LispČÊÍ

â[ÂŸˇð

October 24, 2003

Õ?p¸âŢ1960#–,ê§:%{Xľ,ÆóY§XľěéfflÇ{àȷ ŃŸN´řyé´[{àȷ.^1 Æ5ůć0+ê,óŘÉ¡´Ç;\{v*nZ Ç,+<j{“R{äúÞ, Ÿ[è˝ñÇqr{fflÇłÓ. p¸âÁYńł ÓŔLisp, ?ŔList Processing, OŔÆ{ÌˇĞ.Č4~ń;\{jâĹ è,(list)uS,ShZjâ.

ŁzÕ?{4,p¸âÄ*{–ı,Xİ4›őå$ÞŹffiS{L/, ‚%4 ńóůćYÇffiSfflÇÖuÖJ5{Ü*.ůĂŔø~ŔŐŘŃÜń]tŽÀ ĳa, )łŸ{fflÇÜ*:CłÓÜ*ZLispłÓÜ*.$«VÒ6Ü,řŔ, ó Çćě-4ČŸJ˛{ĎŔ.śø›őå#zÖuÖ„L,c‚–{łÓĘó *¡ŔJ5ŢLispÜ*. «ff#u,‚–cfflÇłÓ{Ç—q{şû4,RCł Ó{›őÜ*,ÅLŔĂÞfiLispÜ*{´u,¿ŸäqffiąnZÃ~\ÃBø.

óY§ľ9ěůę,–~!;\{błuĽ:Õ?p¸âÄ){–ı. ˇE 4ůćXİˇęóìÇ|Ŕff#~zñ{ŃUőXĹ*, ‚%0+fflÇłÓ{ –005. Lisp{X3ŕđČß—›Ò4ÇĂ§{¡B—4Ç–ê�~ufflU �~. ŔêőĽÕ?p¸âÄ,c{YÇ´Ž,ůćRêĺÆ{Z,?RÆ{j ę)“ÝęÄ–êäq{Common LispSh.

1 ÔÇÆ)v*n

‚)ůć¸¡B,H*.,H*Ý4ÇÆ�(atom),Ç4Ç�ñŞï(Ÿfoo),Ý 4ÇĎ^ÇÝõÇ,H*øÄ{,(list), ,H*Č-~8ÂI‚, 8Ĳéi Rě. 1˝4J,H*:

foo
()
(foo)
(foo bar)
(a b (c) d)

!ĂÇ,H*4ĎŔÇÃčøÄ{,, ŚőÇÃčýü4ĎÇÃčøÄ{ ,. óőbě,H*1 + 1 zñŁ2. th{Lisp,H*›ŃŁ. Ÿ*,H*ezñ Łv,ůćĂe(Ãv. ˝ZůćR¡B´ń,H*1ùÇć{(ÃŁ.

1“Recursive Functions of Symbolic Expressions and Their Computation by Machine, Part1.” Communication of the ACM 3:4, April 1960, pp. 184-195.

Ÿ*Ç,H*4,,ůćÁŚÇÃčŔv*n,ÙŻ{ÃčŔ�#Þ.ůć R¡BÔÇÆ)(,Úő{?BÞĂ)v*n: quote,atom,eq,car,cdr,cons,Zcond.

1. (quote x) (Ãx.Ŕê,Öuůćš(quote x);“Ŕ’x.

> (quote a)
a
> ’a
a
> (quote (a b c))
(a b c)

2. (atom x)(ÃÆ�tŸ*x{Ł4ÇÆ�Ý48,,d¸(Ã(). óLispě ůćŢ‹¿~Æ�t,+], ‚~8,,+".

> (atom ’a)
t
> (atom ’(a b c))
()
> (atom ’())
t

”lŃêÇ�#ÞĽˇFŁ{v*n, ůć,1˝quote{*~. / ,Z~(quote)Ç,,ůćff¡ÇúFŁ. ÇŹúZ~{,*Ŕ�#Þ ¨É6atomYø{v*nRú@ŔSh:

> (atom (atom ’a))
t

’ČÇúZ~{,İú@Ŕ,, ó$¿ěÒ4ŃÜÇÃč{,:

> (atom ’(atom ’a))
()

Yęůćó]łě&~ZR{0*Ů. Cambridge(J)4ÇăŢf ľÃňšŃ90000|={Âi. ‚“Cambridge”4ÇĎ9Ç�ñøÄ{\ #. Z~ÞV,–ŃŽÛ˝OŔôèŃÙÇłÓŃąŚ{Ű’. ÇZLisp! ęŕX3{´nŻůÉø:ShZjâĎ#3{jâĹèèÄ, ‚ůć ~quotev*nuKIÇć.

3. (eq x y)(ÃtŸ*xZy{Ł43ÇÆ�ÝÑ48,, d¸(Ã().

> (eq ’a ’a)
t
> (eq ’a ’b)
()
> (eq ’() ’())
t

4. (car x)ÏĆx{Ł4Ç,?%(Ãx{ŚÇÃč.

> (car ’(a b c))
a

5. (cdr x)ÏĆx{Ł4Ç,?%(Ãx{ŚÇÃčČĂ{ÄŃÃč.

> (cdr ’(a b c))
(b c)

6. (cons x y)ÏĆy{Ł4Ç,?%(ÃÇc,,Ç{ŚÇÃč4x{Ł, ĂÁËøy{Ł{ÈÇÃč.

> (cons ’a ’(b c))
(a b c)
> (cons ’a (cons ’b (cons ’c ’())))
(a b c)
> (car (cons ’a ’(b c)))
a
> (cdr (cons ’a ’(b c)))
(b c)

7. (cond (p_1. . . e_1) . . . (p_n. . . e_n)) {FŁ–¸Ÿ˝. p,H*fl’FŁĘt ŃÇ(Ãt. Ÿ*–ItYø{p,H*,#a{e,H*{Ł*Ŕr Çcond,H*{(ÃŁ.

> (cond ((eq ’a ’b) ’first)
        ((atom ’a) ’second))
second

h,H*1ÔÇÆ)v*ně{ÊÇ‚>ffi,Ç{�#Þffl4ˇFŁ{.^2 ůćÁYø{v*nŔ<j.

21˛iÜÇv*nquoteZcond‚>{,H*1X3{0*FŁ. hquote,H*FŁffi, Ç{ �#ÞXúFŁ,‚4*ŔrÇ,H*{Ł(Ã. óÇth{cond,H*ě, ŘŃLo4żÞ{� ,H*ÌúFŁ.

2 <j–,+

zøůć¡BÇ“RuÃc<j.<j,+Ŕ(lambda (p_1. . . p_n) e),Ùěp_1. . . p_n4 Æ�(w)kj),e4,H*. Ÿ*,H*{ŚÇÃčo*ŸÞ

((lambda (p_1...p_n) e) a_1...a_n)

¸ÁŔ<jő~.Ç{Ł›őŸ˝.ŽÇ,H*a_i ¸FŁ,lĂeòFŁ.óe{F Ł,Çě,ŽÇñıóeě{p_i{Ł4#a{a_ió!č’{<jő~ě{Ł.

> ((lambda (x) (cons x ’(b))) ’a)
(a b)
> ((lambda (x y) (cons x (cdr y)))
   ’z
   ’(a b c))
(z b c)

Ÿ*Ç,H*{ŚÇÃčf4Æ�%fX4Æ)v*n

(f a_1...a_n)

?%f{Ł4Ç<j(lambda (p_1. . . p_n)),¸1Þ,H*{ŁÒ4

((lambda (p_1...p_n) e) a_1...a_n)

{Ł. ęéŻĂ,kjó,H*ěXb,1*Ŕ�#Þ›,1*Ŕv*n&~:

> ((lambda (f) (f ’(b c)))
   ’(lambda (x) (cons ’a x)))
(a b c)

Ń˛iÇ<j“R&z<j–˙ùÇýü,YøůćÒ–0"Ŕ¡BŤ <j.^3 “R

(label f (lambda (p_1...p_n) e))

,+Ç6(lambda (p_1. . . p_n) e)`ø{<j,fiÞYø{´u: -[ñıóeě {fRFŁŔ$label,H*, ÒP6f4$<j{kj.

"œůćˇ¡B<j(subst x y z), ÇR,H*x,Æ�yZ,z)kj,(ÃÇ 6z`ø{,, X,zěñı{y(ó-[¯`Ă’Þ)úxS›.

> (subst ’m ’b ’(a b (a b c) d))
(a m (a m c) d)

ůć,1Yø,+$<j

(label subst (lambda (x y z)
               (cond ((atom z)
                      (cond ((eq z y) x)
                            (’t z)))
                     (’t (cons (subst x y (car z))
                               (subst x y (cdr z)))))))

3\öÞůćXĽˇŔêY¡BÇc{“R. óıŃ{“Rě~Çw)Yø\ì{<jÞ {<j, ůć,1¡BŤ<j. ,–p¸âóUY§Xľ{ffi-ďX-wYø\ì; ÃXŸ[, label,ÖuÍ„.

ůć;“f=(label f (lambda (p_1. . . p_n) e))Ŕ

(defun f (p_1...p_n) e)

Ţ4

(defun subst (x y z)
  (cond ((atom z)
         (cond ((eq z y) x)
               (’t z)))
        (’t (cons (subst x y (car z))
                  (subst x y (cdr z))))))

SlŔůćóY‹tŸ[Ucond,H*{b‹�é. ŚÇÃč4’t{�éffl 4ÌÄÕ{. Ţ4

(cond (x y) (’t z))

-3ŢůćóìJłÓěU{

if x then y else z

3 J<j

”lůćŃê,+<j{0ff,ůćÊâÔÇÆ)v*nu¡BJc{<j. Ŕê0"ůćZ§JđDÜ*{;“ff. ůć~cxr,Ùěx4aÝd{Şï,u; “#a{carZcdr{ø\. ˇŸ(cadr e)4(car (cdr e)){;“,Ç(Ãe{Ś«Ç Ãč.

> (cadr ’((a b) (c d) e))
(c d)
> (caddr ’((a b) (c d) e))
e
> (cdar ’((a b) (c d) e))
(b)

ůćď~(list e_1. . . e_n),+(cons e_1. . . (cons e_n’()) . . . ).

> (cons ’a (cons ’b (cons ’c ’())))
(a b c)
> (list ’a ’b ’c)
(a b c)

ıóůć¡BJc<j. ůó<jÖĂÁfiêŽ,1K/<jZ¡BÇć{ Æ)<j,›ff¡ęı?{common Lisp{<jàB.

1. (null. x)-AÇ{�#Þ4d48,.

(defun null. (x)
  (eq x ’()))

> (null. ’a)

()
> (null. ’())
t

2. (and. x y)(ÃtŸ*Ç{ÜÇ�#ÞÑ4t, d¸(Ã().

(defun and. (x y)
  (cond (x (cond (y ’t) (’t ’())))
        (’t ’())))

> (and. (atom ’a) (eq ’a ’a))
t
> (and. (atom ’a) (eq ’a ’b))
()

3. (not. x)(ÃtŸ*Ç{�#Þ(Ã(),(Ã()Ÿ*Ç{�#Þ(Ãt.

(defun not. (x)
  (cond (x ’())
        (’t ’t)))

> (not. (eq ’a ’a))
()
> (not. (eq ’a ’b))
t

4. (append. ⁀x y)RÜÇ,?(ÃÇć{ËĹ.

(defun append. (x y)
   (cond ((null. x) y)
         (’t (cons (car x) (append. (cdr x) y)))))

> (append. ’(a b) ’(c d))
(a b c d)
> (append. ’() ’(c d))
(c d)

5. (pair. x y)RÜÇ#3§Ý{,,(ÃÇĎvÃč,èÄ{,,vÃč, 4#aăŸ{x,y{Ãčé.

(defun pair. (x y)
  (cond ((and. (null. x) (null. y)) ’())
        ((and. (not. (atom x)) (not. (atom y)))
         (cons (list (car x) (car y))
               (pair. (cdr) (cdr y))))))

> (pair. ’(x y z) ’(a b c))
((x a) (y b) (z c))

6. (assoc. x y)RÆ�xZoŸpair.<jÄ(Ã{,y,(ÃyěŚÇn\Ÿ˝ ffiG{,{Ś«ÇÃč:Ç{ŚÇÃč4x.

(defun assoc. (x y)
  (cond ((eq (caar y) x) (cadar y))
        (’t (assoc. x (cdr y)))))

> (assoc. ’x ’((x a) (y b)))
a
> (assoc. ’x ’((x new) (x a) (y b)))
new

4 Çŕõ

O$ůć–ê¡B<juËz,,›ę,H*--.›Őő4ÇĂŻ{,+ff, `˝Z”? ıóŕõuê. ůć,1UÇ<j*ŔůćłÓ{Ľ:ì:$< jR-?Lisp,H**�#Þ?(ÃÇ{Ł. Ÿ˝Ä+:

(defun eval. (e a)
  (cond
    ((atom e) (assoc. e a))
    ((atom (car e))
     (cond
       ((eq (car e) ’quote) (cadr e))
       ((eq (car e) ’atom) (atom (eval. (cadr e) a)))
       ((eq (car e) ’eq) (eq (eval. (cadr e) a)
                                    (eval. (caddr e) a)))
       ((eq (car e) ’car) (car (eval. (cadr e) a)))
       ((eq (car e) ’cdr) (cdr (eval. (cadr e) a)))
       ((eq (car e) ’cons) (cons (eval. (cadr e) a)
                                    (eval. (caddr e) a)))
       ((eq (car e) ’cond) (evcon. (cdr e) a))
       (’t (eval. (cons (assoc. (car e) a)
                        (cdr e))
                  a))))
    ((eq (caar e) ’label)
     (eval. (cons (caddar e) (cdr e))
            (cons (list (cadar e) (car e)) a)))
    ((eq (caar e) ’lambda)
     (eval. (caddar e)
            (append. (pair. (cadar e) (evlis. (cdr e) a))

                     a)))))

(defun evcon. (c a)
  (cond ((eval. (caar c) a)
         (eval. (cadar c) a))
        (’t (evcon. (cdr c) a))))

(defun evlis. (m a)
  (cond ((null. m) ’())
        (’t (cons (eval. (car m) a)
                  (evlis. (cdr m) a)))))

eval.{¡Bˇůć1~t{Ñˇ§. tůćfflDÇ{Ž\I4Ÿ[Ó*{.

eval.ŃÜÇ�#Þ: e4ˇFŁ{,H*, a4ĎJĎÉÆ�{ŁèÄ{ ,,YJŁŃŽ6<jő~ě{kj. YÇoŸpair.{(ÃŁ{,w)ćÿ. t 4Ŕêè˝ZĲÂYń,ůćbUêpair.Zassoc..

eval.{ö%4ÇŃŔÇ�é{cond,H*. Ÿ[é,H*FŁRûŢÇ{ ąn. ŚÇ�éßőÆ�. Ÿ*e4Æ�, ůćóćÿěŕIÇ{Ł:

> (eval. ’x ’((x a) (y b)))
a

Ś«Ç�é4˛Çcond, ÇßőoŸ(a . . . ){,H*, Ùěa4Æ�. YÝ iÄŃ{Æ)v*n, ŽÇéaffi�é.

> (eval. ’(eq ’a ’a) ’())
t
> (eval. ’(cons x ’(b c))
         ’((x a) (y b)))
(a b c)

Y´Ç�é(øêquote)Ñő~eval.uŕI�#Þ{Ł.

!ĂÜÇ�éÍĚìJ. ŔêFcond,H*{Łůćő~êÇwevcon.{ yÏ<j. ÇŤŔécond�é§qFŁ,ŕIŚÇÃč(Ãt{�é. Ÿ*I têYø{�é, Ç(Ã$�é{Ś«ÇÃč.

> (eval. ’(cond ((atom x) ’atom)
                (’t ’list))
         ’((x ’(a b))))
list

Ś«Ç�é{!Ă\Ißő<jő~. ÇšÆ�›ęŔÇ{Ł(aŤ4lambda Ýlabel,H*)lĂéÄzĹ*,H*FŁ. Ţ4

(eval. ’(f ’(b c))
       ’((f (lambda (x) (cons ’a x)))))

#Ŕ

(eval. ’((lambda (x) (cons ’a x)) ’(b c))
       ’((f (lambda (x) (cons ’a x)))))

Ç(Ã(a b c).

eval.{!ĂcondÜÇ�éßőŚÇÃč4lambdaÝlabel{<jő~.Ŕê élabel ,H*FŁ, ¸š<jÖZ<jýüÿĲćÿ, lĂő~eval.éÇ« \Ńlambda{,H*FŁ. ý:

(eval. ’((label firstatom (lambda (x)
                            (cond ((atom x) x)
                                  (’t (firstatom (car x))))))
         y)
       ’((y ((a b) (c d)))))

#Ŕ

(eval. ’((lambda (x)
           (cond ((atom x) x)
                 (’t (firstatom (car x)))))
         y)
        ’((firstatom
           (label firstatom (lambda (x)
                            (cond ((atom x) x)
                                  (’t (firstatom (car x)))))))
          (y ((a b) (c d)))))

!ł(Ãa.

!Ă,éoŸ((lambda (p_1. . . p_n) e) a_1. . . a_n){,H*FŁ,¸ő~evlis.u Fz�#Þ(a_1. . . a_n)éa{Ł(v_1. . . v_n),š(p_1v_1). . . (p_nv_n)—fitćÿř, lĂ éeFŁ. Ţ4

(eval. ’((lambda (x y) (cons x (cdr y)))
         ’a
         ’(b c d))
       ’())

#Ŕ

(eval. ’(cons x (cdr y))
       ’((x a) (y (b c d))))

!ł(Ã(a c d).

5 Ă*

”lőĽêeval4Ÿ[Ó*{, tůćÃ,>fflD˝Y?ŻøfflŔ. ůćóY ‹ztêÇ:đĂŻ{›őÜn. İ~quote,atom,eq,car,cdr,cons,Zcond, ů ć¡Bê<jeval.,Ç/"Þ"ıêůć{łÓ,~Ç,1¡B-[ůć.ˇ{ ~i{<j.

hl`.ŃêÈń›őÜn—!ÍÖ{4C˘å. b4C˘åÇŞ˙1ÖÃ. Ÿ*fiˇńÃcőff{łÓ, fi,–ĽˇÍä6{, ‚YÒ4Õ?p¸â¡ BLisp{ø)Č.

Õ?p¸âŢ1960#¡B{łÓďbXèÀÜ. ÇŰŃĆ*~, ŰŃËŹĽ q(ÇzZĆ*~óåbŃ~), ŰŃ"«,~{j,^4 ŰŃÄÕ,@ŋ. bYJ !Ż,1‚|ŕÇŔ~ôè{~iShuVÍ. SteeleZSussmanó§w)“Ľ :ì{2b”{ÍÖXľěÃcêŸ[)tYŽ.^5

Ÿ*fiőĽêÕ?p¸â{eval, `fiÒXİİ4őĽêÇŞłÓż$ě{ Ç~ã. YJĞ.ŰŸĚ4Lisp{łBXe. Ä1,ìń?BÞ, ęóÕ?p ¸â{ÆÍ5ůć0+êLispÄ¿4fflŔ. ęÙĂLisp4p¸â{œ›,XŸĂ 4Æ{–ı. ÇX4¯uÒ4ă~Ţ|ÓĲ–, OďÆn‚–Ý3-Ă’-Ö {łÓ. Ç4fiACÚőŽ›ő{Ĺ*(Č).

śøffi-{M#, ěßłÓ, ýúě-ĂÇŞÊ&~{łÓ, tŮŔ 5Lisp"č. O$/,őĽevalfitóÒÿRu{Ì—›őÜ*Ì4fflŔø.

6 Õ:

šÕ?p¸â{“R HŔSh{,Çěůę,–Ŕè)ŢÄ. ůŃ,tSh ÍŐ4ÝÖ{’>, b4ůď4.âÑÆĆÆŻ.

óÕ?p¸â{Xľě,"~fu,+, ‚X48,. ů~8,,+"1&¿� –óCommon Lispěäq. (fixme)

ůQ,êè˝dotted pairs, OŔfiXĽˇÇuőĽeval. ů›ŰŃ˙apply, ŕl4apply(Ç{`Ïo*, Ìˇ*~4Z~�#Þ), úÕ?p¸âó1960#Á ŔÊ(<j, evalŘ4X,4úapplyő~{�ÇŞuqÄÄŃ{Ó*.

ů¡BêlistZcxr-*Ŕ;“ffOŔp¸âÒ4YŔ){. "«Þcxr-,1 ú¡BŔÊ/{<j. List›,1Yø, Ÿ*ůć-Ţeval, YiŐ4)t, t< j,1zI-?jø{�#Þ.

p¸â{XľěŘŃÊÇÆ)v*n. Æ&~êcondZquote,b,–šÇć *ŔÆ{ÃłÓ{\I. 3øÆ›ŰŃ¡B\öv*nandZnot, YX4Çŕ ¸, OŔÇć,1ú¡BÄ\7{<j.

óeval.{¡Běůćő~êÙÇ<jŸpair.Zassoc.,b-[ůć~Æ)v* n¡B{<jő~Ñ,1~eval.uS›. ý

(assoc. (car e) a)

–UÄ

(eval. ’((label assoc.
                (lambda (x y)
                  (cond ((eq (caar y) x) (cadar y))
                        (’t (assoc. x (cdr y))))))

4óp¸â{1960 #{Lispě, )őb4,–{, ˇŸ~ÇŃnÇÆ�{,,+jn. 5Guy Lewis Steele, Jr. and Gerald Jay Sussman, “The Art of the Interpreter, or the Modularity Complex(Parts Zero,One,and Two),” MIT AL Lab Memo 453, May 1978.

 (car e)
 a)
(cons (list ’e e) (cons (list ’a a) a)))

p¸â{evalŃÇFØ. Ś16q4(#hŢ)(evlis. (cdr e) a)‚X4(cdr e), Y&z�#ÞóÇŃÖ<j{ő~ěúFŁÜ’. Y+hXľ–,{ffi-, eval{YńÃcďŰŃ~IBM 704åìłÓ"ı. ÇďyÒêŸ*XVäqÇŞ, ˇâyX¸õá{ÇŞ{thu4õŔh˙.

ůďóp¸â{XľěŊtÇŕ¸. ó¡BêevalČĂ, Æ–ŹÉñêJ Ířß{<j—zIÙÇ<j*Ŕ�#Þ{<j. Æ¡Bêmaplist:

(label maplist
       (lambda (x f)
         (cond ((null x) ’())
               (’t (cons (f x) (maplist (cdr x) f))))))

lĂ~ÇUêÇ)ĞI{;\<jdiff. b4diff¨ÉmaplistÇ~x)kj{ <j, éÇ{Z~úmaplistě{kjxÄSÜ.^6

Y4ˇŢÄÕ,@ŋĹu{|&yâ, ý&4!`{Ířß<j{¿�› OŔÇ‚ñF. ,–p¸âó1960#ďŰŃSSI?#tÄÕ,@ŋ{9?. ÄÕ ,@ŋ‚|ŕIŔóLisp"ıě?óê#h§{ffi-—ĘtSussmanZSteeleŢ1975# ‚–êScheme. #ff,@ŋŰ&eval{¡BĚìõè, e&fflHìÍ˙Uê.

6hS{LispÇŞÊóY‹Ì~mapcarS›maplist. YÇ¿�Ľ‚êÇřL: maplistŔfflŔ ÌóCommon Lispě. Ç4!`{nó<j, mapcar4Ău›fi{.