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Charles Babbage’s Analytical Engine, 1838
ALLAN G. BROMLEY

Charles Babbage commenced work on the design of the Analytical Engine in
1834, following the collapse of the project to build the Difference Engine. His
ideas evolved rapidly, and by 1838, most of the important concepts used in
his later designs were established. This paper introduces the design of the
Analytical Engine as it stood in early 1838, concentrating on the overall
functional organization of the mill (or central processing portion) and the
methods generally used for the basic arithmetic operations of multiplication,
division, and signed addition. The paper describes the working of the
mechanisms that Babbage devised for storing, transferring, and adding
numbers and how they were organized together by the microprogrammed
control system; the paper also introduces the facilities provided for user-level
programming. The intention of the paper is to show that an automatic com-
puting machine could be built using mechanical devices and that Babbage’s
designs provide both an effective set of basic mechanisms and a workable
organization of a complete machine.
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Introduction
KDUOHV�%DEEDJH�FRPPHQFHG�ZRUN�RQ�WKH�GHVLJQ�RI�WKH�$QD�
O\WLFDO� (QJLQH� VKRUWO\� DIWHU� WKH� FROODSVH� LQ� ����� RI� WKH� ���

\HDU�SURMHFW�WR�EXLOG�WKH�'LIIHUHQFH�(QJLQH��+H�ZDV����\HDUV�ROG
DW�WKH�WLPH�

3URJUHVV�RQ�WKH�$QDO\WLFDO�(QJLQH�ZHQW�UDSLGO\��7KH�ILUVW�QRWHV
DSSHDUHG� LQ�PLG������� DQG�E\�PLG������� D�ZRUNDEOH�GHVLJQ�KDG
HYROYHG��$�PDMRU� UHYLVLRQ�RI� WKH�GHVLJQ� WRRN�SODFH� LQ� ODWH������
)RU� WKH� QH[W� GHFDGH�� ZRUN� RQ� WKH� $QDO\WLFDO� (QJLQH� FRQVLVWHG
ODUJHO\�RI�UHILQHPHQW�DQG�HODERUDWLRQ�RI�WKH�EDVLF�GHVLJQ�RI�����±
������'XULQJ� WKLV� SHULRG��%DEEDJH� DSSHDUV� WR� KDYH�PDGH� QR� DW�
WHPSW�WR�FRQVWUXFW�WKH�$QDO\WLFDO�(QJLQH��EXW�SUHIHUUHG�WKH�XQIHW�
WHUHG�LQWHOOHFWXDO�H[SORUDWLRQ�RI�WKH�FRQFHSWV�KH�ZDV�HYROYLQJ�

$IWHU�������%DEEDJH�FHDVHG�GHVLJQLQJ�FDOFXODWLQJ�GHYLFHV��+H
UHWXUQHG� WR� WKH�VXEMHFW� LQ�DERXW�������DW� WKH�DJH�RI�����SUREDEO\
LQVSLUHG� E\� WKH� FRPSOHWLRQ� RI� WKH� 6FKHXW]� 'LIIHUHQFH� (QJLQH�
ZKLFK�KDG�EHHQ�GHYHORSHG� IURP�D�GHVFULSWLRQ�RI�KLV�RZQ�HDUOLHU
'LIIHUHQFH�(QJLQH��,Q�WKLV�VHFRQG�SKDVH�RI�ZRUN�RQ�WKH�$QDO\WLFDO
(QJLQH��%DEEDJH�FRQFHQWUDWHG�RQ�PHWKRGV�E\�ZKLFK� LW�PLJKW�EH
EXLOW� DW� D� UHDVRQDEOH� SULFH� DQG� H[SORUHG�ERWK�SUHFLVLRQ�VWDPSLQJ
DQG� SUHVVXUH�GLH�FDVWLQJ� WHFKQLTXHV�� $� VXEVWDQWLDO� PRGHO� ZDV
XQGHU�FRQVWUXFWLRQ�DW� WKH� WLPH�RI�KLV�GHDWK� LQ������DW� WKH�DJH�RI
DOPRVW����

9HU\�OLWWOH�LQ�WKH�ZD\�RI�D�JHQHUDO�LQWURGXFWLRQ�WR�WKH�$QDO\WLFDO
(QJLQH� ZDV� ZULWWHQ� LQ� %DEEDJH¶V� OLIHWLPH�� $W� WKH� HQG� RI� �����
%DEEDJH� ZURWH� D� JHQHUDO� GHVFULSWLRQ�� EXW� LW� ZDV� QRW� SXEOLVKHG
XQWLO� UHFHQW� WLPHV��� ,Q� ������ %DEEDJH� MRXUQH\HG� WR� 7XULQ�� ,WDO\�
DQG� SUHVHQWHG� D� VHULHV� RI� VHPLQDUV� WR� D� JURXS� RI� GLVWLQJXLVKHG
,WDOLDQ�VFLHQWLVWV�ZLWK�WKH�LQWHQWLRQ�WKDW�RQH�RI�WKHP�ZRXOG�SXEOLVK
DQ�DFFRXQW�RI�KLV�LGHDV��6XFK�D�GHVFULSWLRQ�ZDV�SXEOLVKHG�E\�/�)�

0HQDEUHD� DQG� VXEVHTXHQWO\� WUDQVODWHG� IURP�)UHQFK� LQWR� (QJOLVK
E\�$GD� /RYHODFH� LQ� ������� 7KH� WUDQVODWLRQ� KDV� H[WHQVLYH� QRWHV�
ZULWWHQ� XQGHU� %DEEDJH¶V� VXSHUYLVLRQ�� WKDW� JLYH� DQ� H[FHOOHQW� DF�
FRXQW�RI�KLV�XQGHUVWDQGLQJ�RI�WKH�PHFKDQL]DWLRQ�RI�FRPSXWDWLRQDO
SURFHVVHV�DQG�WKH�PDWKHPDWLFDO�SRZHUV�RI�WKH�PDFKLQH��8QIRUWX�
QDWHO\��QRQH�RI�WKH�FRQWHPSRUDU\�DFFRXQWV�JLYHV�DQ\�XVHIXO�WHFK�
QLFDO�GHWDLO�RQ�WKH�PHFKDQLVP�RU�GHVLJQ�RI�WKH�$QDO\WLFDO�(QJLQH�
DQG� LW� LV� LPSRVVLEOH� WR�DVVHVV�IURP�WKRVH�DFFRXQWV� LWV�PHULWV�DV�D
FRPSXWLQJ�PDFKLQH�

%DEEDJH�GLG��KRZHYHU��NHHS�H[WHQVLYH�SULYDWH�QRWHV�RQ�WKH�GH�
VLJQ�RI� WKH�PHFKDQLVP�RI� WKH�$QDO\WLFDO�(QJLQH��7KH�QRWHV��QRZ
LQ�WKH�FROOHFWLRQV�RI�WKH�6FLHQFH�0XVHXP�LQ�/RQGRQ��FRPSULVH�

•� DERXW�����VKHHWV�RI�HQJLQHHULQJ�GUDZLQJV��W\SLFDOO\�WZR�E\
WKUHH�IHHW�

•� ���±����QRWDWLRQV²DEVWUDFW�UHSUHVHQWDWLRQV�RI�WKH�PHFKD�
QLVP��VXFK�DV�WLPLQJ�GLDJUDPV��ORJLF�GLDJUDPV��IORZ�FKDUWV�
VWDWH�WUDQVLWLRQ� GLDJUDPV�� DQG� ZDON�WKURXJKV� RI� PLFURSUR�
JUDPV�� DOO� W\SLFDOO\� WZR� E\� WKUHH� IHHW� RU� ODUJHU� RI� FORVH
KDQGZULWLQJ��DQG

•� �����±������SDJHV�RI�QRWHERRNV�

7KH�WRWDO�DPRXQW�RI�PDWHULDO�LV�GDXQWLQJ��DQG�LW�VXIIHUV�WKH�GLVDG�
YDQWDJH�WKDW�LW�LV�ODUJHO\�YHU\�GHWDLOHG�DQG�WHFKQLFDO�LQ�QDWXUH�DQG
GRHV�QRW�SURYLGH�PXFK�RYHUYLHZ�RI�WKH�GHVLJQ��,Q�SDUWLFXODU��PDW�
WHUV�VXFK�DV�WKH�LQWHQGHG�XVHU¶V�LQVWUXFWLRQ�VHW�DUH�GLIILFXOW�WR�GH�
WHUPLQH�� DOWKRXJK� WKHUH� DUH� VHYHUDO� GR]HQ� VDPSOH� SURJUDPV� SUH�
SDUHG�EHWZHHQ������DQG�������DOO��LQFLGHQWDOO\��VXEVWDQWLDOO\�SUH�
GDWLQJ� WKH� SUHSDUDWLRQ� RI� /RYHODFH¶V� QRWHV�� ZKLFK� LQFRUSRUDWH
VHYHUDO�RI�WKHP��

7KLV�SDSHU�JLYHV�DQ�DFFRXQW�RI�WKH�GHVLJQ�RI�WKH�$QDO\WLFDO�(Q�
JLQH� DV� LW� VWRRG� LQ� ������ ,W� ZDV� WKLV� EDVLF� GHVLJQ� WKDW� %DEEDJH
UHILQHG�DQG�HODERUDWHG�LQ�WKH�SHULRG�XS�WR�������7KH�GHVFULSWLRQ�LV
EDVHG� RQ� D� FORVH� H[DPLQDWLRQ� RI� WKH� SDSHUV� LQ� WKH� 6FLHQFH�0X�
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VHXP�EXW�KDV�EHHQ�VLPSOLILHG� LQ�PDQ\�UHVSHFWV��SDUWLFXODUO\�ZLWK
UHJDUG�WR�GHWDLOV�RI�WKH�PHFKDQLVP��7KH�LQWHQWLRQ�RI�WKLV�SDSHU�LV
WR�VKRZ�WKDW�DQ�DXWRPDWLF�FRPSXWLQJ�PDFKLQH�FRXOG�EH�EXLOW�XVLQJ
PHFKDQLFDO� GHYLFHV� DQG� WKDW� %DEEDJH¶V� GHVLJQV� SURYLGH� ERWK� DQ
HIIHFWLYH�VHW�RI�EDVLF�PHFKDQLVPV�DQG�D�ZRUNDEOH�RUJDQL]DWLRQ�RI
D� FRPSOHWH� PDFKLQH�� 7KH� SDSHU� LV� DOVR� LQWHQGHG� WR� VHUYH� DV� DQ
LQWURGXFWLRQ� WR�PRUH�GHWDLOHG�DQDO\VHV�RI�%DEEDJH¶V�GHVLJQV� WKDW
DUH�LQ�SUHSDUDWLRQ�

7KH� SDSHU� VWDUWV�ZLWK� D� GLVFXVVLRQ� RI�PHFKDQLFDO� GHYLFHV� IRU
WKH�VWRUDJH��WUDQVIHU��DQG�DGGLWLRQ�RI�QXPEHUV��7KH�DUUDQJHPHQW�RI
WKHVH� EDVLF� SDUWV� LQWR� D� EORFN�GLDJUDP�OHYHO� GHVFULSWLRQ� RI� WKH
RUJDQL]DWLRQ�RI�WKH�PDFKLQH�LV�SUHVHQWHG��7KH�DOJRULWKPV�IRU�PXO�
WLSOLFDWLRQ��GLYLVLRQ��DQG�VLJQHG�DGGLWLRQ�DUH�WKHQ�GHVFULEHG�DORQJ
ZLWK�WKH�PHFKDQLVP�E\�ZKLFK�WKH�FRQWURO�RI�WKHVH�ZDV�PLFURSUR�
JUDPPHG��)LQDOO\��WKH�XVHU�SURJUDPPLQJ�RI�WKH�$QDO\WLFDO�(QJLQH
LV�H[DPLQHG�DV�LW�ZDV�XQGHUVWRRG�DW�WKLV�VWDJH�RI�WKH�GHVLJQ�

7KUHH� RWKHU� SHUVRQV� KDYH� VWXGLHG� WKH� %DEEDJH� SDSHUV� LQ� WKH
6FLHQFH�0XVHXP� FROOHFWLRQ�� %UXFH� &ROOLHU�� KDV� SURYLGHG� DQ� H[�
FHOOHQW� RYHUYLHZ� RI� %DEEDJH¶V� ZRUN� RQ� DXWRPDWLF� FDOFXODWLQJ
GHYLFHV�� +LV� VWXG\�� EDVHG� ODUJHO\� RQ� WKH� QRWHERRNV� DQG� RQ� WKH
FRUUHVSRQGHQFH� LQ� WKH� %ULWLVK� /LEUDU\� DQG� WKH� %X[WRQ� SDSHUV� DW
2[IRUG� 8QLYHUVLW\�� LV� SULPDULO\� FRQFHUQHG� ZLWK� WKH� LQWHOOHFWXDO
KLVWRU\� RI�%DEEDJH¶V� LGHDV� DQG�� LQ� SDUWLFXODU��ZLWK� WKH� WUDQVLWLRQ
IURP� WKH� VSHFLDO�SXUSRVH� 'LIIHUHQFH� (QJLQH� WR� WKH� JHQHUDO�
SXUSRVH�$QDO\WLFDO�(QJLQH��0DXULFH�:LONHV��KDV�VWXGLHG�WKH�QRWH�
ERRNV� WR�DFKLHYH�D�PRUH�GHWDLOHG�XQGHUVWDQGLQJ�RI� VRPH�DVSHFWV
RI�WKH�XVHU�SURJUDPPLQJ�IDFLOLWLHV�RI�WKH�$QDO\WLFDO�(QJLQH�WKDQ�LV
SURYLGHG�LQ�WKH�SUHVHQW�SDSHU��$QWKRQ\�+\PDQ��KDV�DOVR�SURYLGHG
DQ�RYHUYLHZ�RI�%DEEDJH¶V�FDOFXODWLQJ�PDFKLQHV�LQ�WKH�FRQWH[W�RI�D
ELRJUDSKLFDO� VWXG\� RI� %DEEDJH¶V� ZLGH�UDQJLQJ� LQWHOOHFWXDO
DFKLHYHPHQWV�

7KH�SUHVHQW�SDSHU�LV�WKH�ILUVW�RQH�EDVHG�SULPDULO\�RQ�D�GHWDLOHG
VWXG\�RI�%DEEDJH¶V�QRWDWLRQV�DQG�LV��WKHUHIRUH��WKH�ILUVW�WR�SURYLGH
D�GHWDLOHG�DFFRXQW�RI�WKH�RUJDQL]DWLRQ�RI�WKH�PDFKLQH�DQG��LQ�SDU�
WLFXODU�� RI� WKH� VRSKLVWLFDWLRQ� RI� %DEEDJH¶V� PLFURSURJUDPPLQJ
LGHDV��,W�GLVFXVVHV�RQO\�RQH�PRGHO�RXW�RI�WKH�FRPSOHWH�HYROXWLRQ�
DU\� UDQJH� RI� %DEEDJH¶V� GHVLJQV� �WKRXJK� RQH� ,� EHOLHYH� WR� EH� LQ
PRVW� UHVSHFWV� W\SLFDO��� DQG�PDQ\� RI� WKH� FRQFOXVLRQV�PXVW� WKHUH�
IRUH�EH�UHJDUGHG�DV�WHQWDWLYH��SHQGLQJ�WKH�H[WHQVLRQ�RI�WKLV�VWXG\
WR�RWKHU�GHVLJQV�

,Q�DOPRVW�DOO� LWV�IDFHWV��%DEEDJH¶V�ZRUN�RQ�WKH�$QDO\WLFDO�(Q�
JLQH�ZDV� FRPSOHWHO\� RULJLQDO²WKH� RQO\� DQWHFHGHQW�ZDV� KLV� RZQ
'LIIHUHQFH�(QJLQH��2QO\�LQ�WKH�DGRSWLRQ�RI�WKH�EDUUHO��IURP�DXWR�
PDWD� DQG� PXVLF� ER[HV�� DQG� SXQFKHG� FDUGV�� IURP� WKH� -DFTXDUG
ORRP��LV�WKHUH�DQ\�VLJQLILFDQW�ERUURZLQJ�IURP�DQ�H[LVWLQJ�WHFKQRO�
RJ\�� EXW� %DEEDJH¶V� VXEVWDQWLDO� HODERUDWLRQ� RI� WKH� FDSDELOLWLHV� RI
WKHVH�� DV�ZHOO� DV� KLV� VSHFLILF� DSSOLFDWLRQ� RI� WKHP�� LV� DJDLQ� TXLWH
RULJLQDO�

Overview
7KH�$QDO\WLFDO�(QJLQH�ZDV� D� GHFLPDO�PDFKLQH� WKDW� XVHG� D� VLJQ�
DQG�PDJQLWXGH�UHSUHVHQWDWLRQ�IRU�QXPEHUV�LQ�WKH�VWRUH��%DEEDJH¶V
GHFLVLRQV�WR�DGRSW�GHFLPDO�DQG�VLJQ�DQG�PDJQLWXGH�QXPEHU�UHSUH�
VHQWDWLRQ��ERWK�RI�ZKLFK�DUH�QRZ�XQFRPPRQ��ZHUH�DUULYHG�DW�DIWHU
FDUHIXO�GHOLEHUDWLRQ�

0RGHUQ�FRPSXWHUV�DUH�ODUJHO\�ELQDU\��EHFDXVH�LW�LV�PXFK�HDVLHU
WR�GHVLJQ�D�WZR�VWDWH�HOHFWURQLF�FLUFXLW�WKDQ�RQH�ZLWK�PRUH�VWDWHV�
VXFK�DV����IRU�D�GHFLPDO�QXPEHU�UHSUHVHQWDWLRQ��1R�VXFK�FRQVLG�
HUDWLRQ� DSSOLHV� WR� PHFKDQLFDO� DSSDUDWXV�� $� ZKHHO� URWDWLQJ� RQ� D

VKDIW�LV�D�SDUWLFXODUO\�HDV\�HOHPHQW�WR�FRQVWUXFW�DQG�FDQ�DV�UHDGLO\
KDYH� ��� RU� ���� SRVLWLRQV� DV� WZR�� %DEEDJH� FRQVLGHUHG� QXPEHU
EDVHV�RYHU�WKLV�UDQJH�ZLWK�UHVSHFW�WR�VSHHG�DQG�TXDQWLW\�RI�DSSD�
UDWXV�UHTXLUHG�DQG�IRXQG�QR�VLJQLILFDQW�UHDVRQ�WR�GHSDUW�IURP�WKH
GHFLPDO� V\VWHP� WKDW� PDGH� LQSXW�RXWSXW� DQG� WKH� H[DPLQDWLRQ� RI
LQWHUQDO�VWDWHV�PXFK�HDVLHU��:KLOH�HOHFWURQLF�FRPSXWHUV�DUH�EXLOW�
FRQFHSWXDOO\� DW� OHDVW�� ZLWK� YHU\� ORZ�OHYHO� ORJLF� GHYLFHV�� VR� WKDW
DGGLWLRQ� LV�DVVHPEOHG� IURP�1$1'�IXQFWLRQV�� WKH�FRPSRQHQWV�RI
WKH�$QDO\WLFDO� (QJLQH� DUH� JHQHUDOO\� DW� D� KLJKHU� OHYHO� DQG� FRUUH�
VSRQG�PRUH�GLUHFWO\�ZLWK�WKH�IXQFWLRQ�WKH\�SHUIRUP��7KH�GHFLVLRQ
WR�DGRSW�D�GHFLPDO�UHSUHVHQWDWLRQ�LV��WKHUHIRUH��D�FRQVHTXHQFH�RI�D
FKDUDFWHULVWLF� GLIIHUHQFH� EHWZHHQ� HOHFWURQLF� DQG� PHFKDQLFDO� GH�
YLFHV��DOWKRXJK�WKHUH�DUH�HOHPHQWV�LQ�WKH�$QDO\WLFDO�(QJLQH�ZKRVH
IXQFWLRQV�DUH�HVVHQWLDOO\�RI�D�ORJLF�QDWXUH�

$� VLJQ�DQG�PDJQLWXGH� UHSUHVHQWDWLRQ� LV� XVHG� IRU� QXPEHUV� IRU
WKH�VDPH�UHDVRQV�RI�HDVH�RI�LQSXW�RXWSXW�DQG�H[DPLQDWLRQ�RI�LQWHU�
QDO� VWDWHV� WKDW� FDXVHG� %DEEDJH� WR� DGRSW� D� GHFLPDO� V\VWHP²DQG
DOVR� EHFDXVH� LW� VLPSOLILHV�PXOWLSOLFDWLRQ� DQG� GLYLVLRQ� RSHUDWLRQV�
7KH�'LIIHUHQFH�(QJLQH�XVHG�D���V�FRPSOHPHQW�UHSUHVHQWDWLRQ�IRU
QHJDWLYH� QXPEHUV�� DQG� WKH� $QDO\WLFDO� (QJLQH� XVHV� D� YDULHW\� RI
FRPSOHPHQW� DQG� UHFRGHG� UHSUHVHQWDWLRQV� WR� VLPSOLI\� LWV� LQWHUQDO
RSHUDWLRQV�

,Q� PDUNHG� FRQWUDVW� WR� WKH� 'LIIHUHQFH� (QJLQH�� WKH� $QDO\WLFDO
(QJLQH�PDNHV�D�FOHDU�GLVWLQFWLRQ�EHWZHHQ�WKH�VWRUH�� LQ�ZKLFK�RS�
HUDQGV� DQG� UHVXOWV� DUH� KHOG� EHWZHHQ� RSHUDWLRQV�� DQG� WKH�PLOO�� WR
ZKLFK� WKH\� DUH� EURXJKW� WR� SHUIRUP� DULWKPHWLF� RSHUDWLRQV�� 7KH
VWRUH�DQG� WKH�PLOO� FRUUHVSRQG�FORVHO\� WR� WKH�PHPRU\�DQG�FHQWUDO
SURFHVVLQJ�XQLW�RI�D�PRGHUQ�FRPSXWHU�

,Q�ERWK�WKH�VWRUH�DQG�WKH�PLOO��WKH�GLJLWV�RI�QXPEHUV�DUH�UHSUH�
VHQWHG� E\� WKH� SRVLWLRQV� RI�ZKHHOV� �ILJXUH�ZKHHOV�� URWDWLQJ� DERXW
YHUWLFDO�D[HV��$�FROOHFWLRQ�RI�ILJXUH�ZKHHOV�RQ�DQ�D[LV�FRUUHVSRQGV
WR�D�UHJLVWHU�LQ�D�PRGHUQ�FRPSXWHU��7KH�$QDO\WLFDO�(QJLQH�LV�EXLOW
IURP�D�VHULHV�RI�KRUL]RQWDO�SODWHV�VHSDUDWLQJ�WKH�ILJXUH�ZKHHOV�RQ
WKH�YDULRXV�D[HV��7KH�VSDFH�EHWZHHQ� WZR�SODWHV� LV�FDOOHG�D�FDJH�
7KH�ERWWRP�FDJH�KROGV� WKH�XQLWV� ILJXUH�ZKHHOV�RQ�HDFK�D[LV�� WKH
QH[W�DERYH�WKH���V�� WKHQ����V��DQG�VR�RQ��,Q�JHQHUDO��GLJLW� WUDQV�
IHUV�WDNH�SODFH�VLPXOWDQHRXVO\�LQ�DOO�FDJHV��VR�WKH�$QDO\WLFDO�(Q�
JLQH�LV�D�GLJLWZLVH�SDUDOOHO�PDFKLQH�

$OO�QXPEHUV�LQ�WKH�$QDO\WLFDO�(QJLQH�DUH�RI����GLJLWV��DQG�WKHUH
DUH����FDJHV�DQG����ILJXUH�ZKHHOV�RQ�HDFK�D[LV��7KLV�ODUJH�QXPEHU
ZDV�SRVVLEO\�FKRVHQ� WR�VLPSOLI\�VFDOLQJ�SUREOHPV� LQ� WKH�DEVHQFH
RI� D� IORDWLQJ�SRLQW� QXPEHU� V\VWHP�� 6LQFH� WKH� SODWHV� GLYLGLQJ� WKH
FDJHV�ZHUH�DERXW�WKUHH�LQFKHV�DSDUW��D�ILJXUH�D[LV�ZRXOG�EH�DERXW
���IHHW�KLJK��$OORZLQJ�IRU�WKH�FRQWURO�PHFKDQLVP�XQGHUQHDWK��WKH
$QDO\WLFDO�(QJLQH�ZRXOG�KDYH�VWRRG�DERXW����IHHW�KLJK��7KH�PLOO
ZRXOG�KDYH�EHHQ�DERXW�VL[� IHHW� LQ�GLDPHWHU��DQG� WKH�VWRUH�ZRXOG
KDYH� UXQ� ��±��� IHHW� WR� RQH� VLGH�� 7KH� $QDO\WLFDO� (QJLQH� ZRXOG
WKHUHIRUH�KDYH�EHHQ�DERXW�WKH�VL]H�DQG�ZHLJKW�RI�D�VPDOO�UDLOZD\
ORFRPRWLYH�

7KH�LQWHUQDO�RSHUDWLRQV�RI�WKH�$QDO\WLFDO�(QJLQH��VXFK�DV�PXO�
WLSOLFDWLRQ�DQG�GLYLVLRQ��ZHUH�FRQWUROOHG�E\�EDUUHOV�WR�ZKLFK�ZHUH
IL[HG� VWXGV�� VRPHWKLQJ� OLNH� LQ� D�PXVLF� ER[� RU� EDUUHO� RUJDQ�� 7KH
EDUUHOV� DFWHG� WR� HIIHFW� FRQWURO� LQ� D�PDQQHU� FORVHO\� DQDORJRXV� WR
PRGHUQ�PLFURSURJUDP�FRQWURO�� WKH\�ZHUH� MXVW� OLNH�PLFURSURJUDP
VWRUHV��7KH�SHUVRQ�SURJUDPPLQJ�WKH�$QDO\WLFDO�(QJLQH�ZRXOG�XVH
SXQFKHG�FDUGV� WKDW� LQLWLDWHG�VHTXHQFHV�RI�PLFUR�RSHUDWLRQV��%DE�
EDJH�KDG�D�FOHDU�XQGHUVWDQGLQJ�RI�VXFK�KLHUDUFKLHV�RI�FRQWURO�

,W�LV�WHPSWLQJ�LQ�GHVFULELQJ�WKH�$QDO\WLFDO�(QJLQH�WR�XVH�PRG�
HUQ� WHUPV�� VXFK� DV� UHJLVWHU� DQG�PLFURSURJUDP� LQ� SODFH� RI� %DE�
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EDJH¶V�D[HV�DQG�EDUUHOV��7KHUH� LV�VRPH�ULVN� LQ�GRLQJ�VR��EHFDXVH
%DEEDJH¶V� HOHPHQWV�GLIIHUHG� LQ�GHWDLO� IURP� WKHLU�PRGHUQ� HTXLYD�
OHQWV�DQG�KDG��LQ�FRQVHTXHQFH��GLIIHUHQW�IXQFWLRQDO�FKDUDFWHULVWLFV�
)RU�H[DPSOH��WZR�VHWV�RI�ILJXUH�ZKHHOV�RQ�DQ�D[LV�XVXDOO\�VKDUHG�D
FRPPRQ�UHDGLQJ�DQG�WUDQVIHU�PHFKDQLVP��$Q�D[LV�FRXOG�WKHUHIRUH
VWRUH�PRUH� WKDQ�RQH�QXPEHU��XQOLNH�D�PRGHUQ�UHJLVWHU��$OO� WUDQV�
IHUV� LQYROYHG�D�GHVWUXFWLYH� UHDGRXW��DJDLQ�XQOLNH�D�PRGHUQ�UHJLV�
WHU�� VR� WZR� VHWV� RI� ILJXUH� ZKHHOV� ZHUH� QHFHVVDU\� LI� DQ� D[LV� ZDV
UHTXLUHG� WR� JLYH� RII� DQG� UHWDLQ� D� QXPEHU�� ,� ZLOO� XVH� %DEEDJH¶V
WHUPLQRORJ\�ZKHQ�GHVFULELQJ� GHWDLOV� RI� KLV�PHFKDQLVPV�� EXW� XVH
WKH�PRGHUQ�WHUPV�ZKHQ�HPSKDVL]LQJ�WKH�IXQFWLRQDO�DQDORJ\�ZLWK
PRGHUQ�PDFKLQHV��7KLV�PHWKRG�ZLOO�SURYLGH�D�SDLQOHVV� LQWURGXF�
WLRQ�WR�%DEEDJH¶V�WHUPLQRORJ\��WKH�XVH�RI�ZKLFK�ZLOO�EH�HVVHQWLDO
LQ�PRUH�GHWDLOHG�DQDO\VHV�

7KURXJKRXW� WKLV� SDSHU�� WKH�PHFKDQLVPV�RI� WKH�$QDO\WLFDO�(Q�
JLQH� DUH� GHVFULEHG� E\� VLPSOLILHG� ILJXUHV� WKDW� DYRLG�PXFK� RI� WKH
GHWDLO�RI�%DEEDJH¶V�GHVLJQV��7KH�ILJXUHV�KDYH�EHHQ�GHYHORSHG�IRU
D� SHGDJRJLF� SXUSRVH�� EHFDXVH�PRVW� FRPSXWLQJ� SHRSOH� FDQQRW� EH
H[SHFWHG� WR� EH� IDPLOLDU� ZLWK� DQG� IOXHQW� LQ� UHDGLQJ� GHWDLOHG� PH�
FKDQLFDO�HQJLQHHULQJ� GUDZLQJV�� 7KXV�� IRU� H[DPSOH�� SLFWRULDO� LVR�
PHWULF� GUDZLQJV� RI� PHFKDQLVPV� DUH� XVHG� LQ� SODFH� RI� %DEEDJH¶V
SODQ�DQG�HOHYDWLRQ�GUDZLQJV��DQG�WKH�PHFKDQLVPV�KDYH�EHHQ�VLP�
SOLILHG�DQG�UHDUUDQJHG�WR�VKRZ�RQO\�WKRVH�IHDWXUHV�HVVHQWLDO�WR�WKH
GLVFXVVLRQ�LQ�WKLV�SDSHU��,I�WKH�ILJXUHV�VXJJHVW�JURVV�GHVLJQ�IODZV
RU� HYLGHQW� SK\VLFDO� LPSRVVLELOLWLHV�� WKH� IDXOW� LV� PLQH�� QRW� %DE�
EDJH¶V��$Q�H[DPLQDWLRQ�RI�KLV�RULJLQDO�GUDZLQJV�LV�HVVHQWLDO�IRU�D
FULWLFDO�DSSUDLVDO�RI�KLV�GHVLJQV��:KHUH�SUDFWLFDEOH��WKH�VLPSOLILHG
ILJXUHV�KDYH�EHHQ�ODEHOHG�WR�FRUUHVSRQG�WR�%DEEDJH¶V�GUDZLQJV�

Storage and Transfer of Numbers
$�W\SLFDO�ILJXUH�ZKHHO�DQG�LWV�D[LV�DUH�VKRZQ�LQ�)LJ�����7KH�ILJXUH
ZKHHO� FDQ�EH� URWDWHG�E\�PHDQV�RI� WKH�JHDU� WHHWK� WR� VWDQG� LQ� DQ\
RQH�RI����SRVLWLRQV�� WKH�GLJLW� WKHQ� VWRUHG� LV� VKRZQ�E\� WKH� ILJXUH
RSSRVLWH�WKH�LQGH[�PDUN�FDUULHG�RQ�WKH�IUDPHZRUN��,Q�SUDFWLFH��WKH
ILJXUH�ZKHHO� LV�EURXJKW�FRUUHFWO\� WR�SRVLWLRQ�DQG�VHFXUHG�DJDLQVW
WKH�SRVVLELOLW\�RI�VXEVHTXHQWO\�EHLQJ�MDUUHG�RXW�RI�SODFH�E\�ORFN�
LQJ� DUPV� WKDW� HQJDJH� ORFNLQJ� WHHWK� RQ� WKH� ILJXUH� ZKHHO�� 7KHVH
DUUDQJHPHQWV�DUH�QRW�VKRZQ�LQ� WKH�ILJXUH�EXW�DUH�HVVHQWLDO� WR� WKH
UHOLDEOH�RSHUDWLRQ�RI�WKH�PDFKLQH�

$�ILQJHU�E�SURWUXGHV�WR�WKH�LQVLGH�RI�WKH�ILJXUH�ZKHHO�RSSRVLWH
WKH�]HUR�GLJLW�SRVLWLRQ��7R�UHDG�RXW�WKH�QXPEHU�VWRUHG�RQ�D�ILJXUH
ZKHHO��WKH�ILJXUH�D[LV�LV�UDLVHG�XQWLO�D�ILQJHU�D�RQ�LW�LV�DW�WKH�VDPH
OHYHO�DV�WKH�ILQJHU�E�RI�WKH�ILJXUH�ZKHHO��7KH�D[LV�LV�WKHQ�URWDWHG
WKURXJK� QLQH� GLJLW� SRVLWLRQV��$W� VRPH� SRLQW� GXULQJ� WKLV� URWDWLRQ�
WKH� ILQJHUV�D�DQG�E�ZLOO�FRPH� LQWR�FRQWDFW��DQG� WKH� ILJXUH�ZKHHO
ZLOO�EH�URWDWHG�XQWLO�LW�ILQDOO\�FRPHV�WR�VWDQG�DW�WKH�]HUR�SRVLWLRQ�
,Q� WKH� SURFHVV�� WKH� ILJXUH� ZKHHO� ZLOO� PRYH� WKURXJK� H[DFWO\� DV
PDQ\�GLJLW�SRVLWLRQV�DV�WKH�YDOXH�RI�WKH�GLJLW�LQLWLDOO\�VWRUHG�RQ�LW�
WKLV�PRYHPHQW� FDQ� EH� FRQYH\HG� YLD� WKH� JHDU� WHHWK� RI� WKH� ILJXUH
ZKHHO�WR�VRPH�RWKHU�SDUW�RI�WKH�$QDO\WLFDO�(QJLQH�

7KLV� IRUP�RI� VWRUDJH�H[KLELWV�D�GHVWUXFWLYH� UHDGRXW�� IROORZLQJ
WKH�UHDG�RSHUDWLRQ��DOO�ILJXUH�ZKHHOV�ZLOO�VWDQG�DW�]HUR��LUUHVSHFWLYH
RI� WKH�GLJLW�RULJLQDOO\�VWRUHG��DQG� WKH�QXPEHU�RULJLQDOO\�VWRUHG� LV
ORVW��,I�LW�LV�GHVLUHG�QRW�WR�ORVH�WKH�QXPEHU��WKHQ�LW�PXVW�EH�VWRUHG�
DV� LW� LV� UHDG�� RQ� DQRWKHU� VHW� RI� ILJXUH� ZKHHOV�� )RU� WKLV� SXUSRVH�
HDFK� ILJXUH�D[LV�RI� WKH�PLOO�RI� WKH�$QDO\WLFDO�(QJLQH� LV�SURYLGHG
ZLWK� WZR� ILJXUH�ZKHHOV� LQ�HDFK�FDJH��)UHTXHQWO\�� DV� D�QXPEHU� LV
JLYHQ�RII��E\�RQH�VHW�RI�ILJXUH�ZKHHOV��LW�LV�VWRUHG�RQ�WKH�RWKHU�VHW
RQ� WKH� VDPH�D[LV�DQG��KHQFH�� ODWHU�JLYHQ�RII�EDFN� WR� WKH�RULJLQDO

VHW��7KH� WZR�VHWV�RI� ILJXUH�ZKHHOV�RQ�RQH�D[LV�PD\��KRZHYHU��EH
XVHG� LQGHSHQGHQWO\� LI� VR� GHVLUHG�� ,Q� %DEEDJH¶V� WHUPLQRORJ\�� D
QXPEHU�LV�JLYHQ�RII�E\�D�VHW�RI�ILJXUH�ZKHHOV�DV�WKH\�DUH�UHGXFHG
WR�]HUR�

)LJ�����)LJXUH�ZKHHO�W\SLFDO�RI�WKH�VWRUH�DQG�WKH�PLOO�ILJXUH�D[HV��7KH
ZKHHO�PD\�VWDQG�LQ�RQH�RI����SRVLWLRQV�WR�VWRUH�WKH�GLJLW�VKRZQ�E\�WKH
LQGH[� PDUN�� 7KH� QXPEHU� PD\� EH� UHDG� E\� UDLVLQJ� WKH� D[LV� XQWLO� LWV
ILQJHU�LV�OHYHO�ZLWK�WKDW�RQ�WKH�LQVLGH�RI�WKH�ILJXUH�ZKHHO�DQG�URWDWLQJ�LW
WKURXJK�QLQH� GLJLW� SRVLWLRQV��7KH� ILJXUH�ZKHHO�ZLOO� FRPH� WR� VWDQG� DW
WKH�]HUR�SRVLWLRQ��DQG�D�PRYHPHQW�SURSRUWLRQDO�WR�WKH�GLJLW�RULJLQDOO\
VWRUHG�ZLOO� EH� JLYHQ� WR� WKH� UHPDLQGHU� RI� WKH�PHFKDQLVP�E\� WKH� JHDU
WHHWK��7KH�SURFHVV�LV�WHUPHG�JLYLQJ�RII�

%DVHG�RQ�D�SODWH�LQ�%DEEDJH¶V�&DOFXODWLQJ�(QJLQHV��

7KH� EDVLF� SURFHVV� RI� DGGLWLRQ� LV� VKRZQ� LQ� )LJ�� ��� $� GLJLW� LV
JLYHQ�RII�E\� WKH� ILJXUH�ZKHHO�RQ� WKH� ULJKW��RQ�D[LV�$�� DQG� WUDQV�
IHUUHG�E\� WKH� LQWHUPHGLDWH�JHDUV�*� DQG�-� WR� WKH� ILJXUH�ZKHHO� RQ
D[LV� 
$��7KH�GLUHFWLRQV�RI�PRWLRQ�DUH�VR�MXGJHG�WKDW�DV�WKH�ILJXUH
ZKHHO�RQ�$�LV�UHGXFHG�WR�]HUR�E\�PRYLQJ�LQ�WKH�VXEWUDFWLYH�VHQVH�
WKH�ILJXUH�ZKHHO�RQ� 
$�PRYHV�LQ�WKH�DGGLWLYH�VHQVH��,I��EHIRUH�WKH
WUDQVIHU��WKH�ILJXUH�ZKHHO�RQ�
$�VWRRG�DW�]HUR��LW�ZLOO�FRPH�WR�VWDQG
DW� WKH� VDPH�GLJLW� DV�ZDV�RULJLQDOO\� VWRUHG�RQ�$�� ,I��KRZHYHU�� WKH
ILJXUH�ZKHHO�RQ�
$�LQLWLDOO\�VWRRG�DW�D�QRQ]HUR�GLJLW��LW�ZLOO�ILQDOO\
FRPH�WR�VWDQG�DW�WKH�VXP�RI�WKDW�GLJLW�DQG�WKH�GLJLW�JLYHQ�RII�E\�$�
7KH�VDPH�SURFHVV�RFFXUV�VLPXOWDQHRXVO\�LQ�DOO�FDJHV��VR�ZH�KDYH
GLJLWZLVH�SDUDOOHO�DGGLWLRQ�

%HIRUH�ZH�H[DPLQH� WKH�SRVVLELOLW\�RI�D�FDUU\�JHQHUDWHG� LQ� WKH
DGGLWLRQ�SURFHVV��ZH�ZLOO�FRQVLGHU�WKH�DUUDQJHPHQW�RI�WKH�WUDQVIHU
JHDULQJ�LQ�PRUH�GHWDLO��)LJ����VKRZV�WZR�FDJHV�IURP�WKH�$QDO\WL�
FDO�(QJLQH��WKHUH�DUH�WZR�VHWV�RI�ILJXUH�ZKHHOV�RQ�HDFK�RI�WKH�ILJ�
XUH�D[HV�$�DQG�
$��$�QXPEHU�FDQ�EH�JLYHQ�RII�E\�HLWKHU�VHW�RI�ILJ�
XUH�ZKHHOV�RQ�$�E\�UDLVLQJ�RU�ORZHULQJ�WKH�D[LV�VR�WKDW�WKH�LQWHUQDO
ILQJHUV�RI�WKH�DSSURSULDWH�VHW�RI�ILJXUH�ZKHHOV�DUH�HQJDJHG�E\�WKH
ILQJHUV�RQ�WKH�D[LV��7KH� WUDQVIHU�SLQLRQV�DUH� ORRVH�RQ�D[LV�*�EXW
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FDQ�EH�UDLVHG�RU�ORZHUHG�ZLWK�LW�WR�HQJDJH�ZLWK�HLWKHU�VHW�RI�ILJXUH
ZKHHOV�RI�$��7KH�WUDQVIHU�SLQLRQV�RQ�*�DUH��KRZHYHU��DOZD\V�HQ�
JDJHG�ZLWK� WKH� ORQJ� SLQLRQV� RQ� D[LV�6�� VR� WKH� ORQJ� SLQLRQV�ZLOO
UHFHLYH� WKH� PRWLRQ� IURP� ZKLFKHYHU� VHW� RI� ILJXUH� ZKHHOV� RQ� $
JLYHV�RII�D�QXPEHU��7KLV�PRWLRQ�LV�WUDQVIHUUHG�WR�WKH�ILJXUH�ZKHHOV
RQ� 
$� E\� WKH� ORQJ�SLQLRQV� RQ�/� DQG� WKH� WUDQVIHU� SLQLRQV� RQ�-� DV
VKRZQ��7KH�QHW�UHVXOW�LV�GLJLW�WUDQVIHUV�LGHQWLFDO�WR�WKRVH�GHVFULEHG
LQ�)LJ����IURP�HLWKHU�VHW�RI�ILJXUH�ZKHHOV�RQ�$�WR�HLWKHU�VHW�RQ�
$�

)LJ�� ��� %DVLF� SURFHVV� RI� DGGLWLRQ�� $� GLJLW� LV� JLYHQ� RII� E\� WKH� ILJXUH
ZKHHO�RQ�WKH�ULJKW�DQG�UHFHLYHG�E\�WKH�ILJXUH�ZKHHO�RQ�WKH�OHIW��,I�WKH
UHFHLYLQJ�ILJXUH�ZKHHO�LV�QRW�RULJLQDOO\�DW�]HUR�� LW�ZLOO� ILQDOO\�FRPH�WR
VWDQG�DW�WKH�VXP�RI�LWV�RULJLQDO�YDOXH�DQG�WKH�GLJLW�UHFHLYHG��7KLV�SURF�
HVV�RFFXUV�VLPXOWDQHRXVO\�IRU�DOO�GLJLWV�RI�QXPEHUV�

%DVHG�RQ�D�SODWH�LQ�%DEEDJH¶V�&DOFXODWLQJ�(QJLQHV��

)LJ�� ���3UDFWLFDO� UHDOL]DWLRQ�RI� WKH�PHWKRG�RI�GLJLWZLVH�SDUDOOHO� DGGL�
WLRQ��7ZR�ILJXUH�ZKHHOV�DUH�VKRZQ�LQ�HDFK�FDJH��VR�WZR�QXPEHUV�FDQ
EH�VWRUHG�RQ�HDFK�ILJXUH�D[LV��,Q�SUDFWLFH��WKH�PHFKDQLVP�LV�DUUDQJHG
LQ�D�FLUFOH�VR�WKDW�WKH�D[HV�$�DQG�
$�FRLQFLGH��$�QXPEHU�JLYHQ�RII�PD\
WKHUHIRUH�EH�UHFHLYHG�RQ�WKH�DOWHUQDWH�VHW�RI�ILJXUH�ZKHHOV�RI�WKH�VDPH
D[LV�

%DVHG�RQ�D�SODWH�LQ�%DEEDJH¶V�&DOFXODWLQJ�(QJLQHV��

,Q�SUDFWLFH��GLJLWV�WUDQVIHUUHG�FDQ�EH�UHFHLYHG�E\�ILJXUH�ZKHHOV
RQ�WKH�VDPH�D[LV�DV�WKRVH�WKDW�JLYH�RII�E\�DUUDQJLQJ�WKH�D[HV�$��*�
6��/��-��DQG�
$�QRW�LQ�D�OLQH�DV�VKRZQ�EXW�LQ�D�FLUFOH��VR�WKDW�D[LV�
$
LV�WKH�VDPH�D[LV�DV�$��6XFK�D�JURXS�RI�D[HV��ODEHOHG�DV�LQ�)LJ����
ZLOO� EH� IRXQG� WR� RFFXU� IUHTXHQWO\� LQ� WKH� JHQHUDO� DUUDQJHPHQW� RI
WKH�$QDO\WLFDO�(QJLQH�GLVFXVVHG�EHORZ��7KH�ORQJ�SLQLRQV�6�DQG�/

DUH�DOVR�FRPPRQO\�XVHG�DV� WKH� WDNHRII�SRLQW� IRU� WUDQVIHUV� WR�DQG
IURP�RWKHU�SDUWV�RI�WKH�PDFKLQH�

:LWK�VXFK�ORQJ�WUDLQV�RI�JHDULQJ�EHWZHHQ�WKH�VRXUFH�DQG�GHVWL�
QDWLRQ�RI�PRWLRQ��VXEVWDQWLDO�DPRXQWV�RI�ORVW�PRWLRQ�DQG�EDFNODVK
FDQ� DULVH� EHFDXVH� RI� WKH� QHFHVVDU\� ORRVHQHVV� RI� WKH� JHDULQJ�� 7R
SUHYHQW�WKH�ORVW�PRWLRQ�IURP�GLVWXUELQJ�WKH�FRUUHFW�IXQFWLRQLQJ�RI
WKH�PDFKLQH�� ORFNLQJ�DUPV�DFW�RQ� WKH� ILJXUH�ZKHHOV�DQG�VRPH�RI
WKH�LQWHUPHGLDWH�JHDULQJ�WR�EULQJ�WKHP�FRUUHFWO\�LQWR�SODFH��7KHVH
ORFNLQJV�DUH�DSSOLHG�LQ�VHTXHQFH�IURP�WKH�VRXUFH�WR�WKH�GHVWLQDWLRQ
RI�HDFK� WUDQVIHU��7KH�HIIHFW� LV�VLPLODU� WR�SURYLGLQJ�DQ�DPSOLI\LQJ
HOHPHQW� LQ� HDFK� JDWH� RI� DQ� HOHFWURQLF�PDFKLQH�� DV� LV� XQLYHUVDOO\
GRQH�� WR�PDNH�RXWSXW� ORJLF� OHYHOV�FRQIRUP�WR� WKH�VDPH�HOHFWULFDO
VSHFLILFDWLRQV�DV�WKH�LQSXWV��7KH�ORFNLQJV�DUH�HVVHQWLDO�WR�WKH�FRU�
UHFW�DFWLRQ�RI�WKH�$QDO\WLFDO�(QJLQH�DQG�DUH�GHPRQVWUDWLYH�RI�WKH
WKRURXJKQHVV�RI�%DEEDJH¶V�GHVLJQV�DQG�KLV�LQYHQWLYH�JHQLXV���7KH
6FKHXW]�'LIIHUHQFH�(QJLQH�ZDV� QRW� YHU\� UHOLDEOH� LQ� SUDFWLFH� DQG
VRRQ�IHOO�LQWR�GLVXVH��ODUJHO\�EHFDXVH�LW�ODFNHG�DQ\�VXFK�SURYLVLRQ
DV�ORFNLQJV��7KH�LGHD�KDG�ILUVW�DSSHDUHG�LQ�%DEEDJH¶V�RZQ�GHVLJQV
IRU�KLV�HDUOLHU�'LIIHUHQFH�(QJLQH��

7KH�ORQJ�SLQLRQV�RQ�6�FDQ�EH�UDLVHG�ZLWK�WKHLU�D[LV�VR�WKDW�HDFK
ZLOO�HQJDJH�WKH�ORQJ�SLQLRQ�/�LQ�WKH�FDJH�DERYH��DV�VKRZQ�LQ�)LJ����
$�GLJLW�JLYHQ�RII�E\�WKH�XQLWV�ILJXUH�ZKHHO�RI�$�ZLOO�QRZ�EH�DGGHG
WR�WKH�FKRVHQ���V�ILJXUH�ZKHHO�RI�
$��DQG�HYHU\�GLJLW�JLYHQ�RII�ZLOO
VLPLODUO\�EH�VWHSSHG�XS�RQH�FDJH��7KLV�VWHSSLQJ�FRUUHVSRQGV�WR�D
PXOWLSOLFDWLRQ�E\����DQG�LV� WKH�GHFLPDO�HTXLYDOHQW�RI�D�VKLIW� LQ�D
ELQDU\�FRPSXWHU��6LQFH�PHFKDQLFDO�JHDULQJ�LV�UHYHUVLEOH��D�QXPEHU
FDQ�EH�JLYHQ�RII�E\�
$�DQG�VWHSSHG�GRZQ��RU�GLYLGHG�E\�����EHIRUH
EHLQJ� UHFHLYHG� E\� $�� 7KHVH� VWHSSLQJ� IXQFWLRQV� DUH� H[WHQVLYHO\
XVHG�LQ�PXOWLSOLFDWLRQ�DQG�GLYLVLRQ�RSHUDWLRQV�

)LJ�����7KH�SURFHVV�RI�VWHSSLQJ��RU�PXOWLSOLFDWLRQ��DQG�GLYLVLRQ�E\����
7KH� ORQJ�SLQLRQV�6�DUH�UDLVHG�ZLWK�WKHLU�D[LV�WR�HQJDJH�WKH� ORQJ�SLQ�
LRQV�/�LQ�WKH�FDJH�DERYH��$�QXPEHU�JLYHQ�RII�ZLOO�WKHUHIRUH�EH�VWHSSHG
XS�D�FDJH��RU�PXOWLSOLHG�E\�����$�WUDQVIHU�LQ�WKH�UHYHUVH�GLUHFWLRQ�ZLOO
GLYLGH�E\����

%DVHG�RQ�D�SODWH�LQ�%DEEDJH¶V�&DOFXODWLQJ�(QJLQHV��

Anticipating Carry
7KH� PHFKDQLVPV� GHVFULEHG� VR� IDU� VKRZ� KRZ� QXPEHUV� FDQ� EH
VWRUHG�� JLYHQ� RII�� VWHSSHG�� DQG� WUDQVIHUUHG� EHWZHHQ� D[HV� RI� WKH
$QDO\WLFDO�(QJLQH��$�GLJLWZLVH�SDUDOOHO�IRUP�RI�DGGLWLRQ�LV�D�QDWX�
UDO� UHVXOW� RI� WKHVH�PHFKDQLVPV�� EXW� D� SURSHU� DULWKPHWLF� DGGLWLRQ
UHTXLUHV� D�PHWKRG� RI� SHUIRUPLQJ� D� FDUU\� SURSDJDWLRQ�� 7KH� FDUU\
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PHFKDQLVP�LV�UHODWLYHO\�FRPSOH[�DQG�ZDV�WKH�LQLWLDO�LQFHQWLYH�IRU
%DEEDJH� WR� VHSDUDWH� WKH� VWRUH� DQG� WKH� PLOO�� ZLWK� WKH� DULWKPHWLF
PHFKDQLVPV�FRQFHQWUDWHG�LQ�WKH�ODWWHU�

7KH�FDUU\�PHFKDQLVP�LV�EDVHG�DURXQG�D�VSHFLDO�FDUU\�D[LV�)�RI
ILJXUH�ZKHHOV�VLPLODU�WR�WKRVH�SUHYLRXVO\�GHVFULEHG��6RPH�FRPSR�
QHQWV�RI� WKH�PHFKDQLVP�DUH�VKRZQ�LQ�)LJ�����DQG�WKH\�DUH�HODER�
UDWHG� LQ�)LJ�� �� DQG�)LJ�� ���7KH� FDUU\� ILJXUH�ZKHHOV� KDYH� D� OHYHU
DUP�I�DWWDFKHG�WR�WKHP�WKDW�LV�SODFHG�VR�WKDW�ZKHQ�WKH�ILJXUH�ZKHHO
PRYHV�IURP�QLQH�WR�]HUR�LQ�WKH�DGGLWLYH�GLUHFWLRQ��DUP� I�URWDWHV�D
SLHFH� SLYRWHG� RQ� D[LV�(� E\� DFWLQJ� RQ� OHYHU� H� DWWDFKHG� WR� LW� �DV
VKRZQ�ZLWK�GDVKHG�OLQHV�LQ�)LJ������7KLV�FDUU\�ZDUQLQJ��ZKHQ�LQ
WKH�URWDWHG�SRVLWLRQ�� LQGLFDWHV� WKDW�D�FDUU\�KDV�EHHQ�JHQHUDWHG�E\
WKH� PRYHPHQW� RI� WKH� FDUU\� ILJXUH� ZKHHO� SDVW� QLQH� DQG� PXVW� EH
DSSOLHG�WR�WKH�ILJXUH�ZKHHO�LQ�WKH�FDJH�DERYH�

)LJ�����(OHPHQWV�RI�WKH�FDUU\�PHFKDQLVP��:KHQ�WKH�FDUU\�ILJXUH�ZKHHO
PRYHV�SDVW�QLQH�WR�]HUR��DUP�I�DFWV�RQ�DUP�H�WR�URWDWH�WKH�FDUU\�ZDUQ�
LQJ�� LQGLFDWLQJ�WKDW�D�FDUU\�LV�QHFHVVDU\�LQWR�WKH�FDJH�DERYH��$�FDUU\
IURP�WKH�FDJH�EHORZ�ZLOO�UDLVH�WKH�FDUU\�VHFWRU�RQ�D[LV�&�LQWR�JHDU�ZLWK
WKH�ILJXUH�ZKHHO�DQG�DGYDQFH�LW�E\�RQH�GLJLW�SRVLWLRQ�

%DVHG�RQ�D�SODWH�LQ�%DEEDJH¶V�&DOFXODWLQJ�(QJLQHV��

$IWHU�DGGLWLRQ�WR�WKH�FDUU\�ILJXUH�ZKHHOV�LV�FRPSOHWH��D[LV�(��RQ
ZKLFK�WKH�FDUU\�ZDUQLQJV�SLYRW��LV�UDLVHG��7KH�OXJ�P�RI�DQ\�FDUU\
ZDUQLQJ� WKDW� KDV� EHHQ� URWDWHG� WR� LQGLFDWH� D� FDUU\� ZLOO� HQJDJH� D
VLPLODU�OXJ�Q�RQ�WKH�FRUUHVSRQGLQJ�FDUU\�SLHFH�RQ�D[LV�:��)LJ����
DQG�FDXVH�LW�WR�EH�OLIWHG��WRR��(DFK�FDUU\�SLHFH�KDV�WZR�ILQJHUV�WKDW
SURMHFW�WKURXJK�WKH�IUDPLQJ�SODWHV�LQWR�WKH�FDJH�DERYH��7KH�ILQJHU
QHDUHVW� WKH� IURQW� LQ� WKH� ILJXUH� EHDUV� RQ� WKH� XQGHUVLGH� RI� D� FDUU\
VHFWRU�DQG��ZKHQ�OLIWHG��FDXVHV�WKH�JHDU�WHHWK�RI�WKH�FDUU\�VHFWRU�WR
HQJDJH�WKRVH�RI�WKH�ILJXUH�ZKHHO�WKDW�DUH�WR�UHFHLYH�WKH�FDUU\��7KH
FDUU\� VHFWRUV� DUH� WKHQ� DOO� URWDWHG� WKURXJK� RQH� GLJLW� SRVLWLRQ� E\
WKHLU�D[LV�&��WR�ZKLFK�WKH\�DUH�VSOLQHG��DV�VKRZQ�LQ�)LJ�����,I�WKH
FDUU\�VHFWRU�KDV�EHHQ�UDLVHG�LQWR�JHDU�ZLWK�WKH�ILJXUH�ZKHHO��LW�ZLOO
DOVR�PRYH� IRUZDUG� WKURXJK�RQH�GLJLW� SRVLWLRQ� WR� HIIHFW� WKH� FDUU\
SURSDJDWLRQ�

,I��VD\�� WKH���V�ILJXUH�ZKHHO�VWRRG�DW�QLQH�EHIRUH�LW� UHFHLYHG�D
FDUU\�IURP�WKH�XQLWV�FDJH��WKHQ�WKH�FDUU\�SURSDJDWLRQ�VKRXOG�JHQ�
HUDWH�D�QHZ�FDUU\�LQWR�WKH����V�FDJH��7KLV�FDUU\�FRXOG�LQ�WXUQ�JHQ�
HUDWH� D� QHZ� FDUU\� LQWR� WKH� �����V� FDJH� LI� WKH� ���V� ILJXUH�ZKHHO

VWRRG�DW�QLQH��DQG�VR�RQ��,Q�WKH�ZRUVW�FDVH��WKLV�FDUU\�SURSDJDWLRQ
FRXOG� FRQWLQXH� WKURXJK� DOO� ��� GLJLW� FDJHV� RI� D� QXPEHU�� 7KH� VH�
TXHQWLDO� FDUU\� SURSDJDWLRQ� VXJJHVWHG� E\� WKLV� GHVFULSWLRQ�ZLOO� EH
H[FHHGLQJO\�VORZ��,I�D�FDUU\�FRXOG�EH�SURSDJDWHG�WKURXJK�D�FDJH�LQ
WKH�VDPH�WLPH� WKDW�D� ILJXUH�ZKHHO� URWDWHV� WKURXJK�RQH�GLJLW�SRVL�
WLRQ� �DQ� XQOLNHO\� SRVVLELOLW\� JLYHQ� WKH� FRPSOH[� PRWLRQV� RI� WKH
PHFKDQLVP���WKH�FRPSOHWH�FKDLQ�RI�FDUU\�SURSDJDWLRQ�FRXOG��LQ�WKH
ZRUVW�FDVH��WDNH�ILYH�WLPHV�DV�ORQJ�DV�WKH�FRPSOHWH�GLJLWZLVH�SDU�
DOOHO� DGGLWLRQ� RI� WZR� QXPEHUV��%DEEDJH� RYHUFDPH� WKLV� GLIILFXOW\
ZLWK�KLV�DQWLFLSDWLQJ�FDUU\�PHFKDQLVP²DQ�LQYHQWLRQ�RI�ZKLFK�KH
ZDV�MXVWLILDEO\�PRVW�SURXG�

)LJ�����&DUU\�PHFKDQLVP��7KH�FDUU\�ZDUQLQJ�LV�UDLVHG�ZLWK�LWV�D[LV�(
DQG� OLIWV� WKH� FDUU\� VHFWRU� LQ� WKH� FDJH� DERYH� LQWR� JHDU�ZLWK� LWV� ILJXUH
ZKHHO��,Q�WKH�ILJXUH��WKHUH�LV�D�FDUU\�IURP�WKH���V�LQWR�WKH����V�FDJH�
EXW�QRQH�IURP�WKH�XQLWV�WR�WKH���V�

%DVHG�RQ�D�SODWH�LQ�%DEEDJH¶V�&DOFXODWLQJ�(QJLQHV��

7KH�DUP�I�DWWDFKHG�WR�WKH�FDUU\�ILJXUH�ZKHHO�LV�GULOOHG�WKURXJK
ZLWK� D� YHUWLFDO� KROH� LQ�ZKLFK� LV� FDUULHG� D� ORRVH� VOXJ� 
Z� �)LJ�� ���
:KHQ� WKH� ILJXUH�ZKHHO� VWDQGV� DW� QLQH�� VOXJ� 
Z� LV� LQWHUSRVHG� EH�
WZHHQ� WKH�ERWWRP�RI� WKH� UHDU� ILQJHU�Z�RI� WKH�FDUU\�SLHFH�DQG� WKH
WRS�RI� WKH�FRUUHVSRQGLQJ� ILQJHU� LQ� WKH�FDJH�EHORZ��6XSSRVH�QRZ
WKDW�D�FDUU\�LV�JHQHUDWHG�IURP�WKH�FDJH�EHORZ��7KH�FDUU\�SLHFH�ZLOO
EH�OLIWHG�E\�WKH�FDUU\�ZDUQLQJ�WR�LQGLFDWH�WKH�FDUU\��7KH�UHDU�ILQJHU
Z�OLIWV�WKH�ORRVH�VOXJ�
Z�DQG��KHQFH��WKH�FDUU\�SLHFH�LQ�WKLV�FDJH�DW
WKH� VDPH� WLPH� WR� LQGLFDWH� D� FDUU\� LQWR� WKH�QH[W� KLJKHU� FDJH��7KH
FDUU\�RXW�LV�WKXV�JHQHUDWHG�GLUHFWO\��ZLWKRXW�ZDLWLQJ�IRU�WKH�ILJXUH
ZKHHO� WR� WXUQ� SDVW� QLQH� WR� ]HUR� DV� D� UHVXOW� RI� WKH� FDUU\�LQ�� %\
VLPLODU�PHDQV��D�FDUU\�FDQ�SURSDJDWH�WKURXJK�DQ\�QXPEHU�RI�VXF�
FHVVLYH� FDJHV� ZLWKRXW� UHTXLULQJ� DQ\� DGGLWLRQDO� WLPH�� 7KH� FDUU\
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VHFWRUV� ZLOO� DOO� EH� SXW� LQWR� JHDU�� DQG� WKH� ILJXUH� ZKHHOV� ZLOO� DOO
DGYDQFH�WKURXJK�RQH�GLJLW�SRVLWLRQ�VLPXOWDQHRXVO\�

%DEEDJH�FDOOHG�FDUU\�SLHFH�Z�WKH�IL[HG�ZLUH�DQG�WKH�ORRVH�VOXJ

Z�LQ�WKH�DUP�RI�WKH�ILJXUH�ZKHHO�WKH�PRYDEOH�ZLUH²D�ZLUH�LQ�WKLV
FRQWH[W�PHDQLQJ�D�VWLII�SLHFH�RI�PHWDO��XQOLNH� WKH�PRGHUQ�XVDJH�
:KHQ� D� ILJXUH� ZKHHO� VWDQGV� DW� QLQH�� KH� GHVFULEHG� WKH� PRYDEOH
ZLUH� DV� FRPSOHWLQJ� D� FKDLQ� ZLWK� WKH� IL[HG� ZLUHV²HVVHQWLDOO\� D
ORJLFDO�$1'�IXQFWLRQ�

)LJ�����$QWLFLSDWLQJ�FDUU\��7KH�PRYDEOH�ZLUH�
Z�FDUULHG�LQ�WKH�DUP�RI
WKH�ILJXUH�ZKHHO�FDQ�LQWHUSRVH�EHWZHHQ�WKH�IL[HG�ZLUHV�Z�WR�SURSDJDWH
D� FDUU\� WKURXJK� VHYHUDO� FDJHV�� ,Q� WKH� ILJXUH�� D� FDUU\� LV� JHQHUDWHG� LQ
WKH�XQLWV�FDJH��%HFDXVH�WKH���V�ILJXUH�ZKHHO�VWDQGV�DW�QLQH��D�FDUU\�LV
SURSDJDWHG�WR�WKH����V�FDJH��7KH����V�ILJXUH�ZKHHO�GRHV�QRW�VWDQG�DW
QLQH�DQG�WKHUHIRUH�EUHDNV�WKH�FKDLQ�RI�FDUU\�SURSDJDWLRQ�

%DVHG�RQ�D�SODWH�LQ�%DEEDJH¶V�&DOFXODWLQJ�(QJLQHV��

,Q� SUDFWLFH�� WKH� FDUU\� PHFKDQLVP� LV� PRUH� FRPSOH[� WKDQ
VKRZQ��)RU�H[DPSOH��WKH�FDUU\�ZDUQLQJ�DQG�IL[HG�ZLUHV�PXVW�EH
ORZHUHG� EHIRUH� WKH� ILJXUH� ZKHHOV� DUH� PRYHG� WR� DVVLPLODWH� WKH
FDUU\��RU�WKH�IL[HG�ZLUH�ZLOO�IRXO�WKH�PRYDEOH�ZLUH�RI�DQ\�ILJXUH
ZKHHO� WKDW� DGYDQFHV� IURP� HLJKW� WR� QLQH�� 6RPH� PHFKDQLVP� LV
UHTXLUHG�� WKHUHIRUH�� WR� NHHS� WKH� FDUU\� VHFWRU� HQJDJHG� ZLWK� WKH
ILJXUH�ZKHHO�RQFH� LW� KDV�EHHQ� UDLVHG��)XUWKHU�GLIILFXOWLHV� UDLVHG
E\� VXEWUDFWLRQ� DUH� RYHUFRPH�� LQ� SDUW�� E\� UHFRGLQJ� WKH� GLJLWV� RI
WKH� FDUU\� ILJXUH�ZKHHOV� GXULQJ� VXEWUDFWLRQ� VR� WKDW� WKH�PRYDEOH
ZLUHV� SURYLGH� ERUURZ� SURSDJDWLRQ� E\� ]HURV� LQVWHDG� RI� FDUU\
SURSDJDWLRQ� E\� QLQHV�� 2QH� FRQVHTXHQFH� LV� WKDW� DGGLWLRQ� DQG
VXEWUDFWLRQ� RSHUDWLRQV� FDQQRW� EH� IUHHO\� LQWHUPL[HG� LQ� WKH�$QD�
O\WLFDO�(QJLQH�

7KH� DQWLFLSDWLQJ� FDUU\� GRHV� QRW� FRUUHVSRQG� FORVHO\� ZLWK� DQ\
FRPPRQ� PRGHUQ� GLVFUHWH� ORJLF� ELQDU\� FDUU\� PHFKDQLVP�� &DUU\
SURSDJDWH� DQG� JHQHUDWH� WHUPV� DUH� XVHG� LQ� HDFK� GLJLW� SRVLWLRQ
�FDJH���VR�WKH�PHFKDQLVP�LV�XQOLNH�D�ULSSOH�FDUU\��LQ�ZKLFK�D�FDUU\�
LQ�PXVW�EH�DVVLPLODWHG�WR�IRUP�HDFK�GLJLW�VXP�EHIRUH�WKH�FDUU\�RXW
LV�JHQHUDWHG��1HLWKHU�LV�LW�D�FDUU\�ORRN�DKHDG�PHFKDQLVP��VLQFH�WKH
FDUU\� LQGLFDWLRQ� LV� SDVVHG� VHTXHQWLDOO\� WKURXJK� WKH� JDWLQJ� �WKH
PRYDEOH�ZLUH�� LQ� HDFK� GLJLW� SRVLWLRQ�� ,WV� VSHHG� GHULYHV� IURP� WKH

IDFW�WKDW�WKH�HQWLUH�FROXPQ�RI�ZLUHV�FDQ�EH�OLIWHG�LQ�WKH�VDPH�WLPH
WKDW�D�ILJXUH�ZKHHO�FDQ�EH�PRYHG�WKURXJK�RQH�XQLW��,Q�HIIHFW��WKH
JDWLQJ�IRU�FDUU\�SURSDJDWLRQ�SURYLGHG�E\�WKH�PRYDEOH�ZLUHV�KDV�D
PXFK�VKRUWHU�WLPH�GHOD\�WKDQ�PRYHPHQW�RI�WKH�ILJXUH�ZKHHOV��7KH
FORVHVW�PRGHUQ�DQDORJLHV�DUH� WKH�FDUU\�SURSDJDWLRQ�E\�UHOD\�FRQ�
WDFWV�LQ�WKH�+DUYDUG�0DUN�,�RU�E\�SDVV� WUDQVLVWRUV� LQ�9HU\�/DUJH�
6FDOH�,QWHJUDWLRQ�GHVLJQ��%RWK�DUH� ORJLFDOO\�HTXLYDOHQW� WR� WKH�DQ�
WLFLSDWLQJ�FDUU\�

Could the Analytical Engine Have Been
Built?
,Q� PDQ\� UHVSHFWV�� WKH� DQWLFLSDWLQJ� FDUU\� PHFKDQLVP� DSSHDUV� WR
PDNH� WKH�PRVW� VHYHUH� WHFKQRORJLFDO� GHPDQGV�� VR� KHUH� LV� D� FRQ�
YHQLHQW� SODFH� WR� SDXVH� DQG� DVN� ZKHWKHU� WKH� $QDO\WLFDO� (QJLQH
FRXOG�KDYH�EHHQ�EXLOW�ZLWK�WKH�WHFKQRORJ\�DW�%DEEDJH¶V�GLVSRVDO�
,W�LV�ZRUWK�QRWLQJ�WKDW�LQ�������RQO\�RQH�FDOFXODWLQJ�PDFKLQH�KDG
EHHQ�EURXJKW�WR�VXFFHVVIXO��WKRXJK�VPDOO�VFDOH�FRPPHUFLDO�PDQX�
IDFWXUH��WKH�DULWKPRPHWHU�RI�7KRPDV�GH�&ROPDU��,W�SURYLGHG�DGGL�
WLRQ�DQG�VXEWUDFWLRQ�WR�D�VLQJOH�DFFXPXODWRU�DV�D�GLUHFW�RSHUDWLRQ
DQG� XVHG� D� ULSSOH� FDUU\� SURSDJDWLRQ��0XOWLSOLFDWLRQ� DQG� GLYLVLRQ
FRXOG�EH�SHUIRUPHG�E\� UHSHDWHG�DGGLWLRQ�DQG� VXEWUDFWLRQ��EXW� DOO
RSHUDWLRQV�ZHUH�GLUHFWO\�PDQXDOO\�FRQWUROOHG�

&RQVLGHU� ILUVW� WKH�TXHVWLRQ�RI�PDFKLQLQJ� WROHUDQFHV� LQ� WKH�DQ�
WLFLSDWLQJ�FDUU\�PHFKDQLVP��,Q�WKH�ZRUVW�FDVH��D�FDUU\�JHQHUDWHG�LQ
WKH�XQLWV�FDJH�PLJKW�KDYH� WR� UDLVH� LQWR�JHDU�D�FDUU\�VHFWRU� LQ� WKH
��WK�FDJH�E\�D�FKDLQ�RI����IL[HG�DQG�PRYDEOH�ZLUHV��$�FRQVLVWHQW
HUURU�RI�RQO\���������LQFK�LQ�PDFKLQLQJ�WKH�ZLUHV�WR�OHQJWK�ZRXOG
DPRXQW�WR�����LQFK�LQ�WKH�HQWLUH�FROXPQ��7KLV�WROHUDQFH�LV�SURED�
EO\�VDWLVIDFWRU\� LQ�SUDFWLFH�� IRU� WKH�FDUU\�VHFWRUV�DUH�KHOG� LQ�JHDU
ZLWK� WKH� ILJXUH� ZKHHOV� E\� WULSSLQJ� D� FRXQWHUZHLJKW� WKDW� FRXOG
PDNH�XS� WKH� ORVW�PRWLRQ��6WULFWO\�VSHDNLQJ��KRZHYHU��ZKDW�QHHGV
WR�EH�FRQWUROOHG�LV�WKH�GLIIHUHQFH�LQ�KHLJKW�EHWZHHQ�WKH�FROXPQ�RI
ZLUHV�DQG�WKH�ILJXUH�FDJHV��ZKLFK�DUH��LQ�HIIHFW��D�FROXPQ�RI�SODWHV
DQG�VSDFHU�SLHFHV��:H�ZRXOG�WKHUHIRUH�QHHG�D�PDFKLQLQJ�WROHUDQFH
RI�RQO\���������WR���������LQFK�LQ�WKH�WKLFNQHVV�RI�WKH�SODWHV��WKH
OHQJWK�RI�WKH�VSDFHUV��DQG�WKH�OHQJWK�RI�WKH�ZLUHV��6XFK�WROHUDQFHV
ZHUH�DFKLHYDEOH�DW�WKH�WLPH��DV�VKRZQ�E\�D�UHFHQW�H[DPLQDWLRQ�RI
ORRVH� SDUWV� LQWHQGHG� IRU� WKH�'LIIHUHQFH�(QJLQH�� �,�ZLVK� WR� WKDQN
0LFKDHO�:ULJKW�RI�WKH�6FLHQFH�0XVHXP�IRU�KLV�JXLGDQFH�DQG�DV�
VLVWDQFH� LQ� WKHVH� PHDVXUHPHQWV�� +LV� H[SHUW� NQRZOHGJH� RI� ��WK�
FHQWXU\�PDFKLQLQJ� LV� D� FRQWLQXLQJ� LQVSLUDWLRQ��� 7KH\� KDYH� EHHQ
PDFKLQHG��QRW�KDQG�ILQLVKHG��FRQVLVWHQWO\�ZLWK�RQH�DQRWKHU�WR�MXVW
VXFK�DQ�DFFXUDF\��,W� LV�KDUGHU� WR�GHWHUPLQH�WKH�DEVROXWH�DFFXUDF\
RI� WKH� SDUWV� ZLWKRXW� NQRZOHGJH� RI� WKH� HQJLQHHUV¶� ZRUNLQJ� VWDQ�
GDUGV��EXW�WKH�ILW�FRXOG�EH�DVVXUHG�E\�ZRUNLQJ�WR�PXWXDOO\�FRQVLV�
WHQW� JDXJHV�� 7KHVH� WROHUDQFHV� ZRXOG� DOVR� KDYH� KDG� WR� EH� PDLQ�
WDLQHG�DV�WKH�ZLUHV�EHFDPH�ZRUQ�E\�XVH�

%DEEDJH� UHDOL]HG� WKDW� WKH� WRWDO� PDVV� RI� WKH� ZLUHV� DQG� FDUU\
VHFWRUV�WKDW�KDG�WR�EH�OLIWHG�WKURXJK������LQFK�LQ������VHFRQG�IRU�D
FDUU\� IURP�WKH�XQLWV� WR� WKH���WK�FDJH�ZDV�DURXQG����SRXQGV��+H
SURSRVHG� WR� OLIW� D�ZHLJKW� GXULQJ� WKH� UHPDLQGHU� RI� WKH� F\FOH� WKDW
FRXOG�WKHQ�EH�GURSSHG�WR�SURYLGH�WKH�IRUFH�WR�OLIW� WKH�PHFKDQLVP
DQG�WKXV�UHOLHYH�WKH�SHDN�ORDG�RQ�WKH�PDLQ�GULYHVKDIW��$Q�H[DPL�
QDWLRQ�RI�WKH�GUDZLQJV�VKRZV�WKDW�WKLV�ORDG�LV�DOO�FDUULHG�E\�OXJ�P
RI� WKH� FDUU\�ZDUQLQJ�� ,Q� %DEEDJH¶V� GHVLJQ�� WKH� OXJ� KDV� D� FURVV�
VHFWLRQ�RI�DERXW������VTXDUH�LQFK�LQ�WKH�VKHDU�SODQH�DQG��LI�PDGH
RI�EUDVV��ZRXOG� IDLO�ZLWK�D� ORDG�RI�DERXW�������SRXQGV��$�VDIHW\
IDFWRU�RI�DW�OHDVW����LV�WKXV�EXLOW�LQWR�WKH�GHVLJQ�
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)LJ�����%DUUHO�DQG�LWV�UHGXFLQJ�DSSDUDWXV��$�PLFURSURJUDP�ZRUG�LV�UHSUHVHQWHG�E\�D�YHUWLFDO�URZ�RI�VWXGV�VFUHZHG�WR�WKH�EDUUHO��7KHVH�DFW�RQ�WKH
HQGV�RI�WKH�FRQWURO�OHYHUV�ZKHQ�WKH�EDUUHO�PRYHV�VLGHZD\V��7KH�UHGXFLQJ�VHFWRUV�RI�RQH��WZR��DQG�IRXU�WHHWK�DGYDQFH�WKH�EDUUHO�RYHU�WKH�FRUUH�
VSRQGLQJ�QXPEHU�RI�YHUWLFDOV��DQG�VHYHUDO�PD\�DFW�LQ�FRPELQDWLRQ�DW�RQH�WLPH��,Q�WKH�ILJXUH��UHGXFLQJ�VHFWRU���LV�SXW�LQWR�JHDU�GLUHFWO\�E\�RUGHU�RI
WKH�EDUUHO�YLD�FRQWURO�OHYHU�D��5HGXFLQJ�VHFWRU�
��LV�SXW�LQWR�JHDU�E\�D�UXQQLQJ�XS�IURP�WKH�FDUU\�DSSDUDWXV�LI�HQDEOHG�WR�GR�VR�E\�WKH�EDUUHO�DQG
OHYHU�E��7KH�HIIHFW�LV�D�FRQGLWLRQDO�WUDQVIHU��$�FRQGLWLRQDO�DUP�LV�VHQVHG�E\�FRQWURO�OHYHU�F�WR�SURYLGH�DQ�DFWLRQ�FRQGLWLRQDO�RQ�D�SUHYLRXV�HYHQW�

%DVHG�RQ�WKH�GUDZLQJ�%$%�>$@���

$QDO\VHV� VXFK�DV� WKHVH� OHDG�PH� WR�EHOLHYH� WKDW� WKH�$QDO\WLFDO
(QJLQH� FRXOG� KDYH� EHHQ� EXLOW� ZLWK� WKH� WHFKQRORJ\� DW� %DEEDJH¶V
GLVSRVDO�� DOWKRXJK� WKH� ZRUN� ZRXOG� XQGRXEWHGO\� KDYH� EHHQ� GH�
PDQGLQJ�DQG�H[SHQVLYH��,W� LV� LQWHUHVWLQJ�WR�VSHFXODWH�ZKHWKHU�WKH
$QDO\WLFDO�(QJLQH��KDG�LW�EHHQ�EXLOW��ZRXOG�KDYH�KDG�D�VWLPXODWLQJ
HIIHFW� RQ� WKH� %ULWLVK� PDFKLQH�WRRO� LQGXVWU\�� OLNH� WKH� 'LIIHUHQFH
(QJLQH� KDG�� �-RVHSK� :KLWZRUWK�� WKH� SUHHPLQHQW� PDFKLQH�WRRO
GHVLJQHU� RI� WKH�PLG���WK� FHQWXU\�� KDG� EHHQ� HDUOLHU� HPSOR\HG� E\
%DEEDJH¶V� HQJLQHHU�� -RVHSK�&OHPHQW�� RQ� WKH� FRQVWUXFWLRQ� RI� WKH
'LIIHUHQFH�(QJLQH��%DEEDJH�UHSRUWV�WKDW�LW�ZDV�FRPPRQO\�VDLG�DW
D� ODWHU� GDWH� WKDW� ³%DEEDJH� PDGH� &OHPHQW�� DQG� &OHPHQW� PDGH
:KLWZRUWK�´�/RUG�5RVVH¶V�SUHVLGHQWLDO�DGGUHVV�WR�WKH�5R\DO�6RFL�
HW\� LQ� ������ DV� UHFRUGHG� LQ� LWV� SURFHHGLQJV�� FRQILUPV� WKDW� %DE�
EDJH¶V�ZRUN�KDG�EHHQ�D�PDMRU�GLUHFW�VWLPXOXV�RQ�WKH�%ULWLVK�PD�
FKLQH�WRRO�LQGXVWU\��

Microprogram Control
:LWK�WKH�PHFKDQLVPV�VR�IDU�GHVFULEHG�WR�VWRUH��WUDQVIHU��VWHS��DQG
DGG�QXPEHUV��LW�VKRXOG�FOHDUO\�EH�SRVVLEOH�WR�DVVHPEOH�D�FRPSXW�
LQJ� GHYLFH� RI� VRPH� SRZHU�� $Q� DXWRPDWLF� FRPSXWLQJ� GHYLFH� UH�
TXLUHV�� LQ� DGGLWLRQ�� VRPH�FRQWURO�PHFKDQLVP�E\�PHDQV�RI�ZKLFK
WKHVH� HOHPHQWV� FDQ� EH� FRRUGLQDWHG� WR� ZRUN� WRJHWKHU�� 7KLV� ZDV
GRQH�LQ�WKH�$QDO\WLFDO�(QJLQH�E\�D�WHFKQLTXH�WKDW�ZH�ZRXOG�QRZ

UHFRJQL]H�DV�PLFURSURJUDPPLQJ��:H�ZLOO� VHH� LQ� VXEVHTXHQW� VHF�
WLRQV�VRPHWKLQJ�RI�WKH�YHUVDWLOLW\�ZLWK�ZKLFK�%DEEDJH�DSSOLHG�WKH
WHFKQLTXH�� )RU� WKH� SUHVHQW�� ZH� FRQFHQWUDWH� RQ� WKH� PHWKRGV� E\
ZKLFK�%DEEDJH�FRXOG�FRQWURO�

•� FRPSRQHQWV� RI� WKH� PDFKLQH� E\� LQIRUPDWLRQ� UHDG� IURP� D
VWRUH�

•� KRZ�D�VHTXHQFH�RI�RSHUDWLRQV�FRXOG�EH�HIIHFWHG��DQG
•� KRZ� WKH� VHTXHQFH� FRXOG� EH� DOWHUHG� LQ� UHVSRQVH� WR� FRQGL�

WLRQDOO\�RFFXUULQJ�HYHQWV�LQ�WKH�PDFKLQH�

7KH�GHWDLOHG�DFWLRQ�RI� WKH�$QDO\WLFDO�(QJLQH�GXULQJ�HDFK�VWHS
RI�D�FRPSOH[�RSHUDWLRQ��VXFK�DV�PXOWLSOLFDWLRQ�RU�GLYLVLRQ�� LV�GH�
WHUPLQHG�E\�D�EDUUHO��WR�WKH�VXUIDFH�RI�ZKLFK�VWXGV�FDQ�EH�VFUHZHG
LQ� DQ\� SUHGHWHUPLQHG� FRPELQDWLRQ��$W� WKH� VWDUW� RI� HDFK� F\FOH� RI
RSHUDWLRQ� RI� WKH� PLOO�� WKH� EDUUHO� DGYDQFHV� E\� PRYLQJ� VLGHZD\V
SDUDOOHO� WR� LWV� D[LV�� DV� VKRZQ� IURP� WKH�GDVKHG� OLQHV� LQ�)LJ�� ��� VR
WKDW�WKH�VWXGV�EHDU�DJDLQVW�WKH�HQGV�RI�OHYHUV��7KHVH�OHYHUV�SXW�LQWR
JHDU�WKH�PHFKDQLVPV�IRU�WKH�YDULRXV�IXQFWLRQV�GHVLUHG�LQ�WKDW�F\�
FOH��,Q�DQ\�RQH�F\FOH��WKH�VWXGV�LQ�D�VLQJOH�YHUWLFDO�OLQH�SDUDOOHO�WR
WKH�D[LV�RI�WKH�EDUUHO�DFW�WR�FRQWURO�WKH�PDFKLQH��7KH�EDUUHO�FDQ�EH
WKRXJKW�RI�DV�D�PLFURSURJUDP�VWRUH��DQG�D�VLQJOH�YHUWLFDO� URZ�RI
VWXGV�FDQ�EH�WKRXJKW�RI�DV�D�ZRUG�RI�WKDW�VWRUH��%DEEDJH�XVHG�WKH
ZRUG� YHUWLFDO� LQ� WKH� VHQVH� ERWK� RI� D� ZRUG� RI� WKH�PLFURSURJUDP
VWRUH�DQG�RI�D�FRPELQDWLRQ�RI�PLFUR�RSHUDWLRQV�RI� WKH�$QDO\WLFDO
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(QJLQH�FDXVHG�E\�WKH�DFWLRQ�RI�WKDW�ZRUG�RI�WKH�VWRUH�
,Q�SUDFWLFH��HDFK�FRQWURO�OHYHU�FRQVLVWV�RI�D�SDLU��VXFK�DV�D�DQG


D��JHDUHG� WRJHWKHU�VR� WKDW� WKH\�FDQ�EH�SXW�SRVLWLYHO\� LQWR�RQH�RI
WZR�SRVLWLRQV�E\� WKH�EDUUHO��7KH�DSSURSULDWH�SLHFH�RI�PHFKDQLVP
LV�WKHUHIRUH�SXW�SRVLWLYHO\�LQ�RU�RXW�RI�DFWLRQ��7KH�EDUUHO�FDQ�FDUU\
EODQN�VWXGV��VXFK�DV� 
V�� WKDW�DFW�RQ�QHLWKHU�OHYHU��7KH�EODQN�VWXGV
GR�QRW�VSHFLI\�D�³GRQ¶W�FDUH´�FRQGLWLRQ��EXW�DUH�DQ�LQGLFDWLRQ�WKDW
WKH�H[LVWLQJ�VWDWH�RI�DFWLRQ�RU�LQDFWLRQ�VKRXOG�EH�FRQWLQXHG�E\�WKH
PHFKDQLVP�IRU�DQRWKHU�F\FOH�

7KH� FRQWURO� OHYHUV� GR� QRW� GLUHFWO\� SURGXFH� DFWLRQV� RQ� WKH
PHFKDQLVP� RI� WKH� $QDO\WLFDO� (QJLQH�� LQVWHDG�� HDFK� OHYHU� FRQ�
QHFWV�WKH�PHFKDQLVP�WR�D�VRXUFH�RI�SRZHU��7KXV��D�FRQWURO�OHYHU
ZKRVH�SXUSRVH�LV�WR�UDLVH�DQ�D[LV�ZLOO�QRW�LWVHOI�UDLVH�LW��EXW�ZLOO
SXW�LQWR�JHDU�ZLWK�WKH�PDLQ�GULYHVKDIW�D�FDP�WKDW�UDLVHV�WKH�D[LV�
7KH�FRQWURO� OHYHU� WKHUHIRUH�GRHV�QRW�KDYH� WR�H[HUW�DQ\�VXEVWDQ�
WLDO� GLUHFW� IRUFH�� DQG� WKH� FRQVWUXFWLRQ� RI� WKH� EDUUHO� LV� JUHDWO\
VLPSOLILHG�

,Q� SUDFWLFH�� D� EDUUHO� PLJKW� DFW� RQ� ���� ����� RU� PRUH� FRQWURO
OHYHUV� DQG�KDYH���� WR�����YHUWLFDOV�� )LJ����JLYHV� VRPH� LPSUHV�
VLRQ� RI� WKH� FRPSOH[LW\� RI� WKH� DVVRFLDWHG� V\VWHPV� RI� OHYHUV�
FUDQNV�� SLYRWV�� DQG� VOLGHUV�� 7KHUH� ZDV� QRWKLQJ� RI� WKH� HDVH� RI
EDFNSODQH�ZLULQJ� IRU� WKH� GLVWULEXWLRQ� RI� FRQWURO� LQIRUPDWLRQ� LQ
WKH�$QDO\WLFDO�(QJLQH�

$�VHTXHQFH�RI�PLFUR�RSHUDWLRQV� LV�HIIHFWHG�E\�DUUDQJLQJ�IRU�D
QXPEHU�RI�GLIIHUHQW�YHUWLFDOV�WR�DFW�LQ�VXFFHVVLRQ��7KH�PRYHPHQW
RI� WKH�EDUUHO� IURP�RQH�YHUWLFDO� WR�DQRWKHU� LV�SURGXFHG�E\� WKH� UH�
GXFLQJ�DSSDUDWXV� VKRZQ�RQ� WKH� ULJKW� LQ�)LJ�� ���:KHQ� WKH� EDUUHO
UHWUHDWV� WR� LWV�XQDGYDQFHG�SRVLWLRQ�� VKRZQ�DV�GDVKHG� OLQHV� LQ� WKH
ILJXUH��LW�LV�JHDUHG�XS�ZLWK�D[LV�5��,I�WKH�JHDU�RQ�D[LV�5�LV�PRYHG
RQH�RU�PRUH�SRVLWLRQV��WKH�EDUUHO�ZLOO�PRYH�RYHU�D�VLPLODU�QXPEHU
RI�YHUWLFDOV��,Q�JHQHUDO��WKH�EDUUHO�RUGHUV�LWV�RZQ�DGYDQFH�YLD�VHY�
HUDO�RI�WKH�FRQWURO�OHYHUV��([DPSOHV�RI�PHFKDQLVPV�IRU�FRQWUROOLQJ
VXFK�DGYDQFHV�DUH�VKRZQ�LQ�)LJ����

&RQWURO�OHYHU�D�DFWV�WR�OLIW�LQWR�JHDU�ZLWK�WKH�UHGXFLQJ�DSSDUDWXV
D�VHFWRU�����ZLWK�RQO\�D�VLQJOH�WRRWK��'XULQJ�WKH�F\FOH��WKLV�VHFWRU
LV�FDXVHG�WR�URWDWH��E\�D�PHFKDQLVP�QRW�VKRZQ��DQG�LQ�WKH�SURFHVV
DGYDQFHV� WKH� UHGXFLQJ� DSSDUDWXV� DQG�� KHQFH�� WKH� EDUUHO� WKURXJK
RQH�SRVLWLRQ��6LPLODU�FRQWURO�OHYHUV�FDQ�SXW�LQWR�JHDU�VHFWRUV���DQG
��RI�WZR�DQG�IRXU�WHHWK��UHVSHFWLYHO\��7KH�URWDWLRQ�RI�VHFWRUV������
DQG��� LV� VR� SKDVHG� WKDW� WKHLU� WHHWK� DFW� DW� GLIIHUHQW� WLPHV��%\� WKH
EDUUHO� DFWLQJ� RQ� D� VXLWDEOH� FRPELQDWLRQ� RI� WKH� FRQWURO� OHYHUV�� D
VHOHFWLRQ� RI� WKH� VHFWRUV� FDQ� EH� SXW� LQWR� JHDU� WR�PRYH� WKH� EDUUHO
RYHU�IURP�RQH�WR�VHYHQ�YHUWLFDOV��&RQQHFWLRQ�EHWZHHQ�WKH�UHGXF�
LQJ�DSSDUDWXV�DQG� WKH�EDUUHO� LV�E\�PHDQV�RI� UHYHUVLQJ�JHDUV�FRQ�
WUROOHG�E\�D�FRQWURO� OHYHU��7KH�EDUUHO�FDQ� WKXV�RUGHU�D� WUDQVIHU� WR
DQRWKHU�YHUWLFDO�XS�WR�VHYHQ�SRVLWLRQV�HLWKHU�IRUZDUG�RU�EDFNZDUG
UHODWLYH�WR�WKH�SUHVHQW�RQH�

,Q�SUDFWLFH��WKHUH�FDQ�EH�PRUH�UHGXFLQJ�VHFWRUV�WKDQ�DUH�VKRZQ
KHUH��DQG�WKH�WUDQVIHU�FDQ�EH�RYHU�D�VOLJKWO\�ODUJHU�UDQJH�WKDQ�WKH
VHYHQ�YHUWLFDOV�LQ�WKLV�H[DPSOH��7KH�WUDQVIHU�LV�DOZD\V�UHODWLYH�WR
WKH�SUHVHQW�YHUWLFDO��KRZHYHU��DQG�JHQHUDOO\�RYHU�RQO\�D�SRUWLRQ�RI
WKH� WRWDO� QXPEHU� RI� YHUWLFDOV� RI� WKH� EDUUHO�� (YHU\� YHUWLFDO� RUGHUV
WKH� WUDQVIHU� WR� WKH�QH[W�YHUWLFDO� LQ� WKH� VHTXHQFH�� ,I�QR� WUDQVIHU� LV
VSHFLILHG�� WKH� YHUWLFDO� ZLOO� EH� UHSHDWHG� LQGHILQLWHO\� XQOHVV� LQWHU�
UXSWHG�E\�D�FRQGLWLRQDO�WUDQVIHU�

&RQGLWLRQDO�WUDQVIHUV�FDQ�WDNH�SODFH�LQ�UHVSRQVH�WR�FRQGLWLRQDO
HYHQWV�ZLWKLQ�WKH�PLOO�RI�WKH�$QDO\WLFDO�(QJLQH��$�FRPPRQ�VRXUFH
RI� WKHVH� LV� D� FDUU\� SURSDJDWLRQ� EH\RQG� WKH� KLJKHVW� FDJH� RI� WKH
FDUU\�DSSDUDWXV��6XFK�DQ�HYHQW�LV�FDOOHG�D�UXQQLQJ�XS�DQG��LI���V�

FRPSOHPHQW�DULWKPHWLF� LV�EHLQJ�SHUIRUPHG�� VLJQLILHV�D�FKDQJH� LQ
VLJQ�RI�DQ�DULWKPHWLF�UHVXOW���7KHUH�LV�JHQHUDOO\�QR�RYHUIORZ�LQGL�
FDWLRQ�LQ�WKH�$QDO\WLFDO�(QJLQH���$�UXQQLQJ�XS�FDQ�RFFXU�LQ�VLPL�
ODU� FLUFXPVWDQFHV� LQ� FRQQHFWLRQ� ZLWK� WKH� VSHFLDOL]HG� FRXQWLQJ
DSSDUDWXV�RI�WKH�PDFKLQH�

)LJ�� �� VKRZV�� DVVRFLDWHG� ZLWK� OHYHU� E�� RQH� PHFKDQLVP� IRU� D
FRQGLWLRQDO� WUDQVIHU�� 7KH� FRQWURO� OHYHU� SODFHV� D� ORRVH� VOXJ� XQGHU
VHFWRU�
���,I�D�UXQQLQJ�XS�RFFXUV�ODWHU�LQ�WKH�F\FOH��DV�D�UHVXOW�RI�DQ
DGGLWLRQ�RUGHUHG�E\�RWKHU�FRQWURO� OHYHUV�� WKH�VOXJ�DQG��KHQFH�� WKH
VHFWRU� ZLOO� EH� UDLVHG� LQWR� JHDU� ZLWK� WKH� UHGXFLQJ� DSSDUDWXV� DQG
FDXVH�LW�WR�PRYH�WKURXJK�RQH�SRVLWLRQ��,I�QR�UXQQLQJ�XS�RFFXUV��RU
LI� WKH� FRQWURO� OHYHU� LV� QRW� SXW� LQ�� QRWKLQJ� KDSSHQV�� 7KH� HIIHFW�
WKHUHIRUH��LV�WKDW�WKH�QRUPDO�XQFRQGLWLRQDO�WUDQVIHU�RUGHUHG�E\�WKH
EDUUHO�FDQ�FRQGLWLRQDOO\�EH�H[WHQGHG�WR�PRYH�RYHU�RQH�DGGLWLRQDO
YHUWLFDO�� :H� ILQDOO\� DUULYH� DW� RQH� RI� WZR� GLIIHUHQW� YHUWLFDOV�� DF�
FRUGLQJ�WR�ZKHWKHU�WKH�UXQQLQJ�XS�KDV�RFFXUUHG�RU�QRW��1RWH�WKDW
ZLWK� WKLV� PHFKDQLVP�� WKH� V� FRQGLWLRQDO� WUDQVIHU� UHVSRQGV� WR� DQ
HYHQW�WDNLQJ�SODFH�ODWHU�LQ�WKH�VDPH�F\FOH�GXULQJ�ZKLFK�WKH�YHUWL�
FDO�DFWV�

$�FRQGLWLRQDO� UHVSRQVH� WR� D� SUHH[LVWLQJ� FRQGLWLRQ� LV� VKRZQ
E\�FRQWURO�OHYHU�F��7KH�FRQWURO�OHYHU�LV�WRR�VKRUW�WR�EH�DFWHG�RQ
GLUHFWO\� E\� WKH� VWXGV� RQ� WKH� EDUUHO� XQOHVV� FRQGLWLRQDO� DUP�&
KDV� EHHQ� LQWHUSRVHG�� +HUH�� WKH� FRQWURO� OHYHU� LV� VKRZQ� DV� DI�
IHFWLQJ�VRPH�SDUW�RI�WKH�PLOO��EXW�LW�FRXOG�DV�HDVLO\�DFW�WR�SXW�D
UHGXFLQJ�VHFWRU�LQWR�JHDU��7KH�FRQGLWLRQDO�DUP�PXVW�EH�LQ�SODFH
EHIRUH� WKH� EDUUHO� DGYDQFHV�� EXW� WKH� UHVSRQVH� WR� D� FRQGLWLRQDO
DUP� FDQ� EH� GHOD\HG� RYHU� VHYHUDO� F\FOHV� E\� WKH� XVH� RI� EODQN
VWXGV� RQ� WKH� EDUUHO�� 7KHUH� LV�� RI� FRXUVH�� QR� UHDVRQ� ZK\� ERWK
IRUPV� RI� FRQGLWLRQDO� PHFKDQLVP� FDQQRW� DFW� GXULQJ� D� VLQJOH
F\FOH� RI� WKH� $QDO\WLFDO� (QJLQH�� DQG� PXOWLZD\� EUDQFKHV� DUH
TXLWH�SRVVLEOH�

7KH�ZKROH� FRQFHSW� RI� D� FRQGLWLRQDO� VHTXHQFH� RI� DFWLRQV� LQ� D
PDFKLQH²DQG�� LQ� SDUWLFXODU�� RI� D� FRQGLWLRQDO� GHSHQGHQFH� RQ� WKH
RXWFRPH�RI�SUHYLRXV�DFWLRQV�RI� WKH�PDFKLQH²LV�RULJLQDO� WR�%DE�
EDJH�DQG�WKH�GHVLJQ�RI�WKH�$QDO\WLFDO�(QJLQH��,W�LV�D�FRQFHSW�RI�WKH
PRVW�SURIRXQG�LQWHOOHFWXDO�LPSRUWDQFH�

The Timing Cycle of the Analytical Engine
7KH� RSHUDWLRQ� RI� WKH� EDUUHO� DQG� LWV� V\QFKURQL]DWLRQ� ZLWK� WKH
UHPDLQGHU�RI� WKH�PHFKDQLVP�DUH�ZHOO�LOOXVWUDWHG�E\�FRQVLGHULQJ
WKH�WLPLQJ�RI�WKH�F\FOH�RI�RSHUDWLRQV��(DFK�F\FOH�LQYROYHV�UHDG�
LQJ� D� YHUWLFDO� RI� WKH� EDUUHO� DQG� FDUU\LQJ� RXW� WKH� IXQFWLRQV� VR
RUGHUHG��7KH�F\FOH�RI�RSHUDWLRQ� LV� FRXQWHG� LQ� WHUPV�RI�XQLWV��$
XQLW�LV�WKH�WLPH�IRU�D�ILJXUH�ZKHHO�WR�PRYH�WKURXJK�D�VLQJOH�GLJLW
SRVLWLRQ�� %DEEDJH� WRRN� WKLV� XQLW� DV� DERXW� ���� VHFRQG� �FRUUH�
VSRQGLQJ�WR�D�VSHHG�RI����IHHW�SHU�PLQXWH�DW� WKH�SHULSKHU\�RI�D
ILJXUH�ZKHHO�IRXU�LQFKHV�LQ�GLDPHWHU���DOWKRXJK�WKH�GHVLJQ�RI�WKH
PDFKLQH�LV�NLQHPDWLF�LQ�WKH�VHQVH�WKDW�LW�FRXOG�KDYH�EHHQ�UXQ�DW
DQ\�ORZHU�VSHHG�

$� VKRUW� F\FOH� RI� ��� XQLWV� LV� HPSOR\HG� IRU� D� VLPSOH� WUDQVIHU
IURP� RQH� VHW� RI� ILJXUH� ZKHHOV� WR� DQRWKHU�� $� ORQJ� F\FOH� RI� ��
XQLWV� LV� HPSOR\HG�ZKHQ� LW� LV� QHFHVVDU\� WR� SHUIRUP� DQ� DGGLWLRQ
LQYROYLQJ�ERWK�D�WUDQVIHU�DQG�D�FDUU\�SURSDJDWLRQ��7KH�DSSURSUL�
DWH� OHQJWK� RI� F\FOH� LV� RUGHUHG� E\� WKH� EDUUHO�� $� VLPSOH� QXPEHU
WUDQVIHU�WDNHV�DERXW�����VHFRQGV��DQG�D�IXOO�DGGLWLRQ�WDNHV�DERXW
WKUHH�VHFRQGV�

)LJ�� �� LV� D� WLPLQJ� GLDJUDP�� VLPLODU� LQ� VW\OH� WR� VRPH� RI� %DE�
EDJH¶V�RZQ�QRWDWLRQV��DQG�LOOXVWUDWHV�WKH�HYHQWV�LQ�WKH�EDVLF�WLPLQJ
F\FOHV��7KH�H[WHQW�RI�DQ�DUURZ�LQGLFDWHV�WKH�WLPH�LQ�WKH�F\FOH�GXU�
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LQJ�ZKLFK�DQ�DFWLRQ�WDNHV�SODFH��D�GDVKHG�DUURZ�LQGLFDWHV�WKDW�WKH
DFWLRQ�PLJKW�RFFXS\�RQO\�SDUW�RI� WKH�DYDLODEOH�WLPH�LQWHUYDO��7KH
GLUHFWLRQ�RI� WKH�DUURZ� LQGLFDWHV�� UHODWLYH� WR�D�FRQYHQWLRQDO� VHW�RI
D[HV��WKH�GLUHFWLRQ�RI�WKH�PRWLRQ��FLUFXODU�PRWLRQV�DUH�LQGLFDWHG�E\
DQ� DUF� DWWDFKHG� WR� WKH� DUURZ¶V� WDLO��$� VLQJOH� DUURZKHDG� LQGLFDWHV
WKH�EDVLF�DFWLRQ��GRXEOH�DUURZKHDGV�LQGLFDWH�D�UHWXUQ�WR�WKH�LQDF�
WLYH�SRVLWLRQ��PDQ\�RI� WKHVH�PRYHPHQWV�KDYH�EHHQ�RPLWWHG�IURP
WKH�ILJXUH�IRU�VLPSOLFLW\��

$�F\FOH�FRPPHQFHV�ZLWK� WKH�DGYDQFH�RI� WKH�EDUUHO� LQ�XQLWV
RQH� DQG� WZR� WR� DFW� RQ� WKH� FRQWURO� OHYHUV�� 7KH� EDUUHOV� UHWUHDW
LQWR� JHDU�ZLWK� WKH� UHGXFLQJ� DSSDUDWXV� LQ� XQLWV� WKUHH� DQG� IRXU�
7KH� UHGXFLQJ�DSSDUDWXV�FDQ�PRYH� WKH�EDUUHO� WR�D�QHZ�YHUWLFDO
GXULQJ�WKH�UHPDLQGHU�RI�WKH�F\FOH��,Q�WKH�VKRUW�F\FOH��WKH�DYDLO�
DEOH�WLPH�OLPLWV�WKH�URWDWLRQ�RI�WKH�EDUUHO�WR�ZLWKLQ����YHUWLFDOV
RI� WKH�RQH�WKDW�KDV� MXVW�DFWHG��$�JUHDWHU� WUDQVIHU� LV�SRVVLEOH� LQ
WKH�ORQJ�F\FOH��EXW�VRPH�RI�WKH�XQLWV�ZLOO�EH�FRQVXPHG�E\�SUR�
YLVLRQ�IRU�FRQGLWLRQDO�WUDQVIHUV�DV�D�UHVXOW�RI�D�UXQQLQJ�XS�DQG
VR�IRUWK�

)LJ�����7LPLQJ�GLDJUDP�LOOXVWUDWLQJ�WKH�HYHQWV� LQ�WKH�EDVLF�WLPLQJ�F\�
FOH��7KLV�ILJXUH�LV�VLPLODU�LQ�VW\OH�WR�%DEEDJH¶V�QRWDWLRQ�RI�WLPLQJ�

%DVHG�RQ�WKH�QRWDWLRQ�%$%�>)@���

7KH� D[HV� RI� WKH� PLOO�� WUDQVIHU� SLQLRQV�� DQG� VR� IRUWK� DUH� SXW
LQWR� JHDU� LQ� XQLW� WKUHH� DV� VRRQ� DV� WKH� DGYDQFH� RI� WKH� EDUUHO� LV
FRPSOHWH��7KH�GLJLWZLVH�SDUDOOHO� WUDQVIHU�RI�QXPEHUV� WKHQ� WDNHV
SODFH� GXULQJ� XQLWV� IRXU� WR� ���� 7KH� ORFNLQJV� DUH� DSSOLHG� GXULQJ
XQLWV� ��� WR� ����$� ORFNLQJ� LV� DSSOLHG� JHQHUDOO\� WR� HYHU\� VHFRQG
D[LV�LQ�D�WUDLQ�RI�JHDULQJ��DQG�HDFK�WDNHV�RQO\�KDOI�D�XQLW��VR�LW�LV
SRVVLEOH� IRU� D� WUDQVIHU� WR� H[WHQG� WKURXJK� D� WUDLQ� RI� XS� WR� ��
VWDJHV�RI�JHDULQJ�

,Q� WKH� FDVH� RI� D� ORQJ� F\FOH�� WKH� FDUU\�ZLUHV� DUH� OLIWHG� E\� WKH
FDUU\�ZDUQLQJV�GXULQJ�XQLW�����DQG�WKH�FDUU\�VHFWRUV�DUH�URWDWHG�WR
SHUIRUP�WKH�FDUU\�SURSDJDWLRQ�GXULQJ�XQLW�����,Q�JHQHUDO��D�VXP�LV
IRUPHG�QRW� RQO\�RQ� WKH� ILJXUH�ZKHHOV� RI� WKH� FDUU\� DSSDUDWXV� EXW
DOVR�RQ�RWKHU�ILJXUH�D[HV�RI�WKH�PLOO�WR�VDYH�WKH�WLPH�VXEVHTXHQWO\
UHTXLUHG� WR� WUDQVIHU� D� VXP� IURP� WKH� FDUU\� ILJXUH� ZKHHOV� WR� WKH
SODFH�ZKHUH�LW�LV�WR�EH�VWRUHG��6RPH�RI�WKH�JHDULQJ�RI�WKH�DGGLWLYH
WUDQVIHU�ZLOO�WKHUHIRUH�UHPDLQ�LQ�JHDU�GXULQJ�WKH�FDUU\�SURSDJDWLRQ
WR�FRQYH\�WKH�FDUU\�WR�WKH�DFFXPXODWLQJ�ILJXUH�ZKHHOV��$IWHU� WKLV
WUDQVIHU�� LW� LV� DJDLQ�QHFHVVDU\� WR� DSSO\� WKH� ORFNLQJV�� GXULQJ�XQLWV
���WR����

The Functional Organization of the
Analytical Engine
:H�QRZ�WXUQ�WR�DQ�H[DPLQDWLRQ�RI�KRZ�WKH�IXQFWLRQDO�FRPSRQHQWV
DUH�RUJDQL]HG�LQWR�WKH�FRPSOHWH�$QDO\WLFDO�(QJLQH��7KH�GLVFXVVLRQ
LV�EDVHG�RQ�%DEEDJH¶V�JHQHUDO�SODQ�����ZKLFK�KH�KDG�OLWKRJUDSKHG
DQG�ZDV� GLVWULEXWHG� LQ� KLV� RZQ� OLIHWLPH�� 7KH� SODQ� LV� VKRZQ� LQ
)LJ�� ���� DQG� YDULRXV� IHDWXUHV� RI� LW� DUH� KLJKOLJKWHG� LQ� VXEVHTXHQW
ILJXUHV�� %HVLGHV� VKRZLQJ� WKH� PHFKDQLFDO� DUUDQJHPHQW� RI� WKH
$QDO\WLFDO�(QJLQH�� WKH�SODQ�VHUYHV�DV�D� IXQFWLRQDO�EORFN�GLDJUDP
RI�WKH�GHVLJQ�

7KH�PDMRU� D[HV� �UHJLVWHUV�� DQG� WUDQVIHU� SDWKV� �GDWD� EXVHV�� DUH
VKRZQ�LQ�)LJ������2Q�WKH�ULJKW�LV�WKH�VWRUH�FRPSULVLQJ�D�JURXS�RI
ILJXUH�D[HV�UDQJHG�DORQJVLGH�D�VHW�RI�UDFNV��RU�WRRWKHG�EDUV��RQH�LQ
HDFK�FDJH��(DFK�VWRUH�D[LV�KDV�WZR�VHWV�RI�ILJXUH�ZKHHOV�DQG�FDQ
WKXV�VWRUH�WZR�QXPEHUV��7KH�QXPEHU�RI�D[HV�LQWHQGHG�LV�QRW�FOHDU
IURP�WKH�ILJXUH��ZKLFK�FDQ�H[WHQG�IDUWKHU�WR�WKH�ULJKW���EXW�ZH�FDQ
DVVXPH����IURP�WKH�OD\RXW�RI�WKH�YDULDEOH�FDUGV��7KH�VWRUH�ZRXOG
WKXV�KROG�����QXPEHUV��ZKLFK� LV�PRUH� WKDQ� DGHTXDWH� IRU� DQ\�RI
%DEEDJH¶V� SURJUDPV�� 7UDQVIHU� JHDUV� HQDEOH� DQ\� VHW� RI� ILJXUH
ZKHHOV�WR�UHFHLYH�D�QXPEHU�IURP�WKH�UDFNV�RU�JLYH�RII�D�QXPEHU�WR
WKH�UDFNV��1XPEHUV�JLYHQ�RII�E\�WKH�VWRUH�DUH�UHFHLYHG�E\� LQJUHVV
D[LV�,�RI�WKH�PLOO��1XPEHUV�WR�EH�SODFHG�LQ�WKH�VWRUH�DUH�JLYHQ�RII
E\�WKH�HJUHVV�D[LV��$��7KH�LQJUHVV�DQG�HJUHVV�D[HV�DFW�DV�PHPRU\
EXIIHU�UHJLVWHUV�

7KH� D[HV� RI� WKH� PLOO� DUH� DUUDQJHG� DURXQG� D� VHW� RI� FHQWUDO
ZKHHOV��RQH�LQ�HDFK�FDJH�� WR�ZKLFK�WKH�ILJXUH�ZKHHOV�RI� WKH�D[HV
FDQ�EH�FRQQHFWHG�E\�WUDQVIHU�JHDUV�

7KHVH�FHQWUDO�ZKHHOV�DFW�DV�D�GDWD�EXV�LQWHUFRQQHFWLQJ�WKH�YDUL�
RXV�UHJLVWHUV�RI�WKH�PLOO��$VLGH�IURP�WKH�LQJUHVV�DQG�HJUHVV�D[HV�,
DQG��$��WKH�D[HV�RI�WKH�PLOO�LQFOXGH�WKH�KHDG�DQG�WDLO�D[HV�$�DQG

$�� XVHG� DV� DFFXPXODWRUV�� DQG� QLQH� WDEOH� D[HV�7�� WR�7��� XVHG� LQ
PXOWLSOLFDWLRQ�DQG�GLYLVLRQ�

7ZR�VHWV�RI�ILJXUH�ZKHHOV�DUH�RQ�HDFK�RI�WKH�PLOO�D[HV��DQG�DV�
VRFLDWHG�ZLWK�HDFK�LV�D�VHW�RI�WUDQVIHU�DQG�ORQJ�SLQLRQV��*��6��/��-�
VLPLODU�WR�WKRVH�LQ�)LJ����DQG�)LJ�����7KH�SLQLRQV�SURYLGH�IRU�WUDQV�
IHUV� EHWZHHQ� WKH� WZR� VHWV� RI� ILJXUH�ZKHHOV� DQG� VWHSSLQJV�� DV�ZH
KDYH�GHVFULEHG��$VVRFLDWHG�ZLWK�HDFK�RI�WKH�WDEOH�D[HV�LV�DQ�DGGL�
WLRQDO�D[LV��VXFK�DV� 
6��QHDU�7���WKDW�FRQQHFWV�WKH�WRS�DQG�ERWWRP
FDJHV�WR�PDNH�WKH�VWHSSLQJ�HTXLYDOHQW�WR�D�F\FOLF�VKLIW��7KH�KHDG
DQG� WDLO� D[HV�$� DQG� 
$� DUH� LQWHUFRQQHFWHG�� VR� WKDW� WKH� VWHSSLQJ
SURYLGHV�D�GRXEOH�OHQJWK�VKLIW��DQG�D�WULSOH�OHQJWK�VKLIW�LV�SRVVLEOH
EHWZHHQ�$��
$��DQG��$�

7KUHH� VHWV� RI� DQWLFLSDWLQJ� FDUU\� DSSDUDWXV� �)�� 
)�� DQG� �)�� DUH
SURYLGHG��1RUPDOO\��)�DQG�
)�DUH�DVVRFLDWHG�ZLWK�WKH�KHDG�DQG�WDLO
D[HV�$� DQG� 
$�� UHVSHFWLYHO\�� WR� SURYLGH� D�GRXEOH�OHQJWK� DFFXPX�
ODWRU�IRU�XVH�LQ�PXOWLSOLFDWLRQ��+RZHYHU��ERWK�)�DQG�
)�DUH�DVVRFL�
DWHG�ZLWK�$�LQ�VLJQHG�DGGLWLRQ�RSHUDWLRQV�
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)LJ������3ODQ�RI�WKH�JHQHUDO�DUUDQJHPHQW�RI�WKH�$QDO\WLFDO�(QJLQH��,W�DOVR�VHUYHV�DV�D�IXQFWLRQDO�EORFN�GLDJUDP��DV�H[SODLQHG�LQ�WKH�WH[W�DQG�LQ�)LJ�����
)URP�%DEEDJH���7KH�GHVLJQ�LV�GHWDLOHG�E\�WKH�QRWDWLRQV�%$%�>)@�������

)LJ������0DMRU�UHJLVWHUV�DQG�GDWD�SDWKV�RI�WKH�$QDO\WLFDO�(QJLQH��7KH�VWRUH�D[HV�DUH�DUUDQJHG�DORQJ�WKH�UDFNV�WR�WKH�ULJKW�DQG�FRPPXQLFDWH�ZLWK
WKH�PLOO�YLD�WKH�LQJUHVV�DQG�HJUHVV�D[HV��ZKLFK�DFW�DV�EXIIHU�UHJLVWHUV��7KH�PLOO�LV�DUUDQJHG�DURXQG�WKH�FHQWUDO�ZKHHOV��ZKLFK�DFW�DV�DQ�LQWHUQDO�GDWD
EXV�VHUYLFLQJ�DFFXPXODWRUV�$�DQG�
$�DQG�WDEOH�D[HV�7��WR�7��XVHG�LQ�PXOWLSOLFDWLRQ�DQG�GLYLVLRQ��)��
)��DQG��)�DUH�WKH�ILJXUH�D[HV�RI�WKH�WKUHH�VHWV
RI�DQWLFLSDWLQJ�FDUU\�DSSDUDWXV�

$IWHU�WKH�SUHOLPLQDU\�VWDJHV�RI�D�PXOWLSOLFDWLRQ�RU�GLYLVLRQ�RS�
HUDWLRQ�� QHLWKHU� WKH� LQJUHVV� D[LV� ,� QRU� WKH� FDUU\� DSSDUDWXV� �)� LV
UHTXLUHG��DQG�WKHUH�LV�QR�GHPDQG�IRU�PHPRU\�WUDQVIHUV��7KLV�DSSD�

UDWXV� FDQ�EH�XVHG� WR� SHUIRUP� VLPSOH� DGGLWLRQ� RSHUDWLRQV� FRQFXU�
UHQWO\�ZLWK� WKH�H[HFXWLRQ�RI� WKH�PXOWLSOLFDWLRQ�RU�GLYLVLRQ�RSHUD�
WLRQ�LQ�WKH�PLOO��,I�WKH�$QDO\WLFDO�(QJLQH�ZHUH�XVHG�IRU�FRPSXWLQJ



,(((�$QQDOV�RI�WKH�+LVWRU\�RI�&RPSXWLQJ��9RO������1R����������������

WDEOHV�� QHZ� FRHIILFLHQWV� FRXOG� WKXV� EH� FRPSXWHG� LQ� SDUDOOHO� E\
GLIIHUHQFH�WHFKQLTXHV�ZLWK�QR�DGGLWLRQDO�WLPH�UHTXLUHG�LQ�WKH�PLOO�
6XFK� FRQFXUUHQW� FRPSXWDWLRQV�ZRXOG� XVH� ��V�FRPSOHPHQW� DULWK�
PHWLF�DQG�VWRUH�QXPEHUV�LQ�WKLV�IRUP���6LJQ�DQG�PDJQLWXGH�DGGL�
WLRQ�ZRXOG�EH�SRVVLEOH�ZLWK�MXVW�WKH�DSSDUDWXV�VKRZQ��EXW�LW�ZRXOG
EH� FRPSOH[� DQG� VORZ���8QIRUWXQDWHO\�� ,� KDYH� OLWWOH� DGGLWLRQDO� LQ�
IRUPDWLRQ�DW�SUHVHQW�RQ�WKHVH�FRQFXUUHQW�RSHUDWLRQV�

)LJ�����VKRZV�WKUHH�EDUUHOV�DQG�DVVRFLDWHG�UHGXFLQJ�DSSDUDWXV�
,I�WKHVH�EDUUHOV�DOZD\V�PRYH�LQ�V\QFKURQL]DWLRQ��WKH\�DUH�ORJLFDOO\
HTXLYDOHQW�WR�D�VLQJOH�ODUJHU�EDUUHO��7KH�VHSDUDWLRQ�ZLOO�UHGXFH�WKH
KHLJKW�RI�HDFK�EDUUHO�WR�PRUH�PDQDJHDEOH�SURSRUWLRQV�DQG�DOORZ�D
VLPSOHU� DQG� PRUH� GLUHFW� FRQQHFWLRQ� RI� WKH� FRQWURO� OHYHUV� WR� WKH
DSSDUDWXV� WKH\� FRQWURO²ERWK� LPSRUWDQW� SUDFWLFDO� FRQVLGHUDWLRQV�
%DEEDJH� IRXQG� VLJQLILFDQW� DGYDQWDJHV� LQ� DOORZLQJ� WKH� EDUUHOV� WR
VWHS� EHWZHHQ� WKHLU� YHUWLFDOV� LQGHSHQGHQWO\� RI� RQH� DQRWKHU�� KRZ�
HYHU��DV�ZH�ZLOO�VHH�LQ�WKH�GLVFXVVLRQ�RI�VLJQHG�DGGLWLRQ�

$V�ZLWK� VR�PDQ\� RWKHU� IDFHWV� RI� WKH� GHVLJQ� RI� WKH�$QDO\WLFDO
(QJLQH��WKHUH�LV�DQ�XQPLVWDNDEO\�PRGHUQ�IHHO�DERXW�WKH�RUJDQL]D�
WLRQ�RI�WKH�VWRUH�DQG�PLOO��,W�LV�ORVW�WR�VRPH�H[WHQW�LQ�WKH�IROORZLQJ
GHVFULSWLRQ� RI� WKH� DULWKPHWLF� RSHUDWLRQV� RI� WKH� PLOO�� ZKHUH� WKH
FKDUDFWHULVWLFV�RI�WKH�VLJQ�DQG�PDJQLWXGH�GHFLPDO�DULWKPHWLF�SOD\
D�GRPLQDQW�UROH��7KH�IHHOLQJ�RI�IDPLOLDULW\�ZLOO�EH�UHWDLQHG��KRZ�
HYHU�� E\�DQ\RQH�ZKR�FRPSDUHV�%DEEDJH¶V� DOJRULWKPV�ZLWK� WKRVH
RI�GHFLPDO�PDFKLQHV��VXFK�DV�WKH�+DUYDUG�0DUN�,�RU�WKH�(1,$&�

Multiplication
,W�PD\�VHHP�VXUSULVLQJ� WR�GLVFXVV� WKH�RSHUDWLRQ�RI�PXOWLSOLFDWLRQ
LQ� WKH�$QDO\WLFDO�(QJLQH�EHIRUH� GLVFXVVLQJ� DGGLWLRQ� DQG� VXEWUDF�
WLRQ�� 6LJQHG� DGGLWLRQ� LV� ORJLFDOO\� WKH�PRVW� FRPSOH[� RSHUDWLRQ� LQ
WKH�PDFKLQH��KRZHYHU��DQG� WKH�FRQWURO� WHFKQLTXHV�XVHG� WR� LPSOH�
PHQW�LW�DUH�E\�IDU�WKH�PRVW�VRSKLVWLFDWHG��7KLV�VHTXHQFH�DOVR�SDU�
DOOHOV� WKH� RUGHU� LQ� ZKLFK� %DEEDJH� GHYHORSHG� WKH� PLFURSURJUDP
VHTXHQFHV��$OWKRXJK�PXOWLSOLFDWLRQ� XVHV� D� VXEVWDQWLDO� DPRXQW� RI
DSSDUDWXV��LW�LV�ORJLFDOO\�TXLWH�VWUDLJKWIRUZDUG�

0XOWLSOLFDWLRQ� FRPPHQFHV� E\� IHWFKLQJ� WKH� RSHUDQGV� IURP� WKH
VWRUH�YLD�LQJUHVV�D[LV�,�WR�KHDG�DQG�WDLO�D[HV�$�DQG�
$��7KH�RSHUDQG
ZLWK� WKH� OHVVHU� QXPEHU� RI� GLJLWV� �WKH� VPDOOHU� LQ� DEVROXWH�PDJQL�
WXGH��LV�XVHG�DV�WKH�PXOWLSOLHU�DQG�LV�WUDQVIHUUHG�WR��$��7KH�RWKHU
RSHUDQG�LV�XVHG�DV�WKH�PXOWLSOLFDQG��7KH�VLJQ�RI�D�QXPEHU�LV�UHS�
UHVHQWHG� E\� D� ILJXUH� ZKHHO� LQ� WKH� ��VW� FDJH� RI� HYHU\� VWRUH� DQG
ILJXUH� D[LV�� ,I� WKH� GLJLW� VWRUHG� RQ� WKH� VLJQ� ILJXUH� ZKHHO� LV� HYHQ
�]HUR�� WZR�� IRXU�� VL[�� RU� HLJKW��� WKH� QXPEHU� LV� WDNHQ� DV� SRVLWLYH�
RWKHUZLVH�DV�QHJDWLYH��$V�WKH�RSHUDQGV�DUH�IHWFKHG�IURP�WKH�VWRUH�
WKH� VLJQV�DUH� VWULSSHG�DQG�DGGHG� WR�JLYH� WKH� VLJQ�RI� WKH�SURGXFW�
%HIRUH� WKH�PXOWLSOLFDWLRQ� FRPPHQFHV�� WKH�PXOWLSOHV� IURP�RQH� WR
QLQH�RI�WKH�PXOWLSOLFDQG�DUH�PDGH�E\�UHSHDWHG�DGGLWLRQ�DQG�VWRUHG
RQ�WDEOH�D[HV�7��WR�7��

7KH�PXOWLSOLFDWLRQ�FRPPHQFHV� IURP� WKH� OHDVW� VLJQLILFDQW�GLJLW
RI�WKH�PXOWLSOLHU��$�GLJLW�RI�WKH�PXOWLSOLHU�VHOHFWV�RQH�RI�WKH�PXOWL�
SOHV�RI�WKH�PXOWLSOLFDQG�RQ�WKH�WDEOH�D[HV�DV�D�SDUWLDO�SURGXFW��7KH
SDUWLDO� SURGXFW� LV� JLYHQ� RII� WR� WKH� FHQWUDO�ZKHHOV� �DV� VKRZQ� LQ
)LJ������DQG�DGGHG�WR�WKH�GRXEOH�OHQJWK�SURGXFW�RQ�WKH�KHDG��PRVW
VLJQLILFDQW� KDOI�� DQG� WDLO� �OHDVW� VLJQLILFDQW� KDOI�� D[HV� XVLQJ� WKH
DQWLFLSDWLQJ� FDUU\� DSSDUDWXV� )� DQG� 
)�� 7KH� PXOWLSOLHU�� RQ� �$�� LV
VWHSSHG�GRZQ�WR�VHOHFW�WKH�QH[W�PXOWLSOLHU�GLJLW��DQG�WKH�WDEOH�D[HV
�LQFOXGLQJ� WKH� RQH� JLYLQJ� RII�� DUH� DOO� VWHSSHG�XS� WR� SUHVHUYH� WKH
FRUUHFW� DOLJQPHQW� RI� WKH� SDUWLDO� SURGXFWV� ZLWK� WKH� DFFXPXODWLQJ
VXP�� 6LJQLILFDQW� GLJLWV� VWHSSHG� RII� WKH� WRS� RI� WKH� WDEOH� D[HV� DUH
UHWXUQHG�WR�WKH�ERWWRP�E\�WKH�F\FOLF�QDWXUH�RI�WKH�VKLIW��$�VSHFLDO

DSSDUDWXV��FRQWUROOHG�E\�WKH�VSLUDO�D[HV��FRQWUROV�WKH�WUDQVIHU�SLQ�
LRQV�OLQNLQJ�WKH�FHQWUDO�ZKHHOV�WR�WKH�KHDG�DQG�WDLO�D[HV�WR�HQVXUH
WKDW� WKH� FRUUHFW�GLJLWV�RI� HDFK�SDUWLDO� SURGXFW� DUH� DGGHG�RQWR� WKH
KHDG�DQG�WDLO�D[HV��7KH�PXOWLSOLFDWLRQ�SURFHVV�LV�LOOXVWUDWHG�E\�WKH
H[DPSOH�LQ�7DEOH���

TABLE 1
EXAMPLE OF METHOD USED FOR MULTIPLICATION

0XOWLSOLHU
'LJLW
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:KHHOV
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1RWH��,Q�WKLV�H[DPSOH������LV�PXOWLSOLHG�E\������7KH�PXOWLSOHV�RI�WKH�PXOWL�
SOLFDQG�DUH�ILUVW�FRQVWUXFWHG�RQ�WKH�WDEOH�D[HV��(DFK�PXOWLSOLHU�GLJLW�VH�
OHFWV�D�SDUWLDO�SURGXFW�IURP�WKH�WDEOH�D[HV�DQG�DGGV�LW�WR�WKH�WRWDO�RQ�WKH
KHDG�DQG�WDLO�D[HV��7KH�WDEOH�D[HV�DUH�F\FOLFDOO\�VKLIWHG�DW�HDFK�VWHS��7KH
FHQWUDO�ZKHHOV�GLVWULEXWH�WKH�GLJLWV�RI�WKH�VHOHFWHG�SDUWLDO�SURGXFW�WR�WKH
KHDG�DQG�WDLO�D[HV

$W�WKH�HQG�RI�WKH�PXOWLSOLFDWLRQ��WKH�SURGXFW�LV�VWHSSHG��VKLIWHG�
WR� DOLJQ� LWV� GHFLPDO� SRLQW� ZLWK� WKDW� RI� WKH� RSHUDQGV� DQG� LV� WKHQ
JLYHQ� RII� WR� WKH� VWRUH� YLD� HJUHVV� D[LV� �$�� 3URYLVLRQ� LV�PDGH� IRU
KLJK�SUHFLVLRQ� PXOWLOHQJWK� PXOWLSOLFDWLRQV� WR� EH� FRPSRXQGHG
IURP�VLQJOH�OHQJWK�SURGXFWV�

7KH� WLPH� WDNHQ� IRU� PXOWLSOLFDWLRQ� GHSHQGV� RQ� WKH� QXPEHU� RI
GLJLWV� LQ� WKH� PXOWLSOLHU� DQG� WKH� DPRXQW� RI� VWHSSLQJ� UHTXLUHG� WR
DOLJQ�WKH�GHFLPDO�SRLQW�RI�WKH�SURGXFW��$ERXW�IRXU�PLQXWHV�ZRXOG
EH�UHTXLUHG�LQ�WKH�ZRUVW�FDVH�RI����GLJLW�RSHUDQGV��EXW�DERXW�WZR
PLQXWHV�PLJKW� EH� UHJDUGHG� DV�PRUH� W\SLFDO�� 6TXDUH� URRW�ZDV� LQ�
WHQGHG� WR�EH�SHUIRUPHG� LQ� WKH�$QDO\WLFDO�(QJLQH�E\�XVLQJ� DQ� LW�
HUDWLYH�IRUPXOD�HPSOR\LQJ�PXOWLSOLFDWLRQ��7R�VSHHG�WKH�HDUO\�VWHSV
RI�VXFK�D�SURFHVV��D�VSHFLDO�IRUP�RI�DSSUR[LPDWLYH�PXOWLSOLFDWLRQ
LV�SURYLGHG�� LQ�ZKLFK�RQO\� WKH�PRVW� VLJQLILFDQW� IHZ�GLJLWV�RI� WKH
PXOWLSOLHU�DUH�XVHG�

7KH�GHYHORSPHQW�RI�WKH�PXOWLSOLFDWLRQ�DOJRULWKP�SOD\HG�DQ�LP�
SRUWDQW�UROH�LQ�WKH�KLVWRU\�RI�WKH�$QDO\WLFDO�(QJLQH��EHFDXVH�LW�OHG
%DEEDJH� WR� WKH� LQYHQWLRQ� RI� WKH� DQWLFLSDWLQJ� FDUU\� WR� VSHHG� WKH
DGGLWLRQ�RI�WKH�SDUWLDO�SURGXFWV��7KH�FRPSOH[LW\�RI�WKH�DQWLFLSDWLQJ
FDUU\� DSSDUDWXV� OHG� KLP�� LQ� WXUQ�� WR� WKH� FOHDU� VHSDUDWLRQ� RI� WKH
IXQFWLRQV� RI� WKH� PLOO� DQG� VWRUH�� D� FRQFHSW� WKDW� GLG� QRW� FOHDUO\
HPHUJH� LQ� PRGHUQ� FRPSXWHUV� XQWLO� WKH� ZRUN� RI� -RKQ� YRQ� 1HX�
PDQQ�� �,Q� %DEEDJH¶V� 'LIIHUHQFH� (QJLQH�� HDFK� VWRUDJH� D[LV� KDG
DVVRFLDWHG�ZLWK�LW�D�ULSSOH�FDUU\�PHFKDQLVP��VR�WKDW�LW�EHFDPH�DQ
DFFXPXODWRU� LQ� D� VLPLODU�PDQQHU� WR� WKH� RUJDQL]DWLRQ� RI� WKH�+DU�
YDUG�0DUN�,�DQG�WKH�(1,$&��

Division
'LYLVLRQ� LV�D� OLWWOH�PRUH�FRPSOH[� WKDQ�PXOWLSOLFDWLRQ�EXW� IROORZV
JHQHUDOO\�VLPLODU�SULQFLSOHV��7KH�PXOWLSOHV�IURP�RQH�WR�QLQH�RI�WKH
GLYLVRU�DUH�ILUVW�PDGH�E\�UHSHDWHG�DGGLWLRQ�DQG�VWRUHG�RQ�WKH�WDEOH
D[HV��,Q�WKH�SURFHVV��WKH�WZR�PRVW�VLJQLILFDQW�GLJLWV�RI�HDFK�PXOWL�
SOH�DUH�VWRUHG�RQ�VSHFLDO�ILJXUH�ZKHHOV�RQ�HDFK�WDEOH�D[LV�IRU�ODWHU
XVH�LQ�GHWHUPLQLQJ�WULDO�TXRWLHQW�GLJLWV�
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)LJ������$FWLRQV�GXULQJ�WKH�PDLQ�ORRS�RI�PXOWLSOLFDWLRQ��$�SDUWLDO�SURGXFW��VHOHFWHG�E\�D�GLJLW�RI�WKH�PXOWLSOLHU��LV�JLYHQ�RII�E\�D�WDEOH�D[LV��LQ�WKLV
FDVH�7���DQG�DGGHG�WR�WKH�SURGXFW�RQ�WKH�KHDG�DQG�WDLO�D[HV�$�DQG� 
$��6LPXOWDQHRXVO\��WKH�PXOWLSOLHU�LV�VWHSSHG�GRZQ�RQ��$� WR�VHOHFW�WKH�QH[W
SDUWLDO�SURGXFW��DQG�WKH�WDEOH�D[HV�DUH�DOO�VWHSSHG�XS�WR�PDLQWDLQ�WKH�FRUUHFW�DOLJQPHQW�ZLWK�WKH�SURGXFW�

7KH� GLYLGHQG� LV� VWHSSHG� XS� RU� GRZQ� RQ� WKH� KHDG� DQG� WDLO
D[HV�WR�DOLJQ�LWV�PRVW�VLJQLILFDQW�GLJLW�ZLWK�WKH�PRVW�VLJQLILFDQW
GLJLW�RI� WKH�GLYLVRU��6WHSSLQJ� LV�GRQH��ZKHUH�SRVVLEOH��FRQFXU�
UHQWO\�ZLWK�PDNLQJ� WKH� WDEOH�RI�PXOWLSOHV� RI� WKH� GLYLVRU�� �7KH
GHFLVLRQ� RQ� KRZ� WR� VWHS� WKH� GLYLGHQG� LQYROYHV� D� VL[�ZD\
EUDQFK� LQ�D� VLQJOH�PLFURLQVWUXFWLRQ��ZKLFK�JLYHV�VRPH� LQGLFD�
WLRQ�RI�WKH�IOH[LELOLW\�RI�WKH�UHGXFLQJ�DSSDUDWXV�DVVRFLDWHG�ZLWK
WKH�EDUUHOV��

,Q�HDFK�VWHS�RI� WKH�GLYLVLRQ�� WKH�WZR�PRVW�VLJQLILFDQW�GLJLWV
RI� WKH� UHPDLQGHU� DUH� FRPSDUHG�ZLWK� WKH� WZR�PRVW� VLJQLILFDQW
GLJLWV�RI�HDFK�PXOWLSOH�RI�WKH�GLYLVRU��7KLV�FRPSDULVRQ�\LHOGV�D
FRUUHFW�HVWLPDWH�RI�WKH�QH[W�TXRWLHQW�GLJLW�H[FHSW�LQ�WKH�FDVH�LQ
ZKLFK� WKH� WZR�PRVW� VLJQLILFDQW� GLJLWV� RI� WKH� UHPDLQGHU� HTXDO
WKRVH� RI� RQH� RI� WKH� PXOWLSOHV�� ,Q� WKLV� FDVH�� WKH� WULDO� TXRWLHQW
GLJLW�PLJKW�SRVVLEO\�EH�RQH�WRR�ODUJH��7KH�PXOWLSOH�RI�WKH�GLYL�
VRU� LQGLFDWHG� E\� WKH� WULDO� TXRWLHQW� GLJLW� LV� VHOHFWHG� IURP� WKH
WDEOH� D[HV� DQG� VXEWUDFWHG� IURP� WKH� UHPDLQGHU�� ,I� WKH� QHZ� UH�
PDLQGHU� LV�QHJDWLYH�� WKH� WULDO�TXRWLHQW�GLJLW�ZDV�RQH�WRR�ODUJH�
DQG�ZH�DGG�EDFN�WKH�GLYLVRU�WR�JHQHUDWH�WKH�FRUUHFW�UHPDLQGHU�
7KH� TXRWLHQW� LV� DVVHPEOHG� GLJLW� E\� GLJLW� RQ� �$� DQG� LV� ILQDOO\
JLYHQ�RII�EDFN�WR�WKH�VWRUH�

'LYLVLRQ� LV� VRPHZKDW� VORZHU� WKDQ�PXOWLSOLFDWLRQ�� EHFDXVH� WKH
VHOHFWLRQ� DQG� VXEWUDFWLRQ� VWHSV� DUH�QRW� RYHUODSSHG��)RXU�PLQXWHV
FDQ�EH�WDNHQ�DV�D�UHSUHVHQWDWLYH�GLYLVLRQ�WLPH��$V�ZLWK�PXOWLSOLFD�
WLRQ��DQ�DSSUR[LPDWLYH�IRUP�RI�GLYLVLRQ��ZKLFK�JHQHUDWHV�RQO\�WKH
ILUVW�IHZ�VLJQLILFDQW�GLJLWV�RI�WKH�TXRWLHQW��LV�SURYLGHG�IRU�XVH�ZLWK
LWHUDWLYH�IRUPXODV�

7KH�GHYHORSPHQW�RI�GLYLVLRQ�DOVR�SOD\HG�DQ� LPSRUWDQW� UROH� LQ
WKH�KLVWRU\�RI�WKH�$QDO\WLFDO�(QJLQH��$Q�H[DPLQDWLRQ�RI�WKH�WHQWD�

WLYH�SURFHVVHV�LQYROYHG�LQ�WKH�GHWHUPLQDWLRQ�RI�WKH�TXRWLHQW�GLJLWV
ILUVW�OHG�%DEEDJH�WR�D�FOHDU�XQGHUVWDQGLQJ�RI�FRQGLWLRQDO�SURFHVVHV
FRQGLWLRQHG� E\� HYHQWV� RFFXUULQJ� GXULQJ� WKH� FDOFXODWLRQ�� $V� ZH
VDZ�� WKHVH� FRQGLWLRQDO� SURFHVVHV� DUH� FOHDUO\� HPERGLHG� LQ� WKH� UH�
GXFLQJ�DSSDUDWXV�RI�WKH�EDUUHOV�

%DEEDJH� FRQWLQXHG� WR� H[HUW� FRQVLGHUDEOH� HQHUJ\� WR� LP�
SURYLQJ� WKH� GLYLVLRQ� SURFHVV�� )LJ�� ��� VKRZV� D� ODWHU� GHVLJQ
WKDQ� WKDW� MXVW� GHVFULEHG�� 7DEOH� PDNLQJ� LV� VKRUWHQHG� E\� ILUVW
VWHSSLQJ� WKH�GLYLVRU� WR� IRUP���� WLPHV� LW�DQG� WKHQ�VXEWUDFWLQJ
WKH� GLYLVRU� WR� IRUP� WKH� QLQWK�� HLJKWK�� HWF�� PXOWLSOHV� FRQFXU�
UHQWO\� ZLWK� WKH� IRUPDWLRQ� RI� WKH� VPDOOHU� PXOWLSOHV� E\� DGGL�
WLRQ�� 7KH� VDPH� SURFHVV� FDQ� EH� DSSOLHG� LQ� PXOWLSOLFDWLRQ�� RI
FRXUVH�� %DEEDJH� DOVR� IRXQG� D�PHWKRG� RI� RYHUODSSLQJ� D� WULDO
VXEWUDFWLRQ�LQ�GLYLVLRQ�ZLWK�WKH�VHOHFWLRQ�RI�WKH�QH[W�TXRWLHQW
GLJLW� DQG� RI� DYRLGLQJ� WKH� GLIILFXOWLHV� FUHDWHG� E\� FKRRVLQJ� D
WULDO�TXRWLHQW�GLJLW�WRR�ODUJH�

Signed Addition and Subtraction
7KH�XVH�RI�D�VLJQ�DQG�PDJQLWXGH�UHSUHVHQWDWLRQ�IRU�QXPEHUV�LV
SDUWLFXODUO\�FRQYHQLHQW�LQ�PXOWLSOLFDWLRQ�DQG�GLYLVLRQ��EHFDXVH
LW� PDNHV� SRVVLEOH� D� YHU\� VLPSOH� GHWHUPLQDWLRQ� RI� WKH� VLJQ� RI
WKH�UHVXOW��$GGLWLRQ�DQG�VXEWUDFWLRQ��KRZHYHU��DUH�ERWK�FRPSOL�
FDWHG� E\� WKH� XVH� RI� D� VLJQ�DQG�PDJQLWXGH� UHSUHVHQWDWLRQ�� 7KH
$QDO\WLFDO� (QJLQH� XVHV� D� ��V�FRPSOHPHQW� UHSUHVHQWDWLRQ� LQ�
WHUQDOO\� IRU� DGGLWLRQ� DQG� VXEWUDFWLRQ�� DQG� FRQYHUVLRQV� WR� DQG
IURP� WKLV� UHSUHVHQWDWLRQ� DUH� SHUIRUPHG� DV� RSHUDQGV� DUH� UHDG
DQG�DV�UHVXOWV�DUH�VWRUHG�
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)LJ������6WDJHV�LQ�WKH�SLSHOLQH�RI�VLJQHG�DGGLWLRQ��$Q�RSHUDQG�LV�IHWFKHG�IURP�WKH�VWRUH�WR�WKH�LQJUHVV�D[LV�,��DGGHG�WR�RU�VXEWUDFWHG�IURP�WKH�WRWDO�RQ�$�
WKH�UHVXOW�FRQYHUWHG�LQWR�VLJQ�DQG�PDJQLWXGH�UHSUHVHQWDWLRQ�RQ�HJUHVV�D[LV��$��DQG�UHWXUQHG�WR�VWRUH��LQ�IRXU�VHSDUDWH�VWHSV�WKDW�FDQ�EH�RYHUODSSHG
ZLWK�RQH�DQRWKHU�IRU�GLIIHUHQW�RSHUDQGV�

$QRWKHU� FRPSOLFDWLRQ� ZDV� LQWURGXFHG� E\� WKH� IDFW� WKDW� WKH
$QDO\WLFDO�(QJLQH�GLG�QRW�SURYLGH�UHVLGXDO�VWRUDJH�EHWZHHQ�RS�
HUDWLRQV��(YHU\� UHVXOW�ZDV� UHWXUQHG� WR� WKH�VWRUH�DQG�� LI� UHTXLUHG
DV� DQ� RSHUDQG�� ZDV� DJDLQ� IHWFKHG� IURP� WKH� VWRUH� IRU� WKH� QH[W
RSHUDWLRQ��7KH�KHDG�DQG�WDLO�D[HV�ZHUH�QRW�XVHG��DV�DUH�WKH�UHJ�
LVWHUV�LQ�D�PRGHUQ�FRPSXWHU��WR�KROG�WKH�UHVXOW�RI�RQH�RSHUDWLRQ
DV�DQ�RSHUDQG�IRU�WKH�QH[W��$�VWULQJ�RI�DGGLWLRQ�RSHUDWLRQV�ZRXOG
WKHUHIRUH� EH� TXLWH� VORZ�� %DEEDJH� DYRLGHG� WKLV� GLIILFXOW\� E\
PDNLQJ�D�VWULQJ�RI�DGGLWLRQV�DQG�VXEWUDFWLRQV�WKH�EDVLF�DGGLWLYH
RSHUDWLRQ�� ,I� GHVLUHG�� RQO\� WKH� ILQDO� VXP�ZRXOG� EH� UHWXUQHG� WR
VWRUH��EXW�DQ\�RU�DOO�RI�WKH�SDUWLDO�VXPV�FRXOG�DOVR�EH�VWRUHG��$OO
WKH�SDUWLDO�VXPV�RI�D�VHULHV�FRXOG�EH�IRUPHG�DQG�VWRUHG�DV�D�QHZ
VHULHV� E\� D� VLQJOH� RSHUDWLRQ�� 7R� DFKLHYH� WKLV� HQG�� DGGLWLRQ� LV
SLSHOLQHG�VR�WKDW�VHYHUDO�RSHUDQGV�DUH�DW�GLIIHUHQW�VWDJHV�RI�SURF�
HVVLQJ�DW�RQH�LQVWDQW�

,Q� WKH� ILUVW� VWHS�RI� DQ� DGGLWLRQ� �)LJ�� ����� DQ�RSHUDQG� LV� WUDQV�
IHUUHG�IURP�WKH�VWRUH�YLD�WKH�UDFNV�WR�LQJUHVV�D[LV�,��%DEEDJH�DVVR�
FLDWHG�WZR�VLJQV�ZLWK�HDFK�RSHUDQG��7KH�DOJHEUDLF�VLJQ�LV�WKH�VLJQ
DVVRFLDWHG�ZLWK�D�YDULDEOH�LQ�D�PDWKHPDWLFDO�IRUPXOD�DQG�LV�VSHFL�
ILHG�E\�DQ�DGGLWLRQ�RU�VXEWUDFWLRQ�EHLQJ�RUGHUHG�E\�WKH�FDUGV��7KH
DFFLGHQWDO�VLJQ�LV�WKH�VLJQ�WKDW�WKH�QXPEHU�LV�IRXQG�WR�KDYH��DV�D
UHVXOW� RI� VRPH� SUHYLRXV� RSHUDWLRQ�� ZKHQ� LW� LV� IHWFKHG� IURP� WKH
VWRUH��7KH�DOJHEUDLF�DQG�DFFLGHQWDO�VLJQV�DUH�FRPELQHG�ZKHQ� WKH
RSHUDQG� LV� IHWFKHG� WR� WKH� LQJUHVV� D[LV� DQG� XVHG� WR� GHWHUPLQH
ZKHWKHU� WKH�PDJQLWXGH� RI� WKH� QXPEHU�PXVW� EH� DGGHG� WR� RU� VXE�
WUDFWHG�IURP�WKH�WRWDO�

,Q�VWHS�WZR�RI�DQ�DGGLWLRQ�� WKH�RSHUDQG�LV� WUDQVIHUUHG�IURP�LQ�
JUHVV� D[LV� ,�� YLD� WKH� FHQWUDO� ZKHHOV�� DQG� DGGHG� WR� RU� VXEWUDFWHG
IURP� KHDG� D[LV�$�� $� WHFKQLFDO� GLIILFXOW\� DULVHV� EHFDXVH� DGGLWLRQ
DQG�VXEWUDFWLRQ�FDQQRW�EH�PL[HG�LQ�WKH�DQWLFLSDWLQJ�FDUU\�DSSDUD�

WXV��7R�DYRLG�WKLV�GLIILFXOW\��ERWK�VHWV�RI�FDUU\�DSSDUDWXV�)�DQG� 
)
DUH�JHDUHG�WR�WKH�ILJXUH�ZKHHOV�RI�$�LQ�VXFK�D�ZD\�WKDW�WKH�QLQHV
RI�WKH�ILJXUH�ZKHHOV�RI�
)�DQG�$�FRUUHVSRQG�WR�WKH�]HURV�RI�)��7KH
FDUU\�DSSDUDWXV� 
)�LV�XVHG�ZKHQ�DGGLQJ�DQ�RSHUDQG��DQG�WKH�ZLUHV
SURYLGH� FDUU\� SURSDJDWLRQ� E\� QLQHV�� &DUU\� DSSDUDWXV� )� LV� XVHG
ZKHQ� VXEWUDFWLQJ�� DQG� WKH�ZLUHV� SURYLGH� ERUURZ� SURSDJDWLRQ� E\
]HURV��7KH�VLJQ�RI�WKH�VXP�LV�PDLQWDLQHG�E\�WKH�UXQQLQJ�XS�DFWLQJ
RQ�D�VLJQ�ILJXUH�ZKHHO�LQ�D���VW�FDJH��$Q�HYHQ�GLJLW�RQ�WKLV�VLJQ
ZKHHO� VLJQLILHV�D�SRVLWLYH�QXPEHU��DQ�RGG�GLJLW� VLJQLILHV�D�QHJD�
WLYH� QXPEHU�� 7KHUH� LV� QR� SURYLVLRQ� IRU� GHWHFWLRQ� RI� DULWKPHWLF
RYHUIORZ�

,I�D�SDUWLDO�VXP�LV�WR�EH�VWRUHG��LW�LV�WUDQVIHUUHG��LQ�D�WKLUG�VWHS�
IURP�KHDG�D[LV�$��YLD�WKH�FHQWUDO�ZKHHOV��WR�HJUHVV�D[LV��$��,I�WKH
VXP�LV�QHJDWLYH��LW�LV�WUDQVIHUUHG�LQ�WKH�VXEWUDFWLYH�VHQVH��DQG�FDUU\
DSSDUDWXV� �)� LV� XVHG� WR� FRQYHUW� LW� WR� WKH� FRUUHFW� VLJQ�DQG�
PDJQLWXGH�IRUP��7KH�IRXUWK�VWHS�RI�DGGLWLRQ�LV�WR�WUDQVIHU�WKH�VXP
IURP�HJUHVV�D[LV��$��YLD�WKH�UDFNV��LQWR�WKH�VWRUH�

7KH� LQWHUDFWLRQ� RI� WKH� IRXU� VWHSV� RI� WKH� DGGLWLRQ� SLSHOLQH� LV
VKRZQ�LQ�)LJ�����DQG�)LJ������7KHVH�ILJXUHV��DQG�)LJ������DUH�TXLWH
XQOLNH� DQ\�RI�%DEEDJH¶V�QRWDWLRQV� DW� WKLV� WLPH�� �'HFLSKHULQJ� WKH
GHWDLOV�RI� WKH�DGGLWLRQ�SLSHOLQH� IURP� WKH�RULJLQDO�QRWDWLRQV�ZDV�D
PRVW�GLIILFXOW�DQG�GHPDQGLQJ�WDVN��

)LJ�� ��� VKRZV� D� VLPSOH� FDVH� LQ� ZKLFK� ILYH� TXDQWLWLHV� DUH
VXPPHG�DQG�RQO\�WKHLU� WRWDO� LV�JLYHQ�RII� WR� WKH�VWRUH��7KH�RSHUD�
WLRQ�IRUPV

��QO���Q����Q��-�Q��-�Q�
ZKHUH

Q������Q�� �����-�����������-��
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�7KH�VLJQV�������-�-� WKDW�RFFXU� LQ� WKH� IRUPXOD�DUH� WKH�DOJHEUDLF
VLJQV��WKH�VLJQV���-�����-�DVVRFLDWHG�ZLWK�WKH�YDOXHV�RI�WKH�RSHU�
DQGV�DUH�WKH�DFFLGHQWDO�VLJQV���7KLV�RSHUDWLRQ�ZRXOG�WDNH�D�WRWDO�RI
DERXW� ��� VHFRQGV�� 1RWH� WKDW� DV� WKH� ILUVW� RSHUDQG� ����� LV� DGGHG
IURP�WKH�LQJUHVV�D[LV�WR�WKH�KHDG�D[LV��WKH�VHFRQG�RSHUDQG��-���LV
IHWFKHG�IURP�WKH�VWRUH�WR�WKH�RWKHU�VHW�RI�ILJXUH�ZKHHOV�RI�WKH�LQ�
JUHVV�D[LV�LQ�WKH�VDPH�F\FOH��6LPLODUO\��WKH�IHWFKLQJ�RI�HDFK�RI�WKH
RWKHU� RSHUDQGV� LV� RYHUODSSHG� ZLWK� DQ� DGGLWLRQ� WR� RU� VXEWUDFWLRQ
IURP�WKH�KHDG�D[LV�

)LJ������2YHUODSSLQJ�RI� IXQFWLRQV� LQ� WKH�SLSHOLQH� IRU� VLJQHG�DGGLWLRQ�
)LYH�RSHUDQGV�DUH�DFFXPXODWHG��DQG�RQO\�WKH�UHVXOW�LV�UHWXUQHG�WR�WKH
VWRUH�

)LJ�� ��� VKRZV� WKH� VDPH� VXPPDWLRQ� RI� ILYH� TXDQWLWLHV�� EXW� LQ
WKLV�LQVWDQFH��HYHU\�SDUWLDO�VXP�LV�JLYHQ�RII�EDFN�WR�WKH�VWRUH��7KH
RSHUDWLRQ�ZRXOG�WDNH�DERXW����VHFRQGV��,Q�WKLV�FDVH��ZH�QRWH�WKDW
WKH� VHFRQG�RSHUDQG� �-��� LV� IHWFKHG� IURP� WKH� VWRUH� WR� WKH� LQJUHVV
D[LV� LQ� WKH� VDPH� F\FOH� DV� WKH� ILUVW� SDUWLDO� VXP� ���� LV� WUDQVIHUUHG
IURP� WKH�KHDG�D[LV� WR� WKH�HJUHVV� D[LV��7KH� VHFRQG�RSHUDQG� LV�� LQ
WKH�QH[W�F\FOH��DGGHG�LQWR�WKH�WRWDO�DW�WKH�VDPH�WLPH�WKH�ILUVW�SDUWLDO
VXP� LV� JLYHQ� RII� WR� WKH� VWRUH�� 6LPLODU� RYHUODSSHG� RSHUDWLRQV� DUH
SHUIRUPHG�LQ�WKH�UHPDLQLQJ�F\FOHV�

7KH�VLJQHG�DGGLWLRQ�RSHUDWLRQ�LV�FRQWUROOHG�E\�WKUHH�EDUUHOV�WKDW
FRQWURO� WKH�DFWLRQV�RI� WKH� LQJUHVV��KHDG�� DQG�HJUHVV� D[HV�� UHVSHF�
WLYHO\�� DQG� WKH�DVVRFLDWHG�DSSDUDWXV� LQ�HDFK�FDVH��7KHVH�D[HV�DUH
WKH�LQWHUDFWLRQ�SRLQWV�RI�WKH�IRXU�VWHSV�RI�WKH�DGGLWLRQ�SLSHOLQH�

%DEEDJH�PDGH� WKH� WKUHH� EDUUHOV� VHTXHQFH� WKURXJK� WKHLU� YHUWL�
FDOV� LQGHSHQGHQWO\� RI� RQH� DQRWKHU�� 7R� XQGHUVWDQG� KLV� UHDVRQV�
FRQVLGHU�ILUVW�WKH�VLPSOHU�H[DPSOH�LQ�)LJ������7KH�VHFRQG�RSHUDQG
�-��� LV� IHWFKHG� WR� WKH� LQJUHVV� D[LV� LQ� WKH� VDPH� F\FOH� DV� WKH� ILUVW
RSHUDQG������LV�DGGHG�LQWR�WKH�WRWDO�DQG�KHQFH�PXVW�EH�UHFHLYHG�RQ
WKH� VHFRQG� VHW� RI� ILJXUH�ZKHHOV� RI� WKH� LQJUHVV� D[LV�� 7KLV� VHFRQG
RSHUDQG�LV�VXEWUDFWHG�IURP�WKH�VXP�LQ� WKH�QH[W�F\FOH��VR� WKDW� WKH
WKLUG�RSHUDQG��ZKLFK�LV�IHWFKHG�IURP�WKH�VWRUH�LQ�WKH�VDPH�F\FOH�

PXVW� EH� UHFHLYHG� RQ� WKH� ILUVW� VHW� RI� ILJXUH�ZKHHOV� RI� WKH� LQJUHVV
D[LV�� ,Q�JHQHUDO�� WKH�RSHUDQGV�ZLOO�EH� UHFHLYHG�IURP�WKH�VWRUH�DO�
WHUQDWHO\�RQWR� WKH� WZR�VHWV�RI� ILJXUH�ZKHHOV��:KLFK�VHW�RI� ILJXUH
ZKHHOV�LV�UHFHLYLQJ�PXVW�EH�UHPHPEHUHG�E\�WKH�FRQWURO�DSSDUDWXV�
VR�WKDW�WKH�WUDQVIHU�SLQLRQV�HWF��FDQ�EH�VHW�DSSURSULDWHO\��7KH�FRQ�
WURO� DSSDUDWXV�GRHV� WKLV�PRVW� HDVLO\� DQG�QDWXUDOO\�E\�KDYLQJ� WZR
VHWV�RI�VWDWHV�LQ�WKH�PLFURSURJUDP²WKDW�LV��WZR�VHWV�RI�YHUWLFDOV�RQ
WKH�EDUUHO�

)LJ������2YHUODSSLQJ�RI� IXQFWLRQV� LQ� WKH�SLSHOLQH� IRU� VLJQHG�DGGLWLRQ�
7KH�VDPH�ILYH�RSHUDQGV�DUH�DFFXPXODWHG�DV�LQ�)LJ������EXW�HDFK�RI�WKH
ILYH�SDUWLDO�VXPV�LV�UHWXUQHG�WR�VWRUH�

$�QXPEHU�RI�VLPLODU�FRQGLWLRQV�QHHG�WR�EH�UHPHPEHUHG�E\�WKH
FRQWURO� PHFKDQLVP�� 7KH� ILJXUH� ZKHHOV� RI�$� DUH� DOWHUQDWHG� ZLWK
HYHU\�SDUWLDO�VXP�JLYHQ�RII�WR�WKH�VWRUH��$GGLWLRQ�RU�VXEWUDFWLRQ�RI
LQGLYLGXDO�RSHUDQGV�UHTXLUHV�GLIIHUHQW�XVDJHV�RI�WKH�FDUU\�DSSDUD�
WXV�)�DQG� 
)��$�QHJDWLYH�SDUWLDO�VXP�JLYHQ�RII�UHTXLUHV�WKH�XVH�RI
FDUU\� DSSDUDWXV� �)��ZKLFK� D�SRVLWLYH�SDUWLDO� VXP�GRHV�QRW��6LQFH
WKHVH�IRXU�FRQGLWLRQV�DUH�LQGHSHQGHQW�RI�RQH�DQRWKHU��WKH\�ZRXOG
UHTXLUH�D�WRWDO�RI����FRPSOHWH�VHWV�RI�VWDWHV�LQ�WKH�PLFURSURJUDP�RU
VHWV� RI� YHUWLFDOV� RQ� WKH� EDUUHOV�� %\� KDYLQJ� WKH� EDUUHOV� VHTXHQFH
LQGHSHQGHQWO\�RI� RQH� DQRWKHU�� WKH�EDUUHOV� DVVRFLDWHG�ZLWK� WKH� LQ�
JUHVV�DQG�HJUHVV�D[HV�UHTXLUH�RQO\�WZR�VHWV�RI�YHUWLFDOV�HDFK��DQG
WKH� EDUUHO� DVVRFLDWHG�ZLWK� WKH� KHDG� D[LV� QHHGV� RQO\� IRXU� VHWV� RI
YHUWLFDOV�
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)LJ������$�VWDWH�WUDQVLWLRQ�GLDJUDP�IRU�RQH�RI�WKH�EDUUHOV�LQ�VLJQHG�DGGLWLRQ��7KH�WUDQVLWLRQV�DUH�EHWZHHQ�WKH�YHUWLFDOV�RI�WKH�EDUUHO�FRQWUROOLQJ�WKH
DFFXPXODWRU�$�DQG�WKH�DQWLFLSDWLQJ�FDUULHV�)�DQG�
)�LQ�VLJQHG�DGGLWLRQ��VHH�)LJ�������7KH�WUDQVLWLRQV�EHWZHHQ�WKH�VWDWHV��VKRZQ�E\�WKH�DUURZV��DUH
JHQHUDOO\�PXOWLZD\�FRQGLWLRQDO�EUDQFKHV�

%\�ZD\� RI� H[DPSOH�� )LJ�� ��� VKRZV� D�PRGHUQ� VWDWH�WUDQVLWLRQ
GLDJUDP�RI�WKH�DUUDQJHPHQW�RI�WKH�EDUUHO�FRQWUROOLQJ�KHDG�D[LV�$
DQG�FDUU\�DSSDUDWXV�)�DQG� 
)���%DEEDJH�DGRSWHG�VLPLODU�GLDJUDPV
RQO\� DIWHU� �������2QO\� QLQH� YHUWLFDOV� RQ� WKH� EDUUHO� DUH� UHTXLUHG�
EXW�WZR���WKUHH���DQG�IRXU�ZD\�FRQGLWLRQDO�EUDQFKHV�RFFXU�EHWZHHQ
VWDWHV��7KH�EDUUHOV�IRU�WKH�LQJUHVV�DQG�HJUHVV�D[HV�DUH�RI�D�VLPLODU
FRPSOH[LW\��DQG�DOO�H[KLELW�D�EHDXWLIXOO\�V\PPHWULF�GLVSRVLWLRQ�RI
WKH�YHUWLFDOV�RQ�WKH�EDUUHO�

Programming the Analytical Engine
1RZ�ZH�WXUQ�WR�DQ�H[DPLQDWLRQ�RI�WKH�XVHU�OHYHO�SURJUDPPLQJ�RI
WKH� $QDO\WLFDO� (QJLQH�� ,W� VKRXOG� EH� UHPDUNHG� DW� WKH� RXWVHW� WKDW
XVHU� SURJUDPPLQJ� ZDV� WKH� OHDVW� ZHOO�GHYHORSHG� DVSHFW� RI� WKH
GHVLJQ��DQG�%DEEDJH¶V�ZRUN�LQ�WKLV�UHJDUG��DW�OHDVW�WKURXJKRXW�WKH
GHVLJQ� RI� WKH� $QDO\WLFDO� (QJLQH� GLVFXVVHG� KHUH� DQG� XQWLO� �����
VKRZV� VRPH� VHULRXV� GHILFLHQFLHV�� ,Q� DVVHVVLQJ� %DEEDJH¶V� XQGHU�
VWDQGLQJ� RI� SURJUDPPLQJ� FRQFHSWV�� ZH� VKRXOG�� ,� WKLQN�� EHDU� LQ
PLQG�WKH�FRQVLGHUDEOH�VRSKLVWLFDWLRQ�RI�KLV�PLFURSURJUDPPLQJ�DV
GHVFULEHG�LQ�WKH�SUHFHGLQJ�VHFWLRQV�

%DEEDJH�XVHG�SXQFKHG�FDUGV�WR�SURJUDP�WKH�$QDO\WLFDO�(QJLQH�
7KHVH� FDUGV� ZHUH� VWUXQJ� WRJHWKHU� E\� QDUURZ� ULEERQV�� DIWHU� WKH
PDQQHU�RI�FDUGV�IRU�WKH�-DFTXDUG�ORRP��LQWR�VWULQJV�WKDW�DUH�ORJL�
FDOO\� PRUH� FORVHO\� DQDORJRXV� WR� SDSHU� WDSH� WKDQ� WR� PRGHUQ
SXQFKHG�FDUGV��7KHUHIRUH��LW�LV�SRVVLEOH�WR�PRYH�ERWK�IRUZDUG�DQG
EDFNZDUG� WKURXJK� WKH� VWULQJV� RI� FDUGV�� ,Q� WKH� HDUOLHVW� GHVLJQV� RI
WKH�$QDO\WLFDO�(QJLQH��D�EDUUHO��VLPLODU� WR� WKH�PLFURSURJUDP�EDU�
UHOV��ZDV�XVHG�LQ�SODFH�RI�WKH�SXQFKHG�FDUGV��DQG�WKH�H[LVWHQFH�RI
D� KLHUDUFK\� RI� OHYHOV� RI� FRQWURO�ZDV� VWULNLQJO\� HYLGHQW�� 3XQFKHG

FDUGV�ZHUH�VXEVWLWXWHG�WR�RYHUFRPH�WKH�HYLGHQW�LQIOH[LELOLW\�RI�WKH
EDUUHO�� %DEEDJH� UHDOL]HG�� KRZHYHU�� WKDW� D� SURJUDP� RQ� SXQFKHG
FDUGV�FRXOG�EH�RI�XQOLPLWHG�H[WHQW�DQG�WKDW�E\�JLYLQJ�WKH�$QDO\WL�
FDO�(QJLQH�WKH�SRZHU�WR�UHDG�DQG�SXQFK�QXPEHUV�RQ�RWKHU�FDUGV�
KH�KDG�FUHDWHG�D�XQLYHUVDO�FDOFXODWLQJ�PDFKLQH�RI�HIIHFWLYHO\�XQ�
OLPLWHG�FDSDFLW\��$�GHILFLHQF\�RI� UHVRXUFHV� LQ� WKH�PDFKLQH�FRXOG
EH�RYHUFRPH�E\�WKH�H[SHQGLWXUH�RI�JUHDWHU�H[HFXWLRQ�WLPH�

,Q� RQH� UHVSHFW�� WKH� DUUDQJHPHQW� RI� %DEEDJH¶V� FDUGV� DSSHDUV
YHU\� VWUDQJH� WR� D�PRGHUQ� UHDGHU��$Q� RSHUDWLRQ� WR� EH� SHUIRUPHG�
VXFK�DV�D�PXOWLSOLFDWLRQ��DQG�WKH�YDULDEOHV�LQ�WKH�VWRUH�WR�EH�XVHG
DV� RSHUDQGV� DQG� WR� VWRUH� WKH� UHVXOW� ZHUH� QRW� RQO\� VSHFLILHG� RQ
VHSDUDWH�FDUGV��WKHVH�FDUGV�ZHUH�LQ�VHSDUDWH�VWULQJV�WKDW�ZHUH�DEOH
WR�EH�VHTXHQFHG�LQGHSHQGHQWO\�RI�RQH�DQRWKHU��%DEEDJH�FDOOHG�WKH
WZR� VWULQJV� RI� FDUGV� WKH�RSHUDWLRQ� FDUGV� DQG� WKH� YDULDEOH� FDUGV�
6HSDUDWH�FRXQWLQJ�DSSDUDWXVHV�ZHUH�DVVRFLDWHG�ZLWK�WKH�VWULQJV�RI
RSHUDWLRQ� DQG� YDULDEOH� FDUGV�� DQG� WKH� FDUGV� FRXOG� EH� RUGHUHG� WR
PRYH� IRUZDUG� DQG� UHYHUVH� �DQG� KHQFH� WR� ORRS�� LQGHSHQGHQWO\� RI
RQH�DQRWKHU�E\�DQ�DPRXQW�FRQWUROOHG�E\�WKH�FRXQWLQJ�DSSDUDWXV�

%DEEDJH�KDG�JRRG�UHDVRQV�WR�EDFN�KLV�GHFLVLRQ�WR�VHSDUDWH�WKH
RSHUDWLRQ� DQG�YDULDEOH� FDUGV��+LV� HDUOLHU�PDWKHPDWLFDO�ZRUN� KDG
OHG�KLP�WR�D�VHULRXV�VWXG\�RI�PDWKHPDWLFDO�QRWDWLRQ���DQG�KH�HP�
SKDVL]HG� WKH� GLVWLQFWLRQ� LQ� NLQG� EHWZHHQ� WKH� V\PEROV� IRU� RSHUD�
WLRQV�DQG�WKH�V\PEROV�IRU�WKH�TXDQWLWLHV�RQ�ZKLFK�WKH\�DFWHG��%DE�
EDJH� VDZ� WKH� RSHUDWLRQ� DQG� YDULDEOH� FDUGV� DV� UHSUHVHQWDWLYH� RI
WKHVH�WZR�FODVVHV�RI�V\PEROV�DQG�WKHUHIRUH�VDZ�WKHLU�VHSDUDWLRQ�DV
HQWDLOHG� E\� KLV� JHQHUDO� FRQVLGHUDWLRQV� RI�PDWKHPDWLFDO� QRWDWLRQ�
7KLV� RSLQLRQ� PD\� KDYH� EHHQ� UHLQIRUFHG� E\� WKH� REVHUYDWLRQ� WKDW
F\FOHV�LQ�WKH�RSHUDWLRQ�FDUGV�ZHUH�HDVLO\�IRXQG��ZKLOH�F\FOHV�LQ�WKH
YDULDEOH�FDUGV�ZHUH�YHU\�KDUG�WR�ILQG��,Q�PRGHUQ�SUDFWLFH��ZH�ZRXOG



Charles Babbage’s Analytical Engine, 1838

�������,(((�$QQDOV�RI�WKH�+LVWRU\�RI�&RPSXWLQJ��9RO������1R���������

PDNH�D�GLVWLQFWLRQ�EHWZHHQ�WKH�QDPH�RI�D�YDULDEOH��ZKLFK�LV�ZKDW�D
YDULDEOH�FDUG�UHDOO\�LV��DQG�WKH�YDOXH�LW�FRQWDLQV��UDWKHU�WKDQ�EHWZHHQ
WKH�RSHUDWLRQ�DQG�WKH�QDPH�RI�WKH�YDULDEOH��,�DP�QRW�FRQYLQFHG�WKDW
%DEEDJH�KDG�FOHDUO\� UHVROYHG�HYHQ� WKH� UHSUHVHQWDWLRQDO�GLIILFXOWLHV
WKDW�KLV�VHSDUDWLRQ�RI�RSHUDWLRQ�DQG�YDULDEOH�FDUGV� LPSOLHV��IRU�H[�
DPSOH��ZLWK�UHVSHFW�WR�JLYLQJ�RII�SDUWLDO�VXPV�LQ�VLJQHG�DGGLWLRQ���OHW
DORQH�WKH�EURDGHU�SURJUDPPLQJ�LPSOLFDWLRQV�

6RPH�WZR�GR]HQ�SURJUDPV�IRU�WKH�$QDO\WLFDO�(QJLQH�H[LVW�WKDW
DUH�GDWHG�EHWZHHQ������DQG�������6WULFWO\�VSHDNLQJ��WKH\�DUH�QRW
SURJUDPV�LQ�WKH�PRGHUQ�VHQVH��EXW�DUH�ZDON�WKURXJKV�RI�SDUWLFXODU
H[HFXWLRQ�LQVWDQFHV�RI�SURJUDPV��,Q�FRQVHTXHQFH��WKH�PHFKDQLVP
E\� ZKLFK� WKH� VHTXHQFLQJ� RI� RSHUDWLRQV� LV� REWDLQHG� LV� REVFXUH�
,QGHHG��WKH�³XVHU�LQVWUXFWLRQ�VHW´�RI�WKH�$QDO\WLFDO�(QJLQH�VHHPV
QRZKHUH�WR�EH�FOHDUO\�VWDWHG�

2QH�JURXS�RI�SURJUDPV�GHDOV�ZLWK�WKH�WDEXODWLRQ�RI�SRO\QRPL�
DOV�E\�GLIIHUHQFH�WHFKQLTXHV��7KHVH�SURJUDPV�DSSHDU�QRW�WR�XVH�WKH
VLJQHG� DGGLWLRQ� RSHUDWLRQ� EXW� MXVW� WKH� ��V�FRPSOHPHQW� DGGLWLRQ
SURYLGHG�E\�LQJUHVV�D[LV�,�DQG�FDUU\�DSSDUDWXV��)��7KH�$QDO\WLFDO
(QJLQH� FRXOG� FHUWDLQO\� SHUIRUP� WKH� FDOFXODWLRQV� IRU� ZKLFK� WKH
'LIIHUHQFH�(QJLQH�ZDV� LQWHQGHG��EXW� WR�JUHDWHU�SUHFLVLRQ�DQG�XV�
LQJ�SRO\QRPLDOV�RI�KLJKHU�GHJUHH�

$�VHFRQG�JURXS�RI�SURJUDPV�GHDOV�ZLWK�WKH�WDEXODWLRQ�RI�LWHUD�
WLYH� IRUPXODV� RI� YDU\LQJ� FRPSOH[LW\�� )UHTXHQWO\�� WKHVH� SURJUDPV
LQYROYH�WKH�WDEXODWLRQ�RI�D�SRO\QRPLDO�E\�GLIIHUHQFH�WHFKQLTXHV�DV
D�VXEIXQFWLRQ��7KH�PRVW�FRPSOH[�SURJUDP�RI�WKLV�VW\OH�LV�WKDW�IRU
WKH�%HUQRXOOL�QXPEHUV�LQFOXGHG�LQ�/RYHODFH¶V�QRWHV�WR�0HQDEUHD¶V
SDSHU�RQ� WKH�$QDO\WLFDO�(QJLQH��7KLV�SURJUDP�UHTXLUHV�D�QHVWHG�
ORRS�VWUXFWXUH�ZLWK�D�YDU\LQJ�UDQJH�IRU�WKH�LQQHU�ORRS�

$� WKLUG�JURXS�RI�SURJUDPV�GHDOV�ZLWK� WKH� VROXWLRQ�RI� VLPXOWD�
QHRXV� HTXDWLRQV�E\�YDULDQWV�RI�*DXVVLDQ� HOLPLQDWLRQ��3DUW� RI� WKH
JURXS�H[SORUHV�YDULRXV�PHWKRGV�RI�GRLQJ�WKH�URZ�UHGXFWLRQV��ZLWK
D�YLHZ� WR�PLQLPL]LQJ� WKH� FRPSXWLQJ� WLPH��7KH� UHPDLQGHU�RI� WKH
SURJUDPV�H[SORUHV�ZD\V�LQ�ZKLFK�WKH�FRHIILFLHQWV�RI�WKH�HTXDWLRQV
FDQ� EH� DUUDQJHG� LQ� WKH� VWRUH�� %DEEDJH� LV� FOHDUO\� VHHNLQJ� VLPSOH
ORRSLQJ�VWUXFWXUHV�IRU�WKH�RSHUDWLRQ�DQG�YDULDEOH�FDUGV��7KH�F\FOH
RI� RSHUDWLRQ� FDUGV� LV� HDVLO\� IRXQG�� LW� LV� RI� VLPLODU� FRPSOH[LW\� WR
WKDW� UHTXLUHG� IRU� WKH� %HUQRXOOL�QXPEHUV� SURJUDP�� ,Q� WKH� ODVW� RI
WKHVH� SURJUDPV�� WKH� YDULDEOH� FDUGV� DUH� OLVWHG�� %HVLGH� JURXSV� RI
WKHP� DUH� QRWDWLRQV�� VXFK� DV�� ³OLNH� '�´� ³VRPHZKDW� OLNH� %�´� DQG
³QRW� LGHQWLFDO� ZLWK� 
&�´� $W� WKH� HQG�� WKH� QRWDWLRQ� ³1RW� VLPLODU´
VLJQLILHV�WKDW�%DEEDJH�KDG�QRW�IRXQG�WKH�ORRS�VWUXFWXUH�KH�VRXJKW�

:LWK�KLQGVLJKW��ZH�FDQ�QRWH� WKDW� LQ� WKH�$QDO\WLFDO�(QJLQH� �DW
OHDVW� XQWLO� ������� %DEEDJH� GLG� QRW� SRVVHVV� WKH� YDULDEOH�DGGUHVV
FRQFHSW�� WKDW� LV�� WKHUH�ZDV�QR�PHFKDQLVP�E\�ZKLFK� WKH�PDFKLQH
FRXOG��DV�D�UHVXOW�RI�D�FDOFXODWLRQ��VSHFLI\�D�SDUWLFXODU�YDULDEOH�LQ
WKH� VWRUH� WR� EH� XVHG� DV� WKH� RSHUDQG� IRU� DQ� LQVWUXFWLRQ�� 6XFK� D
PHFKDQLVP��XVHG�DV�DQ�DUUD\�RU�YHFWRU�LQGH[�DV�LQ�D�PRGHUQ�FRP�
SXWHU��ZRXOG�KDYH�SURYLGHG�DQ�LPPHGLDWH�VROXWLRQ�WR�WKH�GLIILFXO�
WLHV�LQ�WKH�*DXVVLDQ�HOLPLQDWLRQ�SURJUDP��%DEEDJH¶V�VWRUH�KDV�QR
VWUXFWXUH�DFFHVVLEOH�WR�WKH�SURJUDPPHU��WKH�YDULDEOH�FDUGV�VLPSO\
QRPLQDWH�VSHFLILF�VWRUH�D[HV�LQ�WRWDO�LVRODWLRQ�IURP�RQH�DQRWKHU�

2QH�SURJUDP�LQ�ZKLFK�%DEEDJH�FRPHV� WR�JULSV�ZLWK�VWUXFWXU�
LQJ�KLV�GDWD�VSDFH�IRUPV�WKH�SURGXFW�RI�WZR�SRO\QRPLDOV�E\�DFFX�
PXODWLQJ�WKH�FURVV�SURGXFWV�RI�WKH�FRHIILFLHQWV�WR�JLYH�WKH�FRHIIL�
FLHQWV�RI�WKH�SURGXFW�SRO\QRPLDO��)RU�WKLV�SURJUDP��WKH�$QDO\WLFDO
(QJLQH� LV� SURYLGHG� ZLWK� WZR� PHFKDQLVPV� IRU� UHDGLQJ� QXPEHU
FDUGV�� HDFK� ZLWK� D� VHSDUDWH� VHTXHQFLQJ� PHFKDQLVP�� 2QH� VHW� RI
FRHIILFLHQWV� LV� SODFHG� RQ� HDFK� UHDGLQJ� PHFKDQLVP�� WKHVH� DUH
PRYHG� LQGHSHQGHQWO\� WR� VHOHFW� WKH� RSHUDQGV� IRU� WKH� FURVV�

SURGXFWV�� 7KLV� DUWLILFH� LV� VFDUFHO\� D� JHQHUDO� VROXWLRQ� WR� WKH� YDUL�
DEOH�DGGUHVV�GLIILFXOW\��DOWKRXJK�WKH�SURJUDP�LQ�WKLV�LQVWDQFH�ZDV
VWUXFWXUHG�ZHOO�HQRXJK�WR�DOORZ�WKH�JHQHUDWLRQ�RI�DQ\�QXPEHU�RI
FRHIILFLHQWV�RI�WKH�SURGXFW�SRO\QRPLDO�ZLWKRXW�SURJUDP�FKDQJH�

7R�SXW�%DEEDJH¶V�GLIILFXOW\�LQWR�SHUVSHFWLYH��LW�LV�LQVWUXFWLYH�WR
UHPDUN�WKDW�QHLWKHU�WKH�+DUYDUG�0DUN�,�QRU�WKH�(1,$&�SRVVHVVHG
WKH� YDULDEOH�DGGUHVV� FRQFHSW�� DQG� ERWK� ZRXOG� KDYH� VXIIHUHG� WKH
VDPH�GLIILFXOW\�DV� WKH�$QDO\WLFDO�(QJLQH� LQ�SHUIRUPLQJ�*DXVVLDQ
HOLPLQDWLRQ��%RWK�GLG��KRZHYHU��SRVVHVV�WDEOH�ORRNXS�PHFKDQLVPV
WKDW�FRXOG�KDYH�EHHQ�XVHG�LQ�SURJUDPV�DQDORJRXV�WR�%DEEDJH¶V�IRU
IRUPLQJ�WKH�SURGXFW�RI�WZR�SRO\QRPLDOV��7KH�ILUVW�ZRUNDEOH�VROX�
WLRQ�FDPH�ZLWK�YRQ�1HXPDQQ¶V�SURSRVDO�IRU�WKH�('9$&��LQ�ZKLFK
WKH�SURJUDP�ZDV�LQ�WKH�VDPH�PHPRU\�DV�WKH�GDWD��DQG�D�FRPSXWHG
DGGUHVV�FRXOG�EH�VXEVWLWXWHG�LQ�WKH�DGGUHVV�ILHOG�RI�DQ\�LQVWUXFWLRQ�
,Q� YRQ� 1HXPDQQ¶V� KDQGV�� WKH� VWRUHG�SURJUDP� FRQFHSW� VHHPV� WR
KDYH�DPRXQWHG� WR�QRWKLQJ�PRUH� WKDQ�D�SDUWLFXODU�VROXWLRQ��DQG�D
QDVW\�RQH�DW�WKDW��WR�WKH�YDULDEOH�DGGUHVV�SUREOHP��7KH�PRUH�JHQ�
HUDO� FRQFHSWLRQ�PDGH�SRVVLEOH� LQ� D� VWRUHG�SURJUDP�PDFKLQH�RI� D
SURJUDP�EXLOGLQJ� LQVWUXFWLRQ� VHTXHQFH�� DV� LQ� DQ� DVVHPEOHU� RU
FRPSLOHU��GLG�QRW�FRPH�XQWLO�ODWHU��,W�LV�HYLGHQW�WKDW�WKH�GLIILFXOWLHV
WKDW�WURXEOHG�%DEEDJH�DOVR�WURXEOHG�WKH���WK�FHQWXU\�LQYHQWRUV�RI
FRPSXWHUV�

On the User Instruction Set
7KH�UHDGHU�PD\�KDYH�GHWHFWHG�D�FHUWDLQ�KHVLWDWLRQ�LQ�WKH�SUHFHGLQJ
VHFWLRQ��,W�LV�GLIILFXOW�WR�ZULWH�ZLWK�DXWKRULW\�RQ�WKH�SURJUDPPLQJ
DQG� XVHU�OHYHO� IDFLOLWLHV� RI� WKH� $QDO\WLFDO� (QJLQH��0RVW� RI� %DE�
EDJH¶V�SDSHUV�GHDO�ZLWK�WKH�PHFKDQLVP�RI�WKH�FRPSRQHQW�SDUWV�RI
WKH�PDFKLQH� DQG�� KHQFH��ZLWK�ZKDW� FDQ�EH� WHUPHG� WKH�PLFURSUR�
JUDPPLQJ� OHYHO�� RQO\� LQ� UDUH� LQVWDQFHV� GR� WKH� SDSHUV� DSSHDU� WR
OLPLW�WKH�IDFLOLWLHV�WKDW�PLJKW�KDYH�EHHQ�SURYLGHG�DW�WKH�SURJUDP�
PLQJ�OHYHO�

/HW�PH� WDNH� RQH� H[WUHPH� H[DPSOH�� )LJ�� ��� VKRZV� D�FRXQWLQJ
DSSDUDWXV�FRQQHFWHG�WR�WKH�VWRUH�UDFNV��,W�FRQVLVWHG�RI�VHYHUDO�VHWV
RI�WZR��DQG�WKUHH�GLJLW�FRXQWHUV�PRXQWHG�DERYH�RQH�DQRWKHU�RQ�D
VLQJOH� VHW� RI� D[HV�� $PRQJ� PDQ\� RWKHU� SXUSRVHV�� VRPH� RI� WKH
FRXQWLQJ�DSSDUDWXV�ZDV�XVHG�IRU�FDOFXODWLQJ�WKH�VWHSSLQJ�UHTXLUHG
WR�SRVLWLRQ�WKH�GHFLPDO�SRLQW�FRUUHFWO\�LQ�WKH�UHVXOW�RI�PXOWLSOLFD�
WLRQ�DQG�GLYLVLRQ��)RU�WKLV�SXUSRVH��LW�LV�FOHDUO\�QHFHVVDU\�WR�NQRZ
ZKHUH� WKH�GHFLPDO�SRLQW� LV�VXSSRVHG� WR�EH� ORFDWHG�� ,Q�%DEEDJH¶V
�����SDSHU���WKH�GHFLPDO�SRLQW�LV�IL[HG�IRU�WKH�GXUDWLRQ�RI�DQ\�RQH
SURJUDP�DQG�VSHFLILHG�E\�D�VLQJOH�ODUJH�KDQG�ZKHHO��%\�PLG������
LW�LV�PDQLSXODWHG�LQ�GHFLPDO�IRUP�DQG�LV�DSSDUHQWO\�REWDLQHG�IURP
VSHFLDO�ILJXUH�ZKHHOV�LQ�WKH�PLOO�YLD�WKH�VWRUH�UDFNV��,W�FRXOG�KDYH
EHHQ� IHWFKHG� IURP� WKH� VWRUH� DQG�FRXOG� LQGHHG�KDYH�EHHQ� IHWFKHG
DORQJ� ZLWK� HDFK� RSHUDQG� UHDG� IURP� WKH� VWRUH� ZLWK� RQO\� WULYLDO
FKDQJHV�WR�WKH�PHFKDQLVP��1RWKLQJ�LQ�WKH�PHFKDQLVP�ZRXOG�KDYH
SUHFOXGHG� %DEEDJH¶V� GHYHORSLQJ� D� IORDWLQJ�SRLQW� QXPEHU� V\V�
WHP�� ,� DP� FRQILGHQW� WKDW� KH� GLG� QRW� GR� VR� �DW� OHDVW� XQWLO� ������
EHFDXVH�� RI� FRXUVH�� LW�ZRXOG�KDYH� DOWHUHG� WKH�PLFURSURJUDPV� IRU
PXOWLSOLFDWLRQ��GLYLVLRQ��DQG��HVSHFLDOO\��VLJQHG�DGGLWLRQ�

$V� D� PRUH� PRGHVW� H[DPSOH�� FRXOG� WKH� ³IL[HG´� GHFLPDO�SRLQW
LQGLFDWLRQ�KDYH�EHHQ�DOWHUHG�LQ�WKH�VWRUH�VRPHZKHUH�WR�DFKLHYH�D
G\QDPLF� UHVFDOLQJ�RI� SUREOHPV"� ,� VLPSO\�GR�QRW� NQRZ�� DOWKRXJK
ZLWK����GLJLW�QXPEHUV�� WKHUH�FDQQRW�KDYH�EHHQ�PXFK�GHPDQG�IRU
LW�� &RXOG� WKH� OLPLWHG�SUHFLVLRQ� IRUPV� RI�PXOWLSOLFDWLRQ� DQG� GLYL�
VLRQ�� LQWHQGHG� IRU� LWHUDWLYH� DSSUR[LPDWLRQV� WR� VTXDUH� URRW� HWF��
KDYH� EHHQ� JHQHUDOO\� XVHG� IRU� ORZ�SUHFLVLRQ� FDOFXODWLRQV� LQ� WKH
PLGVW�RI�KLJK�SUHFLVLRQ�RQHV"�7KLV�LV�DQ�HPLQHQWO\�SUDFWLFDO�VXJ�
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JHVWLRQ�ZLWK�VLJQLILFDQW�VSHHG�LPSOLFDWLRQV��EXW��DJDLQ��,�VLPSO\�GR
QRW�NQRZ�HQRXJK�RI�KRZ�WKLV�IDFLOLW\�ZDV�WR�EH�XVHG�E\�WKH�SUR�
JUDPPHU�WR�GR�PRUH�WKDQ�JXHVV�DW�WKH�DQVZHU�

$�PRUH�PRGHUQ�H[DPSOH�PD\�KHOS�WR�FODULI\�WKH�LGHD�WKDW�D�PD�
FKLQH�FDQ�UHDFK�D�WKUHVKROG�OHYHO�RI�FRPSOH[LW\��RU�ULFKQHVV���DIWHU
ZKLFK�VLJQLILFDQW�IXQFWLRQDO�H[WHQVLRQV�FDQ�EH�DFKLHYHG�ZLWK�QHJOL�
JLEOH�DGGLWLRQV�WR�WKH�PHFKDQLVP��7KH�(1,$&�ZDV�QRW�GHVLJQHG�DV
D� VWRUHG�SURJUDP� PDFKLQH�� 2QO\� UHODWLYHO\� PLQRU� DGGLWLRQV� ZHUH
QHFHVVDU\�� KRZHYHU�� WR� VLPXODWH� D� VWRUHG�SURJUDP� PDFKLQH� HIIHF�
WLYHO\�ZLWK�LQVWUXFWLRQV�WDNHQ�IURP�D�IXQFWLRQ�WDEOH�XQLW�

Conclusion
%DEEDJH¶V� $QDO\WLFDO� (QJLQH� LV� UHPDUNDEO\� VRSKLVWLFDWHG�� IDU
PRUH�VR�WKDQ�KDV�SUHYLRXVO\�EHHQ�VXSSRVHG��DV�LV�PRVW�HYLGHQW�RQ
H[DPLQDWLRQ�RI�WKH�GHVLJQ�DW�WKH�OHYHO�RI�WKH�PLFURSURJUDPPLQJ�RI
WKH�RSHUDWLRQV�RI�PXOWLSOLFDWLRQ��GLYLVLRQ��DQG�VLJQHG�DGGLWLRQ�

7KH�GHVFULSWLRQV�RI�WKH�$QDO\WLFDO�(QJLQH�SURYLGHG�LQ�WKLV�SD�
SHU�DUH� LQWURGXFWRU\� LQ� WZR�VHQVHV��)LUVW�� WKH�SDSHU� LV�EDVHG�RQ�D
GHWDLOHG� DQDO\VLV� RI� OHVV� WKDQ� ��� SHUFHQW� RI� WKH� PDWHULDO� LQ� WKH
6FLHQFH�0XVHXP�FROOHFWLRQ�DQG�RQO\�D�FXUVRU\�H[DPLQDWLRQ�RI�WKH
UHPDLQGHU��'RXEWOHVV�� IXUWKHU� GHWDLOHG� H[DPLQDWLRQ�ZLOO� UHYHDO� WKH
GHVLJQ�RI�WKH�$QDO\WLFDO�(QJLQH�WR�KDYH�EHHQ�HYHQ�ULFKHU�WKDQ�,�KDYH
VXJJHVWHG��EXW�VXFK�DQ�H[DPLQDWLRQ�ZLOO�WDNH�VHYHUDO�\HDUV��6HFRQG�
WKLV�SDSHU�LV�LQWURGXFWRU\�LQ�WKH�VHQVH�WKDW�LW�SURYLGHV�RQO\�D�JUHDWO\
VLPSOLILHG�GHVFULSWLRQ�RI�WKH�GHVLJQV�RQ�ZKLFK�LW�LV�EDVHG�

7KH�VWXG\�RI�%DEEDJH¶V�$QDO\WLFDO�(QJLQH�SURYLGHV�D�UDUH�RS�
SRUWXQLW\�LQ�WKH�KLVWRU\�RI�WHFKQRORJ\��7KH�GHVLJQ�RI�WKH�$QDO\WL�
FDO�(QJLQH�ZDV� FDUULHG� WR� D� FRQVLGHUDEOH� VWDWH� RI� SHUIHFWLRQ�� EXW
WKH� GHVLJQ� ZDV� HIIHFWLYHO\� FRPSOHWHO\� LQGHSHQGHQW� RI� PRGHUQ
GHYHORSPHQWV�� %DEEDJH¶V� SDSHUV� ZHUH� QRW� VXEMHFWHG� WR� DQ\� GH�
WDLOHG�H[DPLQDWLRQ�XQWLO������DQG��KHQFH��FDQQRW�KDYH�LQIOXHQFHG
WKH�GHVLJQ�RI�PRGHUQ�FRPSXWHUV�LQ�PRUH�WKDQ�WKH�PRVW�VXSHUILFLDO
PDQQHU�

,Q� WKLV� FLUFXPVWDQFH�� LW� LV� UHPDUNDEOH� WKDW� %DEEDJH¶V� GHVLJQ
DQG�PDQ\�GHWDLOV�RI� LW� VHHP�VR� WKRURXJKO\�PRGHUQ��HVSHFLDOO\� LQ
YLHZ�RI�WKH�HQRUPRXV�GLIIHUHQFHV�LQ�WKH�WHFKQRORJ\�XVHG��,QGHHG�
,�DP�ERWKHUHG�WKDW�WKH�$QDO\WLFDO�(QJLQH�LV�WRR�PXFK�OLNH�D�PRG�
HUQ� FRPSXWHU��'R�ZH� LQIHU� WKDW� D� FRPSXWHU� FDQ� RQO\� EH� EXLOW� LQ
IXQGDPHQWDOO\�RQH�VRUW�RI�ZD\"�2U�KDYH�ZH�DOORZHG�RXUVHOYHV�WR
EH� EDFNHG� LQWR� D� FRUQHU� LQ� XVLQJ� RQO\� RQH� FRPSXWDWLRQDO� VW\OH"
3HUKDSV��LQ�WKH�ORQJ�UXQ��TXHVWLRQV�VXFK�DV�WKHVH�ZLOO�SURYH�WR�EH
LPSRUWDQW�IXQGDPHQWDO�LVVXHV�WKDW�WKH�VWXG\�RI�WKH�KLVWRU\�RI�FRP�
SXWLQJ�VKRXOG�GLVFXVV�
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