
���������	��� 
���
���������������� ��������������� �!�"�$#
% ��&	'(� ���	��)*�+)��,
"�

-/.1032547698;:�0+<=4>.

? @BA C DFEGEG@IHKJIJ

L MNEGO>P C MNQ�MNE

R



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

! "�#%$ &'#%(*)+)-,/.0&213(*.0&'45(6&87:9;(0#%7<(6=�=?>57 @A$*#%7 $CB'@A$D)+E840=�7�#F9G@:,H7 .�@A7JI

=K>57ML+(0#%7+=?>57 E5#N,/.�@:,OE5(*1F=P$D$D1Q$ B�=?>57 E�#R$C&'#R(*)+)S7 #UT

! VW.�@M#%7:(09X76Y @A(*E5(5@:,H=ZL-=�$ 7:[�E5#%7M9X92,\Y*7M(09]T
^ >57 1_,O)-,3=�9 $CB )SL 13(*.0&'45(6&87 (0#%7 =K>57 1_,/)-,H=P9 $ B )SL
` $*#a1HY
b c ,3=P=U&87 .59�=P7�,/.'T

!edf1g1H$ ` 9 ,/.0B%$*#N)S76Y @M>5$h,i@A7 $CB<(*E8E5#R$DE5#N,H(6=�7 E5#%$ &'#%(*)+)-,/.0& 13(*.6j
&'45(6&*7hT

! VW.�@M#%7:(09X76Y (*k*,O1_,3=lLm=�$ 137M(0#a. Ba40=?48#R7 E5#R$C&'#%(*)+)-,/.0& 1H(*.0&D45(6&87M9]T

! n�7o=P=�7�#p48.�Y*7�#%9�=�(*.�Yq,/.0& $ Br=K>57 9?,3&'.*,HsF@A(*.�@A7 $CB ,/)+E8137 )S7 .0=P(Mj
=t,\$D.'T

!vu�$q$'Y 7:[:(*)+E81H7 $CB<=?>57 9XL5.57 #R&*L k*7:= ` 7M7 . =?>57:$*#%L (*.�Y E5#%(5@wj
=t,i@A7xT

! VW)+E5#%$*yo76Y (*k*,O1_,H=ZLm=�$ Y*7M9?,3&'. .57 ` @A$D)+E840=P7 #f1H(*.0&D45(6&87M9]T

^ >57 ,iY*7:(09+Y*$ .5$ =rzX459�={(*E8E81HL =P$ E5#R$C&'#%(*)+)-,/.0& 1H(*.0&'45(6&*7M9 k840=
(*139X$ =P$ (*.5L-1H(*.0&'45(6&*7SBR$*#�9|E876@:,3B%L0,/.0& Y*(6=P(m(*.�Y ,/.0B%$*#N)S(6=K,H$D. E�#R$ j
@A7M9X9?,/.0&�T

^ >*,H9r>5(09<k87M@A$D)S7}7Myo7 .{)S$*#%72,/)+E8$*#R=P(*.0= ` ,3=?>~=?>57}(5Y*y:7�.0=�$CB�=?>57
` 7�k (*.�Y )S7o=�(MjP)S(5#a� 48E 13(*.0&'45(6&87:9 1_,O�w7 �p� � (*.�Y 9�=lL�137 9|>57:7:=
13(*.0&'45(6&87M9e1_,O�w7 �r�
�qT

�



� � � � 
P����
���� � ����� �����������������C�

� $'Y*7�#a. @A$D)+E840=P7 #%9 ` 7 #%7 s�#R9�= Y*7Myo7 13$DE87MY (6= "�#N,/.�@A7:=P$D. ,O. =?>57
��������� 9 koL-yo$D. 	 7 48)S(*.8. 7o= (*1WT
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store result

I/O Memory
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data
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constraints

increasing
abstraction

application

programmer
needs

requirements

language
programming

von Neumann
architecture
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Algol 68

Algol 60

FORTRAN
COBOL

Ada

1990

2000

Basic
Simula’67

SmallTalk

PL/1

CLP

Prolog
ML

LISP

C#

HAL

C

C++

Java
Haskell

Miranda

1980

1950

1960

1970
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program
source

interpreter

input data

results
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program
source

compiler

relocatable
machine code

linker

single 
relocatable

module

loader

input data

executable
unit

computer results

"�#%$C&D#%(*)S9 #N48. )+4�@M> BR(09�=�7�#r,3B�@A$D)+E*,O1376Y T
%�$D)+E*,/1H(6=t,\$D. )S( L k87 )+481 =K, j�E8>5(09X7hT �h&�T �q(0#a13L @A$D)+E*,/1H7�#%9 B%$*#
%���� @A$D)+E*,/1H7MY ,/.0=�$ % �q=?>57�. 459X76Y =?>57 % @A$D)+E*,/137 # =�$ &87 .57�#%(6=�7
=?>57 )S(5@M>*,/.57 @A$DY*7hT

�



�<B =�7 . ( >5L�k5# ,iY (*k59�=?#R(5@]= )S(5@M>*,/.57 jPk5(09X76Y (*E8E�#R$*(5@M> ,H9 459X76Y ,O.
` >*,i@M> E5#%$C&D#%(*)S9 (0#%7 @A$D)+E*,/1376Y ,/.0=�$ 13$ ` 7 # j�137Myo7 1 (*k59�=?#R(5@]= )S(Mj
@M>*,/.57 @A$DY*7 ` >*,i@M> ,\9 =?>57�. ,/.0=�7 #NE5#%7:=P76Y T
�h&�T "�#%$D13$C& � 
o(0yo(DT

program
source

compiler interpreter results

input data

code
machine
abstract

R��



��� � �O���;��� ��� � �����������

^ >57 48.*,H= ` ,O1g1�k87 =�(*40&D>0= koL � ,/) � (0#N#N,H$C=P= (*.�Y n�7�#a.�Y � 7:L]7 # T
%�$D.59|481 =�(6=K,H$D. # 
 � � I � 
 � � $D. ^ 457:9GY*(oLo9]T

�67M@]=?48#R7M9 ` ,/1/1�k87 ,O. �Dj�- $D. ^ 457M9GY*( L (6= � 
 � � E8) (*.�Y $q. �*#N,\Y*( L
(6= # 
 � � E8) ,/. �qj �'T

^ >57 #R7 ` ,/1/1�k*7 .5$D.6jl@A$D)+E848139X$*#%L E5#%(5@]=t,i@A(*1 @M13(09X9X7M9]T

c 7 ` ,/1g1

! � yo7 #Ry5,H7 ` =K>57 E5#%$C&D#%(*)+)-,/.0& 1H(*.0&D45(6&87 13(*.�Y*9G@A(*E87 (*.�Y =?>57
BR$D48#r)S(Xz $*# 13(*.0&'45(6&87 E5(0#%(5Yq,3&')S9 

E5#%$D@A76YD48#R(*1 ��$qkGz 7M@]=UjZ$*#N,H7 .0=�7MY ��BN48.�@]=K,H$D.5(*1 (*.�Y 1H$ &D,i@ T

! �h[M(*)-,/.57 Ba48.�@]=t,\$q.5(*1�E5#R$C&'#%(*)+)-,/.0& ,O.pY*7:=P(C,O10koLp137M(0#N.*,O.0& � �qT

! � ,H9G@M459X9 ,/)+E81H7�)S7 .0=P(6=K,H$D. $ B+E�#R$C&'#R(*)+)-,O.0& 13(*.0&'45(6&87M9 (*.�Y
@A$D)+E*,/137 # ja&87 .57�#%(6=t,\$D. =P$D$D139 �09|4�@M> (09 � �:j �'7:[ (*.�Y � �oj���d*% % �
` >*,i@M> B%(5@:,/1g,3=�(6=P7+=?>*,H9 E5#%$D@A7M9X9]T

�67M@]=?48#R7M9 ` ,O1g1F@A$*yo7 #�=?>57+BR$D1/13$ ` ,O.0& 


!}=K>57 BN48.�@]=K,H$D.5(*1�E5#%$C&'#R(*)+)-,O.0& 13(*.0&'45(6&87 � � � � � 1376@]=?48#R7M9 �
	
!SE5#%$ &'#%(*)+)-,/.0& 1H(*.0&'45(6&*7{E5(0#%(5Yq,3&')S9 �h@A$D.�@A7�E0=�9 (*.�Y ,H9X9|457M9 � �
1376@]=K48#%7M9 �
	

! ,/)+E81H7�)S7 .0=P(6=K,H$D. $CB E5#R$C&'#%(*)+)-,/.0& 13(*.0&'45(6&87:9 � � � 1H7M@]=?48#%7:9 �|T

VW. (5Y8Yq,H=t,\$q. =?>57�#%7 ` ,/1g1�k87+= ` $ #R7My0,\9?,H$D. 1376@]=K48#%7:9]T

R R



� � � � �;�����'�

^ >57 #R7 (0#R7 )S(*.5L #R76@A$D)+)S7�.�Y*76Y k*$D$'� 9�B%$*#�=K>*,\9p9|48kGz 7M@]= 


! 
8T � T�� 1g1/)S(*.'T � 137 )S7�.0=�9 $CB � � "�#R$C&'#%(*)+)-,/.0&�T " #R7 .0=t,i@A7

 (*1g1 � ��� �$� T

! � T c (6=P=wT<"�#%$C&'#R(*)+)-,O.0&{�6(*.0&'45(6&*7 % $q.�@A7 E0=�9 (*.�Y+"�(0#%(5Yq,3&')S9]T
"�#%7�.0=K,\@A7 
 (*1/1 � ��� �&� T

! ��T��F7o=?>*,WT "�#R$C&'#%(*)+)-,/.0& �6(*.0&D45(6&87M9 
 %�$D.�@A7�E0=�9-(*.�Y %�$D.6j
9�=K#a4�@]=�9]T d Y8Yq,H9X$D.6j c 7:9|1H7:L � ���$� � T

!ed T�df>5$ � ��T��F7o=?>*,�(*.�Y 
8T�� 1/1g)S(*.'T % $q)+E*,O137 #R9 
 "�#N,/.�@:,OE8137M9 �
^ 76@M>8.*,��D457M9 (*.�Y ^ $D$q1H9]T d Y8Yq,H9X$D.6j c 7:9|1H7:L � ���$� �'T

! ��T c ,O1g>57 1g) (*.�Y � T � (*48#R7 # T %�$D)+E*,/1H7�# � 7:9?,H&D.'T d Y8Yq,H9X$D.6j
c 7:9|1H7:L � ��� � � T

!ed T c T dfE8E*7 1 T � $'Y*7�#a. %�$D)+E*,/1H7�#+V )+E8137 )S7�.0=�(6=K,H$D. ,O. � �qT
%�(*)+k5#N,\YC&87 � .*,\yo7 #R9?,H=ZL "�#%7M9X9 � ��� � -DT

^ >57 1H7M@]=?48#R7S)S(6=P7 # ,\(*1 ` ,/1/1 k87 1H$q$*9X7 13L2k5(09X76Y-$q. =K>57M9X7Sk8$D$'� 9 (*.�Y
` ,O1g1�k87 (0yo(C,O13(*k81H7 $D. =?>57 c 7 k'T

R �



�m�M�:���M� � �
� �

^ >57 #R7 ` ,/1/1hk87SB%$D48# (09X9?,3&'.8)S7 .0=P9pk5(09X76Y $q.{=K>57{@A$q48#%9X7 )S(6=�7 # ,\(*1 T

!ed 9X9?,3&'.8)S7 .0= � � ��� �rj ^ >848#R9GY*( L � df40&'459�= 

d 9|)S(*1/1�� � E5#%$ &'#%(*) T

!ed 9X9?,3&'.8)S7 .0= # � ����� �fj ^ >848#%9GY*( L � �F7�E0=�7�)+k87 # 

d 1H(0#R&*7 # � � E�#R$C&'#R(*) T

!ed 9X9?,3&'.8)S7 .0= � � ����� �fj ^ >848#%9GY*( L # � �'7 E0=�7�)+k87 #

!ed 9X9?,3&'.8)S7 .0= � � ��� �rj ^ >848#R9GY*( L # � � @]=P$Dk87 #

�'=K4�Y*7 .0=P9 (5#R7 #%7:BR7 #N#%76Y =P$

�����	��

�����������
�������������������������! 	"��#�$"��%��"�&('��)�������!*�+�+�+%�!�(����,�-���.)��"%&	�/,��0�1���!�/2

B%$*# ,O.0BR$*#a)S(6=K,H$D. (*k8$D40= (09X9?,3&'.8)S7 .0= 9|48k8)-,H9X9?,H$D. (*.�Y E81H(6&q,\(0#N,H9|) T

d �Mj�>5$D48# 7:[:(*)-,/.5(6=K,H$D.+@A$D.59?,H9�=K,/.0& $ B�)+481 =K,/E8137S@M>5$q,i@A7 �D457:9�=K,H$D.59
(*.�Ye9|>5$*#R=;(*.59 ` 7�# �D457:9�=K,H$D.59 ` ,/1g1o@A$D.0=?# ,Ok840=P7 =?>57}#%7�)S(C,O.*,/.0& - ���
=�$ =K>57 s�.5(*1F&D#%(5Y*7hT

R '



�
� � �8�0� ������� ��
�����
���� � � ��� ��������� ����� �

�*48.�@]=t,\$D.5(*1 13(*.0&'45(6&87:9�(0#%7+9X$ jl@A(*1/1376Y k876@A(*459X7 Ba48.�@]=t,\$D.59 (5#R7+=?>57
k5(09?,\@ k84*,O1HYq,/.0& k813$'@6� 9pBN#%$D) ` >*,\@M> E5#%$ &'#%(*)S9 (5#R7 @A$D.59�=?#N4�@]=�76Y T

�*48.�@]=t,\$D.5(*1q1H(*.0&D45(6&87M9r(5#R7m,O.59|E*,/#%7MY koL )S(6=?>57 )S(6=t,i@A(*1 Ba48.�@]=t,\$D.59 T

�h[M7M@M40=K,H$D. ,H9 k5(09X76Y $q. BN48.�@]=K,H$D. (*E8E81_,i@A(6=t,\$q. � .5$C= (09X9?,3&'.8)S7 .0=
=�$ )S7�)S$*#%L 13$'@A(6=t,\$D.59]T

�*48.�@]=t,\$D.59�(0#%7rs�#%9�= j @M13(09X9 $qkGz 7M@]=�9 (*.�Ye)S(oL k87�>*,3&'>57�# jl$*#%Y*7 #Q(*.�Y � $*#
#%7M@M48#%9?,Hy:7xT

��������� df13$D. .]$ %�>848# @M> Y*7Myo7 13$DE87MY =?>57 	5j @A(*1H@M481/459 T
����
�� 
o$D>8. � @&%�(0#R=K>5L Y*7Myo7 13$DE876Y �qVW�
" T
����
�
 " T �6(*.�Yq,/. Y*7Myo7 13$DE87MY VW� c V � T
��������� ��$Dk*,/. � ,/1/.57�# Y*7:y:7�1H$DE*76Y � � T
��������� ��������� � (0y5,\Y ^ 48#a.57�# Y*7:y:7�1H$DE*76Y � ,/#%(*.�Y*( T
������� ��������� " (*481 
 4�Y*(8�+7o= (*1 Y*7:y:7�1H$qE876Y 
 (09 �w7�1/1 T

� (*.5L+,iY*7:(09}E*,H$D.57:7 #%7MY ` ,3=?>+Ba48.�@]=t,\$q.5(*1�13(*.0&'45(6&87M9 >5(0yo7 )S$*yo76Y
,/.0=�$ )S$*#%7-=?#R(5Yq,H=t,\$q.5(*1 1H(*.0&'45(6&*7M9 


! %�$D)+E8137:[-=ZL�E87:9
! 
 ,3&'>57�# jl$*#%Y*7 #�Ba48.�@]=t,\$D.59
!edf40=P$D)S(6=K,\@ )S7�)S$*#%L )S(*.5(6&*7 )S7 .0=

R �



��� � � � � <�� � � 
P� �q���:��� ��� �

� ,H9|ES,\9 =lL5E87�1H7:9X9 
 ^ >57 #%72,H9�$D.813L $D.57}Y*(6=P(6=lL5E87 �C=?>57 �qjl7:[�E5#%7:9X9?,\$D. T

a nil b c

d nil

^ >*,H9�=K#%7:7p#%7�E�#R7M9X7�.0=�9;=K>57 �DjZ7:[�E5#%7M9X9?,H$D. �������	��

����������������������������

�������6T

� �"!$#&%('�!*)��
�+%,'.-/!�0213!&45-

�76�859.:.�/8;�<9='?>
�+4A@A'&�

�"�B'$C�6$6D9E>F'2%�6�>
�"�G9�!59/:�!�0;�+4A8�0H9E>F'�>

�+4I@3'�1J�K4I8�0�9E>
�K%('.-/!�0�1A!&45-*�K4A�$0�9E>F'?>

>
>
�L-M�+%,'.-/!�0213!&45-*�+43�$0H9N>F'?>">

>
>

>
>">

^ >*,H9 Ba48.�@]=t,\$q. #%7o=?48#a.59 =K>57 ,/.0=�7�#%9X7M@]=K,H$D. $CB�= ` $ 1_,H9�=�9]T

R 3



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

� � ,\9 ( ` ,iY*7�1HL 459X76Y Ba48.�@]=t,\$q.5(*1�E5#R$C&'#%(*)+)-,/.0& 1H(*.0&D45(6&87hT

� �'=P(*.�Y*(5#%Y �m� � ` (09 $*#N,3&D,O.5(*1g13L Y*7:y:7�1H$qE876Y k:L ��T 
 (0#aE*7 #�� � (0yo7
� (5@��p457:7 . (*.�Y ��$Dk*,O. � ,/1/.57�# B%$*# =K>57M$*#R7 ) E�#R$*y0,O.0&�T-V/=2,H9S.5$ `
#%7M@A$C&'.*,H9X76Y (09{( 9?,/)+E8137 ��7�1H7o&8(*.0= >*,H&D>6j�137Myo7 1 13(*.0&'45(6&87 E5(0#R=K,\@M46j
13(5#N1HL 459X7:Ba481QBR$*# 9XL5)+k8$D1_,\@{@A$D)+E840=P(6=K,H$D.'T

� � >5(09p=?>57+BR$D1/13$ ` ,O.0& @M>5(0#%(5@]=P7 #N,H9�=K,\@A9 


! �h,O#R9�=Uj @M13(09X9 >*,3&'>57�# jl$*#%Y*7 # Ba48.�@]=K,H$D.59]T
! �D=?#N,\@]= Ba48.�@]=K,H$D.59 � @A(*1/15koL y:(*1g457 � �x,/.5y:$'� 76YmkoL E5(6=P=P7 #N.v)S(6=�@M>6j
,/.0&�T

! " $D13L�)S$*#NE8>*,i@ 9�=�(6=t,i@S=lL5E*,O.0&�T
! VW)+E81g,\@:,3= )S7 )S$*#%L )S(*.5(6&87 )S7�.0=wT

! � $DYD481H7 9XL:9�=P7 ) T

! �h[6@A7�E0=K,H$D. >5(*.�YD1_,/.0&�T

R �



���;� ��� ��� � �

c 7 9|>5(*1g1�459X7 � � � - (*.�Y =?>57 �
� � � 	 
 � �D=�(*.�Y*(0# Y � � $ B 	 7 `

o7 #R9X7ML �p,O)+E8137 )S7�.0=�(6=t,\$D.'T

��� � � 	 
 ,\9 ,O.59�=P(*1/1376Y $D. ������������� ����� ���	� 
 ��

� ��� ��������� (*.�Y =?>57
� ,/.840[ )S(5@M>*,/.57M9]T

� $D4 @A(*. Y*$ ` .81H$*(5Y ( ��� � � 	 
eBR$*# Lw$D48#�>5$D)S7v@A$D)+E840=�7�# Ba#R$D)

������� "���� ��� ����������� ��� �	
 ������� � ��� � ��
 ��� � ��� � 
�� � 
 �

R �



��� �;��� ��� � � � 
�����
���� �

� � ,\9 ,/.0=�7�#%(5@]=t,\yo7 T �
$q4 @A(*. 7 .0=P7 # 7:[�E�#R7M9X9?,H$D.59 B%$D1g13$ ` 76Y koL
9X7 )-,\@A$D13$D. 


� � % ���

� �e7:y:(*1g45(6=�7:9 =?>5727o[ E5#R7M9X9?,H$D. #R7:=K48#a.*,/.0&+=?>57 yo(*1/457 (*.�Y ,H=P9 =lL5E87 T

� � � ��� # � " � 
��

	 $C=P7v=K>5(6= ��� ,\9 (m9|E876@:,H(*1'yo(0#N,H(*k81H7 ` >*,\@M> ,H9 9X7:=<=P$ =K>57myo(*1/457v$CB
(*.5L+7:[�E5#%7:9X9?,\$D. =ZL�E87MY ,/. ,/.0=�7�#%(5@]=K,Hyo7 )S$DY*7hT

�h[ E5#%7:9X9?,\$q.59}@A(*. =�(8� 7 48E )S$*#%7-=K>5(*. $D.57 1_,O.57�


� � ��� �
# � � ���
� � � ��� # � �	� " � � � �

�F$e,3BQL]$D4 &87o= =K>57 E�#R$D)+E0=�
 # � ,3=�)S7M(*.59;=K>5(6= Lw$D4~>5(0y:7�. � =�s�.*,\9|>57MY
=lL5E*,O.0& Lw$D48#�7:[�E�#R7M9X9?,H$D.'T

VgB Lw$D4m>5(0yo7~({13(5# &87 � $*# 7:y:7�. 9|)S(*1g1 ��E�#R$C&'#R(*) =�$ #a48.m#%7 E*7M(6=�7MYD1HL �
L]$q4 Y*$q. � = ` (*.0=�=P$ =ZL�E87 ,3= (6&8(C,/. 7Myo7 #%L =t,O)S7xT ��48E8E8$C9X7 V >5(0yo7
(*. � � E5#%$C&'#R(*) ,/. =K>57 s�137 � � �
� � � � T V;@A(*. 13$*(5Y =K>57 E5#R$C&'#%(*)
Ba#R$D) =?>57 � � 9XLo9�=�7�) koLm=lL5E*,/.0&

� � 
 � � � � �
� � � ��� �

df.5L E5(6=?>8.5(*)S7 @A(*. (*E8E87:(0#r,/. =?>57 9�=K#N,/.0&�T

� $D4 137M(0yo7+=?>57 9XL:9�=P7 ) k:L-=ZL�E*,/.0& @A$D.0=?#R$D1 j � T

R�4



�f� � � � 
��

! c >5(6= (0#R7 E�#R$C&'#R(*)+)-,O.0& 13(*.0&'45(6&87M9 (*.�Y ` >5Lm=?>57:L ` 7�#%7 ,/.6j
yo7 .0=P76Y T

! 
 ,H9�=�$*# ,i@A(*1'$*y:7�#%y0,\7 ` T

! VW.0=?#R$'YD4�@]=K,H$D. =P$ �*48.�@]=t,\$q.5(*1��6(*.0&'45(6&87:9 (*.�Y � �qT

� ��� � � ��
 �

! ^ >57 13(*.0&'45(6&87M9 "�� � � (*.�Y+d Y*( ` 7�#%7}Y*7M9?,3&'.57MY{=�$+k87 48.*,Hy:7�# j
9X(*1�E5#%$C&D#%(*)+)-,/.0& 13(*.0&'45(6&87M9]T 
 $ ` ` 7 1g1 Yq,iY =K>57ML 9|4�@J@A7M7MY��
u ,Hy:7+( E8$*9X9?,/k81H7 7:[�E81H(*.5(6=t,\$q.'T

!vu ,Hy:7 = ` $ (*E8E81_,i@A(6=t,\$D.59 =K>5(6=�% ,H9 9|4*,H=P76Y =�$ (*.�Y = ` $ =K>5(6= ,3=
,H9 48.59|4*,3=�(*k8137 BR$*#UT

! ��9X7 � � =�$ 7:y:(*1g45(6=�7 �'T � � � T � (*.�Y � � � T � T �h[�E81H(C,/. =?>57
(*.59 ` 7 #UT

R �


