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R
eview

:
P

rogram
E

xecution

•
R

egisters

–
program

counter,stack
pointer,

.
.
.

•
M

em
ory

–
program

code

–
program

data

–
program

stack
containing

procedure
activation

records

•
C

P
U

–
fetches

and
executes

instructions
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T
hre

a
ds

a
nd

C
oncurre

ncy
2

R
eview

:
M

IP
S

R
egister

U
sage

S
e
e

a
l
s
o
:

k
e
r
n
/
a
r
c
h
/
m
i
p
s
/
i
n
c
l
u
d
e
/
a
s
m
d
e
f
s
.
h

R
0
,

z
e
r
o

=
#
#

z
e
r
o

(
a
l
w
a
y
s

r
e
t
u
r
n
s

0
)

R
1
,

a
t

=
#
#

r
e
s
e
r
v
e
d

f
o
r

u
s
e

b
y

a
s
s
e
m
b
l
e
r

R
2
,

v
0

=
#
#

r
e
t
u
r
n

v
a
l
u
e

/
s
y
s
t
e
m

c
a
l
l

n
u
m
b
e
r

R
3
,

v
1

=
#
#

r
e
t
u
r
n

v
a
l
u
e

R
4
,

a
0

=
#
#

1
s
t

a
r
g
u
m
e
n
t

(
t
o

s
u
b
r
o
u
t
i
n
e
)

R
5
,

a
1

=
#
#

2
n
d

a
r
g
u
m
e
n
t

R
6
,

a
2

=
#
#

3
r
d

a
r
g
u
m
e
n
t

R
7
,

a
3

=
#
#

4
t
h

a
r
g
u
m
e
n
t
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a
ds

a
nd

C
oncurre

ncy
3

R
eview

:
M

IP
S

R
egister

U
sage

R
0
8
-
R
1
5
,

t
0
-
t
7

=
#
#

t
e
m
p
s

(
n
o
t

p
r
e
s
e
r
v
e
d

b
y

s
u
b
r
o
u
t
i
n
e
s
)

R
2
4
-
R
2
5
,

t
8
-
t
9

=
#
#

t
e
m
p
s

(
n
o
t

p
r
e
s
e
r
v
e
d

b
y

s
u
b
r
o
u
t
i
n
e
s
)

#
#

c
a
n

b
e

u
s
e
d

w
i
t
h
o
u
t

s
a
v
i
n
g

R
1
6
-
R
2
3
,

s
0
-
s
7

=
#
#

p
r
e
s
e
r
v
e
d

b
y

s
u
b
r
o
u
t
i
n
e
s

#
#

s
a
v
e

b
e
f
o
r
e

u
s
i
n
g
,

#
#

r
e
s
t
o
r
e

b
e
f
o
r
e

r
e
t
u
r
n

R
2
6
-
2
7
,

k
0
-
k
1

=
#
#

r
e
s
e
r
v
e
d

f
o
r

i
n
t
e
r
r
u
p
t

h
a
n
d
l
e
r

R
2
8
,

g
p

=
#
#

g
l
o
b
a
l

p
o
i
n
t
e
r

#
#

(
f
o
r

e
a
s
y

a
c
c
e
s
s

t
o

s
o
m
e

v
a
r
i
a
b
l
e
s
)

R
2
9
,

s
p

=
#
#

s
t
a
c
k

p
o
i
n
t
e
r

R
3
0
,

s
8
/
f
p

=
#
#

9
t
h

s
u
b
r
o
u
t
i
n
e

r
e
g

/
f
r
a
m
e

p
o
i
n
t
e
r

R
3
1
,

r
a

=
#
#

r
e
t
u
r
n

a
d
d
r

(
u
s
e
d

b
y

j
a
l
)
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T
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a
ds

a
nd

C
oncurre

ncy
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W
hatis

a
T

hread?

•
A

thread
represents

the
controlstate

ofan
executing

progra
m

.

•
A

thread
has

an
associated

context(or
state),w

hich
consists

of

–
the

processor’s
C

P
U

state,including
the

values
ofthe

progr
am

counter

(P
C

),the
stack

pointer,other
registers,and

the
execution

m
ode

(privileged/non-privileged)

–
a

stack,w
hich

is
located

in
the

address
space

ofthe
thread’s

process

Im
agine

thatyou
w

ould
like

to
suspend

the
program

execution
,and

resum
e

itagain
later.

T
hink

ofthe
thread

contextas
the

info
rm

ation

you
w

ould
need

in
order

to
restart

program
execution

from
w

he
re

itleftoffw
hen

itw
as

suspended.
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T
hre

a
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a
nd

C
oncurre

ncy
5

T
hread

C
ontext

m
em

ory

C
P

U
 registers

code
data

stack

thread context
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T
hre

a
ds

a
nd

C
oncurre

ncy
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C
oncurrentT

hreads

•
m

ore
than

one
thread

m
ay

existsim
ultaneously

(w
hy

m
ightthi

s
be

a
good

idea?)

•
each

thread
has

its
ow

n
context,though

they
m

ay
share

access
to

program

code
and

data

•
on

a
uniprocessor

(one
C

P
U

),atm
ostone

thread
is

actually
ex

ecuting
atany

tim
e.

T
he

others
are

paused,w
aiting

to
resum

e
execution.

•
on

a
m

ultiprocessor,m
ultiple

threads
m

ay
execute

atthe
sam

e
tim

e,butif

there
are

m
ore

threads
than

processors
then

som
e

threads
w

il
lbe

paused
and

w
aiting
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E
xam

ple:
C

oncurrentM
ouse

S
im

ulations

s
t
a
t
i
c

v
o
i
d

m
o
u
s
e
_
s
i
m
u
l
a
t
i
o
n
(
v
o
i
d
*

u
n
u
s
e
d
p
o
i
n
t
e
r
,

u
n
s
i
g
n
e
d

l
o
n
g

m
o
u
s
e
n
u
m
b
e
r
)

{

i
n
t

i
;

u
n
s
i
g
n
e
d

i
n
t

b
o
w
l
;

f
o
r
(
i
=
0
;
i
<
N
u
m
L
o
o
p
s
;
i
+
+
)

{

/
*

f
o
r

n
o
w
,

t
h
i
s

m
o
u
s
e
c
h
o
o
s
e
s

a
r
a
n
d
o
m

b
o
w
l

f
r
o
m

*
w
h
i
c
h

t
o

e
a
t
,

a
n
d

i
t
i
s

n
o
t

s
y
n
c
h
r
o
n
i
z
e
d

w
i
t
h

*
o
t
h
e
r

c
a
t
s

a
n
d

m
i
c
e

*
/

/
*

l
e
g
a
l

b
o
w
l

n
u
m
b
e
r
s

r
a
n
g
e
f
r
o
m

1
t
o

N
u
m
B
o
w
l
s

*
/

b
o
w
l

=
(
(
u
n
s
i
g
n
e
d

i
n
t
)
r
a
n
d
o
m
(
)
%

N
u
m
B
o
w
l
s
)

+
1
;

m
o
u
s
e
_
e
a
t
(
b
o
w
l
,
1
)
;

}/
*

i
n
d
i
c
a
t
e

t
h
a
t

t
h
i
s

m
o
u
s
e
i
s

f
i
n
i
s
h
e
d

*
/

V
(
C
a
t
M
o
u
s
e
W
a
i
t
)
;
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Im
plem

enting
T

hreads

•
a

thread
library

is
responsibile

for
im

plem
enting

threads

•
the

thread
library

stores
threads’contexts

(or
pointers

to
the

threads’contexts)

w
hen

they
are

notrunning

•
the

data
structure

used
by

the
thread

library
to

store
a

threa
d

contextis

som
etim

es
called

athread
controlblock

In
the

O
S

/161
kernel’s

thread
im

plem
entation,thread

conte
xts

are

stored
int

h
r
e
a
d

structures.
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T
hread

Library
and

Tw
o

T
hreads

m
em

ory

C
P

U
 registers

code
data

stack 1
stack 2

thread library

thread 2 context (w
aiting thread)

thread 1 context (running thread)
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T
he

O
S

/161t
h
r
e
a
d

S
tructure

/
*

s
e
e

k
e
r
n
/
i
n
c
l
u
d
e
/
t
h
r
e
a
d
.
h
*
/

s
t
r
u
c
t

t
h
r
e
a
d

{

/
*

P
r
i
v
a
t
e

t
h
r
e
a
d

m
e
m
b
e
r
s
-

i
n
t
e
r
n
a
l

t
o

t
h
e

t
h
r
e
a
d

s
y
s
t
e
m

*
/

s
t
r
u
c
t

p
c
b

t
_
p
c
b
;

/
*
m
i
s
c
.

h
a
r
d
w
a
r
e
-
s
p
e
c
i
f
i
c

s
t
u
f
f

*
/

c
h
a
r

*
t
_
n
a
m
e
;

/
*
t
h
r
e
a
d

n
a
m
e

*
/

c
o
n
s
t

v
o
i
d

*
t
_
s
l
e
e
p
a
d
d
r
;

/
*
u
s
e
d

f
o
r

s
y
n
c
h
r
o
n
i
z
a
t
i
o
n

*
/

c
h
a
r

*
t
_
s
t
a
c
k
;

/
*
p
o
i
n
t
e
r

t
o

t
h
e

t
h
r
e
a
d
’
s

s
t
a
c
k

*
/

/
*

P
u
b
l
i
c

t
h
r
e
a
d

m
e
m
b
e
r
s

-
c
a
n

b
e

u
s
e
d

b
y

o
t
h
e
r

c
o
d
e

*
/

s
t
r
u
c
t

a
d
d
r
s
p
a
c
e

*
t
_
v
m
s
p
a
c
e
;

/
*

a
d
d
r
e
s
s

s
p
a
c
e

s
t
r
u
c
t
u
r
e

*
/

s
t
r
u
c
t

v
n
o
d
e

*
t
_
c
w
d
;

/
*

c
u
r
r
e
n
t

w
o
r
k
i
n
g

d
i
r
e
c
t
o
r
y

*
/

}
;
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T
hread

Library
and

Tw
o

T
hreads

(O
S

/161)

m
em

ory

C
P

U
 registers

code
data

stack 1
stack 2

thread library

thread 1 context (running thread)

structures
th

read
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C
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C
ontextS

w
itch,S

cheduling,and
D

ispatching

•
the

actofpausing
the

execution
ofone

thread
and

resum
ing

th
e

execution
of

another
is

called
a(thread)

contextsw
itch

•
w

hathappens
during

a
contextsw

itch?

1.
save

the
contextofthe

currently
running

thread

2.
decide

w
hich

thread
w

illrun
next

3.
restore

the
contextofthe

thread
thatis

to
run

next

•
the

actofsaving
the

contextofthe
currentthread

and
instal
ling

the
contextof

the
nextthread

to
run

is
calleddispatching

(the
nextthread)

•
sounds

sim
ple,but..

.

–
architecture-specific

im
plem

entation

–
thread

m
ustsave/restore

its
contextcarefully,since

thre
ad

execution

continuously
changes

the
context

–
can

be
tricky

to
understand

(atw
hatpointdoes

a
thread

actua
lly

stop?

w
hatis

itexecuting
w

hen
itresum

es?)
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D
ispatching

on
the

M
IP

S
(1

of2)

/
*

s
e
e

k
e
r
n
/
a
r
c
h
/
m
i
p
s
/
m
i
p
s
/
s
w
i
t
c
h
.
S
*
/

m
i
p
s
_
s
w
i
t
c
h
:

/
*

a
0
/
a
1

p
o
i
n
t
s

t
o

o
l
d
/
n
e
w
t
h
r
e
a
d
’
s

c
o
n
t
r
o
l

b
l
o
c
k

*
/

/
*

A
l
l
o
c
a
t
e

s
t
a
c
k

s
p
a
c
e
f
o
r

s
a
v
i
n
g

1
1

r
e
g
i
s
t
e
r
s
.

1
1
*
4

=
4
4

*
/

a
d
d
i

s
p
,

s
p
,

-
4
4

/
*

S
a
v
e

t
h
e

r
e
g
i
s
t
e
r
s

*
/

s
w

r
a
,

4
0
(
s
p
)

s
w

g
p
,

3
6
(
s
p
)

s
w

s
8
,

3
2
(
s
p
)

s
w

s
7
,

2
8
(
s
p
)

s
w

s
6
,

2
4
(
s
p
)

s
w

s
5
,

2
0
(
s
p
)

s
w

s
4
,

1
6
(
s
p
)

s
w

s
3
,

1
2
(
s
p
)

s
w

s
2
,

8
(
s
p
)

s
w

s
1
,

4
(
s
p
)

s
w

s
0
,

0
(
s
p
)

/
*

S
t
o
r
e

t
h
e

o
l
d

s
t
a
c
k

p
o
i
n
t
e
r
i
n

t
h
e

o
l
d

c
o
n
t
r
o
l

b
l
o
c
k

*
/

s
w

s
p
,

0
(
a
0
)
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D
ispatching

on
the

M
IP

S
(2

of2)

/
*

G
e
t

t
h
e

n
e
w

s
t
a
c
k

p
o
i
n
t
e
r
f
r
o
m

t
h
e

n
e
w

c
o
n
t
r
o
l

b
l
o
c
k

*
/

l
w

s
p
,

0
(
a
1
)

n
o
p

/
*

d
e
l
a
y

s
l
o
t

f
o
r

l
o
a
d
*
/

/
*

N
o
w
,

r
e
s
t
o
r
e

t
h
e

r
e
g
i
s
t
e
r
s
*
/

l
w

s
0
,

0
(
s
p
)

l
w

s
1
,

4
(
s
p
)

l
w

s
2
,

8
(
s
p
)

l
w

s
3
,

1
2
(
s
p
)

l
w

s
4
,

1
6
(
s
p
)

l
w

s
5
,

2
0
(
s
p
)

l
w

s
6
,

2
4
(
s
p
)

l
w

s
7
,

2
8
(
s
p
)

l
w

s
8
,

3
2
(
s
p
)

l
w

g
p
,

3
6
(
s
p
)

l
w

r
a
,

4
0
(
s
p
)

n
o
p

/
*

d
e
l
a
y

s
l
o
t

f
o
r

l
o
a
d
*
/

j
r
a

/
*

a
n
d
r
e
t
u
r
n
.

*
/

a
d
d
i

s
p
,

s
p
,

4
4

/
*

i
n

d
e
l
a
y
s
l
o
t

*
/

.
e
n
d

m
i
p
s
_
s
w
i
t
c
h
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T
hread

Library
Interface

•
the

thread
library

interface
allow

s
program

code
to

m
anipul

ate
threads

•
one

key
thread

library
interface

function
isYield()

•
Y

ield()
causes

the
calling

thread
to

stop
and

w
ait,and

cause
s

the
thread

library

to
choose

som
e

other
w

aiting
thread

to
run

in
its

place.
In

oth
er

w
ords,Y

ield()

causes
a

contextsw
itch.

•
in

addition
toY

i
e
l
d
(
)

,thread
libraries

typically
provide

other

thread-related
services:

–
create

new
thread

–
end

(and
destroy)

a
thread

–
cause

a
thread

toblock
(to

be
discussed

later)
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T
he

O
S

/161
T

hread
Interface

(incom
plete)

/
*

s
e
e

k
e
r
n
/
i
n
c
l
u
d
e
/
t
h
r
e
a
d
.
h
*
/

/
*

c
r
e
a
t
e

a
n
e
w

t
h
r
e
a
d

*
/

i
n
t

t
h
r
e
a
d
_
f
o
r
k
(
c
o
n
s
t

c
h
a
r
*
n
a
m
e
,

v
o
i
d

*
d
a
t
a
1
,
u
n
s
i
g
n
e
d

l
o
n
g

d
a
t
a
2
,

v
o
i
d

(
*
f
u
n
c
)
(
v
o
i
d
*
,

u
n
s
i
g
n
e
d

l
o
n
g
)
,

s
t
r
u
c
t

t
h
r
e
a
d
*
*
r
e
t
)
;

/
*

d
e
s
t
r
o
y

t
h
e

c
a
l
l
i
n
g

t
h
r
e
a
d
*
/

v
o
i
d

t
h
r
e
a
d
_
e
x
i
t
(
v
o
i
d
)
;

/
*

l
e
t

a
n
o
t
h
e
r

t
h
r
e
a
d

r
u
n

*
/

v
o
i
d

t
h
r
e
a
d
_
y
i
e
l
d
(
v
o
i
d
)
;

/
*

b
l
o
c
k

t
h
e

c
a
l
l
i
n
g

t
h
r
e
a
d
*
/

v
o
i
d

t
h
r
e
a
d
_
s
l
e
e
p
(
c
o
n
s
t

v
o
i
d
*
a
d
d
r
)
;

/
*

u
n
b
l
o
c
k

b
l
o
c
k
e
d

t
h
r
e
a
d
s
*
/

v
o
i
d

t
h
r
e
a
d
_
w
a
k
e
u
p
(
c
o
n
s
t

v
o
i
d
*
a
d
d
r
)
;
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C
reating

T
hreads

U
sing

t
h
r
e
a
d
f
o
r
k
(
)

/
*

f
r
o
m

c
a
t
m
o
u
s
e
(
)

i
n

k
e
r
n
/
a
s
s
t
1
/
c
a
t
m
o
u
s
e
.
c
*
/

/
*

s
t
a
r
t

N
u
m
M
i
c
e

m
o
u
s
e
_
s
i
m
u
l
a
t
i
o
n
(
)
t
h
r
e
a
d
s

*
/

f
o
r

(
i
n
d
e
x

=
0
;

i
n
d
e
x

<
N
u
m
M
i
c
e
;
i
n
d
e
x
+
+
)

{

e
r
r
o
r

=
t
h
r
e
a
d
_
f
o
r
k
(
"
m
o
u
s
e
_
s
i
m
u
l
a
t
i
o
n
t
h
r
e
a
d
"
,
N
U
L
L
,
i
n
d
e
x
,

m
o
u
s
e
_
s
i
m
u
l
a
t
i
o
n
,
N
U
L
L
)
;

i
f

(
e
r
r
o
r
)

{

p
a
n
i
c
(
"
m
o
u
s
e
_
s
i
m
u
l
a
t
i
o
n
:
t
h
r
e
a
d
_
f
o
r
k

f
a
i
l
e
d
:

%
s
\
n
"
,

s
t
r
e
r
r
o
r
(
e
r
r
o
r
)
)
;

}

}/
*

w
a
i
t

f
o
r

a
l
l

o
f

t
h
e

c
a
t
s
a
n
d

m
i
c
e

t
o

f
i
n
i
s
h

b
e
f
o
r
e

t
e
r
m
i
n
a
t
i
n
g

*
/

f
o
r
(
i
=
0
;

i
<

(
N
u
m
C
a
t
s
+
N
u
m
M
i
c
e
)
;
i
+
+
)

{

P
(
C
a
t
M
o
u
s
e
W
a
i
t
)
;

}
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S
cheduling

•
scheduling

m
eans

deciding
w

hich
thread

should
run

next

•
scheduling

is
im

plem
ented

by
ascheduler,w

hich
is

partofthe
thread

library

•
sim

ple
F

IF
O

scheduling:

–
scheduler

m
aintains

a
queue

ofthreads,often
called

the
ready

queue

–
the

firstthread
in

the
ready

queue
is

the
running

thread

–
on

a
contextsw

itch
the

running
thread

is
m

oved
to

the
end

ofth
e

ready

queue,and
new

firstthread
is

allow
ed

to
run

–
new

ly
created

threads
are

placed
atthe

end
ofthe

ready
queue

•
m

ore
on

scheduling
later..

.
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P
reem

ption

•
Y
i
e
l
d
(
)

allow
s

program
s

tovoluntarily
pause

their
execution

to
allow

another
thread

to
run

•
som

etim
es

itis
desirable

to
m

ake
a

thread
stop

running
even

i
fithas

not

called
Y
i
e
l
d
(
)

•
this

kind
ofinvoluntary

contextsw
itch

is
calledpreem

ption
ofthe

running

thread

•
to

im
plem

entpreem
ption,the

thread
library

m
usthave

a
m

ean
s

of“getting

control”
(causing

thread
library

code
to

be
executed)

even
t

hrough
the

application
has

notcalled
a

thread
library

function

•
this

is
norm

ally
accom

plished
usinginterrupts

C
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R
eview

:
Interrupts

•
an

interruptis
an

eventthatoccurs
during

the
execution

ofa
program

•
interrupts

are
caused

by
system

devices
(hardw

are),e.g.,a
tim

er,a
disk

controller,a
netw

ork
interface

•
w

hen
an

interruptoccurs,the
hardw

are
autom

atically
trans
fers

controlto
a

fixed
location

in
m

em
ory

•
atthatm

em
ory

location,the
thread

library
places

a
procedu

re
called

an

interrupthandler

•
the

interrupthandler
norm

ally:

1.
saves

the
currentthread

context(in
O

S
/161,this

is
saved
in

a
trap

fram
e

on
the

currentthread’s
stack)

2.
determ

ines
w

hich
device

caused
the

interruptand
perform

s
device-specific

processing

3.
restores

the
saved

thread
contextand

resum
es

execution
i

n
thatcontext

w
here

itleftoffatthe
tim

e
ofthe

interrupt.
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R
ound-R

obin
S

cheduling

•
round-robin

is
one

exam
ple

ofa
preem

ptive
scheduling

policy

•
round-robin

scheduling
is

sim
ilar

to
F

IF
O

scheduling,exce
ptthatitis

preem
ptive

•
as

in
F

IF
O

scheduling,there
is

a
ready

queue
and

the
thread

at
the

frontofthe

ready
queue

runs

•
unlike

F
IF

O
,a

lim
itis

placed
on

the
am

ountoftim
e

thata
thre
ad

can
run

before
itis

preem
pted

•
the

am
ountoftim

e
thata

thread
is

allocated
is

called
the

sch
eduling

quantum

•
w

hen
the

running
thread’s

quantum
expires,itis

preem
pted

a
nd

m
oved

to
the

back
ofthe

ready
queue.

T
he

thread
atthe

frontofthe
ready

qu
eue

is

dispatched
and

allow
ed

to
run.
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Im
plem

enting
P

reem
ptive

S
cheduling

•
suppose

thatthe
system

tim
er

generates
an

interruptevery
t

tim
e

units,e.g.,

once
every

m
illisecond

•
suppose

thatthe
thread

library
w

ants
to

use
a

scheduling
qua

ntum
q

=
5
0
0
t,

i.e.,itw
illpreem

pta
thread

after
halfa

second
ofexecutio

n

•
to

im
plem

entthis,the
thread

library
can

m
aintain

a
variabl

e
called

r
u
n
n
i
n
g
t
i
m
e

to
track

how
long

the
currentthread

has
been

running:

–
w

hen
a

thread
is

intially
dispatched,

r
u
n
n
i
n
g
t
i
m
e

is
setto

zero

–
w

hen
an

interruptoccurs,the
tim

er-specific
partofthe

inte
rrupthandler

can
increm

entru
n
n
i
n
g
t
i
m
e

and
then

testits
value

∗
if
r
u
n
n
i
n
g
t
i
m
e

is
less

thanq,the
interrupthandler

sim
ply

returns

and
the

running
thread

resum
es

its
execution

∗
if
r
u
n
n
i
n
g
t
i
m
e

is
equalto

q,then
the

interrupthandler
invokes

Y
i
e
l
d
(
)

to
cause

a
contextsw

itch

C
S

350
O

pe
ra

ting
S

yste
m

s
F

a
ll2010



T
hre

a
ds

a
nd

C
oncurre

ncy
23

O
S

/161
S

tack
after

P
reem

ption

stack grow
th

application
stack fram

e(s)

trap fram
e

Y
ield() 

stack fram
e

saved thread
context

interrupt handling

stack fram
e(s)
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O
S

/161
S

tack
after

Voluntary
C

ontextS
w

itch
(t
h
r
e
a
d
y
i
e
l
d
(
)

)

stack grow
th

application
stack fram

e(s)

stack fram
e

saved thread
context

thread_yield()
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