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Virtually defect-free software can be generated at high productivity levels
by applying to software development the same process discipline used in
integrated circuit manufacturing.

�"� 	����� ��� 
���

�,� 2'$� * 2$� 	���1�� �-2-0-* � �,"�� (,12(232$#� (21� 5$**:),-5,� 1(6:

1(&+ � .0-&0 +�	� �'(1� .0-&0 +� 0$.* "$#� 2'$� 9�$0-� �$%$"21�

1*-& ,� -%� 2'$� $ 0*7� ���1�  ,#�  **-5$#� �-2-0-* � 2-� 5(,� 2'$� %(012

� *"-*+� � *#0(#&$�  5 0#� %-0� /3 *(27� (,� 	����� �(,"$� 2'$,�

+ ,7� -2'$0� "-+. ,($1� ' 4$� (,(2( 2$#� 1(6:1(&+ � .0-&0 +1�


�'$� 1(6:1(&+ � .0-&0 +� (1� ! 1$#� -,� 2'$� .0(,"(.*$� 2' 2� *-,&:

2$0+� 0$*( !(*(27� 0$/3(0$1�  � &0$ 2$0� #$1(&,� + 0&(,� � � +-0$

0-!312� #$1(&,�� 1-� 2' 2� 2'$� .0-#3"2� " ,� $,#30$� 2'$� 120$11� -%

31$� 5(2'-32� % (*(,&�� �'$� +$ 130$� %-0� #$2$0+(,(,&� 2'$� 0-!312:

,$11� -%�  � #$1(&,� (1� ! 1$#� -,� 2'$� 12 ,# 0#� #$4( 2(-,�� -0� 1(&+ �

%-3,#� (,�  � 12 ,# 0#� ,-0+ *� #(120(!32(-,�� �'(1� +$ 130$� (1

" **$#�  � " . !(*(27� (,#$6� ��.��� 5'("'� (1� #$%(,$#�  1� 2'$� 0 2(-

-%� 2'$� + 6(+3+�  **-5 !*$� #$1(&,� 2-*$0 ,"$� *(+(21� 2-� 2'$

20 #(2(-, *� ±�:1(&+ � 2-*$0 ,"$� *(+(21�� �'31�� %-0�  � 1(6:1(&+ 

#$1(&,� *(+(2� �.� �� 
�

�-� (**3120 2$� 1(6:1(&+ � " . !(*(27�� "-,1(#$0�  � + ,3% "230(,&

.0-"$11� (,� 5'("'�  � 2'(,� %(*+� -%� &-*#� +312� !$� 4 .-0:#$.-1(2$#

-,�  � 1(*("-,� 13!120 2$�� �3..-1$� 2' 2� 2'$� 2 0&$2� 2'("),$11� -%

2'(1� %(*+� (1� 

��  ,&120-+1�  ,#� 2' 2�  1� *(22*$�  1� 

��  ,&120-+1

-0�  1� +3"'�  1� 
���  ,&120-+1� (1� 1 2(1% "2-07�� �%�  1� 1'-5,� (,

�(&�� 	� 2'$� ±��: ,&120-+� #$1(&,� *(+(21� "-00$1.-,#� 2-� 2'$� 1(6:

1(&+ � .-(,21� -%� 2'$� ,-0+ *� #(120(!32(-,�� -,*7� -,$� "'(.� (,�  

!(**(-,� 5(**� !$� .0-#3"$#� 5(2'�  � %(*+� 2' 2� (1� $(2'$0� 2--� 2'(,� -0

2--� 2'(")�

�,�  ,7� .0 "2(" *� .0-"$11�� 2'$� .-1(2(-,� -%� 2'$� +$ ,� 5(**� 4 07�

�2� (1� &$,$0 **7�  113+$#� 2' 2� 2'(1� 4 0( 2(-,� (1�  !-32� ±	�
� 1(&+ �

�(2'� 2'(1� 1'(%2� (,� 2'$� +$ ,�  � 1(6:1(&+ � #$1(&,� 5-3*#� .0-:

#3"$� ���� . 021� .$0� +(**(-,� #$%$"2(4$�� �'(1� (1� "-,1(#$0$#� 2-� !$

1 2(1% "2-07�  ,#� (1� !$"-+(,&�  ""$.2$#�  1�  � /3 *(27� 12 ,# 0#�

� !*$� �� *(121� 2'$� #$%$"2(4$� . 021� .$0� +(**(-,� �..+�� .-11(!*$

%-0� #(%%$0$,2� 1(&+ � 4 *3$1�

�2� %(012� 2'$� 1(6:1(&+ � +$ 130$� 5 1�  ..*($#� -,*7� 2-� ' 0#5 0$

0$*( !(*(27�  ,#� + ,3% "230(,&� .0-"$11$1�� �2� 5 1� 13!1$/3$,2*7

0$"-&,(8$#� 2' 2� (2� "-3*#�  *1-� !$�  ..*($#� 2-� 1-%25 0$� /3 *(27�

�� ,3+!$0� -%� 1-%25 0$� #$4$*-.+$,2� +$2'-#-*-&($1� ' 4$

!$$,� 1'-5,� 2-� .0-#3"$� 1(6:1(&+ � /3 *(27� 1-%25 0$�� �-11(!*7

2'$� +$2'-#-*-&7� 2' 2� (1� 2'$� $ 1($12� 2-� (+.*$+$,2�  ,#� (1� 2'$

+-12� 0$.$ 2 !*$� (1�  � 2$"',(/3$� " **$#� "*$ ,0--+� 1-%25 0$

$,&(,$$0(,&�� 5'("'� 5 1� #$4$*-.$#�  2� ���� �-0.-0 2(-,�1

�$#$0 *� �712$+1� �(4(1(-,� #30(,&� 2'$� $ 0*7� 	���1��� �$�  .:

.*($#� 2'(1� +$2'-#-*-&7� (,�  � *(+(2$#� 5 7� (,�  � 27.(" *� ���

$,4(0-,+$,2�  ,#�  "'($4$#� 0$+ 0) !*$� 0$13*21�

����� ��� �,� (**3120 2(-,� -%�  � 1(6:

1(&+ � #$1(&,� 1.$"(%(" 2(-,�� ��

#$1(&,� 1.$"(%(" 2(-,� -%� ±���  ,&:
120-+1� "-00$1.-,#1� 2-�  � ±�:1(&+ 

#$1(&,�� �*1-� 1'-5,� (1� 2'$� ±	�
�
4 0( 2(-,� %0-+� 2'$� +$ ,�  1�  �

0$13*2� -%� 4 0( 2(-,1� (,� 2'$� .0-"$11�

250Å

0–6� –4� –2� 2� 4� 6�

Four Sigma

Six Sigma

Virtually No
Defects

(3.4 ppm)

Numerous Defects
(6210 Defective ppm)

Virtually No
Defects

(3.4 ppm)

Numerous Defects
(6210 Defective ppm)

–1.5� +1.5�

Mean

220Å 235Å 265Å 280Å

ppm = Parts Per Million

Part or Process Variation



�92)� 
��
� �);0)88@ %'/%6(� �3962%0� � � � � � � ��

Table I
Defective ppm for Different Sigma Values

Sigma ppm
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/#6*'/#6+%#.� $#5+5� $;� 75+0)� #� 5*146�� 0104+)14175� #0#.;5+5� 1(

10'� 1(� 6*'5'� 5'65�� 6*'� While-Do� 24+/+6+8'�� �7'56+105� #551%+#6'&
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 *'� While-Do� %105647%6� +5� &'(+0'&� #5� (1..195�

S = [While A Do B;]

9*+%*� /'#05�

S� +5� (7..;� #%*+'8'&� $;� [While A Do B;]�

 *'� 5;/$1.� S� &'016'5� 6*'� 52'%+(+%#6+10� 6*#6� 6*'� 24+/+6+8'� +5
#66'/26+0)� 61� 5#6+5(;�� 14� 6*'� (70%6+10� +6� +5� #66'/26+0)� 61� 2'4>

(14/��  *'� 5;/$1.� A� +5� 6*'� 9*+.'� 6'56�� #0&� B� +5� 6*'� 9*+.'� $1&;�

�5� #0� ':#/2.'�� S� %17.&� $'� 6*'� 52'%+(+%#6+10�� = *'� '064;� +5
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6*'� 52'%+(+%#6+10� 57%*� #5� =…9+6*+0� 
� /5��

 1� +08'56+)#6'� 9*'6*'4� +6� *#5� $''0� %1&'&� %144'%6.;�� 6*'�

(1..19+0)� 6*4''� 37'56+105� #4'� #5-'&�
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�%&0� *"�+0� 1%�1� #,/� �+6� !�1�� -/"0"+1"!� 1,� 1%"� #2+ 1&,+� !"7

#&+"!� �6� S�� 4&))� 1%"� While-Do� �)4�60� 1"/*&+�1"�� �,/� &+01�+ "�� &+

,2/� "5�*-)"�� �/"� 1%"/"� �+6� -,00&�)"� &+01�+ "0� ,#� 1%"� "+1/6� ,/

1%"� 1��)"� #,/� 4%& %� 1%"� While-Do� 4&))� $,� &+1,� �+� "+!)"00� ),,-

�" �20"� A�  �+� +"3"/� � .2&/"� �� 3�)2"� ,#� FALSE�

�%&0� 4,2)!� �--"�/� 1,� �"� �+� ,�3&,20� .2"01&,+�� �,� ,�3&,20�

1%�1� 1%"� /"�!"/� *�6� �"� 1"*-1"!� 1,� �0(� 4%6� &1� &0� "3"+� *"+7

1&,+"!�� �,4"3"/�� 1%"/"� &0� �� )� (� ,#� /"0-" 1� #,/� While-Do�
1"/*&+�1&,+�  ,+!&1&,+0� �+!� *�+6� !"#" 10� ,  2/� �" �20"� ,#

#�&)2/"� 1,� 1"/*&+�1"� #,/�  "/1�&+� &+-210�� �� -/,-"/� /"0-" 1� #,/

1%&0� .2"01&,+� 4&))�  �20"� �� -/,$/�**"/� 1,� 1�("�  �/"� 4%"+

20&+$� &1� �+!� 4&))� 0&$+&#& �+1)6� %")-� 1,� �3,&!� +,+1"/*&+�1&,+

#�&)2/"0�

�"0-" 1� #,/� 1%&0� .2"01&,+� &0� '201&#&"!� �" �20"� &1� &0� !&##& 2)1� 1,

-/,3"� While-Do� 1"/*&+�1&,+�� �+� #� 1�� &1�  �+� �"� *�1%"*�1& �))6

-/,3"+� 1%�1�� #,/� 1%"� $"+"/�)�  �0"�� &1� &0� &*-,00&�)"� 1,� -/,3"

1"/*&+�1&,+��
� �,� $2�/�+1""� 1%"�  ,//" 1+"00� ,#� �� While-Do�� &1� &0
1%"/"#,/"� +" "00�/6� 1,� !"0&$+� 0&*-)"� 1"/*&+�1&,+�  ,+!&1&,+0

1%�1�  �+� �"� "�0&)6� 3"/&#&"!� �6� &+0-" 1&,+�� �,*-)& �1"!� While-Do
1"010� *201� �"� �3,&!"!�

��� �%"+� A� &0� 1/2"�� !,"0� S� ".2�)� B� #,)),4"!� �6� S�
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1,� �� +,+&1"/�1&3"� #,/*�� �"�  %�+$"� &1� �6� &+3,(&+$� S� /" 2/7
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S = [While A Do B;] ���

�" ,*"0


S = [If A Then (B; S);] ���

�5-/"00&,+� �� &0� +,� ),+$"/� �+� &1"/�1&3"�  ,+01/2 1� �+!�  �+� �"

*,/"� /"�!&)6� -/,3"+�� �&$�� 
� 0%,40� 1%"� !&�$/�*0� #,/� 1%"0"

14,� "5-/"00&,+0�

�%"� ".2&3�)"+ "� ,#� 1%"0"� 14,� 01�1"*"+10�  �+� �"� /&$,/,20)6

!"*,+01/�1"!���� �� +,+/&$,/,20� #"")&+$� #,/� &1�  �+� �"� ,�1�&+"!

�6� ,�0"/3&+$� 1%�1� 4%"+� A� &0� 1/2"� &+� [While A Do B]�� 1%"� B� "5-/"07
0&,+� &0� "5" 21"!� ,+ "� �+!� 1%"+� 6,2� 01�/1� �1� 1%"� �"$&++&+$� �6

*�(&+$� 1%"� [While A] � 1"01� �$�&+�� �#� [While A Do B] � &0� 1/2)6� ".2�)� 1,
S�� 1%"+� ,+"�  ,2)!� &*�$&+"� 1%�1�� /�1%"/� 1%�+� 01�/1&+$� �$�&+� �1

1%"� �"$&++&+$� 4&1%� 1%"� [While A] � 1"01�� 6,2� 0&*-)6� 01�/1� �1� 1%"

�"$&++&+$� ,#� S�� �%�1�  %�+$"0� 1%"� While-Do� 1,� �� 0&*-)"� If-Then�
�+!� 1%"� -/"!& �1"� A� &0� 1"01"!� ,+)6� ,+ "�� �#� &1� &0� 1/2"�� 6,2� "5"7
 21"� B� ,+"� 1&*"� �+!� 1%"+� "5" 21"� S� 1,� #&+&0%� 1%"� -/, "00&+$�
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%")-"!� �1� �))�� �%"� S� "5-/"00&,+� &0� 01&))� &1"/�1&3"� �+!� +,4

����� ��� �&�$/�*0� ,#� 1%"� -/&*&1&3"0� While A Do B� �+!� If A Then (B; S)�

True

While A Do B

Evaluate
A

Value B

Evaluate
A

Value B

S

True

False

Continue

False

Continue

If A Then (B; S)

S

S

4"�3"� *�!"� &1� /" 2/0&3"� *�(&+$� &1� 0""*� 1%�1� 4"� %�3"� *,/"

1,� -/,3"�� �%"� /"0-,+0"� 1,� 1%&0�  ,*-)�&+1� &0� 1%�1� 4"� !,+�1
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53%� '%.%2!,):%$� 0/).4%23� #!53%� 4(%� 3!-%� +).$� /&� ;2%!3/.).'
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A[i] = B[j+k];
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As described in the accompanying article, the process of doing legal primitive
evaluation involves asking a set of mathematically derived questions about the of
basic programming primitives (e.g., If-Then-Else, For-Do, etc.) used in a program.
The following is a list of the questions that must be investigated for each primitive.

In the following list S refers to the specification that must be satisfied by the
questions asked about the referenced primitive.

• Sequence S = [A; B;]
Does S equal A followed by B?

• For-Do S = [For A Do B;]
� Does S equal first B followed by second B … followed by last B?

• If-Then S = [If A Then B;]
� If A is true, does S = B?
� If A is false, does S = S?

• If-Then-Else S = [If A Then B Else C;]
� If A is true, does S equal B?
� If A is false, does S equal C?

• Case S = [Case P part (C1) B1 … part (Cn) Bn Else E;]
� When p is C1, does S equal B1?

.

.

.
When p is Cn, does S equal Bn?
When p is not a member of set (C1, …, Cn), does S equal E?

• While-Do S = [While A Do B;]
� Is loop termination guaranteed for any argument of S?
� When A is true, does S equal B followed by S?
� When A is false, does S equal S?

• Do-Until S = [Do A Until B;]
� Is loop termination guaranteed for any argument of S?
� When B is false, does S equal A followed by S?
� When B is true, does S equal A?

• Do-While-Do S = [Do1 A While B Do2 C;]
� Is loop termination guaranteed for any argument of S?
� When B is true, does S equal A followed by C followed by S?
� When B is false, does S equal A?
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Microsoft is a U.S. registered trademark of Microsoft Corporation.

Windows is a U.S. trademark of Microsoft Corporation.


