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Instruction Set Design and Architecture (ISA)
The instruction architecture must deal with the following states:
Instruction Fetch = Instruction Decode 2>Operand Fetch = Execute = Result Store = Next Instruction

MIPS-Processor Instruction Registers:

Name |Register number Usage

Szero 0 the constant value 0

Sv0-5vi 2-3 values for results and expression evaluation

$al0-%a3 4-7 arguments

St0-5t7 8-15 temporaries

$s0-5$s7 16-23 saved

St8-5t9 24-25 more temporaries

Sgp 28 global pointer e

$5p 29 stack pOIFItBr registers. The CPU
designed in the

Sfp 30 frame pOinter c}asz is much more

Sra 31 return address et

The 3 MIPS Instruction Formats
R| opcode rs rd rt | shamt | funct
| | opcode rs rd immediate

J | opcode target address

R-Format: Used for all other instructions.
I-Format: Used for instructions with immediate values
J-Format: Used for Jump instructions

Important Notes: For J-format instructions the target address is 26 bits and all address values are stores
as words; therefore an extra 00 is needed.
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Computer Arithmetic’s

Adder Circuits:

1-Bit Half-Adder 1-Bit Full-Adder
D =
Y B 5

To Subtract we just simply used 2’s compliment addition: X-Y= X+1Y + 1

ALU Architecture:

The ALU is responsible for all arithmetic and logical operations in the CPU. In lab 3a and 3b a 32/8bit
CPU was implemented and designed using VHDL.

operation
See lab 3 for more
details on the ALU
and its operations
a ——7%————>
32 ALU
—~—» result
32
b ———
32

Example of SLT Instruction support by the MIPS ALU: The 2™ figure is the same circuit with overflow
detection.

Binvert Operatlon

Carryln l
|

Operatlor
carryln J
|

Less

Overflow — Overflow
detectlon

CarryOut
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Unsigned Shift-Add Multiplier: Techniques for multiplying '

&

Multiplier(0) = 1 Multiplier(0) =0

Test
Multiplier(0)

Shift Left +

Multiplicand

64 bits

Add multiplicand to product and
place the result in Product

v v

| shift the Multiplicand register left 1 bit |

v

[ shift the Multiplier register right 1 bit |

32nd
repetition?

Yes: 32 repetitions

Shift
__ Right [
Multiplier

32 hit7

64-bit ALU

Product

64 bits

No: < 32 repetitions

Multiplier = datapath + control

Using the following state diagram on the right, a table can be formed and the unsigned shift-add
multiplier will give the resultant product.

Product Multiplier Multiplicand
Good questions to 6 3 2
review for Exam
and method for
: 0000 0000 0011 0000 0010
replacing mul g.
0000 0010 1001 0000 0100
00000110 1100 0000 1000
Multiplier Multiplicand  Product
Another Multiplier Algorithm: o011 0010 0000 0000

Multiplicand

i Test
32 bits lSlli“ft:t Multiplier(0)
T Mg
A4 v Multiplier A 4
S \'{ALI ] / Add multiplicand to the left half of product &
: R < 32 hity place the result in the left half of Product register
——» Shift Right

Multiplier(0) = 1 Multiplier(0) =0

!

Product ;
| i Control [Shift the Product register right 1 bit_|
64 bits Write l

| Shift the Multiplier register right 1 bit |

32nd
epetitio

No: < 32 repeat

v Yes: 32 repetitions
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Floating Point Arithmetic:

Single Precision
Yyyy

Normal Format: + 1. XXXXXXXXXX,, X 27 "two
31 30 23 22

S| Exponent Significand

1 bit 8 bits 23 bits

('1)S X (1 + Signiﬁcand) X 2(Exponent—127)

Double Precision

31 30 20 19

Significand (cont’d)

S| Exponent

1 bit 11 bits 20 bits

Significand

32 bits

Double precision
exponent is +1023
instead of +127. It
also can store 52
bits as its
significand.
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Computer Performance

t_ZI*CPI

ik where t is time, I is intructions, CPI cycles per intruction and clk is clock

Number of cycles = CPI * I

IPC = 1
~ CPI
clk ) ) .
Global CPI = T,Where tis found from first equation

speed Exectution Time Before Enhancement %
eedup = in
P P Execution Time After Enhancment 0

Best way to do
these questions is
just review the
ones given in the
midterm.
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Register Transfer and Data-path

The data-path is the flow of all information within the CPU. By designing it properly and creating fast
structure, information can easily and quickly flow throughout the CPU. The data-path is controlled by a
Control Unit that used state diagrams to send information.

Control State
Diagram

Reset

. . . . Initialize
Register transfers is the transfer of information from one Machine
register to another using a data-path. The control unit

generates control signals and from this registers transfer

Fetch Instruction =~

information.

Micro-Operations

Branch
Not Taken

Register-
Store J to-Register
Micro-operations are the elementary operations performed Branch .
on registers. They are usually preformed in one clock cycle;

multiple independent micro-ops can be performed in one clock cycle as well. One for each control point.

Data-path Interconnection Strategies:

Point-to-Point Connection

YYYY ‘lfl\

f
S1<1:0> $3<1: n)

\
50‘”—")\_!\:1% WX | S2<1:03 Mux [ X |
Y Y \

R )

-

Midterm Q related to
this topic. First MUS and Bus Transfer
find all sources and
destinations then

design to simplify * *
the circuits. Yo ¥—v¥o
2P g
k-] v B
=] s [—F A =
=

-
u

-
u

-—
u

o
7
1

— ¢
04

’_f

IO
peo]
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Single Bus Interconnection

S5<1:0>>»| MUX
\ Single Bus

E
H+
g
ﬁ+
I
3l
L]

Bus-based Interconnection

Single Bus Design
BUS
Memory
Address Memory
Bus Data Bus
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Single Cycle MIPS Lite Data-path Design

MIPS instruction formats are 32 bits long and support: op, funct, rs, rt, rd, shamt, address/immediate,
target address.

The basic building blocks include an adder, mux and ALU.

Reg Files are a
much cleaner way to

Register File: store all
information
Reading: registers. Writing:
Read register \E‘:;Ee
number RA /R D— c
Register 0 0 Register 0
Register 1 M ! o
u |4 Read data busA o n-to-1 | D_ ¢
Bani n- 1 X Register number decoder | ¢ Register 1
gi 1 RW D
Register n n-1
/ n
Read register
number RB /&\
L O
Registern— 1
— M D *
*| U [—+—» Read data busB -D_
. c
Register n
> Register data D
/ busW
Clock Cycle:

The clock will have an edge triggered methodology. All storage elements are clocked by the same clock
edge. The cycle time can be calculated by:

Cycle Time = CLK-to-Q + Max-Delay-Path + Setup + Clock Skew
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Putting it all together: The final data-path for single cycle

AlUctr MemWTr

»  Instruction<31:0>

MemitoReg

Inst & 14 [2 (A
—_— o — b
Memory ] ) —_ -
Ade v |9 v [
* Rs Rt Rd Immlé
nPC sel RegDst
I Rd Im Equal
—\1 0 T
Rs Rt
REE“"I" 5 5+ 5+
I busA
Rw Ra Rb
32 32-bit
Registers
>

|
ExtOp

ALUSrc
o NN N N N N N M BN BN N BN BN M BN M BN N M B BN BN BN BN BN BN SN BN B Em Em -
! 1
I I
1 I
1
Instruction § , [ .o Control Signals  Conditions "
Memory — — R Y 7
Rd| Rs Rt
. 5 5 5
m—dnstuetion | A4 _A__4__ ___vv¥¥__ _
’ Address ‘{ A >
1
. Rw Ra Rb|—- Dita
" £ 32 32 Out
I g /‘ P 32 32'hit
1 - Registers B
I E
1 A
: ) Clkﬁ
I —| 32
I U
1
'\ Datapath
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MIPS-Lite Single-Cycle Control
5 Steps to design a processor:

1) Analyze instruction set => data path requirements

2) Select the set of data path components and establish clock methodology

3) Assemble data path meeting the requirements

4) Analyze implementation of each instruction to determine setting of control points that affects
the register transfer

5) Assemble the control logic

Instruction<31:0>

Inst I 4 Ay A A

— = oy - |=

Memory I VR R ROU
Lh Th wn L

Adr v v v vy

Op Fun Rt Rs Rd Immlé

Control

nPC_scchgWchgDst ExtOp ALUSrc ALUctr MemWr MemtoReg I Equal

DATA PATH

See —:’func 10 0000} 10 0010 Don’t Care There is a method
op | 00 0000} 00 0000]00 1101} 10 0011] 10 1011] 00 0100] 00 0010 to encode and
add sub ori Iw SW beq | jump decode all the
RegDst 1 1 0 0 b X X signals.
ALUSrc 0 0 1 1 1 0 X
MemtoReE 0 0 0 1 X X X
RegWr 1 1 1 1 0 0 0
MemWr 0 0 0 0 1 0 0
nPCsel 0 0 0 0 0 1 0
Jump 0 0 0 0 0 0 1
ExtOp X X 0 1 1 X X
ALUctr<2:0> | Add |Subtract] Or Add Add |Subtract] xxx
31 26 21 16 11 6 0
R-type |_qm I s | re | rd l shamt | fmJ add, sub
I-type |_qm [ rs | vt | immediate | ori, Iw, sw, beq
J-type I_gn | target address | jump
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The Truth Table for ALUctr

funct<3:0> | Instruction Op.
L0000 add
ALUop R-type ori Iw SW beq / 0010 subtract
(Symbolic) | “R-type” | Or Add Add |Subtract / 0100 and
ALUop<2:0>] ;100 010 | 000 | 000 | oot 0101 or
/ 1010 set-on-less-than
ALYop func ALU ALUctr
bit<2> bigk1> bit<0> } bit<3> bit<2> bit<1> bit<0> |/Operation | pit<2> bit<t> bit<0>
0 /o 0* x x Add 0 10
0 / X 1 X X X X / Subtract 1 1 0
0 / 1 X X X X X / Or 0 0 1
1* x x 0 0 0 0 Add 0 1 0
1 X X 0 0 1 0 Subtract 1 1 0
1 X X 0 1 0 0 And 0 0 0
1 X X 0 1 0 1 Or 0 0 1
1 X X 1 0 1 0 Seton < 1 1 1
PLA Implementation of Control Signals
op<5>, . op<5>, >,
R-type Iw| SW beg jump S RegWr
T g ]
P \ ALUSrc
)
® ¢ RegDst >
® MemtoRes .
® MemWr >
® Branch >
um
¢ Jump
® 3 \ Ex
® ALUop<2> _
ALUop<l> _
T ¢ ALUop<0> _
L
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The Single Cycle Processor and Worst Case Timing

ALUop /

ReaDei 37 — | ALU | ALUctr
ggs _!cz »| Control ﬁL’
0 : —E_I* 3
7 > Mzin ALUS Instr<5:0> 6
6 Control [ 2--5TC
Instr<31:26> : 1 Instruction<31:0>
of se_h Instruction & A A A >
|Rd |Rt Fetch Unit o E: = =
RegDst Clk —O > ¢ lg Iy IV
1 Muy 0
Rs Rt Rt Rs Rd Immlé6
RBgWrI s) + 5+ ALUctr
busA Vi MemtoRe
Rw Ra Rb L ero | MemWr MemtoReg
busW ] 12
32 32-bit
32 Registers busB /
Clk 7T
—0o > 32
=
% I
Instr<15:0> 16 e
F N A
Clk I — - - This CPU has many
problems and the
—»| — Clk-to-Q

multi cycle CPU is

pc Old Value | New Value o o e tier
| lg————>! [nstruction Memoey Access Time design. The lab 4
ESIJ" ‘;t::’* | OldValie ¥ New Value T me Siagie
| l——P! pelay through Control Logic cycle.
ALUctr | Old Value ﬂ( New Value
. I ) \
ExtOp : Old Value : )'1\ New Value i
ALUSrc | Old Value : \,.'ﬂ \ New Value |
1
MemtoReg : Old Value | i New Value Register :
+ 1 1 Write Occurs
RegWr | Old Value 1 AN New Value '
I ‘e : »! Register File Access Time \ T
busA | Old Value 1 New Value Vol
| Delay through Extender & Mux | ! \l
busB | Old Value * j New Value \l
I ! l——! ALU Delay
Address | 0ld Value ) New Value
| Data Memory Access Time .H—P !
busW | Old Value j j( New | \!’]
[ 1
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Sequential Circuit Types

ASM and Multiplier Control

Mealy Machines: Their outputs depend on both
the present state and the present inputs.

Moore Machines: The outputs depend on the
present state only.

Outputs Input Outputs
II:;;;ts_» Comb. > 7) ‘:F:i’ Comb. Next StateL _(Z»)
Logic Next State | State LOgiC .| State [pregent
| Network “| Reg. giﬁf:m » Network Reg. |State
" Clock
Clock
Mealy Model Moore Model
ealy Mode oore Mode Mealy Model Timing Diagram
AB/S AB CLK ,_‘ ’_‘ ’_
0010 00 Te XV X 7 X
Input A
X/O Input B —I—I
10/0 01/0 10 N 01 Oups T 7
11/1 10071 1Y oo
11/0 11 - .
7 7/0 Moore Model Timing Diagram
01/0 010 01 o A B A B O O
10/0 10/0 10 10 Sate X Y X Z X | X
Input A :
PS NS pS| Ns |ouput —oHA
AB AB S Output §
00 01 11 10 00 01 11 10
X|x/0 z/0 x/0 yl0 X|x z x Yy 0
y|x/0 yl0 x/1 yl0 y|lx y x vy 1
z|x1 z/0 x/0 z/0 Z|xX z X z 0
Mealy State Table Moore State Table

To realize mealy state diagrams, Kmaps are used to simplify the outputs and then the final equation is

used to realize the output.

COE608 Course Notes Sum-Up
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Algorithmic State Machine

Flow charts can be used to create ASMs and implement them into hardware.

ASM Chart Model

State Box Decision Box Conditional Output Box

Entry

l input

o
=

!

Exit Path

Rules to Construct an ASM Block

v For every valid combination of input variables, there must be one exit path.

v No internal feedback within an ASM block is allowed.

v" An ASM block can have several parallel paths that lead to the same exit path and more than one
these paths can be active at the same time.

Example of a chart to block model

e Xisaninput )
e Za,Zb,Zc are Morore

Outputs
o Z7Z1&Z2are Mealy

Outputs

0/0
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ASM Chart to Equation

Working Example

For Next State: Consider Variable B Link-paths for
States that has B = 1 are S1 and S2 states.
Link-Path-1

e Starting with a present state AB = 00, takes the X=1

branch and terminates at state S1 during which B = 1.

Link-Path-2

o Starting state 01, takes X=1 branch & ends at state 11.

Link-Path-3

o Starting at state 11, takes X=1 branch and ends in
state 11.

Overall Bt=A'B'X + A'BX + ABX

For Next State: Consider State Variable A.
e Two link paths terminate at S2 state

Example

Moore Outputs <P
Za=AB; Zb=AB; Zc-AB )
Multiplier
Multiplier Control, ASM
Block Diagram T
nll jN |; Multiplicand
Counter-P Register-B
log;n
v n
G(Go) | Zero Detect | £
l Parallel
Cou Adder
gt
Control [*— A 4
Unit Qo C L —_L
[ |
0

ACC: Product Out

Control signals

Ce0,CAIQesrCllAlIQ
P« P-1
0 /ZK 1 Multiplication Done |

sr = shift right and
C||A||Q<«srC|A| Q isequivalent to 4 transfers
A(n-1) « C, A < sr A, Q(n-1) « A(0), Q «sr Q

COE608 Course Notes Sum-Up
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Multiplier Control Unit

Control Unit is the Heart of Multiplier
e Its input, G initiates multiplication.
e It uses Qp (LSB of Q shift register) and counter
zero-detect, Z signals.
e Control unit generates control signals to activate
following micro-operations:
* Sum of A and B.
= PP transferred to A.
= Cout transferred to C.
* PP & multiplier in A:Q shifted right.
= Carry from C is shifted to MSB of A:

« LSB of Q is discarded.

«+ After right shift, 1-bit of PP is transferred
into Q and multiplier bits are shifted one
bit right.

* Control unit decides between add-shift and

shift depending on the LSB of Q.

* Control unit checks Z for an end.
= Control unit checks G, to start
multiplication.

Sequence Register and Decoder Method

Control Signals for Multiplier

Micro-operations for each register

Block Diag | Micro-Operation | Control Control
Module Signal Expression
Register A |A <0 Initialize

A« A+B Load

ClAIQ«sr CIAIQ| shift
Register B |B < IN Load B
FF C C«0 Clear C

C « Cout Load
Register Q |Q « IN Load_Q

ClAIQ«sr CJA|Q| Shift
Counter P ([P« n—1 Initialize

PeP-1 Decrement

Count

Decoder provides outputs corresponding to each state. Register with n FF’s can have 2”n states, n-bit

sequence register has n-FF’s and associated gates.

other control

Outputs to
Datapath

Initialize

lear_C

Shift_dec

I o
To
External »
Input Decision Sequence] > : !
conditions| Logic Register Decoder >
e IR =
P t — >
resen Tn
State @
T
0
S Tabl Implementation
tate Table
Present State Inputs|N. State Decoder Inputs
Name |Mi1 Mo|G Z|Mi+ MoHIDLE MUL0 MULI e LD
IDLE |0 00 X 1 0 0 _
0 01 x 1 0 0 w
MULO0|0 I|lx x 0 1 0 u« L
MULI|1 0|x 0 0 0 1 D Qa0 0
1 0ix 1 0 0 ! ¢ | |pecoser |
1 1|x X X X X
b a Al 3

C

Clock
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ASM Transforming Rules

Entry Entry

State Code
(optional)
D Q|
State_Name/ IIEE:>
—pC

outputs (Moore)

l State Box Exit
Exit
Entry Entry) x
l 0 =
Exit 1 Exit 0
Exit 0 Exit 1

Decision Box

Example (Using the rules above)

ASM Chart for Binary Multiplier Control

AEA+B
¢« cou (LOAD)

Ce0,CAQesrCIA|Q;P«P-1
(Complex Shift)
o 0 )Z\ 1 _Multiplication Done

Entry Entry
X
)
Bxit 1 Exit 1 Output
Conditional Output Box
Entry 2
Entry 1 Entry 2 Eniry 1 e
I —) ;
Exit Exit

Junction

Initialize

_Shift_dec

Clock

COE608 Course Notes Sum-Up
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MIPS-Lite Multi-cycle Control

The Multi-cycle Approach:

e The ALU is used to compute address and increment the PC

e Memory used for instruction and data

e Control signals will not be determined solely by instructions
e Control unit design by using classical FSM design is impractical due to large number of inputs

and states

e An extension to the classical approach is used by experienced designer in designing control logic

circuits

o Sequence reg and decoder method

o One FF per state method
o Micro-program controller
o

PLA controller (uses PLD ROM/PROM)

The main idea of the multi-cycle is to change the data-path into segments so some instruction can run
faster, so it can support pipelining and so it can support a new control unit design. Essentially the

instructions will be broken into steps.
Partitioning Single-Cycle Datapath into parts
The steps for the multicycle Datapath are:

I-fetch

Reg Fetch / |I-decode
Execute

Memory Read

Write

vk N e

mWr

Reg, |4—2egDst
‘_REgWr

File

Data

Mem
Result Store

2

MemToRe

4—
P Reg. |¢—RegDst

—

Equal

¢ RegWr

File

g
U
= > =
=3 —| & g
LS
3 ]
LRI ==
~ g
&K
Action for Rtype | Action for memory-reference Action for Action for
Step name instructions instructions branches jumps
Instruction fetch IR = Memory[PC]
PC=PC+4
Instruction A= Reg [IR[25-21]]
decodefregister fetch B = Reg [IR[20-16]]
ALUQut = PC + (sign-extend (IR{15-0]) << 2)
Execufion, address ALUCut=AopB ALUQut = A + sign-extend if (A ==B) then | PC =PC [31-28] Il
computation, branch/ (IR[15-0]) PC = ALUOut (IR[25-0]<<2)
) )
Memory access or R-type Reg [IR[15-11]] = | Load: MDR = Memory[ALUCut]
completion ALUOuUt or
Store: Memory [ALUOut] =B
| Memory read completion Load: Reg(IR{20-16]] = MDR

Result Store

COE608 Course Notes Sum-Up
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The Final Product

Ra
Rb  busA
o Reg File
Rw
busW busB

<< 2 mtrol

B
MemtoReg ALUSelB

Control Model tm 7 | Extendj— | |
ExtOp

The state specifies control
points for register transfer. Transfers occur upon exiting the state (falling edge) i.e control outputs are of

Mealy type.

inputs (conditions) /—, @) “instruction fetch”

“decode / operand fetch”
Next State
Logic

p Control State

State X

Register Transfer
Control Points

1 ./ Depends on Input

Output Logic

outputs (control points)

Write-back

FSM for Datapath Control

) Instruction decodel
Instruction fatch rogister fatch

Memory address
compuiation
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Microprogram Control Design

The state diagrams define the controller for an instruction set

processor are highly structured.

- Use this structure to construct a simple “micro-
sequencer”

- Control reduces to programming this very simple
device using the concept of: microprogramming

sequencer| datapath control
control

Micro | instruction

v v

Sequencer

“Horizontal” Microcode

[nseq [paddr|A-mux| B-mux] bus enables | regi bles| |

¢ Control field for each control point in the
machine.

* Lots of control states but provide more
control over the parallelism in the
datapath.

Processor Instruction
Interpretation

| User program
Main ADD plus Data
Memory SIIR
ANDL this can change!

l

y one of these is
DATA. mapped into one

f th
execution ot these
unit

CPU  [contral — AND microsequence
memory

e.g., Fetch
Calc Operand Addr
Fetch Operand(s)
Calculate
Save Answer(s)

“Vertical” Microcode
e Compact microinstruction format for each
class of p-operation.
e Local decode to generate all control

poin

ts.

» Extra level of decoding can slow down the
machine.

| sre | dst | other control fieds | next states | inputs |

Ty

D
E
C

v o

a=g

2

MUX

tot

Microprogram-based Control
Control is the hard part of processor design:

- Datapath is fairly regular and well organized
- Memory is highly regular
- Control is irregular and global

Sequencer-based Control Unit

Control Logic M yele
Datapath
Outputs
1 Inputs Types of “branching”

* Set state to 0

« Dispatch (state 1)

* Use incremented state
number

| Address

Select Logic

COE608 Course Notes Sum-Up
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Microinstruction Set Design

e Start with a list of control signals

e Group signals together that make sense (this is called fields)

e Place fields in some logical order (example: ALU operations and ALU operations first)
e Create a symbolic legend for u-instruction format

e Use computers to design computers. U-assembler to get binary code

e To minimize the width, encode ops that will never be used at the same time

Field name Value Signdls active Comment 1
b B T Sequencer-based Control Unit
| AL coniral [Subt [ALUCp =01 Cause the ALU to subtradt; this implements the compare for
branches. PLA or ROM
Func code [ALUCp =10 Use the insiruciion's funciion code to detemnine ALL oonirdl,
SRC1 PC [ALUSeA=0 Use the PC as the first ALU input.
A [ALUSTCA =1 Register Ais the first ALU input. |
B [ALUSB =00 Register Bis the seoond ALUinput. l
SRC2 4 JALUS B =01 Use 4 as the second ALUinput
Exdend [AUSE=10 Use ouipdl of he sigh extension Ui as the second ALUInpUL ' T
Exishit [AUSE=11 Use the oulput of the shift- Dy-bwo Uil s the second ALUinpUL Adde
Read Read two registers Using the s and rt fields of the IR as the register 7 ™ ~ AddrCt
nurbers and putting the data into registers Aand B \- - . }
Wit ALU Reg\iite, \\ite a register using the rd field of the IR as the register number and “‘7“/
Register [RegDst =1, the contents of the ALUOLE as the data. [ [
ooniral MermioReg =0 0
White NDR Reg\hite, \\fite a register using the rt field of the IR as the register number and
RegDst =0, the contents of the NDR as the data.

Read PC MermRead, Riead memony using the: PC as address; wite resuit into IR (and

Jispatch ROM 2 DI
D=0 the NDR). Address select logic
Memory Read ALU VerRead, Read menory using the ALUOU as addess, wite result into NDR. | B ——
oD = 1 &
Wite AL i Wiite memory using the ALUOuE as address, contents of Bas the -

Werrifite,
lorD =1 data. Instruction registerd
ALU PCSource =00 Wite the output of the ALUjinto the PC. opcode field
PCWite
PC wite control ALUOut-cond [PCSource =01 If the: Zero output of the AL is active, wiite the PC with the conterts
POWiteCond of the register ALUCLL
jupaddess  |PCSource=10, V\iite the: PC with the jurmp address from the instruction.
PCOW\ite:
[Seq [paici=11 Choose the next microinsinudtion seq entially
Sequendng Felch AddrCl =00 Gotothe first micrainstruction o begin a new instruction.
Dispatch 1 [ArCi =01 Dispatch Lsing the ROM 1.
Dispaich 2 |AddCi =10 Dispatch using the ROM 2.

Example for Fetch and Decode

Label | ALU [SRC1 |SRC2| Reg. | Mem |PCWrite | Sequence
Control Control Control
Fetch| Add | PC 4 Read | ALU Seq
PC
Add | PC | Ext | Read Dispatch-1
shift
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Pipelining is simply taking each step and when the step has completed, the next instruction can use the

Pipelining

step and create an assembly line structure in the CPU. There are many hazards to pipelining so most of
the design involved hazard control.

ProgramO
executiond  _
orderd Time
(in instructions)

w $1, 100(30)
w §2, 200($0)

w §3, 300($0)

ProgramO
execution
orderd

(in instructions)

Iw $1, 100(50)

Time

Iw 2, 200(30)

lw $3, 300(50)

Hazards

2 4 6 8 10 12 14 16 18
T T T T T T T [
Instructionl Datad
fateh Reg Awu ACCHSS Reg
*Instruction ] Datad
8ns fateh Reg ALY ACCHSS Reg
a *linstructionl
ns fateh
— e
&ns
2 4 & 8 10 12 14
T T T T T T >
Instruction i1 DataOd
fatch Reg ALY aceess Reg
Instruction 1 Datad
2ns fatch Reg ALL access Reg
1 DataOd
Zns fatch Reg ALY access Reg
2ns  2ns  2ns 2ns  2ns

Structural Hazards: attempt to use the same resource in two different ways at the same time
Data Hazards: attempt to use an item before it is ready (instruction depends on result of prior)
Control Hazards: attempt to make a decision before condition is evaluated (branches)

Structural Hazard: Single Memory

Time (clock cycles)

=

il (10
H

Mem

Reg
]

Mem

|

el 2)

:1 Load ‘E" Ree IE
: Instr 1 EIEI:
r.

o |Instr 2
‘ri Instr 3

e

" YIinstr 4

gl

Control Hazard

b S - I

4o A Q

Time (clock cycles)

Add

Reg Reg

[Mem

2t

G 43
B,

Mem

1

IE,
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Control Hazard Solutions

Stall

It is possible to move the decision upward
to 2nd stage by adding hardware that

Redefine branch behavior (takes place after
next instruction) “delayed branch”

¢ . I Time (clock cycles) -
checks the registers as being read. n ; , , >
: [Add
I Time (clock cycles) r.
= o . [Be
s Reg Mem | Reg
Add -W ?' 1 .
: I ; Misc
b AR :
s r | Load
r v
e R
e ]
r
v
e Impact:
No clock cycle is wasted if one can find an
. . . instruction to put in “slot”
e Predict: guess one branch direction then P
backup if wrong.
Data Hazard and Solution
Data Hazard in r1
Dependencies backwards in time are hazards
Time (clock cycles)
Time (clock cycles) T ID/RF mB
IF {ID/RF X:MEM: WB =Y i H
dd r1,r2,r3 : i pm |
; |add r1,r2,r3 B Dm : 1 add rl,r2,r sl il
n . "
s |sub r4,r1,r3 EF 3 m - Reg : sub r4,r1,r3 |E|- L DA TR
:' L/ , 2T
* |and r6.r1.07 [ J4H l?‘J - and r6,:1,r7 w T "L
o (4] :
o or r8,r1,r9 'E @r 7 lor 18,1119 f| Im R I}.%’ D
e e
r |xor r10,r1,r11 IEI‘ r |xor r10,r1,r11 IEI‘ Reg % m

“Forward” result from one stage to another.
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Structural Hazard and Solution

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 EC}'cle 6 EC3=cle 7 Cycle 8 EC}'cle 9

cloek L1 L L L1 1 L 1 1 L1 1

R-type| Ifetch |Reg/Dec] Exec | wr | ! We ha#ve a problem!

R-type | Ifetch |Reg/Dec] Exec | wr |

Luadl Ifetch IReg!DecI Exec I Mem Wr

R-t}'pel Ifetch | Reg/Dec] Exec |\ Wr /

R-l}-‘pel Ifetch IRengec] Exec I Wr

To fix this we can insert a “Bubble” into the pipeline which essentially is a delay. This has complex
control logic.

Cycle 1 Cycle 2 Cycle.‘ig Cycle 4 ECycleS ECycle 6 ECycle 7 EC}fcles ECycle 9

Gl I LI LI LI rrerereri

[ tfetch [Reg/Ded] Fxec | Wr | : : : :
Load | Tfetch |Reg/Dec] Exec | Mem | wr |

R_tm,u,l Ifetch | Reg/Dec| Exec | Wr

R_twel Ifetch | Pipeline| Exec | Wr :

R-type| Hetch | Bubble|Reg/Dec] Exec | wr |

[ Ifetch |Reg/Dec] Exec |

Also, since R-type instructions have no Mem stage due to them being register only instructions, a
memory (NOOP) can be added where nothing happens but this will prevent many structural hazards.

1 2 3 4 5
R-t_\'pel Ifetch IRengecI | Exec ” Mem I Wr I

Cycle 1 Cycle 2 Cycle 3 Cycle 4 ECycle 5 Cycle 6 Cycle 7 Cycle 8 EC)-‘cle 9
Clock

R—t}'pel Ifetch IRng’DecI Exec I Meml Wr |

R-typel Ifetch IRengecI Exec I Mem I Wr |

ledl Ifetch IRngDecl Exec I Mem I Wr |

R-t‘\:pel Ifetch [Regﬂ]ecl Exec I Mem I Wr I

R-type[ Ifetch IReg/Del:I Exec I Meml Wr |
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How do we split the Datapath into stages?

Pipeline Control

Execution/Address Calculation | Memory access stage | stage control
stage control lines control lines lines
Reg | ALU | ALU | ALU Mem | Mem | Reg [Mem to

Instruction | Dst Op1 Op0 Src _|Branch| Read | Write | write | Reg
R-format 1 1 0 0 0 0 0 1 0
Lw o] 0 0 1 0 1 0 1 1
sw X 0 0 1 0 0 1 0 X
beg X 0 1 0 1 0 0 0 X

Main Control generates the control signals during

Instruction Decode
* Exec (ExtOp, ALUSrc, ...) control signals are used 1 cycle later.
e Mem (MemWr Branch) control signals are used 2 cycles later.

e Wr(MemtoReg MemWTr) control signals are used 3 cycles later.

Pass control signals along just like the data

i RegDec ;. Exec ;,  Mem ; Wr
: : : H : H : H
e} i} O Q
| ExtOp /= ExtOp
Alste | | ALUSre - y
2| |y [ ofaune 2 :
S|_, | Contror R 2| RexD g 2
;z — MemW _JP| MemW | | Memw ,;E
;'? Branch % Branch ) % Branch "%.
MemtoReg > MemtoReg MemtoReg = | Memtol
RegWr RegWr , ReaWi | | Reawr
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