
7\SHG�$VVHPEO\�/DQJXDJH�
7\SH�7KHRU\�IRU�0DFKLQH�&RGH

.DUO�&UDU\
&DUQHJLH�0HOORQ�8QLYHUVLW\



&HUWLILHG�FRGH
� *RDO��SURYLGH�FKHFNDEOH�HYLGHQFH�WKDW�D�
JLYHQ�SURJUDP�LV�´VDIHµ�

� .H\�LVVXHV�LQ�GHVLJQ�RI�D�FHUWLILHG�FRGH�
DUFKLWHFWXUH�
� :KDW�GR�ZH�PHDQ�E\�VDIHW\"
� :KDW�FRQVWLWXWHV�HYLGHQFH�RI�VDIHW\"
� :KDW�OLPLWDWLRQV�PXVW�ZH�LPSRVH�RQ�SURJUDPV�
IRU�FHUWLILFDWLRQ�WR�ZRUN"

� +RZ�GR�ZH�FRQVWUXFW�VXFK�HYLGHQFH"



)DPLOLDU�WKHPH�LQ�3/
´:HOO�W\SHG�SURJUDPV�FDQQRW�JR�ZURQJ�µ

7\SH�VDIHW\�WKHRUHP�
� 3URJUHVV

)URP�DQ\�ZHOO�W\SHG��QRQWHUPLQDO��H[SUHVVLRQ��
RQH�FDQ�WDNH�DQ�H[HFXWLRQ�VWHS�

� 6XEMHFW�UHGXFWLRQ
)URP�D�ZHOO�W\SHG�H[SUHVVLRQ��DQ�H[HFXWLRQ�
VWHS�UHVXOWV�LQ�DQRWKHU�ZHOO�W\SHG�H[SUHVVLRQ�

� &RUROODU\
1R�ZHOO�W\SHG�H[SUHVVLRQ�FDQ�EHFRPH�´VWXFNµ�

³ 0LOQHU·V�DGDJH



:K\�LV�WKLV�VDIHW\"
� 'HVLJQ�WKH�RSHUDWLRQDO�VHPDQWLFV�WR�
H[FOXGH�DQ\�´EDGµ�RSHUDWLRQV�
� ([DPSOH��RSHUDWLRQDO�VHPDQWLFV�SURYLGHV�QR�
IDFLOLW\�IRU�DUELWUDU\�MXPSV�

� 8VXDOO\�WKH�FDVH�ZLWKRXW�DQ\�VSHFLDO�HIIRUW�
� 7KXV��DQ\�SURJUDP�LV�VDIH�VR�ORQJ�DV�LW�
VWD\V�ZLWKLQ�WKH�RSHUDWLRQDO�VHPDQWLFV�

� $Q\�SURJUDP�WKDW�´HVFDSHGµ�WKH�
VHPDQWLFV�ZRXOG�IRUPDOO\�EHFRPH�VWXFN�

3� a 3� a 3� a 3� a EDG✘



7\SHG�$VVHPEO\�/DQJXDJH
� *RDOV�

� 7\SH�V\VWHP�IRU�PDFKLQH�FRGH�
� 3URYH�VDIHW\�RI�7$/�SURJUDPV�XVLQJ�WKH�
FRQYHQWLRQDO�3/�WHFKQLTXHV�

� %DVLV�RI�D�FHUWLILHG�FRGH�DUFKLWHFWXUH�
� 7\SH�VDIHW\�LV�WKH�QRWLRQ�RI�VDIHW\�
� 7KH�HYLGHQFH�LV�WKH�SURJUDP�LWVHOI��SOXV�W\SLQJ�
DQQRWDWLRQV�

� 7\SH�SUHVHUYLQJ�FRPSLOHU�FRQVWUXFWV�WKH�
HYLGHQFH�



7\SH�SUHVHUYLQJ�FRPSLODWLRQ
3UHVHUYH�W\SH�LQIRUPDWLRQ
GXULQJ�FRPSLODWLRQ�
� 2SWLPL]DWLRQ

8VH�W\SH�LQIRUPDWLRQ�IRU
HQDEOH�DGGLWLRQDO�RSWLPL]DWLRQ�

� 'HEXJJLQJ
7\SHFKHFN�LQWHUPHGLDWH
UHSUHVHQWDWLRQV�WR�H[SRVH
HUURUV�

7$/�DOORZV�XV�WR�UHDS�WKH�EHQHILWV�RI�
W\SHV�WKURXJKRXW�FRPSLODWLRQ�

FRGH W\SHV

FRGH W\SHV

FRGH W\SHV



2XWOLQH
� 2YHUYLHZ�RI�7$/

� )RFXVLQJ�RQ�VLPLODULWLHV�WR�FRQYHQWLRQDO�W\SH�
WKHRULHV

� 8QLTXH�FKDOOHQJHV�IDFLQJ�ORZ�OHYHO�W\SH�
V\VWHP�GHVLJQ

� 3D\RIIV�WR�XVLQJ�W\SH�WKHRU\



([DPSOH
1DLYH�H[SRQHQWLDO�IXQFWLRQ�

fun exp (n:int) =
if n = 0 then

1
else

2 * exp(n-1)



&RQWLQXDWLRQ�SDVVLQJ�VW\OH
3DVV�FRQWURO�ZLWK�MXPSV��UDWKHU�WKDQ�
IXQFWLRQ�FDOOV�

fun exp (n:int,k:int→0) =
if n = 0 then

k(1)
else

let x = n-1
in

exp(x,
λy. let z = 2*y

in
k(z)     )



&ORVHG�FRGH�EORFNV
fun exp[α](s:α,n:int,k:(α*int)→0) =

if n = 0 then
k(s,1) 

else
let x  = n-1
and s’ = (k,s)
in

exp[(( α*int) →0)* α]
(s’, x,

λ(s’,y). let z = 2*y
and k = π1(s’)
and s = π2(s’)
in

k(s,z)      )



7$/
5HJLVWHU�SDVVLQJ�VW\OH��VLQJOH�DUJXPHQW�
IXQFWLRQV��DQG�DVVHPEO\�ODQJXDJH�QRWDWLRQ�

exp: code[ρ]{sp:ρ,r1:int,r2:{sp:ρ,r1:int}→0}.
bz r1,basecase[���]
sub r1,r1,1         ; x  = n-1
push r2             ; s’ = (k,s)
mov r2,cont[ ρ]
jmp exp[{sp: ρ,r1:int} →0:: ρ]

cont: code[ ρ]{sp:({sp: ρ,r1:int} →0:: ρ),r1:int}.
imul r1,r1,2        ; z = 2*y
pop r2              ; k = π1(s’), s = π2(s’)
jmp r2



7$/·V�IXQFWLRQDO�FRUH
7KH�KHDUW�RI�7$/�LV�D�ODPEGD�FDOFXOXV�
FRQVWUDLQHG�E\�

� &RQWLQXDWLRQ�SDVVLQJ�VW\OH
� &ORVHG�FRGH�EORFNV
� 5HJLVWHU�SDVVLQJ�VW\OH

2I�FRXUVH��WKH�GHYLO�LV�LQ�WKH�GHWDLOV������



&KDOOHQJHV
´/DQJXDJH�GHVLJQ�LQ�DQ�XQFRRSHUDWLYH�
HQYLURQPHQW�µ

� ,Q�XVHU�OHYHO�ODQJXDJH�GHVLJQ��\RX�ZDQW�KLJK�
OHYHO�DEVWUDFWLRQV�WKDW�DFFRPSOLVK�D�ORW�
� &RQYHQLHQW�IRU�SURJUDPPHUV�
� /HDGV�WR�QLFH�W\SH�V\VWHPV�

� )RU�PDFKLQH�FRGH��WKDW·V�H[DFWO\�ZKDW�\RX�GR�
QRW�ZDQW�
� 0DFKLQH�FRGH�GRHV�QRW�KDYH�ODUJH�DWRPLF�RSHUDWLRQV�

� 6DIHW\�RI�PDFKLQH�FRGH�FDQ�GHSHQG�RQ�YHU\�
FRPSOLFDWHG�LQYDULDQWV�



%DVLF�VWUDWHJ\
� $GGUHVV�WKH�UHTXLUHPHQWV�RI�ORZ�OHYHO
FRGH�ZLWK�VRSKLVWLFDWHG�W\SH�V\VWHPV�
� 1HHG�QRW�EH�SURJUDPPHU�XVDEOH�
� %XW�PXVW�EH�DXWRPDWLFDOO\�FKHFNDEOH�

� 6DFULILFH�VRPH�H[SUHVVLYH�SRZHU�DQG
OLPLW�KRZ�LQVWUXFWLRQV�PD\�EH�XVHG�
� 8OWLPDWH�IDOOEDFN��DWRPLF�LQVWUXFWLRQ�VHTXHQFHV�

$UW��GHVLJQLQJ�WUDFWDEOH�W\SH�V\VWHPV�
WKDW�DOORZ�PRUH�H[SUHVVLYH�SRZHU�

� �1RWKLQJ�YHU\�VRSKLVWLFDWHG�LQ�WKLV�WDON��



7\SLFDO�SUREOHP��W\SLQJ�PHPRU\
� 1HHG�WR�NQRZ�WKH�W\SH�RI�FRQWHQWV�RI�
DQ\�PHPRU\�ORFDWLRQ�\RX�FDQ�UHDG�

� 'XH�WR�XQNQRZQ�DOLDVLQJ��WKLV�LV�YHU\�
GLIILFXOW�WR�WUDFN�

� &DQ�EH�XQVRXQG�LI�\RX�GRQ·W�
; VXSSRVH r1 : <{...}→0,int>
mov r2,r1   ; r2 : <{...}→0,int>
st r1(0),12 ; r1 : <int,int>, r2 XQFKDQJHG
ld r3,r2(0) ; r3 : {...}→0 EXW�FRQWDLQV�12
jmp r3      ; %$'



)DOOEDFN�VROXWLRQ
%RUURZ�VROXWLRQ�IURP�0/�UHIHUHQFHV�

� 5HIHUHQFH�FHOOV�KDYH�D�VLQJOH��IL[HG�W\SH�
✔ $OLDVHV�DUH�XQLPSRUWDQW��FDQ·W�FKDQJH�WKH�W\SH�
✘ 7R�HVWDEOLVK�WKH�LQYDULDQW��QHHG�DQ�DWRPLF�
DOORFDWH�LQLWLDOL]H�VHTXHQFH�
� 5HGXFH�H[SUHVVLYHQHVV��LPSHGH�RSWLPL]DWLRQ�

...
malloc r1,2
st r1(0),12
st r1(1),15
; FRQFOXGH r1:<int,int>
...

DWRPLF�FRGH
VHTXHQFH



,QLWLDOL]DWLRQ�IODJV��>723/$6���@
6HSDUDWH�DOORFDWLRQ�IURP�LQLWLDOL]DWLRQ�

� 0HPRU\�FHOOV�KDYH�D�VLQJOH��IL[HG�W\SH�
� ,QLWLDOL]DWLRQ�IODJV�WUDFN�ZKHWKHU�WKH\�DUH�
ILOOHG�\HW�

� $OLDVHV�PD\�KDYH�LQDFFXUDWH�LQLWLDOL]DWLRQ�
LQIRUPDWLRQ��EXW�RQO\�FRQVHUYDWLYHO\�

� $OORFDWLRQ�LV�VWLOO�DWRPLF�

...
malloc r1,<int,int>  ; r1 : <int0,int0>
st r1(0),12          ; r1 : <int1,int0>
st r1(1),15          ; r1 : <int1,int1>
...



%H\RQG�LQLWLDOL]DWLRQ�IODJV
� $OORZ�WKH�W\SH�RI�D�PHPRU\�FHOO�WR�EH�
FKDQJHG�
� 6WDFNV��>7,&��@

� 5H�XVH�VWDFN�VORWV�
� $OLDV�W\SHV��>6PLWK��:DONHU��0RUULVHWW�����@

� 7UDFN�DOLDVHG�SRLQWHUV�DQG�DOORZ�PRGLILFDWLRQ�ZKHQ�DOO�
DOLDVHV�DUH�NQRZQ�

� $OORZ�H[SOLFLW�IUHHLQJ�RI�PHPRU\�
� &DSDELOLWLHV��>323/��@

� :KHQ�PHPRU\�LV�IUHHG��UHYRNH�WKH�FDSDELOLW\�WR�
DFFHVV�LW�

� &KDOOHQJH��W\SHFKHFN�D�JDUEDJH�FROOHFWRU�



6RDSER[
� <RX�JHW�QLFH�SD\RIIV�IURP�XVLQJ�W\SH�
WKHRU\�
� :KHQ�\RX�OLYH�ULJKW��JRRG�WKLQJV�KDSSHQ�

� .H\�H[DPSOH��SDUDPHWULFLW\��>5H\QROGV���@
� 3URWRW\SLFDO�LQVWDQFH�
,Q�WKH�SRO\PRUSKLF�ODPEGD�FDOFXOXV��DQ\�IXQFWLRQ�
ZLWK�W\SH�∀α�α→α PXVW�EH�WKH�LGHQWLW\�

� 3URYLGHV�WKH�IRXQGDWLRQ�IRU�GDWD�DEVWUDFWLRQ�
� &DQ�XVH�SDUDPHWULFLW\�WR�HVWDEOLVK�LPSRUWDQW�
SURSHUWLHV�RI�7$/�SURJUDPV�
� :LWK�QR�VSHFLDO�GHVLJQ�WR�REWDLQ�WKRVH�SURSHUWLHV�



� &DQ�VSHFLI\�WKDW�r1 LV�FDOOHH�VDYH�ZLWK�
WKH�W\SH�

� 1DLYH�UHDGLQJ�DOORZV�WKH�IXQFWLRQ�WR�
UHWXUQ�D�GLIIHUHQW�YDOXH�RI�W\SH�α�

� 3DUDPHWULFLW\�VD\V�WKDW�WKH�IXQFWLRQ�
PXVW�UHWXUQV�WKH�VDPH YDOXH�
� &DOOHH�VDYHV�LV�HQIRUFHG��DW�QR�FRVW��

&DOOHH�VDYHV�UHJLVWHUV

∀α.{r1:α,r2:{r1:α}→0}→0

LQ RXW



3UREOHPV�LQ�W\SH�V\VWHP�GHVLJQ
� ([SUHVVLYHQHVV
�DOORZ�PRUH�FRUUHFW�FRGH�
� 0HPRU\�IOH[LELOLW\
� 6RSKLVWLFDWHG�LQYDULDQWV
�H�J���r1 ��LI�3�WKHQ�τ� HOVH�τ��

� 6HFXULW\
�GLVDOORZ�PRUH�LQFRUUHFW�FRGH�
� 5HVRXUFH�ERXQGV��>323/��@
� 0RUH�FRPSOH[�VDIHW\�SROLFLHV��>:DONHU�����@
�H�J���QR�QHWZRUN�VHQG�DIWHU�GLVN�UHDG�

� &RUUHFWQHVV�SURSHUWLHV
� &HUWLILHG�FRPSLODWLRQ



0RUDO
� &DQ�GR�FHUWLILHG�FRGH�XVLQJ�VWDQGDUG�
W\SH�WKHRUHWLF�WHFKQLTXHV�

� $OWKRXJK�WKH�W\SH�V\VWHPV�FDQ�EH�QRYHO��
WKH�PHDQV�RI�WKLQNLQJ�DERXW�WKHP�DUH�
ZHOO�XQGHUVWRRG�

� *HW�WKH�XVXDO�W\SH�WKHRUHWLF�SD\RIIV�
�H�J�� SDUDPHWULFLW\��

� (YLGHQFH�LV�MXVW�WKH�SURJUDP�SOXV�W\SH�
DQQRWDWLRQV�



)RU�PRUH�LQIRUPDWLRQ
� 0RUULVHWW�HW�DO��������
)URP�6\VWHP�)�WR�7\SHG�$VVHPEO\�
/DQJXDJH�

� &UDU\�DQG�0RUULVHWW�������
7\SH�6WUXFWXUH�IRU�/RZ�/HYHO�3URJUDPPLQJ�
/DQJXDJHV�

� 3DSHUV�DQG�VRIWZDUH�DUH�DYDLODEOH�DW
KWWS���ZZZ�FV�FRUQHOO�HGX�WDOF


