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1 Number Systems:

Number System - De�nition:

S = (b, Z, δ)

b : Basis of the number (b >= 2)

Z : Set 
onsiting of |b| digits

δ : Z → {0, 1, ..., b − 1} is a transfer whi
h assigns

a natural number

Examples:

De
imal b = 10 Z = {0, 1, 2, 3, 4, 5, 6, 7, 8, 9}
Binary b = 2 Z = {0, 1}
O
tal b = 8 Z = {0, 1, 2, 3, 4, 5, 6, 7}
Hexade
imal b = 16 Z = {0, 1, 2, 3, 4, 5, 6, 7, 8, 9

, a, b, c, d, e, f}

Fixed Point Numbers:

dn−1 dn−2 ... d1 d0︸ ︷︷ ︸
n digits left

, d
−1 ... d

−k︸ ︷︷ ︸
k digits right

Binary to De
imal:

< d >=

n−1∑

i=−k

2i · di

De
imal to Binary:

Left:

< d >

2
=

n−2∑

i=0

2i · di+1 Remainder = d0 ...

Right:

< d > ·2 = d
−1 +

−2∑

i=−k

2i · di+1

Alignment in Memory: 01102 in a 16bit word:

|0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0|

MSB...........................LSB

Signed Fixed Point Numbers:

Sign and Magnitude:

< dn−1 ... d0 , d
−1 ... d

−k >= (−1)dn−1 ·

n−2∑

i=−k

2idi

Problem: double 0 representation

Symmetri
 Range:

Smallest: −(2n−1 − 2−k)
Greatest: 2n−1 − 2−k

One's Complement:

< dn−1 ... , ... d
−k >=

n−2∑

i=−k

2idi−dn−1 · (2
n−1−2−k)

Problem: double 0 representation

Symmetri
 Range:

Smallest: −(2n−1 − 2−k)
Greatest: 2n−1 − 2−k
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Two's Complement:

< dn−1 ... , ... d
−k >=

n−2∑

i=−k

2idi − dn−1 · (2
n−1)

Good: No more double 0

Asymmetri
 Range:

Smallest: −(2n−1)
Greatest: 2n−1 − 2−k

Bene�t: Simple HW performing (add,sub...)

Biased:

< dn−1 ... , ... d
−k >=

n−2∑

i=−k

2idi − BIAS

Typi
ally: BIAS = 2n+k−1 or BIAS = 2n+k−1 − 1

Good: No more double 0

Asymmetri
 Range:

Smallest: −BIAS

Greatest: 2n − 2−k − BIAS

Bene�t: Sorting 
an be done as for unsigned

Floating Point Numbers

(−1)S · M · 2E M : Mantissa, S: Sign, E: Exponent

IEEE 754 Standard:

Single pre
ision:

|31 | 30 29 27 26 25 24 23 22 | 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0|

|S | Exponent | Mantissa |

Double pre
ision:

|63 | 62 61 .. .. .. .. .. .. | 53 52 51 50 .. .. .. .. .. .. .. .. .. .. .. .. .. 1 0|

|S | Exponent | Mantissa |

Mantissa:

The number is Normalized if M = 1.m
−1 ... m

−k and 1 <= M < 2

The 1. is not stored ( hidden bit) −→ M = 1 +
−k∑

i=−1

2i · mi

Exponent:

The exponent is biased (32bit=127 and 64bit? 1023) −→ E =
n−1∑
i=0

2i · ei − BIAS Range -126 to 127

Spe
ial Values:

• E= 2n − 1 (111...= 128):

M = 0 → ±∞

Some M bits are 1 → NaN

• E= 0 (−127)

M= 0 → 0

Else: denormalized Number, hidden bit not used:

N = (−1)S ·

(
−1∑

i=−k

2i+1 · mi

)
2−127

Addition of Floating Point Numbers:

1. Align the Smaller exponent to larger Exponent

(Shift Mantissas and round...)

2. Add Mantissas

3. Normalize and round (if ne
essary)

Multiplying of Floating Point Numbers:

1. Multiply signs (Sa ⊕ Sb)

2. Multiply mantissas

3. Add exponents

4. Normalize and round (if ne
essary)
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2 Computer Arithmeti
s:

2.1 Basi
 Components:

Shifting: (e.g. Barrel Shifter)

Shift operand by k digits to the left/right.

Shift Right/Left Logi
al: (srl, sll)

Fill empty digits with 0

Shift Right/Left Arithmeti
: (sra, sla)

Preserve sign bit:

sra: 
opy most signi�
ant bit into empty digits

sla: do not shift most signi�
ant bit,

�ll empty with 0

Features:

sra(a) =̂
⌊(

a

2

)⌋

(Division by 2 without remainder)

sla(a) =̂ 2 · a

(Multipli
ation by 2 if an−1 = an−2 else over�ow)

1-Bit Adder:

Half Adder:

2
+a

b

c

s

out

Full Adder:

a c

s

out

c
b

in

+

Cal
ulation of result:

s = (a ⊕ b) ⊕ cin

Cal
ulation of 
arry out:

cout = a · b + cin(a ⊕ b)

2.2 Compound of basi
 Components:

Ripple Carry Adder:

++++

Overflow

0 = add
1 = sub

a b b

0 1

a b b

0 1

a b b

0 1

a b b

0 1

ssss

333 2 22 1 1 1 000

3 2 1 0

O0
cc

O1
c

O2
c

O3

Properties of Ripple Cary Adder:

Criti
al path: 
arry 
hain (
arry ripples trough

the adders). The delay in
reases linearly with num-

ber of adders

Over�ow dete
tion:

Unsigned: if co3 = 1
Signed: if co3 6= Co2

Carry Sele
t Adder:

++++

s2s3

++

c
O1

a a3 2 bb 23 a a1 01 b0b

a a3 2 bb 23

ss1 0

O0
c

0

1

0

1

0

1

c c

c
O3

c
O3

O3 O2

Properties of the Carry Sele
t Adder:

Split number of adders into blo
ks and perform

the addition in parallel, assuming the 
arry out of

the �rst blo
k. (More splits are possible but the area

grows)

Carry Lookahead Adder:

++ +
c0 p0

+

g0

0 0a b s a b s a b s a b s0111222333

Carry Lookahead Block

G P

CinCout

Properties of Carry Lookahead Adder:

The idea is to 
al
ulate the 
arry signals dire
tly from

the inputs and not fpr the prede
essor states.

cout = a · b︸︷︷︸
Generation

+cin · (a ⊕ b)︸ ︷︷ ︸
Propagation

Insert re
ursive the equation in itself to get the equa-

tion for ea
h 
arry signal.
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(In general no more than 4 bits are added in parallel to prevent CL-Blo
k be
ome to large.)

Arithmeti
 Logi
al Unit:

A
L
U

a

b

Mode

Cout

Result
Zero
Overflow

Symbol

a

b

Cinb inv (for substraction) Mode

This block only in the
MSB−alu

Overflow

Lessthan

Result

less

then lessthan of MSB alu
Always 0 exept LSB alu:

Cout

1-Bit Alu

ALU

ALU

ALU
0

0

a
b

a
b

a
b

b inv Mode

Result

Result

Result
Overflow

Zero

N-Bit Ripple Carry Alu

Comparision: sign ⊕ overflow =̂ a < b

Signed Multiplier: See s
ript Unsigned Multiplier: See s
ript

Sequential Multiplier:

shift
left Start

LSB(B)

Shift A left

01

32 it?

Add A to Y

Shift B right

no

yes

End

A

ALU

Y

64 bit

64 bit

64 bit
Control

B

shift
right

write enabled

Properties of Sequential Multiplier:

• Use add operation of ALU for summing up the

partial produ
ts

• Distribute multipli
ation over several 
lo
k 
y-


les

• Store multipli
ant, multiplier and intermedian-

te result in registers

Y︸︷︷︸
Product

= A︸︷︷︸
Multiplicant

· B︸︷︷︸
Multiplier

For ea
h bit bi of the multiplier B (from right to left):

• If bi == 1 add A to intermediate sum Y v

• Shift A left

Sequential Multiplier IMPROVED:

right
shift

Start

01
LSB(Y2)

Add A to Y1

Shift Y right

32 it?

yes

End

no

ALU
32 bit

Control

A

Y1 Y2

B
write enable

IMPROVED Sequential Multiplier:

• Shift Y right instead A left → only a 32 bit

ALU is needed.

• Store B initial in Y2

4



Sequential Divisor:

shift
left

Start

> 0

sla(Q)
LSB(Q) = 1

R=R+B
sla(Q)
LSB(Q) = 0

Start

R = R − B

R?
<0

sra(B)

33 it?

ALU

64 bit

64 bit
Control

write enabled

B

shift
right Q

R

A

Properties of Sequential Divisor:

Divident︷︸︸︷
A :

Divisor︷︸︸︷
B︸ ︷︷ ︸

Quotient

= X︸︷︷︸
V alue of Quotient

Divident︷︸︸︷
A =

A

B︸︷︷︸
Quotient

·

Divisor︷︸︸︷
B +Remainder

Both Method:

Implentation of multipli
ation with shift &

add/subtra
t

Example:

88 · 126 = 88 · (128 − 2) = (88 ≪ 7) − (88 ≪ 1)

While stepping through a blo
k 
ontaining only 1s

perform for ea
h bit only a shift insted of an add &

shift add the multipli
ant after having rea
hed the

end of the blo
k. Remove the �error� that has been

made by subtra
ting the multipli
and in advan
e.

Current and previous LSB(B):

00 0 → 0 shift

11 1 → 1 shift

01 1 → 0 add A to Y & shift

00 0 → 0 sub A from Y & shift

We save add/sub operations but we need still n


lo
k
y
les

Improvement:

Use a barrelshifter and prijority en
oder.

3 Instru
tion Set

De�nition:

The instru
tion set de�nes the basi
 operations a pro-


essor is able to exe
ute. All 
omputations have to be

mapped onto a sequen
e of basi
 instru
tions.

• Less instru
tions lead to larger ma
hine langua-

ge programms

• More instru
tions require more so�sti
ated


ompilers

To simplify the hardware design all instru
tions with

the same length.

Redu
ed Instru
tion Set Computing (RISC):

• Operands are stored in Registers

• Re�sters 
orresponding to variables in high level

language

• MIPS:

$sX Variable

$tX Auxillary registers for 
ompiler

R-Type: Register - Register Instru
tion

Opcode Target Shift FuncSource Source
6Bit 5Bit 5Bit 5Bit 5Bit 6Bit

Shift: shift amount for shifting operations

Fun
: Subtype of Operatoin

(add & sub have same Op
ode but di�erent Fun
)

MIPS example:

add $s1,$s2,$s3 # S3 = S1 + S2

I-Type: Immediate Instru
tion

Opcode Source
6Bit 5Bit

Target
5Bit 16Bit

Immidiate Value

Use for operations use a 
onstant value being

known at 
ompile time

MIPS example:

addi $s1,$s2, 4 # S2 = S1 + 4
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Data Transfer Instru
tions:

Many Programms use morge variables then registers

are available → Variables are stored in Memory and


opied into registers when they are needed. The

pro
ess of moving the 
ontent of registers being less

frewuently used to memory is 
alled register spilling.

Alignment Restri
tion: 32-Bit word always start

at adresses being multiple of 4.

Little Endian:Big Endian:

x+0 x+2 x+3 x+3 x+2 x+1x+1 x+0

Load/Store-Type:

Opcode Source
6Bit 5Bit

Target
5Bit 16Bit

Address Offset

MIPS example:

lw $t0, 32($s3)

Take the 
ontent fo $s3 as a memory address

and load the date being stored there into $t0

Bran
hing Instru
tions:

(Conditional and un
onditional jumps, 
all subpro-

gram, return from subprogramm)

Bran
hes: evaluate a 
ertain 
ondition and jump to

a 
ertain target when the 
ondition holds

Jumps: jump always to a 
ertain target

Bran
h Formats:

Jump:

Opcode
6Bit

Jump Address
26Bit

Bran
h:

Opcode Source
6Bit 5Bit

Target
5Bit 16Bit

Branch Address

More than 216 Words → PC=PC+Bran
h Address

Further Instru
tions:

Jump and Link :

Stores address of tje instu
tion to be exe
uted imme-

diatly after returning.

Shift and Rotation :

e.g. Logi
 & arithmeti
 shift

String Instru
tions:

e.g. 
opy and 
ompare bytearrays

Pro
essor Control Instru
tions:

e.g. RESET, STOP, TRAP, NOP

Sta
k:

For saving register 
ontents of main routine a sta
k

is used (LIFO). The sta
kpointer is a register whi
h

points to the top of the sta
k. The framepointer

is a register whi
h points to the �rst sta
k entry

belonging to the running pro
edure

Sta
koperations:

Push: SP� and insert word at SP

Pop: Remove word at SP and SP++

3.1 Addressing modes:

Register addressing: 0-Stage

Expli
it:

Operand is the 
ontent of a register. the instru
tion


ontains the number of the register expli
it.

Impli
it:

Instu
tion always a

esses on a register impli
itly

(label)

Immediate addressing 0-Stage

The instru
tion 
ontains operand value:

e.g. addi $s1,$s1,4

1-Stage:

Dire
t:

Instru
tion 
ontains address dire
t (j)

Indire
t:

Instru
tion 
ontains number of register who
h 
on-

tains the address (jr)

Index Addressing:

The e�e
tive address is 
al
ulated from a base (in

reg. or mem.) and a ao�set being 
ontained in the

instru
tion or in a register. (lw,sw)

PC-Relative Addressing:

Index addressing with PC as base
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3.2 Instru
tion Set Ar
hite
tures

Instru
tion set ar
hite
htures di�er in the way where the operands are lo
ated immediatly before an instru
tion is

exie
uted. Today Reg-Memory and Reg-Reg are mostly used

Sta
k and A

umulator Ma
hine:

+ Simple Hardware

- A

essing operand os more 
ompli
ated than for

ma
hines using general purpose registers

- Many memory a

ess

SP

...

Memory

Stack

...

...

...
Memory

...

...

Accumulator

Register-Memory Ma
hine:

+ Data 
an be a

essed without using a additional

load instru
tion

- Number of 
lo
k
y
les used per instru
tion may

vary deoending in addressing mode

- Instru
iton sizes may vary deoending in addres-

sing mode

...

Memory

...

...

...

Register−Memory

Register-Register Ma
hine:

+ Simple (only a few instru
tion formats)

+ Many instru
tion require similar number of


lo
k
y
les

+ 3 re�ster addresses (sour
e, sour
e, target) 
an

be easily implemented into a 32 bit instru
tion

+ fast

- Larger programms be
ause of additional

load/store instru
tions

...

Memory

...

...

...

Register−Register

Memory-Memory Ma
hine:

+ Simple Hardware (no registers)

- memory a
ess limit speed

Memory
...

Memory−Memory

3.3 Building a Programm

LIB OBJ

Compiler

C−Code

ASM

Assembler

OBJ

Linker

EXE

Loader

Compiler:

Translates high level language programm into assembler language

Assembler:

Translates symboli
 ASM programm into obje
t �les (binary). The assembler assigns

addresses to lables (symbol table) and translate pseudo assembler instru
tions.

Linker:

Many parts of proggramms rarely 
hanges and are stored in a library. The linker bind

obje
t and library �les and re
a
al
ulate the addresses of the labels

Loader:

The loader allo
ates spa
e in Memory and 
opies exe
utable into it.
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3.4 Instru
tion exe
ution

1. Instru
tion Fet
h:

• fet
h instu
tion from memory

• 
ompute the address of the next sequential in-

stru
tion

2. De
ode and Fet
h Operands:

• Read operands spe
i�ed by register source and

register target �eld in instru
tion into A and

B

• Cal
ulate bran
h target address (ALU doesn't

do anything else)

3. Exe
ution Step:

A
tion being performd depends on instru
tion type:

a. load / store: 
al
ulate address of memory 
ell

being referen
ed using ALU

b. arithmeti
 / logi
al: perform operation using A

and B and store result in T


. 
onditional bran
hes: 
ompare A and B unsing

ALU. Depending on the Result write target ad-

dress to the PC (3 ϕ)

d. un
onditional jump: repla
e PC nby the jump

target address (3 ϕ)

4. Memory A

ess / Exe
ution Completion:

a. load / store:

load: read data from memory and store in MDR

store: write 
ontent of operand register B into

memory (4 ϕ)

b. arithmeti
 / logi
al: store the 
al
ulated result

in the target register (4 ϕ)

5. Memory Read Completion:

a. store 
ontent of MDR in target register (5 ϕ)

4 Datapath and Control:

For instan
e: MIPS Datapath (Le
ture slides ADS1 UNI-KL 5-28)

Instru
tions may require di�erent exe
ution times (lw 5, j LABEL 2)
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Single-Cy
le Ma
hine:

In a single-
y
le implementation the 
y
le time is de-

termined by the most 
omplex instru
tion

CPI: Clo
l per instru
tion

Multy-Cy
le Ma
hine:

Ea
h instru
tion is broken into a series of steps. The

exe
ution of ea
h step take one 
lo
k 
y
le

+ The exe
ution time 
an be adapetet to its 
om-

plexity

+ Fun
tional units may be shared of the instru
-

tions (pipelining)

- Needs additionaly temprary registers for sto-

ring intermediate results of the instru
tion

4.1 Components:

Temporary Registers:

• IR: Instru
iton register

• MDR: Memory data register

• A,B: Operand register

• T: Alu target register

• PC: Programm Counter

Memory:

The Memory stores instru
tions and data.

• Data Signals:

Write Data (input)

MemData (output)

• Adress Signals:

Address: Whi
h 
ell should be a�e
ted?

• Control Signals:

MemRead set to 1 to read

MemWrite set to 1 to write

Register File:

The Memory stores instru
tions and data.

• Data Signals:

1 Data input

2 Data output

• Adress Signals:

3 Address input

• Control Signals:

RegWrite (determines whether or not write

is performed)

Two register may be read and one register may be

written simultaneously

ALU:

• For arithmeti
 / logi
al instru
tions.

• For address 
al
ulation, 
ondition testing

• Alu
ontrol: 
ombinatorial 
ir
uit determing the

operation being exe
uted
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Sign Extension:

Load Store instru
tions 
ontain a 16 bit signed ad-

dress o�set. This address o�set must be transformed

into a 32 bit value.

Copy the most signi�
ant bit into the left half of the

32 but word the right half remains un
hanged

Shifting:

Conditional bran
hes 
ontains a 16-bit o�set being

added to 
ontent of the PC when the target address of

the bran
h is being 
al
ulated. Be
ause the alignment

restr
tion the o�set will be multiplied by 4 → shift 2

bits left (also un
onditional bran
hes...)

Control Unit:

Implement as a �nite state ma
hine.

Input: op
ode�eld of instru
tion

Output: 
ontroling signals for modules

4.2 Control Unit:

Implementation as ROM:

Use a ROM for implementing fun
tions, 
al
u-

lating output and next state. The ROM address


onsits of the Op
ode �eld and the 
urrent state.

The 
orresponding memory word 
onsits of 
ontrol

signals.

Disadvantage: ROM 
an be
ome to large for re-

al big instru
tion sets.

ROM

D

Control

Next State

Current
State

Opcode

Implementation as ROM with Sequen
er:

Datapath 
ontrol signals depend only on 
ur-

rent state → Seperate 
al
ulation of next state from


al
ulation of the 
ontrol signals (Sequen
er)

For ea
h bran
h in the state transition diagramm

there is one dispat
h table 
ontaining the next states

ROM

Control

+

1

0

...

Address
Control

DROM DROM

Opcode

Sequencer
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Implementation as Mi
roprogramm:

The 
ontrol unit is designed by writing a programm that implements ea
h ma
hine instru
tion as a se-

quen
e of mi
roinstru
tions.

Mi
roprogramm:

Symboli
 representation of the behaviour of the 
ontrol unit.

• Every mi
roinstru
tion 
onsists of severl �elds

• Fields 
ontrol basi
 a
tions in the data path

• Ea
h �eld 
orresponds to a set of 
ontrol signals

• Ea
h �eld 
an take one of several symboli
 values

• Symboli
 values are translated by a mi
roassembler into binary for 
ontrol signals

• Additional �eld sequen
ing: determines how to sele
t the next instru
tion

Seq: in
rement 
urrent address by 1

Fet
h: begin exe
tuting a new instr
ution

Dispat
h i: determine next mi
roinstru
tion by using a dispat
h table (in ROM)

Ex
eptions and Interrupts:

Ex
eption: Pro
essor Internal

• Division by zero

• Over�ow during arithmeti
 operation

• Instru
tion with illegal op
ode

Interrupt: Pro
essor External

• Communi
ation request from I/O

Handling:

• Store address of 
urrent instru
tion in ex
eption

programm 
ounter (EPC)

• store 
ause of interrupt in status register

• 
all a dedi
ated pro
edure of the operating sys-

tem (ISR)

• The �rst instru
tion of the ISR is stored in the

exeption address (mostly 0000)

5 Instru
tion-Level Parallelism

Modern pro
essors apply te
hniques for exe
uting several instru
tions in parallel to enhan
e the 
omputing power

5.1 Pipelining

Prin
iple:

The exe
ution of a ma
hine instru
tion is divided into several steps 
alled pipline stages (�same exe
ution time).

These stages may be exe
uted in parallel

A B C D

A B C D

A B C D

A B C D

A B C D

A B C D

Time

With pipelining:

Time

Without pipelining:

MIPS 5 Pipelinestages:

1 IF: Instru
tion fet
h

2 ID: Insttru
tion de
ode and register �le read

3 EX: exe
ution / memory address 
al
ulation

4 MEM: data memory a

ess

5 WB: result writeba
k

Stru
tural Hazard:

Non-pipelined multiy-
y
le CPU has shared ALU

for exe
uting arithmeti
/logi
al instru
tions and

in
rementing the PC. With pipelining there is now a

problem!

De�nition stru
tural hazard:

Two instru
tions wish to use a 
ertain hardware


omponent in the same 
lo
k 
y
le leading to a

resour
e 
on�i
t

Solution → use additional hardware
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Avoiding Stru
tural Hazards:

• Permit in
rementing PC and exe
uting arith-

meti
 / logi
al instru
tions 
on
urrently:

→ Use seperate adder for in
rementing PC

• Permit reading next instru
tion and rea-

ding/writing data from memory:

→ Divide memory into instru
iton and data

parts (Harvard)

• Permit exe
uting an arithmeti
 / logi
al in-

stru
tion followed by a bran
h:

Fe De Ex Wr

Fe De Ex

Add

Branch

Time

→ Use a seperate adder for bran
h address


al
ulation

Dupli
ating hardware 
omponents in general leads

to less and / or smaller multiplexers

Avoiding Con
eptional Bugs:

BUG: e.g. load instru
tion writes result into

wrong register: the used register number belongs to

the instru
tion that has just been fed into to pipeline!

Pipelined Datapath 1. Approa
h

(Le
ture Slides ADS1 TU-KL)

Solution: Hand over 
ontrol signals to the next

stage using the 
orresponding pipeline register
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Cosider an instru
tion a that pre
edes an instru
tion b in programm oder:

Data Dependen
es - Data Hazard

$

$

$

$

Read after write hazard

Full�lled dependen
y

Dependen
es:

Data Dependen
e:

a writes into a register that will be read by b

Antidependen
e:

b writes into a register that will be read by a

Outputdependen
e:

a and b write into the same register

Data Hazards:

A data hazard is 
reated whenever the overlapping

(pipelined) exe
ution of a and b would 
hange the

oder of a

ess to the operands whi
h are involved in

the dependen
y

read after write:

b read sour
e before a writes it (b gets the old value)

write after read:

b writes an operand before a 
an read it (a gets the

new value)

write after write:

b writes an operand before it is writte by a

Resolving with NOP:

The 
ompiler 
an resolve the data hazards by test

the programm for potential data hazards and insert

NOP's to eliminate them.

Modern pro
essors are able to dete
t data ha-

zards during exe
ution by analyzing the register

numbers of the instru
tions using additional 
ontrol

logi
. Then the pipeline must be stalled.

Resolving with Forwarding:

The ALU may read operands from ea
h of the pieline

registers. The 
orre
t operands are sele
ted by multi-

plexers that are 
ontrolled by the forwarding unit.

Inputs for Forwarding Unit:

• Register operand numbers of instru
tion in EX

stage

• Target register number of instru
tions being in

MEM and WB stage

• Control signals indi
ating type of instru
tions

being in MEM and WB stage

Register numbers are stored and moved forward in

the pipeline registers

Forwarding Example:

$ $

$ $

$

$

$

$

Instead

Data required by subsequent instru
itoins exists al-

ready in pipeline register

If a register is read and written in the same 
lo
k 
y-


le, send new data to data output

Limitation of Forwarding:

We have to stall the pipeline for 
ombinations of a

load followed by an instru
tion that reads its result.

Therefore we need additional hazard dete
tion

hardware

Stall:

Stalling the pipeline means to repeat all a
tions from

the previous 
lo
k 
y
le in the 
orresponding stages.

(PC and IF/ID register must be prevented from

being overwritten)

Hazard despite forwarding:

afteradd lw

$

$

$

$

M

M
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Control (or Bran
h) Hazards:

In pipelining a instru
iton is fet
hed at every 
lo
k


y
le. If there is a Bran
h we start exe
utiong

instru
tions before we know wheteher they are really

part of the programm �ow! If the bran
h is not taken

we 
an 
ontinue normally. Else we have to dis
ard all

instru
tions from the pipeline.

Avoiding Control Hazards:

The earlier we know wether a bran
h will be taken,

the fewer instru
tions need to be �ushed from the

pipeline.

We integrate a additional 
omperator into the

ID-Phase. → Only one istru
tion needs to be �ushed.

Optimization: Bran
h Delay Slot

Don't �ush the instru
tion from the pipeline! An instru
tion following immediately after a bran
h is always

exe
uted

Strategy by 
ompiler:

• Pla
e in ins
tru
tion to the bran
h delay slot whi
h is not a�e
ted by the bran
h

• If no suitable instru
tion is found pla
e a NOP there.

Typi
ally the 
ompiler/assembler will �ll about 50% of all delay slots with usefull instru
tions

5.2 Con
urrent exe
ution

Pro
essors with several fun
tional units:

The times required for exe
uting of di�erent instru
-

tions may di�er signi�
antly depending on the type

(Integer / Floating Point...).

Making the 
y
le time long enough so that the slowes

instru
tion 
an be exe
uted in one 
y
le would slow

down the pro
essir dramati
ally.

Solution:

Distribute the EX stage of 
omplex operations over

several 
lo
k 
y
les and use several fun
tional units

in the EX stage. That allows to exe
ute several

instru
tions in parallel.

Fun
tional units whi
h are not pipelined (divi-

sion) and whi
h require more than one 
lo
k 
y
le

for exe
ution may 
reate stru
tural hazards! Also

out-of-order (mult, add) 
ompletion may lead to

write after write hazard

IF ID

EX

M WB

Integer

FP/I Mult

FP Adder

FP/I Division

(Seperate register �le for storing PF operands)

Avoiding Stru
tural Hazards:

Use a shift register to memorize the 
lo
k
y
le of the

writeba
kphase.

If a instru
tion dete
t that a stru
tual hazard will

o

ur the instru
tion being stalled for one 
y
le in ID

stage

Avoiding Write After Write Hazards:

Be
ause several instru
tions are longer than the

others they are 
ompleted after the others are


ompleted (out-of-order)

Solution:

The shorter instru
tion has to be stalled while the

longer is 
ompleted.

Hazard dete
tion logi
 dete
ts all hazards in ID stage and resolves them by stalling the 
orresponding instru
tion

Hazard Dete
tion in De
ode Phase:

• Che
k for stru
tural hazards:

Make sure that the register writeport is available when it will be needed. (else stall)

• RAW hazards:

Make sure that the sour
e register is not a target register in one path of the extended exe
ution phase.

• WAW hazards:

Make sure that no instru
tion has the same target that this instru
tion

14



Dynami
 Bran
h Predi
tion:

In pro
essors with multiple fun
tional units deep

pipelines are used. This may lead to large bran
h

delays if a bran
h is predi
ted the wrong way!

Idea: predi
t bran
hes using the program's past

behaviour.

Small memory addressed by the lower bits of

the instr
ution address 
ontains a �ag indi
ating

whether the bran
h has been taken or not. This �ag

is set or reset at ea
h bran
h

Improvement: 2 bit predi
tion s
heme

Bran
h Target Bu�er:

Addresses of Branch
instructions

Branch target
addresses Predicted taken or untaken

...

Instruction
memory

= ?

Control PC

6 Dynami
 S
heduling:

Stati
 S
heduling:

Exe
ution is tarted in the order in whi
h the instru
-

tions have been fet
hed (e.g. in the order whi
h the


ompiler has determined). If a data dependen
e o
-


urs that 
an not be resolved by forwarding the pipe-

line is stalled. No new instru
tions are fet
hed until

the dependen
e is 
leared

Dynami
 S
heduling:

Hardware rearranges instru
tion exe
utions dyna-

mi
ally to redu
e stalls. Dynami
 S
heduling takes

stru
tural hazards and data hazards into 
onsidera-

tion.

To avoid an instru
tion is stalled be
hause a

data hazard delays all subsequent instru
itons, the

ID stage is split into two stages: issue (de
ode, 
he
k

for hazards), read operands (wait until no data

hazards, then read operands) This 
an lead to o-o-o

exe
ution and o-o-o 
ompletion

Out of Order Exe
ution:

O-O-O exe
tion may lead to write after read hazards.

div $f0, $f2, $f4

add $f5, $f0, $f6 Stalled be
ause $f0 is needed RAW

mul $f6, $f6, $f7 If started mul is �nished before add, add will read the wrong value from $f8 WAR

6.1 S
oreboard:

Idea:

Maintain a exe
tion rate of ine instr
iton per 
lo
k


y
le by exe
uting an instru
tion as early as pissible

If an instu
tion needs to be stalled be
ause of a data

hazard other instru
tions 
an be issued and exe
uted.

• Dete
t stru
tural and data hazards

• Determines when an instru
tion may read ope-

rands and when its exe
uted

• Determines when en instru
tion 
an write its

result into the destination register.

A S
oreboard 
onsits of following tables:

• Instru
tion status

• Fun
tional unit status

• Result register status

S
oreboard and Pipeline:

WB

WB

WB

Score
Board

IF I

B
uf

fe
r

Issue

R

R

R

Read OPs

ID

WAR

Structural
WAW

RAW
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6.1.1 S
oreboarding Pro
edure:

1. Issue:

Issue the instru
tion if and only if:

• a fun
tional unit for the instru
tion is free.

(Resolve stu
tural hazards)

• no other a
tive instru
tion has the same target

register

(Resolve WAW)

Than the s
oreboard issue the instru
tion to the fun
-

tional unit and updates the internal data stru
ture.

Else the issue stage stalls. Subsequent instru
tions are

written into a bu�er between instru
tion fet
h and

issue. If the bu�er is �lled then the instru
tion fet
h

stage stalls.

2. Read Operands:

When all operands are available the so
re board tells

the fun
ital unit to read its operands and to begin

exe
ution (may lead to o-o-o exe
ution). A sour
e

operand is available when no a
tive instru
tion issued

earlier is going to write it. → stall. (Resolve RAW).

3. Exe
ution:

The fun
tional unit exe
utes the instru
tion (may ta-

ke several 
lo
k 
y
les) When the result is ready the

fun
tional unit noti�es the s
oreboard.

4. Writeba
k

After exe
ution the s
oreboard 
he
ks for WAR hazards. If no su
h hazard o

urs the result 
an be written

to the destination register.

6.2 Tomasulu S
heme:

There are no ways to avoid RAW hatards. We have to wait until all operand are 
al
ulated! (if there is no forwarding)

But we 
an avoid stalls by WAR and WAW hazards.

Idea:

Rename destination registers of instru
tions in

a way that prevents instru
tions being exe
uted

o-o-o from overwriting operands being still required

by other instru
tions.

Use temporary registers for the remaining.

Example:

div $f0, $f2, $f4

add $f6, $f0, $f8 RAW for $f0

sub $f8, $f10, $f14 WAR for $f8

mul $f6, $f10, $f8 WAW for $f6, RAW for f8

Rename Registers:

div $f0, $f2, $f4

add $S, $f0, $f8

sub $T, $f10, $f14

mul $f6, $f10, $T

Reservation Station:

• Bu�er the operands for instru
tions waiting for

exe
ution.

If an operand is not yet 
al
ulated the 
orre-

sponding reservation station 
ontains the num-

ber of fun
tional unit whi
h will deliver the re-

sult.

• Renaming of register number to numbe rof re-

servation station (during issue phase)

• Information about the availability of the ope-

rands stored in a reservation determines when

the 
orresponding instru
tion 
an be exe
uted.

• As results be
ome available they are sent dire
t-

ly from the reservation station to the waiting

FU over the 
ommon data bus

• When su

essive writes to a register overlap

in exe
ution only the result of the instru
tion

being issued at last is used to update the

register (resolves WAW/WAR)

Tomasulu Algorithm:

16



1. Issue:

Get next instru
tion from the head of the instru
iton

queue and issue it to a mat
hing resservation station.

Operands are available in registers:

yes: hand over vales to reservation station

no: hand over names of those reservaton stations

that are 
al
ulating the values

Bu�ering operands resolves WAR hazards. If

no mat
hing reservation station is empty there is a

stru
tural hazard. → stall.

2 Exe
ution:

1. If one more of the operands are not available,

monitor the CDB

2. If an operand be
omes available pla
e it in the

waiting reservation station(s)

3. Waint until all operands for an sinstru
iton are

available then start exe
ution

Resolves RAW hazards

3. Write result: When the result is available send

it to the CDB

From CDB it is send:

1. To waiting reservation station

2. Only if the instru
tion is the one being issued

last write to the target register

Resolves WAW hazards

DS-Bran
hing Simple Solution:

Instru
tions following a bran
h are issued only. Exe-


ution starts not earlier than the bran
h predi
tion

has turned out to be 
orre
t

→ Can redu
e e�
ien
y of th pipeline dramati
ally!

DS-Bran
hing - Spe
ulative exe
ution:

Write Result Stage is split in two stages:

1. Write results:

• Instru
tions are exe
uted as operands be
ome

available. Results are written to a reorder bu�er

• For ea
h a
tive instru
tion there is one entry in

the ROB Their order 
orresponds to the order

the instru
tions have been issued (The heat of

the ROB 
ontains the result of the a
tive in-

stru
tion being issued �rst)

• Subsequent instru
tions 
an read their ope-

rands from this bu�er.

Writes going to register �le and memory are delayed

until bran
h predi
tions turn out to be 
orre
t.

2. Commit:

When an instru
tion that writes to memory or

register �le rea
hes the head of the ROB its result

is written. If the head of the ROB 
ontains an

in
orre
tly predi
ted bran
h the ROB is �ushed.

Results 
al
ulated by instru
tions following the

bran
h are dis
arded!

7 Multiple Issue Pro
essors

Multiple Issue:

Using multiple FUs, dynami
 s
heduling, bran
h

predi
tion and spe
ulation allow to a
hieve an CPI

of nearly one. CPI < 1 is not possible be
ause we

issue only one instru
tion per 
lo
k 
y
le

→ Issue multiple instru
tions in one 
lo
k 
y
le

(up to 8 in pra
ti
e)

The sets of instru
tions being issued in parallel

are 
alled instru
tion pa
kets or issue pa
kets.

Overview:

17



7.1 Supers
alar (Instru
tion Pa
kets by Hardware)

Dual-Issue: (stati
)

In one 
lo
k 
y
le we 
an issue:

• One integer instru
tion

• One arithmeti
 �oating point instru
tion

Only slight extensions of the hardware ne
essary 
om-

pared to a single issued implementation.

4-way issuing pro
essor: (dynami
)

In order to enable multiple issues per 
lo
k 
y
le we

must be able to fet
h multiple instru
ions per 
y
le

also. We have to fet
h the instru
itons stored at PC.

PC+4, PC+8, PC+12 from memory

→ Wide bus to instru
tion memory required.

Problem:

What if one of these instru
tions is a bran
h?

Looking into the bran
h target bu�er would in
rease


y
le time → Only single issue for bran
hes

Stati
ally S
heduled:

• Must dete
t dependen
es in sintru
ion pa
kets

and resolve them by inserting stalls

• Needs assistan
e of the 
ompiler for a
hieving a

high amount of parallelism

• Simple Hardware

Dynami
ally S
heduled:

• Requires less assistan
e of the 
ompiler

• Hardware is mu
h more 
omplex

Compiler Te
hniques:

Loops may be unrolled in advan
e by the 
ompiler.

7.2 VLIW (Instru
tion Pa
kets by Compiler)

Very Long Instru
tion Word:

For highley supers
alar pro
essors the hardware be
omes very 
omplex. With this approa
h we let the 
ompiler

do as mu
h work as possible in advan
e. The Compiler groups instru
tions with no dependen
es into a VILW.

This VILW will be exe
uted in parallel.

→ No hardware for hazard dete
tion and s
heduling is needed

Layers of S
heduling:

• lo
al : s
heduling inside list of instru
tions without bra
hnes (basi
 blo
k)

• global : s
heduling over several basi
 blo
ks

8 Memory

Memory Consisten
e:

• Memory Cell:

Stores one memory wird 
ibsustubg if k bites

(word size)

• Capa
ity:

Number o� 
ells × word size

• Control:

Input for addresses

I/O for data being read/write

R/W signal: read or write?

CS (
hip sele
t): a
tivate module?

Memory Hiera
hy:

CPU

Register

(SRAM)
1. Cache

2. Cache
(SRAM)

(DRAM)
Main Memory

Virtual Memory
(DISK)

Speed:
Size:
Cost:
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8.1 Prin
iple of Lo
ality:

Temporal Lo
ality: (lo
ality in time)

If an item is referen
ed then it will tend to be refe-

ren
ed soon again. (e.g. loops, or interim result...)

Spatial Lo
ality: (lo
ality in spa
e)

If an item is referen
ed, items whose addresses are


lose by will tend be referen
ed soon. (PC most of

the time is just in
remeted, iterating over arrays...)

→ 
opy those into a small but very fast memory.

8.2 Ca
hes:

Ca
he:

Use separate 
a
hes for instru
tions and data.

This allows to read instru
itons and data item in

parallel and the stru
ture of the 
a
he is more simple.

Terminology:

• Upper level = Ca
he

• Lower level = Memory

• Hit = data is in upper level

• Miss = data is not in upper level

• Hit ratio = hit
access

• Miss ratio = miss
access

• Hit time = time ne
essary for a
essing the up-

per level

• Miss penalty = additional time being reqired

for a

essing the lower level (when miss).

Dire
t Mapped: (one-way asso
iative)

For ea
h memory 
ell there exists exa
tly one

lo
ation in the 
a
he where it 
an be stored. Index

= (memory address of blo
k) modulo (number of

bo
ks in the 
a
he) But you 
an't have e.g. 00001

and 01001 in the 
a
he at the same time! (
olission

misses)

Also there is only one 
omperator needed

Terminology:

Tag: For ea
h blo
k, the part of the upper portion

of the address being the same for all memory 
ells in

this blo
k is stored

Valid Bit: indi
ates if 
ontent of blo
k is valid

Reading from the Ca
he:

Read Hit:

an instru
tion is exe
uted as usual

Read Miss:

Ca
he 
ontrol unit noti�es CPU that the item it just

has read has been invalid → CPU has to be stalled.

Example for instru
tion 
a
he:

1. Send original PC (
urrent -4) to memory

2. Instru
t memory to perform a read and wait...

3. Store data in 
a
he, store upper portion of ad-

dress in tag and set valid bit to 1

4. Restart fet
hing the instru
tion

Writing to the Ca
he (1):

Write hit:

Write through method:

The information is written to both: the blo
k in the


a
he and to the blo
k in the next level memory

(easy to implement, no speedup for writes...)

Write ba
k method:

The information is written only to the blo
k in the


a
he. The blo
k is marked as modi�ed (=dirty)

using an additinal dirty but for ea
h blo
k. The data

is written ba
k to memory later when the blo
k is

repla
ed. (redu
es the working load on system bus, in


ases where multiple 
omponents are allowed to write

there 
an be a 
oheren
y problem: DMA, Multi
ore..)
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Writing to the Ca
he (2):

Write miss:

Write allo
ate method:

The 
orresponding blo
k is allo
ated �rst. Then the

information is written in the 
ase of a write hit (used

in 
ombination with writeba
k

Write no-allo
ate method:

The information is written only to the memory. The


a
he is not a�e
ted (used in 
ombination with write

through)

Taking advantage of spatial lo
ality:

In 
ase of a 
a
he miss load multiple words from

memory (and not only the one being referen
ed)

→ Multiple words for ea
h 
a
he blo
k

(e.g. 4 32-bit words)

To take advantage of grouping multiple words

into one blo
k the memory must support multi-word

memory a

ess in order to in
rease the memory

bandwith

Ca
he Using Four-Word Blo
ks: One Word Wide Memory Orginisation:

(With Four-Word Ca
he)

Ca
he sends address a to memory.

The memory sends ba
k the words

stored at a,a + 1,a + 2,a + 3 one after

the other

Miss penalty: 65 
lk

Band width: 0.25

Four Word Wide Memory Organisation:

(With Four-Word Ca
he)

Ca
he sends address a to memory. The memory

sends ba
k the words stored at a,a + 1,a + 2,a + 3 in

parallel. (But high 
ost for wide busses)

Miss penalty: 17 
lk

Band width: 0.94

Interleaved Memory Organisation:

Ca
he sends address a to memory. The memory reads

the words stored at a,a + 1,a + 2,a + 3 in parallel but

sends them to the 
a
he sequentially

Miss penalty: 20 
lk

Band width: 0.8

Fully Asso
iative Ca
he:

Ea
h Blo
k 
an be pla
ed anywhere in the 
a-


he. When a

essing the 
a
he the tags of all blo
ks

are 
ompared in parallel against the tag of the

address. So there no 
olission misses but we need

one 
omparator for ea
h 
a
he blo
k and this is very

expensive. (Only for small 
a
hes)

Set Asso
iative Ca
he:

For ea
h memory blo
k there exists one set of


a
he blo
ks where the memory blo
k 
an be pla
ed.

For a n-way set asso
iative 
a
he ea
h set 
onsists of

n 
a
he blo
ks. The index �eld denotes the number

of the sets wehre a blo
k 
an be pla
ed: index =

(blo
k address) modulo (number of sets)

There are n 
omperators ne
essary.
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Blo
k Pla
ement Strategies: Example for 4-Way Asso
iative Ca
he

Repla
ement Strategies:

1. Random:

Randomly sele
t the blo
k that will be repa
ed.

2. Least Re
ently Used (LRU):

Repla
e the blo
k of a set that has been unused for

the longest time. Redu
es number of 
on�i
t misses.

Easy to implement but expensive for full asso
iative


a
hes.

Main Memory:

Modern 
umputer have a very large address range.

Using n address bits we 
an address 2n memory


ells. But we 
annot a�ord to provide 
omputers

with memories being as large as the address range!

(e.g. 64 Bit = 1, 7 · 1012 e )

9 Multi Tasking Systems

Typi
al Workstation S
enario:

Many Programms run at on
e.

• A Programm 
ann ot use the whole memory for

itself

• Programms have to be prote
ted against ea
h

other

• Problem: Compiler/Linker do not know how

mu
h physi
al memory is available and ehre in

memory a programm will be stored

Easy Solutions:

• Loader repla
es absolute addresses when loa-

ding a programm

• User programms may only use addresses relati-

ve to PC or dedi
ated address base registers

• Drawba
ks: Fragmentation, Low utilization

Virtual Memory:

• Data that 
annot be stored in main memory

be
ause of 
apa
ity reasons are moved to the

hard disk.

→ Capa
ity of the whole virtual memory may

be mu
h larger than main memory

• From the user pont of view all data is stored in

the main memory

• Moving the portions of data is done by the ope-

ration system, but assista
ne by the hardware

is required

Virtual Memory:

Ea
h program is allowed to use the whole address ran-

ge (independently on how mu
h memory is a
tually

present and whi
h other programs are running at the

same time)!

• Pro
ess: unique exe
tion of a programm

• Addresses used by a pro
ess are translated into

real hardware addresses

• Hardware addresses may point to main memory

or to disk

• The address spa
es are managed by the opera-

ting system

• Translation is done by operationg system and

hardware
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Paging: Basi
 Con
ept:

• Virtual Memory ( as its seen by a programm)

is divided into pages of �xed size (e.g. 4kB)

• Physi
al Memory the parts of the main me-

mory where pages 
an be stored are divided into

page frames

• Virtual Addresses are used by tha 
pu

whi
h are translated by the OS and hadware

to physi
al addresses

• The physi
al address may be assigned to several

virtual addesses do allow several programms to

share data or part if the programm (libs)

Virtual and Physi
al Addresses:

A virtual address 
onsists of a Virtual page number

and a page o�set (sele
t one memory 
ell within a

page). The Physi
al Pagenumber pint either to a

page fram in memory or to a page on the disk.

Ben�ts of Virtual Addresses:

• Virtual memory simpli�es loading of a pro-

gramm for exe
ution:

• A program may bs stored anywhere in the phy-

si
al memory

• The operating system does not have to allo
ate

a 
ontiguous blo
k of memory for a programm

• Relo
ation of a program is possible

Virtual and Physi
al Addresses:

Page faults:

If the Pro
esor want to a

es data being not in

main memory the 
orresponding page hast to be

loaded from disk. But this is very expensive and may

take millions of 
lo
k 
y
les → Avoiding a

es to disk

whenever possible!

If the valid bit of a page bein a

essed is 0 a

page fault o

urs. The CPU 
auses an ex
eption an

d operating system performs reloading the page

Page Table: For translating virtual page numbers

into physi
al page numbers a page table is used:

• Contains for ea
h virtual page number the 
or-

responding physi
al page number and the valid

bit

• Page table is stored in main memory

• Ea
h pro
ess has a pagetable of its own (allows

to provide ea
h pro
ess a full address spa
e of

232 addresses of its own)

• Pro
essor need a page table register that 
on-

tains the start address of the page table of the

programm being a
tive

Only the operating system is allowed to modify page

tables!

Example: Pro
ess Swit
h - Context Swit
h:

Operating system allow to share CPU and me-

mory with several pro
esses by a
tivationg and

dea
tivating them one after another.

A pro
ess is a
tivated by loading its state into the

pro
essor:

• PC

• Register 
ontents

• Page table register
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Starting a Programm:

The operating system allo
ates physi
al pages in

memory (and disk if ne
essary) and bilds an initial

page table

Allo
ating Memory:

If a pro
ess wants to allo
ate additional memory for

storing data during runtime it 
alls an operatinv

system routine whi
h allo
ates additional paes and

updates the page table. (same with sta
k...)

Remove Pages:

If the operationg system has to remove pages of

a non-a
tive pro
ess from main memory it has

to update its pagetable Sot the operating system

needs information about whi
h pro
esses use whi
h

physi
al pages! (additional table...)

Where to Store addresses of pages on disk?:

Single-Enry Page Table:

During loading a page from disk the 
orresponding

page table entry is overwritten. The old disk address

gets lost. When the page will be removed from

memory later it must to be written ba
k to disk even

if it has not been modi�ed.

Extend Page Table Entries:

To prevent unmodi�ed pages from being written

ba
k to disk we have to store borh (mem & disk addr)

Repla
ement Strategies:

Least Re
ently Used:

Repla
e the page that has been unused for the longest time.

Completly a

urate: see 
a
he... 
ounter... mu
h too expensive!

Simple: Use one Referen
e bit for ea
h page: is set by MMU when the page is a

essed. The OS 
lears

periodi
ally the bits. Page with non set bit will repla
ed �rst.

Translation Lookaside Bu�er:

Ea
h a

ess of a programm to its virtual memory re-

wuires two a

esses to the physi
al memory (table,

data) Use an additional 
a
he to store the physi
al

page addresses of frequently used virtual addresses

Translation with TLB:

23


