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Jim Gray’s Storage Latency Analogy:  
How Far Away is the Data?
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Memory Hierarchy – A case for Locality
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Overall Perspective

Imagine how much memory a 64-bit 
machine is capable of addressing
 ‘Yuuge’ amount of 16 Exa-Bytes!! (1 EB is 2^60) 

Physical memory in most computing 
devices is of the order of few Giga-Bytes 
(2^30) at best

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

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

This gives rise to a few interesting 
questions 

If my disk capacity is 1 TB 
(2^40) but the address space 
is 16 EB what happens to 
unused space?

Who manages which 
process gets assigned where 
in memory?

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

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

Etc.



A Snippet from Windows-10 System 
Information
We will de-mystify some of this 

information



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?

• Virtual Memory

– Programmer is given the illusion that he has entire address space 

afforded by the machine architecture to himself!



CPU (Processor) View

• 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

– … and is never 16EB per process

• It is usually less than what programs can access

Addresses 

– 1:1 mapping to bytes/words in physical memory



Programmer’s View

• 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
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Programmer’s View

• Really “Program’s View”

• Each program/process gets its own 16 EB space!!
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Virtual Memory (Program’s View)

• How do we reconcile the various possibilities of mapping 

shown above?
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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

• 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
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Mapping Virtual  Physical Memory
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Page Table

• Map from virtual addresses to physical locations
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Where is the missing memory?
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Page Size Quiz

• Physical Memory is 2GB

• Virtual Memory is 4GB

• Page Size is 4KB

– Question 1: How many page frames are there?

– Question 2: How many entries are there in each page table?



Need for Translation (Virtual to Physical)

Virtual Address

Virtual Page Number Page Offset

Page
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Address

0xFC51908F

0x001520xFC519

0x0015208F



Address Translation Quiz

• Suppose we have a 

process with only 4 

page table entries

• 20-Bit physical 

address space

• 16-Bit virtual address 

space
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What’s Next?

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

Choosing Page Sizes

Timing of Page Hits and Page Faults and what can be done to 
improve access times

Handling Page Faults

Virtual Memory as a tool for Memory Management and Protection
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