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Course Aims

To provide you with a general understanding of
how a computer works.

To explain the structure and functions of an
operating system.

To illustrate key operating system aspects by
example.

To prepare you for future courses ...



Course Outline

e Part I. Computer Organisation
— Computer Foundations
— QOperation of a Simple Computer.

— Input/Output.

e Part II: Operating System Functions.
— Introduction to Operating Systems.
— Processes & Scheduling.
— Memory Management.
— I/O & Device Management.
— Filing Systems.

e Part III: Case Studies.
— Unix.

— Windows NT.
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Chronology of Early Computing
(several BC): abacus used for counting

1614: logarithms disovered (John Napier)

1622: invention of the slide rule (Robert Bissaker)
1642: First mechanical digital calculator (Pascal)

Charles Babbage (U. Cambridge) invents:
— 1812: “Difference Engine”
— 1833: “Analytical Engine”

1890: First electro-mechanical punched card
data-processing machine (Hollerith, later IBM)

1905: Vacuum tube/triode invented (De Forest)
1935: the relay-based IBM 601 reaches 1 MPS.

1939: ABC — first electronic digital computer
(Atanasoff & Berry, Iowa State University)

1941: Zz3 — first programmable computer (Zuse)
Jan 1943: the Harvard Mark I (Aiken)

Dec 1943: Colossus built at ‘Station X', Bletchley
Park (Newman & Wynn-Williams, et al).



T he Von Neumann Architecture

Menory
l Y l ‘ I nput
Arithmetic
Control  * Logical Uni‘t/
Unit —

—p| Output

/

Accumulator

e 1945: ENIAC (Eckert & Mauchley, U. Penn):
— 30 tons, 1000 square feet, 140 kW,
— 18K vacuum tubes, 20x10-digit accumulators,
— 100KHz, circa 300 MPS.
— Used to calculate artillery firing tables.

— (1946) blinking lights for the media ...
e But: “programming’ is via plugboard = v. slow.

e 1945: von Neumann drafts “EDVAC" report:
— design for a stored-program machine

— Eckert & Mauchley mistakenly unattributed
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Further Progress ...

1947: “point contact” transistor invented
(Shockley, Bardeen & Brattain, Bell Labs)

1949: EDSAC, the world’s first stored-program
computer (Wilkes & Wheeler, U. Cambridge)

— 3K vacuum tubes, 300 square feet, 12 kW,
— B500KHz, circa 650 IPS, 225 MPS.

— 1024 17-bit words of memory in mercury
ultrasonic delay lines.

— 31 word “operating system” (1)

1954: TRADIC, first electronic computer without
vacuum tubes (Bell Labs)

1954: first silicon (junction) transistor (TI)
1959: first integrated circuit (Kilby & Noyce, TI)
1964: IBM System /360, based on ICs.

1971: Intel 4004, first micro-processor (Ted Hoff):
— 2300 transistors, 60 KIPS.

1978: Intel 8086/8088 (used in IBM PC).
~ 1980: first VLSI chip (> 100,000 transistors)

Today: ~ 20 million transistors, ~ 0.18u, ~ 1000 MHz.
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Languages and Levels

ML/Java
revel’s Bytecode
- A
Level 4  C/C++ Source interpret
compile
Level 3 I—» ASM Source
assemble Other Object
Level 2 |—» Object File Files ("Libraries")
link |—l—/
Executable File execute

Level 1 ("Machine Code")

Modern machines all programmable with a huge
variety of different languages.

e.g. ML, java, C++4, C, python, perl, FORTRAN,
Pascal, Scheme, ...

Can describe the operation of a computer at a
number of different levels, but all levels are
functionally equivalent (i.e. can perform the same
set of tasks)

Each level relates to the one below via either

a) translation, or

b) interpretation.



Layered Virtual Machines

Virtual

Machine M5 (Language L5)

Virtual

Machine M4 (Language L4)

Virtual

Machine M3 (Language L 3)

Virtual

Machine M2 (Language L 2)

Virtual

Machine M1 (Language L1)

Actual Machine MO (Language L0)

Meta-Language Level

Compiled Language Level

Assembly Language Level

Operating System Level

Conventional Machine Level

Digital Logic Level

In one sense, there is a set of different machines

Mo, M1, Mo ...

M,,, each built on top of the other.

Can consider each machine M; to understand only
machine language L;.

This course focuses on levels 1 and 2 ...



Bambi meets Digital Electronics

e Digital circuit = electrical circuit in which two
logical values are present: 0 and 1.

e \We represent 0 by a low voltage level “Ground”
e.g. +0 volts.

e We represent 1 by a high voltage level “V..", e.g.
+5 volts.

e By using a power supply, a bunch of wires and
some transistors we can build a digital circuit.

e When looking at digital logic, we use special logic
symbols to represent a collection of underlying
electronic components = don’t need to know
about the underlying stuff.
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Boolean Algebra
e Named after guy called Boole (1850s)
e Simply algebra on values in the set B ={0,1}.
e Four possible functions with 1 input and 1 output;
we only care about two:
— Identity function, I, maps O to 0, and 1 to 1.
— Inversion function, NOT, maps O to 1, and 1
to O.
e Sixteen possible functions with 2 inputs and 1
output; we only care about five:
— AND : Output is 1 iff both inputs are 1.
— OR : Output is 0 iff both inputs are 0.
— NAND : Output is O iff both inputs are 1.
— NOR : Output is 1 iff both inputs are 0.
— XOR : Output is 1 if both inputs are different,

or O if they are the same.

e Using these we can build more complex functions.
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Truth Tables

e Just a way to visualise what various boolean
functions do, e.g. for the AND and OR functions:

A B | AAND B A B | AORB
O O 0 O O 0
o 1 0 0 1 1
1 0 0 1 0 1
1 1 1 1 1 1

e You may like to fill out the below using the
descriptions on the previous page:

A B | A NAND B A B | ANORB
O O O O
0 1 0 1
1 0 1 0
1 1 1 1

A XOR B

HHOO>
HOHow

e Can extend to > 2 inputs (and to > 1 output).
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Logic Gates

T =

=2 T

Digital logical versions of the boolean functions.

Notice the “bubbles” at the end of NOT, NAND
and NOR: these represent the inversion function.

e.d. A NAND B is just NOT ( A AND B ).

Sometimes see versions of gates with > 2 inputs;
semantics are the “obvious’” ones, e.q.

A
B
C Qut
D

OQut is 1 iff all inputs are 1; otherwise Out is 0.
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More Complex Circuits

e In digital electronics course see how to make more
complicated circuits from the six basic ones.

e (You don’t need to know for this course.)

e One is called a (full) adder; just adds together two
bits and produces an output, e.g.

Cn

|

A—

ADD

— Qut

1

Gout

0
>

Qut Gt

RPRrRrrRrOoOOCO| >

RRrOORRrROO| W
RPOROFRORO

RPOORORrRRFLO
PRPFRPORFRLROOO

e Notice has a carrry in (which comes from the bit
on its “right”) and a carry out (which goes to the
bit on its “left”), e.g.

Cout =Cs Cq Cs C, Cy
(0) ~—(0) ~—(1) =—(1) ~—(0) -

0 0 1 1

—+ |0 0 1 1

Co=Cin
(0)

1

0

(90 (01 (D1 (Do (01

14



Multiplexors
e A multiplexor (“mux") has n + log,n inputs.
e First n inputs are data.
e The rest (log,n) are control inputs.

= the values of these select which data input should
be output, e.q.

S

H S S| Qut
A 0 0| A
B x 0 1| B
c— | St 1 0| C
D , 1 1| D

e Just treat the selection inputs as a binary number
which determines the input that should be passed
through to the output.
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Latches

If we want to update the
value in the latch, we put D Latch

i S~
the new value in here D QI

—~~ Voltage here determines
whether the bitisOor 1

—pp] G
When thisis 0, we cannot /
write to the latch. When it is
1, the voltage at D becomes
the new value of the hit.

Finally consider a latch: this is a special circuit
which can “remember” a bit (viz. a 0 or a 1).

Internally work by feedback (but don’t need to
know how it works for this course).

Has a data input called D, and a data output
called Q.

The voltage at Q represents the value stored inside
the latch (i.e. if a high voltage, then latch is
storing a 1, otherwise latch is storing a 0).

To control writing a value into the latch have a
gate input called G.

Can only update the value in the latch if G is 1.
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A (Simple) Modern Computer

Processor BUS
Regisxer File Address Data Control
(including PC)
Menory
Cont_rol Execqtion 50 64 MByio
Unit Unit ] 6% 8 2
536,870,912bits
Reset
Hard Disk
1 Framebuffer
Super 1/0
1 Sound Card
IO

Processor (CPU): executes programs.
Memory: stores both programs & data.
Devices: for input and output.

Bus: transfers information.

17



Registers

N-bit Broadside Register
Data in 4Nr> D Qﬁr»

>

cl ock

Fastest type of “memory” there is (~ 2ns).
Lives on chip.

Register of N bits: take N D flip-flops and
common their clock inputs.

Today N typically 32, but 64 becoming more
common.
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Register Files

N

M x N Register File

N

» Dat a

Data i N et

Ay

P>

A

» <

\

\

Wite Address—

cl ock

L <«

\

Read

Dual Read-Ported Register File

Data in N\

P>

Wite Address—24

cl ock

N

|

—N\—>Data
> <4ﬁr—-Read

|

Ay

» Dat a

<

!

Read

out

Addr ess

out a

Address a

out b
Address b

e Usually want > 1 register i.e. a register file.

e Holds M registers of N bits each = require
A = log, M address lines.

e Number of ports determines how many
simultaneous reads or writes can be supported.

19



Random Access Memory

MxN RAM
—A‘rb Address  Dat a [e—i=—p

/ oe QO] out put enabl e
[ wr Olwite enable
/cs QOlchi p sel ect
Much larger than register file ... but also much

slower.

Only one access port; control lines from bus say if
read (/oe) or write (/wr).

Also have chip select (/cs); master “on/off"
switch for the device.

Two main technologies: SRAM & DRAM.
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Static RAM (SRAM)

DO D1
Jar - +—Pp HT_. ._|D—Q4T_ |
/gg | D |—G G :
: —P HT—' -—'_HT— i
ol e |
ﬁcl)_i—' t+—p 9  +—Ip d T
: G G |
Dt il ] ] ;
: &—iD Q p .—ID_Q ! i
: G G |
I DS |_ | | I
| D— >0
168 > a’s ;
e Relatively fast (currently 5 — 20ns).

Logically an array of (transparent) D-latches

In reality, only cost ~ 6 transistors per bit.
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SRAM Reality

SRAM Cedll (4T+2R)
bit bit

3

=

word

State held in cross-coupled inverters.

More common is 67 cell: use depletion mode
transistors as load resistors.

Read: precharge bit and bit, strobe word, detect
difference (sense amp).

Write: precharge either bit (for “1") or bit, (for
“0"), strobe word.

Just FYI (not examinable).
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Dynamic RAM (DRAM)

Bit O Bit 1 Bit N-2 Bit N-1

Y Y Y Y

Word 0

l

i

<1-H-;”__ <1-H-;”_.
<1-H—;”__ <1-H—;”_.

Word 2

1
- Y
g
Word 1 _L
- Y
v l

Sense Amplifiers & Latches

e Use a single transistor to store a bit.

e Write: put value on bit lines, strobe word line.
e Read: pre-charge, strobe word line, amplify, latch.
o “Dynamic”: refresh periodically to restore charge.

e Slower than SRAM: typically 50ns — 100ns.
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DRAM Decoding

Addr

d3d003d Mod

COLUWN LATCHES

P P
> COLUMN. MUX

lData

e Two stage: row, then column.

e Usually share address pins: RAS & CAS select
decoder or mux.

e FPM, EDO, SDRAM faster for same row reads.
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Read-Only Memory

MxN ROM
——\—p{Address  Dat a [e==\=p-

/ oe Q| out put enabl e
/cs Olchip sel ect

Same symbol as RAM except no /wr.
Combinatorial, not sequential logic.

Major advantage: non-volatile, i.e. information
remains even if no power.

Disadvantages: immutable, expensive (at least for
first one).

More flexible variants, e.g. PROM, EPROM,
EEPROM.

Don’'t confuse with NVRAM ...
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Memory Hierarchy

CPU
Cache ( SRAM
@ | | Execution Data = Mai n Memor y
iT Unit [ ==  Cache =)
- § 64MB
7 kS DRAM
g Control < \ Instruction g
Unit Cache - 32K ROM
Address
Data
Control
Bus

Use cache between main memory and register: try
to hide delay in accessing slow DRAM.

Split of instruction and data at cache level =
“Harvard' architecture.

Cache +& CPU interface uses a custom bus.

Today have ~ 512KB cache, ~ 64MB RAM.
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The Fetch-Execute Cycle

Control Unit

File
gv)
(@)

v

Regi st er
v

e A special register called PC holds a memory
address; on reset, initialised to 0.

e [hen:

1. Instruction fetched from memory address held
in PC into instruction buffer (IB).

2. Control Unit determines what to do: decodes
instruction.

3. Execution Unit executes instruction.

4. PC updated, and back to Step 1.
e Continues pretty much forever ...
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Execution Unit

Register File
#Ra i\—»
#Rb ———p Execution
HRd > Unit PC
Fn K\
lA
v

e The “calculator” part of the processor.

e Broken into parts (functional units), e.g.
— Arithmetic Logic Unit (ALU).
— Shifter/Rotator.
— Multiplier.
— Divider.
— Memory Access Unit (MAU).
— Branch Unit.

e Choice of functional unit determined by signals
from control unit.

28



Arithmetic Logic Unit

An N-bit ALU
Functi on k/
Code Carry In
i nput  a=—
out put (d)
i nput b
Carry Qut

e Inputs from register file; output to register file.

e Performs simple two-operand functions:
—a+b
—a->b
— a AND b
— aORD
— etc.

e Typically perform all possible functions; use
function code to select (mux) output.
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Number Representation

00005 | O16 || 01105 | 616 11005 C16
00015 | 146 01115 | 716 1101- Dis
00105 | 216 1000, | 816 1110, F1e6
0011, | 316 10015 | 916 11115 Fie
01007 | 446 1010, | Ais 100005 | 1016
01015 | 516 1011, | Bis 10001, | 1146

a n-bit register b,_1b,—2...b1bg Can represent 2"
different values.

Call b,—1 the most significant bit (msb), by the
least significant bit (Isb).

Unsigned numbers: treat the obvious way, i.e.
val = b,12" 1 + b, 22772 + - 4 5121 4 520,
e.g. 1101, =23422420=8+4+441=13.

Represents values from 0 to 2™ — 1 inclusive.

For large numbers, binary is unwieldy: use
hexadecimal (base 16).

To convert, group bits into groups of 4, e.g.
11111010102, = 0011|1110|10102 = 3FEAss.

Often use "0Ox” prefix to denote hex, e.g. 0x107.

Can use dot to separate large numbers into 16-bit
chunks, e.g. Ox3FF.FFFF'.
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Number Representation (2)
e VWhat about signed numbers? Two main options:

e Sign & magnitude:

— top (leftmost) bit flags if negative; remaining
bits make value.

— e.g. byte 10011011, —+ —0011011, = —27.
— represents range —(2" 1 —1) to +(2" 1 - 1),
and the bonus value —0 (1).
e 2's complement:
— to get —x from =z, invert every bit and add 1.

— e.g. +27 = 000110115 =
—27 = (111001005 + 1) = 11100101,.

— treat 1000...0005 as —2"1,

— represents range —2" ! to +(2" 1 —-1)

e Note:
— in both cases, top-bit means “negative”.

— both representations depend on n;

e In practice, all modern computers use 2’'s
complement ...
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unsigned

Cout :CS Ca C3

(0) ~—(0) ~—(1) -

Arithmetic

C, C C0: Cin

(1) =—(0) ~—(0)

0 0 1 1 1
+ |0 0 1 1 0
(00 (01 (D1 (10 (01

e (we use 5-bit registers for simplicity)

e Unsigned addition: C,

00101 5
+ 00111 7

e Unsigned subtraction:

11110 30
+ 00101 -27

means ‘carry’ :

11110 30
+ 00111 7

C,, means “borrow”:

00111 7
+ 10110 -10
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Signed Arithmetic

e In signed arithmetic, carry no good on its own.
Use the overflow flag, V = (Cp,® Ch-1).

e Also have negative flag, N = b,_1 (i.e. the msb).

e Signed addition:

00101 5 01010 10
+ 00111 7 + 00111 7
0O 01100 12 0O 10001 -15
0 1

e Signed subtraction:

01010 10 10110 -10
+ 11001 =7 + 10110 -10
1 00011 3 1 01100 12
1 0

e Note that in overflow cases the sign of the result
is always wrong (i.e. the N bit is inverted).
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ALU Implementation

1-Bit ALU

Sub Fn

n

e Eight possible functions (4 types):
1. a AND b, a AND b».
2. a OR b, a OR b.
3. a+b, a4+ b with carry.
4

. a—>b, a— b with borrow.

e To make n-bit ALU bit, connect together (use
carry-lookahead on adders).
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Arithmetic & Logical Instructions

e Some common instructions are:

Mnemonic C/Java Equivalent
and d< a,b d = a & b;
xor d< a,b d =a ~ b;
bis d <+ a,b d =a | b;
bic d <+ a,b d =a& ("b);
add d<a,b d a + b;
sub d<+ a,b d = a - b;
rsb d<+ a,b d =b - a;
shl d<+ a,b d = a << b;
shr d <+ a,b d = a > b;

Both d and a must be registers; b can be a
register or a (small) constant.

e Typically also have addc and subc, which handle
carry or borrow. Useful for multi-precision
(unsigned) arithmetic, e.q.

add dO, a0, bO
addc di, al, bl

e May also get:

// compute "low" part.
// compute "high" part.

— Arithmetic shifts: asr and as1(?)

— Rotates: ror and rol.
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Conditional Execution

e Seen C,N,V; add Z (zero), logical NOR of all bits
in output.

e Can predicate execution based on (some
combination) of flags, e.g.

sub d, a, b // compute d = a - b

beq procl // if equal, goto procl
br proc2 // otherwise goto proc2

Java equiv ~ if (a==b) procl() else proc2(Q);
e On most computers, mainly limited to branches.

e On ARM (and IA64), everything conditional, e.q.

sub d, a, b # compute d = a - b
moveq d, #5 # if equal, d = 5;
movne d, #7 # otherwise d = 7;

Java equiv: d = (a==b) ? 5 : T7;

e “Silent” versions useful when don't really want
result, e.g. tst, teq, cmp.
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Condition Codes

Suffix Meaning Flags

EQ, Z Equal, zero / ==

NE, NZ Not equal, non-zero / ==

MI Negative N ==1

PL Positive (incl. zero) N ==20

CS, HS Carry, higher or same (C ==1

CC, L0 No carry, lower C =0

VS Overflow V=1

VC No overflow V ==20

HI Higher C=1%&& Z==0
LS Lower or same C=011Z2==1
GE Greater than or equal N ==V

GT Greater than N=V && Z ==0
LT Less than cC 1=V

LE Less than or equal C'=V || Z==1

e HS, LO, etc. used for unsigned comparisons (recall
that C means “borrow’).

e GE, LT, etc. used for signed comparisons: check
both N and V so always works.
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Accessing Memory
e To load/store values need the address in memory.

e Most modern machines are byte addressed.:
consider memory a big array of 24 bytes, where A
is the number of address lines in the bus.

e Lots of things considered “memory” via address
decoder, e.q.

14

Al 0: 13] /
Al I Po 1 r ROM / CS
A15 >0 TJ
:)0 RAM / CS
D UART / CS

e [ypically each device decodes only a subset of low
address lines, e.g.

Device | Size Data Decodes
ROM 1024 bytes 32-bit A[2:9]
RAM 16384 bytes 32-bit A[2:13]
UART | 256 bytes 8-bit A[0:7]
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Loads & Stores

e Have variable sized values, e.g. bytes (8-bits),
words (16-bits), longwords (32-bits) and
quadwords (64-bits).

e Load or store instructions usually have a suffix to
determine the size, e.g. ‘b’ for byte, ‘w’ for word,
‘1’ for longword.

e \When storing > 1 byte, have two main options:
big endian and little endian; e.g. storing longword
OxDEADBEEF into memory at address 0x4.

Big Endian
DE| AD| BE | EF

00 01 02 03 04 05 06 07 08
EF| BE| AD| DE

Little Endian

If read back a byte from address 0x4, get OxDE if
big-endian, or OxEF if little-endian.

e Today have x86 & Alpha little endian; Sparc &
68K, big endian; Mips & ARM either.
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Addressing Modes

e An addressing mode tells the computer where the
data for an instruction is to come from.

e Get a wide variety, e.qg.

Register: add r1, r2, r3
Immediate: add ri1, r2, #25
PC Relative: beq 0x20

Register Indirect: ldr ri1, [r2]
" 4+ Displacement: str ri1, [r2, #8]

Indexed: movl r1, (r2, r3)
Absolute/Direct: movl ri, $0xF1EA0130
Memory Indirect: addl r1, ($0xF1EA0130)

e Most modern machines are load/store =
concentrate on first five ...
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Data Representation
e Seen signed and unsigned integers already.

e Memory can also hold:
— Natural Language,
— Real numbers (floating point),
— Compound Data Structures,
— Instructions

e Always just some number of bits = up to
programmer to interpret what is where ...
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Representing Text

Two main standards:

1. ASCII: 7-bit code holding (English) letters,
numbers, punctuation and a few other
characters.

2. Unicode: 16-bit code supporting practically all
international alphabets and symbols.

ASCII default on many operating systems, and on
the early Internet (e.g. e-mail).

Unicode becoming more popular (esp UTF-8!).

In both cases, represent in memory as either
strings or arrays:. e.g. “Pub Time!”

String Array

20 | 62 | 75 | 50 | Ox351A. 25E4 75 | 50 | 00 | 09

65 | 6D | 69 | 54 | Ox351A. 25E8 69 | 54 | 20 | 62

XX | xx | 00 | 21 | Ox351A. 25EC xx | 21 | 65 | 6D

\
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ASCII Character Set

e For reference only:

2 3 4 5 6 7
O|spc 0O @ P ¢ p
1 ]! 1 A Q a q
2 | " 2 B R b r
3| # 3 €C S ¢ s
4 | $ 4 D T 4 ¢
5| % 5 E U e u
6 | & 6 F vV f v
7T 7 G W g w
8 | ( 8 H X h x
9 |) 9 I Y i y
A | * : J Z j z
B |+ ; K [k {
C |, < L \ 1 |
D | - = M ] m }
E|. > N =~ n ~
F |/ ?7 0 _ o del

e To0 determine code for a character, use column as
first hex digit, row as second.

e e.g. space is 0x20, W is 0x57, 4 is 0x34.

e Low characters (< 0x20) are non-printing control
characters, e.g. warning bell, backspace, carriage
return.
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Floating Point (1)

In many cases want to deal with very large or very
small numbers.

Use idea of ‘“scientific notation”, e.g. n = m x 10¢
— m is called the mantissa

— e is called the exponent.

e.g. C =3.01 x 108 m/s.

For computers, use binary i.e. n = m X 2¢, where
m includes a “binary point".

Both m and e can be positive or negative; typically
— sign of mantissa given by an additional sign bit.
— exponent is stored in a biased (excess) format.

use n = (—1)*m x 2¢7%, where 0 <m < 2 and b is
the bias.

e.d. 4-bit mantissa & 3-bit bias-3 exponent allows
positive range [0.0015 x 273,1.1115 x 2%]

[ )@, ()16 ], or [ &, 30]
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Floating Point (2)

In practice use IEEE floating point with
normalised mantissa m = l.xzx ... x>
= use n = (—1)*((1 4+ m) x 2¢79),

Both single (float) and double (double) precision:

3130 2322 0
S Exp(enent(8) Manti ssa (23)
Bias-1023 Bia:s-127
63 (62 52|51 0
S Exponent (11) Manti ssa (52)

IEEE fp reserves e = 0 and e = max:
— +0 (1): both e and m zero.

— 400 : e = max, m Zero.

— NaNs : e = max, m non-zero.

— denorms : e = 0, m non-zero

Normal positive range [27120, ~ 2128] for single, or
[2-1022 ., 21024] for double.

NB: still only 232/2%% values — just spread out.
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Data Structures

e Records / structures: each field stored as an
offset from a base address.

e Variable size structures: explicitly store addresses
(pointers) inside structure, e.q.

datatype rec = node of int * int * rec
| leaf of int;

val example = node(4, 5, node(6, 7, leaf(8)));

Imagine example is stored at address 0x1000:

Address | Value Comment

0xOF30 | OxFFFF | Constructor tag for a leaf
0x0F34 8 Integer 8

0xOF3C | OxFFFE | Constructor tag for a node
0x0F40 6 Integer 6

0x0F44 7 Integer 7

0x0F48 0x0F30 | Address of inner node
0x1000 | OxFFFE | Constructor tag for a node
0x1004 | 4 Integer 4

0x1008 5 Integer 5

0x100C | 0xOF3C | Address of inner node
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Instruction Encoding

e An instruction comprises:

a) an opcode: specify what to do.

b) zero or more operands: where to get values.

€.g. add r1, r2, r3 =

1010111

001|010|011

e OIld machines (and x86) use variable length
encoding motivated by low code density.

Most modern machines use fixed length encoding

for simplicity. e.g. ARM ALU operations.

31 28|2726/25

24

21

20|19

16|15

12]11 0

Cond | 00 ||

Opcode

S| Ra

Rd

Qperand 2

and r13, ri13, #31 — 0xe20dd01f =

1110|001

0000

0

1101

1101

000000011111

bic r3, r3, r2 = 0xelc33002 =

1110|00|0

1110

0

0011

0011

000000000010

cmp rl, r2 — 0xel510002 =

1110|00|0

1010

1

0001

0000

000000000010

a7




Fetch-Execute Cycle Revisited

Control Unit

File

Regi st er
5

(e

\/

.................................

. CU fetches & decodes instruction and generates
(a) control signals and (b) operand information.

. Inside EU, control signhals select functional unit
(“instruction class”) and operation.

. If ALU, then read one or two registers, perform
operation, and (probably) write back result.

. If BU, test condition and (maybe) add value to PC.

. If MAU, generate address (*“addressing mode”)
and use bus to read/write value.

. Repeat ad infinitum.
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I/O Devices

Devices connected to processor via a bus (e.g.
ISA, PCI).

Includes a wide range:
— Mouse,

— Keyboard,

— Graphics Card,

— Sound card,

— Floppy drive,

— Hard-Disk,

— CD-Rom,

— Network card,

— Printer,

— Modem

— etc.

Often two or more stages involved (e.g. IDE,
SCSI, RS-232, Centronics, etc.)
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UARTS

» Al 0: x] —— Serial CQutput
| D] O: 7] «——— Serial |nput
- Baud
r/w read/ wite Rate
/cs Ol chi p sel ect Generator

Universal Asynchronous Receiver/Transmitter:
— stores 1 or more bytes internally.
— converts parallel to serial.

— outputs according to RS-232.

Various baud rates (e.g. 1,200 — 115,200)
Slow and simple ... and very useful.

Make up “serial ports” on PC.

Max throughput ~ 14.4KBytes; variants up to
56K (for modems).
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sector

cylinder — -

Hard Disks

actuator

spindle
/

track

read-write

N [V 5

lln‘

-~ | | 'e
7 [\ =

e Whirling bits of (magnetized) metal ...

e Rotate 3,600 — 7,200 times a minute.

e Capacity ~ 10 GBytes (x 10 x 230ytes).
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Graphics Cards

: Framebuffer
from CPU - Dot
SS%IE,AAI\I\A/I/ —-hsync | .
|- L —>Vvsync 'to Monitor
.' l ob—>Red O—>
'\ 1 RAMDAC >———>Green | -
' T >—>Bl ue
QP> —
' Graphics
* PCI/
© AGP Processor

e Essentially some RAM (framebuffer) and some
digital-to-analogue circuitry (RAMDAC).

e RAM holds array of pixels: picture elements.

e Resolutions e.g. 640x480, 800x600, 1024x768,
1280%x1024, 1600x1200.

e Depths: 8-bit (LUT), 16-bit (RGB=555, 24-bit
(RGB=888), 32-bit (RGBA=888).

e Memory requirement = z x yx depth, e.g.
1024x768 @ 16bpp needs 1536KB.

= full-screen 50Hz video requires 7.5MBytes/s (or
60Mbits/s).
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Buses

ADDRESS

O P

CONTROL

Processor | para ] » Memory
y

A

Other Devices

e Bus = collection of shared communication wires:

low cost.

versatile / extensible.

D potential bottle-neck.

e Typically comprises address lines, data lines and
control lines (4+ power/ground).

e Operates in a master-slave manner, e.g.

1.

o & W N

master decides to e.g. read some data.
master puts addr onto bus and asserts 'read’
slave reads addr from bus and retrieves data.
slave puts data onto bus.

master reads data from bus.
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Bus Hierarchy

Processor Menory Bus (100Mhz)
Bus

e
Processor |e—»

Caches

64MByte
.1 DIMM

64MByte
DIMM

Bri dge

Framebuffer

I SA Bus (8Mhz)

PCl Bus (33Mz)

Bri dge

'scsl
Controller

Sound
Card

e In practice, have lots of different buses with
different characteristics e.g. data width, max
#devices, max length.

e Most buses are synchronous (share clock signal).
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Svynchronous Buses

+~— cydel— |+——— cyde2—— |+«—— cydle3——
aox — /1 v
Al 0: 31] X Memory Address To Read X
D 0: 31] X Data X
/ NREQ
/| READ

e Figure shows a read transaction which requires
three bus cycles.

1. CPU puts address onto address lines and, after
settle, asserts control lines.

2. Memory fetches data from address.

3. Memory puts data on data lines, CPU latches
value and then deasserts control lines.

e If device not fast enough, can insert wait states.

e Faster clock/longer bus can give bus skew.
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Asynchronous Buses

Al 0: 31] X Menory Address To Read X
/ NREQ

| READ

/ SYN

D[ 0: 31] X Data X
I ACK

e Asynchronous buses have no shared clock; instead
work by handshaking, e.q.

— CPU puts address onto address lines and, after
settle, asserts control lines.

— Next, CPU asserts /SYN to say everything ready.

— AS soon as memory notices /SYN, it fetches
data from address and puts it onto bus.

— Memory then asserts /ACK to say data is ready.
— CPU latches data, then deasserts /SYN.
— Finally, Memory deasserts /ACK.

e More handshaking if mux address & data ...
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Interrupts

e Bus reads and writes are transaction based: CPU
requests something and waits until it happens.

e But e.g. reading a block of data from a hard-disk
takes ~ 2ms, which is ~ 1,000,000 clock cycles!

e Interrupts provide a way to decouple CPU
requests from device responses.

1. CPU uses bus to make a request (e.g. writes
some special values to a device).

2. Device goes off to get info.
3. Meanwhile CPU continues doing other stuff.

4. When device finally has information, raises an
interrupt.

5. CPU uses bus to read info from device.

e When interrupt occurs, CPU vectors to handler,
then resumes using special instruction, e.g.

0x0020: .
0x184c: add r0, r0O, #8 0x0024: <do stuff>
0x1850: sub r1, r5, r6 7 | e

0x0038: rti
0x1854: Idr r0, [rO] -\\\\‘

0Ox1858: and r1, r1, r0
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Interrupts (2)

e Interrupt lines (~ 4 — 8) are part of the bus.

e Often only 1 or 2 pins on chip = need to encode.

o e.9g. ISA & x86:

A

Processor
O |« | RO
<« | NT — T < | R1
TR < I R2
Intel — I NTA —» < | R3
< | R4
Clone % : | Re
«— D0:7]—/ « |« | R6
0 | | R7

Device asserts IRx.

PIC asserts INT.

When CPU can interrupt, strobes INTA.
PIC sends interrupt number on D[0:7].

CPU uses number to index into a table in
memory which holds the addresses of handlers
for each interrupt.

. CPU saves registers and jumps to handler.
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Direct Memory Access (DMA)

e Interrupts good, but even better is a device which
can read and write processor memory directly.

e a generic DMA “command’” might include

source address

source increment / decrement / do nothing
sink address

sink increment / decrement / do nothing

transfer size

e get one interrupt at end of data transfer

e DMA channels may be provided by devices
themselves:

e.g. a disk controller
pass disk address, memory address and size

give instruction to read or write

e Also get “stand-alone” programmable DMA
controllers.
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Summary

e Computers made up of four main parts:

1. Processor (including register file, control unit
and execution unit),

2. Memory (caches, RAM, ROM),
3. Devices (disks, graphics cards, etc.), and
4. Buses (synch/async, interrupts, DMA).

e Information represented in all sorts of formats

(signed & unsigned integers, strings, floating
point, data structures, instructions).

e Can (hopefully) understand all of these at some
level, but gets pretty complex.

= to be able to actually use a computer, need an
operating system.
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