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6LQFH WKLV ERRN LV DERXW XVLQJ D FRPSXWHU WR DFFRPSOLVK XVHIXO ZRUN LQ WKH QXPHULF�LQWHQVLYH DUHDV

RI VFLHQFH� HQJLQHHULQJ DQG PRGHUQ ILQDQFH� WKH UHDGHU PLJKW EH WHPSWHG WR VNLS D FKDSWHU GHDOLQJ

SULPDULO\ ZLWK LVVXHV RI SURJUDPPLQJ VW\OH� ,QP\ JUDGXDWH VWXGHQW GD\V , ZRXOG KDYH EHHQ VR WHPSWHG

P\VHOI� 6DG H[SHULHQFH KDV WDXJKW PH WKH YDOXH RI GRLQJ WKLQJV ULJKW WKH ILUVW WLPH� HYHQ WKRXJK LW

PHDQV WDNLQJ VRPH H[WUD WLPH DQG WURXEOH�

7RPDNH WKH SUHVHQWDWLRQ DV SDLQOHVV DV SRVVLEOH , KDYH FRPSLOHG VRPH SURJUDPPLQJ SUHFHSWV WKDW³LI

IROORZHG FRQVFLHQWLRXVO\³ZLOO OHDG WR SURJUDPV WKDW ZRUN FRUUHFWO\ DQG FDQ EH H[KLELWHG SURXGO\ WR

RQH·V SHHUV� 7KHVH LGHDV DSSO\ WR DQ\ SURJUDPPLQJ ODQJXDJH� IURP SXUH DVVHPEO\ FRGH WR WKH PRVW

DEVWUDFW RU DUFDQH� , ZLOO LOOXVWUDWH ZLWK H[DPSOHV IURP )RUWUDQ� & DQG )RUWK�
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$OWKRXJK SHUVRQDO FRPSXWHUV KDYH JRWWHQ VR IDVW DQG FKHDS
�
WKDW ZH UDUHO\ ZRUU\ DERXW SURJUDP

HIILFLHQF\� DQ\RQH FUXQFKLQJQXPEHUV LQ D VFLHQWLILF RU HQJLQHHULQJ FRQWH[WPXVWZRUU\ WR VRPHH[WHQW

DERXW VSHHG� 2I FRXUVH LI WKH SURJUDP JLYHV ZURQJ DQVZHUV LW GRHV QRW PDWWHU KRZ IDVW LW SURGXFHG

WKHP� VR ZH ZLOO GLVFXVV PDWWHUV SHUWDLQLQJ WR SURJUDP FRUUHFWQHVV LQ 6HFWLRQ EHORZ�

7KH PDLQ NH\ WR VSHHG LV XVLQJ WKH ULJKW DOJRULWKP� 6RPH DOJRULWKPV DUH PXFK IDVWHU WKDQ RWKHUV� )RU

H[DPSOH VRUWLQJ D UDQGRP OLVW FDQ EH SHUIRUPHG LQ 2(Q ORJQ) WLPH XVLQJ 4XLFNVRUW� +HDSVRUW RU
0HUJHVRUW� )RU D ORQJ OLVW WKLV FDQ EH RUGHUV RI PDJQLWXGH IDVWHU WKDQ2(Q�) DOJRULWKPV OLNH EXEEOHVRUW
RU LQVHUWLRQ VRUW� 7KHUHIRUH D OLWWOH VWXG\ RI WKH OLWHUDWXUH EHIRUH ZULWLQJ WKH SURJUDP FDQ VDYH D JUHDW

GHDO RI WLPH LQ WKH ORQJ UXQ�

$Q H[DPSOH RI WKH GLIIHUHQFH EHWZHHQ EDG DQG JRRG DOJRULWKPV LV WKH HYDOXDWLRQ RI D SRO\QRPLDO�

’ BASIC subroutine to evaluate a polynomial with real coefficients A(I)
FUNCTION POLY(X, A, N)
DIM A(N)
SUM = 0.
FOR I = 0 TO N

SUM = SUM + A(I)*X^I
NEXT
POLY = SUM
RETURN
END
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�� …IRU H[DPSOH� , RZQ DQ �REVROHWH� +3���/; SDOPWRS FRPSXWHU WKDW UXQV �� WR ��� WLPHV IDVWHU� DQG
KDV �� WLPHV WKH PHPRU\� RI WKH PXOWLPLOOLRQ GROODU� URRP�VL]HG ,%0 ���� PDLQIUDPH , XVHG IRU P\
3K' WKHVLV ZRUN� 0\ GHVNWRS LV WKRXVDQGV RI WLPHV IDVWHU�



7KLV LV D SRRU URXWLQH IRU D QXPEHU RI UHDVRQV� )LUVW� WR HYDOXDWH X^I �X UDLVHG WR WKH I·WK SRZHU�
UHTXLUHV³GHSHQGLQJ RQ WKH FRPSLOHU³HLWKHU D ORJDULWKP� D PXOWLSOLFDWLRQ DQG DQ H[SRQHQWLDWLRQ

�WKDW LV� WZR WUDQVFHQGHQWDO IXQFWLRQV DQG D PXOWLSOLFDWLRQ�� RU HOVH I-1 IORDWLQJ SRLQW PXOWLSOLFD�
WLRQV� 7KXV HYHQ IRU D FRPSLOHU WKDW WUHDWV UDLVLQJ WR LQWHJHU SRZHUV DV D VSHFLDO FDVH� HYDOXDWLQJ DQ

1WK RUGHU SRO\QRPLDO WDNHV DERXW 1� ⁄ � PXOWLSOLFDWLRQV� 7KHUH LV D IDVWHU ZD\ WR UDLVH QXPEHUV WR
LQWHJHU SRZHUV� WKDW UHTXLUHV DERXW ORJ� (1)PXOWLSOLFDWLRQV� VR WKH SRO\QRPLDO HYDOXDWLRQ WLPH� LI WKH
FRPSLOHU LV VPDUW HQRXJK WR XVH WKH IDVW SRZHU PHWKRG LV 2(1 ⋅ ORJ� 1)� +RZHYHU� +RUQHU·V PHWKRG
UHTXLUHV 2(1) PXOWLSOLFDWLRQV� LV RQO\ D VOLJKW PRGLILFDWLRQ RI WKH LQHIILFLHQW DOJRULWKP� DQG VKRXOG
WKHUHIRUH EH XVHG DV D PDWWHU RI FRXUVH�

’ BASIC subroutine to evaluate a polynomial with real coefficients A(I)
’ using Horner’s method
FUNCTION POLY(X, A, N)
DIM A(N)
SUM = A(N) * X
FOR I = N-1 TO 0 STEP -1

SUM = (SUM + A(I)) * X
NEXT
POLY = SUM
RETURN
END

2WKHU LQVWDQFHV ZKHUH JRRG DOJRULWKPV PDNH D KXJH GLIIHUHQFH LQ H[HFXWLRQ VSHHG DUH VRUWLQJ DQG

VHDUFKLQJ� ZKHUH WKH ZURQJ DOJRULWKP FDQ EH 2(1�) DQG WKH ULJKW RQH 2(1) RU 2(1 ORJ� 1)�
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5HDGDELOLW\� 7HVWDELOLW\� 6DIHW\ DQG 0DLQWDLQDELOLW\ DUH WKH DWWULEXWHV RI D JRRG FRPSXWHU SURJUDP�

2I FRXUVH� LW VKRXOG DOVR EH FRUUHFW�³EXW ZH DUH KHUH FRPSDULQJ SURJUDPV WKDW DUH DOJRULWKPLFDOO\

FRUUHFW� \HW ZKLFK H[KLELW WKH DERYH TXDOLWLHV WR YDU\LQJ GHJUHHV�

)LUVW FRQVLGHU UHDGDELOLW\� (YHU\ ODQJXDJH
�
SHUPLWV WKH FRQVWUXFWLRQ RI ´ZULWH�RQO\µ FRGH� WKDW RQFH

ZULWWHQ FDQ EH GHFLSKHUHG RQO\ ZLWK HQRUPRXV HIIRUW� ,Q WKH ZRUVW FDVHV� QHLWKHU WKH FRGH·V RZQ

DXWKRU QRU KLV SHUVRQDO GHLW\ FDQ GLVHQFU\SW WKH ZRUN DIWHU WKH KHDW RI FRPSRVLWLRQ KDV SDVVHG�

+DOOPDUNV RI ZULWH�RQO\ FRGH DUH

• PLVVLQJ RU LQDGHTXDWH GRFXPHQWDWLRQ DQG FRPPHQWLQJ�

• FU\SWLF� WRR�WHUVH� XQGHVFULSWLYH QDPHV IRU GDWD VWUXFWXUHV DQG IXQFWLRQV�
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�� )RUWK LV FRPPRQO\ DFFXVHG RI WKLV VLQ PRUH RIWHQ WKDQ RWKHU ODQJXDJHV� DQG LQGHHG VRPH )RUWK OHJDF\
FRGH GHVHUYHV WKH HSLWKHW� KRZHYHU , KDYH VHHQ SOHQW\ RI /LVS� &� $ZN DQG 3HUO FRGHV WKDW DUH DW OHDVW
DV WHUULI\LQJ� , ZLOO LOOXVWUDWH ZLWK VRPH EDG )RUWUDQ DQG )RUWK�



• FRQYROXWHG SURJUDP RUJDQL]DWLRQ³GHHSO\ QHVWHG� LQFRUUHFWO\ QHVWHG RU SRRUO\ FKRVHQ FRQWURO
VWUXFWXUHV�

• EDG IDFWRUL]DWLRQ �PRUH DERXW WKLV ODWHU��

• SUROL[ �L�H�� WRR ORQJ� VXEURXWLQHV�

• LQDSSURSULDWH GDWD VWUXFWXUHV�

$����������	���	����������
:KHQ RQH LV LQWHQW RQ VROYLQJ D FRPSXWDWLRQDO SUREOHP DQG UHDOO\ RQO\ FDUHV DERXW WKH DQVZHU� LW LV

HDV\ WR FRQYLQFH RQHVHOI WKDW GRFXPHQWLQJ DQG FRPPHQWLQJ DUH RI VHFRQGDU\� RU HYHQ WHUWLDU\

LPSRUWDQFH� ,Q VXFK FLUFXPVWDQFHV RQH WKLQNV� ´7KLV LV MXVW WKURZDZD\ FRGH WKDW ,·OO QHYHU ORRN DW

DJDLQ� VR…µ 6DG H[SHULHQFH WHDFKHV WKDW LW LV H[DFWO\ WKLV PRUVHO RI ´WKURZDZD\µ FRGH³DQG WKH
DFFRPSDQ\LQJ FRPSXWHU RXWSXW³WKDW RQH ZLOO KDYH WR FRQVXOW LQ VL[ PRQWKV RU D \HDU EHFDXVH

VRPHWKLQJ KDV FKDQJHG� EHFDXVH VRPHRQH KDV TXHVWLRQHG WKH UHVXOWV� RU EHFDXVH ZH QHHG LW IRU WKH

EDVLV RI VRPHWKLQJ QHZ�

7R VHH WKLV SUREOHP LQ DFWLRQ� FRQVLGHU WKH �XQFRPPHQWHG� )RUWUDQ IXQFWLRQ

INTEGER FUNCTION STIB(N,K)
STIB=0
DO 10 I=1,K

NP=N/2
STIB=N+2*(STIB-NP)
N=NP

10 CONTINUE
RETURN
END

:KDW GRHV STIB GR" (YLGHQWO\ LW LV D IXQFWLRQ³WKDW LV� IRU JLYHQ �LPSOLFLW LQWHJHU� DUJXPHQWV LW
UHWXUQV DQRWKHU LQWHJHU FRPSXWHG E\ VRPH ODERULRXV SURFHVV RI GLYLGLQJ DQG PXOWLSO\LQJ E\ ��

SHUIRUPHG K WLPHV� 2QO\ WKH DXWKRU KLPVHOI LV OLNHO\ WR UHDOL]H WKDW WKH VXEURXWLQH·V QDPH� ´ELWVµ
VSHOOHG EDFNZDUGV� VXJJHVWV WKDW WKH IXQFWLRQ UHYHUVHV WKH RUGHU RI ELWV LQ WKH ELQDU\ UHSUHVHQWDWLRQ

RI DQ LQWHJHU O\LQJ LQ WKH UDQJH 
�� �

. − � 
 � D SURFHVV HPSOR\HG LQ WKH IDVW )RXULHU WUDQVIRUP

DOJRULWKP� )RU VRPHRQH ZKR QHHGV WKH SURJUDP RI ZKLFK WKLV IXQFWLRQ LV D SDUW� WKH DEVHQFH RI

H[SODQDWRU\ FRPPHQW PLJKW HQWDLO IUXVWUDWLQJ KRXUV RI GHFLSKHULQJ EHIRUH KH JHWV WKH SRLQW� +RZ

PXFK EHWWHU KDG WKH DXWKRU WDNHQ WKH WLPH WR DGG FRPPHQWV� OHDGLQJ WR

INTEGER FUNCTION STIB(N,K)
C
C Return the bit-reversed integer corresponding to the
C K least significant (rightmost) bits of N.
C Algorithm:
C Shift STIB one bit to the left and add the LSB of N.
C Shift N one bit to the right. Repeat K times.
C
C initialize result

STIB=0
C repeat K times
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DO 10 I=1,K
C right-shift 1 bit

NP = N/2
C left-shift old result, add LSB of N

STIB=N+2*(STIB-NP)
C replace N by right-shifted version

N=NP
10 CONTINUE

RETURN
END

/DQJXDJHV WKDW LQFOXGH LQ�OLQH FRPPHQWV DQG ELWZLVH ORJLFDO RSHUDWRUV
�
³%$6,&� &� )RUWK� H�J�³

SHUPLW D FOHDUHU VWDWHPHQW RI WKH DOJRULWKP� )RU H[DPSOH LQ &�

int stib( int n, int k ) // reverse order of bits of # in [0,2^k-1]
 { int i;

int j=0; // initialize answer
for( i=1; i<=k; i++ ) // loop k times
{ j=2*j+(n && 1); // left-shift result and add 1’s bit of n

n=n/2; // shift n one place to right
}
return j;

}

)RU FRPSOHWHQHVV , LQFOXGH WKH )RUWK YHUVLRQ�

: stib  ( n w -- n’) \ reverse order of bits of n in [0,2^w-1]
    LOCALS| w n | \ def local variable names
    0   ( -- 0) \ n’ = 0 is top of stack
    w 0 DO  ( n’) \ loop w times
            2* \ left-shift n’
            n 1 AND \ get 1’s bit of n
            + \ add to n’
            n  2/  TO n \ right-shift n -- equiv to n = n/2
        LOOP \ end loop
;

'RFXPHQWDWLRQ LQ )RUWK WDNHV WZR IRUPV� 6LQFH )RUWK XVHV WKH PDFKLQH VWDFN GLUHFWO\ IRU FRPPXQL�

FDWLRQ EHWZHHQ VXEURXWLQHV� ZH FXVWRPDULO\ LQFOXGH D ´VWDFN FRPPHQWµ� 7KH SDUHQWKHVL]HG FRPPHQW

( n w -- n’) IROORZLQJ WKH QDPH VD\V WKDW WKH VXEURXWLQHSTIB H[SHFWV WR FRQVXPH WZR LQWHJHUV
IURP WKH VWDFN DQG OHDYH RQH �LQWHJHU� UHVXOW RQ WKH VWDFN� �'HVSLWH KRZ LW ORRNV� LW LV D FRPPHQW�

QRW DQ DUJXPHQW OLVW��

7KH SDUHQWKHVL]HG FRPPHQW ( n’) IROORZLQJ DO LV VRPHWKLQJ OLNH DQ ´DVVHUWLRQµ�³LW VWDWHV WKDW
HDFK WLPH WKH ORRS LV H[HFXWHG LW EHJLQV ZLWK DQ LQWHJHU RQ WKH VWDFN �DQG WKHUHIRUH PXVW OHDYH RQH

DV D UHVXOW���
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�� )RU DOO , NQRZ� ODWHU YHUVLRQV RI )RUWUDQ PD\ SURYLGH ELWZLVH RSHUDWLRQV�



)LQDOO\� )RUWK KDV WKH ´GURS OLQHµ FRPPHQW VHW RII E\ \ �´EDFN�VODVK� EODQNµ� HTXLYDOHQW WR WKH WLFN
�’� LQ %$6,& DQG WKH �� LQ &�

&RPSDULQJ WKH SURJUDPV� ZH VHH WKDW )RUWUDQ·V ODFN RI VXFK ELWZLVH ORJLFDO RSHUDWRUV DV && RU AND
PDGH LW QHFHVVDU\ WR REWDLQ WKH �·V ELW RI WKH LQSXW E\ WKH FLUFXLWRXV URXWH RI ILUVW VHWWLQJ WKDW ELW WR

]HUR �ULJKW�VKLIW E\ RQH ELW WR PDNH WKH �·V ELW ´IDOO RIIµ� WKHQ OHIW�VKLIW RQH ELW WR UHSODFH LW ZLWK ���

WKHQ VXEWUDFWLQJ WKH UHVXOW IURP WKH RULJLQDO LQSXW� )RU HIILFLHQF\ ZH FRPELQHG WKH VKLIW RSHUDWLRQV

�V\QWKHVL]HG DV LQWHJHU GLYLGH� DQG PXOWLSO\�E\�WZR� VR DV WR PLQLPL]H WKH QHW QXPEHU RI PXOWLSOLFD�

WLRQV DQG GLYLVLRQV� %XW WKLV WHQGV WR PDNH WKH DOJRULWKP VHHP UDWKHU GLIIHUHQW IURP ZKDW ZH ZHUH

DFWXDOO\ WU\LQJ WR GR� ORZHULQJ UHDGDELOLW\�

([SUHVVLQJ WKH IXQFWLRQ LQ VHYHUDO ODQJXDJHV
�
HPSKDVL]HV WKH IROORZLQJ SRLQWV�

• RPLWWLQJ FRPPHQWV REVFXUHV WKH DOJRULWKP³DW WKH YHU\ OHDVW HYHU\ IXQFWLRQ VKRXOG EH DFFRPSD�
QLHG E\ D EULHI VWDWHPHQW RI LWV SXUSRVH�

• WKH RSHUDWRUV DQG QRWDWLRQDO FRQYHQWLRQV VSHFLILF WR HDFK ODQJXDJH DFFRXQW IRU PXFK RI WKH GLI�
IHUHQFH LQ FRGH UHDGDELOLW\ EHWZHHQ ODQJXDJHV³WKDW LV� ZKHQ RQH H[DPLQHV WKH KLVWRU\ RI D KLJK
OHYHO FRPSXWHU ODQJXDJH RQH ILQGV LWV DXWKRU�V� FRQFHUQHG ZLWK KDQGOLQJ PRUH JUDFHIXOO\ VRPH
VSHFLILF SUREOHP� PRVW RIWHQ VW\OLVWLF LQ QDWXUH�

+RZHYHU� FRPPHQWV FDQ EH XQKHOSIXO� $V D FDVH LQ SRLQW , SUHVHQW WKUHH YHUVLRQV RI WKH VDPH

VXEURXWLQH IRU FRQYHUWLQJ WR ELQDU\ D ��GLJLW GHFLPDO QXPEHU LQ SDFNHG %&' UHSUHVHQWDWLRQ
�
� 7KHVH

IRUPXODWLRQV UHSUHVHQW D GLVFXVVLRQ E\ WKUHH UHJXODU FRQWULEXWRUV WR WKH QHZVJURXS FRPS�ODQJ�IRUWK �

�, KDYH WDNHQ WKH OLEHUW\ RI HGLWLQJ WKHLU UHPDUNV IRU VSHOOLQJ DQG FODULW\�� 7KH ILUVW DVNHG

6_\[c� T_ i_e VY^T ceSX cdi\U V_b _^U�\Y^Ubc bUQTQR\U/

: bcd>bin ( uc -- uc’ )
\          tens    div_16_mult_10          ones    add

   DUP   0F0 AND   2/ DUP 2/ 2/ +   SWAP   00F AND   +
; 

7KH VHFRQG SURJUDPPHU UHSOLHG

I_eb S_]]U^d Y^TYSQdUc RQT VQSd_bY^W� Uc`USYQ\\i dXU _^U QR_fU 2/ DUP 2/ 2/ +� 9dµc UfU^

gb_^W� RUSQecU dXU bUce\d Yc Qc YV VYbcd ]e\dY`\iY^W Ri !&� Q^T dXU^ TYfYTY^W Ri ! �c_]U_^U]YWXd

²_`dY]YjU³ dXU 0F0 AND _ed� YV XU dQ[Uc dXU S_]]U^d \YdUbQ\\i� Q^T Ri T_Y^W c_ Y^db_TeSUc Q

ReW�� DXUbUV_bU*
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�� $VVHUWLRQV DUH DQ LGHD SLRQHHUHG E\ &�$�+� +RDUH� DV D GLVFLSOLQH IRU FRUUHFW SURJUDPPLQJ� 6HH� H�J��
-RQ %HQWOH\� 3URJUDPPLQJ 3HDUOV �$GGLVRQ�:HVOH\� 5HDGLQJ� 0$������� S� �� HW VHT� ,W LV DV HDV\ WR DGG
DVVHUWLRQ FDSDELOLW\ WR )RUWK DV WR & FRGH�

�� 7KH %$6,& YHUVLRQ ZRXOG ORRN YHU\ OLNH WKH )RUWUDQ RQH� H[FHSW LW ZRXOG KDYH SHUPLWWHG XV WR VD\
STIB = 2*STIB + (N AND 1) : N + N\2 DQG WKXV VKRUWHQ WKH SURJUDP VOLJKWO\�

�� 3DFNHG %&' VWRUHV RQH �GHFLPDO� GLJLW SHU Q\EEOH �� ELWV��



: *10/16 ( n1 -- n2 )  2/ DUP 2/ 2/ + ; \ much faster than 10 16 */
: tens ( bcdxy -- bcdx0 )  $F0 AND ;
: ones ( bcdxy -- bcd0y )  $0F AND ;
: bcd>bin ( bcd -- n )  DUP tens *10/16 SWAP ones  +  ;

I_e ]YWXd VQSd_b tens Q^T ones _ed �Qc QR_fU�� Red Ydµc ^_d Qc _RcSebU Qc dXU cXYVd�QTT

bU`\QSU]U^d _V TYfYcY_^ Q^T ]e\dY`\YSQdY_^� 8_gUfUb� YV i_e T_ ]_bU 234 XQ^T\Y^W� tens Q^T

ones ]YWXd RU W__T VQSd_bc� Q^igQi� DXUi Y]`b_fU bUQTQRY\Ydi ]eSX S_]`QbUT d_ <magic

^e]RUb. 1>4�

9 dXY^[ dXYc UhQ]`\U cX_gc gXQd 9 ]UQ^ gXU^ 9 S\QY] S_]]U^dY^W _VdU^ Y^TYSQdUc RQT VQSd_bY^W�

Q^T W__T g_bT ^Q]Uc SQ^ bU`\QSU S_]]U^dc� 6QSd_bY^W Y^ 6_bdX Yc ^_d Zecd Q ]UQ^c d_ bUTeSU

`b_WbQ] cYjU�

C_ YV i_e VY^T i_ebcU\V S_]]U^dY^W c_]U S_TU cUaeU^SU gYdX Q cY^W\U g_bT �Qc QR_fU�� i_eµT

T_ RUddUb d_ VQSd_b dXU S_TU cUaeU^SU Q^T ^Q]U Yd `bUSYcU\i dXQd g_bT�

7KH WKLUG DXWKRU DOVR UHSOLHG WR WKH ILUVW�

IUc� Ydµc S\UQb� Red 9 T_^µd \Y[U _^U�\Y^Ubc � SQ^µd cUU dXU `_Y^d� 6_b gXQd Ydµc g_bdX dXYc Yc gXQd

9µT T_*

: BCD>BIN   ( [xy] -- n) \ two digit packed BCD to binary
    DUP  $F0 and  ( [xy] [x0]) \ get more significant nibble
    2/ dup 2/ 2/ +    \ 1/2 + 1/8 = 10/16,  ms nibble *10/16
    SWAP $0F AND  ( 10*x y)  \ get less significant nibble
    +                 \ n = 10x + y
;

DXU 2/ DUP 2/ 2/ + Yc Q ^UQd dbYS[ � 9µ\\ bU]U]RUb dXQd�

:KDW ZH KDYH VHHQ LV WKDW WKH RULJLQDO FOHYHU FRGH³D ´KDFNµ
�
³KDG D GHVFULSWLYH FRPPHQW RYHU LW�

EXW QHYHUWKHOHVV LQWHUUXSWHG WKH VHPDQWLF IORZ E\ PDNLQJ WKH UHDGHU VWRS WR WKLQN ´+XK":KD]]DW"µ�

7KH VHFRQG �LPSURYHG� YHUVLRQ KHOSHG WKH FODULW\ E\ JLYLQJ HDFK RSHUDWLRQ D GHVFULSWLYH QDPH� VR

WKDW WKH ILQDO VXEURXWLQH� bcd>bin� VLPSO\ UHDGV DV D GHVFULSWLRQ RI WKH DOJRULWKP� GXSOLFDWH WKH

QXPEHU� JHW WKH WHQV GLJLW DQG PXOWLSO\ LW ��� WKHQ JHW WKH RQHV GLJLW DQG DGG� 7KH FRPPHQWLQJ LV

DOVR PRUH KHOSIXO� VLQFH KH H[SODLQV ZK\ WKH KDFN LV XVHG UDWKHU WKDQ WKH PXFK FOHDUHU FRGH WKDW KDV

WKH VDPH HIIHFW� WKH KDFN LV PXFK IDVWHU�

%XW WKH WKLUG DXWKRU·V DSSURDFK LV WKH FOHDUHVW� KH QRW RQO\ SXWV HDFK PDMRU VWHS RQ LWV RZQ OLQH� KH

DOVR H[SODLQV KRZ WKH KDFN ZRUNV�

��� !����"����
	

�� :H GLVFXVV H[FHVVLYHO\ FOHYHU WULFNV DQG WKHLU HIIHFW RQ FODULW\ EHORZ�
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7KH QH[W DVSHFW RI UHDGDELOLW\ KDV WR GR ZLWK FRQWURO VWUXFWXUHV� 3URJUDPV ZRXOG EH HLWKHU FOXPV\ RU

LPSRWHQW ZLWKRXW WKH DELOLW\ WR H[HFXWH FRQGLWLRQDO EUDQFKHV� %DVHG RQ VRPH FRQGLWLRQ³D FHUWDLQ

QXPEHU LV ]HUR� D FHUWDLQ ELW LV VHW³D FRQGLWLRQDO EUDQFK HLWKHU GRHV QRWKLQJ �VR H[HFXWLRQ SURFHHGV

WR WKH QH[W LQVWUXFWLRQ� RU UHVHWV WKH SRLQWHU WR WKH QH[W LQVWUXFWLRQ VR LW SRLQWV VRPHZKHUH HOVH LQ

WKH SURJUDP� $OO WKH VWDQGDUG KLJK�OHYHO FRQWURO VWUXFWXUHV IRU ORRSLQJ³DO� FOR� WHILE…³RU
EUDQFKLQJ³IF� ELSE� CASE…³DUH V\QWKHVL]HG IURP RQH RU WZR FRQGLWLRQDO EUDQFK SULPLWLYHV��

$V DQ H[DPSOH RI KDUG�WR�UHDG FRGH� FRQVLGHU WKH )RUWK VXEURXWLQH >FLOAT IRU FRQYHUWLQJ D VWULQJ
WR D IORDWLQJ SRLQW QXPEHU� VKRZQ RQ WKH IROORZLQJ WKUHH SDJHV� 7KLV LV D UHTXLUHG VXEURXWLQH IRU $16

)RUWK V\VWHPV WKDW LPSOHPHQW WKH )/2$7,1* SRLQW ZRUGVHW� $FFRUGLQJ WR WKH GS$16�� VSHFLIL�

FDWLRQ�

²1^ QddU]`d Yc ]QTU d_ S_^fUbd dXU cdbY^W c`USYVYUT Ri S�QTTb Q^T e d_ Y^dUb^Q\ V\_QdY^W�`_Y^d

bU`bUcU^dQdY_^� 9V dXU cdbY^W bU`bUcU^dc Q fQ\YT V\_QdY^W�`_Y^d ^e]RUb Y^ dXU ci^dQh RU\_g� Ydc

fQ\eU b Q^T DBE5 QbU bUdeb^UT� 9V dXU cdbY^W T_Uc ^_d bU`bUcU^d Q fQ\YT V\_QdY^W�`_Y^d ^e]RUb

_^\i 61<C5 Yc bUdeb^UT�³

$V JLYHQ� WKH VXEURXWLQH H[HPSOLILHV WKH EHVHWWLQJ VLQV RI VORSS\ SURJUDPPLQJ VW\OH
�
� H[FHVVLYH OHQJWK�

GHHSO\ QHVWHG FRQWURO VWUXFWXUHV� UHSHDWHG FRGH IUDJPHQWV WKDW VKRXOG EH QDPHG DQG IDFWRUHG LQWR

VHSDUDWH VXEURXWLQHV�

7KH SURJUDPPHU HYLGHQWO\ WKRXJKW³DV VR PDQ\ GR³WKDW XVLQJ D SURJUDP HGLWRU ZLWK ´SUHWW\�SULQW�

LQJµ FDSDELOLW\ �WKDW LV� OD\LQJ RXW WKH FRGH ZLWK LQGHQWHG FRQWURO VWUXFWXUHV� DQG ZLWK WKH EHJLQQLQJV

DQG HQGV RI FRQWURO VWUXFWXUHV YHUWLFDOO\ DOLJQHG� ZDV HQRXJK WR HQVXUH UHDGDELOLW\� :HOO� LSVR IDFWR�

LW ZDVQ·W�

2QFH ZH XQGHUVWDQG ZKDW LV JRLQJ RQ� WKH DOJRULWKP EHFRPHV DEVXUGO\ VLPSOH� ,Q SVHXGRFRGH LW LV

\ pseudocode algorithm for >FLOAT, assuming IEEE representation
: >FLOAT ( c-addr u -- flag) ( f: -- r | <nothing>)

is it properly formed?  IF
save algebraic sign
get mantissa \ normalize mantissa ( move decimal point to the left end)

\ convert normalized mantissa to fp number
get exponent \ compute appropriate power of 10 to multiply by
raise 10 to that power ( exponent + #digits to left of dp)
multiply ( F*)
algebraic sign was negative? IF  FNEGATE  THEN
leave TRUE flag

ELSE   leave  FALSE  flag    THEN
;
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�� $ SULPLWLYH LV D VLPSOH FRGH IUDJPHQW³LW PLJKW EH DW WKH OHYHO RI WKH DFWXDO PDFKLQH FRGH³XQGHUO\LQJ
D XVHU�OHYHO LQVWUXFWLRQ� ,Q )RUWK� H�J�� WKH EDVLF EUDQFKLQJ SULPLWLYH LV 0BRANCH ZKLFK MXPSV WR WKH
�UHODWLYH� DGGUHVV FRQWDLQHG LQ WKH PHPRU\ FHOO LPPHGLDWHO\ IROORZLQJ LWVHOI� LI WKH QXPEHU RQ WRS RI
WKH VWDFN LV ��

�� $QG OHVW WKH UHDGHU WKLQN RQO\ )RUWK SURJUDPPHUV ZULWH VXFK PRQVWURVLWLHV� 1XPHULFDO 5HFLSHV³LQ )RU�
WUDQ� & RU 3DVFDO³LV FKRFN�IXOO RI VLPLODUO\ REVFXUH FRGH�



: >FLOAT ( c-addr u -- f ) ( f: -- r | <nothing> )
dup 0=
IF drop drop false EXIT
THEN
128 umin charcnt !   \ save character count
init->float
next-char drop    \ get first character
dup bl =
IF drop charcnt @ bl skip charcnt !

next-char
IF drop drop f0.0

true EXIT  \ special case of 0.0
THEN

THEN
xsign
IF IF 8 ELSE 0 THEN

19 bcd-char!
next-char
IF drop drop false EXIT  THEN

THEN
BEGIN digit0    \ check for leading 0’s
WHILE drop   next-char

IF drop drop f0.0 true EXIT  THEN
true zerochar !

REPEAT
10digit
IF 

BEGIN $fsignif intcnt @ + c!
1 intcnt +!
next-char
IF drop drop >float-int true EXIT  THEN

10digit 0=
UNTIL
false zerochar !

THEN
dup [CHAR] . =    \ decimal point?
IF drop next-char

IF drop drop >float-int true EXIT  THEN
intcnt @ 0=
IF

BEGIN digit0
WHILE drop  next-char

IF   drop drop f0.0 true EXIT
ELSE 1 fracnt +!
THEN
true zerochar !

REPEAT
THEN
10digit

��' !����"����
	



IF false zerochar ! 
BEGIN $fsignif intcnt @ + c!

1 intcnt +!
1 fracnt +!
next-char
IF  drop  drop  >float-int.frac  true EXIT  THEN
10digit 0=

UNTIL
THEN

THEN
e-char
IF     \ exponent indicator

\  zerochar @   \ optimization, mantissa=0
\  IF drop f0.0 true EXIT \ then whole number is zero
\  THEN    \ unfortunately skips validation
intcnt @ 0=
IF ( SMuB 07-20-95 drop ) f1.0 19 bcd-char@

[CHAR] 0 <> ( <-- SMuB 07-20-95 )
IF fnegate  THEN

ELSE   >float-int
THEN
next-char
IF drop drop fracnt @

IF  f10.0  fracnt  @  negate  f**n  f*  THEN
zerochar @   \ mantissa=0?
IF fdrop f0.0  THEN \ then make result 0.0
true EXIT

THEN
xsign
IF >r next-char

IF r>  drop drop drop
fracnt @
IF f10.0 fracnt @

negate f**n f*
THEN
zerochar @  \ mantissa=0?
IF fdrop f0.0   THEN \ then make result 0.0

true EXIT
THEN

ELSE 0 >r
THEN

ELSE >float-int
xsign
IF >r next-char

IF r>drop drop drop fdrop false EXIT
\ SMuB r>drop drop ( SMuB 07-20-95 --> ) drop
\ SMuB fracnt @
\ SMuB IF f10.0 fracnt @
\ SMuB negate f**n f*
\ SMuB THEN
\ SMuB true EXIT

THEN
ELSE drop drop fdrop false EXIT
THEN

����	��� ������������	������
	��	���
��
 ���
�������	� �����������	��	
���



THEN
drop 1- charcnt @ 1+ number?
double? 0= and \ October 1st, 1996 - 10:51 tjz & am  

\ double exponent not allowed
IF d>s r>

IF negate  THEN
fracnt @ negate + f10.0 f**n f*
zerochar @    \ mantissa=0?
IF fdrop f0.0  THEN  \ then make result 0.0
true

ELSE 
2drop fdrop false r>drop EXIT

THEN ;
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7KH DFWXDO VXEURXWLQH FRQVLVWV RI VHYHQ EDVLF RSHUDWLRQV� %\ DSSURSULDWHO\ GHILQLQJ DQG QDPLQJ WKHVH

RSHUDWLRQV WKH DOJRULWKP EHFRPHV DOPRVW VHOI�H[SODQDWRU\ DQG QHHGV IHZ DGGLWLRQDO FRPPHQWV� 7KDW

LV� RQH PLJKW ZULWH

\ convert a string to a fp number on the fp stack

: fp#? ( end beg -- flag) \ test a string for proper format
skip_sign  skip_digits  skip_dp  skip_digits  skip_exponent  ( end beg’)
-  -1 = \ if it was properly formed, beg’ = end + 1

;

: $ends ( beg len -- end beg) \ convert $info to pointers
OVER  +  1-  SWAP  ;

: >FLOAT ( c-addr u -- flag) ( f: -- r | <nothing>)
$ends ( end beg)
2DUP  fp#?  IF

get_sign ( sgnflag end beg’)
mantissa ( sgnflag power end beg’’) ( f: mantissa)
exponent ( sgnflag power’)
10 S>F ( sgnflag power’) ( f: mantissa 10)
f^n ( sgnflag) ( f: mantissa 10^power’)
F* ( sgnflag) ( f: |r|)
IF FNEGATE  THEN ( f: r)
TRUE \ successful conversion!

ELSE  2DROP  FALSE \ not properly formed
THEN

;

7KH H[DPSOH VXEURXWLQH³QHDUO\ WKUHH SDJHV ORQJ DQG YLFLRXVO\ XQFOHDU³LV WKH SURJUDPPLQJ

HTXLYDOHQW RI D UXQ�RQ �DQG RQ DQG RQ DQG RQ DQG…� VHQWHQFH� -XVW DV ZH HVFKHZ UXQ�RQ VHQWHQFHV
LQ WKH QDPH RI FOHDU SURVH� ZH PXVW GR VRPHWKLQJ DERXW SUROL[ VXEURXWLQHV� 7KH SURSRVHG DOWHUQDWLYH

EUHDNV WKH PDLQ VXEURXWLQH GRZQ LQWR PDQDJHDEOH SLHFHV� GHILQHV WKHP DV VHSDUDWH VXEURXWLQHV� WKHQ

UHFRPELQHV WKHP� 1RWH WKDW WKH PDLQ VXEURXWLQH� >FLOAT� H[KLELWV H[DFWO\ WZR FRQWURO VWUXFWXUHV�

DQG WKH\ DUH QRW QHVWHG� +HQFH WKHUH LV QR FRQYROXWHG ORJLF DQG QR SUREOHP ZLWK GHEXJJLQJ�

0DQLIHVWO\ WKH VXEURXWLQHV mantissa DQG exponent ZLOO FRQWDLQ FRQWURO VWUXFWXUHV³SUREDEO\
BEGIN… WHILE… REPEAT LQGHILQLWH ORRSV³EXW WKH\ QHHG EH QHLWKHU FRPSOH[ QRU QHVWHG� $QG
WKHVH FRPSOH[LWLHV DUH DSSURSULDWHO\ KLGGHQ IURP WKH PDLQ VXEURXWLQH� WKDW RQO\ FDUHV ZKHWKHU LWV

FRPSRQHQWV GR WKHLU MREV SURSHUO\�

%HFDXVH )RUWK SURJUDPV GLUHFWO\ DFFHVV WKH FSX VWDFN� WKH\ DYRLG WKH RYHUKHDG IURP EXLOGLQJ XS DQG

WHDULQJ GRZQ VWDFN IUDPHV LQFXUUHG LQ ODQJXDJHV OLNH &� )RUWUDQ� 3DVFDO DQG %DVLF� 7KXV ILQH�JUDLQHG

GHFRPSRVLWLRQ LQWR VKRUW VXEURXWLQHV GHJUDGHV SHUIRUPDQFH PXFK OHVV LQ )RUWK WKDQ LQ RWKHU

ODQJXDJHV� & SURJUDPPHUV FRQFHUQHG ZLWK SHUIRUPDQFH WKHUHIRUH WHQG WR ZULWH UXQ�RQ VXEURXWLQHV�

([SHULHQFHG )RUWK SURJUDPPHUV WHQG WR ZULWH VKRUW� VLPSOH VXEURXWLQHV�0\ JXHVV LV WKDW WKH H[DPSOH

SURJUDP ZDV ZULWWHQ E\ D & SURJUDPPHU� PHQWDOO\ WUDQVODWLQJ GLUHFWO\ WR )RUWK ZLWKRXW UHWKLQNLQJ

KLV FRGLQJ VW\OH�

7R FRQFOXGH� WKHUH LV QRWKLQJ LQKHUHQWO\ XQFOHDU DERXW DQ\ RI WKH ODQJXDJHV LQ FXUUHQW XVH GHVSLWH

WKH H[LVWHQFH RI UHDPV DQG EOLYHWV
��
RI XQUHDGDEOH FRGH ZULWWHQ LQ WKHP�:HOO�FRPPHQWHG� WUDQVSDU�
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HQW FRGH LV DQ DFKLHYDEOH JRDO� WKH NH\ LV WR ZRUU\ DERXW SHUIRUPDQFH ODVW DQG ZULWH WKH FOHDUHVW

SURJUDP RQH FDQ�

 � )�
��"����	���	
�����

$GLJLWDO FRPSXWHU LV D IRUP RI GHWHUPLQLVWLF ILQLWH VWDWHPDFKLQH�:KHQZH DGG VRIWZDUH� WKH QXPEHU

RI HIIHFWLYH VWDWHV JURZV VR UDSLGO\ ZLWK SURJUDP VL]H WKDW LW FDQ EH YHU\ GLIILFXOW WR VD\ GHILQLWLYHO\�

IRU D PRGHUDWHO\ FRPSOH[ SURJUDP� WKDW DOO SRVVLEOH UHVSRQVHV WR DOO SRVVLEOH LQSXWV DUH NQRZQ
��
� 7KXV

WKH LVVXHV RI WHVWDELOLW\ DQG VDIHW\ DUH FORVHO\ OLQNHG�

, FDQQRW HPSKDVL]H WRR VWURQJO\ WKDW LQ D ZRUOG ZKHUH PRUH DQG PRUH URXWLQH WDVNV DUH GHOHJDWHG WR

FRPSXWHUV� LW LV YLWDO WR EH VXUH WKDW ERWK WKH V\VWHPV DQG WKHLU SURJUDPV DUH DV VDIH DV SRVVLEOH� 7KH

WHUP VDIH LV IDLUO\ HODVWLF� LW FDQ PHDQ SUHYHQWLQJ LQFRUUHFW� XQH[SHFWHG� GDPDJLQJ RU OLIH�WKUHDWHQLQJ

RXWFRPHV� DV ZHOO DV SURWHFWLQJ QHWZRUNHG V\VWHPV IURP DFFHVV RU DWWDFN E\ XQDXWKRUL]HG SHUVRQV�

$OWKRXJK WKH ODWWHU KDV EHFRPH D PDMRU LVVXH LQ DQ HUD RI FRPSXWHU YLUXVHV DQG PLVXVH RI SULYDWH

GDWD� ZH VKDOO KDYH OLWWOH WR VD\ DERXW LW� ,QVWHDG ZH FRQFHQWUDWH RQ KRZ WR ZULWH FRUUHFW SURJUDPV

WKDW HLWKHU IXQFWLRQ DV H[SHFWHG RU IDLO JUDFHIXOO\�

$Q LQFRUUHFW SURJUDP FDQ SURGXFH HIIHFWV UDQJLQJ IURP ORVV RI GDWD �WROHUDEOH LI LW LVPHUHO\ WRPRUURZ·V

KRPHZRUN DVVLJQPHQW� VHULRXV LI LW LV \RXU OLIH VDYLQJV�� ORVV RI DQ H[SHQVLYH SLHFH RI PDFKLQHU\ �DV

LQ WKH UHFHQW 0DUV &OLPDWH 2UELWHU ILDVFR
��
�� RU HYHQ ORVV RI OLIH� $OWKRXJK GLVDVWHUV DUH PRUH OLNHO\

IURPZURQJ SURJUDPV RQ FRPSXWHUV XVHG LQ FRQWURO DSSOLFDWLRQV �YHKLFOHV� QXFOHDU UHDFWRUV� UDGLDWLRQ

WKHUDS\�� HYHQ SURJUDPV IRU GDWD DFTXLVLWLRQ DQG DQDO\VLV FDQ FDXVH FDVXDOWLHV LQ WKH ULJKW FLUFXP�

VWDQFHV� $ FDVH FLWHG E\1HXPDQQ
��
GHVFULEHV KRZ VRIWZDUH WKDW FROOHFWHGZLQG�WXQQHO GDWD� VRIWZDUH

WKDW WKHRUHWLFDOO\ DQDO\]HG WKH DHURG\QDPLFV� DQG VRIWZDUH WKDW DQDO\]HG ORZ�VSHHG IOLJKW WHVWV RQ D

QHZ W\SH RI DLUFUDIW� DOO DJUHHG WKDW WDLO YLEUDWLRQ ZRXOG QRW EH H[FHVVLYH� 2Q WKH ILUVW WHVW IOLJKW WKH

WDLO EURNH RII� FUDVKLQJ WKH SODQH DQG NLOOLQJ WKH FUHZ� 7KH SUREDELOLW\ WKDW DOO WKUHH SURJUDPV ZRXOG

FRQWDLQ LQGHSHQGHQW HUURUV WKDW SURGXFHG LQFRUUHFW� EXW DJUHHLQJ� UHVXOWV ZDV VPDOO� EXW FHUWDLQO\ QRW

]HUR³LW KDSSHQHG�

6LQFH LW LV WKHRUHWLFDOO\ LPSRVVLEOH WR GHWHUPLQH ZLWK FHUWDLQW\ �ZLWKLQ WKH OLIHVSDQ RI WKH SURJUDP�

PHU�� WKH EHKDYLRU RI FRPSOH[ RI VRIWZDUH UXQQLQJ RQ D JLYHQ FRPSXWHU� WKH EHVW ZH FDQ GR LV ILUVW�
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��� /RRN LW XS� �7U\ WKH 2(' RU 'LFWLRQDU\ RI $PHULFDQ 6ODQJ��

��� 7KLV LV DQ H[DPSOH RI WKH ´KDOWLQJ SUREOHPµ IRU D JLYHQ SURJUDP� 6HH� H�J�� 5�3� )H\QPDQ� )H\QPDQ /HF�
WXUHV RQ &RPSXWDWLRQ� HG� E\ $�-�*� +H\ DQG 5�:� $OOHQ �$GGLVRQ�:HVOH\ 3XEOLVKLQJ &R�� ,QF�� 5HDG�
LQJ� 0$� ������ S� ��II�

��� 2Q �� 6HSWHPEHU ����� D VSDFH SUREH LQWHQGHG WR RUELW DERXW 0DUV FUDVK ODQGHG EHFDXVH WKH DWWLWXGH
WKUXVWHUV ZHUH FDOLEUDWHG LQ SRXQGV EXW WKH 1$6$ WHDP DVVXPHG WKH FDOLEUDWLRQ ZDV LQ 1HZWRQV�

��� 3�*� 1HXPDQQ� &RPSXWHU�5HODWHG 5LVNV �$GGLVRQ�:HVOH\ 3XEOLVKLQJ &R�� ,QF�� 5HDGLQJ� 0$� ������ S�
���II�



HVWLPDWH IDLOXUH SUREDELOLWLHV� DQG VHFRQG� WU\ WR SURYLGH JUDFHIXO �´IDLOVDIHµ� ZD\V IRU D SURJUDP WR

IDLO�

7KH HDVLHVW ZD\ WR PDNH VRIWZDUH UHOLDEOH LV WR NHHS LW VLPSOH� 7KLV GRHV QRW PHDQ LW LV LPSRVVLEOH WR

FUHDWH D FRPSOH[ SURJUDP³VXFK DV RQH WKDW RSHUDWHV D PXOWLSXUSRVH URERW RU IOLHV DQ DLUSODQH³EXW

UDWKHU WKDW LW LV YLWDO WR EUHDN VXFK SURJUDPV XS LQWR VPDOO� PDQDJHDEOH FKXQNV WKDW FDQ EH WHVWHG LQ

LVRODWLRQ� $ VPDOO VXEURXWLQH FDQ EH XQGHUVWRRG FRPSOHWHO\� DQG LWV UHVSRQVHV WR DOO SRVVLEOH LQSXWV

HVWDEOLVKHG WKURXJK V\VWHPDWLF WHVWLQJ� $OWKRXJK ZKHQ VXFK VXEURXWLQHV DUH FRPELQHG LQWR ODUJHU

SURJUDPV WKHLU UHOLDELOLW\ EHFRPHV OHVV FHUWDLQ� QHYHUWKHOHVV WKLV LV RXU EHVW KRSH IRU FUHDWLQJ UHOLDEOH

SURJUDPV�

7KH PRVW FRPPRQ VRXUFHV RI SURJUDP IDLOXUH DUH DGGUHVV HUURUV DQG ORJLF HUURUV� $Q DGGUHVV

HUURU³FDXVHG� IRU H[DPSOH� E\ DWWHPSWLQJ WR DFFHVV DQ DUUD\ HOHPHQW ZLWK WKH LQGH[ RXW RI

UDQJH³FDQ OHDG WR ZULWLQJ GDWD LQWR PHPRU\ ZKHUH SURJUDP FRGH LV H[SHFWHG� :KHQ WKH FRPSXWHU

DWWHPSWV WR LQWHUSUHW WKH GDWD DV LQVWUXFWLRQV� WKHUH LV QR WHOOLQJ ZKDW ZLOO KDSSHQ QH[W� 6RPH

SURJUDPPLQJ ODQJXDJHV EXLOG LQ HUURU FKHFNLQJ WR SUHYHQW FRPSLOLQJ SURJUDPVZLWK DGGUHVVLQJ HUURUV�

ZLWK D QRWDEOH ODFN RI VXFFHVV� 7KH QRWRULRXV ´*HQHUDO 3URWHFWLRQ )DXOWµ� WRR RIWHQ HQFRXQWHUHG E\

XVHUV RI0LFURVRIW:LQGRZV
�
�EDVHG SURJUDPV� UHVXOWV IURP DGGUHVVLQJ HUURUV� %HFDXVH RI WKH GLIILFXOW\

RI SUHYHQWLQJ DGGUHVVLQJ HUURUV LQ VRIWZDUH� ,QWHO DQG RWKHU PDQXIDFWXUHUV KDYH EXLOW LQWR WKHLU FSX

FKLSV D ´SURWHFWHGPRGHµ RI RSHUDWLRQ WKDW DOORFDWHVPHPRU\ VHJPHQWV ZLWK GLIIHUHQW DFFHVV SULYLOHJHV

IRU SURJUDP DQG GDWD� :KHQ D SURJUDP DWWHPSWV WR VWRUH GDWD LQ PHPRU\ ZLWK WKH ZURQJ SULYLOHJH

OHYHO� WKH SURJUDP IDLOV� JHQHUDOO\ QRW JUDFHIXOO\� 8VXDOO\ WKH RQO\ UHPHG\ IRU D SURJUDP WKDW KDV

FDXVHG D *HQHUDO 3URWHFWLRQ )DXOW LV WR NLOO LW� ORVLQJ DQ\ GDWD WKDW ZDV EHLQJ ZRUNHG RQ� SRVVLEO\

GDPDJLQJ NH\ ILOHV� DQG VR RQ�

/RJLF HUURUV JHQHUDOO\ UHVXOW IURP H[FHVVLYHO\ FRQYROXWHG FRQWURO IORZ RU GHFLVLRQV QHVWHG H[FHVVLYHO\

GHHSO\� 7RR PDQ\ SURJUDPPHUV LPSOHPHQW GHFLVLRQV YLD FRPSOH[ ELQDU\ ORJLF WUHHV ZKHQ VRPH RWKHU

IRUP RI GHFLVLRQ VWUXFWXUH³VXFK DV D MXPS WDEOH RU ILQLWH VWDWHPDFKLQH³ZRXOG EHPRUH DSSURSULDWH�

'HHSO\ QHVWHG ELQDU\ WUHHV KDYH WKH XQIRUWXQDWH FKDUDFWHULVWLF WKDW� XQOHVV WKH SURJUDPPHU LV YHU\

FDUHIXO �DQG PRVW DUH QRW�� WKH FRQGLWLRQV WKDW OHDG WR D SDUWLFXODU RXWFRPH DUH QRW PXWXDOO\

H[FOXVLYH� ,Q WKDW FDVH WKH ORJLF EHFRPHV LPSHQHWUDEOH� 6RPHWLPHV VXFK SUDFWLFHV FUHDWH EUDQFKHV

WKDW QR FRQGLWLRQ FDQ UHDFK� 6XFK EUDQFKHV DUH FDOOHG ´GHDG FRGHµ� SURJUDPV FRQWDLQLQJ WKHP DUH

QRW H[DFWO\ WKH DFPH RI FRPSXWHU VFLHQFH�

7KH UHOLDELOLW\ RI VRIWZDUH LV EHVW HVWDEOLVKHG E\ WHVWLQJ� 6\VWHPV DQG ODQJXDJHV WKDW PDNH LW SRVVLEOH

WR UXQ PRUH WHVWV SHU XQLW WLPH� RU WKDW IDFLOLWDWH LQFUHPHQWDO WHVWLQJ� VKRXOG EH SUHIHUUHG WR V\VWHPV

WKDW KLQGHU WHVWLQJ RU WKDW SHUPLW RQO\ ODUJH FKXQNV RI FRGH WR EH WHVWHG DW D WLPH�

)LQGLQJ WKH EXJV LQ D ODUJH FRPSOH[ SURJUDP LV REYLRXVO\ KDUGHU WKDQ ILQGLQJ WKH EXJV LQ VPDOO SLHFHV

RI FRGH� )RU WKLV UHDVRQ , IDYRU LQWHUDFWLYH ODQJXDJHV OLNH )RUWK� /LVS RU %DVLF RYHU QRQLQWHUDFWLYH

RQHV OLNH &� )RUWUDQ RU 3DVFDO� WKDW UHTXLUH D VXEURXWLQH WR EH FRPSLOHG ZLWK DQ H[HUFLVH SURJUDP LQ

RUGHU WR WHVW LW� :LWK LQWHUDFWLYLW\ WKH IHHGEDFN LV PXFK PRUH LPPHGLDWH DQG WKH UHVXOWV RI FKDQJHV

HDVLHU WR DQDO\]H�
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7KHUH DUH VHYHUDO NH\ DVSHFWV RI VRIWZDUH WHVWLQJ� 7KH PRVW EDVLF KDV WR GR ZLWK KDYLQJ DQ DGHTXDWH

VXSSO\ RI WHVW FDVHV ZLWK NQRZQ UHVXOWV� 7KH PRUH VXFK FDVHV RQH FDQ UXQ� WKH PRUH RQH FDQ UHO\ RQ

WKH SURJUDP IRU WKH FDVHV RQH DFWXDOO\ ZDQWV WR FRPSXWH� WKDW KDYH QRW EHHQ GRQH EHIRUH�

, KDYH DOUHDG\ HPSKDVL]HG WKH GLVFLSOLQH RI FRGLQJ LQ VPDOO PDQDJHDEOH XQLWV� /HW PH H[SDQG RQ WKLV�

,I D JLYHQ SLHFH RI FRGH KDV RQH HQWU\ SRLQW DQG RQH H[LW SRLQW³WKDW LV� LI WKH FRGH LV VWUXFWXUHG
��
³WKH

IORZ RI FRQWURO LV JUHDWO\ VLPSOLILHG� 7KH DQDO\VLV RI SRVVLEOH RXWFRPHV IRU JLYHQ LQSXWV LV WKHUHE\

VLPSOLILHG DOVR� 6RPH ODQJXDJHV� QRWDEO\ )RUWUDQ DQG DVVHPEO\ ODQJXDJH� SHUPLW PXOWLSOH HQWU\ SRLQWV

WR D VXEURXWLQH� 7KH UHDVRQ IRU WKLV LV WKDW RYHUODSSLQJ WKH FRGH FDQ EH D JUHDW VSDFH VDYHU� VRPHWKLQJ

RQH PD\ KDYH WR FRQVLGHU ZKHQ PHPRU\ LV WLJKW� 6XFK DQ RYHUODSSHG )RUWDQ VXEURXWLQH PLJKW ORRN

OLNH WKLV�

SUBROUTINE FOO(A,B,C)
do some stuff involving C (and possibly A and B)

ENTRY: FOO1(A,B)
do some other stuff involving B (and possibly A)

ENTRY: FOO2(A)
do stuff involving A only

RETURN
END

,I WKH FDOOLQJ SURJUDP VDLG CALL FOO(A,B,C) WKH SURJUDP ZRXOG H[HFXWH HYHU\WKLQJ �WKDW LV� WKH
ENTRY: VWDWHPHQWV ZRXOG EH LJQRUHG�� ZKHUHDV LI RQH VDLG CALL FOO1(A,B) WKH SURJUDP ZRXOG
EH HQWHUHG DW WKH SRLQW ENTRY: FOO1(A,B) DQG FRQWLQXH IURP WKHUH� 0XOWLSOH RETURN
VWDWHPHQWV FRXOG DOVR EH LQWHUODUGHG LQ WKH FRGH� JLYLQJ ULVH WR D PXOWLSOLFLW\ RI HQWULHV DQG H[LWV� �/HVW

WKH UHDGHU EHOLHYH RQH FDQQRW VLPXODWHPXOWLSOH HQWU\�PXOWLSOH H[LW FRGH LQ%DVLF RU&� %DVLF·V DVVLJQHG

GOTO RU &·V SWITCH VWDWHPHQWV RIIHU XQOLPLWHG VFRSH IRU IROO\��

0XOWLSOH�HQWU\� PXOWLSOH�H[LW FRGH PXVW EH DYRLGHG DW DOO FRVWV� ,W LV QHDUO\ LPSRVVLEOH WR WHVW

DGHTXDWHO\ DQG FDQ OHDG WR H[FHSWLRQDOO\ HOXVLYH EXJV� %XW LV WKLV DVNLQJ WKH LPSRVVLEOH� L�H� FDQ ZH

DOZD\V DYRLG XQVWUXFWXUHG FRGH" ,Q P\ RSLQLRQ HYHU\ FRPSXWDWLRQDO SUREOHP FDQ EH VROYHG ZLWK D

VWUXFWXUHG SURJUDP� 6WUXFWXUHG FRGH PD\ UHTXLUH PRUH PHPRU\� EXW LW FDQ EH XQGHUVWRRG DQG

GHEXJJHG�

&HUWDLQ GLVFLSOLQHV KDYH EHHQ LQYHQWHG WR V\VWHPDWL]H WKH GHEXJJLQJ DQG WHVWLQJ SURFHVV� 7KH VLPSOHVW

LV YHUVLRQ FRQWURO� +HUH ZH DVVLJQ WR D JLYHQ YHUVLRQ RI D SURJUDP D QXPEHU VXFK DV ����� :H NHHS D

FRS\ RI WKLV SURJUDP LQ D VDFURVDQFW DUFKLYH³SUHIHUDEO\ RQ D UHPRYDEOH PHGLXP OLNH D WDSH RU

GLVNHWWH� 7KH ZRUNLQJ FRS\ UHVLGHV³DQG JHWV PRGLILHG³VRPHZKHUH HOVH� 7KH SURJUDP·V DVVLJQHG

QXPEHU KDV WKH IROORZLQJ VLJQLILFDQFH� WKH ]HUR ��� PHDQV LW LV D WHVW YHUVLRQ� QRW WR EH UHOHDVHG RU

SXEOLVKHG� 7KH WKUHH ��� IROORZLQJ WKH GRW ��� PHDQV LW LV RXU WKLUG PDMRU DWWHPSW� :H GR QRW FKDQJH

WKH YHUVLRQ QXPEHU XQOHVV WKH FXUUHQW YHUVLRQ LV VR EXJJ\� RU SHUIRUPV VR SRRUO\� WKDW D PDMRU UHZULWH

� & )�
��"����	���	
�����
	

��� ´6WUXFWXUHGµ SURJUDPPLQJ LV D QRWLRQ LQWURGXFHG E\ 1� :LUWK� WKH LQYHQWRU RI 3DVFDO�



LV LQGLFDWHG� 7KH UHZULWH PD\ HQWDLO FKDQJLQJ DOJRULWKPV RU GDWD VWUXFWXUHV� DOWHULQJ SURJUDP IORZ� RU

VRPH RWKHU FKDQJH VRPRPHQWRXV LW VHYHUV WKH FRQQHFWLRQZLWK HDUOLHU PDMRU YHUVLRQV RI WKH SURJUDP�

7KH IRXU ��� IROORZLQJ WKH � LQGLFDWHV WKDW PLQRU EXJV KDYH EHHQ IRXQG DQG FRUUHFWHG IRXU WLPHV�

:H LQFUHPHQW WKLV QXPEHU HDFK WLPH ZH GLVFRYHU� UHSDLU� DQG UHWHVW IRU D EXJ�

$ VHFRQG GLVFLSOLQH WKDW KDV SURYHQ XVHIXO LV WKH DVVHUWLRQ
��
� DOUHDG\ DOOXGHG WR DERYH� $VVHUWLRQV DUH

VWDWHPHQWV DERXW D SURJUDP RU VXEURXWLQH� )RU H[DPSOH� VXSSRVH ZH KDYH ZULWWHQ D IXQFWLRQ

BSEARCH WKDW ORFDWHV LWHPV LQ DQ RUGHUHG OLVW E\ WKH ELQDU\ VHDUFK DOJRULWKP��
� 6RPH ODQJXDJHV

DOORZ D SURJUDP GHVLJQHG WR H[HUFLVH DQG WHVW BSEARCH WR FRQWDLQ VWDWHPHQWV OLNH

ASSERT( list( BSEARCH("item", list) ) = "item" )
ASSERT( list( BSEARCH("item", list) - 1) = "" ) ’ returns the empty string
ASSERT( list( BSEARCH("non-item", list) ) = "" ) ’ returns the empty string

ZKLFK GHWHUPLQH ZKHWKHU WKH URXWLQH ZLOO ILQG DQ LWHP FRQWDLQHG LQ WKH OLVW� WKDW LW LV WKH ILUVW

RFFXUUHQFH RI WKDW LWHP� DQG WKDW LI LW ORRNV IRU VRPHWKLQJ QRW LQ WKH OLVW LW ZLOO LQGLFDWH IDLOXUH LQ DQ

DSSURSULDWH PDQQHU�

)RUWK� & DQG &�� SHUPLW WKH GHILQLWLRQ RI PDFURV
��
WKDW FDQ SHUIRUP WKLV VRUW RI DVVHUWLRQ� )RU

H[DPSOH LQ &�

#define ASSERT(e)  if (!(e))  error("assertion failed")
// e stands for “any expression”

,Q :LQ��)RUWK DVVHUWLRQV DUH GHILQHG DV

CR .( Loading Assert Wordset...)

0 value assert?

: assert(       ( -<words>- )
                assert? 0=
                IF      POSTPONE (
                THEN    ; IMMEDIATE

����	��� ������������	������
	��	���
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��� -� %HQWOH\� LELG�

��� :H VXSSRVH BSEARCH UHWXUQV WKH LQGH[ LQ WKH OLVW� RI WKH ILUVW RFFXUHQFH RI WKH GHVLUHG LWHP�

��� $ PDFUR �´PDFUR�RSHUDWLRQµ� LV DQ LQVWUXFWLRQ WR FRPSLOH D FHUWDLQ VHW RI RSHUDWLRQV XQGHU D FRPPRQ
QDPH� ,W LV VRPHWKLQJ OLNH D VXEURXWLQH� H[FHSW WKDW LQVWHDG RI WKH SURJUDP EUDQFKLQJ WR� DQG UHWXUQLQJ
IURP� D VHSDUDWH SLHFH RI FRGH� WKH PDFUR LV UHSODFHG E\ LWV FRUUHVSRQGLQJ LQVWUXFWLRQV LQ�OLQH LQ WKH
PDLQ SURJUDP�



: ?assert       ( flag nfa -- )
                SWAP
                IF      DROP
                ELSE    CR ." Assertion failed in " NFA-COUNT TYPE
                        CR ." Enter to continue, ESC to abort"
                        KEY 0x1B  =  IF  ABORT  THEN   CR
                THEN    ;

: )             ( -- )
                ?COMP
                LAST @ POSTPONE LITERAL
                POSTPONE ?assert ; IMMEDIATE

$Q H[DPSOH RI XVDJH LV

TRUE TO assert?

: atest         ( -- )
                10 0
                DO      i .
                        assert( i 5 < )
                LOOP    ;

atest 0 1 2 3 4 5
Assertion failed in ATEST
Enter to continue, ESC to abort
  ok

2IWHQ RQH GRHV QRW QHHG WR JR DV IDU DV DFWXDOO\ GHILQLQJ DQG LQVHUWLQJ VXFK PDFURV� &RPPHQWV

GHVFULELQJ ZKDW WKH VWDWH RI WKH SURJUDP VKRXOG EH DW JLYHQ SRLQWV PD\ ZHOO EH HQRXJK� HVSHFLDOO\ LI

WKH SURJUDP FDQ EH UXQ LQ D VLQJOH VWHS PRGH YLD D GHEXJJHU
��
�

,W LV XVHIXO WR VSHFLI\ ´ORRS LQYDULDQWVµ IRU ORRSLQJ FRQVWUXFWV� 7KDW LV� D ORRS LV MXVW D VHTXHQFH RI

DFWLRQV WKDW JHWV UHSHDWHG HLWKHU D GHILQLWH QXPEHU RI WLPHV RU XQWLO VRPH FRQGLWLRQ LV VDWLVILHG� 7KH

FRGH ZLWKLQ WKH ORRS PXVW ILQG WKH VDPH QXPEHU DQG NLQGV RI LQSXWV� DQG SURGXFH WKH VDPH QXPEHU

DQG NLQGV RXWSXWV� HYHU\ WLPH WKH ORRS LV H[HFXWHG� 7KH OLVW RI LQSXWV LV D ORRS LQYDULDQW� DV LV WKH OLVW

RI RXWSXWV� $QRWKHU VRUW RI ORRS LQYDULDQW FDQ EH DQ DVVHUWLRQ DERXW LQHTXDOLW\� 7KDW LV� WKH FXUUHQW

YDOXH RI VRPH YDULDEOH PXVW³DVVXPLQJ WKH SURJUDP LV FRUUHFW³DOZD\V UHPDLQ ERXQGHG DERYH DQG

EHORZ E\ OLPLWV U DQG L� ,I VR� VWDWH LW DV D FRPPHQW RU DQ DVVHUWLRQ�

� � )�
��"����	���	
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��� 'HEXJJHUV DUH SURJUDPV WKDW³GHSHQGLQJ RQ WKHLU GHJUHH RI HODERUDWLRQ³UXQ \RXU SURJUDP DV D VXE�
URXWLQH� H[HFXWLQJ RQH OLQH DW D WLPH �RU H[HFXWLQJ XS WR VRPH EUHDNSRLQW� WKHQ SDXVLQJ WR OHW WKH SUR�
JUDPPHU LQVSHFW WKH FXUUHQW YDOXHV RI YDULDEOHV DQG VR RQ� $V D )RUWK SURJUDPPHU , UDUHO\ XVH D GHEXJ�
JHU� EXW WKH\ DUH QHFHVVLWLHV RI OLIH IRU WHVWLQJ )RUWUDQ� &� %DVLF� DQG HVSHFLDOO\ DVVHPEO\ ODQJXDJH SUR�
JUDPV�



'� ���������"����

3URJUDPV VRPHWLPHV KDYH VXUSULVLQJO\ ORQJ OLIHWLPHV� 0RUVHOV RI FRGH ZH ZULWH WR VROYH RQH SUREOHP

RIWHQ HQG XS LQ OLEUDULHV³RIWHQ ZLWKRXW PXFK HGLWLQJ IRU UHDGDELOLW\ RU FRGH TXDOLW\
��
� 6FLHQWLILF

SURJUDPPHUV HQFRXQWHU WKH SUREOHP RI SURJUDP PDLQWDLQDQFH LQ WZR FRQWH[WV�

• WKH\ ILQG WKH\ QHHG WR UH�XVH �ZLWK PRGLILFDWLRQV� FRGH WKH\ WKHPVHOYHV ZURWH VL[ PRQWKV HDUOLHU�
WKDW ZDV WR KDYH EHHQ D RQH�RII� DQG ILQG WKH\ FDQ QHLWKHU XQGHUVWDQG ZKDW LW GRHV QRU KRZ LW
GRHV LW�

• WKH\ ZDQW VRPH FRGH IURP D OLEUDU\ WR GRVRPH SDUWLFXODU WDVN� DQG ILQG WKDW LW QHHGV VRPH PLQRU
WZHDNLQJ� ZKLFK FDQQRW EH GRQH ZLWKRXW XQGHUVWDQGLQJ WKRURXJKO\ WKH DOJRULWKP DQG FRGH�

(YHQ LI LW LV \RXU RZQ FRGH� ZKHQ \RX ORRN DW LW IRU WKH ILUVW WLPH LQ VL[ PRQWKV RU D \HDU LW ZLOO VHHP

IRUHLJQ�+HQFH LQ HLWKHU LQVWDQFH RQHPXVW WU\ WR XQGHUVWDQG D SURJUDPZULWWHQ E\ D VWUDQJHU� SUREDEO\

RQH ZLWK D GHFLGHGO\ RGG DQG XQFRXWK SURJUDPPLQJ VW\OH� DQG DOZD\V ZLWK FRPSOHWHO\ LQDGHTXDWH

GRFXPHQWDWLRQ�

$GKHULQJ UHOLJLRXVO\ WR WKUHH UXOHV ZLOO PDNH SURJUDPV PDLQWDLQDEOH�

• $YRLG WULFNV DQG ´KDFNVµ�

• +LGH GDWD�

• 'HVLJQ IRU FKDQJH�

���*

:KDW GR ZH PHDQ E\ ´DYRLG WULFNVµ" :H SUHYLRXVO\ VDZ D VXEURXWLQH WKDW XVHG WKH ORFXWLRQ

$F0  AND  2/  DUP  2/ 2/  +
 
IRU JHWWLQJ WKH WHQV GLJLW RI D ��GLJLW SDFNHG %&' LQWHJHU� DQG FRQYHUWLQJ LW WR ELQDU\³LQ OLHX RI WKH

HTXLYDOHQW

4 RSHIFT   10 *

ZKLFK ZRXOG KDYH EHHQ PXFK FOHDUHU�

����	��� ������������	������
	��	���
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��� &RPPHUFLDO DQG QRQ�FRPPHUFLDO SXUYH\RUV RI FRGH OLEUDULHV GHDO ZLWK VDIHW\ DQG WHVWLQJ LVVXHV ZLWK GLV�
FODLPHUV� QRWLFHV LQ OHJDOHVH VWDWLQJ EOXQWO\ WKDW WKH XVHU LV RQ KLV RZQ� FDYHDW HPSWRU� , KDYH \HW WR VHH
WKH GLVFODLPHU WKDW ZDUUDQWV WKDW WKH SURJUDP ZLOO GR DQ\WKLQJ XVHIXO� PXFK OHVV WKDW LW ZLOO UHIUDLQ
IURP GRLQJ VRPHWKLQJ KDUPIXO� 7KH GLVFODLPHU LQ 1XPHULFDO 5HFLSHV UHDGV ²GU ]Q[U ^_ gQbbQ^dYUc� Uh�
`bUcc _b Y]`\YUT� dXQd dXU `b_WbQ]c S_^dQY^UT Y^ dXYc f_\e]U QbU VbUU _V Ubb_b� _b QbU S_^cYcdU^d gYdX
Q^i `QbdYSe\Qb cdQ^TQbT _V ]UbSXQ^dQRY\Ydi� _b dXQd dXUi gY\\ ]UUd i_eb bUaeYbU]U^dc V_b Q^i `QbdYSe�
\Qb Q``\YSQdY_^� DXUi cX_e\T ^_d RU bU\YUT _^ V_b c_\fY^W Q `b_R\U] gX_cU Y^S_bbUSd c_\edY_^ S_e\T bUce\d
Y^ Y^Zebi d_ Q `Ubc_^ _b \_cc _V `b_`Ubdi� 9V i_e T_ ecU dXU `b_WbQ]c Y^ ceSX Q ]Q^^Ub� Yd Yc Qd i_eb _g^
bYc[� DXU QedX_bc Q^T `eR\YcXUb TYcS\QY] Q\\ \YQRY\Ydi V_b TYbUSd _b S_^cUaeU^dYQ\ TQ]QWUc bUce\dY^W Vb_]
i_eb ecU _V dXU `b_WbQ]c�³



+HUH LV DQRWKHU VLPSOH DQG �, EOXVK WR VD\ LW� FXWH WULFN , XVH IUHTXHQWO\ LQ P\ RZQ FRGH� %XW ZKHQ ,

SXEOLVK FRGH , DP FDUHIXO WR H[WLUSDWH WKH WULFN� , ZLOO ILUVW VKRZ WKH WULFN� WKHQ H[SODLQ ZK\ WKH EHVW

DGYLFH LV ´GRQ·Wµ�

0RGHUQ �$16�FRPSOLDQW� )RUWK V\VWHPV UHSUHVHQW WKH TRUE IODJ DV DQ LQWHJHU UHJLVWHU ZLWK DOO LWV
ELWV VHW WR �� DQG WKH FALSE IODJ DV DOO ELWV VHW WR �� ,I WKH FSX XVHV �·V�FRPSOHPHQW DULWKPHWLF�� TRUE
KDV WKH VDPH UHSUHVHQWDWLRQ DV WKH LQWHJHU ²� DQG FALSE LV WKH VDPH DV WKH LQWHJHU �� 6XSSRVH ZH
ZDQW WR VNLS D FHUWDLQ FKDUDFWHU LQ D VWULQJ �IRU H[DPSOH� P\ )25PXOD 75$1VODWRU WKDW HPEHGV

)RUWUDQ H[SUHVVLRQV LQ )RUWK VXEURXWLQHV VNLSV D OHDGLQJ ´²µ VLJQ�� 7KLV FDQ EH DFFRPSOLVKHG E\

DGYDQFLQJ D SRLQWHU RQH XQLW LI LW FXUUHQWO\ SRLQWV WR WKH FKDUDFWHU ZH ZDQW WR VNLS� DQG E\ QRW

DGYDQFLQJ WKH SRLQWHU RWKHUZLVH� 7KH XVXDO VROXWLRQ IRU VXFK DQ DFWLRQ ZRXOG XVH DQ IF VWDWHPHQW�
DV LQ

: skip ( ptr char -- ptr+1 | ptr)
OVER  C@ \ duplicate pointer and get character
= \ is it equal to char?
IF  1+ \ if so, add 1 to ptr
THEN

;

%XW WKH VSHFLDO QDWXUH RI WKH TRUE IODJ �RQ D �·V FRPSOHPHQW PDFKLQH� DOORZV XV WR FRPSXWH UDWKHU

WKDQ GHFLGH WKH DFWLRQ�

: skip ( ptr char -- ptr+1 | ptr)
OVER  C@ \ duplicate pointer and get character
= ( -- ptr -1|0)
- \ ptr = ptr - flag

;

+RZHYHU� RQ D �·V�FRPSOHPHQW FSX �WKH\ DUH QR ORQJHU SOHQWLIXO� EXW WKH\ GR H[LVW� VHWWLQJ DOO ELWV WR

� \LHOGV WKH ODUJHVW LQWHJHU SRVVLEOH� ,W ZRXOG QRW EH D JRRG LGHD WR VXEWUDFW WKDW IURP WKH SRLQWHU� ,Q

RWKHU ZRUGV� P\ skip VXEURXWLQH LV QRW IXOO\ SRUWDEOH� $V WKH $16�� )RUWK 6WDQGDUG UHTXLUHV XV WR
VD\� LW FUHDWHV DQ ´HQYLURQPHQWDO GHSHQGHQFHµ �EHFDXVH LW DVVXPHV �·V�FRPSOHPHQW DULWKPHWLF�� 7KLV

FDQ EH IL[HG �LI ZH ZDQW WR GR LW� E\ UHZULWLQJ LW DV

: skip ( ptr char -- ptr+1 | ptr)
OVER  C@ \ duplicate pointer and get character
= ( -- ptr flag)
1 AND ( -- ptr 1|0) \ bitwise AND
+ \ ptr = ptr + (1 & flag)

;

:KLOH FRUUHFW� SRUWDEOH DQG VWLOO GHFLVLRQ�DYRLGLQJ� WKH ORFXWLRQ

OVER C@  =  1 AND  +

� ' ���������"����
	

��� 6HH &KDSWHU �� 2GGO\� GHVSLWH LWV VLPSOLFLW\ DQG XWLOLW\� �·V�FRPSOHPHQW DULWKPHWLF LV QRW XQLYHUVDO�
6RPH SURFHVVRUV XVH RWKHU PHWKRGV VXFK DV �·V FRPSHPHQW RU VLJQHG PDJQLWXGH DULWKPHWLF�



KDV ORVW LWV PDJLF� %HWWHU WR DYRLG LW DOWRJHWKHU VLQFH WKH YHUVLRQ XVLQJ IF LV VHOI�H[SODQDWRU\�

+HUH LV DQRWKHU H[DPSOH� IURP )RUWUDQ WKLV WLPH� %HIRUH )RUWUDQ SHUPLWWHG G\QDPLFDO DUUD\ DOORFDWLRQ

�WKDW LV� SDVVLQJ DQ DUUD\·V DGGUHVV WR D VXEURXWLQH UDWKHU WKDQ DOO WKH DUUD\ HOHPHQWV� VRPH

SURJUDPPHUV KDG GLVFRYHUHG WKH IROORZLQJ WULFN�

PROGRAM MAIN
DIMENSION A(100,100)

… …
CALL HILBERT(A(1,1), 20)

… …
END

SUBROUTINE HILBERT(A,N)
DIMENSION A(1)
DO 20 I=1,N

DO 10 J=1,I
A(I,J) = 1./(FLOAT(I+J)
IF (J.LT.I) A(J,I) = A(I,J)

 10 CONTINUE
 20 CONTINUE

END

7KLV WULFN GHSHQGHG RQ NQRZLQJ D QXPEHU RI GHWDLOV DERXW WKH FRPSLOHU³LQ SDUWLFXODU� WKDW PDWULFHV

DUH VWRUHG FROXPQ�ZLVH LQ FRQWLJXRXVPHPRU\ FHOOV� DQG WKDW WKH HOHPHQWA(1,1) DFWXDOO\ UHSUHVHQWV
WKH EDVH DGGUHVV RI WKH DUUD\� ,W DOVR GHSHQGHG RQ NQRZLQJ WKDW WKH �YDULDEOH� DUJXPHQWV LQ D

VXEURXWLQH·V SDUDPHWHU OLVW ZHUH WKH DGGUHVVHV RI WKHVH LWHPV LQ WKH FDOOLQJ SURJUDP� 6LQFH VRPH

)RUWUDQ FRPSLOHUV URXWLQHO\ SDVVHG YDOXHV UDWKHU WKDQ DGGUHVVHV� WKH WULFNZDV JXDUDQWHHG WR IDLO ZKHQ

FRPSLOHG ZLWK WKH ODWWHU� )LQDOO\� LW DVVXPHG WKH FRPSLOHU ZRXOG QRW QRWLFH WKDW WKH GLPHQVLRQDOLW\

RI A(1) �LQ WKH DIMENSION VSHFLILFDWLRQ� ZDV QRW WKH VDPH DV WKDW RI A(I,J) XVHG HOVHZKHUH� ,I
WKH FRPSLOHU FKHFNHG IRU FRQVLVWHQF\� WKH WULFN ZRXOG EH ZRUWKOHVV�

+HUH LV D WKLUG NLQG RI WULFN WR DYRLG� 8QOLNH WKH RWKHUV LW LV FRPSOHWHO\ SRUWDEOH� :KDW LV ZURQJ ZLWK

LW LV WKDW LW LV VR VXEWOH �DOEHLW IDVW� WKDW VRPH DQDO\VLV LV UHTXLUHG WR VHH ZK\ LW ZRUNV�:RUVH� LW HPSOR\V

´PDJLFµ QXPEHUV ZKRVH VLJQLILFDQFH WR WKH DOJRULWKP LV E\ QR PHDQV FOHDU
��
�

\ count the number of non-zero bits in an unsigned 32-bit integer
OCTAL \ interpret integers as base-8 until further notice
: ones ( uint32 - numbits)
    DUP 1 RSHIFT     33333333333 AND
    DUP 1 RSHIFT     33333333333 AND  + -
    DUP 3 RSHIFT  +  30707070707 AND  77 MOD
;
DECIMAL \ restore base-ten arithmetic

����	��� ������������	������
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��� , OHDUQHG WKLV WULFN VHYHUDO \HDUV DJR IURP 0LFKDHO 3UXHPP� �,Q IDFW LW LV D YHU\ JRRG WULFN� EXW LW GRHV
QRW OHDG WR PDLQWDLQDEOH FRGH�� 7KH $16 )RUWK VXEURXWLQH RSHIFT LV HTXLYDOHQW WR WKH & IXQFWLRQ
>> �



$ PRUH PDLQWDLQDEOH ZD\ WR GR LW LV WKH ELW WDEOH PHWKRG DGYRFDWHG E\ %HQWOH\
��
� ZH FUHDWH D WDEOH

UHFRUGLQJ KRZ PDQ\ ELWV DUH LQ HDFK RI WKH LQWHJHUV LQ WKH UDQJH³VD\³>����@ �WKDW LV� D WDEOH RI ELWV

SHU Q\EEOH�� 7KHQ ZH VXFFHVVLYHO\ JHW WKH OHDVW VLJQLILFDQW Q\EEOH� UHWULHYH LWV ELW FRXQW� DGG LW WR WKH

QHW FRXQW� VKLIW WKH LQWHJHU ULJKWZDUG � ELWV� DQG UHSHDW �� WLPHV LQ DOO�� 7KH FRGH IRU WKLV LV

: under+    ( a b c -- a+c b)  ROT  +  SWAP  ;
: bits                                          ( n -- count )
    0 SWAP
    BEGIN  ?DUP WHILE
        DUP   1-  AND   1 under+
    REPEAT
;

CREATE  BITS/NYBBLE \ make a 16-element table
     0 bits  C,   1 bits  C,   2 bits  C,   3 bits  C,
     4 bits  C,   5 bits  C,   6 bits  C,   7 bits  C,
     8 bits  C,   9 bits  C,  10 bits  C,  11 bits  C,
    12 bits  C,  13 bits  C,  14 bits  C,  15 bits  C,

: ones  ( uint32 -- numbits)
    0 swap              ( numbits=0 uint32)
    7 0 DO              ( repeat 7 times)
        DUP
        [ BINARY 1111 DECIMAL ] LITERAL  AND    \ get rightmost nybble
        CHARS                                   \ convert to offset
        bits/nybble +  C@                       \ retrieve table elt
        under+                                  \ add to numbits
        4 RSHIFT                                \ shift 4 bits to right
    LOOP
    CHARS  bits/nybble +  C@  +                 ( numbits)
;
 
$OWKRXJK FRQVLGHUDEO\ OHQJWKLHU WKDQ WKH WULFN\ DOJRULWKP� WKLV FRGH LV PXFK FOHDUHU� 7R HPSKDVL]H

WKH SRLQW WKDW ZH DUH JHWWLQJ WKH ODVW � ELWV HDFK WLPH� WKH AND RSHUDWLRQ LV H[KLELWHG ZLWK WKH ELQDU\
UHSUHVHQWDWLRQ ���� RI �GHFLPDO� �� RU �KH[� ))� �,Q & RU DVVHPEOHU ZH ZRXOG VLPSO\ VD\ 1111B�� ,I
ZH DUHZLOOLQJ WRZDVWH VRPHPRUH VSDFHZHFDQXVH ���E\WHV LQVWHDGRI ��� WR KROG D WDEOH RI ELW�FRXQWV

IRU WKH ILUVW ��� LQWHJHUV� 7KHQ ZH ZRXOG AND ZLWK ��� �11111111B� DQG ULJKW�VKLIW � SODFHV�
UHSHDWLQJ � WLPHV� 7KDW LV� ZH FDQ WUDGH VSDFH IRU VSHHG�

7KH PRUDO RI WKHVH H[DPSOHV LV WKDW PRVW SURJUDPPLQJ ODQJXDJHV SHUPLW WKH XVH RI FOHYHU WULFNV� EXW

LW LV ZLVHU WR DYRLG WKHP LI PDLQWDLQDELOLW\ LV RXU JRDO�

$���	������
:H WXUQ QRZ WR ´GDWD KLGLQJµ RU ´LQIRUPDWLRQ KLGLQJµ DV D SULQFLSOH RI SURJUDP GHVLJQ� $W LWV PRVW

HOHPHQWDU\ OHYHO� LI D VXEURXWLQH QHHGV D ´PDJLFµ QXPEHU �VXFK DV RFWDO ����������� RU

������������ WKH QXPEHU VKRXOG EH EXLOW LQWR WKDW VXEURXWLQH DV D OLWHUDO� ,W QHYHU QHHGV WR DSSHDU
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RU EH UHIHUHQFHG HOVHZKHUH LQ WKH SURJUDP� VR LW QHHG QRW UHVLGH LQ FRPPRQ VWRUDJH� 7KXV LW LV OHVV

HDVLO\ FRUUXSWHG E\ DQRWKHU VXEURXWLQH³LW LV KLGGHQ�

+LGLQJ LQIRUPDWLRQ FDQ DOVR EH SDUW RI GHVLJQLQJ IRU FKDQJH� )RU H[DPSOH� LI WKH VWDWH�RI�WKH�DUW

GLVSOD\ KDV ��� E\ ��� SL[HOV� UDWKHU WKDQ VSULQNOH OLWHUDO ���·V DQG ���·V DURXQG UDQGRPO\ LQ \RXU

JUDSKLFV SURJUDPV OLNH UDLVLQV LQ UDLVLQ EUHDG� LW LV EHWWHU WR GHILQH FRQVWDQWV

640 CONSTANT screen_width
480 CONSTANT screen_height

�RU WKH HTXLYDOHQW LQ \RXU ODQJXDJH RI FKRLFH� DW RQH SODFH LQ WKH SURJUDP� 7KHQ LI WKH QHZ WRS RI

WKH OLQH GLVSOD\V KDYH ���� E\ ���SL[HOV �IRU H[DPSOH�� RQO\ RQH FKDQJH LV QHHGHG�%HWWHU VWLOO� UHOHJDWH

DOO VXFK GDWD �RQ WKH GLVSOD\·V VDOLHQW FKDUDFWHULVWLFV� WR D VHSDUDWH ILOH WR EH UHDG E\ WKH VXEURXWLQH

WKDW LQLWLDOL]HV WKH GLVSOD\ SDUDPHWHUV IRU WKH FXUUHQW KDUGZDUH�

,W ZRXOG EH HTXDOO\ XQZLVH WR UHO\ RQ D SDUWLFXODU FRGLQJ FRQYHQWLRQ IRU³VD\³DOSKDQXPHULF GDWD�

7RGD\ WKH FRPPRQXVDJH LQ:HVWHUQ FRXQWULHV LV H[WHQGHG$6&,,
��
� KRZHYHU� DW RQH WLPH (%&',&

��

ZDV D ULYDO VWDQGDUG� DQG 8QLFRGH �XVLQJ �
��
 ����� UDWKHU WKDQ �

�
 ��� FKDUDFWHU FRGHV� PD\ ZHOO

EHFRPH WKH VWDQGDUG RI WKH ��VW &HQWXU\�

,Q RWKHU ZRUGV� ZLWKLQ \RXU SURJUDP QXPHULFDO FRQVWDQWV VKRXOG EH UHIHUHQFHG E\ QDPH� QRW E\ OLWHUDO

YDOXH� 7R GR RWKHUZLVH LV DV EDG DV ZULWLQJ DQ RUJDQL]DWLRQDO LQVWUXFWLRQPDQXDO WKDW UHIHUV WR -HQQLIHU�

WKH SHUVRQ LQ FKDUJH RI WKH +HOS 'HVN³WKH LQVWDQW VKH OHDYHV WKH FRPSDQ\� WKH PDQXDO EHFRPHV

REVROHWH� 2EYLRXVO\ RQH VKRXOG UHIHU WR WKH ´+HOS 'HVN 0DQDJHUµ³WKHQ D FKDQJH RI SHUVRQ RU VH[

ZLOO UHTXLUH QR XSGDWHV�

+HUH LV DQRWKHU H[DPSOH ZKHUH LQIRUPDWLRQ KLGLQJ ERWK LQFUHDVHV WKH UHDGDELOLW\ RI D SURJUDP DQG

IDFLOLWDWHV FKDQJH� VXSSRVH \RX ZDQWHG WR RSHUDWH D ��VHJPHQW GLVSOD\ GHYLFH OLNH WKH RQH EHORZ� %\

WXUQLQJ RQ YDULRXV VHJPHQWV RQH FDQ GLVSOD\ WKH GLJLWV �²� DV VKRZQ� )RU H[DPSOH� ZLWK VHJPHQWV

������� DQG � WXUQHG RQ WKH GHYLFH GLVSOD\V WKH GLJLW �� 2QH FRXOG REYLRXVO\ SURJUDP WKLV ZLWK DQ

DUUD\ RI ��ELW LQWHJHUV�
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��� $PHULFDQ 6WDQGDUG &RGH IRU ,QIRUPDWLRQ ,QWHUFKDQJH

��� ([WHQGHG %LQDU\ &RGHG 'HFLPDO ,QWHUFKDQJH &RGH



DIM a(10)
a(0) = 01111101B
a(1) = 01010000B

…
a(9) = 01041110B

+RZHYHU WKLV UHTXLUHV WKH SURJUDPPHU WR WUDQVODWH LQ KLV KHDG WKH FRQYHUVLRQ RI ZKLFK VHJPHQWV DUH

WXUQHG RQ WR D ELQDU\ UHSUHVHQWDWLRQ RI DQ LQWHJHU�

,W ZRXOG EH PXFK NLQGHU� HDVLHU WR PDLQWDLQ� DQG PRUH FKDQJH�IULHQGO\ WR VD\ �,·OO GR LW LQ )RUWK� EXW

LW ZLOO EH VLPLODU LQ DQ\ ODQJXDJH�

\ A simple program to drive a segmented display
7 CONSTANT  #segs \ number of segments

: install, ( n0 n1 n2 n3 n4 n5 n6 --) \ the digits can be in any order
0 \ initialize the array element
#segs 0 DO SWAP  DUP (  n’s 0 n) 

0 #segs 1+ WITHIN NOT  \ check if digit seg_# in range
ABORT" a segment number is out of range"
DUP  #segs < \ is it a segment # ?
IF 1 SWAP  LSHIFT THEN \ move the bit into position
+ \ add the bit to the result

LOOP
, \ store result in next cell

;

CREATE  display \ the integers are the segments turned on
\   -- 7 is a "don’t care" digit

7 0 5 6 3 4 2 install, \ 0
7 7 7 7 7 4 6 install, \ 1

…
7 7 1 3 4 2 6 install, \ 9

: >display ( n --) CELLS  display +  @    >device  ;

/HW XV QRWH ZKDW WKLV FRGH DFFRPSOLVKHV�

• 7KH RQO\ QXPEHU LQ WKH SURJUDP LV WKH QXPEHU RI VHJPHQWV LQ WKH GLVSOD\� GHILQHG DV D CON-
STANT VR LI LW LV FKDQJHG� WKH FKDQJH SURSDJDWHV WKURXJK WKH SURJUDP ZLWK QR IXUWKHU HIIRUW�
7KLV PLQLPL]HV WKH FKDQFH IRU HUURU LI WKH FRGH PXVW EH PRYHG WR DQRWKHU PDFKLQH� PRGLILHG WR
UXQ D GLIIHUHQW VHJPHQWHG GLVSOD\ �IRU H[DPSOH ZLWK PRUH VHJPHQWV�� RU RWKHUZLVH FKDQJHG RYHU
WLPH�

• 7KH LQIRUPDWLRQ DERXW WKH GHYLFH LWVHOI LV FRQWDLQHG LQ WKH WDEOH VKRZLQJ ZKLFK VHJPHQWV JHW
WXUQHG RQ IRU D JLYHQ QXPEHU� ,I D GLIIHUHQW GHYLFH LV WR EH XVHG� LWV WDEOH ZLOO KDYH WR EH FRQ�
VWUXFWHG E\ KDQG� 7R PDNH LW HDVLHU IRU WKH FRGH PDLQWDLQHU� WKH LQWHJHUV GR QRW KDYH WR EH HQ�
WHUHG LQ DQ\ SDUWLFXODU RUGHU�

• 7R PDNH WKH WDEOH XQLIRUP DQG HDV\ WR UHDG� ZH HQWHU D ´GRQW FDUHµ QXPEHU DV D SODFHKROGHU� WKH
SURJUDP LJQRUHV WKLV QXPEHU ZKHQ HQFRXQWHUHG� 6LQFH WKH DFWXDO VHJPHQW QXPEHUV UDQJH IURP 0
WR #segs - 1� ZH FDQ XVH #segs LWVHOI IRU WKH ´GRQ·W FDUHµ HQWULHV�

• 7KH YLUWXH RI SDVVLQJ D IL[HG QXPEHU RI DUJXPHQWV �LQFOXGLQJ ´GRQ·W FDUHµ ·V� IRU WKH VXEURXWLQH
install,³WKDW FRQVWUXFWV HDFK HQWU\ LQ WKH DUUD\ display³LV WKDW ZH FDQ XVH D GHILQLWH
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ORRS� 5RXWLQHV WKDW PXVW FRSH ZLWK YDU\LQJ QXPEHUV RI DUJXPHQWV DUH GLIILFXOW WR ZULWH DQG GHEXJ
�LW LV HDVLHU LQ /LVS� D ODQJXDJH GHVLJQHG WR FRSH ZLWK VXFK FRQVWUXFWV DV YDULDEOH�OHQJWK DUJXPHQW
OLVWV�� 2SW IRU VLPSOLFLW\ ZKHQHYHU SRVVLEOH �DQG PRVWO\ LW LV SRVVLEOH��

6RPH QRWHZRUWK\ DGGLWLRQDO SRLQWV� VRPH PDQXDOV RI SURJUDPPLQJ VW\OH DGYRFDWH SXWWLQJ DOO

QXPHULFDO FRQVWDQW GHILQLWLRQV LQ D VLQJOH VHFWLRQ RI WKH SURJUDP� 7KLV LV QRW D EDG LGHD IRU ODQJXDJHV

WKDW DUH EDWFK�FRPSLOHG �&� )RUWUDQ� VLQFH WKHQ WKH SURJUDPPHU NQRZV ZKHUH WR ORRN IRU WKHP�

+RZHYHU� LQ D ORQJ SURJUDP D JLYHQ FRQVWDQW FDQ EH KDUG WR ILQG VLQFH WKH LQLWLDOL]DWLRQ VHFWLRQ ZLOO

DOVR EH ORQJ� ,I WKH ODQJXDJH SHUPLWV SURJUDPPLQJ LQ PRGXOHV� WKH UHSHWLWLRQ RI QDPHV �WKDW LV� WKH

URXWLQH zorch LQ 0RGXOH A LV GLVWLQFW IURP zorch GHILQHG LQ 0RGXOH F� UHQGHUV WKLV VHTXHVWUDWLRQ
RI LQLWLDOL]LQJ FRGH LQWR RQH VHFWLRQ OLWHUDOO\ LPSRVVLEOH� 0\ SUHIHUHQFH� WKHUHIRUH� LV WKDW ´ORFDOµ

FRQVWDQWV³WKDW LV� FRQVWDQWV SDUWLFXODU WR D PRGXOH RI FRGH³EH ORFDWHG SK\VLFDOO\ ZLWK WKH PRGXOH�

:KDW DERXW HUURU KDQGOLQJ" 6RPH VW\OH PDQXDOV DGYRFDWH SXWWLQJ DOO WKH HUURU KDQGOLQJ LQ RQH SODFH

UDWKHU WKDQ VSULQNOLQJ LW WKURXJK WKH FRGH� $JDLQ� WKLV ILJKWV PRGXODUL]DWLRQ DQG LV MXVW KDUG WR GR LQ

DQ\ ORQJ SURJUDP� , SUHIHU WR NHHS HUURU KDQGOLQJ ZLWKLQ D PRGXOH� RU LI LW LV VLPSOH� HYHQ ZLWKLQ D

VXEURXWLQH �DV LQinstall, GHILQHG DERYH�� +HUH , DP OHVV GRFWULQDLUH VLQFH WKHUH ZLOO EH FDVHV³IRU
H[DPSOH ZKHQ D SURJUDP KDV WR EH HVSHFLDOO\ IDXOW�WROHUDQW VR D PDFKLQH FDQ NHHS UXQQLQJ³ZKHUH

WKH HUURU KDQGOLQJ KDV WR EH PRUH VRSKLVWLFDWHG WKDQ VLPSO\ FDXVLQJ DQ ABORT GXULQJ FRPSLODWLRQ
�DV DERYH��

F inis
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