HIEN %A=

Section 2: Part |
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HiE
RIER S N IEEIZ1TEVAEE (a running program) IR{EAIIHZR
o ZiEZ1EFEF (multi-programming)

o LIS CPU BY D ITHE (time sharing)

Word Processor E-mail Web Browser Anti Virus

Process Process Process Process

?ZIJHYTIET BITRZ TIER
HETHRAEE?




HIE

BRIERGTNL

o FSHERD: I BITAIR IS ZRE
o BNSERD: R IETTHAEIRVIATS
 M*EF (program) Zli#*E (process)
o I EIEIMEZEIAFH
o PECAFZIE. VIRV EER
o I CPU RYIZHINFZ R L 5T B ZRUIHFE

- EIB1TEVAEE (a running program) IREHIIHZR

i code

. heap

Program

Disk

Loading:
Takes on-disk program

| andreadsitintothe
\_// address space of process




HIE

— T HIEE S IEERITRITZEFHUF

o = {723 (Registers): CPU B1THIPIAS
brogram counter, stack pointer, a set of general purpose registers

o [A1F (Memory): 132 ] BATA0]B9HBLIE 2

code, data, stack, and heap

#FE (Process): — 1N IETEIZTTHIMN

5
Thread

o IO EE:ETHIR

e.g., a list of the files the process currently has open

k=S |8)
Address Space

IiEF

SIS

S |8]

X4
File

110 i8&
I/O Devices




HIE

NTEERGFNHIE, RIFAJFTETNZPLF

o HTZITHIIR Process Control Block (PCB): 12 5% K-

HXEER (Identification, Context, and Management)

o 1#7%Z ID (Process ldentifier, PID). =HBIFEIZAVIA
o CPU FZHRMAEEER (eg, MITH)

o NFEHE (eg, MERNFDEIG L. b1

e /IOBR (eg, ¥TFIHZR)

o HESRITEE (e.g, B{FEF CPU J[g))

o AR ITRIEMIETZI, FAIEFRTIA
ZlEnZ#iE

— R
-— T HIEFTE
ALIRIEKRIER)
] 34 PCB FRAYE B KME—




enum procstate { UNUSED, USED, SLEEPING, RUNNABLE, RUNNING, ZOMBIE };
// Per—-process state
struct proc {

struct spinlock lock;

// p—->lock must be held when using these:

enum procstate state; // Process state

void s*chan; // If non-zero, sleeping on chan

int killed; // If non-zero, have been killed

int xstate; // Exit status to be returned to parent's wait
int pid; // Process ID

// wait_lock must be held when using this:
struct proc xparent; // Parent process

// these are private to the process, so p—>lock need not be held.

uinté4 kstack; // Virtual address of kernel stack
uintés4 sz; // Size of process memory (bytes)
pagetable_t pagetable; // User page table
struct trapframe *xtrapframe; // data page for trampoline.S
struct context context; // swtch() here to run process
struct file xofile[NOFILE]; // Open files
struct inode sxcwd; // Current directory

XV6 (riSC-V) char name[16]; // Process name (debugging)

“

.
I

proc structure




HIE

Linux ZAZGF

e cmdline: Command line arguments

03t /proc/{PID} 1%

SORBGATEHRBVER

e cwd: Link to the current working directory

e aenviron:Values of environment variables

e fd:Directory, which contains all file descriptors

e status:Process status in human readable form

e maps: Memory maps to executables and library files

e mem: Memory held by this process

e pagemap: page table

https://docs.kernel.org/filesystems/proc.html
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HIZIR(E

Create: BIE— 1 #HEABITETIER
Wait: F1H5—THIZBITER
Destroy: 22 |F— 1V #7E

Status: IREN— T HENHEXER
Control: S E HIZB1TH




BFEEIZE <A APIs

Unix Systems

AAIHIZEIEE RN =TRAERE

Unix F

o fork ():BIEXHRENTERIZ

 execve () BHETARITRBRNNTEH

» wait (): FHEIENERERITTH

(]

1T



*Eﬁ“L*E?&E’] APIls

fork (

Parent Process
return P

fork

BIE— TR AFENTEEZ
v (B)3EAN1FF0 PCB)
' o FHESIENHFEN

Child Process
(PID = P)
return 0

o FIHFEFIR
RO fF&E

execution context

o NFHRETE—1TAEHRY PID

HIZTE fork ()
MV HRITREIESR
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fork (
int main ()
int rc = fork();

if (rc < 0) {
// fork failed
ex1t (1) ;
} else 1f (rc == 0) {
// child process goes down this path

printf (Y [%d] child process\n”, (int) getpid()) ;

} else {
// parent goes down this path
printf (Y [%d] parent process, rc = %d\n”

(int) getpid(), rc);

return 0;

11



*Eﬁ“L*E?&E’] APIls

fork (
o JAA—X. REIMRX
o NHIEIEIFTEIEHER PID {ENIRENE
o FIHFEWE 0 fFNIRENE
o BIEHERMATIRE -1 (FIAINFALE)
» HHENMES BRI E]: X Fi#iEREE = B A 1L B RYthiE = 8]
o HENH: FHABERAHEEITTH X H
o FEWMIT KFHAREETIREGRIMNITINFZFEAHEME (EUATE
o XAREAER wait () RFFFHENITTH

Nﬁ

) -
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walt ()
int main () {
int rc = fork();

if (rc < 0) {
// fork failed
ex1t (1) ;
} else 1f (rc == 0) {
// child process goes down this path
printf (Y [%d] child process\n”, (int) getpid()) ;
} else {
// the wait system call will not return
// until the child had exited
int status; // exit status

int wec = walt (&status) ;
printf (Y [%d] parent process, rc = %d, status =

(1nt) getpid(), rc, WEXITSTATUS (status))
}

return 0;

sd\n”,

13



Quiz

Mz TERER 2 HKCE T/ THE? LETA?

int count = 0;

int main () {
fork () ;
fork () ;

for (int 1 = 0 ; 1 < 1000 ,; i++)
count++;

printf (“%$d\n”, count);
return O;

14



Quiz

1T NMIACHSRIEE (SN A EE) Y%L

int main () {

1f (fork() == 0) {
printf (Ya”);

} else {
printf (“b”);
wait () ;

}

printf (“c”);

return 0;

J

AR 2

15



*Eﬁ“L*E?&E’] APIls

fork (

{£R fork () AJUAR BNEA1CIEZE S AT A ZRIBIREITR

o FHRKBISCHZIINIERSTRREIES, HlUlziTE—"TrIHRT
NAFHI A G R EN (e.g., a2 web browser)

o INAIFFT B HIZCIE— “RER”
o EiHFE crash T, Bo|REEEFHHIT
o« B2, WRFAIE ?
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execve ()
args
v
v
4 execve 4
—
prog’s data
prog’s text
Before After

int execve (const char *pathname,
char *const argvl],
char *const envpl]):;

ME—T R AT XEFHIBTT

e (£ pathname I8EMIAIHALT

X E G =E]
o BHHURE/CEE. ¥IIRIUHA%.

IXE PC ACAESERALR

* PCB FHNHNEFEELSHE

* M envp {EAFTHIERITHY

IMET =

FBRIZE—TrT#EE, e

KRB ITRIRER IR B —
TR (AA—X. KARE)

17
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execve ()
int main() {
int rc = fork();
if (rc < 0) {
ex1t (1) ;

} else if (rc == 0) {

printf (Y [%d] child process\n”, (int) getpid());

// run a new program

char *args[] = {“/bin/wc”, “fork.c”, NULL};

char *envpl[] = {“KEY=Value”, NULL};

printf (“this should not print out\n”);

} else {
walt (NULL) ;
printf (”[%d] parent process\n”, (int)

J

return 0;

getpid());

18
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execve ()

pid = fork();

if (pid == 0)
exec(...);

else
wait(pid);

ooooooooooooooo

pid = fork();

if (pid == 0)
exec(...);

else
wait(pid);

pid = fork();

if (pid == 0)
exec(...);

else
wait(pid);

main () {

19
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execve ()

» execve () EMEE—BEYT "WIT EFHNRAE

At 2 —UhHIE strace NE— 1RSI FE

ibc PIRETHMET execve () L LB ZiAE
e exec[l/v][p][e]l

int
int
int
@nt

int
int

execl(const char xpathname, const char *arg,
/%, (char %) NULL x/);
execlp(const char *xfile, const char *arg,
/%, (char %) NULL x/);
execle(const char *xpathname, const char xarg,
/*, (char x) NULL, char xconst envpl[] */);
execv(const char *xpathname, char *const argvl[]);
execvp(const char *xfile, char xconst argvl]);
execvpe(const char xfile, char xconst argv[], char *const envpl]);

https://man7.org/linux/man-pages/man2/execve.2.html

20
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HIZEIZTE XA APIs

fork + execve BVIEIT

fe Rt N Z IR Z BITREFIIME

o BIATEIEA fork () Zfa. T execve () ZBIBITHE RS
o HAKHEN—EDER. BNIES—DER
o BIU0, FIHEXRAFRLENH. BUMREEEH

o 9 Unix Shell B9HNERE S

e EEF[M (redirection): wec fork.c > out.txt

Hﬂ}a

& (pipe): cat a.txt b.txt | sort

21
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5 E [0] (redirection)

Hml

stdin 0 0 stdin
stdout 1 1 stdout
stderr 2 2 stderr

Parent Process Child Process

o FHESAIRHIZRIHIEIATT (File Descriptor)
o FBERIERFTAEIIRAY "
o BUIRIERSIFTATFRIAIUKIBOARN R
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5 E [0] (redirection)

Hml

stdin 0 0 stdin
stdout 1 stdout
stderr 2 2 stderr

Parent Process Child Process

o EHIT execve () ZBIXKMA] stdout
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5 E [0 (redirection)

Hml

0 stdin

stdin 0 |«
stdout 1 . 1 stdout
stderr 2 / 74 2 stderr

Child Process

Parent Process

o REFIA—1TXH, B DS s/\ERIE RISt
o MBERERFAITHFAE printf #RFEERENZX MG (THEGEF10h3)

24
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B18 (pipe)

Parent Process

o £ fork () ZBI, X#HIE(FR pipe (int £4[2]) BIE—TEENR
o REIMNTNEFEAT, orlBATF read-end F write-end




BFEEIZE <A APIs

B18 (pipe)
£4d[0] m £d4[0]
o \/\/ o
Parent Process Child Process

e 4T fork (),

AN

FHIZEBEFER read-end ] write-end

26



BFEEIZE <A APIs

B18 (pipe)

fd[1]

Parent Process

o T:T:execve ZHU, A7

o [BfE, AHIEFPIDAE

HIZEXKF] read-end,

£d[O0]

Child Process

FIHFEXRF] write-end

HiZEEOFHEEEER
o NFHEDAHER write () read ()

27
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E 18 (pipe)

#define MSGSIZE 10

char *msg = “Message”
int main () {
char inbuf [MSGSIZE];
int £fd[2];
pipe (&fd[0]) ; // 1gnore error handling
int pid = fork();
if (pid > 0) { // parent process (writer)

close (£d[0]) ;
write (fd[1], msg, MSGSIZE);
printf ("Send: %$s\n", msqg);
walt (NULL) ;
} else { // child process (reader)
close (£fd[1]) ;
read (fd[0], inbuf, MSGSIZE);
printf ("Receive: %$s\n", inbuf);



HIZBIEERKAY APIs
B8 (pipe)
NT LR FHIZEZR D HIKMA read-end F write-end?
o AR HIEIZBXRMA £410]
o LEFMERAEREHERE, Mwrite () FEEEHIIFHE

o WIRPIA read-end #EXH, XHAFERUE SIGPIPE 55
(broken pipe), TEERIAIGL B /ﬁé&b&iﬁﬁ

o WIRFIHIZZHEXKMA £d[1]
o FIHIEPEEMHETE read () £, MXHENTE wait () FHIE
o UERA write-end #IEXH], read ()1R[E] EOF (End-Of-File)

29



*Eﬁ“L*E?&E’] APIls

BE1E (pipe)
M — TR TS
(BEREE) MFXF#HFZLA Producer-Consumer &z #1T

o Al
o SCHI—
o AJBAF
e AJEX

« ZEH

1815 (Inter-Process Communication, IPC)

] pipe (int £d[2])IR[EIRY £d]
A ER [ IR (L H B E

I mkfifo () BB EE

HFRATEE

01F0 £d[1

FZEPRI A open () 1IZEBE "4 #I1TIES

1 1 ITIEE

30



HFEBIFZTHKHY APIs

A Simple Shell

PID =501 PID = 748

Q New process —>

PID = 748

~—— Same process —>

1. Fork call 3. exec call

2 New sh
created

fork code

A

4. sh overlaid
with Is
exec code

A

Allocate child’s task structure

Fill child’s task structure from parent
Allocate child’s stack and user area
Fill child’s user area from parent
Allocate PID for child

Set up child to share parent’s text
Copy page tables for data and stack
Set up sharing of open files

Copy parent’s registers to child

Find the executable program
Verify the execute permission
Read and verify the header

Copy arguments, environ to kernel
Free the old address space
Allocate new address space

Copy arguments, environ to stack
Reset signals

Initialize reqisters

31
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Windows

ANEIRVIRIER FIEIEIE

e Windows B E—1EHE

[

BB APIs 151t

BRZZHNAGERXEIEHE

// Start the child process

if

(!CreateProcess (NULL, // No module name (use command line)
argv[l], // Command line

NULL, // Process handle not inheritable

NULL, // Thread handle not inheritable

FALSE, // Set handle inheritance to FALSE

0, // No creation flags

NULL, // Use parent’s environment block

NULL, // Use parent’s starting directory

&si, // Pointer to STARTUPINFO structure

&pi ) // Pointer to PROCESS INFORMATION structure

32



A fork() in the road

Andrew Baumann Jonathan Appavoo
Microsoft Research Boston University

ABSTRACT

The received wisdom suggests that Unix’s unusual combi-
nation of fork() and exec() for process creation was an
inspired design. In this paper, we argue that fork was a clever
hack for machines and programs of the 1970s that has long
outlived its usefulness and is now a liability. We catalog the
ways in which fork is a terrible abstraction for the mod-
ern programmer to use, describe how it compromises OS
implementations, and propose alternatives.

As the designers and implementers of operating systems,
we should acknowledge that fork’s continued existence as
a first-class OS primitive holds back systems research, and
deprecate it. As educators, we should teach fork as a histor-
ical artifact, and not the first process creation mechanism
students encounter.

ACM Reference Format:

Andrew Baumann, Jonathan Appavoo, Orran Krieger, and Timothy
Roscoe. 2019. A fork() in the road. In Workshop on Hot Topics in
Operating Systems (HotOS ’19), May 13-15, 2019, Bertinoro, Italy.
ACM, New York, NY, USA, 9 pages. https://doi.org/10.1145/3317550.
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1 INTRODUCTION

When the designers of Unix needed a mechanism to create
processes, they added a peculiar new system call: fork(). As
every undergraduate now learns, fork creates a new process
identical to its parent (the caller of fork), with the exception
of the system call’s return value. The Unix idiom of fork()
followed by exec() to execute a different program in the
child is now well understood, but still stands in stark contrast
to process creation in systems developed independently of
Unix [e.g., 1, 30, 33, 54].
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50 years later, fork remains the default process creation
API on POSIX: Atlidakis et al. [8] found 1304 Ubuntu pack-
ages (7.2% of the total) calling fork, compared to only 41
uses of the more modern posix_spawn(). Fork is used by
almost every Unix shell, major web and database servers (e.g.,
Apache, PostgreSQL, and Oracle), Google Chrome, the Redis
key-value store, and even Node.js. The received wisdom ap-
pears to hold that fork is a good design. Every OS textbook
we reviewed [4, 7, 9, 35, 75, 78] covered fork in uncritical
or positive terms, often noting its “simplicity” compared to
alternatives. Students today are taught that “the fork system
call is one of Unix’s great ideas” [46] and “there are lots of
ways to design APIs for process creation; however, the com-
bination of fork() and exec() are simple and immensely
powerful ... the Unix designers simply got it right” [7].

Our goal is to set the record straight. Fork is an anachro-
nism: a relic from another era that is out of place in modern
systems where it has a pernicious and detrimental impact.
As a community, our familiarity with fork can blind us to its
faults (§4). Generally acknowledged problems with fork in-
clude that it is not thread-safe, it is inefficient and unscalable,
and it introduces security concerns. Beyond these limitations,
fork has lost its classic simplicity; it today impacts all the
other operating system abstractions with which it was once
orthogonal. Moreover, a fundamental challenge with fork is
that, since it conflates the process and the address space in
which it runs, fork is hostile to user-mode implementation
of OS functionality, breaking everything from buffered IO
to kernel-bypass networking. Perhaps most problematically,
fork doesn’t compose—every layer of a system from the kernel
to the smallest user-mode library must support it.

We illustrate the havoc fork wreaks on OS implementa-
tions using our experiences with prior research systems (§5).
Fork limits the ability of OS researchers and developers to
innovate because any new abstraction must be special-cased
for it. Systems that support fork and exec efficiently are
forced to duplicate per-process state lazily. This encourages
the centralisation of state, a major problem for systems not
structured using monolithic kernels. On the other hand, re-
search systems that avoid implementing fork are unable to
run the enormous body of software that uses it.

We end with a discussion of alternatives (§6) and a call to
action (§7): fork should be removed as a first-class primitive
of our systems, and replaced with good-enough emulation
for legacy applications. It is not enough to add new primitives
to the OS—fork must be removed from the kernel.

Baumann A, Appavoo |, Krieger O, et al.
A fork() in the road. Proceedings of
the Workshop on Hot Topics in

Operating Systems. 2019: 14-22.
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HIEBIETH <A APls
POSIX
POSIX FrEIRME T posix spawn () EOREIEFHEZEHAITHIZF

o 1BIT—" file actions object (*file actions)$8HATE fork #
execve Z[BJFHITHIXMAHIERIE (e.g., redirection)

o JBIT— attributes object (*attrp) 1EBAFRBIEFHENEE
(e.g., priority, signal handling, ...)

int posix_spawn(pid_t *restrict pid, const char xrestrict path,
const posix_spawn_file_actions_t xrestrict file_actions,
const posix_spawnattr_t xrestrict attrp,
char xconst argv[restrict],
char xconst envplrestrict]);

https://www.man7.org/linux/man-pages/man3/posix spawn.3.html

34
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BFEEIZE <A APIs

The Real System

strace -f ./fork HUEH fork()?

e Linux 121 clone () ARG IEANRCIEHIZ (EZEHEBEXR), M

fork (V”ZZZREAA” B R libc X clone () BFT3E

o BATRILAER 1trace SRIBEREEREEE

C library/kernel differences

Since glibc 2.3.3, rather than invoking the kernel's fork()
system call, the glibc fork() wrapper that is provided as part of
the NPTL threading implementation invokes clone(2) with flags
that provide the same effect as the traditional system call. (A
call to fork() is equivalent to a call to clone(2) specifying
flags as just SIGCHLD.) The glibc wrapper invokes any fork
handlers that have been established using pthread_atfork(3).

https://man7.org/linux/man-pages/man2/fork.2.html
https://thorstenball.com/blog/2014/06/13/where-did-fork-go/

35
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BFEEIZE <A APIs

The Real System

./a.out M ./a.out | cat THISEBILT hello ?
o 2RI FHY stdout ERIARE line buffered (TEFTEY—1THY flush)
o MNRMEAERIm, NZER fully buffered

int main () {
for (int 1 =0 ; 1 < 2 ; 1++) |
fork () ;
printf (“hello\n”);
}

return 0;

https://man7.org/linux/man-pages/man3/setbuf.3.html

36
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HERNERRR

izl B A HIER TR AR RIERTER

o X#tizRliEHE, FHEXCIEREMHIE, RLEMA—MHIEN
(Process Tree) HIZ514

e Linux FFE]DA{FH pstree e

FTEN S HIRYHAZN




HIERILLLE

bR 7 CIZ Iz, HIFHFEREPLEIIBIT

. TE

e Mmain BREUHR

e 1R

O

RIFR UKD

IKE 5

SHER (BIalAT S

=

ERERE

S

o 28w WAYZR IE AT

TRHEAZZ IF

VIR F)
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ET}
1§
It
I
I_—I_
ﬁ_'_

o ERERM exit (), B exit () Bk EMT Lo
o SHTHIZEIT atexit () JEMBNBIENIE
o XHAF flush FRBEFTFFHY stdio streams

o FRERNFTIRNASIEAR exit ()
o VEMSIEHEIETT, HREINEIR (e.g, KHAXFIEATT)
* M exit_group () RERMAB LI

o FHARSKIFEM syscall (SYS exit,0)
¢« AR IEHHI%IE

e UREBEAXRIEVEHA abort ()

7
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HIERILLLE

Zombie Process

MR —THPZELERIAIT, {BEE PCB {Ji1EiHAFEZR (process table) H,
NMZzAFEHNEBIRE (2 living dead)

o NHIE wait (): AREFHIEERIVEERIIAT (exit status)
Rz, FERNBERF#HTZrY PCB

o MRAREEN wait () FHE—BEHIT?

Parent Process
A wait () >
k‘

Child Process
4 ©xec() Epmmmmd exit() K

40



SH IO

HIERYLZ UL

Orphan Process

MR —THENXHIZT T EERIBIT (£ wait () FIRHEZHIFMLE
BIRL. SHWELEETT), Whiz#zER Al Lz

o £ Linux B init/systemd AR EI) LETZNHTZ, AW
BEfE X L) L FZ 1T S R AV [ YN &5 R

i

A

Terminated

Parent Process re-parent .
> ‘ _________ > init

Child Process A
A exec() e ©X1it () wait ()

41



{§5 (Signal)

kill -1
Number  Name Default action Corresponding event
1 SIGHUP Terminate Terminal line hangup
2 SIGINT Terminate Interrupt from keyboard Ctrl+C
3 SIGQUIT Terminate Quit from keyboard
4 SIGILL Terminate Illegal instruction
5 SIGTRAP Terminate and dump core 2 Trace trap
6 SIGABRT Terminate and dump core ? Abort signal from abort function
7 SIGBUS Terminate Bus error
8 SIGFPE Terminate and dump core ? Floating-point exception
9 SIGKILL Terminate ® Kill program
10 SIGUSR1 Terminate User-defined signal 1
11 SIGSEGV Terminate and dump core 2 Invalid memory reference (seg fault)
12 SIGUSR2 Terminate User-defined signal 2
13 SIGPIPE Terminate Wrote to a pipe with no reader
14 SIGALRM Terminate Timer signal from alarm function
15 SIGTERM Terminate Software termination signal
16 SIGSTKFLT Terminate Stack fault on coprocessor
17 SIGCHLD Ignore A child process has stopped or terminated
18 SIGCONT Ignore Continue process if stopped
19 SIGSTOP Stop until next SIGCONT®  Stop signal not from terminal
20 SIGTSTP Stop until next SIGCONT Stop signal from terminal
21 SIGTTIN Stop until next SIGCONT Background process read from terminal

42



&5 (Signal)

—MuERIHIE R L T E NS (FAHREE XA TUALIE) R9AL
o AFSHY “HRlR”
IFEF A LABE signal () EMESLIEREN

o MR XBNESEXNIERE, MR REAIALIERER
o a0, Ctrl+C MEMHAZERIX SIGINT 5

o PN{E[L Ctrl+C REE/EFR?

p -




&5 (Signal)

SSHISLIH (user level) 5l (kernel) B1RZHEL 2 4t

User-Level Process Registers
........................ L cs.p1p
X = + z; *
Y ' SS:ESP
ELFAGS
EAX, EBX,

User Stack

User-Level Handler

signal handler ()

}

User Exception Stack

{

44



{§5 (Signal)

SSHISLIH (user level) 5l (kernel) B1RZHEL 2 4t

User-Level Handler

-------
----

signal handler ()

User-Level Process Registers
. CS:ETP
X = + z;
Y ' SS:ESP
ELFAGS
EAX, EBX,

User Stack

}

. User Exception Stack

SS:ESP

CS:EIP

Others

{

45



&5 (Signal)
—MBRARERE T ETSM (FLAREE X VAE) R

» AJAREBISEMFTRIE, HIU0:

e SIGIO (BIBREM=TIES): I ANFHIEZEST 110 8L, B
1Z(E 51 E1E K ZY handler SE4ME

e SIGCHLD (FHEXRILES): oJLATE handler BB wait (), M4
E|EIF main BB wait () MTMEZEAC IHFE

o« E—MHIZEBEHIVH
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HIERYE ap [EHA

HIEEMEBIERIRIENBE N e BERRAGT A B
o HEWITH=FERIATE
e Running: #FEHAIETE CPU BT (IEFEHE CPU)
* Ready: HIZEEEMABEREIEEE] CPU L1517 (515 CPU)

* Blocked: HFEH1T 7 EMHRIE, FEFEHENTSEHRERTHE
ERIBIT (F1E5ETEMH)

Jdlinl




HIERYE ap B HA

PR TEMEIZE R R IERIEE
» [BEHIZRIEZ

\— —

1T,

]/_\ﬂ\_

- an JE1 AR

HIRSEARE

scheduled

CReadD
1/0: dor\

The external event for which a
process was waiting happens

de-scheduled

- AEIRYAATINE

T,

Caused by the process scheduler

GUHHIHQ

% O: initiate

GlockeD

OS discovers that a process
cannot continue right now
(waiting for event)
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HIERYE ap B HA

HIZEMEIEZERR IENENE AP OT A BRI TIAE
o #7IZ New #] Terminated (Zombie) JA7ZS

scheduled
admlt release
New Ready Running Terminated

de-scheduled
A process that has A process that has
just been defined 1/0- done 1/0: initiate been released while
but has not yet some structures are

been admitted temporarily preserved
Blocked (zombie state)

49



HIERYE ap B HA

HIEEMEIERIRIENENE o BRRR ST A ERY
o & Suspend Ready # Suspend Block AR (Z [B1EANF AL 8] Swap)

scheduled
admlt reIease
New Ready Running Terminated
de-scheduled

suspend
I/0: done
resume I/O: initiate
Suspe
CRea dy ClockeD

1/0: done suspe

but still in suspend resume
Suspend
(B'OC'()
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HIERYE ap [EHA

BRIFASFBEEIRISRARTPIBEHRENIAE
o FIBHIE PCB E— T EREAF (xvé)
o AJARBMIRNELHIR—T AT

o HAIE—THEN, ¥$E PCB I Ready fAFIH

o SHERSEMN, BEM—TIIIBASZ—1TEASY

PCB4

Ready Queue ——»| PCB; |—| PCB; |—

Wait Queue  — PCB; |—»| PCBs
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HIZVEE

97 LI CPU B9
F HRIATERYIE

/—

41T,

WHZ, RIERAAFTEEHZE AR (EH

HREHETT B — 1 RE)

o IR exit (),yield(),sleep () HITEBEIEMA Scheduler ik

BF—

<

Interrupt

OCCUTrs

THITHETE

dispatch
> Ready Queue > e

fork() / yield() / time slice expires ... —

Wait Queue —— waitfor aninterrupt <—
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HIZREE

A TEW CPU M TDHRHEE, RIFRAFTETHRZE AT (EHS

FSEIHIENIGTT, AREZELITH— T HE)

o U1ER HHI Ready Queue NZ (3%F runnable BYEFE) ?

o IRERZEAE— Idle Process $117T

o fBMAAIT HLT 38 (x86), E{E CPU H1T

B F—r

A afT 21 >

53



X%

MRFEZRARERNITE— T #HERE, WFHIT L FXE)HE (Context Switch)
o {R1F|H#FEHRY Execution Context FNNZEFETIHFEAT Execution Context
o S—PHARBEIEREIEITH, BEUUASTE CPU HFFE2BHIAEFEHF

o 3OS HE—MHENIBITH, HixAEixifiz CPU F1Fz238Y
(BfR1F1E1Z12F28Y PCB / Kernel Stack /P (FEA1FH)

e Y OSHED/ ME—"THEHEZENHITE, MAFERFRE TN FHIE
CPU F1zz3VE

s BEEBUI—EMBLRE (EXRETE) RULRE KT

e xv6 FAY swtch ()

54



X%

user mode kernel mode
timer interrupt
l save A's user registers
..... move to kernel mode
........... Seeiil jump to trap handler
e >
swtch () l
save A's kernel registers running A
""""""""""" switch to B's kennel stack B
restore B's kernel registers l running
PEEEL ------- return from trap
......... ' restore B's user registers

move to user mode
' jump to B's PC
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// Saved registers for kernel context switches.
struct context {
uinté4 ra;

uintés4 sp;

enum procstate { UNUSED, USED, SLEEPING, RUNNABLE, RUNNING, ZOMBIE };

// callee-saved
// Per—-process state

// p—>lock must be held when using these:

uinté4 s0;
te4 s1 struct proc {
uin sl; .
. struct spinlock lock;
uinté4 s2;
uinté4 s3;
uinté4 s4;
] ' enum procstate state;
uinté4 sb5; .
] void *chan;
Uintes s6; int killed;
uintés s7; int xstate:
uinté4 s8; int pid: '
uinté4 s9; '

uinté4 s10;

uintés4 sii;
! struct proc xparent;

// Process state

// If non-zero, sleeping on chan

// If non-zero, have been killed

// Exit status to be returned to parent's wait
// Process ID

// wait_lock must be held when using this:

// Parent process

// these are private to the process, so p—->lock need not be held.

uinté4 kstack;
uinté4 sz;
pagetable_t pagetable;

struct trapframe *xtrapframe;

struct context context;

struct file *xofile[NOFILE];

struct inode skcwd;

xvé (risc-v)
context switch bi

char name[16];

// Virtual address of kernel stack
// Size of process memory (bytes)
// User page table

// data page for trampoline.S

// swtch() here to run process

// Open files

// Current directory

// Process name (debugging)




xvé (risc-v)
context switch

.globl swtch

swtch:

sd
sd
sd
sd
sd
sd
sd
sd
sd
sd
sd
sd
sd
sd

1d
1d
1d
1d
1d
1d
1d
1d
1d
1d
1d
1d
1d
1d

ret

ra, 0(a0)
sp, 8(a9)
s@, 16(a0)
sl, 24(a0@)
s2, 32(a9)
s3, 40(a0)
s4, 48(a0)
s5, 56(a0)
s6, 64(a0)
s7, 72(a0)
s8, 80(a0)
s9, 88(a0)
s10, 96(a0)
s11l, 104(a9)

ra, 0(al)
sp, 8(al)
s@, 16(al)
sl, 24(al)
s2, 32(al)
s3, 40(al)
s4, 48(al)
s5, 56(al)
sé6, 64(al)
s7, 72(al)
s8, 80(al)
s9, 88(al)
s10, 96(al)
s11, 104(al)

# Context switch

#

# void swtch(struct context *old, struct context *new);
#

# Save current registers in old. Load from new.
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save / restore
on trap ()

save / restore
on swtch ()

A’s User Stack

B’s User Stack

trapframe

A's saved
user registers

trapframe

A’s Kernel Stack

B's saved
user registers

B’s Kernel Stack

A’s PCB

B’s PCB

context

A's saved
kernel registers

context

B's saved
kernel registers
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79 // give up the CPU if this is a timer interrupt.
80 if(which_dev == 2)
81 yield();
82 511 void
trap.c 512 yield(void)
: 513 {
Tﬁnwerlnterrupt 514 struct proc *p = myproc();
515 acquire(&p->lock);
516 p—>state = RUNNABLE; 490 void
. sched(); 491 sched(void)
518 release(&p->lock); 492 {
°19 } . 493 int intena;
pI’OC.C 2:: struct proc *xp = myproc();
ﬂ%EQE$%>Iﬁ’jL§ 496 if('holding(&p—->1lock))
497 panic("sched p->lock");
498 if(mycpu()->noff != 1)
499 panic("sched locks");
500 if(p->state == RUNNING)
501 panic("sched running");
502 if(intr_get())
503 panic("sched interruptible");
504
505 intena = mycpu()->intena;
506 swtch(&p->context, &mycpu()->context);
507 mycpu()->intena = intena;
508 ¥
proc.c

181 swich() MHFE A TJ3RE! Scheduler



444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481

void
scheduler(void)
{
struct proc xp;
struct cpu xc = mycpu();

c—->proc = 0;
for(;;){
// The most recent process to run may have had interrupts
// turned off; enable them to avoid a deadlock if all
// processes are waiting.
intr_on();

int found = 9;
for(p = proc; p < &proc[NPROC]; p++) {
acquire(&p->lock);
if(p—->state == RUNNABLE) {
// Switch to chosen process. It is the process's job
// to release its lock and then reacquire it
// before jumping back to us.
p—>state = RUNNING;
c->proc = p;
swtch(&c->context, &p->context);

// Process is done running for now.
// It should have changed its p->state before coming back.
c—>proc = 9;
found = 1;
}
release(&p->lock);
}
if(found == 09) {
// nothing to run; stop running on this core until an interrupt.
intr_on();
asm volatile("wfi");

proc.c
Scheduler JREEIT1THIIHTE,
FEIT swich() PIIREHTE B

60



LX)k

User
Space

Kernel
Space

Process A

Process B

trap

4

return from trap
switch »

Scheduler
selects ready
process

)

RIVDHR A AE )i

o HIEAPBAK

¥, interrupt

handler {R1FE user registers

(user stack —

* MiBTTHIZA

cernel stack)

YR 21T

752 B (A’s kernel stack —
B’s kernel stack)

* M#FE B Nt

xR O] (return-

from-trap), VRE user registers
(kernel stack — user stack)
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BB EHE

HAZ (Process) X—MLEARSS T ™1 B RY:
o EXBRERGIRMETZ IR D EHIIRERINIE (resource ownership)
o NAEHEDEARBAIHELLZSE)
o ANEHPREEFAERIFTHXGR
o EMBRIERGZEH ZHITURIRMEEERNE (execution)
o —PNHUSHEHEESRENITIIELFS (a stream of instructions)
o LIMEARFEIFEIZEIRITIHR (context switch)




%1z

SINATE (Thread) R ZIE— 0] EIhAE

o BFHEM SFNFIREDEEMAITESID
o HIEEMTHZRENDEFFRIF, ZENTI/IFIIBFHZAIT
o BB ZAMEZRINE NIRRT

i

HE<SHITHFS!

Process 1 Process 2 Process 3 Process

\\ ‘\' | j
User )
space
Thread Thread
Kernel
space ) Kernel Kernel
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S| NZLFZE (Thread) SEZIE— 1] E

HIERERE<SAITFSY

Code

Data

Files

Registers

Counter

Stack

Thread =) ;

Single-threaded process

Code Data Files
Registers Registers Registers
Stack Stack Stack
Counter Counter Counter
I I I
Thread Thread Thread

Multithreaded process
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AT

o BTEHEAR—THUHAHLKNITHES
e HBH /Y Program Counter / CPU Registers #[] Stack

e %1t Thread Control Block (TCB) SE1Z{iEZ&FE execution context
o E—THENZNEIE ZBHZ1ZAFTERIIBLEZS 8] (Address Space)
o FIELIERZIZHTEN Code / Data, ANIBXER
o HHEET#HFE, BEEMSWAVCIE. KIEMYRLETE
¢ ZNLEREZEIBELEINSE
o EXNERTEMNEREFME—HZEPIHEHMAETE !
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5 2FE1HXHEY APIs

POSIX Threads (pthreads)

pthread create():
BliE— 1%

pthread exit():

2X |E JRIAVERIZ AT
pthread join():
FIFETIEENZEZENITS
pthread yield():

F CPU DLULEEZERIT

%’ %; .> :é %}xn
%}jdn

% Create
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LR AZRYSCEHL

User-Level Thread

NABARERSZIF&IESSIN, X Process Thread
RIERARIR AL S —4
. SREETEAPSHERS

KB (TCB in user space) space {
o ZAEHXIRIE (B, 1HER.

—

space

iEE) BREEAPS wme { /
Kernel

o Kernel {XgERANIHTE / \\

Run-time Thread Process
system table table



LR AZRYSCEHL

Kernel Thread

BRIERFAZITRIZAE Proce\ss Th7ad
o Z%FEM Kernel REIE (TCB ’ \

in kernel space) '
ser

o LSTIFAEIRIE (QIER. SHER. PR
PR BT R A
S| u

Kernel " |
space erne / ;

Process Thread
table table



L T2HITH
User-Level & Kernel Thread
o ZizIR{EHFE
o RER (MNDRIRNFERR), AINEANZITELIZR OS L3830
« BTHENE—T%IE=HK OS ZEEI CPU LH1T
o S—T%EIEEZEN, F—HENMBEEEZLEN—K[EZE

o ABF—1%IZEL yield 8} exit NA BV PEEESRIZIZTT
(FHF #5%2/%B timer interrupt)

o ZAZRIFHARFIERSEM
o BITHERK (FMEIVERIR)
» OS FIREZ %Iz o ECEI A E CPU LT

S SEHL

JAJ)

L -
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LR AZRYSCEHL

Hybrid Implementation

F—"T#HZEFEI N

-J

B WZZAE T ABIE—1 "R E R

= 2 iz BRET E

M<NDT

Multiple user threads
on a kernel thread

\

f

%57

)

> User
space

Kernel

S 34— Kernel thread

Kernel
space
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Linux PRYZ:TZE

Linux FA A EX o HIZEFZ%IEZ, MaF

SR T E— Execution Context

o YIRM task struct HE
B —tthtt =S8, MBI EE
THIZFINR T EIE

* RZ, FEMTAEHIZ

state

pid

tid

real parent

/

child

-

-

mim

prio

fs

files

task_struct

] task struct BIEEM

task struct

task struct

task struct

task struct
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Linux PRYZ:TZE

Linux

AAEX

XpiiEMNzZiz, ME(E

SR T E— Execution Context

] task struct BIEEM

o E£#1T clone (func, stack ptr, sharing flags, arqg) i

o TR¥E sharing flags HEMLUZE— T HIEL R L (%Ei{ﬂiﬂ:
== [B]HY Light Weight Process)

o E—THEFNFIEZZERDECHEER PID, {ER%

\

A~[EEY LWP

ID / Thread ID
Flag Meaning when set Meaning when cleared
CLONE_VM Create a new thread Create a new process
CLONE_FS Share umask, root, and working dirs Do not share them
CLONE_FILES Share the file descriptors Copy the file descriptors

CLONE_SIGHAND

Share the signal handler table

Copy the table

CLONE_PARENT

New thread has same parent as the caller | New thread’s parent is caller
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o H#ZF (process)

. HERNESES

o HIERIBIEMLER: fork (), execve () ,wait (), exit ()

* SEE[ (redirection) FI'EIE (pipe) RISLIL
o HIZRYEaFEHA (process state)
o HFERI LTI (context switch)
o Z%%Z (thread)
o SIANZIEHISINL. SRENEIRE
o %%%% user-level ] kernel SEIHYX 5]




