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Recap: Putting Everything Together: Address Translation

Physical
Virtual Address: Memory:

e

Page TablePtr Physgjcal ess:

Page Table
(It level)

Page Table
(2d level)




Recap: Putting Everything Together: TLB

Physical
Virtual Address: Memory:

Physical ess:

ysica
Page #

TLB:




Recap: Putting Everything Together: Cache

Physical
Memory:

Physical ess:

Ysica
Page #
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Memory Cache

* Block (#t) is the minimal unit of caching
- Often larger than | word/byte to exploit the spatial locality
- Shall not be neither too large or too small. Why!?
- Modern Intel processors use 64B

* Address fields for cache lookup

Block Address Block
Tag Index offset
Set Select

Data Select
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Cache Lookup

e Fully associative (&R 5821 BK): each
address can be stored anywhere in the cache Cache  Cache
table Tag Data  Valid

* Direct mapped (EL{ZML5}): each address can
be stored In one location In the cache table

* N-way set associative (N&2H 3 Bk): each
address can be stored in one of N cache sets

7

!

Cache Miss

I

" Tradeoffs: lookup speed and cache hit rate



Fully Associative

* Compare the cache tag on each cache line

* Example: Block Size=32B blocks
- We need Nx 2/-bit comparators

31 4 0
Cache Tag (27 bits long) Byte Select (5 bits)
Ex: 0x01
| Cache Tag Cache Data \ Valid Bit

—>@<— Byte 31| °° |Byte1l | Byte 0

2

) Byte 63| ** | Byte 33| Byte 32
_3@._

i‘OA

'1‘@4




Fully Associative

* Compare the cache tag on each cache line

* Example: Block Size=32B blocks
- We need Nx 2/-bit comparators

* The drawback: performance degrades with larger cache, because there
are more tags to be compared.

- Solution # |: using larger block, but..
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Direct Mapped

* Map to one specific cache line through a Hash function.

* Verify the address.

A\ 4

Address Hash

Cache

Tag Data

[
»

» Cache Hit

:?

Cache Miss
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Direct Mapped

* Example: | KB Direct Mapped Cache with 32B Blocks

- Index chooses potential block

- Tag checked to verify block Hash(x) = addr & I111100000
- Byte select chooses byte within block
31 10 9 54 0
Cache Tag Cache Index | Byte Select
Ex: 0x50 Ex: 0x01 Ex: 0x00
1 |
Cache Tag Cache Data Valid Bit
0 Byte 31}...°°. | Byte 1 ByieO |
e | 0x50 Byte 63| °* | Byte 33| Byte 32
2
3
31

Byte 1023 °° Byte 992




Direct Mapped

* Example: | KB Direct Mapped Cache with 32B Blocks

- Index chooses potential block

- Tag checked to verify block
- Byte select chooses byte within block

) 109 _ _ ____ 34 _ ____ 01
Cache Tag Cache Index | Byte Select
Ex: 0x50 Ex: 0x01 Ex: 0x00
t |
Cache Tag Cache Data Valid Bit
0 Byte 31}...°°. | Byte 1 By*} 0 |
e | 0x50 Byte 63| °* | Byte 33| Byte 32
2
3
31 Byte 1023 °°

Byte 992

How those numbers



Direct Mapped

* Example: | KB Direct Mapped Cache with 32B Blocks

- Index chooses potential block
- Tag checked to verify block
- Byte select chooses byte within block

* The drawback: low flexibility
- Thrash (BliR): frequently using two addresses that map to the same cache entry,

A Thrashing

Optimal

Improving
Throughput

CPU Utilization

Degree of Multiprogramming
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Set Associative

* N-way Set Associative: N entries per Cache Index
- N direct mapped caches operates in parallel

Address

\ 4

Hash

Tag

Data

o
>

©

Cache Miss

Cache Hit

——

Tag

Data

o
»

o
»

:

Cache Miss

Cache Hit




Set

Associative

* Example: two-way set associative cache
- Cache Index selects a “set” from the cache
- All tags in a set are compared to input in parallel
- Data is selected based on the tag result

Cache Tag Valid

31 8 4 0
Cache Tag Cache Index Byte Select
|
Valid Cache Tag Cache Data Cache Data
Cache Block 0 Cache Block 0

I
1 A set

r— ==

Cache Block
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Set Associative

* Example: two-way set associative cache
- Cache Index selects a “set” from the cache
- All tags in a set are compared to input in parallel
- Data is selected based on the tag result

3 - ___________8_ ______4_____0_
Cache Tag Cache Index Byte Select
J
Valid Cache Tag Cache Data Cache Data Cache Tag Valid
Cache Block 0 Cache Block 0
191-f---"----ft----"---- I . -1,
| < > 1 A set
L e e - F - e e e e e Y/ LYY/ Y//—/——/——/——— = = |
I [

Cache Block
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Set Associative

* Example: two-way set associative cache
- Cache Index selects a “set” from the cache
- All tags in a set are compared to input in parallel
- Data is selected based on the tag result

* N-way set associative is a mix of direct mapped and fully associative
- When n = It becomes directed mapped
- When n = It becomes fully associative

31 8 4 0
Cache Tag Cache Index Byte Select
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Set Associative

* Example: two-way set associative cache
- Cache Index selects a “set” from the cache
- All tags in a set are compared to input in parallel
- Data is selected based on the tag result

* N-way set associative is a mix of direct mapped and fully associative
- When n = It becomes directed mapped
- When n = It becomes fully associative

* Why use the lower bits for index, higher bits for tag?

31 8 4 0
Cache Tag Cache Index Byte Select
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Where does a Block Get Placed in a Cache?

* Example: Block 12 placed in 8 block cache??

32-Block Address Space:

Block 1111111111222222222233
no. 01234567890123456789012345678901
Direct mapped: Set associative: Fully associative:
?? ?? ??
Block 01234567 Block 01234567 Block 01234567
no. no. no.
Set Set Set Set
0 1 2 3
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Where does a Block Get Placed in a Cache?

* Example: Block 12 placed in 8 block cache

32-Block Address Space:

Block 1111111111222222222233
No. 01234567890123456789012345678901
Direct mapped: Set associative: Fully associative:
block 12 can go block 12 can go block 12 can go
only into block 4 anywhere in set 0 anywhere
(12 mod 8) (12 mod 4)
Block 01234567 Block 01234567 Block 01234567
no. no. no.
Set Set Set Set
01 2 3

51
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Lock

* Suppose we have some sort of implementation of a lock
- lock.Acquire() — wait until lock is free, then grab
- lock.Release() — Unlock, waking up anyone waiting

- These must be atomic operations — if two threads are waiting for the lock and
both see It's free, only one succeeds to grab the lock

* 3 formal properties
- Mutual exclusion: at most one thread holds the lock

- Progress: If no thread holds the lock and any thread attempts to acquire the lock,
then eventually some thread succeeds in acquiring the lock

- Bounded waiting: if thread T attempts to acquire a lock, then there exists a
bound on the number of times other threads can successfully acquire the lock
before T does

[ Yet, it does not promise that waiting threads acquire the lock in FIFO order.
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Condition Variable

 Condition Variable (55448 & ): a queue of threads waiting for
something inside a critical section

- Key idea: allow sleeping inside critical section by atomically releasing lock at time
we go 1o sleep

* Operations:

- Wait(&lock):Atomically release lock and go to sleep. Re-acquire lock later,
before returning.

- Signal():Wake up one waiter, if any
- Broadcast():Wake up all waiters
- Differentiate them from UNIX wait and signal
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Condition Variable Example

 Condition Variable (55448 & ): a queue of threads waiting for
something inside a critical section

- Key idea: allow sleeping inside critical section by atomically releasing lock at time
we go 1o sleep

* A common pattern:

FuncA._wait() { FuncB_signal() {

lock.acquire();
lock.acquire(); quire()

/| read/write shared state here
/| read/write shared state here

while (testOnSharedState())
cv.wait(&lock);
assert(testOnSharedState());

lock.release();

/I If state has changed that allows
another thread to make progress, call
signal or broadcast

cv.signal();

lock.release();
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Condition Variable Example

* A concrete example of bounded queue implementation (or producer-

consumer, 22 P2 B TH P )

void bounded_queue:insert(int item) {

class bounded queue { lock.acquire();
Lock lock; while (queue full()) {
CV itemAdded: itemRemoved.wait(&lock);
CV itemRemoved; }
o o add_item(item);
void insert(int item); itemAdded.signal();
int remove(); lock.release();

; }

How to implement remove()?




Condition Variable Example

* A concrete example of bounded queue implementation (or producer-

consumer, 22 P2 B TH P )

void bounded_queue:insert(int item) {

* Two key principles lock.acquire();
- CV is always used with lock acquired while (queue full()) {

_ i | | ?
CVis put in a while loop. Why: itemRemoved.wait(&lock);

}

add_item(item);
itemAdded.signal();

lock.release();




b

1.LL R KT 26112 & (Condition Variable, cv) 572,
B2

a-—

b Wait() B 2 R 8

c.Signal() R 202 B iU

d.Wait()ERZR [BIF, AR BEAFFA lock®l, 1H)F 7
2 E T R U4

e.Broadcast() R 21 /D & AL DI — N S5 20 AR
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FAT (File Allocation Table)

* FAT I1s a linked list as -1 map with blocks FAT Disk Blocks

- Represented as a list of 32-bit entries  file number 0: 0:
- Older versions use fewer bits
\ 3 =

: File 31, Block 0
* Fach entry in FAT contains a pointer to J File 31, Block |

the next FAT entry of the same file

- Or a special END_OF_FILE value.

- The file number is the [t (or root) index of
the block list for the file

e For File No. #1, Its
- |t data block index: |
- 2" data block index: *(FAT[i])
- 3 data block index: *(*(FAT[i]))

- File 31, Block 2

N-1: N-1:
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FFS

Indirect pointers
- point to a disk block
containing only pointers

4 kB blocks => 1024 ptrs

Indirect Pointer (—ZR|BJ}%Z:5|)
=>4 MB

Double Indirect Pointer (—%%..)
=>4 GB

Triple Indirect Pointer (=%K..)
=>4TB

12/23/24

Inode Array

Inode

File Metadata

Direct Pointer

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

Direct Pointer
Indirect Pointer

Dbl. Indirect Ptr.

“=| Tripl. Indirect Ptr.
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Double
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Indirect
Blocks

Data
Blocks
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NTFS

MFT

MFT Record
(small file)

| Std. Info. I I

Data (resident)

MFT

MFT Record
(huge/badly-fragmented file)

MFT Record
(normal file)

| Std. Info. I

I Data (nonres1dent) I

MFT Record

(big/fragmented file)

il

[ std. info. | Attrist |

Data (nonresment) I

DD

Data (nonresident)

D

v v

Data (nonresident)

v v

Data (nonresident)

0

ik

|Std Info. | Attr.list (nonresident) [ - ]

———-———————————————1

oo Even the attribute list
P [: Extent with part of attribute list :
-

becomes nonresident!

Data (nonresident) |

D D "0  Why itis possible??
Data (nonresident) I I
Data (nonresident) [ |

D i 5

Data (nonresident) | |
..... 1
Data (nonresident) [ I

D D 5
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RAID I: Disk Mirroring/Shadowing

* Each disk is fully duplicated onto its “shadow”
- For high I/O rate, high avallability environments
- Most expensive solution: 100% capacity overhead
* Bandwidth sacrificed on write:
- Logical write = two physical writes
- Highest bandwidth when disk heads and rotation fully synchronized (hard to do)
* Reads may be optimized
- Can have two independent reads to same data
* Recovery:
- Disk fallure = replace disk and copy data to new disk
- Hot Spare: idle disk already attached to system to be used for immediate replacement

DO .. OO

group




Magic XOR (R:E)

¢ XOR ("), or eXclusive OR;is a brtwise operator that returns true () for odd
frequencies of |.The XOR truth table is as follows:

-1~ 1=0
-1 ~0=1
-0~ =1
-070=0
« XOR Is commutative.
- a"b=b"a
e XOR Is associative.
- a™(b"c)=(@"b)"c=@"c)"b.
e« XOR Is self-inverse.
- Any number XOR'ed with itself evaluates to 0.
*a”™a=0.
- 0 1s the identity element for XOR.
* This means, any number XOR'ed with O remains unchanged.
- a”0=a
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RAID 5+: High 1/0 Rate Parity

Str!pe
* Data stripped across A7 Unit
multiple disks DO | [DI| \D2f |D3| |PO
— Successive blocks stored on
successive D41 D3 ol | P D7
(non-parity) disks
— Increased bandwidth over single disk  [|P8] |P? DIOf | DI
* Parity block (in green)
. R DI2| |P3 3| [Dl4
constructed by XORing (F8%) P
data blocks in stripe os | [oid [EM (ol oo
— PO=D0&D | ®D26D3
— Can destroy any one disk and still p20| |D21] [o2d 23| |ps
reconstruct data
— Suppose Disk 3 fails, then can Disk | Disk2 Disk3 Disk4 Disk 5

reconstruct: D2=D0®D | ®D3®PO
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RAID 5+: High 1/0 Rate Parity

Stripe
—"Unit
* Rotating parity (BF{BRILE) po| |Di| [D2| D3| |po
- The parity needs to be updated
more often than normal data D4 D5 Dé P D7
blocks.
° Str|p|ng data D8 D9 P2 DIO DIl
- Balance parallelism vs. sequential
access efficiency D12 [ F3 P13 | P4 |bIs

P4 Dlé DI7 DI8 DI9

* RAID 5 can recover the failed
disk only if (1) only one disk falls D20| [D21| |D22] |D23| |ps
and (i1) the failed disk is known.

Disk | Disk2 Disk3 Disk4 Disk5
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RAID 5+: High 1/0 Rate Parity

* What |/O operations would occur if
we want to update D21 in this figure? po| |Di| |D2| (D3| |Po

D4 D5 Dé6 Pl D7

D8 D9 P2 DI0 DIl

DI2| |P3 DI3 Dl4 DI5

P4 Dlé DI7 DI8 DI9

D20 | D2l D22 D23 P5

Disk I Disk2 Disk3 Disk4 Disk5
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RAID 5+: High 1/0 Rate Parity

* What |/O operations would occur if
we want to update D21 in this figure?
- Read D21 (old)
- Read P5(old)
- Compute tmp=P5(old)®D?21 (old)
- Compute P5(new)=tmp @D2 I (new)
- Write D21 (new)
- Write P5(new)

DO DI D2 D3 PO
D4 D5 Dé6 Pl D7
D8 D9 P2 DIO DIl
DI2| |P3 DI3 Dl4 DI5
P4 Dlé DI7 DI8 DI9
D20 | D2l D22 D23 P5
Disk I Disk2 Disk3 Disk4 Disk5




YIRS
1.LLR oo 48 F &R 50 7 22 SE I RAID SHEEL U4

AR YL, EWHRIAE?
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REIARN

1.LL FRTFEFIFL (virtual machine) HJUiVE, 1EFARIAE?

a. HEAPLIL R ’E%\é}iﬁﬂ‘? (
A APAT R B R 2

b. AR I AR, A8 E RS

guest kernel

guest kernel) IBITIENIZAS

‘B & iE 25 host kernelid &

s

C. guest kernelil iTiretds & M N A% HiR 0] 2l guest FH T FE BT

2[5 N\ #llhost kernel !

d.f¥ FHshadow page tables<Z3i

BT P, T
0k 5 M

host kerneliE EZguest kernel -




Case Study: Mode Transfer

* When guest user process Issues a syscall

12/23/24

.
2.

Traps into the host kernel's syscall handler (why?)

The host kernel saves the $PC, $FLAGS, and

user stack pointer on the interrupt stack of the
guest kernel.

The host kernel transfers control to the guest
kernel, which runs with user-mode privilege.

The guest kernel performs the system call —
saving user state and checking arguments.

When the guest kernel attempts to return from

the system call back to guest user process (iret),

this causes a processor exception, dropping back
into the host kernel.

The host kernel can then restore the state of the
user process, running at user level, as if the guest
OS had been able to return there directly.

Guest User Mode
Host User Mode

Host User Mode

Guest Kernel Mode

Guest PC
Guest SP
Guest Flags

Host KernelMode

Host PC
Host SP
Host Flags

Mengwei Xu @ BUPT Fall 2023

Guest
Process

Guest
Process

trap

Gooooenes

Guest
Program
Counter

Guest
Exception
Stack

Guest Kernel

Guest file system
and other kernel
services

Guest
Interrupt
Table

cediseed

Timer
Handler

Syscall
Handler

Host
Exception
Stack

Host Kernel

Virtual
Disk

Host
Interrupt
Table

BT TITIT )

Timer
Handler

Syscall
Handler

Hardware

Physical

Disk
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REIARN

1. A R T REHINL Cvirtual machine) Wiy, 1ERAH &2
a. T';Ummﬁﬁik%f/ﬁgéﬁljﬁy (guest kernel) BT NIZAS,

A PLHATHRI A 82
b. R A AR, B A e B E K IE S host kernelid /&

guest kernel

12/23/24
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ARSREES

1 CHRIE) T R N ERE T AR 2 SEUR P A )
RS

a. B U1 ¢ Page fault
b. ] FH libcH [ 247 B BR 2N
c.fRZF

d. FH PR 3T R RE A B i — A S
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ARSREES

1. CHZE) MM EAE R e A= 28U P SVt
B NIZA?
a. B U1 ¢ Page fault

d. FH PR 3T R RE A B i — A S

77
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1B FIZE3 N RAE R G

2. 16 MR % (Exception) AT Cinterrupt) HIIX H, Ff43m] %
— 1 B AR ) S R R R

3. UL MU =FTEI 22Dk 0S
if (fork() || fork())
fork();

printf(“0S “);
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E=

LERERGUEE RGUA AT, DIUAE NI 2305 D2
W‘Z i) J5 FAE L, A mﬁéfﬁﬂw&ﬁ%? XA e

2.TIBYE N — M7, SR HFMH 7 EFELNRH M
(locality) ?
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1.7E£32-bit¥AE R G, HHA-BAMERTT, T IEHE
128 M fEE 2% [a], Hh (block) K/ N64 bytes
a. Cache Tag. Cache Index. Byte Select (BN 1RFZ) 7wl 5#iZ
/DA PERFER?
b. HuhbxAlyii & BRI R AN, 1B 10 G = F B F TR ?
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E=

1.7E£32-bit¥AE R G, HHA-BAMERTT, T IEHE
128 M fEE 2% [a], Hh (block) K/ N64 bytes
a. Cache Tag. Cache Index. Byte Select (BN 1RFZ) 7wl 5#iZ
/DA PERFER?
b. HuhbxAlyii & BRI R AN, 1B 10 G = F B F TR ?

ol

SHRAR R ol EdE21, 5, 60 EREF. |x/64-y/64|%32==0.




E=

1A B A, A5MUIRAS: Init, Runnable (Ready) -
Waiting . Runnmg\ Finished (dead) , 18 77 Hl]&s — 15

VE/SHAT AT AE-2 B NIRAS 22 18] B 5 45t
a.Runnable -> Running

b.Running -> Waiting

c.Waiting -> Runnable




E=

1A B A, A5MUIRAS: Init, Runnable (Ready) -
Waiting . Runnmg\ Finished (dead) , 18 77 Hl]&s — 15

VE/SHAT AT AE-2 B NIRAS 22 18] B 5 45t
a.Runnable -> Running

b.Running -> Waiting

c.Waiting -> Runnable

%%/}Q? aT He f2 1 5 A K 1z 2o A2 R B2 2l cpu BB 1T
b T e S AT B SF1 I/OjaBZ ptwread_join()’%é; C
n] fe A2 35 T@Ll\ W@JT 59 /0L WS,




E=

1.4 SRR AF K/ 94 blocks,  FEFPAK T 7] A A7 H1 50,
1, 2, 3, 4, 2, 4, 1, 3, 2, 05 block¥yfi, fEMEFSE
NSt (FIFO) FIFAL AR5 M (LRUD A7 35 H s T,

e | 2 /b PR cache miss ?
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E=

1.4 SRR AF K/ 94 blocks,  FEFPAK T 7] A A7 H1 50,
1, 2, 3, 4, 2, 4, 1, 3, 2, 05 block¥yfi, fEMEFSE
NSt (FIFO) FIFAL AR5 M (LRUD A7 35 H s T,

e | 2 /b PR cache miss ?

SHE R FIFO: 6 LRU: 6
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E=

1E SRR EEEF, B —MEEN I EEE RN
MEEE Caffinity schedulmg) , QIR E— RS
TEFE—"MZ b 1B TRIR XA H 1)

(@]
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E=

1.1E 2 % L HE T

Bk,

]

R

MR Caffinity schedulmg) :

fEfE— "M% b 15T

12/23/24

R 3
SEYEWENIERIP

Mengwei Xu @ BUPT Fall 2023

EI/J ‘[R‘[/-I_‘JLD AR T\Eﬁﬁﬂj

w4 A — 2R A,

IEE . A ZLFERITLBHILL Cachefig 3%,

&
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E=

1. E— MR, A5 Equeuing M controller B ) 2E, ~F35 5
IERTH] (seek time) N3ms, ﬁﬂL%J\_jﬁlloOOORPM (iﬁ?tﬂ B,
|/OTEGE & AH8MB/s, i X K/NRN1KB. 1E0ATHE (1) Pt
IR A] . VER, WSk R Ll s, (2) 58Pyl BOE %
(BANIKB/s, ANHZBREPFERMNAL) 3 (3) RN F i BE =X
(EAATKB/s)
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E=

1. E— MR, A5 Equeuing M controller B ) 2E, ~F35 5
JE[H] (seek time) “y3ms, R4 Y10000RPM CHeRE B
|/ O 1L B i f“jJSMB/s, Fi X K/ANALKB. 7 AR (1) P4t
IR [A] 6 s, SR R BRI LLERm S, (2) SEAFENLEEGE 2
($1ﬁKB/s, K%%ﬁlﬁ%ﬁﬁﬁ%) . (3) 5E4 15 B
(HAIKB/s)

B 2R

(1) V3 %E iR B} [8] 4 60000(ms/min)/10000(rev/min)/2=3ms ;

(2) FENLEEECTR, AN X B e B (8] 4 1(KB)/8 (MB/s)

=0.128ms . # {k , & 4 B X 1w B B [\ N
3ms+3ms+0.128ms=6.128ms, [ it 152 B3 2 2] H163KB/s. (3)
I 2 EN T B 2R B NG RL IO 22 8MB/s .




E=

5. Define three types of user-mode to kernel-mode transfers.

6. Define four types of kernel-mode to user-mode transfers.

7. Most hardware architectures provide an instruction to return from an interrupt, such as
iret. This instruction switches the mode of operation from kernel-mode to user-mode.

a. Explain where in the operating system this instruction would be used.
b. Explain what happens if an application program executes this instruction.

12/23/24
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9. With virtual machines, the host kernel runs in privileged mode to create a virtual
machine that runs in user mode. The virtual machine provides the illusion that the guest
kernel runs on its own machine in privileged mode, even though it is actually running in
user mode.

Early versions of the x86 architecture (pre-2006) were not completely virtualizable —
these systems could not guarantee to run unmodified guest operating systems properly.
One problem was the popf “pop flags” instruction that restores the processor status
word. When popf was run in privileged mode, it changed both the ALU flags (e.g., the
condition codes) and the systems flags (e.g., the interrupt mask). When popf was run in
unprivileged mode, it changed just the ALU flags.

a. Why do instructions like popf prevent transparent virtualization of the (old) x86
architecture?

b. How would you change the (old) x86 hardware to fix this problem?
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13.

14.

15.

Suppose you have to implement an operating system on hardware that supports
interrupts and exceptions but does not have a trap instruction. Can you devise a
satisfactory substitute for traps using interrupts and/or exceptions? If so, explain how. If
not, explain why.

Suppose you have to implement an operating system on hardware that supports
exceptions and traps but does not have interrupts. Can you devise a satisfactory
substitute for interrupts using exceptions and/or traps? If so, explain how. If not, explain
why.

Explain the steps that an operating system goes through when the CPU receives an
interrupt.

12/23/24
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3. What happens if we run the following program on UNIX?

main() {
while (fork() >= 0)

4
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E=

9. Consider the following program:

main (int argc, char ** argv) {
int child = fork();
int x = 5;

if (child == 0) {

X += 5,
} else {
child = fork();
X += 10;
if(child) {
X += 5,
}

How many different copies of the variable x are there? What are their values when their
process finishes?
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E=

// Program 1

main() {
int val = 5;
int pid;
if (pid = fork())
wait(pid);
val++;

printf("%d\n", val);

return val;

// Program 2:
main() {

int val = 5;
int pid;
if (pid = fork())
wait(pid);
else
exit(val);
val++;

printf("%d\n", val);
return val;

Output!?

Mengwei Xu @ BUPT Fall 2023
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1. True or False: If a multi-threaded program runs correctly in all cases on a single time-
sliced processor, then it will run correctly if each thread is run on a separate processor of
a shared-memory multiprocessor. Justify your answer.
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4. Suppose that you mistakenly create an automatic (local) variable v in one thread t1 and
pass a pointer to v to another thread t2. Is it possible that a write by t1 to some variable
other than v will change the state of v as observed by t2? If so, explain how this can

happen and give an example. If not, explain why not.

98
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R &R

1 void *thread_func(void *arg) {

4, SUPPOSE tha 2 // Thread t2 simply prints the value of v passed to it in one thread t1 and
pass a point( ° int *v_ptr = (int *)arg; t1 to some variable
OthEI' than vV 4 printf("t2 sees the value of v as: %d\n", *v_ptr); ain hOW thiS can

5 return NULL;

happen and ; ,

7 int main() {

8 pthread_t t1, tZ;

9 int v = 42; // Automatic variable in main thread (t1)

10 // Create t2 and pass pointer to v

11 pthread_create(&t2, NULL, thread_func, &v); “StaCk
12 // Simulate some work in tl1

13 char buffer[10]; Corruption”
14 // Erroneous write beyond the bounds of buffer

15 // This might overwrite the memory where v is stored

16 strcpy(buffer, "This string is way too long for buffer");

17 // Wait for t2 to finish

18 pthread_join(t2, NULL);

19 return 0;
20 }
21
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#include <stdio.h>

#include "thread.h" EXAMPLE: Why might the “Hello” message from thread 2 print after the “Hello” message

) ) _ for thread 5, even though thread 2 was created before thread 5?
static void go(int n);

#define NTHREADS 10
static thread_t threads[NTHREADS];

int main(int argc, char **argv) {
int 1i;
long exitVvalue;

for (i = @; i < NTHREADS; i++){ EXAMPLE: Why must the “Thread returned” message from thread 2 print before the

thread_create(&(threads[i]), &go, i); Thread returned message from thread 5?

3
for (i = 0; i1 < NTHREADS; i++){
exitvValue = thread_join(threads[i]);
printf("Thread %d returned with %ld\n",
i, exitValue);

} EXAMPLE: What is the minimum and maximum number of threads that could exist when
printf("Main thread done.\n"); thread 5 prints “Hello?”
return 0,

}

void go(int n) {
printf("Hello from thread %d\n", n);
thread_exit (100 + n);
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#include <stdio.h>
#include "thread.h"

static void go(int n);

#define NTHREADS 10
static thread_t threads[NTHREADS];

int main(int argc, char **argv) {

}

int 1i;
long exitVvalue;

for (1 = 0; 1 < NTHREADS; i++){
thread_create(&(threads[i]), &go, 1i);
¥

for (i = 0; 1 < NTHREADS; i++){
exitValue = thread_join(threads[i]);

printf("Thread %d returned with %ld\n",

i, exitValue);

}
printf("Main thread done.\n");
return 0;

void go(int n) {

printf("Hello from thread %d\n", n);
thread_exit (100 + n);

12/23/24

EXAMPLE: Why might the “Hello” message from thread 2 print after the “Hello” message
for thread 5, even though thread 2 was created before thread 5?

ANSWER: Creating and scheduling threads are separate operations. Although threads
are usually scheduled in the order that they are created, there is no guarantee. Further, even if
thread 2 started running before thread 5, it might be preempted before it reaches the printf
call.

Rather, the only assumption the programmer can make is that each of the threads runs on its
own virtual processor with unpredictable speed. Any interleaving is possible. OJ

EXAMPLE: Why must the “Thread returned” message from thread 2 print before the
Thread returned message from thread 5?

ANSWER: Since the threads run on virtual processors with unpredictable speeds, the order
in which the threads finish is indeterminate. However, the main thread checks for thread
completion in the order they were created. It calls thread_join for thread i +1 only after
thread_join for thread i has returned. O

EXAMPLE: What is the minimum and maximum number of threads that could exist when
thread 5 prints “Hello?”

ANSWER: When the program starts, a main thread begins running main. That thread creates
NTHREADS = 10 threads. All of those could run and complete before thread 5 prints
“Hello.” Thus, the minimum is two threads — the main thread and thread 5. On the other
hand, all 10 threads could have been created, while 5 was the first to run. Thus, the
maximum is 11 threads. O
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1. True or false. A virtual memory system that uses paging is vulnerable to external
fragmentation. Why or why not?
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12. In an architecture with paged segmentation, the 32-bit virtual address is divided into
fields as follows:

| 4 bit segment number | 12 bit page number | 16 bit offset |

The segment and page tables are as follows (all values in hexadecimal):

Segment Table Page Table A Page Table B

0 Page Table A 0 CAFE 0 FO00

1Page Table B 1 DEAD 1 D8BF

X (rest invalid) 2 BEEF 23333
3BA11 X (rest invalid)
X (rest invalid)

Find the physical address corresponding to each of the following virtual addresses
(answer "invalid virtual address" if the virtual address is invalid):

a. 00000000
b. 20022002
c. 10015555
Mengwei Xu @ BUPT Fall 2023
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2. Most modern computer systems choose a page size of 4 KB.
a. Give a set of reasons why doubling the page size might increase performance.
b. Give a set of reasons why doubling the page size might decrease performance.

3. For each of the following statements, indicate whether the statement is true or false, and
explain why.

a. A direct mapped cache can sometimes have a higher hit rate than a fully
associative cache (on the same reference pattern).

b. Adding a cache never hurts performance.
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9. Consider a computer system running a general-purpose workload with demand paging.
The system has two disks, one for demand paging and one for file system operations.
Measured utilizations (in terms of time, not space) are given in Figure 9.23.

Processor utilization 20.0%

Paging Disk 99.7%
File Disk 10.0%
Network 5.0%

Figure 9.23: Measured utilizations for sample system under consideration.

For each of the following changes, say what its likely impact will be on processor
utilization, and explain why. Is it likely to significantly increase, marginally increase,
significantly decrease, marginally decrease, or have no effect on the processor
utilization?

a. Get a faster CPU

b. Get a faster paging disk

c. Increase the degree of multiprogramming
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* FAT FFSHINTFSHr,  WREE {21 45 1) 52 o e RS RN PR
(4XM11¢/‘2%2%1&‘+Eﬁﬁ) -LJﬁ%[&)
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rE—

« BE R AP EERIE L5 MT S
(AT ) .
- fE£55A (RIARFZ0, B4THA]10)

- [E55B (RIARSZIofEHE T-A, 1Z4THS[A]5)
- fE55C (RCHy ZlofEHE T-B, E1THT[A]6)
- f£55D (RIER %12, 1Z24THS[E])5)
- fE55E (RiERf %6, 124THS[A]8)

ETFE LT =R RS AR
551 18 S Ay IS ) 55 1~ 25 56 B[R]

Vi —

K25k R (FCFS) 12.8 21.2

##7HE (Round Robin, BfEKE B 20

KE=2, £5BENETERFNAN
B HI)

BRIEF RIS (SRTF) 9.4 17.8
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TR B IOANI A7 B T S B AS AT DAE {558 (Semaphore)

Semaphore fullSlots = A,
Semaphore emptySlots = B?;

Semaphore mutex = C7;

Producer(item) { AR ABCHIME AN ZREZ /D7
emptySlots.P(); i) @ — : Producer B8 £ 1Y BT P AT A8 A8 ( emptySlots.P A1
mutex.P(); mutex.P) &5 A LT 2 Wi RANT UL, ml R FEUH
Enaueue(iem): LB CGREREGEA B 2
mutex.V();
fullSlots.V();
}
Consumer() {
fullSlots.P();
mutex.P();
item = Dequeue();
mutex.V();
emptySlots.V();
return item;
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TR B IOANI A7 B T S B AS AT DAE {558 (Semaphore)

Semaphore fullSlots = A,
Semaphore emptySlots = B?;

Semaphore mutex = C7;

Producer(item) { o) @ —: ABCHMED AN %2207
emptySlots.P() i) @ — : Producer B8 £ 1Y BT P AT A8 A8 ( emptySlots.P A1
mutex.P(); mutex.P) &5 A LT 2 Wi RANT UL, ml R FEUH
Enqueue(item); A in R EZ I BARTE LD 2
mutex.V(); BRI Z: A=0, B=N, C=1L.AEEM#LIF, 4Producersifs
fullSlots V() mutex, {Hx&H T-BAFI %75 Z554E, Mconsumer T 0i%
} KA mutex N AERE T dequeuetfE, F2AEFEAN.
Consumer() {
fullSlots.P();
mutex.P();
item = Dequeue();
mutex.V();
emptySlots.V();
return item;
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LE—PUnix FFSXXCH R G H,
/N R 64 bits, & —‘/\modet
!

(1)

Ht (block) K/NHA8KB, "“/\ilﬁt‘ﬁ*j(

Eﬂ%ﬁf%%‘ 7]

IO/\EiFﬁ%E'I (direct pointers)
Ry, M=K ERY, uafr’%f-

Axﬁéziuﬁ%zymﬁ,<m 5 B — AN

7§9OKBI§I’JI¢F}3}?7ﬁ§fCi‘E, T DA REblock (inode W& AE N

G

LRBARA AL N F

y -

) o




&

TE—PUnix FESYCHE R g9, Bt (block) K/ R8KB, ’“/\iltt‘ﬁ‘j(
/N A 64 bits. & —‘/\modeE IO/\EiFﬁ%E'I (direct pointers)

/\—é& Eﬂ%ff%%', ZRElEEE], I =RIEERG], mﬁr’%-
(1) 1 AI#H‘%TH@%%’/"V\]ﬁ, (2) i —A~ Kb
7§9OKBI§I’JI¢F}3}?7ﬁ§fCi‘E, B /P A fEblock (inode BB AEN
i, HRPEIRBAENGTH) -

EEZE. (1) B LLAE8KB/64bit=1024 1184 % 5] . 101
HIERG| 0] LLAEE80KB, 24— [a)3E & 5| ] LAAE %
2*1024*8KB=16MB, 11> —Zk[aj#2 & 5| n] LAf7-fi#%1024*1024*8KB=8GB,
1=K a8 5| 0] AA7EA%8TB, Ktk 2 v] LA fifs
8TB+8GB+16MB+80KB A /N #E .

(2) 131




&

TE— A TS BT d/N RS2 1S btk iy RS,

ﬁi@ﬁlﬁ’ﬁ%i@m:

YIEE T HE S BEAL (dirty, 1bit, SEEHRAL (v/w, FRUNL

(page frame 1 FRdirty) 1bit, 1/AFERE) (valid/present,
number, 35 bits) 1bit, RFEERL)

Horp, TTj%ﬁﬁﬁuSﬁﬁﬁiﬁ}ﬂUjhOxO9 Ox10, 0xOc, O0x52,0x00 (JEEHP&—mm

MBSO RURRL) , 3% 172 LM B OXOS FOX23 2 2 U 1 1 SR i
T, U BT LA o M M

EMEZR: &E3TbitERNITNIRE CHRIZ)
0x05 (fEFL) :0000 0101 ->0000 1101, Bfoxod (#¥E)
0x23 C(EEL) : 0010 0011 -> 0000 0011, EJox03 (W¥) , ANREiiiml

RIS TRI (R3H ARt L)
0000 1001 (0x08)
0001 0000 (0x10)
0000 1100 (0x0c)
0101 0010 (0x52)
0000 0000 (0x00)

'waHOEH




