Transactional Memory



Ta mpoArjpata Tou
MTAPAAANAOUL TTPOYPAUUATIOUOU

= Evtomouog mapaiAnAiopou
—  XElpokivnta (emoKomnon)
— avutouata (compiler)
= Ekppaon mapaAAnAicuov
— low-level (m.x. Pthreads, MPI)
— high-level (r.x. OpenMP, Cilk, Intel TBB, Galois, UPC k.Am.)

=  Amelkévion
— scheduling, creation, termination, etc.
— operating system, runtime system
= 2 UYXPOVIOUOC
—  €UKOAOC OTIWC O coarse-grain
— anodoTIKOC OTWC o fine-grain
— deadlock-free
— composable

=  Anmartrjoelg
—  KAlHoKwoluéTNTa
—  EUKOAIO TTPOYPOUMATIOUOU
— UYPNAAQ TTapAYWYIKOTNTA
— opbotnta
— architectural awareness



Transactional Memory (TM)

Memory transaction
—  Mia aTOMIKNA KAl armopovwHéVN akoAouBia AEITOUPYIWV MVAUNG
— gumnveuvopevn amd Tig doocoAnyisg otig BA
Atomicity (all or nothing)
— OTO commit, OAEC Ol EYYPAPEC UVAUNG ATTOKTOUV EMidpaon «uUe TN piax
— o€ nepimtwon abort, kapia anod TI¢ eyypagég dev £xouv emidpaon
Isolation

— Kavéva AANO Tunpa Kwoika v UmopEi va Sel TIG EyYpaAPEC EVOC
transaction mplv To commit

Consistency (serializability)

— Ta amoteAéopata Twy transactions givail cuvenn (idia pe avtd tng
OEIPIOKAC/OEIPIOTTIOINUEVNG EKTENEONC)

— Ta transactions gaivovtal 0TI KAvouv commit celplaka
— I OUYKEKPIMEVN O€1pA woTodoo OV gival eyyunuevn



[Tpoypapuatiopog ue TM

void deposit (account, amount){ void deposit (account, amount)({
lock (account) ; atomic {
int t = bank.get (account); int t = bank.get (account);
t =t + amount; — t = t + amount;
bank.put (account, t):; bank.put (account, t):;
unlock (account) ; }
} }

= [leplypa@r oLYXPOVIOUOUL G€ UPNAO emimedo
— O TIPOYPAMMATIOTHG AEEL TL, OXI TTWG

= TO UTTOKEIUEVO OUOTNUA UAOTIOLE TO CUYXPOVIOUO
— e¢ao@ahilel atomicity, isolation & consistency



AuoiBaiog amokAelopog vs. TM

Thread 1
Thread 1

Thread 2
Thread 3
Thread 2
Thread 3

= Avapevouevo kepdo¢g o€ rrepimtwon un-conflict
= EmPBpdduvon oe conflicts (R-W iy W-W)



[I\eovekTrinata TM

EukoAia mpoypapuatiopou
— TIOPATIAN Ol E AUTH TwV coarse-grain locks
— O TIPOYPAMMATIOTAC ONAWVEL, TO CUOTNA UNOTIOLEI

Emidoon mapanAnoila pe auth twv fine-grain locks

— eKUETANEVETAL auTopaTta Tov fine-grain TAUTOXPOVIOUO

— Oev undpxel tradeoff avdueoa otnv andédoon & tnv opBodTNTA
Failure atomicity & recovery

— Oev «xdvovtaw locks 6tav éva thread amotuyxavel

— failure recovery = transaction abort + restart
Composability

— oUVOeoN eMUEPOUC ATOUIKWYV AslToupylwy / software modules
O€ Mia eviaia atouikn Aertoupyia

— ao@pAAnC & KAIMOKWOIUN



Napddeyua: Java 1.4 HashMap

= Map: key — value

public Object get(Object key) {
int idx = hash(key); // Compute hash
HashEntry e = buckets[idx]; // to find bucket
while (e !'= null) { // Find element in bucket
if (equals(key, e.key))

return e.value;
e = e.next;

¥

return null;

¥

= not thread-safe



Synchronized HashMap

= HAbUon tngJava 1.4: synchronized layer
— PNTO, coarse-grain locking amd Tov mMpoypapUaTIOTh

public Object get(Object key) {
synchronized (mutex) { // mutex guards all accesses to map m

return m.get(key);

s
by

= Coarse-grain synchronized HashMap
— Pros: thread-safe, ebkoho oTOV TTPOYPAUUATIOUO

— Cons: neplopicel Tov (0OI0V) TAUTOXPOVIOUO, XAUNAR
KAMMOKWOIHOTNTA
e novo éva thread pmopei va eme&epydletal to HashMap kdBe gpopd



Concurrent HashMap (Java 5)

public Object get(Object key) {
int hash = hash(key);
// Try first without locking...
Entry[] tab = table;
int index = hash & (tab.length - 1);
Entry first = tab[index];
Entry e;

// Recheck under synch if key not there or interference
Segment seg = segments[hash & SEGMENT_MASK];
synchronized(seg) {

tab = table;

index = hash & (tab.length - 1);

Entry newFirst = tab[index];

if (e '= null || first !'= newFirst) {

for (e = newFirst; e != null; e = e.next) {
if (e.hash == hash && eq(key, e.key))
return e.value;

for (e = first; e != null; e = e.next) {
if (e.hash == hash && eq(key, e.key)) {
Object value = e.value;
if (value !'= null)

return value; }
else }
break;
} }
¥

return null;

= Fine-grain synchronized concurrent HashMap
— Pros: fine-grain mapaAAnAIopOC, TAUTOXPOVEC AVAYVWOELG
— Cons: mepimAoko & emppeméC o€ AAON



Enmidoon: Locks

—g—coarse locks —%—fine locks
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Transactional HashMap

= ATAQ ecwKAgiovuEe TN Aettoupyia o€ Eva atomic block
— TO ovuoTtnua e€aoc@ahifel TNV ATopIKOTNTA
public Object get(Object key) {

atomic { // System guarantees atomicity
return m.get(key);

by

= Transactional HashMap
— Pros: thread-safe, eUkoAo oTov MPpOypPAUUATIOMO
— KaAn emidoon & kKAtluakwotpdtnTa?

e ECaptdTal amd tnv uAomoinon Kal To 0eVAPIO EKTEAEONC, AANA
TUTTIKA val



Emidoon: Locks vs Transactions

—g—coarse locks —#-fine locks ~—+»—TCC

—9— ® ——




Composability: Locks

void transfer (A, B, amount) void transfer (B, A, amount)
synchronized (A) { == { -= synchronized (B) {

synchronized (B) { <& = ~=p synchronized (A) {
withdraw (A, amount):; withdraw (B, amount);
deposit (B, amount); deposit (A, amount);
}

}
} }

= H ouvBeon lock-based kwdika givat OUCKOAN

— 2Komo¢: anmokpuyn evOlApEONC KATAOTAONC KATA TN
LETAPOPA

— Xpelalouaote KAQOAMKN TTOMTIKN Yl TO KAEIOwUa

o Oev UMMOPEL TAVTA VA ATTOPACIOTEI a priori

= Fine-grain locking: unmopei va odnynoei o deadlocks



Composability: Locks

void transfer (A, B, amount) void transfer(C, D, amount)
synchronized (bank) { synchronized (bank) {
withdraw (A, amount); withdraw (C, amount):;

deposit (B, amount); deposit (A, amount);

= H ouvBeon lock-based kwdika givat OUCKOAN

— 2Komo¢: anmokpuyn evOlApEONC KATAOTAONC KATA TN
LETAPOPA

— Xpelalouaote KAQOAMKN TTOMTIKN Yl TO KAEIOwUa

o Oev UMMOPEL TAVTA VA ATTOPACIOTEI a priori

= Fine-grain locking: unmopei va odnynoei o deadlocks
= Coarse-grain locking: unOEVIKOC TAUTOXPOVIOUOC



Composability: Transactions

volid transfer (A, B, amount) void transfer (B, A, amount)
atomic{ atomic{
withdraw (A, amount) ; withdraw (B, amount) ;
deposit (B, amount) ; deposit (A, amount):;

= O atouIKEG AelIToupyieg ouvTiBevtal opaAd, xwpic va
meplopiCeTal O TAUTOXPOVIOUOC
— O TIPOYPAUMATIOTAC SnAwvel TNV KaBoAikn npdBson (aTOUIKNA
METAPOPA)
o XWwpicva xpetdletal va {Epel kamola KaBoAIKN TTOAITIKY KAEIOWUATOC
= To cuotnua dlaxelpileTal Tov TAUTOXPOVIOUO UE TOV
KAAUTEPO duvato TPOTo
— oe&lptomoinon va transfer(A, B, $100) & transfer(B, A, $200)
— Tavutoxpoviouog yia transfer(A, B, $100) & transfer(C, D, $200)



YAormoinon TM

= Ta TM ocvoTApaTa TTPETTEL VA TTAPEXOUV ATOMIKOTNTA KAl
amopovwon
— Xwpic¢ va Buaotdletal 0 TaUTOXPOVIOUOC
= [Mapdauetpol Aeitoupyiag
— Data versioning (rj version management)
— Conflict detection
— Conflict resolution
= Em\oyéc
— Hardware transactional memory (HTM)
— Software transactional memory (STM)

— Hybrid transactional memory
e Hardware accelerated STMs
e Dual-mode systems



Data Versioning

= Alaxeipion uncommitted (véwv) kKat committed (maAiwv)
ekbOOewWV OedoUEVWY Yia TAUTOXpOVa transactions

= Eager versioning (undo-log based)
— amnevbBeiag evnuépwon uvAuNG
— Olatripnon undo mAnpogopiacg o log
(+) F'pryyopo commit
(-) Apyo abort, (ntrinata fault tolerance
= Lazy versioning (write-buffer based)
— buffering véwv dedopévwv o write-buffer péxpt to commit
— TIPAYMATIKN EVNMEPWON UVIMNG KATA TO commit
(+) M'priyopo abort, fault tolerant
(-) Apyd commits



Eager versioning

Begin Xaction Write X—15
Thread Thread
Ll Undo j’ Undo
Log l X: 10| Log
X:10 | Memory X: 15 | Memory
Commit Xaction Abort Xaction
Thread Thread
:‘: f.lndo dﬁt‘ndo
Log Log
X 15 Memory X: 10 Memory




Lazy versioning

Begin Xaction Write X+—15
Thread Thread
|_I Write BI Write
Buffer X 15 |Buffer
X:10 | Memory X:10 | Memory
Commit Xaction Abort Xaction
Thread Thread
rite
lx\(‘j |Buffer
X:10 Memory




Conflict detection

Avixveuon kai diaxeipion conflicts avaueoa o€ transactions
— Read-Write kat (ouyvd) Write-Write conflicts

— lMpénelva mapakoAouBouvtal to read-set & write-set evog
transaction
» Read-set: o1 dievBuvoelg mou diafalovrtal evtog Tou transaction
o Write-set: ot 1euBuvoelg mou ypdgovtal evtog Tou transaction

Pessimistic (eager) detection
— 'EAeyxo¢ yia conflicts ae kB¢ load 1y store

o SW:SW barriers ue locks kat/ry version numbers
o HW: é\eyxoc péow tou coherence protocol
— Xpnrion contention manager yia va armogaciosl va kavel stall rj abort
o OLAPOPETIKEC TTIOMTIKEG avABEONC MPOTEPAIOTNTAC
* 0TOXO0C: to make the common case fast
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Pessimistic detection

Case 1 Case 2 Case 3 Case 4

X0 X1

check
check

restart

rd A

I restart

check

commit restart

commit commit

I restart

Success Early Detect Abort No progress




Conflict detection

= Optimistic (lazy) detection
— Ta conflicts aviyvevovtal 6tav €va transaction emyelprioEL va
KAVEL commit
e SW:validate ta write/read-set pe xprjon locks rj version numbers
* HW: validate to write-set xpnoipomolwvrtag to coherence protocol

— Xemepintwon conflict, mpotepaidTNTa 0TO COMmMitting
transaction

e Ta umdAotna transactions umopouv va Kavouv abort apyotepa

o oemnepimtwon conflict avaueoca oe committing transactions, Tnv
nmpotepaldTNTa TNV ano@acilel o contention manager

= 2 nueiwaon: optimistic & pessimistic oxnuata tavtoxpova
gival epIKTa
— [oANa STMs givat optimistic ota reads Kal pessimistic ota writes



Optimistic detection

Case 1

X0 X1

<+— JNIL

Success

X0

Case 2

X1

check

restart

rd A

commit
check

Abort

Case 3

Success

23

| restart

rd A
wr A

commit
check

Forward progress



Conflict Detection Tradeoffs

= Pessimistic CD

(+) avixvevel ta conflicts vwpig
o avalpei AMiyotepn OOUAELd, HETATPETEL LEPIKA aborts o€ stalls

(-) 6ev eyyuvdatal Tnv MPoodo mPo¢ Ta EUMPOC, TOANA aborts o€
KATTOLEC TTEPITTTWOELC

(-) locking issues (SW), fine-grain communication (HW)

= Optimistic CD
(+) eyyuvdtat Tnv mpoodo mpo¢ Ta EUTTPOG

(+) Atyotepa ev duvdapel conflicts, Aiyotepo locking (SW), bulk
communication (HW)

(-) avixvevel ta conflicts apyad, mpofArjuata dikatoouvng



TM Implementation Space (mapadeiyuata)

= HTM ocvotpata
— Lazy + optimistic: Stanford TCC
— Lazy + pessimistic: MIT LTM, Intel VTM, Sun’s Rock
— Eager + pessimistic: Wisconsin LogTM

= STM ovotipata
— Lazy + optimistic (rd/wr): Sun TL2
— Lazy + optimistic (rd) / pessimistic (wr): MS OSTM
— Eager + optimistic (rd) / pessimistic (wr): Intel STM
— Eager + pessimistic (rd/wr): Intel STM



Sun Rock’s HTM

» «Best-effort» HTM

— MIKPEC TTPOOONKEC O€ UAIKO

— N eKTEANEON TWV transactions meplopiletal amd OOUEC TOU
UALKOU

— UN-€yyunuévn N mpoodog mPog Ta EUTTPOC
= 2 EVTOAEC
— chkpt failPC
— <critical section>
— commit
= Eite n kpiown meploxn eKTeAEiTAl ATOUIKA, EITE KAVEL
abort kat petafaivel oto failPC

= Lazy VM
= EagerCD



Mapddetypa

atomic {

}

at++:

cC = a + b;

retry: chkpt retry

ro

C
commit

//
//
//
//
//
//
//
//
//

NaTve repeated retry
Read a i1nto register
Arithmetic

Write new value of a
Read new value of a
Read b

Arithmetic

Write c

Commit 1f appears atomic



Napdadeiyua

Avanapaotaon read/write sets?
Buffer old/new values?
Conflict detection?

Checkpoint registers
read-set

write-set
Buffer old/new values
new value
read-set

write-set
Buffer old/new values
atomic

Cache bits & Writebuffer addresses
Register chkpt & Writebuffer values
Cache Coherence Protocol



napdéelvua writebuffer

registers addr data

rO | 10
Avanapdaotaon read/write sets

Read: R-bitin (L1) cache rl |20
Write: writebuffer addresses r2 | 30

r3 | 40

Buffer old/new values
Checkpoint old register values
Old memory values in L1 cache read-set addr data
New memory values in writebuffer

42

Conflict detection _ 27
Cache Coherence Protocol

12
?7?

Mikpé¢ mpooOnkeg o€ UAIKO! _ 2?

COREO



writebuffer

Napdadeiyua o

\
Chkpt S registers addr data
ro rO | 10
retry: chkpt retry 1 1 | 20

r2 r2 | 30

r3 r3 | 40
\

N_,

read-set addr data

42
?7?

12
?7?

??

MQB: read/write sets
KOKKINO: buffer old/new values COREO
MPAZINO: conflict detection



napdéelvua writebuffer

registers addr data

rOg 10
| rl| 2
r2 | 3(
4

read-set addr data

42
??

12
?7?

??

MQB: read/write sets
KOKKINO: buffer old/new values COREO
MPAZINO: conflict detection



A writebuffer
napaéelvua regiseEs addr data
r1 170

rO:rO+1_ r2 |30

r3 | 40

read-set addr data

42
?7?

12
?7?

??

MQB: read/write sets
KOKKINO: buffer old/new values COREO
MPAZINO: conflict detection



I_I A paée lv IJQ registgrs v:::::ierbdu::: r
| rl
r2 | 30 \ —

a=1ro0 r3 | 40 .

*

L
...III“

read-set addr data

42
??

12
?7?

??

MQB: read/write sets
KOKKINO: buffer old/new values COREO
MPAZINO: conflict detection



napdéelvua writebuffer

registers addr data
0 L4,
rl« 20
r2
r3

rl = a

read-set addr data

42 €

old/new
values of a

?7?

12
?7?

??

MQB: read/write sets
KOKKINO: buffer old/new values COREO
MPAZINO: conflict detection



napdéelvua writebuffer

registers addr data

MQB: read/write sets

KOKKINO: buffer old/new values v CORE 0
MPAZINO: conflict detection get2read(core0,b) data(b,26)




Napdadeiyua

r3:r1+r2_

MQB: read/write sets
KOKKINO: buffer old/new values
MPAZINO: conflict detection

registers

43

writebuffer

addr data

42

COREO



napdéelvua writebuffer

registers addr data
rO | 43

rl | 43

| r2

read-set addr data

r3

O
[

a 42
b 26

C 12
?7?

??

MQB: read/write sets
KOKKINO: buffer old/new values COREO
MPAZINO: conflict detection



napd6€lvu0 writebuffer

registers addr data

rO | 43
rl| 43
r2 | 26
r3 | 69

read-set addr data

commit <:|

MQB: read/write sets
KOKKINO: buffer old/new values COREO
MPAZINO: conflict detection



Napdadeiyua

MQB: read/write sets

writebuffer
registers addr data

rO | 43
rl| 43
r2 | 26
r3 | 69

read-set addr data

KOKKINO: buffer old/new values COREO

MPAZINO: conflict detection



Aviyxveuon diéveénc katd tnv
aitnon ouvAaEEeLag TOU . RELLIS writebuffer

TrprQK(')}\}\OU . egisters, addr data
roO | 43

L
| )
%
rl |43 | &
.
L 4
L 4

26

69 |

*
ll“

addr data
get2write(other-core,a) '

a 42
b 26
C 12 Abort!!

Conflict!

?7?

??

H e§wtepikn aitnon yia eyypa@n
eAéyxel Ttov writebuffer & read-set
bits

o , CORE 0
H e€wTtepikn aitnon yia avayvwon

eAéyxel tov writebuffer



Aviyxveuon diéveénc katd tnv

aiTnonN CUVAPELAG TOU writebuffer
TTPWTOKOAAOU \ addr data

read-set addr data

a 42

b | 26

C 12

°?

Abort done ?7?

Resume at retry

COREO



TM support otov Intel Haswell

= Néeg evTOAEG yia «restricted transactional memory»
(RTM)

— xbegin: takes pointer to “fallback address” in case of
abort

- xend
— Xabort

— MAnpo@opiec yia 1o abort otov EAX (data conflicts, cache
line evictions, interrupts, faults, etc.)
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— ACACES summer school 2008

= D.Wood (Wisconsin)
— ACACES summer school 2009
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