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Virtual Memory: Systems Wrapup

CSCI 237: Computer Organization
27th Lecture, Apr 25, 2025

Jeannie Albrecht

Slides originally designed by Bryant and O’Hallaron @ CMU for use with Computer Systems: A Programmer’s Perspective, Third Edition
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Administrative Details

¢ Lab 5 – Cache simulator, due next week
¢ Glow HW due next week
¢ Advising info session at 2:30 today (in Wege)
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Last time

¢ Address translation (Ch 9.6)
¢ “Simple” memory system example
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Today  

¢ Simple memory system example wrapup (Ch 9.6)
¢ Case study: Core i7/Linux memory system (Ch 9.7)
¢ Dynamic Memory Allocation (Ch 9.9)
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Review of Symbols
¢ Basic Parameters

§ N = 2n : Number of addresses in 
virtual address space

§ M = 2m : Number of addresses in 
physical address space

§ P = 2p : Page size (bytes)

¢ Components of the virtual address (VA)
§ TLBI: TLB index
§ TLBT: TLB tag
§ VPO: Virtual page offset 
§ VPN: Virtual page number 

¢ Components of the physical address (PA)
§ PPO: Physical page offset (same as VPO)
§ PPN: Physical page number
§ CO: Byte offset within cache line
§ CI: Cache index
§ CT: Cache tag

(bits per field for our simple example)
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Simple Memory System Example
¢ Addressing
§ 14-bit virtual addresses
§ 12-bit physical address
§ Page size = 64 bytes (so offset = 6 bits)

13 12 11 10 9 8 7 6 5 4 3 2 1 0

11 10 9 8 7 6 5 4 3 2 1 0

VPO

PPOPPN

VPN

Virtual Page Number Virtual Page Offset

Physical Page Number Physical Page Offset
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Simple Memory System

13 12 11 10 9 8 7 6 5 4 3 2 1 0

VPOVPN

VA = 0x0369 = 0b00 0011 0110 1001 
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Simple Memory System

13 12 11 10 9 8 7 6

1
5

0
4

1
3

0
2

0
1

1
0

VPOVPN

0 0 0 0 1 1 0 1

VA = 0x0369 = 0b00 0011 0110 1001 
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0–021340A10D030–073

0–030–060–080–022

0–0A0–040–0212D031

102070–0010D090–030

ValidPPNTagValidPPNTagValidPPNTagValidPPNTagSet

Simple Memory System TLB (VPNèPPN)
¢ 16 entries (4 sets)
¢ 4-way associative

13 12 11 10 9 8 7 6 5 4 3 2 1 0

VPOVPN

TLBITLBT

0 0 0 0 1 1 0 1

Translation Lookaside Buffer (TLB)

VPN = 0b00001101 = 0x0D

0–021340A10D030–073

0–030–060–080–022

0–0A0–040–0212D031

102070–0010D090–030

ValidPPNTagValidPPNTagValidPPNTagValidPPNTagSet
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Simple Memory System Page Table
What happens on TLB miss?
If PTE not in TLB, need to get PTE from main memory
Only showing the first 16 entries here (out of 28 = 256)
Note: VPN not actually part of page table (shown for reference...it’s just an index)

10D0F
1110E
12D0D
0–0C
0–0B
1090A
11709
11308

ValidPPNVPN

0–07
0–06
11605
0–04
10203
13302
0–01
12800

ValidPPNVPN

0x0D → 0x2D
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Simple Memory System Cache 
(after finding PPN in TLB or PT in mem)
¢ 16 lines, 4-byte block size
¢ Physically addressed
¢ Direct mapped

1
11

0
10

1
9

1
8

0
7

1
6 5 4 3 2 1 0

PPOPPN

COCICT

03DFC2111167

––––0316

1DF0723610D5

098F6D431324

––––0363

0804020011B2

––––0151

112311991190

B3B2B1B0ValidTagSet

––––014F

D31B7783113E

15349604116D

––––012C

––––00BB

3BDA159312DA

––––02D9

8951003A1248

B3B2B1B0ValidTagSet

1 0 1 0 0 1

V[0b00001101101001] = V[0x0369]
P[0b101101101001] = P[0xB69] = 0x15

03DFC2111167

––––0316

1DF0723610D5

098F6D431324

––––0363

0804020011B2

––––0151

112311991190

B3B2B1B0ValidTagSet

––––014F

D31B7783113E

15349604116D

––––012C

––––00BB

3BDA159312DA

––––02D9

8951003A1248

B3B2B1B0ValidTagSet

Tag = 10 1101=2D;  Set = 1010 = A
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1
11

0
10

1
9

1
8

0
7

1
6 5 4 3 2 1 0

PPOPPN

COCICT

03DFC2111167

––––0316

1DF0723610D5

098F6D431324

––––0363

0804020011B2

––––0151

112311991190

B3B2B1B0ValidTagSet

––––014F

D31B7783113E

15349604116D

––––012C

––––00BB

3BDA159312DA

––––02D9

8951003A1248

B3B2B1B0ValidTagSet

1 0 1 0 0 1

V[0b00001101101001] = V[0x0369]
P[0b101101101001] = P[0xB69] = 0x15

03DFC2111167

––––0316

1DF0723610D5

098F6D431324

––––0363

0804020011B2

––––0151

112311991190

––––014F

D31B7783113E

15349604116D

––––012C

––––00BB

––––02D9

8951003A1248

Tag = 10 1101=2D;  Set = 1010 = A

Simple Memory System Cache 
(after finding PPN in TLB or PT in mem)
¢ 16 lines, 4-byte block size
¢ Physically addressed
¢ Direct mapped
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Virtual Address: 0x03D4

VPN ___ TLBI ___ TLBT ____           TLB Hit? __ Page Fault? __        PPN: ____

Translation Lookaside Buffer (TLB)

13 12 11 10 9 8 7 6 5 4 3 2 1 0

VPOVPN

TLBITLBT

00101011110000

0x0F 0x3 0x03 Y N 0x0D

Address Translation Example

0–021340A10D030–073

0–030–060–080–022

0–0A0–040–0212D031

102070–0010D090–030

ValidPPNTagValidPPNTagValidPPNTagValidPPNTagSet

TLB
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Translation Lookaside Buffer (TLB)

0–021340A10D030–073

0–030–060–080–022

0–0A0–040–0212D031

102070–0010D090–030

ValidPPNTagValidPPNTagValidPPNTagValidPPNTagSet

13 12 11 10 9 8 7 6 5 4 3 2 1 0

VPOVPN

TLBITLBT

00101011110000

0x0F 0x3 0x03 Y N 0x0D

Address Translation Example
Virtual Address: 0x03D4

VPN ___ TLBI ___ TLBT ____           TLB Hit? __ Page Fault? __        PPN: ____

Physical Address

 CO ___ CI___ CT ____      Hit? __              Byte: ____

11 10 9 8 7 6 5 4 3 2 1 0

PPOPPN

COCICT

0001010 11010

0 0x5 0x0D Y 0x36

Cache

03DFC2111167

––––0316

1DF0723610D5

098F6D431324

––––0363

0804020011B2

––––0151

112311991190

B3B2B1B0ValidTagSet

––––014F

D31B7783113E

15349604116D

––––012C

––––00BB

3BDA159312DA

––––02D9

8951003A1248

B3B2B1B0ValidTagSet
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Translation Lookaside Buffer (TLB)

0–021340A10D030–073

0–030–060–080–022

0–0A0–040–0212D031

102070–0010D090–030

ValidPPNTagValidPPNTagValidPPNTagValidPPNTagSet

13 12 11 10 9 8 7 6 5 4 3 2 1 0

VPOVPN

TLBITLBT

00101011110000

0x0F 0x3 0x03 Y N 0x0D

Address Translation Example
Virtual Address: 0x03D4

VPN ___ TLBI ___ TLBT ____           TLB Hit? __ Page Fault? __        PPN: ____

Physical Address

 CO ___ CI___ CT ____      Hit? __              Byte: ____

11 10 9 8 7 6 5 4 3 2 1 0

PPOPPN

COCICT

0001010 11010

0 0x5 0x0D Y 0x36

03DFC2111167

––––0316

1DF0723610D5

098F6D431324

––––0363

0804020011B2

––––0151

112311991190

B3B2B1B0ValidTagSet

––––014F

D31B7783113E

15349604116D

––––012C

––––00BB

3BDA159312DA

––––02D9

8951003A1248

B3B2B1B0ValidTagSet

Cache
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Address Translation Example: TLB/Cache Miss

Virtual Address: 0x0020

VPN ___ TLBI ___ TLBT ____           TLB Hit? __ Page Fault? __        PPN: ____

Physical Address

 CO___ CI___ CT ____      Hit? __              Byte: ____

13 12 11 10 9 8 7 6 5 4 3 2 1 0

VPOVPN

TLBITLBT

11 10 9 8 7 6 5 4 3 2 1 0

PPOPPN

COCICT

00000100000000

0x00 0 0x00 N N 0x28

0000000 00111

0 0x8 0x28

0–07
0–06
11605
0–04
10203
13302
0–01
12800

ValidPPNVPN
Page table



17

Address Translation Example: TLB/Cache Miss

Virtual Address: 0x0020

VPN ___ TLBI ___ TLBT ____           TLB Hit? __ Page Fault? __        PPN: ____

Physical Address

 CO___ CI___ CT ____      Hit? __              Byte: ____

13 12 11 10 9 8 7 6 5 4 3 2 1 0

VPOVPN

TLBITLBT

11 10 9 8 7 6 5 4 3 2 1 0

PPOPPN

COCICT

00000100000000

0x00 0 0x00 N N 0x28

0000000 00111

0 0x8 0x28 N Mem

0–07
0–06
11605
0–04
10203
13302
0–01
12800

ValidPPNVPN
Page table

03DFC2111167

––––0316

1DF0723610D5

098F6D431324

––––0363

0804020011B2

––––0151

112311991190

B3B2B1B0ValidTagSet

––––014F

D31B7783113E

15349604116D

––––012C

––––00BB

3BDA159312DA

––––02D9

8951003A1248

B3B2B1B0ValidTagSet
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Today  

¢ Simple memory system example wrapup (Ch 9.6)
¢ Case study: Core i7/Linux memory system (Ch 9.7)
¢ Dynamic Memory Allocation (Ch 9.9)
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Intel Core i7 Memory System

L1 d-cache
32 KB, 8-way

L2 unified cache
256 KB, 8-way

L3 unified cache
8 MB, 16-way 

(shared by all cores)

Main memory

Registers

L1 d-TLB
64 entries, 4-way

L1 i-TLB
128 entries, 4-way

L2  unified TLB
512 entries, 4-way

L1 i-cache
32 KB, 8-way

MMU 
(addr translation)

Instruction
fetch

Core x4

DDR3 Memory controller
3 x 64 bit @ 10.66 GB/s

32 GB/s total (shared by all cores)

Processor package

QuickPath interconnect
4 links @ 25.6 GB/s each

To other 
cores
To I/O
bridge
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Only use 48 bits for virtual addresses!
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End-to-end Core i7 Address Translation
CPU

VPN VPO
36 12

TLBT TLBI
432

...

L1 TLB (16 sets, 4 entries/set)

VPN1 VPN2
99

PTE

CR3
 (PTBR)

PPN PPO
40 12

Page tables

TLB
miss

TLB
hit

Physical
address 

(PA)

Result
32/64

...

CT CO
40 6

CI
6

L2, L3, and 
main memory

L1 d-cache 
(64 sets, 8 lines/set)

L1
hit

L1
miss

Virtual address (VA)

VPN3 VPN4
99

PTE PTE PTE
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Core i7 Level 1-3 Page Table Entries
Page table physical base address Unused G PS A CD WT U/S R/W P=1

Each entry references a 4K child page table. Significant fields:
P: Child page table present in physical memory (1) or not (0).

R/W: Read-only or read-write access access permission for all reachable pages.

U/S: user or supervisor (kernel) mode access permission for all reachable pages.

WT: Write-through or write-back cache policy for the child page table. 

CD: Cache disable.  If set, the page table or PP it points to cannot be cached. 

A:  Reference bit (set by MMU on reads and writes, cleared by software).

PS:  Page size either 4 KB or 4 MB (defined for Level 1 PTEs only).

G: Global bit. If set, other processes use this translation also, so don’t flush it from 
the TLB upon process context switches. 

Page table physical base address: 40 most significant bits of physical page table 
address (forces page tables to be 4KB aligned)

XD: Disable or enable instruction fetches from all pages reachable from this PTE. 
(helps reduce buffer overflow attacks)

51 12 11 9 8 7 6 5 4 3 2 1 0

UnusedXD

Available for OS (page table location on disk) P=0

526263
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Core i7 Level 4 Page Table Entries
Page physical base address Unused G D A CD WT U/S R/W P=1

Each entry references a 4K child page. Significant fields:
P: Child page is present in memory (1) or not (0)

R/W: Read-only or read-write access permission for child page

U/S: User or supervisor mode access

WT: Write-through or write-back cache policy for this page

CD: Cache disable.  If set, the page table or PP it points to cannot be cached. 

A: Reference bit (set by MMU on reads and writes, cleared by software) 

D: Dirty bit (set by MMU on writes, cleared by software)

G: Global bit. If set, other processes use this translation also, so don’t flush it from 
the TLB upon process context switches. 

Page physical base address: 40 most significant bits of physical page address 
(forces pages to be 4KB aligned)

XD: Disable or enable instruction fetches from this page.

51 12 11 9 8 7 6 5 4 3 2 1 0

UnusedXD

Available for OS (page location on disk) P=0

526263
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Core i7 Page Table Translation

CR3

Physical  
address
of page

Physical 
address
of L1 PT

9

VPO
9 12 Virtual 

address

L4 PT
Page 
table

L4 PTE

PPN PPO
40 12 Physical 

address

Offset into 
physical and 
virtual page

VPN 3 VPN 4VPN 2VPN 1

L3 PT
Page middle

directory

L3 PTE

L2 PT
Page upper

directory

L2 PTE

L1 PT
Page global

directory

L1 PTE

99

40
/

40
/

40
/

40
/

40
/

12/

512 GB 
region 

per entry

1 GB 
region 

per entry

2 MB 
region 

per entry

4 KB
region 

per entry
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Virtual Address Space of a Linux Process

Kernel code and data

Memory mapped region 
for shared libraries

Runtime heap (malloc)

Program text (.text)
Initialized data (.data)

Uninitialized data (.bss)

User stack

0

%rsp

Process
virtual
memory

brk

Physical memoryIdentical  for 
each process

Process-specific data
 structs  (ptables,

task and mm structs, 
kernel stack) Kernel

virtual 
memory

0x00400000

Different for 
each process
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Next Up: Dynamic Memory Allocation (Ch 9.9)
 

¢ Programmers use dynamic 
memory allocators (such as 
malloc) to acquire VM at 
run time. 
§ For data structures whose size is 

only known at runtime.

¢ Dynamic memory allocators 
manage an area of process 
virtual memory known as the 
heap. 

Heap (via malloc)

Program text (.text)

Initialized data (.data)

Uninitialized data (.bss)

User stack

0

Top of heap
 (brk ptr)

Application

Dynamic Memory Allocator

Heap
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Dynamic Memory Allocation

¢ Allocator maintains heap as collection of variable sized 
blocks, which are either allocated or free.

¢ Types of allocators
§ Explicit allocator:  application allocates and frees space 

§ E.g.,  malloc and free in C
§ Implicit allocator: application allocates, but does not free space

§ E.g. garbage collection in Java and Python

¢ We will discuss simple explicit memory allocation
§ Topic of Lab 6!
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The malloc Package
#include <stdlib.h>

void *malloc(size_t size)

§ Successful:
§ Returns a pointer to a memory block of at least size bytes

aligned to an 16-byte boundary (on x86-64)
§ If size == 0, returns NULL

§ Unsuccessful: returns NULL (0) and sets errno

void free(void *p)

§ Returns the block pointed at by p to pool of available memory
§ p must come from a previous call to malloc or realloc

Other functions
§ calloc: Version of malloc that initializes allocated block to zero. 
§ realloc: Changes the size of a previously allocated block.
§ sbrk: Used internally by allocators to grow or shrink the heap
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malloc Example
#include <stdio.h>
#include <stdlib.h>

void foo(int n) {
int i, *p;

/* Allocate a block of n ints */
    p = (int *) malloc(n * sizeof(int));
    if (p == NULL) {

perror("malloc");
exit(0);

}

/* Initialize allocated block */
for (i=0; i<n; i++)

p[i] = i;

/* Return allocated block to the heap */
    free(p);
}
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More on this next time!


