YTToOeTIKOC [ToOAUVNUATIOUOC



Ta mpofAuata tou
TAPAAANAOUL TIPOYPAUUATIOUOU

Evtomiopdg mapaAAnAicuou
—  XElpokivnta (emokomnnon)
— avtouata (compiler)

Ek@paon mapaAAnAlouoU

— low-level (n.x. Pthreads, MPI)
— high-level (m.x. OpenMP, Cilk, Intel TBB, Galois, UPC k.Am.)

Amelkovion
— scheduling, creation, termination, etc.
— operating system, runtime system
2 UYXPOVIOMOG
—  €UKOAOC OTTWG O coarse-grain
— anmodoTIKOG OTwc o fine-grain
— deadlock-free
— composable

ATTAITAOCEIC
—  KAlHakwoluétnTa
—  EUKOAIO TPOYPOUMATIOUOU
— VPNAAQ TapaywytlkotnTa
- opbotnta
— architectural awareness



Parallelizing Compilers

= 2 TOXEUOUV O€ KKAVOVIKES» EQAPUOYEC
— for loops, arrays
— (mapadoaoikd, HPC scientific codes...)
= JuvnOwc, 2 mepdopata:
— Eivat éva loop «ao@aléc» yia mapalAnAomoinon;
» otatikil avaiuon (dependence, alias)
— «A&iCe» va mapaAinAomoinOei;
 cost model, profiling

— MNapadeiypata: Intel CC, SUIF-1, Polaris, PGI, Open64

= TiyiveTal YE TIC «OKAVOVIOTES» EPAPUOYEG;
— aocagei¢/pun-otabepéc e€aptoclg (.. input dependent)
— «TTEPITTAOKEC» OOPEC



EVOEIKTIKN KaTnyoploroinon

Xapaktnpiotika
KWSIKa

MNapadsiypa

Nedio eppappoyng

Arrays with direct
addressing

Arrays with indirect
addressing

Recursive Data
Structures (RDS):
* trees

* lists

* graphs

* sets

* hash-tables

for(i=1;i<n;i++) {
Ali] = B[i]*C[i];
}

for(i=1;i<n;i++) {
z = A[KIi]l;
A[L[i]] =z + C[i];
}

while(ptr=ptr->next) {
ProcessElement(ptr->val);

}

* scientific codes
* media applications

e circuit simulations

* structural mechanics modeling
* molecular dynamics simulation
* fluid flows

* graph algorithms (shortest paths,
minimum spanning trees, max flows)
* simulations (N-body, graphics)

* meshes (refinement, triangulation)
* dynamic programming

 data mining




YTToOeTtIKOC [oAuvnuUaTIOUOC

Speculative Multithreading or Thread-Level Speculation

= EMTPEMEL TN dNUIOUPYia Kal EKTEAEON TTAPAAANAWY
VNUATWV Tapad Ti¢ moaveg e¢aptrioclc OeO0UEVWV
= eAmioupe otnNV pN-Umapén e€aPTNOEWV
— «alo1000&0C» TAPAAANAIOHOC

Run Time

Compile Time
Parallelize without
detection of

Commit
Detect Modification
Violation

dependency

Squash and
Re-execution




Mapddetypa

for(1=0; 1<n; 1++) {

. = A[BLI1]1:
A[C[iTT = ..

Thread 1 Thread 2 Thread 3
[teration i

Iteration i+1

Iteration i+2

lteration i+3 . REDO
lteration i+4 ..
lteration i+2

/

RAW violation




[evikO MoVTEéNO

1 main (non-speculative) thread

— YNPAIOTEPO
— TO MOVO TTOU ETITPEMETAL VA KAVEL commit

= N 2 0 speculative threads

= OYEOEIC predecessor-successor avaueoa ota threads
— sequential semantics

= onolodnNmoTe thread pmopei va KAvel spawn KAoIo
AaANo (speculative) thread



[evikO MovTéNO

Non-speculative

Sequential TUO TU1 TU2 Thread Unit
Execution g e
Time
spawn
SP1 SP1 =
_|
Sp2 SpP2 Spawn
TSP2
TSP2 TSP2 validate  _J 94 E}
_|
TSPty
TSP1

SP: spawning point
TSP: thread start point



[T0OYPAMMATIOTIKEG AOUEC

= EEKIVAUE ATTO TO OEIPIAKO TIPOYPAUMA Kal EEAYOUHE
«ordered» viupata (A Epyacieg)

Loop-level speculation Function-level speculation If-block-level speculation

Vv

Mn umoBeTikn
epyacia
(umAok if-then-else)
Mn uroBeTikA YroBetikn YroBetikn YroBetikn Mn UTOBETIKA
epyaoia gpyacia epyaocia epyaoia (ouvexon epyaoia (ohpa , ,
(emavaAnyn 0) (emavainyn 1) (emavaAnyn 2) ouvaptnong) ouvdptnone) YroBetk epyaoia

(KwSLKAG LETA TO UITAOK)



YToOeTIkOC [MoAuvNUATIOUOC

To HW/SW (runtime system) mapéxel umootripién yla:

= checkpointing Twv KataywpenTwv oTnv apxn Tn¢
EKTEAEONC MIAC Epyaciag

= buffering Tng umoBeTIKAC KaTAoTaoNC Tou
dnuiovpyeital

— T.X. write-buffer, cache

= TTOPAKOAOUONON TWV AEITOUPYIWV UVIMNG TWV
EQPYACIWV

- nmapaPiaon e€aptioswyv: avaipeon Twv emdpdcswv tNC (1Mo)
UTTODETIKAC EPYAOiag Kal ETTAVEKKIVNON
* T.X. anoppwn write-buffer, restore registers
~ pn mapafioon e{apTROEWV: COMMIt AMOTEAEOUATWY TWV
EPYACIWV

* OTNn o€1pa mpoypAaupatoc!



[Mapdodetypa Avixvevonc Napafidoswv

= Eméxktaon cache pe

— timestamp («<epoch number»): O€ixvel Tn og1pd 01O OEIPIAKO
mpoypapua

— violation flag

= Enéktaon cache line pe €101k bits
— SL: kamolo speculative load £xel mpoomneAdcel Tnv cache line
— SM: n ypaupn €xel tpomomoinBei umtoBeTIkA

= Y& kKAOe write-invalidation, pia epyacia papkdapetat yia
akupwaon av:
— N YPAUMUN €ivalt mapovoa otnv cache tn¢

— 1o SL bit tn¢ €ival set

— 10 «epoch number» Tou invalidator umodelkviel mpoyevEOTEPO
VA OTN OEIPA TTPOYPAUUATOC



Mapdodetypa Avixvevonc lNMapafidoswv

Processor 1
Epoch 5

@STORE *q = 2;

L1 Cache

Epoch#=5

Violation? = FALSE

p=q=&x

Processor 2
Epoch 6

become_speculative()
(DLOAD a = *p;

@attempt_commit();

L1 Cache
Epoch#=6
Violation? = FALSE Speculatively
Loaded?
X=1 LT F Speculatively
SL SM Modified?

(D Read request



Mapdodetypa Avixvevonc lNMapafidoswv

Processor 1
Epoch 5

@STORE *q = 2;

L1 Cache

Epoch#=5

Violation? = FALSE

X=1->2 T T

SL SM

p=q=8&x

@ Invalidation (Epoch #5)

Processor 2
Epoch 6

become_speculative()
(DLOAD a = *p;

@attempt_commit();

L1 Cache

Epoch#=6

Violation? = FALSE

\__/

X [

N
SL SM

(D Read request

Speculatively
Loaded?
Speculatively
Modified?



Mapdodetypa Avixvevonc lNMapafidoswv

Processor 1
Epoch 5

@STORE *q = 2;

L1 Cache

Epoch#=5

Violation? = FALSE

X=1->2 T T

SL SM

p=q=8&x

@ Invalidation (Epoch #5)

Processor 2
Epoch 6

become_speculative()

— ¥pye
(DLOAD a = *p; /FAIL
@attempt_commit();

L1 Cache
Epoch#=6 | ®
Violation? =TRUE Speculatively
\__/ Loaded?
}& | T F Speculatively
717 st sm Modified?

(D Read request



Tie€apTnoelg pag volalouv TEAIKQ;

Iteration k

Al5]=...;

Iteration k+1

Iteration k

Iteration k+2

Al5]=...;

Iteration k+1

... =A[5];

Iteration k

Iteration k+2

..=A[5];

Iteration k+1

... =A[5];

Iteration k

Iteration k+2

..=A[5];

Iteration k+1

Al5]=..;

Iteration k+2

Al5] = ..,

RAW dependence violated:

violates sequential semantics (k’s store
should have preceded k+2's load in
program order)

RAW dependence respected:
no problem (theoretically), but requires
data forwarding mechanism

WAR dependence violated:
no problem if speculative writes are
being buffered

WAR dependence respected:
no problem



TM vs TLS

Thread 1
Thread 2
Thread 3
Thread 1
Thread 2
Thread 3

txbegnI txbeg'nI txbegnI

= AI01000E0C¢

OUYXPOVIOMOG
" A1010060&0¢
TAPAAANAIOUOC

Iteration i
Iteration i+1
Iteration i+2
Iteration i+3

8 abort




TM vs TLS

TLS

Task

. Result
Spawning

Buffering

Context Dependency
Passing Violation
Detection

Sequential
Ordering Checkpointing

™

TLS and TM share multiple hardware components




BiBAloypagia



Speculative Multithreading oto Hardware

. [Hammond98] L. Hammond, M. Willey and K. Olukotun. “Data Speculation Support for a Chip Multiprocessor”.
SIGOPS Oper. Syst. Rev.,, vol. 32, no. 5, pages 58-69, 1998.

= [Hydra] Hydra project at Stanford University. http://ogun.stanford.edu/

= [lacoma] I-ACOMA group at University of lllinois at Urbana-Champaign.
http://iacoma.cs.uiuc.edu/work/speculation.html

. [Krishnan99] V. Krishnan and J. Torrellas. “A Chip-Multiprocessor Architecture with Speculative Multithreading”.
IEEE Trans. Comput., vol. 48, no. 9, pages 866-880, 1999.

= [Multiscalar] Multiscalar project at University of Wisconsin-Madison. http://pages.cs.wisc.edu/~mscalar

. [Renau05] J. Renau, J. Tuck, W. Liu, L. Ceze, K. Strauss and J. Torrellas. “Tasking with Out-of-Order Spawn in TLS
Chip Multiprocessors: Microarchitecture and Compilation”. 19th annual International Conference on
Supercomputing (ICS ‘05).

= [Quinones05] C. Quinones, C. Madriles, J. Sanchez, P. Marcuello, A. Gonzalez, D. Tullsen. "Mitosis Compiler: An
Infrastructure for Speculative Threading Based on Pre-Computation Slices" . ACM SIGPLAN conference on
Programming language design and implementation (PLDI‘05)

= [Sohi95] G. Sohi, S. Breach and T. Vijaykumar. “Multiscalar Processors”. 22nd Annual International Symposium on
Computer architecture (ISCA "95).

. [Stampede] STAMPede project at Carnegie-Mellon University. http://www.cs.cmu.edu/~stampede/

= [Steffan98] G. Steffan and T. Mowry. “The Potential for Using Thread-Level Data Speculation to Facilitate
Automatic Parallelization” IEEE 4th International Symposium on High Performance Computer Architecture
(HPCA '98).

= [Steffan00] G. Steffan, C. Colohan, A. Zhai and T. Mowry. “A Scalable Approach to Thread-Level Speculation”. 27th
Annual International Symposium on Computer Architecture (ISCA '00).




Speculative Multithreading oto Software

= [Berger09] E. Berger, T. Yang, T. Liu, G. Novark. "Grace: Safe Multithreaded Programming for
C/C++". 24th ACM SIGPLAN conference on Object oriented programming systems
languages and applications (OOPSLA'09).

= [KulkarniO7] M. Kulkarni, K. Pingali, B. Walter, G. Ramanarayanan, K. Bala and L. Chew.
“Optimistic Parallelism Requires Abstractions”. ACM SIGPLAN 2007 conference on
Programming language design and implementation (PLDI'07), June 2007

= [Rauchwerger95] L. Rauchwerger and D. Padua. “The LRPD test: speculative run-time
parallelization of loops with privatization and reduction parallelization”. ACM SIGPLAN 1995
conference on Programming language design and implementation (PLDI '95). p.218-232,
June 18-21, 1995, La Jolla, California, United States.

= [Tian08] C.Tian, M. Feng, V. Nagarajan and R. Gupta. “Copy or Discard Execution Model for
Speculative Parallelization on Multicores.” 41st IEEE/ACM International Symposium on
Microarchitecture (MICRO '08), pages 330-341, Washington, DC, USA, 2008. IEEE Computer
Society.

= [von Praun07] C. von Praun, L. Ceze, C. Cascaval.“Implicit Parallelism with Ordered
Transactions”. 2th ACM SIGPLAN symposium on Principles and practice of parallel
programming (PPoPP’07).



Compiler Frameworks for Spec. Multithreading

[Bhowmik02] A. Bhowmik and M. Franklin.“A general compiler framework for
speculative multithreading”. 14th annual ACM symposium on Parallel algorithms
and architectures (SPAA '02).

[Liu06] W. Liu, J. Tuck, L. Ceze, W. Ahn, K. Strauss, J. Renau and J. Torrellas. “POSH: a
TLS compiler that exploits program structure”. 11th ACM SIGPLAN symposium on
Principles and practice of parallel programming (PPoPP ‘06).



Parallelizing Compilers

= [Allen02] R. Allen and K. Kennedy. “Optimizing Compilers for Modern Architectures: A Dependence-Based
Approach”. Morgan Kaufmann, 2002.

. [Brandes97] T. Brandes, S. Chaumette, M. Counilh, J. Roman, A. Darte, F. Desprez and J. Mignot. “HPFIT: a set
of integrated tools for the parallelization of applications using high performance Fortran. part I: HPFIT and
the Transtool environment”. Parallel Computing, 23(1-2), 1997.

=  [Bugnion96] E. Bugnion, J. Anderson, T. Mowry, M. Rosenblum and M. Lam. “Compiler-Directed Page
Coloring for Multiprocessors”. International Symposium on Architectural Support for Programming
Languages and Operating Systems (ASPLOS ‘96).

= [Goff91] G. Goff, K. Kennedy and C. Tseng. “Practical Dependence Testing”. ACM SIGPLAN Conference in
Programming Language Design and Implementation (PLDI‘91).

. [Hall96] M. Hall, J. Anderson, S. Amarasinghe, B. Murphy, S. Liao, E. Bugnion and M. Lam. “Maximizing
multiprocessor performance with the SUIF compiler”. IEEE Computer, 29(12), 1996.

= [ICC] Intel C/C++ compiler. http://software.intel.com/en-us/intel-compilers/

= [Ishihara06] M. Ishihara, H. Honda and M. Sato. “Development and implementation of an interactive
parallelization assistance tool for OpenMP: iPat/OMP”. IEICE - Transactions on Information and Systems,
E89-D(2), 2006.

=  [Kennedy91] K. Kennedy, K. McKinley, and C. Tseng. “Interactive parallel programming using the Parascope
editor” IEEE TPDS, 2(3), 1991.

=  [Open64] Opené4. http://www.openb4.net

= [Padua86] D. Padua and M. Wolfe, “Advanced Compiler Optimizations for Supercomputers,” Comm. ACM,
vol. 29, pp. 1,184-1,201, Dec. 1986.

. [Padua93] D. Padua, R. Eigenmann, J. Hoeflinger, P. Petersen, P. Tu, S. Weatherford and K. Faigin. “Polaris: A
new-generation parallelizing compiler for MPPs”. Technical report, In CSRD No. 1306. UIUC, 1993.

= [Wolfe89] M. Wolfe. “Optimizing Compilers for Supercomputers”. The MIT Press, 1989.




Transactional Memory & Spec. Multithreading

= [Baek07]W. Baek, C. Cao Minh, M. Trautmann, C. Kozyrakis and K. Olukotun.
“The OpenTM Transactional Application Programming Interface”. 16th

International Conference on Parallel Architecture and Compilation
Techniques (PACT '07).

= [Guo08] R. Guo, H. An, R. Dou, M. Cong, Y.Wang and Q. Li.“LogSPoTM: A
Scalable Thread Level Speculation Model Based on Transactional Memory”.
13th Asia-Pacific Computer Systems Architecture Conference (ACSAC '08).

= [Porter09] L. Porter, B. Choi and D. Tullsen.“Mapping Out a Path from
Hardware Transactional Memory to Speculative Multithreading”. 18th

International Conference on Parallel Architectures and Compilation
Techniques (PACT '09).

= [Yoo08]R. Yoo and H. Lee.“Helper Transactions: Enabling Thread-Level
Speculation via A Transactional Memory System”. Workshop on Parallel
Execution of Sequential Programs on Multicore Architectures (PESPMA '08).



