18-600 Foundations of Computer Systems

Lecture /:

“Processor Architecture & Design”

John P. Shen & Gregory Kesden
September 20, 2017

Lecture #/7 — Processor Architecture & Design
Lecture #8 — Pipelined Processor Design
Lecture #9 — Superscalar O3 Processor Design

» Required Reading Assignment:
* Chapter 4 of CS:APP (3" edition) by Randy Bryant & Dave O’Hallaron.

» Recommended Reference: (&) Electrical & Computer

+* Chapters 1 and 2 of Shen and Lipasti (SnL). E N G I N E E RI N G
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From Lec #2...

Computer Systems (ISA & DSI)

PROGRAM _ N
Instruction Set Definition:
U Architecture State: Reg & Memory
e « Op-code & Operand types
g » Operand Addressing modes
3 « Control Flow instructions

= ARCHITECTURE Instruction Set Architecture (ISA)

O

= Program Execution:

c « Load program into Memory

%‘  Fetch instructions from Memory

N - Execute Instructions in CPU
MACHINE « Update Architecture State

ARM

Architecture

M=

TECHNOLOGIES

SPARC
PowerhP{
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From Lec #2...

Java Programming & Java Virtual Machine

Application programs

Operating system “W{H be back!”

Processor Memory | I/O devices

Class Loader and JAR Reader Verifier

Interpreter and Execution Stacks [ Compiler

(optional)

Application programs

Threading System and Thread Scheduler

Virtual machine Native Internal Runtime

Interface Structures

Operating system

Memory System and Garbage Collector

Processor Memory | I/O devices
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18-600 Foundations of Computer Systems

Lecture /:
“Processor Architecture & Design”

1. Processor Architecture

a. Instruction Set Architecture (ISA)
b. Y86-64 Instruction Set Architecture
c. Logic Design Revisited/Simplified

ectrical & Computer
Y ENGINEERING
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Instruction Set Architecture (x86-64)

» Assembly Language View
* Processor state (architecture state)
* Registers, Memory, ...

* Instructions (specify operations, operands)
* addqg, pushqg, ret, ..
 How instructions are encoded as bytes

» Layer of Abstraction
* Above: how to program machine
* Processor executes instructions in a sequence

* Below: what needs to be implemented
e Use variety of uarch techniques to make it run fast
e E.g., execute multiple instructions simultaneously

Application
Program

Compiler OS

ISA — x86 machine programs

CPU (x86)
Design

Circuit
Design

Chip
Design
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Y86-64 Processor State

* Program Registers

e 15 registers (omit $r15).

Each 64 bits

e Condition Codes

RF: P_rogram CCT:. Stat: Program status
registers Condition
srax Srsp sr8 srl2 codes
Srcx Srbp 5r9 $rl3 ZF|SF|OF DMEM: Memory
Trdx srsi %rl0 srld PC
Trbx srdi srll

» Single-bit flags set by arithmetic or logical instructions
OF: Overflow

» /F: Zero
* Program Counter

* Indicates address of next instruction

* Program Status

SF: Negative

* Indicates either normal operation or some error condition

* Memory
* Byte-addressable storage array

* Words stored in little-endian byte order

Y86-64 Instruction Set Architecture
m  Similar state and instructions as x86-64
m  Simpler encodings
m Somewhere between CISC and RISC
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Y86-64 Instruction Set

Byte 0 1 2 3 4 5 6 7 8 9
halt 010

nop 110

cmovXX rA, rB 2 |fn]rA| rB

irmovg V, rB 310]|F |rBlV

rmmovqg rA, D(rB) 4 10 JrA|rB|D

mrmovqg D(rB), rA 510 (|rA|rB]D

OPg rA, rB 6 | fn|rA| B
JXX Dest 7 | fn | Dest

call Dest 8 | O | Dest

ret 910

pushg rA A0 |rA|F
popqg rA B|O|rA|F

Carnegie Mellon University s




Y86-64 Instruction Formats

> Format

* 1-10 bytes of information read from memory
* Can determine instruction length from first byte
* Fewer instruction types and simpler encoding than x86-64

* Each instruction accesses and modifies some part(s) of the
program state
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Y36-64 Instructions (moves)

( rrmovg |2 | 0

Byte 0 1 2 3 4 5 7 8 3
cmovle 2|1
halt 0]0
cmovl 2|2
nop 1]0
L< cmove 2|3
cmovXX rA, B 2 |fn|rA | B )
cmovne 2 |4
irmovg V, rB 3/0|F |rB V ]
cmovge 2|5
rmmovqg rA, D (rB) 4 10 |rA|rB D ]
cmovg 2 |6
mrmovg D(rB), rA |5 | 0 |rA|rB D |
OPqg rA, rB 6 |fn|rA|rB
XX Dest 7 | fn Dest
call Dest 810 Dest
ret 910
pushqg rA A|OJrA| F
popq rA B|OJ|JrA|F
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Y36-64 Instructions (ALUS)

Byte 0 1 2 3 4 5 6 7 8 9
halt 0]0
nop 1]0
cmovXX rA, B 2 |fn|rA | B
irmovg V, rB 3/0|F |rB V
rmmovqg rA, D (rB) 4 10 |rA|rB D r

addg 6|0
mrmovg D(rB), rA |5 | 0 |rA|rB D

subg 6|1
oPq 1A, 1B 6 | fn|ralrB — <

andg o | 2
XX Dest 7 | fn Dest

\ Xorqg 6| 3

call Dest 810 Dest .
ret 910
pushqg rA A|OJrA| F
popq rA B|OJ|JrA|F
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Y86-64 Instructions (branches)

Byte 0 1 2 3 4 5 6 7 jmp 710
halt 010 ile 711
nop 10 i1 71 2
cmovXX rA, B 2 |fn|rA | rB < je 71 3
/
irmovg V, rB 31/0)F |[rB \V/ / ine 71 2
/
rmmovqg rA, D (rB) 4 10 |rA|rB D / ige 715
/
mrmovg D(rB), rA |5 | 0 |rA|rB D / N ig 7 1 6
OPqg rA, rB 6 |fn|rA|rB /
XX Dest 7 | fn Dest
call Dest 8|0 Dest
ret 910
pushqg rA A|O|rA|lF
popq rA B|O|A|F
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Encoding Register Specifiers

» Each register has 4-bit ID srax | 0 e8| 8
srcx 1 5r9 9
rdx 2 5r10 A
rox 3 srll B
SIsp 4 $rl2 C
srbp 5 5rl3 D
srsi 6 srld E
srdi / No Register | F

 Same encoding as in x86-64

» Register ID 15 (0xF) indicates “no register”
* Will use this in our hardware design in multiple places
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Instruction Format Example

Addition Instruction

Generic Form

/

/
addqg rA,rB

Encoded Representation

m Add value in register rA to that in register rB
® Store result in register rB
® Note that Y86-64 only allows addition to be applied to register data

m Set condition codes based on result
m e.g., addq %rax,%rsi Encoding: 60 06

m Two-byte encoding
® First indicates instruction type
® Second gives source and destination registers
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Arithmetic and Logical Operations

Instruction Code Function Code

Add \ /

Y ¥

H a 14
i ToTa s m Refer to generically as “OPq
m Encodings differ only by “function code”
Subtract (rA from rB) ® Low-order 4 bits in first instruction byte
subq rA, rB 6| 1|ra|rB m Set condition codes as side effect
And
andqrA, rB 6|2]|rA|rB

Exclusive-Or

xorq rA, rB 6| 3|rA|rB
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Move Operations

Register -> Register

rrmovq rA, rB 2 | O|jrA|rB
Immediate = Register
irmovq V, rB 3/0|F rB \'}
Register = Memory
rmmovq rA, D(rB) 4 | 0|rA|rB D
Memory =» Register
mrmovq D(rB), rA 5/0|rA|rB D

m Like the x86-64 movq instruction
m Simpler format for memory addresses

m Give different names to keep them distinct
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Move Instruction Examples

X86-64 Y86-64

movq $0xabcd, %rdx irmovq $0xabcd, %rdx
Encoding: 3082 cd ab 00 00 00 00 00 00

movq %rsp, %rbx rrmovq %rsp, %rbx
Encoding: 2043

movq -12(%rbp),%rcx mrmovq -12(%rbp),%rcx
Encoding: 50 15 f4 ff ff ff ff ff ff ff

movq %rsi,0x41c(%rsp)

rmmovqg %rsi,0x4lc (%rsp)

Encoding:

40 64 1c 04 00 00 00 00 00 00

9/20/2017 (©J.P. Shen)
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Conditional Move Instructions

Move Unconditionally

m Refer to generically as “cmovXX”

1/

m Encodings differ only by “function code

m Based on values of condition codes

m Variants of rrmovgq instruction
® (Conditionally) copy value from source to

destination register

rrmovq rA, rB rA|rB
Move When Less or Equal

cmovlerA, rB rA|rB
Move When Less

cmovlrA, rB rArB
Move When Equal

cmoverA, rB rA|rB
Move When Not Equal

cmovnerA, rB rA|rB
Move When Greater or Equal

cmovgerA, rB rArB
Move When Greater

cmovgrA, rB rA(rB

9/20/2017 (©J.P. Shen)
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Jump Instructions

Jump (Conditionally)

JXX Dest

7 |fn Dest

m Refer to generically as “jXX”

m Encodings differ only by “function code” fn
m Based on values of condition codes

H Same as x86-64 counterparts

m Encode full destination address
® Unlike PC-relative addressing seen in x86-64

9/20/2017 (©J.P. Shen) 18-600 Lecture #7
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Jump Instructions

Jump Unconditionally

jmp Dest 70 Dest
Jump When Less or Equal

jle Dest 71 Dest
Jump When Less

jl Dest 72 Dest
Jump When Equal

je Dest 73 Dest
Jump When Not Equal

jne Dest 74 Dest
Jump When Greater or Equal

jge Dest 7|5 Dest
Jump When Greater

jg Dest 7|6 Dest

9/20/2017 (©J.P. Shen)
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Stack Operations

0 ' holdin
pushq rA Alo|ral F Stack “Bottom” Region of memory g
program data

0 A
m Decrement %rsp by 8 m Used in Y86-64 (and x86-64) for
m Store word from rA to supporting procedure calls
(o)
memory at %rsp m Stack top indicated by %rsp
m Like x86-64 _ ’ ® Address of top stack element
Increasing .
Addresses m Stack grows toward lower
popq rA B/OJrA  F ) addresses

® Bottom element is at highest

m Read word from memory ddress in the stack
d ress in e StacC

at %rsp . .
® When pushing, must first
m Save inrA —— %rsp decrement stack pointer
® Increment %rsp by 8 Stack “Top” ® After popping, increment stack
i ointer
m Like x86-64 P
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Subroutine Call and Return

call Dest 80 Dest

m Push address of next instruction onto stack
m Start executing instructions at Dest
m Like x86-64

ret 910

m Pop value from stack
m Use as address for next instruction
m Like x86-64

9/20/2017 (©J.P. Shen) 18-600 Lecture #7
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Logic Design Review

A B
HW Building Blocks | | —
L . unct.—_ ALU / [ cOMP }
Combinational Logic
m Compute Boolean functions \ A
of inputs .
m Continuously respond to @ - l l l l
input changes o 5= Sel | 00 01 10 11
o Jos | MUX
m Operate on data and a o
implement control — I
Storage (Sequential) Elements el
m Store bits E _SreA ’ Regist valw
) —>|.2 —> egister
m Addressable memories 5 g Wi astw
: o valB file ——
m Non-addressable registers S—
srcB £
m Loaded only as clock rises l —
ock
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Logic Design Review

Arithmetic Logic Unit

B —
) =] =

S X +Y
- o ——{ @0 Eﬁ 5—"0’1
58 .~ .8 =
_E-g e} u_;{c 8 5]
EE S T '
53 5 * Combinational logic
;‘i S e Continuously responding to inputs
R B . .
€5 O 233 * Control signal selects function computed
= =™ 5 .
o * Corresponding to 4 arithmetic/logical operations in Y86-64
- * Also computes values for condition codes
@ =@ E 3—
= o4 —»< i

Cour
- C,
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Logic Design Review

Equality Comparator
ual
a
z Dem eq

b
bes T Bit equal il
dg3
b Bit equal e
C

o o

o o

o o
b Bit equal o
a;
P ] Bit equal il
ag

A ; } C=AB ) A<B
@% D = AB+AB == A=B
E — AE =
B —4| >o—_/ I:.'}A B
e —
Word A A ——
LSBinputs Az —
Ag —— 4-bit
Magnitude
LSBinputs | Comparator
By —=
WordB  B: —
LSE inputs By —
e
A<B b—m
A=B |—
"
Magnitude
Ay » Comparator
Word A A5 »
MSB inputs  Ag -
M5B inputs
Ba s
WordB  Es >~ A<B —  g-bit
MSB inputs Eg - A=B |—» Word
By - A-B |—s Outputs
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Logic Design Review

Bryant and O’Hallaron, Computer Systems: A Programmer’s Perspective, Third Edition

. . ,p-‘"(‘)f_ A
Multiplexor/Demultiplexor T
F—12 Qutputs
Input S
3—1D
::'Erters T\F
ab
A —1oN b _"'D"' ‘Atig”gate Inverters
e
— A . |>u
Inputs - 1 21— 0O ° -_} ?
C 2 Qutput B o “OR" gate b —"l o ‘AI':E”QE’[E
D —3 _ ) v
dl [ — j}w a Fe oA
2 b Co \
Select _—/ l
= )
: C
: D
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Logic Design Review

Bryant and O’Hallaron, Computer Systems: A Programmer’s Perspective, Third Edition

Decoder/Encoder s . E—
- B " _DrDeDsDiDsD:D:Dp|@0:G
ABTBANDGE,EE Oy —p > DODODOOODOT 1|0OD0OD
Inverter _ 75 N — 0 00O0DO0OT1TXx |0 O
'—D_QE‘_AB D; —m| ©0X3 00000 1xx |0 10
A ——>0 . : Priority (—# (O
l | _ D"‘—"'Encoder 0 000 1 xx x |0 11
. + ) Q= AB D5 —= 0D 00 1 x xx x| 100
Binary D ecoded
Inputs B Output Og ——p= 0 0 1 x x x x x |10 1
1 }Qi—AB O —— 0 1 x x x x x x| 110
5 | E | Highest Prionty 1T X X X X X X X 1 1 1
+ I D_ Q:=AB X =dontcam
Data Lines
Selected Output
Dn —
Dh T ! D_QE'=D1+[D3+|D5+I|]7
Inputs Outputs Truth Table D-
2 |
A —p — Qp A B | Q Q Q Qs igi D
. . 0 0|1 00 0 arali Q1 =D2+Ds+Ds+ Dy
. Binen 4 0 110 1 0 0 - 1
inary -
Decoder e (1o 1 0lo o 1 0 D;
> Qs 1 1[0 0 0 1 D, Q= Dg+ Ds+ D+ Uy
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Logic Design Review

Transparent Latch

D Latch

¢ ]
Clock S
Latching
d 'd 'd 'd d
Q+
1 Q-
d d 'd

Q+
Q_
Storing
d
0

Changing D

® When in latching mode,
combinational
propagation from D to
Q+ and Q-

m Value latched depends
on value of D as C falls

9/20/2017 (©J.P. Shen)

18-600 Lecture #7

Carnegie Mellon University 2




Logic Design Review

Edge-Triggered Latch

D
o—[>o— R
Data B Q+
e o «
c =
Clock T
Trigger
c—| m Only in latching mode for brief

period
® Rising clock edge

m Value latched depends on data
as clock rises

2 o
|
]

m Output remains stable at all
other times

Time
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Logic Design Review

. Structure
Registers —f o,
'—
i > o
State = x State =y L e Q+ 5
Input = Output = Rising Output = : i ¥ O
nput =y utput = x I:> clock I:> utput =y i ._D
_ 3
> X > ' > Y > I a* 03
| |2 | | 2 Qs 02
| 2 Q+ 01
.—
lo 2 Q+ 0O
.—
m Stores data bits
|—)p =—PpO m For most of time acts as barrier Clock
between input and output m Stores word of data
| m As clock rrises, loads input ® Different from program registers
Clock seen in assembly code
m Collection of edge-triggered latches
m Loads input on rising edge of clock
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Logic Design Review

State Machine Example

m Accumulator circuit

m Load or accumulate
on each cycle

Comb. Logic
0
i e
. Out
} MUX
In 1
;E_/
Clock
Clock |
Load :
In Xo X1 X; X3 X4 X5
Out Xo XotX; | XgtX X, X3 X3+X, | Xg+Xg+Xs

9/20/2017 (©J.P. Shen)
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Logic Design Review

Random-Access Memory

m Stores multiple words of memory

valA
® Address input specifies which word to read .,
] srcA valw
or write — : -
Read ports Register , Write port
. . : d i
m Register file P valB file = g
® Holds values of program registers srcB |
® %rax, %rsp, etc. I
® Register identifier serves as address
Clock

» ID 15 (OxF) implies no read or write
performed

m Multiple Ports

® Can read and/or write multiple words in
one cycle

» Each has separate address and data
input/output
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Logic Design Review

Reqister File Timing

valA
e ——

srcA
—_—

X valB
e ——

srcB
2 —

Readin
AR g

m Like combinational logic

Register :
file m Output data generated based on input address
® After some delay
B
Writing
m Like register
m Update only as clock rises
2| X
R . .ﬂ 2 y valw
egister . Yy Rising Register , [——

file — 2 E> ClOi E> file dstw

| N |

Clock
Clock
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Logic Design Review

(Cache) Memory Implementation Options

e ey X Tkey Hl
+ —v Indgx
tag data /‘@da#
v
< s P
—> ¢ > |y |
S o
U\r :
Indexed Memory Associative Memory N-_V\/_ay Indexed Memory
(CAM) Set-Associative Memory (Multi-Ported)
K-bit index no index K-bit index (2x) k-bit index
2% blocks unlimited blocks 2K+ N blocks (2x) 2 blocks
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18-600 Foundations of Computer Systems

Lecture /:
“‘Instruction-Set Processor Design”

2. Processor Implementation
a. Instruction Set Processor (CPU)
b. Processor Organization Design
c. Y86-64 Sequential Processor Design

ectrical & Computer
{y ENtGIII\IE(I:ERINtG
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Instruction Processing Steps

Processor State
m Program counter register (PC)
m Condition code register (CC)
m Register File

m Memories
® Access same memaory space

1. Fetch

m Read instruction from
Instruction memory

2. Decode

m Determine Instruction type;
Read program registers

® Data: for reading/writing program data 3. Execute
® Instruction: for reading instructions m Compute value or address
4. Memory
Instruction Processing Flow = Read or write data in memory
m Read instruction at address specified by PC 5 Write Back
m Process through (four) typical steps m Write program registers
m Update program counter 6. PC Update
= (Repeat) = Update program counter
9/20/2017 (©J.P. Shen) 18-600 Lecture #7 Carnegie Mellon University 36




Instruction Decoding

Optional Optional
— A
510]|rA|rB D
icode /
Ifun
rA
rB
valC
Instruction Format
m Instruction byte icode:ifun
m Optional register byte rA:rB
m Optional constant word valC
9/20/2017 (©J.P. Shen) 18-600 Lecture #7 Carnegie Mellon University 37




Executing Arithmetic/Logical Operation

OPqg rA, B

Fetch
m Read 2 bytes

Decode
m Read operand registers

Execute
m Perform operation
m Set condition codes

fn|rA|rB

Memory
m Do nothing

Write Back
m Update register

PC Update
m Increment PC by 2

9/20/2017 (©J.P. Shen)
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Stage Computation: Arith/Log. Ops

OPq A, rB
icode:ifun « M,[PC]
rA:rB « M,[PC+1
Fetch il ]
valP « PC+2
valA <« R[rA
Decode [FA]
valB « R[rB]
valE « valB OP valA
Execute
Set CC
Memory
Write R[rB] « valE
back
PC update |PC « valP

Read instruction byte
Read register byte

Compute next PC

Read operand A

Read operand B

Perform ALU operation
Set condition code register

Write back result
Update PC

m Formulate instruction execution as sequence of
simple steps

m Use same general form for all instructions

9/20/2017 (©J.P. Shen)
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Executing rmmovq

rmmovqg rA, D(rB)| 4

rA

rB

Fetch
m Read 10 bytes

Decode

m Read operand registers

Execute

m Compute effective address

Memory
m Write to memory

Write back
m Do nothing

PC Update
m Increment PC by 10
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Processing Steps:

rmmovq A, D(rB)

rmmovg

icode:ifun « M,[PC] Read instruction byte
Fetch rA:rB « M;[PC+1] Read register byte

valC « Mg[PC+2] Read displacement D

valP « PC+10 Compute next PC

IA « R[rA Read dA

Decode valA « R[rA] ead operan

valB « R[rB] Read operand B

valE « valB + valC Compute effective address
Execute
Memory Mg[valE] « valA Write value to memory
Write
back
PC update |PC « valP Update PC

m Use ALU for address computation
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Executing popg

popq rA b O0|rA 8
Fetch Memory
m Read 2 bytes m Read from old stack pointer
Decode Write back
m Read stack pointer m Update stack pointer
Execute m Write result to register

m Increment stack pointerby 8 PC Update
m Increment PC by 2
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Processing Steps: popg

popq r'A
icode:ifun « M,[PC]
rA:rB « M,[PC+1
Fetch il ]
valP « PC+2
valA « R[%rsp]
Decode
valB « R[%rsp]
valE « valB + 8
Execute
Memory valM « Mg[valA]
Write R[%$rsp] « valE
back R[rA] « valM
PC update |PC « valP

Read instruction byte
Read register byte

Compute next PC

Read stack pointer
Read stack pointer
Increment stack pointer

Read from stack
Update stack pointer
Write back result
Update PC

m Use ALU to increment stack pointer
m Must update two registers

® Popped value
® New stack pointer
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Executing Conditional Moves

cmovXX rA, rB

Fetch
m Read 2 bytes

Decode
m Read operand registers

Execute

m [f lcnd, then set destination
register to OxF

2 | fn|rA|rB

Memory
= Do nothing

Write back
m Update register (or not)

PC Update
m Increment PC by 2
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Processing Steps: Cond. Move

CMoOVXX A, rB

Read instruction byte
Read register byte

Compute next PC

Read operand A

Pass valA through ALU
(Disable register update)

Write back result

icode:ifun « M,[PC]
rA:rB « M,[PC+1
Fetch il ]
valP «~ PC+2
valA « R[rA
Decode [rA]
valB « 0
valE « valB + valA
Execute )
If I Cond(CC.,ifun) rB « OxF
Memory
Write R[rB] « valE
back
PC update |PC « valP

Update PC

m Read register rA and pass through ALU

m Cancel move by setting destination register to OxF
® |f condition codes & move condition indicate no move
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Executing Jumps

jXX Dest |7 |fn Dest
fall thru: |XX|xx Not taken
target: XX|XX Taken

Fetch Memory
m Read 9 bytes m Do nothing
m Increment PC by 9 Write back
Decode = Do nothing
m Do nothing PC Update
Execute m Set PC to Dest if branch
= Determine whether to take taken or to incremented PC
branch based on jump If not branch

condition and condition codes
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Processing Steps: Jumps

JXX Dest
icode:ifun « M,[PC]
Fetch
valC « Mg[PC+1]
valP « PC+9
Decode
Execute _
Cnd « Cond(CC,ifun)
Memory
Write
back
PC update |PC « Cnd ? valC : valP

Read instruction byte

Read destination address
Fall through address

Take branch?

Update PC

m Compute both addresses

m Choose based on setting
branch condition

of condition codes and
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Executing call

call Dest 8|0

Dest

return: XX XX

target:

Fetch
m Read 9 bytes
m Increment PC by 9

Memory

m Write incremented PC to
new value of stack pointer

Decode Write back
= Read stack pointer = Update stack pointer
Execute PC Update

m Decrement stack pointer by 8 = Set PC to Dest
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Processing Steps: call

call Dest
icode:ifun « M,[PC]
Fetch
valC « Mg[PC+1]
valP « PC+9
Decode
valB « R[%rsp]
valE « valB + -8
Execute
Memory Mg[valE] « valP
Write R[%$rsp] « valE
back
PC update |PC « valC

Read instruction byte

Read destination address
Compute return point

Read stack pointer
Decrement stack pointer

Write return value on stack
Update stack pointer

Set PC to destination

m Use ALU to decrement stack pointer
m Store incremented PC

9/20/2017 (©J.P. Shen)

18-600 Lecture #7 Carnegie Mellon University 49




Executing ret

Fetch Memory
= Read 1 byte = Read return address from
old stack pointer
Decode pol
= Read stack pointer Write back
K DO
Execute = Update stack pointer
m Increment stack pointer by 8 PC Update

m Set PC to return address
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Processing Steps: ret

ret

icode:ifun « M,[PC]
Fetch

valA « R[%rsp]
Decode

valB « R[%rsp]

valE « valB + 8
Execute
Memory valM « Mg[valA]
Write R[%$rsp] « valE
back
PC update |PC « valM

Read instruction byte

Read operand stack pointer
Read operand stack pointer
Increment stack pointer

Read return address
Update stack pointer

Set PC to return address

m Use ALU to increment stack pointer
m Read return address from memory
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Instruction Processing Steps

Read instruction byte
Read register byte
[Read constant word]
Compute next PC

Read operand A
Read operand B

Perform ALU operation
Set/use cond. code reg

[Memory read/write]

Write back ALU result
[Write back memory result]

OPq A, rB
icode,ifun |icode:ifun <« M,[PC]
rArB rA:rB « M,[PC+1

Fetch <M |
valC
valP valP « PC+2
valA, srcA |valA « R[rA]
Decode
valB, srcB |valB « R[rB]
valE valE « valB OP valA
Execute
Cond code |Set CC
Memory valM
Write dstE R[rB] « valE
back dstM
PC update |PC PC « valP

Update PC

m All instructions follow same general pattern
m Differ in what gets computed in each step
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Instruction Processing Steps

call Dest
icode,ifun |icode:ifun <« M,[PC]
rA,rB
Fetch
valC valC « Mg[PC+1]
valP valP « PC+9
valA, srcA
Decode
valB, srcB |valB « R[%rsp]
valE valE « valB + -8
Execute
Cond code
Memory valM Mg[valE] « valP
Write dstE R[%$rsp] « valE
back dstM
PC update |PC PC « valC

Read instruction byte
[Read register byte]
Read constant word
Compute next PC

[Read operand A]

Read operand B

Perform ALU operation
[Set /use cond. code req]
Memory read/write

Write back ALU result
[Write back memory result]
Update PC

m All instructions follow same general pattern
m Differ in what gets computed in each step
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Computed Values

Fetch
icode
ifun
rA
rB
valC
valP

Decode
SIrcA
srcB
dstE
dstM
valA
valB

Instruction code
Instruction function
Instr. Register A
Instr. Register B
Instruction constant
Incremented PC

Register ID A

Register ID B
Destination Register E
Destination Register M
Register value A
Register value B

Execute
m valE ALU result
m Cnd Branch/move flag

Memory

m valM Value from
memory
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SEQ Haraware

Key

m Blue boxes:
predesigned hardware
blocks

® E.g., memories, ALU

m Gray boxes:
control logic
® Describe in HCL

m White ovals:
labels for signals

m Thick lines:
64-bit word values

m Thin lines:
4-8 bit values

m Dotted lines:
1-bit values

PC

Memory

Execute

Decode

newPC

Wrrite back
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Fetch Logic

] icode ifun TrA rB  valC valP
Predefined Blocks S T l
m PC: Register containing PC l
m Instruction memory: Read 10 bytes o ._‘ PC
(PC to PC+9) |ncremeng

7 3

® Signal invalid address
m Split: Divide instruction byte into
icode and ifun _ _
) _ - Sp||t A||gn OSSR
m Align: Get fields for rA, rB, and valC
: Byte O I Bytes 1-9
Control Logic o] mstruction
= Instr. Valid: Is this instruction valid? imem_eror JWSMIELS
m icode, ifun: Generate no-op if invalid address i
m Need regids: Does this instruction have a
register byte? PC

m Need valC: Does this instruction have a
constant word?
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Decode Logic

Register File Cnd valA valB valM  valE
m Read ports A, B ‘ ‘
= Write ports E, M " .
m Addresses are register IDs or Register
15 (OxXF) (no access) file E Je
dstE dstM SrcA srcB
Control Logic
m SICA, srcB: read port addresses :
m dstE, dstM: write port addresses T ldS“tE IldStM IfrfA LsrfB }
Signals 9 .

m Cnd: Indicate whether or not to
perform conditional move

m Computed in Execute stage

icode rA rB
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A Source s
Decode valA « R[rA] Read operand A
CMoOVXX A, rB
Decode valA « R[rA] Read operand A
rmmovq rA, D(rB)
Decode valA « R[rA] Read operand A
popq r'A
Decode valA <« R[%rsp] Read stack pointer
JXX Dest
Decode No operand
call Dest
Decode No operand
ret
Decode valA <« R[%rsp] Read stack pointer

int srcA = |
icode in { IRRMOVQ, IRMMOVQ, IOPQ, IPUSHQ } : rA;
icode in { IPOPQ, IRET } : RRSP;
1 : RNONE; # Don't need register

1;
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. . OPqgrA, rB
E D e Stl n atl O ﬂ Write-back |R[rB] « valE Write back result

CMOVXXTA, 1B Conditionally write

Write-back |R[rB] « valE back result
rmmovq rA, D(rB)

Write-back None
popq rA

Write-back [R[$rsp] « valE Update stack pointer
JXX Dest

Write-back None
call Dest

Write-back [R[%$rsp] « valE Update stack pointer
ret

Write-back [R[%$rsp] « valE Update stack pointer

int dstE = |
icode in { IRRMOVQ } && Cnd : rB;
icode in { IIRMOVQ, IOPQ} : rB;
icode in { IPUSHQ, IPOPQ, ICALL, IRET } : RRSP;
1 : RNONE; # Don't write any register

17
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Execute Logic

Units Cnd valE
s ALU
® Implements 4 required functions
® Generates condition code values cond
m CC

® Register with 3 condition code bits

= cond
® Computes conditional jump/move flag

Control Logic

m Set CC: Should condition code
register be loaded?

m ALU A: Input A to ALU ‘
m ALU B: Input B to ALU ?

m ALU fun: What function should ALU
compute?

icode ifun valC valA valB
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ALU A Input

int aluA = |

icode in { IRRMOVQ,
icode in { IIRMOVQ,
icode in { ICALL,

icode in { IRET,

Perform ALU operation

Pass valA through ALU

Compute effective address

Increment stack pointer

No operation

Decrement stack pointer

OPqrA, 1B
Execute valE « valB OP valA
CmMoVvXX rA, rB
Execute valE « 0 + valA
rmmovq A, D(rB)
Execute valE « valB + valC
popgq rA
Execute valE « valB + 8
JXX Dest
Execute
call Dest
Execute valE « valB + -8
ret
Execute valE « valB + 8

Increment stack pointer

I0PQ }
IRMMOVQ,
IPUSHQ }
IPOPQ }

IMRMOVQ }

# Other instructions don't need ALU

1;

valC;
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ALU Operation

int alufun = |
icode == IOPQ : ifun;
1l : ALUADD;

1;

Perform ALU operation

Pass valA through ALU

Compute effective address

Increment stack pointer

No operation

Decrement stack pointer

OPIrA, rB
Execute valE « valB OP valA
CMoOVXX A, rB
Execute valE « 0 + valA
rmmovl rA, D(rB)
Execute valE « valB + valC
popq r'A
Execute valE <« valB + 8
JXX Dest
Execute
call Dest
Execute valE « valB + -8
ret
Execute valE « valB + 8

Increment stack pointer
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Memory Logic

Memory
m Reads or writes memory word

Control Logic

m stat: What is instruction status?
m Mem. read: should word be read?
Mem. write: should word be written?

[ |
m Mem. addr.: Select address
m Mem. data.: Select data

dmem_error

valM

‘ data out

imem_error

Data
memory

valE
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Instruction Status

Control Logic
m stat: What is instruction status?

## Determine instruction status

valM

dmem_error

‘ data out

Data
memory

data in

int Stat = [ ¢
imem error || dmem error : SADR;
'instr_valid: SINS; icode valg valA valP
icode == IHALT : SHLT;
1l : SAOK;
1;
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Memory Address

OPQq A, rB

No operation

Write value to memory

Read from stack

No operation

Write return value on stack

Memory
rmmovq A, D(rB)
Memory Mg[valE] « valA
popq rA
Memory valM « Mg[valA]
JXX Dest
Memory
call Dest
Memory Mg[valE] « valP
ret
Memory valM « Mg[valA]

Read return address

int mem addr = |

icode in { IRMMOVQ, IPUSHQ, ICALL, IMRMOVQ } : wvalk;

icode in { IPOPQ, IRET } : wvalA;
# Other instructions don't need address

1;
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Memory Read

No operation

OPQq A, rB
Memory

rmmovq rA, D(rB)
Memory Mg[valE] « valA

Write value to memory

popq r'A

Memory valM « Mg[valA]

Read from stack

jXX Dest

Memory

No operation

call Dest

Memory Mg[valE] « valP

Write return value on stack

ret

Memory valM « Mg[valA]

Read return address

bool mem read = icode in { IMRMOVQ, IPOPQ, IRET };
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Bryant and O’Hallaron, Computer Systems: A Programmer’s Perspective, Third Edition

PC Upaate

int new_pc =

icode == ICALL :
icode
icode == IRET
1l : valP;
1;
PC

icode Cnd

[

valC;

== IJXX && Cnd :

valC

: valM;

valM

valC;

valP

OPqgrA, rB

PC update

PC « valP

rmmovq rA, D(rB)

PC update

PC « valP

popq rA

PC update

PC « valP

JXX Dest

PC update

PC « Cnd ? valC : valP

call Dest

PC update

PC « valC

ret

PC update

PC « valM

New PC

m Select next value of PC

Update PC

Update PC

Update PC

Update PC

Set PC to destination

Set PC to return address
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SEQ Y86-64 Processor .

/

Combinational
logic

CC
100

>

PC
0x014

N

Read

Write

Read
ports

Data =
memory N\
Write
ports
Register A
file N—
Srbx = 0x100

Memory

Execute

Decode

Wrrite back
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18-600 Foundations of Computer Systems

Lecture /:
“‘Instruction-Set Processor Design”

3. Motivation for Pipelining {Ky Electrical & Computer

ENGINEERING
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Computational Example

300 ps 20 ps
Combinational z Delay = 320 ps
logic 9 Throughput = 3.12 GIPS
|
Clock
» System

 Computation requires total of 300 picoseconds
* Additional 20 picoseconds to save result in register

* Must have clock cycle of at least 320 ps

18-600 Lecture #7 Carnegie Mellon University 70

9/20/2017 (©J.P. Shen)




3-Way Pipelined Version

100 ps 20 ps 100 ps 20 ps 100 ps 20 ps

Comb. R Comb. R Comb. _
logic e logic e logic e Dﬁlay —h360_ps
I . 3 . o 5| Throughput = 8.33 GIPS
Clock
» System

* Divide combinational logic into 3 blocks of 100 ps each
* Can begin new operation as soon as previous one passes through stage A.
* Begin new operation every 120 ps

e Overall latency increases
e 360 ps from start to finish
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Pipeline Diagrams

» Unpipelined
OP1
OP2
OP3 .
Time

»
»

e Cannot start new operation until previous one completes

» 3-Way Pipelineo||

OP1
OoP2
OP3

A | B |L[C
Al B | C
A | B
Time

»
»

* Up to 3 operations in process simultaneously
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Operating a Pipeline

2241 300 359

Clock ] B
OP1
OP2 A 3 C
OP3 A B C
| I I I I I
0 120 240 360 480 640
Time

100 ps 20 ps 100 ps 20 ps 100 ps 20 ps

Comb. R Comb.
§2 logic 4e =4 logic
A g B

Clock
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e |SCAS-85 C6288 standard benchmark
® Tools: Synopsys DC/LSI Logic 110nm gflxp ASIC
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Example: Integer Multiplier

m_ Area (FF/wiring)

Combinational 3.52ns 7535 (--/1759)

2 Stages 1.87ns 534 (1.9x) 8725 (1078/1870) 16%
4 Stages 1.17ns 855 (3.0x) 11276 (3388/2112) 50%
8 Stages 0.80ns 1250 (4.4x) 17127 (8938/2612) 127%

e Pipeline efficiency
e 2-stage: nearly double throughput; marginal area cost
e 4-stage: 75% efficiency; area still reasonable
e 8-stage: 55% efficiency; area more than doubles

e Tools: Synopsys DC/LSI Logic 110nm gflxp ASIC
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18-600 Foundations of Computer Systems

Lecture 8:
“Pipelined Processor Design”

John P. Shen & Gregory Kesden
September 25, 2017

Next Time ...

» Required Reading Assignment:
* Chapter 4 of CS:APP (3" edition) by Randy Bryant & Dave O’Hallaron.

» Recommended Reference: ) Electrical & Computer
¢ Chapters 1 and 2 of Shen and Lipasti (SnL). { E N G I N E E RI N G
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