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ADMINISTRIVIA
Project #3 is due Sun April 7, 2024 @ 11:59pm

Final Exam
— Thu May 2, 2024 @ 05:30pm-08:30pm

Lectures #23 and #24

— Recorded lectures and will be posted next week
— I'm traveling for a small group meeting on “Hardware Support for Cloud
Database Systems in the Post-Moore’s Law Era”

Lecture #26: Guest Speaker from Snowflake

— Devin Petersohn on “Beyond SQL: Dataframes in the Database”

https://db.cs.cmu.edu/events/spring-2024-beyond-sql-dataframes-in-the-database-devin-petersohn/
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MULTI-VERSION CONCURRENCY CONTROL

The DBMS maintains multiple physical versions of a

single logical object in the database:

— When a txn writes to an object, the DBMS creates a new
version of that object.
— When a txn reads an object, it reads the newest version that

existed when the txn started.
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MVCC HISTORY

Protocol was first proposed in 1978 MIT
PhD dissertation.

Rdb/VMS
First implementations was Rdb/VMS and ‘ ‘
InterBase at DEC in early 1980s.

— Both were by Jim Starkey, co-founder of
NuoDB.
— DEC Rdb/VMS is now “Oracle Rdb”.

— InterBase was open-sourced as Firebird.

Oracle Rdb
the Database for HP
OpenVMS Platform
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http://publications.csail.mit.edu/lcs/specpub.php?id=773
https://en.wikipedia.org/wiki/Jim_Starkey
https://dbdb.io/db/rdbvms
https://www.embarcadero.com/products/interbase
https://firebirdsql.org/

MULTI-VERSION CONCURRENCY CONTROL

Writers do not block readers.

Readers do not block writers.

Read-only txns can read a consistent snapshot

without acquiring locks.
— Use timestamps to determine visibility.

— MVCC naturally supports Snapshot Isolation (SI).

Easily support time-travel queries.
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MVCC - EXAMPLE #1

Schedule Database
______________ -
.~
T, T, :
BEGIN : Ay 123 [0 -
R(A) I
BEGIN :
W(A) I
R(A) L N = R N =
COMMIT
COMMIT

’-----------\
\-----------’

’
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MVCC - EXAMPLE #1

Schedule Database
T, T, :
BEGIN :
R(A) I
BEGIN :
W(A) I
R(A) | S N =
COMMIT
COMMIT

’-----------\
\-----------’

’
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MVCC - EXAMPLE #1

Schedule Database
-------------- ~
’

T, T, : }
BEGIN ! :
R(A) | |

BEGIN : :

W(A) I I
R(A) W= N J
COMMIT

COMMIT

’-----------\
\-----------’

’
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MVCC - EXAMPLE #1

Schedule Database
______________ -
.~
T, T, :
BEGIN : Ay 123 [0 -
R(A) I
BEGIN :
W(A) I
R(A) L N = R N =
COMMIT
COMMIT

’-----------\
\-----------’

’
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MVCC - EXAMPLE #1

| s(r)-1 peduld Ts(T,)-2 Database
T T

1 2 | :
BEGIN : A, 123 0 -
R(A) I
BEGIN :
W(A) I
R(A) N [ e [ e e e T e e e e e P e
COMMIT
COMMIT

’-----------
\----------
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MVCC - EXAMPLE #1

| s(r)-1 peduld Ts(T,)-2 Database
T T

i 1 2 | :
BEGIN : A, 123 0 -
R(A) I
BEGIN :
W(A) I
R(A) N [ e [ e e e T e e e e e P e
COMMIT
COMMIT

\----------

l’________________‘_
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MVCC - EXAMPLE #1

| s(r)-1 peduld Ts(T,)-2 Database
T T

i 1 2 | :
BEGIN : A, 123 0 -
R(A) I
BEGIN :
W(A) I
R(A) N [ e [ e e e T e e e e e P e
COMMIT
COMMIT

\----------

l’________________l_
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MVCC - EXAMPLE #1

| s(r)-1 peduld Ts(T,)-2 Database
T T

1 2 | :
BEGIN : A, 123 0 -
R(A) I
BEGIN :
W(A) I
R(A) N [ e [ e e e T e e e e e P e
COMMIT
COMMIT

’-----------
\----------
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MVCC - EXAMPLE #1

| s(r)-1 peduld Ts(T,)-2 Database
T T,

1

BEGIN
R(A)

Ay 123 |0 -

A 456 2 -
BEGIN :

V(A

™= "= Em -
) S ———.

R(A)

COMMIT -
[ T, creates version A, ]

and sets A, End-TS.

’-----------
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MVCC - EXAMPLE #1

LTST)-1 Jeck{Ts(r)-2 ) ] Database \__
T T, :  Bes

1

i i
i : 3
EI(E%N : 1 lA, 123 o 2
I -
BEGIN : : A, 456 |2
W(A) : ,
R(A) , P NI = =

COMMIT -
T, creates version A,
and sets A, End-TS.

’-----------
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MVCC - EXAMPLE #1

LTST)-1 Jeck{Ts(r)-2 ) ] Database \__
T T, : R

1

| I 1

: : I on Va d :

I EI(E%N ! b lA 123 o 2 |1

i I -

: BEGIN | : A, 456 |2 i

| W(A) : 1 |

LI R(A) . SRS R ’
COMMIT L

I .

| T, creates version A, Txn Status Table

: and sets Ay End-TS. |- -~~~ —=======—="=" ™

| | ! I

: : 1 |1, 1 Active |

| i N L Active :

I : I I

| | I

\ ,' \ J
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MVCC - EXAMPLE #1

LTST)-1 Jeck{Ts(r)-2 ) ] Database \__
T T

. 1 2 | L :
| Mmoo ! ! :
: RO | : A, 123 |0 2 :
I BEGIN : A 456 |2 - :
I W(A) ] : .
R (A) : e ’
| ComT COMMIT E Txn Status Table
: | g indeia Nk o we windvin K
: . ! :
I : 1T, 1 Active :
: | : T, 2 Active I
I : I !
'\ ! '\ _________________ J
£2CMU-DB N e e ’

15-445/645 (Spring 2024)



MVCC - EXAMPLE #1

LTST)-1 Jeck{Ts(r)-2 ) ] Database \__
T T

L 2 Version Value Begin End

BEGIN Ay 123 |0 2
RCA) A, 456 |2 -

BEGIN
W(A)

. N N B S S .y
™= "= Em -
) S ———.

COMMIT

T, reads version A,.

TxnId Timestamp Status

1T 1 Active
T, 2 Active

-]
X
-
2
-+
8
-+
c
7]
o'
=
o

) S ———.

’----
’----
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MVCC - EXAMPLE #1

LTST)-1 Jeck{Ts(r)-2 ) ] Database \__
T T

. 1 2 | L :
: B ior aiuccegin e 8
e A | o = o e
: _— : : A, 456 |2 - :
| W(A) : I |
LI R(A) . Ve /
COMMIT |

| commrt | | Txn Status Table

I I o/ —————— ——— - =
1 : ] 1
- . ! :
: : 1T, 1 Active I
: | : T, 2 Active :
I : I I
I F | |
\ \ J
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MVCC - EXAMPLE #2

LTS Jeck{ T2 ) Database \__
T T

- 1 2 I I
' . |
| | BEGIN ! o 123 |0
1| R(A) : I
: W(A) BEGIN I :
I R(A) : I
: W(A) : N LT
R(A) i
i COMMIT | Txn Status Table
I 4% T TN N Y ) s - ——— -
! L
. COMMIT | | !
: | 1 T, 1 Active
i : !
!
i
I ] I
\ ! \

£2CMU-DB N s
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MVCC - EXAMPLE #2

LTS Jeck{ T2 ) Database \__
T T

- 1 2 | L
: . :
i, BEGIN ! LA, 123 |o
‘R(A) : I
: W(A) BEGIN I :
| R(A) : |
! W(A) . Ve
R(A) i
i COMMIT | Txn Status Table
I 4% T TN N Y ) s - ——— -
| I
- COMMIT | | !
: | 1 T, 1 Active
i : !
|
I
| P
£2CMU-DB AN AN s /S /N N RN
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MVCC - EXAMPLE #2

LTS Jeck{ T2 ) Database \__
T T

- 1 2 | L
: : :
: :'(5%” ! i A, 123 |0
*W(A) BEGIN : !
| R(A) : I
: . W(A) : N o e e e e e e e
i COMMIT | Txn Status Table
I 4% T TN N Y ) s - ——— -
I i
] COMMIT | | !
: : 1 |T, 1 Active
I I
i
I I
i
| P
£2CMU-DB AN AN s /S /N N RN
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MVCC - EXAMPLE #2

LTS Jeck{ T2 ) Database \__
T T

- 1 2 | L
: : :
: :'(5%” ! i A, 123 |0
*W(A) BEGIN : !
| R(A) : I
: . W(A) : N o e e e e e e e
i COMMIT | Txn Status Table
I 4% T TN N Y ) s - ——— -
I i
] COMMIT | | !
: : 1 |T, 1 Active
I I
i
I I
i
| P
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MVCC - EXAMPLE #2

LTS Jeck{ T2 ) Database \__
T T

- 1 2 | L ‘
: 2% :
: :'(5%” ! i A, 123 |0 :
A 456 |1 -
(A BEGIN : |- !
| R(A) : I |
: W(A) ] N e e e e e e e e e e e e e e e J
R(A) I
Y commIT | Txn Status Table
: I r ---------------- .‘
] coMmMIT | | ' |
1 " 1 . 1
I " 1 (T, 1 Active :
I I
I : ] I
1 : | |
I F | |
\ \ Y
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MVCC - EXAMPLE #2

LTS Jeck{ T2 ) Database \__
T T

{ 1 2 | I }
: | [ 1
[ Reay i o 123 o |

A 456 1 -
*W(A) BEGIN : NS !
| R(A) : 1 |
: W(A) I R e e el /

R(A) i

: COMMIT : Txn Status Table
: I Y /N (A Y =1
] coMMIT | | ! :
: I 1 |1, 1 Active |
I : I 1
I i I I
I : I I
\ ] \ ;
£2CMU-DB S D —rer SN A e s e ) e s b
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MVCC - EXAMPLE #2

LTS Jeck{ T2 ) Database \__
T T

{ 1 2 | I }
: | [ 1
| v Tk

A 456 1 -
*W(A) BEGIN : NS !
I R(A) : I I
: W(A) I R e e el /

R(A) i

: COMMIT : Txn Status Table
: I Y /N (A Y =1
] coMMIT | | ! :
: I 1 |1, 1 Active |
I : I 1
I i I I
I : I I
\ ] \ ;
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MVCC - EXAMPLE #2

LTS Jeck{ T2 ) Database N ___
T T

! 1 2 | 1 )
! - | !
1 | BEGIN [ LA, 123 o 1 i
1| R(A) : I [A 456 |1 - !
Ll w(A) BEGIN i 1 :
! i | !
. ) R(A) ! : i
: W(A) ] N e e e e e e e e e e e e e e e J
R(A) i
Y commIT l Txn Status Table
I : r ---------------- .‘
I
] coMMIT | | ] !
I | I .
I 1 |1, 1 Active i
I : I 1
I : I 1
I : I 1
I ! I 1
\ ! \ J
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MVCC - EXAMPLE #2

LTS Jeck{ T2 ) Database \__
T T

1 2 Version Value Begin End

| I 1
| N |
| :'(5%” ! ' I 123 |o ]
I I -

1 W(A) BEGIN : | A 156 |1 1
! i | !
. ) R(A) ! . .
1 W(A) R e e el /
| \'\

| om = St

I | COMMIT : atus Table

! T,readsversion A, bemmmeee—m——- -,
: comrt| Dbecause T, has not : :
! committed yet. etive :
: i : T, 2 Active :
| : | l
: F I I
\ ] | N /A N y

$2CMU-DB S —————
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MVCC - EXAMPLE #2

LTS Jeck{ T2 ) Database \__
T T

- 1 2 | [ ‘
: el :
I :E%N ! LA, 123 o 1 |
I 1 (A 456 |1 -
: W(A) BEGIN : : ‘ :
I R(A) ! I 1
1 \ J
: W(A) ] | messcccccccccases
R(A) I
Y commIT | Txn Status Table
: 1 Y /N (A Y/ ~1
] COMMIT | | ! I
: : 1 |1, 1 Active |
: i : T, 2 Active :
! 1 I I
I - I I
\ ! \ J

£2CMU-DB N s
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MVCC - EXAMPLE #2

Ts(T)-1 peduld rg(r,)-2 | | Database
T, T,

Version Value Begin End

| I 1
| | ! |
I :'(5%” ! b lA 123 o 1 |
' 1A 4 1 -

Ll wea) BEGIN : e Sk !
I R(A) : I I
: W(A) I R e e el /

R(A) [

| | coMMIT m ~— Ixn Status Table

: A 4 T, must stall. untilT, p====———————— -
I COMMIT commuats. astamn :
: : i T, 1 Active |
: I N AF Active | |
I : I I
l F | |
\ g \ J
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MVCC - EXAMPLE #2

Ts(T)-1 peduld rg(r,)-2 | | Database
T, T,

| I 1
: L |
I :E%N ! LA, 123 o 1 |
I 1 (A 456 |1 -

: W(A) BEGIN : : ‘ :
| R(A) : I 1
1 W(A) I R e e el /

*R(A) | I

V| COMMIT o g ! Txn Status Table

: \ 4 I Y /N (A Y/ ™
' coMMIT | ! l
: : 1 T, 1 Active I
: i : T, 2 Active :
i ! ] I
I ! I I
\ ! \ J
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MVCC - EXAMPLE #2

Ts(T)-1 peduld rg(r,)-2 | | Database
T, T,

| I 1
: L |
I EI(E%N ! LA, 123 o 1 |
! I [a 456 |1 -
: W(A) BEGIN : : ‘ :
| R(A) : | |
1 W(A) I R e e el /
[ | 1

; o g ! Txn Status Table
: A 4 I Y /N (A Y/ =1
' CoMMIT | | ! I
T, reads version A, that [ L Active I
o o 1 1 - |
it wrote earlier. i P |2 Active :
\ A : | :
1 F 1 1
\ y/

$2CMU-DB NN S
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MVCC - EXAMPLE #2

Ts(T)-1 peduld rg(r,)-2 | | Database
T, T,

| I 1
I l ! l
H Rcy i PR YR M (N
L1 WA BEGIN : : A 456 | |
I R(A) : I I
: W(A) I R e e el /
R(A) | |
ﬁ'»commn : g ! Txn Status Table
: \ 4 | r ---------------- —
' COMMIT | | ! l
: : 1 |1, 1 Active |
: 1 : T, 2 Active :
i I I I
! l \ )
S2CMU-DB AN AN Y e e e e tub
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MVCC - EXAMPLE #2

Ts(T)-1 peduld rg(r,)-2 | | Database
T, T,

| I 1
I l ! l
H Rcy i PR YR M (N
L1 WA BEGIN : : A 456 | |
| R(A) : 1 |
: W(A) I R e e el /
R(A) | |
ﬁ'»commn : g ! Txn Status Table
: \ 4 | r ---------------- —
| comrr |1 | :
: : 1 T 1 Committed | 1
: 1 : T, 2 Active :
I : I !
\ l \ J
S2CMU-DB A RN /AN A e e e e N Wk
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MVCC - EXAMPLE #2

Ts(T)-1 peduld rg(r,)-2 | | Database
T, T,

Version Value Begin End

i ] I

I | :

j | BEGIN ! B 123 |o 1

: RCA) 1 L 1a, 456 |1 2

| W(A) BEGIN 1 : A 789 5 B

| R(A) : 1 2

! WCA) : TSR S
R(A) | |

I | commrT o g : Txn Status Table

: A\ 4 | VY N (Y 7 =~

I - COM I

I ! I .

I I Committed

I :

I Now T, can create the } Active

: new version.

\ o~ A

£2CMU-DB N s
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SNAPSHOT ISOLATION (SI)

When a txn starts, it sees a consistent snapshot of

the database that existed when that the txn started.
— No torn writes from active txns.

— If two txns update the same object, then first writer wins.

SI is susceptible to the Write Skew Anomaly.




WRITE SKEW ANOMALY

Txn #1

Change white marbles
to black.

o0
OO

Txn #2

Change black marbles
to white.
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WRITE SKEW ANOMALY
E’:Tn#I hi bl
! l;;zg}:’w ite marbles ' '
— OO
ol
Txn#Z\A "
g)h::;?uﬁfi .black marbles OO
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WRITE SKEW ANOMALY

Txn #1

Change white marbles
to black.

o0 —
oo

Txn #2 #

Change black marbles
to white.
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WRITE SKEW ANOMALY

Txn #1

Change white marbles
to black.

o0 —
oo

Txn #2 #

Change black marbles
to white.
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WRITE SKEW ANOMALY

Txn #1

Change white marbles
to black.

o0 —
oo

Txn #2 # /
Change black marbles
to white.

~—

S
.
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WRITE SKEW ANOMALY

Txn #1

Change white marbles
to black.

'Y JY | JNee
o0 @0 OO

Change black marbles
to white.
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MULTI-VERSION CONCURRENCY CONTROL

MVCC is more than just a concurrency control

protocol. It completely affects how the DBMS manages

transactions and the database. 5P| ice
MACHINE
ALTIBASE  vectoruis oeted gxasol  JnfiniDB
e xtreme =
A INGR=S WIREDTIGER m
TlMESCALE —-—hll N) NETEZZA \
NUoO FOUNDATIONDE e | iglaffodif, E
PostgreSQl_ P . SQL Server Hekaton ™ H P
~\. CUBRID yre
Q Couchbase lM DB
C UMBRA & ArangoDB o QO SingleStore
aria ¢
Clustrix ~- o {DB A P A Cc HE ORACLE il asate
= Y HBRASE  grmm? @ream [
RAVENDSB noise ==

£2CMU-DB page ° RethinkDB RMHSQLW 9 Cockroach Laes
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MVCC DESIGN DECISIONS

Concurrency Control Protocol
Version Storage

Garbage Collection

Index Management

Deletes
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CONCURRENCY CONTROL PROTOCOL

Approach #1: Timestamp Ordering

— Assign txns timestamps that determine serial order.

Approach #2: Optimistic Concurrency Control

— Three-phase protocol from last class.

— Use private workspace for new versions.

Approach #3: Two-Phase Locking

— Txns acquire appropriate lock on physical version before they

can read/write a logical tuple.

$ZCMU-DB
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VERSION STORAGE

The DBMS uses the tuples’ pointer field to create a

version chain per logical tuple.

— This allows the DBMS to find the version that is visible to a
particular txn at runtime.

— Indexes always point to the “head” of the chain.

Different storage schemes determine where/what to

store for each version.
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VERSION STORAGE

Approach #1: Append-Only Storage

— New versions are appended to the same table space.

Approach #2: Time-Travel Storage

— Old versions are copied to separate table space.

Approach #3: Delta Storage

— The original values of the modified attributes are copied into a

separate delta record space.




APPEND-ONLY STORAGE

All the physical versions of a logical Main Table

tuple are stored in the same table space.

The versions are inter-mixed. A, | #7717

A, $222
On every update, append a new version B, $70
of the tuple into an empty space in the

table.
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APPEND-ONLY STORAGE

All the physical versions of a logical Main Table

tuple are stored in the same table space.

The versions are inter-mixed. A, | #7717

» A | $222
On every update, append a new version B, $70
of the tuple into an empty space in the

table.
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APPEND-ONLY STORAGE

All the physical versions of a logical Main Table

tuple are stored in the same table space.

The versions are inter-mixed. A, | #7717

» A | $222
On every update, append a new version B, $70
of the tuple into an empty space in the

table.
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APPEND-ONLY STORAGE

All the physical versions of a logical Main Table

tuple are stored in the same table space.

The versions are inter-mixed. A, $777 PN
» A, $222 o |

On every update, append a new version B, $10 0

of the tuple into an empty space in the A, | 3333 0

table.
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APPEND-ONLY STORAGE

All the physical versions of a logical Main Table

tuple are stored in the same table space.

The versions are inter-mixed. A, $777

» A, $222 0
On every update, append a new version B, $10 0
of the tuple into an empty space in the A, | 3333
table.
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APPEND-ONLY STORAGE

All the physical versions of a logical Main Table

tuple are stored in the same table space.

The versions are inter-mixed. A, | 2777 | @
» n | s222 | o—F
On every update, append a new version B, $10 0
: : —
of the tuple into an empty space in the A, | %333 0
table.

$ZCMU-DB
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VERSION CHAIN ORDERING

Approach #1: Oldest-to-Newest (O2N)

— Append new version to end of the chain.

— Must traverse chain on look-ups.

Approach #2: Newest-to-Oldest (N20)

— Must update index pointers for every new version.

— Do not have to traverse chain on look-ups.




TIME-TRAVEL STORAGE

Main Table Time-Travel Table

TUPLE POINTER

A, $222 O A, $777 g

B, $70

$ZCMU-DB
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TIME-TRAVEL STORAGE

Main Table Time-Travel Table
» A, $2220 | @ A, $71717 )

B, $70

On every update, copy the
current version to the time-
travel table. Update pointers.
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TIME-TRAVEL STORAGE

Main Table Time-Travel Table

» A, | $222| o

B, $70

TUPLE POINTER

On every update, copy the
current version to the time-
travel table. Update pointers.
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TIME-TRAVEL STORAGE

Main Table Time-Travel Table

» A, | $222| o

B, $70

TUPLE POINTER

On every update, copy the
current version to the time-
travel table. Update pointers.
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TIME-TRAVEL STORAGE

Main Table

TUPLE POINTER

.-

Time-Travel Table

A, $7171 g

On every update, copy the
current version to the time-

travel table. Update pointers.

$ZCMU-DB
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A, $222 O

Overwrite master version in
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Main Table

TUPLE POINTER

.-

Time-Travel Table

A, $7171 g

On every update, copy the
current version to the time-

travel table. Update pointers.
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pointers.



TIME-TRAVEL STORAGE

Main Table Time-Travel Table

TUPLE POINTER TUPLE POINTER
_— n | sir | o

B, $10 A, | $222 | e
On every update, copy the Overwrite master version in
current version to the time- the main table and update
travel table. Update pointers. pointers.
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TIME-TRAVEL STORAGE

Main Table Time-Travel Table
» A, | $333 | @ Ay | st | o
B, $10 W A, | s222| @
On every update, copy the Overwrite master version in
current version to the time- the main table and update
travel table. Update pointers. pointers.
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DELTA STORAGE

Main Table Delta Storage Segment
A, $717
B, $70
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DELTA STORAGE

Main Table Delta Storage Segment

» A, $7177

B, $70

On every update, copy only the
column values that were modified
to the delta storage and overwrite
the master version.
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DELTA STORAGE

Main Table Delta Storage Segment

VALUE POINTER

On every update, copy only the
column values that were modified
to the delta storage and overwrite
the master version.
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DELTA STORAGE

Main Table

VALUE POINTER

On every update, copy only the
column values that were modified
to the delta storage and overwrite
the master version.
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DELTA STORAGE

Main Table

VALUE POINTER

Delta Storage Segment

{ A

On every update, copy only the
column values that were modified
to the delta storage and overwrite
the master version.
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DELTA STORAGE

Main Table Delta Storage Segment

(VALUE»$111)| o

VALUE POINTER

(VALUE»$222)

On every update, copy only the
column values that were modified
to the delta storage and overwrite
the master version.
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DELTA STORAGE

Main Table Delta Storage Segment

(VALUE»$111)| o

VALUE POINTER

(VALUE»$222)

On every update, copy only the
column values that were modified
to the delta storage and overwrite
the master version.
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DELTA STORAGE

Main Table Delta Storage Segment

VALUE POINTER

(VALUE»$111)

(VALUE»$222)

On every update, copy only the
column values that were modified
to the delta storage and overwrite
the master version.
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Main Table

POINTER

DELTA STORAGE

Delta Storage Segment
A | (vALUE»$TTT)
A, | (VALUE»$222)

On every update, copy only the
column values that were modified
to the delta storage and overwrite
the master version.
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Txns can recreate old
versions by applying the delta
in reverse order.




GARBAGE COLLECTION

The DBMS needs to remove reclaimable physical

versions from the database over time.

— No active txn in the DBMS can “see” that version (SI).

— The version was created by an aborted txn.

Two additional design decisions:
— How to look for expired versions?

— How to decide when it is safe to reclaim memory?
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GARBAGE COLLECTION

Approach #1: Tuple-level

— Find old versions by examining tuples directly.

— Background Vacuuming vs. Cooperative Cleaning

Approach #2: Transaction-level

— Txns keep track of their old versions so the DBMS does not

have to scan tuples to determine visibility.




Txn #1
Tid=éﬂ2

Txn #2
‘]id=ﬂ15
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TUPLE-LEVEL GC

BEGIN-TS END-TS

A100 / 9
B1oo 7 9
B1o1 70 20




TUPLE-LEVEL GC

Voeuus

Txn #1

Ti =12
T Avoo 7 9
Txn #2 ‘ — Bioe 7 9
Tid=25 / o B-| 01 10 20

Background Vacuuming:

Separate thread(s) periodically

scan the table and look for

reclaimable versions. Works
@cmu-oBWith any storage.
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TUPLE-LEVEL GC

Voeuus

Txn #1

Ti =12
\ » Ao ; P
Txn #2 ‘ — Bioe 7 9
Tid=25 / o B-| 01 10 20

Background Vacuuming:

Separate thread(s) periodically

scan the table and look for

reclaimable versions. Works
@cmu-oBWith any storage.
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TUPLE-LEVEL GC

Txn #1

Vacuum

f]¥ =;lZ l-..--‘.;
f]?XWli#E! II!I‘ lIIIIIIIIIIIII')»
'I}d=a2£; '----""“:’ II"’

Background Vacuuming:

BEGIN-TS END-TS

Separate thread(s) periodically

scan the table and look for

reclaimable versions. Works
@CMU-DBWith any storage.
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TUPLE-LEVEL GC

e

T;;=25 — O » B1o; 70 20

Background Vacuuming:

Txn #1

Separate thread(s) periodically

scan the table and look for

reclaimable versions. Works
@cmu-oBWith any storage.
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TUPLE-LEVEL GC

||
Tx;i#i B \Vacuum = ;S;
= b
Txn #2 ‘ - ’g,‘;
Tid=25 / o = § Bio1 19 20

Background Vacuuming:
Separate thread(s) periodically
scan the table and look for
reclaimable versions. Works

with any storage.
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TUPLE-LEVEL GC

|
i —_— »=§
id= o
m 3
Txn #2 ‘ = ?;;;.
T.-25 = O 5 B1or 10 20

Background Vacuuming:
Separate thread(s) periodically
scan the table and look for
reclaimable versions. Works

with any storage.
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TUPLE-LEVEL GC

||
Tx;i#i B \Vacuum = ‘§
= b
Txn #2 ‘ - ’g,‘;
Tid=25 / o = § Bio1 19 20

D

Background Vacuuming:
Separate thread(s) periodically
scan the table and look for
reclaimable versions. Works

with any storage.
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TUPLE-LEVEL GC

Txn #1
Ti =12
Txn #2
Ti =Z5
Background Vacuuming: Cooperative Cleaning:
Separate thread(s) periodically Worker threads identify
scan the table and look for reclaimable versions as they
reclaimable versions. Works traverse version chain. Only
with any storage. works with O2N.
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TUPLE-LEVEL GC

Txn #1
T, ;=12 A, 1 A P A, P A
5 INDEX
Txn #2 5, B e B c W :,
T.,=25
Background Vacuuming: Cooperative Cleaning:
Separate thread(s) periodically Worker threads identify
scan the table and look for reclaimable versions as they
reclaimable versions. Works traverse version chain. Only
with any storage. works with O2N.
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TUPLE-LEVEL GC

Txn #1

T,;=12 o GET(A) W A P A P A P A
Txn #2

Bo ™ B:1 ™ B> ™ Bs

T. =25
Background Vacuuming: Cooperative Cleaning:
Separate thread(s) periodically Worker threads identify
scan the table and look for reclaimable versions as they
reclaimable versions. Works traverse version chain. Only
with any storage. works with O2N.
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T. =25
Background Vacuuming: Cooperative Cleaning:
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reclaimable versions. Works traverse version chain. Only
with any storage. works with O2N.
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TUPLE-LEVEL GC

Txn #1 ‘

T, =12 GET(A) A, A,
Txn #2

Bo ™ B:1 ™ B> ™ Bs

T. =25
Background Vacuuming: Cooperative Cleaning:
Separate thread(s) periodically Worker threads identify
scan the table and look for reclaimable versions as they
reclaimable versions. Works traverse version chain. Only
with any storage. works with O2N.
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TRANSACTION-LEVEL GC

Each txn keeps track of its read/write set.

On commit/abort, the txn provides this information

to a centralized vacuum worker.

The DBMS periodically determines when all versions

created by a finished txn are no longer visible.




TRANSACTION-LEVEL GC

Txn #1
BEGIN-TS END-TS DATA
BEGIN @ 10
Az 7 oo =
B6 8 oo -
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TRANSACTION-LEVEL GC

Txn #1 E’i BEGIN-TS END-TS DATA
BEGIN @ 10 UPDATE(A) A 7 o 3
2
B6 8 oo -
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TRANSACTION-LEVEL GC

Txn #1 E’i BEGIN-TS END-TS DATA
BEGIN @ 10 UPSTTECH) ' N 7 - -

B6 8 oo -
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Txn #1
BEGIN @ 10
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UPDATE(A)

TRANSACTION-LEVEL GC

BEGIN-TS END-TS  DATA
7/ 10 -
) 00 -
10 00 -




Txn #1

BEGIN @ 10

Old Versions
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UPDATE(A)

TRANSACTION-LEVEL GC

BEGIN-TS END-TS  DATA
7/ 10 -
) 00 -
10 00 -




TRANSACTION-LEVEL GC

Txn #1
BEGIN @ 10

>
l o | BEGIN-TS END-TS DATA

UPDATE(A) A 7 19 ~
2

Old Versions Bs g > _

—
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Txn #1
BEGIN @ 10

Old Versions
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UPDATE(A)

N

K

UPDATE(B)

TRANSACTION-LEVEL GC

BEGIN-TS END-TS DATA
A, 7 70 -
Bs 8 0o -
As 10 0o -




Txn #1
BEGIN @ 10

Old Versions
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UPDATE(A)

N

K

UPDATE(B)

TRANSACTION-LEVEL GC

BEGIN-TS END-TS DATA
A, 7 70 -
Bs 8 10 -
As 10 0o -
B, 10 0o -




Txn #1
BEGIN @ 10

Old Versions

B,
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UPDATE(A)

N

K

UPDATE(B)

TRANSACTION-LEVEL GC

BEGIN-TS END-TS DATA
A, 7 70 -
Bs 8 10 -
As 10 0o -
B, 10 0o -




TRANSACTION-LEVEL GC

Txn #1 E,i‘
BEGIN @ 10 USeTEC)
COMMIT @ 15

N

Old Versions E/'

UPDATE(B)

B
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BEGIN-TS END-TS DATA
A, 7 70 -
Bs 8 70 -
As 70 0o .
B, 70 0o .
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TRANSACTION-LEVEL GC

Txn #1 E,i‘
BEGIN @ 10 USeTEC)
COMMIT @ 15

Old Versions E/i

UPDATE(B)

Vacuum

'y

TS<10
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BEGIN-TS END-TS DATA
A, 7 70 -
Bs 8 70 -
As 70 0o .
B, 70 0o .




INDEX MANAGEMENT

Primary key indexes point to version chain head.

— How often the DBMS must update the pkey index
depends on whether the system creates new versions
when a tuple is updated.

— [f a txn updates a tuple’s pkey attribute(s), then this is
treated as a DELETE followed by an INSERT.

WHY UBER ENGINEERING
SWITCHED FROM
POSTGRES TO MYSQL

Secondary indexes are more complicated...
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SECONDARY INDEXES

Approach #1: Logical Pointers

— Use a fixed identifier per tuple that does not change.
— Requires an extra indirection layer.

— Primary Key vs. Tuple Id

Approach #2: Physical Pointers

— Use the physical address to the version chain head.
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INDEX POINTERS

A PRIMARY INDEX A SECONDARY INDEX
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INDEX POINTERS

A PRIMARY INDEX A SECONDARY INDEX

Newest-to-Oldest

s P A Pl A B A }Append-Only
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INDEX POINTERS

GET(A) 4

A PRIMARY INDEX A SECONDARY INDEX

Newest-to-Oldest

s P A Pl A B A }Append-Only
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GET(A) 4

A2 PRIMARY INDEX

Record Id
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INDEX POINTERS

A SECONDARY INDEX

}

Append-Only
Newest-to-Oldest
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INDEX POINTERS

A PRIMARY INDEX A SECONDARY INDEX

Newest-to-Oldest

s P A Pl A B A }Append-Only
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INDEX POINTERS

¥ GET(A)

A PRIMARY INDEX A SECONDARY INDEX

Newest-to-Oldest

s P A Pl A B A }Append-Only
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INDEX POINTERS

¥ GET(A)
A PRIMARY INDEX A SECONDARY INDEX

Record Id

Newest-to-Oldest

_4 s P A Pl A B A }Append-Only
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INDEX POINTERS

¥ GET(A)

A PRIMARY INDEX A SECONDARY INDEX

A SECONDARY INDEX

A SECONDARY INDEX
A SECONDARY INDEX

_4 s P A Pl A B A }Append-Only

Newest-to-Oldest
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INDEX POINTERS

¥ GET(A)

A PRIMARY INDEX A SECONDARY INDEX

A SECONDARY INDEX
A SECONDARY INDEX
A SECONDARY INDEX

h 4
0 Append-Only
_’l f‘lf |<-> As A LA }Newest—to-Oldest
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INDEX POINTERS

¥ GET(A)

A PRIMARY INDEX A SECONDARY INDEX

Newest-to-Oldest

s P A Pl A B A }Append-Only
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INDEX POINTERS

A2 PRIMARY INDEX

Record Id

¥ GET(A)

A SECONDARY INDEX

Primary
Key

Newest-to-Oldest
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INDEX POINTERS

¥ GET(A)

A PRIMARY INDEX A SECONDARY INDEX

Newest-to-Oldest

s P A Pl A B A }Append-Only
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MVCC INDEXES

MVCC DBMS indexes (usually) do not store version

information about tuples with their keys.

— Exception: Index-organized tables (e.g., MySQL)

Every index must support duplicate keys from different

snapshots:
— The same key may point to different logical tuples in different

snapshots.
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MVCC DUPLICATE KEY PROBLEM

Index

v v

€___L__1 J__J___l

BEGIN-TS END-TS POINTER
A, ] oo ]
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MVCC DUPLICATE KEY PROBLEM

Txn #1 Index

BEGIN @ 10 65
READ(A)

v v

{____L___l J___J____l

TJ

BEGIN-TS END-TS POINTER

A, ] oo ]




MVCC DUPLICATE KEY PROBLEM

Txn #1

BEGIN @ 10 65
READ(A)

Txn #2

BEGIN @ 20 E/'

UPDATE(A)
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Index

v

+_I_+

v

+_‘_+

TJ

A

BEGIN-TS

7

oo

END-TS POINTER
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MVCC DUPLICATE KEY PROBLEM

Txn #1

BEGIN @ 10 65
READ(A)

Txn #2

BEGIN @ 20 E/'

UPDATE(A)
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Index
v v
BEGIN-TS END-TS POINTER
A, 7 20 o—:l
A, 20 oo 1)




MVCC DUPLICATE KEY PROBLEM

Txn #1
BEGIN @ 10 65
READ(A)

Txn #2

BEGIN @ 20 E/' x
UPDATE(A) DELETE(A)
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Index

v

€___l___1

v

G___J____l

TJ

A

BEGIN-TS

7

END-TS POINTER
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20
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——

]




MVCC DUPLICATE KEY PROBLEM

Txn #1
BEGIN @ 10

Txn #2
BEGIN @ 20
COMMIT @ 25
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MVCC DUPLICATE KEY PROBLEM

Txn #1
BEGIN @ 10

Txn #2
BEGIN @ 20
COMMIT @ 25
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UPDATE(A)

124

Index
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+_|_+
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BEGIN-TS
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END-TS POINTER
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20
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MVCC DUPLICATE KEY PROBLEM

Txn #1
BEGIN @ 10
Txn #2
BEGIN @ 20
COMMIT @ 25
Txn #3
BEGIN @ 30
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MVCC DUPLICATE KEY PROBLEM

Txn #1
BEGIN @ 10
Txn #2
BEGIN @ 20
COMMIT @ 25
Txn #3
BEGIN @ 30
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UPDATE(A)

Index

v

+_I_+

v

+_|_+

HTJ

BEGIN-TS

7

END-TS

20

POINTER
o—

DA

20

]
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MVCC DUPLICATE KEY PROBLEM

Txn #1 Index
BEGIN @ 10

READ(A) READ(A) I Y
Txn #2 . : . :
BEGIN @ 20 L?TJ
COMMIT @ 25 UPDATECA) Ml DELETE(A)

BEGIN-TS END-TS POINTER

Txn #3 A; 7 20 *—
BEGIN @ 30 Vi X[ 2] 2] o

INSERT(A) A, 30 oo 0
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MVCC INDEXES

Each index’s underlying data structure must support the storage of

non-unique keys.

Use additional execution logic to perform conditional inserts for

pkey / unique indexes.

— Atomically check whether the key exists and then insert.

Workers may get back multiple entries for a single fetch. They
then must follow the pointers to find the proper physical version.
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MVCC DELETES

The DBMS physically deletes a tuple from the database

only when all versions of a logically deleted tuple are

not visible.
— If a tuple is deleted, then there cannot be a new version of that
tuple after the newest version.

—> No write-write conflicts / first-writer wins

We need a way to denote that tuple has been logically

delete at some point in time.
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MVCC DELETES

Approach #1: Deleted Flag
— Maintain a flag to indicate that the logical tuple has been deleted after the
newest physical version.

— Can either be in tuple header or a separate column.

Approach #2: Tombstone Tuple

— Create an empty physical version to indicate that a logical tuple is deleted.
— Use a separate pool for tombstone tuples with only a special bit pattern in
version chain pointer to reduce the storage overhead.
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MVCC IMPLEMENTATIONS

Protocol Version Storage  Garbage Collection Indexes

Oracle MV2PL Delta Vacuum Logical
Postgres MV-2PL/MV-TO Append-Only Vacuum Physical
MySQL-InnoDB MV-2PL Delta Vacuum Logical
HYRISE MV-0CC Append-Only - Physical
Hekaton MV-0CC Append-Only Cooperative Physical
MemSQL (2015) MV-0CC Append-Only Vacuum Physical
SAP HANA MV-2PL Time-travel Hybrid Logical
NuoDB MV-2PL Append-Only Vacuum Logical

HyPer MV-0CC Delta Txn-level Logical
CockroachDB MV-2PL Delta (LSM) Compaction Logical
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CONCLUSION

MVCC is the widely used scheme in DBMSs.
Even systems that do not support multi-statement txns
(e.g., NoSQL) use it.
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IN-MEMORY MVCC

txn-id

begin-ts

end-ts

pointer| ...

columns

e e

Header

--===--------#je----------= Content ----------+

Figure 1: Tuple Format — The basic layout of a physical version of a tuple.
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(b) Optimistic Concurrency Control

The Hekaton Memory-Optimized OLTP Engine
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Abstract

Hekaton is a new OLTP engine optimized for memory resident data and fully integrated into SQL Server;
a database can contain both regular disk-based tables and in-memory tables. In-memory (a.k.a. Hekaton)
tables are fully durable and accessed using standard T-SQL. A query can reference both Hekaton tables
and regular tables and a transaction can update data in both types of tables. T-SQL stored procedures
that reference only Hekaton tables are compiled into machine code for further performance improve-
ments. To allow for high concurrency the engine uses latch-free data structures and optimistic, multi-
version concurrency control. This paper gives an overview of the design of the Hekaton engine and

the first i started in
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Figure 2: Concurrency Control Protocols — Examples of how the protocols process a transaction that executes a READ followed by an UPDATE.

core, in-memory DBMSs that employ efficient transaction man-
agement mechanisms to maximize parallelism without sacrificing
serializability. The most popular scheme used in DBMSs developed
in the last decade is mudti-version concurrency control (MVCC). The
basic idea of MVCC s that the DBMS maintains multiple physical
versions of each logical object in the database to allow operations on
the same object to proceed in parallel. These objects can be at any
granularity, but almost every MVCC DBMS uses tuples because it
provides a good balance between parallelism versus the overhead
of version tracking. Multi-versioning allows read-only transactions
to access older versions of tuples without preventing read-write

ons from si generating newer versions. Con-

Compiler

Runtime
== (T

r—— | Storage
High availabil engine
— i

Query optimizer

-

[Query processor

Storage

[

trast this with a single-version system where transactions always

overwrite a tuple with new information whenever they update it.
What is interesting about this trend of recent DBMSs using

MVCC s that the scheme is not new. The first mention of it appeared
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behaviors. Until now,
psive evaluation of MVCC in a mod-
ment. The last extensive study was
simulated workloads running in a
igle CPU core. The design choices
1S5 are inappropriate for in-memory
with a large number of CPU cores.
s not reflect recent trends in latch-
€ [20] concurrency control, as well as in-
memory storage [36] and hybrid workloads [40].

In this paper, we perform such a study for key transaction man-
agement design decisions in of MVCC DBMSs: (1) concurrency
control protocol, (2) version storage, (3) garbage collection, and
(4) index management. For each of these topics, we describe the
state-of-the-art implementations for in-memory DBMSs and discuss
their trade-offs. We also highlight the issues that prevent them from
scaling to support larger thread counts and more complex workloads.
As part of this investigation, we implemented all of the approaches
in the Peloton [5] in-memory MVCC DBMS. This provides us
with a uniform platform to compare implementations that is not

by other architecture facets. We deployed Peloton on a
‘machine with 40 cores and evaluate it using two OLTP benchmarks.
Our analysis identifies the scenarios that stress the implementations
and discuss ways to mitigate them (if it all possible).

2. BACKGROUND

We first provide an overview of the high-level concepts of MVCC.
‘We then discuss the meta-data that the DBMS uses to track transac-
tions and maintain versioning information.

2.1 MVCC Overview

A transaction management scheme permits end-users to access a
database in a multi-programmed fashion while preserving the illu-
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GLOBAL CLOCKS

Spanner: TrueTime and external consistency

TrueTime is a highly available, distributed clock that is provided to applications on all Google servers!
(#1). TrueTime enables applications to generate monotonically increasing timestamps: an application
can compute a timestamp T that is guaranteed to be greater than any timestamp T if T' finished
being generated before T started being generated. This guarantee holds across all servers and all
timestamps.

This feature of TrueTime is used by Spanner to assign timestamps to transactions. Specifically, every
t ion is assil atir ) that reflects the instant at which Spanner considers it to have
occurred. Because Spanner uses multi-version concurrency control, the ordering guarantee on
timestamps enables clients of Spanner to perform consistent reads across an entire database (even
across multiple Cloud re king writes.

ns (/about/ ions)) without bl

External consistency

Spanner provides clients with the strictest concurrency-control guarantees for transactions, which is
called external consistency? (#2). Under external consistency, the system behaves as if all
transactions were executed sequentially, even though Spanner actually runs them across multiple
servers (and possibly in multiple datacenters) for higher performance and availability. In addition if
one transaction completes before another transaction starts to commit, the system guarantees that
clients can never see a state that includes the effect of the second transaction but not the first.
Intuitively, Spanner is semantically indistinguishable from a single-machine database. Even though it
provides such strong guarantees, Spanner enables applications to achieve perf comparabl;
to databases that provide weaker guarantees (in return for higher performance). For example, like
databases that support snapshot isolation, Spanner allows writes to proceed without being blocked
by read-only transactions, but without exhibiting the anomalies that snapshot isolation allows.

External consistency greatly simplifies application development. For example, suppose that you have
created a banking application on Spanner and one of your customers starts with $50 in their checking
account and $50 in their savings account. Your application then begins a workflow in which it first
commits a transaction T; to deposit $200 into the savings account, and then issues a second
transaction T, to debit $150 from the checking account. Further, assume that at the end of the day,
negative balances in one account are covered automatically from other accounts, and a customer

https://cloud.google.com/spanner/docs/true-time-external-consistency
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AWS Compute Blog

It's About Time: Microsecond-Accurate Clocks on Amazon EC2

Instances

by Chris Munns | on 16 NOV 2023 | in Amazon EC2, Compute | Permalink | @ Share

This post is written by Josh Levinson, AWS Principal Product Manager and Julien Ridoux, AWS Principal Software
Engineer

Today, we announced that we improved the Amazon Time Sync Service to microsecond-level clock accuracy on

supported Amazon EC2 instances. This new capability adds a local reference clock to your EC2 instance and is
designed to deliver clock accuracy in the low double-digit microsecond range within your instance’s guest OS
software. This post shows you how to connect to the improved clocks on your EC2 instances. This post also
demonstrates how you can measure your clock accuracy and easily generate and compare timestamps from your
EC2 instances with ClockBound, an open source daemon and library.

In general, it's hard to achieve high-fidelity clock synchronization due to hardware limitations and network
variability. While customers have depended on the Amazon Time Sync Service to provide one millisecond clock
accuracy, workloads that need microsecond-range accuracy, such as financial trading and broadcasting, required
customers to maintain their own time infrastructure, which is a significant operational burden, and expensive.
Other clock-sensitive applications that run on the cloud, including distributed databases and storage, have to
incorporate message exchange delays with wait periods, data locks, or transaction journaling to maintain
consistency at scale.

With global and reliable microsecond-range clock accuracy, you can now migrate and modernize your most time-
sensitive applications in the cloud and retire your burdensome on-premises time infrastructure. You can also
simplify your applications and increase their throughput by leveraging the high-accuracy timestamps to
determine the ordering of events and transactions on workloads across instances, Availability Zones, and Regions.
Additionally, you can audit the improved Amazon Time Sync Service to measure and monitor the expected
microsecond-range accuracy.

New improvements to Amazon Time Sync Service

The new local clock source can be accessed over the existing Amazon Time Sync Service's Network Time Protocol
(NTP) IPv4 and IPv6 endpoints, or by configuring a new Precision Time Protocol (PTP) reference clock device, to
get the best accuracy possible. It's important to note that both NTP and the new PTP Hardware Clock (PHC)
device share the same highly accurate source of time. The new PHC device is part of the AWS Nitro System, so it
is directly accessible on supported bare metal and virtualized Amazon EC2 instances without using any customer
resources.

https://aws.amazon.com/blogs/compute/its-about-time-
microsecond-accurate-clocks-on-amazon-ec2-instances/
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