Theory of Parallel Computing 2015

TG — IR

Yinliang Zhao (2 45%) Xi'an Jiaotong Universiy

2.2 MIMDZ%5 14
JETE PVP SMP MPP DSM COW
R LhiHRTY MIMD MIMD MIMD MIMD MIMD
\ LT | [ Uk ] AEEgE % BHEH R [l rHi i
[ [ \ \ it
EENERRENER R TEMS  EREX B, & EBINg RBINg R %
(a)PVP (b) SWP Rl FF XIFR C BLoR
(PP JAAEHLH FEEAR R FEE AR H AL FEEAR R AT s
q Pm—————— @ em—————e -
| I B | 1w | HihZ)) 2 o 2 ~ »s 2 P o
| - Lo — i Rawl 1] B bk MM hbn ZHibbn B bER MR
i ! Lo ! 1] ] ] ] ]
! I L . P L R A N T N "
| e |7 L e )| % 5 L
i ! wp | 08 | ViR UMA UMA NORMA NUMA NORMA
|
————— I [ I
PP L : L : RENL Cray C- IBMRS50, Intel Stanford Berkeley
- _____ ________ 90,Cray T- SGI  Power Paragon, DASH, NOW,
(@DsH | Fife% DKM, AT, ete) | 904812 Challenge,  IBMSP2, Cray T 3D Alpha Farm
BB 8562000

(e) COW

Dichotomy of Parallel Computing

Platforms Control Structure of Parallel Programs

m Parallelism can be expressed at various levels of granularity
- from instruction level to processes.

m An explicitly parallel program must specify concurrency
and interaction between concurrent subtasks.

= Between these extremes exist a range of models, along with
corresponding architectural support.

= The former is sometimes also referred to as the control
structure and the latter as the communication model.
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Control Structure of Parallel Programs

m Processing units in parallel computers either operate under
the centralized control of a single control unit or work
independently.

m Ifthere is a single control unit that dispatches the same
instruction to various processors (that work on different
data), the model is referred to as single instruction stream,
multiple data stream (SIMD).

m Ifeach processor has its own control unit, each processor
can execute different instructions on different data items.
This model is called multiple instruction stream, multiple
data stream (MIMD).

SIMD Processots

m Some of the earliest parallel computers such as the
[lliac IV, MPP, DAP, CM-2, and MasPar MP-1 belonged
to this class of machines.

m Variants of this concept have found use in co-processing
units such as the MMX units in Intel processors and DSP
chips such as the Sharc.

m SIMD relies on the regular structure of computations
(such as those in image processing).

m It is often necessary to selectively turn off operations on
certain data items. For this reason, most SIMD
programming paradigms allow for an "*activity mask",
which determines if a processor should participate in a
computation or not.
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SIMD and MIMD Processors
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A typical SIMD architecture (a) and a typical MIMD architecture (b).

Conditional Execution in SIMD Processors
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Executing a conditional statement on an SIMD computer with four
processors: (a) the conditional statement; (b) the execution of the
statement in two steps.
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MIMD Processors

m In contrast to SIMD processors, MIMD processors can
execute different programs on different processors.

m A variant of this, called single program multiple data
streams (SPMD) executes the same program on different
processors.

m It is easy to see that SPMD and MIMD are closely related
in terms of programming flexibility and underlying
architectural support.

= Examples of such platforms include current generation Sun
Ultra Servers, SGI Origin Servers, multiprocessor PCs,
workstation clusters, and the IBM SP.

Communication Model
of Parallel Platforms

m There are two primary forms of data exchange between
parallel tasks - accessing a shared data space and
exchanging messages.

m Platforms that provide a shared data space are called
shared-address-space machines or multiprocessors.

m Platforms that support messaging are also called message
passing platforms or multicomputers.

BRSPS

Yinliang Zhao (2 45%) Xi'an Jiaotong Universiy

SIMD-MIMD Comparison

m SIMD computers require less hardware than MIMD
computers (single control unit).

= However, since SIMD processors ae specially designed,
they tend to be expensive and have long design cycles.

= Not all applications are naturally suited to SIMD
processors.

= In contrast, platforms supporting the SPMD paradigm can
be built from inexpensive off-the-shelf components with
relatively little effort in a short amount of time.

Shared-Address-Space Platforms

m Part (or all) of the memory is accessible to all processors.
m Processors interact by modifying data objects stored in this
shared-address-space.
m [fthe time taken by a processor to access any memory word
in the system global or local is identical, the platform is
classified as a uniform memory access (UMA), else, a non-
uniform memory access (NUMA) machine.
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NUMA and UMA Shared-Address-Space NUMA and UMA
Platforms Shared-Address-Space Platforms
[P] 7] m The distinction between NUMA and UMA platforms is important from
p p
% Hm % Hm ¥ the point of view of algorithm design. NUMA machines require
EH § 7] § B § locality from underlying algorithms for performance.
% Hm g H@ g m Programming these platforms is easier since reads and writes are
5 g g implicitly visible to other processors.
2 (_)m [P] 2 (_)m [P] £ s However, read-write data to shared data must be coordinated (this will
EH be discussed in greater detail when we talk about threads
@ ®) © programming).
Typical shared-address-space architectures: (a) Uniform-memory = Caches in such machines require coordinated access to multiple copies.
access shared-address-space computer; (b) Uniform-memory- This leads to the cache coherence problem.

access shared-address-space computer with caches and
memories; (¢) Non-uniform-memory-access shared-address-space
computer with local memory only.

m A weaker model of these machines provides an address map, but not
coordinated access. These models are called non cache coherent shared
address space machines.

Shared-Address-Space vs.

Shared Memory Machines Message-Passing Platforms

m [t is important to note the difference between the terms m These platforms comprise of a set of processors and their
shared address space and shared memory. own (exclusive) memory.

m We refer to the former as a programming abstraction and to = Instances of such a view come naturally from clustered
the latter as a physical machine attribute. workstations and non-shared-address-space

m [t is possible to provide a shared address space using a multicomputers.
physically distributed memory. m These platforms are programmed using (variants of) send

and receive primitives.
m Libraries such as MPI and PVM provide such primitives.

BRSPS 4



Theory of Parallel Computing 2015

Message Passing vs.
Shared Address Space Platforms

m Message passing requires little hardware support, other than
a network.

m Shared address space platforms can easily emulate message
passing. The reverse is more difficult to do (in an efficient
manner).

NUMA architecture

= Shared address space

= Memory latency varies whether you access local or remote
memory

= Cache coherence is maintained using an hardware or

software protocol
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SMP architecture

m SMP uses shared system resources (memory, I/O) that
can be accessed equally from all the processors
m Cache coherence is maintained
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Memory Hierarchy

» Most programs have a high degree of locality in their accesses

« spatial locality: accessing things nearby previous accesses
» temporal locality: reusing an item that was previously accessed

+ Memory hierarchy tries to exploit locality

control
Sacond Main Secondary Tertiary
lavel torag)
datapath cache (Disk) T
- on-c'i:h (SRAM) (DRAM) (DiskiTape)
Speed 1ns 10ns 100ns 10ms 10sec
Size B KB MB GB TB
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Processor-DRAM Gap (latency)

+ Memory hierarchies are getting deeper
+ Processors get faster more quickly than memory
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~Approaches to Handling Memory Latency
+ Bandwidth has improved more than latency
« Approach to address the memory latency problem
« Eliminate memory operations by saving values in
small, fast memory (cache) and reusing them
+ need temporal locality in program
- Take advantage of better bandwidth by getting a
chunk of memory and saving it in small fast memory
(cache) and using whole chunk
* need spatial locality in program
» Take advantage of better bandwidth by allowing

processor to issue multiple reads to the memory
system at once

+ concurrency in the instruction stream, eg load whole
array, as in vector processors; or prefetching
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s F¥47 ( Tparo ) FIBEFHE ( Tcomm ) : B FIHE

BK,
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hot Eotato routing

_ _(n.) A form of routing in which the nodes of a network have no
buffer to store packets in before they are moved on to their final
predetermined destination. In normal routing situations, when
multiple packets contend for a single outgoing channel, packets
that are not buffered are dropped to avoid congestion. But in hot
potato routing, each packet that is routed is constantly transferred
until it reaches its final destination because the individual
communication links can not support more than one packet at a
time. The packet is bounced around like a "hot potato," sometimes
moving further away from its destination because it has to keep
moving through the network. This technique allows multiple
packets to reach their destinations without being dropped. This is in
contrast to "store and forward" routing where the network allows
temporary storage at intermediate locations. Hot potato routing has
applications in optical networks where messages made from light
can not be stored in any medium.
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Ping-Pong Scheme

if (my node id=0) then /*&IXE™*/

start time =second ( )
send an m-byte message to node 1
receive an m-byte message from node 1

end time = second ( )

total time =end_time — start_time

communication_time[i] = total time/2
else if (my node id=1) then /*EYIE*/

receive an m-byte message from node 0

send an m-byte message to node 0
endif

FHAT T ERIRIER: BEEE

= BBVRIEINEEH -
¢ $BiX (Broadcasting ) : SIEEE0AIEMPMFETLLSFIBHIN
MR
« WIER ( Gather ) : AMROIEYIFIEnMLIERRRRIEHE |
Fﬁbllﬂﬁﬁﬂﬁégiﬁui?m aNFED

« BH8F ( Scatter ) : IBRORETmPFBHARERS
FREnMLIEES | Elllbl.ﬂﬁﬁﬂaiég&"&‘?m nMNES ;

® éﬁ}ﬁ ( Total Exchange ) : M IESSISRIER &Ri%

FPNARERES | FRUREEEIPFD ;

* ﬁﬂifg{_l_ ( Circular-shift ) : QPIEERIZIEMNFERHLEUIE
BRitl, ﬂ:iﬂign 1RENPFEDRAIER0 , FRLLBEER
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Speedup

The speedup of a parallel application is
Speedup(p) = Time(1)/Time(p)
Where
+ Time(1) = execution time for a single processor and
+ Time(p) = execution time using p parallel processors
If Speedup(p) = p we have perfect speedup (also called linear
scaling)

As defined, speedup compares an application with itself on one
and on p processors, but it is more useful to compare

+ The execution time of the best serial application on 1
processor

Versus
+ The execution time of best parallel algorithm on p processors

R

Yinliang Zhao (2 45%) Xi'an Jiaotong Universiy

SRR M RE PR

= fIMELCHEREER
« HTRFHIMELLR BN F—MEENRMA , #1178
& (HFTIER ) fTEEENTFRITEZE (&
TR ) BHITEENNRT SME.
+ Amdahl EE
+ GustafsonTE{E
Sun NizE
n T?r AR
« EUEESINE
- FEEESINE
- EIFERE SR

Efficiency

m The parallel efficiency of an application is defined as
Efficiency(p) = Speedup(p)/p
+ Efficiency(p) <=1
+ For perfect speedup Efficiency (p) =1
= We will rarely have perfect speedup.
+ Lack of perfect parallelism in the application or algorithm

¢+ Imperfect load balancing (some processors have more work)

+ Cost of communication
+ Cost of contention for resources, e.g., memory bus, I/O
+ Synchronization time

= Understanding why an application is not scaling linearly will
help finding ways improving the applications performance on

parallel computers.
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Example: Speedup
m Adding n numbers using N processing elements

T,=0(og n)

T, =n
S =0(—)
log n
Superlinear Speedup

Question: can we find “superlinear” speedup, that is
Speedup(p)>p ?
m Choosing a bad “baseline” for T(1)
# Old serial code has not been updated with
optimizations
+ Avoid this, and always specify what your baseline is
m Shrinking the problem size per processor
+ May allow it to fit in small fast memory (cache)
= Application is not deterministic
» Amount of work varies depending on execution order
+ Search algorithms have this characteristic
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Example: Speedup

m A serial bubble sort of 103 records takes 150
seconds
= A serial quick sort of 103 records takes 30 seconds
m Parallel version of bubble sort (odd-even sort)
takes 40 seconds on four processing elements
= Speedup:
+ 150/40=3.75
+ 30/40=0.75

Example: Superlinear Speedup

= Problem size: W, cache hit rate: 80%
+ Effective memory access time=2%0.8+100%0.2=21.6ns

¢ Processing rate=1/21.6GFLOPS=46.3MFLOPS, assume one FLOP/memory
access

| P1 | | P1 |
| 2ns |

| cache | 6ake | Cache |
| |

100ns

| |
| DRAM | | DRAM |

m Problem size: W/2, cache hit rate: 90%
« Effective memory access time=2%0.9+100%0.08+400%0.02=17.8ns
« Processing rate=2/17.8GFLOPS=2*56.18MFLOPS=112.36
+ Speedup=112.36/46.3=2.43
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Amdahl’s Law
Example: Superlinear Speedup

= Suppose only part of an application runs in parallel
m Search Problem m Amdahl’s law
+ 14t /5t =2.8 # Let f be the fraction of work done serially,
+ So (1-f)is fraction done in parallel
+ What is the maximum speedup for P processors?

Speedup(p) = T(1)/T(p) assumes
/ perfect
T(p) = (1-F)*T(1)/p + *T(1) speedup for
parallel part
g =T)*((1-f) +p*f)/p
Speedup(p) = p/(1 + (p-1)*f)

Even if the parallel part speeds up perfectly, we may be
limited by the sequential portion of code.

Amdahl5E
AmdahlE#E
_Ws +W,
B w W, +W
WS+7p SZTFJ
P W, +—2+W,
S - f+ad-1)_ p _ W
e =f 1+ f(p-D w VA= Ly
p p
_ p
. 1 _l+f(p—1)+W0p/W
IimS=—
p—o®©
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Amdahl’s Law (for 1024 processors)
/
Amdahl E#
Speedup
1024 =
Ax \ .
! 896 |1 Does this mean parallel
IGNGRHEE 768 computing is a hopeless —
> E “ 102/ 1410230 640 - '.I enterprise?
& = =
*ﬁuu[gﬂ;{;u/#]% g 512 "
384 4 1
n
256 1 W,
! " % fh > 128 lhw
e AL 0 T RS
@ ® © ’ ’ ’ '
S
See: Gustafson, Montry, Benner, “Development of Parallel
Methods for a 1024 Processor Hypercube”, SIAM J. Sci. Stat.
Comp. 9, No. 4, 1988, pp.609.
Scaled Speedup
/
) ) Gustafson T &
m Speedup improves as the problem size grows
+ Among other things, the Amdahl effect is smaller
= Consider W, +pW, W, + pW
s s
+ scaling the problem size with the number of processors (add S '= P — P

problem size parameter, n) WS + pr / p WS + Wp
+ for problem in which running time scales linearly with the

problem size: T(1,n) = T(1,1)*n
%+ let n=p (problem size on p processors increases by p)

ScaledSpeedup(p,n) = T(1,n)/T(p,n)

S = f + p (1)
s . assumes
T(pm) = (1-F)*n*T(1, 1)/p +H*T(1,1) serial work =P + f(l'p)
= (1-f)*T(1,1) + f *T(1,1)=T(1,1) |does not
ScaledSpeedup(p,n)=n=p grow with n

p-f (p-1)
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Gustafson B (48)

1014x 1004x  993x ggay

TAESE W

5 10p71024-10237

AT ] 7
~
.
-
< -
S
o

i tbs

- Ta— e o
1 2 3 4 5 6 1 2 3 4 5 6 0% 1% 2 B o

pleilosivg b e TR I E 4 bl

@ ® ©

Sun Ml NiEHE

 BEXEE:
o DUBEAEREAS (VR AT, RCE I K ) AR A7 AR B U AT o
FEOR MR LIS R B A5 P4 A () S A 348 D
o BUETE BT A LA T A TAAAE 2 B MIFLEAR N T W R[]
MR, SR TAE W =fW+ (1 -f)W
o Ep N EHIIT RS L, BERS R AR A I 7] 2 [A]
NG BTN EpM. 4 KT G(p) I W77 fif 75 5 14 21
P FRAT TAE AR R &, b K i AR 73
W=fW+(1-f)G(p)W
» FESRIMEAR :
g _ ME(I_;G)%(;V)N __f+(-f)s(p)
fw+(l-f)G(pw/p f+(1-f /
R (1-£)a(p)/ p
W(1-fWG(p) f+(1-f)(p)

W (-f)G(pW/p+W, f+(1-)G(p)/ p+W, /W

BRSPS
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Gustafson T &

W pW,  f4p(l-f)
W +W, +W,  T+W, /W

Sun F NiE = (4h)

LA G

AT T

= G(p)=1AtFREAmdahlJIEERE ;

= G(p)=p ZA f + p(1-f) , HiEGustafsonJIRER
G(p)>pht , BN FitEN RECFEERIEMNER ,
LtEAT SunFA N i JESEL, Amdahl J05EFD Gustafson
JNEYSI=R
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Scaled Efficiency

Previous definition of parallel efficiency was
Efficiency(p) = Speedup(p)/p

We often want to scale problem size with the number of
processors, but scaled speedup can be tricky

+ Previous definition depended on a linear work in problem size

May use alternate definition of efficiency that depends on a
notion of throughput or rate, R(p):

+ Floating point operations per second
+ Transactions per second
# Strings matches per second
Then
Efficiency(p) = R(p)/(R(1)*p)
May use a different problem size for R(1) and R(p)

Performance Limits

Log of problem size

fixed sizg‘speedup

insufficient
parallelism

Log of number of processors

BRSPS
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Three Definitions of Efficiency: Summary

People use the word “efficiency” in many ways
Performance relative to advertised machine peak
Flop/s in application / Max Flops/s on the machine

Integer, string, logical or other operations could be used,
but they should be a machine-level instruction

Efficiency of a fixed problem size
Efficiency(p) = Speedup(p)/p

Efficiency of a scaled problem size
Efficiency(p) = R(p)/(R(1)*p)

All of these may be useful in some context

Always make it clear what you are measuring

3.3 "] Y VR AR U

FHTUHHERIAT B ( Scalability ) thEFEMRESIR

« A HESEMEEREHENNASEST  TEINRS (HExXK
EFF ) MtaErEt R EREMmiRLLBIRRAYEED

SRR SR : AIRRREI SRR

» REFEERRYBRITHE

« FTREFFSIERIEIMTE (BE. FF. BH. NREFNRESF)

+ DIKROLIECREET T HiZPRHRREE

EINERAEE R TRSINEAIEE

» BRARREISRTRERSHHRE

o ESMHERIBINTREIS TR ERIEM ;

» HERRERITIEILHIREEERETN ( BITEHS AT SHILLEIREERE
PARRIE K TgE) ) .

IEDNALIRER AN IR R MNP RIS A AR | FTLANT— M5

ERFTERS (HESER ) | ElIEEESF ARSI Ees

RIBENNZEZIRA , MEEXMEENHMETT MEX—ER.
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BRSSP 2220
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o W AR EERR

+ RERREXNTBAMHTEESAMHTHEREBNES
LB HtEFIRASAIEEE ;
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%ﬁifﬁ‘%ﬁ{ﬁ

w Atd At R AT R G SN A B & 1A H TSR 1R A
%ﬁ«’ﬂ%ﬂﬂﬂ <@% B[R0 N2 PR A I 8] 55D

-1
Te=zr; n:pzt;

= T, p/\LiE%&%éé}EL%ﬁﬁ/iE’]iﬁHﬂEﬂ XTI
T =ti+ti, HT AT =pT,

" ]%EE’J%M%Wjjmﬂ%%ﬁ%i/iﬁﬁmﬁzﬁﬁﬁﬁiw T,

T p
S = E = =
T T+T 1+T 1+T P 1+—T° 1+T°
p T, W T, W

n QR W ORIFANAS, AL EpEm, TTEET MR, 2%
KE T A T4 —ERRE (rFos1zED , b8
PN ﬁﬁﬁﬁﬁr‘i@i‘ﬁhﬂ%ﬁ)ﬁﬁwﬁﬁﬁ H 1 7 SRR HE
(p) Il B WBE AL PRES Bp LA IR 2L, 955 R iR L
(ISO-efficiency Function) (Kumar1987)

FH LR BRI

n p RN ERIRAEL, WRIRERF A8 TAE 28K A
B (FESE AT HRVF EREN D, T RIFATIATES 8],
SE AT IR R FE VA TAE S WER PAFFAT IS T8 T

s pIMCHLER ) IFAT RGN FI38E 2 SO AT I VER
PAAEFE 2850 p- 7oV W

p pT
s Wi HIp MBI Sk TAR &, W Ron 2 4b
B KBl I, N 7 IRFFEAN RGN T IR EEAAR
P HAT I LA R, WG E B SR EN pHp i1
A TR EARHE A 3L ((E R R AT TR T
W/p p'W
Y(p,p')= Wp o W'
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