Page Table Indexing

* n size of memory address
* p determines PAGE SIZE

* Address of memory
- 32 bit
- 64 bit

Symbol Description

Basic parameters

N=2" Number of addresses in virtual address space
M =2" Number of addresses in physical address space
P =27 Page size (bytes)

Components of a virtual address (VA)

VPO Virtual page offset (bytes)

VPN Virtual page number

TLBI TLB index

TLBT TLB tag

Components of a physical address (PA)

PPO Physical page offset (bytes)

PPN Physical page number

cO Byte offset within cache block

CI Cache index

CT Cache tag

Figure 9.11 Summary of address translation symbols.



| evels of Indirection

* Using PTE locations
* Can get very involved

Level 1 Level 2 Virtual
page table page tables memory
/ e
PTE O PTE O VP 1.023
EREdl - VP 1,024
PTE 2 (null) PTE 1,023 .
PTE 3 (null) VP 2.047
PTE 4 (null) PTE O
PTE 5 (null) e
PTE 6 (null) PTE 1,023
PTE 7 (null) Gap
PTE 8
1,023 null
(1 K= g:} PTEs
null PTEs PTE 1,023 1,023
unallocated
pages

VP 9,215

2 K allocated VM pages
for code and data

PR

> 6 K unallocated VM pages

L%

1,023 unallocated pages

} 1 allocated VM page
for the stack



VPN Construction

* Solving problems with?
- POINTERS

e Steal bits

Virtual address

n—1 p-1 0

¢ VPN 1 ¢ VPN2 ¢ VPN k VPO
‘-\—‘r,_o-‘

Level 1 Level 2 Level k
page table | page table page table
=
= PPN

m—1 } [ 0

PPN PPO

Physical address



Organization of Memory
* 14 bits Virtual -- 12 bits Physical — 64 byte page

13 12 11 10 9 8 7 6 5 4 3 2 1 0
Virtual
address
VPN > VPO ———
(Virtual page number) (Virtual page offset)
1 10 9 8 7 6 5 4 3 2 1 0
Physical
address

<« PPN - PPO ———»

(Physical page number) (Physical page offset)




TLB First

* 4 sets — 16 entries total — 4-way associative

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

Virtual
address
« VPN > 4 VPO >
Set Tag PPN Vald Tag PPN Vald Tag PPN Valid Tag PPN Valid
o 03 | - 0 | 09 | oD 1 00 | - o | 07 | 02 1
1] 03 | 2D 1 02 | - o | 04 | - 0o | 0A | - 0
21 02 | - o | o8 | - o |06 | - o |03 | - 0
3| 07 | - 0 | 03 | OD 1 0A | 34 1 02 | - 0




Page Table Next

 How many total Pages are there?

: VPN PPN Valid VPN PPN Valid
* What does Valid mean?  ——— N e
01| — 0 09 | 17 1
02 | 33 1 DA | 09 1
03 | 02 1 0B | — 0
04 | — 0 oC | — 0
05 | 16 1 oD | 2D 1
06 | — 0 OE | M 1
07 | — 0 OF | oD 1




Even the bits in the PPN are a mask.

Cac
cac
Cac

Cache (L1)

ne Tag (CT)

ne Index (CI)

ne Offset (CO)

Physical
address

+— CT

Cl

;-q—CC]—r-

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

«——— PPN

PPO ———>



Even the bits in the PPN are a mask.

Cac
cac
Cac

Cache (L1)

ne Tag (CT)

ne Index (CI)

ne Offset (CO)

Physical
address

+— CT

Cl

;-q—CC]—r-

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

«——— PPN

PPO ———>



Cache (L1)

® ranSIatlon Of Address ld« Tag Vald Bko Bki Bk2 Blk3
0 19 1 99 M 23 11

—_— . . 1 15 0 — — — —_
* This Is where HIT or MISS LRI
4 32 1 43 6D 8F 09

+— CT >4 Cl ———»+C0O — 5 | oD 1 3 | 72 | Fo | 1D

1 10 9 8 7 6 5 4 3 2 1 0 63 [ o [ — | — 11—
Physical 7| 18 1 11 | C2 | DF | 03
address 8| 24 1 3A | 00 | 51 | 89
+— PPN > < PPO ——— o | 2D 0 —_ | =T =1 =

Al 2D 1 93 15 DA 3B

BloB | o | — | — | — | —

C 12 0 —_ —_ —_ —_

D 16 1 04 96 34 15

E 13 1 83 77 1B D3

F 14 0 — — — —_




What a mess

* Each lookup costs time
 More complexity

Processor package

| Core x4
; Instruction MMU
! Registers fetch (addr translation)
L1 d-cache L1 i-cache L1d-TLB L1i-TLB

32 KB, 8-way 32 KB, 8-way

64 entries, 4-way | | 128 entries, 4-way

L2 unified cache
256 KB, 8-way

L2 unified TLB
512 entries, 4-way

QuickPath interconnect

L3 unified cache
8 MB, 16-way

DDR3 memory controller

(shared by all cores)

(shared by all cores)

Main memory

Figure 9.21 The Core i7 memory system.

To other
cores

To /O
bridge



CR3

What a mess

32/64
CPU Resul L2, L3, and
— main memory
Virtual address (VA)
36 12
VPN VPO L1
L," miss
hit
32 4
TLBT | TLBI
l L1 d-cache
J TLB (64 sets, 8 lines/set)
hit
TLB
miss
— | 1 | | I
L1TLB (16 sets, 4 entries/set)
9 9 9 s 40 12 l 40 8 6J_
VPN1 [ vPN2 [ VPN3 [ VPN4 PPN PPO | memmp [ cT [ cifcO
Physical
address |
(PA)

PTEJ*PTE|-PTEJ*PTE

Page tables



Level 1/2/3 PTE (Intel)

63 62 52 51 1211 9 8 i G & 4 3 2 1 0
XD | Unused |Page table physical base addr| Unused | G | PS A |CD |WT|U/S|R/W|P=1
Available for OS (page table location on disk) P=0
Field Description
P Child page table present in physical memory (1) or not (0).
R/W Read-only or read-write 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 Caching disabled or enabled for the child page table.
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).
Base addr 40 most significant bits of physical base address of child page table.
XD Disable or enable instruction fetches from all pages reachable from this PTE.




Level 4(4KB) PTE (Intel)

63 B2 52 51 121 9 8 7 6 5 4 3 2 1 0

XD |Unused| Page physicalbaseaddr |Unused| G | 0 | D | A |CD|WT|U/S|R/W|P=
Available for OS (page table location on disk] P=0

Field Description
p Child page present in physical memory (1) or not (0).
R/W Read-only or read/write access permission for child page.
u/s User or supervisor mode (kernel mode) access permission for child page.
WT Write-through or write-back cache policy for the child page.
CD Cache disabled or enabled.
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 page (don’t evict from TLB on task switch).
Base addr 40 most significant bits of physical base address of child page.
XD Disable or enable instruction fetches from the child page.




Reading From Memory ptl

Basic Memory I/O
Main Memory Miss 2= | =

{a) CPU places address A on the memory bus.



Reading From Memory pt2

MMU and friends

Still not in %RAX o, ey
Bus interface |‘ ¥ A

(b) Main memoary reads A from the bus, retrieves word x, and places it on the bus.




Reading From Memory pt3

CPU sitill picks 1t up
Shoves it into its %RAX

drax[— ¥ ALR

Main
| 11O
bridge il o
X A

Bus interface I

(c) CPU reads word x from the bus, and copies it into register {rax.



Reading From Disk Ptl

CPU

Starts the same Register file

ALU

Extra walt step for ot e

device to put data on |1 £
I

the 1/0O bus to main '
¥pansion slots for
_ : : other devices such
USE Graphics Host bus as network adapters
controller adapter adapter
e O r t t t l (SCSI/SATA)
I I I I I I y- Mouse Solid Key- Monitor I _________
state  board ; ] :
d- k ¥ D k !
ontroll



Reading From Disk Pt2

Register file

Send I/O command

to bus and wallt.

memory

'O bus

L)

uUse Graphics Disk
controller adapter controller
f i }
Mouse Keyboard Monitor Al

(&) The CPU initiates a disk read by writing a command, logical block number, and
destination memory address to the memory-mapped address associated with the disk.



Reading From Disk Pt3

Disk controller itself

puts the requested =&m

data Into main mMemory |z

1O bu
| use Graphics Disk
ontroller dapter controller
1 f '
Mouse  Keyboard Monitor o

(D) The disk controller reads the sector and performs a DMA transfer into main memaory.



Reading From Disk Pt4

Disk controller sends

|aLu

IRQ back to CPU to |

Indicate “done” ihsarsic iy
CPU then treats the UsB Graphics Disk

}

data as a normal mem (T
&=

() When the DMA transfer is complete, the disk controller nofifies the CPU with an interrupt.

request



CUDA/Video Cards

All data Is loaded
before execution

All about Matrix Ops/Sec

Video Card

| GigaThread Engine |
| Copy Engine x 2 |

w | (v (v |

GDDRAM |

| GigaThread Engine |

| Copy Enginex 2 |

mmmmm
I

GDDRAM |

(a)

VCPUE i VGPU
VRAM &= VGDDRAM :
(b)
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