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Abstract In software using database, it is very important that database schema is properly designed to assure
that and also that SQL statements which correspond to the schema are correctly described. Long-term operation
sometimes, however, causes operational defects becuase database shema might not fit to the current deployment
despite that it was carefully designed in the past. In such a case, we have to perform improvement of the schema
(Schema evolution) to a form suitable for the work, and also we have to convert the SQL statements into a form
suitable for new schema. Alloy is a language which can formally describe specification of software. Alloy Analyzer
is a tool to find instances that satisfy the constraint described in Alloy or counterexamples that do not satisfy. This
report proposes a method that lets Alloy Analyzer verify if the conversion of SQL statements associated with the
given schema modification have conformance. It also gives mathematical proof of the correctness of the method.
The method is applied to the database schema used in a warehouse management program as a case study to confirm
its usefulness. The author consequently can verify the conformance of the SQL statements using Alloy Analyzer.
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An Bi
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sig R {r: (DAL + NULL)- > - - = > (DAm + NULL)- > - - -= > (DAn + NULL)}
allx1:r.DAn. - - - .DA2]|

(x1 != NULL) && one x1.r

DAm-1.(- - - .(DAL.(r.DAnN. - - - .DAm+1)) - - -)in ((S.r).DB,l. - - - .DB,1 +
NULL)
}
sig S {r: DAm->DB,1- > - = >DB,I{

allx1:rDB,|. - --.DB1]|

(x1 != NULL)&&one x1.r
}

ABELTEZ%SSQLX : DELETE FROM r WHERE Ak = ak
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fun Selection[r : (DA1 + NULL)->----> (DA,n + NULL),
X1:€1, ..., Xm: em]
: (DAL + NULL)->:---> (DA,n + NULL){
{x1:r.DAn.---.DA2,

;(.r;’i Xn-1.(-++.(X1.(r))-++)
[F}

}
SRR
AL, Am (1) = {t{A, ..., Am] |t € 1}
fun Projection[r : (Da,1 + NULL)->----> (DA,n + NULL)]
: DA 1—>--->DA,m {
{x1: DA,

Xm : DA,m[X1, ..., Xm-1]}

}
EHREHE

rxs={t*u|terAu€Es}

fun Cartesian[r : (DA,1 + NULL)->----> (DA,n + NULL),
s:(DB,1 + NULL)->----> (DB,m + NULL)]
: (DAL + NULL)->----> (DAn + NULL)->
(DB.1 + NULL)->---->(DB,m + NULL){
{x1:r.DAn.---.DA2,

Xn : DAn-1.(---.(x1.(r)) ),
Xn+1 : S.DAn.---.DB,2,

Xn’+m : DAn+m-1.(-+-.(Xn+1.(S))---)}
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SELECT(SQL) : SELECTA4,...,AmFROMTr1, ...,
WHERE F;
SELECT(Alloy) :
fun Select[rlrows : DA1,1->----> DA1k1,
rnrows : DAn,1->:---> DAnkn, X1 : €1, ..., XI : €l]
: DA1->----> DA,m{
Projection[Selection[Cartesian[rlrows, ..., rnrows], X1, ..., Xi]]

}

DELETE(SQL) : DELETE FROM r WHERE F;
DELETE(Alloy) :
fun Delete[rrows : DA,1->----> DAn, X1 : €1, ..., XI : €]
: DA 1->--+-> DAn{

rrows — Selection[rrows, xi, ..., XI]

}

UPDATE(SQL) : UPDATE r SET Ai = ai WHERE A = aj;
UPDATE(Alloy) :
fun Update[rrows : DA,1->---->DaAyn, ai : DA/, @ : DAJ]
: DA1->-+-> DA
rrows — Selection[rrows, aj] + UpdatedRows[rrows, ai, aj]
}
fun UpdatedRows[rrows : DA,1->---->DAn, ai : DA, @j : DAJ]
: DA1->---->DAn{
{x1: (rrows).DAn.--- .DA_2,
Xi : ai,
Xi+1 @ DAi.(Xi-1.(---.(X1.((rrows).DAn.---.DAi+2))--+)

Xn @ XAn-1.(--+.(DA;i.(---.(Xn+1.(rrows)) - -+)
| X =aj
}
}

INSERT(SQL) : INSERT r INTO (a, ..., an);
INSERT(Alloy) :
fun Insert[rrows : DA,1->----> DAn, a1 : DAL, ..., an : DAn]
: DA1->-+-->DAn{

rrows + ai->---->an

}
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AF—TFEE T HBEE(ER)
r={t[As, ..., Am] * t"[Am+1, . . ., An]
|t € r'At" € r"At[B1] = t"[B1]}

AFX—THEIH T BEMHEAly) :

pred SchemaConsistency(r : R, r' : R’, r’ : R"X{
r.rows = {x1 : (s.rows).DB,1.DAm. - - - .DA2,
Xm @ Xm-1.(Xm-2.(+ - - .(X1.(r’.rows.DB,1)) - - +)),
Xm+1 : (DB,1.(r".rows)).DAn. - - - .DAm+2,

Xn .: ,Xn»l.(- -+ (xm+1.(DB,1.(r".rows))) - - -)

| Xm.(- - - .(x.(r.rows)) - - -) = (r".rows).xn. - - - .Xm+1}
}
AEX—THBIIE T HSQLXDEEKE(ER) :
SELECTX :

s[r]=s'[r, r"]
DELETEX, UPDATEX, INSERTX :
s[r] = {t[A1, ... ,Am] * t"[Am+1, . . . ,An]
[t € sTrAt" € s At[B1] = t"[Ba]}

2EX—I BB T ZSQLXDESM(Alloy) :
SELECTX :
assert Consistency{
allxi:e1,...,Xxn:en,
r:R,r:R,r:R”|
(SchemacConsistencyr, r’, r"])
=> (SELECT_Before]r, x1, . . ., Xn]
= SELECT _After[r’, r’, x1, ..., xn])
}
DELETEX, UPDATEX, INSERTX :
assert Consistency{
allxi:es, ..., Xn : en,
r_pre,r_post: R, r'_pre, r'_Post:R’, r’_pre, r'’_post: R”|
(SchemaConsistency[r_pre, r'_pre, r’_pre]&&

r_post = SQL Before[r_pre, X1, . . ., xn] &&
r'_post = SQL_After[r’_pre, X1, . .., Xn] &&
r'_pre = SQL_After[r”_post, x1, . .., xn])

=> (SchemaConsistency[r_post, r'_post, r’_post])

ZEER
RequestID
ItemName
CustomerName MakerName
Address CountainerID
ItemName Date
MakerName
Amount Amount
Stock
Request
EEK
RequestiD ltemID(FK)
CustomerID(FK) CountainerID(FK)
ItemID(FK)
Amount Amount
Request T ]’ Stock
CustomerlD ItemID CountainerID
CustomerName ItemName Date
Address MakerName Countainer
Customer Item
10 WREXRDOAF—<
ZEFERAISQLX :

SELECT ContainerlD, Date, StockAmount FROM Stock
WHERE ItemName

= (SELECT ItemName FROM Request WHERE ReqlD='ReqID’)
AND MakerName

= (SELECT MakerName FROM Request WHERE ReqID="ReqID’)
AND StockAmount

>= (SELECT Amount FROM Request WHERE ReqlD="ReqID’);

EHEHZRSQLX:
SELECT Stock.ContainerID, Date, StockAmount FROM Stock, Container
WHERE Stock.ltemID
= (SELECT ItemID FROM Request WHERE ReqID="ReqID’)
AND Stock.StockAmount
>= (SELECT Amount FROM Request WHERE ReqID="ReqID’);

9 AF¥—<L SQL DAL

WG LSBT AEFEHO SQL L& RAD ML, KFETRE
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Executing "Check SelectContainer for 3 int, 3 seq, 3 Domain"
Solver=sat4j Bitwidth=3 MaxSeq=3 SkolemDepth=1 Symmetry=20
22514 vars. 1149 primary vars. 61101 clauses. 573ms.
Counterexample found. Assertion is invalid. 459ms.
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A b EFTHY—N & LT ADUSA[14] " 5. 2OV —/Lid,
Alloy Analyzer DA S8R IEG 2R T D HE2TE) L T,
Ax—~ L SQL X% Alloy Titit L, DBMS OF A 5 —4
EREIMERTHE VS50 THL. ZOV—LERNSZ
LIk, ANTERTDLLY b REOT A R T — & & FREHE
TIERT D2 ENTE D, £/, 7A MO SQL X#4ET 5
7rua—F(15] LBAbEHZ LIk Y, DBMS OF A D
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VAR 1| 0B 2 | RSB 3
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Request | Customer | Address Item Maker Amount RequestID
ID Name Name Name
ID1
IDO NameO Add0 INameO | Maker0 1
BRREY
ID1 Namel Add1 INamel | Makerl 2
Request
Item Maker | Container | Date | Amoun
Name Name ID t TR (EHHD
Container | Date | Amount
INameO | Maker0 ConlDO | DateO 1 D
INamel | Makerl ConlD1 | Datel 2 ConlD1 Datel B
Stock
Customer | Customer | Item | Amount Container | Date
ID ID(FK) | ID(FK) ID
IDO CIDO 11DO 1 CIDO DateO
ID1 CID1 1ID1 2 CID1 Datel
Request Container
Item Container | Amount ETHE (ZEER)
ID(FK) ID(FK) Container | Date | Amount
1D
1IDO CIDO 1
D1 CIb1 2 ConlD1 | DateO 2
Stock ConiD1 Datel 2
13 Goiviampl (b ZFn, T AER%)

SELECT Stock.ContainerID, Date, StockAmount FROM Stock, Container|
WHERE Stock.ltemID

= (SELECT ItemID FROM Request WHERE ReqID='ReqID’)
AND Stock.StockAmount

>= (SELECT Amount FROM Request WHERE ReqID='ReqID’)
AND Stock.ContainerID=Container.ContainerlID;

14 ZEERi% O SQL 3T (HAF 2)

Executing "Check SelectContainer for 3 int, 3 seq, 3 Domain"
Solver=satdj Bitwidth=3 MaxSeq=3 SkolemDepth=1 Symmetry=20
22505 vars. 1149 primary vars. 61071 clauses. 554ms.

No counterexample found. Assertion may be valid. 24808ms.
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WA U HHME (DELETE, UPDATE, INSERT) @ Alloy
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BB LU TEBETST2D, T— 2 _X—2ADEH &£ 5 BB
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