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Abstract

Integrity constraints are important tools to express the semantics of databases and

can be used for query optimization. But no real DBMS (database management system)

have fully support the management of integrity constraints. Instead, they use triggers

to replace integrity constraints. However, the behavior of triggers is complex and the

semantics of them are hard to understand. Therefore, it is necessary to develop ap-

proaches for integrity constraints verification, and we expect the verification can be

done at compile-time so that efficiency problems can be avoided.

In this paper, we present a strategy to automatically verify the integrity constraints

of databases. Our method is based on the weakest precondition and predicate trans-

former approaches. First we reduce database integrity constraints in SQL into SQL

assertions, and then transfer assertions into FOL (first-order logic) formula. We also

investigate the semantics of the three data modification operations in SQL (INSERT,

DELETE and UPDATE). Based on the logical formalization of both SQL assertions and

data modification operations, we implement integrity constraints checking for databases

with the help of the program verification platformWhy3. For the input SQL statements,

our program translate them into WhyML program, later Why3 is called to compute the

weakest preconditions and generate the verification conditions for the back-end provers

(such as Alt-Ergo, CVC, etc.). Finally the provers will check whether the databases af-

ter executing the data modification operations satisfy the constraints. All the process is

fully automatic.

In addition, we obtain more precise backward predicate transformers for some

specified constraints. Experiments show that in these special cases, verifying these pred-

icate transformers is more efficient than the weakest precondition approach.
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3. 㸼㑺ᴳ˄ table constraint˅

4. ᮁ㿔˄ assertion˅

ඳ㑺ᴳᰃ⬅ CHECK ݇䬂ᄫ੠ CHECK Пৢⱘ᧰㋶ᴵӊᵘ៤ 䗮̍ᐌ԰Ў

CREATE DOMAIN 䇁হⱘϔ䚼ߎߚ⦄ Ӯ̍ᇍҹ䆹ඳЎ㉏ൟⱘ߫䖯㸠㑺ᴳǄඳ㑺

ᴳⱘϔ㠀ᔶᓣ೼ SQLᷛޚЁ㹿ᅮНབϟ˖

CREATE DOMAIN <domain name> AS <predefined type>
[ CONSTRAINT <constraint name> ] CHECK ( <search condition> )

݊Ёˈ<predefined type> ᣛⱘᰃ SQL 䇁㿔ݙ㕂ⱘ᭄᥂㉏ൟ˄ བ INTǃREALǃ

FLOATǃDOUBLEㄝ˅̍ <search condition>㸼⼎᧰㋶ᴵӊǄ

߫㑺ᴳ੠㸼㑺ᴳ䗮ᐌ԰Ў CREATE TABLE䇁হⱘϔ䚼ߎߚ⦄ Ѡ̍㗙䛑ৃҹ

˖Ўབϟϝ㉏ߚ

1. 䬂㑺ᴳ˄ unique constraint˅̍⬅݇䬂ᄫ UNIQUE៪ PRIMARY KEY䰤ᅮǄ

2. ໪䬂㑺ᴳ˄ referential constraint˅̍⬅݇䬂ᄫ FOREIGN KEY䰤ᅮǄ
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3. ⬅ CHECKᄤহ䰤ᅮⱘ㑺ᴳ˄ CHECK constraint˅̍ḍ᥂݇䬂ᄫ CHECKП

ৢⱘ᧰㋶ᴵӊ䖯㸠ϔ㠀ᗻⱘ䰤ᅮǄ

߫㑺ᴳ੠㸼㑺ᴳⱘϡৠ೼Ѣˈ߫ 㑺ᴳা㛑ᇍ⡍ᅮⱘ߫䖯㸠㑺ᴳ 㗠̍㸼㑺ᴳ䖬

ৃҹᇍৠϔ㸼Ёⱘϡৠ߫䖯㸠㑺ᴳ ಴̍㗠߫㑺ᴳৃҹ㹿㾚Ўᰃ㸼㑺ᴳⱘ⡍⅞ᔶ

ᓣǄџᅲϞ ḍ̍᥂ [15]੠ [4] ӏ̍ᛣⱘ߫㑺ᴳг䛑ৃҹ䕀࣪ЎㄝӋⱘ㸼㑺ᴳǄ

ᮁ㿔ᰃ SQL 䴭ᗕ㑺ᴳⱘ᳔ϔ㠀ᔶᓣ 䆌ᇍऩϾ㸼៪໮Ͼ㸼䖯㸠㑺ᴳǄᮁܕ̍

㿔೼ SQL3ᷛޚЁᅮНབϟ˖

CREATE ASSERTION <assertion name>
CHECK <search condition>

೼៥Ӏⱘ䇒乬Ё ᭄̍᥂ᑧⱘ᳈ᮄ᪡԰Џ㽕ᰃ SQL ⱘ INSERTǃDELETEǃ

UPDATE 䇁হ ḍ̍᥂ SQL ⱘ䇁⊩ᅮНߎ᠔㒭ޚᷛ 䖭̍ѯ᪡԰䛑ᰃऩ㸼᳈ᮄ Ԛ̍᧰

㋶ᴵӊৃҹ⍝ঞ໮㸼Ǆ䆒᭄᥂ᑧⱘᅠᭈᗻ㑺ᴳЎ C˄ ೼䖭䞠⬅ SQL ᮁ㿔㸼⼎˅̍

᭄᥂ᑧⱘ᳈ᮄ᪡԰Ў U˄ ೼䖭䞠⬅ SQLⱘ INSERT៪ DELETE៪ UPDATE䇁হ

㸼⼎˅̍៥ӀⱘⳂᷛᰃ Ꮖ̟ⶹ᭄᥂ᑧ B ೼ᠻ㸠 U ࠡ⒵䎇 C˄ 䆄Ў B |= C ⱘ˅ࠡᦤϟˈ

偠䆕 B ೼ᠻ㸠 U ৢᰃ৺ձ✊⒵䎇 C˄ 䆄Ў U(B) |= C Ǆ˅

3 本文结构安排

本文ⱘ㒧ᵘᅝᥦབϟ˖

㄀Ѡゴ ᘏ̟㒧ᭈϾᅠᭈᗻ㑺ᴳᠻ㸠˄ integrity constraint enforcement 乚˅ඳⱘⷨ

お䯂乬ǃߚᵤ੠↨䕗৘⾡ⷨおᮍḜǄ

㄀ϝゴ ᇍ̟԰Ў៥Ӏⷨおᇍ䈵ⱘ᭄᥂ᑧᅠᭈᗻ㑺ᴳ੠᭄᥂ᑧׂᬍ᪡԰䖯㸠䘏

䕥Ϟⱘᔶᓣ࣪ ᑊ̍㒭ߎ៥Ӏ⫼೼ SQL䇁㿔ⱘ᭄᥂ᑧᅠᭈᗻ㑺ᴳֱᣕⱘ݋ԧᮍḜǄ

㄀ಯゴ ҟ̟㒡Why3㞾ࡼ偠䆕ᑇৄҹঞ෎ѢWhy3ⱘ᭄᥂ᑧ㑺ᴳ㞾ࡼ偠䆕ⱘ

ᅲ⦄Ǆ

㄀Ѩゴ ሩ̟⼎੠ߚᵤᅲ偠㒧ᵰǄ

㄀݁ゴ ᘏ̟㒧ὖᣀ本文Ꮉ԰,ᣛߎ本文Ꮉ԰ⱘ䋵⤂੠ᄬ೼ⱘϡ䎇П໘,ᑊᇍৃ

ҹ䖯ϔℹⷨおⱘ䯂乬䖯㸠њሩᳯǄ
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数据库完整性约束执行综述

᭄᥂ᑧⱘᅠᭈᗻ㑺ᴳ˄ integrity constraint ᣛ˅ᅮњ᭄᥂ᑧ೼↣Ͼ⢊ᗕ䛑ᖙ乏

⒵䎇ⱘᴵӊǄ⬅Ѣ↣⃵᭄᥂ׂᬍ᪡԰䛑Ӯᇍ᭄᥂ᑧⱘ⢊ᗕ䗴៤ᬍবˈৃ 㛑Ӯ

Փϔѯ㑺ᴳᕫϡֱࠄᣕ ಴̍ℸ᭄᥂ᑧ䳔㽕ϔѯᴎࠊᴹֱ䆕↣⃵ᠻ㸠ᅠ᭄᥂ׂ

ᬍ᪡԰ৢ ᭄̍᥂ᑧⱘᅠᭈᗻ㑺ᴳձ✊⒵䎇Ǆᅠᭈᗻ㑺ᴳᠻ㸠˄ integrity constraint

enforcement 乚˅ඳ᠔㽕ⷨおⱘህᰃ䖭ϔ䯂乬Ǆ

1 问题定义及分类

Ўњᦣ䗄⏙Ἦ䯂乬ⱘ䳔㽕 ҹ̍ϟ៥Ӏ㒭ߎⳌ݇ⱘᔶᓣ࣪ᅮН:

䆒 U Ўᐌ䞣ⱘৃ᭄᮴䰤䲚ᵘ៤ⱘܼሔඳ f̍ Ў䘏䕥㸼䖒ᓣ˄ formula˅̍߭Ң f

Ёⱘ㞾⬅ব䞣ࠄ U Ϟⱘᐌ䞣ⱘ᯴ᇘ φ⿄Ўᇍ f ⱘϔϾⱘ䌟ؐ˄ valuation Ǆ˅

ᇍѢ᭄᥂ᑧ Bˈ݀ ᓣ f ੠ᇍ f ⱘϔϾ䌟ؐ φ 㢹᳝̍ Bφ |= f ៤ゟˈ߭ ៥Ӏ⿄ B

೼䌟ؐ φ ϟ⒵䎇 fǄ

ׂᬍ᪡԰ U ᰃϔϾҢ᭄᥂ᑧ B ᭄᥂ᑧࠄ U(B) ⱘ᯴ᇘ 㑺̍ᴳ C ᰃϔϾ䘏䕥

㸼䖒ᓣǄᇍѢׂᬍ᪡԰ U ੠㑺ᴳ C བ̍ᵰᇍѢ᠔᭄᳝᥂ᑧ B ᳝˖

B |= C ⇒ U(B) |= C

៤ゟˈ߭ ៥Ӏ⿄ U ֱᣕ C ៪̍ U ೼ C ϟᅝܼ˄ safe Ǆ˅

ḍ᥂ᇍ೼㑺ᴳ C ϟϡᅝܼⱘׂᬍ᪡԰ U ⱘ໘⧚ᮍᓣⱘϡৠ ᅠ̍ᭈᗻ㑺ᴳᠻ

㸠䯂乬ৃҹߚЎϸ໻㉏˖

1. ᅠᭈᗻ㑺ᴳẔᶹ˄ integrity constraint checking˅̟ᢦ㒱ᠻ㸠೼㑺ᴳ C ϟϡ

ᅝܼⱘׂᬍ᪡԰ UǄḍ᥂Ẕᶹ೼ׂᬍ᪡԰ U ᠻ㸠ࠡ៪ᰃᠻ㸠ৢজߚЎ

ϸ㉏˖

- ˄⌟さẔކ violation detection˅̟೼ᠻ㸠ᅠ᭄᥂ᑧׂᬍ᪡԰ U ৢᇍ

ᅠᭈᗻ㑺ᴳ䖯㸠Ẕᶹ བ̍ᵰ᭄᥂ᑧϡ⒵䎇㑺ᴳˈ߭ ᇍ U ᠻ㸠ಲ⒮

˄rollback ᪡˅԰Ǆ

- ˄さ乘䰆ކ violation prevention˅̟೼ᠻ㸠᭄᥂ᑧׂᬍ᪡԰ U ࠡᇍ
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݊䖯㸠㑺ᴳẔᶹ བ̍ᵰᠻ㸠ᅠ䆹᪡԰ৢ᭄᥂ᑧϡ⒵䎇㑺ᴳˈ߭ 䆹

᪡԰㹿Ёℶ˄ abort Ǆ˅

2. ᅠᭈᗻ㑺ᴳֱᣕ˄ integrity constraint maintenance˅̟ᇍ᭄᥂ᑧׂᬍ᪡԰ U

䖯㸠ׂℷ Փ̍ᕫׂℷৢⱘׂᬍ᪡԰ U ’ֱᣕᅠᭈᗻ㑺ᴳ CǄ

2 完整性约束检查

2 .1 冲突检测

さẔ⌟ⱘϔ⾡ᮍḜᰃᇚ᭄᥂ᑧᅠᭈᗻ㑺ᴳ䕀࣪Ўϔ㋏߫㾺থ఼ᴹ䖯㸠Ẕކ

ᶹǄ㒭ᅮ᭄᥂ᑧⱘׂᬍ᪡԰ U 䖭̍⾡ᮍḜᇚḍ᥂᭄᥂ᑧⱘᅠᭈᗻ㑺ᴳ C 生៤㾺

থ఼ 䖭̍ѯ㾺থ఼⎉Ⲫњ U ৃ㛑䖱ড C ⱘᚙމ ᔧ̍ U 㹿ᠻ㸠ᯊ 䖭̍ѯ㾺থ఼㹿▔

⌏ ᇍ̍ U ⱘᅝܼᗻ䖯㸠ẔᶹǄ

ChenǃHull੠Mcleod[10]䞛⫼њϔ⾡ৃҹ㞾ࡼ᥼ᇐᕫࠄⱘࡼᗕ㾘߭ Limited

Ambiguity Rules˄ ㅔ⿄ LAR˅̍ᑊ䩜ᇍ䴶৥ᇍ䈵᭄᥂ᑧᑨ⫼њϸ⾡ LAR ϔ̟⾡ᰃϞ

㸠 LAR ᡞ̍෎㉏˄ base class ⱘ˅ᬍবӴ䗦㒭㒻ᡓ㉏˄ derived class˅̍ϢПᇍᑨⱘᰃ঺

ϔ⾡ᡞ㒻ᡓ㉏ⱘᬍবӴ䗦㒭෎㉏ⱘϟ㸠 LARǄ⬅Ѣ LARϢ⡍ᅮⱘ᭄᥂ᑧⱘׂᬍ

᪡԰Ⳍᇍᑨ˄ event˅̍ৠᯊজᰃϔ⾡ condition-action ᔶᓣⱘ㾘߭ ᠔̍ҹ LAR ᅲ䰙

Ϟህᰃ㾺থ఼ⱘᢑ䈵㸼⼎ ⬅̍⡍ᅮⱘ᭄᥂ᑧⱘׂᬍ᪡԰▔⌏ᑊ䖯㸠ᅠᭈᗻ㑺ᴳẔ

ᶹǄLAR㹿▔⌏ৢ ᇚ̍ᣝ✻ܜϟ㸠 LARݡϞ㸠 LARⱘॳ߭ᠻ㸠ǄLARᮍ⊩䕗ད

ഄ㗗㰥њ䴶৥ᇍ䈵᭄᥂ᑧⱘ㒻ᡓ⡍ᕕᇍᅠᭈᗻ㑺ᴳⱘᕅડ Ԛ̍ैᄬ೼ϔϾЏ㽕㔎

䱋 ᇍ̟Ѣϔѯ᭄᥂ᑧⱘׂᬍ᪡԰ ᮴̍⊩㞾ࡼ᥼ᇐࡼߎᗕ㾘߭ LARǄDecker[17, 18]

ⱘᮍ⊩߭෎Ѣ SLDᔦ㒧⊩˄ Selective Linear Definite clause resolution ⱘ˅ϔ⾡ᠽሩ

SLDAI˄ SLD with Abduction and Integrity maintenance ᔦ˅㒧⊩Ǆ䖭⾡ᮍ⊩䞛⫼њ

ϔ⾡ড假ᓣⱘᔦ㒧䖛⿟ 㒭̟ᅮ᭄᥂ᑧⱘׂᬍ᪡԰ U ԰Ўᔦ㒧Ⳃᷛ੠ᔦ㒧䖛⿟ⱘ

䍋⚍ ҹ̍ৢ↣ϔℹഛḍ᥂᭄᥂ᑧⱘᅠᭈᗻ㑺ᴳҢⳂᷛЁ䗝পϔϾᄤⳂᷛخᔦ㒧ˈ

㢹ᔧࠡᄤⳂᷛ᮴⊩㹿ᔦ㒧ᯊ ᓩ̍䍋ಲ⒃ᑊ䗝ᢽϟϔϾᄤⳂᷛ䖯㸠ᔦ㒧Ǆ䖭Ͼ䖛⿟

㹿䗦ᔦᠻ㸠 Ⳉ̍ࠄ᭄᥂ᑧⱘׂᬍ᪡԰㹿䕀࣪Ўϔ㋏߫㾺থ఼ЎℶǄԚ Decker ⱘ

ᮍ⊩ৠḋ᮴⊩䗖⫼Ѣ᠔᳝ⱘ᭄᥂ᑧׂᬍ᪡԰ ᇍ̍Ѣϔѯׂᬍ᪡԰ SLDAI ᮴⊩㒭

ᔦ㒧៪㗙ᔦ㒧᳝䇃Ǆߎ

ᘏⱘᴹⳟ ᇚ᭄̍᥂ᑧᅠᭈᗻ㑺ᴳ䕀࣪Ў㾺থ఼ⱘᮍḜ᳝བϟӬ࢓˖
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- 㾺থ఼Ⳃࠡ㹿䕗໮Џ⌕᭄᥂ᑧㅵ⧚㋏㒳˄ OracleǃDB2ㄝ ᠔˅䞛⫼ 䖭̍Փᕫ

䆹ᮍḜ೼ᅲ䰙Ё᳝݋䕗དⱘৃ㸠ᗻ੠ৃᑨ⫼ᗻǄ

- ḍ᥂䆹ᮍḜ᠔থሩߎᴹⱘᮍ⊩䛑ࠄخњ㞾ࡼᗻ া᳝̍ᇍϔѯ᮴⊩᥼ᇐ៪

ᔦ㒧ⱘ᭄᥂ᑧׂᬍ᪡԰ᠡ䳔㽕ҎᎹᑆ乘 䖭̍ህ䕗དഄ㾷އњ㾺থ఼ㅵ⧚

੠㓈ᡸ䲒ⱘ䯂乬Ǆ

Ԛҡ᮴⊩䙓ܡ㾺থ఼本䑿ⱘሔ䰤ᗻ˖

- ϔᮍ䴶 ᭄̍᥂ᑧᅠᭈᗻ㑺ᴳ㹿ᬷߚ೼ϔ㋏߫㾺থ఼ⱘᅮНЁ 䖭̍ޣԢњ᭄

᥂ᑧᭈԧⱘ䇁Нֵᙃⱘৃ⧚㾷ᗻ ಴̍㗠ᕜ䲒෎Ѣ䖭ϔ㋏߫㾺থ఼ᴹᅲ⦄

ᅲ⦄䇁Нᶹ䆶Ӭ࣪˗

- ঺ϔᮍ䴶 ᔧ̍ϔᴵ SQL ੑҸ▔⌏њϔ㋏߫㾺থ఼ᯊ ⬅̍ѢϔϾ㾺থ఼ⱘ

԰ৃҹ▔⌏঺ϔϾ㾺থ఼⫮㟇݊本䑿ࡼ ಴̍㗠㹿▔⌏㾺থ఼ⱘᅲ䰙㸠Ў

䲒ҹ乘⌟Ǆ

ϢҹϞᮍ⊩Ⳍᇍᑨⱘ ᰃ̍Ӵ㒳ⱘ೼↣⃵ᠻ㸠ᅠ᭄᥂ᑧׂᬍ᪡԰ৢǃ䘡ग़᭄᥂

ᑧ䖯㸠ᅠᭈᗻ㑺ᴳẔᶹⱘᮍḜ 䖭̍⾡ᮍḜ᳝ⴔϡԢѢ O(n)ⱘᓔ䫔 ᇍ̍Ѣ㒣ᐌ㽕໘

⧚⍋䞣᭄᥂ⱘ᭄᥂ᑧㅵ⧚㋏㒳ᴹ䇈 䖭̍ḋⱘᓔ䫔Ӯᏺᴹᕜ໻ⱘᗻ㛑ᤳ༅Ǆሑㅵ

[33, 29, 27]ㄝᦤߎњϔѯӬ࣪ᮍ⊩ Ԛ̍䖭ѯӬ࣪ҡ᮴⊩ᓹ㸹䖭⾡ᬜ⥛ⱘ䰡ԢǄϡ

䖛ؐᕫϔᦤⱘᰃˈ݊ ЁϔѯᎹ԰Ꮖ㒣ᓔྟᡞ䘏䕥⿟ᑣ䆒䅵˄ logic programming ǃ˅

ᔶᓣ࣪偠䆕˄ formal verification 乚˅ඳⱘⳌ݇⧚论ᑨ⫼䖯ᴹ 䖭̍ϔᗱ䏃೼ކさ乘䰆

䯂乬ᕫࠄњᑓ⊯ⱘ䞛⫼Ǆ՟བ Lawley[27]೼ⓨ㒢᭄᥂ᑧ੠䴶৥ᇍ䈵᭄᥂ᑧЁᑨ

⫼᳔ᔅࠡ㕂ᴵӊᮍ⊩ˈM 䙓ܡᇍ㑺ᴳϡᅝܼⱘ᪡԰䖯㸠ಲ⒮᪡԰᠔ᏺᴹⱘᓔ䫔Ǆ

Lawley ⱘᮍ⊩ⱘϔ໻㔎䱋ᰃ⫼ᴹ᥼ᇐ᳔ᔅࠡ㕂ᴵӊⱘ㓪⿟䇁㿔ै䖛Ѣㅔऩ ⫮̍

㟇ϡࣙ৿ if 䇁হㄝ෎本㒧ᵘ 䖭̍ህՓᅗⱘᑨ⫼ফࠄᕜ໻ⱘ䰤ࠊǄԚᰃ Lawleyⱘ

ᮍ⊩ैᦤկњϔϾড়⧚ⱘᅠᭈᗻ㑺ᴳẔᶹⱘᗱ䏃੠Ḛᶊ া̍ϡ䖛䖭ϔᗱ䏃໮㹿ᑨ

ࠄ⫼ compile-time偠䆕Ёᴹ䖯㸠ކさ乘䰆 㗠̍ϡڣ Lawley䙷ḋҡ✊ҹ run-time偠

䆕ЎЏǃᇚ᳔ᔅࠡ㕂ᴵӊᮍ⊩ᔧކخさẔ⌟ⱘϔ⾡㸹ܙǄ

2 .2 冲突预防

ϢކさẔ⌟೼ run-time 䖯㸠ᅠᭈᗻ㑺ᴳẔᶹϡৠ さ乘䰆೼ކ̍ compile-time

ህᇍ᭄᥂ᑧׂᬍ᪡԰ⱘᅝܼᗻ䖯㸠偠䆕ǄϢކさẔ⌟Ⳍ↨ 䖭̍ϔᮍḜ᳝݋བϟӬ

˖࢓
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- ≵᳝↣⃵ᠻ㸠ᅠ᭄᥂ᑧׂᬍ᪡԰ৢ䛑㽕ࡼᗕẔᶹᅠᭈᗻ㑺ᴳⱘᓔ䫔Ǆ

- ᭄᥂ᑧׂᬍ᪡԰೼ compile-time㹿偠䆕Ўϡᅝܼⱘᇚϡܕ䆌㹿ᠻ㸠 䖭̍ḋ

ህϡ⫼㗗㰥䖭ḋⱘ᪡԰㹿ᠻ㸠ৢⱘಲ⒮䯂乬Ǆ

᠔ҹ ᅠᭈᗻ㑺ᴳẔᶹᓩথⱘ᭄᥂ᑧㅵ⧚㋏㒳ⱘᗻއさ乘䰆ᮍḜৃҹ䕗དഄ㾷ކ̍

㛑੠ᬜ⥛䰡Ԣⱘ䯂乬Ǆ

さ乘䰆ᮍ䴶ⱘⷨおЏ㽕݇⊼᭄᥂ᑧᅠᭈᗻ㑺ᴳⱘ䘏䕥⡍ᕕ੠᭄᥂ᑧׂކ

ᬍ᪡԰ⱘ⿟ᑣ䇁Н 䘏̍䕥ᮍ⊩੠᥼ᇐ㾘߭㹿ᑓ⊯ഄᑨ⫼ࠄ䖭ϔ䯂乬ЁᴹǄᮽ೼

[23] G̍.Gardarin ㄝህᦤߎњᑨ⫼ Hoare 䘏䕥ࠄ᭄᥂ᑧᅠᭈᗻ㑺ᴳ偠䆕䯂乬ⱘᮍ

⊩ Ԛ̍ G.Gardarin ㄝাᰃ䗮䖛ᅲ՟ᴹ䇈ᯢ Hoare 䘏䕥བԩᑨ⫼ކࠄさ乘䰆Ϟ ᑊ̍

≵᳝㒭ߎᔶᓣ࣪ⱘ㸼䗄੠ᇍⳌ݇ᑨ⫼䖛⿟䖯㸠䆕ᯢ 䖭̍Փᕫ G.Gardarinⱘᮍ⊩ϡ

㛑㹿᳝ᬜഄǃ㞾࣪ࡼഄᑨ⫼ࠄᅲ䰙ⱘᅠᭈᗻ㑺ᴳẔᶹϞᴹǄ[9, 25]ᦤߎњ partial

subsumption ᮍ⊩এᇍ᭄᥂ᑧᅠᭈᗻ㑺ᴳ䖯㸠ㅔ࣪Ǆ䖭⾡ᮍ⊩ৃҹ໘⧚ㅔऩⱘ

᭄᥂ᑧ๲ߴࡴǃ 䰸᪡԰ 㗠̍Ϩৃҹ⫼೼᭄᥂ᑧ䇁НӬ࣪ [24, 26] ЁǄԚᰃ partial

subsumption ᮍ⊩ᇚ໡ᴖⱘ᭄᥂ᑧׂᬍ᪡԰˄ ՟བ᭄᥂ᑧџࡵ transaction ⳟ˅خϔ

㋏߫ⱘᦦܹ੠ߴ䰸᪡԰ⱘᑣ߫ⱘ؛䆒ैؐᕫଚᾋ ಴̍Ў䖭ϔᑣ߫ⱘℷ⹂ᵘ䗴ձ

䌪Ѣ᭄᥂ᑧЁܗ㒘ⱘ݋ԧ᭄᥂ 䖭̍џᅲϞᏆ㒣䱤৿њᇍ᭄᥂ᑧ本䑿ⱘ䘡ग़ǃ㗠䴲

ᵤǄ㗠೼ߚⱘᇍׂᬍ᪡԰ⱘ䘏䕥㒧ᵘⱘ׵さ乘䰆ᮍḜ᠔ᦤކ [24, 26] Ё ᇍ̍໡

ᴖⱘ᭄᥂ᑧׂᬍ᪡԰ⱘ໘⧚гাᰃ䗮䖛ϔѯ՟ᄤ䯤䗄 partial subsumption ᮍ⊩

ⱘᑨ⫼ ᑊ̍≵᳝ᇚᅗϔ㠀࣪ǄQian[34, 35]ᡓ㒻Пࠡ G.GardarinㄝⱘᎹ԰ ᑨ̍⫼њ

Hoare䘏䕥ᑊᵘᓎњϔϾ᭄᥂ᑧџ˄ࡵ transaction ᵤⱘॳൟ㋏㒳ǄԚߚ˅ Qian᠔໘

⧚ⱘ᭄᥂ᑧџैࡵሔ䰤Ѣऩϔⱘ᭄᥂ᑧׂᬍ᪡԰˄ ᦦܹܗ㒘ߴǃ 䰸ܗ㒘ǃ᳈ᮄܗ㒘

ㄝ˅̍Ϣ᭄᥂ᑧᅲ䰙᠔⫼ⱘĀџࡵā᳝ ϔᅮⱘᏂ䎱Ǆ

೼ކさ乘䰆ᮍ䴶䕗䞡㽕ⱘϔ⾡ᮍ⊩ህᰃϞ文ᦤঞⱘ᳔ᔅࠡ㕂ᴵӊᮍ⊩˄ ៪

ϢПⳌᑨⱘ᳔ᔎৢ㕂ᴵӊᮍ⊩ Ǆ˅McCune੠ Henschen[32]㒭ߎњ೼݇㋏᭄᥂ᑧ

˄relational database Ϟ˅ᑨ⫼᳔ᔅࠡ㕂ᴵӊᮍ⊩ⱘ⧚论෎⸔ S̍temple੠ Sheard[36]

߭෎Ѣ Boyer-Moore ৃ䅵ㅫ䘏䕥 ᅲ̍⦄њϔϾ໡ᴖⱘ᥼ᇐ᳔ᔅࠡ㕂ᴵӊᑊ偠䆕

ⱘϧᆊ㋏㒳ǄПৢ Lawley ੠ Topor ㄝ [28] ෎Ѣϔ䰊䘏䕥 ᅲ̍⦄њ↨ Stemple ੠

Sheardⱘᮍ⊩᳈໡ᴖⱘ᭄᥂ᑧׂᬍ᪡԰ⱘ᳔ᔅࠡ㕂ᴵӊ᥼ᇐ੠偠䆕Ǆ
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᳔ᔅࠡ㕂ᴵӊ˄ ᳔ᔎৢ㕂ᴵӊ ᮍ˅⊩ⱘད໘೼Ѣᅗᦤկњ᭄᥂ᑧׂᬍ᪡԰ⱘ

㊒⹂ⱘ䘏䕥䇁Нֵᙃˈे 䆹᪡԰ֱᣕ᭄᥂ᑧ㑺ᴳⱘߚܙᖙ㽕ᴵӊǄԚ䖭⾡ᮍ⊩г

ᄬ೼ⴔሔ䰤ᗻ˖

- ᳔ᔅࠡ㕂ᴵӊᮍ⊩᮴⊩䗖⫼Ѣ᠔᳝ⱘ᭄᥂ᑧׂᬍ᪡԰ǄBenedikt ੠

Griffinㄝ [5]䆕ᯢњ ᄬ̍೼ϔѯㅔऩⱘ᭄᥂ᑧџࡵ᮴⊩ᕫࠄϔ䰊䘏䕥ⱘ᳔

ᔅࠡ㕂ᴵӊ 㗠̍Ϩৃҹᅠܼ᥼ᇐߎϔ䰊䘏䕥ⱘ᳔ᔅࠡ㕂ᴵӊⱘϔ㉏᭄᥂

ᑧџࡵ᮴⊩㹿ӏԩ᭄᥂ᑧџࡵ㓪⿟䇁㿔᠔㸼䖒Ǆ

- ⬅Ѣ᳔ᔅࠡ㕂ᴵӊⱘ᥼ᇐϔ㠀䞛⫼ deductive programming 䳔̍㽕᭄᥂ᑧ

ׂᬍ᪡԰᠔⫼ⱘ⿟ᑣ䇁㿔ৃ᳝݋㹿ⓨ㒢ⱘ䇁⊩㒧ᵘ ᠔̍ҹ䖭ᇍ᭄᥂ᑧ

ׂᬍ᪡԰᠔⫼ⱘ⿟ᑣ䇁㿔г᳝䰤ࠊǄClarke[11] г䆕ᯢњᇍѢࣙ৿߿

ৡ˄ aliasing ㄝ˅⡍ᕕⱘ໡ᴖ᭄᥂ᑧ㓪⿟䇁㿔 ᮴̍⊩ᕫࠄϔϾᅮН㡃དⱘ

Hoare݀⧚㋏㒳 ಴̍㗠г᮴⊩生៤᳔ᔅࠡ㕂ᴵӊǄ

䩜ᇍ᳔ᔅࠡ㕂ᴵӊᮍ⊩ⱘϡ䎇 ϔ̍ѯⷨお㗙䞛পњ᥹䖥᳔ᔅࠡ㕂ᴵӊⱘࠡ

㕂ᴵӊ˄ ៪Ⳍᑨⱘ ᥹̍䖥᳔ᔎৢ㕂ᴵӊⱘৢ㕂ᴵӊ˅M 䖯㸠᭄᥂ᑧᅠᭈᗻ㑺ᴳẔ

ᶹǄ೼ [38] Ё W̍allace 䗮䖛ᠽሩ䗦ᔦ᳈ᮄᑣ߫˄ recursive update consequences˅

[8] ᮍ⊩ᴹᕫࠄ᥹䖥᳔ᔅࠡ㕂ᴵӊⱘࠡ㕂ᴵӊǄ[6] ߭ᰃ䞛⫼њ Dijkstra ⱘ䇧

䆡䕀఼࣪˄ predicate transformer ⧚˅论 [20, 21] এ̍ᅮН᭄᥂ᑧׂᬍ᪡԰ⱘࠡ৥䇧

䆡䕀ᤶ఼˄ forward predicate transformer ੠˅ৢ৥䇧䆡䕀ᤶ఼˄ backward predicate

transformer˅̍Ң㗠߿ߚᕫࠄ᥹䖥᳔ᔎৢ㕂ᴵӊⱘৢ㕂ᴵӊ੠᥹䖥᳔ᔅࠡ㕂ᴵӊ

ⱘࠡ㕂ᴵӊǄ䖭⾡ᡬ㹋ᮍᓣᢧሩњ᳔ᔅࠡ㕂ᴵӊ˄ ᳔ᔎৢ㕂ᴵӊ ᮍ˅⊩᠔㛑偠䆕

ⱘ䯂乬ⱘ㣗ೈ 㗠̍Ϩ㛑໳໘⧚᳝݋䗦ᔦㄝ催㑻⡍ᕕⱘ໡ᴖ㓪⿟䇁㿔ǄԚ䖭ϔ㉏ᮍ

⊩⬅Ѣ᠔⫼ⱘࠡ㕂ᴵӊ˄ ৢ㕂ᴵӊ ೼˅᭄᥂ᑧׂᬍ᪡԰ⱘ䘏䕥㒧ᵘⱘ㸼䖒Ϟᑊ≵

᳔᳝ᔅࠡ㕂ᴵӊ˄ ᳔ᔎৢ㕂ᴵӊ ㊒˅⹂੠ܼ䴶 ᠔̍ҹሑㅵᅗӀҡ✊ৃҹ߸ᮁߎ᠔᳝

ⱘϡᅝׂܼᬍ᪡԰ Ԛ̍ैӮᡞϔѯᅝܼⱘׂᬍ᪡԰г䇃߸ЎϡᅝܼǄ

3 完整性约束保持

ᅠᭈᗻ㑺ᴳֱᣕ䯂乬ⷨおⱘᰃ ᇍ̟Ѣ㒭ᅮⱘ᭄᥂ᑧׂᬍ᪡԰ U 佪̍ܜᕫࠄϔ

Ͼ䘏䕥㸼䖒ᓣ f f̍ ᅮНњ᭄᥂ᑧЁӮ㹿᳈ᮄⱘ᭄᥂ⱘᴵӊ ಴̍㗠г⿄Ў᭄᥂

ᑧׂᬍ᪡԰ U ⱘᶹ䆶ᴵӊüüϔϾⳈ㾖ⱘ՟ᄤህᰃ SQL ⱘ UPDATE ੑҸЁⱘ
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WHERE ᄤহ᠔䰤ᅮⱘᶹ䆶ᴵӊǄ᥹ⴔ㒧ড়ᶹ䆶ᴵӊ f ੠᭄᥂ᑧᅠᭈᗻ㑺ᴳ C

䖭ϸϾ䘏䕥㸼䖒ᓣএ生៤ᮄⱘᶹ䆶ᴵӊ f ′˄ ᭄᥂ᑧׂᬍ᪡԰ U г㹿᳈ᮄЎ U ′˅̍

Փᕫ೼ f ′ⱘ䰤ᅮϟ U̍ ’೼㑺ᴳ C ϟᅝܼǄ

೼ᅠᭈᗻ㑺ᴳֱᣕᮍ䴶 W̍uthrich[39] ᦤߎњϔ⾡䩜ᇍৃᢚߚЎϔ㋏߫෎

本ⱘᦦܹ੠ߴ䰸᪡԰ⱘ᭄᥂ᑧׂᬍ᪡԰ⱘᮍ⊩ 䖭̍⾡ᮍ⊩ḍ᥂෎本ⱘᦦܹ੠

ⱘ㑺ᴳϢॳᴹⱘᅠᭈᗻ㑺ᴳࡴ䰸᪡԰ᠻ㸠ৢ᭄᥂ᑧ๲ߴ ᇍׂ̍ᬍ᪡԰䖯㸠ׂ

ℷǄԚᇍѢϔѯׂᬍ᪡԰ W̍uthrichⱘᮍ⊩ҡ᮴⊩㒭ׂߎℷǄConsoleǃSapino੠

Theseider[13]ⱘᮍ⊩߭ᇍᮄⱘᶹ䆶ᴵӊ f ′ 䖯ϔℹḍ᥂ৃ㛑ᓩ䍋ކさⱘ䌟ؐ䖯㸠

ᵮВ੠Ⳍᑨㅔ࣪ Ҫ̍Ӏⱘᮍ⊩Ⳍ↨ Wuthrich ⱘᮍ⊩ৃҹᑨ⫼೼᳈໮ⱘׂᬍ᪡԰

Ϟ Ԛ̍ৃ䗖⫼ⱘ᭄᥂ᑧᅠᭈᗻ㑺ᴳै᳝ⴔ䕗໮ⱘ䰤ࠊ ՟̟བᅠᭈᗻ㑺ᴳᖙ乏ᰃ৺

ᅮᓣ Ϩ̍ϡࣙ৿䍙䖛ϸϾⱘ文ᄫ˄ literal Ǆ˅Lobo੠ Trajcevski[30]ⱘᮍ⊩߭ᰃᡞᶹ

䆶ᴵӊ f 䕀࣪Ўᵤপ㣗ᓣ˄ disjunctive normal form˅̍Ẕᶹ f ሩᓔⱘ乍ᰃ৺ৃ㛑Ϣ

ᅠᭈᗻ㑺ᴳ C ˄さކ Ϣ Consoleㄝⱘᮍ⊩㉏Ԑ 䗮̍䖛ᵮВৃ㛑ᓩ䍋ކさⱘ䌟ؐ˅̍

᳔㒜ᇚ䖭ѯ㹿ׂℷⱘ乍ড়៤ᮄⱘᶹ䆶ᴵӊ f ′Ǆ䖭⾡ᮍ⊩ᇍѢׂᬍ᪡԰੠ᅠᭈᗻ

㑺ᴳⱘ䰤ࠊ䕗ᇥ Ԛ̍ᇍѢᶤѯׂᬍ᪡԰ 䖭̍⾡ᮍ⊩᠔㒭ߎⱘׂℷৢⱘ᭄᥂ᑧׂᬍ

᪡԰ҡ✊ϡֱᣕᅠᭈᗻ㑺ᴳǄ

ᅠᭈᗻ㑺ᴳֱᣕ䗮䖛᭄᥂ᑧׂᬍ᪡԰ U ⱘׂℷ ᅲ̍⦄њ᭄᥂ᑧᅠᭈᗻ㑺ᴳ

ⱘ᳝ᬜᗻ 㗠̍Ϩ䙓ܡњ U ⱘᠻ㸠᠔ᏺᴹⱘ㑺ᴳẔᶹ੠ಲ⒮ㄝ䯂乬ǄԚ䖭ϔᮍḜ

ৠᯊг᳝ϔѯሔ䰤ᗻ੠᳝ѝ䆂ⱘഄᮍ˖

- ᅠᭈᗻ㑺ᴳֱᣕ᮴⊩䗖⫼Ѣ᠔᳝ⱘᅠᭈᗻ㑺ᴳ [37]Ǆ

- ⬅Ѣᅠᭈᗻ㑺ᴳֱᣕӮ䖛Ⓒᥝ೼᭄᥂ᑧׂᬍ᪡԰ᠻ㸠ৢ䖱ড㑺ᴳⱘܗ

㒘ǃԚৠᯊैᇍ݊ᅗܗ㒘䖯㸠њ᳈ᮄ ᠔̍ҹϢ᭄᥂ᑧ㋏㒳᠔ᓎ䆂ⱘџࡵ

˄transaction ॳ˅ᄤᗻ˄ automicity ॳ˅᳝߭᠔⶯ⳒǄ

4 本章小结

本ゴЏ㽕ҟ㒡њᅠᭈᗻ㑺ᴳᠻ㸠˄ integrity constraint enforcement 乚˅ඳⱘⷨ

お䯂乬੠ⷨおᮍḜǄ佪ܜ៥Ӏ㒭ߎњ᭄᥂ᑧ㑺ᴳᅝܼⱘׂᬍ᪡԰ㄝⳌ݇ⱘᅮНǃ

ᑊḍ᥂ᅮН䯤䗄њ䖭ϔ乚ඳϟⱘᄤ䯂乬ⱘߚ㉏Ǆ᥹ⴔ ៥̍Ӏ㾷䞞њ৘Ͼᄤ䯂乬ϟ

ⱘ৘⾡ᮍ⊩ ᑊ̍ߚᵤњᅗӀⱘӬ࢓੠࢓ࡷǄᇍѢ៥Ӏ䖭ϔ䇒乬ᴹ䇈 ៥̍Ӏ䞛⫼ⱘ

ᰃ᭄᥂ᑧᅠᭈᗻ㑺ᴳẔᶹ˄ integrity constraint checking Ё˅ⱘކさ乘䰆˄ violation
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prevention ᮍ˅Ḝˈࠡ 䴶᠔ҟ㒡ⱘ᳔ᔅࠡ㕂ᴵӊ˄ weakest precondition ঞ˅䇧䆡䕀࣪

఼˄ predicate transformer ㄝ˅ᮍ⊩ℷᰃ៥Ӏ䖭ϔⷨお䇒乬ⱘ⧚论෎⸔Ǆ೼ϟϔゴ

Ё ៥̍Ӏᇚ䆺㒚ҟ㒡៥Ӏ⫼೼ SQL䇁㿔ЁⱘⷨおᮍḜ ᑊ̍䩜ᇍ䇧䆡䕀఼࣪ᮍ⊩ⱘ

ϡ䎇П໘ᦤߎᬍ䖯᥾ᮑǄ
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数据库完整性约束保持

1 数据库完整性约束到 SQL断言的规约

೼ [4]Ё B̍ehrendㄝᦤߎ ᭄̍᥂ᑧⱘ䴭ᗕ㑺ᴳ䛑ৃҹ㾘㑺Ў೼䘏䕥ϞㄝӋⱘ

ᮁ㿔 ᑊ̍㒭ߎњབϟⱘ䕀࣪ሖ⃵˖

- ඳ㑺ᴳৃҹ䕀࣪Ў߫㑺ᴳǄ

- ߫㑺ᴳৃҹ䕀࣪Ў㸼㑺ᴳǄ

- 㸼㑺ᴳৃҹ䕀࣪Ўᮁ㿔Ǆ

䖭䇈ᯢ៥Ӏৃҹᇍ᭄᥂ᑧᅠᭈᗻ㑺ᴳ䖯㸠ᖙ㽕ⱘㅔ࣪ 䖭̍ᇍѢৢ䴶Ң䘏䕥㾦

ᑺᦣ䗄᭄᥂ᑧᅠᭈᗻ㑺ᴳᰃ᳝ⲞⱘǄ✊㗠 [4] াᰃ䗮䖛ϔѯ՟ᄤᴹ䯤䗄Ϟ䗄ᮍ

Ḝ ಴̍ℸ៥Ӏҡ✊䳔㽕ᇚᅗϔ㠀࣪Ǆ本㡖ᮼ೼㒧ড়᭄᥂ᑧᅠᭈᗻ㑺ᴳⱘ SQL ᷛ

ԧⱘ㾘㑺㾘߭݋ߎ䇁⊩ᅮН㒭ޚ Ң̍㗠䆕ᯢ SQL ᮁ㿔೼䘏䕥Ϟ䎇ҹ㸼䖒ӏᛣⱘ

᭄᥂ᑧᅠᭈᗻ㑺ᴳ ៥̍Ӏৃҹ೼ϡᕅડϔ㠀ᗻⱘࠡᦤϟᇚ៥Ӏⱘ䇒乬㾘㑺ࠄ SQL

ᮁ㿔ⱘ偠䆕ϞǄ

ᇍѢඳ㑺ᴳ 䆒̍݊᠔䰤ࠊⱘඳЎ dˈ߭

CREATE DOMAIN d AS <predefined type>
[ CONSTRAINT <constraint name> ] CHECK ( <search condition> )

䆒ඳ؛ d ᠔䰤ࠊⱘᰃ㸼 r ⱘሲᗻ aˈे d 㹿⫼೼བϟ CREATE TABLE 䇁হ

Ё˖

CREATE TABLE r ( . . ., a d, . . . )

߭䆹ඳ㑺ᴳ೼䘏䕥ϞㄝӋѢҹϟⱘ㸼㑺ᴳ˖

CREATE TABLE r
(
. . . , a <predefined type>, . . . ,
CHECK ( <search condition> )
)

ℸ໪ᇍѢ߫㑺ᴳ [̍15] 䇈ᯢњᇍѢӏᛣⱘ߫㑺ᴳ 䛑̍ৃҹ㹿ㄝӋⱘ㸼㑺ᴳ᳓

ᤶ ಴̍ℸ䖭ϔ䯂乬জ㹿ᔦ㒧ࠄ㸼㑺ᴳᮁࠄ㿔ⱘ㾘㑺䯂乬Ǆབ㒾㿔Ё᠔䗄 㸼̍㑺ᴳ

˄Ў䬂㑺ᴳߚ unique constraint ǃ˅໪䬂㑺ᴳ˄ referential constraint ੠˅⬅ CHECK ᄤ

11
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হ䰤ᅮⱘ㑺ᴳ˄ CHECK constraint˅̍ҹϟ៥Ӏᇚⷨ߿ߚおᅗӀࠄ SQLᮁ㿔ⱘ㾘㑺

㾘߭Ǆ

1. 䬂㑺ᴳ ᇍ̟Ѣབϟ㹿 UNIQUE݇䬂ᄫ䰤ᅮⱘ䬂㑺ᴳ˖

CREATE TABLE r
(
...
[ CONSTRAINT <constraint name> ] UNIQUE ( a1, . . . , an )
)

䖭ϔ㑺ᴳⱘ䇁Нᰃ ሲ̟ᗻ䲚ড় a1, . . . , an ৃҹ⹂ֱ೼㸼 r Ёଃϔᷛ䆚

㒘ܗ ᤶ̍হ䆱䇈ህᰃ ೼̟㸼 r Ёϡᄬ೼ϸ㒘ϡৠⱘܗ㒘 ᅗ̍Ӏপሲᗻ

a1, . . . , an ⱘؐᅠܼⳌৠǄḍ᥂䖭ϔ䇁Н ៥̍Ӏৃҹᇚ݊㾘㑺Ўབϟᮁ

㿔˖

CREATE ASSERTION <assertion name>
CHECK ( NOT EXISTS ( SELECT * FROM r x
WHERE ( EXISTS ( SELECT * FROM r y WHERE x <> y
AND x.a1 = y.a1 AND . . . AND x.an = y.an ) ) ) )

ᇍѢབϟ㹿 PRIMARY KEY݇䬂ᄫ䰤ᅮⱘ䬂㑺ᴳ˖

CREATE TABLE r
(
...
[ CONSTRAINT <constraint name> ] PRIMARY KEY ( a1, . . . , an )
)

PRIMARY KEYⱘ䇁Нᰃ˖

(a) ሲᗻ䲚ড় a1, . . . , an ৃҹ⹂ֱ೼㸼 r Ёଃϔᷛ䆚ܗ㒘 䖭̍ϔ⚍Ϣ

UNIQUEⱘ䇁Нϔ㟈Ǆ

(b) ሲᗻ䲚ড় a1, . . . , an Ёϡᄬ೼ӏԩϔϾᄤ䲚⒵䎇ᴵӊ (a)Ǆ

12
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ḍ᥂䖭ϔ䇁Н ៥̍Ӏৃҹᇚ݊㾘㑺Ўབϟᮁ㿔˖

CREATE ASSERTION <assertion name>
CHECK (
( NOT EXISTS ( SELECT * FROM r x
WHERE ( EXISTS ( SELECT * FROM r y WHERE x <> y
AND x.a1 = y.a1 AND . . . AND x.an = y.an ) ) ) )
AND
( EXISTS ( SELECT * FROM r x
WHERE ( EXISTS ( SELECT * FROM r y WHERE x <> y
AND (
( x.a2 = y.a2 AND x.a3 = y.a3 AND . . . AND x.an = y.an )
OR ( x.a1 = y.a1 AND x.a3 = y.a3 AND . . . AND x.an = y.an )
OR ( x.a1 = y.a1 AND x.a2 = y.a2 AND . . . AND x.an−1 = y.an−1 ) ) ) ) ) ) )

2. ໪䬂㑺ᴳ ᇍ̟Ѣབϟ⬅ FOREIGN KEY䰤ᅮⱘ໪䬂㑺ᴳ˖

CREATE TABLE r
(
. . .
FOREIGN KEY (a) REFERENCES t(b)
)

៥Ӏৃҹᇚ݊㾘㑺Ўབϟᮁ㿔˖

CREATE ASSERTION <assertion name>
CHECK ( NOT EXISTS ( SELECT * FROM r x
WHERE ( NOT EXISTS ( SELECT * FROM t y WHERE x.a = y.b ) ) ) )

3. ⬅ CHECKᄤহ䰤ᅮⱘ㑺ᴳ˖

CREATE TABLE r
(
. . .
CHECK ( <search condition> )
)

៥Ӏৃҹᇚ݊㾘㑺Ўབϟᮁ㿔˖

CREATE ASSERTION <assertion name>
CHECK ( NOT EXISTS ( SELECT * FROM r x
WHERE NOT <search condition> ) )

2 SQL断言到一阶逻辑表达式的转化
2 .1 目标语言

䖭ϔ㡖៥Ӏᇚ䗮䖛ܗ㒘݇㋏ⓨㅫ˄ tuple relational calculus˅M ᇍ៥ӀⱘⳂᷛ

䇁㿔üüϔ䰊䘏䕥㸼䖒ᓣ˄ first-order logic formula 䖯˅㸠ᅮНǄ

13
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ϔ䰊䘏䕥㸼䖒ᓣৃҹࣙᣀ˖

- ᐌ䞣˄ 0, 1,Ă, etc.˅

- ᭄᥂ᑧ݇㋏˄ relation ব˅䞣˄ r, etc.˅̍ܗ㒘˄ tuple ব˅䞣˄ x, etc. ੠˅ሲᗻ

˄attribute ব˅䞣˄ a, etc.˅

- ᭄ؐ䖤ㅫヺ˄ +, -, *, /,Ă, etc.˅

- ↨䕗ヺ˄ =, 6=, <, >, ≤, ≥,Ă, etc. ੠˅䲚ড়䖤ㅫヺ˄ ∈˅

- 䞣䆡˄ ∀, ∃˅

ϔ䰊䘏䕥㸼䖒ᓣⱘ乍˄ term ᅮ˅Нབϟ˖

- ᠔᳝ⱘᐌ䞣੠ব䞣䛑ᰃ乍Ǆ

- བᵰ xᰃϔϾܗ㒘ব䞣 a̍ ᰃ xⱘϔϾሲᗻˈ߭ x.a ᰃ乍Ǆ

- བᵰ p੠ q 䛑ᰃ乍ˈ߭Āp <᭄ؐ䖤ㅫヺ > qāᰃ乍Ǆ

ϔ䰊䘏䕥㸼䖒ᓣᣝ✻ҹϟ㾘߭㹿ᵘ䗴˖

- བᵰ xᰃϔϾܗ㒘 r̍ ᰃϔϾ݇㋏ব䞣ˈ߭Āx ∈ rāᰃϔ䰊䘏䕥㸼䖒ᓣǄ

- བᵰ p੠ q ᰃ乍ˈ߭Āp <↨䕗ヺ > qāᰃϔ䰊䘏䕥㸼䖒ᓣǄ

- བᵰ φ੠ ϕᰃϔ䰊䘏䕥㸼䖒ᓣˈ߭ φ∧ϕ φ̍∨ϕ੠ ¬φᰃϔ䰊䘏䕥㸼䖒ᓣǄ

- བᵰ φᰃϔ䰊䘏䕥㸼䖒ᓣ x̍ᰃϔϾܗ㒘ব䞣ˈ߭ ∀x, φ੠ ∃x, φᰃϔ䰊䘏

䕥㸼䖒ᓣǄ

2 .2 源语言

⬅Ϟϔ㡖᠔䗄 ៥̍Ӏⱘ⑤䇁㿔ৃҹҢ᭄᥂ᑧᅠᭈᗻ㑺ᴳ㾘㑺ࠄ SQLᮁ㿔ϞǄ

៥Ӏখ㗗 SQL2003ᷛޚ ⫼̍ҹϟ䇁⊩㾘߭ᴹ㸼䖒 SQLᮁ㿔˄ ҹৢ㢹䴲⡍߿䇈ᯢˈ

៥Ӏᇚ⫼ᏺᇪᣀোⱘℷԧব䞣㸼⼎䴲㒜㒧ヺ 㗠̍ᏺᇪᣀোⱘ᭰ԧব䞣㸼⼎㒜㒧

ヺ˅̟

CREATE ASSERTION <assertion name>
CHECK <exists predicate>

<exists predicate> ::= [ NOT ] EXISTS ( <query expression> )
<query expression> ::= SELECT *

FROM r1 x1, · · · , rn xn

WHERE <search condition>

14
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<search condition> ::= <boolean term>
| <search condition> OR <boolean term>

<boolean term> ::= <boolean factor>
| <boolean term> AND <boolean factor>

<boolean factor> ::= <predicate>
| [ NOT ] ( <search condition> )

<predicate> ::= <exists predicate>
| <comparison predicate>
| <between predicate>
| <in predicate>

<comparison predicate> ::= <expression1 > <comp op> <expression2 >
<comp op> ::= = | <> | < | ≤ | > | ≥

<expression> ::= <term>
| <expression> {+ | −} <term>

<term> ::= <factor>
| <term> {∗ | /} <factor>

<factor> ::= (<expression>)
| [+ | −] <constant>
| [+ | −]x.a

<between predicate> ::= <expression> [ NOT ]
BETWEEN <constant1 > AND <constant2 >

<in predicate> ::= <expression> [ NOT ] IN ( <in value list> )
<in value list> ::= <constant>

| <in value list>,<constant>

2 .3 转化函数

៥Ӏ䆒ᇚ SQLᮁ㿔᯴ᇘ៤ϔ䰊䘏䕥㸼䖒ᓣⱘߑ᭄Ў T ˈ߭ ᭄ߑ T ⱘᅮНབ

ϟ˄ Ўњ䙓ܡ੠ SQL ᮁ㿔᠔⫼ⱘᣀোĀ(āĀ)āⳌ⏋⎚ ៥̍Ӏ⫼ T [] 㗠䴲 T () ᴹ㸼

⼎˅̟

T [CREATE ASSERTION <assertion name>
CHECK <exists predicate>]

 <assertion name> : T [<exists predicate>]

T [EXISTS ( <query expression> )]  ∃ (T [<query expression>])
T [NOT EXISTS ( <query expression> )]  ¬∃ (T [<query expression>])

T [ SELECT *
FROM r1 x1,· · · , rn xn

WHERE <search condition> ]

 x1 ∈ r1, . . . , xn ∈ rn; T [<search condition>]

T [<search condition> OR <boolean term>]  T [<search condition>] ∨ T [<boolean term>]
T [<boolean term> AND <boolean factor>]  T [<boolean term>] ∧ T [<boolean factor>]

T [NOT (<search condition>)]  ¬ (T [<search condition>])

15
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T [<expression1 > <comp op> <expression2 >]  T [<expression1 >]
T [<comp op>] T [<expression2 >]

T [<comp op>]  <comp op>

T [<expression1 >
<numerical op> <expression2 >]

 T [<expression1 >]
T [<numerical op>] T [<expression2 >]

<numerical op> ::= + | − | ∗ | /
T [<numerical op>]  <numerical op>

T [<constant>]  <constant>
T [x.a]  x.a

T [<expression> BETWEEN
<constant1 > AND <constant2 >]

 (T [<expression>] ≥ <constant1 >)
∧ (T [<expression>] ≤ <constant2 >)

T [<expression> NOT BETWEEN
<constant1 > AND <constant2 >]

 (T [<expression>] < <constant1 >)
∨ (T [<expression>] > <constant2 >)

T [<expression> IN ( <in value list> )]  T [<expression>] ∈ {<in value list>}
T [<expression> NOT IN ( <in value list> )]  T [<expression>] /∈ {<in value list>}

䆒 expЎϔϾ SQLᮁ㿔ᄤহˈ߭ ៥Ӏ᳝˖

T [(exp)]  (T [exp])

3 SQL语言数据库修改操作的逻辑语义

೼ᡞ SQL ᮁ㿔䕀࣪Ўϔ䰊䘏䕥㸼䖒ᓣПৢ ៥̍Ӏг䳔㽕ᇍ᭄᥂ᑧׂᬍ᪡԰

ⱘ䇁Н೼䘏䕥ሖ䴶䖯㸠ᔶᓣ࣪ ҹ̍⹂ֱ៥ӀПৢ⫼೼䆕ᯢ੠ᅲ⦄Ёⱘ᭄᥂ᑧׂᬍ

᪡԰ⱘ䘏䕥䇁НϢⳌᑨ᪡԰ⱘᅲ䰙䇁НⳌヺǄϢ [6] ㄝⷨおⱘᰃ O2ǃProlog ㄝ

᭄᥂ᑧ㓪⿟䇁㿔ǃ[28] ㄝⷨおⱘᰃ㞾㸠ᅮНⱘ㓪⿟䇁㿔ⱘ᭄᥂ᑧׂᬍ᪡԰ϡৠˈ

䖭ϔ㡖៥Ӏⷨおⱘᇍ䈵ᰃ SQL䇁㿔ᷛޚⱘ᭄᥂ᑧׂᬍ᪡԰Ǆ

೼ SQL 䇁㿔Ё ᭄̍᥂ᑧׂᬍ᪡԰ߚЎ INSERTǃDELETE ੠ UPDATE ϝ㉏ˈ

ϟ䴶៥Ӏᇚ߿ߚ㒭ߎᅗӀⱘϔ㠀ᔶᓣ੠䘏䕥䇁НǄЎњ䯤䗄䯂乬ⱘㅔ⋕䍋㾕ˈ

៥Ӏ೼䖭䞠া㒭ߎ䖭ѯ᪡԰ϔ㠀ᔶᓣⱘ᳔Џ㽕ⱘ䚼ߚ ˄ԧⱘ䇁⊩㒚㡖̍݋ ՟བ

DELETE䇁হৃҹࡴϞ USING ᄤহᴹᓩ⫼Ⳍ݇ⱘ᭄᥂ᑧ㸼ㄝ ᇚ˅Ӯ೼ϟϔゴ䆺

㒚㒭ߎǄҹϟ៥Ӏ䆒߱ྟ᭄᥂ᑧ㸼Ў r S̍QL᭄᥂ᑧׂᬍ᪡԰Ў U ᠻ̍㸠ᅠ U ৢ

ⱘ᭄᥂ᑧ㸼Ў U(r)Ǆ
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3 .1 SQL的 INSERT操作

䆒㽕ᦦ᭄ܹ᥂ᑧⱘܗ㒘Ў tˈ߭ ᡞ t ᦦܹࠄ㸼 r Ёⱘ SQL 䇁হⱘϔ㠀ᔶᓣ

Ў˖
INSERT INTO r

VALUES t

SQLⱘ INSERT᪡԰ⱘ䇁НЎ ᭄̟᥂ᑧ㸼 r Ёⱘ᠔᳝ᮻܗ㒘ҡ೼ U(r)Ё 㗠̍

㒘ܗ t гӮ㹿ᦦܹࠄ᭄᥂ᑧ㸼 U(r) Ё 䰸̠ℸП໪ U̍(r) ϡӮ᳝݊ᅗܗ㒘Ǆ䖭ϔ

䇁Нৃҹ㹿ᔶᓣ࣪㸼⼎Ў˖

(x ∈ r ∨ x = t) ⇔ x ∈ U(r)

3 .2 SQL的 DELETE操作

SQLⱘ DELETE䇁হⱘϔ㠀ᔶᓣЎ˖

DELETE FROM r
WHERE <search condition>

䆒 SQL ⱘ DELETE 䇁হЁⱘ᧰㋶ᴵӊ˄ <search condition> ᠔˅ᇍᑨⱘ䘏䕥

㸼䖒ᓣЎ gˈ߭ DELETE 䇁হⱘ䇁НЎ ᭄̟᥂ᑧ r Ё᠔᳝⒵䎇 g ⱘܗ㒘䛑ᇚ㹿ߴ

䰸 ಴̍ℸϡӮߎ⦄೼᭄᥂ᑧ U(r) Ё 㗠̍݊ᅗⱘܗ㒘ᇚ㹿㒻㓁ֱ⬭೼᭄᥂ᑧ U(r)

ЁǄ䖭ϔ䇁Нৃҹ㹿ᔶᓣ࣪㸼⼎Ў˖

∀x ∈ r :

{
g(x) ⇒ ¬(x ∈ U(r))
¬g(x) ⇒ x ∈ U(r)

⬅Ѣ (g(x) ⇒ ¬(x ∈ U(r))) ≡ (¬g(x) ⇐ x ∈ U(r)) Ϟ̍䗄䘏䕥㸼䖒ᓣㄝӋѢ˖

∀x ∈ r : ¬g(x) ⇔ x ∈ U(r)

ℸ໪ ӏ̍ϔ SQLⱘ DELETE䇁হ䛑ϡӮᇐ㟈ᮄⱘܗ㒘㹿ᦦܹࠄ᭄᥂ᑧ U(r)

Ё ᭄̍᥂ᑧ U(r) Ёⱘܗ㒘ᖙᅮгᰃ᭄᥂ᑧ r Ёⱘܗ㒘˄ े x ∈ U(r) ⇒ x ∈ r Ǆ˅

㓐ড়䖭ϔ䇁Нֵᙃ Ϟ̍䗄䘏䕥㸼䖒ᓣৃҹ㹿䞡ݭЎ˖

(x ∈ r ∧ ¬g(x)) ⇔ x ∈ U(r)

3 .3 SQL的 UPDATE操作

SQLⱘ UPDATE䇁হⱘϔ㠀ᔶᓣЎ˗

UPDATE r
SET <set clause>

WHERE <search condition>
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䆒 SQL ⱘ UPDATE 䇁হЁ <set clause> ᠔ᇍᑨⱘ䌟ؐߑ᭄Ў σ ᧰̍㋶ᴵӊ

˄<search condition> ᠔˅ᇍᑨⱘ䘏䕥㸼䖒ᓣЎ gˈ߭ UPDATE䇁হⱘ䇁НЎ ᭄̟᥂

ᑧ r Ё᠔᳝⒵䎇 g ⱘܗ㒘䛑ᇚ㹿᳓ᤶЎ σ(x) 㗠̍݊ᅗܗ㒘ϡবǄ䖭ϔ䇁Нৃҹ㹿

ᔶᓣ࣪㸼⼎Ў˖

∀x ∈ r :

{
g(x) ⇒ U(x) = σ(x)
¬g(x) ⇒ U(x) = x

4 最弱前置条件及改进的谓词转化器方法

៥ӀⱘЏ㽕ᮍḜᰃᑨ⫼᳔ᔅࠡ㕂ᴵӊ˄ weakest precondition˅M 䖯㸠᭄᥂ᑧ

㑺ᴳⱘ偠䆕Ǆϟ䴶៥Ӏ㒭᳔ߎᔅࠡ㕂ᴵӊⱘⳌ݇ᅮНǄ

ࠡ㕂ᴵӊ˄ precondition˅M 㞾Ѣ Hoare䘏䕥Ёⱘ Hoareϝܗ㒘 ᭄᥂ᑧࠄԧ̍݋

Ёˈࠡ 㕂ᴵӊৃҹᔶᓣ࣪ഄᅮНЎ˖

䆒 U Ўׂᬍ᪡԰ f̍ ЎϔϾ䘏䕥㸼䖒ᓣǄབᵰ䘏䕥㸼䖒ᓣ g ⒵䎇 ᇍ̟Ѣ᠔᳝

ⱘ᭄᥂ᑧ B 䛑᳝̍

B |= g ⇒ U(B) |= f

៤ゟˈ߭ 䘏䕥㸼䖒ᓣ g ⿄Ўׂᬍ᪡԰ U ੠䘏䕥㸼䖒ᓣ f ⱘࠡ㕂ᴵӊǄ

བᵰࠡ㕂ᴵӊ h ⒵䎇 ᇍ̟Ѣ᠔᳝ⱘࠡ㕂ᴵӊ g ੠᭄᥂ᑧ B 䛑᳝̍

B |= g ⇒ B |= h

៤ゟˈ߭ ࠡ㕂ᴵӊ h ⿄Ў U ੠ f ⱘ᳔ᔅࠡ㕂ᴵӊǄ

᳔ᔅࠡ㕂ᴵӊϔ㠀ৃҹ䗮䖛ⓨ㒢㓪⿟˄ deductive programming ⱘ˅ᮍ⊩ᴹᕫ

ेˈࠄ ᅮНҢ෎本ߑ᭄ഫ੠ৢ㕂ᴵӊ᳔ࠄᔅࠡ㕂ᴵӊⱘ䕀࣪ҹঞϔ༫ⓨ㒢㾘߭ˈ

ᇍᑨⱘ᳔ᔅࠡ㕂ᴵӊǄߎ᭄ԧ੠ৢ㕂ᴵӊⓨ㒢ߑᇍϔ㠀ⱘݡ

៥Ӏ᠔㽕偠䆕ⱘᰃᠻ㸠ᅠׂᬍ᪡԰ U ৢⱘ᭄᥂ᑧ U(B) ҡ✊⒵䎇ᅠᭈᗻ

㑺ᴳ C˄ े U(B) |= C˅̍㗠៥ӀᏆⶹⱘᰃ᭄᥂ᑧ B ೼ׂᬍ᪡԰ U ᠻ㸠ࠡ⒵䎇㑺

ᴳ˄ े B |= C˅̍ᑨ⫼᳔ᔅࠡ㕂ᴵӊᮍ⊩ ៥̍Ӏা䳔偠䆕 C ੠ U ⱘ᳔ᔅࠡ㕂ᴵӊ

wpc(C,U) ⒵䎇 C ⇒ wpc(C,U) ህ̍ৃҹ⬅Ꮖⶹᴵӊᕫࠄ B |= wpc(C,U) ḍ᥂ݡ̍

᳔ᔅࠡ㕂ᴵӊⱘᗻ䋼 ៥̍Ӏህᕫࠄњ B |= C 䖭̍ℷᰃ៥Ӏ᠔㽕偠䆕ⱘⳂᷛǄ

԰Ў៥ӀⷨおᮍḜⱘ㸹ܙⱘᰃ [6] ᠔⫼ⱘࠡ৥៪ৢ৥䇧䆡䕀఼࣪˄ predicate

transformer Ǆ˅ࠡ৥䇧䆡䕀఼࣪
→
U ᰃ᳝݋བϟᗻ䋼ⱘ䘏䕥㸼䖒ᓣ˖

B |= C ⇒ U(B) |=
→
U (C)
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䗮䖛ᅮНࠡ৥䇧䆡䕀఼࣪ [̍6]ᡞ᭄᥂ᑧᅠᭈᗻ㑺ᴳ偠䆕䯂乬䕀࣪Ў
→
U (C) ⇒ C

ᰃ৺៤ゟ 㗠̍ৢ㗙ⱘ偠䆕ϡ䳔㽕೼ᠻ㸠ᅠ᭄᥂ᑧׂᬍ᪡԰ৢ䘡ग़᭄᥂ᑧ䖯㸠Ẕ

ᶹ Ң̍㗠ᅲ⦄೼㓪䆥ᯊ䯈˄ compile-time ⱘ˅ކさ乘䰆ǄϢℸⳌᇍᑨⱘˈৢ ৥䇧䆡䕀

఼࣪
←
U ˖བϟᗻ䋼᳝݋

B |=
←
U (C) ⇒ U(B) |= C

ৢ৥䇧䆡䕀఼࣪ᅮНৢ ᭄̍᥂ᑧᅠᭈᗻ㑺ᴳ偠䆕䯂乬䕀࣪Ў C ⇒
←
U (C) ᰃ৺៤

ゟˈৢ 㗙ⱘ偠䆕ৠḋৃ೼㓪䆥ᯊ䯈ᅠ៤Ǆ

ԚⳌ↨᳔ᔅࠡ㕂ᴵӊᮍ⊩ 䇧̍䆡䕀఼࣪᮴⊩᳔㊒⹂ഄ㸼䖒᭄᥂ᑧׂᬍ᪡԰ⱘ

㸠Ў ᠔̍ҹ [6] ⱘᮍ⊩ሑㅵৃҹẔ⌟ߎ᠔᳝ⱘ㑺ᴳϡᅝܼⱘ᭄᥂ᑧׂᬍ᪡԰ˈै

гӮᡞ䚼ߚ㑺ᴳᅝܼⱘ᭄᥂ᑧׂᬍ᪡԰䇃߸Ў㑺ᴳϡᅝܼǄҹৢ৥䇧䆡䕀఼࣪
←
U Ў՟ ៥̍ӀⱘⳂᷛᰃ偠䆕 U(B) |= C Ꮖ̍ⶹⱘᰃ B |= C ⬅̍ C ⇒

←
U (C) ৃҹ᥼ߎ

B |=
←
U (C) 㗠̍⬅Ѣ B |=

←
U (C) াᰃ៥Ӏ᠔㽕偠䆕ⱘⳂᷛⱘߚܙϡᖙ㽕ᴵӊ ಴̍ℸ

䆹ᮍ⊩᮴⊩ℷ⹂߸ᮁߎ᠔᳝ⱘ㑺ᴳᅝܼⱘ᭄᥂ᑧׂᬍ᪡԰Ǆ؛བ៥Ӏৃҹᡒࠄ

䖭ḋⱘ䘏䕥㸼䖒ᓣ C ′ Փ̍ᕫ˖

B |= C ′ ⇔ U(B) |= C

߭ᠻ㸠ᅠׂᬍ᪡԰ⱘ᭄᥂ᑧᰃ৺ֱᣕ㑺ᴳ C Ϣ߱ྟ᭄᥂ᑧᰃ৺⒵䎇䘏䕥㸼䖒ᓣ

C ′ ㄝӋ 䗮̍䖛偠䆕 B |= C ′ ᴹẔ⌟ U(B) |= C ϡӮᇐ㟈㑺ᴳᅝܼⱘ᭄᥂ᑧׂᬍ᪡

԰㹿䇃߸Ǆϟ䴶៥Ӏᇚ䇈ᯢ ೼̍Пࠡ᠔䯤䗄ⱘ SQL 䇁㿔ⱘ᭄᥂ᑧׂᬍ᪡԰䇁Н

ⱘ෎⸔Ϟ ៥̍Ӏৃҹᇍϸ㉏᱂䘡ⱘ᭄᥂ᑧᅠᭈᗻ㑺ᴳ C ᡒࠄㄝӋⱘ䘏䕥㸼䖒ᓣ

C ′Ǆ

1. C ᰃᔶབϟᓣⱘ⬅ᄬ೼䞣䆡䰤ᅮⱘ䇧䆡݀ᓣ˖

∃x ∈ R, f(x) (3.1)

݊Ё R̍ ᰃ᭄᥂ᑧ݇㋏ব䞣 f̍(x) ᰃ৿᳝㞾⬅ব䞣 x ⱘ䘏䕥㸼䖒ᓣǄ

೼ C Ё R̍ ᰃ㞾⬅ব䞣 x̍ ៤Ў㑺ᴳব䞣 ಴̍㗠៥Ӏгৃҹ⫼ C(R) ᴹ

㸼⼎ CǄᏆⶹ߱ྟⱘ᭄᥂ᑧ㸼 r ⒵䎇 C(r)ˈे r |= ∃x ∈ r, f(x) ៥̍Ӏ

㽕偠䆕ⱘⳂᷛᰃᠻ㸠ᅠׂᬍ᪡԰ৢⱘ᭄᥂ᑧ㸼 U(r) ⒵䎇 C(U(r))ˈे

U(r) |= ∃x ∈ U(r), f(x)Ǆ
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ᅮ⧚ 1. ᇍѢᔶབ(3.1)ⱘ㑺ᴳ C ӏ̍ϔ SQLⱘ INSERT᪡԰䛑ᰃ㑺ᴳᅝܼ

ⱘǄ

䆕ᯢ . 䆒 x Ў೼᭄᥂ᑧ㸼 r Ё⒵䎇 f(x) ⱘܗ㒘Ǆḍ᥂Ϟϔ㡖Ё SQLⱘ

INSERT ᪡԰ⱘᗻ䋼 x̟ ∈ r ⇒ x ∈ U(r) ៥̍Ӏᕫⶹܗ㒘 x г೼᭄᥂ᑧ

㸼 U(r) ЁǄ಴Ў᭄᥂ᑧ㸼 U(r) ᄬ೼ϔϾܗ㒘 x ⒵䎇䘏䕥㸼䖒ᓣ fˈे

U(r) |= ∃x ∈ U(r), f(x) ᠔̍ҹ U(r) |= C(U(r))៤ゟǄ

ᅮ⧚ 2. ᠻ㸠ᅠ SQLⱘ DELETE᪡԰ⱘ᭄᥂ᑧ㸼 U(r)⒵䎇㑺ᴳ C(U(r))

ⱘߚܙᖙ㽕ᴵӊᰃ ∃̟x ∈ r, f(x) ∧ ¬g(x)

䆕ᯢ . ϟ䴶៥Ӏ߿ߚ䆕ᯢ݊ߚܙᗻ੠ᖙ㽕ᗻ˖

噝 ᗻߚܙ r |= ∃x ∈ r, f(x) ∧ ¬g(x) ⇒ U(r) |= C(U(r))˖

䆒 xЎ೼᭄᥂ᑧ㸼 r Ё⒵䎇 f(x)∧¬g(x)ⱘܗ㒘Ǆḍ᥂Ϟϔ㡖Ё

SQLⱘ DELETE᪡԰ⱘᗻ䋼˖

x ∈ r ∧ ¬g(x) ⇒ x ∈ U(r)

㒘ܗ x ᖙᅮг೼᭄᥂ᑧ㸼 U(r) ЁǄ಴Ў᭄᥂ᑧ㸼 U(r) ᄬ೼ϔ

Ͼܗ㒘 x⒵䎇䘏䕥㸼䖒ᓣ fˈे U(r) |= ∃x ∈ U(r), f(x) ᠔̍ҹ

r |= ∃x ∈ r, f(x) ∧ ¬g(x) ⇒ U(r) |= C(U(r))

៤ゟ ᗻᕫ䆕Ǆߚܙ̍

噝 ᖙ㽕ᗻ U(r) |= C(U(r)) ⇒ r |= ∃x ∈ r, f(x) ∧ ¬g(x)˖

៥Ӏ䆕ᯢϢ݊ㄝӋⱘ䗚৺ੑ乬˖

r |= ¬(∃x ∈ r, f(x) ∧ ¬g(x)) ⇒ U(r) |= ¬C(U(r))

⊼ᛣࠄ˖
¬(∃x ∈ r, f(x) ∧ ¬g(x))
≡ ∀x ∈ r,¬(f(x) ∧ ¬g(x))
≡ ∀x ∈ r,¬f(x) ∨ g(x)
≡ ∀x ∈ r, f(x) ⇒ g(x)

гህᰃ䇈 ᇍ̍Ѣ᭄᥂ᑧ㸼 r Ёӏϔ⒵䎇 f ⱘܗ㒘 x x̍ᖙᅮг⒵䎇

䘏䕥㸼䖒ᓣ gǄḍ᥂Ϟϔ㡖Ё SQLⱘ DELETE᪡԰ⱘᗻ䋼˖

¬g(x) ⇒ x /∈ U(r)
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⒵䎇 f ⱘܗ㒘 x 䛑Ӯ㹿ߴ䰸ǃ䛑ϡ೼᭄᥂ᑧ㸼 U(r) ЁǄজ

಴Ў x ∈ U(r) ⇒ x ∈ rˈे DELETE ᪡԰ϡӮᓩܹᮄⱘ⒵

䎇 f ⱘܗ㒘 ᠔̍ҹ᭄᥂ᑧ㸼 U(r) Ёϡᄬ೼⒵䎇 f ⱘܗ㒘ˈे

U(r) |= ¬(∃x ∈ U(r), f(x))Ǆ಴ℸ䗚৺ੑ乬៤ゟ ᖙ̍㽕ᗻᕫ䆕Ǆ

ᅮ⧚ 3. ᠻ㸠ᅠ SQLⱘUPDATE᪡԰ⱘ᭄᥂ᑧ㸼 U(r)⒵䎇㑺ᴳ C(U(r))

ⱘߚܙᖙ㽕ᴵӊᰃ ∃̟x ∈ r, (f(x) ∧ ¬g(x)) ∨ (g(x) ∧ f(σ(x)))

䆕ᯢ . ϟ䴶៥Ӏ߿ߚ䆕ᯢ݊ߚܙᗻ੠ᖙ㽕ᗻ˖

噝 ᗻߚܙ r |= ∃x ∈ r, (f(x) ∧ ¬g(x)) ∨ (g(x) ∧ f(σ(x))) ⇒ U(r) |=

C(U(r))˖

᠔ҹ᭄᥂ᑧ㸼 r Ё㽕Мᄬ೼⒵䎇 f(x) ∧ ¬g(x) ⱘܗ㒘 㽕̍Мᄬ೼

⒵䎇 g(x) ∧ f(σ(x))ⱘܗ㒘˖

- 䆒 xЎ೼᭄᥂ᑧ㸼 r Ё⒵䎇 f(x) ∧ ¬g(x)ⱘܗ㒘Ǆḍ᥂Ϟϔ

㡖Ё SQLⱘ UPDATE᪡԰ⱘᗻ䋼˖

¬g(x) ⇒ U(x) = x

㒘ܗ xᖙᅮг೼᭄᥂ᑧ㸼 U(r)ЁǄ಴Ў᭄᥂ᑧ㸼 U(r)ᄬ೼

ϔϾܗ㒘 x⒵䎇䘏䕥㸼䖒ᓣ fˈे U(r) |= ∃x ∈ U(r), f(x) ᠔̍

ҹ

r |= ∃x ∈ r, (f(x)∧¬g(x))∨(g(x)∧f(σ(x))) ⇒ U(r) |= C(U(r))

៤ゟǄ

- 䆒 x Ў೼᭄᥂ᑧ㸼 r Ё⒵䎇 g(x) ∧ f(σ(x)) ⱘܗ㒘Ǆḍ᥂Ϟ

ϔ㡖Ё SQLⱘ UPDATE᪡԰ⱘᗻ䋼˖

g(x) ⇒ U(x) = σ(x)

ҹঞܗ㒘 x ⒵䎇 g(x) ᠔̍ҹܗ㒘 y = σ(x) ೼᭄᥂ᑧ㸼 U(r)

ЁǄজ಴Ўܗ㒘x⒵䎇 f(σ(x)) ᠔̍ҹ᭄᥂ᑧ㸼U(r)ᄬ೼ϔϾ

21



⌭∳໻ᄺ䅵ㅫᴎ科ᄺϢᡔᴃᄺ䰶本科毕业论文 ᭄᥂ᑧᅠᭈᗻ㑺ᴳֱᣕ

㒘ܗ y = σ(x)⒵䎇䘏䕥㸼䖒ᓣ fˈे U(r) |= ∃y ∈ U(r), f(y)ˈ

᠔ҹ

r |= ∃x ∈ r, (f(x)∧¬g(x))∨(g(x)∧f(σ(x))) ⇒ U(r) |= C(U(r))

៤ゟǄ

㓐Ϟ᠔䗄 ᗻᕫ䆕Ǆߚܙ̍

噝 ᖙ㽕ᗻ U(r) |= C(U(r)) ⇒ r |= ∃x ∈ r, (f(x) ∧ ¬g(x)) ∨ (g(x) ∧

f(σ(x)))˖

៥Ӏ䆕ᯢϢ݊ㄝӋⱘ䗚৺ੑ乬˖

r |= ¬(∃x ∈ r, (f(x)∧¬g(x))∨(g(x)∧f(σ(x)))) ⇒ U(r) |= ¬C(U(r))

⊼ᛣࠄ˖

¬(∃x ∈ r, (f(x) ∧ ¬g(x)) ∨ (g(x) ∧ f(σ(x))))
≡ ∀x ∈ r,¬((f(x) ∧ ¬g(x)) ∨ (g(x) ∧ f(σ(x))))
≡ ∀x ∈ r,¬(f(x) ∧ ¬g(x)) ∧ ¬(g(x) ∧ f(σ(x)))
≡ ∀x ∈ r, (¬f(x) ∨ g(x)) ∧ (¬g(x) ∨ ¬f(σ(x)))
≡ ∀x ∈ r, ((¬f(x) ∨ g(x)) ∧ ¬g(x)) ∨ ((¬f(x) ∨ g(x)) ∧ ¬f(σ(x)))
≡ ∀x ∈ r, ((¬f(x) ∧ ¬g(x)) ∨ (g(x) ∧ ¬g(x))) ∨ ((¬f(x) ∨ g(x)) ∧ ¬f(σ(x)))
≡ ∀x ∈ r, (¬f(x) ∧ ¬g(x)) ∨ ((¬f(x) ∨ g(x)) ∧ ¬f(σ(x)))

᠔ҹᇍѢ᭄᥂ᑧ㸼 r ӏϔܗ㒘 x 㽕̍М x ⒵䎇 ¬f(x) ∧ ¬g(x) 㽕̍

М x⒵䎇 (¬f(x) ∨ g(x)) ∧ ¬f(σ(x))˖

- བᵰܗ㒘 x⒵䎇 f(x)ˈ߭ xᖙ乏⒵䎇 (¬f(x)∨g(x))∧¬f(σ(x))Ǆ

⬅ (¬f(x)∨g(x)) ≡ (f(x) ⇒ g(x)) ៥̍Ӏ᳝ 㒘ܗ̟ x⒵䎇 g(x)Ǆ

ḍ᥂Ϟϔ㡖Ё SQLⱘ UPDATE᪡԰ⱘᗻ䋼˖

g(x) ⇒ U(x) = σ(x)

᠔ҹܗ㒘 y = σ(x) ೼᭄᥂ᑧ㸼 U(r) ЁǄজ಴Ўܗ㒘 x ⒵䎇

¬f(σ(x)) ᠔̍ҹ೼᭄᥂ᑧ㸼 U(r)Ёⱘܗ㒘 y 䛑⒵䎇 ¬f(y)Ǆ

- བᵰܗ㒘 x ϡ⒵䎇 f(x)ǃԚ⒵䎇 g(x)ˈ߭ x гᖙ乏⒵䎇

(¬f(x) ∨ g(x)) ∧ ¬f(σ(x))ǄৠϞৃᕫ 㒘ܗ̟ y = σ(x) ೼

᭄᥂ᑧ㸼 U(r)Ё ᑊ̍Ϩ䛑⒵䎇 ¬f(y)Ǆ
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- བᵰܗ㒘 xৠᯊϡ⒵䎇 f(x)੠ g(x)ˈे x⒵䎇¬f(x)∧¬g(x)Ǆ

ḍ᥂Ϟϔ㡖Ё SQLⱘ UPDATE᪡԰ⱘᗻ䋼˖

¬g(x) ⇒ U(x) = x

ӏϔ⒵䎇 ¬f(x) ∧ ¬g(x) ⱘܗ㒘 x 䛑೼᭄᥂ᑧ㸼 U(r) Ё 㗠̍

Ϩ䛑⒵䎇 ¬g(x)Ǆ

㓐Ϟ᠔䗄 䗚̍৺ੑ乬៤ゟ ᖙ̍㽕ᗻᕫ䆕Ǆ

2. C ᰃᔶབϟᓣⱘ⬅ܼ⿄䞣䆡䰤ᅮⱘ䇧䆡݀ᓣ˖

∀x ∈ R, f(x) (3.2)

݊Ё R̍ ᰃ᭄᥂ᑧ݇㋏ব䞣 f̍(x) ᰃ৿᳝㞾⬅ব䞣 x ⱘ䘏䕥㸼䖒ᓣˈ

೼ C Ё R̍ ᰃ㞾⬅ব䞣 x̍ ៤Ў㑺ᴳব䞣 ಴̍㗠៥Ӏгৃҹ⫼ C(R) ᴹ

㸼⼎ CǄᏆⶹ߱ྟⱘ᭄᥂ᑧ㸼 r ⒵䎇 C(r)ˈे r |= ∀x ∈ r, f(x) ៥̍Ӏ

㽕偠䆕ⱘⳂᷛᰃᠻ㸠ᅠׂᬍ᪡԰ৢⱘ᭄᥂ᑧ㸼 U(r) ⒵䎇 C(U(r))ˈे

U(r) |= ∀x ∈ U(r), f(x)Ǆ

ᅮ⧚ 4. ᠻ㸠ᅠ SQLⱘ INSERT᪡԰ⱘ᭄᥂ᑧ㸼 U(r) ⒵䎇㑺ᴳ C(U(r))

ⱘߚܙᖙ㽕ᴵӊᰃ ᮄ̟ᦦܹⱘܗ㒘 t ⒵䎇 f(t)Ǆ

䆕ᯢ . ḍ᥂Ϟϔ㡖Ё SQLⱘ INSERT᪡԰ⱘᗻ䋼˖

x ∈ U(r) ⇔ (x ∈ r ∨ x = t)

៥Ӏ᳝˖

∀x ∈ U(r), f(x) ⇔ (∀x ∈ r, f(x) ∧ f(t))

⬅Ꮖⶹᴵӊ r |= C(r)ˈे r |= ∀x ∈ r, f(x) ៥̍Ӏᕫࠄ ∀̟x ∈ U(r), f(x) ⇔

f(t)Ǆ

ᅮ⧚ 5. ᇍѢᔶབ(3.2)ⱘ㑺ᴳ C ӏ̍ϔ SQL ⱘ DELETE ᪡԰䛑ᰃ㑺ᴳᅝ

ܼⱘǄ
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䆕ᯢ . ᇍѢ᭄᥂ᑧ㸼 U(r) Ёⱘӏϔܗ㒘 x ḍ̍᥂Ϟϔ㡖Ё SQL ⱘ

DELETE᪡԰ⱘᗻ䋼˖

x ∈ U(r) ⇒ x ∈ r

x ᖙᅮг೼߱ྟ᭄᥂ᑧ㸼 r ЁǄ⬅Ꮖⶹᴵӊ r̟ |= C(r)ˈे r |= ∀x ∈

r, f(x) ៥̍Ӏ᳝ 㒘ܗ̟ x ⒵䎇䘏䕥㸼䖒ᓣ fǄ᠔ҹ U(r) |= ∀x ∈ U(r), f(x)

៤ゟǄ

ᅮ⧚ 6. ᠻ㸠ᅠ SQLⱘUPDATE᪡԰ⱘ᭄᥂ᑧ㸼 U(r)⒵䎇㑺ᴳ C(U(r))

ⱘߚܙᖙ㽕ᴵӊᰃ ∀̟x ∈ r,¬g(x) ∨ (g(x) ∧ f(σ(x)))

䆕ᯢ . ϟ䴶៥Ӏ߿ߚ䆕ᯢ݊ߚܙᗻ੠ᖙ㽕ᗻ˖

噝 ᗻߚܙ r |= ∀x ∈ r,¬g(x) ∨ (g(x) ∧ f(σ(x))) ⇒ U(r) |= C(U(r))˖

ᇍѢ᭄᥂ᑧ㸼 r Ёⱘӏϔܗ㒘 x 㽕̍М x ⒵䎇 ¬g(x) 㽕̍М x ⒵䎇

g(x) ∧ f(σ(x))˖

- བᵰܗ㒘 x⒵䎇 ¬g(x)˖

ḍ᥂Ϟϔ㡖Ё SQLⱘ UPDATE᪡԰ⱘᗻ䋼˖

¬g(x) ⇒ U(x) = x

㒘ܗ xҡ✊೼᭄᥂ᑧ㸼 U(r)Ё ⬅̍Ꮖⶹᴵӊӊ r̟ |= C(r)ˈे

r |= ∀x ∈ r, f(x) ៥̍Ӏ᳝ 㒘ܗ̟ x⒵䎇䘏䕥㸼䖒ᓣ fǄ

- བᵰܗ㒘 x⒵䎇 g(x) ∧ f(σ(x))˖

ḍ᥂Ϟϔ㡖Ё SQLⱘ UPDATE᪡԰ⱘᗻ䋼˖

g(x) ⇒ U(x) = σ(x)

㒘ܗ y = σ(x) ᖙᅮ೼᭄᥂ᑧ㸼 U(r) ЁǄজ಴Ўܗ㒘 x ⒵䎇

f(σ(x)) ᠔̍ҹܗ㒘 y ⒵䎇 f(y)Ǆ

㓐Ϟ᠔䗄 ᗻᕫ䆕Ǆߚܙ̍

噝 ᖙ㽕ᗻ U(r) |= C(U(r)) ⇒ r |= ∀x ∈ r,¬g(x) ∨ (g(x) ∧ f(σ(x)))˖

៥Ӏ䆕ᯢϢ݊ㄝӋⱘ䗚৺ੑ乬˖

r |= ¬(∀x ∈ r,¬g(x) ∨ (g(x) ∧ f(σ(x)))) ⇒ U(r) |= ¬C(U(r))
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⊼ᛣࠄ˖

¬(∀x ∈ r,¬g(x) ∨ (g(x) ∧ f(σ(x))))
≡ ∃x ∈ r,¬(¬g(x) ∨ (g(x) ∧ f(σ(x))))
≡ ∃x ∈ r, g(x) ∧ ¬(g(x) ∧ f(σ(x)))
≡ ∃x ∈ r, g(x) ∧ (¬g(x) ∨ ¬f(σ(x)))
≡ ∃x ∈ r, (g(x) ∧ ¬g(x)) ∨ (g(x) ∧ ¬f(σ(x)))
≡ ∃x ∈ r, g(x) ∧ ¬f(σ(x))

䆒 xЎ᭄᥂ᑧ㸼 r Ё⒵䎇 g(x) ∧¬f(σ(x))ⱘܗ㒘 ḍ̍᥂Ϟϔ㡖Ё

SQLⱘ UPDATE᪡԰ⱘᗻ䋼˖

g(x) ⇒ U(x) = σ(x)

㒘ܗ y = σ(x) ᖙᅮ೼᭄᥂ᑧ㸼 U(r) ЁǄজ಴Ўܗ㒘 x ⒵䎇

¬f(σ(x)) ᠔̍ҹܗ㒘 y ⒵䎇 ¬f(y)Ǆ᠔ҹ᭄᥂ᑧ㸼 U(r) ᄬ೼

ϔϾܗ㒘 y ϡ⒵䎇 fˈे U(r) |= ∃x ∈ U(r),¬f(x) ⬅̍Ѣ ∃x ∈

U(r),¬f(x) ≡ ¬(∀x ∈ U(r), f(x)) ᠔̍ҹ䗚৺ੑ乬៤ゟ ᖙ̍㽕ᗻᕫ

䆕Ǆ

5 本章小结

ࠡ䴶ᦤࠄ៥Ӏ⫼᭄᥂ᑧᅠᭈᗻ㑺ᴳẔᶹ˄ integrity constraint checking Ё˅ⱘކ

さ乘䰆˄ violation prevention ᮍ˅Ḝᴹᅲ⦄᭄᥂ᑧ㑺ᴳⱘ㓪䆥ᯊ䯈˄ compile-time˅

偠䆕 䖭̍ϔゴ೼ SQL 䇁㿔ⱘḚᶊϟᇍ៥Ӏⱘ䖭ϔᮍḜ䖯㸠њ䆺㒚ⱘ䇈ᯢǄ⬅Ѣ

៥Ӏ᠔䞛⫼ⱘᮍ⊩෎Ѣ䘏䕥⿟ᑣ䆒䅵˄ logic programming ǃ˅ᔶᓣ࣪偠䆕˄ formal

verification ㄝ˅乚ඳⱘ⧚论 ᠔̍ҹ៥Ӏ䳔㽕೼䘏䕥ሖ䴶ᦣ䗄៥Ӏⱘⷨおᇍ䈵üü

᭄᥂ᑧᅠᭈᗻ㑺ᴳ੠᭄᥂ᑧׂᬍ᪡԰ǄᇍѢ᭄᥂ᑧᅠᭈᗻ㑺ᴳ ៥̍Ӏ佪ܜ䆕

ᯢњ SQL ⱘӏϔᅠᭈᗻ㑺ᴳ䛑ৃҹ㾘㑺Ў䘏䕥ϞㄝӋⱘᮁ㿔˄ assertion˅̍Ң㗠

ㅔ࣪њ䯂乬 ᥹̠ϟᴹ៥Ӏᇚ SQL ᮁ㿔䕀࣪Ўϔ䰊䘏䕥㸼䖒ᓣ˄ first-order logic

formula˅̟៥Ӏḍ᥂ܗ㒘݇㋏ⓨㅫ˄ tuple relational calculus ੠˅ SQL2003 ᇍޚᷛ

៥ӀⱘⳂᷛ䇁㿔ҹঞ⑤䇁㿔 SQL ᮁ㿔خњ݋ԧⱘ䰤ᅮˈ᳔ ৢ㒭ߎњ SQL ᮁ㿔

ϔ䰊䘏䕥㸼䖒ᓣⱘ䕀࣪㾘߭ǄᇍѢ᭄᥂ᑧׂᬍ᪡԰ࠄ ៥̍Ӏߚᵤњ SQL 䇁㿔

Ёⱘ INSERTǃDELETE ੠ UPDATE ϝ໻᭄᥂ᑧׂᬍ᪡԰ⱘ䘏䕥䇁НǄ᳔ৢ៥
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Ӏ݋ԧ䇈ᯢњ៥Ӏ᠔䞛⫼ⱘ᳔ᔅࠡ㕂ᴵӊ˄ weakest precondition ੠˅䇧䆡䕀఼࣪

˄predicate transformer ᮍ˅⊩Ǆ៥Ӏ䖬ᇍ㑺ᴳⱘ䘏䕥㸼䖒ᓣᰃᔶབ(3.1)៪(3.2)ⱘ䇧

䆡݀ᓣᚙމ㒭ߎњ䇧䆡䕀఼࣪ⱘᬍ䖯 ᑊ̍㒭ߎⳌ݇㒧论ⱘ䆕ᯢǄؐᕫϔᦤⱘᰃˈ

៥Ӏ᠔ᕫࠄⱘ䖭㒘ᅠᭈᗻ㑺ᴳⱘㄝӋ偠䆕ᴵӊ䛑ৃҹ೼᭄᥂ᑧׂᬍ᪡԰ᠻ㸠ࠡ

ህ䖯㸠偠䆕 ᇍ̍䖭㒘ㄝӋ偠䆕ᴵӊⱘ偠䆕ҡ✊ކ᳝݋さ乘䰆ᮍ⊩ⱘӬ࢓Ǆ
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基于Why3平台的数据库约束自动验证

1 Why3平台及约束自动验证的具体实现

៥Ӏࡽ׳ѢWhy3[7]ᑇৄᴹᅲ⦄᭄᥂ᑧ㑺ᴳⱘ㞾ࡼ偠䆕ǄWhy3ᰃϔϾ෎Ѣ

ϔ䰊䘏䕥˄ first-order logic ⱘ˅⿟ᑣ偠䆕ᑇৄˈᬃ ᣕ Alt-Ergo[12]ǃZ3[16]ǃCVC3[3]ǃ

Yices[22]ǃSimplify[19]ǃGappa[2]ǃCoq[1] ㄝ໮Ͼৢッᅮ⧚㞾ࡼ䆕ᯢ఼˄ prover Ǆ˅

Why3 ᅮНњϔ⾡ㅔऩⱘ᳝݋㉏Ԑ MLߑ᭄ᓣ䇁㿔⡍ᕕⱘ WhyML 䇁㿔 䆹̍䇁㿔

䞛প Hoareϝܗ㒘ⱘᔶᓣᴹᅮНߑ᭄˄ ݊Ё p Ўࠡ㕂ᴵӊ e̍ Ўߑ᭄ԧ q̍ Ўৢ㕂

ᴵӊ˅̟

let f(x1 : τ1, . . . , xn : τn) : τ = {p} e {q}

ᑊ߽⫼ Hoare䘏䕥ⱘ᥼ᇐ㾘߭ᕫࠄ䆹䇁㿔ⱘᠻ㸠䇁Н˄ operational semantic Ǆ˅෎

Ѣℸ W̍hy3ᑇৄЎ෎本ⱘ⿟ᑣഫᅮНњᅠܼⱘ䅵ㅫ᳔ᔅࠡ㕂ᴵӊᮍ⊩ⱘ䗦ᔦ㾘

߭Ǆḍ᥂䖭༫㾘߭ W̍hy3ৃҹ㞾ࡼ生៤ৢ㕂ᴵӊ q ݇Ѣߑ᭄ԧ e ⱘ᳔ᔅࠡ㕂ᴵ

ӊǄ

೼៥Ӏⱘ䇒乬Ё W̍hy3ᑇৄৃҹ⫼ᴹ㞾ࡼᕫࠄ᭄᥂ᑧᅠᭈᗻ㑺ᴳ C ੠᭄᥂

ᑧׂᬍ᪡԰ U ⱘ᳔ᔅࠡ㕂ᴵӊ wpc(C,U) ৠ̍ᯊᇚWhy3⿟ᑣ本䑿᠔⫼ⱘ䘏䕥੠

হ⊩˄ syntax 䕀˅࣪Ўৢッ৘⾡ᅮ⧚㞾ࡼ偠䆕఼˄ prover ᠔˅⫼ⱘ䘏䕥੠⿟ᑣহ⊩ˈ

⬅ᅮ⧚偠䆕఼ᴹ㞾ࡼ䆕ᯢ偠䆕ᴵӊ˄ verification condition˅̟ C ⇒ wpc(C,U)ǄѢ

ᰃᅲ⦄᭄᥂ᑧᅠᭈᗻ㑺ᴳⱘ㞾ࡼ偠䆕៥Ӏ䳔㽕ᅠ៤ⱘᰃҢ SQL 䇁হࠄ WhyML

⿟ᑣⱘ㞾ࡼ䕀࣪ǄЎℸ ៥̍Ӏᅲ⦄њѨϾ㾷䞞఼˄ parser˅̟

1. SQL ⱘ CREATE TABLE 䇁হⱘ㾷䞞఼ Ң̍ CREATE TABLE 䇁হᕫࠄ

WhyML⿟ᑣ᠔䳔㽕ⱘ㉏ൟᅮНঞᇐܹⱘᑧǄ

2. SQLᮁ㿔ⱘ㾷䞞఼ ᇚ̍ SQLᮁ㿔䕀࣪ЎWhyML⿟ᑣⱘ predicateǄ

3. SQL ⱘ INSERT ᪡԰ⱘ㾷䞞఼ ᇚ̍ SQL ⱘ INSERT ᪡԰䕀࣪Ў WhyML

⿟ᑣⱘߑ᭄Ǆ

4. SQLⱘ DELETE᪡԰ⱘ㾷䞞఼ ᇚ̍ SQLⱘ DELETE᪡԰䕀࣪ЎWhyML

⿟ᑣⱘߑ᭄Ǆ
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5. SQLⱘ UPDATE᪡԰ⱘ㾷䞞఼ ᇚ̍ SQLⱘ UPDATE᪡԰䕀࣪ЎWhyML

⿟ᑣⱘߑ᭄Ǆ

៥Ӏⱘ㾷䞞఼㞾ࡼ生៤ⱘWhyML⿟ᑣЏ㽕⬅ҹϟ޴Ͼ䚼ߚ㒘៤˖

1. ⿟ᑣ༈䚼 Џ̍㽕ᰃ import᠔䳔㽕ⱘ theory៪ moduleǄ

2. ব䞣ᅮНǄ

3. ᇍᑨѢ SQLᮁ㿔ⱘ predicateᅮНǄ

4. ᇍᑨѢ SQL᭄᥂ᑧׂᬍ᪡԰ⱘߑ᭄Ǆ

ϟ䴶៥Ӏᇚ݋ԧᦣ䗄៥Ӏᅲ⦄ⱘѨϾ㾷䞞఼ ៥̟Ӏᇚ㒭ߎⳌᑨ SQL 䇁হⱘ

䆺㒚䇁⊩ ᑊ̍䗮䖛䕀࣪㾘߭䯤䗄བԩᇚ SQL䇁হ䕀࣪ЎWhyML⿟ᑣǄ೼䖭䞠ˈ

៥Ӏ᠔㞾ࡼ生៤ⱘⳂᷛ⿟ᑣⱘ䘏䕥䇁Н䛑෎ѢϞϔゴᇍ᭄᥂ᑧᅠᭈᗻ㑺ᴳ੠᭄

᥂ᑧׂᬍ᪡԰ⱘ䘏䕥ᔶᓣ࣪Ꮉ԰Ǆ

2 SQL的 CREATE TABLE语句的解释器

೼WhyML⿟ᑣЁ ៥̍Ӏᡞ᭄᥂ᑧ݇㋏ব䞣ⳟ԰ᰃܗ㒘ব䞣ⱘ list ᡞ̍ܗ㒘ব

䞣ⳟ԰ᰃ䆄ᔩሲᗻ˄ े㸼ⱘ߫ ⱘ˅ৡ⿄ঞ݊ᇍᑨ㉏ൟⱘ recordൟব䞣Ǆ

ᇍѢབϟⱘϔ㠀ᔶᓣⱘ CREATE TABLE䇁হ˖

<table definition> ::= CREATE TABLE <table name>
(<table element list>)

<table element list> ::= <table element>
| <table element list>,<table element>

<table element> ::= <attribute name> <attribute type>

៥Ӏᇚ生៤བϟⱘWhyMLҷⷕ˖

type tupleType_<table name> = {|<attribute list>|}
<attribute list> ::= <attribute>

| <attribute list>;<attribute>
<attribute> ::= <attribute name>: <attribute type>

ᑊḍ᥂ሲᗻⱘ᭄᥂㉏ൟ<attribute type> ᇐܹⳌᑨⱘ theory៪ moduleǄПৢ

㸼ৡЎ<tableࠄ⫼ name>ⱘ݇㋏ব䞣ˈ݊ ㉏ൟЎ list tupleType_<table name>Ǆ
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3 SQL断言的解释器

⬅Ѣ WhyML 䞛⫼ⱘᰃϔ䰊䘏䕥˄ first order logic˅̍᠔ҹ៥Ӏৃҹ䞛⫼Ϟϔ

ゴ᠔䗄ⱘ SQLᮁ㿔ࠄϔ䰊䘏䕥㸼䖒ᓣⱘ䕀࣪㾘߭Ⳉ᥹ᕫࠄ SQLᮁ㿔ࠄWhyML

ҷⷕⱘ䕀࣪㾘߭ǄЎњϢПࠡᇚ SQLᮁ㿔᯴ᇘ៤ϔ䰊䘏䕥㸼䖒ᓣⱘߑ᭄ T Ⳍऎ

ߚ ៥̍Ӏ䆒ᇚ SQLᮁ㿔᯴ᇘ៤WhyML⿟ᑣⱘߑ᭄Ў T ′Ǆҹϟ៥Ӏ㒭ߑߎ᭄ T ′

ⱘᅮН Ў̍њ䙓ܡ੠ SQL ᮁ㿔᠔⫼ⱘᣀোĀ(āĀ)āⳌ⏋⎚ ៥̍Ӏ⫼ T ′[] 㗠䴲 T ′()

ᴹ㸼⼎ ℸ̠໪ Ў̍њ֓Ѣ⧚㾷 ೼̍Пৢⱘ WhyML ҷⷕЁ ៥̍Ӏᡞ WhyML 䇁㿔㸼

⼎ড়পⱘ \/䆄Ў ∧ ᡞ̍㸼⼎ᵤপⱘ /\䆄Ў ∨ ᡞ̍㸼⼎㭈⎉˄ implication ⱘ˅− >䆄

Ў→ ᡞ̍㸼⼎ㄝӋⱘ < − >䆄Ў ↔Ǆ

T ′[CREATE ASSERTION <assertion name>
CHECK <exists predicate>]
 
predicate <assertion name> <parameter> =
T ′[<exists predicate>]

T ′[EXISTS ( SELECT *
FROM r1 x1, · · · , rn xn

WHERE <search condition> )]

 exists x1, . . . , xn.
mem x1 r1 ∧ · · · ∧ mem xn rn
∧T ′[<search condition>]

T ′[NOT EXISTS ( SELECT *
FROM r1 x1, · · · , rn xn

WHERE <search condition> )]

 not (exists x1, . . . , xn.
mem x1 r1 ∧ · · · ∧ mem xn rn
∧T ′[<search condition>])

T ′[<search condition> OR <boolean term>]  T ′[<search condition>] ∨ T ′[<boolean term>]
T ′[<boolean term> AND <boolean factor>]  T ′[<boolean term>] ∧ T ′[<boolean factor>]

T ′[NOT (<search condition>)]  not (T ′[<search condition>])

T ′[<expression1 > <comp op> <expression2 >]
 
T ′[<expression1 >] T ′[<comp op>] T ′[<expression2 >]

<comp op> ::= = | <> | < | ≤ | > | ≥
T ′[<comp op>]  <comp op>

T ′[<expression1 > <numerical op> <expression2 >]
 
T ′[<expression1 >] T ′[<numerical op>] T ′[<expression2 >]

<numerical op> ::= + | − | ∗ | /
T ′[<numerical op>]  <numerical op>

T ′[<const>]  <const>
T ′[x.a]  x.a
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T ′[<expression> BETWEEN <const1 > AND <const2 >]
 
(T ′[<expression>] ≥ <const1 >) ∧ (T ′[<expression>] ≤ <const2 >)

T ′[<expression> NOT BETWEEN <const1 > AND <const2 >]
 
(T ′[<expression>] < <const1 >) ∨ (T ′[<expression>] > <const2 >)

T ′[<expression> IN
( <const1 >,Ă, <constm > ) ]

 mem T ′[<expression>]
(Cons <const1 > (ConsĂ(Cons <constm > Nil)Ă))

T ′[<expression> NOT IN
( <const1 >,Ă, <constm > ) ]

 not (mem T ′[<expression>]
(Cons <const1 > (ConsĂ(Cons <constm > Nil)Ă)))

䆒 expЎϔϾ SQLᮁ㿔ᄤহˈ߭ ៥Ӏ᳝˖

T ′[(exp)]  (T ′[exp])

4 SQL的 INSERT操作的解释器

ᇍѢབϟϔ㠀ᔶᓣⱘ SQL䇁㿔 INSERT᪡԰˖

<insert statement> ::= INSERT INTO <table name> VALUES ( <column value list> )
| INSERT INTO <table name> ( <column name list> )

VALUES ( <column value list> )
<column name list> ::= <column name>

| <column name list>,<column name>
<column value list> ::= <column value>

| <column value list>,<column value>

៥Ӏ生៤བϟⱘWhyMLҷⷕ˖

<insert function> ::= let <fun name> <fun parameters> =
{ <precondition> }
<target table> ++ <new tuple>
{ <postcondition> }

<precondition> ::= <assertion name> <assertion arguments>
| <precondition> ∧<assertion name> <assertion arguments>

<new tuple> ::= ( Cons {| <new column list> |} Nil )
<new column list> ::= <column name> = <column value>

| <new column list>; <column name> = <column value>

݊Ёˈࠡ 㕂ᴵӊ <precondition> ᰃ᠔᳝ПࠡᅮНⱘ SQL ᮁ㿔ⱘড়প 㸼̍⼎䖭ѯ

SQL ᮁ㿔᠔㸼⼎ⱘ᭄᥂ᑧᅠᭈᗻ㑺ᴳ೼᭄᥂ᑧׂᬍ᪡԰ᠻ㸠ࠡ䛑⒵䎇Ǆৢ㕂

ᴵӊ <postcondition> ⱘϔ㠀ᔶᓣϢࠡ㕂ᴵӊ <precondition> ⱘϔ㠀ᔶᓣ෎本Ⳍ
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ৠ া̍ϡ䖛 <assertion arguments> ЁⳂᷛ݇㋏ব䞣ⱘৡ⿄᳓ᤶЎ݇䬂ᄫ resultˈ݇

䬂ᄫ result೼WhyML䇁㿔Ё㸼⼎WhyMLߑ᭄ᠻ㸠ᅠৢ䖨ಲⱘব䞣Ǆ೼䖭↉⿟

ᑣЁ r̍esult ेᰃ<target table> ++ <new tuple> ᠔ᕫࠄⱘ㒧ᵰ ᅗ̍㸼⼎Ⳃᷛ㸼ᦦ

ⱘ㸼Ǆࠄ㒘ৢ᠔ᕫܗܹ

5 SQL的 DELETE操作的解释器

ᇍѢབϟϔ㠀ᔶᓣⱘ SQL䇁㿔 DELETE᪡԰˖

<delete statement> ::= DELETE FROM <target table name>
[ USING <table reference list> ]
[ WHERE <search condition> ]

<table reference list> ::= <table name>
| <table reference list>,<table name>

<search condition> ::= <boolean term>
| <search condition> OR <boolean term>

<boolean term> ::= <boolean factor>
| <boolean term> AND <boolean factor>

<boolean factor> ::= <predicate>
| [ NOT ] ( <search condition> )

<predicate> ::= <comparison predicate>
| <between predicate>
| <in predicate>

݊ԭ䴲㒜㒧ヺⱘ䇁⊩㾘߭Ϣ SQLᮁ㿔Ёⱘϔ㟈 䖭̍䞠Ң⬹Ǆ

བᵰ USING ᄤহ੠ WHERE ᄤহϡߎ⦄೼ DELETE 䇁হЁˈ߭ 㸼ᯢ䆹

DELETE᪡԰ᇚߴ䰸Ⳃᷛ㸼᠔᳝ⱘܗ㒘 ಴̍ℸ៥Ӏ生៤བϟⱘWhyMLҷⷕ˖

<delete function> ::= let rec <fun name> <fun parameters> =
{ true }
match <target table> with
| Nil→ Nil
| Cons {| <tuple exp> |} <left table> →
( <fun name> <fun arguments> )
end
{ <postcondition> }

<tuple exp> ::= <column name> = <column value string>
| <tuple exp>; <column name> = <column value string>

<column value string> ::= <table name>_<column name>_value
<postcondition> ::= <condition> → <consequence>

<condition> ::= <assertion name> <assertion arguments>
| <condition> ∧<assertion name> <assertion arguments>
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݊Ё C̍ons {| <tuple exp> |} <left table> 㸼⼎䖲᥹ܗ㒘 {| <tuple exp> |}੠

㸼<left table> ব̍䞣<left table> 㸼⼎ᔧࠡߑ᭄Ёⱘ㸼<target table> 䰸এܗ㒘 {|

<tuple exp> |} ᭄ᅲখߑ㒘㒘៤ⱘ㸼Ǆܗϟ࠽⬅ৢ <fun arguments> ⱘϔ㠀ᔶᓣ

Ϣߑ᭄ᔶখ <fun parameters> ⱘϔ㠀ᔶᓣ෎本Ⳍৠ 䰸̍њখ᭄<target table> 㹿

ব䞣<left table> ᠔᳓ᤶǄ䖭Ͼߑ᭄ⱘ䇁Нᰃ བ̍ᵰᔧࠡⱘ㸼<target table> Ўぎ

˄Nil˅̍߭䖨ಲぎ԰Ў㒧ᵰ ৺̠߭߸ᮁ㄀ϔϾܗ㒘ᰃ৺⒵䎇᧰㋶ᴵӊ 㢹̍⒵䎇߭ᇚ

⬭এǃϡ⒵䎇ֱ߭ߴ݊ ✊̍ৢᇍ⬅࠽ϟܗ㒘㒘៤ⱘ㸼 <left table> 㒻㓁䗦ᔦ䇗⫼䆹

᭄Ǆߑ

঺໪ <̍condition> ᰃ䇁НϞⱘࠡ㕂ᴵӊ <̍consequence> ᰃ䇁НϞⱘৢ㕂

ᴵӊǄ䖭䞠П᠔ҹϡᡞ <condition> ᬒ೼⿟ᑣⱘࠡ㕂ᴵӊ <precondition>ǃᡞ

<consequence> ᬒ೼⿟ᑣⱘৢ㕂ᴵӊ <postcondition> ᰃ̍಴Ў㗠೼WhyML䇁㿔

Ёߑ᭄䳔⒵䎇ࠡ㕂ᴵӊᠡӮ䖯ܹߑ᭄ԧ ᇍ̍Ѣᶤѯ㉏ൟⱘᮁ㿔˄ ՟བ⬅ܼ⿄䞣

䆡䰤ᅮⱘᮁ㿔˅̍ᔧӴܹⱘⳂᷛ㸼ব䞣<target table> Ўぎᯊᇚ᮴⊩⒵䎇 བ̍ᵰ៥

ӀⳈ᥹ᡞ <condition> ᬒ೼ <precondition> Ё 䆹̍䗦ᔦߑ᳔᭄ৢᇚ᮴⊩䖯ܹߑ᭄

ԧǄ᠔ҹ៥Ӏ೼䖭䞠ᡞ <precondition> 㕂Ў True ҹֱ̍䆕ߑ᭄ԧ㹿ℷᐌᠻ㸠 ᡞ̍

<postcondition>ᬍЎ㭈⎉ᓣ ҹ̍䙓ܡᬍব݊䘏䕥䇁НǄ

<consequence> ⱘϔ㠀ᔶᓣϢࠡ㕂ᴵӊ <condition> ⱘϔ㠀ᔶᓣ෎本Ⳍৠˈ

াϡ䖛 <assertion arguments> ЁⳂᷛ݇㋏ব䞣ⱘৡ⿄<target table> ᳓ᤶЎ݇䬂

ᄫ resultǄ

བᵰা᳝ WHERE ᄤহߎ⦄೼ DELETE 䇁হЁˈ߭ 㸼ᯢ䆹 DELETE ᪡԰ᇚ

䰸Ⳃᷛ㸼᠔᳝⒵䎇᧰㋶ᴵӊߴ <search condition> ⱘܗ㒘 㗠̍Ϩ᧰㋶ᴵӊাϢⳂ

ᷛ㸼᳝݇ ಴̍ℸ៥Ӏ生៤བϟⱘWhyMLҷⷕ˖

<delete function> ::= let rec <fun name> <fun parameters> =
{ true }
match <target table> with
| Nil→ Nil
| Cons {| <tuple exp> |} <left table> →
if <search condition> then ( <fun name> <fun arguments> )
else Cons {| <tuple exp> |} ( <fun name> <fun arguments> )
end
{ <postcondition> }

བᵰ USING ᄤহ੠ WHERE ᄤহ䛑ߎ⦄೼ DELETE 䇁হЁˈ߭ 㸼ᯢ䆹

DELETE ᪡԰ᇚߴ䰸Ⳃᷛ㸼᠔᳝⒵䎇᧰㋶ᴵӊ <search condition> ⱘܗ㒘 㗠̍Ϩ
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᧰㋶ᴵӊᇚ⍝ঞࠄ USINGᄤহЁⱘ໮Ͼ㸼 ᇍ̍Ѣ䖭⾡䕗໡ᴖⱘᚙމ ៥̍Ӏᇚ生៤

Ϣ᧰㋶ᴵӊⳌᇍᑨⱘ predicateঞϔ㋏߫䘡ग़ߑ᭄੠ϔϾᠻ㸠ߴ䰸᪡԰ⱘߑ᭄Ǆ

Ϣ᧰㋶ᴵӊⳌᇍᑨⱘ predicateⱘϔ㠀ᔶᓣབϟ˖

<sc predicate> ::= predicate <sc predicate name> <sc predicate parameters> =
<search condition>

䘡ग़ߑ᭄ <iter function> ⫼Ѣ೼ USING ᄤহЁ䰸䘡ग़Ⳃᷛ㸼ҹ໪ⱘ㸼 ҹ̍

ᕫࠄ᧰㋶ᴵӊЁ䳔㽕ⱘ߫ব䞣Ǆ

<iter function> ::= let rec <fun name> <fun parameters> =
{ <precondition> }
match <iter table> with
| Nil→ False
| Cons {| <tuple exp> |} <left table> →
if <check condition> then True
else ( <fun name> <fun arguments> )
end
{ <postcondition> }

<precondition> ::= <assertion name> <assertion arguments>
| <precondition> ∧<assertion name> <assertion arguments>

ᇍѢẔ偠ᴵӊ <check condition> བ̍ᵰ䆹䘡ग़ߑ᭄ᰃ᳔ܜ㹿ᅮНⱘ䘡ग़ߑ

᭄ˈ߭ <check condition>ህᰃ᧰㋶ᴵӊ <search condition> ৺̍߭߭Ў䇗⫼ࠡϔϾ

㹿ᅮНⱘ䘡ग़ߑ᭄ ᇚ̍খ᭄Ёⱘ <iter table> ҷᤶЎ <left table>Ǆ঺໪ 䘡̍ग़ߑ

᭄ⱘࠡ㕂ᴵӊ <precondition>ᰃϢᔧࠡᏆ㒣䘡ग़䖛ⱘ㸼Ⳍ݇ⱘᮁ㿔ⱘড়পǄ

<postcondition> ::= <precondition> ∧ ( result = True↔ <exists statement> )
<exists statement> ::= exists <tuple>: <tuple type>.

mem <tuple> <iter table>∧
(<sc predicate name> <sc predicate arguments>)
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䘡ग़ߑ᭄㹿生៤Пৢ ៥̍Ӏ䖬䳔㽕ϔϾߑ᭄ᴹ䘡ग़Ⳃᷛ㸼 ᠻ̍㸠ߴ䰸᪡԰˖

<delete function> ::= let rec <fun name> <fun parameters> =
{ true }
match <target table> with
| Nil→ False
| Cons {| <tuple exp> |} <left table> →
if <check condition> then ( <fun name> <fun arguments> )
else Cons {| <tuple exp> |} ( <fun name> <fun arguments> )
end
{ <postcondition> }

<postcondition> ::= <condition> → <consequence>
<condition> ::= <assertion name> <assertion arguments>

| <condition> ∧<assertion name> <assertion arguments>

6 SQL的 UPDATE操作的解释器

ᇍѢབϟϔ㠀ᔶᓣⱘ SQL䇁㿔 UPDATE᪡԰˖

<update statement> ::= UPDATE <target table name>
SET <set clause list>
[ FROM <table reference list> ]
[ WHERE <search condition> ]

<set clause list> ::= <set clause>
<set clause list>,<set clause>

<set clause> ::= <set column> = <const>
<set column> ::= <table name>.<attribute name>

݊ԭ䴲㒜㒧ヺⱘ䇁⊩㾘߭Ϣ SQLᮁ㿔Ёⱘϔ㟈 䖭̍䞠Ң⬹Ǆ

བᵰ USING ᄤহ੠ WHERE ᄤহϡߎ⦄೼ UPDATE 䇁হЁˈ߭ 㸼ᯢ䆹
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UPDATE᪡԰ᇚ᳈ᮄⳂᷛ㸼᠔᳝ⱘܗ㒘 ಴̍ℸ៥Ӏ生៤བϟⱘWhyMLҷⷕ˖

<update function> ::= let rec <fun name> <fun parameters> =
{ true }
match <target table> with
| Nil→ Nil
| Cons {| <old tuple exp> |} <left table> →
Cons {| <new tuple exp> |} ( <fun name> <fun arguments> )
end
{ <postcondition> }

<tuple exp> ::= <column name> = <column value string>
| <tuple exp>; <column name> = <column value string>

<column value string> ::= <table><column><value>
<postcondition> ::= <condition> → <consequence>

<condition> ::= <assertion name> <assertion arguments>
| <condition> ∧<assertion name> <assertion arguments>

བᵰা᳝WHEREᄤহߎ⦄೼ UPDATE䇁হЁˈ߭ 㸼ᯢ䆹 UPDATE᪡԰ᇚ

᳈ᮄⳂᷛ㸼᠔᳝⒵䎇᧰㋶ᴵӊ <search condition> ⱘܗ㒘 㗠̍Ϩ᧰㋶ᴵӊাϢⳂ

ᷛ㸼᳝݇ ಴̍ℸ៥Ӏ生៤བϟⱘWhyMLҷⷕ˖

<update function> ::= let rec <fun name> <fun parameters> =
{ true }
match <target table> with
| Nil→ Nil
| Cons {| <old tuple exp> |} <left table> →
if <search condition>
then Cons {| <new tuple exp> |} ( <fun name> <fun arguments> )
else Cons {| <old tuple exp> |} ( <fun name> <fun arguments> )
end
{ <postcondition> }

བᵰ USING ᄤহ੠ WHERE ᄤহ䛑ߎ⦄೼ UPDATE 䇁হЁˈ߭ 㸼ᯢ䆹

UPDATE ᪡԰ᇚ᳈ᮄⳂᷛ㸼᠔᳝⒵䎇᧰㋶ᴵӊ <search condition> ⱘܗ㒘 㗠̍Ϩ

᧰㋶ᴵӊᇚ⍝ঞࠄ USINGᄤহЁⱘ໮Ͼ㸼 ᇍ̍Ѣ䖭⾡䕗໡ᴖⱘᚙމ ៥̍Ӏᇚ生៤

Ϣ᧰㋶ᴵӊⳌᇍᑨⱘ predicateঞϔ㋏߫䘡ग़ߑ᭄੠ϔϾᠻ㸠᳈ᮄ᪡԰ⱘߑ᭄Ǆ

Ϣ᧰㋶ᴵӊⳌᇍᑨⱘ predicateⱘϔ㠀ᔶᓣབϟ˖

<sc predicate> ::= predicate <sc predicate name> <sc predicate parameters> =
<search condition>

䘡ग़ߑ᭄ <iter function> ⫼Ѣ೼ USING ᄤহЁ䰸䘡ग़Ⳃᷛ㸼ҹ໪ⱘ㸼 ҹ̍
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ᕫࠄ᧰㋶ᴵӊЁ䳔㽕ⱘ߫ব䞣Ǆ

<iter function> ::= let rec <fun name> <fun parameters> =
{ <precondition> }
match <iter table> with
| Nil→ False
| Cons {| <tuple exp> |} <left table> →
if <check condition> then True
else ( <fun name> <fun arguments> )
end
{ <postcondition> }

<precondition> ::= <assertion name> <assertion arguments>
| <precondition> ∧<assertion name> <assertion arguments>

<postcondition> ::= <precondition> ∧ ( result = True↔ <exists statement> )
<exists statement> ::= exists <tuple>: <tuple type>.

mem <tuple> <iter table> ∧ ( <sc predicate> <predicate arguments> )

䘡ग़ߑ᭄㹿生៤Пৢ ៥̍Ӏ䖬䳔㽕ϔϾߑ᭄ᴹ䘡ग़Ⳃᷛ㸼 ᠻ̍㸠᳈ᮄ᪡԰˖

<update function> ::= let rec <fun name> <fun parameters> =
{ true }
match <target table> with
| Nil→ False
| Cons {| <old tuple exp> |} <left table> →
if <search condition>
then Cons {| <new tuple exp> |} ( <fun name> <fun arguments> )
else Cons {| <old tuple exp> |} ( <fun name> <fun arguments> )
end
{ <postcondition> }

<postcondition> ::= <condition> → <consequence>
<condition> ::= <assertion name> <assertion arguments>

| <condition> ∧<assertion name> <assertion arguments>

7 本章小结

䖭ϔゴЁ៥Ӏҟ㒡њWhy3ᑇৄ 㾷̍䞞њབԩ⫼Why3ᴹ䖯㸠᭄᥂ᑧᅠᭈᗻ

㑺ᴳⱘ㞾ࡼ偠䆕Ǆ៥Ӏᅲ⦄њѨϾ㾷䞞఼ᴹᡞ SQL䇁হ㞾ࡼ䕀࣪ЎWhyML⿟

ᑣ 䖭̍ϔゴᇍ䖭ѨϾ㾷䞞఼䖯㸠њ䆺㒚ⱘᦣ䗄 ៥̟Ӏ㒭ߎњⳌ݇ SQL䇁হⱘᅠᭈ

䇁⊩ ḍ̍᥂䆹䇁⊩ঞϞϔゴ᠔䇈ᯢⱘ䘏䕥䇁Нᕫࠄ SQL 䇁হࠄⳂᷛ⿟ᑣⱘ䕀࣪

㾘߭Ǆḍ᥂䖭ѯ䕀࣪㾘߭ ៥̍Ӏ⫼ ocamllex ੠ ocamlyacc ᅲ⦄њ䖭ѨϾ㾷䞞఼ˈ

Ң㗠ᅠ៤ᭈϾ偠䆕䖛⿟ⱘ㞾࣪ࡼǄ
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实验结果与分析

೼ᅲ偠Ё ៥̍ӀՓ⫼ Alt-Ergo[12]ǃCVC3[3]ǃYices[22] ੠ Gappa[2] ಯϾᅮ⧚

㞾ࡼ䆕ᯢ఼˄ prover ԰˅ЎWhy3ᑇৄⱘৢッ˄ back-end Ǆ˅

ᇍѢӏᛣ㑺ᴳϡᅝܼⱘ᭄᥂ᑧׂᬍ᪡԰ ᠔᳝̍ⱘᅮ⧚㞾ࡼ䆕ᯢ఼ഛ㒭ߎ

Unvalid៪㗙 Timeoutⱘ㒧ᵰ 㸼̍⼎᭄᥂ᑧ㑺ᴳֱᣕⱘ㒧论᮴⊩㹿䆕ᯢǄ

ᇍѢ㑺ᴳᅝܼⱘ᭄᥂ᑧׂᬍ᪡԰ ៥̍ӀপಯϾᅮ⧚㞾ࡼ䆕ᯢ఼䖤㸠㒧ᵰЁ

᳔ⷁⱘ䖤㸠ᯊ䯈԰Ў䆹᪡԰ⱘ偠䆕ᯊ䯈ˈ߭ SQL 䇁㿔ⱘ INSERTǃDELETE ੠

UPDATE᪡԰ⱘᑇഛ偠䆕ᯊ䯈Ў˖

INSERT᪡԰ DELETE᪡԰ UPDATE᪡԰

ᑇഛᯊ䯈˄ s˅ 0.205 2.338 1.149

೼៥Ӏ᠔⌟䆩ⱘ՟ᄤЁ 偠̍䆕ᯊ䯈ϢⳌᑨ SQL ᮁ㿔ⱘ䘏䕥㸼䖒ᓣⱘ໡ᴖ

ᑺ᳝݇Ǆབᵰ៥Ӏ⫼ড়প㣗ᓣ˄ Conjunctive normal form ㅔ̍⿄ CNF˅M 㸼䖒䖭ѯ

SQLᮁ㿔ⱘ䘏䕥㸼䖒ᓣˈ߭ ϔ㠀ᴹ䇈ড়প㣗ᓣЁⱘᄤহ䍞໮ ᠔̍䳔㽕ⱘ偠䆕ᯊ䯈

䍞䭓ǄџᅲϞ Why3 ᑇৄгᦤկњ Split ৃˈ㛑ࡳ ҹᡞ偠䆕Ⳃᷛ䕀࣪Ўϔ㋏߫ᄤ

Ⳃᷛⱘড়পᴹ߿ߚ偠䆕Ǆϔ㠀ߚ㾷ߎᴹⱘᄤⳂᷛ䍞໮ ᘏ̍Ⳃᷛ᠔䳔㽕ⱘ偠䆕ᯊ䯈

ህ䍞䭓Ǆℸ໪ 偠̍䆕ᯊ䯈гϢ᭄᥂ᑧׂᬍ᪡԰᳝݇ǄᇍѢ⍝ঞ໮ᓴ㸼ⱘ㑺ᴳᅝܼ

ⱘ DELETE៪ UPDATE᪡԰ ⬅̍Ѣ៥Ӏ䳔㽕生៤ϔ㋏߫䘡ग़ߑ᭄ ᠔̍ҹ݊偠䆕ᯊ

䯈ϔ㠀Ӯ↨া⍝ঞऩᓴ㸼ⱘ᪡԰㽕䭓Ǆ

߱ᳳ៥ӀՓ⫼ 0.71⠜本ⱘWhy3ᑇৄᯊ ᇍ̍Ѣ᭄᥂ᑧᅠᭈᗻ㑺ᴳⱘ䘏䕥㸼䖒

ᓣᰃᔶབ(3.1)ⱘ⬅ᄬ೼䞣䆡䰤ᅮⱘ䇧䆡݀ᓣⱘᚙމ ᅮ̍⧚㞾ࡼ䆕ᯢ఼᮴⊩߸ᮁߎ

㑺ᴳᅝܼⱘ᭄᥂ᑧׂᬍ᪡԰ǄѢᰃ៥Ӏᓩܹ䇧䆡䕀఼࣪˄ predicate transformer˅

ᮍ⊩ ᡒ̍ࠄњϔ㒘ᇍ SQLⱘ INSERTǃDELETE੠ UPDATE᪡԰ⱘᅠᭈᗻ㑺ᴳㄝ

Ӌᴵӊ 㗠̍Ϩথ⦄ᇍѢᅠᭈᗻ㑺ᴳⱘ䘏䕥㸼䖒ᓣᰃᔶབ(3.2)ⱘ⬅ܼ⿄䞣䆡䰤ᅮⱘ

䇧䆡݀ᓣⱘᚙމг᳝㉏Ԑⱘ㒧论Ǆ䖭ℷᰃ೼ࠡ䴶㄀ϝゴЁ៥Ӏ᠔䆕ᯢⱘ㒧ᵰǄ

៥Ӏ⌟䆩њᇍㄝӋᴵӊⱘ偠䆕 㒧̍ᵰ㸼ᯢ 㑺̟ᴳᅝܼ੠㑺ᴳϡᅝܼⱘ᭄᥂ᑧׂᬍ

᪡԰ৃҹ㹿ℷ⹂߸ᮁߎǄৢᴹ៥ӀՓ⫼ᔧᯊᇮ᳾থᏗⱘWhy3ᑇৄⱘ 0.72⠜本

䞡ᮄ䖯㸠⌟䆩 থ̍⦄ᮄ⠜ⱘWhy3ᑇৄৃҹЎৢッⱘᅮ⧚㞾ࡼ䆕ᯢ఼生៤᳈ࡴ㊒
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⹂ⱘ䕧ܹ ಴̍㗠ࠡ䴶㹿䇃߸ⱘ᭄᥂ᑧׂᬍ᪡԰⦄೼ৃҹ㹿ℷ⹂߸ᮁЎ㑺ᴳᅝܼǄ

ϡ䖛 䖭̍ϸ⾡ᮍ⊩೼ᬜ⥛Ϟ䖬ᰃ᳝Ꮒ߿ⱘ˖

ᔧ᭄᥂ᑧᅠᭈᗻ㑺ᴳⱘ䘏䕥㸼䖒ᓣᰃᔶབ(3.1)ⱘ⬅ᄬ೼䞣䆡䰤ᅮⱘ䇧䆡݀

ᓣᯊ 䖭̍ϸ⾡ᮍ⊩ⱘᗻ㛑ᇍ↨བϟ˖

INSERT᪡԰ DELETE᪡԰ UPDATE᪡԰

᳔ᔅࠡ㕂ᴵӊ
᠔䳔ᑇഛᯊ䯈˄ s˅ 0.208 0.119 0.381
ㄝӋ偠䆕ᴵӊ

᠔䳔ᑇഛᯊ䯈˄ s˅ 0 0.047 0.054

ᔧ᭄᥂ᑧᅠᭈᗻ㑺ᴳⱘ䘏䕥㸼䖒ᓣᰃᔶབ(3.2)ⱘ⬅ܼ⿄䞣䆡䰤ᅮⱘ䇧䆡݀

ᓣᯊ 䖭̍ϸ⾡ᮍ⊩ⱘᗻ㛑ᇍ↨བϟ˖

INSERT᪡԰ DELETE᪡԰ UPDATE᪡԰

᳔ᔅࠡ㕂ᴵӊ
᠔䳔ᑇഛᯊ䯈˄ s˅ 0.199 0.16 0.323
ㄝӋ偠䆕ᴵӊ

᠔䳔ᑇഛᯊ䯈˄ s˅ 0.056 0 0.055

ҹϞ㒧ᵰ㸼ᯢ ᇍ̍Ѣ(3.1)੠(3.2)ⱘᚙމ 偠̍䆕᭄᥂ᑧᅠᭈᗻ㑺ᴳⱘㄝӋᴵӊ

㽕↨Փ⫼᳔ᔅࠡ㕂ᴵӊᮍ⊩ᬜ⥛᳈催Ǆ䖭ᰃ಴Ў 䖭̍㒘ㄝӋᴵӊᰃḍ᥂᭄᥂ᑧᅠ

ᭈᗻ㑺ᴳⱘ䘏䕥㒧ᵘ੠᭄᥂ᑧׂᬍ᪡԰ⱘ䘏䕥䇁Н᥼ᇐᕫࠄⱘ ᅮ̍⧚䆕ᯢ఼া䳔

偠䆕߱ྟ⢊ᗕⱘ᭄᥂ᑧ೼᭄᥂ᑧׂᬍ᪡԰ᠻ㸠ࠡ⒵䎇ⳌᑨⱘㄝӋᴵӊ ϡ̍䳔㽕ݡ

㗗㰥᭄᥂ᑧׂᬍ᪡԰೼䘏䕥Ϟᇍ䖭ѯㄝӋᴵӊ᳝ԩᕅડǄ
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本文总结

1 本文工作总结

៥Ӏᅠ៤ⱘᎹ԰Џ㽕᳝˖

1. 㸹ܙ [4]ⱘᎹ԰ 㒭̍ߎ᭄᥂ᑧᅠᭈᗻ㑺ᴳ㾘㑺ࠄ SQLᮁ㿔ⱘ݋ԧ㾘߭ Ң̍

㗠䆕ᯢ SQLᮁ㿔೼䘏䕥Ϟ䎇ҹ㸼䖒ӏᛣⱘ᭄᥂ᑧᅠᭈᗻ㑺ᴳǄ

2. খ㗗 SQL2003 ᅮНњ៥Ӏ᠔⫼ⱘޚᷛ SQL ᮁ㿔ⱘ䇁⊩㾘߭ ᑊ̍ᇚ SQL

ᮁ㿔䕀࣪Ўϔ䰊䘏䕥㸼䖒ᓣǄ

3. 㒭ߎњ SQL䇁㿔ⱘ INSERTǃDELETE੠ UPDATE䖭ϝ໻᭄᥂ᑧׂᬍ᪡

԰ⱘ䘏䕥䇁НǄ

4. ᇍ᭄᥂ᑧᅠᭈᗻ㑺ᴳⱘ䘏䕥㸼䖒ᓣᰃᔶབ(3.1)៪(3.2)ⱘ䇧䆡݀ᓣⱘᚙމ

㒭ߎњ䇧䆡䕀఼࣪ⱘᬍ䖯 ᑊ̍䆕ᯢњⳌ݇㒧论Ǆ

5. ෎ѢWhy3偠䆕ᑇৄᅲ⦄њ᭄᥂ᑧᅠᭈᗻ㑺ᴳⱘ㞾ࡼ偠䆕Ǆ

6. ⌟䆩њ⫼ Alt-ErgoǃCVC3ǃYices ੠ Gappa ಯϾᅮ⧚㞾ࡼ䆕ᯢ఼੠ Why3

ᑇৄᴹ㞾ࡼ偠䆕᭄᥂ᑧᅠᭈᗻ㑺ᴳⱘᬜ⥛ ᑊ̍೼ (3.1)៪(3.2)ⱘᚙމϟ ᇍ̍

Փ⫼᳔ᔅࠡ㕂ᴵӊঞ偠䆕ᅠᭈᗻ㑺ᴳⱘㄝӋᴵӊ䖭ϸ⾡ᮍ⊩䖯㸠њ↨

䕗Ǆ

Ⳍ↨䕗ᅠᭈᗻ㑺ᴳẔᶹ˄ integrity constraint checking ⱘ˅݊ᅗⷨお៤ᵰ ៥̍Ӏ

Ꮉ԰ⱘЏ㽕䋵⤂೼Ѣ ᅲ̟⦄њϔ༫ߛᅲৃ㸠ⱘ᭄᥂ᑧᅠᭈᗻ㑺ᴳ偠䆕ⱘㄪ⬹ ᭈ̍

Ͼ偠䆕䖛⿟ࠄخњᅠܼⱘ㞾࣪ࡼ 㗠̍Ϩ៥ӀⱘᮍḜᰃ䩜ᇍ㹿ᑓ⊯ᑨ⫼ⱘ݇㋏᭄᥂

ᑧ˄ relational databases ੠˅ SQL 䇁㿔ⱘ 䕗催ⱘᅲ⫼ᗻ᳝̍݋ ೼̠⧚论ᮍ䴶 ៥̍Ӏߚ

ᇍ᭄᥂ᑧᮁ㿔੠᭄᥂ᑧׂᬍ᪡԰䖯㸠њ䘏䕥࣪ᦣ䗄Ǆ䩜ᇍϸ⾡ᔶᓣⱘ᭄᥂ᑧ߿

ᅠᭈᗻ㑺ᴳ ៥̍Ӏᡒࠄњ᳈㊒⹂ⱘ䇧䆡䕀఼࣪ Ң̍㗠԰Ў៥ӀᮍḜⱘ㸹ܙ੠ᬍ䖯Ǆ

ℸ໪ ៥̍Ӏ䖬ᔶᓣ࣪њ [4]᠔ᦤࠄⱘ᭄᥂ᑧᅠᭈᗻ㑺ᴳৃҹ㾘㑺ࠄ SQLᮁ㿔ⱘ㒧

论 䖭̍ᰃЎњ៥Ӏ䇒乬ⱘㅔ࣪᠔خⱘᎹ԰Ǆ

39



⌭∳໻ᄺ䅵ㅫᴎ科ᄺϢᡔᴃᄺ䰶本科毕业论文 本文ᘏ㒧

2 未来工作展望

៥ӀⱘᎹ԰гᄬ೼ⴔϔѯϡ䎇 ៥̟Ӏ᠔⫼ⱘ SQL ᮁ㿔੠᭄᥂ᑧׂᬍ᪡԰

˄SQL 䇁㿔ⱘ INSERTǃDELETE ੠ UPDATE 䇁হ া˅ᰃ SQL 䇁㿔᠔ᬃᣕⱘϔ䚼

᳝ˈߚ ѯ SQL 䇁হϡ೼៥Ӏ㄀ϝゴ੠㄀ಯゴ᠔㒭ߎⱘ䇁⊩ⱘ㣗ೈПݙǄ≵㛑

ᬃᣕᅠܼⱘ SQL 䇁㿔ⱘϔ໻ॳ಴ᰃ಴Ўᶤѯ䇁Н᮴⊩ᅠܼ䘏䕥ᔶᓣ࣪ ՟̍བ

SIMILARᄤহ໘⧚ⱘᰃᄫヺІᰃ৺ヺড়ᶤℷ߭㸼䖒ᓣⱘ䯂乬Ǆ೼䖭ϔ䯂乬ҡৃ

ҹ䗮䖛ᇍ᭄᥂㉏ൟⱘ䘏䕥࣪ᦣ䗄ᴹᇱ䆩㾷އǄ

ᇍѢ᭄᥂ᑧЁ㹿ᑓ⊯ᑨ⫼ⱘ㘮ড়ߑ᭄˄ aggregate function˅̍߱ᳳ៥Ӏ᳒䆩

೒ᇍ݊䖯㸠໘⧚ Ԛ̍៥Ӏথ⦄ᅗ᮴⊩⫼ϔ䰊䘏䕥㸼䖒ᓣᴹ㸼䖒 㗠̍Ϩ೼ᅲ⦄Ϟ

г≵᳝ߛᅲৃ㸠ⱘᮍḜǄџᅲϞ೼᭄᥂ᑧᅠᭈᗻ㑺ᴳᠻ㸠乚ඳ 䰸̍њ Das[14]ǃ

Martinenghi[31]ㄝᇥ᭄ⷨおᎹ԰П໪ 㘮̍ড়ߑ᭄ⱘ໘⧚䯂乬剰᳝Ҏᦤঞ 㗠̍Ϩ Das

ㄝҎⱘᎹ԰г䛑᳝ϔᅮⱘሔ䰤ᗻǄ䖭Ͼ䯂乬䖬᳝ᕙさ⸈ᗻⱘ䖯ϔℹ⧚论ⷨおǄ
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Ѣ∖ᰃು

45



⌭∳໻ᄺ䅵ㅫᴎ科ᄺϢᡔᴃᄺ䰶本科毕业论文 䰘ᔩ

附 录

本乍Ⳃⱘ݇䬂⑤ҷⷕৃҹ䗮䖛བϟੑҸ㦋প˖

git clone git://github.com/yszheda/assertion-verification.git
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毕业论文（设计）㋝核
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二、⫑⢈㾂䔊对毕业论文（设计）的⫑⢈㠡䈐及䓽㠡⧪ら：

៤㒽↨՟ 文⤂㓐䗄
ऴ (10%)

ᓔ乬᡹ਞ
ऴ (20%)

໪文㗏䆥
ऴ (10%)

毕业论文 (䆒䅵)
䋼䞣ঞㄨ䕽
ऴ (60%)

ᘏ䆘៤㒽

ؐߚ

⫑⢈㾂䔊负责人（签名）
年 月 日
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