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Multi-Cycle Implementation

« A Solution:
— use a “smaller” cycle time
— have different instructions take different numbers of cycles
— a “multicycle” datapath:
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Overview of Multi-Cycle Approach (1)

 Overview
— step: 1 clock cycle in execution

— Functional units allowed to be used more than once per instruction (as
long as it is used on different clock cycle)

— Single memory unit (instruction and data)
— Single ALU (rather than ALU and two ADDS)
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Overview of Multi-Cycle Approach (2)

Overview (-continued)

One of more registers are added after every functional unit to hold the
output until the value is used in a subsequent clock cycle

At the end of clock, all data that is used in the subsequent clock
cycle must be stored in a state element.

« Data used by subsequent instructions in a later clock cycle is stored
into one of:

— Register File
— PC
— Memory

 Data used by the same instruction in a later clock must be stored into
one of the added registers

Added Temporary Registers

IR (Instruction Register): save for instruction read
MDR( Memory Data Register): save for data read

A (Register A): register operand read from register file
B (Register B): register operand read from register file
ALUout (ALU output register): hold the output of ALU
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Multiplxor for Multi-Cycle Approach

« Single Memory —Mem (from ALUout)/Inst (from PC))
IR needs to hold the instruction until the end of execution
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Control Signals for Multi-Cycle Datapath

e Jump instr is still not included -PC
 Controlled branch is not included — PC
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Complete Multipath Datapath and Control unit
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Control Signal Explanation (Tables. P.324)
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Action of Control Signals (1-bit control signals)
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Action of Control Signals (2-bit signals)
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Instructions from ISA perspective — Clock Cycle

 What should happen in each clock cycle of the multicycle execution?
« Consider each instruction from perspective of ISA.
 Example:

— The add instruction changes a register.

— Register specified by bits 15:11 of instruction.

— Instruction specified by the PC.

— New value is the sum (“op”) of two registers.

— Registers specified by bits 25:21 and 20:16 of the instruction

Reg[ Menory[ PC] [ 15: 11]] <=
Reg[ Menory[ PC] [ 25: 21]] op
Reg[ Menor y[ PC] [ 20: 16] ]

— In order to accomplish this we must break up the instruction.
(kind of like introducing variables when programming)
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Breaking down an instruction

* |SA definition of arithmetic:

Reg[ Menory[ PC] [ 15: 11]] <= Reg[ Menory[ PC] [ 25: 21] ]

o Could break down to:
— IR <= Menory[ PC]
— A <= Reg[I| R 25: 21]]
— B <= Reg[ I R 20: 16] ]
— ALUQUt <= Aop B

Reg[ Menory[ PC] [ 20: 16] ]

— Reg[ I R 20: 16]] <= ALUQut

 We forgot an important part of the definition of arithmetic!

— PC <=

PC + 4

op

14



ldea behind multicycle approach

 We define each instruction from the ISA perspective

« Break it down into steps following our rule that data flows through
at most one major functional unit (e.g., balance work across
steps)

* Introduce new registers as needed (e.g, A, B, ALUOut, MDR, etc.)

« Finally try and pack as much work into each step
(avoid unnecessary cycles)
while also trying to share steps where possible
(minimizes control, helps to simplify solution)

 Result: Our book’s multicycle Implementation!
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Five Execution Steps

e Instruction Fetch

» Instruction Decode and Register Fetch

« Execution, Memory Address Computation, or Branch Completion
« Memory Access or R-type instruction completion

* Write-back step

INSTRUCTIONS TAKE FROM 3 - 5 CYCLES!
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Step 1: Instruction Fetch

 Use PC to get instruction and put it in the Instruction Register.
* Increment the PC by 4 and put the result back in the PC.
« Can be described succinctly using RTL "Register-Transfer Language"

| R <= Menory[ PC];
PC <= PC + 4;

Can we figure out the values of the control signals?

What is the advantage of updating the PC now?
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Step 2: Instruction Decode and Register Fetch

 Read registers rs and rt in case we need them
« Compute the branch address in case the instruction is a branch
« RTL:

A <= Reg[ | R 25: 21]];

B <= Reg[I| R 20:16]];
ALUQut <= PC + (sign-extend(I R 15:0]) << 2);

 We aren't setting any control lines based on the instruction type
(we are busy "decoding" it in our control logic)
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Step 3 (instruction dependent)

« ALU is performing one of three functions, based on instruction type

« Memory Reference:

ALUQut <= A + sign-extend(l R 15:0]);

 R-type:

ALUQUt <= A op B;

e Branch:

if (A==B) PC <= ALUQut:
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Step 4 (R-type or memory-access)

 Loads and stores access memory

VDR <= Menory[ ALUQuUt | ;
or
Menory[ ALUQUt] <= B;

* R-type instructions finish

Reg[ | R 15: 11]] <= ALUCut;

The write actually takes place at the end of the cycle on the edge

20



Write-back step

e Reg[I R 20:16]] <= MR

Which instruction needs this?
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Summary

Action for Riypa Action for mamory- Action for Action for
instructions referance instructions branches jumps

Instruction fetch IR <= Mamaory[FC]
PC == PC + 4
Instruction decode, reglstar fetch & <= Rag [IR[25:21]]
B <= Reg [IR[20:16]]
ALUOUL <= PC + (slgriextend (IR[15:0]) << 2)

Exacution, address oomputation, ALUCUE == A0p B ALLICUE <= A + slgn-extand ITiA==E8) P == {PC [31:28),
branchump completan (IR[L5:0]) PC == ALLIGUL (IR[25:0]],2"R000
Mermory accass of Rype Reg [IR[15:11]] == Load: MDR <= Memory[ALLICut)
cormpletlon ALLIZUL ar

Stora: Mamory [ALUOUL] <= B
Memary read completion Load: Reg[IR[ 20:16]] == MDR

FAGURE 5.30 Summary of the steps taken to execute any instruction class. Instructions take from three to five execution steps. The
first tweo steps are independent of the instruction class. After thess steps, an instruction takes from one to three more cyvcles to complete, depending on
the instruction <lass. The empty entries for the Memory access step or the Memory read completion step indicate that the particular instruction class
takes fewer cvcles. In a multicycls mplementation, o new mstruction will be started as scon as the current instruction completes, so these cvcles are
not idle or wasted. As mentioned earlier the register file actually reads every oycle, but as long as the IR does not change, the values read from the reg-
ister filz are identical. In particular, the walue read into register B during the Instruction decode stage, for a branch or B-type instruction, is the same as
the value stored into B during the Execution stage and then used i the Memory access stage for a store word instruction.
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Simple Questions

 Loads (b), Stores(4), ALU instructions (4), Branches(3), Jumps(3)
« How many cycles will it take to execute this code?

lw $t2, O($t3)

lw $t3, 4(%$t3)

beq $t2, $t3, Label/ #assunme not
add $t5, $t2, $t3

sw $t5, 8($t3)
Label : ..

 What is going on during the 8th cycle of execution?
* In what cycle does the actual addition of $t 2 and $t 3 takes place?

IR RN RN R NN ARREAEE
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Specification of the Multicycle Control — Finite

State Machine

* Finite state machines-A Sequential Logic Function
— aset of states and
— next state function (determined by current state and the input)
— output function (determined by current state and possibly input)

Next
State

MNext-State
Function

Current
—*|  State »

Clock
Inputs '

Output
L Function

» QOutputs

— We'll use a Moore machine (output based only on current state)

— If the output function can depend on both the current state and the
current input, the machine is called a Mealy machine.
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FSM Example - controlling a traffic light

Our example concerns the control of a traffic light at an
Intersection of a north-south route and an east-west route. For
simplicity, we will consider only the green and red lights. We want
the lights to cycle no faster than 30 seconds in each direction, so
we will use a 0.033 Hz clock so that the machine cycles between
states at no faster than once every 30 seconds.

There are two output signals:

— NSlite: When this signal is asserted, the light on the north-
south road is green; when this signal is deasserted the light on
the north-south road is red.

— EWIlite: When this signal is asserted, the light on the east-west
road is green; when this signal is deasserted the light on the
east-west road is red.

There are two inputs: NScar and EWcar.

— NScar: Indicates that a car is over the detector placed in the
roadbed in front of the light on the north-south road (going
north or south).

— EWcar: Indicates that a car is over the detector placed in the
roadbed in front of the light on the east-west road (going east
or west). 25



FSM Example - continued

e The traffic light should change from one direction to the other only
If a car Is waiting to go in the other direction; otherwise, the light
should continue to show green in the same direction as the last car
that crossed the intersection.

 To implement this simple traffic light we need two states:
— NSgreen: The traffic light is green in the north-south direction.
— EWQgreen: The traffic light is green in the east-west direction.

 wpus
Currentstate | Nsoar | EWear | Nextstate
MSgreen o 0 MSgreen
MNSgreen o 1 EWgreen
MSgreen 1 0 MSgreen
MSgreen 1 1 Ewgreen
EWgreen o 0 EWpgreen
EWgreen o 1 Ewgreen
EWgreen 1 0 MSgreen
EWgreen 1 1 MSgreen
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FSM Example - Continued

 the output function:

1 ()

NSgreen
EWgreen 0 1

 Graphical Representation

EWecar

NSgreen EWgreen

EWlite

NScar
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FSM Example — Verilog version

The next-state function would be given as

MextState = [ CurrentState - EWear ) +{ CurrentState - MScar)

where CurrentState is the contents of the state register (0 or 1) and Next5tate is the
output of the next-state function that will be written into the state register at the
(&} ll.l (1|- fhl' I.'I‘l'l'..'l'i. l.':.'l.'ll.'.

The output tunction is also simple:

MElite = CurrentState

EWlite = CurrentState

28



Review: finite state machines

« Example:

Appendix B. 37 A friend would like you to build an ““electronic eye”
for use as a fake security device. The device consists of three lights lined
up in a row, controlled by the outputs Left, Middle, and Right, which, if
asserted, indicate that a light should be on. Only one light is on at a
time, and the light ““moves” from left to right and then from right to left,
thus scaring away thieves who believe that the device is monitoring their
activity. Draw the graphical representation for the finite state machine
used to specify the electronic eye. Note that the rate of the eye’s
movement will be controlled by the clock speed (which should not be too
great) and that there are essentially no inputs.

29



FSM - Implementing the Control

« Value of control signals is dependent upon:
— what instruction is being executed
— which step is being performed

e Use the information we’ve accumulated to specify a finite state
machine

— specify the finite state machine graphically, or
— use microprogramming

* Implementation can be derived from specification
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Graphical Specification of FSM
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Graphical Specification of FSM-Instruction Fetch
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Graphical Specification of FSM-Mem Reference
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Graphical Specification of FSM- R-type

Instructions
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Graphical Specification of FSM- beq Instructions
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Graphical Specification of FSM- Jump Instruction
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Finite State Machine Control — Moore Machine

/
Control logic
Outputs
A Y
e ™

S3.52-S1-50

<t ™ N — o
o Q Q Q o
O O O O O

Op5

Instruction register
opcode field

37



Logic Equations
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Mextstatet glatal (] &0’ i

38



ROM Implementation

e ROM ="Read Only Memory"
— values of memory locations are fixed ahead of time

* A ROM can be used to implement a truth table
— if the address is m-bits, we can address 2™ entries in the ROM.
— our outputs are the bits of data that the address points to.

0000011

0O001(1 100

m n 010({1100
ﬁ;) 7;) 0111000
1000000

1010001

110(0110

1110111

m is the "height", and n is the "width"
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ROM Implementation

How many inputs are there?
6 bits for opcode, 4 bits for state = 10 address lines
(i.e., 219 = 1024 different addresses)

 How many outputs are there?
16 datapath-control outputs, 4 state bits = 20 outputs

e ROMis 210 x 20 = 20K bits (and a rather unusual size)

« Rather wasteful, since for lots of the entries, the outputs are the
same
— I.e., opcode is often ignored
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i 0 i a
1 0 0 1

a. Truth table for PCWrite

0 0 0 a

0 0 i

d. Truth table for MamBead

I
g. Truth table for MemtoRag

0 | 1 i | a

i- Truth takle for ALUGRL

0 0 0 a

0 0 1

m. Truth table for ALUScBO

I N N

p- Truth table for RegDst

Truth Tables for Control Signals

L= lefefeo|

b, Truth tabde for PFCWritaCond

a 1 L 1

&. Truth table for MemWrite

I
h. Truth table for PCSource

| i | o | i | 0 |

k. Truth tabla for ALLORD
a o 1 0

a 1 1 0

i o 0 0

n. Truth table for ALLScA

0 LU i 1

0 1 a 1

o Truth table for lorD

0 0 a {

f. Truth tabla for IRWrite

[+ 1o ] ° |
1 0 a {

i. Truth table for PCSourced

0 0 a 1

4] 0 1 O

I. Truth table for ALLIScBL

0 1 a O

0 1 1 1

o. Truth table for RegWnte
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Truth Tables for Next-States

a (8] 0 L | (8] 0 L a 1
a ] IJ- 1 4] ] IJ- L a 1

8. The truth table for the N53 ocutput, active when the nest state is 8 or 8. This signal is activated when
the current state is 1.

[ o ] i) 0 0 i) [0 ] 1]
i I_‘l 1 L i 1 { -i.l i I_‘l
A X A A A X { a 1 1
A X 5 A A X O 1 1 0
b. The truth table for the N52 output, which is active when the next state is 4. 5, 6, or 7. This situation

ocours when the curmant state is one of 1, 2, 3, or &

[ o ] 0 L a 0 L [0 [ 1]

1 |_‘. 0 0 i 1 0 0 0 1
1 (8] 1 L | 1 0 L a 1
1 ] 0 0 i 1 0 0 1 ]
A X A A A X 0 1 1 0

. The tnuth table for the NS1 output, which is active when the next state is 2, 3, 6, or 7. The next state
is one of 2. 3, 6, or T only if the currant state is one of 1, 2, or &,

X X X X X { L 4]
i l_" i) 0 i 1 i) 0 i l_"
i (§] 1 a | 1 ] a i (§]
A X A A A X { 1 1 0
4] (§] ] a | (§] ] a 4] 1
d. The truth table for the M50 output, which is active when the next state is 1, 3, 5. 7, or 9. This happens

only if the currant state is one of O, 1, 2, or 6. 42



Truth Table for 16 Control Signals

Input values (S[3-0])

Q000 | 0001 | 0010 | 0011 | 0100 | 0101 | 0110 | 0111 | 1000 | 1001
PCWrite 1 0 0 { 0 0 0 0 1
PCWriteCond 0 0 0 ) 0 0 O 0 1 0
lorD 0 0 0 1 0 1 O 0 o 0
MemRead 1 0 0 1 0 0 O 0 i ()
MenmWrite 0 0 0 { 0 1 o 0 0 0
|RWrite 1 0 0 0 0 0 0 0 K 0
MemtoReg 0 0 0 0 1 0 0 0 0 0
PCSourcel { 0 0 { 0 0 0 0 o 1
PCSourcel 0 0 0 { 0 0 0 0 1 0
ALUOp1 0 0 0 0 0 ( 1 0 o 0
ALUOpO 0 0 0 0 0 ( 0 0 1 0
ALUSrcB1 0 1 1 { 0 0 0 0 o 0
ALUSreB0 1 1 0 ( 0 0 0 0 0 0
ALUSrcA 0 0 1 0 0 ( 1 0 1 0
RegWrite { 0 0 L 1 0 o 1 o {
RegDst 0 0 0 { 0 0 0 1 0 0
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Tables for ROM implementation

Lower 4 bits of the address Bits 19-4 of the word

000 1002101000000 1000
001 COO0C00C0011000
010 COO0C00C00L0100
011 O 100000000000
0100 COOC0LO00000010
0101 C0102100000000000
0110 0000001000100
0111 0000000000011
1000 0100000010200100
1001 1000C00L000C0000

ChHTillﬂlatn 00010 00100 100011 101011 Any other
5[3-0] {H'fnllﬂﬂ} [1rllp} l_'h-lq} (1w) {5w) value

Op [5-0]

0000 0001

0001 0110 1001 1000 0010 Q010 ilegal
0010 HHXK X0 MoK, o011 0101 ilegal
0011 0100 0100 0100 0100 0100 inegal
0100 0000 QOO0 Q000 Q000 Q000 inegal
0101 0000 QOO0 Q000 Q000 Q000 ilegal
0110 0111 0111 0111 0111 0111 illegal
0111 0000 Qo000 Q000 Q000 Q000 ilegal
1000 0000 Qo000 Qo000 Q000 Q000 ilegal
1001 0000 QOO0 Q000 Q000 Q000 inegal
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PLA Implementation

* 17 unigue Minterms QF#TT:E {I. HH—
— 10 depends only on op3
currer?t states ) OF:LD H‘*E—*—
— 7 on combination of O GF:EE f gj
fi_eld and current-state QFT_D 'rl i —
bits - 'f_Dw o] ""‘+ H—
o Total Size of PLA - 1

i
[=]1

" i%f
i
i

o

.

— (#inx#minterm) +
(Houtx#minterm) =
(10x17)+(20x17) = 51!

PCWrite
PCWriteCand

i

MemRead
. MemiWrite
RWrite

- MemiaReg
< PCSourcet
PCSourced
ALUCpT
ALLCpD
ALLSrcBA

s

ALLSrcB0
o ALLUSrcA
& Rieghirite
- RegDsl
- M3

1 % N :

ns




ROM vs PLA

Break up the table into two parts
— 4 state bits tell you the 16 outputs, 24 x 16 bits of ROM
— 10 bits tell you the 4 next state bits, 210 x 4 bits of ROM
— Total: 4.3K bits of ROM

PLA is much smaller
— can share product terms
— only need entries that produce an active output
— can take into account don't cares

Size is (#inputs x #product-terms) + (#outputs x #product-terms)
For this example = (10x17)+(20x17) = 510 PLA cells

PLA cells usually about the size of a ROM cell (slightly bigger)
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