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Abstract
The maintenance of materialized aggregate join views is astuelied problem. However, to

date the published literature has largely ignored the issue oflrtency control. Clearly
immediate materialized view maintenance with transactionaistensy, if enforced by generic
concurrency control mechanisms, can result in low levels of concyri@md high rates of
deadlock. While this problem is superficially amenable to well-kntaehniques such as fine-
granularity locking and special lock modes for updates that aogiafve and commutative, we
show that these previous high concurrency locking techniques do not fully solve the problem, but
a combination of a “value-based” latch pool and these previous high pemcyrlocking
techniques can solve the problem.

Keywords[] Concurrency, Relational Databases, Transaction Processing.

1. Introduction

Although materialized view maintenance has been well-studieldeimeisearch literature [7],
with rare exceptions, to date that published literature has ignoredicency control. In fact, if
we use generic concurrency control mechanisms, immediateiaiaésl aggregate join view
maintenance becomes extremely problematicdhe addition of a materialized aggregate join
view can introduce many lock conflicts and/or deadlocks that did netiaribe absence of this

materialized view.



As an example of this effect, consider a scenario in whicte taee two base relations: the
lineitem relation, and thepartsupp relation, with the schemdmeitem (orderkey, partkey), and
partsupp (partkey, suppkey). Suppose that in transactibnsome customer buys iterpg andpi»
in ordero;, which will cause the tuple®y p11) and 01, p12) to be inserted into theneitem
relation. Also suppose that concurrently in transaclianother customer buys itempg andp,
in ordero,. This will cause the tupleo{ p21) and 2, p22) to be inserted into thineitem
relation. Suppose that pagg andp,; come from supplies;, while partsp; andpz, come from
suppliers,. Then there are no lock conflicts nor is there any potential for addadletweeril;
andT,, since the tuples inserted by them are distinct.

Suppose now that we create a materialized aggregate joinsuggeount to provide quick
access to the number of parts ordered from each supplier, defined as follows:

create aggregate join view suppcount as
select p.suppkey, count(*)

from lineitem |, partsupp p
where |.partkey=p.partkey

group by p.suppkey;
Now both transaction$; andT, must update the materialized vieappcount. Since bothT;

andT, update the same pair of tuplessuppcount (the tuples for suppliers ands,), there are
now potential lock conflicts. To make things worse, suppose Thand T, request their
exclusive locks omsuppcount in the following order:

(1) T1 requests a lock for the tuple whasippkey=s;.

T Tz
(2) T, requests a lock for the tuple whasippkey=s,. N ‘_><_7 s [0opm)
(3) T1 requests a lock for the tuple whasippkey=s,. SR

(4) T, requests a lock for the tuple whasippkey=s;.

Then a deadlock will occur.



The danger of this sort of deadlock is not necessarily rer8afgose there aRResuppliersm
concurrenttransactions, and that each transaction represents a custonmey ibetyis randomly
from r different suppliers. Then according to [8, page 428-42%y¥<R, the probability that
any particular transaction deadlocks is approximateil)(r-1)%/(4R%). (If we do not have
mMr<<R, then the probability of deadlock is essentially one.) For reasonable valRg®s,aindr,
this probability of deadlock is unacceptably high. For examplkes #000, m=8, andr=32, the
deadlock probability is approximately 18%. Merely doublmgo 16 raises this probability to
38%.

In view of this, one alternative is to simply avoid updating the naditesd view within the
transactions. Instead, we batch these updates to the materiabrednd apply them later in
separate transactions. This “works”; unfortunately, it requires tth@ system gives up on
serializability and/or recency (it is possible to provide a thebrserializability in the presence
of deferred updates if readers of the materialized view lloeed to read old versions of the
view [9].) Giving up on serializability and/or recency for metized views may ultimately turn
out to be the best approach for any number of reasons; but before giving up altogstiventit
investigating techniques that guarantee immediate update ptapagwith serializability
semantics yet still give reasonable performance. Providing sachrgaes is desirable in certain
cases. (Such guarantees are required in the TPC-R benchmarkg$dimably as a reflection of
some real world application demands.) In this paper we explore techriltatecan guarantee
serializability without incurring high rates of deadlock and lock contention.

Our focus is materialized aggregate join views. In an extendetior&l algebra, a general
instance of such a view can be expressedB& 7K o(R rvRx24... 2<Ry))), where yis the

aggregate operator. SQL allows the aggregate opel@@NT, SUM, AVG, MIN, andMAX.



However, becauseMIN and MAX cannot be maintained incrementally (the problem is
deletes/update§! e.g., when theMIN/MAX value is deleted, we need to compute the new
MIN/MAX value using all the values in the aggregate group [4]), weatestr attention to the
three incrementally updateable aggregate operd@@9NT, SUM, andAVG. Note that:

(1) In practice AVG is computed usinG@OUNT andSUM, asAVG=SUM/COUNT (COUNT and
UM are distributive whileAVG is algebraic [5]). In the rest of the paper, we only discuss
COUNT andSUM, while our locking techniques f@OUNT andSUM also apply tAAVG.

(2) By lettingn=1 in the definition ofAJV, we include aggregate views over single relations.

A useful observation is that f@OUNT and UM, the updates to the materialized aggregate
join views are associative and commutative, so it really doematier in which order they are
processed. In our running example, the staseigcount after applying the updates ©f andT,
is independent of the order in which they are applied. This line of reasoning leads onédir cons
locking mechanisms that increase concurrency for associative and coimenopatrations.

Many special locking modes that support increased concurreranygththe special treatment
of “hot spot” aggregates in base relations [3, 13, 16] or by exploitidgtepemantics [2, 15]
have been proposed. An early and particularly relevant example of tleak&xploit update
semantics was proposed by Korth [10]. The basic idea is to fgletlisses of update
transactions so that within each class, the updates areadissoand commutative. For example,
if a set of transactions update a record by adding various amouhts game field in the record,
they can be run in any order and the final state of the reatirdenthe same, so they can be run
concurrently. To ensure serializability, other transactions tred o write the record must
conflict with these addition transactions. This insight is capturddorth’s P locking protocol,

in which addition transactions get P locks on the records they ughdatggh addition, while all



other data accesses are protected by standard S and X IdokksRlo not conflict with each
other while they do conflict with S and X locks.

Borrowing this insight, we propose a V locking protocol (*V” for 8&#.”) In it, transactions
that cause updates to materialized aggregate join views wittiasse and commutative
aggregates get standard S and X locks on base relations but gkt \éraihe materialized view.
V locks conflict with S and X locks but not with each other. At tlisel of discussion, V locks
appear virtually identical to the special locks (e.g., P locks) in [10].

Unfortunately, purely using V locks cannot fully solve the mategdliaggregate join view
update problem. Rather, we could end up with what we call “split groupcedtedil] multiple
tuples in the aggregate join view for the same group, as showntinrS2delow. To solve the
split group duplicate problem, we augment V locks with a “value-balsechi pool. (We will
explain what “value-based” means in the next paragraph.) With thigpladches the semantics
of materialized aggregate join views can be guaranieed any time, for any aggregate group,
either zero or one tuple corresponding to this group exists in aialiagzl aggregate join view.
Also, the probability of lock conflicts and deadlocks is greatly cedubecause latches are only
held for a short period, and V locks do not conflict with each other. Hdreepmbination of V
locks and the latch pool solves the materialized aggregate joinwadate problem. Note: in a
preliminary version of this work [12], we used W locks to solve thé& gpbup duplicate
problem. The latch pool solution is better than the W lock solutiongaasrang a latch is much
cheaper than acquiring a lock [8].

Traditionally, latches are used to protect the physical injegfitertain data structures (e.g.,
the data structures in a page [8]). In our case, no physicaltdatase would be corrupted if the

latch pool were not used. The latch pool is used to protect the logieglity of aggregate



operations rather than the physical integrity of the databass. i¥hivhy in the previous
paragraph, we use the term “value-based” latch pool.

Other interesting properties of the V locking protocol exist bsedaransactions getting V
locks on materialized aggregate join views must get S and X lockthe base relations
mentioned in their definition. The most interesting such propertyaisM locks can be used to
support “direct propagate” updates to materialized views. Ag@ohsidering the implications
of the granularity of V locks and the interaction between baaéaellocks and accesses to the
materialized view, we show that one can define a variant of the V locking pirdtoe “no-lock”
locking protocol, in which transactions do not set any long-term lockkeomaterialized view.
Based on a similar reasoning, we show that the V locking prottsmlagplies to materialized
non-aggregate join views and can yield higher concurrency than ttidotral X locking
protocol in certain cases.

The rest of the paper is organized as follows. In Section 2, werexple split group duplicate
problem that arises with a naive use of V locks, and show howptbildem can be avoided
through the addition of a latch pool. In Section 3, we explore theMMagks can be used to
support both direct propagate updates and materialized non-aggregateeyoimaintenance.
We also extend V locks to define a “no-lock” locking protocol. In iBact, we prove the
correctness of the V locking protocol. In Section 5, we investidegeperformance of the V

locking protocol through a simulation study in a commercial RDBMS. We concludiin 6.

2. The Split Group Duplicate Problem
As mentioned in the introduction, we cannot simply use V locks on adgregaviews. This
is because for the V lock to work correctly, updates must [esifted a priori into those that

update a field in an existing tuple and those that create a newotugidete an existing tuple,



which cannot be done in the view update scenario. For example, considateralized

aggregate join vievAJV. The associative and commutative update operatios)drare of the

following two forms:

(1) Suppose we insert a tuple into some base relatidd\oédnd generate a new join result tuple
t. The steps to integrate the join result tupldo the aggregate join vieAdV are as follows:

If the aggregate group of tuplexists inAJV
Update the aggregate groupAdV;

Else
Insert a new aggregate group iAtdv for tuplet;

(2) Suppose we delete a tuple from some base relation of the @gg@gaview AJV. We
compute the corresponding join result tuples. For each such join rgdalt, tve execute the
following steps to removefrom the aggregate join view:

Find the aggregate group of tuple AJV;

Update the aggregate groupAdV;

If all join result tuples have been removed from the aggregate group
Delete the aggregate group frexiv;

Hence, a transaction cannot know at the outset whether it wik Gausipdate of an existing
materialized view tuple, the insertion of a new tuple, or theidalef an existing tuple. This is
different from the case in [10], where updates are classfgcori into those that update a field
in an existing tuple and those that create a new tuple or ageletxisting tuple. If we use X
locks for the materialized view updates, we are back to our origiablem of high lock conflict
and deadlock rates. If we naively use our V locks for these updates will show in Section

2.1, we may run into the split group duplicate problem and the semahtice aggregate join



view may be violated. (The split group duplicate problem is maing/to the self-compatibility
of V locks. Previous approaches for handling “hot spot” aggregates [, 3,5, 16] all use
some kind of self-compatible lock modes. Hence, due to a similsongthey cannot be applied

to materialized aggregate join views.)

2.1 An Example of Split Groups

In this subsection, we explore an example of the split group dupticaldem in the case that
the aggregate join viewJV is stored in a hash file implemented as described by Gray and
Reuter [8]. (The case that the view is stored in a heapsfiEmost identical.) Furthermore,
suppose that we are using key-value locking. Suppose the schema of the aggiregswAJV
is (&, sum(b)), where attributa is both the value locking attribute for the view and the hash key
for the hash file. Suppose originally the aggregate join VAdw contains the tuple (20, 2) and
several other tuples, but that there is no tuple whose attabute

Consider the following three transactionsr ’, andT “. TransactiornT inserts a new tuple into a
base relatiorR and this generates the join result tuple (1, 1), which needs taduggated into
AJV. Transactiom ’inserts another new tuple into the same base relgtand generates the join
result tuple (1, 2). Transaction” deletes a third tuple from base relat®nwhich requires the
tuple (20, 2) to be deleted froAJV. After executing these three transactions, the tuple (20, 2)

should be deleted froJV while the tuple (1, 3) should appearidv.

hash file ofAJV

P P,

P>
[20, 2]

Py

bucketB

Figure 1. Hash file of the aggregate join viewAJV.



Now suppose that 20 and 1 have the same hash value so that the tu@¢s@0(1, 3) are
stored in the same buckBtof the hash file. Also, suppose that initially there are frages in
bucketB: one bucket page; and three overflow pagés, Ps;, andP,, as illustrated in Figure 1.
Furthermore, let pagdy, P,, andP; be full while there are several open slots in Jage

To integrate a join result tupteinto the aggregate join vieAdV, a transactioff performs the
following steps [8]:

1. Get an X value lock forr.a on AJV. This lock is held until commits/aborts.

2. Apply the hash function tg.a to find the corresponding hash table budket

3. Crab all the pages in buckBtto see whether a tuplewhose attribute=t;.a already exists.
(“Crabbing” [8] means first getting an X latch on the next pégen releasing the X latch on
the current page.)

4. If t, exists in some padein bucketB, stop the crabbing and integrate the join result ttjple
into tuplet,. The X latch on page is released only after the integration is finished.

5. If tuple t, does not exist, crab the pages in budkeigain to find a pagP that has enough
free space. Insert a new tuple into pBder the join result tuplé;.

Note that the above description is simplified compared to that in&eneral, as described in

[8, page 850], to request an X latch on a page, we first isbubesfix request without holding

the latch. After the page is fixed in the buffer pool, we iskeeldtch request. This is to avoid

performing 1/0O while holding a latch [8, page 849].

Suppose now that we use V value locks instead of X value locks inxdnigpée and that the

three transactions, T, andT “are executed in the following sequence:



. T gets a V value lock for attribuee=1, applies the hash function to find the corresponding
hash table buckd®, then crabs all the pages Bhto see whether a tupte whose attribute
a=1 already exists in the hash file. After crabbing, it finds that no suchtiugtésts.

. Next transactionT’ gets a V value lock for attributa=1, applies the hash function to
attributea=1 to find the corresponding hash table budketind crabs all the pages in bucket
B to see whether a tuplewhose attribut@=1 already exists in the hash file. After crabbing,
it finds that no such tuple exists.

. Next, transactiom crabs the pages in buckgtagain, finding that only padge, has enough
free space. It then inserts a new tuple (1, 1) into pag®r the join result tuple (1, 1),

commits, and releases the V value lock for attrilzeté.
hash file olAJV

bucketB |P1 ——>|P Ps P,
(20,2 (1,1

Figure 2. Hash file of the aggregate join viewAJV — after inserting tuple (1, 1).
. Then transactionT” gets a V value lock for attributa=20, finds that tuple (20, 2) is
contained in pagf,, and deletes it (creating an open slot in gageThenT” commits, and

releases the V value lock for attribate20.
hash file ofAJV

Py ——>|P2 —T>(Ps —1—>|Pa

bucketB I:l @D

Figure 3. Hash file of the aggregate join viewAJV — after deleting tuple (20, 2).
. Finally, transactiorl’ crabs the pages in buck&tagain, and finds that pad® has an open
slot. It inserts a new tuple (1, 2) into pagefor the join result tuple (1, 2), commits, and

releases the V value lock for attribatel.

10



hash file ofAJV

P1 Pz —9 P3 P4

bucketB (1, 2) 1,1

Figure 4. Hash file of the aggregate join viewAJV — after inserting tuple (1, 2).
Now the aggregate join vieJV contains two tuples (1, 1) and (1, 2), whereas it should have
only the single tuple (1, 3). This is why we call it the “sgiibup duplicate” problem! the
group for “1” has been split into two tuples.
One might think that during crabbing, holding an X latch on the entire bBak®uld solve the
split group duplicate problem. However, there may be multiple pagd® ibuckeB and some
of them may not be in the buffer pool. Normally under all circumssrane tries to avoid
performing 1/O while holding a latch [8, page 849]. Hence, holding aatehlon the entire

bucket for the duration of the operation could cause a substantial performance hit.

2.2 Preventing Split Groups with Latches

2.2.1 The Latch Pool

To enable the use of V locks while avoiding split group duplicatesntraduce a latch pool
for aggregate join views. The latches in the latch pool guarédmaeéor each aggregate group, at
any time, at most one tuple corresponding to this group exists in the aggregate join view

For efficiency we pre-allocate a latch pool that contdird X (exclusive) latches. We use a
hash functiorH that maps key values into integers between INaiWle use requesting/releasing
a latch on key value to mean requesting/releasing thé/)-th latch in the latch pool.

We ensure that the following properties always hold for this latch pool:

(1) During the period that a transaction holds a latch in the latch pa®kransaction does not

request another latch in the latch pool.

11



(2) To request a latch in the latch pool, a transaction mustdiesise all the other latches in the
RDBMS (including those latches that are not in the latch pool) that it currently holds.

(3) During the period that a transaction holds a latch in the latch po®kransaction does not
request any lock.

Properties (1) and (2) guarantee that there are no deadlocks bdaiaes. Property (3)

guarantees that there are no deadlocks between latches and lockgropesties are necessary,

since in an RDBMS, latches are not considered in deadlock detection.

We define dalse latch conflict as one that arises due to hash conflicts (és)=H(v,) and
vi2). The value olN only influences the efficiency of the V locking protoeothe larger the
numberN, the smaller the probability of having false latch conflictsddes not affect the
correctness of the V locking protocol. In practice, if we use@@ddiash function [8] and the
numberN is substantially larger than the number of concurrently runnemgséactions in the
RDBMS, the probability of having false latch conflicts should bellsiar example, consider
the example in the introduction wittn concurrent transactions. Suppoaddeis a perfectly
randomized hash function, and that a transaction sp&mndsits execution on holding a latch in
the latch pool. Note thd%o is a small fraction, as a latch is only held for a shortogeiThen
following a reasoning similar to that in [8, page 428-429], we can shatwthen a transaction
requests a latch in the latch pool, the probability that it runs gite flatch conflict~(m-

1) Xf%IN.

While holding a latch in the latch pool, we allow 1/Os to be peréa. This violates the rule

according to which latches are usually used [8, page 849]. We thirik Huseptable, because in

our case, each latch in the latch pool is of a fine granuladath &tch protects only one (in the

12



absence of hash conflicts) or multiple aggregate groups (in thenpeesf hash conflicts) in the

aggregate join view rather than one or multiple pages.

2.2.2 The V Locking Protocol

In the V locking protocol for materialized aggregate join views, have three kinds of
elementary locks: S, X, and V. The compatibilities among theedes lare listed in Table 1, while
the lock conversion lattice is shown in Figure 5.

Table 1. Compatibilities among the elementary locks.

S X V
yes| no| no
no | no| no
no | no | yes

</ X|n

Figure 5. The lock conversion lattice of the elementary locks.

In the V locking protocol for materialized aggregate join viewk)cRBs are used for reads, V
locks are used for associative and commutative aggregate wyitate while X locks are used
for transactions that do both reads and writes. These locks can bg gfaaularity, and, like
traditional S and X locks, can be physical locks (e.qg., tuple, page, or table locks) oowltue |

For fine granularity locks, we define the corresponding coarsewutgrity intention locks [6]
as follows. We define an IV lock corresponding to a V lock. The IV ligckimilar to the
traditional IX lock except that it is compatible with the V loEkr a fine granularity X (S) lock,
we use the traditional IX (IS) locks. One can think that IX=1Sahd X=S+V, as X locks are
used for transactions that do both reads and writes, while S/V loeks@d for transactions that
do reads/writes. We introduce the SIV lock (S+1V) that is sint the traditional SIX lock, i.e.,
the SIV lock is only compatible with the IS lock. Note that

SIX=S+IX=S+(IS+IV)=(S+IS)+IV=S+IV=SIV, so we do not introdutee SIX lock, as it is the

13



same as the SIV lock. Similarly, we introduce the VIS lock 8J+hat is only compatible with

the IV lock. Note that VIX=V+IX=V+(IS+IV)=(V+IV)+IS=V+IS=VIS, so we do not introduce

the VIX lock, as it is the same as the VIS lock. All these intention locks adaruige same way

as that in [6].

The compatibilities among the coarse granularity locks atedli;mm Table 2, while the lock

conversion lattice is shown in Figure 6. Since the use of intentiés Isovell understood, we

do not discuss intention locks further in the rest of this paper.

Table 2. Compatibilities among the coarse granularity locks.

S X V IS IX IV | SIV | VIS

S yes| no| no| yed Nng no np no

X no | no| no no no no ng ng

V no | no| yes| no noj yes no np

IS | yes| no| no| yes yes yes yes no

IX no | No| no| yes| yes yes no np

\Y} no | No| yes| yes yes yes np yes
SIV| no | no| no| yes no ng ng no
VIS| no | no| no no no| yes nc no

2.2.3 Using Latches in the Latch Pool

@§§§.,

Figure 6. The lock conversion lattice of the coarse granularity locks.

Transactions use the latches in the latch pool in the following way:

(1) To integrate a new join result tugiénto an aggregate join vieAJV (e.g., due to insertion

into some base relation @éfJV), we first put a V lock orAJV that will be held until the

transaction commits/aborts. Immediately before we startugple integration, we request a

latch on the group by attribute value of tupléfter integrating tuple into the aggregate

join view AJV, we release the latch.

14



(2) To remove a join result tuple from the aggregate join VAW (e.g., due to deletion from
some base relation #JV), we only need to put a V lock @RV that will be held until the
transaction commits/aborts.

In this way, during aggregate join view maintenance, high coscyris allowed by the fact

that V locks are compatible with themselves. Note that when using V lockspletiéinsactions

may concurrently update the same tuple in the aggregate join vieweHmgical undo is
required on the aggregate join viéddV if the transaction updatingJV aborts.

The split group duplicate problem cannot occur because of our use otlaltleereason is as
follows. By enumerating all possible cases, we see that thegsplip duplicate problem will
only occur under the following conditions: (1) two transactions integr&@o new join result
tuples into the aggregate join vieMV simultaneously, (2) these two join result tuples belong to
the same aggregate group, and (3) no tuple corresponding to that aggregate grotip exists
in the aggregate join viewJV. Using the latch in the latch pool, one transaction,Tsaust do
the update to the aggregate join vidw first (by inserting a new tuplewith the corresponding
group by attribute value int&JV). During the period that transactidnholds the latch on the
group by attribute value df no other transaction can integrate another join result tupl&asat
the same group by attribute value as tupleto the aggregate join viewJV. Then when a
subsequent transactidi updates the view, it will see the existing tuplélence, transactioh’
will aggregate its join result tuple that has the same growttblgute value as tupkento tuplet
(rather than inserting a new tuple iaVv).

We refer the reader to Section 4 for the correctness proof of the V locking protocol.

3. Other Uses and Extensions of V Locks

15



In this section we briefly discuss three other interesting &spefc using V locks for
materialized view maintenance. In Section 3.1, we discuss the pibgbisupporting direct
propagate updates. In Section 3.2, we show how V locks illustrafgosbility of a locking
protocol for materialized views that supports serializabilityhaiit requiring any long-term
locks whatsoever on the views. In Section 3.3, we describe how totapply/locking protocol

to non-aggregate join views.

3.1 Direct Propagate Updates

In the preceding sections of this paper, we have assumed that ma@a@gregate join views
are maintained by first computing the join of the newly updatedr{ethedeleted) tuples with
the other base relations, then aggregating these join result intplése aggregate join view. In
this section we will refer to this approach as the “indirpgreach” to updating the materialized
view. However, in certain situations, it is possible to propagate upalatease relations directly
to the materialized view, without computing any join. As we know déast one commercial
system (Teradata) that supports such direct propagate updates,section we investigate how
they can be handled in our framework.

Direct propagate updates are perhaps most useful in thefogen@aggregate) join views, so
we consider join views in the following discussion. However, the saswigiion holds for
direct propagate updates to aggregate join views. Our focus ipapes is not to explore the
merits of direct propagate updates or when they apply; rather,to see how they can be
accommodated by the V locking protocol. We begin with an example. Supgm$iave two
base relationsA(a, b, ¢) andB(d, e, f). Consider the following join view:

create join viewlV as
selectA.a, A.b, B.e, B.f from A, BwhereA.c=B.d;

Next consider a transactidnthat executes the following SQL statement:

16



delete fromA whereA.a=1,
To maintain the join view, transactidnonly needs to execute the following:
delete fromJV whereJV.a=1,
This is a “direct propagate” update, since transacliolmes not compute a join to maintain the
view. Similarly, suppose that a transactiorexecutes the following SQL statement:
updateB setB.e=4 whereB.f=3;
To maintainJV, T’ can also do a direct propagate update with the following operation:
updatelV setdV.e=4 wherelV.f=3;
If these transactions naively use V locks on the materialiisyd there is apparently a problem:
since two V locks do not conflic; and T’ can execute concurrently. This is not correct, since
there is a write-write conflict betwe@handT’on any tuple iRV with a=1 andf=3. This could
lead to a non-serializable schedule.

One way to prevent this would be to require all direct propagataagpttaget X locks on the
materialized view tuples that they update while indirect updaiesise V locks. While this is
correct, it is also possible to use V locks for the direct updfates require that transactions that
update base relations in materialized view definitions get X lackshe tuples in the base
relations they update and S locks on the corresponding tuples in thebaserrelations
mentioned in the view definition. Note that:

(1) These are exactly the locks the transactions would acquire yif ileee using indirect
materialized view updates instead of direct propagate updates.

(2) For indirect materialized view updates, the X and S locks on the tedations may cause
deadlocks among transactions that update different base relationsvétp®8-X deadlocks

on the base relations are usually not as severe as X-X deadlotties aggregate join view,

17



as base relations often contain many more tuples than the aggmegaiew. Moreover, the
V locking protocol at least removes the X-X deadlocks on the aggregate join view.

Informally, this approach with V locks works because updates terialized views (even
direct propagate updates) are not arbitrary; rather, they Ipeupteceded by updates to base
relations. So if two transactions using V locks would conflict injtie view on some tuplé
they must conflict on one or more of the base relations updatdtelixahsactions, and locks at
that level will resolve the conflict.

In our running examplel and T would conflict on base relatioA and/or on base relatidh
Note that these locks could be tuple-level, or table-level, yiharg in between, depending on
the specifics of the implementation. A formal complete coness proof of this approach can be
done easily by making minor changes to the proof in Section 4.

Unlike the situation for indirect updates to materialized aggeegzin views, for direct
propagate updates the V lock will not result in increased concurmmeryX locks. Our point
here is to show that we do not need special locking techniques to haretle pibpagate
updates: the transactions obtain locks as if they were doing upddiestly (X locks on the
tuples of the base relations they update, S locks on the tuples ldigbaelations with which
they join, and V locks on the tuples of the materialized view.) Thertrnsactions can use

either update approach (direct or indirect) and still be guaranteed ofzsdilély.

3.2 Granularity and the No-Lock Locking Protocol
Unless otherwise specified, throughout the discussion in this papbaweebeen purposely
vague about the granularity of locking. This is because the locks/éhdiscuss and propose in

this paper can be implemented at any granularity; the appemiahularity is a question of
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efficiency, not of correctness. However, V locks have some ititeggsoperties with respect to
granularity and concurrency, which we explore in this section.

In general, finer granularity locking results in higher concuryembis is not true of V locks if
we consider only transactions that update the materialized vidwestetson is that V locks do
not conflict with one another, so that a single table-level V lock oraterialized view is the
same, with respect to concurrency of update transactions, astome-level V locks on the
materialized view.

This is not to say that a single table-level V lock per nedized view is a good idea; indeed, a
single table-level V lock will block all readers of the metkzed view (since it looks like an X
lock to any transaction other than an updater also getting a V IBcle) granularity V locks
will let readers of the materialized view proceed concurremitlly updaters. In a sense, a single
V lock on the view merely signals “this materialized view&ng updated;” read transactions
“notice” this signal when they try to place S locks on the view.

This intuition can be generalized to produce a protocol for mastialiiews that requires no
long-term locks at all on the materialized views. In this protdbel function provided by the V
lock on the materialized view (letting readers know that the vigwbeing updated) is
implemented by X locks on the base relations. The observation thtdlilacking is possible
when data access patterns are constrained was exploitedfierandicontext (locking protocols
for hierarchical database systems) in [17].

In the no-lock locking protocol, like the V locking protocol, updaterdhefrhaterialized view
must get X locks on the tuples in the base relations they update laclls on the tuples in the
other base relations mentioned in the view. To interact appropriately with updedeiers of the

materialized view are required to get table-level S locks on all the Baseng mentioned in the
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view. If the materialized view is being updated, there must table-level X (1X, or SIX) lock
on one of the base relations involved, so the reader will block on tlks Upxlaters of the
materialized view need not get V locks on the materialized y8@nce only they would be
obtaining locks on the view, and they do not conflict with each other), atlihtvey do require
the latches in the latch pool to avoid the split group duplicate problem.

It seems unlikely that in a practical situation this no-lock lockirmfocol would yield higher
performance than the V locking protocol, as in the no-lock locking protocol, readers atetsipda
of the materialized view cannot run concurrently. However, weeptethe no-lock locking
protocol here as an interesting application of how the semanticatefiatized view updates can

be exploited to reduce locking on the materialized view while still guaragtserializability.

3.3 Applying the V Locking Protocol to Non-aggregate Join Views

Besides aggregate join views, the V locking protocol also applig®teaggregate) join views
of the formJV=7{ o(R, >R 2<... ><Ry)). In fact, for join views, only V locks are necessary. The

latch pool is no longer needed. This is due to the following reasons:

(1) As discussed in Section 3.1, updates to materialized views mustdaslgreby updates to
base relations. So if two transactions using V locks would corilittte join view on some
tuplet, they must conflict on one or more of the base relations updated tratisactions,
and locks at that level will resolve the conflict.

(2) The split group duplicate problem does not exist on join views.

We refer the reader to Section 4 for a formal complete correctness proa appinoach.

In a practical situation, if a join view contains a large nundfeluplicate tuples (e.g., due to

projection), then the V locking protocol can yield higher performahee the traditional X

locking protocol. This is because a join view with a large number dicdtg tuples behaves
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much like an aggregate join view with a few tuples, as duplicatesugk hard to differentiate

[11]. This effect is clearer from the correctness proof in Section 4.2.

4, Correctness of the V locking protocol

In this section, we prove the correctness of the V locking protocolintinéon for this proof
is that if two transactions updating the base relations of a jomJdxehave no lock conflict with
each other on the base relations MM, they must generate different join result tuples.
Additionally, the addition operation for thBUM and COUNT aggregate operators is both
associative and commutative.

We begin by reviewing our assumptions. We assume that an aggregatge AJV is
maintained in the following way: first compute the join result é@®l resulting from the
update(s) to the base relation(s)Ad¥, then integrate these join result tuple(s) iAd&Y. During
aggregate join view maintenance, we put appropriate locks on all teerdasions of the
aggregate join view (i.e., X locks on the tuples in the baseaefatipdated and S locks on the
tuples in the other base relations mentioned in the view definition)us&estrict two-phase
locking. We assume that the locking mechanism used by the datapstem on the base
relations ensures serializability in the absence of aggrggateviews. Unless otherwise
specified, all the locks are long-term locks that are held wahkaction commits. Transactions
updating the aggregate join view obtain V locks and latches in tttepabl as described in the
V locking protocol. We make the same assumptions for non-aggregate join views.

We first prove serializability in Section 4.1 for the simpleecashere projection does not

appear in the join view definition, while we consider projection irtiG®ee.2. In Section 4.3, we
prove serializability for the case with aggregate join viadg= [ 7{o(R12<... >R 24... ><Ry))),

whereyis eitherCOUNT or SUM.
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4.1 Proof for Join Views without Projection

To show that the V locking protocol guarantees serializabilitypmhe need to prove that for a
join view JV=0(Ryr9...xR x<...><Ry), the following assertions hold (the strict two-phase

locking protocol guarantees these four assertions for the base relatio8§) [1,
(1) Assertion 1: Transactio’s writes to join viewJV are neither read nor written by other
transactions until transactidncompletes.
(2) Assertion 2: Transactioh does not overwrite dirty data of other transactions in join Jdw
(3) Assertion 3: Transactioh does not read dirty data from other transactions in join yiéw
(4) Assertion 4: For any data in join vieW that is read by transactidn other transactions do
not write it before transactiohcompletes.
That is, we need to prove that no read-write, write-read, dewwiite conflicts exist. In our
proof, we assume that there are no duplicate tuples in the basensl (At the cost of some
additional complexity, the proof can be extended to handle the case bdse relations contain
duplicate tuples.)
The proof for the absence of read-write or write-read conictavial, as V and X locks are

not compatible with S locks. In the following, we prove the absencerité-write conflicts.
Consider the join result tupltes<... <t r<... X<ty in the join viewJV where tuple; R (1sis<n).
To update this join result tuple in the join viel, transactionl has to update some tuple in
some base relation. Suppose transaciiarpdates tuple; in base relatiorR for somelsisn.
Then transactioil needs to use an X lock to protect tupler,. Also, for join view maintenance,

transactionT needs to use S locks to protect all the other tupleR (1sjsn, jZ). Then

according to the two-phase locking protocol, before transagtifinishes execution, no other
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transaction can update any tupleRy (1sk<n). That is, no other transaction can update the same
join result tuple 2<... o<t 2<... X<ty in the join viewdV until transactiorT finishes execution. For
a similar reason, transactidndoes not overwrite dirty data of other transactions in the join view

JV.

4.2 Proof for Join Views with Duplicate-preserving Projection

Now we prove the correctness of the V locking protocol for theeged case where
IV=ro(Ry2<... xR ... R)). We assume that join viedV allows duplicate tuples. If no

duplicate tuples are allowed BV, we assume that each tuple J¥ has adupcnt attribute
recording the number of copies of that tuple [11], otherwigecannot be incrementally
maintained efficiently. For example, suppose we do not maintaidufieat attribute inJv. We
delete a tuple from a base relatign(1si<n) of JV and this tuple (when joined with other base
relations) produces tuptein JV. Then we cannot decide whether we should delete tupben

JV or not, as there may be other tuples in base rel&idhat (when joined with other base
relations) also produces tuglen JV. If we maintain thelupcnt attribute in the join viewV, then
JV becomes an aggregate join view. The proof for the aggregate gnoase is shown in
Section 4.3 below. Hence, in the following, we only consider join viewsdll@av duplicate
tuples.

For a join viewJV with projection, multiple tuples idV may have the same value due to
projection. In this case, the V locking protocol allows multiple tretisias to update the same
tuple in the join viewlV concurrently. Hence, the proof in Section 4.1 no longer works.

We use an example to illustrate the point. Suppose the schemaaklz®nA is (g, c), the

schema of base relatid@his (d, €). The join viewJV is defined as follows:
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create join viewV as
selectA.a, B.e from A, B whereA.c=B.d;

Suppose base relatioh base relatiorB, and the join viewdV originally look as shown in

Figure 7.

relationA relationB join view JV

a|c d| e a| e
ta| 1| 4| tea]| 4 1| twv] 1 1
taa| 1 5 | te2| 5 2| Lwel 1 2

Figure 7. Original status of base relatiomA, base relationB, and join view JV.
Consider the following two transactions. Transacflorupdates tuplés; in base relatiorB
from (4, 1) to (4, 2). To maintain the join vielV, we compute the old and new join result tuples

(1, 4, 4, 1) and (1, 4, 4, 2). Then we update ttypien the join viewdV from (1, 1) to (1, 2).

relationA relationB join view JV
a|c d| e a| e
taa| 1 4 | te| 4 2 | twvi| 1 2
te| 1 | 5 |tee| 5] 2 |bwe| 1] 2

Figure 8. Status of base relatio\, base relationB, and join view JV — after updating tuple

tg1.

Now a second transactiohy updates tupldgs, in base relatiorB from (5, 2) to (5, 3). To
maintain the join viewlV, we compute the old and new join result tuples (1, 5, 5, 2) and (1, 5, 5,
3). Then we need to update one tuple in the join défrom (1, 2) to (1, 3). Since all the tuples
in the join viewJV have value (1, 2) at present, it makes no difference which wepkelect to

update. Suppose we select tugle in the join viewJV for update.

relationA relationB join view JV

al|c d| e a| e
tar| 1 4 || 4 2 | tw] 1 3
tae] 1| 5|t 5| 3 |tw| 1| 2

Figure 9. Status of base relatio\, base relationB, and join view JV — after updating tuple

tgo.
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Note that transactionk, andT, update the same tupig, in the join viewdV. At this point, if
we abort transactiofi;, we cannot change tuplg, in the join viewJV back to the value (1, 1),
as the current value of tuplg; is (1, 3) rather than (1, 2). However, we can pick up any other
tuple (such asy») in the join viewJV that has value (1, 2) and change its value back to (1, 1).
That is, our V locking protocol requires logical undo (instead g6l undo) on the join view
if the transaction holding the V lock aborts. During logical undo, no iadditlock is needed.
This is because V locks can “conceptually” be regarded as vadis. IThe value of the other
tuple (such atyz), (1, 2), has been locked before.

In the following, we give an “indirect” proof of the correctnesshaf VV locking protocol using
the serializability result in Section 4.1. Our intuition is th#t@igh multiple tuples in the join
view JV may have the same value due to projection, they originally d¢oone different join
result tuples before projection. Hence, we can show serialigabyit “going back” to the
original join result tuples.

Consider an arbitrary databa@8 containing multiple base relations and join views. Suppose

that there is another databd3B’ that is a “copy” ofDB. The only difference betweddB and

DB’is that for each join view with projectialV=7{o(Ry 29... >R 2<...24R,)) in DB, we replace

it by a join view without projectiodV=o(Ri2<... <R r<...2<R,) in DB’ Hence,JV=7(JV’).

Each tupld in the join viewJV corresponds to one tugdién JV’ (by projection).

Consider multiple transactiors, T, ..., andTg. To prove serializability, we need to show that
in DB, any allowed concurrent execution of these transactions is equivalesome serial
execution of these transactions. Suppose that multiple transa€tipis’, ..., andTy’ exist in

DB'. Each transactiol; ' (1sj<g) is a “copy” of transactiofi; with the following differences:
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(1) Suppose IDB, transactionT; reads tuplegl of JV. In DB’, we let transactio;’ read the
tuples4’in JV’that correspond td in JV.

(2) Suppose DB, transactionT; updates]V by 4. According to the join view maintenance
algorithm, transactioff; needs to first compute the corresponding join result tupiebat
produced, then integrated’into JV. In DB, we let transactiofl;” updateJV’ by 4”. That is,
we always keepV=7£JV).

Hence, except for the projection on the join views,

(1) For every (1sj=0), transactiond;”andT; read and write the “same” tuples.

(2) At any time,DB’is always a “copy” oDB.

For any allowed concurrent executiGk of transactiong, To, ..., andTy in DB, we consider

the corresponding (and also allowed) concurrent exec@ioiof transactiond:’, T’ ..., and

Ty’in DB’. By the reasoning in Section 4.1, we know thaDB, such an concurrent execution

CE’ of transactionsly’, T2 ..., andTy” is equivalent to some serial execution of the same

transactions. Suppose one such serial execution is transagtionys, ..., andT, , where ki, ko,

..., Kg} i1s a permutation of {, 2, ..., g}. Then it is easy to see that DB, the concurrent
execution CE of transactionsT, T,, ..., and Ty is equivalent to the serial execution of
transactions, , T, , ..., andT, .

4.3 Proof for Aggregate Join Views
We can also prove the correctness (serializability) of thecking protocol for aggregate join
views. Such a proof is similar to the proof in Section 4.2, so we only potrthe differences

between these two proofs and omit the details:
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(1) For any aggregate join vieJV= 7K o(Ri2<... <R 24...<Ry))) in DB, we replace it by a

join view JV=0(Ry 29... <R 2<... <Ry in DB’. Each tuple in the aggregate join viddV

corresponds to one or multiple tuplesiy (by projection and aggregation). At any time, we
always keepAJV= K 74JIV)), utilizing the fact that the addition operation for tHéM and
COUNT aggregate operators is both associative and commutative.

(2) In the presence of updates that cause the insertion or deletion af ituphhe aggregate join
view, the latches in the latch pool guarantee that the “race” ttmm&lthat can cause the split
group duplicate problem cannot occur. For each aggregate group, amangttmost one

tuple corresponding to this group exists in the aggregate joinAdGgw

5. Performance of the V Locking Protocol

In this section, we investigate the performance of the V lockiatppol through a simulation
study in IBM’s DB2 Version 7.2. We focus on the throughput of a taglgdtess of transactions
(i.e., transactions that update a base relation of an aggregavew)n Our measurements were
performed with the database client application and server running émehrx86 Family 6
Model 5 Stepping 3 workstation with four 400MHz processors, 1GB mainonyersix 8GB
disks, and running the Microsoft Windows 2000 operating system. Wetallioagrocessor and

a disk for each data server node, so there were four data server nodes on the workstation.

5.1 Benchmark Description

We used the two relatiohseitem andpartsupp and the aggregate join viesuppcount that are
mentioned in the introduction for the tests. The schemas dfrigem and partsupp relations
are listed as follows:

lineitem (orderkeypartkey, price, discount, tax, orderdate, comment)
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partsupp (partkeysuppkey, supplycost, comment)

The underscore indicates the partitioning attributes. The aggregateview suppcount is
partitioned on thesuppkey attribute. For each relation, we built an index on the partitioning
attribute. In our tests, differergartsupp tuples have differenpartkey values. There ar®
differentsuppkeys, each corresponding to the same number of tuples pattsaipp relation.

Table 3. Test data set.

number of tuples total size
lineitem 8M 586MB
partsupp 0.25M 29MB

We used the following kind of transaction for testing:

T: Insertr tuples that have a specificderkey value into thdineitem relation. Each of these

tuples has a different and randgartkey value and matches @artsupp tuple on thepartkey

attribute.
We evaluated the performance of our V lock method and the traditiolvakXnethod in the
following way:

(1) We used the default setting of DB2, where the buffer pool size i928€s on each data
server node. (We also tested larger buffer pool sizes. Thesregeie similar and thus
omitted.)

(2) We ranx T's. Each of thes& T's has a differenbrderkey value.x is an arbitrarily large
number. Its specific value does not matter, as we only focused on throughput.

(3) In the X lock method, if a transaction deadlocked and aborted, we atitaltly re-executed
it until it committed.

(4) We used the tuple throughput (number of tuples inserted successfulseqmrd) as the
performance metric. It is easy to see that the transattionghput = the tuple throughput /

r. In the rest of Section 5, we use throughput to refer to the tuple throughput.
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(5) We performed a concurrency test. We fix@e3,000. In both the V lock method and the X
lock method, we tested four cases:2, m=4, m=8, andm=16, wherem is the number of
concurrent transactions. In each case, wea leary from 1 to 64. (We also performed a
number of aggregate groups test that varRe$he results of this test did not provide more
insight so we omit them here.)

(6) We could not implement our V locking protocol in the database softasnmge did not have
access to the source code. Since the essence of the V locking pi®tbedlV locks do not
conflict with each other, we used the following method to evalhat@erformance of the V
lock method. We created copies of the aggregate join visappcount. At any time, each of
the m concurrent transactions dealt with a different copysagpcount. In an actual
implementation of the V locking protocol, we would encounter the following issues:

(a) Conflicts of short-term X page latches and conflicts of thehks in the latch pool during
concurrent updates to the aggregate join \gappcount.

(b) Hardware cache invalidation in an SMP environment during concurrentegptaathe
aggregate join viewsuppcount.

As a result, our performance numbers are not exact performaedetions, which will

depend upon the actual implementation details of the V locking protoctterfRaur

experiments are intended to illustrate trends of when the V lothkoadends to do better

than the X lock method.

5.2Concurrency Test Results
We discuss the deadlock probability and throughput testing resultgiieooncurrency test in

Sections 5.2.1 and 5.2.2, respectively.

5.2.1 Deadlock Probability
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As mentioned in the introduction, for the X lock method, we can use theilBofm-1)(r-
1)*(4R?) to roughly estimate the probability that any particular @matien deadlocks. We show
the deadlock probability of the X lock method computed by the formulagurd=10. (Note: all

figures in Sections 5.2.1 and 5.2.2 use logarithmic scale for the x-axis.)

100%- 100% -
= 80%- > 80% 1
Qo = -
2 —=—m=2 = ——m=
S 60%- —a—m=4 2 60% A m=
o 0 —+—m=8 @ 00% _‘_—-—rnl’1|=?6
% —=—m=16 _5-
8 40% S 40%-
3 ]
()
3 20% S 20% //
0% : ‘ 0% /

1 10 100 1 10 100

Figure 10. Predicted deadlock probability of the >

lock method (concurrency test). Figure 11. Measured deadlock probability of the >

lock method (concurrency test).

For the X lock method, the deadlock probability increases lineatly vathm and the fourth
power ofr. When bothm andr are small, this deadlock probability is small. However, when
either m or r becomes large, this deadlock probability approaches 1 quickly. For example
consider the case witn=16. Whenr=16, this deadlock probability is only 2%. However, when
r=32, this deadlock probability becomes 38%. The largéne smallemis needed to make this
deadlock probability become close to 1.

We show the deadlock probability of the X lock method measuredrirtests in Figure 11.
Figures 10 and 11 roughly match. This indicates that our formula giviairly good rough
estimate of the deadlock probability of the X lock method.

To see how deadlocks influence performance, we investigated #immship between the
throughput and the deadlock probability. By definition, when the deadlock propdgitomes
close to 1, almost every transaction will deadlock. Deadlock hadfottmving negative

influences on throughout:
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(1) Deadlock detection/resolution is a time-consuming process. Durirgy gariod, the

deadlocked transactions cannot make any progress.

(2) The deadlocked transactions will be aborted and re-executed. Deregecution, these

transactions may deadlock agalihis wastes system resources.

Hence, once the system starts to deadlock, the deadlock problemddmeisoime worse and

worse. Eventually, the throughput of the X lock method deteriorates significantly.

5.2.2 Throughput

We show the throughput of the X lock method in Figure 12. (The throughpubers in

Figures 12 and 13 are scaled by the same constant factor.)ghk@nan, whenr is small, the

throughput of the X lock method keeps increasing witihis is because executing a large

transaction is much more efficient than executing a large numlsmnalf transactions. When

becomes large enough (elg=32), the X lock method causes a large number of deadlocks. That

is, the X lock method runs into a severe deadlock problem. The rarglee smaller is needed

for the X lock method to run into the deadlock problem. Once the deadlockrrobtairs, the

throughput of the X lock method deteriorates significantly. Actudllgiecreases asincreases.

This is because the largerthe more transactions are aborted and re-executed due to deadlock.
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Figure 12. Throughput of the Xlock methoc Figure 13. Throughput of the V lock methoc
(concurrency test). (concurrency test).

1 10 100
Figure 14. Throughput improvement gained by the
V lock method (concurrency test).

For a givenr, before the deadlock problem occurs, the throughput of the X lock method

increases witm. This is because the largar the higher concurrency in the RDBMS. However,
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whenr is large enough (e.g.+32) and the X lock method runs into the deadlock problem, due
to the extreme overhead of repeated transaction abortion andawier, the throughput of the
X lock method decreases msncreases.

We show the throughput of the V lock method in Figure 13. The detrerad of the
throughput of the V lock method is similar to that of the X lockhodt(before the deadlock
problem occurs). That is, the throughput of the V lock method incre@tedoth m andr.
However, the V lock method never deadlocks. For a giweihe throughput of the V lock
method keeps increasing with(until all system resources become fully utilized). OnceXhe
lock method runs into the deadlock problem, the V lock method exhibits geefarmance
advantages over the X lock method.

We show the ratio of the throughput of the V lock method to that of theckk method in
Figure 14. (Note that Figure 14 uses logarithmic scale for botk-#xés and the y-axis.) Before
the X lock method runs into the deadlock problem, the throughput of the \fettiod is the
same as that of the X lock method. However, when the X lock methodntonthe deadlock
problem, the throughput of the V lock method does not drop while the throughjat Xflock
method is significantly worse. In this case, the ratio of the gimput of the V lock method to
that of the X lock method is greater than 1. For example, wh88, for anym, this ratio is at
least 1.3. Whein=64, for anym, this ratio is at least 3. In general, when the X lock method runs
into the deadlock problem, this ratio increases with bo#ndr. This is because the largaror
r, the easier the transactions deadlock in the X lock method. Tiemexoverhead of repeated
transaction abortion and re-execution exceeds the benefit of ther lwgncurrency (efficiency)
brought by a largem (r).

Note:
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(1) Our tests do not address the performance impatdt-othe number of X latches in the latch
pool. In general, we cannot control the number of aggregate groups in @yaiggoin
view, which is usually small due to aggregation. However, we canotdaht numbem,
which can be relatively large since each latch only occupiew &ytes [8]. As mentioned in
Section 2.2.1, we would expect the performance impalsttofbe relatively small compared
to the performance impact of lock conflicts.

(2) In general, locks are long-term and not released until traosambmmit time; latches are
short-term and will be released quickly [8]. Hence, in the case alhaupdates are
concentrated on a single tuple in the aggregate join view, we wollldxgtect the V lock
method to perform better than the X lock method. However, without dunalac
implementation of the V locking protocol, it is difficult to measprecisely the benefit of

the V lock method over the X lock method in this case.

6. Conclusion

The V locking protocol is designed to support concurrent, immediate upofatesterialized
aggregate join views without engendering the high lock conflict ratéshagh deadlock rates
that could result if two-phase locking with S and X lock modes were Tikexdprotocol borrows
from the theory of concurrency control for associative and comiveitajpdates, with the
addition of a latch pool to deal with insertion anomalies that résuit some special properties
of materialized view updates. Perhaps surprisingly, due to thagtiter between locks on base
relations and locks on the materialized view, this locking protocolguesifor concurrent
update of aggregates, also supports direct propagate updates andineatertal-aggregate join

view maintenance.
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7. V Locks, Latches, and B-Trees

In this section, we consider the particularly thorny problenmpiémenting V locks (with the required
latches in the latch pool) in the presence of B-tree indiEks section is included for completeness;
typically, implementing high concurrency locking modes poses spehalenges when B-trees are
considered, and the V locks are no exception. However, we wishrtothe reader that this section is
rather intricate and perhaps even tedious; for the readartamtsted in these details, the rest of the paper
can be safely read and understood while omitting this section.

On B-tree indices, we use value locks to refer to key-ramgles] To be consistent with the approach
advocated by Mohan [Moh90a], we use next-key locking to implek®rtange locking. We use “key”
to refer to the indexed attribute of the B-tree index. We asshane¢he entry of the B-tree index is of the

following format: (key value, row id list).

7.1 Split Groups and B-Trees

We begin by considering how split group duplicates can arise wietree index is declared over the
aggregate join viewdAJV. Suppose the schemaAiV is (@, b, sum(c)), and we build a B-tree inddx on
attribute a. Also, assume there is no tuple (1,X,in AJV, for any X. Consider the following two
transaction§ andT’. TransactiorT integrates a new join result tuple (1, 2, 3) into the aggregate join view
AJV (by insertion into some base relati@n TransactionT ' integrates another new join result tuple (1, 2,
4) into the aggregate join viewJV (by insertion into the same base relatigh Using standard
concurrency control without V locks, to integrate a join resigdlet; into the aggregate join vieAdV, a
transaction will execute something like the following operations:

(1) Get an X value lock fot;.a on the B-tree indexXs. This value lock is held until the transaction
commits/aborts.

(2) Make a copy of the row id list in the entry fpia of the B-tree indeks.

(3) For each row id in the row id list, fetch the corresponding tspléheck whether or nat.a=t;.a and
to.b=t..b.

(4) If some tuple;, satisfies the condition.a=t;.a andt,.b=t,.b, integrate tuplé, into tuplet, and stop.

(5) If no tuplet, satisfies the conditiotp.a=t;.a andt,.b=t;.b, insert a new tuple intdJV for tuplet,.
Also, insert the row id of this new tuple into the B-tree inex

Suppose now we use V value locks instead of X value locks and the two transhetim1s above are
executed in the following sequence:

(1) TransactiorT gets a V value lock faa=1 on the B-tree indeks, searches the row id list in the entry
for a=1, and finds that no tuplg whose attributes.a=1 andt,.b=2 exists inAJV.
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(2) Transactionl’gets a V value lock fa=1 on the B-tree indeks, searches the row id list in the entry
for a=1, and finds that no tuplg whose attributes.a=1 andt,.b=2 exists inAJV.

(3) TransactiorT inserts a new tuple=(1, 2, 3) intoAJV, and inserts the row id of tupleinto the row
id list in the entry fom=1 of the B-tree indeXe.

(4) TransactionTl “inserts a new tuplg=(1, 2, 4) intoAJV, and inserts the row id of tuplginto the row
id list in the entry foma=1 of the B-tree indeXs.

Now the aggregate join vieAdV contains two tuples (1, 2, 3) and (1, 2, 4) instead of a single (tLipke

7); hence, we have the split group duplicate problem.

7.2 Implementing V Locking with B-trees

Implementing a high concurrency locking scheme in the pres#nindices is difficult, especially if we
consider issues of recoverability. Key-value locking as propbgeohan [Moh90a] was perhaps the
first published description of the issues that arise and their solUtidortunately, we cannot directly use
the techniques in [Moh90a] to implement V locks as value (key-rande. loc

To illustrate why, we use the following example. Suppose the scbietina aggregate join vieAdV is
(a, sum(b)), and a B-tree index is built on attribwgef the aggregate join viewdV. Suppose originally
the aggregate join vieWwJV contains four tuples that correspondate?, a=3, a=4, anda=5. Consider
the following three transactionb, T/, and T” that result in updates to the aggregate join viglV.
TransactionT deletes the tuple whose attribie3 (by deletion from some base relatiBhof AJV).
TransactionT’ deletes the tuple whose attribate4 (by deletion from the same base relatidof AJV).
TransactionT ” reads those tuples whose attribates between 2 and 5. Suppose we ignore the special
properties of V locks and use the techniques in [Moh90a] to implement V valuelotike B-tree index.

Then the three transactiofsT’, andT ” could be executed in the following sequence:

(1) TransactionT puts a V lock 23] 4] 5] (2) TransactionT’puts a V lock 213 4]5
for a=3 and another Vloc | T V|V for a=4 and another V loc| T Y
for a=4 on the aggrega for a=5 on the aggregal ViV
join view AJV. join view AJV.

(3) TransactionT’ deletes the 213 5| (4) Transaction T ddetes the 2 5
entry fora=4 from the B- |_T V]V entry for a=3 from the B-|_T V][V
tree index. Transactiofm’ tree index
commits and releases the
two V locks fora=4 anda=5.

(5) Before transaction T 2 5
finishes execution, T VIV
transaction T finds the

T[S S

entries fora=2 anda=5in
the B-tree index. Transactidn’ puts an S lock for
a=2 and another S lock fax=5 on the aggregate
join view AJV.
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In this way, transactioil” can start execution even before transaclidimishes execution. This is not
correct (i.e., serializability can be violated), becauseetiera write-read conflict between transacfion
and transactiod ”” (on the tuple whose attribuge=3). The main reason that this undesirable situation
(transactions with write-read conflict can execute concuyeatcurs is due to the fact that V locks are
compatible with themselves. Hence, during the period that aattms holds a V lock on an object,
another transaction may delete this object by acquiring another V lock.

To implement V value locks on B-tree indices correctly, wednwo combine those techniques in
[Moh90a, GR93] with the technique of logical deletion of keys [Moh90bHRF]. In Section 7.2.1, we
describe the protocol for each of the basic B-tree operatiahg ipresence of V locks. In Section 7.2.2,
we explore the need for the techniques used in Section 7.2.1. We prowriketness of the

implementation method in Section 7.2.3.

7.2.1 Basic Operations for B-tree Indices
In our protocol, there are five operations of interest:

(1) Fetch: Fetch the row ids for a given key vahie

(2) Fetch next Given the current key valug, find the next key value>v; existing in the B-tree index,
and fetch the row id(s) associated with key value

(3) Put an X value lock on key valuey,.

(4) Put afirst kind V value lock on key valuev;.

(5) Put a second kind V value lock on key value,.

Transactions use the latches in the latch pool in the following way:

(1) To integrate a new join result tuglinto an aggregate join vieAdV (e.g., due to insertion into some
base relation ofJV), we first put a second kind V value lock on the B-tree index. Immediagédye
we start the tuple integration, we request a latch on the growitiilyute value of tuple. After
integrating tuplet into the aggregate join viewdV, we release the latch on the group by attribute
value of tuplé.

(2) To remove a join result tuple from the aggregate join \AéW (e.g., due to deletion from some base
relation ofAJV), we only need to put a first kind V value lock on the B-tree index.

Unlike [Moh90a, GR93], we do not consider the operations of insert detk.dé/e show why this is
by an example. Suppose a B-tree index is built on attréibofean aggregate join vie®JV. Assume we
insert a tuple into some base relatiorAd¥ and generate a new join result tupl@he steps to integrate

the join result tuple into the aggregate join vieddV are as follows:
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If the aggregate group of tupgiexists inAJV
Update the aggregate groupAav;
Else
Insert a new aggregate group iitdV for tuplet;
Once again, we do not know whether we need to update an exgtinegate group iAJV or insert a
new aggregate group infV until we readAJV. However, we do know that we need to acquire a second
kind V value lock ont.a before we can integrate tupldnto the aggregate join viewJV. Similarly,
suppose we delete a tuple from some base relation of the amgijemn viewAJV. We compute the
corresponding join result tuples. For each such join result tupke execute the following steps to
remove tupla from the aggregate join vieddV:
Find the aggregate group of tupla AJV;
Update the aggregate groupAaV;
If all join result tuples have been removed from the aggregate group
Delete the aggregate group fréxV;
In this case, we do not know whether we need to update an aggyengienAJV or delete an aggregate
group fromAJV in advance. However, we do know that we need to acquire a first kind V valuenlbak
before we can remove tugiérom the aggregate join vieddV.

The ARIES/KVL method described in [Moh90a] for implementinguealocks on a B-tree index
requires the insertion/deletion operation to be done immediitelya transaction gets appropriate locks.
Also, in ARIES/KVL, the value lock implementation method is clpdidd to the B-tree implementation
method. This is because ARIES/KVL strives to take advantadeotf IX locks and instant locks to
increase concurrency. In the V locking mechanism, high concurrescyifeady been guaranteed by the
fact that V locks are compatible with themselves.

We can exploit this advantage so that our method for implementing valuddoeggregate join views
on B-tree indices is more general and flexible than the ARIZS/method. Specifically, in our method,
after a transaction gets appropriate locks, we allow it towgeother operations before it executes the
insertion/deletion/update/read operation. Also, our value lock mgaiéation method is only loosely tied
to the B-tree implementation method.

Our method for implementing value locks for aggregate joawsion B-tree indices is as follows.
Consider a transaction
Opl. Fetch We first check whether some entry for valyeexists in the B-tree index. If such an entry

exists, we put an S lock for valwgon the B-tree index. If no such entry exists, we find the sstalle

valuev, in the B-tree index such that>v;. Then we put an S lock for valugon the B-tree index.
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Op2. Fetch next We find the smallest valug in the B-tree index such that>v;. Then we put an S lock
for valuev, on the B-tree index.

Op3. Put an X value lock on key value;: We first put an X lock for value, on the B-tree index. Then
we check whether some entry for valyeexists in the B-tree index. If no such entry exists, we find
the smallest valug, in the B-tree index such that>v;. Then we put an X lock for valug on the B-
tree index.

Op4. Put afirst kind V value lock on key valuev;: We put a V lock for valug, on the B-tree index.

Op5. Put a second kind V value lock on key value;: We first put a V lock for valug; on the B-tree
index. Then we check whether some entry for valexists in the B-tree index. If no entry for value
v, exists, we do the following:

(a) We find the smallest value in the B-tree index such that>v;. Then we put a short-term V lock
for valuev, on the B-tree index. If the V lock for valvgon the B-tree index is acquired as an X
lock, we upgrade the V lock for valug on the B-tree index to an X lock. This situation may
occur when transactiohalready holds an S or X lock for valugon the B-tree index.

(b) We request a latch on valug We insert into the B-tree index an entry for valueith an empty
row id list. (Note: that at a later point transactibwill insert a row id into this row id list after
transactionT inserts the corresponding tuple into the aggregate jew.yiThen we release the
latch on value,.

(c) We release the short-term V lock for valyeon the B-tree index.

Table 4 summarizes the locks acquired during different operations.

Table 4. Summary of locking.

current key; | next keyv,

fetch v, exists S

v, does not exist S
fetch next S
X value v, exists X
lock v, does not exist X X
first kind V value lock \%

Vv, exists Vv
second v, does not exist and the V lock
kind V onv;, is acquired as a V lock \Y \Y
value lock | v; does not exist and the V lock|

onv, is acquired as an X lock X X

During the period that a transacti®rholds a first kind V (or second kind V, or X) value lock foluea
v, on the B-tree index, if transactidnwants to delete the entry for valug transactionl needs to do a
logical deletion of keys [Moh90b, KMH97] instead of a physical dmetThat is, instead of removing
the entry for value; from the B-tree index, it is left there withddlete flag set to 1. If the delete were to

be rolled back, then thdelete flag is reset to 0. If another transaction inserts an entry for vainéo the
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B-tree index before the entry for valugis garbage collected, thielete flag of the entry for value; is
reset to 0. This is to avoid the potential write-read conflicts disduststhe beginning of Section 7.2.

The physical deletion operations are necessary, otherwise-titee Bidex may grow unbounded. To
leverage the overhead of the physical deletion operations, fegrmpehem as garbage collection by other
operations (of other transactions) that happen to pass through thiedaffiecles in the B-tree index
[KMH97]. That is, a node reorganization operation checks all thieesnih a leaf of the B-tree index and
removes all such entries that have been marked deleted medtiguhave no locks on them. This can be
implemented in the following way. We introduce a special sham-#lock mode that is not compatible
with any lock mode (including itself). No lock can be upgraded Zoack. A transactiorT can get a Z
lock on an object if no transaction (including transacfioitself) is currently holding any lock on this
object. Also, during the period that transactioholds a Z lock on an object, no transaction (including
transactior itself) can be granted another lock (including Z lock) on this object.

Note the Z lock mode is different from the X lock mode. For exanfi@nsactionT itself is currently
holding an S lock on an object, transactionan still get an X lock on this object. That is, transacfion
can get an X lock on an object if no other transaction is currently holding@ngn this object. For each
entry with valuev whosedelete flag=1, we request a conditional Z lock (conditional locks are digtlss
in [Moh90a]) for valuev. If the conditional Z lock request is granted, we delete thiy émim the leaf of
the B-tree index, then we release the Z lock. If the conditidriack request is denied, we do not do
anything with this entry. Then the physical deletion of this entrytisdedther future operations.

We use the Z lock (instead of X lock) to prevent the followingesirable situation: a transaction that
is currently using an entry (e.g., holding an S lock on the enth®@renvthe entry is marked logically
deleted, tries to physically delete this entry. Z locks camipteimented easily using the techniques in
[GR93, Chapter 8] (by making small changes to the lock manddet®. the above method is different
from the method described in [Moh90b] while both methods work. We chbesg tock method to
simplify our key-range locking protocol for aggregate join \@ewn B-tree indices. As mentioned in
[Moh90b], the log record for garbage collection is a redo-only log record.

In Op4 (put a first kind V value lock on key valug, usually an entry for value, exists in the B-tree
index. However, the situation that no entry for valwexists in the B-tree index is still possible. To
illustrate this, consider an aggregate join vidl that is defined on base relati®hand several other
base relations. Suppose a B-tree inldgz built on attributel of the aggregate join vieAdV. If we insert
a new tuplet into base relatiolR and generate several new join result tuples, we need tiradhe
appropriate second kind V value locks on the B-tree ihglbefore we can integrate these new join result
tuples into the aggregate join vietV. If we delete a tuplé from base relatiorR, to maintain the

aggregate join viewAJV, normally we need to first compute the corresponding join raguikés that are
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to be removed from the aggregate join vidl. These join result tuples must have been integrated into
the aggregate join vieWJV before. Hence, when we acquire the first kind V value lockgheir d
attribute values, theskattribute values must exist in the B-tree intigx

However, there is an exception. Suppose attriduté the aggregate join viewJV comes from base
relationR. Consider the following scenario (see Section 3.1 for detdif@re is only one tuplein base
relation R whose attributel=v. However, there is no matching tuple in the other baseamatf the
aggregate join viewdJV that can be joined with tupteHence, there is no tuple in the aggregate join view
AJV whose attributel=v. Suppose transactidnexecutes the following SQL statement:

delete fromR whereR.d=v;
In this case, to maintain the aggregate join viglV, there is no need for transactidrto compute the
corresponding join result tuples that are to be removed froradgipegate join viewAJV. Transactionm
can execute the following “direct propagate” update operation:

delete fromAJV whereAJV.d=v;
Then when transaction requests a first kind V value lock fdev on the B-tree indekg, transactionl
will find that no entry for value exists in the B-tree inddx.

In Op4 (put a first kind V value lock on key valug, even if no entry for value, exists in the B-tree
index, we still only need to put a V lock for vaaeon the B-tree index. There is no need to put any lock
for valuev, on the B-tree index. That is, no next-key locking is necessahjis case. This is because the
first kind V value lock can only be used to remove a join result tuple from gregade join viewAJV. In
the case that no entry for valuecurrently exists in the B-tree index, usually no join result tuple for value
v, can be removed from the aggregate join vielW (unless another transaction inserts an entry for value
v, into the B-tree index), since no join result tuple currently exists for valUden the first kind V value
lock on key valuey, is used to protect a null operation. Therefore, no next-keyrigékinecessary. Note:
it is possible that after transactidngets the first kind V value lock for value on the B-tree index,
another transaction inserts an entry for valumto the B-tree index. Hence, we cannot omit the V lock

for valuev; on the B-tree index. This effect is clearer from the correctnessipr8efction 7.2.3.

7.2.2 Are These Techniques Necessary?

The preceding section is admittedly dense and intricate, sorétasonable to ask if all this effort is
really necessary. Unfortunately the answer appears to ke yes use the following aggregate join view
AJV to illustrate the rationale for the techniques introduced imptheious section. The schema of the
aggregate join viewAJV is (a, sum(b)). Suppose a B-tree index is built on attribaitef the aggregate join
view AJV. We show that if any of the techniques from the previous seatiooraitted (and not replaced

by other equivalent techniques), then we cannot guarantee seriajjzabilit
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Technique 1.As mentioned above in Op5 (put a second kind V value lock on Keg wd, we need to
request a latch on value. To illustrate why, we use the following example. Suppose raiigi the
aggregate join viewAJV contains two tuples that correspondatol anda=4. Consider the following
three transactions, T/, andT” on the aggregate join vieAdV. TransactiorT integrates a new join result
tuple (3, 5) into the aggregate join vi&V. TransactionT “integrates a new join result tuple (2, 6) into
the aggregate join viewJV. Transactionl ” reads those tuples whose attribatés between 1 and 3.
Suppose we do not request a latch on valueilso, suppose the three transactidnd’, andT” are

executed in the following way:

(1) TransactionT puts a V lock 1 4| (2) Transaction T’ finds the 1 4
for a=3 and anotheW lock | T VIV entries fora=1 anda=4 in| T V|V
for a=4 on the aggrega the B-tree index. Transaction™’ v v
join view AJV. T’puts a V lock foa=2 and
another V lock fora=4 on the aggregate join view
AJV.
(8) TransactionT inserts the 1 3] 4| (4) TransactionT commits anc 1 3] 4
tuple (3, 5) and an entry fi T V| v releases the V lock foa=3
a=3 into the aggregate joi | T’ v v and the V lock fom=4. T v v
view AJV and the Btee
index, respectively.
(5) Before transactiorm’ inserts 1 3] 4
the entry fora=2 into the B-
tree index, transactionl”| T’ v v
finds the entries foa=1, T ]S S

a=3, and a=4 in the B-tree index. Transactioh”
puts an S lock foa=1 and another S lock f@=3 on
the aggregate join viewJV.

In this way, transactiofl ” can start execution even before transaclitfinishes execution. This is not
correct, because there is a write-read conflict betweenattos T” and transactio ” (on the tuple
whose attribut@=2).

Technique 2.As mentioned above in Op5 (put a second kind V value lock onddagw), if the V lock
for valuev, on the B-tree index is acquired as an X lock, we need to upgradéltck for valuev; on
the B-tree index to an X lock. To illustrate why, we usefdil®ewing example. Suppose originally the
aggregate join viewAJV contains only one tuple that correspondstd. Consider the following two
transactionsT and T’ on the aggregate join viewJV. TransactionT first reads those tuples whose
attributea is between 1 and 4, then integrates a new join result (8pl) into the aggregate join view

AJV. TransactionT’integrates a new join result tuple (2, 5) into the aggregatei@mAJV. Suppose we
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do not upgrade the V lock for valug on the B-tree index to an X lock. Also, suppose the two

transaction§ andT’are executed in the following way:

(1) TransactionT finds the entry for 4 | (2) TransactionT puts a V lock fo 4
a=4 in the B-tree index\ T S a=3 and another V lock fos=4 on|_T V[ X
TransactiorT puts an S lock for : the aggregate join vieAJV. Note
a=4 on the aggregate join vieAJV. TransactionT the V lock fora=4 is acquired as an X lock since
reads the tuple iAJV whose attribute=4. transactiorl has already put an S lock fa+4 on the

aggregate join viewJV.

(3) TransactiorT inserts the tuple (3] 3| 4] (4) Before transactionT finishes 3] 4
6) and an entry foa=3 into the| T VX execution, transactiom” finds |~ V| X
aggregate join viewAJV and the the entries for=3 anda=4 in vy

B-tree index, respectively. Then transactidn the B-tree index. Transactidar puts a V lock fom=2
releases the V lock foa=4 on the aggregate join  5nq another V lock fom=3 on the aggregate join
view AJV. Note transactio still holds an X lock view AJV.

for a=4 on the aggregate join vieAV.

In this way, transactioil’ can start execution even before transaclidimishes execution. This is not
correct, because there is a read-write conflict between transadiiwh transactioi” (on the tuple whose
attributea=2).

Technique 3.As mentioned above in Op5 (put a second kind V value lock on key wJuEno entry

for valuev; exists in the B-tree index, we need to insert an entry farewalinto the B-tree index. To
illustrate why, we use the following example. Suppose originallyatigregate join viewAJV contains
two tuples that correspond &&1 anda=5. Consider the following three transactionsl’, andT” on the
aggregate join viewAJV. TransactionT integrates two new join result tuples (4, 5) and (2, 6) into the
aggregate join viewAJV. TransactionT’ integrates a new join result tuple (3, 7) into the aggregate
view AJV. Transactionl ” reads those tuples whose attribates between 1 and 3. Suppose we do not
insert an entry for value, into the B-tree index. Also, suppose the three transacliom$ andT” are

executed in the following way:

(1) TransactionT finds the 1 5] (2) TransactionT finds the 1 5
entries fora=1 anda=5 [ T v]v entries fora=1anda=5| T v V]V
in the B-tree index. For in the B-tree index. For
the new join result tupl the new join result tuple
(4, 5), transactionl puts a V lock fora=4 and (2, 6), transactionl puts a V lock fora=2 and
another V lock fora=5 on the aggregate join vie another V lock fora=5 on the aggregate join vie
AJV. AJV.

(3) TransactionT inserts thé 1 2T 5] 4 Transaction T finds 1 415
tuple (4, 6) and an entfy T v YARY; the entries .for a=1 [T v vi]v
for a=4 into the a=4, anda=5in the B-| T ViV
aggregate join view tree index. Transactiori
AJV and the B-tree index, respectively. T’puts a V lock fore=3 and another V lock foa=4

on the aggregate join vieddV.
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(5) Transaction T’ inserts 1 31 41 5 (6) TransactionT’ commits 1 3|1 4] 5
the tuple (3, 7) and an T Vv V|V and releases the two | T v ViV
entry for a=3 into the | T’ V|V locks fora=3 anda=4.

aggregate join view
AJV and the B-tree index, respectively.

(7) Before transaction T 1 3
inserts the entry foa=2| T \Y
into the B-tree index,
transactionT “ finds the
entries fora=1, a=3, a=4, and a=5 in the Biree
index. TransactionT”” puts an S lock foe=1 and
another S lock fom=3 on the aggregate join vie
AJV.

[¢)]

<|»
<

T | S S

In this way, transactioil ” can start execution even before transaclidinishes execution. This is not

correct, because there is a write-read conflict betweersacsionT and transactiom” (on the tuple

whose attributa=2).

7.2.3 Correctness of the Key-range Locking Protocol

In this section, we prove the correctness (serializabditpur key-range locking strategy for aggregate
join views on B-tree indices. Suppose a B-tree index built on attributed of an aggregate join view
AJV. To prove serializability, for any value (no matter whether or not an entry for valuexists in the
B-tree index, i.e., the phantom problem [GR93] is also considered)niwaeed to show that there is no
read-write, write-read, or write-write conflict betweerotwifferent transactions on those tuples of the
aggregate join viewAJV whose attributel has valuev; [BHG87, GR93]. As shown in [Kor83], write-
write conflicts are avoided by the associative and commutativperties of the addition operation.
Furthermore, the use of the latches in the latch pool guarahtder each aggregate group, at any time
at most one tuple corresponding to this group exists in the aggijegaviewAJV. We enumerate all the
possible cases to show that write-read and read-write dsnflic not exist. Since we use next-key
locking, in the enumeration, we only need to focus on valaed the smallest existing valugin the B-
tree indexg such thav,>v;.

Consider the following two transactiofisand T”. Transactionl updates (some of) the tuples in the
aggregate join viewAJV whose attribut@ has valuey;. Transactionl “ reads the tuples in the aggregate
join view AJV whose attributel has valuev; (e.g., through a range query). Suppusés the smallest
existing value in the B-tree indéx such that,>v,. TransactionT needs to get a first kind V (or second
kind V, or X) value lock ford=v; on the B-tree indeks. Transactionil“ needs to get an S value lock for

d=v; on the B-tree indebs. There are four possible cases:
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(1) Case 1: An entriz for valuev; already exists in the B-tree indéx Also, transactio’ gets the S
value lock ford=v; on the B-tree indel first.
To put an S value lock fa=v; on the B-tree indeks, transactiornm’ needs to put an S lock fdev,
on AJV. During the period that transactidriholds the S lock fod=v; on AJV, the entryE for value
v; always exists in the B-tree indéx Then during this period, transactidrcannot get the V (or V,
or X) lock ford=v; onAJV. That is, transactioi cannot get the first kind V (or second kind V, or X)
value lock ford=v; on the B-tree indebg.

(2) Case 2: An entri for valuev, already exists in the B-tree indéx Also, transactio gets a first
kind V (or second kind V, or X) value lock fdev; on the B-tree indeks first.
To put a first kind V (or second kind V, or X) value lock &brv; on the B-tree indek, transactiorm
needs to put a Vv (or V, or X) lock fok=v; on AJV. During the period that transactidrholds the V
(or V, or X) lock ford=v; on AJV, the entryE for valuev; always exists in the B-tree indéx Note
during this period, if some transaction deletes the datiyr valuev; from the B-tree indexs, the
entryE is only logically deleted. Only after transactibmeleases the V (or V, or X) lock fde=v, on
AJV may the entnk for valuev, be physically deleted from the B-tree indgxHence, during the
period that transactioh holds the V (or V, or X) lock fod=v; on AJV, transactionT ' cannot get the
S lock ford=v; on AJV. That is, transactioii” cannot get the S value lock fdev; on the B-tree
indexlg.

(3) Case 3: No entry for valug exists in the B-tree indebg. Also, transactio’ gets the S value lock
for d=v; on the B-tree indel; first.
To put an S value lock fal=v; on the B-tree indelkg, transactiom’ needs to put an S lock fdev,
on AJV. During the period that transactidriholds the S lock fod=v, on AJV, no other transaction
T”can insert an entry for valuginto the B-tree indeks such that,svs<v,. This is because to do so,
transactiorT “needs to get a V (or X) lock fde=v, onAJV. Then during the period that transaction
holds the S lock fod=v, on AJV, transactionl cannot get the second kind V (or X) value lock for
d=v; on the B-tree indek. This is because to do so, transacfioneeds to get a V (or X) lock for
d=v, on AJV. Note during the period that transactibfholds the S lock fod=v, on AJV, transaction
T can get the first kind V value lock fal=v; on the B-tree indexs. This is because to do so,
transactionT only needs to put a V lock fak=v;, on AJV. However, during this period, transaction
cannot use the first kind V value lock fdev, on the B-tree indexs to do any update. This is
because no entry for value exists in the B-tree inddx, and transactioi cannot use the first kind
V value lock ford=v; to insert an entry for valug into the B-tree indeks. Hence, there is no read-

write conflict between transactidnand transactioi’ ond=v;. Also, if transactiorl ’itself inserts an
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(4)

entry for valuevs; into the B-tree indeXg such thatv,<vs<v,, transactionl” will hold an X lock for

d=v; on AJV (see how the second kind V and X value locks are implemented @&attbe index in

Section 7.2.1). Then transactidrstill cannot get the second kind V (or X) value lockdew; on the

B-tree indexlg before transactioil” finishes execution. (lf;,=vs, then transactioif cannot get the

first kind V value lock ford=v; on the B-tree indexg before transactio’ finishes execution. If

Vi<V, transactionl cannot use the first kind V value lock fd+v; on the B-tree indeks to do any

update.)

Case 4: No entry for valug exists in the B-tree inddx. Also, transactio gets the first kind V (or

second kind V, or X) value lock fak=v; on the B-tree indel first.

In this case, there are three possible scenarios:

(a) TransactionT gets the first kind V value lock fal=v; on the B-tree indexg first. Hence,
transactionl puts a V lock fod=v; on AJV. During the period that transactidrholds the V lock
for d=v; on AJV, another transactioh” can insert an entry for valug into the B-tree indeXe.
Note T “#T, as transactioil cannot use a first kind V value lock fdrv; to insert an entry for
valuev; into the B-tree indeks. Before transactiom ”inserts an entry for valug into the B-tree

index Ig, no entry for values, exists in the B-tree indelg, so transactiom cannot use the first

kind V value lock ford=v, to do any update. Hence, there is no write-read conflict between

transactionl and transactioil” on d=v;. After transactiorm ”inserts an entry for value into the
B-tree indeXg, the entry for valu®; cannot be physically deleted from the B-tree inlddsefore
transactionT releases the V lock fad=v; on AJV. Hence, during this period, transaction
cannot get the S value lock fdev; on the B-tree indeks, since transactiof’ cannot put an S
lock ford=v; on AJV.

(b) TransactionT gets the second kind V value lock fidrv; on the B-tree indeXs first. Hence,
transactionT puts a V lock ford=v; and another V lock fod=v, on AJV. Also, transactionr
inserts a new entry for valug into the B-tree indeks. Before transactiof inserts the new entry
for valuev; into the B-tree indekg, transactiom holds the V lock and the latch fdrv, on AJV.
During this period, no other transactidfican insert an entry for valug into the B-tree indeks
such thatv,<vs<v,. This is because to do so, transacfldmeeds to get a latch (or X lock) for
d=v, on AJV. Then during this period, transacti®cannot get the S value lock fdtv; on the
B-tree indexlg. This is because to do so, transaciidmeeds to get an S lock fdev, on AJV.
After transactionl inserts the new entry for valug into the B-tree indexg, transactionrl will

hold a V lock ford=v; on AJV until transactionT finishes execution. Then during this period,
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transactionT ” still cannot get the S value lock fdev, on the B-tree indek. This is because to
do so, transactiom’needs to get an S lock fdev; on AJV.

(c) TransactiorT gets the X value lock fat=v; on the B-tree indeks first. Hence, transactioh puts
an X lock ford=v; and another X lock fod=v, on AJV. During the period that transactidn
holds the two X locks fod=v; andd=v, on AJV, no other transactiof” can insert an entry for
valuevs into the B-tree indeks such that;<vs<v,. This is because to do so, transaciidmeeds
to get a V (or X) lock fod=v, on AJV. Then during the period that transactibholds the two X
locks ford=v; andd=v, on AJV, transactionl’cannot get the S value lock fdr v, on the B-tree
index lg. This is because to do so, depending on whether transdchias inserted a new entry
for valuev; into the B-tree indekg or not, transactioi ’needs to get an S lock for eitttgrv, or
d=v, on AJV.

In the above three scenarios, the situation that transdctteelf inserts an entry for valug into the

B-tree index such that/,svs<v, can be discussed in a way similar to Case 3.

Hence, for any value,, there is no read-write or write-read conflict betweendviferent transactions on
those tuples of the aggregate join viddw whose attributel has values;,. As discussed at the beginning
of this section, write-write conflicts do not exist and thus key-range locking protocol guarantees

serializability.

7.3 Applying the V locking Protocol to Non-aggregate Join Views with B-&e Indices

Implementing the V locking protocol for join views in the prese of B-tree indices is tricky. For
example, suppose we do not use the latches in the latch pool. Thabislywuse S, X, and V value locks
on join views. Suppose we implement S, X, and V value locksofarjiews on B-tree indices in the
same way as described in Section 7.2.1. Also, suppose a B-tree ihdédk és attributea of a join view
JV. Then to insert a new join result tuplmto the join viewdV, we need to first put a V value lock fioa
on the B-tree index. If no entry foa exists in the B-tree index, we need to find the smallest walire
the B-tree index such that>t.a and put a V lock for valug, on the B-tree index. Unfortunately, this
approach does not work. The reason is similar to what is shown for Technique 1 in B@cBiof\WWe can
replace the V lock for value, on the B-tree index by an X lock. However, the X lock for vajuen the
B-tree index cannot be downgraded to a V lock. Hence, this X lock greatiyadoncurrency.)

To implement value locks for join views on B-tree indiceshwiigh concurrency, we can utilize the
latches in the latch pool and treat join views in the sameag aggregate join views. For join views, we
still use four kinds of value locks: S, X, first kind V, andaed kind V. For example, suppose a B-tree
index is built on attributa of a join viewJV. As described in Section 7.2.1, to insert a new join result

tuplet into the join viewdV, we first put a second kind V value lock fa on the B-tree index. To delete
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a join result tuple from the join viewdV, we first put a first kind V value lock fara on the B-tree index.

For join views, all the four different kinds of value lodl& X, first kind V, and second kind V) can be
implemented on B-tree indices in the same way as describextiiois7.2.1. The only exception is that
we no longer need the latch on the group by attribute value ofttupe correctness (serializability) of
the implementation can be proved in a way similar to that destin Section 7.2.3. Note here, for join

views, the latches in the latch pool are used for a different purpose froforthggregate join views.
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