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Performance

0 Instruction Count

2 Clock cycle time “———— Implementation of Processor
0 Clock cycle per Instruction<™
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More Implementation Details

|1 Abstract / Simplified View:

Address  Instruction

Address

Data
memory

Instruction
memory

Data

[ Two types of functional units:
o elements that operate on data values (combinational)
o elements that contain state (sequential)
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0 Datapath
Q Control Unit
0 Problems with single cycle Datapath
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The Processor: Datapath & |
Control

0 We're ready to look at an implementation of the MIPS
a Simplified to contain only:
o memory-reference instructions: Iw, sw
o arithmetic-logical instructions: add, sub, and, or, slt
o control flow instructions: beq, j
0 Generic Implementation:
o use the program counter (PC) to supply instruction address
o get the instruction from memory
o read registers
o use the instruction to decide exactly what to do
a All instructions use the ALU after reading the registers
Why? memory-reference? arithmetic? control flow?
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Building the Datapath

Beanch

Acdiass insiruction

Instruction
" | memary

Rogister 8 gt

L— control
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Our Implementation

O An edge friggered methodology
0 Typical execution:

o read contents of some state elements at the beginning of the
clock cycle,

o send values through some combinational logic,

o write results to one or more state elements at the end of the
clock cycle.

State state
element Combinational logic element
1 2
Clock cycle —I u

0 An edge triggered methodology allows a state element to be read
and written in the same clock cycle without creating a race that
could to indeterminate data.
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Elements for Datapath Design

0 Include the functional units we need for each
instruction

nstruction

T edress ~_ Memrie
nstruction |—— rc A%t sum— naess R0

nstrucion

c.Adder

b Sign-extension unit

Regster
Pumbers

Why do we need this stuff?

Regiie

a Registers b AW
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Abstract /Simplified View (2nd
look)

AddressInstruction Address

Data
memory

Instruction
memory

0 PC is incremented by 4, by most instructions, and by 4

+ 4xoffset, by branch instructions.
0 Jump instructions change PC differently (not shown).

Louisiana State University 8- Single - Cycle Datapath - 11 CSC3501 FO5

Single Cycle Design

0 We shall first design a simpler processor that executes each
instruction in only one clock cycle time.

0 This is not efficient from performance point of view, since:

o aclock cycle time (i.e. clock rate) must be chosen such that
the longest instruction can be executed in one clock cycle
o makes shorter instructions execute in one unnecessary long
cycle.
0 Additionally, no resource in the design may be used more than
once per instruction, thus some resources will be duplicated.
0 Because of that, the singe cycle design will require:
o two memories (instruction and data),
o two additional adders.
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Abstract /Simplified View (1st
look)

0 Generic implementation:
o use the program counter (PC) to supply instruction address,
o get the instruction from memory,
o read registers,
o use the instruction to decide exactly what to do.
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Incrementing PC & Fetching
Instruction

-

Clock Figure 5.6
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Two elements needed to
implement R-formant ALV
operations

e
AR
S -
{_’ = [ Reguriie
& Reglsters. b.ALU
add $t1,$t2,$t3
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Two elements needed to
implement loads and stores

| MemWmE

Read
—| Aodress mE—
16 sign 3z
Data axtend

e memary
data

| MemRean
& Data memary unit o Sign-exenzion unit

Iw $t1, offset_value($t2)
Sw $t1, offset_value($t2)

Compute a memory address by adding the base register ($t2)
to the 16-bit signed offset field contained in the instruction
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Datapath for R-type, LW & SW
Instructions

Let us determine setting of control lines for R-type, Iw & sw instructions.

Complete Datapath for R-type
Instructions

Based on contents of op-code and funct fields,
Contral Unit sets ALU contrel appropriately
and asserts RegWrite, i.e. RegWrite = 1.

a cua | |
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Louisiana State University
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Datapath for LW and SW
Instructions

3 s il 16 15
SW or Iw lepcous] s I n l offset

]
=1
L

o 753 1
e

3
 erpiant 2

Control Unit sets:

= ALU control = 0010 (add) for address calculation Tor both Iw and sw
* MemRead=0, MemWrite=1 and RegWrite=0 for sw

* MemRead=1. MemWrite=0 and RegWrite=1 for Iw
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‘The datapath tor a branch

Compute the branch target address by adding the sign-extended
offset of the instruction to PC

CSC3501 F05

Louisiana State University 8- Single - Cycle Datapath - 18



Datapath for R-type, LW, SW
& BEQ
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Control

Selecting the operations to perform (ALU, read/write, etc.)
Controlling the flow of data (multiplexor inputs)
Information comes from the 32 bits of the instruction

0 Example:

add $8, $17, $18 Instruction Format:

looooool 10001 110010101000 looann 10000

[op [ rs ] rt [ rd [shant]funct|
31:26 25:21 20:16 15:11 10:6 5:0

0 ALU's operation based on instruction type and function code
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Control

A Must describe hardware to compute 4-bit ALU control input
o given instruction type

00=lwsw T~ Alop

01 = begq, . .
10 = arithmetic / computed from instruction type
o function code for arithmetic

[ Describe it using a truth table (can turn into gates):
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oo 1 we
ot T =
o010 a3
[FET) et 1|
[T ot o tham |
nm on |

Generate the 4-bit ALU control input using a small control
unit that has as inputs the function field of the instruction and
a 2-bit control field ALUOp
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— Load, store and branch |
instructions

Load or store instruction

‘35 or 4# rs ‘ rt ‘ address ‘

31:26 25:21 20:16 15:0

Branch instruction

‘ 4 ‘ rs ‘ rt ‘ address
31:26 25:21 20:16 15:0
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Truth Table for (Main) Control Unit

= ALUOR[1-0] = 00 = signal to ALU Control unit for ALU to perform add
function, i.e. set Ainvert = 0, Binvert=0 and Operation=10

= ALUOP[1-0] = 01 = signal to ALU Control unit for ALU to perform subtract
function, i.e. set Ainvert = 0, Binvert=1 and Operation=10

= ALUOP[1-0] = 10 -» signal to ALU Control unit to look at bits |5, and based
on its pattern to set Ainvert, Binvert and Operation so
that ALU performs appropriate function, i.e. add, sub, slt,
and, or & nor

Memio- | Reg | Mem | Mem

R-type [000000 1 ] 1la] 0 0 1 [
Iw 100011 (] 1 1 1 1 [ ] [ ]
sw 1w a 1 a oo o a o
beq  [oooimo d [ 4 of[a]o 1 [ 1
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Truth Table of ALU Control Unit
Input Output
Funl:l_ﬁgl.d__‘i ALU

Al UOp1 AL UOpP0 |F5[F4 F3|F2 |F1|F0| Control

(0] Q didi d/d|dld 0010 add

1 dldi did|d|d 0110 sub

1 0 110 0/01/0l0 0010/ add

1 0 110/l 0l0/1]0 0110 sub

1 0 1l0lo0/1/o0l0 0000] and

1 0 11010110011 0001] or

1 0 1101 1/01/110 0111] sit

1 0 1101110 1911 1 ‘l D_g_ nor

Alnéaive‘n Qperation
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Design of Control Unit (J included)

lhﬂ! Memio- Mem| i
543210 | Regost AL wirite] Branct] ALuop] ALupd YU"P

000000 1 o 0 a 0 0 1 0 -]
100011 0 1 1 1 o (] 0 o o
10101 a 1 d o 1 o o o o
Qooi00 a 0 d a 0 1 0 1 o
J oooaTy d d d d |0 d d d 1
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Cycle Time Calculation

= Let us assume that the only delays introduced are by the
following tasks:

— Memory access (read and write time = 3 nsec)

— Register file access (read and write time = 1 nsec)

— ALU to perform function (= 2 nsec)

Under those assumption here are instruction execution times:
Instr Reg ALU Data Reg

fetch read oper memory write  Total

R-type
Iw
W
branch
jump

+ Thus a clock cycle time has to be 10nsec, and
clock rate = 1/10 nsec = 100MHz
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Design of (Main) Control Unit

e Reg| Mem

543210 |Re AL L] ALUOp] ALUJ
oooooa| 1 a 0 1]alo] o o
1ooai1| a 1 1 1] 1o] o [ [
1oiait] aaf 9 a ofo|l1] o [ [
000100 @ a d o|lafon 1 o 1

Figure C.2.5

ReaDst =0p,0p, 09,08,0P,0P,

ALUSIe= 0p,0p,0p;0p,0p, 08,
+0ps0p,Op;0p,0p, 08,
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Design of 7-Function ALU Control Un

2l
=
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-~k ER

Bivert Operation

Figure C.2.3

ol impravernents.
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Single Cycle Implementation

0 Calculate cycle time assuming negligible delays except:
o memory (200ps),
ALU and adders (100ps),
register file access (50ps)
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Performance of Single cycle machines Example

O Memory (200ps), ALU and adders (100ps), register file access (50ps) - - - - -
0 Instructions mix: 25% loads, 10% stores, 45% ALU, 15% branches, 5% I"SZT:SC:'O" Functional units used by the instruction class

Jjumps.
0 Which of the following implementations would be faster? R-type Instructio | Register | ALU Register

o Every instruction operates in a 1 clock cycle of a fixed length n fetch access access
o Every n\;fru;hol} operates inal clock cycle of a var:able(length Loadword | Instructio | Register | ALU Register | Register

0O CPU execution time = Instruction count x CPI x Clock cycle time n fetch access access dccess
O Since CPI=1 - - -
0 CPU execution time = Instruction count x Clock cycle time Storeword | Instructio | Register | ALU Register
0 Using the critical paths we can compute the required length for each n fetch access access

class: i Branch Instructio | Register | ALU
Q g(—;afpe 400ps, Load word 600ps, Store word 550ps, Branch 350ps, jump n fetch access

ps -

0 Incase 1 the clock has to be 600ps depending on the longest instruction Jump Instructio
0 A machine with a variable clock will have a clock cycle that varies n fetch

between 200ps and 600ps.
0 The average CPU clock cycle= 600x25% + 550x10% + 400x45% +

350x15%+200x5% = 447 5ps
O So the variable clock machine is faster 1.34 times
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Example Abstract View of our single cycle proce,
Main
Control
Instruction | Instructio | Register | ALU Data Register | Total
class n read memory write E—
R-type 266°7 | 50 100 0 50 400ps control
Load word | 200 50 100 200 50 600ps I
g%
Store word | 200 50 100 200 0 550ps %\F
Branch 200 50 100 0 350ps 0 < ) 8‘, = g
= S gl |23 @
Jump 200 200ps 3 2o 3 £
5 N A “r=E 138
- T o
82 |©
0 looks like a FSM with PC as state
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N

What's wrong with our CPI=1 processor Where we are headed

rithmetic & Logical
[Pc T instMemory | RegFile [muo] ALU [mof setud 0 Single Cycle Problems:
o what if we had a more complicated instruction like floating point?

oad
[Pc T instMemory T RegFile [mof ALU | Data Mem [wdetud] 2 WGSTerI of area
Critical Path 0 One Solution:
tore o use a "smaller” cycle time
[Pc T instMemory | RegFile [mo] ALU | Data Mem ] o have different instructions take different numbers of cycles
ranch o a“multicycle” datapath:

[PC T instMemory | RegFile | cmp [mu
i
b Long Cycle Time I b= }Lb

0 All instructions take as much time as the slowest o sk
h Real memory is not as nice as our idealized memory w0 ETVI

o cannot always get the job done in one (short) cycle

Instructon - Regster #

[
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Single Cycle Processor: ®

Conclusion °0
0 Single Cycle Problems: ..
o what if we had a more complicated instruction like
floating point?
o a clock cycle would be much longer,

o thus for shorter and more often used instructions,
such as add & Iw, wasteful of time.

Q One Solution:
o use a “smaller” cycle time, and

o have different instructions take different numbers
of cycles.

0 And that is a "multi-cycle” processor.
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