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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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科 本科毕业论文 论

绪论

1 课题背景

integrity constraint

transaction

semantic query

optimization

primary key foreign key SQL assertion

CHECK

Database Management System DBMS

1992 SQL2 CHECK

SQL INSERT DELETE UPDATE

Oracle DB2 trigger

Database Administrator DBA

1. event

2. condition

3. action
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科 本科毕业论文 论

cascade

本 recursive trigger SQL

生

Oracle

2 本文研究目标和内容

SQL

1. domain constraint

2. column constraint

3. table constraint

4. assertion

CHECK CHECK

CREATE DOMAIN

SQL

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

<predefined type> SQL INT REAL

FLOAT DOUBLE <search condition>

CREATE TABLE

1. unique constraint UNIQUE PRIMARY KEY

2. referential constraint FOREIGN KEY

2



科 本科毕业论文 论

3. CHECK CHECK constraint CHECK

[15] [4]

SQL

SQL3

CREATE ASSERTION <assertion name>
CHECK <search condition>

SQL INSERT DELETE

UPDATE SQL

C SQL

U SQL INSERT DELETE UPDATE

B U C B |= C

B U C U(B) |= C

3 本文结构安排

本文

integrity constraint enforcement

SQL

Why3 Why3

本文 , 本文 ,

3



科 本科毕业论文

数据库完整性约束执行综述

integrity constraint

integrity constraint

enforcement

1 问题定义及分类

:

U f formula f

U φ f valuation

B f f φ Bφ |= f B

φ f

U B U(B) C

U C B

B |= C ⇒ U(B) |= C

U C U C safe

C U

1. integrity constraint checking C

U U

- violation detection U

U

rollback

- violation prevention U

4



科 本科毕业论文

abort

2. integrity constraint maintenance U

U ’ C

2 完整性约束检查

2 .1 冲突检测

U C 生

U C U

U

Chen Hull Mcleod[10] Limited

Ambiguity Rules LAR LAR

LAR base class derived class

LAR LAR

event condition-action LAR

LAR LAR LAR LAR

LAR Decker[17, 18]

SLD Selective Linear Definite clause resolution

SLDAI SLD with Abduction and Integrity maintenance

U

Decker

SLDAI
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科 本科毕业论文

- Oracle DB2

-

本

-

- SQL

本

O(n)

[33, 29, 27]

logic programming

formal verification 论

Lawley[27]

Lawley

if 本 Lawley

compile-time Lawley run-time

2 .2 冲突预防

run-time compile-time
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科 本科毕业论文

-

- compile-time

[23] G.Gardarin Hoare

G.Gardarin Hoare

G.Gardarin

[9, 25] partial

subsumption

[24, 26] partial

subsumption transaction

本

[24, 26]

partial subsumption

Qian[34, 35] G.Gardarin

Hoare transaction Qian

文

McCune Henschen[32]

relational database 论 Stemple Sheard[36]

Boyer-Moore

Lawley Topor [28] Stemple

Sheard
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- Benedikt

Griffin [5]

- deductive programming

Clarke[11]

aliasing

Hoare 生

[38] Wallace recursive update consequences

[8] [6] Dijkstra

predicate transformer 论 [20, 21]

forward predicate transformer backward predicate

transformer

3 完整性约束保持

U

f f

U SQL UPDATE

8



科 本科毕业论文

WHERE f C

生 f ′ U U ′

f ′ U ’ C

Wuthrich[39]

本 本

Wuthrich Console Sapino

Theseider[13] f ′

Wuthrich

文 literal Lobo Trajcevski[30]

f disjunctive normal form f

C Console

f ′

U

U

- [37]

-

transaction automicity

4 本章小结

本 integrity constraint enforcement

integrity constraint checking violation

9
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prevention weakest precondition

predicate transformer 论

SQL
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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] Behrend

-

-

-

[4]

本 SQL

SQL

SQL

d

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

d r a d CREATE TABLE

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

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

[15]

unique constraint referential constraint CHECK

11
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CHECK constraint SQL

1. UNIQUE

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

a1, . . . , an r

r

a1, . . . , an

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 ) ) ) )

PRIMARY KEY

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

PRIMARY KEY

(a) a1, . . . , an r

UNIQUE

(b) a1, . . . , an (a)

12



科 本科毕业论文

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

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

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

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

tuple relational calculus

first-order logic formula

13



科 本科毕业论文

- 0, 1, , etc.

- relation r, etc. tuple x, etc.

attribute a, etc.

- +, -, *, /, , etc.

- =, 6=, <, >, ≤, ≥, , etc. ∈

- ∀, ∃

term

-

- x a x x.a

- p q p < > q

- x r x ∈ r

- p q p < > q

- φ ϕ φ∧ϕ φ∨ϕ ¬φ

- φ x ∀x, φ ∃x, φ

2 .2 源语言

SQL

SQL2003 SQL

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



科 本科毕业论文

<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

SQL T T

SQL ( ) T [] T ()

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



科 本科毕业论文

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>}

exp SQL

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

3 SQL语言数据库修改操作的逻辑语义

SQL

[6] O2 Prolog

[28]

SQL

SQL INSERT DELETE UPDATE

DELETE USING

r SQL U U

U(r)

16



科 本科毕业论文

3 .1 SQL的 INSERT操作

t t r SQL

INSERT INTO r
VALUES t

SQL INSERT r U(r)

t U(r) U(r)

(x ∈ r ∨ x = t) ⇔ x ∈ U(r)

3 .2 SQL的 DELETE操作

SQL DELETE

DELETE FROM r
WHERE <search condition>

SQL DELETE <search condition>

g DELETE r g

U(r) U(r)

∀x ∈ r :

{
g(x) ⇒ ¬(x ∈ U(r))
¬g(x) ⇒ x ∈ U(r)

(g(x) ⇒ ¬(x ∈ U(r))) ≡ (¬g(x) ⇐ x ∈ U(r))

∀x ∈ r : ¬g(x) ⇔ x ∈ U(r)

SQL DELETE U(r)

U(r) r x ∈ U(r) ⇒ x ∈ r

(x ∈ r ∧ ¬g(x)) ⇔ x ∈ U(r)

3 .3 SQL的 UPDATE操作

SQL UPDATE

UPDATE r
SET <set clause>

WHERE <search condition>

17



科 本科毕业论文

SQL UPDATE <set clause> σ

<search condition> g UPDATE

r g σ(x)

∀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

weakest precondition

precondition Hoare Hoare

U f g

B

B |= g ⇒ U(B) |= f

g U f

h g B

B |= g ⇒ B |= h

h U f

deductive programming

本

U U(B)

C U(B) |= C B U

B |= C C U

wpc(C,U) C ⇒ wpc(C,U) B |= wpc(C,U)

B |= C

[6] predicate

transformer
→
U

B |= C ⇒ U(B) |=
→
U (C)

18



科 本科毕业论文

[6]
→
U (C) ⇒ C

compile-time
←
U

B |=
←
U (C) ⇒ U(B) |= C

C ⇒
←
U (C)

[6]

←
U U(B) |= C B |= C C ⇒

←
U (C)

B |=
←
U (C) B |=

←
U (C)

C ′

B |= C ′ ⇔ U(B) |= C

C

C ′ B |= C ′ U(B) |= C

SQL

C

C ′

1. C

∃x ∈ R, f(x) (3.1)

R f(x) x

C R x C(R)

C r C(r) r |= ∃x ∈ r, f(x)

U(r) C(U(r))

U(r) |= ∃x ∈ U(r), f(x)

19
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1. (3.1) C SQL INSERT

. x r f(x) SQL

INSERT x ∈ r ⇒ x ∈ U(r) x

U(r) U(r) x f

U(r) |= ∃x ∈ U(r), f(x) U(r) |= C(U(r))

2. SQL DELETE U(r) C(U(r))

∃x ∈ r, f(x) ∧ ¬g(x)

.

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

x r f(x)∧¬g(x)

SQL DELETE

x ∈ r ∧ ¬g(x) ⇒ x ∈ U(r)

x U(r) U(r)

x f U(r) |= ∃x ∈ U(r), f(x)

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

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

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

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

r f x x

g SQL DELETE

¬g(x) ⇒ x /∈ U(r)

20
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f x U(r)

x ∈ U(r) ⇒ x ∈ r DELETE

f U(r) f

U(r) |= ¬(∃x ∈ U(r), f(x))

3. SQL UPDATE U(r) C(U(r))

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

.

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

C(U(r))

r f(x) ∧ ¬g(x)

g(x) ∧ f(σ(x))

- x r f(x) ∧ ¬g(x)

SQL UPDATE

¬g(x) ⇒ U(x) = x

x U(r) U(r)

x f U(r) |= ∃x ∈ U(r), f(x)

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

- x r g(x) ∧ f(σ(x))

SQL UPDATE

g(x) ⇒ U(x) = σ(x)

x g(x) y = σ(x) U(r)

x f(σ(x)) U(r)

21
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y = σ(x) f U(r) |= ∃y ∈ U(r), f(y)

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

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

f(σ(x)))

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

¬(∃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)))

r x x ¬f(x) ∧ ¬g(x)

x (¬f(x) ∨ g(x)) ∧ ¬f(σ(x))

- x f(x) x (¬f(x)∨g(x))∧¬f(σ(x))

(¬f(x)∨g(x)) ≡ (f(x) ⇒ g(x)) x g(x)

SQL UPDATE

g(x) ⇒ U(x) = σ(x)

y = σ(x) U(r) x

¬f(σ(x)) U(r) y ¬f(y)

- x f(x) g(x) x

(¬f(x) ∨ g(x)) ∧ ¬f(σ(x)) y = σ(x)

U(r) ¬f(y)
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- x f(x) g(x) x ¬f(x)∧¬g(x)

SQL UPDATE

¬g(x) ⇒ U(x) = x

¬f(x) ∧ ¬g(x) x U(r)

¬g(x)

2. C

∀x ∈ R, f(x) (3.2)

R f(x) x

C R x C(R)

C r C(r) r |= ∀x ∈ r, f(x)

U(r) C(U(r))

U(r) |= ∀x ∈ U(r), f(x)

4. SQL INSERT U(r) C(U(r))

t f(t)

. SQL INSERT

x ∈ U(r) ⇔ (x ∈ r ∨ x = t)

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

r |= C(r) r |= ∀x ∈ r, f(x) ∀x ∈ U(r), f(x) ⇔

f(t)

5. (3.2) C SQL DELETE

23



科 本科毕业论文

. U(r) x SQL

DELETE

x ∈ U(r) ⇒ x ∈ r

x r r |= C(r) r |= ∀x ∈

r, f(x) x f U(r) |= ∀x ∈ U(r), f(x)

6. SQL UPDATE U(r) C(U(r))

∀x ∈ r,¬g(x) ∨ (g(x) ∧ f(σ(x)))

.

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

r x x ¬g(x) x

g(x) ∧ f(σ(x))

- x ¬g(x)

SQL UPDATE

¬g(x) ⇒ U(x) = x

x U(r) r |= C(r)

r |= ∀x ∈ r, f(x) x f

- x g(x) ∧ f(σ(x))

SQL UPDATE

g(x) ⇒ U(x) = σ(x)

y = σ(x) U(r) x

f(σ(x)) y f(y)

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

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

x r g(x) ∧¬f(σ(x))

SQL UPDATE

g(x) ⇒ U(x) = σ(x)

y = σ(x) U(r) x

¬f(σ(x)) y ¬f(y) U(r)

y f U(r) |= ∃x ∈ U(r),¬f(x) ∃x ∈

U(r),¬f(x) ≡ ¬(∀x ∈ U(r), f(x))

5 本章小结

integrity constraint checking

violation prevention compile-time

SQL

logic programming formal

verification 论

SQL assertion

SQL first-order logic

formula tuple relational calculus SQL2003

SQL SQL

SQL

INSERT DELETE UPDATE

25



科 本科毕业论文

weakest precondition

predicate transformer (3.1) (3.2)

论
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科 本科毕业论文 Why3

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

Why3[7] Why3

first-order logic Alt-Ergo[12] Z3[16] CVC3[3]

Yices[22] Simplify[19] Gappa[2] Coq[1] prover

Why3 ML WhyML

Hoare p e q

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

Hoare operational semantic

Why3 本

Why3 生 q e

Why3 C

U wpc(C,U) Why3 本

syntax prover

verification condition C ⇒ wpc(C,U)

SQL WhyML

parser

1. SQL CREATE TABLE CREATE TABLE

WhyML

2. SQL SQL WhyML predicate

3. SQL INSERT SQL INSERT WhyML

4. SQL DELETE SQL DELETE WhyML
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5. SQL UPDATE SQL UPDATE WhyML

生 WhyML

1. import theory module

2.

3. SQL predicate

4. SQL

SQL

SQL WhyML

生

2 SQL的 CREATE TABLE语句的解释器

WhyML list

record

CREATE TABLE

<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>

生 WhyML

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

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

<attribute type> theory module

<table name> list tupleType_<table name>
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3 SQL断言的解释器

WhyML first order logic

SQL SQL WhyML

SQL T

SQL WhyML T ′ T ′

SQL ( ) T ′[] T ′()

WhyML WhyML

\/ ∧ /\ ∨ implication − >

→ < − > ↔

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 >, , <constm > ) ]

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

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

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

exp SQL

T ′[(exp)]  (T ′[exp])

4 SQL的 INSERT操作的解释器

SQL 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>

生 WhyML

<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>

<precondition> SQL

SQL

<postcondition> <precondition> 本
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<assertion arguments> result

result WhyML WhyML

result <target table> ++ <new tuple>

5 SQL的 DELETE操作的解释器

SQL 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>

SQL

USING WHERE DELETE

DELETE 生 WhyML

<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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Cons {| <tuple exp> |} <left table> {| <tuple exp> |}

<left table> <left table> <target table> {|

<tuple exp> |} <fun arguments>

<fun parameters> 本 <target table>

<left table> <target table>

Nil

<left table>

<condition> <consequence>

<condition> <precondition>

<consequence> <postcondition> WhyML

<target table>

<condition> <precondition>

<precondition> True

<postcondition>

<consequence> <condition> 本

<assertion arguments> <target table>

result

WHERE DELETE DELETE

<search condition>

生 WhyML
<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> }

USING WHERE DELETE

DELETE <search condition>
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USING 生

predicate

predicate

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

<iter function> USING

<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>

<check condition>

<check condition> <search condition>

<iter table> <left table>

<precondition>

<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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生

<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

SQL 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>

SQL

USING WHERE UPDATE

34



科 本科毕业论文 Why3

UPDATE 生 WhyML

<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>

WHERE UPDATE UPDATE

<search condition>

生 WhyML

<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> }

USING WHERE UPDATE

UPDATE <search condition>

USING 生

predicate

predicate

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

<iter function> USING
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<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> )

生

<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

Why3 Why3

SQL WhyML

SQL

SQL

ocamllex ocamlyacc
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实验结果与分析

Alt-Ergo[12] CVC3[3] Yices[22] Gappa[2]

prover Why3 back-end

Unvalid Timeout 论

SQL INSERT DELETE

UPDATE

INSERT DELETE UPDATE
s 0.205 2.338 1.149

SQL

Conjunctive normal form CNF

SQL

Why3 Split

DELETE UPDATE 生

0.71 本 Why3

(3.1)

predicate transformer

SQL INSERT DELETE UPDATE

(3.2)

论

Why3 0.72 本

Why3 生
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(3.1)

INSERT DELETE UPDATE

s 0.208 0.119 0.381

s 0 0.047 0.054

(3.2)

INSERT DELETE UPDATE

s 0.199 0.16 0.323

s 0.056 0 0.055

(3.1) (3.2)
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本文总结

1 本文工作总结

1. [4] SQL

SQL

2. SQL2003 SQL SQL

3. SQL INSERT DELETE UPDATE

4. (3.1) (3.2)

论

5. Why3

6. Alt-Ergo CVC3 Yices Gappa Why3

(3.1) (3.2)

integrity constraint checking

relational databases SQL 论

[4] SQL

论
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2 未来工作展望

SQL

SQL INSERT DELETE UPDATE SQL

SQL

SQL

SIMILAR

aggregate function

Das[14]

Martinenghi[31] Das

论
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附 录

本

git clone git://github.com/yszheda/assertion-verification.git
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毕业论文（设计） 核

一、指导教师对毕业论文（设计）的 ：

指导教师（签名）
年 月 日

二、 对毕业论文（设计）的 及 ：

文
(10%) (20%)

文
(10%)

毕业论文 ( )

(60%)

负责人（签名）
年 月 日


	摘要
	Abstract
	目录
	绪论
	课题背景
	本文研究目标和内容
	本文结构安排

	数据库完整性约束执行综述
	问题定义及分类
	完整性约束检查
	冲突检测
	冲突预防

	完整性约束保持
	本章小结

	数据库完整性约束保持
	数据库完整性约束到SQL断言的规约
	SQL断言到一阶逻辑表达式的转化
	目标语言
	源语言
	转化函数

	SQL语言数据库修改操作的逻辑语义
	SQL的INSERT操作
	SQL的DELETE操作
	SQL的UPDATE操作

	最弱前置条件及改进的谓词转化器方法
	本章小结

	基于Why3平台的数据库约束自动验证
	Why3平台及约束自动验证的具体实现
	SQL的CREATE TABLE语句的解释器
	SQL断言的解释器
	SQL的INSERT操作的解释器
	SQL的DELETE操作的解释器
	SQL的UPDATE操作的解释器
	本章小结

	实验结果与分析
	本文总结
	本文工作总结
	未来工作展望

	参考文献
	致谢
	附录

