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CHAP. 1

arn Websites that
ons and why you

COMPUTER SYSTEMS
ORGANIZATION

A digital computer consists of an interconnected system of processors, memo-
rles, and input/output devices. This chapter is an introduction to these three com-
onents and to their interconnection, as background for a more detailed examina-
ion ‘of the spec1ﬁc levels in the five subsequent chapters. Processors, memories,
d input/output are key concepts and will be present at every level, so we will
tart our study of computer architecture by looking at all three in turn.

he organization of a simple bus-oriented computer is shown in F1g 2-1. The
U (Central Processmg Unit) is the “brain” of the‘computer. Its function is to
ute programs stored in the main memory by fetching their instructions, exam-
ning them, and then executmg them one after another. The components are con-
iected by a bus, which is a collection of parallel wires for transmitting address,
ata, and control signals. Buses can be external to the CPU, connecting it to mem-
and I/O. devices, but also intérnal to the CPU, as we will see shortly. Modern
puters have multiple buses.
The CPU is composed of several distinct parts T he control unit is responsible
ling instructions from main memory and determining their type. The arith-
logic unit performs operations such as addition and Boolean AND needed to
; out the instructions,
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some computation. The data path is important in all machines and we will discuss
it at great length throughout this book.

ey A+B ]

~ Registers

ALU input register

ALU input bus

I"/ALU output register

Figure 2-2. The data path of a typical von Neumann machine.

The ALU itself performs addition, subtraction, and other simple operations on
its inputs, thus yielding a result in the output register. This output register can be
tored back into a register. Later on, the register can be written (i.e., stored) into
mory, if desired. Not all designs have the A, B, and output registers, In the ex-
mple, addition is illustrated, but ALUs can also perform other operations.. .
Most instructions can be divided into one of two' categories: register-memory
gister-register. Register-memory instructions allow memory words to be
ched into registers, where, for example, they can be used as ALU inputs in sub-
uent instructions. (“Words” are the units of data moved between memory and
isters. A word might be an integer. We will discuss memory organization later
is chapter.) Other reglster-memory mstructlons allow registers to be stored
ack into memory.
‘The other kind of instruction is reg;ster—regmter. A typical register-register in-
uction fetches two operands from the registers, brings them to the ALU input
ters, performs some operation on them (such as addition or Boolean AND),
kY

Insta360
Page 17

Exhibit 1006



Insta360
Exhibit 1006 Page 18



CHAP. 2

inning two oper-
ath cycle and is
the machine can

and specialized
ster the machine

Roughly speak-

on register.

truction.

‘e it is.

de-execute cycle.

rogram written in
Java method (i.e.,
two registers visi-
¢ of the address of
for accumulating
surrent instruction
nstr_type), the ad-
srand ‘itself (data).
T'he memory loca-
‘0 add to the accu-

mitate the function
dware” CPU con-
ried out by having
. program (such as
ructions of another

SEC. 2.1 PROCESSORS 59
public class Interp {
“ staticint PC;
.. static int AG;
static.int instr,
. static int instr_type;
static int data_loc;
" static int data;
= 'statuc boolean run_bit =true;

// program counter holds address of next instr

// the accumulator, a register for doing arithmetic
// a holding register for the current instruction

// the Instruction type (opcode)

// the address of the data, or~1 if hone

//'holds the current operand

// & bit that can be turned off to halt the machine

pubhc static void Interpret(int memory[], int startlng_address) {
. /I This procedure interprets programs for a simple machins with instructions having
- //'one memory operand. The machine has a register AC (accumulator), used for
// arithmetic. The ADD instruction adds an Integer in memory to the AC; for example.
/I The Interpreter keeps running untll the run bit Is turned off by the HALT Instruction.
/I The state of a process running on this machine consists of the memory, the
/| program counter, the run bit, and the AC. The input parameters consist of
// the memory image and the starting address.

+pC = starting._address;
-~ “while (run_bit) {
<instr.= memory[PCl;
- RPC=PC +1; :
~ instr_type = get_instr_type(instr);
data_loc = find_data(instr, instr_type);
“if (data_loc >= 0)
. data = memory[data_loc];
-+ execute(instr.type, data);

// fetch next instruction into instr

/I increment program counter

// determine instruction type

// locate data (-1 if none)

// if data_loc is -1, there is no operand
{/ fetch the data

/I execute instruction

priVate static int get.instr_type(int addr) { ... }
 private static int find_data(int instr, int type) { ... }
rivate static void execute(int type, int data) { ... }

Figure 2-3. An interpreter for a simple computer (written in Java).

 This equivalence between hardware processors and interpreters has important
plications for computer organization and the design of computer systems. After
g specified the machine language, L, for a new computer, the design team can
ide whether they want to build a hardware processor to execute programs in L
ectly or whether they want to write an interpreter to interpret programs in L in-
d. If they choose to write an.interpreter, they must also provide some hardware
chine to run the interpreter. Certain hybrid constructions are also possible, with
ardware execution as-well as some software interpretation.

interpreter breaks the instructions of its target machine into small steps. As
con equence the machine on which the interpreter 1 runs can be much simpler and
s expensive than a hardware processor for the target machlnf: would be. This
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As the market for computers exploded dramatically in the 1970s and computing
capabilities grew rapidly, the demand for low-cost computers favored designs of

- computers using interpreters. The ability to tailor the hardware and the interpreter

for a particular set of instructions emerged as a highly cost-effective design for

processors. As the underlying semiconductor technology advanced rapidly, the ad-

- vantages of the cost outweighed the opportunities for higher performance, and

interpreter-based architectures became the conventional way to design computers,

Nearly all new computers designed in the 1970s, from minicomputers to main-

frames, were based on interpretation.

By the late 70s, the use of simple processors running interpreters had become
very widespread except among the most expensive, highest-performance models,
such as the Cray-1 and the Control Data Cyber series. The use of an interpreter
eliminated the inherent cost limitations of complex instructions so designers began
to explore much more complex instructions, particularly the ways to specify the
operands tobeused. . ’

This trend reached its zenith with Digital Equipment Corporation’s VAX com-

puter, which had several hundred instructions and more than 200 different ways of

 specifying the operands to be used in each instruction. Unfortunately, the VAX ar-
chitecture was conceived from the beginning to be implemented with an inter-

_ preter, with little thought given to the implementation of a high-performance

_model. This mind set resulted in the inclusion of a very large number of instruc-

which were of marginal value and difficult to execute directly. This omission

oved to be fatal to the VAX, and ultimately to DEC as well (Compaq bought

DEC’in 1998 and Hewlett-Packard bought Compagq in 2001).

‘Though the earliest 8-bit microprocessors were very simple machines with

very simple instruction sets, by the late 70s, even microprocessors had switched to

erpreter-based designs. During this period, one of the biggest challenges facing

croprocessor designers was dealing with the growing complexity made possible

by integrated circuits. A major advantage of the interpreter-based approach was

the ability to design a simple processor, with the complexity largely confined to the

nemory holding the interpreter. Thus a complex hardware design could be turned
0a complex software design.

he success of the Motorola 68000, which had a large interpreted instruction

d the concurrent failure of the Zilog Z8000 (which had an equally large in-

on set, but without an interpreter) demonstrated the advantages of an inter-

iy brmgmg a new microprocessor to market quickly. This success was all
10re surprising given Zilog's head start (the Z8000’s predecessor, the Z80, was

‘ 're popular than the 68000 s predecessor, the 6800). Of course, other factors

_ Another factor working in favor of interpretation. during that era was the exist-
> of fast read-only memories, called control stores, to hold the interpreters.
R
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Computer Science Departments at the time). N owadays, few people think that the
size of the instruction set is a major issue, but the name stuck.

To make a long story short, a great religious war ensued, with the RISC sup-
porters attacking the established order (VAX, Intel, large IBM mainframes). They
claimed that the best way to design a computer was to have a small number of sim-
ple instructions that execute in one cycle of the data path of Fig, 2-2 by fetching
two registers, combining them somehow (e.g., adding or ANDing them), and stor-
ing the result back in a register. Their argument was that even if a RISC machine
takes four or five instructions to do what a CISC machine does in one instruction,
if the RISC instructions are 10 times as fast (because they are not interpreted),
RISC wins. It is also worth pointing out that by this time the speed of main memo-
ries had caught up to the speed of read-only control stores, so the interpretation
~ penalty had greatly increased, strongly favoring RISC machines.
~___One might think that given the performance advantages of RISC technology,
'RISC machines (such as the Sun UltraSPARC) would have mowed down CISC
machines (such as the Intel Pentium) in the marketplace. Nothing like this has
happened. Why not?
~ Pirst of all, there is the issue of backward compatibility and the billions of dol-
lars companies have invested in software for the Intel line. Second, surprisingly,
_ Intel has been able to employ the same ideas even in a CISC architecture. Starting
ith the 486, the Intel CPUs contain a RISC core that executes the simplest (and
typically most common) instructions in a single data path cycle, while interpreting
the more complicated instructions in the usual CISC way. The net result is that
‘common instructions are fast and less common instructions are slow. While this
hybrid approach is not as fast as a pure RISC design, it gives competitive overall
performance while still allowing old software to run unmodified.

2.1.4 Désign Principles for Modern Computers

Now that more than two decades have passed since the first RISC machines
ere introduced, certain design principles have come to be accepted as a good way
ign computers given the current state of the hardware technology. If a major
,ﬁang‘e_'i‘n technology occurs (e.g., a new manufactyring process suddenly makes
remory cycle time 10 times faster than CPU cycle time), all bets are off. Thus
ine designers should always keep an eye out for technological changes that
nay affect the balance among the components.

That said, there is a set of design principles, sometimes called the RISC
principles, that architects of new general-purpose CPUs do their best to
~External constraints, such as the requirement of being backward compati-
/ith some existing architecture, often require compromises from time to time,
1ese principles are goals that most designers strive to meet. Next we will dis-
he major ones. S

kY
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This observation means that only LOAD and STORE instructions should reference
memory All other instructions should operate only on registers.

: Prov1de Plenty of Registers

Since accessing memory is relatively slow, many registers (at least 32) need to
be provided, so that once a word is fetched, it can be kept in a register until it is no
longer:needed. 'Running out of registers and having to flush them back to memory
only to later reload them is undesirable and should be avoided as much as possible.
- The best way to accomplish this is to have enough registers.

2.1.5 Instruction-Level Parallelism

~ Computer architects are constantly striving to improve performance of the ma-
_chines they design. Making the chips run faster by increasing their clock speed is
_one way, but for every new design, there is a limit to what is possible by brute
~ force at that moment in history. Consequently, most computer architects look to
 parallelism (doing two or more things at once) as a way to get even more perfor-
mance for a given clock speed.

~Parallelism comes in two general forms, namely, instruction-level parallelism
and processor-level parallelism. In the former, parallelism is exploited within indi-
vidual instructions to get more instructions/sec out of the machine. In‘the latter,
wltiple CPUs work together on the same problem. Each approach has its own
merits. In this section we will look at instruction-level parallelism; in the next one,
will look at processor-level parallelism.

has been known for years that the actual fetching of instructions from memo-
‘major bottleneck in instruction execution speed. To alleviate this problem,
computers going back at least as far as the IBM Stretch (1959) have had the ability
fetch instructions from memory in advance, so they would be there when they
eeded. These instructions were stored in a special set of registers called the
prefetch buffer. This way, when an instruction was needed, it could usually be
1 from the prefetch buffer rather than waiting for a memory read to complete.
In effect, prefetching divides instruction execution into two parts: fetching and
tual execution. The concept of a pipeline carries this strategy much further. In-
d of bemg d1v1ded into only two parts, instruction execution is often divided
many (often a dozen or more) parts, each one handled by a dedicated piece of
Ware, all of which can run in parallel. o

ure 2-4(a) illustrates a pipeline with five units, also called stages Stage 1
1es the instruction from memory and places it<in a buffer until it is needed.
decodes the instruction, determining its type and what operands it needs.
b
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Getting back to our pipeline of Fig. 2-4, suppose that the cycle time of this ma-
chine is 2 nsec. Then it takes 10 nsec for an instruction to progress all the way
through the five-stage pipeline. At first glance, with an instruction taking 10 nsec,
it might appear that the machine can run at 100 MIPS, but in fact it does much bet-
ter than this. At every clock cycle (2 nsec), one new instruction is completed, so

- the actual rate of processing is 500 MIPS, not 100 MIPS.

‘ Pipelining allows a trade-off between latency (how long it takes to execute an
instruction), and processor bandwidth (how many MIPS the CPU has). With a
cycle time of T nsec, and n stages in the pipeline, the latency is nT nsec because
each instruction passes through n stages, each of which takes T nsec.

Since one instruction completes every clock cycle and there are 10°/T clock
‘cycles/second, the number of instructions executed per second is 10°/T. For ex-
ample, if T = 2 nsec, 500 million instructions are executed each second. To get
the number of MIPS, we have to divide the instruction execution rate by 1 million
. to get (10°/T)/10° = 1000/T MIPS. Theoretically, we could measure instruction
execution rate in BIPS instead of MIPS, but nobody does that, so we will not ei-
ther.

Superscalar Architectures

- If one pipeline is good, then surely two plpelmes are better. One possible de-
, ;,lgn for a dual pipeline CPU, based on Fig, 2-4, is shown in Fig. 2-5. Here a single
nstruction fetch unit fetches pairs of instructions together and puts each one into
its own pipeline, complete with its own ALU for parallel operation. To be able to
un in parallel, the two instructions must not conflict over resource usage (e.g., reg-
isters), and neither must depend.on the result of the other. As with a single
 pipeline, either the compiler must guarantee this situation to hold (i.e., the hard-
_ ware does not check and gives incorrect results if the instructions are not compati-
le), or conflicts must be detected and eliminated during execution using extra

82 83 S84 S5

Instruction Operand Instruction Write

decode > fetch 1, execution > back

|nstfuct|on unit unit unit unit
. fetch

. unit Instruction Operand Instruction Write

decode fetch > execution back

unit | unit unit unit

k ' Figure 2-5, Dual ﬁve-stage pipelines with a common instruction fetch unit.
though pipelines, single or double, were originally used on RISC machines
e 386 and its predecessors did not; ‘have any), starting with the 486 Intel began
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S4
ALU
ALU
st s2 s3 / \ s5
Instruction Instruction ‘ Operand ‘ Write
fetch decode fetch LOAD > back
unit unit unit \ / unit
' STORE /
Floating
- point

Figure 2-6. A superscalar processor with five functional units.

idea. In reality, most of the functional units in stage 4 take appreciably longer than
one clock cycle to execute, certainly the ones that access memory or do float-
ing-point arithmetic. As can be seen from the figure, it is possible to have multiple
ALUs in stage S4.

2.1.6 Processor-Level Parallelism

The demand for ever faster computers seems to be insatiable. Astronomers
want to simulate what happened in the first microsecond after the big bang,
economists want to model the world economy, and teenagers want to-play 3D
/interactive multimedia games over the Internet with their virtual friends. While
‘CPUs keep getting faster, eventually they are going to run into the problems with
the speed of light, which is likely to stay at 20 cm/nanosecond in copper wire or
~optical fiber, no matter how clever Intel’s engineers are. Faster chips also produce
_more heat, whose dissipation is a huge problem. In fact, the difficulty of getting
of the heat produced is the main reason CPU clock speeds have stagnated in the
t decade.

Instruction-level parallelism helps a little, but plpehnmg and superscalar opera-
on rarely win more than a factor of five or ten. To get gains of 50, 100, or more,
‘only way is to design computers with multiple ‘CPUs, so we will now take a

ook at how some of these are organized.
: Y
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Instruction Cache

Y Y

Instruction Dispatch Instruction Dispatch

Y Y

Register File

Interconnection Network

Shared Memory

'Figiire 2-7, The SIMD core of the Fermi graphics processing unit.

processor. The next instruction from each thread then executes on up to 16 SIMD
processors, although possibly fewer if there is not enough data parallelism. If each
- thread is able to perform 16 operations per cycle, a fully loaded Fermi GPU core
- with 32 SMs will perform a whopping 512 operations per cycle. This is an impres-
sive feat considering that a similar-sized general purpose quad-core CPU would
stLuggle to-achieve 1/32 as much processing.
A vector processor appears to the programmer very much like a SIMD proc-
essor. Like a SIMD processor, it is very efficient at executing a sequence of opera-
ns on pairs of data elements. But unlike a SIMD processor, all of the operations
are performed in a single, heavily pipelined functional unit. The company Sey-
mour Cray founded, Cray Research, produced many vector processors, starting
with the Cray-1 back in 1974 and continuing through current models,
_ Both SIMD processors and vector processors work on arrays of data. Both ex-
ute single instructions that, for example add the elements together pairwise for
two vectors. But while the SIMD processor does 1t%y having as many-adders as
ments in the vector, the Vector processor has the concept of a vector register,

i
£
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contention and improve performance. One design, shown in Fig. 2-8(b), gives
each processor some local memory of its own, not accessible to the others. This
memory can be used for program code and those data items that need not be shar-
ed. Access to this private memory does not use the main bus, greatly reducing bus
traffic. Other schemes (e.g., caching—see below) are also possible.
Multiprocessors have the advantage over other kinds of parallel computers that
the programming model of a single shared memory is easy to work with. For ex-
ample, imagine a program looking for cancer cells in a photograph of some tissue
taken through a microscope. The digitized photograph could be kept in the com-
mon memory, with each processor assigned some region of the photograph to hunt
in. Since each processor has access to the entite memory, studying a cell that starts
in its assigned region but straddles the boundary into the next region is no problem.

Multicomputers

Although multiprocessors with a modest number of processors (< 256) are rel-
“atively easy to build, large ones are surprisingly difficult to construct. The dif-
ficulty is in connecting so many the processors to the memoty. To get around these
problems, many designers have simply abandoned the idea of having a shared
memory and just build systems consisting of large numbers of interconnected com-
puters, each having its own private memory, but no common memory. These sys-
tems are called multicomputers. The CPUs in a multicomputer are said to be
loosely coupled, to contrast them with the tightly coupled multiprocessor CPUs,
The CPUs in a multicomputer communicate by sending each other messages,
something like email, but much faster. For large systems, having every computer
- connected to every other computer is impractical, so topologies such as 2D and 3D
grids, trees, and rings are used. As a result, messages from one computer to anoth-
er often must pass through one or more intermediate computers or switches to get
from the source to the destination. Nevertheless, message-passing times on the
' order of a few microseconds can be achieved without much difficulty. Multicom-
_ puters with over 250,000 CPUs, such as IBM’s Blue Gene/P, have been built.
_Since multlprocessors are easier to program and multicomputers are easier to
uild, there is much research on designing hybrid systems that combine the good
properties of each. Such computers try to present the illusion of shared memory
_ without going to the expense of actually constructing it. We will go into multi-
ocessors and multicomputers in detail in Chap. 8.

2.2 PRIMARY MEMORY

_ The memory is that part of the computer where programs and data are stored.
ome computer scientists (especially British ones) tise the term store or storage
her than memory, although more and more; the term “storage” is used to refer
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it can hold any one of 2* different bit combinations. Figure 2-9 shows three dif-
ferent organizations for a 96-bit memory. Note that adjacent cells have consecutive
addresses (by definition).

Address Address 1 Cell Address

o Y A O A
L3 e A
2 N [ - O O O
) A
4TI LTI TTTITTTT] 40T T I T I T TTTITTITI1]
3 3 A
e[ TTITTITT] 6[ITTTTTITTITIT] 18 bits

72V O A ()

s [T 12 bits

o [IITTITTT] (b)

1[I TTTTTT]

1 [ITTTTTT]

—~— 8 bits —

(@)
Figure 2-9. Three ways of organizing a 96-bit memory.

" Computers that use the binary number system (including octal and hexadeci-
~ mal notation for binary numbers) express memory addresses as binary numbers. If
_ an address has m bits, the maximum number of cells addressable is 2”. For ex-
_ ample, an address used to reference the memory of Fig. 2-9(a) needs at least 4 bits
_in order to express all the numbers from 0 to 11. A 3-bit address is sufficient for
g.2-9(b) and (c), however. The number of bits in the address determines the
maximum number of directly addressable cells in the memory and is independent
the number of bits per cell. A memory with 2'? cells of 8 bits each and a memo-
ry with 2'? cells of 64 bits each need 12-bit addresses.

The number of bits per cell for some computers that have been sold commer-
ally is listed in Fig. 2-10.

_ The significance of the cell is that it is the smallest addressable unit. In recent
s, nearly all computer manufacturers have standardized on an 8-bit cell, which
called a byte. The term octet is also used. Bytes are grouped into words. A
mputer with a 32-bit word has 4 bytes/word, whereas a computer with a 64-bit
has 8 bytes/word. The significance of a word,is that most instructions oper-
n entire words, for example, addlng two Words together. Thus a 32-bit ma-
ne will have 32-bit registers and instructions for mampulatmg 32-bit words,
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SEC. 2.2
Address Big endian Little endian Address
ol © 1 2 3 3 2 1 0 0
41 4 5 6 7 7 6 5 4 4
8l 8 9 10 1 H 11 10 9 8 8
12| 12 | 18 | 14 | 15 18 14 | 13 | 12 |12
e i
Byte Byte

e 32-bit word —> 32-bit word ——

(@) (b)

Figure 2-11. (2) Big endian memory. (b) Little endian memory.

name) and two integers (age and department number). The string is terminated
with 1 or more 0 bytes to fill out a word. The big endian representation is shown
in Fig. 2-12(a); the little endian representation is shown in Fig. 2-12(b) for Jim
Smith, age 21, department 260 (1 x 256 + 4 = 260).

Transfer from
big endianto Transfer and

Big endian Little endian little endian swap
JI1|M Ml 0 Ml H]d J11M 0
SIM|I]T T{1IIM]|S 4 T|IiM}|S s(M}l
Hio|ojo oloflolH| & |ojojoH Hlolo]o] 8
0lojol21 olojoi|21 12 2110101}0 o|o]ojat|12
oloit1]4 olol1]4 16 4111010 ojo0l|1]4]18

(a) (b) (© {d)

Figure 2-12. (a) A personnel record for a big endian machine. (b) The same
record for a little endian machine. (¢) The result of transferring the record froma

big endian to a little endian. (d) The result of byte swapping (¢). .

- Both of these representations are fine and internally consistent, The problems
egin when one of the machines tries to send the record to the other one over a net-
ork. Let us assume that the big endian sends the record to the little endian one
yte at a time, starting with byte 0 and ending with byte 19. (We will be optimistic
d assume the bits of the bytes are not reversed by the transmission, as we have
nough problems as is.) Thus the big endian’s byte 0 goes into the little endian’s
nemory at byte 0, and so on, as shown in Fig, 2-12(c).
_ When the little endian tries to print the name, it works fine, but the age comes
as 21 x 224 and the department is just as garbled: This situation arises because

N
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because with such a code there is no.way that d single-bit errors can change a valid
codeword into another valid codeword. Similarly, to correct d single-bit errors,
you need a distance 2d + 1 code because that way the legal codewords are so far
apart that even with d changes, the original codeword is still closer than any other
codeword, so it can be uniquely determined.

As a simple example of an error-detecting code, consider a code in which a
single parlty bit is appended to the data. The parity bit is chosen so that the num-
ber of 1 bits in the codeword is even (or odd). Such a code has a distance 2, since
any single-bit error produces a codeword with the wrong parity. In other words, it
takes two single-bit errors to go from a valid codeword to another valid codeword.
It can be used to detect single errors. Whenever a word containing the wrong par-
ity is read from memory, an error condition is signaled. The program cannot con-
tinue, but at least no incorrect results are computed.

As a simple example of an error—correctmg code, consider a code with only
four valid codewords;

i

0000000000, 0000011111, 1111100000, and 1111111111

This code has a distance 5, which means that it can correct double errors. If the
codeword 0000000111 arrives, the receiver knows that the original must have been
0000011111 (if there was no more than a double error). If, however, a triple error
changes 0000000000 into 0000000111, the error cannot be corrected.

. Imagine that we want to design a code with m data bits and r check bits that
will allow all single-bit errors to be corrected. Each of the 2" legal memory words
has 7 illegal codewords at a distance 1 from it. These are formed by systematically
inverting each of the » bits in the n-bit codeword formed from it. Thus each of the
2" legal memory words requires 7 + 1 bit patterns dedicated to it (for the n pos-
sible errors and-correct pattern). Since the total number of bit patterns is 2", we
must have- (n+1)2" £2". Using n=m+r, this requirement becomes
(m+r+1)<2". Given m, this puts a lower limit on the number of check bits
needed to correct single errors. Figure 2-13 shows the number of check bits re-
quired for various memory word sizes.

Word size | Check bits | Total size | Percent overhead

8 4 12 « 50

16 5 21 31

32 6 38 - 19

64 7 71 11
128 8 136 6
256 =9 265 4
512 10 522" 2

e

Figure 2-13. Number of check bits fora code that can correct a single error.
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- Bit 1 checks bits 1, 8, 5, 7, 9, 11, 18, 15, 17, 19, 21.
Bit - 2 checks bits 2, 3, 6, 7,10, 11, 14, 15, 18, 19.
Bit ‘4 checks bits 4, 5,6, 7, 12, 13, 14, 15, 20, 21.
Bit 8 checks bits 8, 9, 10, 11, 12, 13, 14, 15.

Bit 16 checks bits 16, 17, 18, 19, 20, 21.

In general, bit b is checked by those bits by, by, ..., b; such that by + by + ...
+ b; = b. For example, bit 5 is checked by bits 1 and 4 because 1 +4 = 5. Bit 6 is
- checked by bits 2 and 4 because 2 + 4 = 6, and so on.

Figure 2-15 shows construction of a Hamming code for the 16-bit memory
word 1111000010101110. The 21-bit codeword is 001011100000101101110. To
see how error correction -works, consider what would happen if bit 5 were inverted

by an electrical surge on the power line. The new codeword would be
001001100000101101110 instead of 001011100000101101110. The 5 parity bits
will be checked, with the following results:

- Parity bit 1 incorrect (1, 3,5, 7,9, 11, 18, 15, 17, 19, 21 contaln five 1s).
‘Parity bit 2 correct (2, 8, 6, 7, 10,-11, 14, 15, 18, 19 contain ksix 1s).
Parity bit 4in¢orrect (4, 5, 6; 7,12, 18, 14, 15, 20, 21 contain five 1s).
= Parity bit 8 correct (8, 9, 10, 11, 12,13, 14, 15 contain two 1s).

' _Parity bit 16v£:'orrect (16,17, 18, 19, 20, 21 contain four 1s).

e total number of 1s in bits 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, and 21 should be an
en number because even parity is being used. The incorrect bit must be one of
e bits checked by parity bit 1—namely, bit 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, or 21.
Parity bit 4 is incorrect, meaning that one of bits 4, 5, 6, 7, 12, 13, 14, 15, 20, or 21
s incorrect. The error must be one of the bits in both lists, namely, 5, 7, 13, 15, or
21. However, bit 2 is correct, eliminating 7 and 15 Similarly, bit 8 is correct,
eliminating 13. Fmally, bit 16 is correct, eliminating 21. The only bit left is bit 5,
which is the one in error. Since it was read as a 1, it should be a 0. In this manner,
s can be corrected.

_ A simple method for ﬁndmg the incorrect bit is first to compute all the parity
its. If all are correct, there was no error (or more than one). Then add up all the
incorrect panty bits, counting 1 for bit 1, 2 for bit 2, 4 for bit 4, and so on. The re-
1t1ng sum is the position of the incorrect bit. For example, if parity bits 1 and 4
ncorrect but 2, 8, and 16 are correct, bit 5 (1 +4)has been inverted.
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CPU chip can be made. Thus the choice comes down to having a small amount of
fast memory or a large amount of slow memory, What we would prefer is a large
amount of fast memory at a low price.

Interestingly enough, techniques are known for combining a small amount of
fast memory with a large amount of slow memory to get the speed of the fast mem-

_ory (almost) and the capacity of the large memory at a moderate price. The small,
fast memory is called a cache (from the French cacher, meaning to hide, and pro-
nounced ‘“cash”). Below we will briefly describe how caches are used and how
they work. A more detailed description will be given in Chap. 4.

The basic idea behind a cache is simple: the most heavily used memory words
are kept in the cache. When the CPU needs a word, it first looks in the cache.
Only if the word is not there does it go to main memory. If a substantial fraction of
the words are in the cache, the average access fime can be greatly reduced.

. Success or failure thus depends on what fraction of the words are in the cache.

For years, people have known that programs do not access their memories com-

pletely at random. If a given memory reference is to address A, it is likely that the

next memory reference will be in the general vicinity of A. A simple example is
the program itself. Except for branches and procedure calls, instructions are

- fetched from consecutive locations in memory. Furthermore, most program execu-

tion time is spent in loops, in which a limited number of instructions are executed

over and over. Similarly, a matrix mampulatlon program is likely to make many
eferences to the same matrix before moving on to somethmg else.

. The observation that the memory references made in any short time interval

tend to use only a small fraction of the total memory is called the locality princi-

ple and forms the basis for all caching systems. The general idea is that when a

word is referenced, it and some of its neighbors are brought from the large slow

‘memory into the cache, so that the next time it is used, it can be accessed quickly.

A common arrangement of the CPU, cache, and main memory is illustrated in

Fig. 2-16. If a word is read or written & times in a short interval, the computer will

ed 1 reference to slow memory and k — 1 references to fast memory. The farger

kis, the better the overall performance.

Main
/memory

| CPU

—T7 Bus

®

‘Figure 2-16. The cache is logically between the CPU and main memory. Physi-
cally, there are several possible places it could be located.

+
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fetch unit needs access to data. A split cache allows parallel accesses; a unified
one does not. Also, since instructions are not modified during execution, the con-
tents of the instruction cache never has to be written back into memory.

Finally, a fifth issue is the number of caches. It is common these days to have
chips with a primary cache on chip, a secondary cache off chip but in the same
package as the CPU chip, and a third cache still further away.

2.2.6 Memory Packaging and Types

From the early days of semiconductor memory until the early 1990s, memory

‘was manufactured, bought, and installed as single chips. Chip densities went from
1K bits to 1M bits and beyond, but each chip was sold as a separate unit. Early
PCs often had empty sockets into which additional memory chips could be
plugged, if and when the purchaser needed them.
Since the early 1990s, a different arrangement has been used. A group of
chips, typically 8 or 16, is mounted on a printed circuit board and sold as a unit.
This unit is called a SIMM (Single Inline Memory Module) or a DIMM (Dual
Inline Memory Module), depending on whether it has a row of connectors on one
side or both sides of the board, SIMMs have one edge connector with 72 contacts
and transfer 32 bits per clock cycle. They are rarely used these days. DIMMs
usually have edge connectors with 120 contacts on each side of the board, for a
total of 240 contacts, and transfer 64 bits per clock cycle.. The most ¢common ones
-present are DDR3 DIMMS, which is the third version of the double data-rate
memories. A typical DIMM is illustrated in Fig. 2-17.

133 mm ——————————

Figure 2-17. Top view of a DIMM holding 4 GB with eight chips of 256 MB on
each side. The other side looks the same. %

A typical DIMM configuration might have eight data chips with 256 MB each.
The entire module would then hold 2 GB. Many computers have room for four
odules, giving a total capacxty of 8 GB when using 2-GB modules and more
hen using larger ones.

A physically smaller DIMM, called an SO-DIMM (Small Outllne DIMM), is
~in notebook computers. DIMMS can Have a parlty bit or error correction
ded, but since the average error rate :of a module is-one error every 10 years, for

arden-variety computers, error detection and correction are omitted.
N
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Cache memories take a small multiple of CPU registers. Main memory accesses
are typically 10 nanoseconds. Now comes a big gap, as disk access times are at
least 10 times slower for solid-state disks and hundreds of times slower for mag-
‘netic disks. Tape and optical disk access can be measured in seconds if the media
have to be fetched and inserted into‘a drive.

Second, the storage capacity increases as we go downward. CPU registers are
good for perhaps 128 bytes, caches for tens of megabytes, main memories for a
~few gigabytes, solid-state disks for hundreds of gigabytes, and magnetic disks for
terabytes. Tapes and optical disks are usually kept off-line, so their capacity is lim-
ited only by the owner’s budget.

Third, the number of bits you get per dollar spent increases down the hier-
archy. Although the actual prices change rapidly, main memory is measured in
dollars/megabyte, solid-state disk in dollars/gigabyte, and magnetic disk and tape
storage in pennies/gigabyte.
~‘We have already looked at registers, cache, and ‘main memory. In the follow-
ng sections we will look at magnetic and solid-state disks; after that, we will study
optical ones. We will not study tapes because they are rarely used except for back-
_up, and there is not a lot to say about them anyway.
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.2 Magnetic Disks

‘A magnetic disk consists of one or more aluminum platters with a magnetiz-
ble coating. Originally these platters were as much as 50 cm in diameter, but at
sent they are typically 3 to 9 cm, with disks for notebook computers already
nder 3 cm and still shrinking. A disk head containing an induction coil floats just
ver the surface, resting on a cushion of air. When a positive or negative current
asses through the head, it magnetizes the surface just beneath the head, aligning
agnetic particles facing left or facing right, depending on the polarity of the
ve current. When the head passes over a magnetized area, a positive or negative
nt is induced in the head, making it possible to read back the previously stor-
ts. Thus as the platter rotates under the head, a stream of bits-can be written
nd later read back. The geometry of a disk track is shown in Fig. 2-19.

e circular sequence of bits written as the disk makes a complete rotation is
atrack. Each track is divided up into some nurber of fixed- Tength sectors,
y containing 512 data bytes, preceded by a preamble that allows the head
 synchronized before reading or writing. Following the data is an Error-Cor-
g Code (ECC), either a Hamming code or, more commonly, a code that can
t multiple errors called a Reed-Solomon code. Between consecutive sectors
small intersector gap. Some manufacturers quote their disks’ capacities in
nformatted state (as if each track contained only data), but a more honest meas-
ent is the formatted capacity, which does not count the preambles, ECCs, and
s data. The formatted capac1ty fs typlcally about 15 percent lower than the

arease. First, the ac-
ormatted capacity.

nanosecond or less. x
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- hard disks to differentiate them from the long-vanished floppy disks used on the
very first personal computers. In this business, it is difficult to pick a name for
anything and not have it be ridiculous 30 years later.

; Most disks consist of multlple platters stacked vertically, as. depicted in

~ Fig. 2-20. Each surface has its own arm and head. All the arms are ganged toget-

her so they move to different radial positions all at once. The set of tracks at a

given radial position is called a cylinder Current PC and server disks typically

have 1 to 12 platters per drive, giving 2 to 24 recording surfaces. High-end disks
~can store 1 TB on a single platter and that limit is sure to grow with time.

Read/write head (1 per surface)

Surface 7 S

Surface 6 [

Surface 5 , S

Surface 4 e

Surface 3 = —_—
<=sD Directlon of arm motion

Surface 2 B
b

Surface 0 ‘ " B

Figure 2-20, A disk with four platters.

. Disk performance depends on a vatiety of factors. To read or write a sector,
irst the arm must be moved to the right radial position. This action is called a
eek. Average seek times (between random tracks) range in the 5- to 10-msec
ange, although seeks between consecutive tracks are now down below 1 msec.
Once the head is positioned radially, there is a delay, called the rotational latency,
unt11 the desired sector rotates tunder the head. Most disks rotate at 5400 RPM,
7200 RPM, or 10,800 RPM, so the average delay (half a rotation) is 3 to 6 msec.
sfer time depends on the linear density and rotation speed. With typical inter-
ransfer rate of 150 MB/sec, a 512-byte sector takes about 3.5 usec. Conse-
uently, the seek time and rotational latency dominate the transfer time. Reading
m sectors all over the disk is clearly an inefficient way to operate.

s worth mentioning that on account of the preambles, the ECCs, the intet-
r gaps, the seek times, and the rotational latencies, there is a big difference be-
a drive’s maximum burst rate and its maximum sustained rate. The maxi-
burst rate is the data rate once the head is over the first data bit. The com-
 must be able to handle data commg in this fast™” However, the drive can keep
1at rate only for one sector. For some applications, such as mult1med1a what
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potential future use, and remapping bad sectors. This latter function is caused by
the existence of sectors with a bad (permanently magnetized) spot. When the con-
troller discovers a bad sector, it replaces it by one of the spare sectors reserved for
this purpose within each cylinder or zone.

2.3.3 IDE Disks

~Modern personal computer disks evolved from the one in the IBM PC XT,

which was a 10-MB Seagate disk controlled by a Xebec disk controller on a plug-
~in'card. The Seagate disk had 4 heads, 306 cylinders, and 17 sectors/track. The
 controller was capable of handling two drives. The operating system read from
and wrote to a disk by putting parameters in CPU registers and then calling the
BIOS (Basic Input Output System), located in the PC’s built-in read-only memo-
ry. The BIOS issued the machine instructions to load the disk controller registers
that initiated transfers.
. The technology evolved rapidly from having the controller on a separate board,

to having it closely integrated with the drives, starting with IDE (Integrated Drive
Electronics) drives in the mid 1980s. However, the BIOS calling conventions
_ were not changed for reasons of backward compatibility. These calling conven-
 tions addressed sectors by giving their head, cylinder, and sector numbers, with the
~ heads and cylinders numbered starting at 0 and the sectors starting at 1. This
~ choice was probably due to a mistake on the part of the original BIOS programmer,
ho wrote his masterpiece in 8088 assembler. With 4 bits for the head, 6 bits for
¢ sector, and 10 bits for the cylinder, the maximum drive could have 16 heads, 63
ctors, and 1024 cylinders, for a total of 1,032,192 sectors. Such a maximum
ive has a capacity of 504 MB, which probably seemed like infinity at the time
but certainly does not today. (Would you fault a new machine today that could not
andle drives bigger than 1000 TB?)
_ Unfortunately, before too long; drives below 504 MB' appeared but with the
wrong geometry (e.g., 4 heads, 32 sectors, 2000 cylinders is 256,000 sectors).
There was no way for the operating system to address them due to the long-frozen
BIOS calling conventions. As a result, disk controllers began to lie, pretending
that the geometry was within the BIOS limits but actually remapping the virtual
etry onto the real geometry. Although this approach worked, it ‘wreaked
c with operating systems that carefully placed data to minimize seek times.
Eventually, IDE drives evolved into EIDE drives (Extended IDE), which also
oport a second addressing scheme called LBA (Logical Block Addressing),
ich just numbers the sectors starting at 0 up until a maximum of 2%® — 1. This
me requires the controller to convert LBA addresses to head, sector, and cylin-
ddresses, but at least it does get beyond the 504-MB limit. Unfortunately, it
ed a new bottleneck at 2% x 2° bytes (128 GB). In 1994, when the EIDE
in ard was adopted, nobody in their wildest imagination could imagine 128-GB
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have been standardized under the names Fast SCSI (10 MHz), Ultra SCSI (20
MHz), Ultra2 SCSI (40 MHz), Ultra3 SCSI (80 MHz), Ultra4 SCSI (160 MHz),
and Ultra5 SCSI (320 MHz).  Each of these hasa wide (16-bit) version as well. In
fact, the recent ones have only a wide version. The main combinations are shown
in Fig. 2-22,

Name Data bits | Bus MHz | MB/sec
SC8i-1 8 5 5
Fast 8CSI 8 10 10
Wide Fast SCSI 16 10 20
Ultra SCSI 8 20 20
Wide Ultra SCSI 16 20 40
Ultra2 SCSI 8 40 - 40

| Wide Ultra2 SCSI 16 40 80
Wide Ultra3 SCSI 16 80 160
Wide Ultra4 SCSI 16 160 320
Wide Ultra5 SCSI 16 320 640

Figure 2-22.. Some of the possible SCSI parameters.

Because SCSI disks have high transfer rates, they are the standard disk in
“high-end workstations and servers, especially those that run RAID configu-
tions (see below).

SCSI is more than just a hard-disk interface. It is a bus to which a SCSI con-
er and up to seven devices can be attached. These can include one or more
CSI hard disks, CD-ROMs, CD recorders, scanners, tape units, and other SCSI
pherals. Each SCSI device has a unique ID, from 0 to 7 (15 for wide SCSI).
Each device has two connectors: one for input and one for output. Cables connect
utput of one device to the input of the next one, in series, like a string of cheap
ristmas tree lamps, The last device in the string must be terminated to prevent
flecuons from the ends of the SCSI bus from interfering with other data on the
pically, the controller is on a plug-in card and the start of the cable chain,
ough this configuration is not strictly required by the standard.

The most common cable for 8-bit SCSI has 50 wires, 25 of which are grounds
ed one-to-one with the other 25 wires to prov1de the excellent noise immunity
eeded for high-speed operation. Of the 25 wires, 8 are for data, 1 is for parity, 9
ontrol, and the remainder are for power or are reserved for future use. The
and 32—b1t) devices need a second cable for the additional signals. The
y be several meters long, allowing for external drives, scanners, etc.

I controllers and peripherals can operate either as initiators or as targets.

Insta360
Page 53

Exhibit 1006



Insta360
Exhibit 1006 Page 54



CHAP. 2

vhen multiple de-
1 is important be-
ly improving per-
e, IDE and EIDE

" the past decade,
1ce. In the 1970s,
i, Now seek times
riation), a factor of
or news, but in the
etween CPU per-
ne.

eed up CPU per-
‘parallel /O might
ed six specific disk
reliability, or both
industry and have
. defined RAID as
1the I to be “Inde-
expensive disks?).
y due to Patterson),
)

xt to the computer,
a RAID controller,
speration. In other
tem but have better
d performance, low
roller (15 for wide
oontroller plus a box
“large disk. In this
ig selling point for

all RAIDs have the
v parallel operation.
rson et al., and they
ition, there are a few
» is something of a
7 six different organ-
se characteristics.

TR

SEC. 2.3 SECONDARY MEMORY 95
RAID level 0 is illustrated in Fig. 2-23(a). It consists of viewing the virtual
disk simulated by the RAID as being divided up into strips of k sectors each, with
sectors 0 to kK — 1 being strip 0, sectors k to 2k — 1 as strip 1, and so on. Fork =1,
each strip is a sector; for k = 2 a strip is two sectors, etc. The RAID level 0 organi-
zation writes consecutive strips over the drives in round-robin fashion, as depicted
in Fig, 2-23(a) for a RAID with four disk drives. Distributing data over multiple
drives like this is called striping. For example, if the software issues a command
to read a data block consisting of four consecutive strips starting at a strip bound-
ary, the RAID controller will break this command up into four separate commands,
one for.each of the four disks, and have them operate in parallel. Thus we have
parallel I/O without the software knowing about it.
~ RAID level 0 works best with large requests, the bigger the better. If a request
is larger than the number of drives times the strip size, some drives will get multi-
ple requests, so that when they finish the first request they start the second one. It
is up to the controller to split the request up and feed the proper commands to the
proper disks in the rlght sequence and then assemble the results in memory cor-
rectly. Performance is excellent and the implementation is straightforward,

RAID level 0 works worst with operating systems that 11ab1tua11y ask for data
one sector at a time, The results will be correct, but there is no paxallellsm and
hence no performance gain. Another disadvantage of this organization is that the
reliability is potentially worse than having a SLED, If a RAID consists of four
- disks, each with a mean time to failure of 20,000 hours, about once every 5000
hours a drive will fail and all the data will be completely lost. A SLED with a
mean time to failure of 20,000 hours would be four times more reliable. Because
no redundancy is present in this design, it is not really a true RAID.

The next option, RAID level 1, shown in Fig. 2-23(b), is a true RAID. It dupli-
cates all the disks, so there are four primary disks and four backup disks in this ex-
mple although any other even number of disks is also possible, On a write, every
rip is written twice. On a read, either copy can be used, distributing the load over
ore drives. Consequently, write performance is no better than for a single drive,
but read performance can be up to twice as good. Fault tolerance is excellent: if a
drive crashes, the copy is simply used instead. Recovery consists of simply in-
stalling a new drive and copying the entire backup drive to it,
~ Unlike levels 0 and 1, which work with strips of, sectors, RAID level 2 works
on a word basis, possibly even a byte basis. Imagine splitting each byte of the sin-

gle virtual disk into a pair of 4-bit nibbles, then adding a Hamming code to each
ne. to form a 7-bit word, of which bits 1, 2, and 4 were parity bits. Further imag-
e that the seven drives of Fig. 2-23(c) were synchronized in terms of arm position
d rotational position. Then it would be possible to write the 7-bit Hamming
oded word over the seven drives, one bit per drive..

~The Thinking Machines CM-2 computer.used this scheme, taking 32-bit data
ords and adding 6 parity bits to form a 38-bit Hamming word, plus an extra bit
word parity, and spread each word over 39 disk drives. The total throughput

kN
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was immense, because in one sector time it could write 32 sectors worth of data.
Also, losing one drive did not cause problems, because loss of a drive amounted to
‘losmg 1 bit in each 39-bit word read, something the Hamming code could handle
on the fly.
On the down side, this scheme requires all the drives to be rotationally syn-
chromzed and it makes sense only with a substantial number of drives (even with
32 data drives and 6 parity drives, the overhead is 19 percent). It also asks a lot of
fthe controller, since it must do a Hamming checksum every bit time.
RAID level 3 is a simplified version of RAID level 2. It is illustrated in
Fig. 2-23(d). Here a single parity bit is computed for each data word and written to
a parity drive. As in RAID level 2, the drives must be exactly synchronized, since
~individual data words are spread over multiple drives.
At first thought, it might appear that a single parity bit gives only error detec-
tion, not error correction. For the case of random undetected errors, this observa-
tion is true. However, for the case of a drive crashing, it provides full 1-bit error
correction since the position of the bad bit is known. If a drive crashes, the con-
 troller just pretends that all its bits are Os. If a word has a parity error, the bit from
_ the dead drive must have been a 1, so it is corrected. Although both RAID levels 2
and 3 offer very high data rates, the number of separate I/O requests per second
hey can handle is no better than for a single drive.
‘RAID levels 4 and 5 work with strips again, not individual words with parity,
d do not require synchronized drives. RAID level 4 [see Fig.2-23(e)] is like
RAID level 0, with a strip-for-strip parity written onto an extra drive. For example,
if each strip is k bytes long, all the strips are EXCLUSIVE ORed together, re-
ulting in a parity strip k bytes long. If a drive crashes, the lost bytes can be
recomputed from the parity drive.
This design protects against the loss of a drive but performs poorly for small
tes. If one sector is changed, all the drives must be read in order to recalculate
the parity, which then must be rewritten. Alternatively, the old user data and the
rity data can be read and the new parity recomputed from them. Even with
this optimization, a small update requires two reads and two writes, clearly a bad

RAID
level 1

RAID level 2

% m"o.

DlSkS made from nonvolatile flash memory, often called solid-state disks
(SSDs), are growing in popularity as hlgh-speed “alternative to traditional mag-
isk technologies. The invention of the SSD is‘a classic tale of “When they
“he

re shown shaded.
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carrier injection into the floating gate. Electrons become embedded into the float-
ing gate, which places a negative charge internal to the flash transistor. The embed-
ded negative charge increases the voltage necessary to turn on the flash transistor,
-and by testing whether or not the channel turns on with a high or low voltage, it is
possible to determine whether the floating gate is charged or not, resulting in a Q or
1 value for the flash cell. The embedded charge remains in the transistor, even if
power is removed from the system, making the flash memory cell nonvolatile.

. Because SSDs are essentially memory, they have superior performance to spin-
ning disks and have zero seek time. While a typical magnetic disk can access data
up to 100 MB/sec, a SSD can operate two to three times faster. And because the
device has no moving parts, it is particularly suited for use in notebook computers,
where jarring and movement will not affect its ability to access data, The downside
‘of SSDs, compared to magnetic disks, is their cost. While magnetic disks cost pen-
nies/gigabyte, a typical SSD will cost one to three dollars/gigabyte, making their
use appropriate only for smaller drive applications or situations that are not cost
sensmve The cost of SSDs is dropping, but they still have a long way to go to
catch up to cheap magnetic disks. So while SSDs are replacing magnetic disks in
many computers, it will likely be a long time before the magnetlc disk goes the
way of the dinosaur (unless another blg meteorite strikes the earth, in which cases
eSSDs are probably not going to survive either).

‘Another disadvantage of SSDs compared with magnetic disks is their failure
rate. A typical flash cell can be written only about 100,000 times before it will no
longer function. The process of injecting electrons into the floating gate slowly
.damages it and the surrounding insulators, until it can no longer function. To in-
ase. the lifetime of SSDs, a technique called wear leveling is used to spread

tes out to all flash cells in the disk. Every time a new disk block is written, the
stination block is reassigned to a new SSD block that has not been recently writ-
en, This requires the use of a logical block map inside the flash drive, which is one
f the reasons that flash drives have high internal storage overheads. Using wear
ng, a flash drive can support a number of writes equal to the number of writes
cell can sustain times the number of blocks on the disk. ‘
Some SSDs are able to encode multiple bits per byte using multilevel flash
The technology carefully controls the amount of charge placed into the float-
g gate. An increasing sequence of voltages is then.applied to the control gate to
etermine how much charge is stored in the floating gate. Typical multilevel cells
1 support four charge levels, yielding two bits per flash cell.
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Spiral groove

2K block of
user data

Figure 2-25, Recording structure of a Compact Dis¢ or CD-ROM.,

the same linear velocity at the head. A constant-linear-velocity drive is quite dif-
ferent than a magnetic-disk drive, which operates at a constant angular velocity, in-
_ dependent of where the head is currently positioned. Also, 530 RPM is a far cry
rom the 3600 to 7200 RPM that most magnetic disks whirl at.
In 1984, Philips and Sony realized the potential for usmg CDs to store com-
er data, so they published the Yellow Book defining a precise standard for what
re now called CD-ROMs (Compact Disc-Read Only Memory). To piggyback
n,the by-then already substantial audio CD market, CD-ROMSs were to be the
ame physical size as audio CDs, mechanically and optically compatible with
hem, and produced using the same polycarbonate injection molding machines.
he consequences of this decision were that slow variable-speed motors were re-
d, but also that the manufacturing cost of a CD-ROM would be well under
ne dollar in moderate volume.
What the Yellow Book defined was the formatting of the computer data. It
 improved the error-correcting abilities of the systém, an essential step because
1ough music lovers do not mind losing a bit here and there, computer lovers
d to be Very Picky about that. The basic format of a CD-ROM consists of en-
g every byte in a 14-bit symbol. As we saw above, 14 bits is enough to Ham-
ng encode an 8-bit byte with 2 bits left over. In fact, a more powerful encoding
tem is used. The 14-to-8 mapping for reading is done in hardware by table
p: i
the next level up, a group.of 42 consecutive symbols forms a 588-bit frame.
h frame holds 192 data bits (24 bytes) The. remammg 396 bits are for error

tion and control, This scheme i is identical for audio CDs and CD-ROMs.
ks

Insta360
Page 61

Exhibit 1006



Insta360
Exhibit 1006 Page 62



CHAP. 2

a CD-ROM sec-
a 16-byte pream-
(hexadecimal), to
next 3 bytes con-
Jith its single data
niform concentric
itely where to go,
amble to see how

‘ramas of 588 bits,
each contalning
24 data bytes

Mode 1
sector
'2352 bytes)

k3

ayout of Fig. 2-26,

r-correcting code (a

jata and ECC fields

ed (or cannot afford
). Note that to pro-
3§ are used: within a
e-bit errors are cor-
he frame level, and
id for this reliability
ngle 2048-byte pay-

1ich gives a data rate
de 2. Double-speed
« standard audio CD
lata, gives a capacity
VIB because 1 MB is

eople try to push the
ere cautious and had
v was reached. It did

SEC. 2.3 SECONDARY MEMORY 103

not take long before some drive manufacturers allowed their drives to go beyond
the official limit and come perilously close to the physical edge of the medium,
giving about 700 MB instead of 650 MB. But as the technology improved and the
blank discs were manufactured to a higher standard, 703.12 MB (360,000
2048-byte sectors instead of 333,000 sectors) became the new norm.

- Note that even a 32x CD-ROM drive (4,915,200 bytes/sec) is no match for a
fast SCSI-2 magnetic-disk drive at 10 MB/sec. When you realize that the seek
time is often several hundred milliseconds, it should be clear that CD-ROM drives
are not at all in the same performance category as magnetic-disk drives, despite
their large capacity.

~In 1986, Philips struck again with the Green Book, adding graphics and the
ability to interleave audio, video, and data in the same sector, a feature essential for
mult1med1a CD-ROM:s.

- The last piece of the CD ROM puzzle is the file system. To make it possible to
~use the same CD-ROM 'on different computers, agreement was needed on CD-
ROM file systems. To get this agreement, representatives of many computer com-
panies met at Lake Tahoe in the High Sierras on the California-Nevada boundary
and devised a file system that they called High Sierra. It later evolved into an In-
ternational Standard (IS 9660). It has three levels. Level 1 uses file names of up to
_ 8 characters optionally followed by an extension of up to 3 characters (the MS-DOS
file naming convention). File names may contain only uppercase letters, digits,
_ and the underscore. Directories may be nested up to eight deep, but directory
_names may not contain extensions. Level 1 requires all files to be contiguous,
_ which is not a problem on a medium written only once. Any CD-ROM confor-
_mant to IS 9660 level 1 can be read using MS-DOS, an Apple computer, a UNIX
_computer, or just about any other computer. CD-ROM publishers regard this prop-
y as'a big plus.

1S 9660 level 2 allows names up to 32 characters, and level 3 allows noncon-
iguous files. The Rock Ridge extensions (whimsically named after the town in the
Mel Brooks film Blazing Saddles) allow very long names (for UNIX), UIDs, GIDs,
nd symbolic links, but CD-ROMs not conforming to level 1 will not be readable
n old computers.

CD-Recordables

Initially, the equipment needed to produce a master CD-ROM (or audio CD,
at matter) was extremely expensive. But in the computer industry nothing
ys expensive for long. By the mid 1990s, CD recorders no bigger than a CD
er were a common peripheral available in most computer stores. These de-
es were still different from magnet1c disks because once written, CD-ROMs
ot be erased. Nevertheless, they/quickly found a niche as a backup medium
e magnetic hard disks and also allowed individuals or startup companies to

i
£
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is interpreted as the difference between pits and lands, even when read back on a
regular CD-ROM reader or even on an audio CD player,

No new kind of CD could hold up its head with pride without a colored book,

50 CD-R has the Orange Book, published in 1989. This document defines CD-R
and also a new format, CD-ROM XA, which allows CD-Rs to be written incre-

- mentally, a few sectors today, a few tomorrow, and a few next month. A group of
consecutive sectors written at once is called a CD-ROM track.
~ One of the first uses of CD-R was for the Kodak PhotoCD. In this system the
customer brings a roll of exposed film and his old PhotoCD to the photo processor
and gets back the same PhotoCD with the new pictures added after the old ones.
The new batch, which is created by scanning in the negatives, is written onto the
PhotoCD as a separate CD-ROM track. Incremental writing is needed because the
CD-R blanks are too expensive to provide a new one for every film roll.

However, incremental writing creates a new problem. Prior to the Orange
Book, all CD-ROMs had a single VTOC (Volume Table of Contents) at the start.
That scheme does not work with incremental (i.e., multitrack) writes. The Orange

- Book’s solution is to give each CD-ROM track its own VTOC. The files listed in
the VTOC can include some or all of the files from previous tracks. After the CD-
R is inserted into the drive, the operating system searches through all the CD-ROM
tracks to locate the most recent VTOC, which gives the current status of the disk.
By mcludmg some, but not all, of the files from previous tracks in the current
- VTOC, it is p0551ble to give the illusion that files have been deleted. Tracks can be
_ grouped into sessions, leading to multisession CD-ROMs. Standard audio CD
players cannot handle multisession CDs since they expect a single VTOC at the
o %tart

.. CD-R makes it. p0551ble for individuals and companies to. easily copy CD-
~ ROMs (and audio CDs), possibly in violation of the publisher’s copyright, Several
~ schemes have been devised to make such piracy harder and to make it difficult to
_read a CD-ROM using anything other than the publisher’s software. One of them
involves recording all the file lengths on the CD-ROM as multlglgabyte, thwarting
any attempts to copy the files to hard disk using standard copying software. The
true lengths are embedded in the publisher’s software or hidden (possibly en-
crypted) on the CD-ROM in an unexpected place. Another scheme uses intention-
ally incorrect ECCs in selected sectors, in the expectatxon that CD copying soft-
ware will “fix” the errors. The application software checks the ECCs itself, refus-
ng to work if they are “correct.”” Nonstandard gaps between the tracks and other
ysical “defects” are also possibilities.

2.3.9 CD-Rewritables

. Although peop]e are used to other wnte-once media such as paper and photo-
iphic. film, there is a demand for a ;ewntable CD-ROM. One technology now
ailable is CD-RW (CD-ReWritable), which uses the same s1ze medxa as CD-R.
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are under 133 minutes. Nevertheless, some applications such as multimedia games
or reference works may need more, and Hollywood would like to put multlple
movies on the same disk, so four formats have been defined:

1. Single-sided, single-layer (4.7 GB).
2. Single-sided, dual-layer (8.5 GB).

3. Double-sided, single-layer (’9.4'GB).
4. Double-sided, dual-layer (17 GB).

- Why so many formats? In a word: politics, Philips and Sony wanted single-sided,
~dual-layer disks for the high-capacity version, but Toshiba and Time Warner
~ wanted double-sided, single-layer disks. Philips and Sony did not think people
~ would be willing to turn the disks over, and Time Warner did not believe putting
 two layers on one side could be made to work. The compromise: all combinations,
~ with the market deciding which ones will survive. Well, the market has spoken.
. Philips and Sony were right. Never bet against technology.

- The dual-layering technology has a reflective layer at the bottom, topped with
a4sem1reﬂect1ve layer. Depending on where the laser is focused, it bounces off one
layer or the other. The lower layer needs slightly larger pits and lands to be read
reliably, so its capacity is slightly smaller than the upper layer’s.

Double-sided disks are made by taking two 0.6-mm single-sided disks and glu-
- them together back to back. To make the thicknesses of all versions the same,
mgle -sided disk consists of a 0.6-mm disk bonded to a blank substrate (or per-
ps in the future, one consisting of 133 minutes of advertising, in the hope that
le will be curious as to what is down there). The structure of the double-
ed, dual-layer disk is illustrated in Fig. 2-28.

Polycarbonate substrate 1

i Semireflective

Sihglg—sidem L fayer
disk Aluminum

4« reflector

, k\\\\\\\\\ MAMdresie 27e MMM

=™ Aluminum
reflector

™ Semirefigctive
layer

Polycarbonate substrate 2

Figure 2-28." A double-sided, dual layer DVD disk.

DVD was devised by a consortium of 10 consumer electronics companies,
n of them Japanese, in close coogeratlon w1thmthe major Hollywood studios
ekof which are owned by the J apanese electronics companies in the consor-
The computer and telecommunications industries were Dot invited to the

i
Vi
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for the politically correct). The motherboard contains the CPU chip, some slots
into which DIMM modules can be clicked, and various support chips. It also con-
tains a bus etched along its length, and sockets into which the edge connectors of
I/O boards can be inserted.

SCSI controller

Sound card
\ E an

Modem Agoag
oo oo
oo = g~
0/ /=
I
/ Card cage

Edge connector

Figure 2-29, Physical structure of a personal computer.

~ The logical structure of a simple personal computer is shown in Fig. 2-30.
- This one has a single bus used to connect the CPU, memory, and I/O devices; most
systems have two or more buses. Each I/O device consists of two parts: one con-
__taining most of the electronics, called the controller, and one containing the /O
 device itself, suchas a disk drive. The controller is usually integrated directly onto
he motherboard or sometimes contained on a board plugged into a free bus slot.
en though the display (monitor) is not an option, the video controller is some-
mes located on a plug-in board to allow the user to choose between boards with
or without graphics accelerators, extra memory, and so on. The controller connects
o its device by a cable attached to a connector on the back of the box.

‘The job of a controller is to control its I/O device and handle bus access for it,
hen a program wants data from the disk, for example, it gives a command to the
sk controller, which then issues seeks and other commands to the drive, When
th proper track and sector have been located, the drive begins outputting the data
. a serial bit stream to the controller. It is the controller’s job to break the bit
ream up mto units and write each unit into memory, asitis assembled A unit is

ory
;,_better known by its acronym DMA. When the transfer is completed the con-
er normally causes an interrupt, fmcing the CPU to immediately suspend run-
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architectures.. As an aside, please note that ISA stands for Instruction Set Architec-
ture in the context of machine levels, whereas it stands for Industry Standard Ar-

chitecture in the context of buses.

The PCI and PCle Buses

Nevertheless, despite the market pressure not to change anything, the old bus
really was too slow, so something had to be done. This situation led to other com-
panies developing machines with multiple buses, one of which was the old ISA
bus, or its backward-compatible successor, the EISA (Extended ISA) bus. The
winner was the PCI (Peripheral Component Interconnect) bus. It was designed
by Intel, but Intel decided to put all the patents in the public domain, to encourage
the entire industry (including its competitors) to adopt it.

The PCI bus can be used in many configurations, but a typical one is illustrated
in Fig. 2-31. Here the CPU talks to a memory controller over a dedicated high-
speed connection. The controller talks to the memory and to the PCI bus directly,
so CPU-memory traffic does not go over the PCI bus. Other peripherals connect to
the PCI bus directly. A machine of this design would typically contain two or
- three empty PCI slots to allow customers to plug in PCI I/O cards for new periph-
erals,

Msmo‘ry bus
PCl - el - Main
scsli bridge memory
bus
,L | ]
- SCSI [ SsCsI || scsl Video Network
scanner [T disk controller controller| |controller

PCl bus

Figure 2-31. ‘A typical PC built around the PCI bus. The SCSI controller is a
PCI device.

- No matter how fast something is in the computer\ world, a lot of people think it
is too slow. This fate also befell the PCI bus, which is being replaced by PCI
ress, abbreviated as PCIe. Most modern computers support both, so users can
tach new, fast devices to the PCle bus and older, slower ones to the PCI bus.
While the PCI bus was just:an upgrade to the older ISA bus with higher speeds
d more bits transferred in parallel, PCle represents a radical change from the PCI
us. In fact, it is not even a bus at all. It is point-to-point network using bit-serial
and packet switching, more like the Internet than like a traditional bus. It’s
chitecture is shown in Fig. 2-32. /' o

£
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2.4.2 Terminals

Many kinds of I/O devices are available today. A few of the common ones are
discussed below. Computer terminals consist of two parts: a keyboard and a moni-
tor. In the mainframe world, these parts are often integrated into a single device
and attached to the main computer by a serial line or over a telephone line, In the
airline reservation, banking, and other mainframe-oriented industries, these devices
are still in use. In the personal computer world, the keyboard and monitor are in-
dependent devices. Either way, the technology of the two parts is the same.

Keyboards

Keyboards come in several varieties. The original IBM PC came with a
keyboard that had a snap-action switch under each key that gave tactile feedback
- ‘and ‘made a click when the key was depressed far enough. Nowadays, the cheaper
keyboards have keys that just make mechanical contact when depressed. Better
ones have a sheet of elastometric material (a kind of rubber) between the keys and
the underlying printed circuit board. Under each key is a small dome that buckles
“when depressed far enough. A small spot of conductive material inside the dome
closes the circuit. Some keyboards have a magnet under each key that passes
through a coil when struck, thus inducing a current that can be detected. Various
other methods, both mechanical and electromagnetic, are also in use.

On personal computers, when a key is depressed, an interrupt is generated and
the keyboard interrupt handler (a piece of software that is part of the operating sys-
tem) is started. The interrupt handler reads a hardware register inside the keyboard
controller to get the number of the key (1 through 102) that was just depressed.
When a key is released, a second interrupt is caused. Thus if a user depresses the
SHIFT key, then depresses and releases the M key, then releases the SHIFT key,
the operatmg system can see that the user wants an uppercase “M” rather than a
lowercase “m.” Handling of multikey sequences involving SHIFT, CTRL, and
ALT is done entirely in software (including the infamous CTRL-ALT-DEL key se-
quence that is used to reboot PCs).

_Touch Screens .

~While keyboards are in no danger of going the way of the manual typewriter,

¢ is a new kid on the block when it comes to computer input: the touch screen.
ile these devices only became mass-market items with the introduction of
ple’s iPhone in 2007, they goback much further. The first touch screen was de-
eloped at the Royal Radar Establishment in Malvern, U.K. in 1965. Even the
uch-heralded pmchmg capability of the iPhone dates back to work at the Univer-
ty of Toronto in 1982. Since then,’ many dlfferentﬂtechnologles have been devel-

Insta360
Page 73

Exhibit 1006



Insta360
Exhibit 1006 Page 74



CHAP. 2

parent. A typical
A typical transpar-
consider the latter
f touch screens are

red light emitting
» bezel around the
iger, stylus, or any
fetector senses the
ting system which
rdinates of the fin-
ill in use in kiosks

5, These consist of
imber of horizontal
rer or other object
's comes in contact
e electronics of the
sed. These screens
1sitive applications.
sssed by one finger
e pfoblem, we will
/e one has the same
s aresult, the x =3
1d y =8 horizontal
t (3, 8) and (8, 3),
are (3, 3), (8, 3), (8,
tware has no way of
ghosting,

roperty required for
ed. The one used on
other devices) is the
1t the most common
1 detect two or more
creens. Let us now

ics, a capacitor is a
ductors separated by
hin “wires” running

1g layer. When a fin-

ntersections touched
nstration that a mod-
screens, try touching

TR

SEC. 2.4 INPUT/OUTPUT 115
one with a pen, pencil, paper clip, or gloved finger and you will see that nothing
happens. The human body is good at storing electric charge, as anyone who has
shuffled across a rug on a cold, dry day and then touched a metal doorknob can
pamfully testify, Plastic, wooden, and metal instruments are not nearly as good as
people in terms of their capacitance,

The “wires” in a touch screen are not the usual copper wires found in normal

~electrical devices since they would block the light from the screen. Instead they
are thin (typically 50 micron) strips of transparent, conducting indium tin oxide
bonded to opposite sides of a thin glass plate, which together form the capacitors.
In some newer designs, the insulating glass plate is replaced by a thin layer of sili-
con dioxide (sand!), with the three layers sputtered (sprayed, atom by atom) onto
some substrate. Either way, the capacitors are protected from dirt and scratching by
a glass plate placed above, to form the surface of the screen to be touched. The
thinner the upper g glass plate, the more sensitive the performance but the more frag-
ile the device is.
In operation, voltages are applied alternately to the horizontal and vertical
“wires” while the voltage values, which are affected by the capacitance of each
intersection, are read off the other ones. This operation is repeated many times per
second with the coordinates touched fed to the device driver as a stream of (x, y)
pairs. Further processing, such as determining whether pointing, pinching, ex-
anding, or swiping is taking place is done by the operating system. If you use all
10 fingers, and bring a friend to add some more, the operating system will have its
ands full, but the multitouch hardware will be up to the job.

Flat Panel Displays

~The first computer monitors used cathode ray tubes (CRTSs), just like old tele-
vision sets. They were far too bulky and heavy to be used in notebook computers,
0 a more compact display technology had to be developed for their screens, The
evelopment of flat panel displays provided the compact form factor necessary for
otebooks, and these devices also used less power. Today the size and power bene-
ts of the flat panel display have all but eliminated the use of CRT monitors.

_ The most common flat panel display technology,is the LCD (Liquid Crystal
isplay). It is highly complex, has many variations, and is changing rapidly, so
,deyscnptlon will, of necessity, be brief and greatly simplified.

Liquid crystals are viscous organic molecules that flow like a liquid but also
ave spatial structure, like a crystal. They were discovered by an Austrian botan-
Friedrich Reinitzer, in 1888 and first applied to d1splays (e.g., calculators,
atches) in'the 1960s. When all the molecules are. lined up in the same direction,
optical properties of the crystal depend on the direction and polarization of the
g light. Using an applied electric field, the molecular alignment, hence the
cal properties, can be changed. In »pamcular, by shmmg a light through a liquid
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ent between the plates, horizontally polarized light let in by the rear polarizing fil-
ter would be blocked by the front polarizing filter, making the screen black.

However the twisted crystal structure of the LCD molecules guides the light as
it passes and rotates its polarization, making it come out vertically. Thus in the
absence of an electric field, the LCD screen is uniformly bright. By applying a
voltage to selected parts of the plate, the twisted structure can be- destroyed, block-
ing the light in those parts,

Two schemes can be used for applying the voltage. In a (low-cost) passive
matrix display, both electrodes contain parallel wires. In a 1920 x 1080 display
(the size for full high-definition video), for example, the rear electrode might have
1920 vertical wires and the front one 1080 horizontal ones. By putting a voltage
on one of the vertical wires and then pulsing one of the horizontal ones, the voltage
at one selected pixel position can be changed, making it go dark briefly. A pixel
(originally a picture element, is a colored dot from which all digital images are
built). By repeating this pulse with the next pixel and then the next one, a dark
scan line can be painted. Normally, the entire screen is painted 60 times a second
- to fool the eye into thinking there is a constant image there.

The other scheme in widespread use is the active matrix display. It is more
expenswe but it gives a better image. Instead of just having two sets of perpendic-
ular wires, it has a tiny switching element at each pixel position on one of the elec-
~trodes. By turning these on and off, an arbitrary voltage pattern can be created a-
cross the screen, allowing for an arbitrary bit pattern. The switching elements are
_ called thin film transistors and the flat panel displays using them are often called
_ TFT displays. Most notebook computers and stand-alone flat panel displays for
_desktop computers use TFT technology now.

So far we have described how a monochrome display works. Suffice it to say
_ that color displays use the same general principles as monochrome displays but the
_ details are a great deal more complicated. Optical filters are used to separate the
white light into red, green, and blue components at each pixel position so these can
be displayed mdependently Every color can be built up from a linear superposi-
tion of these three primary colors.

Still new screen technologies are on the horizon. One of the more promising is
the Organic Light Emitting Diode (OLED) display. It consists of layers of elec-
trically charged organic molecules sandwiched betwéen two electrodes. Voltage
changes cause the molecules to get excited and move to higher energy states.
When they drop back to their normal state, they emit light. More detail is beyond
cope of this book (and its authors).

i,
SN

; Most monitors are refreshed 60100 txmes per second from a special rnemory,
lled a video RAM, on the display’ g controller card. This memory has one or
e bit maps that represent the screert image. On a screen with, say, 1920 x 1080
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result of arguments about how many buttons a mouse ought to have. Naive users
prefer one (it is hard to push the wrong button if there is only one), but sophisti-
cated ones like the power of multiple buttons to do fancy things.

Three kinds of mice have been produced: mechanical mice, optical mice, and
optomechanical mice. The first mice had two rubber wheels protruding through
the bottom, with their axles perpendicular to one another. When the mouse was
moved parallel to its main axis, one wheel turned. When it is moved perpendicular
to its main axis, the other one turned. Each wheel drove a variable resistor or
potentiometer. By measuring changes in the resistance, it was possible to see how
much each wheel had rotated and thus calculate how far the mouse had moved in
each direction. Later, this design was been replaced by one in which a ball that
protruded slightly from the bottom was used instead of wheels. It is shown in
Flg 2-34.

Pointer controlled by mouse

Window Menu
A /
L\ / 7\
\ 7 7 )

AN 7 N
L /Cut
-

Mouse buttons

Mouse

Rubber ball

Figure 2-34, A mouse being used to point to menu items.

‘The second kind of mouse is the optical mouse. ,This kind has no wheels or
all. Instead, it has an LED (Light Emitting Dlode) and a photodetector.on the
ottom Early optical mice required a mouse pad with closely spaced lines on it to
t how many lines had been crossed and thus how far the mouse had moved.
dern optical mice contain an LED that illuminates the imperfections of the
lying surface along with a tiny video camera that records a small image (typi-
18 % 18 pixels) up to 1000 times/sec. Consecutive images are compared to
ow far the mouse has moved. Some optical mice use a laser instead of an
for illumination. They are more.accurate, but also more expensive.

third ‘kind of mouse is optomechamcal Like the newer mechanical
» it has a rolling ball that turns two shafts aligned at 90 degrees to each other.
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Figure 2-35, The Wiimote video game controller motion sensors.

‘a?ynoi t?; i\r?qu;note to hit a virtual ?enms ball, the motion of the Wiimote is tracked
bpspin win };;{e gz?r?htehsv l?.all, tand if {ou twist your wrist at the last moment to put
, iimote accelerometers will sénse th ti
. While the acceleromete I A
rs perform well at tracking the
s it moves in three dimensions, th R moton of the Wiimats
ey cannot provide the fine-grained
g necessary to control a pomter on th B b fert
e television screen, Th
i . The accelerometers suf-
5 ;zamctuﬁ)i\;(ilgib?f ttll?y \e?\r,rors .;n t}!;elr acceleration measurements, thus over tfrlilfe
e Wiimote (based on ’
ecqrme ncvoasinsls acomats ( integration of its accelerations) will
)
1510n f;:l:';g? fine- Sgralned motion sensmg, the anote utlhzes a clever computer
e ogci'h itting atop the television is a “sensor bar” which contains
, width apart. Contained in the Wiimote is a camera that when pointed
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photocopy machines. In fact, many companies make devices that combine copying
and printing (and sometimes fax as well).

The basic technology is illustrated in Fig. 2-36. The heart of the printer is a
rotating precision drum (or in some high-end systems, a belt). At the start of each
page cycle, it is charged up to about 1000 volts and coated with a photosensitive
material. Then light from a laser is scanned along the length of the drum by
reflecting it of a rotating octagonal mirror. The light beam is modulated to produce
a pattern of light and dark spots. The spots where the beam hits lose their charge.

Laser

Rotating octagonal
T — mirror ‘

|
|
i Drum sprayed and charged
E
|
]

Light beam

' strikes drum '

Figure 2-36. Operation of a laser printer.

_ Aftera line of dots has been painted, the drum rotates a fraction of a degree to
allow the next line to be painted. Eventually, the first line of dots reaches the toner,
a reservoir of an electrostatically sensitive black powder. The toner is attracted to
those dots that are still charged, thus forming a visual image of that line. A little
ter in the transport path, the toner-coated drum is pressed against the paper, trans-
ferring the black powder to the paper. The paper is, then passed through heated
rollers to fuse the toner to the paper permanently, fixing the image. Later in its
fotation, the drum is discharged and scraped clean of any residual toner, preparing
it for being charged and coated again for the next page.
That this process is an exceedingly complex combination of physics, chem-
istry, mechanical engineering, and optical engineering hardly needs to be said.
Nevertheless, complete assemblies, called print engines, are available from several
vendors. Laser printer manufacturers combine the print engines with their own
ectronics and software to make a complete printer,, The electronics consist of a
st embedded CPU along with megabjtes of memory to hold a full-page bit map
id numerous fonts, some of them built in and some of them downloadable. Most

/

Insta360
Page 83

Exhibit 1006




Insta360
Exhibit 1006 Page 84



CHAP. 2

18 opposed to sim-
nands are given in
hich are complete,

printing black and
first appear. Con-
1 a 600-dpi printer.
onsisting of a gray
:' 600 dpi, but each
yresent). Gray val-

use halftoning, the
into halftone cells,
nd 36 black pixels.
with fewer pixels.
 this range into 37
¢ in zone 1, and so
i not divide 256 ex-
jalftone cell on the
alue is printed as 1
swisin Fig. 2-37(b).
aking a photograph
ve resolution to 100
lly measured in 1pi

. (b) 14-20.

125

SEC. 24 INPUT/OUTPUT

built up-from the linear superposition of the three additive primary colors, which
are red, green, and blue.

In contrast, reflected-light images, such as color photographs and pictures in
glossy magazines, absorb certain wavelengths of light and reflect the rest. These
are built up from a linear superposition of the three subtractive primary colors,
cyan (all red absorbed), magenta (all green absorbed), and yellow (all blue
absorbed). In theory, every color can be produced by mixing cyan, yellow, and
magenta ink. In practice it is difficult to get the inks pure enough to absorb all
light and produce a true black. For this reason, nearly all color printing systems
use four inks: cyan, magenta, yellow, and black. These systems are called CMYK
printers. The K is sometimes attributed to blacK but it really stands for the Key
plate with which the color plates are aligned in conventional four-color printing
presses. Monitors, in contrast, use transmitted light and the RGB system for pro-
ducing colors.

The complete set of colors that a display or printer can produce is called its
gamut. No device has a gamut that matches the real world, since typically each
color comes in 256 intensities, giving only 16,777,216 discrete colors, Imperfec-
~tions in the technology reduce the total more, and the remaining ones are not al-
ways uniformly spaced over the color spectrum. Furthermore, color perception has
~-alot'to do with how the rods and cones in the human retina work, and not just the
physics of light.

"~ As a consequence of the above observations, converting a color image that
- looks fine on the screen to an identical printed one is far from trivial. Among the
problems are

1. Color monitors use transmitted light; color printers use reflected light.

2. Monitors have 256 intensities per color; color printers must halftone.

3. Monitors have a dark background; paper has a light background.

4. The RGB gamut of a monitor and the CMYK gamut of a printer are
different.

eiting printed color images to match real life (or even to match screen images) re-
quires hardware device calibration, sophisticated software for building and using
International Color Consortium profiles, and considerable expertise on the part of
he user.

r printers are starting
ng (also applicable to
ght imagine, it is not
transmitted light and
uced on monitors, are

For low-cost home printing, inkjet printers are a favorite. The movable print
ad, which holds the ink cartridges, is swept horizontally across the paper by a
while ink is sprayed from tiny ‘nezzlés. The ifik droplets have a volume of

about 1 picoliter, so 100 million of them fit in a single drop of water.
kY
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~Another printer is the wax printer. It has a wide ribbon of four-color wax that
is segmented into page-size bands. Thousands of heating elements melt the wax as
the paper moves under it. The wax is fused to the paper in the form of pixels using
the CMYK system. Wax printers used to be the main color-printing technology,
but they are being replaced by the other kinds with cheaper consumables.

Still another kind of color printer is the dye sublimation printer. Although it
has Freudian undertones, sublimation is the scientific name for a solid changing
into a gas without passing through the liquid state. Dry ice (frozen carbon dioxide)
is a well-known material that sublimates, In a dye sublimation printer, a carrier
containing the CMYK dyes passes over a thermal print head containing thousands
of programmable heating elements. The dyes are vaporized instantly and absorbed
by a special paper close by. Each heating element can produce 256 different tem-
peratures. The higher the temperature, the more dye that is deposited and the more
intense the color. Unlike all the other color printers, nearly continuous colors are
possible for each pixel, so no halftoning is needed. Small snapshot printers often

use the dye sublimation process to produce highly realistic photographic images on
specidl (and expensive) paper.
~_ Finally, we come to the thermal printer, which contains a small print head
_with some number of tiny heatable needles on it. When an electric current is pas-
sed through a needle, it gets very hot very fast, When a special thermally sensitive
paper is pulled past the print head, dots are made on the paper when the needles are
hot. In effect, a thermal printer is like the old matrix printers whose pins pressed
against a typewriter ribbon to make dots on the paper behind the ribbon. Thermal
rinters are widely used to print receipts in stores, ATM machines, automated gas
stations, etc.

2.4.6 Telecommunications Equipment

.. Most computers nowadays are connected to a computer network, often the In-
ternet. Achieving this access requires special equipment. In this section we will
see how this equipment works.

 With the growth of computer usage in the past years, it is common for one
computer to need to communicate with another computer. For example, many peo-
e have personal computers at home that they use for communicating with their
mputer at work, with an Internet Service Provider, or with a home banking sys-
.In many cases, the telephone line prov1des the physical communication.
‘ However, a raw telephone line (or cable) is not suitable for transmitting com-
iter SIgnals, which generally represent a 0.as O volts and a 1 as 3 to 5 volts as
in Fig, 2-38(a). Two-level signals suffer cons1derab1e distortion when trans-
itted over a voice-grade telephone lme thereby leadmg to transmission errors, A
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by 45, 135, 225, or 315 degrees, to allow 2 bits per time interval, called dibit phase
encoding. For example, a phase shift of 45 degrees could represent 00, a phase
shift of 135 degrees could represent 01, and so on. Schemes for transmitting 3 or
‘more bits per time interval also exist. The number of time intervals (i.e., the num-
ber of potential signal changes per second) is the baud rate. With 2 or more bits
per interval, the bit rate will exceed the baud rate. Many people confuse these two
terms. Again: the baud rate is the number of times the signal changes per second
whereas the bit rate is the number of bits transmitted per second. The bit rate is
generally a multiple of the baud rate, but theoretically it can be lower.

If the data to be transmitted consist of a series of 8-bit characters, it would be

desirable to have a connection capable of transmitting 8 bits simultaneously—that
is, eight pairs of wires. Because voice-grade telephone lines provide only one
channel, the bits must be sent serially, one after another (or in groups of two if dibit
encoding is being used). The device that accepts characters from a computer in the
form of two-level signals, 1 bit at a time, and transmits the bits in groups of 1 or 2,
in amplitude-, frequency-, or phase-modulated form, is the modem. To mark the
start and end of each character, an 8-bit character is normally sent preceded by a
- ‘start bit and followed by a stop bit, making 10 bits in all.
~ The transmitting modem sends the individual bits within one character at regu-
larly spaced time intervals. For example, 9600 baud implies one signal change
every 104 usec. A second modem at the receiving end is used to convert a modu-
lated carrier to a binary number. Because the bits arrive at the receiver at regularly
_ spaced intervals, once the receiving modem has determined the start of the charac-
ter, its clock tells it when to sample the line to read the incoming bits.
Modern modems run at 56 kbps, usually at much lower baud rates. They use a
~ combination of techniques to send multiple bits per baud, modulating the ampli-
tude, frequency, and phase. All are full-duplex, meaning they can transmit in both
_ directions at the same time (on different frequencies). Modems or transmission
 lines that can transmit only in one direction at a time (like a single-track railroad
_ that can handle northbound trains or southbound trains but not at the same time)
are called half-duplex. Lines that can transmit in only one direction are simplex.

igital Subscriber Lines
. &

- When the telephone industry finally got to 56 kbps, it patted itself on the back
ora job well done. Meanwhile, the cable TV mdustry was offering speeds up to
10 Mbps on shared cables, and satellite companies were planning to offer upward
50 Mbps. As Internet access became an increasingly important part of their bus-
iness, the telcos (telephone companies) began to realize they needed a more com-
ive product than dialup lines. Their answer was to start offering a new digital
nternet access service, Services with more bandwidth than standard telephone
service are sometimes called broadband, although+the term really is more of a
‘rketmg concept than anything else.” From a very narrow technical perspective,

N
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Within each channel the line quality is constantly monitored and the data rate
adjusted continuously as needed, so different channels may have different data
rates. The actual data are sent using a combination of amplitude and phase modu-
lation with up to 15 bits per baud. With, for example, 224 downstream channels
and 15 bits/baud at 4000 baud, the downstream bandwidth is 13.44 Mbps. In prac-
tice, the signal-to-noise ratio is never good enough to achieve this rate, but 4-8
Mbps is possible on short runs over high-quality loops.

A typical ADSL arrangement is shown in Fig. 2-40. In this scheme, the user
or-a telephone company technician must install a NID (Network Interface De-
vice) on the customer’s premises. This small plastic box marks the end of the tele-
phone company’s property and the start of the customer’s property. Close to the
NID (or sometimes combined with it) is a splitter, an analog filter that separates
the 0-4000 Hz band used by POTS from the data. The POTS signal is routed to
the existing telephone or fax machine, and the data signal is routed to an ADSL
modem. The ADSL modem is actually a digital signal processor that has been set
up to act as 250 modems operating in parallel at different frequencies. Since most
current ADSL modems are external, the computer must be connected to it at high
speed Usually, this is done by putting an Ethernet card in the computer and oper-
ating a very short two-node Ethernet containing only the computer and ADSL
modem. (Ethernet is a popular and inexpensive local area network standard.)
Occasionally the USB port is used instead of Ethernet. In the future, internal
~ ADSL modem cards will no doubt become available,

Volce ~
switch /Telephone .
Codec
Spiitter Telephone Splitter
line
Computer
.~ DSLAM
.a
ADSL Ethernet
To ISP modem

Telephone company end office Customer premises

Figure 2-40, A typical ADSL equipment configuration.
. At the other end of the wire, on- the telco side, a corresponding splitter is in-
talled Here the voice portion of the ssxgnal is filtered out and sent to the normal
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downstream (i.e., headend to user) traffic uses the frequencies at the high end, as il-

lustrated in Fig, 2-41.
54254 88

750 MHz

eal

cies] | g . o
)

Upstr
frequen

A
-

Downstream frequencies

Figure 2-41. Frequency allocation in a typical cable TV system used for Intémet
access. )

)

Note that since the television signals are all downstream, it is possible to use
upstream amplifiers that work only in the 542 MHz region and downstream
amplifiers that work only at 54 MHz and up, as shown in the figure. Thus, we get
n asymmetry in the upstream and downstream bandwidths because more spectrum
is available above television than below it. On the other hand, most of the traffic is
likely to be downstream, so cable operators are not unhappy with this fact of life.
As we saw earlier, telephone companies usually offer an asymmetric DSL service,
feven,though they have no technical reason for doing so.
. Internet access requires a cable modem, a device that has two interfaces on it:
_one to the computer and one to the cable network. The computer-to-cable-modem
interface is straightforward. It is normally Ethernet, just as with ADSL. In the fu-
ture, the entire modem might be a small card plugged into the computer, just as
ith the old te]ephone modems.
The other end is more complicated. A large part of the cable standard deals
ith radio engineering, a subject far beyond the scope of this book. The only part
rth mentioning here is that cable modems, like ADSL modems, are always on.
"hey make a connection when turned on and maintain that connection as long as
1ey are powered up because cable operators do not charge for connect time.
o better understand how they work, let us see ‘What happens when a cable
dem is plugged in and powered up. The modem scans the downstream channels
ooking for a special packet periodically put out by the headend to provide system
arameters to modems that have just come online. Upon finding this packet, the
modem announces its presence on one of the upstream channels. The headend
ponds by assigning the modem to its upstream and downstream channels.
se assignments can be changed later if the headend deems it necessary to bal-
e the load.
e modem then determmes its distance from th€ headend by sending ita spe-
L packet and seeing how long it takes to get the response. This process is called

B
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Coaxial cable Downstream channel without contention:
’ 27 Mbps using QAM-64 and 184-byte payloads
Fiber
ISP Modem

Packet

Upstream channel with contention:
9 Mbps using QPSK and 8-byte minisiots

Figure 2-42, Typical details of the upstream and downstream channels in North
America. QAM-64 (Quadrature Amplitude Modulation) allows 6 bits/Hz but
works only at high frequencies, QPSK (Quadrature Phase Shift Keying) works at
low frequencies but allows only 2 bits/Hz.

used (the Diffie-Hellman algorithm) is beyond the scope of this book. See Kauf-
man et al. (2002) for a discussion of it.

Finally, the modem has to log in and provide its unique identifier over the
secure channel. At this point the initialization is complete. The user can now log
in to the ISP and get to work,

~ There is much more to be said about cable modems. Some relevant references
are Adams and Dulchmos (2001), Donaldson and Jones (2001), and Dutta-Roy
(2001)

2 .4.7 Dlgital Cameras

An mcreasmgly popular use of computers is for digital photography, making
digital cameras a kind of computer peripheral. Let us briefly see how that works.
All cameras have a lens that forms an image of the subject in the back of the cam-
In a conventional camera, the back of the camera is lined with film, on which
latent image is formed when light strikes it. The latent image can be made visi-
le ‘the action of certain chemicals in the film developer. A digital camera
works the same way except that the film is replaceg by a rectangular array of
CCDs (Charge-Coupled Devices) that are sensitive to light. (Some digital cam-
use CMOS, but we will concentrate on the more common CCDs here.)

When light strikes a CCD, it acquires an electrical charge, The more light, the
e charge. The charge can be read off by an analog-to-digital converter as an
teger from 0 to 255 (on low-end cameras) or from 0 to 4095 (on digital single-
-reflex cameras). The basic arrangement is shown in Fig. 2-43.

Each CCD produces a single value, mdependent of the color of light striking it.
orm color images, the CCDs are organized in (groups of four elements. A

gers, the headend and
thousands of people
not, but the technique

ayer filter is placed on top of the CCD to allow only red light to strike one of the
CCDs in each group, blue light to’strike another one, and green light to strike
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In the post-capture phase, the camera’s software applies the white-balance
color correction to compensate for reddish or bluish light (e.g., from a subject in
shadow or the use of a flash). Then it applies an algorithm to do noise reduction
and another one to compensate for defective CCDs. After that, it attempts to
sharpen the image (unless this feature has been disabled) by looking for edges and
increasing the 1ntensu:y gradient around them,

Finally, the image may be compressed to reduce the amount of storage re-
- quired. A common format is JPEG (Joint Photographlc Experts Group), in
which a two-dimensional spatial Fourier transform is applied and some of the
high-frequency components omitted. The result of this transformation is that the
image requires fewer bits to store but fine detail is lost.

When all the in-camera processing is completed, the image is written to the
storage medium, usually a flash memory or microdrive. The postprocessmg and
~ writing can take several seconds per image.

When the user gets home, the camera can be connected to a computer, usually
using a USB or propuetaly cable. The images are then transferred from the cam-
era to the computer’s hard disk. Using special software, such as Adobe Photoshop,
~the user can then crop the image, ad_]ust brightness, contrast, and color balance,
sharpen, blur, or remove portions of the image, and apply numerous filters. When
the user is content with the result, the image files can be printed on a color printer,
_uploaded over the Internet to a photo-sharing Website or photofinisher, or written

to CD-ROM or DVD for archival storage.

~ The amount of computing power, RAM, disk space, and software in a digital
 SLR camera is mind boggling. Not only does the computer have to do all the
 things mentioned above, but it also has to communicate with the CPU in the lens
_and the CPU in the flash, refresh the i image on the LCD screen, and manage all the
 buttons, wheels, lights, displays, and gizmos on the camera in real time. This is an
xtremely powerful embedded system, often rivaling a desktop computer of only a
ew years earlier.

.4.8 Character Codes

_Each computer has a set of characters that it uses. “As a bare minimum, this set
ncludes the 26 uppercase letters, the 26 lowercase letters, the digits O through 9,

and a set of special symbols, such as space, period, minus sign, comma, and car-

In order to transfer these characters into the computer, each one is assigned a
mber for example, a=1, b=2, .., =26, +=27, ~=28. The mapping of
cters onto integers is called a character code. It is essential that communi-
ng computers use the same code or they will not be able to understand one an-
er, For this reason, standards have; been developed Below we will examine
ee of the most important ones.

N
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Hex Name Meaning Hex Name Meaning

d Code for Infor- 0 NUL  Null 10 DLE  Data Link Escape
1g for 128 charac- 1 SOH  Start Of Heading 11 DC1.  Device Control 1
ASCII character is 2 STX - Start Of TeXt 12~ DC2  Device Control 2
[ code. Codes 0 to 3 ETX - End Of TeXt 13 DC3 - Device Control 3

from 128 to 255 4 EOT ~ :End Of Transmission | 14 DC4 . Device Control 4
% trom 1 lik |5 ENQ . Enquiry 15 NAK  Negative AcKnowledgement
sAal characters like 6  ACK ACKnowledgement | 16 SYN  SYNchronous idle

. 7 BEL - BEL 17 ETB- End of Transmission Block

transmission. For 8 BS  BackSpace 18 CAN  CANcel
-haracter, a header, 9  HT  Horizontal Tab 19 EM  End of Medium
of Text) character, 1A LF Line Feed 1A SUB  SUBstitute
however, the mes- B VT Vertical Tab 1B ESC ESCape
s differently, so the c FF Form Feed 1C  FS File Separator
ore. D CR Carriage Return iD GS Group Separator
include the upper- ; E " 80 Shift Out 1E RS Record Separator
symbols. N Bl Shift In 1F us Unit Separator

|'Hex  Char | Hex Char| Hex Char|Hex Char|Hex Char|Hex Char
20" (Space)| 30 0 |40 @ |50 P |60 |70 p
5 I 21 ! 31 1|41 A |51 Q |61 a |7 q
ﬁ;;guta‘; f;e g:rih "8 2 |42 B |52 R |62 b |72 r
fiir), and so on. # 33 3 |43 C |53 S |63 c |73 s
¢.g., I, G $ (8 4 |44 D |54 T |64 d |74 ¢
°I1, such as the Ger- % |8 5 |45 E |85 U |65 e |75 u
rent alphabets (e.g., & (3 6 |46 F |56 VvV |66 f |76 v
t all (e.g., Chinese). © |87 7 |47 G |57 W |e7 g |77 w
rare vendors want to ( 38 8 48 H 58 X |68 h 78 X
ish, a different char- ) |39 9 |49 | |59 v |69 i 79y
| BA D 4A J |5A Z | 6A i |7A z
\ added another 128 + |38 ;4B K |5B [ |6B k |7B {
The additional char- ; 3C < 14C L |8C \ |6C I j7C |
marks. The next at- - 13D = |4D M | 5D ] |6D m-|7D }
, page, a set of 256 . 3E > |4E N | BE .| 6E n |7E ~
S 8859-1 is Latin-1. / sF ? | 4F O |5F _ | 6F o |7F DEL

ch, Polish, and Hun-
, Maltese, Esperanto,
-oach is that the soft-
npossible to mix lan-
«d Chinese at all.

roblem by forming a
ting it proclaimed"‘an
ted by programming
| many applications. -

Figure 2-44. The ASCII character set.

The idea behind Unicode is to assign every character and symbol a unique

bit value, called a code point. No multibyte characters or escape sequences are
Having every symbol be 16 bits makes writing software simpler.

With 16-bit symbols, Unicode has 65,536.code points. Since the world’s lan-
s collectively use about 200,000 symbols, codg points are a scarce resource

t must be allocated with great care/ To speed the acceptance of Unicode, the

nsortium cleverly used Latin-1 as ‘code points 0 to 255, making conversion
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assigning 16-bit numbers to characters was not highly political?). To make matters
worse, a full Japanese dictionary has 50,000 kanji (excluding names), so with only
20,992 code points available for the Han ideographs, choices had to be made. Not
~all Japanese people think that a consortium of computer companies, even if a few
~of them are Japanese, is the ideal forum to make these choices.

' Guess what? 65,536 code points was not enough to satisfy everyone, so in
996 an additional 16 planes of 16 bits each were added, expanding the total num-
ber of characters to 1,114,112,

ts, each diacritical
sritical marks with
work on the soft-

aultiple of 16 code
sonsecutive zones.
Latin (336), Greek
i (128), Gurmukhi
t each of these lan-
. This choice was
sach letter. For ex-
)PERCASE. Some
ether the letter is at

- UTF-8

~ Although better than ASCII, Unicode eventually ran out of code points and it
 also requires 16 bits per character to represent pure ASCII text, which is wasteful.
_ Consequently, another coding scheme was developed to address these concerns. It
is called UTF-8 UCS Transformation Format where UCS stands for Universal
Character Set, which is essentially Unicode. UTF-8 codes are variable length,

-ated for diacritical
tipts (48), currency

lingbats (192). ,
, and Korean. First from 1 to 4 bytes, and can code about two billion characters. It is the dominant
};en the unified Han haracter set used on the World Wide Web.

One of the nice properties of UTF-8 is that codes 0 to 127 are the ASCII char-
cters, allowing them to be expressed in 1 byte (versus 2 bytes in Unicode). For
haracters not in ASCII, the high-order bit of the first byte is set to 1, indicating
hat 1 or more additional bytes follow. In all, six different formats are used, as il-
ustrated in Fig, 2-45. The bits marked “d” are data bits.

orean Hangul sylla-
urposes, 6400 code

ternationalization, it
1ple, while the Latin
~order. As a conse-
| sort them alphabet-
jaracter. A Japanese
ols comes before the

[Bits | Byte1 Byte2 | Byte3 | Byte4 | Byte5 | Byte®
7 | oddddddd| ‘
11 | 110ddddd| 10dddddd|
| 16 | 1110dddd| 10dddddd| 10dddddd
21 | 11110ddd| 10dddddd| 10dddddd | 10dddddd ;
111110dd |- 10dddddd| 10dddddd| 10dddddd| 10dddddd
1111110x | 10dddddd| 10dddddd| 10dddddd| 10dddddd| 10dddddd

ime. Fifty years ago
18, gigabytes, lasers,
lish does not require
ion to new technical
tly Chinese) personal
2, and special interest
ode points. The Uni-

Figure 2-45. The UTF-8 encoding scheme.

JTF-8 has a number of advantages over Unicode and other schemes. First, if a
m or document uses only characters that are in the ASCII character set, each
represented in 8 bits. Second, the first byte of every UTF-8 character
quely determines the number of bytes in the character. Third, the continuation
n an UTF-8 character always start with 10, whereas the initial byte never

aking the code self synchromzmg Inparticular, in the event of a commu-
ion or memory error, it is always possible to go*forward and find the start of
ext character (assuming it has not g een damaged).

k almost identical but
Japanese and Chinese
“plew” because they
1 to save scarce code
n (and you thought

&
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