L3.
Parallel Programs, Parallel
| mplementations Under Various
Programming M odels

Why Bother with Programs?

They’re what runs on the madines we design
» Helps make design dedsions
 Helps evaluate systems tradeoffs
Led to the key advancesin uniprocesor architedure
« Caches and instruction set design
More important in multi procesors
» New degress of freedom (how to partition computation, data, ...)
» Greder pendlties for mismatch between program and architedure




| mportant for Whom?

Algorithm designers

« Designing agorithms that will runwell onred systems
Programmers

» Understanding key issues and oliaining best performance
Architeds

« Understand workloads, interadions, important degrees of freedom

« Vauable for design and for evaluation

Outline

Motivating Problems (appli cation case studies)
Stepsin creaing aparallel program

What asimple parallel program looks like
« In the threemajor programming models
» What primiti ves must a system suppart?




M otivating Problems

Simulating Ocean Currents
» Regular structure, scientific computing

Simulating the Evolution of Galaxies
« Irregular structure, scientific computing
Rendering Scenes by Ray Traang
« Irregular structure, computer graphics
Data Mining
« Irregular structure, information processng
« Not discussed here (read in booR
Data Waehouwsing, OLTP

Simulating Ocean Currents
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(a) Cross ®dions (b) Spatial discretization of a aoss dion

» Mode astwo-dimensional grids
« Discretizein space adtime
— finer spatial and temporal resolution => greater accuracy
« Many dfferent computations per time step
- set up and solve equations
« Concurrency aadossand within grid computations




Simulating Galaxy Evolution

« Simulate the interadions of many stars evolving over time
« Computing forces is expensive
« O(n?) brute force pproach
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-Many time-steps, plenty of concurrency aaoss sars within ore

Rendering Scenes by Ray Tracing

« Shod rays into scene through pixelsin image plane
« Follow their paths
— they bounce aound asthey srike objects
— they generate new rays: ray tree per input ray
» Result is color and opadty for that pixel
« Pardll €lism aaossrays

All case studies have @undant concurrency




Creating a Parallel Program

Asaumption: Sequential algorithm is given

» Sometimes need very different algorithm, but beyond scope
Pieces of the job:

« ldentify work that can bedorein paral €

« Partition work and perhaps data anong pocesses

» Manage data acces communication and synchronization
« Note: work includes computation, data accesand I/O

Main gaal: Speedup (pluslow prog. effort and resource neals)
Speedup (p) = Performance(p)

Perf 1
For afixed problem: erformance(1)
Time(1
Speedup (p) =
Time(p) 9

Stepsin Creating a Parallel Program

Partitioning
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Sequential Tasks Processes PETELE Processors
computation program
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4 steps: Decompasition, Assgnment, Orchestration, Mapping
» Done by programmer or system software (compil er, runtime, ...)
« Isales are the same, so asaume programmer does it al explicitly
» Wewill seethe Raw compil er in ancther lecure
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Some | mportant Concepts

Task:
« Arbitrary pieceof undecomposed work in parallel computation
» Exeauted sequentialy; concurrency is only aaoss tasks
« E.g. aparticle/cdl in Barnes-Hut, aray or ray group in Raytrace
« Fine-grained versus coarse-grained tasks

Process (thread):
» Abstrad entity that performs the tasks assgned to processes
« Processes communicae and synchronizeto perform their tasks

Processor:
«» Physicd engine onwhich processexeautes

« Processes virtualize machine to programmer
— first write program in terms of processes, then map to processors
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Decomposition

Brea&k up computation into tasks to be divided among processes
«» Tasks may beame avail able dynamicdly
« No. of avail able tasks may vary with time

i.e. identify concurrency and dedde level at whichto exploit it

Goal: Enoughtasksto ke processes busy, but not too many
« No. of tasks avail able at atimeis upper bourd on achievable speedup
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Limited Concurr ency: Amdahl’'sL aw

» Most fundamental limitation on paral el speedup
« If fraction s of seq exeaution isinherently serial, speedup<= 1/s
« Example: 2-phase cdculation

— sweep over n-by-n grid and do some independent computation

- sweep again and add each value to gobal sum
« Timefor first phase = n?/p
« Seaond plese seridized at global variable, so time = n?
» Speadup<= 22—nzor at most 2

7o

« Trick: divide seaond plase into two
— accumulate into private sum during sweep
— add per-processprivate sum into goba sum o2
« Pardle timeisn4/p + n?/p + p, and speedup at best 2_n£|-n_pz
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Pictorial Depiction
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Concurrency Profiles

«Canna usualy divideinto serial and parallel part
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« Amdahl’s law applies to any overheal, nat just limited concurrency
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Assignment

Spedfying medhanism to divide work up among processes
« E.g. which processcomputes forces on which stars, or which rays
« Together with decomposition, also cdled partitioning
» Balanceworkload, reduce @mmunication and management cost

Structured approaches usually work well
» Codeinspedion (paral € loops) or understanding of application
» Well-known heuristics
« Static versus dynamic assignment

As programmers, we worry abou partitioning first
« Usually independent of architecture or prog model
« But cost and complexity of using primitives may affed dedsions

As architeds, we aume program does reasonable job of it

16




Or chestr ation

» Naming ckta

« Structuring communicdion

«» Synchronizaion

« Organizing cata structures and scheduli ng tasks temporall y

Goals
» Reduce @st of communication and synch. as e by procesors
» Reserve locdity of datareference (incl. data structure organization)
« Schedule tasks to satisfy dependences ealy
» Reduceoverhead o parall €lism management

Closest to architedure (and programming model & language)
«» Choices depend alot on comm. abstradion, efficiency of primitives
« Architeds shoud provide gpropriate primitives efficiently

17

M apping
After orchestration, already have parallel program
Two aspeds of mapping:

» Which processes will run an same processor, if necessary
« Which processruns on which particular processor

- mapping to a network topology
One extreme: space-sharing
« Machine divided into subsets, only one gp at atime in a subset
+ Processes can be pinned to processors, or left to OS
Another extreme: complete resource management control to OS
« OS uses the performance techniques we will discuss later
Red world is between the two
» User spedfies desires in some aspeds, system may ignore
Usually adopt the view: process<-> processor

18




Parallelizing Computation vs. Data

Abowe view is centered around computation
« Computation is deacomposed and assigned (partiti oned)

Partitioning Data is often a natural view too
« Computation follows data: owner computes
« Grid example; data mining; High Performance Fortran (HPF

But not general enough

« Distinction between comp. and data stronger in many appli caions
- Barnes-Hut, Raytrace (later)

« Retain computation-centric view
- Data accesand communication is part of orchestration

19

High-level Goals

High performance (speedup ower sequentia program)

Table 2.1 Steps in the Parallelization Process and Their Goals

Architecture-
Step Dependent? Major Performance Goals
Decomposition Mostly no Expose enough concurency but not too much
Assignment Mostly no Balance workload
Reduce communication volume
Orchestration Yes Reduce noninherent communication via data
locality

Reduce communication and synchronization cost
as seen by the processor
Reduce serialization at shared resources
Schedule tasks to satisfy dependences early
Mapping Yes Put related processes on the same pocessor if
necessary
Exploit locality in network topology

But low resource usage and devel opment eff ort

Implications for algorithm designers and architeds
« Algarithm designers: high-perf., low resource neals
« Architeds: high-perf., low cost, reduced programming eff ort
- e.g. gradualy improving perf. with programming effort may be preferable
to sudden threshold after large programming effort

20

10



What Parallel Programs L ook Like

21

Par alldlization of An Example Program

Motivating poblems al lead to large, complex programs

Examine asimplified verson d apiece of Ocear smulation
- Iterative eguation solver

Illustrate parallel program in low-level parallel language
« C-like pseudacode with simple extensions for parall €lism
» Expose basic comm. and synch. primitives that must be suppated
« State of most red parallel programming today

22
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Grid Solver Example
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» Simplified version d solver in Ocean simulation

» GaussSeidd (nea-neighba) sweeps to convergence
— interior n-by-n points of (n+2)-by-(n+2) updated in each sweep
— updetesdone in-place in grid, and diff. from prev. value computed
— accumulate partial diffsinto gobal diff at end of every sweep
— check if error has converged (to within atolerance parameter)
— if so, exit solver; if not, do another sweep

23
1 int n; [*sizeof matrix: (n+ 2-by-n + 2) elements*/
2. float **A, diff = 0;
3. main()
4. begin
5. read(n) ; [*rea input parameter: matrix size*/
6. A - malloc (a 2-d array of size n + 2 by n + 2 doubl es);
7. initialize(A); [*initializethe matrix A somehow*/
8. Sol ve (A); [*cdl the routine to solve equation*/
9. end nain
10.procedure Solve (A) [*solve the eguation system*/
11. float **A; [*Aisan (n + 2)-by-(n + 2) array*/
12.begi n
13. int i, j, done = O;
14. float diff = 0, tenp;
15. while (!done) do /*outermost loop over sweeps*/
16. diff = 0; [*initialize maximum differenceto 0*/
17. for i - 1ton do /*sweep over nonborder points of grid*/
18. for j -~ 1 to n do
19. tenp = Ali,j]; /*save old value of element*/
20. Ali,j] < 0.2* (Ali,j] + Ali,j-1 + Ali-1,j] +
21. Ali,j+1] + Ali+1,j]); /*compute average*/
22. diff += abs(Ai,j] - tenp);
23. end for
24. end for
25. if (diff/(n*n) < TOL) then done = 1;
26. end while
27.end procedur e
24
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Decomposition

-Simple way to identify concurrency isto look at loop iterations

—dependence analysis; if not enough concurrency, then look
further

«Not much concurrency here & thislevel (all loops sequential)
-Examine fundamental dependences, ignoring loop structure

« Concurrency O(n) alonganti-diagorals, seridizaion O(n) alongdiag.
« Retain loop structure, use pt-to-pt synch; Problem: too many synch ogs.
« Restructure loops, use global synch; imbalance andtoo much synch

Exploit Application K nowledge

-Reorder grid traversal: red-bladk ordering

© Red point

@ Black point
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- Different ordering o updates: may converge quicker or slower
» Red sweep and Hadk sweep are eab fully paral l:
«» Global synch between them (conservative but convenient)

» Ocean uses red-bladk; we use simpler, asynchronous one to ill ustrate
- nored-black, smply ignore dependences within sweep
— sequential order same as original, paralel program nondeterministic

26
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Decomposition Only

15. whil e ('done ) do /*a sequentia loop*/

16. diff = 0;

17. for_ alli ~1t o ndo [*aparallel |oop nest*/

18. for_ allj ~1t o ndo

19. temp= Afli,j 1;

20. Ali, j1 <02 * (A, jI1+Al, j-1+A  [i-Lj]+
21. Ali, j+1]+A [i+1 ]);

22. diff +=  abs( Ali,|] - t emp);

23. end for_all

24, end for_all
25. if ( diff/(n* n)<TOL) then do ne=1;
26. end while

- Decompositi on into elements: degreeof concurrency n?
» To decompose into rows, make line 18 loop sequential; degreen

. for _all leasesasdgnment left to system
— but implicit global synch. at end of for_all  loop

27

Assignment

-Static asggnments (given decompaositi on into rows) i
-block assgnment of rows: Row i isassgned to process M
—cyclic assgnment of rows: processi is assgned rowsi, i+p, and
so on
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» Dynamic assgnment
— get arow index, work on the row, get anew row, and so on

« Static essignment into rows reduces concurrency (from n to p)
— block assgn. reduces communication by keeping adjacent rows together

« Let'sdiginto archestration under threeprogramming models

28
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Data Parallel Solver

1. int n, nprocs; [*grid size (n + 2-by-n + 2) and rumber of processes*/
2. float **A diff = 0;

3. main()

4. begin

5. read(n); read(nprocs); ; [*read input grid size and number of processes*/
6. A ~ G MALLCC (a 2-d array of size n+2 by n+2 doubl es);

7. initialize(A); [*initialize the matrix A somehow*/

8. Sol ve (A); /*cdl the routine to solve equation*/

9. end main

10. procedure Sol ve(A) /*=olve the eguation system*/

11. float **A; /*Aisan (n+ 2-by-n + 2) array*/

12. begi n

13. int i, j, done = 0;

14. float nydiff = 0, tenp;
1l4a. DECOWP A[BLOCK, *, nprocs];

15. whil e (!done) do [*outermost loop over sweeps*/

16. nydi ff = 0O; [*initialize maximum diff erence to 0*/
17. for_all i « 1to n do /*sweep over non-border points of grid*/
18. for_all j « 1to n do

19. tenp = Ali,jl; /*save old value of element*/

20. Ali,jl] < 0.2 * (Ali,j] + Ali,j-1] + Ali-1,j] +

21. Ali,j+1] + Ali+1,j]); /* compute average*/

22. nydi ff += abs(A[i,j] - tenp);

23. end for_all

24. end for_all

24a. REDUCE (nydiff, diff, ADD);

25. if (diff/(n*n) < TOQL) then done = 1;

26. end while
27. end procedure

29

Shared Address Space Solver

Single Program Multi ple Data (SPVID)

Processes
Solve Solve  Solve Solve

DD

Sweep

[ Test Convergence

T 1 1
S

« Asdgnment controlled by values of variables used as loop bound

30
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1. int n, nprocs; /*matrix dimension and number of processorsto beused*/

2a. float **A diff; I*Aisglobal (shared) array representing the grid*/
/*diff is global (shared) maximum differencein current
sweep*/

2b. LOCKDEC(diff_ | ock) ; /*dedaration of lock to enforcemutual exdusion*/

2c. BARDEC ( barl ) ; [*barrier dedaration for global synchronization between
sweeps*/

3 mai n()

4 begin

5 read(n); read(nprocs); [*read input matrix size and number of processes*/

6. A ~ G_MALLOC (a two-dinensional array of size n+2 by n+2 doubl es);

7. initialize(A); [*initialize A in an unspedfied way*/

8a. CREATE (npro cs-1, Solve , A);

8. Sol ve(A); /*main process becomes a worker too*/

8b. WAT_FOR_END (npro cs-1) ;  /*wait for all child processes created to terminate*/

9 end main

10. procedur e Sol ve(A)

11. | oat **A; /%A isentire n+2-by-n+2 shared array,

asin the sequential program*/

12. begin

13. int i,j, pid, done = 0;

14. float tenp, muiff = 0; I*private variabl es*/

14a. int mymn= 1 +(p id* n/npr ocs); I*assume that nis exadly divisible by*/

14b. int mynax= nymin + n/nprocs- 1 I*nprocs for simplicity here*/

15. whi le (!done) do I*outer loop over &l diagonal elements*/

16. mydiff = diff = 0; /*set global diff to 0 (okay for all to doit)*/

16a. BARRIER( barl , npro cs); I*ensureall read here before anyone modifies diff*/

17. for i « mymin to mymax do [*for each of my rows*/

18. for j -~ 1ton do /*for al nonbader dementsin that row*/

19. tenmp = Ali,j];

20. Ali,j] =0.2* (Ali,j]l + Ali,j-1] + Ali-1,j] +

21. Ali,j+1] + Ali+1,j]);

22. mydiff  += abs(Ali,j] - tenp);

23. endf or

24. endf or

25a. LOCK(di ff_ lo ck); I*update global diff if necessary*/

25b. di ff += mydiff ;

25c. UNLOCK(iff_ | ock);

25d. BARRIER( barl , npro cs); I*ensureall read here before dheckingif done*/

25e. if (diff/(n*n) < TOL) then done = 1; I*check convergence; all get

same aswer*/
25f . BARRIER( barl , npro cs);

26. endwhi | e
27. end procedure

Notes on SAS Program

SPMVID: not lockstep or even necessarily same instructions

Asdgnment controll ed by values of variables used asloop bound

— unique pid per process used to control assgnment

Done ondtion evaluated redundantly by all

Code that does the update identicd to sequential program

— each processhas private mydiff variable

Most interesting speda operations are for synchronization

- accumulations into shared diff have to be mutually exclusive
- why the need for dl the barriers?




Need for M utual Exclusion

« Code eab processexeautes:

| oad the value of diff into register rl
add the register r2 to register rl
store the value of register rl into diff

« A possbleinterleaving:

Pl P2
ri - diff {P1 getsOinitsrl}
ri — diff {P2asogetsO}
ri — ril+r2 {P1 setsitsrlto 1}
ri — ril+r2 {P2setsitsrlto1}
diff < rl {P1 setscell_cost to 1

diff « r1 {P2asosetscell_cos to 1}

» Nedl the sets of operationsto be atomic (mutually exclusive)

33

M utual Exclusion

Provided by LOCK-UNLOCK aroundcritical section
« Set of operations we want to exeaute aomicdly
« Implementation o LOCK/UNLOCK must guaranteemutual excl.

Can lea to significant serialization if contended

» Espedaly since exped nonlocd accessesin criticd sedion
» Ancther reason to use private mydiff for partial acamulation

34
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Global Event Synchronization

BARRIER(nprocs): wait heretil| nprocs processes get here
« Built using lower level primitives
+ Global sum example: wait for al to acawmulate before using sum
« Often used to separate phases of computation

ProcessP 1 ProcessP 2 Process P_nprocs

set up egn system set up egn system set up egn system
Barrier (name, nprocs) Barrier (name, nprocs) Barrier (name, nprocs)
solve egn system solve egn system solve egn system
Barrier (name, nprocs) Barrier (name, nprocs) Barrier (name, nprocs)
apply results apply results apply results

Barrier (name, nprocs) Barrier (name, nprocs) Barrier (name, nprocs)

» Conservative form of preserving dependences, but easy to use

WAIT_FOR_END (nprocs-1)

85

Pt-to-pt Event Synch (Not Used Here)

One processnatifies ancther of an event so it can proced
« Common example: producer-consumer (bounded bufer)
« Concurrent programming a uniprocessor: semaphares

« Shared address paceparalle programs. semaphares, or use ordinary
variables as flags

Py P>
A= 1;

b: flag
= 1;

a: while (flag is 0) do nothing;
print A

-Busy-waiting or spinning

36
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Group Event Synchronization

Subset of processesinvolved
« Can useflags or barriers (invalving only the subset)
» Concept of producers and consumers

Major types:
« Single-producer, multiple-consumer
« Multi ple-prodicer, single-consumer
« Multi ple-prodicer, single-consumer

37

M essage Passing Grid Solver

» Canna dedare A to be shared array any more

» Nedal to composeit logicdly from per-processprivate arays
— usually all ocated in accordance with the assgnment of work
- processassgned a set of rows all ocates them locally

« Transfers of entire rows between traversals

« Structuraly similar to SAS (e.g. SPMD), but orchestration dfferent
- data Structures and data accessnaming
- communicaion
— synchronizaion

38
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1.int pid,n, b; I*processid, matrix dmensionand rumber of
processors to be used*/

2. float **myA;

3. main ()

4. begin

5. read(n); read(nprocs); /*read input matrix size and number of processes/
8a. CREATE (nprocs-1, Sol ve);

8b. Solv e() ; /*main processbecomes a worker too*/

8c. VAIT FCR END (n pro cs-1); I*wait for all child processes created to terminate*/

9. end nai n

Er ocedure Sol ve()
egi n

13. int i,j, pid n =n/ nprocs, done =0;
14. float temp temmpif f, nydiff = 0; [* private variablest/
6. nyA . malloc(a 2-d array of size[n /nprocs + 2] by n+2);
I*my assigned rows of A*/
7. init ialize(nyA); [*initialize my rows of A, in an unspedfied way*/

15. whil e (!done) do
16 nydi ff = 0; /*set locd diff to 0%/
pidi=0 ) then SEN[I&nyA[lO]n si zeof( flo at) , pi d-1, ROW;

162 if (
16b. if (pid= nprocs-1) th
SEND( &ny Al 0, 0], n'slzeof(ﬂ oat) pi d+l, ROW:
16c. if (pidi=0 ) then FECBVE(&nyA[OO]n si zeo(((loa!) pi d-1, ROW;
16d. if (pidi=n procs-1) th
RECH VE(&nyA n'+ 1,0] , e zeof( float) , pid+1, ROW;

/*border rows of neghbors have now been copied
into myA[0,*] and myA[n'+1,*]*/

17. for i -~ 1ton do I*for each o my (nonghost) rows*/

18. for j « 1to ndo [*for dl nonborder e ementsin that row*/

19. temp= nyAli j ]; . i

20. "VA[MJ] o (nvA[ A1 YA -1+ YAl L T+

21 AL L+ y AL ] )

22. nyle & abs(nyAli j ] -te np);

23. endfor

24. endf or
/*communicae local diff values and determineif
done; can be replaced by reduction and broadcast*/

25a. if (pid!=0 ) then /*process 0 holds global total diff*/

25b. SEND( nydi ff , si zeof( flo at) , 0, DI FF)

25c. RECH VE(doneslzeoV(ln!) 0 DON

25d. el se /"pld Odoes this*/

25e. for i ~ 1 to nprocs-1 do I*for each ather process*/

25f. RECH VE(t enpdi f f, sizeof (f | cat), *, Dl FF);

25g. nydl ff += tempdiff; /"aco.imulatelntotdal"/

25h.

25i i (m/dlﬁ /(n*n) <TOL) then done= 1;

25j. for i . 1 to nprocs-1 do [*for each ather process*/

25k. SEND(done,s i zeof (int), i , DONB);

251. endf or
25m. endi f
26. endwhil e

27. end procedure 39
Notes on M essage Passing Program
» Use of ghaost rows
» Recave does not transfer data, send does
— unlike SAS which is usually receiver-initiated (load fetches data)
« Communicdion dore at beginning o iteration, so no asynchrony
« Communicationin whole rows, not e ement at atime
» Core dmilar, but indices/lboundsin locd rather than gobal space
«» Synchronizaion through sends and receves
— Update of global diff and event synch for done condition
— Could implement locks and berriers with messages
» Can use REDUCE and BROADCAST library cdlsto smplify code
/*communicate local diff values and determine if done, using reduction and broadcast*/
25b. REDUCE( O, nydi f f, si zeof (f| oat),ADD);
25c. if( pid==0)t hen
25i . if( mydiff/( n*n)<T Q.) thendone= 1;
25k. endi f
25m BROADCAST( 0, done, si zeof (i nt), DONE);
40
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Send and Receive Alter natives

Can extend functionality: stride, scatter-gather, groups

Semantic flavors: based onwhen control isreturned

Affed when data structures or buffers can be reused at either end
Send/Receive

Synchronous Asynchronous

Blocking asynch. NonHocking asynch.

« Affed event synch (mutual excl. by fiat: only one processtouches data)
« Affed ease of programming and performance

Synchronous messages provide built-in synch. through match
« Separate event synchronizaion reeded with asynch. messages

With synch. messages, our code is deadlocked. Fix?

41

Orchestration: Summary

Shared address pace
« Shared and private data explicitly separate
« Communicdion implicit in accesspatterns
+ No correctness neal for data distribution
» Synchronizaion Via atomic operations on shared data
« Synchronizaion explicit and dstinct from data communicdion

Message passng
» Datadistribution among locd address spaces needed
» No explicit shared structures (implicit in comm. patterns)
« Communicdionis explicit
« Synchronizaion implicit in communication (at least in synch. case)
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Correctnessin Grid Solver Program

Demomposition and Assgnment similar in SAS and message-passing

Orchestrationis different

« Data structures, data accegnaming, communicdion, synchronizaion

SAS Msg-Passing
Explicit global data structure? Yes No
Assignment indept of data layout? Yes No
Communication Implicit Explicit
Synchronization Explicit Implicit
Explicit replication of border rows? No Yes

Requirements for performance are ancther story ...
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