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High Performance Scientific

Lecture 10: Computing
Processes, Threads, Concurrency, Parallelism

Xu Tony Liu, PhD
Paul G. Allen School of Computer Science & Engineering
University of Washington
Seattle, WA



Announcements

* Mid Term out this noon 04/28/2022 due 11:59AM 05/05/2022

* The exam may not be discussed with anyone except course
instructors

* You may contact the instructors via private messages on Piazza to
clarify questions



Overview
* Review
* SISD, SIMD
* Multiple cores (MIMD)
* Concurrency
* Processes

e Parallelism

* Threads
* Multithreading



)

Supercomputers (HPC
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Schematically

Put sockets Put blades Put chassis Put racks in Put centers

on a blade in @ chassis in a rack a center in the cloud
:<Ir}s(ruclions ] g :<Ir}s(ructions ] g :<Ir}s(ructions ] g §<|nsuucmns ]
De'éies De'é?ies De'é?ies De'é?ies
N=(5] 2 el L) | <>
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Parallelism and HPC so far
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cycle

Pipelining: Multiple
instructions being
processed at once

SIMD (vector) parallelism:
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Order of operations
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General Performance Principles

- Work harder __— Dennard scaling (ended 2005)

* Faster core

* Work smarter

* Branch predictions, efc.

e Better compilation
* Better algorithm
e Better implementation

* More workers —

* More cores

Higher optimization level, e.g.,
-02, -03, -Ofast, etc.

e.g., Strassen’s algorithm

Vs We did this

Parallel Computing
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Flynn’s Taxonom

Anyone in HPC must
know Flynn’s taxonomy

e Classic classification of parallel architectures (Michael Flynn, 1966)

Plain old

Single Instruction

Multiple Instruction

\

sequential

SISD

Single Data /

SIMD

Multiple Data

MIMD

Based on multiplicity
of instruction
streams, data storage

Instruction Instruction
Storage Unit

'

Operand [ Execution
Storage |<e— Unit

Instruction
Storage

!

Data
Storage

Instruction
Unit

Instruction Instruction Instruction
Storage Storage Storage
Instruction Instruction Instruction
Unit Unit Unit
Execution Execution Execution
Unit Unit ' Unit

!

A

Execution
Unit
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SIMD in SSE/AVX

Flynn’s original

Instructi Operand
Storage. o, conceptual model
EU EU EU EU ymm are 256 bit
Instruction T T T T reg Isters
Unit
. 1x double . 64 bits\
vfadd231pd %ymmO, %ymml, %ymm2
| + + +

One machine
instruction

U B TN
255 191 127 63 0

Adds all four doubles
simultaneously

ymmO

ymm1

ymm?2



SIMD and MIMD

* Two principal parallel computing paradigms (mutipI}E

' But each have
their own data

All execution
- units execute in
(c)lock step

Single instruction Sorsge e
at a time \ 1 |
EU EU EU EU
. y

MU|t|p|e InstLrJugttion T T T T \

instructions \

EUS run In;tgtrl::(:n [ InstLrJL::i:ttion InSsttcr)LrJ;:ggn [ InstLrJL::i:ttion InSsttcr)LrJ;:ggn [ InstLrJL::i:ttion
independently | | | —
(wown instrs) | | v 755 || Smare [0 | | S o] S

X! X! X!
Shared Memory
Not Shared
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Coming
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A More Refined (Programmer-Oriented) Taxonomy
* Three major modes: SIMD, Shared Memory, Distributed Memory

e Different programming approaches are generally associated with different

modes of parallelism (threads for shared, MPI for distributed)

* A modern supercomputer will have all t

PATTERNS
FOR PARALLEL

We are here now

nree major modes present

Parallel Computers

We will cover this
in the future

http://www.cise.ufl.edu/resea
rch/Para)lelPatterns/PatternlLa
nguage/Background/ParallelH

SIMD MIMD oy b
\ | |
Shared Memory Distributed Memory
I I I I
SMP NUMA DSM Scalable Linear Fixed
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4th Generation Intel® Core™ Processor Die Map
22nm Haswell Tri-Gate 3-D Transistors

Processor
Graphics

Quad core die shown above

** Cache is shared across all 4 cores and processor graphics
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Multicore for HPC

* How do multicore chips operate (how does the hardware work)?
* How do they get high performance?

* How does the software exploit the hardware (how do we write our
software to exploit the hardware)?

e What are the abstractions that we need to use to reason about
multicore systems?

* What are the programming abstractions and mechanisms?
* Terminology: Program, process, thread
* More terminology: Parallel, concurrent, asynchronous



Multicor

Coreis a
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Architecture
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Sequential Example

* You are the TA for AMATH 483 and must grade 22
exams

* The exam has 8 questions on it

* It takes 3 minutes to grade one question

* How long will it take you to grade all the exams?
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Parallelization Example

* You are the TA for AMATH 483 and must grade 22
exams

* The exam has 8 questions on it

* It takes 3 minutes to grade one question
* You ask 21 friends who agree to help you

* How long will it take the 22 of you to grade all the
exams?

* Describe your approach
* List your assumptions

AMATH 483/583 Sp 22 U of Washington Xu Tony Liu 16



Parallelization Example

* You are the TA for AMATH 483 and must grade 1012 exams | =
(1012 =46 * 22) —

* The exam has 8 questions on it

* |t takes 3 minutes to grade one question
* You ask 21 friends who agree to help you

* How long will it take the 22 of you to grade all the exams?

* Describe your approach
* Describe another approach

* List your assumptions
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Another Parallelization Example

* You are the TA for AMATH 483 and must grade 8
exams

* The exam has 22 questions on it
* It takes 3 minutes to grade one question
* You ask 21 friends who agree to help you

* How long will it take the 22 of you to grade all the
exams?

* Describe your approach
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Parallelization Example

* You are the TA for AMATH 483 and must grade 368
exams (368 = 46 * 8)

* The exam has 22 questions on it

* It takes 3 minutes to grade one question
* You ask 21 friends who agree to help you

* How long will it take the 22 of you to grade all the
exams?

 What if you had 368 friends? 368*227?
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Compare And Contrast — Concurrency vs Parallelism

* Time for everyone grades one exam: 8*3 minutes
* Time for everyone grades one question: 3 minutes

* How (why) did you use the approaches you did?

* Concurrency

 When two or more tasks can start, run, and complete in overlapping
time periods

e Parallelism —— | We will come back

* When tasks literally run at the same time on this




ow Do We Run Many Programs at the Same Time?
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.
3 Matrix.s.opt.05 ‘0 cpuid.s ‘0 cpuinfo.cpp ‘0 Matrix.cpp IQ L7 ‘0 Matrix.s.05 I@ am4 1ums658@WE31821=> cd

}

| void hoistedMultiply(const Matrix& A, const Matrix&B, Matrix&C) {

for (int i = @; 1 < A.numRows(Q); ++1) {
for (int j = @; j < B.numColsQ); ++3) {
double t = C(i,3);
for (int k = @; k < A.numColsQ); ++k) {
t += AL, KD * BCk,5);

¥
i, =t

}
Y

void tiledMultiply2x2(const Matrix& A, const Matrix&B, Matrix&C) {
for (int i = @; 1 < A.numRows(Q); i += 2) {

for (int j = @; j < B.numColsQ); j += 2) §
for (int k = @; k < A.numColsQ); ++k) {

Ci ,J )+=AG , k) *Bk, j I

C , j+41) += A, k) * BCk, j+1);

CCivl, § O += ACi*d, KD * Bk, § O

CCi+l, j+41) += AGi+1, k) * BCk, j+1);

void tiledMultiply2x4(const Matrix& A, const Matrix&B, Matrix&C) {

for (int i = @; 1 < A.numRows(Q); 1 +=2) {
for (int j = @; j < B.numColsQ); j += 4) {
for (int k = @; k < A.numColsQ); ++k) {
(¢! j )+=AG , k) *BCk, j J;
C , J+1) += AL, k) * BCk, j+1);
i j+2) += AL, k) * BCk, j+2);
Ci , 343) += AG , KD * B(k, j+3);
C(i+l, j ) += ACi+l, k) * Bk, § J;
CCi+l, j+1) += A(i+1, k) * B(k, j+1);
C(i+l, j+2) += ACi+l, k) * B(k, j+2);
C(i+l, j+3) += ACi+l, k) * BCk, j+3);

*

IR

void tiledMultiply4x2(const Matrix& A, const Matrix&B, Matrix&C) {
for (int i = 0; i < A.numRows(Q); i +=4) {
for (int j = @; j < B.numColsQ); j += 2) {
for (int k = @; k < A.numColsQ); ++k) {
CC o, 3 D+=ACG , k) * Bk, § O
CC o, 3+1) += AG , K * BCk, 3+1D;
1

CCi+l. G ) += ACi+1. k) * B(k. i )
- Matrix.cpp 7% (70,5) Git-master (C++/l WordWrap Abbrev) Wed Apr 19 10:48PM 1.93

1ums658@WE31821=> cp L7/L7.pptx L8

1ums658QWE31821=> cd L8

1ums658QWE31821=> mv L7.pptx L8.pptx

1ums658@WE31821=> open L8.pptx

1lums658QWE31821=> 1s

L8.pptx

1ums658QWE31821=> git add L8.pptx

1ums658@WE31821=> L
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Running a Program

When a CPU is

one program

executing bytes from

globl _-Z15hoistedMultiplyRK6MatrixS1_RS
B tes rO m ro ra m eants it
cfi_startpro
BB#0:

stored in memory

cfi_
cfi_offs 6
movq
cfi_def_cfa_register f{rbp
ppppp %r15
ppppp %rid
pushq %r13
ppppp %ri2
ppppp Yirbx
cfi_offset %rbx, -56

|

It isn’t executing
bytes from another

-

Fetch 14

Decode 13

R Read 12

Execute 1

R Write

> |

| |

cfi_offse 12, -48
—{ cfi_offset yrla, -40
FetCh |1 cfi_offset Yri4, -32
cfi_offset Wri5, -24
— n |2 movq (irdi), Yrax
| <lnstructions | pot S A
testq Yrax, Yrax
— |3 je LBB2_9
## BB#1:
[ movq (hrsi), %hrex
] ,—,™™ | testq %rex, dhrex
D1 je LBB2_9
- ## BB#2:
I movq 16 (%rsi), %ri2
movq 8(%rdx), %rax
— D2 movq %rax, -104(%rbp)
| movq 16 (Yrdx), %rdx
movq 8(%rdi), %rax
Load/Store nova 16¢iza1), %13
leaq -1 (%rex), Yrs
b -88(%rbp)

cycle

Including from the OS
(just another program)

movq YAS
/ - o

How does another How did the
program run? bytes get here?
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ow Do We Run Manv Programs

Edit Capture Window Help
d w06 ~

Design

& Grab File

1

*

* o

Paste

|

1
]
i

Insert

Copy

<’ Format

v Default Section (11

3 Matrix.s.opt.05
}

Insert

& X cut

Transitions
o000 M HEH v- b J
Design Tra

Copy ~

<’ Format

DD® v

‘ € cpuids

@0
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A=

he Same Time”
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Animatio

plazza

2 Re‘} Bl tectures_week1 homewor

New [
Slide = Se < | Unread Updated Unresolved

3
=

GO g Ie douglas adams
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All Books News Images Videos More Settings Tools

Vo AW 7/ @

‘0 cpuinfo.cpp ‘0 Matrix.cpp |0 L7

| void hoistedMultiply(const Matrix& A, const Matrix&B, Matrix&C) {

for (int i = @; 1 < A.numRows(Q); ++1) {

for (int j =

double t = C(i,j),

for (int k =

t += ACL, k) - B(k,3);

}
€, =

}
i

0; j < B.numColsQ); ++3) {

; k < A.numCols(); ++k) {

void tiledMultiply2x2(const Matrix& A, const Matrix&B, Matrix&C) {

for (int i
for (int j

for (int k
CH , 3 ) +=AG
CH , +#1) += AG

"
CC+L, G ) += ACi+L, KD *
CC+L, 3+1) += ACi+l, KD *

5 1 < AnumRows(Q); 1 +=2) {
@; j < B.numColsQ); j += 2)
= 0; k < A.numColsQ); ++k) {
, k) *
, K

BCk, 3 ;
BCk, j+1);
BCk, 3 J;
BCk, j+1);

void tiledMultiply2x4(const Matrix& A, const Matrix&B, Matrix&C) {
for (int i = @; i < A.numRowsQ); i += 2) {

for (int j

for (int k =

(¢
i
i
i
C(i+1,
C(i+1,
C(i+1,
C(i+1,

j ) +=AG
j+1) += ACL
j+2) += ACL
j+3) += AL

j ) +=ACi+,
j+1) += A(i+1,
j+2) += A(i+1,
j+3) += A(i+1,

, k) *
> K
» K
» K
k)
k)
k)
)

IR

= 0; j < B.numColsQ); j += 4) {
0; k < A.numColsQ); ++k) {

BCk, j 3
BCk, j+1);
BCk, j+2);
BCk, j+3);
BCk, 3 J;
BCk, j+1);
BCk, j+2);
BCk, j+3);

void tiledMultiply4x2(const Matrix& A, const Matrix&B, Matrix&C) {

for (int i
for (int j
[

i o,

CCi+l. 5
-:--- Matrix.cpp

=0; i < A.numRowsQ); i +=4) {

0; j < B.numColsQ); j += 2) {
for (int k = @; k < A.numColsQ); ++k) {

j ) +=Ad
j+1) += AGE

) 4= ACi+1
7% (70,5)

> k) *
, k) *

. kY * BCk. i O:
Git-master (C++/| WordWrap Abbrev) Wed Apr 19 10:48PM 1.93

BCk, j 3
Bk, j+1);

g
[& Watrixs.05 | € ama|1ynesssancatszi=s cd ..

1ums658@WE31821=> cp L7/L7.pptx L8
1ums658@WE31821=> cd L8

1ums658@WE31821=> mv L7.pptx L8.pptx

1ums658@WE31821=> open L8.pptx

1ums658@WE31821=> 1s

L8.pptx

1ums658@WE31821=> git add L8.pptx

1lums658@WE31821=> k
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A Word About Operating Systems

* An operating system is a (system) program that provides a standard
interface between the resources of a computer and the users of the

computer

Two of the most

iImportant: CPU
and memory

Clock

> e
cycle

Y

Fetch

Fetch

11

14

Decode

12

@tructions |

13

R Read

13

12

Execute

11

D1

R Write

D2

Load/Store

Two of the most
important: CPU
and memory

Also, file system,
1/0, network, etc

For HPC, these are
the most important




How Do We Run Manv Programs

@ Grab File Edit Capture Window Help

7 I o @ %

Concurrentlv:

BOG O A=W (4> Wed 10:48 PM Lumsdaine, Andrew Q =

Insert

d w06 ~
Design Transitions Animatio|

o006 M HE v~ &

@ X, cut

' = i
ISR o L

E 9 New Po Q Search aral

|

F for (int i = @0; 1 < A.numRowsQ); i += 2) {

o for (int j = @; j < B.numColsQ); j += 2) {
for (int k = @; k < A.numColsQ); ++k) {

7 €A, d+=AG , k) *BCk, j )

CC, 3#1) += AGL , KD * BCk, 3+1);
CCi+l, j ) += ACi+1, k) * Bk, j );

= C(i+l, j+1) += ACi+1, k) * B(k, j+1);

N | 1
H
¥

i

9

void tiledMultiply2x4(const Matrix& A, const Matrix&B, Matrix&C) {
for (int i = @; i < A.numRowsQ); i += 2) {
- for (int j = @; j < B.numColsQ); j +=4) {
for (int k = @; k < A.numColsQ); ++k) {

10 €A, d+=AG , k) *BCk, j )
CA , J+1) += A , k) * BCk, j+1);

CA , j+2) += AL, k) * BCk, j+2);

= CA , j+3) += A, k) * BCk, j+3);

CG+1, j ) += ACi+1, k) * BCk, § )
CCi+l, j+1) += ACi+l, k) * BCk, j+1);
C(i+l, j+2) += ACi+l, k) * B(k, j+2);
C(i+l, j+3) += ACi+l, k) * B(k, j+3);

void tiledMultiply4x2(const Matrix& A, const Matrix&B, Matrix&C) {
for (int i = @; i < A.numRows(Q); i += 4) {
for (int j = @; j < B.numColsQ); j += 2) {
for (int k = 0; k < A.numColsQ); ++k) {
Ci , J )+=AG , k) *Bk, j )
C, j+41) += A, k) * BCk, j+1);

CCi+l. 9 ) += ACi+1. k) * B(k. i ):
-:--- Matrix.cpp 7% (70,5) Git-master (C++/| WordWrap Abbrev) Wed Apr 19 10:48PM 1.93

C) douglas adams

O« WAL’

.
3 Matrix.s.opt.05 ‘0 cpuid.s ‘0 cpuinfo.cpp ‘Q Matrix.cpp |0 L7 ‘0 Matrix.s.05 [O am# 1ums658@WE31821=> cd ..
I 1ums658@WE31821=> cp L7/L7.pptx L8
3 1ums658@WE31821=> cd L8
1ums658@WE31821=> mv L7.pptx L8.pptx
* | void hoistedMultiply(const Matrix& A, const Matrix&B, Matrix&C) { lums658@WE31821=> open L8.pptx
. for (int i =0; i < A.numRowsQ); ++i) { 1lums658@WE31821=> 1s
for (int j = @; j < B.numColsQ); ++3) { L8.pptx
J 3 1 < B » HH, 1ums658@WE31821=> git add L8.pptx
a4 q doublg £ =:C,5); 1ums658@WE31821=> || »
for (int k = @; k < A.numColsQ); ++k) {
t += AL,k * BCk,);
= } -
€, =
5
}
4}
6 . . . . . .
A void tiledMultiply2x2(const Matrix& A, const Matrix&B, Matrix&C) {
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Processes

* A process is an abstraction for a collection of
resources to represent a (running) program
* CPU
* Memory
e Address space
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The Operating System Can Run When...

* The process whose instructions are being executed by the CPU (the running
process) requests a service from the OS (makes a system call)

* In response to a hardware interrupt
* It does not spontaneously run
* It is not somehow running in the background

* Again, when the CPU is executing instructions for one program, it is not
executing instructions for another program

* The only way anything happens on the computer is if the CPU executes
instructions that make it happen



Process Abstraction

_

Stored in Process
Control Block (PCB)

Set of information
about process
resources

Sufficient to be able
to start a process
after stopped

' Scheduling parameters

Also for accounting /

administrative
purposes

Process management

- Regqisters

Program counter
Program status wo
Stack pointer
Process state

Memory management
Pointer to text segment
Pointer to data segment
Pointer to stack segment

File management
Root directory
Working directory
File descriptors
User ID

Group ID

Priority

Process ID
Parent process

What does program
counter represent?

Process group
Signals

Time when process started
CPU time used

- Children’s CPU time

Time of next alarm

AMATH 483/583 Sp 22 U of Washington Xu Tony Liu
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The Process Concept

S top -u
-

Process |ID

lums658@WE31821 - /Users/lums65i

s/lums658/git/amath-583/lectures/L8 — lums658 @WE31821 — top — 148x64

Processes: 419 total, 2 running, 417 sleeping, 1988 threads

Load Avg: 1.93, 1.88, 1.87 CPU usage: 3.45% user, 3.69% sys,
MemRegions: 156549 total, 7076M resident, 141M private, 3629M
VM: 4328G vsize, 627M framework vsize, 71344832(64) swapins,
57070556/1524G read, 36025949/792G written.

Disks:

24 hreads 06:16:00

Load Avg: 1.93, 1.88, 1.87 usage: 3.45% user, 3.69% sys, 92.84% idle SharedlLibs: 252M resident, 48M data, 68M linkedit.

MemRegions: 156549 total, 7076l esident, 141M private, 3629M shared. PhysMem: 166G used (2616M wired), 236M unused.

VM: 43286 vsize, 627M framework vsize, 71344832(64) swapins, 74404796(0) swapouts. Networks: packets: 41299644/29G in, 41044343/26G out.

Disks: 57070556/1524G read, 36625949/792G written.

PID COMMAND %CPU TIME #TH #WQ #PORT MEM PURG CMPRS PGRP__ PPID ’ P I D
162 Windw 1ng 3.68962 0.00000 88

] kernel_task 12.6 29:59:12 177/9 @ 2 1809M+ @B 0B ] ] running olo] 0.00000 0.00000 ]

114 hidd 4.4 01:46:55 6 3 381+ 3024K+ 0B 1368K 114 1 sleeping *@[1] 0.00000 0.00000 261 162
8333 top 4.0 00:00.72 1/1 0 21 5016K @B 0B 8333 67567 running *@[1] 0.00000 0.00000 ]

8334 screencaptur 3.9 00:00.06 4 3 57 2500K+ 20K 0B 853 853 sleeping *0[1] 0.00000 3.68962 670519321

91791 LaTeXiT 2.3 09:45.97 6 2 255 42M B 3eM 91791 1 sleeping *0[113] 0.00000 0.00000 670519321 e

67565 Terminal 2.0 01:50.53 13 8 346+ 72M B 19M 67565 1 sleeping *@[1555] 0.00000 0.00000 670519321

3288 Calendar 1.6 09:54.07 3 1 292 95M 1856K 39M 3288 1 sleeping %0[3352] 0.00000

1234 com.docker.h 1.1 ©2:02:24 18 1 38 763M B 487M 1228 1228 sleeping *0[1] 0.00000

846 usernoted 1.1 03:13.97 5 4 139+ 11M+ 896K  8604K 846 1 sleeping *@[1] 0.00000

83898 Slack Helper 1.0 ©1:40.81 19 2 149 189M+ @B 49M 63333 63333 sleeping *@[4] 0.00000

91742 splunkd 0.8 40:02.25 35 0 48 85M 0B 47M 91741 1 sleeping *@[1] 0.00000

63334 Slack Helper 0.6 ©01:19.70 5 2 124 7780K @B 26M 63333 63333 sleeping *0[1] 0.00000

184 mDNSResponde 0.5 22:51.68 5 1 103 5628K @B 3408K 184 1 sleeping #0[1] 0.00000

111~ NetworkMonit @.4 12:37.75 28 27 49+ 22M+ B 185M 111 1 sleeping #0[1] 0.00000 34
883 CalNCService 0.3 19:18.74 5 3 182+ 39M+ 0B 5104K 883 1 sleeping %2680[2102] 1.12984

853 SystemUIServ ©.2 02:45.35 & 3 371 33M+ 28K~ 25M 853 1 sleeping *@[29393] 0.00000 I I I

63333 Slack 0.2 04:36.66 33 1 390 73M 0B 26M 63333 1 sleeping *0[803] 0.00000 791
214 com.apple.if 0.1 16:08.11 5 3 381 1760K @B 1256K 214 1 sleeping 0[10988] 0.00000

42449 Notification 0.1 01:22.32 5 2 295+ 34M+ 756K 32M 42449 1 sleeping *0[13680+] 0.00000 0.11982 670519321 6 7 5 6 5
1163- netsession_m 0.1 16:44.56 9 1 43 2924K @B 6796K 1163 1 sleeping *0[1] 0.00000 0.00000 670519321

1173 java 0.0 13:22.66 27 1 218 26M B 116M 1173 1 sleeping *0[1] 0.00000 0.00000 670519321

93 SymDaemon 0.0 63:53.97 20 4 154 316M 0B 61M 93 1 sleeping *@[1] 0.00000 0.0000, 2 [aWaVel
89822 Microsoft Po 0.0 12:19.35 22 5 489 1172M  117M 1834 89822 1 sleeping *0[1162] 0.00000 0.0000)

53- dsAccessServ 0.0 07:36.73 14 5 115 2376K @B 2912K 53 1 sleeping *@[1] 0.00000 0.0000)

818 CommCenter 0.0 01:14.31 8 3 264 3960K @B 4860K 818 1 sleeping *@[1] 0.00000 0.0000)

1225 com.docker.o 0.0 ©2:05.83 11 1 49 196K B 16M 1225 1221 sleeping *0[1] ©0.00000 0.0000)

1157 CrashPlanWeb 0.0 78:13.14 27 2 330 47M 12K 36M 1157 1 sleeping #0[1] ©0.00000 0.0000)

8331 SCHelper 0.0 ©00:00.01 3 2 28+ 644K+ @B 0B 8331 1 sleeping 0[13] 0.00000 0.0000)

1147  AOUMonitor 0.0 04:32.71 8 2 175 15M 0B 1M 1147 1 sleeping *0[1] 0.00000 0.0000)

60 logd 0.0 13:28.40 4 4 823 36M B 11M 60 1 sleeping *0[1] 0.00000 0.0000)

42 CrashPlanSer 0.0 42:24:56 8 1 236 223M B 450M 42 1 sleeping 0[e] 0.00000 0.0000) 8
1224 com.docker.d 0.0 04:26.05 8 0 17 21M B 12M 1224 1221 sleeping *@[1] 0.00000 0.0000) re a S

814 UserEventAge 0.0 01:50.69 3 1 632 4512K @B 2112K 814 1 sleeping *0[1] 0.00000 0.0000)

42572 Jabra Skype 0.0 03:04.56 4 2 154 3036K @B 33M 42572 1 sleeping *0[1375] 0.00000 0.0000) 2
84167 Slack Helper 0.0 ©0:31.70 2 2 150 148M 0B 82M 63333 63333 sleeping *@[4] 0.00000 0.00000 670519321 77
66996 com.apple.We 0.0 02:52.26 5 1 144 34M B 1328K 66996 1 sleeping *2[1] 0.00000 0.00283 670519321

64 airportd 0.0 10:06.49 3 1 383 24M 0B 11M 64 1 sleeping *322[711] 0.00000 0.00000 ] 63334
69950 Mail 0.0 17:22.00 10 3 549 242M 29M 56M 69950 1 sleeping *@[3148] 0.00000 0.00000 670519321

1024 sharingd 0.0 03:40.28 4 1 235 23M 1920K 7900K 1024 1 sleeping #46[588] ©0.00000 0.00000 670519321

1121 SafariCloudH 0.0 03:28.67 4 3 48 1508K @B 940K 1121 1 sleeping #0[1] ©0.00000 0.00000 670519321 184
860 cloudphotosd 0.0 01:10.67 6 1 273 5320K @B 20M 860 1 sleeping 0[8239] 0.00000 0.00000 670519321

102 blued 0.0 04:01.89 3 1 167 7608K @B 1608K 102 1 sleeping *0[1] 0.00000 0.00000 ]

1155 SymUIAgent 0.0 01:89.37 5 1 195 6500K @B 11M 1165 1 sleeping *0[1] 0.00000 0.00000 670519321 111—
186 mDNSResponde 0.0 ©0:33.85 3 2 60 1688K @B 932K 186 1 sleeping *0[1] 0.00000 0.00000 ]

116 AirPlayXPCHe 0.0 ©00:15.07 2 2 131 2024K @B 2676K 116 1 sleeping *0[1] 0.00000 0.00000 ]

218 symptomsd 0.0 02:34.93 3 2 165 5104K @B 4088K 218 1 sleeping 0[47812] 0.00000 0.00000 24 883
89454 ntpd 0.0 00:01.48 3 3 28 776K 0B 1528K 89454 1 sleeping *0[1] 0.00000 0.00000 ]

97 locationd 0.0 02:25.93 6 1 125 8276K 256K 4644K 97 1 sleeping 0[81714] 0.00000 0.00000 205

52 configd 0.0 ©08:51.25 1 4 635 6020K+ @B 6320K 52 1 sleeping *@[1] 0.00000 0.00000 ] 853
6167  mdworker 0.0 00:00.77 4 1 54 2944K @B 22M 6167 1 sleeping *@[1] 0.00000 0.00000 670519321

47— vpnagentd 0.0 86:20.57 6 1 64 6488K @B 18M 47 1 sleeping *@[1] 0.00000 0.00000 ]

195 mds_stores 0.0 03:00:12 6 4 117 183M 2188K 46M 195 1 sleeping #0[1] ©0.00000 0.00000 ] 63333
861 CalendarAgen 0.0 02:43:54 3 1 334 8eM 28M 48M 861 1 sleeping 0[614163] ©0.00000 0.00000 670519321

205 coreaudiod 0.0 01:52:15 3 1 347 3112K @B 2268K 205 1 sleeping *0[1] 0.00000 0.00000 202

1382 Electron Hel 0.0 91:49.35 19 2 113 68M 0B 28M 1157 1157 sleeping *@[1] 0.00000 0.00000 670519321

67 mds 0.0 80:27.80 9 4 920 61M B 52M 67 1 sleeping *0[1] 0.00000 0.00000 ofl

wWindowSer
ask 12.6 29

COMMAND

kern
idd
top

screencaptur

om.docker.h
usernoted
Slack Helper
splunkd
Slack Helper
mDNSResponde
NetworkMonit
CalNCService
SystemUIServ
Slack
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OO OO FPFRPPFPEPNDN

4

NNOWPPIOTIOOCOOSRPRPFPOO® WO

00
00
09
01
09
02
03
01
40
01
22
12
19
02
04

%CPU TIME

48:
t12
46:55
00.72
00.06
45.97
50.53
54.07
02:24
13.97
40.81
02.25
19.70
51.68
37.75
18.74
45.35
36.66

#TH
6
177/9
6
1/1
4
6
13
3
18
5
19
35
5

5
28
5

5
33

#WQ

P WWOWNPNONPAFPRPPONWOWON

#PORT
702+
2
381+
21
57
255
346+
292
38
139+
149
48
124
103
49+
182+
371
390

MEM
537M+
1809M+
3024K+
5016K
2500K+
42M
72M
95M
763M
11M+
189M+
85M
7780K
5628K
22M+
39M+
33M+
73M

29

PUR(
93M
0B
0B
0B
20K
0B
0B
185¢
0B
896|
0B
0B
0B
0B
0B
0B
28K-
0B



Process address space

Memory resources
for each process

N

Address

All 32/48/64 bits - Space

How can each /

process use all the
address space?

Created and

Stack managed at run time
Created and
managed at run time
Heap Compiled /
5 Linked
ata /" Stored
Toxt Program




Process Lifetime

Can have many

many processes

running “at the
same time

[

Admitted g

Interrupt or
system call

Ready

/

N\

/0 or event
completion

Scheduler
dispatch

exit

/

\ Terminated

/0O or wait
event

AMATH 483/583 Sp 22 U of Washington Xu Tony Liu
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Context

PO and P1
are running
processes

|1

What does
this mean?

And this?

PCB = Process
Control Block

Switch

_— process

lexecuting

/

ercuﬂng

Po

_— !

> idle

\

-

\WSEBSpZZUOfWaSWingtonXUTOH‘SLiiIberschatZ Ga|v|n Gagne
’ ’

operating system process P,

interrupt or system call

save state into PCB,

reload state from PCB,

/—-

/— .
executing

interrupt or system call

! T

save state into PCB;

idle

reload state from PCB, "

External
to OS

OS does
not do this

External
to OS

__ Expensive!

32



queue header PCB- PCB.

Process Queues .. [ re ; —

queue tail registers registers

Y

A process control block (PCB) /<
mag head /

has all information necessary | tape . =
unito | tail = Program runs from
to manage a process . .
S start to finish
process P, operating system process P, head Vv = PCB PCB PCB
interrupt or system call tail /'_-l- 8 ke °
xecuting ﬂﬁ / % ¥ 1 =
T save state into PCB, - C . h
head 1 [
y .+ Context switches

: | tail
reload state from PCB, K szl are n Ot (@) bse 'va b I e

| T PCB,

>idle interrupt or system call executing head e
T ﬂ @ | - Restart exactly
save state.mto PCB, § : Wh e re We |eft Off

reload state from PCB,,

xecuting ‘¥ AMATHH83/583 Sp 22 U of Washington Xu Tony Liu 33




The other process (the Can wait for other

Process

”parent) keeps executing | | Process to complete

invokes fork()

resumes

The OS makes a copy One of the processes Which pulls in new
of the original process | | (the “child”) runs exec() program bits to run
and makes it runnable

You see this fork/exec/wait almost all the time
with.one particular program you run (which?) .

=




Example: process creation in

#include <unistd.h>

One process
calls fork()

Two processes
return from fork()

|_Jint main O {

+

NIX

—

fork();

return O;

/

int main () {
fork();

return O;

+

#include <unistd.h>

Each process “thinks”
it called fork() and
returned

Two processes
return from fork()

///Q;nclude <uni

O {

int mai

/

d.h>

fork() make an

fork();

l return O;

+

exact copy

AMATH 483/583 Sp 22 U of Washington Xu Tony Liu
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EFxam ple fork() returns a
PID identifier

int main() {

{
int pids[2

for (int/i = 0; i <
pids[i] = fork();
+

return O;

}

Loop 20 times

/ cal fork() 20

W times

get created?

J

AMATH 483/583 Sp 22 U of Washington Xu Tony Liu
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Example

How deep is
the tree?

2

1

i == 0

—

int main() {
{
int pids[20];

for (int i = 0; i < 20; ++i) {
pids[i] = fork(Q);
}

return 0;

}

e

int main() {

{
int pids[20];
for (int i = 0; i < 20; ++i) {
pids[i] = fork();
}
return 0;
}

How many

Don’t do

this (ever)!

processes?

\

int main() {

{
int pids[20];

for (int i = 0; i < 20; ++i) {
pids[i] = fork();
}

return 0;

3

int main() {

{
int pids[20];

pids[i]l = fork();

' for (int i = 0; i < 20; ++i) {
}

return 0;

int main() {

{
int pids[20];

pids[i] = fork();
}

return 0;

3

for (int i = 0; i < 20; ++i) {

{

}

}

int main() {
int pids[20];
for (int i = 0; i < 20; ++i) {

pids[i] = fork(Q);

return 0;

.

AMATH 483/583 Sp 22 U of Washington Xu Tony Liu

int main() {

{
int pids[20];

for (int i = 0; i < 20; ++i) {
pids[i]l = fork(Q);
}

return 0O;

3
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® [ ] lums658@WE31821 - /Users/lums658/git/amath-583/lectures/L8 — lums658@WE31821 — less « man fork — 135x52

FORK

man fork

#include <unestd.h> -
pid_t fork();

DESC

The child process
has a unique 1d

(2) BSD System Calls Manual FORK(2)
fork —— create a new process
PSIS

#include <unistd.h>

pid_t

fork(void);

RIPTION

fork() causes creation of a new process. The new process (child process) is an exact copy of the calling process (parent

process) except for the following:

o The child process has a unique process ID.

-

o The child process has a different parent process ID (i.e., the process ID of the parent process).

o The child process has its own copy of the parent's descriptors. These descriptors reference the same underlying
objects, so that, for instance, file pointers in file objects are shared between the child and the parent, so that an
lseek(2) on a descriptor in the child process can affect a subsequent read or write by the parent. This descriptor

Upon successful
completion, fork()
returns a value of 0.
to the child process
and the returns the

process ID of the
child process to the

copying is also used by the shell to establish standard input and output for newly created processes as well as to set
up pipes.

o The child processes resource utilizations are set to @; see setrlimit(2).

RN VALUES

Upon successful completion, fork() returns a value of @ to the child process and returns the process ID of the child process to
the process. Otherwise, a value of -1 is returned to the parent process, no child process is created, and the global
Tiable errno is set to indicate the error.

RS
fork() will fail and no child process will be created if:

[EAGAIN] The system-imposed limit on the total number of processes under execution would be exceeded. This limit is
configuration-dependent.

[EAGAIN] The system-imposed limit MAXUPRC (<sys/param.h>) on the total number of processes under execution by a single
user would be exceeded.

[ENOMEM] There is insufficient swap space for the new process.
CY SYNOPSIS

#include <sys/types.h>
#include <unistd.h>

parent process

The include file <sys/types.h> is necessary.

SEE

ALSO

AMATH 483/583 Sp 22 U of Washington Xu Tony Liu 38



Example Revisited

Get return

T3 < 20’/
: : If zero, the

process is a child

value of fork()

//////

How many

processes
now?

If no, the process
is the parent,
keep going

int main() {
{
pid_t pids[20];
for (int i
pids[i] = fork(Q);
W ekl — )
break;
} \
return O;
+

J

AMATH 483/583 Sp 22 U of Washington Xu Tony Liu
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Process creation in UNIX (fork / exec pattern)

while (true) { while (true) {
cout << ll$ II; cout << |l$ ll;
cin >> command; cin >> command;
pid_t child = fork(); pid_t child = fork();

if (0 == child) { if (0 == child) {
execv (command, NULL) ; execv (command, NULL) ;
} else { } else {
wait(child); wait(child);
} }
}

AMATH 483/583 Sp 22 U of Washington Xu Tony Liu 40



How Do We Run Multiple Programs Concurrently?

@ Grab File Edit Capture Window Help L& O XA O K @ L« ¥ Wed10:48PM Lumsdaine, Andrew Q =

Insert

[ X N ) g 06 ~

Design Transitions Animatio|

e MH v~ O

< Q. douglas adams [

Copy * Insert Design Tra
Past
e rormat @ X cut B pPlazza Go gle douglas adams Q (2] o
Copy ~ 1 Rel [l lectures_week1 homewot

New
<’ Format Slide Se{ < | Unread Updated Unresolved

3 Em Search oral

\»Qw 0w /s Y

_° B N |
.
info.cpp ‘O Matrix.cpp |0 L7 ‘0 Matrix.s.05 [0 am# 1ums658@WE31821=> cd ..

All Books News Images Videos More Settings Tools

1

LUEO v B

3 Matrix.s.opt.05 ‘0 cpuid.s ‘0
=}

1ums658@WE31821=> cp L7/L7.pptx L8
1ums658@WE31821=> cd L8
1ums658@WE31821=> mv L7.pptx L8.pptx
ix8B, Matrix&C) { 1ums658@WE31821=> open L8.pptx
1ums658@WE31821=> 1s
L8.pptx
1ums658@WE31821=> git add L8.pptx
1ums658QWE31821=> | 3

void hoistedMultiply(const Matrix& A, const Ma'
for (int i = @; i < A.numRows(Q); ++1) {
for (int j = @; j < B.numColsQ); ++3) {
4 [+ double t = C(i,3);
for (int k = @; k < A.numColsQ); ++k) {
t += AL,k * BCk,);

}
€, =
}

void tiledMultiply2x2(const Matrix& A, const Matrix&B, Matrix&C) { of

|

F for (int i = @0; 1 < A.numRowsQ); i += 2) {

o for (int j = @; j < B.numColsQ); j += 2) {

for (int k = @; k < A.numColsQ); ++k) {

7 €A, d+=AG , k) *BCk, j )
CH , §#1) += A, k) * BCk, 3+1);
C(i+l, j ) += ACi+l, k) * BCk, j D

= CCi+l, +#1) += ACi+1, k) * BCk, j+1);

3
8 1 }l
1
¥

F more
void tiledMultiply2x4(const Matrix& A, const Matrix&B, Matrix&C) { Y.
for (int i = @; i < A.numRowsQ); i += 2) {

= for (int j = @; j < B.numColsQ); j +=4) { jeople

for (int k = @; k < A.numColsQ); ++k) {

10 €A, d+=AG , k) *BCk, j )
CA , J+1) += A , k) * BCk, j+1);

CA , j+2) += AL, k) * BCk, j+2);

= CA , j+3) += A, k) * BCk, j+3);

CGi+l, j ) += A(i+1, k) * Bk, j s
CCi+l, j+1) += ACi+l, k) * BCk, j+1);
C(i+l, j+2) += ACi+l, k) * B(k, j+2);

Concurrency is the task of running
S j and managing the multiple
e T computations at the same time

for (int k = @; k < A.numColsQ); ++k) {

€ , J d+=AG , k) *BCk, j J;
CA , J+1) += AGL , k) * BCk, j+1);

io- Matinepp 7% (709 Gliomaster (C+ /i WordWrap Abbrev) Wed Apr 19 10:48PM 1.93 AMATH 483/583 Sp 22 U of Washington Xu Tony Liu ) i [ T



Processes and Threads

* A process is an abstraction for a collection of
resources to represent a (running) program
* CPU
* Memory
e Address space

* A thread is an abstraction of execution (using the
resources within a process)

e Can share an address space

Process

Thread #1

Thread #2

Thread #3

Time



Multitasking

I

Tasks (processes or
threads) can be
scheduled sequentially

Time

LIl
Run to — —— I
completion | e 14 e ostetons ] || 2
— Decode 13 — I3
— R Read 12 —
_ Execute | 1| - D1
Clock _ Rx\fvcf:e — D2
- rite —
o LI - Load/Store
> TTTTTTTT]
cycle
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Multitasking

Concurrency!

/ Time

Tasks can be

scheduled round
robin (time slicedy’

-

/w_

Run to context

] } Fetch 1
switch (SyStem = Fetch 4| @tructions | 12
call or interrupt) = ge;::j > 1E S
] — D1
Clock ] ExecTJte 11 — Do

o L - R Write [ Load/Store

> - TTTTTTTT]
cycle
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Multitasking on Multicore

Time sliced
and mapped to
separate cores

A single threaded
task can only use
one core at a time

/

/

Concurrency!

v

—grn:uo'n<—|—§rn:uo'n<—|

ro

Fetch

r1i

r2

r3

r4

r5

ro

Instructions

A

Load/Store

Fetch

r1i

r2

r3

r4

r5

Instructions

A

Load/Store

(1)

L2

L1
(D)

L2

11

12

L3

13

D1

D2

Load/Store

AMATH 483/583 Sp 22 U of Washington Xu Tony Liu
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Multitasking on Multicore | Parallelism! | | Whatabout L1, L2?
: : : / Shorter And L3 cache
Time sliced A multithreaded task il
. run time!
and mapped to can use multiple S Threads can
separate cores coresatatime 7~ = 7 share memory
\ T TE r0 _ L1
/ \ / S :; <lInstructions | (I) \
R ~ L2
| E ” L1 B Fetch 11
g _\iv 5 Load/Store (D) g g :2
_ 0 Fetch — D1
N — = e ]| ]| [E<c=> |
r2 Lo Load/Store
? Clock R r3
Time e (Bl u 7
r Load/Store /
Reian r LB I Access same
variables

AMATH 483/583 Sp 22 U of Washington Xu Tony Liu
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Hardware Same variable can be

Cache Coherence managed in two different caches
\ N
A multithreaded task | | Cache coherence / What if one N
can use multiple memory consistenc ets modified?
. P y Y| L& hreads can
cores at a time NERTTTY /
EN P share memory
\ E 3 tructions | | (1) / \\
r2 L
R
= Rl R
] W r5 Load/Store (D) ~_ W Ié\
_ | = \ 13 N
- _+ 0 Fetch - ~a D1 |
— r L1 — D1
n I; r2 Lo B Load/Store
Time Clock E] L L1 /
> —| |<_ W :g Load/Store (D) /
oycle ' I — Access same
variables
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. . . Ti
Multitasking on Multicore ™

Run one task In half the RENRNENE

time (?) ¥ 5 e [
E r1 @sml ()
2
> R r3 “‘E» -
E r4 L1 Fetch 1
pa— r b
_ W r5 Load/Store (0) [ 12
4= 13| £ 13
> _I! 0 reteh 1 - “‘E» D1
- 5 r1 <Instructions | (|) — D2
> Load/Store
> Clock R :3 -
- el 2 <= >
Time S p Nl Y — |4 (L[;)
- |e I 5 Load/Store
cycle
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Multitasking on Multicore

Time

Run one task

|

In % the
time (?)

Fetch

Instructions

A

Load/Store

Fetch

= ro
r1i
D
R r2
>
= r3
— r4
— W
> . F ro
— r1i
— D
R r2
lock = r3
B g B [ r4
—»| | T r5
cycle
P

Instructions

A

Load/Store

(1)

L2

L1
(D)

L2

L3

_IIiI
3
® :

AMATH 483/583 Sp 22 U of Washington Xu Tony Liu
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Multitasking on Multicore

Nonetheless, this is the

| cores are done

Not the same as
concurrent

Fetch B

2
13

5
D2

Load/Store

- essence of parallel computing
—
In 1/8 the - Parallel computation isn’t
time (?) \- done until a
[Pt
Need enough _I! r(-l) <Inst|r:uectt(i::ns| I(_|‘;
cores (8) - [ 12
> | |E :j L1
— D
Work needs to / 1 5] roaasoe |© )
be balanced - Al e [
E E r1i Instructions (h
T pal
R
Clock 3
00pS - | b
p -”j”,} W e osasioe |©)
cycle

—_—

Ti m e AMATH 483/583 Sp 22 U of Washington Xu Tony Liu
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Multitasking on Multicore

How do we
do this?

- This is the essence of
- parallel computing
- AN EEEEN
_+ 0 Fetch L1
[T ()
r2 L2
R
=)
_] W Load/Store (D)
: T r5 3
T
I [ ()
T byt
R
Clock r3
e LI - = [ o)
- —»| |e I r5 Load/Store
cycle T rrrrrrd
—
Time

AMATH 483/583 Sp 22 U of Washington Xu Tony Liu

Load/Store

1

12

13

D1

D2
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Processes vs Threads

* A process is an abstraction for a collection of
resources to represent a (running) program
* Manage resources: CPU, Memory, Address space, etc.
* Not light weighted
* Expensive to create, and terminate

* A thread is an abstraction of execution (using the
resources within a process)
* The smallest sequence of programmed instructions
* Threads can share an address space of a process
* Light weighted
* Less expensive to create and terminate
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Parallelization Strategy Finding

A
vy

PATTERNS
FOR PARALLEL
PROGRAMMING

Concurrency

'

Algorithm
Structure

'

Supporting
Structures

'

Implementation
Mechanisms

Timothy Mattson, Beverly Sanders, and Berna Massingill.
2004. Patterns for Parallel Programming(First ed.). Addison-

Wesley Professional.
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Findine Conclirrencv

Into tasks that can

execute concu rrently :'

e

| [peperpenon]

Decompose problem into pieces
that can execute concurrently

e T e —

Decomposition

sk Decomposition

Data Decomposition

Units that can be operated
on (relatively) independently

Finding Concurrency

_______________________________________

Dependency Analysis

Group Tasks

!

Order Tasks

!

Data Sharing

_______________________________________

Algorithm
Structure

!

Supporting
Structures

!

Implementation
Mechanisms




Finding Concurrency

Ways to group tasks to simplify
management of dependencies

e —

Decomposition

Task Decomposition

Data Decomposition

e —— 7

Ways to group tasks to simplify

Ny

Finding Concurrency /

. Dependency Analysis”

Group Tasks

e

!

4—» Design Evaluation

Order Tasks

_______________________________________

!

Data Sharing

management of dependencies

/

!

AN

Algorithm

Ways to order tasks for

correctness, other constraints

Structure

!

Supporting

Structures

Given a decomposition,
ways to share data
among tasks

!

Implementation
Mechanisms




Algorithm Structure Fundamental

: Finding - SR
organizin rinciple
Organize around Concurrency g gp P
concurrent tasks t
Algorithm Structure
~ |Organize by Tasks | | Organize by Data Decomposition| | Organize by Flow of Data
Task Parallelism Geometric Decomposition Pipeline
Divide and Conquer Recursive Data Event-Based Coordination
Exploit potential t .
P P _ o Supporting
concurrency in divide Structures
and conquer algorithms ¢
Implementation

Mechanisms




Algorithm Structure

Finding
Concurrency

:

Fundamental
organizing principle

B e

Algorithm Structure

____________________________________________________ ——— - —

Organize by Tasks EFOrganize by Data Decomposition . Organize by Flow of Data

Task Parallelism

Divide and Conquer

. |, Geometric Decomposition

Recursive Data

Pipeline

Event-Based Coordination

Organize around a large
data structure that is
broken into “chunks”

Supporting
Structures

;

Implementation
Mechanisms

Organize around operations
on recursive data structure




Algorithm Structure
Fundamental Finding Organize by sequence
.. . Concurrenc i
organizing principle t y of independent stages
Algorithm Structure
~ Organize by Tasks | | Organize by Data Decomposition| | Organize by Flow of Data
Task Parallelism Geometric Decomposition Pipeline
Divide and Conquer Recursive Data Event-Based Coordination
Supporting Organize by inherent
Str“‘}t“res communication among tasks
Implementation

Mechanisms




Finding

Supporting Structure| Concurrency

Organize communication
and sharing between UEs

AN

}

Explicitly manage

Algorithm
Structure

shared data

!

/ Safely share

Centralized control

distributing tasks -

Supporting Structures

________________________

_____________________________

Data Structures

a queue

Shared Data
// Manage array

Shared Queue / data partitioned

Distributed Array 7] | among UEs

< T Program Structures

Translate loop SPMD
bodies into tasks [} Manager/Worker

S Loop Paralleli
| Oop rarallelism

Sets of N
- N Forkio
dynamic tasks | ork/oin

______________________________

Implementation
Mechanisms




Implementation Mechanisms

Finding
Concurrency

¢

Algorithm
Structure

Manage task
lifetimes

Enforce ordering ¢
constraints Supporting

needs to be when UEs

Get data where it

don’t share memory

\ Structures

\N{plementatlon Mechanisms

__________________________________________________________

_______________________________________
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Parallel Computing with Processes
J k

> >




Parallel Computing with Processes

Process O

Process 1
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Parallel Computing with Processes
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Process O
J k |
_— _— ]
. . —>
1 (]
| | (|
_ % Process 1
J k |
_ _— ]
—_—
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Parallel Computing with Processes

J
 ——  ——_—
. - > —-
1 7 [
~_ ﬁ | ‘k\t
» }
J
—_— —_—

—1

for (int k¥ = 0; k < A.numCols(); ++k) {
C(i,j) += A(i,k) * B(k,j);

+
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}

}

for (int i = 0; i < A.numRows(); ++i)
for (int j = 0; j < B.numCols(); +

for (int k = 0; k < A.numCols();
C(i,j) += A(i,k) * B(k,j);
}

for (int i = 0; i < A.numRows(); ++i)
for (int j = 0; j < B.numCols(); +

for (int k = 0; k < A.numCols();
C(i,j) += A(i,k) * B(k,j);
}

Can’t index from
different process b/c
different address space
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PjaraIIeI Computking with One Process

—_— —_— g

>

for (int i = 0; i < A.numRows(); ++i) {
for (int j = 0; j < B.numCols(); ++j) {
for (int k¥ = 0; k < A.numCols(); ++k) {
C(i,j) += A(i,k) * B(k,j);

for (int i = 0; i < A.numRows(); ++i) {
for (int j = 0; j < B.numCols(); ++j) {
for (int k¥ = 0; k < A.numCols(); ++k) {
C(i,j) += A(i,k) * B(k,j);
+ +
+ +
+ +
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E?arallel Computing with One Process

> J

_—
N i
1 1 /l
::iéi — //
/
/
\
for (int i = 0; i < AMnumRows(y); ++i) { for (int 1 = 0; 1 < A.numRows(); ++i) {
for (int j = 0; /< B.numC¢fls(); ++j) { for (int j = 0; j < B.numCols(); ++j) {
for (int k = 0; k < A.numCols(); ++k) { for (int k = 0; k < A.numCols(); ++k) {
C(i,j) += A(i,k) = B(k,j); C(i,j) += A(i,k) * B(k,j);
} +
} }
+ +
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E?arallel Computing with One Process

— > — > J
. _—
7
| |
T IS
~s—-;___--~. I
e \\5
for (int i = 0; i < A.numRows(); ++i) { for i = o A .numRows(); ++i) {
for (int j = 0; j < B.numCols(); ++j) { for (intN\j = 0; ] .numCols (); ++j) {
for (int k = 0; k < A.numCols(); ++k) { for (int k = 0; k < A™humCols(); ++k) {
C(i,j) += A(i,k) = B(k,j); C(i,j) += A(i,k) * B(k,j);
} +
} }
+ +
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E?arallel Computing with One Process

> J

_—
N i
1 1 /l
::iéi — //
/
/
\
for (int i = 0; i < AMnumRows(y); ++i) { for (int 1 = 0; 1 < A.numRows(); ++i) {
for (int j = 0; /< B.numC¢fls(); ++j) { for (int j = 0; j < B.numCols(); ++j) {
for (int k = 0; k < A.numCols(); ++k) { for (int k = 0; k < A.numCols(); ++k) {
C(i,j) += A(i,k) = B(k,j); C(i,j) += A(i,k) * B(k,j);
} +
} }
+ +
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E?arallel Computing with One Process

>  —— j
. —_—
)
| |
T IS
\\\ In
——— \\5
for (int 1 = 0; i < A.numRows()/2; ++i) { for i = oy A.numRows(); ++i) {
for (int j = 0; j < B.numCols(); ++j) { for (intN\j = 0; ] .numCols (); ++j) {
for (int k¥ = 0; k < A.numCols()/2; ++k) { for (int'k = 0; k < AThumCols(); ++k) {
C(i,j) += A(i,k) * B(k,j); C(i,j) += A(i,k) * B(k,j);
+ k)
} +
} +
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Use Samje Function In @oth Cases

—_— _— j
. . —>
1 1
I\\ l . Need to run
ctill need N them in
till nee A\ B parallel to
N N .
to run two NN get improved
r AN
.sepa ate / performance
Instances
for (int i = iStart; i < iStart/A A.numRows()/2; ++i) { ///////////

for (int j = 0; j < B.numColf(); ++j) { //
for (int k = kStart; k < kStart + A.numCols()/; ++k) {
. C(i,j) += A(i,k) * B(k,j);

+
}
+
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se Samke Function in Both Cases Run this

—_—

Z’\

—_—

J

/

|

Improved

performance?

+

/

for (int i = iStart; i < iStart + A.numRows()/2; ++i) {

for (int j = 0; j < B.numCols(); ++j) {

+

for (int k = kStart; k < kStart + A.numCols()/2; ++k) {
C(i,j) += A(i,k) * B(k,j);
¥ int iStart = O;
int kStart = O;

+

for (int i = iStart; i < iStart + A.numRows()/2; ++i) {

for (int j = 0; j < B.numCols(); ++j) {

+

for (int k = kStart; k < kStart + A.numCols()/2; ++k) {
C(i,j) += A(i,k) * B(k,j);

+
int iStart = A.numRows()/2;

int kStart A .numCols()/2;

\\\\\\\\\ Then this

71
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Use Samke Function in Both Cases
\ - At the
same time

2X faster
(?)

Run this And this
/ /

for (int i = iStart; i < iStart + A.numRows()/2; ++i) {

for (int j = 0; j < B.numCols(); ++j) {
for (int k = kStart; k < kStart + A.numCols()/2; ++k) {

for (int i = iStart; i < iStart + A.numRows()/2; ++i) {
for (int j = 0; j < B.numCols(); ++j) {
for (int k = kStart; k < kStart + A.numCols()/2; ++k) {
C(i,j) += A(i,k) * B(k,j); C(i,j) += A(i,k) * B(k,j);
} ' int iStart = 0; } ) int iStart = A.numRows()/2;
int kStart = O; } int kStart = A.numCols()/2;

}
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Some Terminology

Operations
occur at
the same

time

Connotation
of “tight
coupling”

Parallel ‘ Distributed
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In separate
address
spaces

(memory)

Connotation

~__| of “loose

coupling”

Order of
operations
doesn’t
matter
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Running Things “At the Same Time” vs
Running Things At the Same Time

* Historically, threads evolved as a concurrency mechanism, not
parallelism

* Enabled OS and processes to do multiple things “at the same time”
* Running things “at the same time” — concurrency

* Can be used for performance if threads are executed in parallel

* Running things at the same time (literally) - parallelism
 Parallelism is the task of running one computation (part of it) simultaneously



Running Things At the Sa

me Time In C++

#include <iostream> Pull in thread

#include <thread> —

Join back to
main thread

using namespace std; Iibrary
void sayHello() { Simple
cout << "Hello World" << endl; function
}
Create a
int main() { thread

thread helloThread(sayHello) ;

\ helloThread.join(); \

return O;

That runs this
function

+
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Multithreading

void sayHello(int tnum) A
cout << "Hello World. I am thread " << tnum << endl;

¥

int main()

{

std: :thread tid[16];

for (int
tid[i]

for (int
tid[i].

return O;

¥

i=0; i< 16; ++1i)
= thread (sayHello, i);

i=0; i< 16; ++1i)
join();
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Multithreading

void sayHello(int tnum) {
cout << "Hello World.

}

int main()

std: :thread tid[16];

for (int
tid[i]

for (int
tid[i].

return O;

{

I am thread " << tnum << endl;

i=0; i< 16; ++i)
= thread (sayHello, 1i);

i=0; i< 16; ++i)

join(Q);

Concurrency? —

Parallelism? +——

Program

output
S ./a.out /

Hello World. | am thread Hello World. | am thread Hello
World. | am thread Hello World. | am thread Hello World. |
am thread Hello World. | am thread Hello World. | am
thread Hello World. | am thread Hello World. | am thread
02Hello World. | am thread Hello World. | am thread 13Hello
World. | am thread 5Hello World. | am thread Hello World. |
am thread 6Hello World. | am thread 47Hello World. | am
thread 8

910

111213
14

15
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Multithreading

| /

sayHello()

y

Run in separate
thread

main()

Call thread
constructor

sayHello()

N

Run in separate
thread

sayHello()

Run in separate

thread

Join
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Why the Jumbled Output

void sayHello(int tnum) {
cout << "Hello World. I am thread " << tnum << endl;

}

int main() {
std: :thread tid[16];

for (int i = 0; i < 16; ++i)
tid[i] = thread (sayHello, i);

for (int 1 = 0; i < 16; ++i)
tid[i].join();

return O;

Concurrency! ——

S ./a.out

Hello World. | am thread Hello World. | am thread Hello
World. | am thread Hello World. | am thread Hello World. |
am thread Hello World. | am thread Hello World. | am
thread Hello World. | am thread Hello World. | am thread
02Hello World. | am thread Hello World. | am thread 13Hello
World. | am thread 5Hello World. | am thread Hello World. |
am thread 6Hello World. | am thread 47Hello World. | am
thread 8

910

111213
14

15
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Another Example

int value = 0O;

int value = 0O;

int main() {
std: :thread tid[16];

for (int 1 = 0; i < 16; ++i)
tid[i] = thread (sayHello, i);

for (int i = 0; i < 16; ++i)
tid[i].join();

cout << "Final value i1s " << value << endl;

return O;

} AMATH 483/583 Sp 22 U of Washington Xu Tony Liu
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Example

.Ja.outHello World. | am thread Hello World. | am thread Hello World. |
am thread Hello World. | am thread Hello World. | am thread Hello
World. | am thread Hello World. | am thread Hello World. | am thread
Hello World. | am thread Hello World. | am thread 5302Hello World. |
am thread Hello World. | am thread 64Hello World. | am thread Hello
World. | am thread 1Hello World. | am thread 789Value is Value is Value

is Hello World. | am thread Value is 1011Value is Value is 1213Value is
14Value is Value is Value is 000150Value is Value is 00Value is Value is
OValue is 000Value is 000000

Final value is 1| Not Good! —————| Race condition

\ We will cover

this next lecture




Review

* Process is an abstraction for resource allocation
* Thread is an abstraction for execution

e Concurrency vs Parallelism

e C++ threading library



Thank Youl!
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