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Intel 8086 “Multi-cycle” Architecture (June 1979, 4.77 MHz)
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|A-32 Intel Assembler Instructions

Register
Increment
Decrement
Immediate

Direct addressing

Indirect addr.
..with offset

Load byte

1w

1w

la
1b
C

$t0,8tl,0
$t0,$t0,1
$t0,$t0, -1
$t0,$0,10
$a0,n
$t0,0($a0)
.word 3
$t0,0(stl)
$t0,8(Stl)
$a0, c

$t0, 0 (5a0)
.byte 4

Intel 1A-32

mov eax, ebx

inc eax

dec eax

mov eax, 10

mov eax,n
n dw 3

mov eax, [ebx]

mov eax, [ebx+8]

XOr eax,eax
mov al,c
C do 4

C Language

; eax=ebx

, Tteax

; ——eax
;eax=10
;eax=n

;1int n
;eax=*ebx
;eax=* (ebx+8)
;eax=0

;unsigned
;char c



Intel machine language example

Note: variable size instructions

Address machine code 8086 assembler
0000 000A a dw 10
0002 00 b d ?
.code
0000 8B DF mov bx,di
0002 8A F9 mov bh,cl
0004 8B 1E 0000 R mov bx,a
0008 8A 26 0002 R mov ah,b
000C 8B 12 mov dx, [si] [bp]
OO0O0E A0 0002 R mov al,b
0011 8A 26 0002 R mov ah,b
0015 BB 0003 mov bx,3
0018 Bl 03 mov cl,3

001A C7 06 0000 R 0064 mov a,l1l00
0020 Cé 06 0002 R FF mov b,255



|A-32 For Loop Example

; for (i=0; i!=10; 1i++) { a[i]++; }

MOV EBX,A ; EBX = &A = address of A

MOV EAX, O ; EAX = 1 =0

FOR: CMP EAX,10 ; 1f (1==10)
JNE EXIT ; then { goto FEND; }
INC [EBX] ; Mem[EBX] (=af[1])++
ADD EBX, 4 ; EBX = &a[i+1]
INC EAX ; EAX++
JMP FOR ; goto FOR

FEND:



Intel Pentium Cache Hierarchy

CPU Clock: 60 MHz

| INSTRUCTION

FETCH *‘EE'
| 473
Registers: EAX, EBX, ECX, EDX, ESI, EDI g
ESP=Stack Pointer; EBP=Frame pointer; ik INSTRUCTION o

DECODE

L1 $I (Code)

L1 $D (Data)

COMPLEX

8 KB 8 KB BUS INTERFACE INSTRUCTION
2-way assoc. 2-way assoc. ~ LOGIC éfE— SUPPORT
Write-Through only Write-Through e
64-bit lines or Write-Back SUPERSCALAR
64-bit lines E:;E%E;N
1 cycle latency
PIPELINED
FLOATING
Bus Clock: 60 MHz 64-bit bus i -

Off-chip L2 Unified
128 KB-1 MB

4-way assoc
Write-back, Write allocate
32B lines

MP LOGIC —

Introduced March 1993, P60 & P66

Pentium (aka. 80586, P5)
100 MIPS peaks, 50% better than 486
273 pin package, 3.1 Million Transistors
BICMOS 0.8 micron Process

Production ended in January 1998
http://www.pcguide.com/ref/cpu/fam/g5P54-c.html

Main
Memory
Up to 4GB



Intel Pentium P5 “pipeline” Architecture
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Figure 1. Pentium block diagram.



CPU Pipeline comparisons

CPU # pipeline stages  Max. clock frequency
Pentium 5 300 MHz

Motorola G4 4 500 MHz

Motorola G4e 7 1 GHz

Pentium Il and Il 10 1.4 GHz

Athlon XP 10/15 2.5 Ghz

Athlon 64 12/17 >3.0 GHz

Pentium 4 20 >3.0 GHz

Pentium 4 “Prescott” 31 >5.0 GHz

Pipeline Differences
P&(Pentium 1)

1 2 3 2 5 L T & b [+
M=t [P Fatch Decode s — & opgd P el BB B Ry s Despats ¥ e Hetvremet
TC Meat P TG Fatck » '!. Rlemame Crsa Scteadirbs Dizpatch L3 F E: jeet
I 2 3 4 5 ] B 10 in 1 13 14 I5 16 1 158 1 z
Willamette

The translation of x86 instructions into mMicro-ops
is made in Willamette ocutside the pipeline
http://www.intel.com/technology/itj/q12001/articles/art 2.htm



Intel Pentium Architecture Comparison
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Memory Hierarchy

Small, Fast
/s cache
/ local memary

remote memaory \

Large, Slow

+Can only do useful work at the top
«H0-10 rule: 90% of time 15 spent of 10% of program
*Talke advantage of locality
—temporal locality
+keep recently accessed memory locations 10 cache
—spatial locality

+eep memory locations nearby accessed memory locations in cache
K. Dackiand, HPC2N




Matrix Storage

4 by 4 matrix stored in
local memory i | an | an | 2
by row and by column

[ ]

Memory locations |

by row [31‘*11 £z A3 "-'5114] Py Ay Ags A}{ Hig) Az Ay “-&*ﬁl P Py Py Alq
L)

h"j"r column “"'ﬁ*ll Ay A 1%11 Ay Ay Ay 31‘*4;1 Ag fgs ‘&‘9331‘*413 Puyg Py Pay "'&*LA
(FORTRARM)

K Dackland, HPU2N




Matrix multiplication: |JK

* Bik,J)

for 1 = 1, n
for 1 = 1, n
for It = 1, n
C{1,1) = C{1,]} + A1, k]
end
end
end
Inner loop computes C(1, 1) = dotproduct{ A{1,.:),
K
0 = ~
C A B

K Dackland, AHPLZ2N



Matrix multiplication: IKJ
Improving Spatial Locality

for 1 =1, n —
for k = 1, n Stride 1
for = 1/ H31
C{i,3}) = Ci1,]) + A1,k * Bik,])
end
end
=nd

All mner loop memory references are Stride 1; (refer to consecutive
memory locations)

42| D

K Dackland, HPU2N




(<)

(FORTRAN)

Memory Hierarchy

| Small, Fast
cache
/ local memory O\
remote memaory \
Large, Slow

+Can only do useful work at the top
+30-10 rule: 90% oftime is spent of 10% of program
sTake advantage of locality
—temporal locality
skeep recently accessed memory locations in cache
—spatial locality

skeep memory locations nearby accessed memory locations in cache
K Dackiand, HPCIN

Matrix Storage

4 by 4 matrix stored in
local memory
by row and by column

Memory locations |

by row lAll A12 AIS Al-‘-l] A21 A22 AZB AE‘{ A31 A32 A33 A‘Zl Aﬁll A42 A-'—B Alél

by column I"'&Lll fgy Py By Bz By By Aﬂ] £i3 Hp Aﬂ3A4L fiygfipg By A]m

K Dackland, HPC2N

Matrix multiplication: |JK

c{i,jy = Cc{i,3) + A{i,k} * B{k,J)

__k
] -
c A B

K Dackland, HPU2N

Matrix multiplication: IKJ
Improving Spatial Locality

for 1 =1, n

for k = 1, n Stride 1
for :| _ 1(/ \i
C':lr]]' = C':lr]:' + P‘{i;]{) * E":krj:'
end
end

end

All inner loop memory references are Stride 1; {refer to consecutive
memory locations)

. .

4| o

K Dackiand, HPC2N




Matrix multiplication: [JK

for 1 =1, n
for 3 = 1, n
for k =1, n
Cii,3) = Cii, i) + A{i. k) * Bik,])
end
end
end

Inner loop computes C(i, j} = dotproduct{A(i,.:), B{:, j})

K. Dackland, HPC2N

Matrix multiplication: IKJ
Improving Spatial Locality

for 1 =1, n
for k=1
for j

o Stride 1
= 1{/ 5'
CI{J-F]]I = C{lr]]' + A1, k) * E":kr]]'

end
end
end

All mner loop memory references are Stride 1; {(refer to consecutive

memory locations)

—L .| o _J .,

K Dackland, HPC2N

Improving Temoral Locality
Blocking for better cache behavior

Transform multiplication into multiplications of
submatrices

11 C12 C13

A1l A12A13 EBl11E1Z2E13
C21 Q22223 = A21 A22AZ3 % B21EBZZEZ3
231 C32 233 A3T A32 A33 B31 E3:2EB33

Cl11 =A11*Bl11 + A12*B21 + A13*B31

+Size of submatrix multiplication is chosen to fit into cache
—m x m submatrices

—2m? flops for 3m?2 data in cache

*Each word fetched into cache is used m times

K. Dackiand, HPC2MN

Matrix multiplication: blocked

do ib = 1, n, bs
do ib = 1, n, bs
do kb 1, n , b=
do 1 ib, min{ib+bs, )
do k = kb, min{kb+bs, n)
do 7 = jb, min{jb+bs, )
Ci{i,1} = Cf{i,3) + Al k) * B{k,]}

Want C to stay in cache
as long as possible

end
end C A B _
end ib —
end ibl bs l E’, ] lc‘
ernd o Bl
Iy = | | ]
jb i,
—

K Dackdand, HPCIN



