
Contents

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Semantic Description Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 The Example Language While . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3 Semantics of Expressions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4 Properties of the Semantics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2. Operational Semantics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.1 Natural Semantics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2 Structural Operational Semantics . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.3 An Equivalence Result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3. More on Operational Semantics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.1 Non-sequential Language Constructs . . . . . . . . . . . . . . . . . . . . . . . . 47
3.2 Blocks and Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4. Provably Correct Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.1 The Abstract Machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.2 Specification of the Translation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.3 Correctness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.4 An Alternative Proof Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5. Denotational Semantics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.1 Direct Style Semantics: Specification . . . . . . . . . . . . . . . . . . . . . . . . 92
5.2 Fixed Point Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.3 Direct Style Semantics: Existence . . . . . . . . . . . . . . . . . . . . . . . . . . . 115



x Contents

5.4 An Equivalence Result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6. More on Denotational Semantics . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
6.1 Environments and Stores . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
6.2 Continuations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

7. Program Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
7.1 Detection of Signs Analysis: Specification . . . . . . . . . . . . . . . . . . . . 149
7.2 Detection of Signs Analysis: Existence . . . . . . . . . . . . . . . . . . . . . . . 161
7.3 Safety of the Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
7.4 Program Transformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

8. More on Program Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
8.1 Data Flow Frameworks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
8.2 Security Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
8.3 Safety of the Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

9. Axiomatic Program Verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
9.1 Direct Proofs of Program Correctness . . . . . . . . . . . . . . . . . . . . . . . 205
9.2 Partial Correctness Assertions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
9.3 Soundness and Completeness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

10. More on Axiomatic Program Verification . . . . . . . . . . . . . . . . . . . 229
10.1 Total Correctness Assertions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229
10.2 Assertions for Execution Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

11. Further Reading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247

A. Review of Notation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251

B. Implementation of Program Analysis . . . . . . . . . . . . . . . . . . . . . . . 255
B.1 The General and Monotone Frameworks . . . . . . . . . . . . . . . . . . . . . 257
B.2 The Completely Additive Framework . . . . . . . . . . . . . . . . . . . . . . . 259
B.3 Iterative Program Schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice




