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The Data Path (2)
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Useful combinations of ALU signals and the function performed.
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Data Path Timing
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Timing diagram of one data path cycle.
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Memory Operation

32-Bit MAR (counts in words)
Discarded
oy ‘

32-Bit address bus (counts in bytes)

Mapping of the bits in MAR to the address bus.
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Microinstructions

Bits 9 3 8 9 3 4
J|Jlals|s|FolFi|E|E| 1] 1 ]H|O|T|C|L|S|P|M B|F
M|AlAlL|R NIn[N|N] |Plo|r|v|P|c|D|A]R|E B
NEXT_ADDRESS |P|M|m|L|A ale|vic] |cls|P R[R[+|A bu
c|n|z]e|1 A E|D|H s
PR AT
Addr JAM ALU c Mem B
B bus registers

0=MDR 5=LV
1=PC 6=CPP
2=MBR 7=TOS
3=MBRU 8=0PC
4=5P 9-15 none

The microinstruction format for the Mic-1.

Microinstruction M et s
3
Control: ‘
The Mic-1 (1) o, o
The complete block s
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Microinstruction Control: The Mic-1 (2)
Address Addr JAM Data path control bits
0x75 | 0x92 ‘ om | | JAMZ bit set
ox92 | ‘ | | One of
these
. will follow
- 0x75
depending
0x192 onZ

A microinstruction with JAMZ set to 1 has two potential
successors. 8
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La couche micro-architecture (Chapter 4)

1. Un exemple de Microarchitecture
2. Exemple de couche ISA: I'lJVM

Pile

Modéle de mémoire

Jeu d’instructions

Compilation de code Java pour I'lJVM
3. Exemple d’'implémentation
4. Conception d’'une micro-architecture
5.Amélioration des performances

Stacks (1)

SP |
LV —| cl SP | ds
SP - b4 b4 d4
b3 b3 d3
b2 b2 dz2
LV —| b1 b1 LV —| di1
5P ad 108 ad ad ad
az2 104 az a2 a2
LV == al 100 al al al
(a) (b) (c) (d)

Use of a stack for storing local variables.
(a) While A is active. (b) After A calls B.
(c) After B calls C.  (d) After C and B return and A calls D.
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SP —=| a3
SP == a2 AR SP-={77a2 + a377]
a3 a3 a3 SP = a3
a2 a2 a2 a2
LV == al LV == at LV == al WV-={ a2+a3
(a) (b) (c) (d)

Use of an operand stack for doing an arithmetic computation.
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The IJVM Memory Model

Current sP

Operand
Stack 3

Current
Local
Variable
Frame 3

- LV

Local
Variable
Frame 2

Constant
Poal

Local Method
Variable Area ~—PC
Frame 1

~—— CPP

The various parts of the IJVM memory.
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The IJVM Instruction Set (1)

The IIJVM instruction set. The operands byte, const, and varnum
are 1 byte. The operands disp, index, and offset are 2 bytgs.
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Hex Meaning
0x10 | BIPUSH bate Push byte ento stack

0x59 | DUP Copy top word on stack and push onto stack

OxA7 | GOTO offser L i branch

0460 | 1ADD Pog: two words from stack; push their sum

0x7E | IAND Pog two words from stack; push Boolean AND
x99 IFEQ offset Pop word from stack : il it is zera

0x98 | IFLT offset Peg word from stack and branch It it is less than zere
0x8F | IF_ICMPEQ offsef Pog twa words from stack; branch i equal

Oxild IINC warrnurn const Add a constant 1o a local variable

0x15 | ILOAD varnum Push local variable onlo stack

0xB88 | INVOKEVIRTUAL disp Invoke a mathaod

0x80 | 10R Pop two words from stack; push Boolean OR

OxAC | IRETURM Retum lrem methed with integer value

%36 | ISTORE vamum Pog word from stack and store In local variabls
OxB4 1SUB Pop two words from stack; push ther

0x13 | LDC_W index Push constant from constant pecl onte stack

0x00 | NOP Do nething

Ox57 POP Delate word on lop of stack

Ox5F | SWAP Swap the two lop werds on the stack

OxC4 | WIDE Prafix inatruction: next inatruction has a 16-bit indax

The IJVM Instruction Set (2)

Stack after
INVOKEVIRTUAL
| CallerslV [-—sP
(| Culle’s PG|
@ for
Stack belore nasll’;“}'s local
INVOKEVIRTUAL variables
Parameter3 |=—Sp  Stack base Parameter 3
Pushed | [ Parameter2 | INVOKEIRTUAL | |__Parameter2 |
parameters Parameter 1 Parameter 1
L OBJREF l —  Linkplr - LV
[ Previous LV Pravious LV
Previous PC =| Previous PC
Caller's Caller's Caller's
local local local
variable 1 variables Slack base variables
frame Parameter 2 before Parameter 2
Parameter 1 INVOKEVIRTUAL Parameter 1
l - Link pir = LV -1 Link pir
(a) (b}
(a) Memory before executing INVOKEVIRTUAL.
(b) After executing it. u
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The IJVM Instruction Set (3)

Caller's
local |}
variable
frame

Stack before
IRETURN
Return valug _ |=—SP
Previous LV
—{__Previous PC
Caller's
local
variables
| Parameter 3 Si:d;obasa
Parameter 2 alore Stack after
IRETURN
|_Parameter 1 IRETURN
' Link pir . S L Return value  |=—SP
[ Previous LV Previous LV
r={__Previous PC Previous PC
Caller's Caller's
local local
variables Stack base wvariables
Parameter 2 after Parameter 2
Parameter 1 IRETURN Parameter 1
e S Y- R L - Link pir -V
(&) )

(a) Memory before executing IRETURN.
(b) After executing it.
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Compiling Java to 1IJVM (1)

i=j+k 1 ILOAD Hi=j+k 0x15 0x02
if (i==3) 2 ILOAD k 0x15 0x03
k=0 k] 1ADD 0xB0
else 4 ISTORE i 0x36 0x01
j=j-1; 5 ILOAD i Iif (i == 3) 0x15 0x01
6 BIPUSH 3 0x10 0x03
@ 7 IF_ICMPEQ L1 0x9F 0x00 0x0D
8 ILOAD Hi=j-1 0x15 0x02
9 BIPUSH 1 0x10 Dx01
10 I1SUB Ox64
11 ISTORE j 0x36 0x02
12 GOTO L2 0xA7 0x00 0x07
12 L1: BIPUSHO k=0 0x10 0x00
14 ISTORE k 0x36 0x03
15 L2:
(hy ()

(a) A Java fragment.
(b) The corresponding Java assembly language.
(c) The 1I3VM program in hexadecimal. "
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Compiling Java to IJVM (1)

La couche micro-architecture (Chapter 4)

]
L 1 g 1 Ci+k ] ] i
o 1 2 3 4 5 ] 7
—
1 1 i 1 =21 0]
8 9 10 11 12 13 14 15

The stack after each instruction of Fig. 4-14(b).

17

Tanenbaum, Structured Computer Organization, Fifth Edition, (c) 2006 Pearson Education, Inc. All rights reserved. 0-13-148521-0

1. Un exemple de micro-architecture
2. Exemple de couche ISA: I'|JVM
3. Exemple d’implémentation
Notation des micro-instructions
Implémentation de I'lJVM avec Micl
4. Conception d’'une micro-architecture
5.Amélioration des performances

Microinstructions and Notation

Moy DEST =H
:,51 i g DEST = SOURCE
mamory | | <o ﬂ% DEST =H

DEST = SOURCE

i

DEST =H + SOURCE

DEST =H + SOURCE + 1

Permitted operations DEST = H + 1

3

*May be extended by = oz | DEST — SOURGE + 1
sadding “<< 8”: Cop Je|  F e | BEST - SOURCE — H
«shift left by 1 byte. : PO = =

«A common operation: —@= DEST = SOURCE 1
*H = MBR << 8. DESTEEH

G DEST = H AND SOURCE
Cius —= - Bbus DEST =H OR SOURCE
x e DEST =0
e | =83 E:; DEST =1
DEST = -1

Shifter control

|v;
:
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Implementation of IJVM Using the Mic-1 (1)
Label Operatiens Comments
Main1 FC = FC + 1; fatch; goto (MBR} MER hetds opcoede; get next byte: dispatch
nopi goto Main Do nothing
tadd1 MAR =5P=5P-1;rd Read in next-1o-top word on stack
indd2 H=TO0S H = top of stack
ladda MDR = TOS = MDR + H: wr: gato Mainl_ Add top two wards: write to top of stack
isubl MAR =5P=5P~-1:rd Raad in next1o-1op word on stack
isub2 H=TOS H = top of slack
isub3 MDR = TOS = MOR = H; wr; golo Main1 Do subtraction; wrile o top of stack
tand1 MAR =5P=5P-1:rd Read in next-lo-lop word on stack
land2 H=TOS H =top of stack
land3 MDA =TOS = MDR AND H: wr: gota Main1 Do AND; write 1o naw top of stack
or1 MAR=S5P=5P-1:rd Read in next1o-1op word on stack
lor2 H=TOS H =top of stack
lord MDR = TOS = MDR OR H; wr; goio Main1 Do OR: write to new fop of stack
dupt MAR =SP=5SP +1 Increment SP and copy to MAR
dup2 MDR = TOS; wr; geto Maini ‘Write new stack word
popt MAR =5P=5P-1;rd Read in next-1o-1op word on stack
pop2 ‘Wail for new TOS 1o be read from memary
pop3 TS = MDR: goto Main1 Cogy new word to TOS
awapl MAR = SP-1;rd Set MAR to SP — 1; read 2nd word from stack
swap? MAR = 5P Sel MAR 1o top ward
swapd H=MDR; wr Save TOS in H;: write 2nd word 10 top of stack
swapd MDR = TOS Copy old TOS 1o MDR
awWaps MAR = 8P = 1; wr St MAR to SP - 1; wiile as 2nd word on stack
swaph TOS = H; geto Maini Update TOS
The microprogram for the Mic-1.
20
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Implementation of IJVM Using the Mic-1 (2)

blpush MER = the byte to push onte stack

bipush2 Increment PG, feich nex opoode

bipush3 MDR = TOS : wr; gofo Maint Sign-extend constant and push on stack
Hloadi H=LVY MBR contalns index; copy LV to H

floag2 MAR = MERU + H; rd MAR = address of local vaniable to push
llnad3 MAR =5P =5P +1 SP points to new top of stack: prepara wiite
ilnad4 PC = PG + 1; fetch; wr Inc PC: gl next opeode: wrile top of stack
floads TS = MDR; goto Main1 Update TOS

lstoral H=LV MER contalns indax; Copy LV to H

Islore2 MAR = MBRU + H MAR = address of local varable o store Into
istorad MDR = TOS: wr Capy TOS 1o MDR: writa word

islored SP=MAR=5P-1;rd Read in next-lo-lop word on stack

lores PC =PC + 1; latch Incremant PC; eich next opcoda

Istore 05 = MDR: Main1 Updata TOS

wide1 PC =PC+1; lotch; Fatch eporand Byle of next cpcode

wide2 gata (MER OR Ox100) Muithway branch with high bit set
wide_jloadl PC =PC + 1; fetch MBR conlains 15t index byte; fetch 2nd
wide_lload? H=MBRU << & H = 13t Indax byte shiffed left & bits
wida_lloads H=MBRUORH H = 16-bit index of local variable
wide_lloadd  MAR =LV + H; rd; goto lloads MAR = addrass of local varable to push
wide_istorel PC = PC + 1 fatch MBR conlains 1st index byte: fetch 2nd
wide_jstore2 H=MBRU <<8 H = 15t index byte shifled left & bits
wide_lstored H=MBRU ORH H = 16=bit index of local vartable
wide_lstored  MAR = LV + H: goto Istore3 MAR = address of local varlable to store Info
de_w PC =PC + 1; fetch MBR contains 15t index byle; feich 2nd
Ide_w2 H=MBRU << 8 H = 15t index byle << 8

de_w3 H=MBRU OR H H = 18-bit index into constant pool

Mc_wa MAR = H + CPP; rd; goto lload3 MAR = address of constant in pool

The microprogram for the Mic-1. ”
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Implementation of IJVM Using the Mic-1 (3)

Operations Comments
H=LV MER contalns Index; Copy LV to H

MAR = MBRU + H; rd

PC =PC + 1; fetch

H=MDR

PC=PC + 1;latch

MOR = MBR + H: wr: gato Main1

Copy LV + index 1o MAR: Read variable
Fatch constant

Copy variable to H

Felch next opcode

Put sum in MDR; update variable

OPC=PC-1
PC =PC + 1: fetch

Save address of opcode.
MER = 1st byte of offsat; fetch 2nd byte

H=MBR <= & Shilt and save signed lirst byle in H
H=MBRL OR H H = 16-bit branch offset

PC = OPC + H; fatch Add oftzat to OPC

goto Main1 Wait for fetch of next opcode
MAR=SP =58P -1;rd Aead in next-1o-top word on stack
OPC =TOS Save TOS in OPC tempararily

TOS = MDR Pul new lop of stack in TOS

N = OPC; if (N} goto T; else goto F

Branch on N bit

MAR=8SP=8P-1:rd
OPC=TOS

TOS = MDR

Z=0PC: if (Z) goto T; elsa gote F

Read in next-to-top word of stack
Save TOS In OPC tampararily
Put new top of stack in TOS
Branch on Z bit

The microprogram for the Mic-1. 2
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Implementation of IJVM Using the Mic-1 (4)

if_iempeql MAR=SP=5P-1;rd Figad in next-to-top word of stack
I_jcmpeqge MAR=5P=5P -1 Set MAR to read In new top-of-stack
il_jempeq3 H=MDR; rd Copy second stack word 1o H

if_icmpegd OPC=TOS Save TOS in OPC temporarily

if_icmpeqgs TOS = MDR Put new top of stack in TOS

I_jempeqt Z=0PC-H; I {Z) goto T; else goto F_ If top 2 words are aqual, goto T, else goto F
T OPC = PC - 1: golo golo2 Same as golol: needed lor larget address
F PC=PC+1 Skip first oflset byle

Fz2 PC =PC + 1; fetch PC now points to next opcode

Fa gato Main1 Wait for fetch of opeads

invokevirtuall PC = PC + 1; lelch MEBR = index byte 1; inc. PC, gel 2nd byte
invokevirlual2 H=MBRU <= 8 Shifl and save lirst byls in H

invokevirtuald H=MBRU CRH H = offset of method pointer from CPP
Invokevirtuald MAR = CPP + H; rd Gal pointer ta mathod from CPP area
invokevirtuals OPC=PC+1 Save Return PC in OPC temporarily
Invekevirtuals PC = MDR; fetch PC peints to new mathed; get param count
Invekevirual? PC = PC + 1; fetch Fetch 2nd byte of parameter count

invokevirtuald

invokevirtualo

Invokevirtualio
invokevirtual 11
invokevirtuall2
Invokevirtuaila
Invokevirtualld
invokevirtualls

H=MBRU << 8
H=MBRU OR H

PC = PC + 1; fetch
TOS=5P-H
TOS=MAR=TOS +1
PC =FC + 1; fetch
H=MBRU << 8
H=MBRU OR H

Shill and save firs! byle in H

H = number of parameters

Fateh first byte of # locals

TOS = address ol OBJREF - 1

TOS = address of OBJAEF (new LV)
Fetch second byte of # locals

Shift and save first byta In H

H = # locals

The microprogram for the Mic-1. 2
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Implementation of IJVM Using the Mic-1 (5)

Label Operations Comments

invokevirtuallé MDR=SP +H+1; wr Overwrite OBJREF with link pointer
invokevirtuall’7  MAR = SP = MDR; Set SP, MAR to location to hold old PC
invokeviriuali8 ~ MDR = OPC; wr Save old PC above the local variables
invokevirtualt9  MAR = SP =SP +1 SP points to location to hold old LV
invokevirtual20  MDR =LV; wr Save old LV above saved PC

invokevirtual21
invokevirtual22
ireturn1
ireturn2
ireturn3
ireturna
ireturns
ireturné
ireturn7
ireturng

PC =PC + 1; feich
LV = TOS: aoto Main1
MAR =SP=LV;rd

LV = MAR = MDR: rd

MAR =LV +1

PC = MDR; rd; fetch

MAR = SP

LV = MDR

MDR = TOS; wr; goto Main1

Fetch first opcode of new method.

Set LV to point to LV Frame

Reset SP, MAR to get link pointer

Wait for read

Set LV to link ptr; get old PC

Set MAR to read old LV

Restore PC; fetch next opcode

Set MAR to write TOS

Restore LV

Save return value on original top of stack

The microprogram for the Mic-1.
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Implementation of IJVM Using the Mic-1 (6)

BIPUSH

(0x10) BYTE

The BIPUSH instruction format.

ILOAD INDEX WIDE ILOAD INDEX INDEX
(0x15) (0xC4) (0x15) BYTE 1 BYTE 2
(a) b)

(a) ILOAD with a 1-byte index.
(b) WIDE ILOAD with a 2-byte index.

25
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Implementation of IJVM Using the Mic-1 (7)

The initial microinstruction
sequence for ILOAD

and WIDE ILOAD. The
addresses are examples.

Address Control store
0x1FF
Microinstruction
execution order
WIDE
ILOAD ILOAD
0x115 wide_iload1 3
0x100 Main1 1 1
0xCd widel 2
0x15 iload1 2
0x00
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Implementation of IJVM Using the Mic-1 (8)

IINC

(0x84) INDEX

CONST

The IINC instruction has two different operand fields.

27
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Implementation of IJVM Using the Mic-1 (9)

Memory -~ 1Byle—=
n+3
n+2 |OFFSET BYTE 2| |OFFSET BYTE 2| |oFFSET BYTE 2| |OFFSET BYTE 2| [OFFSET BYTE 2
n+1 |OFFSET BYTE 1| |OFFSET BYTE 1| |OFFSET BYTE 1| [OFFSET BYTE 1| [OFFSET BYTE 1
n | GOTO (0xAT) GOTO (0xAT) GOTO (0xAT) GOTO (0xAT) GOTO (0xAT)
Registers
PC[ n || n+1 || n+1 ” n+2 ]l n+2 |
ore | ] [ [~ J[ o~ J[ o~ |
mer | o7 || owar | [oFFsETBYTE 1| [oFFsET BYTE 1] [OFFSET BYTE 2]
H ] | | [ | [oFFseT1<<8]
(@) ®) (© (d) (&)

The situation at the start of various microinstructions.
(a) Mainl. (b) gotol. (c)goto2. (d)goto3. (e) geio4.
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: Merging the Interpreter Loo
Merging the Interpreter Loop g hg o P oo P
: - with the Microcode
with the Microcode (1) ()

| Label Operations Comments Label Operations Comments

popi MAR=SP=5P-1;rd Read in next-to-top word on stack | pop1 MAR=SP=S8P -1 rd Read in next-to-top word on stack

pop2 Wait for new TOS to be read from memory . 13 i .

pop3 TOS = MDR; goto Main1 Copy new word to TOS Man: PP 'IF"gS_ —pfﬂl_j)—F: fettch MER EBR holds opt;olc‘le_i—foe't;hdr\exltbhy‘le d
| Main1 PG =PC + 1; fetch; goto (MBR) MBR holds opcode: get next byte; dispatch LEoR = MOB; goto (WBR) ' Gopy newriwcrd o TOS; dispaich'on opcode

Original microprogram sequence for executing POP. Enhanced microprogram sequence for executing POP.
29 30
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A Three Bus Architecture (1) A Three Bus Architecture (2)

| Label Operations Comments
iload1 H=LV MER contains index; Copy LV to H Label Operations Comments
load2  MAR = MBRU + H; rd MAR = address of lcal variable topush oad!  MAR = MBRU + LV; rd MAR = address of local variable to push
iloads  MAR = SP =ISP * 1 sP pomls to new top of Istac_k: prepare write iload2 MAR=SP=SP+1 SP points to new top of stack; prepare write
!Ioadfi PC =PC + 1; fetch; M Inc PC; get next opcoda; writa top of stack iload3 PC =PC + 1; fetch; wr Inc PC; get next opcode; write top of stack
iloads TOS = MDR; goto Main1 Update TOS iloadd TOS = MDR Update TOS
Main1  PC = PC + 1; fetch: goto (MBR) MBR holds opcode; get next byle; dispaich loads PG = PC + 1; fetch; goto (MBR) MBR already holds opcode; fetch index byte

Mic-1 code for executing ILOAD.
Three-bus code for executing ILOAD.

31 32

Tanenbaum, Structured Computer Organization, Fifth Edition, (c) 2006 Pearson Education, Inc. All rights reserved. 0-13-148521-0 “Tanenbaum, Structured Computer Organization, Fifth Edition, (c) 2006 Pearson Education, Inc. All rights reserved. 0-13-148521-0




A Three Bus Architecture (3)

MBR2

Femm—r——
[ R S——

Shift register
From memory ce—————=r= | I I I

~— C bus ~— B bus
PC H,
Ll o

A fetch unit for the Mic-1.

33
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A Three Bus Architecture (4)

Word fetched

Word fetched

Word fetched

MBR2 MBER2

Transitions
MBR1: Occurs when MBR1 is read
MBR2: Occurs when MBR2 is read
Word fetched: Occurs when a memory word is read and 4 bytes are put into the shift register

A finite state machine for implementing the IFU.

34
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Out-of-Order Execution and Register Renaming (1)

Registers being read ||Registers being written
Cy | # | Decoded |Iss |Ret |0 |1]2(3|4|5|6|7|[0[1]2|3]|4|5|6]|7
1 1 | R3=R0*R1 1 11 1
2 | R4=RO+R2 | 2 211 101
2| 3| R53=RO+R1| 3 3|21 111
4 | R6=R1+R4 | - 3|21 1111
3 3(2|1 1111
4 1 211 11
2 |11 1
3
5 4 1 1 1
5| R7=R1*R2 | &5 201 1 11
R1=R0-R2 | - 21 1 11
7 4 11 1
5

A superscalar CPU with in-order issue and in-order completion.
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Out-of-Order Execution and Register Renaming (2)

Registers being read || Registers being written

Cy | # | Decoded Iss |Ret |0 |1|/2|3|4|5|6|7||0|1|2|3|4|5([6/|7
9 6 1 1 1

7 | R3=R3*R1 | - 1 1 1
10 1 1 1
11 6
12 1 1 1

8 | R1=R4+R4 | - 1 1 1
13 1 1 1
14 1 1 1
15 7
16 8 2 1
17 2 1
18 8

A superscalar CPU with in-order issue and in-order completion.
36
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Out-of-Order Execution and Register Renaming (3)

Registers being read || Registers being writlen
Cy | # | Decoded |lss |Ret [0 )1]2|3(4|5(6|7(0[1/2]3|4[5|6|7
1 1 | R3=A0«A1 1 11 1
2| Ri=RO+R2 | 2 211}1 111
2 | 3| R5=R0+A1 | 3 alzi 11
4 | RB=A1+R4 | - |z 1111
3 | 5| R™=R1sR2| 5 332 111 1
6| S1=A0-RA2 | & 41313 111 1
2 gfaj2 1 1 1
4 4 3l4]2 1 1 111
7 | R3=R3+51 | - al4|2 1 1 111
B | S2=R4+R4 | 8 al4|2 3 1 111
1 2|13|2 3 1111
3 jf1jaja 3 111
5 & 2|1 3 1 101
3 T 2|11|1]3 1 1 T
4 1|1]1]2 1 1 1
5 112 1 1
8 1 1
7 1 1
B 1 1
8 7

Operation of a superscalar CPU with out-of-order issue

Spe

evensum = 0;
oddsum = 0;
i=0;
while (i < limit) {
k=ivivi
if (((i/2) » 2) == i}
BVENSUM = BVansum + k;
else
oddsum = oddsum + k;

i=i+1;

(a)

culative Execution

evensum = (;

oddsum = 0;
i=0;

| E—

i »= limit

|eveﬂsurn = EVENSUM + lt;l | oddsum = oddsum + k; |

(b)

(&) A program fragment.
(b) The corresponding basic block graph.

38
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Overview of the NetBurst Microarchitecture

To memony bus

J LMemor\f subsystam Exacution unif

System intertace

Integor and floating-paint

exacution units

Branch prediction
it

Front end Out-of-ordar control

The block diagram of the Pentium 4.
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The NetBurst
Pipeline

A simplified
view of the
Pentium 4
data path.

L1
(. [ALU sohod] [ALU sched [Load sched] [Store sched]
I — ]
lemh| | Integar register file

D YY)

| Retirement unit |

L |
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Overview of the UltraSPARC Il Cu Microarchitecture

To memory

Integer

unit unit

The block diagram of the UltraSPARC Il Cu.
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UltraSPARC Il
Cu Pipeline

A simplified
representation of
the UltraSPARC
11l Cu pipeline.
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L2
cache

The Microarchitecture of the 8051 CPU

The microarchitecture
of the 8051.
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