The Quiz We Might Have Had

Lecture 7:

1. Write -2.5 in our IEEE 754 Wimpy Precision (8 bits
Datapath total, 4-bit exponent, 3-bit mantissa).
(-1.01x21  bias =7 11000010)

COS 471a, COS 471b / ELE 375

. . 2. How is two’s-complement subtraction icall
Computer Architecture and Organization implemented in H\F,)V? typically

(carry_in, = 1, invert subtrahend)

Princeton University

Fall 2004 3. Give one reason why floating point is better than fixed
point.
Prof. David August (greater range)

Datapath

Datapath
“The component of the processor that performs
arithmetic operations” - H&P

Datapath
The collection of state elements, computation elements,
and interconnections that together provide a conduit for
the flow and transformation of data in the processor
during execution. - DIA




Datapath - Part of the Microarchitecture

Architecture
e The ISA - the programmer’s view of the machine
e Implementation independent, an interface

Microarchitecture ,
e The lower-level implementation of the ISA B
e Design specific, an implementation

Example use of terminology
e Architectural state: Register r5
 Microarchitectural state: Carry bit on the 5t 1-bit ALU

Datapath Elements

Computation Element: ALU

e ALUs are just one datapath building block
e What about the other elements?

Computational Elements

e Combination Circuits 2] combratenat |,
e Qutputs follow inputs
e Familiar Example: ALU

} Outputs
Combinational logic

State Elements

¢ Sequential Circuits

e Outputs change on clock edge
e Familiar Example: A Register

Next state

State register

[
Inputs

e Combinational - you had better know how to design it by now!!!
e Refine for MIPS

e Zero equality test on all results - why?
e Set on less than for sl t instruction

5 ALU control ALU Control Function
\\}\\ 000 AND
Zero—» 001 OR
ALU Resuif—s 010 add
_,/ 110 subtract
111 set on less than




Computation Element: Sign Extender

Computation Element: Adder

e 16 32 bit Sign extender
e Why is this necessary in MIPS?

L

e Hint:
6 bits 5 hits 5 hits 5 bits 5 hits 6 hits
R: op rs rt rd shamt funct
I: op rs rt address / immediate
J: op target address
Implementation?

¢ Not an ALU, just add
e Why would we need this in MIPS to execute instructions?

Add Sum—»

Computational Element: The Magical Mux

State Element: Register File

Mux is short for Multiplexer (Think: selector)
n input lines (of any common width)

m control wires to select

n=2m

Control

m
ing = \/
e (U out
in ==y X

Implementation?

e Microarchitecture to implement architectural state
e Built using D flip-flops
e MIPS:
¢ Need to be able to read two operands at once
e 2 source operands per instruction

S | Read
register 1
Read
) data1[ >
Register Ai» Read
numbers register 2
5 Registers Data
\ Write
register Read
—>
Write data 2
Data < — data
RegWrite

5-bits? 2 Reads? 1 Write?




State Element: Register File

State Element: Register File

Register Implementation

C —_—
—Q
-Q
D —_—
D latch
D D D Q D Q Q
latch latch _ _
Q Q

Falling edge triggered D flip-flop

Read Implementation

Read register
number 1

Read register
number 2

Register 0

Register 1

Register n -1

Register n

5| Read
register 1 Read
data 1
Register 5 | Read
numbers | register 2
5 Registers Data
Write
~7| register
st Read
—
Write data 2
/i\ Data< —b| data
. Reg Write
"M
# U | Read data 1
X
Ny
L
L—
# U ——» Read data 2
X
N/

State Element: Register File

State Element: Data and Instruction Memory

Write Implementation

Write

S | Read
S| "
register 1 Read
Register 5| Read data 1
numbers register 2
s Registers
Write
S "
register Read
. data 2
Write
Data{—» data
‘ RegWrite

Reqister number

0
1

nto-1

decoder

n-1
n

C
Register 0

C
Register 1
D

C
Register n -1
D

I

Register data

C
Register n

D

Know decoders

Data
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e Microarchitectural element to hold the architectural
memory state

e See Appendix B for implementation details

Instruction
address

Instruction
memory

Instruction

| MemWrite
—| Address Read
datal
’ | Write Data
data memory
“ MemRead




State Element: The Program Counter Our Complete Line of Products!

There may be others, but this is good for MIPS

e To hold the architectural PC state

e Just like a single register
MemWrite
Instruction
address o
—| Address Re:
data
Instruction =
Data
Instruction —] Wiite
memory data memory
MemRead
b ALU control ntrol
5 [Rond Control
register 1 R m
—> —» o
Register ) _\5 | Read data 1
numbers register 2 . s w
Registers Data in M Sign
55| write 0 tend
register ul—»out exten
dF\'ead
lata 2 .
Data{—> e n,
RegWrite

Fetching Instructions (no branching)

Ji—
Read
PC address
[NSIrUCTION [r——
Instruction
memaory

20




The ALU (R-Type) Instructions

Load and Store Instructions

6 bits 5 bits 5 hits 5 bits 5 bits 6 hits
R: op IS rt rd shamt funct
Read
register 1 Read
Read data 1
Instruction register 2
~ Registers
Write
register Read
Wiite By data 2
" data &

| RegWrite

Consider: r1=r2-r3

Instruction |

op Is rt address / immediate
Read ALU operation
register 1 Read MemWrite
Read data 1
" | register 2 Iero
Registers ALU  alu :
S result Address Read |__
register Read data
l —
> data 2
| Write #{5’”59 ot
data
) memary
Write
) data
16
> MemRead

extend

Consider: r1=M[r2-3]

23

21 22
Composition of Memory and R-Type Datapath Recall Fetch
The Magic of the Mux
34 ALU operation
AL operation [ e [
| Eseg?gter 1 Read Instruction T ] VRléega\S&QVRZ .
—_— egisters
istruction ] E:Q?S‘E’ 2 e | Ygg‘t&e’ ead e Rdeaa‘g
—— e Registers _ mge data 2 Data -
—— register ﬂ?ga[zl i I ‘["‘g‘g memory
[ \!\vaq{ae i MemRead > Add
RegWrite N
] —]
ALU operation
Read
register 1 d.ﬁi‘.ﬁ' MemWrite - pC Read
Read e WViemtoReg
Instruction rw:‘-g;s:\te.‘-rRZ - — address
—_— egisters paad
5 ;rg}:':["r data 2 result Address Fi:—:;g
- M [NSLIUCTION [r—
) \Emge I‘Z\Jata X .
wite Temen Instruction
m data memory
lb Sign 3;2 1
< w Y MemRead
24




Now Add Instruction Fetch

Now Add Instruction Fetch

ALU operation

(ALU + MEM + Fetch)

Add

" F\:aqg 1 MemWrite
s ’F\-inlgr a1 e e MemtoReg Read Registers
Instruction register 2 ALUST register 1
Instruction e Registers Read , coa Read S Read
‘n;téruﬂi:,‘;n b—1 rogistor data 2 Address Hata " address r:;gler . data 1
Wiite u Instruction 4 .
[l Data x Write Read Address Read
et wie MY register data 2 data M
e ga Instruction Write ot u
S Sign memory " data . ar *
T extend MemRead Write memory
I data
16 [ sign
™ extend
Data and Instruction memory?
25 26
Branch Instructions Add Branch to Datapath
(ALU + MEM + Fetch + Branch)
1: op IS rt address / immediate
'CSre
FC + 4 trom instruction datapath s Lo
] y
> Add Sum Branch target ad .
| Why shift left by 27 | == 4 a S A
ALU operation Registers
Read g 2] ALU operation M e lrite
stuction § register 1 Read pe | Read —! fogistor qend ALUSIc Ve
Read 5 SEEN BOiess - Rea'dl . data 1 MemtoReg
t register ’
regis e;:gegmters To branch INSErUCEION frmg J_ Read
Write contral logic - nget Read M - Address ; ct -
register Read Instruction register  data 2 u datd M
data 2 memory —| Write e Data X
Write ata data memory
data V;u'rl\le
data
RegWrite
MemRead
Consider: Branch r1 == 0, TARGET What will zero be connected to0?
28
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MIPS Instruction Quirk Again, The Magic of the Mux!

e The Destination Register may be in different locations
e 11-15: Loads use rt

e 16-20: All R-Types use rd
6 bits 5 bits 5 hits 5 hits 5 hits 6 bits
R Adg AL
R: op rs rt rd shamt funct
N R Instruction [25-21]
1I: op rs rt address / immediate Read '
4 Instruction [20-16] eI ALUSTC L MemtoReg
Instruction register 2 Read A Zero i
sni [31-0] Write hta 2 LI reébH v Address Rdeatl
! register ata
—— W Ingruction Instruction [15-11] Wﬁte
Registers 2] ALU operation | MemWrite 4 oate
Read ALUST T . Write
PC Read I RegDst memory
I address - data 1 MemtoReg pascion [150] - gits
nidl extend VMemRe
nsigion = Read | pddress  Read |, MemRead
Instruclon register ata 2 data IMI
memol Write Data X Instruction [5-0]
data Write Mmemory
Regiy data ALUOp
MemRead |
29 30

Ugh, what is going on here!?! Control vs. Datapath (Blurring the Line)

6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
N
R: op rs rt rd shamt funct
PCSre
1 . .
| M 1I: op rs rt address / immediate
U
X
0
Reg PCSr
_ 1
| M
Instruction [25-21] Read Add -
Read reqists ead MemWrite & 2
address Instruction [20-18] R data 1 ALUST ] MemtoReg RegV
Instruction Ister 2 Read Zero .
[31-01[ Wite  data 2 1 U A e address  Read O (25 2t
register M data PC || Re regter MemWirite
Instructien Instruction [15-11] Write u CRRICES e ata MemtoReg
memory 1 data  Registers * Instruction : register 2 °
o 0 314 Write data 2 Address  Read
Data M register data
Rey data  memory L= instruction (15-111| % | [write
Instruction [15-0] 1 o) [*ldataRegisters o
MemBea RegDst memory
Ll Instruction [15-0] 15
i ZEIE MemRead
Instruction [5-0]
Instruction [5-0]
ALUOP
ALUOp
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What is Control?

Full Datapath with Control

33

Control

“The component of the processor that commands the
datapath, memory, and I/O devices according to the
instructions of the program.” - H&P

Control

The component of the processor that commands the
datapath, memory, and I/O devices according to the
instructions of the program. - DIA
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Instruction [31-26]

Instiaction [25-21] Read
Read register 1 i
Tnstiiction [20-16] Road s
register
Insiyction Registers Read
Write
Instruction :
memor nstruction [15-11 Wi

CONTRO)L

Summary and Next Steps
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The book doesn't define datapath well

Computation and State elements compose datapath
Look for reuse across instruction types

Build minimal HW datapath with the magic of the mux

Next Steps
¢ Need to define control
e Understand Timing
e Single cycle
e Multi-cycle
e Understand how to implement control




For Next Time
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e Be sure to know material in Appendix B
e Know how to make a finite state machine

Combinational logic

;v_l’
Inputs

L A

F I Y

| S

tate register

L 4

=

} Outputs

MNext state




