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tionMySQL data di
tionary has long been a terra in
ognita for developers and ar
hi-te
ts. Designed in pre-transa
tional era of MySQL, it has not had an overhaulor a 
lean up ever sin
e then. Following the design paradigm of MySQL-3.23 thedata di
tionary revolved around .frm (format) �les � pa
ked de�nitions of thebase relational tables, ea
h stored in a distin
t �le on the �lesystem. A �le namewould mat
h the name of the base table, and this ensured uniqueness of tablenames in the s
hema. The server provided a

ess isolation only to the extentthat was needed to prote
t the a
tual .frm data - and not, or only se
ondly, toensure any transa
tional or other semanti
al invariants of an RDBMS.With addition of new database obje
ts in 4.1 and 5.0, su
h as views, storedprograms and also users and time zones, no overhaul or generalization of the1



lo
king subsystem was made. That resulted in a number of design inadequa-
ies, when parallel me
hanisms were introdu
ed to provide 
on
urrent a

essto the new obje
ts, and inevitably, in bugs, su
h as Bug#989, Bug#25144,Bug#27690, Bug#30977.It's high time the 
urrent lo
king paradigm of the data di
tionary was re-vised. The needs of 
on
urren
y isolation and transa
tional prote
tion of dif-ferent DDL operations should be identi�ed and addressed, and a new solutionimplemented. Su
h a solution should have no lo
k-in to the 
urrent or possibleother metadata layout on disk or 
a
hing strategy of the system.However, the �rst ne
essary step on this path is to des
ribe in detail the
urrent system. This do
ument aims to provide su
h a des
ription, as well asintrodu
e a 
ommon terminology and module layout whi
h then 
ould be usedin other do
uments and spe
i�
ations.2 Tasks of the metadata 
on
urren
y isolationsubsystemAt present, the metadata lo
king (MDL) subsystem ful�lls multiple needs:
• provides prote
tion for 
on
urrent a

ess to the metadata 
a
he (tablede�nition 
a
he, TDC) and to the 
a
he of unused pluggable storage engineinterfa
e instan
es (open 
a
he, also known as "table 
a
he"). This taskis purely internal and serves the goal of performan
e.
• ensures 
on
urrent operation of data manipulation statements (DML),i.e. statements that use table metadata, in presen
e of data de�nitionstatements (DDL), i.e. those that modify metadata
• enfor
es 
onsisten
y of DDL in repli
ation s
enarios. DDL statementsare repli
ated using statement based repli
ation. The order, in whi
h
on
urrent DDL and DML statements are written to the binary log, mustmat
h the a
tual order of exe
ution on the master, to ensure identi
alorder of exe
ution on slaves, and 
onsequently, identi
al 
hanges appliedto the repli
as.While working reasonably well to ful�ll these needs, the subsystem has nosupport for the new features introdu
ed in newer server versions. Here we willonly brie�y identify the problems, while root 
ause analysis will follow in thenext se
tion.
• views, stored programs (with ex
eption to triggers), users, time zones �essentially all obje
ts introdu
ed in versions 4.1 and later � are outside ofthe 
urrent MDL subsystem. Consequently, while a DML statement thatuses a new obje
t de�nition is exe
uting, a DDL statement 
an interfere,
hange the de�nition, and write itself into the binary log. This desyn
hro-nizes the slave and the master, and breaks both, statement and row basedrepli
ation. One manifestation of this problem is reported as Bug#25144.
• when statement exe
ution is 
omplete, the server releases all used obje
ts,and 
onsequently the lo
ks, ba
k to their respe
tive obje
t 
a
hes. In2



transa
tional environment this leads to violation of ACID: a 
on
urrent
onne
tion may 
hange metadata of a used table or even drop it betweentwo 
onse
utive statements of a single transa
tion. This problem is re-ported as Bug#989
• ea
h lo
k is atomi
 and there is no way to preserve lo
king hierar
hy. Inparti
ular, one 
annot lo
k an entire s
hema or, on the other side of thespe
trum, one trigger of a table. The only granule size that is supportedis one table. This does not lead to known bugs, but being able to atomi-
ally lo
k all obje
ts in a s
hema is ne
essary for 
orre
t support of su
hstatements as RENAME DATABASE.
• a 
a
hed prepared statement or a stored routine neither keeps the lo
kson de�nitions of used obje
ts nor has any other means to tra
e that adependent obje
t de�nition has 
hanged. Consequently, when an obje
tthat is used in a prepared statement is 
hanged, the prepared statementis not invalidated, whi
h leads to wrong results returned to a user whensu
h a statement is exe
uted. This problem is reported as Bug#27690, but
an be generalized � there is no me
hanism to ensure 
oheren
e of 
a
hesof dependent obje
ts. While it 
ould be noted that dependen
y tra
kingis not stri
tly a responsibility job of the lo
k manager, dependen
ies ormetadata versioning require support in the MDL subsystem as well.3 The table 
a
heTable 
a
he is the data stru
ture that 
onstitutes the 
ore of the 
urrent meta-data lo
king subsystem. A lo
k is represented as an element of the 
a
he. Ad-ditionally, just like any other 
a
he, table 
a
he 
ontains unused table elements.These elements are linked into a list and purged a

ording to the LRU (leastre
ently used) rules.Ea
h element of the 
a
he is a pair of TABLE and an atta
hed handler obje
t.There may be more than one element for a given physi
al table. This is the 
asewhen the table is used by multiple user 
onne
tions or has multiple 
ursors opento it in one user 
onne
tion.For example1:
onne
tion 1: 
onne
tion 2:SELECT * FROM db.t1; SELECT * FROM db.t1 JOINdb.t2 as t2_1 LEFT JOINdb.t2 as t2_2WHERE t2_1.uplink=t2_2.downlink;-- Assuming the two statements above are running 
on
urrently, the-- table 
a
he 
ontains two elements for t1, first used by-- 
onne
tion 1, se
ond used by 
onne
tion 2, and two elements-- for t2, both used by 
onne
tion 2.1Here and later in this do
ument 
on
urrent exe
ution will be presented using multi-
olumnlayout. 3



The 
a
he itself is represented as a hash, with its key 
onstru
ted fromdatabase name + table name and value of type TABLE*. Multiple instan
es ofthe same table simply form a 
hain of 
ollisions in the hash, sin
e ea
h has anidenti
al key2. Additionally, unused 
a
he elements are linked into an intrusivedouble-linked list unused_tables.A

ess to the 
a
he is prote
ted by LOCK_open mutex (mutual ex
lusion).Changes in the state of the 
a
he are announ
ed using 
ondition variableCOND_refresh./∗An in t e r f a 
 e po in t to the p l u g g a b l e s t o rage engine i n t e r f a 
 e .Represents one 
ursor .
∗/stru
t handler ;stru
t TABLE{ /∗ Hash key : database name , \0 , t a b l e name , \0 ∗/u
har ∗key ;/∗ One−to−one r e l a t i o n s h i p : a s to rage engine 
ursor ∗/handler ∗ f i l e ;/∗The user 
onne
t ion t ha t i s 
 u r r en t l y us ing the 
a
hee lement . NULL i f the e lement i s unused .Non−nu l l va lue e s s e n t i a l l y s i g n i f i e s a shared l o 
 k on theo b j e 
 t .
∗/THD ∗ in_use ;/∗∗ TRUE fo r e x 
 l u s i v e metadata l o 
 k s ∗/bool open_pla
eholder ;/∗For l i n k i n g in to unused_tables l i s t .I f the 
a
he e lement i s unused , ( in_use i s NULL) ,t he se e lements po in t to unused_tables .Otherwise , va lue o f ' prev ' i s meaningless , and ' next ' po in t sto the next TABLE element in the l i s t o f open t a b l e s o f t h i sthread .
∗/TABLE ∗next , ∗prev ;/∗Remember the ve r s i on o f the 
a
he ( va lue o f r e f r e sh_ver s i on )from the time when t h i s e lement was i n s e r t e d in to the 
a
he .Used to implement FLUSH TABLES. A s p e 
 i a l va lue 0 i s usedto implement e x 
 l u s i v e l o 
 k s .
∗/ulong ve r s i on ;} ;2When 
ollision 
hain gets long, the server performan
e 
an digress signi�
antly, as reportedin Bug#33948. 4



TABLE ∗unused_tables ;HASH<
onst 
har ∗ , TABLE ∗> open_
a
he ;/∗Version o f the e n t i r e 
a
he −− i s in
remented by FLUSH TABLESonly .
∗/ulong re f r e sh_ver s i on ;/∗ Pro te
 t s : open_
a
he , unused_tables .
∗/pthread_mutex_t LOCK_open;/∗To s i g n a l 
hanges in the open_
a
he , e . g . a f t e r an elementwas marked as unused and r e l e a s e d to the 
a
he .
∗/pthread_
ond_t COND_refresh ;From metadata lo
king perspe
tive, 
a
he elements are not exa
tly lo
ks.Rather, for a given fully quali�ed table name, ea
h element individually and its
ollision 
hain as a whole represent all requested lo
ks and all granted lo
ks onthe 
orresponding table3.Consequently, the hash itself and the asso
iated mutex are used not only for
a
he operations, su
h as a

ess or invalidate � but rather lay a foundation forthe entire metadata lo
k manager.Let's outline the most important usage s
enarios of the open 
a
he to demon-strate how it supports shared and ex
lusive lo
ks.3.1 Important use 
asesOn input, ea
h 
a
he fun
tions takes a hash key, on output it either returns aTABLE obje
t or ensures that there are no mat
hing TABLE obje
ts in the 
a
heand the 
urrent thread owns LOCK_open.3.1.1 A shared metadata lo
kThis is the most 
ommon use 
ase. It is invoked by various DML statements, e.g.INSERT, UPDATE, DELETE, SELECT. The responsible fun
tion is open_table()in sql_base.

. It lo
ates one 
a
he element, marks it as used and returns tothe 
aller. Other threads 
an tell, from the fa
t that an element is in use, thatthey 
annot 
hange the underlying table's metadata. It 
ould be even observedthat the essential goal of this fun
tion is to lo
ate an unused 
a
he element �the fa
t that a shared lo
k is pla
ed is a

idental.A full version of the algorithm also 
overs a number of important spe
ial
ases. The algorithm provided here, however, de�nes the prin
ipal stru
ture.This algorithm will be extended later in this se
tion, when other usage s
enariosare 
onsidered.3Due to la
k of a single stru
ture to represent a lo
k, and due to dire
t asso
iation of alo
k with a table name, metadata lo
ks are sometimes referred to as "name lo
ks".5



Pseudo
ode 1 A
quisition of a shared lo
k1: {Implemented in open_table().}2: lo
k LOCK_open3: lo
ate TABLE obje
t that 
orresponds to the given key in open_
a
he4: if not found or no free elements then5: insert a new TABLE into the 
a
he, by reading .frm �le from disk and
reating a new 
a
he element.6: else7: unlink the table from unused_tables list.8: end if9: set TABLE::in_use to 
urrent_thd10: unlo
k LOCK_open11: return TABLE obje
t to the 
aller3.1.2 Release of a lo
kWhen a statement is 
omplete, all used TABLEs must be returned to the 
a
he.It is a
hieved by setting their TABLE::in_use value to 0. The fun
tionality isimplemented in 
lose_thread_table() fun
tion, sql_base.

. One 
ould againobserve that the essential task of 
lose_thread_table() is not to release a lo
k,but rather to release a 
a
he element that is no longer needed.Pseudo
ode 2 Release of a lo
k1: {Implemented in 
lose_thread_table().}2: lo
k LOCK_open3: set TABLE::in_use to 04: link the table into unused_tables list.5: unlo
k LOCK_open3.1.3 Deletion of an unused 
a
he elementThe two pre
eding algorithms 
ombined implement a fairly standard andstraightforward 
a
hing strategy. But su
h a strategy would be in
ompleteunless there was a way to 
ontrol the overall size of the 
a
he. Su
h a me
ha-nism is indeed in pla
e. Let us 
over it, primarily for the sake of 
ompleteness:
a
he size management has little impa
t on lo
king rules.The overall 
a
he size is set by a 
on�gurable 
onstant. If, however, theserver requests a new element that is not in the 
a
he and the 
a
he is full, anew element is nevertheless 
reated and added to the 
a
he. When this elementis released by algorithm 2, the overall size of the 
a
he is 
he
ked, and, if the
urrent size ex
eeds the 
on�gured limit, the element is deleted, rather thanlinked into unused_list. Similarly, when a request for a new element that isnot in the 
a
he arrives and the 
a
he is full, algorithm 1 purges elements ofunused_list to make some room for the new element.For brevity, this fun
tionality will not be 
overed in any pseudo-
ode.
6



3.1.4 FLUSH TABLESMySQL manual says that the task of FLUSH statement is to reload MySQLinternal 
a
hes � the table 
a
he, in our 
ase:FLUSH TABLES Closes all open tables and for
es all tables in use tobe 
losed.One appli
ation of FLUSH TABLES is ".frm shipping" � ability to add a newtable to a s
hema simply by pla
ing it to the right lo
ation on the host �lesystem:kostja�bodhi:/opt/lo
al/var/mysql-5.1/db1$ ls a.*a.frm a.MYD a.MYIkostja�bodhi:/opt/lo
al/var/mysql-5.1/db1$ 
p a.* ../db2;kostja�bodhi:/opt/lo
al/var/mysql-5.1/test$ mysql -uroot testmysql> flush tables;Query OK, 0 rows affe
ted (0.03 se
)mysql> use db2;Database 
hangedmysql> show tables;+----------------+| Tables_in_test |+----------------+| a |+----------------+1 row in set (0.00 se
)Sin
e at any given moment some 
a
he elements may be in use, implemen-tation of FLUSH TABLES, generally, either has to halt exe
ution in order to 
learthe 
a
he or expel 
a
he elements one by one. In our 
ase, the latter approa
hwas preferred.In order to 
lear 
a
he elements one by one, one needs to be able to dis-tinguish old elements and elements that have been loaded into the 
a
he afterFLUSH TABLES was issued. This task is a

omplished as follows:A global variable refresh_version tra
ks the version of the entire 
a
hewith respe
t to FLUSH TABLES � at start of the server it is set to 1 and isin
remented upon ea
h FLUSH TABLES. When an element is �rst inserted intothe 
a
he, the 
urrent value of refresh_version is saved in TABLE::version.When a used element is returned to the 
a
he, its TABLE::version is 
omparedwith 
urrent refresh_version and in 
ase of mismat
h the element is deleted,rather than appended to unused_list.Let us rewrite algorithm 2 taking into a

ount possibility of FLUSH TABLES(see algorithm 3).On
e the algorithm that releases a 
a
he element has been made aware ofFLUSH TABLES, the job of FLUSH TABLES implementation itself be
omes simple:
• in
rease refresh_version
• delete all elements of unused_list.. This ensures that by the time when all 
urrently used elements are released,the 
a
he has no old elements. The algorithm is implemented in fun
tion
lose_
a
hed_tables(), sql_base.

. 7



Pseudo
ode 3 Release of a lo
k (FLUSH TABLES aware)1: {Implemented in 
lose_thread_table().}2: lo
k LOCK_open3: set TABLE::in_use to 04: if TABLE::version == refresh_version then5: link the table into unused_tables list.6: else7: delete the table8: broad
ast COND_refresh {Let other threads know that we have releaseda 
a
he element.}9: end if10: unlo
k LOCK_openPseudo
ode 4 FLUSH TABLES1: {Implemented in 
lose_
a
hed_tables().}2: lo
k LOCK_open3: purge unused_list4: refresh_version++5: if wait till FLUSH is 
omplete then6: while ∃ table: TABLE::version < refresh_version do7: wait on COND_refresh8: end while9: end if10: unlo
k LOCK_open3.1.5 FLUSH TABLEFLUSH TABLE statement a

epts one or more arguments. The task of this state-ment is similar to one of FLUSH TABLES, but is more granular � it must expel onlythose 
a
he elements that stand for the given name. To a

omplish the task, allmat
hing elements are for
efully marked as stale: their TABLE::version is sim-ply set to 0. Note, that some of the a�e
ted 
a
he elements may still be in use byother threads. But sin
e the assignment or 
he
king of TABLE::version alwayshappens under LOCK_open this does not lead to any 
on
urren
y anomalies.The algorithm is implemented in fun
tion remove_table_from_
a
he(),sql_base.

. While remove_table_from_
a
he(), similarly to
lose_
a
hed_tables(), has an option to syn
hronously wait for 
ompletion(
all wait_while_table_is_used() it will not be 
overed in pseudo
ode sin
ethe implementation is similar.Pseudo
ode 5 FLUSH TABLE1: {Implemented in remove_table_from_
a
he().}2: lo
k LOCK_open3: for all table: TABLE::key == key do4: set TABLE::version to 05: end for6: unlo
k LOCK_open 8



3.1.6 Digression: what does a metadata lo
k prote
t?So far tasks and algorithms of metadata lo
king subsystem has been straight-forward: we were dealing with a spe
ial obje
t 
a
he. The purpose of all namedmembers and variables was well de�ned and lo
al. It's also apparent that anySQL statement has to obtain elements of the 
a
he in order to pro
eed and 
anrelease them only when exe
ution is 
omplete. Now we're approa
hing the �rstserver operation that exploits this fa
t to ensure external invariants.From now on targets of metadata lo
king lay outside the table 
a
he. Inorder to understand the need for and implementation details of the additionaloperations, let's enumerate all elements of the metadata lo
king universe.a 
a
he element (as a formality, let's start from an already des
ribed item).A 
a
he element provides a

ess to one storage engine 
ursor. No twothreads 
an use the same element simultaneously. If a 
a
he element is inuse, it 
an not be deleted from the 
a
he.table metadata � .frm �le .frm �les are obje
ts of the data di
tionary. One�le stores metadata of one table. As su
h, an .frm �le is internal to thedi
tionary. Naturally, while one thread is reading a �le, no other threadshould be able to write into it or otherwise tamper with it. However, thedi
tionary itself does not enfor
e this invariant � it relies on the fa
t thatany operation with an .frm is involved only after a pre
autionary a
tionon the table 
a
he, su
h an a
tion that ensures 
onsisten
y of the datadi
tionary 
ontents. Thus, the invariant must be formulated in terms ofthe table 
a
he: no thread 
an perform modi�
ations of data di
tionarydata of a table as long as other threads use 
a
he elements that 
orrespondto this table. This is a form of advisory lo
king. It's also a 
ase of tight
oupling.order of events in the binary log The binary log 
ontains a sequentialstream of all data-modifying statements. A statement is written to thelog upon 
ompletion. Ea
h statement forms one log event. The order ofevents in the log must be the same as the order of 
hanges to the masterrepli
a � otherwise slave repli
a will be di�erent.For example:
onne
tion 1: 
onne
tion 2:UPDATE t1 SET a=2; INSERT INTO t1 VALUES (1);-- order of writes to the binary log must mat
h the order-- in whi
h t1 re
ords are modifiedAll DML statements a
quire data lo
ks in addition to metadata lo
ks.A write to the binary log happens after the operation is performed andbefore the data lo
k is released. It will su�
e to say that whenever datalo
ks are in a
tion, log 
onsisten
y is ensured by lo
k 
ompatibility rules ofthe data lo
k manager. Moreover, for DML statements, there is row basedrepli
ation alternative, when 
hanged rows rather than DML statementsare written to the binary log. 9



But DDL statements either not a
quire data lo
ks at all or not keep themall the time. Indeed, a data lo
k is tied to a storage engine instan
e,and 
an only be a
quired on
e there exists one, while statements su
h asCREATE TABLE or RENAME TABLE start before the table is 
reated in thestorage engine. It is perhaps arguable whether su
h a layout is 
orre
t orwhether we need data lo
ks at all. What is important now is that the taskof the metadata lo
k manager is also to ensure 
orre
t order of binary logevents.For example:
onne
tion 1: 
onne
tion 2:CREATE TABLE t1(a CHAR(19) NOT NULLDEFAULT '2007-09-01');INSERT INTO t1 (a) ALTER TABLE t1 MODIFY COLUMNVALUES (DEFAULT); a TIMESTAMP NOT NULL;-- either INSERT or ALTER must pro
eed first and get written-- to the log firstTherefore, the following invariant 
an be formulated: ea
h DDL statementmust ensure that no other thread is using 
a
he elements of the given tablefrom the point before any 
hanges to table metadata are applied and tothe point after a binary log re
ord is written4.table data � simplisti
 engines Some simplisti
 storage engines demandthat 
ertain methods of the pluggable storage engine API are not
alled 
on
urrently. E.g. MyISAM demands that a 
all tohandler::rename_tables() is fully ex
lusive � when it is invoked, theremust be no other handler instan
e 
reated for the subje
t table5.query 
a
he 
onsisten
y A DDL statement must invalidate all 
a
hed re-sults derived from a�e
ted tables. Invalidation must happen in s
ope ofa metadata lo
k, sin
e otherwise a stale result may be returned from the
a
he.For example:
onne
tion 1: 
onne
tion 2:-- populates the 
a
heSELECT * FROM t1;4This invariant is stronger than ne
essary: e.g. SELECT statements theoreti
ally should beable to pro
eed, sin
e they are not written to the binary log.5ha_myisam::rename_tables() simply attempts to move the underlying data �le to a newlo
ation. On Windows that yields an error if the �le is in use by some other thread.10



ALTER TABLE t1 DROP COLUMN 
;-- a
quires lo
ks-- performs ALTER statement-- releases lo
ksSELECT * FROM t1;-- returns a stale result-- from the 
a
he -- invalidates the 
a
he3.1.7 An ex
lusive lo
k: MySQL 4.1 and olderAn ex
lusive lo
k is in
ompatible with a shared or other ex
lusive lo
k.The server a
quires ex
lusive lo
ks to perform DDL statements - su
h asRENAME TABLE or DROP TABLE. Essentially, 4.1 implementation of ex
lusivelo
ks:
• uses a variant of FLUSH TABLE to ensure that there are no shared lo
ks onthe table
• keeps LOCK_open lo
ked, to ensure that no other ex
lusive lo
k is in use.Su
h an implementation is a misnomer � in order to a
hieve ex
lusivenessthe a
quirer must keep LOCK_open. This approa
h introdu
es signi�
ant 
on-
urren
y bottlene
k, sin
e the entire server is brought to a halt until the lo
kis released. Nevertheless, up until version 5.0.34 there were no other safe wayto perform a DDL statement. It is possible that the design 
hoi
e that buildsaround 
a
hing primitives was 
aused by unwillingness to a
knowledge a distin
tneed for metadata lo
ks. In 5.0.34, however, a new variant of an algorithm toa
quire ex
lusive lo
k was introdu
ed, whi
h does not require that LOCK_openis kept. However, not all DDL statements have been 
onverted to use the newalgorithm yet.In many 
ases the server takes more than one ex
lusive lo
k at a time, sin
emany DDL statements allow a list of tables for the argument. Let's �rst produ
ea detailed des
ription of the algorithm for a
quisition of one ex
lusive lo
k � thealgorithm for a
quisition of multiple lo
ks will be provided in the 
hapter ondeadlo
k avoidan
e.Sin
e an ex
lusive lo
k on a table name is in
ompatible with shared lo
ks,all shared lo
ks must vanish before the ex
lusive lo
k is granted. This is a
-
omplished by a 
all to remove_table_from_
a
he(), the same fun
tion thatis used for FLUSH TABLE. In order to ensure that no new lo
k is inserted whilethe a
quirer is waiting for the tables in use, a spe
ial dummy element is insertedinto the 
a
he. This element signals other threads that they 
an not obtain new
a
he elements for this name any more. The element has no handler instan
eatta
hed (TABLE::file is 0), and is marked as "stale" (TABLE::version is 0).11



Note, that this dummy element would have had no e�e
t if the algorithm1, whi
h a
quires a shared lo
k, had not taken it into a

ount. An extendedversion of algorithm 1 is provided in algorithm 6.Pseudo
ode 6 A
quisition of a shared lo
k, updated1: {Implemented in open_table().}2: lo
k LOCK_open3: lo
ate TABLE obje
t that 
orresponds to the given key in open_
a
he4: {The 
ondition below is implemented in table_is_used() fun
tion.}5: if ∃ table: TABLE::version 6= refresh_version then6: wait till someone broad
asts COND_refresh7: unlo
k LOCK_open8: return "must retry"9: else if not found or no free elements then10: insert a new TABLE into the 
a
he, by reading .frm �le from disk and
reating a new 
a
he element.11: else12: unlink the table from unused_tables list.13: end if14: set TABLE::in_use to 
urrent_thd15: unlo
k LOCK_open16: return TABLE obje
t to the 
allerThe new implementation has an important side e�e
t: sin
e the algorithm re-tries when it dis
overs a table with TABLE::version != refresh_version, notjust when TABLE::version == 0, an additional invariant is enfor
ed: for a givenname, the 
a
he never 
ontains a
tive elements with di�erent TABLE::versionvalues. Some simplisti
 engines rely on this.The algorithm for a
quisition of an ex
lusive lo
k is implementedin fun
tions lo
k_table_names() (the entry point), wait_for_tables(),table_is_used(), wait_for_refresh(), sql_base.

. It is 
overed by pseu-do
ode 7.Pseudo
ode 7 A
quisition of an ex
lusive lo
k: 4.1 version1: {Implemented in lo
k_table_names().}2: initialize a spe
ial dummy TABLE instan
e for this name3: set TABLE::in_use to 
urrent_thd4: set TABLE::file to 05: set TABLE::version to 0.6: lo
k LOCK_open7: insert the dummy element into the 
a
he8: 
all remove_table_from_
a
he()9: {The loop below is implemented in fun
tion wait_for_tables()}10: while table_is_used() do11: wait until someone broad
asts COND_refresh12: end while13: return {LOCK_open is not unlo
ked}
12



3.1.8 An ex
lusive lo
k: MySQL 5.0 and beyondWhen algorithm 7 is 
omplete, two important predi
ates hold:
• no other 
onne
tion has a shared lo
k on the table in question,
• the 
aller owns LOCK_open.This ensures that no other 
onne
tion's attempt to a
quire the lo
k 
an pro
eed,and let alone su

eed. Until 5.0.34, however, there were no me
hanism to "�x-ate" the e�e
t, i.e. to be able to release LOCK_open but still keep other threadsout from using the table. Even though a thread that attempts to a
quire ashared lo
k would ba
k o� after en
ountering the dummy element in the 
a
he,a
quirers of ex
lusive lo
ks still needed to be taken 
are of.A me
hanism was needed to make other 
ontenders wait till the 
urrentex
lusive lo
k is released. First of all, there had to be a way to indi
ate thatthe ex
lusive lo
k is in pla
e. For that purpose TABLE obje
t was augmentedwith a new boolean member for an ex
lusive lo
k � TABLE::open_pla
eholder.Se
ondly, fun
tion table_is_used(), whi
h is 
ommonly used to dete
t a TABLEwith an old version in the 
a
he, was 
hanged to return true not only whenthere is an old table that is in use, but also when there is a table with setTABLE::open_pla
eholder.Pseudo
ode of 5.0.34 implementation of an ex
lusive lo
k andtable_is_used() fun
tion are provided in algorithms 8 and 9 respe
tively.Pseudo
ode 8 A
quisition of an ex
lusive lo
k: 5.0 version1: {Implemented in fun
tion lo
k_table_names_ex
lusively().}2: 
all 4.1 version of the algorithm {Implemented in fun
tionlo
k_table_names()}3: set TABLE::open_pla
eholder of the dummy table to true4: unlo
k LOCK_openPseudo
ode 9 table_is_used()1: if TABLE::in_use || TABLE::open_pla
eholder then2: return true3: else4: return false5: end if3.1.9 A
quisition of multiple lo
ks.The task of a
quisition of multiple lo
ks introdu
es a few new dimensions to thelo
king subsystem:lo
king proto
ol The 
hoi
e of the lo
king proto
ol de�nes what lo
ks 
an bea
quired, in what order, and what lo
k 
on�i
ts 
an potentially o

ur.deadlo
ks A deadlo
k is a situation when two threads are blo
ked be
ause oneor both are waiting for a lo
k that will not be released. A 
lassi
 examplefor a deadlo
k is the 
ase of "reverse lo
k order", whi
h 
an happen whenthe lo
king proto
ol allows arbitrary order of lo
k a
quisition:13




onne
tion 1: 
onne
tion 2:RENAME TABLE RENAME TABLEt2 TO t3, t1 TO t2; t1 TO t4, t2 TO t1;-- lo
ks t2 -- lo
ks t1-- lo
ks t3 -- lo
ks t4-- tries to lo
k t2 and -- tries to lo
k t1 and-- blo
ks -- blo
ks-------------- d e a d l o 
 k ---------------self-deadlo
ks A self-deadlo
k o

urs when the same thread attempts to a
-quire 
on�i
ting lo
ks on the same obje
t. It is usually a property of amalformed SQL statement:
onne
tion 1:CREATE TABLE t1 SELECT * FROM t1;livelo
ks A livelo
k is a situation of an "a
tive" deadlo
k, inherent in somelo
k 
on�i
t resolution algorithms. It happens when two or more a
quir-ers in�nitely ba
k o� and retry, only to en
ounter a lo
k 
on�i
t again.Quoting Wikipedia:As a real-world example, livelo
k o

urs when two people meetin a narrow 
orridor, and ea
h tries to be polite by moving asideto let the other pass, but they end up swaying from side to sidewithout making any progress be
ause they always both movethe same way at the same time.Before pro
eeding with des
ription of multi-lo
king algorithms, let's identifymajor use 
ases that involve a
quisition of multiple lo
ks, or, in other words,spe
ify the metadata lo
king proto
ol.In MySQL, metadata lo
ks are a
quired �rst, before any other (e.g. tableor row level) lo
ks. DML statements a
quire one or several shared lo
ks. DDLstatements a
quire one or several ex
lusive lo
ks. Some statements present a
ombination of DML and DDL, e.g. CREATE TABLE ... SELECT. These a
quirea 
ombination of shared and ex
lusive lo
ks. And �nally, there is one DDLstatement that must start with a single shared lo
k, and then 
onvert it to anex
lusive lo
k � ALTER TABLE. A lo
k upgrade 
an not be avoided as long aswe want to allow users to a

ess the table during a potentially very long ALTERstep � �lling in the new, altered table with data from the original table.After analyzing all supported SQL statements and extra
ting possible lo
k-ing s
enarios from them, minimal requirements for the lo
king proto
ol 
an beprodu
ed.It must be allowed:
• to a
quire multiple shared lo
ks � all at on
e,14



• to a
quire multiple ex
lusive lo
ks � all at on
e,
• to a
quire a 
ombination of ex
lusive and shared lo
ks � all at on
e6,
• to a
quire one shared lo
k and later upgrade it to ex
lusive.The 
urrent implementation does not allow:
• to a
quire new lo
ks while keeping other lo
ks,
• to upgrade a lo
k if there are other a
quired lo
ks.Out of an array of approa
hes to resolve a deadlo
k, metadata lo
king usesa 
ombination of simple te
hniques:
• if a
quisition of a shared lo
k 
on�i
ts with an ex
lusive lo
k, all lo
ksa
quired-so-far are released, and the lo
king pro
ess starts over. Thisapproa
h is often referred to as "ba
k o� and retry" te
hnique.
• if a
quisition of an ex
lusive lo
k 
on�i
ts with a shared lo
k, the a
quirerwaits until the holder either 
ompletes or ba
ks o�. In a situation whenmultiple ex
lusive lo
ks are requested, the wait happens on all of them si-multaneously. In a situation when a 
ombination of shared and ex
lusivelo
ks is requested, all ex
lusive lo
ks are a
quired before shared ones. Thisis ne
essary to prevent deadlo
ks, when a wait happens without prior re-lease of an a
quired resour
e. In other words, we never wait while keepingother lo
ks.
• if a
quisition of one of ex
lusive lo
ks 
on�i
ts with an existing ex
lusivelo
k, no lo
ks are a
quired at all until the 
on�i
t is gone. This is similarto resolution of shared/ex
lusive lo
k 
on�i
ts, with an ex
eption thatex
lusive lo
ks utilize "all or nothing" approa
h: either all ex
lusive lo
ksfrom the list are granted, or the thread waits until su
h a grant 
an su

eed.Self-deadlo
ks are dete
ted along with other lo
k 
on�i
ts. In 
ase of aself-deadlo
k the a
quirer does not ba
k o�, but rather returns an error.Sin
e the entire lo
k manager is prote
ted by a single mutex (LOCK_open)livelo
ks are not possible � whoever got the mutex �rst is the winner. Toavoid "busy waiting", when a thread 
onstantly re-tries attempts to get lo
ksonly to dis
over that the 
on�i
ting lo
k is still in pla
e, the a
quirer waits onCOND_refresh before ea
h new attempt.These rules, in a nutshell, de�ne the algorithms for a
quisition of multiplelo
ks. Let's try to formalize them in pseudo
odes 10 and 11. Des
ription of lo
kupgrade will be provided in the se
tion for ALTER TABLE.3.1.10 ALTER TABLE: a lo
k upgrade s
enarioIn fa
t, a lo
k upgrade is performed in many pla
es. In most 
ases, however,its usage 
an hardly be justi�ed, and in some it may even lead to a deadlo
k.ALTER TABLE poses one valid 
ase � its implementation �rst uses the old de�ni-tion to 
onstru
t a 
opy of the table, and then updates the original de�nition.

15



Pseudo
ode 10 A
quisition of multiple shared lo
ks1: {Implemented in open_tables(), sql_base.

}2: loop3: for ea
h table to be lo
ked do4: if open_table(tables) == RETRY then5: release all lo
ks {uses 
lose_old_data_files()}6: wait on COND_refresh7: restart the loop8: end if9: end for10: return OK11: end loopPseudo
ode 11 A
quisition of multiple ex
lusive lo
ks1: {Implemented in lo
k_table_names_ex
lusively(), sql_base.

}2: lo
k LOCK_open3: for ea
h table to be lo
ked do4: insert a table name pla
eholder into the 
a
he5: 
all remove_table_from_
a
he()6: end for7: 
all wait_for_tables()Pseudo
ode 12 ALTER TABLE1: {Implemented in mysql_alter_table(), sql_table.

.}2: {Lo
k table metadata in shared mode and get a PSE API handle.}3: {Lo
k table data with TL_WRITE_ALLOW_READ.}4: {Che
k that ALTER instru
tions are semanti
ally 
orre
t.}5: {Compare the original table and the new one, query the storage engine ifall 
hanges 
an be performed online.}6: 
an_do_fast_or_online= 
ompare_tables();7: if 
an_do_fast_or_online then8: {Create a new .frm �le on disk with the new de�nition}9: {Delegate ALTER to the storage engine}10: {Upgrade the shared metadata lo
k to ex
lusive. Unlo
k the data lo
k.}11: {Move the new .frm in pla
e of the old one.}12: else13: {Constru
t a temporary table for the new de�nition.}14: {Copy data from the old table to the temporary one.}15: {Upgrade the shared metadata lo
k to ex
lusive. Unlo
k the data lo
k.}16: {Drop the old table. Rename the temporary table.}17: end if18: {Release the metadata lo
k.} 16



Let's walk through ALTER TABLE implementation to show why and when alo
k upgrade is issued.ALTER TABLE starts from a
quiring a shared metadata lo
k. At this pointit is not known whether ALTER spe
i�
ation is semanti
ally valid or not, whi
hstorage engine the table belongs to, whether it will or will not be possible toperform ALTER without a full table rebuild.On
e a shared metadata lo
k is in pla
e, a storage engine API interfa
e isqueried, and the table is additionally lo
ked in TL_WRITE_ALLOW_READ mode7.It is not ne
essary to lo
k table data in all 
ases. Su
h an early a
quisitionof the lo
k is heritage of MyISAM-only MySQL, when the only algorithm forALTER was via a full rebuild.On
e all lo
ks are a
quired, the storage engine is questioned whether ALTER
an be performed by the storage engine or a 
opy is ne
essary. In both 
asesthe operation may potentially take very long time, and therefore should notbe performed under an ex
lusive lo
k. On the other hand, an ex
lusive lo
k ismandatory as long as one needs to 
hange the .frm. By and large this justi�esthe need for a lo
k upgrade. When the lo
k upgrade is 
omplete, the new .frm
an be written in pla
e of the old one. All lo
ks 
an be released after that.Until this moment it was possible to 
onsider MySQL metadata lo
ks inisolation, i.e. without referen
es to external invariants. Unfortunately, whenperforming a metadata lo
k upgrade, the server always relies on an externalinvariant, the one provided by the table lo
k manager.Let's imagine for a moment that only a shared lo
k was a
quired in thebeginning of ALTER TABLE statement, and either no data lo
k is a
quired atall or some less stri
t lo
k type is used. In this 
ase the following 
on�i
tings
enario would be possible:
onne
tion 1: 
onne
tion 2:ALTER TABLE t1 MODIFY COLUMN ALTER TABLE t1 MODIFY COLUMNa VARCHAR(255); b INT;-- lo
k t1 metadata in -- lo
k t1 metadata in-- shared mode -- shared mode-- lo
k t1 data for READ -- lo
k t1 data for READ-- 
onstru
t a 
opy table -- 
onstru
t a 
opy table-- try to upgrade the lo
k-- and blo
k: waiting for-- 
onne
tion 2 -- try to upgrade the lo
k:-- expe
ted to ba
k off and6This is ne
essary for CREATE TABLE ... SELECT, and is handled by �rst a
quiring theex
lusive lo
k on the subje
t table, and then pro
eeding with the shared lo
ks for tables inSELECT.7No writes to the table will be done and the mode a
tually implies that writes should bedisallowed. A better name for the lo
k is perhaps TL_READ_NO_WRITE.17



-- abandon the 
reated 
opy?!In other words, a
quisition of a stri
t data lo
k is ne
essary at least to pro-te
t ALTER from its own 
lone running in a parallel 
onne
tion. It ensuresthat there are no other threads that may request a lo
k upgrade, or thatthese threads are blo
ked waiting for the data lo
k. This 
lari�es one of thetri
ky points of MySQL PSE API, one that has to be taken into a

ount byall transa
tional storage engines, whi
h normally downgrade all data lo
ks toTL_WRITE_ALLOW_WRITE.But having said that, the very same s
enario allows for a simple deadlo
keven when TL_WRITE_ALLOW_READ is used:
onne
tion 1: 
onne
tion 2:ALTER TABLE t1 MODIFY COLUMN ALTER TABLE t1 MODIFY COLUMNa VARCHAR(255); b INT;-- lo
k t1 metadata in -- lo
k t1 metadata in-- shared mode -- shared mode-- lo
k t1 data with-- TL_WRITE_ALLOW_READ -- try to get TL_WRITE_ALLOW_READ-- and blo
k-- 
onstru
t a 
opy table-- try to upgrade the lo
k:-- waiting for 
onne
tion 2-------------- d e a d l o 
 k ---------------A 
ommon solution for this problem is to introdu
e of a spe
ial type of lo
k,often 
alled SHARED_EXCLUSIVE or SHARED_FOR_UPGRADE. This lo
k type mustbe 
ompatible with SHARED lo
ks, to allow for 
on
urrent DML, but in
ompatiblewith other SHARED_FOR_UPGRADE or EXCLUSIVE lo
ks. A lo
k upgrade fromSHARED_FOR_UPGRADE to EXCLUSIVE is straightforward: blo
k all new SHAREDlo
ks, wait until all existing SHARED lo
ks have been released, 
onvert the lo
ktype.The server implementation, however, has only two types of metadata lo
ksand therefore has no other 
hoi
e but to use abortion instead of prevention.When time for a lo
k upgrade 
omes, all waiters on the subje
t table are ter-minated and for
ed to ba
k o�. We shall not 
onsider in detail how a wait ona data lo
k is 
an
elled, it's only important to note that the terminated threadalways gives away all its 
urrent metadata lo
ks. This is similar to other ba
ko� s
enarios des
ribed earlier.The lo
k upgrade algorithm is formalized in pseudo
ode 12.To sum up, pseudo
ode 12 presents a heuristi
-based deadlo
k resolutionalgorithm.3.1.11 INSERT DELAYED threadsDependen
y on the table lo
k manager is one but not only dependen
y of themetadata lo
king subsystem. Spe
ial rules exist for a few other subsystems, one18



Pseudo
ode 13 Lo
k upgrade1: {Implemented in wait_while_table_is_used() and
lose_data_files_and_morph_lo
ks(), �le sql_base.

.}2: lo
k LOCK_open3: {Abort all waits for data lo
ks on this table, by 
allingmysql_lo
k_abort().}4: {Si
: we must abort all waiters before releasing the data lo
k, sin
e other-wise res
heduling may happen and a waiter granted a 
ompeting data lo
kwithout us being able to abort it.}5: {Call remove_table_from_
a
he(), this ensures that no one is using 
a
heelements for this name.}6: {Release the data lo
k.}7: {Si
: we must release data lo
k under LOCK_open to prevent ra
e 
onditionswhen a 
ompeting data lo
k is taken in pla
e of the released one.}8: {Now no other thread is using this table and we keep LOCK_open. Lo
k type
an be safely 
hanged to ex
lusive.}9: set table->open_pla
eholder= 110: unlo
k LOCK_openof them being INSERT DELAYED.Quoting MySQL do
umentation:The DELAYED option for the INSERT statement is a MySQL extensionto standard SQL that is very useful if you have 
lients that 
annotor need not wait for the INSERT to 
omplete. This is a 
ommonsituation when you use MySQL for logging and you also periodi
allyrun SELECT and UPDATE statements that take a long time to
omplete.When a 
lient uses INSERT DELAYED, it gets an okay from the serverat on
e, and the row is queued to be inserted when the table is notin use by any other thread.When exe
uting a DELAYED insert, the server stores all values for a giventable in a queue, whi
h is served by a dedi
ated 
onsumer thread. The threadfun
tion implements a �nite state automaton, represented in pseudo
ode 14.One property of the delayed subsystem that in�uen
es metadata lo
king islongevity of the a
quired shared metadata lo
k. The lo
k is released only if thestream of inserts has been empty for delayed_insert_timeout se
onds, whi
hmeans that on a busy system a delayed thread, on
e 
reated, never releases itsmetadata lo
k. This 
an easily lead to DDL starvation.Perhaps not without a pre
eding user 
omplain, metadata lo
king im-plementation was 
hanged to take INSERT DELAYED threads into a

ount:remove_table_from_
a
he() sends a "KILL CONNECTION" signal to all reg-istered delayed insert handlers. The list of delayed threads is obtained from theglobal registry of a
tive threads in the server. Note, that when a delayed threadre
eives a "KILL" signal, it �rst blo
ks all in
oming inserts, then purges itsqueue, and only then terminates. This ensures that no re
ords are lost in 
aseof a DDL or FLUSH TABLE exe
uted in another 
onne
tion.19



Pseudo
ode 14 INSERT DELAYED thread fun
tion1: {Implemented in handle_delayed_insert() �le sql_insert.

.}2: lo
k table in shared mode3: loop4: if 
onne
tion killed or error then5: terminate the loop6: end if7: get TL_WRITE_DELAYED lo
k on the table8: while queue is not empty do9: upgrade data lo
k10: insert all rows from the queue11: downgrade the data lo
k12: end while13: end loop14: release the metadata lo
k3.1.12 HANDLER tablesQuoting MySQL manual:The HANDLER statement provides dire
t a

ess to table storage engineinterfa
es. It is available for MyISAM and InnoDB tables.The HANDLER ... OPEN statement opens a table, making it a

essi-ble via subsequent HANDLER ... READ statements. This table obje
tis not shared by other threads and is not 
losed until the thread 
allsHANDLER ... CLOSE or the thread terminates."Handler" tables are not 
losed between statements, sin
e 
losing them willlead to a loss of the 
ursor position asso
iated with the table. At the same time,opening a HANDLER doesn't prevent other statements in the same 
onne
tion,in
luding DDL statements, FLUSH TABLES and LOCK TABLES.What does MySQL do when it has an open HANDLER table, the user is tryingto a
quire lo
ks for the subsequent statement in the same 
onne
tion and alo
k 
on�i
t happens? To 
onform with the limitations of the lo
king proto
ol,the a
quirer must ba
k o�, and this is indeed what happens. All open TABLEinstan
es are released ba
k to the table 
a
he, and this leads to loss of all 
ursorpositions. But the 
onne
tion 
ontinues to maintain information about openedHANDLER instan
es, and the asso
iated tables are automati
ally re-opened onthe �rst HANDLER READ 
all that follows.Example:
onne
tion 1: 
onne
tion 2:CREATE TABLE t1 (a int);INSERT INTO t1 (a) VALUES(1), (2), (3);HANDLER t1 OPEN; 20



HANDLER t1 READ NEXT;-- returns 1HANDLER t1 READ NEXT;-- returns 2 LOCK TABLE t1 WRITE;HANDLER t1 READ NEXT;-- blo
ks FLUSH TABLE t1;UNLOCK TABLES;-- returns 1, not 3!In a more 
ompli
ated s
enario, when there is an open HANDLER table anda DDL is issued against it in a 
on
urrent 
onne
tion, MySQL 
an't ba
k o�immediately. There is no way to 
lose a table that was opened in one 
onne
tionfrom another. The only 
hoi
e the 
ontender is left with is to mark the tablein question as "stale" in the table 
a
he (by setting TABLE::version to 0) andwait until the owner wakes up, noti
es the pending DDL and gives away itslo
ks.Example:
onne
tion 1: 
onne
tion 2:CREATE TABLE t1 (a int);INSERT INTO t1 (a) VALUES(1), (2), (3);HANDLER t1 OPEN;HANDLER t1 READ NEXT;-- returns 1HANDLER t1 READ NEXT;-- returns 2 ALTER TABLE t1 ADD COLUMN(b CHAR(3) DEFAULT "aaa");-- blo
ksHANDLER t1 READ NEXT;-- ba
ks off first -- pro
eeds-- returns 1, aaa not 3!An extended algorithm of remove_table_from_
a
he() whi
h takes intoa

ount HANDLER tables, INSERT DELAYED threads and data lo
k abortion ispresented in pseudo
ode 15.3.1.13 Operation under LOCK TABLESWhen a user exe
utes LOCK TABLES statement, the listed tables are opened (i.e.shared metadata lo
k a
quired) and lo
ked (data lo
ks). On
e LOCK TABLES21



Pseudo
ode 15 More 
omplete version of remove_table_from_
a
he()1: lo
k LOCK_open2: for all table: TABLE::key == key do3: set TABLE::version to 04: if TABLE::in_use == 0 then5: add the table to unused_tables list6: else7: if table is used by a delayed insert thread then8: send this thread KILL signal9: end if10: {Abort all data lo
k waits of the thread.}11: mysql_lo
k_abort_for_thread()12: end if13: end for14: purge unused_tables list15: unlo
k LOCK_openhas returned su

essfully, a

ess to the tables that are not listed in the lo
kedlist is restri
ted, for example:mysql> lo
k tables t1 read, t2 write;Query OK, 0 rows affe
ted (0.00 se
)mysql> insert into t2 sele
t * from t1;Query OK, 0 rows affe
ted (0.00 se
)Re
ords: 0 Dupli
ates: 0 Warnings: 0mysql> insert into t1 sele
t * from t2;ERROR 1099 (HY000): Table 't1' was lo
ked with a READlo
k and 
an't be updatedmysql> insert into t3 sele
t * from t2;ERROR 1100 (HY000): Table 't3' was not lo
ked with LOCK TABLESHowever, a number of ex
eptions exists:-- It's allowed to 
reate a temporary table-- outside lo
ked tablesmysql> 
reate temporary table t3 like t2;Query OK, 0 rows affe
ted (0.00 se
)-- and update it with an INSERTmysql> insert into t3 sele
t * from t2;Query OK, 0 rows affe
ted (0.00 se
)Re
ords: 0 Dupli
ates: 0 Warnings: 0-- drop a temporary tablemysql> drop table t3;Query OK, 0 rows affe
ted (0.00 se
)-- si
: drop a table outside lo
ked tablesmysql> drop table t3;Query OK, 0 rows affe
ted (0.00 se
)22



-- si
: upgrade lo
k type for altermysql> alter table t2 add 
olumn b int;Query OK, 0 rows affe
ted (0.01 se
)Re
ords: 0 Dupli
ates: 0 Warnings: 0-- si
: lo
k a table outside the list ex
lusively!mysql> alter table t2 rename t3;Query OK, 0 rows affe
ted (0.01 se
An ALTER or DROP statements under LOCK TABLES lead to a lo
k upgrade orto a
quisition of a new ex
lusive lo
k while keeping other lo
ks. A ba
k-o� underLOCK TABLES is impossible: giving away the lo
ks on the lo
ked tables may leadto these tables being dropped and undermines the intent and purpose of thisSQL statement. This design violates the lo
king proto
ol des
ribed earlier, maylead to trivial deadlo
ks8 and also to less apparent lo
king anomalies.3.1.14 Illegal 
ases of lo
k upgrade: auto-repair and auto-dis
overTwo remaining 
ases of illegal lo
k upgrade are buried within open_table()
all itself. An auto-repair is an all-times MyISAM feature that triggers a repairof table data when it's found 
orrupted during addition to the table 
a
he. Theproblem is in the way the fun
tionality is implemented: when su
h a situationo

urs, open_table() doesn't return to the 
aller to ba
k o�, but a
quiresan ex
lusive lo
k on the table and repairs it right where the 
orruption wasdis
overed, keeping LOCK_open all the time.Auto-dis
over has a similar nature: when the server does not �nd the tablein the lo
al data di
tionary, it attempts to dis
over it on other 
luster mysqldnodes, and ship over to the lo
al node. This pro
edure is also performed whilekeeping other lo
ks and under LOCK_open and 
an potentially take a long time.These use 
ases, although rare, have not only performan
e impli
ations, butmay also lead to deadlo
ks.3.1.15 Pre-lo
kingPre-lo
king is an extension of the original table 
a
he implementation that allowsone to lo
k 
omposite obje
ts, i.e. obje
ts that 
ontain other obje
ts. It wasimplemented in 5.0 with addition of stored fun
tions, triggers and views. Indeed,a table may or may not have a trigger, a DML statement like SELECT may use astored fun
tion, and in ea
h 
ase the statements embedded in the stored programare not known until the program has been loaded from disk and parsed.Examples below demonstrate the problem in more detail:CREATE TABLE t1 (a INT)//CREATE TABLE t2 (a INT, b INT)//CREATE TABLE t3 (a INT)//CREATE TABLE t4 (re
 VARCHAR(21))//CREATE TRIGGER t3_ai AFTER INSERT ON t3 FOR EACH ROWINSERT INTO t4 VALUES(new.a)//CREATE FUNCTION f1(max_t1 bool) RETURNS INTBEGIN8E.g. when LOCK TABLE + ALTER TABLE ... RENAME are 
alled in opposite order.23



IF (max_t1) THENRETURN (SELECT max(a) FROM t1);ELSERETURN 0;END IF;END//CREATE VIEW v1 AS SELECT max(a) as m FROM t2 GROUP BY b;INSERT INTO t3 SELECT m FROM v1 WHERE m > f1(m)//-- the INSERT statement uses t3, v1 and f1-- it will be dis
overed later that it also may use t4, t2 and t1Sin
e the original lo
king proto
ol does not allow one to a
quire lo
ks whilekeeping other lo
ks, it is not possible to lo
k nested tables "on demand": thea
quirer must be prepared to release all 
urrent lo
ks when it en
ounters alo
k 
on�i
t. This requirement laid the foundation of the pre-lo
king algorithm(pseudo
ode 12).Pseudo
ode 16 Pre-lo
king1: {Implemented in open_tables(), sql_base.

}2: loop3: let Φ← ∅4: let ∆← initial set of tables to lo
k5: repeat6: a
quire lo
ks for tables from ∆7: if status == RETRY then8: 
lose all obje
t de�nitions9: release all lo
ks from ∆ and Φ10: restart loop11: end if12: open de�nitions of en
ountered views, triggers, fun
tions13: Φ← Φ ∪∆14: ∆← list of indire
tly used tables15: until Φ is a transitive 
losure of all used tables16: end loopThe algorithm works in multiple passes:
• the �rst pass opens the immediate set of obje
ts, derived from the parsedtree
• subsequent passes parse de�nitions of nested obje
ts, 
onstru
t sets ofindire
tly used tables, open and lo
k the tables.With addition of pre-lo
king �aws of the original lo
king proto
ol be
amemore apparent:
• all the indire
tly used obje
ts 
an be lo
ked in shared mode only: thelo
king proto
ol prohibits a
quisition of ex
lusive lo
ks after shared lo
ks,24



• even possibly unused obje
ts must be lo
ked, e.g. if a table appears in anelse 
lause of some remote if statement it is still lo
ked. In the end thismay lead to a very large set of a
quired lo
ks,
• dynami
ally 
onstru
ted (Dynami
 SQL) prepared statements 
an not beused, sin
e they may a

ess obje
ts outside the pre-lo
ked set,
• if an obje
t does not exist at start of the algorithm, it is not available tothe lo
king subsystem till the end of the statement.The sole advantage of pre-lo
king was that it did not introdu
e any newradi
al lo
king s
enarios and therefore was a safe and straightforward extensionof a system already 
onvoluted9.3.2 The table de�nition 
a
heWith introdu
tion of views in 5.0, one of the de�
ien
ies of the table 
a
hebe
ame keenly felt: sin
e it was not possible to 
a
he or lo
k anything ex
eptbase tables, view de�nition had to be read from disk and parsed ea
h timethe view was used. Additionally, sin
e the table 
a
he may 
ontain multipleinstan
es of the same table, read-only information about table was dupli
atedin ea
h instan
e.Monty attempted to remove these drawba
ks by introdu
ing a table de�ni-tion 
a
he. The exa
t design requirements for this task are unknown (WL#2883is two senten
es), as aren't yet fully reverse engineered implementation details.With apologies for referrals to largely ane
dotal sour
es, the available infor-mation will be provided below.The table de�nition 
a
he is a 
a
he of table de�nitions. Apparently itwas envisioned as a 
a
he of base tables and views, but 
urrently it 
ontainsonly de�nitions of base tables. Multiple pla
es in the 
ode are #ifdefed withWAITING_FOR_TABLE_DEF_CACHE_STAGE_3, whi
h suggests that only two of atleast 3 stages were implemented.The 
a
he is represented as a hash that maps a table name to a TABLE_SHAREstru
ture, similarly to the table 
a
he. Additionally, a linked list of unused de�-nitions is maintained. There is at most one element for ea
h base table. Opera-tions with the 
a
he are prote
ted by LOCK_open and by LOCK_table_share10.Ea
h de�nition is assigned a unique numeri
 identi�er when it is insertedinto the 
a
he. The value of the identi�er is taken from a sequen
e 
ounter andea
h new 
a
he element is assigned the biggest value. The width of the identi�eris 4 bytes, whi
h perhaps ensures that an overlap is pra
ti
ally impossible: withratio of 100 DDL operations per se
ond it'll take 16 months to spin over the
ounter.A de�nition is "pinned" in the 
a
he as long as there are TABLE obje
ts inthe table 
a
he that refer to it. The total size of the 
a
he is 
ontrolled byglobal variable 'table_de�nition_
a
he'. Ca
he pruning strategy is identi
al tothe one adopted by the table 
a
he, with an ex
eption that TABLE obje
ts inunused_list still refer to TABLE_SHARE obje
ts in the table de�nition 
a
he, sothese do not belong to unused_table_defs list.9Some also argued that a
quiring all lo
ks at on
e 
ould redu
e 
ontention on LOCK_open,but sin
e ea
h open_table() takes LOCK_open anyway, this seems improbable.10It seems the plan was to gradually phase out use of LOCK_open, but this wasn't done.25



Temporary tables and views are not present in the 
a
he, but still have anallo
ated TABLE_SHARE.In summary, the table de�nition 
a
he adds two new fun
tions to the meta-data universe:get_table_share() Try to get a table de�nition from the table de�nition
a
he, insert it if it is not yet there. This is used by open_table() insteadof a dire
t disk read, �le sql_base.

.release_table_share() Mark the table de�nition as unused. Used when aTABLE is pruned from the table 
a
he, fun
tion intern_
lose_table(),sql_base.

.
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