






















































































































































































































































































































































































































































































But progress did not stop there! One-board controllers that fit the CPU, memory, 

and 1/0 controllers onto a board about the size of an A4 sheet of paper were developed. 

Eventually. these components fit onto a single IC chip that could be used to control all 

sorts of devices. 

Because these ICs had CPUs that were inseparable from their ROM or RAM memory 

and integrated 1/0 ports. they could store programs. perform calculat,ons. and handle 

input and output. These I Cs were called m,crocontrollers since they were comparatively 

small and controlled other devices 

After this, there was a desire for larger memory, which stimulated a demand for 

larger computers. as well. But the small-scale devices that use integrated one-chip 

microcontrollers are still in very high demand today and are used in everything from 

household electronics to toys. 

And so microcontrollers contain everything from a CPU to memory to 1/0 controllers. 
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We should take this opportunity to talk a bit about DSPs, as well. 

• 

DSP? Yet another strange acronym. So, what are they? 

DSPs. much like CPUs, are ICs that perform operations. Bul compared to CPUs, they're 

extremely fast. 

� 

MUI..TlPL.le1<­

ACCUMUI..ATe 

OPSRATION 

Cli<CUIT 

Their "'brain"' is made up of what is called a multiplier-accumulate operation circuit. 

This essentially means DSPs are really good at doing multiplication and addition at 

the same time! 
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Whoa! So what's that good for? I suppose it has to be good for something. 

Yeah. It turns out you have to do a lot of multiplication and addition when processing digital 

signals. especially for audio recordings. In fact. that's what DSP Is short for-digital signal 

processor. 

Audio ... so ... when I'm talking on my cell phone. for example? I suppose my analog voice 

has to be converted to digital form somehow for it to be transmitted to my friend on the 

other end of the line. 

That's correct! Most modern mobile phones have DSPs. They're also being used more 

often for digital filtering in audio devices and for the operations required to improve acous­

tic effects. 

Wow. so they're all around us. these DSPsl 

Currently. development for a one-chip DSP with large RAM at the level of a microcontroller 

is underway. 

I see. So they're good at doing multiplication and addition at the same time. which is useful 

for digital signal processing. 

While CPUs are really important. I get the sense that DSPs are. too. I'll make sure to 

remember them! 



D=1P? AND MUL.TIPL.le�-ACCUMUL.ATe 0Pe�ATION5 

During the development of the CPU. there was a growing need for increasing the pro­
cessing speed of calculations-In particular. division and multiplication were a lot slower 

than desired. 
As we've seen. the CPU's ALU was mostly geared toward performing addition and 

subtraction at this time. Using these older ALUs. you had to repeatedly perform addition 
to multiply two numbers and repeatedly perform subtraction to d1v1de two numbers. At 

the time. computers were becoming more popular in scientific applications. which meant 
that demand for high-performance multiplication was very high. This 1s when develop­

ment of the circuits that were capable of floating-point multiplication really took off. and 
the result was the digital signal processor. or DSP. 

To process digital signals. DSPs perform fast Fourier transforms (FFTs) on them. 
This requires a lot of simultaneous additions and multiplications. To perform these multi­
plications and add1t1ons efficiently. DSP ICs have a multiplier-accumulator circuit. 

Shortly after D5Ps were developed. mobile phones started to use digital trans­
missions. and digital voice signal processing and filtering became more common. The 
transmission stream could also be compressed. and the receivers started using systems 
with DSPs at their core to convert the raw voice data using vocoders (a voice encoder/ 
decoder). 

Later. microcontroller-like DSPs with larger RAM molded Into the chip started lo 
show up. making voice data processing even faster. 

MIC�OCONT�OL.L.e�5 IN INDU5T�IAL. MACHINe5 

CPUs. microcontrollers. and DSPs are In many of the devices we use In our daily lives. 
Some examples include today·s wall clocks. alarm clocks. and even wristwatches. all 

of which are likely to contain a one-chip microcontroller. Other household devices like 
refrigerators. air conditioners. and washing machines are likely to contain more than 
one. And the remote controls used to send commands to these devices also contain a 

microcontroller IC . 
Automated robots and conveyor belts In large-scale industry also have to be con­

trolled In some fashion and therefore require either a CPU or DSP. 

MANY D6VIC6$ IN OU� HOM6$ HAV6 MICROCONmOUE:RS, 
AND THE:'/ E:VE:N HAVE: INDUSmlAI.. USE:$ ... 
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Up until now. we've had single-chip CPUs as well as microcontrollers that contain a 
CPU. memory. and 1/0 controllers all in one. The amount we can pack into a single chip is 
determined by tradeoffs among our capacity to produce semiconductors. their production 
cost. and the market's demand and margins. 

Advancements In IC production technology have led to the development of FPGAs 
(field-programmable gate arrays). Using an FPGA. you can create any logical circuit you 
desire and bring it into reality with hardware. The basic structure can contain lookup tables 
or anywhere from several thousand to several million units In a single IC. These tables can 
be prepared beforehand by the IC maker and provided as is. 

The initial state of the IC consists of a lookup table memory section and logic blocks 
that can be wired together in different ways. resulting in many possible applications. The 
raw IC is then configured by the user with specialized tools to write the modeled design 
into the circuit. creating the desired IC. Development 1s normally done on a computer, but 
the specialized toots needed can also be stored on a USB. making the creation of even 
large-scale logic circuits an easy task. 

In the past. CPUs were different from FPGAs. but in recent years. FPGAs contain­
ing CPU functionality have started to appear. There are two ways to make an FPGA into a 
CPU. The first is to simply create an existing CPU design in the wiring of your logic circuit 
using the development tools provided, and the other is to embed a CPU in one part of the 
gate array as a separate IC. 

In either case. the CPU as a single IC is becoming gradually less common over time. 
But even though we have DSPs. there is still a need to control tasks other than multiply­
accumulate operations. and as such. the principles underlying the CPU will remain impor­
tant concepts no matter how I Cs continue to develop. 
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AFTBl<WOl<D 

Up to this point. we have only talked about very old and primitive CPUs. The ones we have 

shown could only really be used for things like toys or simple AC remote controls. They are 

too simple to be used in most modern microcomputers or CPUs today. Currently. the speed 

of progress is so fast thal everything I say here will quickly become obsolete. Bul even so. I 

wrote this book in an attempt to help anyone who might want to learn some lasting basics­

even In these fast-changing times. 

In other words. I would like to empnasize that this book has concentrated on the very 

basic principles governing CPUs. forgoing any information relating to general computer 

architecture. But even so. I would like to leave you with a small impression of the current 

state of progress. 

It Is unfortunately quite hard to Illustrate modern complex circuits In the type of dia­

grams we used at the start of the book to show the different parts of the CPU. so I'm going 
to have to talk In very superficial terms here. 

There are many techniques used to make modern CPUs execute programs more 

quickly. An older one of these techniques is the prefetch instruction. Instead of trying to 

get the next instruction after the current one has finished processing. pref etching tries to 

extract the next instruction from memory before the current one has completed to shorten 

any wait times that might otherwise occur. 

Since the CPU Is a lot faster than main memory. it makes a lol of sense to let pref etch 

decode the next instructions and store them in a cache in preparation for the next calcula­

tion. Repeating this prefetching process of reading and decoding instructions ahead of time 

can lead to continuous execution speed increases across the board. 

There is another instruction called pipelining 1n which the instruction cycle 1s broken 

Into several dependent steps. These steps are usually fetch. decode. execute. access mem­

ory. and finally write back to register/memory. The goal here is to keep all parts of the CPU 

busy at all times by executing these steps In parallel. So while one instruction might be run­

ning its execute step. another instruction would be running its decode step. and yet another 
Instruction would be fetching. 

CPU researchers found some tendencies toward inefficiencies when using certain 

Instruction and operand combinations. Attempts to remove these Inefficiencies by simplify­

ing the instruction set led to the development of the RISC (reduced instruction set computer) 

architecture. Processors that use this instruction set are called RISC processors. 
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Many worried that reducing the instruction set would make complex calculations 

require more instructions and therefore slow down execution. In reality, however. many 

applications saw a performance boost on the RISC architecture. It turns out that reducing 

the instruction set's complexity leads to simplifications in the hardware design that allow for 

higher single instruction execution clock speeds. 

B&.ause of this, RISC processors have started to be used in many different areas. 

Processors that don't use RISC principles have been dubbed CISC (complex instruction set 

computer). riffing off the RISC name. This acronym was created purely as an antonym of 

RISCs. and there Is no particular architecture associated with the CISC name. 

Recent Intel and other CPU chips contain not Just one but many cores. which are 

distributed between different processes on the system. This is something that falls in the 

domain of computer architecture. so as I mentioned at the start of the book. this is not 

something I will explain in much detail. 

However. there 1s no requirement that all complex calculations must be performed in 

order. ll ls fine for the CPU to split up different parts of a task and run the individual parts 

on separate cores simultaneously. exchanging data between cores only when absolutely 

necessary. Letting the CPU multitask like this can improve execution speed a great deal. 

Using the CPU in such a way. however. poses problems not only for the hardware but also 

for the OS. memory access. and code execution scheduling. 
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logic intersection gate (AND gate). 
51-55 

logic negation gate (NOT gate). 
51. 53. 56

logic operations. 15. 33. 179, 
181. See also logic gates

De Morgan's laws. 6Q...61 
instructions for. 143 
integrated circuits. 4 8-50 

logic union complement gate 
(NOR gate). 57-59 

logic union gate (OR gate). 
51-52. 55 

loops. 113 
lossless compression. 33 
lossy compression. 33 
US (load/store) signals. 98-99 
LTRag. 187 

M 

machine code monitors. 208 
machrne language. 142. 194 
memory circuits 

flip-flop circuits. 7 4-83 
importance or. 71-73 
registers. 70-71. 103-105 

memory management units 
(MMUs).114 

memory space. See address 
space 

memory system 
addresses. 89-91 
classifications of memory. 132 
hard disk drives. 115-118 
1/0 space. 121 
primary memory. 16.18-19. 

70, 115, 116-118 
RAM space. 119-121 
ROM space, 119-121 
secondary memory, 16. 

18,115 
solid state drives. 118 
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MFLOPS (million floating-point 

operations per second). 138 

microcontrollers. 213 

architecture of. 220 

vs. CPUs. 216-217 

OSPs. 222-224 

function of. 214-215 

history of. 220-221 
in industrial machines. 

224-225

million floating-point operations 

per second (MFLOPS), 138 

MIPS (million instructions per 

second). 137 
MMUs (memory management 

units). 114 

mnemonics. 163, 192. 196-198 

mode pin. 177. 179 

modification registers. 175. 186 

motherboards. 120 

multiplexers (MUX). 93 

multiplier-accumulate operation 

circuits. 222. 224 

N 

NANO gate {logic intersection 

complement gate). 57-58 

negative flag (N-flag). 187 

noise (information). 30. 33 

non-maskable interrupts 
(NMI). 129 

non-volatile memory. 132. 208 

NOR gate {logic union comple­

ment gate). 57-59 

NOT gate {logic negation gate). 

51.53.56 

number systems. 38-41 

0 

object code. 199 

ODD flag.187 

on-board programming, 208 
opcodes. 102-103, 110. 142. 

162-163, 180

operands. 102-103. 110. 142 

addressing modes. 165, 

168-174 

address modification. 174-175 

244 INDE:X 

address references. 16 7 

immediate value 

processing. 166 

number of. 163-164 
types or. 162-165 

operation execution speed. 137 

operations and instructions, 

14. See also arithmetic

operations: bit shifts: digital

information and operations:

logic operations

ALUs and. 22-24 

branch 1nstruct1ons.155-157. 

161, 200-203 

data transfer operations. 153 

1/0 instructions. 154 

jump instructions. 

155-157. 161

memory and. 18-19. 70-71. 

89-90. 103-105

processing and decision 

making. 25-27 

programs and. 19 
skip instructions. 157 

SLEEP instruction. 188 

types of. 15 

OR gale (logic union gate). 

51-52. 55

output devices. 16-17 

overflow. 45. 150-151 

overnow flag (overflow bit: 

OV-ftag). 151. 187 

p 

parallel transmission. 185 

PC (program counter). 107-108. 

112-114. 187
personal computers (PCs). 220 

pins. 49-50 

pipelining. 238 
prefetch lnstructio ns. 238 

primary memory. 16. 18-19. 70. 

115. 116-118

prim1t1ves. 32 

processing speed. 118 
program counter (PC). 107-108. 

112-114. 187

programs. 19. 101. 192. 199 
assembly languages. 192-194. 

196-197

with conditions and jumps. 

200-203

control unit and. 20-21 

high-level languages. 

194-197

large-scale software 

development. 198 

machine language. 194 

pre-execution process. 
208-209

vs. source code, 199 

storage of. 208 

propagation delay. 68 

Python.198 

R 

RAM (random access memory). 

119-121. 132. 208

read-only memory (ROM). 

119-121. 132. 208 

read/write (R/W) signals. 98-99 

read-write memory (RWM). 132 

reduced instruction set com-

puter (RISC) architecture. 

238-239 

registers. 70-71. 83. 103-104 

accumulators. 104-105. 110. 

143.186 

address registers. 108 

base registers. 175. 186 

index registers. 17 5. 186 

instruction decoders. 109, 186 

instruction registers. 105. 

109.186 

program counter. 107-108. 

112-114, 187 

shift registers, 185 

stack pointer. 126-127. 187 

status registers. 160. 186 

temp registers. 186 

relative addressing. 173 

repeating processes. 202 

resets. 128-129 

reset signals. 136-137 



reset vector. 208-209 

right shifting. 145-146 

ripple carry adder circuits. 67-68 

RISC (reduced instruction set 

computer) architecture. 

238-239

rising edge. 79 

ROM (read-only memory). 

119-121. 132. 208

rotating shifts (circular shifts). 152 

RS flip-flops, 76-77 
R/W (read/wnte) signals. 98-99 

RWM (read-write memory), 132 

:, 

SAM (sequential access 

memory). 132 

scientific notation (standard 

form). 42 

SD cards. 220 

secondary memory. 16. 18. 115 

select pins.177.179 

semiconductors. 220 

sequential access memory 

(SAM). 132 

serial transmission. 185 

S-flag (sign flag). 160. 187

shift registers. 185

signal (information). 30

signals (1/0). 56

signal-to-noise ratio. 30

sign bits.147-148

sign flag (S-flag). 160. 187

skip instructions. 157

SLEEP instruction. 188 

solid state drives (SSDs). 118

source code. 198-199

source operand. 164

stack. 126-127

stack pointer (SP). 126-127. 187

STA mnemonic. 167.192

standard form (scientific

notation). 4 2 

state. 71. 7 4 

status flags. 159-160. 

187-188. 201

status output. 24-26 

status registers. 160. 186 

synchronization. 124 

synchronous counters. 82 

T 

temp registers. 186 

T flip-Oops. 81-83 

TFLOPS (trtlhon floating-point 

operations per second). 138 

thermometers. 31-32 

timer Interrupts. 129. 135-136 

transistors. 220 

trigger conditions. 7 4 

trillion floating-point operations 

per second (TFLOPS). 138 

truth tables. 53-56. 58-59 

two's complement 

u 

In binary arithmetic. 44-4 7 

expressing negative numbers 

in binary. 147-148 

and relative addressing. 173 

underflow. 151 

V 

variables. 195 

Venn diagrams. 54-56. 58-59 

virtual memory, 114 

vocoders. 224 

volatile memory. 132 

voltage. 31 

')( 

as binary stales. 37-38 

and reset process. 136-137 

and turning on CPU. 208 

XOR gate (exclusive logic union 

gate). 5 7. 59 

xx-register relative addresses. 173

z 

zero flag (Z-flag). 187 
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U.. THe CPU 
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Ul-ATION$? 

11111111 

I DON'T !(NOW 

WHY I WA'S 

eve� WORRle0! 

AYUMI 1$ A WOli!t..D-Cl-A?!> $H06I (JAPANB$f: 

CHf:??) Pt..AYf:li! WHO CAN'T 6!: 6!:ATf:N-THAT 1$, 

UNTIi- $Hf: 1-0?E:$ TO A POWf:RFUI- COMPUTE:!<: 

CAl-1..f:D TH!: ?HOOTIN6 ?TAii!. AYUMI VOW? TO 

FIND OUT f:Vf:li!YTHIN6 $Hf: CAN ABOUT Hf:R NE:W 

Nf:MB$1$. t.UCl'Y FOR Hf:R, YUU !<ANO, TH!: 6f:NIU$ 

PFc:06AAMMf:li! 6!:HIND THE: ?HOOT1N6 ?TAR, 1$ 

Wll-l..lN0 TO Tf:ACH HE:R Al-I. ABOUT THE: INNE:li! 

WORKIN0$ OF TH!: MICl<:OPl<:OCf:??OR-THf: 

•BAAIN" IN$1Df: Al-I. COMPUTf:R$, PHONE:$, AND

6AD0eT$.

FOi-i.OW AI..ON6 WITH AYUMI IN THe MAN&A 
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WHf:THf:R YOU'RE: A COMPUTE:!<: $Clf:NCe $TUDf:NT 

OR JU$T WANT TO UNDf:R$TAND TH!: POWf:R OF 

MICl<:OPl<:0Cf:??OR$, YOU'I..I.. FIND WHAT YOU 

Nf:eD TO ,CNOW IN rHe MAN&A 6/J/l1e ro 

MICROPROCe,�OR,. 
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