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Скуп инструкциjа – Instruction Set

Скуп расположивих инструкциjа jе важна карактеристика jедног процесора.

Контролер се бира тако да његов скуп инструкциjа у потуности задовољава
потребе проjектовања.

Особине од утицаjа на одлуку:
велилчина инструкциjе,
брзина извршавања,
расположивост инструкциjа и
модови адресирања.

Величина инструкциjе – Instruction Size

Opcode
дефинише операциjу коjа треба да се изврши и њене операнде.

Већи opcode процесора не подразумева нужно да програм заузима више мемориjе

Пример 1
10 линиjа ко̂да ATmega16 RISC процесора захтева 20 баjта (свака инструкциjа се
декодуjе у 16 битова).
10 линиjа ко̂да 68030 процесора захтева 4 баjта .



Архитектуре према врсти инструкциjа

Stack Architecture: У овоj архитектури, познатоj и као 0-address format
architecture, експлицитно не постоjе операнди. Они су организовани у
стеку.

Accumulator Architecture: (1-address format architecture), jедан операнд се увек
налази у акумулатору, где се смешта и резултат.

2-address Format Architecture: Оба операнда су задата, али се резултат смешта
на локациjу jедног од њих (ATmega16 користи први регистар)

3-address Format Architecture: Локациjе операнада и резултата се ескплицитно
задаjу. Наjфлексибилниjа – наjвећа инструкциjа

Пример

Поређење архитектура

(A+ B) ∗ C
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cumulator which is always used as one of the operands and as the destination register. The
second operand is specified explicitly.

2-address Format Architecture: Here, both operands are specified, but one of them is also used
as the destination to store the result. Which register is used for this purpose depends on the
processor in question, for example, the ATmega16 controller uses the first register as implicit
destination, whereas the 68000 processor uses the second register.

3-address Format Architecture: In this architecture, both source operands and the destination are
explicitly specified. This architecture is the most flexible, but of course it also has the longest
instruction size.

Table 2.1 shows the differences between the architectures when computing (A+B)*C. We assume
that in the cases of the 2- and 3-address format, the result is stored in the first register. We also
assume that the 2- and 3-address format architectures are load/store architectures, where arithmetic
instructions only operate on registers. The last line in the table indicates where the result is stored.

stack accumulator 2-address format 3-address format
PUSH A LOAD A LOAD R1, A LOAD R1, A
PUSH B ADD B LOAD R2, B LOAD R2, B
ADD MUL C ADD R1, R2 ADD R1, R1, R2
PUSH C LOAD R2, C LOAD R2, C
MUL MUL R1, R2 MUL R1, R1, R2
stack accumulator R1 R1

Table 2.1: Comparison between architectures.

Execution Speed

The execution speed of an instruction depends on several factors. It is mostly influenced by the
complexity of the architecture, so you can generally expect a CISC machine to require more cycles to
execute an instruction than a RISC machine. It also depends on the word size of the machine, since a
machine that can fetch a 32 bit instruction in one go is faster than an 8-bit machine that takes 4 cycles
to fetch such a long instruction. Finally, the oscillator frequency defines the absolute speed of the
execution, since a CPU that can be operated at 20 MHz can afford to take twice as many cycles and
will still be faster than a CPU with a maximum operating frequency of 8 MHz.

Available Instructions

Of course, the nature of available instructions is an important criterion for selecting a controller.
Instructions are typically parted into several classes:

Arithmetic-Logic Instructions: This class contains all operations which compute something, e.g.,
ADD, SUB, MUL, . . . , and logic operations like AND, OR, XOR, . . . . It may also contain bit
operations like BSET (set a bit), BCLR (clear a bit), and BTST (test whether a bit is set). Bit
operations are an important feature of the microcontroller, since it allows to access single bits
without changing the other bits in the byte. As we will see in Section 2.3, this is a very useful
feature to have.



Брзина извршавања – Execution Speed

Зависи од више чиниоца:

сложеност архитектуре,
величинa речи,
фреквенциjа осцилатора.

Расположивост инструкциjа – Available Instructions

Инструкциjе се обично деле на следеће класе:
Arithmetic-Logic Instructions: ADD, SUB, MUL, . . . AND, OR, XOR, . . . BSET

(сетуj бит), BCLR (обриши бит), и BTST (да ли jе бит сетован).
Data Transfer: LD (load) и ST (store), PUSH и POP.
Program Flow: скокови, условна гранања, позиви процедура, повратак из

процедуре или прекида: BNE, RET или RETI, . . .
Control Instructions: утичу на рад контролера: NOP (не ради ништа), ресет,

sleep, управљање дебаговањем, . . .



Пример: операциjа померања – Shift

Померање битова у регистру се може извести:
у леву страну
у десну страну

Померање може бити и аритметичка и логичка операциjа. Разлика jе у третирању
MSB (Most Significant Bit) када се померање изводи у десну страну (дељење
броjем 2). За померање у леву страну (множење броjем 2), MSB нема значаj.

Аритметичко померање у лево:
4-битни контролера, комплемент двоjке
броj −3 jе бинарно 1101
померањем на лево се добиjа 1010 = (−6)10

Пример: операциjа померања – Shift

Померање битова у регистру се може извести:
у леву страну
у десну страну

Померање може бити и аритметичка и логичка операциjа. Разлика jе у третирању
MSB (Most Significant Bit) када се померање изводи у десну страну (дељење
броjем 2). За померање у леву страну (множење броjем 2), MSB нема значаj.

Аритметичко померање у десно:
броj −4 = 1101
померањем на десно се добиjа 1110 = (−2)10 (уз сетован MSB)
логичко померање на десно даjе: 0110 =(6)10



Начини адресирања

Употреба аритметичке операциjе
Мора се експлицитно нагласити где се

операнди налазе!

Oни могу бити константе, садржаj
регистра или садржаj мемориjске локациjе.

immediate/literal
Операнд jе константа.

Регистарско – Register
Операнд jе у регистру (или резултат → регистар)

Директно – Direct/Absolute:
Операнд jе у меморисjкоj локациjи.

Начини адресирања

Регистарско индиректно – Register Indirect
У регистру се налази адреса мемориjске локациjе операнда.

Са аутоинкрементирањем – Autoincrement
Вариjанта индиректног адресирања са инкрементирањем вредности регистра.

Са аутодекрементирањем – Autodecrement
Вариjанта индиректног адресирања са декрементирањем вредности регистра.



Начини адресирања

Displacement/based
Задаjе се константа и регистар

константа + регистар → мемориjска локациjа операнда

Индексирано – Indexed
Задаjу се 2 регистра

R0 + R1 → мемориjска локациjа операнда

Мемориjско индиректно – Memory indirect
Задаjе се регистар у коме се налази адреса мемориjске локациjе коjа садржи
адресу операнда

регистар → мем. лок. са адресом → мем. лок. операнда

Пример

Поређење адресних модова
2.1. PROCESSOR CORE 21

addressing mode example result
immediate ADD R1, #5 R1← R1 + 5
register ADD R1, R2 R1← R1 + R2
direct ADD R1, 100 R1← R1 + M[100]
register indirect ADD R1, (R2) R1← R1 + M[R2]
post-increment ADD R1, (R2)+ R1← R1 + M[R2]

R2← R2 + d
pre-decrement ADD R1, −(R2) R2← R2 − d

R1← R1 + M[R2]
displacement ADD R1, 100(R2) R1← R1 + M[100 + R2]
indexed ADD R1, (R2+R3) R1← R1 + M[R2+R3]
memory indirect ADD R1, @(R2) R1← R1 + M[M[R2]]

Table 2.2: Comparison of addressing modes.

2.1.3 Exercises

Exercise 2.1.1 What are the advantages of the Harvard architecture in relation to the von Neumann
architecture? If you equip a von Neumann machine with a dual-ported RAM (that is a RAM which
allows two concurrent accesses), does this make it a Harvard machine, or is there still something
missing?

Exercise 2.1.2 Why was RISC developed? Why can it be faster to do something with several instruc-
tions instead of just one?

Exercise 2.1.3 What are the advantages of general-purpose registers as opposed to dedicated regis-
ters? What are their disadvantages?

Exercise 2.1.4 In Section 2.1.2, we compared different address formats. In our example, the accumu-
lator architecture requires the least instructions to execute the task. Does this mean that accumulator
architectures are particularly code-efficient?

Exercise 2.1.5 What are the advantages and drawbacks of a load/store architecture?

Exercise 2.1.6 Assume that you want to access an array consisting of 10 words (a word has 16 bit)
starting at memory address 100. Write an assembler program that iterates through the array (pseudo-
code). Compare the addressing modes register indirect, displacement, auto-increment, and indexed.

Exercise 2.1.7 Why do negative numbers in an arithmetic shift left (ASL) stay negative as long as
there is no overflow, even though the sign bit is not treated any special? Can you prove that the sign
bit remains set in an ASL as long as there is no overflow? Is it always true that even with an overflow
the result will remain correct (modulo the range)?



AVR CPU Core следећи
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AVR CPU Core

Introduction This section discusses the AVR core architecture in general. The main function of the CPU core
is to ensure correct program execution. The CPU must therefore be able to access memories,
perform calculations, control peripherals, and handle interrupts.

Architectural 
Overview

Figure 3.  Block Diagram of the AVR MCU Architecture 

In order to maximize performance and parallelism, the AVR uses a Harvard architecture – with
separate memories and buses for program and data. Instructions in the program memory are
executed with a single level pipelining. While one instruction is being executed, the next instruc-
tion is pre-fetched from the program memory. This concept enables instructions to be executed
in every clock cycle. The program memory is In-System Reprogrammable Flash memory.

The fast-access Register File contains 32 × 8-bit general purpose working registers with a single
clock cycle access time. This allows single-cycle Arithmetic Logic Unit (ALU) operation. In a typ-
ical ALU operation, two operands are output from the Register File, the operation is executed,
and the result is stored back in the Register File – in one clock cycle.

Six of the 32 registers can be used as three 16-bit indirect address register pointers for Data
Space addressing – enabling efficient address calculations. One of the these address pointers
can also be used as an address pointer for look up tables in Flash Program memory. These
added function registers are the 16-bit X-register, Y-register, and Z-register, described later in
this section.

The ALU supports arithmetic and logic operations between registers or between a constant and
a register. Single register operations can also be executed in the ALU. After an arithmetic opera-
tion, the Status Register is updated to reflect information about the result of the operation.
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I/O Module nAVR ALU

ALU jе директно повезана са 32 регистра опште намене.

Инструкциjе се извршаваjу у jедном циклусу такта (када су операнди у
регистрима).

Инструкциjе:
аритметичке
логичке
над jедним битом

Неке имплементациjе подржаваjу и множење позитивних и негативних броjева.



AVR Регистри опште намене
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General Purpose 
Register File

The Register File is optimized for the AVR Enhanced RISC instruction set. In order to achieve
the required performance and flexibility, the following input/output schemes are supported by the
Register File:

• One 8-bit output operand and one 8-bit result input

• Two 8-bit output operands and one 8-bit result input

• Two 8-bit output operands and one 16-bit result input

• One 16-bit output operand and one 16-bit result input

Figure 4 shows the structure of the 32 general purpose working registers in the CPU.

Figure 4.  AVR CPU General Purpose Working Registers

Most of the instructions operating on the Register File have direct access to all registers, and
most of them are single cycle instructions.

As shown in Figure 4, each register is also assigned a data memory address, mapping them
directly into the first 32 locations of the user Data Space. Although not being physically imple-
mented as SRAM locations, this memory organization provides great flexibility in access of the
registers, as the X-, Y-, and Z-pointer Registers can be set to index any register in the file.

7 0 Addr.

R0 $00

R1 $01

R2 $02

…

R13 $0D

General R14 $0E

Purpose R15 $0F

Working R16 $10

Registers R17 $11

…

R26 $1A X-register Low Byte

R27 $1B X-register High Byte

R28 $1C Y-register Low Byte

R29 $1D Y-register High Byte

R30 $1E Z-register Low Byte

R31 $1F Z-register High Byte

Подржане комбинациjе:
jедан 8-битни операнд и
jедан 8-битни резултат
два 8-битна операнда и
jедан 8-битни резултат
два 8-битна операнда и
jедан 16-битни резултат
jедан 16-битни операнд и
jедан 16-битни резултат

AVR Status Register – SREG
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Program flow is provided by conditional and unconditional jump and call instructions, able to
directly address the whole address space. Most AVR instructions have a single 16-bit word for-
mat. Every program memory address contains a 16-bit or 32-bit instruction.

Program Flash memory space is divided in two sections, the Boot program section and the
Application Program section. Both sections have dedicated Lock bits for write and read/write
protection. The SPM instruction that writes into the Application Flash memory section must
reside in the Boot Program section.

During interrupts and subroutine calls, the return address Program Counter (PC) is stored on the
Stack. The Stack is effectively allocated in the general data SRAM, and consequently the Stack
size is only limited by the total SRAM size and the usage of the SRAM. All user programs must
initialize the SP in the reset routine (before subroutines or interrupts are executed). The Stack
Pointer SP is read/write accessible in the I/O space. The data SRAM can easily be accessed
through the five different addressing modes supported in the AVR architecture.

The memory spaces in the AVR architecture are all linear and regular memory maps.

A flexible interrupt module has its control registers in the I/O space with an additional global
interrupt enable bit in the Status Register. All interrupts have a separate interrupt vector in the
interrupt vector table. The interrupts have priority in accordance with their interrupt vector posi-
tion. The lower the interrupt vector address, the higher the priority.

The I/O memory space contains 64 addresses for CPU peripheral functions as Control Regis-
ters, SPI, and other I/O functions. The I/O Memory can be accessed directly, or as the Data
Space locations following those of the Register File, $20 - $5F.

ALU – Arithmetic 
Logic Unit

The high-performance AVR ALU operates in direct connection with all the 32 general purpose
working registers. Within a single clock cycle, arithmetic operations between general purpose
registers or between a register and an immediate are executed. The ALU operations are divided
into three main categories – arithmetic, logical, and bit-functions. Some implementations of the
architecture also provide a powerful multiplier supporting both signed/unsigned multiplication
and fractional format. See the “Instruction Set” section for a detailed description.

Status Register The Status Register contains information about the result of the most recently executed arithme-
tic instruction. This information can be used for altering program flow in order to perform
conditional operations. Note that the Status Register is updated after all ALU operations, as
specified in the Instruction Set Reference. This will in many cases remove the need for using the
dedicated compare instructions, resulting in faster and more compact code.

The Status Register is not automatically stored when entering an interrupt routine and restored
when returning from an interrupt. This must be handled by software.

The AVR Status Register – SREG – is defined as:

• Bit 7 – I: Global Interrupt Enable

The Global Interrupt Enable bit must be set for the interrupts to be enabled. The individual inter-
rupt enable control is then performed in separate control registers. If the Global Interrupt Enable
Register is cleared, none of the interrupts are enabled independent of the individual interrupt
enable settings. The I-bit is cleared by hardware after an interrupt has occurred, and is set by
the RETI instruction to enable subsequent interrupts. The I-bit can also be set and cleared by
the application with the SEI and CLI instructions, as described in the instruction set reference.

Bit 7 6 5 4 3 2 1 0

I T H S V N Z C SREG

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

I Global Interrupt Enable

T Bit Copy Storage

H Half Carry Flag

S Sign Bit, S = N ⊕ V

V Two’s Complement Overflow Flag

N Negative Flag

Z Zero Flag

C Carry Flag



AVR Показивач стека – Stack Pointer
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The X-register, Y-
register and Z-register

The registers R26..R31 have some added functions to their general purpose usage. These reg-
isters are 16-bit address pointers for indirect addressing of the Data Space. The three indirect
address registers X, Y, and Z are defined as described in Figure 5.

Figure 5.  The X-register, Y-register, and Z-register

In the different addressing modes these address registers have functions as fixed displacement,
automatic increment, and automatic decrement (see the Instruction Set Reference for details).

Stack Pointer The Stack is mainly used for storing temporary data, for storing local variables and for storing
return addresses after interrupts and subroutine calls. The Stack Pointer Register always points
to the top of the Stack. Note that the Stack is implemented as growing from higher memory loca-
tions to lower memory locations. This implies that a Stack PUSH command decreases the Stack
Pointer. If software reads the Program Counter from the Stack after a call or an interrupt, unused
bits (15:13) should be masked out.

The Stack Pointer points to the data SRAM Stack area where the Subroutine and Interrupt
Stacks are located. This Stack space in the data SRAM must be defined by the program before
any subroutine calls are executed or interrupts are enabled. The Stack Pointer must be set to
point above $60. The Stack Pointer is decremented by one when data is pushed onto the Stack
with the PUSH instruction, and it is decremented by two when the return address is pushed onto
the Stack with subroutine call or interrupt. The Stack Pointer is incremented by one when data is
popped from the Stack with the POP instruction, and it is incremented by two when data is
popped from the Stack with return from subroutine RET or return from interrupt RETI.

The AVR Stack Pointer is implemented as two 8-bit registers in the I/O space. The number of
bits actually used is implementation dependent. Note that the data space in some implementa-
tions of the AVR architecture is so small that only SPL is needed. In this case, the SPH Register
will not be present.

15 XH XL 0

X - register 7 0 7 0

R27 ($1B) R26 ($1A)

15 YH YL 0

Y - register 7 0 7 0

R29 ($1D) R28 ($1C)

15 ZH ZL 0

Z - register 7 0 7 0

R31 ($1F) R30 ($1E)

Bit 15 14 13 12 11 10 9 8

SP15 SP14 SP13 SP12 SP11 SP10 SP9 SP8 SPH

SP7 SP6 SP5 SP4 SP3 SP2 SP1 SP0 SPL

7 6 5 4 3 2 1 0

Read/Write R/W R/W R/W R/W R/W R/W R/W R/W

R/W R/W R/W R/W R/W R/W R/W R/W

Initial Value 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

SP показуjе на врх стека
мора се сетовати да показуjа на адресу већу од 0x60
инструкциjе: PUSH, POP (inc 1), RET (inc 2) и RETI (inc 2)

AVR Начини адресирања – Addressing Modes

Подржава више адресних модова за приступ:
Програмскоj мемориjи – Program memory (Flash) и
Подацима – Data memory (SRAM, Register file, I/O Mem.).

immediate/literal
Регистарско – Register
Директно – Direct/Absolute
Регистарско индиректно – Register Indirect
Са аутоинкрементирањем – Autoincrement
Са аутодекрементирањем – Autodecrement
Displacement/based
Индексирано – Indexed
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