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It is a commonplace that computer programming is hard, especially when one
aims at creating a program that is correct. What kind of methods should be used
to reach that goal is the subject of heated debates. Our thesis is a contribution
to these discussions: To understand what computer programming is, and how it
should be done, we propose to study how it is actually done — that is, to induce
elements of method from factual observation. Our thesis takes the form of a
detailed analysis, based on a careful reconstruction, of a particular well-crafted
computer program: the first ALGOL 60 system, designed and implemented at
the Mathematical Center (now CWI) by E. W. Dijkstra and J. A. Zonneveld,
with the assistance of S. J. Christen and M. J. H. Romgens, on an Electrologica
X1 computer. It is divided into three main chapters. Chapter I presents the two
elements of the problem the Mathematical Center team was facing, namely the
ALGOL 60 language and the X1 computer. Chapter II discusses the principles
of its solution, explains the implementation choices made by the Mathematical
Center team, and compares them to other possible choices. Chapter III presents
the details of the Mathematical Center ALGOL 60 system, on an ISO C version
of that system, reverse engineered from its X1 assembler source. This program is
about 3000 lines long, and is composed of 173 subroutines working on 57 global
variables. Finally, our conclusion, in the form of 17 theses and 4 hypotheses,
indicates some lessons, in particular on computer programming methods, that
we believe can be drawn from the analysis of that particular computer program.
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Algorithm index: A, 94; Cj,53; Cg, 55 Cgz,56; Cy4, 57; Cg, 65; Cg, 71; Cy, 72; Cg, 73; Cog, 79;
Ci0, 88; C11, 89; C, 96; Dy, 63; Dy, 74; D3z, 76; Dy, 89; D, 97, Ej, 59; Eg, 60; Eg, 75, Eyg, 75;
E, 98; 1, 96; Jurr J, 98 Ry, 53, Rg, 555 R3, 56; Ry, 57; Rs, 66; Rg, 715 Ry, 72 Rg, 73;
Rg, 79; Rip, 88; Ry, 89; R, 97; X, 61; Y3, 106; Yo, 111; Y3, 113; Yy, 115; Yg, 118; Yg, 124; Y, 128.

1. <5mpty24,40,77,101,103,105> =
2. (basic symbol(24)> n= <letter3 ‘
|

— 0

digz't4> ‘ <logical values> | <delimiter6>
ERN !
|

(
3. (letterspgar) i=a|blcld|e|flglnlils|rlt|m[n|olp|a|r|s|t|u]v|wlaly]z
|a|B|c|D|E|F|G|H|I|J|K|L|M lo|P|Q|R|S|T|U|V|W]|Xx]|Y]|Z
4. (digity16:7) =01 |2|3|4|5|6|7|8]9
5. <logical value2,51> = true | false
6. delimiter2> u= (opera.tor7> | <sepa'rat0r12> | <b7‘acket13> | declarator14> | <speciﬁcator15>
7. (operatorg) = <an‘thmetic operatorg ‘ relational operatorg <logica,l opemtorlo> | <sequential opera,tar11>
8. <arithmetic opemtor7> n= 4+ | — | X | / | =+ | 0
9. <relatzonal opemtor7’50> =< | < | = | 2 | > | #
10. <logzcal operator, > t==|D | \Y | A ‘
11. (sequential opemtor7> =got | | hen ‘ else | for | do
12. sepamtor5 n= ‘ . | 10 s = ‘ [ ‘ step | until | while | comment
13. (brackety) = ( | ) | [ | ] begin | end
14. declamtor6 1= own ‘ Boolean | integer | real | array l switch | procedure
15. <spec7,ﬁcator6> = string | label | value
16. <zdentzﬁer16 28,32,35,58,59,99, 102) n= <letter3> | <identiﬁerm> <letter3> | <z’dentzﬁer16> <digz't4>
17. <unszgned znteger17 18,19,21 58) n= <dzgzt > | <unszgned znteger17> <dzglt >
18. mtegerzo = (unsigned mteger17> | + <unszgned mteger”) | - <unszgned mteger17>
19. {decimal fractzon21> 1= . (unsigned integer,,
20. (ezponent part22> = 10 (integerig
21. (decimal number,,) = (unsigned integer17> ‘ <decimal fmctionlg> | <unsigned mtegm“”) <decz'mal fraction19>
22. (unsigned number 3 44> n= <decimal number21> <ezponent part20> | <decimal numb5721> <ezponent pa7't20>
23. <number> n= <unszgned number22> | + <unsigned number22> — (unsigned number,,
24. <prope*r‘ stmng25> n= <any sequence of basic symbols not containing ¢ or ’(2)> | <empty1>
25. <open st'rmg25 26) = <proper strz'ng24> | ¢ <apen string25> ’ | <0pen st’m'ng25> <0pe'n, string g
26. strmg36 :‘ open string ,
27. e:tcpre:;szon36 n= <arithmetic ea:pression49> | <Boolean ezpression57> | <designa.tional eccpression62>
28. (variable zdentzﬁer29> n= (identiﬁer16
29. <szmpla variable 5, 86) n= <variable identiﬁer28>
30. <subscnpt eTpression g, 60) = <arithmetic e:cpression49>
31. <subscnpt listsy 33> n= <subscr’ipt ezpression3o> | <subscript list31> , <subscm’pt ezpression30>
32. <a7‘my wdentifier 33 36, 94> n= <identiﬁer16>
33. (subscripted variablez, ) = <a'r'ra,y identiﬁe’r32> [ <subsc’ript list31> ]
34. (variable 44 51 73 82) ©= (simple variable2g> <subscripted variable33>
35. <procedu7‘e wdentifier s 41 g4, 106) n= (identiﬁer15>
36. <actual parametergg ) = st'r‘mg26> | <ezpression27> | <army identzﬁersz> ‘ <switch identiﬁerw)
‘ <p7'ocedure zdentzﬁer35>
37. <lette’r string 3, 38> = <letter3> ‘ <letter str’inga7> <letter3>
38. (parameter delimiter zq, 100) =, | ) (letter strings,) : (
39. <actual parameter listgg 4) = <actun.l parameter 3¢
‘ <actual parameter lzst39> <parameter delimiter38> (actua.l parameter35>
40. <actual parameter part ,, 84> = <empty1> ‘ ( <actual parameter list39> )
41. <functwn designator, 51 ) = (p'r‘ocedure identiﬁer35> (actual parameter part4o>
42. <addmg apemtor47> n=+ | -
43. multzplymg operator46> = X | / | +
44. pmmary45 = (unsigned numbe7"22> | <variable34> | <function designator41> | ( <arithmetic ezpression49> )
45. (factor g, 46 = <p'rzma,'r‘y44> | <fa,cto7‘45> T <p'rima.'ry44
46. <term46 47> n= <factor45> | <te7‘m46> <multiplying operator43> <factor45>
47. <szmple arithmetic expression ., 49> n= <term46> | (adding operator42> <term46>
‘ <szmple arithmetic expression 4, <adding opemto'r42> <te7‘m46
48. <7, clause 49 57 62, 78> n=if <Boolean ezpression57> then
49. <anthmetzc ETPTESSION 57 30 44,49,50,75,80,90, 91> n= (simple arithmetic ea:pression47>
‘ <zf clause 48> <szmple arithmetic ezpresszon47> else <a7‘ithmetic ezpression49>
50. relation51> = (arithmetic ezpression49> <7‘elational opemtorg> <arithmetic expression4g>
51. {( Boolean p'rimary52> n= <logical values> | <variable34> | <function designat0r41> | <7‘ela.ti0’n.50>
‘ ( <Boalean expressiong, ) )
52. <Boolean secondarygs ) = (Boolean pﬂmary51> | - <Boolean primary51>
53. <Boolean facto7"53y54> n= <Boolean secondary52> ‘ <Boolean factor53> A <Boolean secondary52>
54. <Boolean term54,55> n= <Boolean factor53> | <Boolean term54> \ (Boolean fzzctor53>
55. <implication55)55> = <Boolean te’rm54> | <implication55> D <Boolean termeg,
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56. <szmple Boolean g 57) n= (implication55> ‘ <simple Boolean56> = <implication55>

57. <Boolean ETPTESSION 57 48 51,57,75,80) = <simple Boolean56>
‘ <1f clause48> <szmple Boolean56> else <Boolean ezpression57>

58. <la,l7el61 64,71,72,78,83) = <identiﬁer16> ‘ <unsigned integer17>

59. <swztch dentifier 3¢ g0, 93> n= <identiﬁer16>

60. <swztch deszgnator61> = <switch identiﬁer59> [ <subscm’pt ezpressz'on3o> ]

61. < simple designational ezpresszon62> n= label58> | <switch designator60> | ( <designational ezpression62> )

62. < designational expression yy, g1 62,76,07) = (Simple designational expressiong,
‘ <zf clause48> <szmple designational ezpression61> ‘ else <designational ezpression62>

63. <unlabeled basic statement64> 1= (assignment statement75> ‘ <go to statement76> ‘ <dummy statement77>
‘ <p7'ocedure statement g,

64. <baszc statement g, 65) n= <unlabeled basic statement63> ‘ <label58> : <basic statement64>

65. <uncondztwnal statementgg, 78) n= <basic statement64> ‘ <for statement83> ‘ <compound statement72>
| (blocks, )

66. <statement67 70,83, 107) n= <unconditional statement65> | <conditional statement79>

67. <campound tailgy, 69, 70> n= <statement66> end | <statement66> H <compound taile7>

68. <block headgg, 70> 1= begin <declamtion85> | <block head65> ; <decla7‘ation85>

69. (unlabeled compound72> = begin <compound tail67>

70. (unlabeled block71> n= <block head58> ; <compound tail57>

71. (blockgg ;1) = (unlabeled block,,) | (labelgg) : (block,, )

72. <compound statementgg 72) n= <unlabeled compound69> | <label58> : <compound statement72>

73. <left pa.rt74> = (Uamable34> =

74. <left part list,, 75) n= <left part73> | <left part list74> <left part73>

75. <asszgnment statement63> = <left part list74> <arithmetic €TPTesSION 49
‘ <left part lzst74> <Boolean ezp'r‘ession57>

76. (go to statementgs) 1= go to <designational ezpression62>

77. { dummy statement63> n= <emptyl

78. (if statement g 79> 1= (if clause 4 <unconditional statement65> | <label58> : <if statement78>

79. { conditional statement66> n= <if statement78> | <if statement78> else <statement66

80. {for list element81> n= <arithmetic €TPTession 49

<a/rzthmetzc eTPTession 44 > step <a7‘ithmetic eTPTesSIon 49 > until <a.'rithmetic €TPTesSIoN 4 >
<am’thmetic €TPTession 49 > while <Boolean eTpression ., >

81. <for list81’82> n= (for list element80> | <for list81> , <for list element80>
82. <for clausess> ::= for <vuriable34> = <fm" list81> do
83. <for statementes'%) = (for clause82> <statement66> | <label58> : <for statemant83>
84. (procedure statementgz) 1= <p'rocedure identiﬁer35> <a.ctual parameter part 4
85. declamtiones> = <type declamtionsg> ‘ <army declamtian%> | <switch declaration%)
‘ <p’rocedure declaration g
86. <type list86y89> n= <simple var’iablezg> | <simple vaﬂable29> ) <type list85>
87. <type$8’104,108 1= real | integer | Boolean
88. <local or own typesg,96> = <types7> | own <typ687>
89. (type declaration85> n= <local or own typ588> <type list36>
90. (lower bound92> n= (a'r‘ithmetic eTPTesSSIoNn 49
91. (upper bound92> = <a.'rithmetic €TPTession 44
92. (bound pairg3> = <lower boundgo> : <upper bound91>
93. <bound pair list93’94> n= <bound pair92> | <bound pair list93> ) <bound pair%)
94. <ar‘my segmentg‘},%) = <army identiﬁer32> [ <boumi pair list%) | ‘ <array identiﬁer32> ) <u.rra,y segment94>
95. <a7‘7‘ay list95,96> n= <array segment94> | <a7"ray list95> , <a7"ray segment94>
96. (array declaration85> 1= array <a7‘my list95> ‘ <local or own type ss> array <army list95>
97. (switch listwlgB) n= <designational ezpression62> ‘ <switch list97> , <designational ezpression62>
98. <sun'tch decla'r‘ation85> ::= switch <switch identiﬁer59> = <switch list97>
99. <formal pammetermo> n= <identiﬁer16>
100. <formal parameter list;qq 101) = (formal pammeter99>
formal parameter lzstmo) <pzzmmete7‘ delimiter38> < formal pammetergg>
101. formal parameter partms) n= <empty1> ( <formal parameter listwO) )
102. (1dentifier list o5 103,105) *= (identifier g | <identiﬁe7‘ list102> ) (identiﬁer15>
103. <value parthG 1= value (identifier lz'st102> ; ‘ <empty1
104. speczﬁerws ::= string | typeg7> | array | <typea7> array | label | switch ‘ procedure | <type87> procedure
105. spemﬁcatwn part s 106) = (€mpty; | specifier | g, <identiﬁer list102> ;
speczﬁcatwn pa’rtw5> <speciﬁer104> <z'dentiﬁer list102> ;
106. <procedure heading,qg) 1:= (procedure identiﬁer35> <formal parameter part101> H
<'ua,lue part103> <speciﬁcation partog
107. <procedure body4g) = statement66>
108. <pmcedu7‘e declarationgg ) ::= procedure (procedure heading106> <procedure body107>

| <type 87> procedure <procedure heading , og > <p7'ocedure body 107)
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See http://www.fibonacci.org/GHE3 for current information about this work.

This work is complemented by an electronic companion archive. It contains all the programs discussed,

and a large number of additional programs collected from the literature (see Appendix G, pp. 355 sq.).
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