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izabilit y as a correctness criterion� they increase the lev el of concurrency b y taking

adv an tage of seman tic comm utati vit y of higher lev el op erations� This pap er prop os	

es a relaxed correctness criterion for hierarc hical activities mo deled as m ulti	lev el

transactions� allo wing a further increase in concurrency � W e will sho w that the

seman tics of higher lev el op erations can b e used to de�ne a class of non	serializable

sc hedules that ma y b e acceptable from the p oin t of view of man y applications�

F requen tly � hierarc hical activities are of long duration or access heterogeneous

systems with v ery div erse resp onse times� Because of this� the full isolation of

con v en tional transactions ma y not b e appropriate for suc h activities� Ho w ev er�

relaxing the isolation requiremen ts means that undo op erations can no longer use

the b efore	images� In case of transaction ab orts and crash reco v ery � comp ensating

op erations ma y ha v e to b e used to undo the e�ects of committed transactions� In

this pap er w e prop ose a comp ensation mo del for hierarc hical activities and de�ne

a correctness criterion for it� based on the idea of limiting the p erio d when an

op eration remains sub ject to comp ensation and b ounding the n um b er of op erations

whic h are exp osed to its e�ects in the mean time� The main adv an tage of the

approac h prop osed in this pap er is that it allo ws reasoning ab out histories with

comp ensating op erations using only kno wledge ab out the semantics of operations�

without reference to the semantics of database states�

The pap er is organized as follo ws� In Section 
 w e presen t a motiv ating example

illustrating the need for the a relaxed correctness criterion and for a new mo del

of comp ensation in hierarc hical transaction mo dels� In Section � w e prop ose a

relaxed correctness criterion for hierarc hical activities� In Section � w e in tro duce a

comp ensation mo del for hierarc hical transaction mo dels� In Section 
 w e again refer

to the example and sho w the p ossible application of the prop osed comp ensation

mo del� In Section � w e discuss similar solutions prop osed in the literature� Finally �

in Section � w e summarize our results�

�� Motiv ating example

Throughout the pap er w e will use an example from the telecomm unication industry �

V ery often there is a need to build a telephone circuit� for example from a user�s

home to the cen tral o�ce� or b et w een t w o users� lo cations� Description of v arious

comp onen ts of a circuit �lines� switc hes� etc��� and ab out their in terconnections are

stored in m ultiple databases� Since in most cases the ph ysical comp onen ts of the

circuit are already in place� the only task required for building a circuit is to up date

the databases� so that the appropriate connections will b e allo w ed� And� for the

purp ose of this pap er� this is the only in teresting task�

This en vironmen t can b e represen ted as a m ultidatabase system consisting of a

collection of semi	autonomous lo cal databases

�

� eac h with its o wn data manager�

W e will sometimes refer to eac h of these lo cal databases as a �site�� although some

of them ma y b e co	lo cated on the same mac hine�

The databases con tain information ab out items of v arious kinds� Items can b e

assigned to assemblies �denoted b y a� b� � � � �� In our example� the items are cir	
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cuit comp onen ts� telephone lines� switc hes� etc�� and the assem blies are telephone

circuits� W e assume that items are group ed in to classes� e�g�� lines leading from a

certain place to another� Items from the same class pro vide similar functionalit y but

ma y ha v e di�eren t parameters suc h as p erformance or cost� W e will denote items

b elonging to class X b y x
�

� x
�

� � � � � W e assume that there is no o v erlap or replication

among databases� An y individual item is represen ted in only one database�

Consider t w o high	lev el op erations� an assignmen t op eration and a deassignmen t

op eration� An assignmen t op eration A� X� a� assigns an �optimal� a v ailable item

from a class X to an assem bly a� The optimalit y criteria for selecting an item

from a class X are based on the c haracteristics of the assem bly a� F or example�

A� X� a� ma y assign the least noisy line from the class of lines X to the circuit a� If

A� X� a� succeeds then the status of an item xi c hanges from unassigned to assigned
to assembly a� A deassignmen t op eration D � xi� a� c hanges the status of an item

xi from assigned to assembly a to unassigned� Eac h of these high lev el op erations

is implemen ted in terms of lo w er lev el read and write op erations� These high lev el

op erations ha v e the useful prop ert y that a successful assignmen t A� X� a� alw a ys

can b e comp ensated with the deassignmen t op eration D � xi� a�� and a deassignmen t

D � xi� a� alw a ys succeeds� in the sense that immediately after it is executed and

committed the item xi b ecomes unassigned� Note that although these t w o op era	

tions ma y b e seen as an op eration � comp ensating op eration pair� they are in fact

indep enden t from eac h other� Of course� the deassignmen t op eration can b e applied

only to items that w ere previously successfully assigned�

Consider t w o imp ortan t t yp es of �global� activities� An assignmen t activit y forms

an assem bly b y assigning to it a collection of items b elonging to di�eren t classes

�from v arious sites�� A deassignmen t activit y dissolv es an assem bly b y deassigning

all the comp onen ts assigned to it� Building a telephone circuit can serv e as an

example of suc h global activities� Ob viously eac h suc h global activit y consists of

a collection of lo cal subtransactions at v arious sites� Eac h lo cal subtransaction

is either an assignmen t or a deassignmen t op eration� as discussed in the previous

paragraph�

It ma y turn out that some subtransactions of a global assignmen t activit y fail�

in the sense that in a certain class of items there are no items a v ailable that can

b e assigned to the assem bly and meet the optimalit y requiremen ts� In some cases

this ma y mean that assignmen ts already made from other classes of items �p ossibly

at other sites� m ust b e undone� and a di�eren t com bination of item t yp es m ust b e

attempted� In rare cases it ma y mean the desired assem bly cannot b e formed� so

the en tire global activit y m ust b e ab orted� and all assignmen ts made b y it so far

m ust b e undone�

A t yp e of transaction that is widely used in man y telecomm unication applica	

tions �and man y other industrial applications� is the queued message model ���� In

suc h systems a lo cal transaction is initiated b y an incoming message on the mes	

sage queue� It then executes and commits unilaterally � without an y opp ortunit y

for global commit co ordination� In the future� the systems that use the queued

message mo del ma y b e replaced b y the systems that supp ort global commit co or	
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dination� Ho w ev er� in order to impro v e the p erformance of the system it ma y still

b e appropriate to use unilateral commit of assignmen t transactions� This is due

to the fact that the global assignmen t activities are t ypically of long duration and

ma y access heterogeneous systems with v ery di�eren t resp onse times� Therefore�

the full isolation of those activities ma y need to b e relaxed� By committing the

lo cal assignmen t subtransactions and allo wing their results to b ecome visible as

so on as they are completed w e can reduce the time the lo cal systems are lo c k ed

and th us w e can ac hiev e a considerable impro v emen t in p erformance� W e assume

therefore� that lo cal assignmen t subtransactions commit unilaterally with no global

co ordination�

The question then is ho w to guaran tee correct concurren t execution of suc h global

activities� assuming that eac h activit y w ould b e correct if executed in isolation

from all the others� W e will consider this problem in the framew ork of m ulti	lev el

transactions with three lev els� The global activities are the top lev el transactions�

The assignmen ts and deassignmen ts at lo cal sites are the middle lev el op erations�

The database reads and writes are the b ottom lev el op erations�

Let us consider t w o global assignmen t activities G
�

and G
�

that build t w o as	

sem blies �circuits�� a and b resp ectiv ely � W e assume that at site i G
�

p erforms a

successful assignmen t A
�

� X� a� of an optimal a v ailable item x
�

from a class X to

an assem bly a� Similarly � G
�

at site i successfully assigns an optimal a v ailable item

from a class X to an assem bly b b y p erforming an op eration A
�

� X� b�� Supp ose

that some other G
�

�s assignmen t to the assem bly a has failed on some other site

and a new com bination of item t yp es for a is attempted� As a result of this the

previously assigned item x
�

of class X has to b e deassigned and G
�

p erforms a

deassign op eration D
�

� x
�

� a� at site i�

The ab o v e scenario ma y result in the follo wing history of assignmen t and deas	

signmen t op erations p erformed b y G
�

and G
�

at site i� H
�

� A
�

� X� a� �A
�

� X� b� �
D

�

� x
�

� a�� If w e assume that the lo cal data managers guaran tee serializable execu	

tion sc hedules� then the executions of the database reads and writes are serializable

with resp ect to the assignmen t and deassignmen t op erations� The problem then

is to demonstrate that the execution of the assignmen t and deassignmen t op er	

ations is correct with resp ect to the set of global transactions� In our example�

if the global assignmen t activities G
�

and G
�

w ere executed in isolation the his	

tory of assignmen t�deassignmen t op erations at site i w ould b e as follo ws� H
�

�

A
�

� X� a� � D
�

� x
�

� a� � A
�

� X� b�� This history is considered to b e correct b ecause

it represen ts a serial execution of G
�

and G
�

at site i� Since the deassignmen t

D
�

� x
�

� a� seman tically undo es the e�ects of the assignmen t A
�

� X� a� b oth op era	

tions can b e purged from the history and therefore H
�

� A
�

� X� b��

T o pro v e that the history H
�

is correct it is enough to sho w that it is equiv alen t

to the history H
�

� i�e� to the h yp othetical history where G
�

and G
�

are execut	

ed in isolation� If the deassignmen t op eration D
�

� x
�

� a� could b e mo v ed ahead of

A
�

� X� b� in history H
�

then H
�

w ould b e correct since b oth histories H
�

and H
�

w ould b e equal� The order of A
�

� X� b� and D
�

� x
�

� a� could b e exc hanged only if

executing A
�

� X� b� b efore D
�

� x
�

� a� giv es the same result as executing D
�

� x
�

� a�
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b efore A
�

� X� b��

�

In suc h a case w e will call exc hanging the order of op erations a

valid interchange� An example of a v alid in terc hange of op erations in the con text

of assignmen t activities w ould b e exc hanging the order of assignmen ts or deassign	

men ts of items b elonging to di�eren t classes lik e e�g�� A
�

� X� a� and A
�

� Y� b�� and

A
�

� X� b� and D
�

� y
�

� a��

In our example� executing A
�

� X� b� ahead of D
�

� x
�

� a� ma y giv e a di�eren t result

than executing D
�

� x
�

� a� b efore A
�

� X� b�� and th us exc hanging their execution order

cannot b e considered a valid interchange� This is b ecause the item x
�

assigned b y

A
�

� X� a� migh t b e the last a v ailable item in the class X � therefore A
�

� X� b� will fail

if executed b efore D
�

� x
�

� a� and will succeed if executed after D
�

� x
�

� a��

Ho w ev er� taking in to accoun t the seman tics of higher lev el assignmen t op erations

ma y help us to reason ab out the e�ects of applying in v alid in terc hanges to the

histories with assignmen t and deassignmen t op erations� This in turn ma y result

in de�ning metho ds to b ound the amoun t of inconsistency caused b y relaxing the

isolation of global assignmen t activities� W e should stress that the analysis of the

e�ects of in v alid in terc hanges of op erations in a history is p ossible only b ecause

of the ric h seman tics of assignmen t op erations� It w ould not b e p ossible at the

read�write lev el where no seman tic information is a v ailable� A t the read�write lev el

ev en one in v alid in terc hange of op erations in the history ma y ha v e unpredictable

results� Hence� the metho ds prop osed b elo w are not applicable in the con text of

traditional serializabilit y theory based on read�write op erations�

If w e consider the problem from the standp oin t of the optimalit y of assignmen ts�

mo ving D
�

� x
�

� a� ahead of A
�

� X� b� should not b e considered as a v alid in terc hange�

This is due to the fact that assignmen t A
�

� X� b� in history H
�

is giv en a more limited

c hoice of class X items than in the correct history H
�

� In our example� A
�

� X� a�

could ha v e assigned the last of �b er optics lines� and A
�

� X� b� had to c ho ose an

old copp er one� In history H
�

� the op eration A
�

� X� b� has its c hoice expanded�

since D
�

� x
�

� a� made the �b er optics line a v ailable again� In history H
�

it ma y also

happ en that assignmen t A
�

� X� b� fails �if A
�

� X� a� assigns the v ery last line� and

the global assignmen t activit y m ust attempt a less desirable com bination of items�

The kno wledge of the seman tics of the assignmen t op eration and in particular

the kno wledge ab out the criteria for the optimal c hoice of an item from a class

can b e used to trade	o� some loss of the optimalit y of assignmen ts for impro v ed

p erformance coming from relaxing the isolation of global assignmen t activities� Of

course no loss of optimalit y o ccurs if the items b elonging to a class are functionally

equiv alen t with resp ect to assem bly requiremen ts� Ho w ev er� ev en if they are not�

the loss of optimalit y can b e con trolled b y imp osing a limit on the n um b er of suc h

sub	optimal assignmen ts� W e will formalize the approac h presen ted ab o v e in the

remainder of this pap er�

�� Comm utativit y in the framew ork of m ulti�l ev el transactions

Hierarc hical activities lik e those presen ted in section 
 can b e mo deled as nest	

ed transactions ��� � or op en	nested transactions ���� � � ��� In the op en	nested
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transaction mo del the e�ects of committed subtransactions ma y b ecome visible to

other concurren t transactions b efore their paren t transaction commits� Relaxing

the isolation prop erties of the con v en tional nested transaction mo del allo ws for

more concurrency at the exp ense of more complicated reco v ery that ma y require

comp ensating subtransactions�

Multi	lev el transactions are a sp ecial case of op en	nested transactions where the

sibling subtransactions in the transaction tree ha v e the same nesting depth �
� � 
� ��

A hierarc hical activit y mo deled as a m ulti	lev el transaction will ha v e a la y ered

structure of op erations� where an op eration corresp onds to a subtransaction in the

op en	nested transaction mo del�

A m ulti	lev el hierarc h y of op erations with a ro ot transaction Ti is a N � � lev el

tree with the op eration oNi at the ro ot and atomic data op erations o�

j at the tree

lea v es� W e use a sup erscript to denote a lev el to whic h an op eration b elongs� Let

OL
j � foL� �

�

� � � � � oL� �

n g b e a set of op erations issued b y oLj � The op eration oLj is

a pair h OL
j � �L i� where �L is a partial order de�ned on op erations from the

set OL
j � The exact set of lev el L � � op erations issued b y a paren t op eration oLj is

determined at run	time� since some op erations ma y fail to ac hiev e their goals and

alternativ e op erations ma y b e issued b y the paren t�

T ypically higher lev el op erations can b e easily assigned particular seman tics� e�g�

allo cate an optimal line to a circuit or rep ort the n um b er of lines that are a v ailable

for allo cation� A t the lo w er lev els the op erations lose their seman tic prop erties� and

at the lev el � they b ecome atomic read�write op erations� A m ulti	lev el transaction

mo del ma y tak e adv an tage of semantic commutativity among op erations at higher

lev els of the op eration hierarc h y �

Seman tic comm utativi t y is de�ned in terms of the state of a database and the

return v alue of an op eration� As in ��� w e assume that a result of an op era	

tion P executed on the database in state s� denoted as result� P� s�� is a pair

hstate� P� s� � return� P� s� i� where return� P� s� is a v alue returned b y P and state� P� s�

is the state of the database after the execution of P � It is p ossible that for a sp eci�c

state of the database an op eration P is unable to ac hiev e its goal� Then the op er	

ation fails �or aborts�� lea ving the state of the database unc hanged� and returning

unde�ned v alue� The op eration P is de�ned in the state s if it do es not fail� oth	

erwise it is unde�ned� F or example� the op eration Assign� X� a� executed while all

items in the class X are already assigned� is not de�ned� A sequence of op erations

is de�ned if all op erations in this sequence are de�ned�

In general t w o op erations ma y or ma y not comm ute dep ending on the state of the

database in whic h they are applied� Since w e are in terested in reasoning ab out the

correctness of histories based only on the seman tics of the op erations in histories

�i�e� to the con text in whic h those op erations are executed� w e will in tro duce b elo w

t w o notions of comm utativit y that do not depend on the state of the database�

Definition � Two operations P and Q semantically commute i� � for each database
state s the following two conditions hold�
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�� The composition P �Q is de�ned in state s i� the composition Q �P is de�ned
in state s�

�� If P �Q and Q�P are de�ned in state s� then result� Q�P� s� � result� P �Q� s� �

This is essen tially equiv alen t to the notion of backward commutativity in tro duced

in �
� �� W e use the term seman tic comm utativit y to emphasize that it is symmetric

with resp ect to P and Q�

Multi	lev el serializabilit y considers a history of op erations at lev el � to b e v alid if

the op erations at eac h lev el L �� � L � N � can b e transformed in to a serial history

�with resp ect to the op erations at lev el L � �� b y a series of in terc hanges among

the comm uting op erations at lev el L� The ordering of the op erations at eac h lev el

L � � is based on the serialization pro duced at lev el L � �� and an in terc hange is

v alid if the t w o op erations seman tically comm ute�

In our mo del w e increase the p ossibilit y for in terc hanges b et w een op erations�

in tro ducing the notion of left�to�right commutativity or LTR�commutativity� In

con trast to seman tic comm utativit y � the L TR	comm utativit y relation ma y b e non	

symmetrical� it is p ossible to ha v e P L TR	comm utativ e with Q� but Q not L TR	

comm utativ e with P � That allo ws more op erations to b e in terc hanged� and� conse	

quen tly � increases the concurrency in the system�

Definition � Operation P is LTR�commutative with an operation Q i� for every
state s of the database the following two conditions hold�

�� If the composition P �Q is de�ned in state s� then Q � P is de�ned in state s�

�� If P �Q is de�ned in state s� then result� Q � P� s� � result� P �Q� s�

L TR	comm utativi t y is related to the right backward commutativity de�ned b y

W eihl �

 �� Ho w ev er� unlik e W eihl w e assume that for every state of the database
t w o op erations L TR	comm ute if the results of their execution are indep enden t of

their order�

One consequence of De�nition 
 is that if P is L TR	comm utati v e with Q� and if

history H
�

�represen ted as a comp osition of op erations�

H
�

� Hp � P �Q �Hs

is de�ned � Hp and Hs are subhistories of H
�

�� then the history

H
�

� Hp �Q � P �Hs

is also de�ned and the result of comp ositions of op erations in histories H
�

and H
�

is the same� i�e�� it is v alid to transform H
�

in to H
�

� Note� ho w ev er� that it ma y

not b e v alid to transform H
�

in to H
�

� If P is seman tically comm utativ e with Q�

then P is L TR	comm utati v e with Q� and Q is L TR	comm utativ e with P �

T o illustrate the di�erence b et w een L TR	comm utati vit y and seman tic comm uta	

tivit y let us consider the Withdraw and Deposit op erations� Let�s assume that s
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T able 
	 L TR	comm utativit y relation for the

banking example�

Withdraw � i� Deposit� i�

Withdraw � i� do not comm ute comm ute

Deposit� i� do not comm ute comm ute

indicates the initial state of a bank accoun t that represen ts the database state� The

Deposit� i� is de�ned as follo ws� for ev ery state s of the database s �� s � i� The

Withdraw � i� is de�ned in the follo wing w a y� if s � i then s �� s � i otherwise the

op erations fails and state s remains unc hanged� The Withdraw op eration is L TR	

comm utativ e with Deposit� but Deposit is not L TR	comm utati v e with Withdraw �

This is b ecause of the fact that� for ev ery state of the database� if the history

Withdraw �Deposit is de�ned then also the history Deposit�Withdraw is de�ned

and b oth histories giv e the same result� Ho w ev er the rev erse do es not alw a ys hold�

F or example� consider the follo wing histories�

� s � ���� H � � Deposit����� �Withdraw ��
��

� s � ���� H 
 � Withdraw ��
�� �Deposit������

F or the initial state of the database s � ���� the history H � giv es a di�eren t result

than the history H 
� since Withdraw in H
�

fails� The L TR	comm utativit y relation

for this example is illustrated in T able ��

Belo w� w e will in tro duce de�nitions of LTR�equivalence of histories and LTR�
con�ict b et w een op erations� These de�nitions are based on the concept of L TR	

comm utativi t y � and therefore L TR	equiv alence and L TR	con�icts are not symmet	

ric�

Definition � An operation oLi LTR�con�icts with an operation oLj in a history H

i� oLi precedes oLj in the history and oLi is not LTR�commutative with oLj �

Definition � Transformation of history Hk containing two consecutive operations
oLi and oLj into history Hl where order of these two operations is reversed is an L TR	

comm utativ e in terc hange i� operation oLi does not LTR�con�ict with operation oLj �

Definition � The history Hi is LTR�equivalent to the history Hj i� Hi can be
transformed into Hj by means of a series of LTR�commutative interchanges�

W e are no w ready to de�ne our relaxed correctness criteria� First w e use the

notion of L TR	comm utati vit y to extend the set of allo w able execution histories� It

should b e noted that lev el � read and write op erations that access the same ob ject

are not L TR	comm utati v e �in this case the notion of L TR	con�ict reduces to the

traditional notion of read�write and write�write con�ict�� Hence� no relaxing of
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Figur e 
	 L TR	con�icts in a three lev el sc hedule�

serializabilit y is p ossible on lev el � since ev en one in v alid in terc hange at this lev el

ma y pro duce unpredictable results� This is not the case at the higher lev els of the

hierarc h y of op erations� As w e ha v e sho wn in our example in v olving assignmen t and

deassignmen t op erations� allo wing for non	L TR	comm utable exc hange ma y result in

a loss of optimalit y of assignmen ts or ev en a failed assignmen t but not in erroneous

assignmen ts resulting in e�g�� allo cating the same item to m ultiple assem blies�

Definition � A multi�level history H is LTR�serializable i� the history at each
level L 	� � L � N
 is LTR�equivalent to a serial history with respect to the
operations at level L � � � The LTR�serialization order of operations at each level
L � N determines the LTR�serialization order of their parent operations at level
L � � �

Definition � A history HL of operations at level L is k�serializable at level L
i� it can be transformed into a serial history with respect to the operations at level
L � � by a series of interchanges of operations at level L such that each operation
is involved in no more than k non�LTR�commutative interchanges�

Definition � A history H of operations is multi�level 	k � � � � � � kN � � 
�serializable
	often abbreviated as multi�level K�serializable� or just K�serializable
 i� it is kL�
serializable at every level L 	� � L � N
� where as before the initial order of the
operations at each level L � � is determined by the kL�serialization order at level
L� � �

In most situations� it is inappropriate to allo w non	serializable con�icts at lev el

�� since this ma y result in corrupted data and unpredictable results� In con trast�

ric her seman tics of higher lev el op erations ma y allo w setting kL � � for L � ��

Increasing kL results in increased concurrency in the system coming from relaxing

the isolation of op erations at lev el L � ��



	


Consider the three lev el sc hedule in Figure �� If w e assume that op eration o�

��

is not L TR	comm utativ e with op eration o�

��

and that op eration o�

��

is not L TR	

comm utativ e with op eration o�

��

� then at lev el � w e ha v e L TR	con�icts b et w een o�

��

and o�

��

� and b et w een o�

��

and o�

��

� A t lev el � the history is serializable with resp ect

to the op erations at lev el �� Therefore the history is m ulti	lev el � k � � k �

�	serializable�

with k �

� � and k �

� ��

�� K�comp ensable histories

In this section w e will discuss comp ensating op erations in the con text of hierarc hical

activities� In the nested transaction mo del ��� �� the e�ects of a c hild op eration are

rev ealed to other concurren tly running transactions only after the paren t op eration

commits� If blo c king concurrency con trol mec hanisms suc h as 
PL are used� then

no other transaction can access the data items un til the ro ot transaction commits�

The full isolation pro vided in this mo del ma y not b e appropriate for long	running

hierarc hical activities in situations when blo c king data for a long time ma y not b e

acceptable� In suc h situations� it ma y b e desirable for subtransactions to commit

and rev eal their results b efore their paren t commits� The consequence of this fact

is that comp ensating op erations m ust b e used�

Our ob jectiv e is to dev elop a comp ensation mo del for hierarc hical activities in

whic h w e can reason ab out correctness of a history with comp ensating op erations

kno wing only the semantics of operations in the history � Our comp ensation mo d	

el do es not tak e in to accoun t other seman tic information� suc h as the the state

of the database� W e will use state�independent comp ensation in whic h a comp en	

sating op eration undo es a comp ensated	for op eration regardless of the state of the

database� F or example� in ev ery state of the database deassignmen t D
�

� x
�

� a� com	

p ensates assignmen t A
�

� X� a� �that allo cated x
�

to a�� Withdraw �
�� comp ensates

Deposit�
�� regardless of the initial balance� W e fo cus on the hierarc hical m ulti	

lev el activities� T o deal with the problems of in terv ening transactions� w e limit the

scop e of comp ensation b y in tro ducing the notion of horizon of compensation� The

comp ensation of an op eration is allo w ed only within its horizon of comp ensation�

F ollo wing the ideas in �
� � w e assume that in hierarc hical m ulti	lev el activities�

a c hild op eration can b e comp ensated only b efore its paren t op eration commits�

The comp ensating op eration can b e issued b y a paren t op eration and is a part of

the paren t op eration activit y � When a paren t op eration commits� w e no longer

can comp ensate a c hild op eration� If comp ensation is needed after that� the en tire

paren t op eration m ust b e comp ensated� Th us� the horizon of comp ensation for

a c hild op eration is limited b y the commitm en t of the paren t op eration� Ha ving

suc h a horizon of comp ensation can b e v ery v aluable� as it limits the circumstances

under whic h w e m ust b e concerned ab out another transaction seeing the e�ects of

an op eration whic h ma y later b e comp ensated�

W e adopt this mo del of comp ensation for an y lev el L � N of a m ulti	lev el hier	

arc h y � T o mak e it p ossible� w e ha v e to add an extra lev el N � � that represen ts

a paren t of all ro ot transactions� The activit y on this new lev el nev er commit	



		

s� and th us all ro ot transactions can b e comp ensated the same w a y as an y other

op erations

�

�

In our prop osed mo del w e assume that an op eration that has b een issued ma y b e

in one of three states� uncommitted� committed but subject to compensation� and

committed and non�compensable� Unlik e the nested transaction mo del� in whic h the

visibilit y of the results of a committed subtransaction is restricted to the paren t

subtransaction and siblings� in our mo del the results of a committed op eration

b ecome visible to all other concurren tly executing op erations�

Definition 	 An operation oLi of level L is in the uncommitted state if it has been
issued by its parent operation oL��

m at level L � � � but it has not been committed�

Definition �
 An operation oLi of level L is in the committed but sub ject to

comp ensation state if it has been already committed but its parent operation oL��

m

has not committed yet�

Definition �� An operation oLi of level L is in the committed and non	comp ensable

state if it has been committed and its parent operation oL��

m has already committed�

Let coLi b e a comp ensating op eration for an op eration oLi � If for a giv en op eration

oLi there is no comp ensating op eration coLi then the commitm en t of oLi b efore

its paren t op eration commits is not allo w ed and the op eration oLi ma y b e either

uncommitted or committed and non	comp ensable� F or a giv en op eration oLi only

its paren t op eration oL��

m ma y in v ok e a comp ensating op eration coLi � if suc h an

op eration exists� Once the paren t op eration oL��

m commi ts� the only w a y to undo

the e�ects of the op eration oLi is to comp ensate the en tire op eration oL��

m b y means

of a comp ensating op eration coL��

m �

Let us consider the three lev el sc hedule in Figure 
� Figure 
a� sho ws lev el �

op erations o�

���

and o�

���

that ha v e b een committed already � Since their paren t

op eration o�

��

has also b een committed� b oth op erations are in the �committed and

non	comp ensable� state� The op eration o�

���

has b een already committed and is in

the �committed but sub ject to comp ensation� state �assuming that a comp ensating

op eration co�

���

is a v ailable�� since its paren t op eration o�

��

has not committed� The

op eration o�

���

is in the �uncommitted� state� A t lev el � the op eration o�

��

is in the

�committed but sub ject to comp ensation� state while the op eration o�

��

is in the

�uncommitted� state�

Figure 
b� sho ws the actions required to ab ort the ro ot op eration o�

�

�transaction

T
�

� at this p oin t� A t lev el �� the op eration o�

���

is ab orted� since it w as in the

�uncommitted� state� and the op eration o�

���

is comp ensated� since it w as in the

�sub ject to comp ensation� state� A t lev el � the op eration o�

��

is ab orted� since

it w as in the �uncommitted� state� and the op eration o�

��

is comp ensated� since

it w as in the �sub ject to comp ensation� state� Notice that the sc hedule do es not

sho w explicitly comp ensation of the op erations o�

���

and o�

���

� This is b ecause of

the fact that those op erations ha v e b een in the �commi tted and non	comp ensable�
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Figur e �	 Comp ensation in three lev el sc hedule after a ro ot transaction ab orts�
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state and their e�ects are undone b y comp ensating their paren t op eration o�

��

� The

comp ensating op eration co�

��

can rev erse op eration o�

��

b y issuing op erations that

do not necessarily undo op erations o�

���

and o�

���

� This ma y b e p ossible ev en if

comp ensating op erations for o�

���

and o�

���

are not pro vided� This example illus	

trates the fact that certain lo w er lev el op erations ma y not b e comp ensable while it

is p ossible to comp ensate their ancestor op erations�

Belo w w e use the concept of an augmented operation to formally de�ne K�compen�
sability of histories � a prop osed correctness criterion for comp ensation in hierarc hi	

cal activities� The idea of an augmen ted op eration at lev el L is to com bine in to one

h yp othetical op eration aoLi a giv en op eration oLi and its comp ensating op eration

coLi if b oth app ear in the history of op erations at lev el L�

Definition �� An augmented operation aoLi in a history H is a pair hoLi � co
L
i i� If

coLi is not in the history H then the second element of the pair is empty�

F or example� let us consider history H
�

at lev el � �in a three lev el hierarc h y��

where op eration o�

��

is not comm utativ e with an y of the op erations o�

��

� co�

��

or o�

��

�

co�

��

� but o�

��

and co�

��

L TR	comm ute with co�

��

�

H
�

� o�

��

� o�

��

� o�

��

� co�

��

� co�

��

�

In history H
�

� there are three augmen ted op erations� ao�

��

�pair ho�

��

� co�

��

i�� ao�

��

�pair ho�

��

� co�

��

i�� ao�

��

�equiv alen t to o�

��

since co�

��

is not presen t in the history��

Let us consider a history H �

�

deriv ed from the history H
�

b y remo ving op eration

o�

��

�

H �

�

� o�

��

� o�

��

� co�

��

� co�

��

�

History H �

�

is L TR	serializable with resp ect to augmen ted op erations ao�

��

and

ao�

��

since it can b e sho wn equiv alen t to the serial history with augmen ted op er	

ations� ao�

��

� ao�

��

� o�

��

� co�

��

� o�

��

� co�

��

� Note that the in terc hanges of an

execution order are not applied to augmen ted op erations� Rather� the history H �

�

is con v erted to a serial history o v er augmen ted op erations b y mo ving co�

��

ahead of

o�

��

and co�

��

based on L TR	comm utativi t y �

History H
�

is not L TR	serializable with resp ect to the augmen ted op erations ao�

��

and ao�

��

and ao�

��

b ecause o�

��

do es not L TR	comm ute with an y other op eration in

the history � Ho w ev er� H
�

can b e transformed in to a serial history with resp ect to

the augmen ted op erations ao�

��

and ao�

��

and o�

��

b y k �

� 
 non	L TR	comm utable

in terc hanges �b et w een o�

��

and co�

��

� and b et w een o�

��

and co�

��

� and the in terc hanges

describ ed ab o v e that transformed the L TR	serializable history H �

�

in to a serial his	

tory with augmen ted op erations� Therefore the history H
�

is k �

� 
 serializable at

lev el L � � with resp ect to augmen ted op erations ao�

��

� ao�

��

� and ao�

��

�

Definition �� A history with compensating operations is kL�compensable at level
L i� it is kL�serializable at level L with respect to all augmented operations aoLi �



	�

According to the De�nition �� the history H
�

is k �

� 
 comp ensable at lev el

L � � with resp ect to the augmen ted op erations ao�

��

� ao�

��

� and ao�

��

�

The horizon of comp ensation concept allo ws sc heduling an op eration oLj after

an y n um b er of op erations oLi that are in committed and non	comp ensable state�

with no violation of m ulti	lev el serializabilit y � Moreo v er� oLj can b e sc heduled after

an y n um b er of op erations oLi that are in committed but sub ject to comp ensation

state� as long as either oLj is L TR	comm utati v e with ev ery coLi or ev ery oLi is L TR	

comm utativ e with oLj � If kL 	comp ensabilit y is the correctness criterion� w e can relax

the comm utativit y requiremen ts b y allo wing an op eration oLj to b e sc heduled as long

as the n um b er of prior non	comm uting op erations oLi that are in the committed

but sub ject to comp ensation state do es no exceed kL �

Earlier� w e argued that the main problems with comp ensation are due to the fact

that in terv ening transactions ma y see the results of transactions that get comp en	

sated later� Analyzing comp ensation in the con text of hierarc hical activities allo w ed

us to de�ne the horizon of comp ensation� This� in turn� pro vides a mec hanism to

restrict the side	e�ects of comp ensation� Ha ving enough seman tic kno wledge ab out

op erations� w e can predict the e�ects of p ossible comp ensation on concurren tly ex	

ecuting in terv ening op erations� W e can imp ose a limit on side	e�ects of comp ensa	

tion that re�ects a trade	o� b et w een increased concurrency and relaxed correctness

criteria� K	serializabilit y allo ws more concurrency than m ulti	lev el serializabilit y �

at the exp ense of relaxing consistency requiremen ts� Moreo v er� it should b e p oin ted

out that the p ossibilit y of c ho osing di�eren t v alues for kL at di�eren t lev els of the

hierarc h y of op erations allo ws considerable �exibilit y for imp osing b ounds on the

e�ects of relaxing serializabilit y �

On the higher lev els more seman tic kno wledge ab out op erations is a v ailable� On

those lev els it is p ossible to predict the e�ects of a non	serializable m ulti	lev el

sc hedule for di�eren t v alues of kL � �� One can c ho ose kL to re�ect the seman tics

of a particular application� On lo w er lev els of the hierarc h y the c hoice of kL � �

b ecomes more di�cult since the w eak seman tics of op erations on those lev els ma y

not allo w prediction of the e�ects of non	serializable sc hedules� A t lev el � the

sequence of op erations b ecomes a sequence of bare read and writes that mak es the

c hoice of k � � � in most cases inappropriate� since it w ould result in corrupted

data�

�� K�comp ensabilit y of assignmen ts

The concepts describ ed in Sections � and � can b e applied to the practical prob	

lem of managing assignmen t�deassignmen t transactions in a m ultidatabase system�

discussed in Section 
�

In Section 
 w e ha v e describ ed the problems that can b e caused b y relaxing

the isolation of the global assignmen t activities� If an item is assigned in a sub	

transaction of a global transaction� and if the assignmen t is later canceled b y a

comp ensating deassignmen t in another subtransaction of the same global transac	



	�

tion� the o v erall e�ect is not the same as if the initial assignmen t had nev er b een

made� In the in terim other global tasks ma y ha v e made less desirable assignmen ts

b ecause of the una v ailabilit y of the item�

Ho w ev er� one can con trol this e�ect b y enforcing k 	comp ensabilit y at the lev el of

the assignmen ts and deassignmen ts � i�e�� b y enforcing m ulti	lev el K 	serializabilit y

with k �

� � and k � � �� The e�ect of setting k �

� � is to ensure that the basic

assignmen ts and deassignmen ts are atomic and isolated� so that there is no corrup	

tion of the database� for example no p ossibilit y of assigning the same item to t w o

di�eren t assem blies� The e�ect of setting a v alue for k � � � can b e view ed from sev	

eral standp oin ts� F rom the standp oin t of an y particular assignmen t	deassignmen t

comp ensating pair� it sa ys that at most k �

other op erations ha v e their c hoices re	

duced �as compared to what w ould ha v e happ ened if the initial assignmen t had

nev er tak en place�� F rom the p oin t of view of an y particular assignmen t� it sa ys

that at most k �

other assignmen ts whic h are still sub ject to comp ensation will ha v e

arti�cially depriv ed it of c hoices�

The c hoice of a particular v alue of kL is highly dep enden t on the seman tics of

the applications� F or the telecomm unication example k �

denotes p ossible �non	

optimalit y� of assignmen ts� F or example� if k �

� �� the assignmen t op eration ma y

c hose the second	b est item� if k �

� 
� it ma y b e third	b est etc� Therefore� the

application designer should sp ecify k �

in suc h a w a y that the optimalit y criteria are

satis�ed� If he decide that the item assigned should alw a ys b e among the b est ���

of a v ailable items� the k �

should ha v e v alue of ��� � �a v erage n um b er of a v ailable

items� etc�

Allo wing K 	serializabilit y instead of requiring full m ulti	lev el serializabilit y has

the additional e�ect that assignmen ts and deassignmen ts of di�eren t global trans	

actions are allo w ed to in terlea v e in di�eren t orders at di�eren t sites� Ho w ev er� from

an application standp oin t� this is not a problem�

Of course� in practice there are other t yp es of global activities b esides just as	

signmen ts and deassignmen ts� Other imp ortan t t yp es are�

� Add items to in v en tory or delete items from in v en tory � In these cases adding

items to the in v en tories at di�eren t sites are essen tially indep enden t from a

concurrency con trol p oin t of view� so there is no problem� Ho w ev er� the in ter	

lea ving of the add op erations and assignmen t op erations should b e con trolled

b y K 	comp ensabilit y � since adding some items to the in v en tory ma y in�uence

the c hoice made b y the assignmen t� Similar considerations regard the delete

op eration�

� Generate rep ort of a v ailable items� Since this is not a debit	credit t yp e of

situation� it is not imp ortan t that the rep ort ma y include partial results of some

global tasks� Ho w ev er� it is imp ortan t that it ma y read some items as assigned

when the assignmen t will b e canceled later b y a comp ensating deassignmen t�

The e�ect of this can b e limited b y enforcing K 	comp ensabilit y �

Implemen tati on Considerations



	�

A sc heduler enforcing m ulti	lev el K 	comp ensabilit y can b e implemen t as follo ws�

W e prop ose enforcing kL on eac h lev el b y the means of sp ecial purp ose lo c ks called

c�locks� C	lo c ks are managed indep enden tly for eac h lev el and ha v e gran ularit y

corresp onding to the seman tics of op erations on this lev el� F or example� on lev el

� �with op erations of read�write t yp e� the c	lo c ks w ould op erate on particular

database ob jects suc h as sp eci�c telecomm unication lines or switc hes� On lev el

�� with op erations lik e assignmen t or deassignmen t� the c	lo c ks w ould op erate on

collections of ob jects suc h as particular classes of lines or sets of equiv alen t switc hes�

F or ev ery accessed data item� or set of data items as appropriate for a giv en

lev el L� a c	lo c k manager creates a c�lock table� This table has ro ws and columns

indexed b y the op erations of this lev el� so that eac h en try represen ts an ordered

pair � oLr � oLc �� There are t w o t yp es of en tries in the c	lo c k table� If oLr is

L TR	comm utativ e with oLc the en try is empt y � otherwise it con tains a c	lo c k list�

A c	lo c k list is a list con taining iden ti�ers of op erations that access the data� and

is initialized to �� �i�e�� empt y��

The c	lo c k manager adheres to the follo wing proto col�

�� F or ev ery op eration oLi submitted for execution the c	lo c k manager creates a

c	lo c k table� or �nds the appropriate c	lo c k table if it w as created earlier�


� F or ev ery en try in the column indexed b y oLi �i�e�� for ev ery en try � oLr � o
L
i ��

the c	lo c k manager calculates the n um b er jr of op erations that are included in

the c	lo c k list and ha v e di�eren t paren t than oLi � The sum j �

P
jr represen ts

the total n um b er of non	L TR	comm utati v e op erations that precede oLi and that

are in the committed but sub ject to comp ensation state�

�� If j � �� i�e�� if there are no previous con�icting op erations� oLi is allo w ed to

pro ceed�

�� If j � �� there are j con�icts� If j � kL the op eration is allo w ed to pro ceed�

otherwise it is ab orted or blo c k ed�


� If oLi is allo w ed to pro ceed� it adds its iden ti�er to all c	lo c k lists in its ro w �i�e��

to all c	lo c k table en tries � oLi � o
L
c ��� In case the op eration is ab orted b y the

system� it m ust remo v e its iden ti�ers from these lists�

�� When an op eration commits� the iden ti�ers of all its c hildren op erations are

remo v ed from the appropriate c	lo c k lists�

�� When a comp ensating op eration coLi commits� the iden ti�er of the comp ensated	

for op eration oLi is remo v ed from the appropriate c	lo c k lists�

This algorithm assures that for eac h op eration oLi the n um b er of preceding op	

erations that are not L TR	comm utati v e and are still sub ject to comp ensation will

nev er exceed kL � Th us no op eration can b e in v olv ed in more than kL non	L TR	

comm utativ e in terc hanges� and K 	comp ensabilit y can b e preserv ed�



	�

Note that for lev el � op erations �read and write�� and for and k �

� �� this algo	

rithm reduces to strict 
PL� That assures the atomicit y and isolation of the lev el �

op erations� and prev en ts p ossible inconsistency of the database state�

As w e can see from the description� this algorithm executes sev eral steps for

eac h submitted op eration oLi � The n um b er of executed steps is prop ortional to the

n um b er of op erations that are not L TR	comm utati v e with oLi � and to the v alue

of kL � Since the n um b er of non	L TR	comm utativ e op erations is prede�ned in the

system� w e can consider the complexit y of this algorithm to b e O�k� �i�e�� linear��

This algorithm could b e easily extended to main tain di�eren t v alues of kL for eac h

op eration oLi � The only mo di�cation needed is a c hec k in step 
 whether adding of

the iden ti�er of oLi to the c	lo c k list causes the sum jc of an y column c to exceed

kLc assigned to it� If so� oLi is ab orted or blo c k ed� otherwise it ma y pro ceed� This

mo di�cation w ould allo w for greater �exibilit y of the system� since eac h kind of

op erations w ould ha v e its o wn limits of p ossible inconsistency �

It ma y happ en in some applications that it is not feasible or acceptable to blo c k

subtransactions� The concept of m ulti	lev el serializabilit y and c	lo c ks is still useful

for estimating the impact of non	serializabilit y on the application� In suc h situa	

tions� op erations do not blo c k or ab ort� but eac h op eration records in the log the

n um b er of c	lo c k ed items whic h it encoun tered� This information can b e used to

giv e guidance on ho w m uc h excess in v en tory should b e main tained to allo w for

the exp ected n um b er of items whic h are arti�cially una v ailable at an y giv en time

b ecause of assignmen ts whic h end up getting comp ensated later in the same global

transaction� This approac h should b e also adopted for the ro ot lev el transactions�

since their paren t op eration nev er commi ts� and therefore their c	lo c ks are nev er

remo v ed� Alternativ ely � w e can assume that all ro ot transactions comm ute with

eac h other�

�� Discussion

The notions of K 	serializabilit y and K 	comp ensabilit y are related in man y w a ys to

similar concepts discussed in the literature� bac kw ard and forw ard comm utativi t y

�
� �� appro ximate soundness ��� �� or �	serializabilit y ��� �� In this section w e discuss

these relations in more detailed w a y �

It is clear that activities lik e those presen ted in section 
 can b e mo deled as

nested transactions ��� � or op en	nested transactions ��� � �� ��� In the op en	nested

transaction mo del the e�ects of committed subtransactions ma y b ecome visible to

other concurren t transactions b efore their paren t transaction commits� Relaxing

the isolation prop erties of the con v en tional nested transaction mo del allo ws for

more concurrency at the exp ense of more complicated reco v ery that ma y require

comp ensating subtransactions� Reco v ery issues in nested transactions ha v e b een

thoroughly studied b y Moss� Gri�eth� and Graham ��
 �� They de�ned the notion

of �abstract serializabilit y� to determine whic h op erations can b e correctly undone

and whic h ha v e to b e dealt with b y comp ensating subtransactions�



	�

Observation � Abstract serializability by layers ���
 is a correctness criterion
strictly more restrictive than K�serializability�

Abstract serializabilit y b y la y ers requires that a history of op erations on ev ery

lev el of a m ulti	lev el transaction can b e transformed in to a serial history with resp ect

to the op erations on the higher lev el b y the means of in terc hanging the order of

commutative op erations� K 	serializabilit y admits the p ossiblit y of exc hanging the

order of L TR	comm utativ e op erations� but also allo ws for kL non�commutative
in terc hanges on eac h lev el L� That extends the class of admissible histories b ey ond

abstract serializabilit y �

Multi	lev el transactions are a sp ecial case of op en	nested transactions where the

sibling subtransactions in the transaction tree ha v e the same nesting depth �
� � 
� ��

A hierarc hical activit y mo deled as a m ulti	lev el transaction will ha v e a la y ered

structure of op erations� where an op eration corresp onds to a subtransaction in

the op en	nested transaction mo del� The m ulti	lev el transaction framew ork can b e

applied in a natural w a y to m ultidatabase systems� with lev els corresp onding to

global transactions� lo cal subtransactions� and lo cal database op erations ��� � 
� ��

In our discussion w e concen trate on hierarc hical activities that can b e describ ed

using the m ulti	lev el transaction mo del� but the mo del prop osed in this pap er can

b e generalized for the op en	nested transaction mo del suc h as describ ed in �� �� This

generalization w ould b e natural if the transactions� subtransactions� and basic data

op erations in an op en	nested transaction system access the data con tained in the

database in the hierarc hical manner assumed in our pap er� i�e�� if some transactions

access items� some access classes of items �but not items�� some sup erclasses of items

�but again not items and not classes of items�� etc� In this case the op en	nested

transactions can b e mapp ed in to m ultilev el transactions with some op erations on

some lev els missing� i�e�� with op erations on lev el i that issue op erations of lev el i� 


�or i� � � � �� instead of op erations from lev el i� �� Otherwise� when an op en	nested

transaction is allo w ed to access an y data in the database� our mo del w ould not b e

really applicable�

Our notion of seman tic comm utativi t y corresp onds to the backward commutativ�
ity� and L TR	comm utati vit y to the right backward commutativity de�ned b y W eihl

�
� � 

� in the con text of reco v ery � Ho w ev er� unlik e W eihl� w e assume that for every
state of the database t w o op erations L TR	comm ute if the results of their execution

are indep enden t of their order� W eihl�s notion of an op eration include the result

of the execution of the op eration� and therefore the righ t bac kw ard comm utativi t y

relation is dep enden t on the state of the database�

Observation � Backward commutativity relation ���
 is strictly larger than se�
mantic commutativity�

Observation � Right backward commutativity relation ���
 is strictly larger than
LTR�commutativity�



	�

These t w o observ ations are simple consequences of the fact that analysis of the

database state yields more seman tic information that can b e used for determining

the comm utativi t y � and therefore allo ws �ner con trol of comm utativit y � In con	

sequence righ t bac kw ard comm utativit y allo ws more op erations to comm ute than

L TR	comm utativi t y � Consider an example of a withdra w al op eration� Tw o with	

dra w al op erations do not L TR	comm ute� Ho w ev er� t w o withdra w al op erations ma y

righ t bac kw ard comm ute dep ending on the state of the database� e�g�� if the amoun t

of money on the accoun t is suc h that b oth withdra w als are successful� The adv an	

tage of L TR	comm utativit y is that it is p ossible to decide whether t w o op erations

L TR	comm ute b y examining the seman tics of the op erations without considering

the state of the database in whic h those op erations are executed� Moreo v er� righ t

bac kw ard comm utativi t y can b e determined only after the op erations are executed

�and their results are kno wn�� whereas L TR	comm utativi t y is determined statically �

The notion of m ulti	lev el K	serializabilit y ma y app ear similar to other correctness

criteria based on non	serializable sc hedules� Ho w ev er� in man y cases this similarit y

is misleading� Consider for example the original concept of �	serializabilit y in tro	

duced in ��� � 

�� In our en vironmen t� where most transactions ha v e to up date the

database� it is inappropriate to allo w non	serializable con�icts at lev el � �p ostulated

b y �	serializabilit y�� since this ma y result in corrupted data� and incorrect results�

In con trast� ric her seman tics of higher lev el op erations ma y allo w setting kL � �

for L � �� The bounded inconsistency �
� � is an extension of �	serializabilit y to ab	

stract data ob jects� and therefore to the op erations on lev el L � �� Ho w ev er� it is

still not applicable in the en vironmen t where non	serializable �sub�transactions can

up date the database� or when the data items ha v e only qualitativ e v alues ��item is

assigned� vs� �item is not assigned���

Another seemingly similar notion is bounded ignorance ����� Ho w ev er� it is a

concept basically incomparable with K 	serializabilit y � It do es not consider problems

of comm utativ it y of comp ensating transactions� but problems of missing up dates

in replicated databases� Bounded ignorance allo ws transactions to read out	of	date

replicas of data within restrictions that at most N up dates are missing� Note that in

our en vironmen t this proto col w ould allo w N transactions to assign the same item

to N di�eren t assem blies� whic h is clearly in violation of our correctness criteria�

Comp ensation as a to ol for reco v ery has b een thoroughly studied b y Korth� Levy

and Silb ersc hatz ��� � �
 �� The mo del of comp ensation presen ted in their pap ers

assumes t w o lev el activities with read�write op erations at lev el � and transactions

at lev el �� The discussion in ���� is based on the in tuitiv ely clear notion that if a

comp ensating transaction CTi immediately follo ws the transaction Ti it is supp osed

to comp ensate� then the result is as if Ti had nev er o ccurred� Problems ma y arise

if in terv ening transactions are sc heduled b et w een Ti and CTi � T o deal with this

problem� the authors in tro duced the notion of soundness of the history � If the in ter	

v ening transactions seman tically comm ute with the comp ensating transaction CTi
then the history in v olving Ti � the in terv ening transactions and CTi is considered

sound� T o deal with the problem of in terv ening transactions that do not comm ute

with CTi � they prop osed the notion of approximate soundness � a correctness cri	



�


terion for comp ensation that is based on seman tic information ab out the state of

the database in whic h the op erations are applied�

Observation � Approximate soundness ���
 is a correctness criterion strictly less
restrictive than k�serializability for any given k�

Again it should b e noted that w e dev elop a comp ensation mo del for hierarc hical

activities in whic h w e can reason ab out correctness of a history with comp ensating

op erations kno wing only the semantics of operations in the history � Our comp en	

sation mo del do es not tak e in to accoun t other seman tic information� suc h as the

the state of the database� W e use state�independent comp ensation in whic h a com	

p ensating op eration undo es a comp ensated	for op eration regardless of the state of

the database� This mak es our correctness criterion more restrictiv e than those that

use the seman tic information based on the state of the database� but simpli�es

the reasoning ab out the correctness of the history � whic h in turn enables e�cien t

implemen tatio n� This is not unlik e the relationship b et w een view serializabilit y

that allo ws for more concurrency and con�ict serializabilit y that has an e�cien t

implemen tatio n�

	� Conclusions

This pap er is motiv ated b y a telecomm unications application whic h in v olv es cre	

ating circuits �assem blies� b y assigning comp onen ts to them� deleting circuits b y

deassigning their comp onen ts� and generating rep orts on the a v ailable comp onen ts�

This general t yp e of activit y is common to other applications as w ell� The seman tics

of the application in v olv es one	sided comm utativit y of op erations� comp ensation of

op erations� and w eak consistency requiremen ts� �Assignmen ts need not b e ����

optimal� and rep orts need not b e ���� accurate��

The m ulti	lev el transaction mo del is extended to encompass L TR	comm utativi t y �

where op erations in an execution history ma y b e exc hanged in one direction� but

not necessarily in the other� It is then further extended to include K�serializability�

in whic h a b ounded n um b er of con�icts are allo w ed at eac h lev el of the m ulti	lev el

framew ork� with the b ound dep ending on the lev el� This concept allo ws exploiting

ric her seman tics at the higher lev els �and hence larger v alues of k � than at the lo w er

lev els� As discussed in Section �� this extension di�ers from �	serializabilit y �

Early commi tm en t of subtransactions and the use of comp ensation to restore

consistency is sometimes required in order to supp ort high concurrency and�or to

accommo date unilateral or optimistic commit mec hanisms� The use of comp en	

sation can create problems when other transactions �or op erations� access data

up dated b y a committed transaction whic h ma y later b e comp ensated� In general�

as discussed in �KLS ��� to determine the correctness of comp ensation it is not

su�cien t to kno w only the seman tics of the op erations� It is also necessary to ha v e

seman tic information ab out the state of the database� Kno wing suc h a con text

and utilizing it in the comp ensating transaction ma y b e di�cult� T o form ulate a



�	

more limited but more easily supp orted comp ensation strategy � w e in tro duced the

notion of a horizon of compensation� This is de�ned b y in tro ducing an additional

state of an op eration called committed but subject to compensation and b y t ying

the comp ensabilit y at an y lev el to the status of a paren t op eration� W e also in tro	

duced the notion of k 	comp ensabilit y to b ound the n um b er of op erations whic h can

b e a�ected b y an op eration whic h is still comp ensable� k 	comp ensabilit y pro vides

a mec hanism to limit side	e�ects of a comp ensation b y restricting the n um b er of

con�icting transactions that could ha v e seen the database state c hange made b y a

transaction that is later comp ensated�
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Notes

�� Semi	auton om ous lo cal databases are systems that ha v e b een mo di�ed to facilitate m ulti	

database op erations� but suc h that their lo cal op erations and administrat ion remain autonomous �

�� The result of a history refers to b oth the �nal state of a database and the return v alue of eac h

op eration� This problem will b e discussed in greater detail in Section ��

�� Ho w ev er� comp ensation of a ro ot transaction usually results from a h uman in terv en tion � and

not from the need of ab orting a higher	lev e l op eration�
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