ìå ôéò åêöñÜóåéò ëÜìäá:

freevar (Var i t u) = let d = freevar u in FV (filter (/= i) (freevs d)) (AVar i t d)

6.4 ÓõíÜñôçóç ìåôáãëþôôéóçò

ÓõìâïëSSæïõìå ìå C ôç óõíÜñôçóç ìåôáãëþôôéóçò, ç ïðïSSá èá äÝœåôáé ùò åSSóïäï ìéá Ýêöñáóç ôýðïõ F reeV arExpr êáé èá åðéóôñÝöåé Ýíá ôìÞìá êþäéêá ìÝóù ìéáò êáôÜëëçëçò ìïíÜäáò GMCompile. Èá åSSíáé äçëáäÞ: C : F reeV arExpr → GMCompile GMCodeSegment Óçìåéþíïõìå üôé óôéò ðáñáêÜôù åîéóþóåéò ãñÜöïõìå ôéò åêöñÜóåéò ôýðïõ F reeV arExpr ùò æåýãç, ìå ìÝëç ìéá ëSSóôá áíáãíùñéóôéêþí êáé ìéá Ýêöñáóç ôýðïõ AnnExpr F reeV arExpr. Ãéá íá åSSíáé åýêïëá áíáãíþóéìåò äåí œñçóéìïðïéïýìå ôïõò data constructors ÁCon, AIde ê.ëð. êáé êÜíïõìå ôçí ðáñáäïœÞ üôé ïé óõìâïëéóìïSS exp, exp_1, exp_2, exp_3 áíôéóôïéœïýí óå åêöñÜóåéò ôýðïõ F reeV arExpr. Áí ìåôáöÝñïõìå ôïí ïñéóìü ôçò C óôç Haskell, ïíïìÜæïõìå ôç óõíÜñôçóç ìåôáãëþôôéóçò \compile". H compile äÝœåôáé ùò åSSóïäï ôï áðïôÝëåóìá ôçò óõíÜñôçóçò freevar êáé ðáñÜãåé ùò Ýîïäï Ýíá ôìÞìá êþäéêá. ÿœåé åðïìÝíùò ôýðï

compile :: FreeVarExpr -> GMCompile GMCodeSegment

ÁðïìÝíåé ôþñá íá ïñSSóïõìå ôç ìïíÜäá GMCompile. H ìïíÜäá áõôÞ ðñÝðåé íá Ýœåé äõíáôüôçôåò œåéñéóìïý ðåñéâÜëëïíôïò êáé êáôÜóôáóçò. Óõíåðþò óõíäõÜæïíôáò ôç ìïíáäá ðåñéâÜëëïíôïò ìå ôç ìïíÜäá êáôÜóôáóçò ïñSSæïõìå:

type GMCompile a = EnvT GMEnv (StateT GMCodeStore Id) a

type GMEnv = [(I, Int)]

Ãéá ôá GMCodeSegment êáé GMCodeStore éóœýïõí ïé ïñéóìïSS ðïõ äþóáìå óôçí ðáñÜãñáöï 5.6. ÅðSSóçò œñåéáæüìáóôå ìéá áêüìç âïçèçôéêÞ óõíÜñôçóç, ç ïðïSSá èá äÝœåôáé ùò üñéóìá Ýíá íÝï ôìÞìá êþäéêá êáé èá ôï ôïðïèåôåSS óôï ôÝëïò ôïõ GMCodeStore (äçë. ôïõ state), åðéóôñÝöïíôáò ôç èÝóç óôçí ïðïSSá ôïðïèåôÞèçêå ôï ôìÞìá áõôü. Èá åSSíáé äçëáäÞ newCodeSeg : GMCodeSegment → GMCompile Int ĳôáí ïëïêëçñùèåSS ç ìåôáãëþôôéóç, ôï state èá ðåñéÝœåé üëï ôïí êþäéêá ðïõ ðáñÜœèçêå. ESSìáóôå Ýôïéìïé íá ðñïœùñÞóïõìå óôçí ðáñïõóSSáóç ôùí êáíüíùí ìåôáãëþôôéóçò ãéá êÜèå Ýêöñáóç ôçò Cantor:

• ÓôáèåñÝò áêÝñáéïõ Þ ëïãéêïý ôýðïõ : O êþäéêáò ðïõ ðáñÜãåôáé Ýœåé ìSSá êáé ìüíç åíôïëÞ, ôçí P ushV al val. ÅSSíáé åðïìÝíùò C[[l, n]] = unit([P ushV al (Num n)]) C[[l, true]] = unit([P ushV al (MBool T rue)] C[[l, false]] = unit([P ushV al (MBool F alse)] Óå êþäéêá Haskell åýêïëá ãñÜöïõìå:

compile (FV l (ACon i)) = return [PushVal (Num i)] compile (FV l AMyTrue) = return [PushVal (MBool True)] compile (FV l AMyFalse) = return [PushVal (MBool False)]

• ÁíáãíùñéóôéêÜ : ÊáëåSSôáé ç \rdEnv" ðïõ åðéóôñÝöåé ôï ôñÝœïí ðåñéâÜëëïí ρ : Ide → N.

Ï êþäéêáò ðïõ ðáñÜãåôáé Ýœåé ìéá êáé ìüíç åíôïëÞ, ôçí P ush (ρ id).

C[[l, id]] = rdEnv ∗ (λρ.unit([P ush (ρ id)])) Êþäéêáò Haskell:

compile (FV l (AIde x)) = do env <- rdEnv return [Push (loookup x env)]

loookup :: Eq a => a -> [(a, b)] -> b loookup x ((y, i):xs) = if x==y then i else loookup x xs

• ÅêöñÜóåéò neg êáé not : Ðñþôá ìåôáãëùôôSSæåôáé ç Ýêöñáóç{ôåëïýìåíï êáé óôïí ðáñáãüìåíï êþäéêá ðñïóôSSèåíôáé ïé åíôïëÝò Eval êáé Ineg Þ Inot. H Eval åSSíáé áðáñáSSôçôç, êáèþò ï äåSSêôçò ðïõ èá õðÜñœåé óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò ìåôÜ ôçí åêôÝëåóç ôïõ êþäéêá ðïõ áíôéóôïéœåSS óôï ôåëïýìåíï, åSSíáé ðéèáíü íá äåSSœíåé óå ìç áðïôéìçìÝíç Ýêöñáóç. ÿœïõìå ëïéðüí: C[[l, neg exp]] = C[[exp]] ∗ (λc.unit(c ++[Eval, Ineg])) C[[l, not exp]] = C[[exp]] ∗ (λc.unit(c ++[Eval, Inot])) Êþäéêáò Haskell:

compile (FV l (AUnexp unop b)) = do c <- compile b case unop of

Not -> return (c ++ [Eval] ++ [Inot]) Neg -> return (c ++ [Eval] ++ [Ineg])

• ÄõáäéêÞ Ýêöñáóç ìå ôïí ôåëåóôÞ \;" : Ï ðáñáãüìåíïò êþäéêáò åSSíáé ï êþäéêáò ðïõ ðñïêýðôåé áðü ôç ìåôáãëþôôéóç ôïõ ðñþôïõ ôåëïýìåíïõ, áêïëïõèïýìåíïò áðü ôéò åíôïëÝò Eval êáé P op 1 êáé ôïí êþäéêá ðïõ ðñïêýðôåé áðü ôç ìåôáãëþôôéóç ôïõ äåýôåñïõ ôåëïýìåíïõ. Ç åíôïëÞ P op 1 œñåéÜæåôáé þóôå íá áðïìáêñõíèåSS áðü ôç óôïSSâá áðïôSSìçóçò ç äéåýèõíóç ôïõ áðïôåëÝóìáôïò ôçò áðïôSSìçóçò ôïõ ðñþôïõ ôåëïýìåíïõ. Ç áëëçëïõœSSá åíôïëþí \Eval, P op 1" áíôéêáôïðôñSSæåé ôï ãåãïíüò, üôé óå ìéá Ýêöñáóç \a;b" óôç ãëþóóá Cantor ç ôéìÞ ôçò Ýêöñáóçò \a", áí êáé õðïëïãSSæåôáé, áãíïåSSôáé.

C[[l, exp_1; exp_2]] = C[[exp_1]] ∗ (λc_1.C[[exp_2]] ∗ (λc_2.unit(c_1 ++[Eval, P op 1] ++c_2)))

Êþäéêáò Haskell:

compile (FV l (ABexp Semicolon u v)) = do c1 <- compile u c2 <- compile v return (c1 ++ [Eval, Pop 1] ++ c2)

• ÄõáäéêÝò åêöñÜóåéò ìå ôïõò ôåëåóôÝò and êáé or : Ïé åêöñÜóåéò áõôÝò, óôéò ïðïSSåò ôï äåýôåñï ôåëïýìåíï áðïôéìÜôáé ìüíï üôáí áõôü åSSíáé áðáñáSSôçôï, ìåôáãëùôôSSæïíôáé ìÝóù ôïõ ìåôáóœçìáôéóìïý ôïõò óå ìéá Ýêöñáóç óõíèÞêçò:

C[[l, exp_1 and exp_2]] = C[[l, if exp_1 then exp_2 else ([], false)]]

C[[l, exp_1 or exp_2]] = C[[l, if exp_1 then ([], true) else exp_2]]

Êþäéêáò Haskell:

compile (FV l (ABexp And u v)) = compile (FV l (AIf u v (FV [] AMyFalse))) compile (FV l (ABexp Or u v)) = compile (FV l (AIf u (FV [] AMyTrue) v))

• ÄõáäéêÝò åêöñÜóåéò ìå Ýíáí áðü ôïõò ôåëåóôÝò + − ∗ / % == ! = <= >= < > : O êþäéêáò ðïõ ðáñÜãåôáé åSSíáé ï êþäéêáò ðïõ áíôéóôïéœåSS óôï ðñþôï ôåëïýìåíï, ç åíôïëÞ Eval, o êþäéêáò ôïõ äåýôåñïõ ôåëïýìåíïõ êáé ç åíôïëÞ Eval, êáé ôÝëïò ìéá áðü ôéò åíôïëÝò Iadd, Isub, Imul, Idiv, Imod, Ieq, Ine, Ile, Ige, Ilo êáé Igt: C[[l, exp_1 +exp_2]] = C[[exp_1]]∗(λc_1.C[[exp_2]]∗(λc_2.unit(c_1 ++[Eval]++c_2 ++[Eval, Iadd]))) C[[l, exp_1 −exp_2]] = C[[exp_1]]∗(λc_1.C[[exp_2]]∗(λc_2.unit(c_1 ++[Eval]++c_2 ++[Eval, Isub]))) C[[l, exp_1 ∗exp_2]] = C[[exp_1]]∗(λc_1.C[[exp_2]]∗(λc_2.unit(c_1 ++[Eval]++c_2 ++[Eval, Imul]))) C[[l, exp_1/exp_2]] = C[[exp_1]]∗(λc_1.C[[exp_2]]∗(λc_2.unit(c_1 ++[Eval]++c_2 ++[Eval, Idiv]))) C[[l, exp_1%exp_2]] = C[[exp_1]]∗(λc_1.C[[exp_2]]∗(λc_2.unit(c_1 ++[Eval]++c_2++[Eval, Imod]))) C[[l, exp_1 == exp_2]] = C[[exp_1]]∗(λc_1.C[[exp_2]]∗(λc_2.unit(c_1++[Eval]++c_2++[Eval, Ieq]))) C[[l, exp_1!= exp_2]] = C[[exp_1]]∗(λc_1.C[[exp_2]]∗(λc_2.unit(c_1 ++[Eval]++c_2 ++[Eval, Ine]))) C[[l, exp_1 <= exp_2]] = C[[exp_1]]∗(λc_1.C[[exp_2]]∗(λc_2.unit(c_1++[Eval]++c_2++[Eval, Ile]))) C[[l, exp_1 >= exp_2]] = C[[exp_1]]∗(λc_1.C[[exp_2]]∗(λc_2.unit(c_1++[Eval]++c_2++[Eval, Ige]))) C[[l, exp_1 < exp_2]] = C[[exp_1]]∗(λc_1.C[[exp_2]]∗(λc_2.unit(c_1 ++[Eval]++c_2 ++[Eval, Ilo]))) C[[l, exp_1 > exp_2]] = C[[exp_1]]∗(λc_1.C[[exp_2]]∗(λc_2.unit(c_1 ++[Eval]++c_2 ++[Eval, Igt]))) Êþäéêáò Haskell:

compile (FV l (ABexp binop u v) = do c1 <- compile u c2 <- compile v return (c1 ++ [Eval] ++ c2 ++ [Eval] ++ [i]) where i = case binop of Plus -> Iadd Minus -> Isub Mul -> Imul Div -> Idiv Mod -> Imod Eq’ -> Ieq Ne -> Ine Gt -> Igt Lo -> Ilo Ge -> Ige Le -> Ile

• ÅíôïëÞ óõíèÞêçò : ÌåôáãëùôôSSæïíôáé ç óõíèÞêç êáé ôá äýï åíáëëáêôéêÜ óêÝëç ôçò åíôïëÞò. Ï êþäéêáò ãéá êáèÝíá áðü áõôÜ ôá óêÝëç ôïðïèåôåSSôáé óå Ýíá íÝï ôìÞìá êþäéêá. Óôï ôñÝœïí ôìÞìá êþäéêá, ðñïóôSSèåíôáé ï êþäéêáò ôçò óõíèÞêçò áêïëïõèïýìåíïò áðü ôéò åíôïëÝò Eval êáé Cond:

C[[l, if exp_1 then exp_2 else exp_3]] = C[[exp_1]] ∗ (λc_1.C[[exp_2]] ∗ (λc_2.C[[exp_3]] ∗ (λc_3.

newCodeSeg c_2 ∗ (λs_1.newCodeSeg c_3 ∗ (λs_2.unit(c_1 ++[Eval, Cond s_1 s_2])))))) Êþäéêáò Haskell:

compile (FV l (AIf e1 e2 e3)) = do c1 <- compile e1 c2 <- compile e2 c3 <- compile e3 s1 <- newCodeSeg c2 s2 <- newCodeSeg c3 return (c1 ++ [Eval, Cond s1 s2])

newCodeSeg :: GMCodeSegment -> GMCompile Int newCodeSeg codeseg = do cs <- fetch update (++ [codeseg]) return (length cs + 1)

• ËÜìâäá åêöñÜóåéò : Óôï ôñÝœïí ôìÞìá êþäéêá ðñïóôSSèåíôáé ïé êáôÜëëçëåò åíôïëÝò P ush, ðïõ öïñôþíïõí ôéò äéåõèýíóåéò ôùí åëåýèåñùí ìåôáâëçôþí óôç óôïSSâá áðïôSSìçóçò, ìáæSS ìå ôçí åíôïëÞ P ushF un s n, üðïõ n ôï ðëÞèïò ôùí åëåýèåñùí ìåôáâëçôþí êáé s ôï ôìÞìá êþäéêá óôï ïðïSSï ôïðïèåôåSSôáé ï êþäéêáò ôïõ ńóþìáôïòż ôçò Ýêöñáóçò ëÜìâäá. Ç P ushF un üôáí åêôåëåóôåSS èá áðïèçêåýóåé óôï óùñü Ýíá êëåSSóéìï, äçë. Ýíá æåýãïò ìå ìÝëç ôï s (äåSSêôçò óôïí êþäéêá) êáé ôç ëSSóôá äéåõèýíóåùí ôùí åëåýèåñùí ìåôáâëçôþí. Ï ôñüðïò ìåôáãëþôôéóçò ôïõ ńóþìáôïòż ôçò Ýêöñáóçò ëÜìâäá äéáöÝñåé ìåôáîý ôùí åêöñÜóåùí ìå êëÞóç ìå ôéìÞ êáé áõôþí ìå êëÞóç ìå üíïìá. Êáé óôéò äýï ðåñéðôþóåéò, ôo ńóþìáż ôçò Ýêöñáóçò ìåôáãëùôôSSæåôáé ìÝóá óôï ðåñéâÜëëïí ðïõ ðñïêýðôåé, áí áíôéóôïéœÞóïõìå ôçí ôõðéêÞ ðáñÜìåôñï óôç èÝóç ìçäÝí êáé ôéò n åëåýèåñåò ìåôáâëçôÝò óôéò èÝóåéò 1 Ýùò n. Óôï ôÝëïò ôïõ ðáñáãüìåíïõ êþäéêá ðñïóôSSèåôáé ç åíôïëÞ Eval êáé ç åíôïëÞ P opV ar (n + 1). Ç ôåëåõôáSSá åíôïëÞ Ýœåé óêïðü íá áöáéñÝóåé áðü ôç óôïSSâá ìåôáâëçôþí ôéò äéåõèýíóåéò ôïõ ïñSSóìáôïò êáé ôùí åëåýèåñùí ìåôáâëçôþí ôçò Ýêöñáóçò ëÜìâäá. Áí ç Ýêöñáóç ëÜìâäá êáëåSSôáé ìå üíïìá, ï êþäéêáò áõôüò ôïðïèåôåSSôáé óå Ýíá íÝï ôìÞìá êþäéêá ùò Ýœåé. Áí üìùò ðñüêåéôáé ãéá Ýêöñáóç ëÜìâäá ðïõ êáëåSSôáé ìå ôéìÞ, óôçí áñœÞ ôïõ êþäéêá ðñïóôSSèåôáé ç áëëçëïõœSSá åíôïëþí P ush 0, Eval, Update. Oé äýï ðñþôåò åíôïëÝò áðïôéìïýí ôï üñéóìá ôçò Ýêöñáóçò ëÜìâäá. Ç ôñSSôç åíôïëÞ (Update) áíôéêáèéóôÜ óôçí êïñõöÞ ôçò óôïSSâáò ìåôáâëçôþí ôç äéåýèõíóç ôïõ ìç áðïôéìçìÝíïõ ïñSSóìáôïò ìå ôç äéåýèõíóç ôïõ áðïôåëÝóìáôïò ôçò áðïôSSìçóçò. C[[(fv_1, ..., fv_n), lambda ! x : type.exp]] = rdEnv ∗ (λρ. inEnv [x → 0, fv_1 → 1, ..., fv_n → n] C[[exp]] ∗ (λf. newCodeSeg (f ++[Eval, P opV ar (n + 1)]) ∗ (λs. unit([P ush (ρ fv_n), ..., P ush (ρ fv_1), P ushF un s n])))) C[[(fv_1, ..., fv_n), lambda x : type.exp]] = rdEnv ∗ (λρ. inEnv [x → 0, fv_1 → 1, ..., fv_n → n] C[[exp]] ∗ (λf. newCodeSeg ([P ush 0, Eval, Update]++f ++[Eval, P opV ar (n+1)])∗(λs. unit([P ush (ρ fv_n), ..., P ush (ρ fv_1), P ushF un s n])))) Êþäéêáò Haskell:

compile (FV l (ALam m x t v)) = do env <- rdEnv let freevs = nub l inds = map (flip loookup env) freevs saves = reverse $ map Push inds env’ = (x, 0) : zipWith (\x y -> (x, y)) freevs [1..length freevs] f <- inEnv env’ (compile v) let c = case m of

BV -> [Push 0, Eval, Update] BN -> [] seg <- newCodeSeg (c ++ f ++ [Eval, PopVar (length freevs + 1)]) return (saves ++ [PushFun seg (length saves)])

• ÊëÞóç óõíÜñôçóçò \exp_1 exp_2": ÌåôáãëùôôSSæåôáé ç exp_2 ìÝóá óôï êáôÜëëçëï ðåñéâÜëëïí êáé ôïðïèåôåSSôáé óå Ýíá íÝï ôìÞìá êþäéêá \s". ÅðSSóçò ìåôáãëùôôSSæåôáé ç exp_1 êáé åðéóôñÝöåôáé ï ðáñáãüìåíïò êþäéêáò áêïëïõèïýìåíïò áðü ìéá åíôïëÞ Eval, ôéò åíôïëÝò P ush ðïõ œñåéÜæïíôáé ãéá íá öïñôùèïýí óôç óôïSSâá áðïôSSìçóçò ïé äéåõèýíóåéò ôùí ìåôáâëçôþí ðïõ œñåéÜæåôáé ç exp_2, ôçí åíôïëÞ P ushArg ðïõ äçìéïõñãåSS ôï êëåSSóéìï ðïõ áíôéóôïéœåSS óôï üñéóìá, êáé ôÝëïò ôçí åíôïëÞ Mkap ðïõ äçìéïõñãåSS ôïí êüìâï êëÞóçò óõíÜñôçóçò (application node) óôï óùñü: C[[l, exp_1 ((v_1, ..., v_n), exp_2)]] = rdEnv ∗ (λρ.C[[exp_1]] ∗ (λc_1. inEnv [v_1 → 0, ..., v_n → n − 1] C[[exp_2]] ∗ (λc_2. newCodeSeg (c_2 ++[Eval, P opV ar n)]) ∗ (λs. unit(c_1 ++[Eval, P ush (ρ v_n), ..., P ush (ρ v_1), P ushArg s (n−1), Mkap]))))) Êþäéêáò Haskell:

compile (FV l1 (ACall e1 (FV l2 e2))) = do env <- rdEnv c1 <- compile e1 let freevars = nub l2

inds = map (flip loookup env) freevs saves = reverse $ map Push inds env’ = zipWith (\x y -> (x, y)) freevs [0..length freevs - 1] c2 <- inEnv env’ (compile (FV l2 e2)) seg <- newCodeSeg (c2 ++ [Eval, PopVar (length freevs)]) return (c1 ++ [Eval] ++ saves ++ [PushArg seg (length saves), Mkap])

• ÄÞëùóç ôïðéêÞò ìåôáâëçôÞò : ÐñïóôSSèåôáé óôï ðåñéâÜëëïí ç íÝá ìåôáâëçôÞ, êáé ìÝóá óôï íÝï ðåñéâÜëëïí ìåôáãëùôôSSæåôáé ç Ýêöñáóç ðïõ áêïëïõèåSS ôç ëÝîç{êëåéäSS in. Óôçí áñœÞ ôïõ ðáñáãüìåíïõ êþäéêá ìðáSSíåé ç åíôïëÞ Alloc, ðïõ áíáèÝôåé œþñï óôï óùñü ãéá ôç íÝá ìåôáâëçôÞ êáé óôï ôÝëïò ç P opV ar 1, ðïõ áöáéñåSS áðü ôç óôïSSâá ìåôáâëçôþí ôç äéåýèõíóç ôçò ìåôáâëçôÞò. C[[l, var i : data in exp]] = rdEnv ∗ (λρ.inEnv (extend i ρ) C[[exp]] ∗ (λc. unit([Alloc] ++c ++[P opV ar 1]))) üðïõ: extend i [x_0 → 0, x_1 → 1, ..., x_n → n] = [i → 0, x_0 → 1, x_1 → 2, ..., x_n → n + 1] Êþäéêáò Haskell:

compile (FV l (AVar i d exp)) = do env <- rdEnv let env’ = extend i env c <- inEnv env’ (compile exp) return ([Alloc] ++ c ++ [PopVar 1])

extend :: a -> [(a, Int)] -> [(a, Int)] extend a env = (a, 0) : incsnd env

incsnd :: [(a,Int)] -> [(a, Int)] incsnd [] = [] incsnd ((a, n):xs) = (a, n+1) : incsnd xs

• Ðñüóâáóç óôçí ôéìÞ ôïðéêÞò ìåôáâëçôÞò : ÌåôáãëùôôSSæåôáé ç Ýêöñáóç ðïõ âñSSóêåôáé ìåôÜ ôïí ôåëåóôÞ deref êáé åðéóôñÝöåôáé ï ðáñáãüìåíïò êþäéêáò ìáæSS ìå ôéò åíôïëÝò Eval êáé Dereff. C[[l, deref exp]] = C[[exp]] ∗ (λc.unit(c ++[Eval, Dereff])) Êþäéêáò Haskell:

compile (FV l (ADeref exp)) = do c <- compile exp return (c ++ [Eval, Dereff])

• AíÜèåóç ôéìÞò óå ôïðéêÞ ìåôáâëçôÞ :

C[[l, exp_1 := exp_2]] = C[[exp_1]] ∗ (λc_1.C[[exp_2]] ∗ (λc_2. unit(c_1 ++[Eval] ++c_2 + [Eval, Assig]))) Êþäéêáò Haskell:

compile (FV l (AAssign e1 e2)) = do c1 <- compile e1 c2 <- compile e2 return (c1 ++ [Eval] ++ c2 ++ [Eval, Assig])

• ÁíáäñïìÞ : ÌåôáãëùôôSSæåôáé ç Ýêöñáóç exp ðïõ áêïëïõèåSS ôïí ôåëåóôÞ rec, êáé åðéóôñÝöåôáé ï ðáñáãüìåíïò êþäéêáò áêïëïõèïýìåíïò áðü ôçí åíôïëÞ MkF ix. ÕðåíèõìSSæïõìå üôé ç MkF ix ïõóéáóôéêÜ êáôáóêåõÜæåé ôçí fix exp. C[[l, rec (exp)]] = C[[exp]] ∗ (λc.unit(c ++[MkF ix])) Êþäéêáò Haskell:

compile (FV l1 (ARec exp)) = do c <- compile exp return (c ++ [MkFix])

• Êåíü record : ĳðùò êáé óôçí ðåñSSðôùóç ôùí óôáèåñþí áêÝñáéïõ êáé ëïãéêïý ôýðïõ, ï êþäéêáò ðïõ ðáñÜãåôáé áðïôåëåSSôáé ìüíï áðü ôçí åíôïëÞ P ushV al (Record []), ðïõ áðïèçêåýåé Ýíá êåíü record óôï óùñü êáé ôïðïèåôåSS ôç äéåýèõíóÞ ôïõ óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò.

C[[l, empty]] = unit([P ushV al (Record [])]) Êþäéêáò Haskell:

compile (FV l AEmpty) = return [PushVal (Record [])]

• Ðñüóâáóç óå ðåäSSï record : Ç Ýêöñáóç ðñéí ôïí ôåëåóôÞ \::" ìåôáãëùôôSSæåôáé êáé åðéóôñÝöåôáé ï ðáñáãüìåíïò êþäéêáò áêïëïõèïýìåíïò áðü ôçí åíôïëÞ Eval êáé ôçí åíôïëÞ RecAcc i, ðïõ öïñôþíåé óôç óôïSSâá áðïôSSìçóçò ôç äéåýèõíóç ôïõ ðåñéåœïìÝíïõ ôïõ ðåäSSïõ \i". C[[l, exp :: id]] = C[[exp]] ∗ (λc.unit(c ++[Eval, RecAcc i])) Êþäéêáò Haskell:

compile (FV l (ARecAccess exp i)) = do c <- compile exp return (c ++ [Eval, RecAcc i])

• ÅðÝêôáóç record : ÌåôáãëùôôSSæïíôáé ïé åêöñÜóåéò exp_1 êáé exp_2, êáé åðéóôñÝöåôáé ï êþäéêáò ðïõ ðñïêýðôåé ìáæSS ìå ôéò áðáñáSSôçôåò åíôïëÝò Eval êáé ôçí åíôïëÞ RecExt i ðïõ ðñïóèÝôåé ôï íÝï ðåäSSï óôï õðÜñœïí record.

C[[l, exp_1[id := exp_2]]] = C[[exp_1]] ∗ (λc_1.C[[exp_2]] ∗ (λc_2. unit(c_1 ++[Eval] ++c2 ++[Eval, RecExt i]))) Êþäéêáò Haskell:

compile (FV l (ARecExtend exp1 i exp2)) = do c1 <- compile exp1 c2 <- compile exp2 return (c1 ++ [Eval] ++ c2 ++ [Eval, RecExt i])

6.5 ÁðáëïéöÞ ðåñéôôþí åíôïëþí Eval

Ìéá áäõíáìSSá ôùí ðáñáðÜíù êáíüíùí ìåôáãëþôôéóçò åSSíáé ç œñÞóç ôçò åíôïëÞò Eval óå óçìåSSá ðïõ äåí åSSíáé áðáñáSSôçôç. ÔÝôïéá óçìåSSá åSSíáé áõôÜ ãéá ôá ïðïSSá åSSíáé âÝâáéï üôé êáôÜ ôçí åêôÝëåóç ôïõ êþäéêá óôçí êïñõöÞ ôçò óôïSSâáò áðïôSSìçóçò èá âñSSóêåôáé äéåýèõíóç ðïõ áíôéóôïéœåSS óå Þäç áðïôéìçìÝíç Ýêöñáóç. Ãéá ðáñÜäåéãìá, áí ìåôáãëùôôSSóïõìå ôçí Ýêöñáóç Cantor

(lambda x:int exp.x+3) 5

ï ðáñáãüìåíïò êþäéêáò G-machine áðïôåëåSSôáé áðü ôá åîÞò 3 ôìÞìáôá êþäéêá:

0: [PushFun 1 0,Eval,PushArg 2 0,Mkap,Eval] 1: [Push 0,Eval,Update,Push 0,Eval,PushVal (Num 3),Eval,Iadd,Eval,PopVar 1] 2: [PushVal (Num 5),Eval,PopVar 0]

ÅSSíáé öáíåñü, üôé ãéá ðáñÜäåéãìá ìåôÜ ôçí åêôÝëåóç ôçò \P ushV al (Num 3) óôï ôìÞìá êþäéêá \1", ç äéåýèõíóç ðïõ èá âñSSóêåôáé óôçí êïñõöÞ ôçò óôïSSâáò èá ðåñéÝœåé ôçí ôéìÞ \Num 3" êáé åðïìÝíùò ç åíôïëÞ Eval ðïõ áêïëïõèåSS åSSíáé ðåñéôôÞ.

Ãéá íá åîáëåSSøïõìå ôçí ðáñáðÜíù áäõíáìSSá, áöïý ïëïêëçñùèåSS ç ìåôáãëþôôéóç ðåñíÜìå ôïí êþäéêá ðïõ ðáñÜœèçêå áðü ôç óõíÜñôçóç optimize, ðïõ áðáëåSSöåé ôéò ðåñéôôÝò åíôïëÝò Eval. ÐåñéôôÝò åSSíáé üóåò åíôïëÝò Eval âñSSóêïíôáé áìÝóùò ìåôÜ áðü åíôïëÝò P ushV al, P ushF un, Assig, Dereff êáèþò êáé ìåôÜ áðü üëåò ôéò åíôïëÝò áñéèìçôéêþí ðñÜîåùí êáé óýãêñéóçò. Ï êþäéêáò Haskell ãéá ôçí optimize Ýœåé ùò åîÞò:

optimize :: GMCodeStore -> GMCodeStore optimize = map scavenge

scavenge :: GMCodeSegment -> GMCodeSegment scavenge [] = [] scavenge (x : []) = [x] scavenge (PushVal v : Eval : xs) = (PushVal v) : scavenge xs scavenge (PushFun i n : Eval : xs) = (PushFun i n) : scavenge xs scavenge (Assig : Eval : xs) = Assig : scavenge xs scavenge (Dereff : Eval : xs) = Dereff : scavenge xs scavenge (Iadd : Eval : xs) = Iadd : scavenge xs scavenge (Isub : Eval : xs) = Isub : scavenge xs scavenge (Imul : Eval : xs) = Imul : scavenge xs scavenge (Idiv : Eval : xs) = Idiv : scavenge xs scavenge (Imod : Eval : xs) = Imod : scavenge xs scavenge (Ieq : Eval : xs) = Ieq : scavenge xs scavenge (Ine : Eval : xs) = Ine : scavenge xs scavenge (Igt : Eval : xs) = Igt : scavenge xs scavenge (Ige : Eval : xs) = Ige : scavenge xs scavenge (Ilo : Eval : xs) = Ilo : scavenge xs scavenge (Ile : Eval : xs) = Ile : scavenge xs scavenge (x : y : xs) = x : scavenge (y:xs)

ÌåôÜ ôç ìéêñÞ áõôÞ âåëôéóôïðïSSçóç, ï êþäéêáò ãéá ôçí Ýêöñáóç Cantor ðïõ äþóáìå ðéï ðÜíù ðáSSñíåé ôçí ðáñáêÜôù ìïñöÞ:

0: [PushFun 1 0,PushArg 2 0,Mkap,Eval] 1: [Push 0,Eval,Update,Push 0,Eval,PushVal (Num 3),Iadd,PopVar 1] 2: [PushVal (Num 5),PopVar 0]

ÊåöÜëáéï 7

ÓõìðåñÜóìáôá

Ìðïñïýìå íá óõíïøSSóïõìå ôá óõìðåñÜóìáôá ôçò ðáñïýóáò åñãáóSSáò óôá ðáñáêÜôù:

• Îåêéíþíôáò áðü ôç ãëþóóá Cantor, ç ðñùôïôõðSSá ôçò ãëþóóáò Ýãêåéôáé óôï üôé áí êáé åSSíáé ìéá ìéíéìáëéóôéêÞ ãëþóóá, ðåñéÝœåé óôïéœåSSá ðïõ ðïëëÝò öïñÝò äåí óõíáíôþíôáé áêüìç êáé óå ìåãáëýôåñåò ãëþóóåò, üðùò ãéá ðáñÜäåéãìá ç óõíýðáñîç êëÞóçò ìå ôéìÞ êáé êëÞóçò ìå üíïìá. ÅðSSóçò ç äõíáôüôçôá Ýíá record íá Ýœåé ðåäSSï ôýðïõ óõíÜñôçóçò ðáñÝœåé óôïéœåéþäåéò äõíáôüôçôåò áíôéêåéìåíïóôñáöïýò ðñïãñáììáôéóìïý, áöïý Ýíá ôÝôïéï record èá åSSíáé ïõóéáóôéêÜ Ýíá áíôéêåSSìåíï êáé ç óõíÜñôçóç ìéá ìÝèïäïò{ìÝëïò ôïõ áíôéêåéìÝíïõ. ÔÝëïò, ç ïñèïãùíéüôçôá ôùí œáñáêôçñéóôéêþí ôçò Cantor äéåõêüëõíå óçìáíôéêÜ ôçí õëïðïSSçóç äéåñìçíÝá êáé ìåôáãëùôôéóôÞ.

• ÿíá Üëëï óõìðÝñáóìá ðïõ ðñïêýðôåé, åSSíáé üôé ç œñÞóç ôùí ìïíÜäùí óôç äõíáìéêÞ óçìáóéïëïãSSá áðëïðïéåSS ôçí êáôáóêåõÞ åíüò äéåñìçíÝá. ĳðùò åSSäáìå óôï êåöÜëáéï 4, o äéåñìçíÝáò ðñïÝêõøå ìå åíôåëþò åõèý êáé öõóéêü ôñüðï áðü ôç äõíáìéêÞ óçìáóéïëïãSSá, œÜñç óôç œñÞóç ôùí ìïíÜäùí.

• Ç êáôáóêåõÞ ôïõ äéåñìçíÝá (áëëÜ êáé ôïõ åëåãêôÞ ôýðùí) äéåõêïëýíèçêå ðåñáéôÝñù áðü ôç œñÞóç ìéáò óõíáñôçóéáêÞò ãëþóóáò üðùò ç Haskell. Óôá êåöÜëáéá 3 êáé 4 åSSäáìå ðüóï åýêïëç Þôáí ç ìåôáöïñÜ ôçò óçìáóéïëïãSSáò ôýðùí êáé ôçò äõíáìéêÞò óçìáóéïëïãSSáò áíôSSóôïéœá óå êþäéêá. ÅðSSóçò ôï óýóôçìá ôýðùí ôçò Haskell Ýêáíå äõíáôü ôïí Ýãêáéñï åíôïðéóìü ðïëëþí ðñïãñáììáôéóôéêþí ëáèþí.

• H œñÞóç ôùí ìïíÜäùí óôïí êþäéêá Ýêáíå äõíáôÞ ôçí ôìçìáôéêÞ õëïðïSSçóç ôïõ åëåãêôÞ ôýðùí, ôïõ äéåñìçíÝá êáé ôïõ ìåôáãëùôôéóôÞ óå êþäéêá G-Machine. ÊáôÜ ôçí áíÜðôõîç ôïõ êþäéêá Þôáí öáíåñÞ ç ìåãÜëç äéåõêüëõíóç ðïõ ðñïóÝöåñå ç œñÞóç ôùí ìïíÜäùí ôüóï óôçí óôáäéáêÞ ðñïóèÞêç œáñáêôçñéóôéêþí üóï êáé óôéò äéÜöïñåò áëëáãÝò ðïõ œñåéÜóôçêå íá ãSSíïõí.

• ÔÝëïò, Ýíá åíäéáöÝñïí óôïéœåSSï åSSíáé ïé ôõœüí áíáëïãSSåò ìåôáîý ôïõ äéåñìçíÝá êáé ôïõ ìåôáãëùôôéóôÞ. Áí îåêéíÞóïõìå áðü ôéò áðëïýóôåñåò åêöñÜóåéò, ð.œ. ôéò áêÝñáéåò óôáèåñÝò: E[[n]] = unit(Num n) C[[l, n]] = unit([P ushV al (Num n)]) âëÝðïõìå üôé ïé äéáöïñÝò ìåôáîý ôïõò åSSíáé ôï óôÜäéï åýñåóçò ôùí åëåýèåñùí ìåôáâëçôþí ðïõ Ýœåé ðñïçãçèåSS óôï ìåôáãëùôôéóôÞ êáé ç ðñïóèÞêç ìéáò åíôïëÞò PushVal. Aí ðÜìå óôá áíáãíùñéóôéêÜ: E[[id]] = rdEnv ∗ (λρ.ρ id) C[[l, id]] = rdEnv ∗ (λρ.unit([P ush (ρ id)])) ðáñáôçñïýìå üôé ç äéáöïñÜ Ýãêåéôáé óôçí ðñïóèÞêç ìéáò åíôïëÞò Push. Óôçí ðåñSSðôùóç ôùí äõáäéêþí åêöñÜóåùí, ð.œ. ôçò ðñüóèåóçò:

E[[e_1 + e_2]] = E[[e_1]] ∗ (λu.E[[e_2]] ∗ (λv.unit(u + v))) C[[l, exp_1 + exp_2]] = C[[exp_1]] ∗ (λc_1.C[[exp_2]] ∗ (λc_2. unit(c_1 ++[Eval] ++c_2 ++[Eval, Iadd]))) âëÝðïõìå üôé ç äéáöïñÜ åíôïðSSæåôáé óôçí ðñïóèÞêç åíôïëþí Eval óôïí êþäéêá ðïõ áíôéóôïéœåSS óôï êÜèå ôåëïýìåíï êáé óôçí áíôéêáôÜóôáóç ôçò óõìâáôéêÞò ðñüóèåóçò áðü ôçí åíôïëÞ Iadd. Óå ðïëõðëïêüôåñåò ðåñéðôþóåéò üìùò, üðùò åSSíáé ïé åêöñÜóåéò ëÜìâäá, ïé äéáöïñÝò åSSíáé áñêåôÜ ìåãáëýôåñåò: E[[lambda ! x : type.e]] = rdEnv ∗ (λρ.unit(λarg.inEnv ρ[arg/x] E[[e]])) C[[(fv_1, ..., fv_n), lambda ! x : type.exp]] = rdEnv ∗ (λρ. inEnv [x → 0, fv_1 → 1, ..., fv_n → n] C[[exp]] ∗ (λf. newCodeSeg (f ++[Eval, P opV ar (n + 1)]) ∗ (λs. unit([P ush (ρ fv_n), ..., P ush (ρ fv_1), P ushF un s n])))) Èá ìðïñïýóå íá áðïôåëÝóåé áíôéêåSSìåíï ìåëëïíôéêÞò Ýñåõíáò ôï êáôÜ ðüóï åSSíáé äõíáôü ïé äéáöïñÝò áõôÝò íá ãåöõñùèïýí þóôå ï äéåñìçíÝáò êáé ï ìåôáãëùôôéóôÞò íá ðñïêýðôïõí áðü Ýíá åíéáSSï ńðñüôõðïż (template).

ÂéâëéïãñáöSSá

[1] J. C. Reynolds, \The essence of Algol," in Algorithmic Languages (J. W. de Bakker and J. C. van Vliet, eds.), (Amsterdam), pp. 345{372, North-Holland, 1981.

[2] P. Hudak, J. Peterson, and J. Fasel, \A gentle introduction to Haskell 98," Oct. 1999.

[3] S. L. Peyton Jones and D. R. Lester, \Implementing functional languages: A tutorial," 1991.

[4] T. Johnsson, Compiling Lazy Functional Languages. PhD thesis, Chalmers Tekniska H-ogskola, G-oteborg, Sweden, 1987.

[5] L. Augustsson, Compiling Lazy Functional Languages, Part II. PhD thesis, Chalmers Tekniska H-ogskola, G-oteborg, Sweden, 1987.

[6] S. Peyton Jones, ed., Haskell 98 Language and Libraries, The Revised Report. Sept.

2002.

[7] E. Moggi, \An abstract view of programming languages," Tech. Rep. ECS-LFCS-90-113, Laboratory for Foundations of Computer Science, Department of Computer Science, University of Edinburgh, Edinburgh, EH9 3JZ, 1990.

[8] P. Wadler, \The essence of functional programming," in Conference Record of the Nineteenth Annual ACM SIGPLAN-SIGACT Symposium on Principles of Programming Languages, (Albequerque, New Mexico), pp. 1{14, 1992.

[9] S. Liang and P. Hudak, \Modular denotational semantics for compiler construction," in Programming Languages and Systems { ESOP’96, Proc. 6th European Symposium on Programming, Link-oping, vol. 1058, pp. 219{234, Springer-Verlag, 1996.

[10] S. L. Peyton Jones, \Implementing lazy functional languages on stock hardware: The spineless tagless g-machine," Journal of Functional Programming, vol. 2, no. 2, pp. 127{ 202, 1992.

[11] S. Liang, P. Hudak, and M. Jones, \Monad transformers and modular interpreters," in Conference record of POPL ’95, 22nd ACM SIGPLAN-SIGACT Symposium on Principles of Programming Languages: San Francisco, California, January 22{25, 1995 (ACM, ed.), (New York, NY, USA), pp. 333{343, ACM Press, 1995.

[12] P. D. Mosses, \Denotational semantics," in Handbook of Theoretical Computer Science (J. van Leeuwen, ed.), vol. B, ch. 11, pp. 577{631, Elsevier Science Publishers B.V., 1990.

[13] N. Papaspyrou and V. Vescoukis, \Facilitating the de˛nition of programming languages by using parametric context-free grammars," in Proceedings of the 7th Hellenic Conference on Informatics, vol. II, (Ioannina, Greece), pp. 91{98, Aug. 1999.

[14] N. Papaspyrou, A formal semantics for the C programming language. PhD thesis, National Technical University of Athens, Department of Electrical and Computer Engineering, Software Engineering Laboratory, Feb. 1998.

[15] R. Bird, Introduction to Functional Programming using Haskell, second edition. London:

Printice Hall Europe, 1998.

[16] Í. Ó. Ðáðáóðýñïõ and Å. Ó. ÓêïñäáëÜêçò, ÌåôáãëùôôéóôÝò. ÁèÞíá: Åêäüóåéò ÓõììåôñSSá, 2002.