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Abstract

Materialized views have become a standard techriidecision support databases and for a variety
of monitoring purposes. In order to avoid incoreisies and thus unpredictable query results, naditesd
views and their indexes should be maintained imateli within user transactions just like ordinaaiples
and their indexes. Unfortunately, the smaller dandstthe more effective a materialized view is, lilgher
the concurrency contention between queries andtepdes well as among concurrent updates. Therefore,
we have investigated methods that reduce contemiitirout forcing users to sacrifice serializabileyd
thus predictable application semantics. These ndstlextend escrow locking with snapshot transactions
multi-version concurrency control, multi-granulgritierarchical) locking, key range locking, andtgm
transactions, i.e., with multiple proven databasplémentation techniques. The complete design elimi
nates all contention between pure read transactodspure update transactions as well as contention
among pure update transactions; it enables maxdmaturrency of mixed read-write transactions with
other transactions; it supports bulk operationshsag data import and online index creation; it pleg
recovery for transaction, media, and system fasluamd it can participate in coordinated commitcpas-
ing, e.g., in two-phase commit.

1 Introduction

Timely business decisions depend on rapid informnagpiropagation from business operations to sum-
mary views for decision support. For example, pobidity gains through inventory reduction depend on
just-in-time supply chain management and thus recgthiat e-commerce orders be summarized quickly for
business analytics applications. In the ideal cassingle database management system is used ttor bo
business operations and decision support, and iaaed views and their indexes summarizing custome
orders are maintained immediately as user tramsectipdate base tables and their indexes.

Consider, for example, tHeitemtable in the well-known TPC-H database [TPC]. Agpathers
columns, this table includexrdernq lineno, partho, commitdate andshipdate as illustrated in Figure 1
with some example values. Assume that a businéisg ssch a table wishes to monitor or audit itseutr
and recent adherence to shipping deadlines andifirees the vievgelect commitdate, shipdate, count (*)
as shipments from lineitem where shipdate > ‘20080’ group by commitdate, shipdates illustrated in
Figure 2 using some example values. For efficiesfdyoth queries and updates, this view might beemat
alized and a clustered B-tree index may be consimufor the view with the grouping columns as skarc
key, i.e.,commitdate, shipdateand all other columns as payload, ighipments While the main table
might contain 100,000,000 rows, the materializethrmary view might contain only 10,000 rows; and
while insertions and updates in the table mighectftlifferent rows such that traditional lockinggistirely
adequate, most of the update activity in the vigiotused on only a few rows. Moreover, in the s
business scenario as in any real-time monitorirsggamuch of the query activity also focuses omptre
of the view that includes the rows with the mostates.

1.1  Serializable view maintenance

A premise of our research is that indexes shoupgtéwe performance but should not alter the seman-
tics of queries and updates. Thus, we believeahatdexes should be maintained immediately as qiar
user transactions, such that there is never alplitysthat a transaction or query has differentsatics

L A shorter report on this subject appears in PA@M SIGMOD Conf. 2004. Beyond more related work,
details, and examples, the present paper addsagever save points and partial rollback (includielgase
of recently acquired or upgraded locks), lock estgah and de-escalation (including their treatnuming
partial rollback), two-phase commit (in local andtdbuted systems), and commit processing forristi
tic concurrency control (which turns out to be $&mto commit processing with escrow locks andudtt
log records).
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depending on the query optimizer’s plan choice®erE¥ some users and some businesses are willidg an
able to accept query results that are somewhabfedite, i.e., accept asynchronous maintenanceatd-m
rialized views, a general-purpose database managesystem should at least offer instant maintenarice
views. This is contrary to designs that only suppferred view maintenance and thus force the aser
application developer to trade off high performaagainst stale or even inconsistent data. Stritalsz-
bility of concurrent transactions provides userd basinesses by far the most predictable applicae
mantics, and we therefore believe that databasexgesment systems should provide efficient and cbrrec
implementations of serializable queries and updatemdexed views.

Order Line ... Part Commit Ship

No No No Date Date
4922 ... ... ... 2003-11-292003-11-27
4922 ... ... ... 2003-11-292003-11-27
4939 ... ... ... 2003-11-292003-11-27
4956 ... ... ... 2003-12-312003-12-28
4961 ... ... ... 2003-12-312003-12-29

Figure 1. Fact table with detail rows.

If maintenance of materialized views is deferred,, imaterialized views are permitted to “fall be-
hind” the base tables and are brought up-to-dalte atrconvenient times, e.g., during nights or otberi-
ods of low system activity, it might seem that teehniques presented here are not required. Howiver
there is any activity at all against those views)aurrency and consistency must be considered. &ioh
ity can result from sporadic queries due to arotmedelock or around-the-world operations, or it casult
from concurrent updates because view maintenanspliisinto multiple concurrent batches. In all $ko
cases, the techniques described in the preserdrchsean guarantee serializability, consistency, laigh
concurrency.

Commit Date  Ship Date  Shipments

2003-11-29 2003-11-27 3
2003-12-31 2003-12-28 1
2003-12-31 2003-12-29 1

Figure 2. Materialized summary view.

In fact, unless materialized views and their indeaee maintained immediately as part of user trans-
actions, their existence can alter the semanticguefies and thus applications. For example, assaaime
view is indexed in support of some important, freafuquery, and that a second query also happeunseto
this view, but with only moderate gain. After somedates, an automatic utility refreshes histogrants
other statistics, whereupon the query optimizeomgales the second query into a plan that doesnot
ploy the materialized view. The question now isd Blie automatic statistics refresh modify the taation
semantics and affect the query results? If thexesl®n the materialized view are maintained imntetlia
just like indexes on traditional tables, the ansigeino”, and indexes on materialized views areepua
choice in physical database design just like tiawlitl indexes on tables. On the other hand, if teagnce
of materialized views is deferred or delegatedutare maintenance transactions, the answer is™gage
the query optimizer’s choice affects which data@uced as query result.

If the view is joined with a table that is maintathimmediately by all user transactions, even incon
sistent query results are easily possible. For gi@nconsider a query that lists orders for whioh tom-
mitted ship date was missed (comparing dcbmmitdateandshipdatecolumns in the example table), spe-
cifically those orders that were the only onesdpecific ship date. The specific restriction asnputed
most efficiently using the materialized view; howeyvif the view is out-of-date, incorrect query uks
may be presented to the monitoring or auditingiaptibn.

Traditional concurrency control methods use sharatiexclusive locks on tables, indexes, pages, re-
cords, and keys. For any locked data item, thederwodes limit update activity to a single updassmsac-
tion at a time, which can be too restrictive fodemed views. Escrow locks and other commutativerén
ment” locks permit multiple concurrent update tagsi®ns to lock and modify a single data item, thety
have their own restrictions. First, modificationeogtions must be commutative with each other; fortu
nately, most summary views rely on counts and sinaiscan be incremented and decremented with com-
mutative operations. Second, since multiple comruruncommitted updates imply that there is nolsing

Page 2



definitive current value, escrow locks are incoriipatwith share locks and therefore with read taans
tions, thus defeating the benefit of materializexiws for monitoring ongoing operations.

1.2 Contributions

Mechanisms for concurrency control and recoverguimmary views and their indexes are the pri-
mary subject of this paper. Prior research on radized views has focused on choosing the viewstmos
desirable to materialize, on incremental mainteaasfcsuch views, and on query optimization exphajti
materialized views. The present research is tisétfirfocus on concurrency control and recoveryniate-
rialized and indexed views. Thus, it complemenisrgesearch on materialized views.

A second subject is integration of concurrency rardnd recovery with the entire operation of a da-
tabase management system, e.g., multi-granulariétking, lock escalation and de-escalation, transact
save points, distributed two-phase commit, onlimdek creation of materialized views. The latterazovot
only creating an index for a view that is alreadgtenialized but specifically creating the view'&im ma-
terialization and thus its first index while pertimigy concurrent update transactions against thiesatver
which the view is defined.

In a side note, we also explore parallels betw@annait processing in optimistic concurrency control
and commit processing with delayed transactionsste., in IBM's IMS/FastPath product, in diffictb-
reverse traditional index operations such as a dpgration, and in our design for concurrent upslate
materialized and indexed views.

Since the proposed design originated in a prodegéldpment organization, its goals are complete-
ness of coverage, exploiting and complementingiiegigransaction implementation methods, and sicapli
ity and robustness to the extent possible. Itismliance on existing techniques that leads uset®ve in
the correctness and performance of the proposekoniet A complete analysis and sound proof of all as
pects of this design seem an unrealistic undengakin

To the best of our knowledge, our design is thet fio address concurrent high read traffic and high
update traffic over the same summary rows, to camigoncurrent updates permitted by escrow locking
and the linear history required for multi-versiooncurrency control and snapshot isolation, to aersi
multi-granularity escrow locks as well as concutremall and large increment transactions usingogscr
locks, to integrate escrow locking with two-phasenmit as well as save points and partial rollbadtkh w
lock release, or to address concurrent update tipesavhile a view is initially materialized anddiexed,
i.e., online materialization and index creationgammary views.

1.3  Overview

Building upon a wealth of existing research andegigmce, the design presented here fundamentally
relies on four techniques, three of which are aatapis and extensions of existing research wheteas
last one is a new idea that unifies multiple ptechniques. The contribution of our research effoitio
combine these techniques into a coherent wholeethalbles concurrent execution and commit processing
for small and large read and update transactions.

The first technique we adapted is to run pure testbsactions in snapshot isolation, i.e., their goim
point is their start time or logically their positi in an equivalent serial transaction schedulerddeer, we
describe a novel design that combines concurrefiiteptransactions with multi-version snapshot tsma
which in its traditional form supports only linehistories with only one update transaction at atffior
each data item).

Second, counts and sums in indexed views are niva@atavithin user transactions using extensions of
escrow locks, e.g., multi-granularity (hierarchjcascrow locking. Our extensions support not omhak
update transactions but also large operations asdyulk import and index creation, both with conent
small update transactions using escrow locks.

Third, system transactions are employed not onlgrése pseudo-deleted or “ghost” records but also
to create such records that can then be maintdipader transactions using ordinary increment ax d
rement operations protected by escrow locks. Thjge@mentation technique ensures maximal concurrency
when new summary rows are created in materializ@gisrand their indexes.

The fourth component of our design requires thiastated records include a delta count, which uni-
fies the roles of the count of duplicate rows, siee of the group, ghost bit, and anti-matter &ipfained
later). Traditional ghost bit and anti-matter b @o longer required, and an implicit predicatetendelta
count in any query supplants today’s implicit poadé on the ghost bit. The value of this unificatieill
become apparent later, in particular in the seatioonline index operations.
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After reviewing the wealth of prior research, weasider readers and updaters, multiple updaters, log
ging and recovery, multi-granularity locking, crieatand removal of summary rows, and finally online
index creation. We end with arguments about canesst and performance as well as a summary and our
conclusions from this research.

2 Prior work

Our research is based on many prior research arelogenent efforts, which we survey now in some
depth because our design is primarily a novel coatin of those existing techniques. No systemifas
tegrated all of them to-date. While some of thesdniques might seem unrelated to each other or teve
the topic at hand, they all contribute to the designowledgeable readers may prefer to skip thitice or
refer to specific topics only as needed duringrlagetions.

2.1 Deltas for materialized views

Multiple research efforts have focused on derivimg minimal delta needed for incremental mainte-
nance of materialized views, e.g., [BCL 86, GM 98}hile important, those techniques are not reviewed
here because they are complementary and ortho¢mmalr research, which focuses on transaction tech-
nigues such as locking and logging while applyinghsdeltas to indexes on materialized views.

We also do not concern ourselves here with conooyre&ontrol needs during computation of the
delta, e.g., reading additional tables while conmuuthe delta for a join view. Concurrent updatésnal-
tiple tables contributing to the same join view niegd to contention in traditional locking systeBmame
of that contention may be mitigated by multi-vers@mncurrency control, which is discussed below.

2.2 Concurrency control for materialized views

Other research also started with the importanceenélizability of tables and materialized viewst b
assumed that instant maintenance imposes unacteptairhead on update transactions, and then derive
theories for detecting inconsistencies as pareatiroperations and resolving them using a postliae
eration that brings a single row in the summarywig-to-date [KLM 97]. In contrast, we assume that
indexes on views are maintained as part of useateptdansactions just like indexes on ordinaryasbl

Instead of locking rows, records, key ranges, agykkn materialized views and their indexes, it is
possible to always lock the underlying tables,rtheivs and their indexes, even if the chosen qe&ecu-
tion plan does not employ them at all [LNE 05]. Tddvantage of this approach is that no special lock
modes are needed; in fact no locks are needed far éhe views and their rows. The disadvantagsy-h
ever, is that a single row in a materialized viewghh derive from tens, hundreds, or thousands wirin
an underlying table, forcing a choice whether tquare that many individual row locks or to lock thable
in its entirety.

We are aware of only one prior effort that speaific focuses on the same problems as our research.
This prior design [LNE 03] employs special V andldkks that are, in a first approximation, equivalen
escrow locks and to short-term exclusive locksfalet, the W locks and their duration are similarotor
design choice of running system transactions thedte ghost records, including their key-range itogk
behavior. In a follow-on publication [LNE 05], treame authors introduce multi-granularity or intenti
locks (IV locks) and replace the W locks with lashi.e., short-term concurrency control mechanisat
do not participate in deadlock detection and thmpase other restrictions. In the specific desigpese
latches are allocated in a fixed-size pool, witbheendividual key value mapped to a specific latising a
hash function; in other words, these latches aneesdhat detached from the views being updated. The a
thors argue that the appropriate size of the lamid gepends on the number of concurrent updatésirat
than their size or the size of the views. Transactollback is not discussed, e.g., whether traimacoll-
back erases records created under the protectisnctf a latch or what happens if another transatias
acquired a V lock on such a row right after it teen created.

For small update transactions, the performancetsfieeported in [LNE 03, LNE 05] and the design
here are quite comparable, primarily because Vdaid our E locks are very similar. The main défere
in the two designs is that our design integrate&ooency control for materialized views with wraibead
logging and recovery as well as with multi-versgmapshot isolation, transaction save points, padia
back, and two-phase commit; and that our desigersoadditional application scenarios including exad
concurrent with writers as well as bulk load antirenindex operations for materialized views.

Page 4



2.3 Multi-level transactions and Aries

Prominent among the prior work are multi-level sactions [WS 84, WHB 90] as well as the Aries
family of techniques [MHL 92], including appropratogging and recovery techniques, e.g., [L 92]e Th
essence of multi-level transactiandois that a higher-level action can be compensatediltiple ways.
In fact, it is often not even possible to undo pinecise physical actions invoked during the oribfoavard
processing. For example, if inserting a new keg mB-tree requires inserting a new record intpecHic
leaf page, undoing the key insertion might removeaord from a different leaf page, since the oagi
leaf page was split or merged between the initis¢ition and its compensation during transactitdhack.

Another important characteristic of multi-levelrisactions and Aries is thegdo andundoof higher-
level actions are not necessarily idempotent. Dggihg and recovery protocol guarantees that aehigh
level action is redone only if none of its effeatg reflected in the database, and it is undongiball its
effects are captured in the database. Lowest-leetidns are undone or redone as in traditionalvergo
methods; higher-level actions rely on the fact thater-level actions provide transaction semariticheir
own right: higher-level actions are never redonay(dhe lowest-level actions are redone after desgys
restart), and they are undone by logical compemsati

When a transaction starts and invokes anotheracting, that other transaction can commit its locks
and its results either into the invoking transattir to the system at large. The former case imssic
nested transaction. The latter case is called stédeop-level action” in the Argus language [L$ 82d in
Aries, and a “restructuring operation” elsewhere88§ we call it a “system transaction” becausés it
transaction invoked by the system itself for itsnopurposes. A typical example splits or recombiaes
page within a B-tree index. For those transactigpscial commit optimizations apply, as discusseer]
Moreover, a system transaction can be lock-comigatilith its invoking transaction, which usually doe
not resume processing the user transaction uetystem transaction commits.

2.4  Concurrent update techniques

The second very important foundation of our worlessrow locking [O 86]. As originally defined,
escrow locks imply not only concurrent incrementl alecrement operations but also holding minimum
values in escrow. However, we ignore this secopeeof escrow locks here and use the name gehgrica
for the family of locking schemes that exploit tt@mmutativity of operations such as increment agct d
rement. Alternative commutative sets of actionsl¢@lso be supported based on escrow locks, btg-nc
menting and decrementing are the prototypical dfwerafor escrow locking.

By definition, multiple concurrent, uncommitted @be transactions imply that there is no single cor-
rect current value. Hence, an escrow lock doegannit reading the value or to set it to a speaifitue,
and an escrow lock (“E” locks from now) implies their a traditional “share” (“S”) nor an “exclusive”
(“X") lock. If a transaction holds an E lock on atd item and then needs to read the item, it msstae-
quire an S lock, which can only be granted afteothler transactions have released their E lockisthns
resolved all uncertainly about the correct currettie.

Interestingly, the combination of S and E lockriagtically equivalent to an X lock, not becausenit
sures the same privileges but because it has the &k conflicts. Thus, we assume that the contioina
of S+E is not explicitly modeled; instead, E logke upgraded to an X lock when read privilegesrare
quired in addition to increment privileges.

The original recovery scheme for escrow locks iseqgeomplex, and multi-level transactions or Aries
can be employed for a significantly simpler one [M82]. The essence of this simplification is the¢av-
ery actions need not be idempotent — specifically multi-level recovery schemendoactions at higher
levels are not necessarily idempotent in theiraéfat lower levels. Specificallyndoactions are invoked
only for data items that reflect the effect of thginal do action, andredo actions are invoked only for
data items that do not. Thuspdoandredo actions are increment and decrement actions padlgtiequal
to the originaldo actions. Log records must carry increment values thebeforeandafter images well
known from traditional exclusive locking that petsngetting a specific value but restricts updateific to
a single uncommitted transaction at a time.

Somewhat similar to escrow locks are the concusreand recovery techniques of IBM’s
IMS/FastPath product [GK 85]. During forward prosieg, conditions and increment operations are col-
lected in an intention list associated with a teanti®n; during commit processing, the intentiot iksproc-
essed and values in the database are updated triitgonal after-image logging for durability angcov-
ery. Commit processing for multiple transactionsasialized using the single latch synchronizingess to
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the recovery log. Careful optimization of the cqugh executed while holding the latch ensuresdbeal
commit processing does not restrict overall systenoughput [G 03].

Intention lists of deferred actions are often inpémted but usually reserved for large destructjve o
erations such as dropping an index or a tableekample, if an index is dropped within a multi-staent
transaction, the actual structure is erased onatiskwhen the entire multi-statement transactiommits,
because otherwise transaction rollback could beemely expensive and might fail, e.g., due to latk
auxiliary disk space while reconstructing an ind®k.course, transaction rollback must always besibbes
and succeed if attempted, or all transaction seingate in jeopardy. It is not sufficient to dealte the
space allocated by the old index yet keep thatespaaked until transaction commit. For examplearif
online index rebuild operation replaces one copf@winew one (which then has the proper on-disiugy
per-page free space, etc.), the old copy must reaessible. In fact, it even must be maintaineddn-
current update transactions, because otherwisedlex would be out-of-date if the index builder gbo
and rolls back.

The implementation of such deferred actions attsemeintention list (containing deferred actiors) t
each uncommitted transaction. Each such actionite gimilar to aredo action, although there is no need
to include such actions in the recovery log onlstalorage. Instead, the recovery log on stablagé&will
document the actual physical actions performedenpibcessing such “virtuafedo log records during
commit processing, i.e., immediately before writihg transaction’s commit record to stable storage,
before the pre-commit record in a distributed teatisn.

An interesting aspect is that recovery in multidetransactions traditionally relies on physiocatio
and logicalundo (usually called “compensation”), whereas virtuad records employed for deferred ac-
tions represent a logiceddo operation. Note that idempoteneido actions are not required, because virtual
log records are used only when execution ofdbection is omitted during ordinary forward processi
and because virtual log records are never fourttiénrecovery log on stable storage, i.e., theynaner
processed during possibly multiple restart attempts

Alternative to the IMS/FastPath method, conditi@as be verified immediately against the entire
range of uncertainty of a data value [R 82]. Fargle, if one uncommitted transaction has increetat
data item by 2 and another one has decrementgd3t biven an initial value of 10 the current rargje
uncertainty is 7 to 12. While it is possible tottagange of uncertainty against a condition, exipether
the value is greater than 5, it is not possiblestal such a value, e.g., in order to display art it

2.5 Snapshot isolation and multi-version concurrencyrtool

The third foundation for our work is the combinatiof snapshot isolation [BBG 95] and multi-
version concurrency control [BHG 87]. Together ytloan reduce or eliminate concurrency problems be-
tween readers and writers. In a correct serialeat@nsaction schedule, each transaction must ‘fege”
each database item the value most recently conthiittany equivalent serial schedule, and a traiwact
must not overwrite any value other than thoseithatpermitted to “see.” A standard techniquedisét the
commit point (determining the position in an eqléve serial schedule) of a pure read transacticieat
beginning of the transaction’s execution and totsetcommit point for update transactions to thé eh
the transaction’s execution.

Thus, no matter how long a read transaction rures,database management system must present a
snapshot of the database as it existed at theatBog's start, even if subsequent updates may baee
written some database items. Read transactionsriwuaeed for locks, since they only read committeth
that cannot be changed by concurrent or subsegupeiate transactions. Note that if a read transactial
a write transaction run concurrently, the commitnp@f the read transaction necessarily precedes th
commit point of the write transaction, and the tnansactions cannot possibly conflict.

A limitation of this technique affects transactidhat both read and write, because a transaction ca
not have two commit points in a serial schedulénaa correct serializable schedule. A seeminglyeie
implementation is to run such a transaction ashitd two commit points, an early one for readoastiand
a late one for write actions, which of course Jiegathe rules for well-formed transactions in dezdble
schedules and thus does not result in proper tréiosasolation [BBG 95].

There are multiple implementation alternatives $aapshot isolation. Without supporting multiple
versions, queries must fail rather than read abdata value that is “too new.” If multiple versicere sup-
ported, since the main database reflects the mosert state of the information stored in the dassh
earlier versions can either be retained or recteatedemand.
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For the latter choice, i.e., recreating earliersi@r on demand, the recovery log is the main data
source. The buffer pool must be designed to managgple versions of the same disk page, and aarold
version is derived from a newer one (the currem)dsy rolling back the page image [BJK 97]. Foii-eff
cient navigation within the recovery log, the stamtilbackward chain (linked list) of log records pans-
action is not useful, i.e., the traditional meclsamifor transaction rollback. In addition, a recqvieg may
also embed a backward chain per page. In factett®very logs in some commercial systems already do
Thus, it is possible to roll back a single pagaricearlier point in time, assuming the transadogrhas not
been truncated to reclaim space on the log disk.

For the former choice, i.e., retaining earlier imag@f records or fields, some additional temporary
space must be allocated. In a database manageystemnsusing B-tree indexes, the free space in Bach
tree node is a natural place to retain earlierndcdNote that the average space utilization imeB-pages
is about 70%, i.e., there is about 30% free spawe,that accessing a single record’s earlier imeggn
the same page seems less expensive than rollinhgamaentire page to an earlier time using the regov
log and an auxiliary buffer. If earlier record inesgmust be retained for a long time due to longninm
queries, spill-over space must be provided. A fssiesign, in particular if long-running transacs are
rare, is to employ node splits in the B-tree usitendard mechanisms and code. Alternative designs a
possible but might increase code complexity beyinedproposed scheme without improving overall sys-
tem efficiency. Since multiple commercial databasmagement systems already include support multiple
versions, we do not discuss these tradeoffs further

Interestingly, no data locks are required to préygamature clean-up of data structures used to sup
port multiple versions. If the system keeps tratkhe oldest running snapshot transaction, a sirdplg-
sion suffices to decide whether any active reaastetion is currently reading an old version orhhigeed
to do so in the future. This idea, its efficienaydats implementation, are quite similar to keepiragk of
the oldest active update transaction in@wmnmit_LSNmethod [M 90b], and have been employed in com-
mercial database systems [AJ 98].

2.6 Derived lock modes

The fourth foundation is the derivation of auxiidock modes from primitive lock modes, including
intention locks, combination locks, and upgrade”{‘ldcks. Intention locks (“IS,” “IU,” and “IX") emble
multi-granularity or hierarchical locking, e.g.,csuthat one transaction can lock a few individealords
individually, another transaction can lock an enfite with all records with one large lock, yeindlicts are
detected correctly and reliably. Combination lobkstow the privileges of multiple locks for a lodkes-
source, e.g., an “S+I1X” lock on a file providestamed access to the entire file plus the righttitaio ex-
clusive locks on pages or records within the file.

Upgrade locks reserve exclusive upgrade rights foomlock mode to another, i.e., convert from one
lock mode to another one that encompasses the @mi@r The upgrade component of the lock does not
grant any data access privileges; thus, it careliequished prior to transaction completion if loabnver-
sion turns out not to be required. “U” locks aréeafcalled “update” locks, because update procgssin
ten upgrades traditional “S” locks to “X” locks @rder to prevent deadlocks among multiple transasti
attempting to convert an “S” lock to an “X” lock 593]. The concept of upgrade locks is much bragader
however. In his thesis, Korth developed a comprsivertheory of intention locks, combination locksd
upgrade locks as well as algorithms for designétg ef lock modes and their compatibility matrix $&].

2.7 Lock escalation and de-escalation

An entirely different kind of lock upgrade is logscalation, i.e., replacing a set of fine-grantyari
locks with a single coarse lock covering all of tirgginal locks. For example, an existing IS loskcon-
verted to an S lock and the S locks acquired afitleg granularity are subsumed by it. The primeeg-
sons for lock escalation are lack of memory forlttek manager [CLW 02, CWL 05], excessive run-time
overhead for lock acquisition at the finer leveidaadaptation after an initial error in choosing #ppro-
priate locking granularity, e.g., after a preditatelectivity was estimated at 10% during quertirja-
tion but turned out to be 90% during query executio

The opposite of lock escalation is lock de-esoaifate.g., from an S lock at a coarse granularitgrio
IS lock plus individual S locks at the next fineagularity. The primary reasons for lock de-esdatasre
errors in anticipated selectivity and unexpectedteation for resources. If implemented well, it eve
seems reasonable to always attempt locking at eseaganularity but to resort to a finer granularit
case of conflicts, either if lock acquisition fadlsif another transaction requests a lock later on

Page 7



Lock de-escalation during initial lock acquisitienfairly simple to implement. For lock de-escajati
during execution, i.e., after some data accessd¢kéed finer-granularity locks must be recordecdhfthe
start [J 91, LC 89]. The difference to locking inuireely at the finer granularity is that the finer-
granularity locks are guaranteed by the initialreeagranularity lock. Thus, there is no need toréthese
locks in a shared lock manager; they can be redardéhread- or transaction-private memory. Of seur
during lock de-escalation, they must be propag#detthe shared lock manager. However, these lock re-
quests are guaranteed to succeed, because theyt canfiict with other transactions while the traoton
still holds the initial coarse-granularity lock. fact, due to fewer searches in the lock managenrding
fine-granularity locks and propagating them laten e faster than acquiring these fine-granuldoitks
individually [GL 92].

Even in private space, it might be a good ideargmize fine-granularity locks like the hash tainle
the shared lock manager, in order to avoid acquigind recording the same detail lock twice. Morepite
quite possibly simplifies merging these locks itite shared lock manager during lock de-escalatind,it
enables in private memory precisely the same opesaas are needed in shared memory for efficmsk |
management, e.g., during rollback to transactioe g@ints.

As a side note, it might be interesting in somessds perform lock escalation or de-escalation evhil
a prepared transaction is waiting to learn the gldfansaction outcome. Such escalation and ddeatisca
are possible and correct, and may be worthwhilecit contention changes due to other local transast
starting or ending. The essence of the prepargth@se in two-phase commit is that the local tratitmac
can abide by the global decision. Thus, the lo@aigaction must retain sufficient locks to maintdiat
guarantee, but the granularity of locking may belified at any time.

Similarly, if recovery after a system crash resunr@sisaction processing immediately after log
analysis, i.e., during redo and undo (compensatiwogessing, then log analysis phase must obtakslo
for all transactions that need recovery actiongorfvard processing logs the acquisition of lodksk ac-
quisition during the log analysis pass may be gliiolethese log entries. Lock escalation and del&tsoa
during recovery can be employed to replace theslattosen during pre-crash forward processing with
locks more appropriate to the contention during4esoash recovery and concurrent transaction praogss

2.8 Transaction save points

When a save point is requested by a user or arcafiph, it is marked in the transaction’s chain of
locks and possibly in the transaction log. Rollbtxk save point, also known as partial rollback trfans-
action, means that all database changes sincé¢itfeire undone or compensated [KJP 99]. Typicas us
of transaction save points include interactive seemtions in which a failed statement cleans upitsill
changes without aborting the entire transactiochBadividual statement execution starts with a sawe
point implicitly created by the system for the pasp of statement rollback.

An interesting aspect of transaction save pointhaslocks can be released during partial trafsact
rollback. Thus, another use case for partial raloia deadlock resolution. For that to happen ablyeand
efficiently, the lock manager’s data structures nsugpport not only efficient insertion and searct &lso
deletion as well as enumeration of a transactitwtks in the reverse order of lock acquisition.
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Figure 3. Complex partial rollbacks.

While aborting a single statement rolls back ohly inost recent save point, locking and logging must
support any sequence of forward processing anéapareinsaction rollback. Figure 3 illustrates angpbex
transaction. In the first run through the trangactogic, a short rollback to save point 2 is nekgeerhaps
to abort the current statement. A second attemphefsame logic succeeds, but later a rollbaclat@ s
point 1 is requested, perhaps to resolve a deadlitbkminimal effort for transaction rollback anetry. In
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third attempt, the entire transaction succeedscanamits. While probably not a typical or frequenste,
the locking and logging logic must support comptaeses such as this one.

If read locks are kept in a separate lock chaidjtexhal concurrency during one transaction’s @arti
rollback can be gained by releasing read locks idiately (e.g., “S” and “IS”), before rollback of yan
write locks and update operations. This is quiteilar to releasing read locks early in ordinary ooim
processing and during two-phase commit. In additigngrade locks can be downgraded (e.g., “U” tg) “S”
and often released early together with the reaklslo€or maximal concurrency, write locks can beaséd
incrementally as the rollback progresses.

Lock upgrades are special, e.g., from S or U tesXvall as from IS or 1U to IX, in particular if il
acquisition and upgrade are separated by a sané poihat case, either lock release during ralkbaust
exclude upgrades and may include only original lacfuisitions, or initial lock acquisition and safjgent
upgrade are represented as two separate dataustguat the lock manager, even if these locks petta
the same database resource.

Lock escalation, e.g., from an IS lock and multigégnendent S locks to a single S lock, can bedolle
back quite readily, because this rollback actuadlgases locked access rights, namely those imiglidte
single large S lock but not included in the origisall S locks. This assumes, of course, that@pate
detail information has been retained, i.e., th& lescalation was initiated in order to reduce thmiper of
lock requests, not to reduce the amount of memedicdted to locks and their data structures. Rypllin
back lock de-escalation, on the other hand, needs-acquire locks. If the original lock de-escalathap-
pened upon demand, i.e., due to contention witrew fock request by a concurrent transaction, re-
acquiring these locks is likely to fail. Moreovewyen if rollback succeeds, renewed lock de-esoalas
likely to be needed or wanted again soon. Thugngiting to roll back lock de-escalation may not be
worth the effort. Note also that rollback must nefedl in such a way that a transaction can gohaeifor-
ward nor backward; thus, the implementation ofbadk must not rely on rolling back lock de-escalati
Fortunately, correctness of transaction rollbactt eontinuation of that transaction do not dependadia
ing back escalation and de-escalation, becausdataase resources required for the transactidrrewil
main locked whether or not such rollbacks succeed.

Incremental lock release applies not only to rallbto a save point but also to rollback of an entir
transaction. In fact, rollback of an entire trarn&ac can be modeled and implemented using an implic
save point at the start of every transaction, &dod both rollback situations can use the same ddeligher
rollback of lock escalation and nor rollback ofkate-escalation seems worthwhile if the entireseaion
is aborted.

2.9 Local commit processing

A transaction’s commit point is defined by writiagcommit record to the recovery log on stable stor-
age. However, contrary to common belief, traditlostaared and exclusive locks can be released fwior
that point, and the same is desirable for highgyerhnce transaction processing with materializedl an
indexed views.

Shared locks can be released immediately after arsapplication request the transaction commit,
i.e., after the transaction reaches its “high goimttwo-phase locking. “Pre-commit” [DKO 84] (noe-
lated to preparation or pre-commit in distributethsactions) permits release of write locks to otrans-
actions as soon as commit record has been writtémetlog buffer, even before it is written to $&abtor-
age and before the transaction’s durability isytrgliaranteed. If a subsequent transaction imméeyliate
locks the same resources, that transaction regoirgsdurability if its own commit record is in theg on
stable storage, and sequential log writing impliest the first transaction’s log record is writtearlier or
simultaneously. Only natification of user or apption must be delayed until the commit record felga
on stable storage.

This sequence of commit activities is used in IBNR4S/FastPath. IMS/FastPath emplogsoup
commitandfast commi{GK 85]. The former attempts to always write flaly pages rather than forcing the
current log buffer to stable storage; the main rae@m is to introduce small delays with timeoutke T
latter completes the commit process including loelkase without flushing the log buffer containihg
commit record. Correctness is ensured by delayokgp@vledgement of the commit to the user (and thus
delivery of the transactional durability promiseitilithe log buffer has indeed been written to atior-
age. In other words, IMS/FastPath links user comoation to the transaction log and its flush acdion
This is quite similar to the link in traditional ite-ahead logging between ordinary data pagesean/t
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buffer and the transaction log. Both I/O buffer asmmmunication buffer employ the same “high water
mark” mechanism.

System transactions and their commit sequence apeaal case of this optimization. All locks are
released as soon as the transaction commit resancthe log buffer in memory. However, there isuser
or application waiting for a notification; thus,etle is no need to ever force the commit recordable
storage. Instead, a system transaction becomebldwaly after the log buffer containing the tractgan’s
commit record is written to stable storage, e.ggause commit processing forced a log write foulzse-
quent user transaction.

A system transaction may modify only the physicatladrepresentation but not any logical database
contents, because its results remain in the datadbam if the user transaction rolls back. It ningstimpos-
sible based on the result of an ordinary “selecérg to discern whether such a system transactituaby
happened. Therefore, users and applications haveed for durability, one of the four traditionaC
properties of transactions [HR 83], so committingyatem transaction does not require forcing batfer
blocks of the recovery log to stable storage. Thogymitting a system transaction is substantiafslex-
pensive than committing an ordinary user transactio

2.10 Two-phase commit

Two-phase commit is needed in many situationsyaerced by many implementations and optimi-
zations [SBC 93]. In addition to distributed querpcessing, two-phase commit is needed if a sitngles-
action spans multiple databases within a singlaliese server or if a database employs multipls &ch
with its own transaction log. If two or more traosans logs are involved in a transaction, reliatdenmit
processing requires two-phase commit or an evere mdvanced technique such as a three-phase commit
[S 81].

From an observer’s point of view, the essence tofaaphase commit is that the commit-or-abort de-
cision is centralized to a single location andrala point in time [GR 93]. From a participant’simoof
view, the essence of a two-phase commit is theragpa of preparation and final commit or abort.ring
the preparation phase, the participants have ahasice to veto global transaction commit; if tlewy’t
veto the commit, they subjugate the outcome ofr tlegial transaction to the global decision. Parthi$
promise is to protect the local transaction frorg &ilure or abort. For example, such a transacti@mmnot
be chosen as the victim in deadlock resolutiorerbgtingly, in addition to being the initiator, theer or
the application also is an important participasit is often overlooked in discussions of commitrdata-
tion: in exchange for the user’s right to abortwasl as the user’'s promise to accept the transadidg-
come whatever it may be, the transaction manadeattémpt to commit the transaction as requested.

Write locks can only be released when the finahgeation outcome is known and enforced within
each participant, including both “X” and “IX" lockRead locks, on the other hand, including both46d
“IS” locks, can be released at the start of theparation phase, without violation of two-phase ingk
[GR 93]. As a corollary, read-only transaction mapants do not need to participate in the secdrake of
the commit coordination. After receiving the initi@quest to prepare and vote on the outcome of the
global transaction, nothing of the local read-aininsaction remains, neither locks nor log recofdadi-
tional “U” and “IU” locks can be downgraded to “&hd “IS,” respectively. This relinquishes their ied
exclusive permission to upgrade to an X or IX loskjch is no longer needed once the user or apjaita
requests transaction commit or abort. Thus, traditi U and IU locks can be released, too, durirg th
preparation phase of two-phase commit.

2.11 Managing individual records and keys

Another important foundation of our research andoof design is found in the implementation
mechanisms for key deletion under key-range locking2, M 90a]. When a key is deleted, a witness fo
the actual key value remains in the index, becguisgpermits retaining the key-value lock until #wed of
the user transaction. This witness usually is #detdd record with its old search key intact anth\ai spe-
cial invalidation marker in the record header. Whiis idea has been known and used for a long 8me
during the System R project [B 03] and in Aries §b], we call this record a “ghost record” and its
marker a “ghost bit.” (The term “ghost” for logibateleted records seems to originate from [JS 8@kit
in a somewhat different meaning.)

Turning a valid record into a “logically deletedr tpseudo-deleted” or ghost record instead of eras-
ing it immediately from its storage location sinfigls not only lock management but alsadoprocessing,
e.g., because space allocation cannot fail durdtigack. After locks have been released during cédmm
processing, the ghost record may be left behinctlean-up by a subsequent transaction, eitherwaefut
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insertion or an asynchronous clean-up utilityhe priginal transaction does not erase the ghostdedur-
ing commit processing, all queries and scans nmaptigitly ignore records marked as ghosts. Thus, th
convenience of ghost records implies that all qagehiave an implied predicate on the “ghost bitbther
marker within each record.

Note that a ghost record remains a resource timabbedocked until it is actually erased, and thaker
fines a key range for the purposes of key rangkingc Note also that erasing a ghost record isexdst
neutral, that this action therefore is anotherdgpuse of system transactions. This system tréinsamay
be part of commit processing for the original tieet®n, of an asynchronous clean-up utility, oadtiture
insert transaction that needs to reclaim and reas®rd space within the disk page.

2.12 Online index operations

In addition to the ghost bit in each record heademe database implementations employ an “anti-
matter” bit during online index creation, i.e., whgermitting updates in a table while an indexilstseing
created. There are two basic designs for onlin@xnadperations, called “side file” and “no side file
[MN 92]. The former design builds the new indexhaitit regard to concurrent update operations and ap-
plies those in a “catch-up” phase guided by a fildehat describes the missed updates, typicaléyre-
covery log. The latter design requires that corentrupdate operations be applied immediately taritiex
being built, even if the index builder itself iflistorting and thus has not yet inserted any d#tathe new
index. If a concurrent update operation attemptddiete a key in the new index that does not yedtex
there, it instead inserts a special marker (“ardtter”) that indicates to the index builder th&ey must be
suppressed.

Anti-matter is employed only within an index stilking built, and all anti-matter is resolved by the
index builder. Thus, no anti-matter remains whemn ittdex is complete, and no query or scan must ever
encounter a record with anti-matter. Note that-argtter can exist both in valid records and in ghes
cords due to multiple transactions in sequencetidgleand inserting the same key while the indexdaui
is still scanning and sorting. The semantics ofah8-matter bit are that the history of a givelry ke a
given index began with a deletion. Note also thatttaditional method using a single Boolean véubit)
is not sufficient in indexes on views with a “grobp” clause, where each record summarizes a grbéup o
rows and where multiple deletions might affect a-eaisting row in the view.

2.13 Duplicate records and keys

A seemingly unrelated seventh foundation are thikkmewn mechanisms for representing duplicate
records in intermediate query results and in stéabtes. Duplicates can be represented using rfeultp
cords or by a single record with a counter. Thenfarrepresentation is easier to produce as ieis#tural
output of projection execution, whereas the lagerften desirable for data compression as weflbatable
operations with multi-set semantics. For examgle,3QL “intersect all” clause applied to two inpailes
with duplicate rows requires finding, for each atist row, the minimum duplication count between tive
input tables. Combinations of the two representatiare also possible, i.e., multiple copies eadh wi
counter. Converting from one representation tootier is trivial in one direction and in the otli@rection
requires any one of the well-known algorithms fee@uting “group by” queries.

RID Old Ship Date New Ship Date
[14:2] 2003-12-27 2003-12-26
[14:3] 2003-12-27 2003-12-26
[15:6] 2003-12-28 2003-12-27
[16:9] 2003-12-29 2003-12-28

Figure 4. Delta stream for the details table.

Duplicate counts are often used in materializedvgiand serve a function similar to reference counts
in memory management. If the view definition inagda projection that renders the view result witteou
relational key, the duplicate counts assist in diagi when to remove a row from the view resultfdat,
one approach to supporting materialized viewsdéonrmmercial database management system is to remuire
key in the view result or a “group by” clause anttaunt(*)” expression in the view result. The oaton
in the update plan maintaining the materializedwiaust delete the row when the duplicate couners d
remented to zero.

Duplicate counts can also be employed in an intdiae result to represent the difference (the &elt
stream”) that must be applied to a materializedvvigigure4 through Figurés show intermediate results
in an update execution plan that modifies bothtéiide and the materialized view introduced in Féglr
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and Figure2. Figure4 shows the delta stream for tlee itemtable upon the requespdate lineitem set
shipdate = shipdate — 1 day where orderno in (432856, 4961)Moreover, we assume that records in the
table are identified by record identifiers (RIDghich permit fetching any column not included ie titelta
stream. Figuré captures the same change preprocessed for nmatigtain index orshipdate Large up-
dates can be applied to B-tree indexes more effigiéf the changes are sorted in the index ordirte
that value changes for indexed columns imply insestand deletions in the index, shownaasion col-
umn.

Ship Date RID  Action
2003-12-26 [14:2] Insert
2003-12-26 [14:3] Insert
2003-12-27 [14:2] Delete
2003-12-27 [14:3] Delete
2003-12-27 [15:6] Insert
2003-12-28 [15:6] Insert
2003-12-28 [16:9] Insert
2003-12-29 [15:6] Delete

Figure 5. Delta stream for an index on the detalide.

2.14 Incremental view maintenance

Figure6 shows the delta stream for the materialized \aed its index. Rows in the view are identi-
fied here by their relational key, which might alsmthe search key in the view's clustered indegeéond
optimization has the query processor collapse plaltupdates to the same row in the materialized vie
such that the storage engine applies and logsamyupdate for each record in the view's index.tRes
and negative counts represent insertions and detefind thus generalize thetion column of Figureb.
When multiple changes apply to the same row inntiagerialized view, positive and negative values are
simply added up to a single value (the “delta cufitis applies not only to counts but also to sumhall
counts and sums are zero, insertions and delet@mmsel each other out such that no change is estjtor
the stored record in the indexed view. Note thiat@lnts and all sums must be equal to be zerodelta
record; it is not sufficient if only the count igrp, as it is to determine whether a stored retosdghost
record.

Commit Date  Ship Date  Delta Count
2003-12-24 2003-12-27 -2
2003-12-24 2003-12-26 +2
2003-12-31 2003-12-27 +1
2003-12-31 2003-12-28 10
2003-12-31 2003-12-29 -1

Figure 6. Delta stream for an index on the view.

Among the standard aggregation functions, aaynt sum andavg can be maintained incrementally
using the standard techniques for incremental vieaintenance [BCL 86, BLT 86], the last one as
sum / countSums of squares, sums of products, etc. canbalgoaintained efficiently in order to support
variance, standard deviation, covariance, coraiatiegression, etdin andmax can be maintained in-
crementally during insertions but not always durimglates and deletions, because a new extreme value
must be found when the old one is deleted, whemewgponmary rows for the affected groups must be
recomputed [Q 96]. However, counts can be used dmtain reference counts for the current extreme
value, thus ensuring that recomputation is trigdemely when truly necessary. Thus, the design ptese
here applies not only to counts and sums but ais® limited way to indexed views witlmin and max
expressialiernative to instant maintenance is to mafe@éd summary rows in the materialized view as
“out of date” without recalculating them, and to dgieries invoke system transactions that applyeaknt
changes or recompute individual summary rows fougs marked “out of date.” While possibly an inter-
esting alternative, in particular for views within andmaxexpressions, we do not explore it here, instead
focusing on techniques that incrementally keepnaléxes on tables and views completely up-to-datdl a
times using serializable transactions.
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2.15 Expanded “group by” clauses

Since escrow locking is not supported in most afaids database management systems, database
administrators can work around lock contention agnownltiple update transactions by enlarging thevyie
e.g., augmenting the view definition such that ipldtrecords together are equivalent to each sugpmar
row in the view of Figure 2. Each such record carndzked independently by the update transactiQus-
ries, however, pay the additional cost of summagaziesults across all such records in order tovdeai
single row of Figure 2. Therefore, we consider ¢heethods viable alternatives for database usergdial
contention, but they do not solve the contentiabfgm to the same extent as our design does ashubc
in the following sections.

In the example of Figure 2, assume that theresmall set of warehouses and each warehouse has
only one process (no concurrent transactions)steatommit dates and ship dates. In that caségtbap
by” clause in the view definition for Figure 2 che expanded with a warehouse identifier, such ftivat
each summary row in the unmodified view there ecj@ely one row for each warehouse in the modified
view. Thus, updates can never interfere with edblkroor wait for record locks in the modified vie@f
course, this work-around does not solve the prold&oonflicting readers and updaters.

Alternatively, if all update transactions are sma#., affect only one or two rows in the basdeab
and therefore only one or two summary rows, thataaal grouping column does not have to be a real-
world entity but can be the result of a randomizingction. Instead of a warehouse identifier, onald
add “hash (OrderKey) % 10" to the view in Figurel2.this case, each summary row in the unmodified
view would be represented by up to 10 records, eaclate transaction would modify and lock typically
only one of them, and queries would process theorder to produce the view of Figure 2. Unfortuhgte
this method works only for small update transaditmat affect only a few orders; a bulk load operat
that affects most summary rows in the original vieill probably also affect most rows in the modifie
view, and thus block all small transactions thadteee and summarize the on-going business activity.

Finally, one could invent syntax that directs etrelmsaction to pick just one summary record at ran-
dom and to increment only that summary row, egrodp by ..., rand() %10". Quite obviously, such syn-
tax does not exist in SQL. In fact, such a languagension would violate the spirit of ANSI/ISO SQL
which is designed to be a language about data mtsntather than its representation. Just as the Si-
dards contain syntax for table definition but nmt ihdex creation, such syntax would inappropnatalx
information semantics and storage tuning. Moreothes, number of expected concurrent update transac-
tions should determine the number of records pemsary row. Unfortunately, the number of concurrent
transactions varies quickly and widely in most eyst, whereas the modulo calculation above is fpdhieo
database schema design and thus fixed.

3 Multi-version snapshot isolation

Combining and extending these prior techniqueslesdtighly concurrent read and update operations
on indexed views with aggregation. Focusing onstigaration of readers and writers, let us now densi
how pure read transactions and pure update tramsadhteract.

First, we consider whether running queries withbemit point equal to their start time is a reason-
able and justifiable design decision. To do souteteview whether a database server truly guagaritet
query results reflect the most recent database. Sthe argument here covers multi-statement tréinssc
processed in a single round-trip between clientiegjion and server. Interactive transactions waithtiple
user interactions as well as transactions inclutioifp queries and updates will be discussed lsigce we
believe they are the exception rather than theinufeonitoring applications.

After a query has been submitted to a databasersassa single statement running as an implicit
transaction, the server parses, compiles, andthenactual query, and then assembles and sendsriketw
packets with result data. In traditional concursegontrol schemes (assuming, as always in this pape
serializability, which implies repeatable readaditional share locks are held until query executom-
pletes; thus, the commit point is at the end of @zecution.

A user submitting a query and interpreting its lesannot determine the duration of each phase
within the entire interaction with the databasesserFor example, it might be that query executekes
90% of the time or it might be that 90% of the tilmepent returning result data from the databeseesto
the user. Thus, even traditional concurrency combethods guarantee only that a query’s committpisin
after submission of the query to the server.

Setting a query’s commit point consistently atlbleginning of query execution provides precisely the
same guarantees with respect to currency of theyguesult data. Note that query compilation, intthg
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insertion of the optimized query plan into a placke shared by all users and all transactions |dhaua
system transaction that does not acquire lockthfouser transaction and thus does not affectthiasac-
tion’s commit point.

Figure 7 illustrates the point. A user cannot, @xaeith special performance management tools, dis-
tinguish among the three schedules, i.e., deterthi@g¢ime spent in each of the phases. Thus, aaguex
tion that is equivalent to one of these schedidesable and acceptable to a reasonable user. Caimpi
may be omitted if the database management systepiogsnpre-compiled query evaluation plans, or it
may be modeled as very brief because query stareguires finding a precompiled plan and validaiing
against the current data, e.g., using a schemé&wmensimber. Computation might also be very brighif
dexed views are readily available, possibly evetha buffer pool such that no physical I/O is regdi
Our model for concurrency control for read-only gee suggests that a user be presented with qeery r
sults as if an extreme version of the right schedulFigure 7 had been used.

Compilation Compilation

Compilation Compuation

Computation Computation o
Communication

Communication L
Communi@tion

v v v

Figure 7. Timing in query execution.

The guarantees with respect to resource conteat®@much improved in this schedule compared to
the other schedules. As queries “see” only datsadly committed before their execution, queries @b n
require locks. More importantly, the values fomitein the database are actually decidable, wheheas
outcomes of any uncommitted concurrent update aitns are, by definition, undecided. Thus, we be-
lieve that the proposed isolation method for queeisenot only reasonable but in fact provides thst pos-
sible concurrency of query and update transactigtigut violating serializability.

It might be tempting to set a read transaction'sweit point slightly later than the start of its pla
execution. For example, not the query’s start afcertion but its first lock conflict could set thertsac-
tion’s commit point. While this scheme might seeppealing, it requires read locks, i.e., items regti-
out lock conflict must be locked in order to prevenbsequent updates that would otherwise undermine
“repeatable read” transaction isolation. In otherdg, this scheme might create precisely the typgeak
conflicts in materialized views between read tratieas and update transactions that we set outeteept.

In general, in order to process read transactiorseriializable isolation yet without read locksith
commit point must be no later than their first reation. Given that there is practically no timévieen a
query plan’s start of execution and its first reation, our choice of commit points for read-onignisac-
tions is effectively the best possible to guarariieth serializability and maximal concurrency betwe
read transaction and update transactions.

For transactions that both read and update an @lgiew, serializability requires a single commit
point, as discussed earlier. If the commit pointhesen as for read-only transactions above,vifeen a
transaction begins, a transaction must abort wittemating to modify an item that has been modifiéd
ready by another transaction since the first tretimal's commit point. If the commit point is choses for
traditional transactions, i.e., when the transactetually attempts to commit, all items read mist
locked against updates in order to ensure repeatabts. This dilemma is not avoided by escrowdaunk
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any other standard method for concurrency conthals, the present design does not offer any nekw tec
nique for transactions that both read and updatedaxed view.

In fact, escrow locks and thus multiple concurngpdate transactions are in conflict with traditiona
multi-version snapshot isolation, because snapsbtdtion requires a single linear history, whidhfiest
sight requires a single update transaction at a {for each data item), i.e., traditional excludiweks. The
next section describes our solution to this ostda@siontradiction between snapshot isolation amtogs
locking.

4  Concurrent updatesand linear version history

Prior schemes for snapshot isolation and multiieersoncurrency control require a single linear se-
guence of consecutive values, and that each itgarsions thus represent this one history of conewhitt
values of a data item. Note that a single historglies that a new version is not created untilrtfzest re-
cent one has been committed, i.e., that multiplecaorent updates are not permitted. If multiple ated
(to the same item) can be processed yet remaimmdted at the same time, which is the essentileva
of escrow locking and of equivalent techniques, absumption of a single sequential history is nstij
fied.

Step Transaction 1 Transaction 2 Transaction 3
1 Begin Begin
2 | Insert two new orders Insert a new order
3 | E lock, increment by P
4 E lock, increment by [1
5 Commit
6 Begin
7 Read summary row

Figure 8. Sample transaction schedule.

For example, consider the schedule shown in Figured based on the materialized view of Figlre
The initial state includes one order with Commit®at2003-12-31 and ShipDate = 2003-12-29. Transac-
tion 1 inserts two more orders and Transactions2ris one more order with the same dates, and both
transactions increment the count of shipments énagbpropriate summary row. With its snapshot psétt
in step 6, Transaction 3 needs to see the valgetlReacurrent shipment count, but nowhere in thisioes
generated by the schedule is the value 2 found.

Thus, escrow locking and multi-version concurremoyntrol have an inherent incompatibility, for
which this section offers three alternative redohg. While the first approach is likely easiestinwple-
ment, because actually it does not require escoaks| we recommend the third approach, because it r
tains all update processing and overhead withiratgpdtatements and thus will likely result in threstb
query performance for indexed views and data warstm

Following discussion of these three alternativehwods, we discuss details and variations of thel thir
method. We introduce new commit-time-only locksyelep appropriate commit processing and transac-
tion abort, and finally integrate escrow locks aodnmit-time-only locks with transaction save poiatsl
with two-phase commit. Subsequent sections compiéentie third method with logging and recovery,
multi-granularity lock, online index operations¢ et

4.1  Multiple records per summary row

Our first approach employs, when necessary, maltiptords to represent a single row in a summary
view. Recall that duplicate rows in an intermedigtiery result can be represented by multiple copbigs
single copy with a duplicate counter, or by muétigbpies each with a duplicate counter, and thattiten
left to subsequent query operations to interpreseétrecords appropriately. For example, an “intérad’
query might include a preparatory operation thatde multiple copies, with or without counter, iBtain-
gle copy with a counter.

The same idea applies to aggregation views witmisoand sums, because materialized views are
quite literally intermediate query results. Thigpegach permits multiple records, each with counts$ ap-
propriate partial sums, rather than strictly reapgrthat a single row in the view is representedatsingle
record in each index on the view. A query over &irgl of index is always obligated to perform thweaf
summation of counts and sums. Note that multiptends for a single summary row are not the default,
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and that in an ordered index, multiple records riouting to a single row will typically be immeday
next to each other, thus reducing the processingglouon queries.

In the example of Figur8, Transaction 1 would X lock and update the shipineeunt for the exist-
ing row in the view, changing the count from 1 toT8e old value of 1 remains available as a preysion
of that row. Transaction 2 would find the lock held the row and instead insert a new row with @-shi
ment count of 1. Transaction 3 would then add ttiprsent counts from the newly inserted row by Trans
action 2 and from the original row, i.e., priorttee update by Transaction 1, and produce the dooteput
value 2.

Update operations for any specific row within thew attempt to lock any one of the existing records
for that row, typically the one-and-only existingcord. Only if this lock request fails due to comency
contention, a new record is created and lockeds;Ttontention among multiple updaters for any qree s
cific record can always be avoided, even if contentor a specific row within the view is high. $mcon-
current increment and decrement operation on three sacord are not required, these updates canllgctua
employ traditional X locks; escrow locks are najuieed. Thus, each record has a single sequerigialri
that can be represented in traditional multi-vergioncurrency control, and a query can determiceuat
or sum in a row at a specific time by adding uprtswand sums in all records representing that rtotved
time.

At most times, each row is represented by a sirggerd. When and where this is not the case, sys-
tem transactions attempt to collapse multiple résdnto one. This process is reminiscent of traddl
ghost clean-up, with comparable and thus overaépiable overheads. One important difference is tha
clean-up must distinguish between increments ofdan the oldest current read transaction and newer
ones; it may collapse all value changes due toliher increments but it must preserve the predisoy
represented in the newer increments because thgkeé still be required in queries. Thus, it miglet frag-
matic to clean up only records and their versiohgmthey are older than the oldest current reatsaia
tion.

To summarize this first approach, multiple recdi@seach row in the summary view are employed
for two purposes: sequential histories and conatiartial counts and sums. This approach elimitie
need for escrow locks and thus is compatible walditional versioning schemes, enabling snapstaut-re
ers and multiple concurrent updaters for any rowlbrows in a summary view. Its costs are an &l
asynchronous consolidation activity as well asdwai consolidation within retrieval queries. Theveity
of this approach is that it dynamically adjusts tisenber of records representing a single summasyimo
response to increasing or decreasing contentiothédrspecific summary row, and that it thus sidestall
contention without requiring unconventional lockaes such as escrow locks.

4.2  Multiple delta records per summary row

A second approach to the problem represents eawmaty row by a single “base record” that holds
an absolute value for each count and sum, butsreliean alternative method to capture the actuabin
ments and decrements (“delta records”) rather gtaring earlier values in the multi-version stoféis
scheme is similar to the recovery scheme descfitvethe original escrow locks [O 86]. Just as asi@r
store permits clean-up and consolidation when @pttahsactions commit or abort, delta records @an b
erased after committed changes in the version stwve been consolidated into the base record.chims
solidation is not required within each user tratisa¢c an asynchronous clean-up process can peifoese
actions. Queries against the version store museggte the base record and all delta recordsédini by
committed transactions.

Again referring to the example of Figue the update by Transaction 1 would leave ther paoord
(with count 1) in place yet add another delta rdoeith value 2. Similarly, Transaction 2 adds aeoth
delta record with value 1. Transaction 3 would raicdcommitted records and adds the counts, produci
the correct value 2. Alternatively, a consolidated@an-up after the commit of Transaction 2 anaieethe
start of Transaction 3 might already have combihede two records, making the correct value 2 inimed
ately available to Transaction 3.

4.3 Deferred actions and virtual log records

A third approach relies on intention lists of deéer actions and serial commit processing applying
these deferred actions to guarantee a single limestory of committed values for each row in thewias
well as a single linear history for the entire dhatse. Each row in the materialized summary vierepse-
sented by a single record in each index on the .vfewirtual log record is created when, under thetec-
tion of an escrow lock, an increment or decremgraration is permitted but not yet applied. Theuatt
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log record contains the delta by which to increnmntlecrement counts and sums in a row in the iediex
summary view, and is therefore quite similar toedo log record, albeit aedo of a logical rather than a
physical operation. The increment operation captunethe virtual log record is applied in the cortimi
phase of the transaction — after the applicatiguests the commit but before the final commit rdder
generated. The virtual log records are appliedgusirdinary low-level transactions that include gt
physical log records. Thus, only commit processipglies increment and decrement operations to dscor
in a materialized view and its indexes.

Using the example schedule of Fig@dor a third time, the stored value for the corerhains un-
changed in steps 3 and 4, and is incremented framRlonly in step 5, during commit processing cdis-
action 2. Transaction 3, with its snapshot timarsstep 6, will correctly see the value 2 in step

Logic similar to commit processing for a single soamy row is required when a transaction upgrades
an E lock to an X lock. Recall that this lock uptgas required if a transaction attempts to readramary
row it just incremented or attempts to overwritevith a specific new value, i.e., an assignmertaathen
an increment operation. Upgrading an E lock to donck requires applying the change protected byghe
lock as well as waiting until any other E locks aeteased, in either order. In order to speed m$og in
those cases, each virtual log record should betethto the data structure representing the assddiack.

If this design is employed, it is also possibleetsure that each summary row and each escrow gk h
only one associated virtual log record, even iftipld statements within a transaction incremendexre-
ment that summary row.

If commit operations are serial as in IMS/FastPatbrement operations performed during commit
processing will give each record as well as théemntatabase a serial history, which can readilywige
ported by traditional version stores and whichampatible with multi-version snapshot isolation.eTdx-
perience of IMS/FastPath [GK 85] indicates thatiadeione-transaction-at-a-time commit processing is
practical and can be implemented extremely effityeand in fact can scale to very high transactates,
assuming the typical FastPath environment in whigimy small transactions modify only very few record
each. If each insert, update, or delete operafifatta an individual row in a table underlying avsuary
view, this assumption is definitely justified. Evapdates in the view’s grouping columns, which éoec
decrement operation in one group and an increneeriadion in another group, still justify this asqtion.
Even the additional effort imposed by versioning,,icopying the pre-increment value to a versemord,
probably still does not invalidate the assumptidhus, serial commit processing most likely suffiées
many applications, databases, tables, views, aidittuexes.

4.4  Commit-time-only locks

Large transactions with many virtuaddo log records, however, clearly violate the assuompthat
each transaction modifies only very few recordsypical example is a bulk operation that affectarge
fraction of the view, e.g., a large data imporg(lpinto one of the underlying tables. Note thareif the
fraction of updated rows in the underlying tableekatively small, the fraction of affected rowsthe view
might be quite large. Another example is “catchi a materialized view that has fallen behind tlue
deferred maintenance, i.e., in systems that failetgp tables and materialized views over thosesabyn-
chronized. If bulk operations were to be supportétt many virtual log records, IMS/FastPath couttt n
use the single latch protecting the recovery log) till achieve high transaction throughput. Sec@hmit
processing for a single large transaction would/@neand delay commit processing for many smatigra
actions, which directly contradicts the purpose @aade of escrow locking.

|s x E C
sfv - -+
X[- - - A
El- - Vv
clv v v -

Figure 9. Lock compatibility matrix including E ailocks.

In order to support large transactions againstXxadesummary views, we extend the design above
such that multiple transactions can process thlmingit activities concurrently. To that end, we autuce
commit-time-only exclusive locks that permit sadable instead of serial commit processing. Impuhya
these commit-time-only locks do not conflict withcks acquired during normal transaction processing,
specifically with escrow locks. Thus, transactiog yet in their commit process are not affectedigse
commit-time-only locks. Serializing data accessirmymormal transaction execution and serializing-co
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current commits are two separate concerns withragpbocks. Note that these commit-time-only exetels
locks are needed in addition to the escrow lockgi@ed during normal transaction execution.

Figure 9 illustrates the new commit-time-only exsiWe locks, labeled “C” in the compatibility ma-
trix. They are compatible with all other locks typecept other C locks. Using this definition andnpati-
bility matrix, a transaction must acquire a C laktking commit processing in addition to the E laak
quired while updating the materialized and indexiedgyv.

|s x E C
S|V - - -
X____
E[- - Vv
cl- - v -

Figure 10. Lock compatibility with upgrade from&C.

Alternatively, the C lock can be defined as a caration lock, i.e., as E+C in Figure 9. This issHu
trated in Figure 10. Most importantly, C locks rémeompatible with E locks. The main differencethe
prior lock compatibility matrix is that a transamti avoids adding new locks; instead, it convertstig E
locks to C locks. Other than that, semantics atechanged. In particular, concurrency among traisss
is not changed. Very importantly, C locks continodoe compatible with E locks, i.e., one transactitay
process its commit while other transactions stlthE locks on the same data.

Upgrading from one lock type to another might béarfedm an intermediate upgrade lock, analogous
to common “U” lock between S and X locks. Whilegrim general, the upgrade from E to C locks is spe-
cial, for two reasons. First, C locks are typicdlild only a short time, and contention for C loiskEkely
low. Recall that IMS/FastPath has, in effect, oalgingle C lock for the entire system, i.e., thelesive
latch protecting access to the transaction logo&@&cacquisition of C locks can be organized irhsaevay
that it is guaranteed to be free of deadlocks. Thipossible because C locks are acquired onlynguri
commit processing, when the set of required C lagksiown and can be sorted.

4.5 Commit processing

Commit processing proceeds in multiple steps, istavith the user’s request to commit. First, all
read locks are released as in traditional comnaitgssing. Second, E locks are upgraded to C |ddked,
virtual log records are applied and their effecigged like updates covered by ordinary X locksafyn
the transaction is truly committed using a traditibcommit record in the transaction log, and ethaining
locks are released.

These basic steps require some further commentst Mwportantly, in order to avoid deadlocks
while upgrading E locks to C locks, the existindo€Eks should be sorted. The sort order does ndlyrea
matter, as long as it is the same for all traneastitrying to commit. The sort key typically wildlude
index identifier and index key, and it might inctuthe hash value with which each lock is storethe
lock manager’s hash table. The hash bucket numtikinvthe lock manager’s hash table could be used a
artificial leading sort column, a technique thabiaé most of the sort effort by sorting once pesthiaucket
rather than sorting all necessary lock requestsmélarge sort.

In addition to sorting the E locks prior to thepgnade to C locks, it might make sense to sorvihe
tual log records, e.g., by index identifier anderdey, and to aggregate multiple virtual log relsoper-
taining to the same summary row, if any, into ayjErchange. This optional sort operation ensurat th
multiple virtual log records apply to the same pageeven the same summary row in an indexed view,
these changes are applied efficiently with benaffieffect on 1/0O buffer, the CPU caches, transackig
size, etc. This effect, of course, is quite similaroptimized index maintenance described elsewhere
[GKK 01] and also implemented in some products, aodreally unique to deferred actions or virtua |
records.

Traditionally, acquiring locks during commit prosgsy has been an anathema just like acquiring
locks during transaction rollback. However, becalsadlocks are avoided due to sorting the requaed
requests, it is not required that these commit-timky locks are full traditional locks, with deadlodetec-
tion, etc. Instead, much less expensive latchelsswifice. For record-level or key-value latchirtese
latches can be attached to data structures inottle hanager, namely those used to coordinate escrow
locks and other locks for a record or key. Moreoitas not required to employ record-level lockidgring
commit processing; depending on the desired achievdegree of concurrency, records can be grouped
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into pages, page extents, key ranges, etc. sutkathiagle latch covers application of multipletval log
records, although this introduces new challenges.

If commit-time-only exclusive locks are obtained mnecisely the same resources as the escrow locks,
then absence of deadlocks is guaranteed. If, hawesgerow locks are obtained in fine granularityg(e
individual keys) and commit-time-only exclusive kscare obtained in coarser granularity (e.g., l&ee
ranges), then there might be conflicts, namelyihs other transaction holds an X lock within theyéa
granule. Alternatively, the commit-time-only exdleslock could be defined and interpreted to cawy
those resources for which the transaction alsoshatd escrow lock, e.g., the individual keys wittiie
large key range. In other words, this case must@ntpe lock compatibility matrix shown in Figure 8ot
the one in Figure 10.

One might ask what needs to happen if an E lockokas combined with an S lock, i.e., it has been
upgraded to an X lock? In that case, the X lock gsdraditional commit processing prevail. Notatth
there shouldn’t be any remaining virtual log recofdr the item upgraded from an E lock to an X Jock
because any remaining virtuado log records must be applied at the time of theragbg to an X lock and
no further virtual log records will be generatetkathe transaction holds an X lock.

Also, can E locks be released after C locks hawen laequired? That depends on the compatibility of
C locks. If C locks conflict only with other C loskas shown in Figure 9, E locks must be retaitigdese
C locks imply all conflicts of E locks, as shownHigure 10, then E locks can be upgraded to C lddkse
that deadlocks are still impossible because aawion holding an E lock guarantees that no ottarsac-
tion can hold an S or X lock.

4.6  Transaction abort

If a transaction fails to commit and instead ahdhie sequence of actions is much simpler. Interest
ingly, E locks can be released immediately togethi#r S locks, because the actions protected hycksl
have not been applied to the database yet. Similddferred actions described in virtual log resoade
simply ignored, because their effect is no longesid. Only X locks need to be retained and thetions
compensated by traditional transaction rollbackluding any X lock that resulted from adding ano8kl
to an E lock. C locks are not required when prdogsa transaction rollback.

4.7  Transaction save points

Rolling back to a save point, however, deservesiapattention. Releasing recently acquired locks
when rolling back to a save point is an effectieehnique for improving concurrency and even resglvi
deadlocks already employed in some commercial dataimanagement systems, and should remain possi-
ble in the presence of E locks. Rollback of C lodkes not make sense, since these exist only during
commit processing, i.e., the user or applicatios &laeady relinquished their right to control thensac-
tion.

Similar to transaction abort, recently acquirech8 & locks can be released immediately, recently de
ferred actions and their virtual log records cangmered, and recently acquired X locks are robedk as
in traditional partial rollback.

The situation is more complex if an E lock has baagmented with an S lock since the save point,
i.e., the E lock has been upgraded to an X lockhigcase, the X lock must be downgraded baclkntg a
lock. This is not strictly required for the purpes# isolation, given that the X lock provides mpretec-
tion and isolation than the E lock. For the purpokéogging and recovery, however, in particulathé
transaction is to support subsequent rollback emeaarlier save points as illustrated earlier guFe 3, the
increment operations and their virtual log recamisst be re-established as part of the downgrade ¥o
to E, as will be discussed shortly in the sectinriagging and recovery.

4.8 Two-phase commit

The goal of the preparation phase in two-phase dbimaio ensure that the local transaction caneabid
by the global decision to commit or to abort. laditional two-phase commit, this implies that atians
are complete except writing the final commit to trensaction log. Shared locks and upgrade locksbea
released during the preparation phase, whereassixellocks must be retained until the commit rdder
safely on stable storage.

Applying this logic to the commit processing sequeediscussed above, a transaction must retain its
X and C locks until the global transaction outcdmeonfirmed and logged. E locks must be upgraded t
locks or must also be retained, i.e., if the dedajlows Figure 9 rather than Figure 10. The C beke
retained until the global transaction outcome isidled and propagated to the participating resonras-
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agers. S locks can be released as they are noteaffby escrow locking, whether or not escrow logkis
employed by a transaction, and X locks must bamethjust as in traditional transaction processing
two-phase commit.

In addition to considerations about locks, two-ghesmmit also affects logging. Thus, the following
section about logging and recovery will resume wlson of two-phase commit processing.

5 Logging and recovery

The original description of escrow transactionduded somewhat complex methods for recovery
from failures of individual transactions, storagedia, or the entire database management systefactin
one might surmise that the complexity of logging aacovery prevented the adoption of escrow locking
mainstream database management systems. Fortynatelji-level transactions and Aries, suitably
adapted to E and C locks as described above, dstasttially simplify the required protocols andithe
implementation.

Because transaction abort is simpler than trarmactommit, abort and rollback are covered prior to
commit processing and recovery from system and anfadiures, including those that catch a transactio
already in commit processing. Two additional sewioover two-phase commit and a side note on optimi
tic concurrency control.

5.1 Transaction abort

Rolling back an individual transaction to its begig is actually less expensive than in traditional
update processing using X locks, assuming thaatheal application of increment operations is defér
until commit processing using virtual log record@gis is because neithendoaction nor compensation is
required for deferred updates. The updates defersedy virtual log records have not been reflegtetin
either the transaction log or the database, neithtre buffer pool nor on disk. Thus, no correetaction
is required when a transaction aborts. The virtoglrecords are discarded without further actiomteq
similar to the corresponding E locks as discusbede

5.2 Partial rollback for save points

Support for partial rollback is a bit more compléixthere are multiple updates to the same rovhen t
summary view and thus the same record in the viévdex, and if save points are interspersed wids¢h
updates, it is necessary to retain multiple virtogl records. During commit processing, sortingvalual
log records permits aggregating those such that database record is actually updated and loggbd on
once. Until then, however, aggregation must nossave points that might still be the target pasial
transaction rollback. Aggregation within each ingdbetween save points is acceptable, and mightiee
sufficient to capture most of the performance improent of aggregating virtual log records. Aggremat
across anonymous save points is also possiblethfise save points have become irrelevant. For pbeam
if a save point is established to enable statemienitt without transaction abort after, that savietpran be
ignored after the statement is completed succégsful

Rollback of a lock upgrade from E to X mode neexsdnsider the case that there might have been
multiple save point intervals with increment op&nag under the E lock in each interval. If so,thlbse
increment operations must be applied when the Eibapgraded to an X lock, such that a read ofmarat
by the current transaction indeed reflects allupdates.

In the discussion so far, it has been implied thatpertinent virtual log records can be droppeckon
they have been applied to the database. Unfortiynéités would not be correct if subsequent rolkés a
save point is to be supported. Recall that aftiipaok to a save point and subsequent processtigack
to an even earlier save point might be requested.

If a lock upgrade from E to X is rolled back, thadividual increment operations must be re-
established within their original save point intsy in order to recreate the situation prior ® libck up-
grade. Perhaps the simplest implementation rethi@svirtual log records during the lock upgrade but
marks them “already applied,” such that rollback cavoke those markings. More precisely, the update
that applied the cumulative increment during theklapgrade is undone or compensated, and the rgleva
virtual log records are either deleted or their kiveg is revoked, depending on these virtual logrds’
time of creation relative to the save point tardedg the current rollback.

5.3 Transaction commit

Virtual log records cannot contribute to the duliabof transactions after their commit. Insteduey
remain attached to the transaction’s in-memory datacture when they are created during incremedt a
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decrement operations under the protection of Edpakd they are not written into the transactianda
stable storage.

Durability is guaranteed by the log records writteimle an actual change is applied to the database
under the protection of commit-time-only exclusieeks. These C locks, together with the database up
dates applied during commit processing and theirézords, resemble very closely the changes apjlie
traditional concurrency control and recovery unidaditional X locks. The difference is in the loogibe-
havior and in the deferment of actual updates usirigal log records. In other words, the differeris in
the timing when these updates are applied, therdifice is not in the mechanisms how these updeges a
applied, logged, and made durable. Thus, the sales about write-ahead logging, buffer management,
etc. apply, with the same effects.

Specifically, the log records created for updatedqeted by C locks must obey the standard rules of
write-ahead logging. They must be written to tlengaction log on stable storage before the modifatd
pages may overwrite old database contents on disk.

For all transactions other than those at the loveal in the multi-level transaction hierarchy,st
not required thatedo andundoactions be idempotent, since the logging and regoprotocol ensures that
aredoaction is applied only when the database doesamiin any effects of the action being redone, and
that anundo action is applied only when the database contalinsffects of the action being undone. As
implied earlier in connection with virtual log reds, the increment and decrement operations shuaild
higher-level actions that are realized by lowerlevansactions that actually assign specific nelues
within the records on disk. Thus, lowest-level “plral” log records contain absolute values jushasa-
ditional transaction processing using X locks, velasrhigher-level “logical” log records contain dslt

If deemed desirable, it is not even required thmirely new formats for log records be designed. In
fact, a traditional log record describing the updafta database field is sufficient for logging aadovery
of escrow updates, with only a single bit indicgtthat the operation is a relative or escrow ojpanafl he
old and new values in a traditional log record nhestnterpreted as a numeric difference, positiveegya-
tive, and this difference must be applied when cemsating an action during transaction rollbackialet,
formatting a log record of this type could be leaged twice, first for the virtual log record thafelrs for-
ward processing and then as for the log recordtaivles storage while applying the virtual log recdud-
ing commit processing.

Copying the virtual log records to the persisteansaction log is not required. Logging the virtioaj
records could, however, enable an interesting apition, albeit possibly with some risk. As soortlesse
virtual log records are logged, the entire trarieactan be reported completed and committed taites
or application, which therefore do not need to waatil all changes and virtual log records haverbag-
plied to the individual records and summary rowslinndexed views affected by the transaction. o
the system fail after reporting completion to tisen) the changes can be applied during restast,sietilar
to a global commit decision by a distributed tranti®en coordinator. This technique might seem pramgis
but the implied risks require further research. &mmple, should a failure occur while the logicey re-
cords are applied to the database, what are th®pigte next steps for the transaction and fordhe-
base affected?

5.4  System and media recovery

For the most part, checkpoints as well as systethraedia recovery follow the well-known Aries
techniques [MHL 92]. Logicatedo log records are used during recovery only for nisfied distributed
transactions. If the recovery log contains a pnevtit or prepare log record but no final log rectodthat
transaction, and if the transaction coordinatogémja commit record, all logiceddolog records are proc-
essed as in normal commit processing, i.e., theyapplied to the data records using low-level tatisns
that write standard physical log recor@®edoprocessing for distributed transactions is intarésd with
redo processing of local transactions based on theeseguin the recovery log, i.e., there is only oo
pass even if the system was finishing distributadgactions at the time of the server crash.

Other than that, theedo pass relies not on virtual log records but onghgsical log records written
to the recovery log by low-level transactions wipl®cessing virtual log records. The usual recovgry
timizations apply: For example, if locks are talduring the analysis pass, new transactions carche a
cepted and processed concurrently with bothrélo® andundo passes. If locks are taken only during the
redo pass, e.g., because log analysis is integratednéedeaved with theedo pass, concurrent transac-
tions must wait until theedo pass is complete, i.e., untihdoor compensation processing has begun. In
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general, if locks are reacquired before thelo pass, transactions can be allowed to enter therayas
soon as theedopass is complete.

Checkpoint processing is also not affected by esdoxrks, multiple concurrent updates, multiple
concurrent commits, deferred updates, or virtuglriecords. In fact, the techniques discussed sghper
do not interfere with checkpoints during the analygdo, andundophases of restart recovery, with fuzzy
checkpoints (e.g., second chance checkpoints ttitst @ut only those pages that have already begy di
during the prior checkpoint), or with checkpointeirvals (with separateegin checkpoinandend check-
point log records, and active transaction processindevtbking the checkpoint [MHL 92]). In Aries and
multi-level transactions, checkpoints only affeiot.( shorten) theedo effort to apply traditional physical
log records.

Media recovery also employs Aries mechanisms, ufiizgy image copies obtained during active
transaction processing, combined with a suitabi@gef the recovery log. During media recovery thg
is applied to the database restored from the inm@gsy, including transactionndo and compensation
[MHL 92]. Even single-page recovery (e.g., aftébad block” disk error) or continuous database arirr
ing (“log shipping”) are compatible with escrow ks¢ multiple concurrent updates, deferred updated,
virtual log records.

5.5 Failures and transaction abort during commit procgisg

If a transaction aborts prior to commit processithng, discussion above applies — escrow locks and
virtual log records are not applied to the datalzaskinstead are simply ignored, and traditionek$oand
log records are processed in the traditional walgatMvasn’t covered above was transaction failuréndu
commit processing, e.g., if lock conversion frontoEC locks fails for some unexpected reasons (ew.,
of memory) or logging a change fails for some umeted reasons (e.g., out of log space).

It turns out that the problem is simpler than ppehexpected, due to the similarity of C locks &alir
tional X locks and the parallel similarity of loggj increment operations during commit processinigge
ging traditional update operations. If failure occw@uring commit processing, some virtual log reesor
have already been applied including generationatfitional log records, and some have not. Forfdhe
mer, abort processing follows the same rules ast gocessing described earlier: the virtual logords
are ignored and simply deallocated. For the laftleort processing follows traditional lines: usthg tradi-
tional log record generated from the virtual logaels and applied under protection of a C lockuppaate
is compensated and the compensation action logged.

In summary, the commit-time-only exclusive locksem that any index entry can be updated by
only one transaction currently in its commit praieg phase. Thus, even if a transaction is foroel
back after some of its commit processing has coteg)at can do so with ordinary transaction mecha-
nisms. Special, non-traditional logging and rollbawechanisms are not required.

5.6 Two-phase commit

In addition to upgrading E locks to C locks, twoagh commit needs to apply the changes protected
by the C locks and log them. The first or “prepandt phase of two-phase commit performs all opersti
of commit processing up to yet excluding writinge tbommit record. Instead, as in ordinary two-phase
commit, it writes a “prepared” record to the trast&mn log. When the global commit coordinator’safin
commit decision is known, commit processing resuagediscussed above. Alternatively, abort procgssin
takes over as if the local transaction had failethe end of commit processing, just before thalfoom-
mit record was to be written — just as in tradiéibtwo-phase commit processing.

The notion of virtual log records, which more aataly can be called virtudbgical redolog re-
cords, opens another possible optimization thahtrigprove concurrency as well as response timéhior
preparation request. In spirit, this optimizatisrsimilar to the “vote reliable” optimization imptented in
some IBM transaction processing products [SBC BB8eneral, an operation is considered durabl¢h@n
sense of transactional “ACID” guarantees) whereffscts and updates are safely captured in thedmn
tion log (on “stable storage”), whether or not theffects and updates are already reflected iddkabase.

If a failure happens, redoing the actions descrihettie transaction log will recover their effeetsd thus
ensure their durability.

Thus, it could be argued that capturing the virtagical redo log records not only in the transaics
in-memory state but also in the transaction loguSicient to report a local transaction ready bida by
the global decision about transaction commit orrlo fact, this idea might be applicable in agxfigl
situations and cases. Of course, care must be takewoid unacceptable additional risks to traneact
completion, e.g., out-of-memory or out-of-disk-spagrors that might be encountered while performing
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the actions described in thelsgical redolog records, and that would have caused the maataction to
veto against global transaction commit if thesemrhad happened during the local transaction’pgree
tion phase.

5.7  Optimistic concurrency control

Interestingly, and added here only as a side moa@y of the commit processing techniques described
above also apply to transactions governed by ogtiecntoncurrency control [KT 79, KT 81].

A transaction under optimistic concurrency conprmceeds with its work even if it might interfere
with other active transactions. Employing temporenpies of data or temporarily accepting inconsiste
data, end-of-transaction validation ensures thét walid transactions commit, i.e., all transactisched-
ules are serializable, by comparing a transactitnéad set” and “write set” with other transactibread
sets and write sets. In addition to maintenanchede read sets and write sets, the major downsidp-
timistic concurrency control is that work might iasted even after it would have been possible tectie
the interference with other transactions and tolvesthat interference by waiting or by an eartransac-
tion abort.

Implementation of end-of-transaction validationsiseme form of locks or latches to ensure consis-
tency and validity of the validation step; the arg research [KT 79] relied on critical sectiohgwever,
it could be argued that optimistic concurrency oolrgimply defers lock acquisition until commit pess-
ing. A significant difference to pessimistic conamncy control is that the set of required lockkriswn at
commit time in optimistic concurrency control, meanthe lock set can be sorted. As in commit preces
ing for escrow locks above, this knowledge permitsiding deadlocks with other transactions comnmtti
under optimistic concurrency control [HD 91]. Moweo, because commit processing takes only a fractio
of the time needed for processing an entire traimggocoarser lock granularity is feasible withaxces-
sive contention.

After all locks have been acquired and transacti@lidation is complete, the transaction can release
all read locks immediately, then perform and log tipdates, finish by writing the commit record, dird
nally release the write locks. A transaction undptimistic concurrency control switches into a cotm
processing mode very much like pessimistic concayecontrol and very much like transactions convert
ing escrow locks to exclusive locks during commmgessing. In both cases, i.e., optimistic conawye
control and transactions with escrow locks, thes#usive locks are limited to commit time only, atiney
interfere only with other commit-time-only lockslteby transactions equally in their commit procegsi
phase.

Maintenance of the transaction’s read set and \wgtei.e., maintenance of the set of requireddpck
can be implemented using a data structure very ntikehthe data structure used in transaction-pevat
memory for possible lock de-escalation as welilkesthe data structure for the lock manager. Thosk-
keeping in transactions under optimistic concuryeoantrol is more similar to bookkeeping for transsa
tions under pessimistic concurrency control thamallg understood. At least one research effect,evaw
suggested locks and a lock manager to determinmtiiesection between read sets and write setsg w@si
“dummy” lock mode that does not conflict with antgher lock and only serves as a witness for a tansa
tion’s read operation [HD 91]. A refinement of tledproach might employ notification locks [GR 98] i
stead of dummy locks.

Interestingly, not only concurrency control butcalegging and recovery for optimistic concurrency
control might be surprisingly similar to the mectsams discussed above for escrow locks. Specifically
virtual log records seem a promising implementatgshnique to defer updates until they have beén va
dated during commit processing, with its poterfialperformance and scalability proven in IMS/FastP

Given these similarities, it seems that mixing wygtic and pessimistic concurrency control might be
easier to realize than one might suspect, andhb&e of concurrency control methods can be made fo
each transaction rather than for the entire systadits implementation. It is even conceivable hoase
the concurrency control method for individual res@s, if desired. A candidate might be schema lgabi
versus data operations. Protecting a transacti@mstgchanges in the database schema or at least th
schema of the relevant tables could use traditibmelting (with hardly any contention and waiting fo
locks) whereas queries and updates may employ gtitneconcurrency control for the tables’ contemits.
the extreme, a transaction may lock an individwahdtems after accessing it repeatedly under agtiom
concurrency control; or a database managementsysggy learn which resources to manage with optimis-
tic concurrency control and which ones to manadh pg&ssimistic concurrency control.
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Lausen investigated very similar ideas on formet¢lg¢L 82] and also came to the conclusion that op-
timistic concurrency control and pessimistic comency control can be combined, even to the poiat ¢h
single transaction locks some resources and vabdathers at the end of the transaction. Managingpa
timistic transaction’s read set and write set amsaction-private memory using the same type @f skatic-
tures employed by a traditional lock manager migatthe implementation technique needed to make
Lausen’s ideas realistic and perhaps address sortiee @oncerns about optimistic concurrency control
[H 84, M 92].

Two-phase commit after optimistic concurrency colpt.e., optimistic concurrency control partici-
pating in distributed commit coordination, can ab&mefit from techniques borrowed from pessimistin-
currency control. In particular, the preparatioragd requires that the transaction acquire the pppte
locks, such that the local transaction is entigeligjugated to the global commit decision. Readdan be
released at the end of validation and write lockstnbe retained until the global commit decisiokriswn
and reflected in the local database. In other wardshe commit sequence above for optimistic concu
rency control, writing the commit record is repldd®y writing the pre-commit record, voting, receiyithe
global decision, and then committing or aborting.

6  Multi-granularity locking

One of the proven database implementation techaifpuend in all commercial database management
systems is multi-granularity (hierarchical) lockingghen updating all rows in a table or all recoisn
index, rather than taking row locks or key locksdéach one, a single “large granularity” lock fhe ttable
or index is taken. In order to detect conflictsreotly, a transaction that modifies only a single (and
thus intends to take a row lock) must obtain arefition” lock at the larger granularity. Note tivab in-
tention locks never conflict, because two intenfimeks indicate that both participating transacsiamend
to take locks at a smaller granularity where actoalcurrency conflicts will be detected if they éedl ex-
ist. At least one absolute lock (as opposed tantemtion lock) is required for any lock conflictoié also
that a reasonable interpretation of an absolute é@ larger granularity is equivalent to that edotk on
each instance at the smaller granularity, inclugihgntom instances. For example, a large readaictioa
holding an S lock on a table implicitly holds aro8k on all rows, including ones to be insertecrathe
initial S lock on the table has been granted —esic insert transaction must hold an X lock onrtbe
row, which is incompatible with the S lock held ilafily by the large read transaction even on tleevn
row, the insert must be prevented, which is why& IX locks on a table conflict with each other.

For escrow locks and escrow transactions, two alsviguestions are: If summary records in an in-
dexed view are usually modified using escrow lodkes) other transactions still employ large graritylar
locks when appropriate? Second, if a large traiwmace.g., a bulk insertion into a table of detaitords,
modifies practically all summary records in an ixel view, is it possible to obtain a single escfogk on
the entire materialized view or the entire indexhaf materialized view?

6.1 Derived lock types

Korth has described a fairly straightforward pragedfor deriving auxiliary lock modes from a set of
basic operational locks [K 83], including intentitotks, combination locks, and upgrade locks. Thios,
answer is “yes” for both questions above. For th& fjuestion, we must define a new “intent to eatr
(“IE™) lock mode that all escrow transactions mabtain for the materialized view or its index befoe-
guesting an escrow lock for a specific row in a mary table or for a specific key in an indexed vidiis
IE lock does not conflict with other intention Iagkbut it conflicts with both shared and excludiveks on
the view or index. Similarly, we ought to definaw “intent-to-commit” (“*IC") lock mode that perrsit
efficient multi-granularity locking during commirg@cessing.

Figure 11 shows a traditional lock compatibility tntaextended with escrow locks (“E”), intent-to-
escrow (“IE”) locks, commit-time-only exclusive ke (“C"), and intent-to-commit locks (“IC”). The as
sumption in Figure 11 is that E locks are upgrae@ locks, i.e., C locks are obtained in plac& dbcks
rather than in addition to E locks.

Note that the extension from S and X locks to SEXand C locks might warrant multiple kinds of
upgrade locks. For example, the traditional U lckn S lock with the exclusive permission to upgrto
an X lock. After the introduction of E locks, theraust be two upgrade locks, namely from E to Xddia
tion to the traditional upgrade from S to X. Upgedcom S to E is not required because an E lock ao¢
imply an S lock, and because an S+E combinatiok iequivalent to an X lock. Update or upgradesoc
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(“U” and “IU") are not included to limit size andomplexity of the diagram, even if they are a stadda
technique in commercial database management systems

Traditional combination locks (“S+IX”", etc.) aresalnot shown in Figurél as they can easily be in-
ferred: a requested combination lock is compatiitd a prior lock if both components of the combioa
are compatible, and a new lock request is comatilith a prior combination lock if the new lockdsm-
patible with both components of the combinatiorkld8ome combination locks might not increase concur
rency and should thus be omitted: just as an S€X tlbes not make any sense, an S+E lock is lik& an
lock in its conflict patterns, and transactionsigtabtain an X lock rather than separate S anockslon
the same resource or their combination. Simild®wIE is equivalent to 1X, which implies that lockj a
large granularity of locking in IX mode grants péssion to lock at the next smaller granularity @tking
not only in traditional X, S, IX, and IS modes lalgo in E or IE modes.

S X E C IS IX IE IC
sy - - -~ - - -
X________
El- - v v - - «
cl- -+ - - - + -
S|V - - = N N A A
X|- - - = ~N N A A
El- - v N N N v A
cl- - N - N N N N

Figure 11. Lock compatibility including intentioadks.

6.2 Interpretation of the lock table

The compatibility matrix of Figurd1l shows the usual patterns seen in lock compiililatrices
that include intention locks — no conflicts amontention locks and the same pattern repeated ithtee
remaining quadrants. Each quadrant is mirrored theediagonal, as is the entire matrix. The topdefd-
rant applies to both larger and smaller granuksith the locking hierarchy, e.g., to both tabled sows or
to both indexes and keys. If the lock hierarchyudes more than two granularities, all quadranfgyafo
multiple granularities. Thus, not only traditiorsaland X locks but also E and C locks apply to eritbles,
views, or indexes.

For example, a bulk insert transaction may updéteof the rows in a table and thus obtain X locks
on individual rows in the table, but it may toudd®® of the rows in a view summarizing the table. §hu
the bulk insert operation can obtain an E lock nreatire materialized view, upgrading to a C locktbe
entire materialized view during commit processiligs even possible that a second, concurrent bplk
date transaction also obtains an E lock on theeemiew, with both bulk insertions updating the saset
of summary rows in the materialized and indexeavwiencurrently. The results is that these two kmpk
erations conflict neither in the table nor in thiew— the former due to locking disjoint sets ofvsoor keys
in the table, the latter due to escrow lockingha tnaterialized and indexed view. These bulk operat
do, however, conflict during commit processing,, itbey serialize their final updates to the summaws
in the materialized and indexed view.

The matrix also indicates that, even while a largasaction holds an E lock on the entire indexd(an
thus implicitly on all keys in the index), anothsmall transaction may obtain an IE lock on the inded
then an E lock on one or more specific keys. Thigntirely consistent with the interpretation afga
granularity locks given earlier, because the srralhsaction may increment and decrement counts and
sums in existing records. However, another trafmmaatannot insert or delete keys or records whike t
entire index is locked in E mode, because thoseractvould require an IX lock on the index and an X
lock on the affected keys or records. Insertion @elétion operations will be discussed shortly.

6.3  Commit processing with intention locks
In order to avoid deadlocks during commit procegst locks must be sorted before being upgraded

to C locks. Similarly, IE locks must be upgraded@olocks. In general, the sort cost can be mingdiif

the sort key begins with the hash bucket numbéhénlock manager’s hash table, i.e., a single laagé
operation is replaced by one small sort operatemhash bucket. If intention locks are involvedwiuer,

it is imperative that IC locks be acquired befdreit dependent C locks. Thus, the sort order andrit
plementation must ensure that IC locks sort eatfian their dependent C locks, and similarly tiatdcks
sort earlier than their dependent E locks.
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It seems impractical to require that all C lockshivi a given index fall in the same hash buckehas
IC lock for the entire index — thus, the small pecket sort operations cannot guarantee that tHedks
sort earlier than their dependent C locks. A betlErnative seems to employ either dedicated haskets
for different granularities, and to ensure the progequence of lock upgrades by processing thethash
ets in the appropriate order.

7 Update and upgrade locks

Not only intention locks but also upgrade locks aimilar yet different with escrow locks. In the
original design for “U” locks for relational datates, a U lock implies an S lock and puts the tretitsa
into favorite position to convert to an exclusivdo¢k [GR 93]. Because a transaction can conveegbdst-
ing S lock to a U lock without waiting for otheragers to finish, converting from S to U is veryfeliént
from an immediate request for an X lock. Nonetrglesnverting the U lock to an X lock will like szeed
quickly and without deadlock because no seconddd &an exists and because no further S locks can be
granted once a U lock is in place.

In a system with escrow locks, not only S locksdlgb E locks may require conversion to an X lock.
In fact, as discussed earlier, adding an S locknt& lock is tantamount to converting the E loclatoX
lock. Similarly, adding an E lock to an S lock doest really make sense and the lock should insbead
converted to an X lock.

In the traditional interpretation of lock convenssp upgrade locks are intermediate lock modes be-
tween two primary lock modes, e.g., S and X. Thisrpretation leads to two separate upgrade mades,
from S to X and one from E to X. These two lock medught to conflict, because only one transaa#on
actually obtain the desired X lock. Thus, these itwtermediate upgrade locks are more similar triéfare
ent, and it seems that an alternative interpretaifaipgrade locks might be more appropriate.

Rather than tying an intermediate upgrade lockdth lithe original and the desired lock modes, it
might be tied only to the desired lock mode. Thuts not really an intermediate lock mode anymadtrés
a really a preparatory lock mode. It does not ging rights to access data, it merely gives rightadquire
a desired lock. If such preparatory locks are iaid by P subscripted by the desired lock modeadi-t
tional U lock must then be written and thought ®SaR..

Moreover, there is use for a preparatory lock mexen if a transaction does not hold any lock at all
on the desired resource, i.e., in situations inctan intermediate lock mode between two otherdock
modes does not really apply. For example, consideansaction that employs a non-clustered index to
determine which rows in a table to update, andrasstinat records in non-clustered indexes and is-clu
tered indexes are locked separately by their réispethdex identifier and key value. After the ialt
search, this transaction holds locks in the nostehed index but no locks yet in the clusteredinttemay
be beneficial to place preparatory locksdn all rows to be modified before attempting tquace X locks
on any of those rows. Since the preparatoryideks do not conflict with concurrent readers dnelir S
locks, setting the JPlocks will likely succeed quickly. The transactioray wait when convertingyHocks
to X locks, but while it is waiting for one row, mdher transaction can acquire any new locks oncérlye
remaining rows.

In this specific example, there might not be muidfedence between a transaction acquiring a tradi-
tional U locks, i.e., S+Pin our notation, or merely axRock. Modifying the example a little makes the
difference more clear. Imagine that the updatimgngaction intends to lock not rows but entire pages
partitions in the clustered index. Other transatimay hold S, IS, or IX locks on those pages dtitjmns.
None of these conflicts with g(Rock, and R locks can be acquired on all needed pages otipastiwith-
out waiting. If, on the other hand, the updatirapiaction were forced to acquire X locks withowpara-
tory P locks, it would likely wait for some of these paga partitions. While the transaction is waitiog f
the first one, another transaction would be ablésteeak in” and acquire locks on one of the renmgjni
ones.

By separating the upgrade lock mode from the aaigiock mode, any transaction attempting to ac-
quire an exclusive lock may first acquire aléck. The same considerations about lock compiyibivait-
ing, and deadlocks apply tg Bocks as to U locks. A transaction may acquire,doek immediately even
if other E, S, IS, or IX locks are already in plagdde primary effect of the,Pock is that no further E, S,
IS, or IX locks will be granted. Thus, a transactiay be able to place multiple B cks without waiting,
and then convert those into X locks in a second.pas
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In summary, because there are multiple lock motas dan be converted to an exclusive lock, the
traditional upgrade lock as an intermediate stdpvden two lock modes might be replaced by a prepara
tory lock that is specific to the desired lock madgardless of the existing lock mode.

8 Insert and delete

Our next subject is how new rows are created ireraized views, how new keys are inserted into
indexes on materialized views, or how rows and kagsdeleted in materialized views and their indexe
As an example, imagine a clustered index on the dalumns in Figure 2, i.e., the grouping columhthe
view form the search key in a B-tree that contalhcolumns of the table. The crucial difficulty tisat
record insertions and deletions require exclusbakd rather than escrow locks. If such locks ataimed
until end-of-transaction and thus potentially foloag time, lock contention might disrupt the flaf up-
dates in an indexed view. Considering Figure 2eamrder processing advances to a new day of slgppin
i.e., once the first transaction creates a new saryimow in the materialized view, many transactiorsd
to increment counters and sums in that row. Thumeédiately after a new row in a materialized vievao
new record in the view index is created, contenfamthe new row or record can be just as highaas f
prior rows and records, and holding an exclusiwek lentil the end of the shipping transaction migbt be
acceptable.

8.1 Escrow locks and key range locking

Clearly, key value locks and key range locks arpartant for high concurrency in B-tree indexes.
Key range locking has introduced some new lock mpdey., “IS-S” [L 93], which have proven practical
and efficient in some commercial implementationsede lock modes are combination locks of a special
kind, combining two locks at different granulargtien the locking hierarchy yet mapped to the samo&-|
able resource, e.g., a single key value, in ordaeduce the number of lock manager invocationshEa
range between two existing keys (including ghosbrés) in an index is considered a lockable resourc
The range must be locked if any component withitoibe locked, specifically the one actual key imith
(and at the end) of the range. For example, “I$a®ans that the range between two keys is lock&bn
mode and the key is locked in “S” mode. Howevegsthlock modes must be understood as a performance
optimization; they do not affect concurrency cohtheory or the locking protocol.

As a concrete example, assume a B-tree’s onlycleathins valid records with keys 4 and 9 as well as
a ghost record with the key value 6. Assume furthat the interval associated with each key rafigas a
lower key exclusively to the next higher key indledy. Thus, the ranges that can be locked are @,

(4, 6], (6, 9], and (%), which are represented in the lock manager byatieal key values 4, 6, and 9 as
well as the artificial key value, respectively. Before locking and reading a keg ésirecord, say key 9, a
transaction first requires an intent-to-share ({@8k on the range (6,9]. Before inserting a new, key., 8,

a range lock is required for the range that incduBebecause the insertion of a new key could redue
value of a range lock already held, i.e., from J&®(8,9]. Thus, a read-only query might hold &8-S”
lock precisely to prevent insertion of phantom®4].

It helps to consider each combined lock mode asdegmarate locks when deciding how these lock
modes interact with escrow locks and intent-to-@sdocks. Specifically, update transactions thatchto
increment or decrement a summary row must obtailicdack on the range followed by an E lock on the
key or record. Using the same optimization, an EfElock mode must be provided for key range escrow
locking. Note that, as shown in Figure 11 and iscwksion, intention locks never conflict. Thushest
locks can obtain other intention locks on the ramdghough they can only obtain escrow locks ongje-
cific key or record, because escrow locks are caitipaonly with other escrow locks.

The most interesting case are insertions of nevs ketp a B-tree index. For those, it is actually no
required to lock the boundary of the gap into whichew key is inserted. Instead, only the gapfiisel
locked, and only briefly, because once the newikéserted, it is a resource that can be lockdtsiown
right. Insertions are the main topic of the nexties.

8.2 Record creation by system transactions

Our solution for this problem relies on two coneegiscussed earlier, namely system transactions and
the unification of ghost bit and duplicate courtbia delta count in each stored record. Recallahgtery
scanning an indexed view must ignore records witthelia count equal to zero, because this value is
equivalent to the traditional ghost bit indicatiag invalid record left behind by a prior deletidrhus,
when a deletion of a row in a database table desmésra delta count in an indexed view to zeroether
actually no need to delete this record — the reeotdmatically is semantically equivalent to a thdere-
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cord. Leaving it behind may even speed up a futsertion in the table and increment of the couarthie
materialized view. If that does not happen, eratiregrecord and reclaiming the space can safelgfb&o

an asynchronous clean-up utility or a future openathat reorganizes the page contents in ordarstert a
new record. Just as for traditional ghost recattis actual deletion should be performed by a systans-
action, which must obtain a suitable lock on thegjirecord in order to ensure that no other traimsac
still retains a lock on it, e.g., because the taatien that turned the record into a ghost hasooimitted
yet or because another transaction has obtainessemow lock on the record in order to increment its
counts and sums.

Inserting a new summary row in the materializedwand thus a new record in each index on the
view can work quite similarly, also using a systansaction. The main difference is that a systemst
action is invoked to insert a record that, due ttelia count equal to zero, is semantically notehe the
sense that no query will include it in its resiilhis system transaction is triggered when an upaké¢enpts
to modify a row that does not exist. In other woiidserting a new key in an indexed view with delbaint
equal to zero (as well as all fields that represemts that can be incremented and decremented)ndbes
modify the contents of the database, and thusgsoal candidate for the short system transactioncia
quickly commit and release its locks that were eeefdr creating the record.

It might be helpful to compare this procedure witkditional key insertion based on key-range lock-
ing protocols, which acquire and release lockshenrange between keys when inserting a new keyaimto
existing index. Basically, the insert must firstkathe range into which a new key is inserted ghel no
other concurrent transaction can insert precidedysame key. Once the new key is inserted, it sepits a
database resource that can be locked in its ovim. rigfter an exclusive lock is obtained on the neay
and registered in the system'’s lock manager, tingelaof another transaction inserting preciselystéeme
key is averted, and the lock on the range betweenwo pre-existing neighboring keys can be rekkase
Note that this lock is released with a transacstt progressing, even though releasing a loclompto
transaction commit is usually dangerous.

8.3 Locking and logging in system transactions

In the proposed design, it is a system transachiahinserts a new ghost record using key rande loc
ing; the user transaction merely modifies the ghdsbr its replacement, the delta count. The tisersac-
tion locks only a specific row or index key andyin E mode, whereas the system transaction resjaire
key-range lock on the entire gap between the tweeepisting neighbors of the new key. Quite obvigusl
when the system transaction commits, it can reléadecks, in particular the one on the key rartgew-
ever, the user transaction that invoked the sys$tansaction may acquire an E lock on the new reoord
key while the system transaction still holds anoxkl on it, exploiting the lock compatibility betwe¢he
two transactions. This E lock then permits the ussmsaction to increment the newly created reaord
row.

In the traditional locking protocol, a user trartgat retains its IX lock on the materialized viewits
index until it commits. Thus, if another transantiweeds to increment many or most of the rowsémth-
terialized view, it cannot obtain an E lock on twire view or its index. In the proposed scherhe, X
lock is held only very briefly (for the duration tife system transaction), thus enabling higher @waocy
among large and small update transactions. Noteatbalk insert transaction with an E lock on tin¢ire
index can still spawn a system transaction tharissa new key for a new summary row using IX and X
locks: while these locks ordinarily conflict, systedransactions are lock-compatible with their inwgk
transaction.

Insertion and commit of ghost records might be cigie to because a ghost record remains in the in-
dex if the user transaction rolls back. Howevemitst be considered that the ghost record onlypesu
space otherwise unused in its B-tree leaf. If treeition of the ghost record triggers a leaf sgii, tradi-
tional scheme would also require a leaf split. A dssed earlier, that page split would also béopmed
using a system transaction that is similarly ndlecbback during rollback of the user transaction.

Moreover, it can be argued that the ghost of a sammow remaining in an indexed view can serve
good purposes. First, since it represents a grnowyhich there is at least some data and some updtite
ity, the summary row might soon be needed in asg c@his includes, of course, restarting the sarseri
tion or update in the base table after the initiggr transaction’s successful rollback. Retainhrg ghost
record saves creating a ghost record during tluisrekattempt. Second, since even a ghost reconteded
range boundary in key range locking, it permits enfime-grained locks within the indexed view. Irctfa
one might consider even read-only transactionsitisart ghost records into B-tree indexes (usirgiesy
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transactions) solely for the purpose of lockingcely the key range defined by the current queedip
cate. While maybe not a good idea in general,ntlima good idea when parallel threads create amew
dex, with each thread responsible for one or meserknges in the new index.

9 Correctnhess

The large design presented here in substantiall @et@bines existing techniques and novel exten-
sions, e.g., multi-granularity escrow locks and-senal but serializable commit processing. Thagiés
correctness relies on the proven correctness obitgoonents.

Specifically, IE locks and their compatibility withther locks are derived using sound methodology
[K 83]. Deadlocks during concurrent commit procegsire avoided using the proven method of acquiring
locks in a prescribed order. These commit-time-aglusive locks guarantee that commit processing i
serializable; therefore, it is equivalent to sedammit processing. As serial commit processing @pizes
a traditional linear history for each summary ravd dor the entire database, versioning and snafisbiat:
tion are made compatible with escrow locking e¥emiiltiple transactions commit concurrently.

Contents-neutral keys and records in B-tree inddwreasot affect the semantics of a database, and sys
tem transactions may create them just as they ¢h@se in commercial systems today. Delta counts in
summary rows can subsume the roles of ghost bjtséndo-deleted records and of anti-matter bitsxgur
online index operations because they can represerd information than those two separate bits can.

Transaction, media, and system failures and tieewvery rely on traditional logging in stable sg@a
(not on virtual log records), and our design c#dis traditional logging and X locks at the time whe
changes are actually applied to the database. Thasges can be replayed for media and systemesgcov
and any transaction can be rolled back at any tint# the final commit record is logged. In otheonds,
even a failure during commit processing can bedoliack or compensated based on the recovery log.

10 Performance

The performance advantages of locking methodspiiahit multiple concurrent increment operations
have been demonstrated in a prototype based ommerxial product [LNE 03], although that design-sup
ports neither concurrent read and update transectiover the same data) nor concurrent executidn an
commit processing for small and large update tretitszs.

Further performance effects of the presented desigst be considered for two different cases. First,
assume a database system’s only current user agtéonperform a large update of tables and of rater
ized views over those tables. In this case, anyadirmbncurrency control is wasted effort, and parfance
will not improve in the present design and migh¢redeteriorate due to additional overheads. Sedbnd,
high concurrency is required around the clock, drmbth data analysis and database maintenance-oper
tions are required, our design creates entirely ogmortunities not supported by prior work.

For the first case, consider the overhead of saeedjer versions in each update. Clearly, update
processing will slow down due to creating and cogybld versions of records. Alternatively, some-ver
sioning techniques do not retain prior versionsrduthe update but recreate them on demand wheatedee
by a query transaction; or creating and copyingrelmbrd versions can be suppressed if no othesaran
tion is active at the time of the update. Eithee ofi these alternatives applies to any multi-versioncur-
rency control scheme, and would also apply to amgtdve the design presented here. Successful commer
cial database management system products demengtedatmulti-version snapshot isolation can perform
very well.

With respect to virtual log records, it is worth¥ehto consider that IMS/FastPath performs very well
using intention lists. Thus, with careful implematiin and tuning effort, the cost difference sholod
quite moderate between the presented design aradlitidnal design based entirely on shared anduexcl
sive locks.

For the second case, the presented design enablesaenarios, which must be considered both in
terms of concurrency and in terms of availabilifyables, views, and their indexes. In a traditiadesign,
materialized views and their indexes are maintawidiier instantly within the user transaction oriqei-
cally in large batches. In the former case, comarfbr summary rows might render real-time infotioa
analysis and monitoring infeasible. In the lattase large (table or index) locks are requiredrduview
maintenance, leading to periods during which thiealuksse is not available for queries or update. riguri
those periods, traditional locking schemes wouldpdy defer any incoming query or update transagction
whereas the presented design can process updstastiy with full use of all tables, views, and éx@s;
and it can be employed to support concurrent uptlatesactions while a separate large batch transact
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refreshes or re-creates the materialized view. GGithe current interest in stream processing, caatis
full availability is very desirable, whereas pesoaf high load and large locks are very undesirdbléne
waiting time is considered part of a query or updednsaction’s performance, the presented debiguld
compare extremely favorably to traditional designs.

11 Summary and conclusions

In summary, the presented combination of snapsindation and escrow locking, the latter general-
ized to exploit and complement proven databaseemehtation techniques, is a relatively simple get r
bust and efficient solution for concurrency contold recovery of materialized summary views and the
indexes. Combining these techniques, including snowel techniques to make their combination possibl
achieves several goals not addressed in priorn&@seaoremost among those is contention-free coantr
high read traffic and high update traffic over #zne summary data. Second is the ability to comigiad
and update traffic with large bulk operations, ,edgta import and even online index creation.

The novel techniques presented include multi-giemityl (hierarchical) escrow locking and serializ-
able (instead of serial) commit processing. Thietds desirable when deferred increment operatiaised
on virtual log records increase commit processimg tfor large operations such as bulk data loading.
achieved using commit-time-only exclusive locks] @eadlocks between concurrent commit activities ar
proactively avoided by sorting the keys for whidmunit-time-only locks are required. Such commiteim
only locks generalize the serial commit processimployed in IBM’s FastPath product, and can alseese
as a template for installing validated updatespitinistic concurrency control methods.

Moreover, the presented design considers not amgurrency control but also logging and recovery.
Slight modifications in the format of log recordssdribing record updates and moderate extensiotiein
interpretation duringindo processing extend the Aries recovery method fansaction rollback, media
recovery, and system recovery. Transaction rolliackave points requires some additional consierat
for virtual log records, akin to use of virtual logcords in today’s commercial systems for largerations
such as dropping an index or a table. Checkpoirgsnat affected by multiple concurrent updates, new
transactions can be accepted before restart reciv@omplete, and checkpoints during all phaseseof
start recovery are possible. Virtual (logicatlo) log records processed during transaction comnstie a
serial history for each record and thus enableimairsg support even when multiple update transastio
hold concurrent locks on the same data item.

Finally, the design unifies ghost bits, anti-mattés, duplicate counts, reference counts, groae, Si
and delta counts to enable increment and decreapErations by multiple concurrent uncommitted user
transactions. Queries ignore records with countsletp zero (similar to queries today ignoring meiso
with a ghost bit), and contents-neutral systemstations create and erase records with counts ¢gjual
zero such that user update transactions indeedincigment and decrement values but never insert an
delete records or keys in a materialized view or @frits indexes. By melting multiple concepts (irding
the anti-matter used in online index operation&) asingle delta count, the presented desigreidittt to
permit online creation of indexed views that regigrouping or that might include duplicate rows.

In conclusion, the presented design is a novel @aatilbn of implementation techniques that are al-
ready proven in database transaction processirgwanhope that it will prove successful in suppuayti
real-time business analysis. Having completed thb-level design, our next steps are to prototype,
plement, tune, evaluate, document, release, angosufhese techniques in a commercial database man-
agement system.
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