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Memory Hierarchy — A case for Locality

Processor SUPER FAST
SUFPER EXPENSIVE
TINY CAPACITY
FASTER
EXPENSIVE
K SMALL CAPACITY
EDO, SD-RAM, DDR-SORAM, RD-RAM PHYSICAL MEMORY FAST
PRICED REASOMNABLY
and More... AVERAGE CAPACITY
SSD, Flash Drive SOLID STATE MEMORY AVERAGE SPEED
1\‘ PRICED REASONABLY
;I TE n \ AVERAGE CAPACITY
.Jl_.r"r -II"'.___
Mechanical Hard Drives VIRTUAL MEMORY SLOW
g ) LARGE CAPACTITY
,-"r'r FILE-BASED MEMORY b
g b
y

CSCE=3T2°Fal"2016



Overall Perspective

dImagine how much memory a 64-bit
machine is capable of addressing

= ‘Yuuge’ amount of 16 Exa-Bytes!! (1 EB is 2260)

dPhysical memory in most computing
devices is of the order of few Giga-Bytes
(2730) at best

(JEven the hard-drive (permanent) storage
space on the best of computing devices is
of the order of Tera-Bytes (2”40)

dYet, each program (process) in most
computer architectures is given complete
flexibility to the entire address space!!

This gives rise to a few interesting
guestions

If my disk capacity is 1 TB
(27240) but the address space
is 16 EB what happens to
unused space?

JdWho manages which
process gets assigned where
in memory?

JWho decides what goes in
physical memory and what
stays on the disk?

JWho decides how we make
space in memory to bring in
new content from disk?

JEtc.



A Snippet from Windows-10 System
Information

JWe will de-mystify some of this
information

Installed Physical Memory (RAM)
= = TotaTl Physical Memory
Description Local Fixed Disk Available Physical Memory

Compressed ~ No Total Virtual Memory
File System NTFS

Size 217.44 GB (233,475,928,064 bytes) Available Virtual Memory
Free Space 131.59 GB (141,290,381,312 bytes) Page File Space
Volume Name

; Page File
Volume Serial ... D65BA838

8.00 GB
7.89 GB
3.02 GB
11.1 GB
313 GB
3.25GB

C\pagefile.sys




Views of Memory

 Real machines have limited amounts of memory
- 640KB? A few GB?
- (This laptop = 8GB)

* Programmer doesn’t want to be bothered

- Do you think, “oh, this computer only has 128MB so I'll write my
code this way...”

- What happens if you run on a different machine?
e Virtual Memory

- Programmer is given the illusion that he has entire address space
afforded by the machine architecture to himself!



CPU (Processor) View e

* At some point, the CPU is going to have to load-from/store-to
memory... all it knows is the real, A.K.A. physical memory

- ... which unfortunately
IS often < 8GB
- ... almost never 8GB per process

z

- ... and is never 16EB per process < . AEEARNARARAARARRRRARAS

e [t is usually less than what programs can access

Addresses
- 1:1 mapping to bytes/words in physical memory
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Programmetr’s View

e Example 64-bit memory

- When programming, you
don’t care about how
much real memory there
IS

- Even if you use a lot,
memory can always be
pushed to the disk

{ AKA Virtual Addresses }

Kernel

d9¢-0
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Data

Heap

Stack ‘

16 EB
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Programmer’s View

* Really “Program’s View”
e Each program/process gets its own 16 EB space!!

: Kernel
Kernel -
Data
Text Heap
Data
Text
Data
| Heap
v
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Stack |
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Virtual Memory (Program’s View)
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* How do we reconcile the various possibilities of mapping
shown above? Gogrgla | Collegre off
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Virtual Memory Quiz

A computer has 16 active applications each with a 32-Bit
address space (4GB). What does the system actually have?
Mark all correct answers:

- Two 2GB memory modules
- Four 4GB memory modules
- Eight 8GB memory modules
- One 2GB memory module



Pages WL

* Virtual Memory is divided into pages, which are nothing more
than fixed sized and aligned regions of memory
- Typical size: 4KB/page (but not always)

- Pages on disk (akin to Memory Block) become Frames (akin to
Cache Line) in memory

0-4095 Page O

AKB
4096-8191 Page 1

8KB
8192-12287 Page 2

12KB

12288-16383 Page 3




Mapping Virtual > Physical Memory
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Page Table

* Map from virtual addresses to physical locations

OK
4K
8K
12K

/

Virtual
Addresses

N

— Page Table implements

. this V->P mapping

-

“Physical Location” may
include hard-disk

Physical
OK Addresses

a’
8K

12K

16K

20K

24K

28K
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Where is the missing memory?
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Page Size Quiz

* Physical Memory is 2GB
e Virtual Memory is 4GB

e Page Size is 4KB
— Question 1: How many page frames are there?

- Question 2: How many entries are there in each page table?
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Need for Translation (Virtual to Physical)

Virtual Address

OxFC51908F

Virtual Page Number Page Offset
a I Physical
Address
Page Main
g Memory
OXFC519 lelole 0X00152
\ J 0x0015208F
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Address Translation Quiz

e Suppose we have a

process with only 4 N
page table entries OX3F

» 20-Bit physical T
address space 2

» 16-Bit virtual address |
Spa CE Page Table

What are the translated physical addresses from the following virtual addresses:

OxFOFO OxO001F

Georgia
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What’s Next?

d The enormity of single-level page table for today’s 64-bit machines!
Practical considerations and solutions

1Choosing Page Sizes

ATiming of Page Hits and Page Faults and what can be done to
Improve access times

1Handling Page Faults

dVirtual Memory as a tool for Memory Management and Protection
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