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Basic Operation of a Computer

1. The computer accepts
CPU information in the form of
(Registers, Memory programs and data through an
ALU & CU) input unit and stores it in memory

2. The information stored in
memory is fetched, under
program control, and processed
inan ALU

3. The processed information
leaves the computer through an

| | Address Hug |
| | | Control Bis| |
| |

Input Output output unit

4. All activities inside the computer
are directed by the control unit
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Instruction Codes

An instruction code is a group of bits (binary code) that instruct the
computer to perform a sequence of micro-operations.

Instruction codes together with data (operands) are stored in the
computer memory.

The control unit then interprets the binary code of the instruction and
proceeds to execute it by deploying a sequence of micro-operations.
An instruction code is usually divided in two parts: an operation
code (opcode) and an address code.

The operation code defines the operation to be performed: addition,
subtraction, logic AND, etc.

The address code usually (but not always) specifies the address of
the operand.
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Instruction Codes

B The control unit receives the instruction code from the memory,
interprets the operation code, and then issues a sequence of control
signals to initiate the necessary sequence of micro-operations to be
performed on the specified operands.

B An instruction code must specify not only the operation (defined by the
operation code), but also the registers or memory words where the
operands are to be found, as well as the register or memory word
where the result is to be stored.

B A memory word can be specified within the instruction code by
specifying its address in memory.

B A processor register can be specified within the instruction code by
assigning k bits that identify one of the 2k possible processor registers
available in the system.

B In this chapter, we will discuss the basic organization, functionality,
and design of a small-scale computer system.
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B A 4096 x 16 memory unit is used = 16-bit words.
B The memory is divided into two parts:
O A program part, storing the program (set of instructions) to be executed, 4’5’;2‘0?6
[0 A data part, storing the data (operands) to be used for the instructions of *
T —
the program.
15 12 11 0
r Opcode I Address J Instructions
(program)
Instruction format
B Each instruction in the program part of the memory is
divided in two parts:
O The first part is composed of 4 bits (bits 12 to 15) and it Operands
specifies the operation code (opcode) of one of a maximum of (data)
24 = 16 possible operations that can be performed.
[0 The second part is composed of 12 bits (bits 0 to 11) and it L T
specifies the address of the operand in memory.
B The 12 bits in the address part of the instruction code
can specify a maximum of 212_ = 4096 different word Processor register
addresses in the memory, which is the size of the (accumulator or AC)
memory used in our case.
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Stored Program Operation

4096 x 16

r/’_\_/\
B Each word in the data part of the memory holds a
16-bit operand. Instructions
. . . (program)
B The accumulator AC is a processor register that is
usually used to store one operand of the operation
to be performed.
15 9 Operands
I Binary operand | l()cTata)
B A program instruction is executed in the following ]
sequential order:
1. The control unit reads the 16-bit instruction code from
the program portion of the memory. -
. . . . Processor register
2. The 12-bit address part of the instruction code is then (accumulator or AC)
used to read the 16-bit operand from the data portion of
the memory.

3. The 4-bit operation code is then used to perform the
desired operation on the operand just read.
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Basic C ter Registers & M
11 0
Memory 4096 words of 16 bits
E |l—
Cyis 0000
11 0
0001
Memory 0002
4096 words 0003
15 0 16 bits per word
0004
0005
15 0 15 0
i 0807
0808
7 0 7 0 is 0 gzgi
o508
Regi Number of Register name Function 080C
symbol bits L
DR 16 Data register Holds memory operand OFFF
AC 16 Accumulator Processor register
IR 16 Instruction register Holds instruction code
TR 16 Temporary register Holds temporary data AC
AR 12 Address register Holds address for memory DR
PC 12 Program counter Holds address of instruction
INPR 8 Input register Holds input character OUTR
OUTR 8 Output register Holds output character INPR g
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Hexadecimal code

B aS | C Symbol I=0 [I=1 Description

AND Oxxx 8xxx  AND memory word to AC
ADD 1xxx Ixxx Add memory word to AC

C O m p u te r LDA 2xxx  Axxx Load memory word to AC

STA 3xxx Bxxx  Store content of AC in memory
BUN 4xxx Cxxx  Branch unconditionally

I n St ru Ct i O n ?SSZA 5xxx Dxxx  Branch and save return address

6xxx Exxx  Increment and skip if zero

List (Hex) TR

CMA 7200 Complement AC
CME 7100 Complement E
CIR 7080 Circulate right AC and E
514 2 o CIL 7040 Circulate left AC and E
INC 7020 Increment AC
1| Opeode Address ] (Opeode = 000 through 110)
L] l e SPA 7010 Skip next instruction if AC positive
(a) Memory  reference instruction SNA 7008 Skip next instruction if AC negative
Is 21 o SZA 7004 Skip next instruction if AC zero
- - SZE 7002 Skip next instruction if E is 0
01 11 Register operati (Opeode = 111, 1=0 P ction 15
I | reiser opemion ] > HLT 7001 Halt computer
(b) Register - reference instruction
1s 21 0 gP F800 Input character to AC
- UT F400 Output character from AC
[T 11 1/0 operation (Opeode =111, I=1) tp aracter from
I | SKI F200 Skip on input flag
(c) Input — output instruction SKO F100 Skip on output flag
ION F080 Interrupt on
IOF F040 Interrupt off
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Addressing Modes

B Register Addressing
[0 Operands reference internal registers
[0 Also called inherent addressing (Motorola)
B Immediate Addressing
[0 Operand is constant and is contained in the instruction word
immediately following the opcode
B Direct Addressing
0 The Operand is to be fetched from the memory location whose
address is given by the 12 bits following the opcode in the
instruction word
B |ndirect Addressing
O Instruction specifies where the address of the operand is located

NOT IMPLEMENTED HERE:
B |Indexed addressing
[ Finds the data address using an index (an offset)

B Relative Addressing
1 Add offset to current value of the PC 10
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Notation used in Comments

B Register Name: Indicates a register and its contents
[0 Example: AC refers to the contents of accumulator AC
B — (->) Right arrow indicates data transfer operation (<-> indicates an
exchange of data)
O Example: AC -> DR indicates the contents of AC are transferred (copied)
to DR
® M[...] Contents of a memory location
O Example: M[1234H] -> AC indicates that the contents of memory location
HEX1234 are transferred to AC
B M[M[...]] Indirect addressing — inner parentheses specifies a memory
address that contains the data address

[0 Example: AC -> M[M[1234H]] indicates that the contents of AC are
transferred to a memory location whose address is found in memory
location with address 1234H (STA @1234H)

11
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Inherent Addressing
(Register Addressing)

B All data for instructions are in the CPU

B Instructions with inherent addressing
[0 Are among the fastest to execute
O Coded with the least amount of bits

B Also called Register Addressing or Implied Addressing

CLA15|14|13.91-2>Alc| 0] 9| s8] 7]le]|s5|als]2]1]o
Opcode Register Address
ca=7800, | 0 [ 1 J1 [1 [1JoJoJo]oJoJoJoJ]oJoJo]o
INC ; AC <-AC+1
15 | 14|13 |12 |1u|w]9 | 8] 7|65 ]a]3]2]1]o
Opcode Register Address
Nne=7020, | o J 1 [ 1 [ 1] oJoJoJo]JoJoJi1]oJoJoJo]o
2




puter Architecture |

Immediate Addressing

15 |1a |13 12|ulwo]o |8 7]e6]s|a]ls]2]1]o
Opcode Operand Value

ADD=$1adr 0 0 0 1 1 0 l 0 I 0 I 0 I 0 | 0 | 0 | 0 | 0 | 0 I 0

An argumentis contained In the DITS

immediately following the opcode.

uOttawa

The Isb 12-bit contents of
the instruction word (i.e., the
operand) are moved to
accumulator AC

It is not implemented in this

Memory
BASIC COMPUTER !!!
ac|l ool 4]0

DR
Immediate Addressing Examples OUTR

INPR M
LDA #64 ;Decimal 64 -> AG//#
LDA #64H ; Hexadecimal 64 -> A
B The # symbol indicates immediate addressing
B [tis easy to forget the # 13
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Direct Addressing

B Instruction contains the data address
[0 Single-level addressing
[0 Operand’s address is given by the low-order 12 bits following the opcode.

O Instructions encoded with opcodes 0 - 6 (msb IR;5=0) access addresses
$000-$FFF directly

0000
0001
0002

The 16-bit contents of the selecte:
memory location are copied, as

specified by the instruction, to the
accumulator AC.

Example: LDA 4 ;A <- M[4]

AC <+ 0807] '\
DR 0808
OUTR The Isb 12-bit of the instruction 0809 2004
word (004) represent the address of 080A
INPR the memory location where the 080B
operand is stored 080C

Memory
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Indirect Addressing

B Also called pointer addressing

W Instruction contains address of memory location holding the data address
(pointer)

B Two level addressing mechanism
[0 First level provided by instruction gives address of memory containing an address
[0 Second level is the address that specifies where the data is located

O Instructions encoded with opcodes 8 - E (msb IR,;=1) access addresses $000-
$FFF indirectly. Actually the memory space they can address is 64kW (kilo words)

Example: The 16-bit contents of . Memory
LDA @9BAH memory location $9B5 are A9BA
;AC <- M[M [gBAVoved to the accumulator AC -~~~
9B5 |-1234
AC 1234 The Isb 12 bits of the instruction 9B6
DR word ($9BA) represent the address of 9B7
the memory location where data 9B8
OUTR . 9B9
address (9Bb5) is stored; data -
INPR : BA 0985
address points to the memory 9BB
tecation where data is stored 15
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Direct VS Indirect Address

15 14 12 11 0
|l| Opcode | Address

(a) Instruction format

The instruction code is composed of a 3-bit
opcode, a 12-bit address, and an indirect
address mode bit / (/= 0 for a direct address,
and / = 1 for an indirect one).

Fig. (b) shows a direct address mode (/ = 0)
with an opcode of an ADD operation. The 12-
bit address code holds the binary equivalent
of 457. = The operand is found in address , - 1350
457 of the memory.
The operand is fetched and added to the 457 Operand
number stored in the accumulator AC. 1350 Operand
Fig. (c) shows an indirect address mode (/ =
1) with an opcode of an ADD operation.

The 12-bit address code holds the binary
equivalent of 300. = The address of the ©
operand is fetched from address 300, which
contains the binary equivalent of 1350.
The operand is then fetched from address
1350 and added to the number stored in the
accumulator AC .

Memory Memory
0 | ADD 457 3 lIADDI 300

&

2

53

(b) Direct address (c) Indirect address
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Relative Addressing

B The address of the
operand is called the

effective address. Program Counter

. . Branch Op Code
B For instance, the effective Offect e

address in the previous Program counter plus Mo oo God

Fig. (b) is 457, whereas it offset= address of TP —oce

is 1350 in Fig. (C) next instruction.

+QOffset

B Relative addressing calculates the effective
address by adding offset to the current value ~ b—{ Next
of the PC

[0 Used mostly for branching instructions

[0 Normally offset is calculated from the
address of the next op-code

B Not implemented in our BASIC Computer

Instruction

17
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Basic Computer

CPU

(Registers, Memory
ALU & CU)

Address Bus| |

18
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Computer Registers

B The memory unit has a capacity of 4096 11 0
words with 16 bits each. .
lemory
B As shown in Figure 29(a), each 16-bit R o
instruction code is composed of 12 7 |
address bits, a 3-bit opcode, and one bit )
to specify a direct or indirect address. 15 0 15
B The data register (DR ) holds the operar _ | I i
read from the memory. ; 0 7 0 is
B The accumulator (AC ) is a general [oure | [ mex ] i ac

purpose processing register.

B The instruction register (/R ) holds the instruction read from the memory.

B The temporary register (TR ) holds temporary data during processing

B The address register (AR ) is a 12-bit register that holds the address of the word to
be accessed in the memory.

B The program counter (PC ) is a 12-bit register that holds the address of the next
instruction to be fetched from the memory after the current instruction is executed.

B /NPR is an input register that holds an 8-bit code of a character read from an input
device. OUTR is an output register that holds an 8-bit code of a character to be19
transferred to an output device.

BASHLT U TTIISS

I R i e
1

F=) _ Control Unit | w *FH
Data EM Data Path | R — ‘

Path iceupne.. Lo - ——

* The common bus lines are connected to the

data input lines of each register as well as the m__""'_" 1
data inputs of the memory. b te ax

» The particular register whose LD (load) input —”ijt 1 1
bit is enabled, receives the data from the bus g
during the next clock pulse. [ &

» The content of the bus is loaded into the [ < :-c: — X
memory when its Write control bit is activated. E W R ok

the bus when its Read control bit is activated
and S,S;S, = 111.
» Two of the registers connected to the bus

have 12 bits only (AR and PC). oo - ":1’* 3
* When the content of AR or PC is applied to I

* The memory places one of its 16-bit words on B
|

the 16-bit bus, the bus’ 4 msb’s are reset to ‘0’.
*« When AR or PC loads the content of the bus,

only the 12 Isb’s are transferred to the register. = =

10



CPU
(Registers,
ALU & CU)

cCTUOo

M Data Path
i (Execution Unit)

| Lo __ !Control
O 'CPU Data IN @_ Data OUT

Control Unit

*The basic computer has 8 registers, a
memory unit, and a control unit,
P interconnected via a common bus.
U *The bus selection bits S,, Sy, and S,
determine the output of the specific
register or memory to be placed on the
bus lines at any given time.
*The number along each BUS input in
next figure shows the decimal
R equivalent of the required binary
selection.

INR,
CLR::: | AR 211
LD,,
e | PC | o
CLRp¢ L 2
LDy _—
INR
. { TR
LDy sl
INRoy
CLRyy DR
LDse Bl
INR,
clfc I:- AC /sss
21710
AND,ADD
Conshr ALU
Data ]
INPR
Doy path
OUTR |
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Basic Computer mm
Instructions

15 14 12 11 0
[ 1 I Opcode ] Address (Opeode = 000 through 110)

(a) Memory — reference instruction

15 12 11 0

0 1 1 1 | Register operation I (Opeode = 111, 1=0) RRI

(b) Register - reference instruction
15 12 11 o
Ll 111 I 1/0 operation j (Opeode =111, I=1)
(c) Input — output instruction
There are 3 instruction formats.
The opcode is composed of 3 bits (/14/43/42)
000-110 = operations to be performed on AC
« the rest of the12-bit (/44 - /) specify an
address in memory:
* 1,5 = 0 =>instruction with direct address
* ;5 =1 =>instruction with indirect address 101
111 & I,5 = 0 => a register reference instr.
111 & ;5 =1 => an input-output instruction.
the other 12 bits (/;; - /) are used to
specify the type of operation to be
performed

0xxx
1xxx
2XXX
3xxx
4xxx
5xxx
6XxxX

7800
7400
7200
7100
7080
7040
7020
7010
7008
7004
7002
7001

8xxx
9xxx
Axxx
Bxxx
Cxxx
Dxxx
Exxx

F800
F400
F200
F100
F080
F040

uOttawa

AND memory word to AC

Add memory word to AC
Load memory word to AC
Store content of AC in memory
Branch unconditionally

Branch and save return address
Increment and skip if zero

Clear AC

Clear E

Complement AC

Complement E

Circulate right AC and E

Circulate left AC and E

Increment AC

Skip next instruction if AC positive
Skip next instruction if AC negative
Skip next instruction if AC zero
Skip next instruction if E is 0

Halt computer

Input character to AC
Output character from AC
Skip on input flag

Skip on output flag
Interrupt on

Interrupt off

11
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Basic Computer Instruction List (Binary)
Dy |dnste [l | b (Mo Ly [ Lo [ L | I [ L | L | L | L] | L [L]] I,s=0 Is=1
Dec | op code + ML RVIRT
Direct Addr. | Indirect Addr.
D, | 0] 0] 0 ]AR | ARy | AR | ARy | AR, | ARy [ ARs [ AR, | AR, | AR, | AR, [ AR, | AND=$0adr [AND, =$8(adr)
D, 0 | O [ 1 |ARy | ARy | ARy | ARy | AR, | ARy | ARy | AR, | AR, | AR, |AR;| AR, | ADD=$1adr |[ADD,=$9(adr)
D, 0 | 1 | O | ARy | ARy | ARy | ARy | AR, | AR; | ARy | AR, | AR, | AR, |AR,| AR, | LDA =$2adr [LDA,=$A (adr)
D=0 | D, 0 ] 1] 1 |ARy|ARy | AR | ARy | AR, | ARy | AR | AR, | AR, | AR, | AR, [ AR, | STA =$3adr [STA,=$B(adr)
mem | D, 1 | 0 [ 0 |ARy [ ARy | ARy | ARy | AR, [ ARy | ARs | AR, | AR | AR, | AR, | AR, | BUN =$4adr [BUN,=$C(adr)
D 1[0 [ 1 JAR, | ARy [ AR [ ARy | AR, | ARs | ARs | AR, | ARy | AR, [AR,| AR, | BSA =$5adr |BSA,=$D(adr)
D 1] 1[0 |AR, [ AR, | ARy | ARy | AR, | AR, | AR | AR, | AR, | AR, | AR, | AR, | ISZ =S$6adr | ISZ.=$E(adr)
RRI 101
D, 1(1([1]1 00 [O0]JO]J]O[O]O]O]O|O|O]CLA=$7800| INP=$F800
D, 1(1([1]0 1 0]0]JO[O]O|[O]O]|O][O]O|CLE=$7400 | OUT=$F400
D, 1(1([1]0 0]1[0]JO]0O[O]O]O]|O|O|O]|CMA=$7200 SKI=$F200
D, 1(1([1]0 0]J]OoO[1T]JO]J]O[O]O]O]|O|O|O]|CME=$7100 SKO=$F100
D, 1(1([1]0 0[O0 [O0O]J1]O0O[O[O]O|O|O|]O]|CIR=$7080| ION=8$F080
D= D, 1(1([1]0 0]O0[O0]JO]1][0]O0O]O]O]|O]|O]CIL=$7040 | IOF=$F040
reg D, 1(1([1]0 0[O0 [O0]JO|JO|1[O]O|[O|[O]|O |INC=$7020 n/a
D, 1(1([1]0 0[O0 [O0]JO|]O|]O[1]O/|[O|O]|O]|SPA=87010 n/a
D, 1(1([1]0 0]J]O0O[O0]JO]J]O[O]O]1]O]|0O]|O]SNA=$7008 n/a
D, 1(1([1]0 0 [0 [O0]JO|]O|]O[O]O|[1/|O0]|O]|SZA=87004 n/a
D, 1(1([1]0 0 [0 [O0]JO|]O|]O[O]O|[O/|[1]|O|SZE=$7002 n/a
D, 1{1f1]o0 0lo0foJolojolo]Jo]olo]l1]|HLT=$7001 n/a
Binary One-hot (bit-per-state) encoding adr = 12 bit address 23
encoding (adr) = address of the op address|
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Instruction Set Completeness

B A computer instruction set is complete if it can be used to evaluate any
function that is known to be computable.

B To be complete, the instruction set must contain enough instructions in
each of the following categories:

1. Arithmetic, logic, and shift instructions.

2. Instructions for moving information to and from memory and
processor registers.

3. Program control instructions together with instructions that check
status conditions.

4. Input and output instructions

B Program control instructions, such as branch instructions, are used to
change the sequence in which the program is executed.

B Input and output instructions are needed for communication between the
computer and the user (outside world).

B |n this context, the instruction list of the Basic Computer is complete as it
provides enough instructions in each category. 24

12
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_________________________

Execution Unit
(Data Path)

Execution Unit
(Data Path)

i
iControl
i

cPy CPU CONTROL UNIT
(Registers, Memory . . .
ALU & CU) _as a Sequential Circuit
Apata Bus A P ]
Address Bus E E Next State |[s, E cle
! i Logic Stat i
Control Bus G g |Swi=36X0 R:g‘iaster | ||
Central Processing Unit ! x, | [——)| Sombinational | pipiops Sy
CPU Block Diagram | [/—— , :
g ' | Output Logic L
piutatntuiinininisini i o : 1! Control ,
X, W St | 2z SEQUENTIAL

1 P

'(: I | Data OUT ﬁ @

1 DataIN | | 77 e e e e e Y oo
L___P___ﬁ“ _____ ﬂ_ ________ Data IN Data OUT

uOttawa
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B The ASM method is utilized to
solve a given problem, assuming
that the target is a digital i
electronic device, consisting in a iStatus, e
datapath and a control unit. g?\_/'_c_eﬁ“?aia_“i@_[la‘fi’!ﬁ__

B The following are the five major steps in the ASM methodology:

ASM # 1. Using pseudocode describe the algorithm to be executed by the device

ASM # 2. Convert the pseudocode into an ASM flowchart (with RTL)

ASM # 3. Design the datapath based on the ASM flowchart

ASM # 4. Create a detailed ASM chart (equivalent to FSM) with control signals that have
to be generated by the control unit to direct the datapath

ASM # 5. Design the control logic based on the detailed ASM chart
m |[f followed correctly, the ASM method produces a hardware design in
a systematic and logical manner
[0 Very robust and easily modified

[0 Refined through pseudocode iterations

DataPath
(Execution Unit)

ontrol

26
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ASM Flowchart Rules (ASM#2)

B There are some rules that have to be abided by during ASM design

1. State boxes should contain only RTL statements, control signals in
parentheses, and state-transfer statements in parentheses

2. All operations within a state box should be concurrently executable in one
clock cycle

3. If the operations in two consecutive state boxes can be executed in the
same clock cycle, then the two state boxes can be combined into one state
box

4. Condition boxes should contain only simple queries that can be evaluated
using purely combinational logic

5. A new register must be assigned for each unique name in the set of RTN
statements

6. For each register-transfer statement, there must be a path between the
source and the destination registers (if a transformation takes place during
the transfer, then a combinational device, such as an adder or ALU, must be
inserted into the path between the source and destination registers)

7. If there are several paths leading into a combinational device or register, a
multiplexer or tri-state buffer must be used

8. For each simple binary query in a condition box, a combinational device or
status signal must be used

9. Finally, control signal inputs must be attached to each register and
multiplexer so that register transfers can be precisely controlled

uOttawa

mputer Architecture |

ASM Design Example

B The datapath of a dedicated coprocessor has three 16-bit registers AR,
BR, and CR.

B When the coprocessor is triggered by a signal start, it will perform the
following operations:

[0 Transfer two 16-bit signed numbers (provided by the microcontroller over
two data buses DB-A and DB-B in 2's-complement representation) to AR
and BR.

O If the number in AR is negative, divide the #1 BlOCk Dlaq ram

number in AR by 2 and transfer the result
to register CR. start done

O If the number in AR is positive but | \iEooarte

Control Unit

nonzero, multiply the number in BR by 2 '._._‘.)P_T_ _.r_‘.'_.A

and transfer the result to register CR. ! Data Path i

O If the number in AR is zero, clear register ot (Execution Unlt

2 N ontml

CRto 0. [ ﬁﬁ --------- '

. . . DB-A DB-B DB C

O Slgqallze the end of the processing by Microcontroller |<

setting a flag done.

28
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#1 Block Diagram #2 ASM Flowchart
B Transfer two 16-bit signed numbers

(provided by the microcontroller over two (H Ig h Level RTL )

data buses DB-A and DB-B in 2's- A
complement representation) to AR & BR.

H If the number in AR is negative, divide the number in -*

AR by 2 and transfer the result to register CR.

m If the number in AR is positive but nonzero, multiply
the number in BR by 2 and transfer the result to
register CR. BR . DB-B

m If the number in AR is zero, clear register CR to 0.

B Signalize the end of the processing by setting a flag

done. start done 0
[N =ttt il CR-~ 0
' i Control Unit | ' E
e [cR— AR2| [cr- BR%)
il Data Path | ! ! J
! ! (Execution Unit) } ' ﬁ
I Status Lac e —— al 1
alld lbrs Ldpoe- Dore
Microcontroller |« 29

uOttawa

mputer Architecture |

A
1 A Start: SC—B
<gtart> B: AR— DB-A,
B 1 BR—DB-B
AR — DB-A :
AR DB-A BARZ: SC—C
B ARZ ARG: SC<D
BARZ ARG SC—E
0 - 1 C: CR«0 SC—F
E D D: CR—BR*2 SC—F
CR- AR2| |CR. BR®2 E: CR—AR/2 SCF
' ' F: SC—A
30

15
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#3 ASM Datapath

St i
‘ E: 1 16
‘ ARZ 'W
. ARG | g WA == DB-A _ A
: Conl_tc:ﬁllB :: —Ll_ 1 : §) d
i i Data Path i16
i A ! i °
; Unit ! (Execution Unit) @1 ‘ ] DB-B 5 @ 0
! !‘ 16i ?_)
| Sel | ; s B__ 1]
| LdCR ;3 —L,‘_Cﬁi_l » AR — DB-A
| CICR} i
T it

Ccu Datapath |

Coprocessor

[cR— AR2| [crR. BR®
[ )

[oore ] -
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Symbols used in ASM detailed charts
ASM#4

State name j
Output signals Conditional outputs or actions
or actions Mealy type: Z, = A(S,.X,)
Moore type: Z,= M(S,)
(c) Conditional output box
(a) State box j

_______________________________________________

Next State |s . | State

S Spe1= 8(SpX50) _ ||
1\ | Combinational Flip Flops [

i

:

i

i . X

] Logic Register
: 9 |:: )

i

i

i

i

0 (False) Condition 1 (True) Xn Circuits Sn
expression —
} Output
! Logic
(b) Decision box :Cont_rol Z, =gk(Sn,Xn) SEQUENT|AL :
e e CIRCUIT 2

16
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ASM Flowcharts Constructs (ASM#2)

mputer Architecture |

Original ASM constructs consisted of state boxes, condition boxes and
conditional output boxes

—  Conditional output boxes (Mealy FSM’s) are difficult to represent in text or table
ASM chart format, and allow conditional data transfers (RTL) ... can be avoided
ASM textual or tabular charts have replaced flowcharts because of their

ease of modeling complexity and representing large synchronous
sequential circuits

RTL @ false
RTL
i + LR

State box Condition box Conditional output box

33

uOttawa
ASM Flowcharts ASM Detailed Chart

(ASM#2) (ASM#4)

mputer Architecture |

ASM textual or tabular charts replace State namL
flowcharts because of their ease of ]
modeling complexity and representing Output f,'g”a's Conditional outputs
large synchronous sequential circuits. (NT;:rce'g, r;) or actions (Mealy type)
‘ j Zn = )\(Sn) Zn = )\(Sn’xn)
RTL RTL
State box Conditional output box
State box

Conditional output box

(True)

Condition
expression

@ false

true

Decision box

34 Decision box

17
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A IgorithmiC State /(One) State Entry Path

State Code

Machine (ASM)

The following are the major steps
in the ASM methodology:
* Create an algorithm, using
pseudocode, to describe the
desired operation of the device Decision Box

» Convert the pseudocode into an \
ASM chart (the basic brick = T F
ASM block) @

* Design the datapath based on

the ASM chart
 Create a detailed ASM chart
based on the datapath Conditional Output Box — | Conditional
« Design the control logic based Output List
on the detailed ASM chart
Combination of datapath and
control logic makes up the actual |y

Y

State Name / State Box
Output List -

logic system that will solves the
original problem. \ (n) Exits to Other ASM Blocks /

35
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ASM Detailed Chart (ASM#4)

-— (One) State Entry Path

1 i 4
[ !I
! ! State Code
b Next State  [s | state {EClk L
| : | ogic I:D Register i State Name / State Box
vl S Bua= 36X | |5 Output List -
Vo 1\ [Combinational RO | R ] Moore Output
: :X“ s m Decision Box 2= M5
1}
| pr— _ 1 .
i i Output Logic d T F
M . = \(S,.X,)
JiCone! SEQUENTIAL !
[ [t S CIRCUIT }
E T ' Conditional Output Box — | Conditional
! t  DataPath | ' Mealy Output Output List
! i (Execution Unit) ! Z,=MS,.X,)
1
1
1

_
e _J H ¥
Data IN ﬁ ﬂ Data OUT _: ‘\ /
(n) Exits to Other ASM Blocks

The basic brick = ASM block
Combination of datapath and control unit makes up the

% actual logic system that will solve the original problem.

18



ASM Detailed Chart Rules (ASM#4)

B There are some rules that have to be abided by during detailed ASM chart design
1.

uOttawa

mputer Architecture |

For each box in the ASM chart, there should be a corresponding box in the detailed
ASM chart

A state box should contain a comma-delimited list of entries of the form csig or cond:
(csig,...,csig) where csig is a control signal or state transfer statement in parentheses
and cond is a logical combination of status signals.

For each RTL operation in a state box of an ASM chart, there should be a list of control
signals that accomplishes the RTL operation in the corresponding state box of the
detailed ASM chart. These control signals are generated by the control unit through its
output function Z = A(S,X) - as CU is a sequential circuit.

All control signals are assumed to have the value ‘1’ if specified and the value ‘0’ if left
unspecified

For each condition box in the ASM chart, there should be a corresponding condition box
in the detailed ASM chart

Each condition box in the detailed ASM chart must contain a logical combination of
status signals that implements the combinational logic query in the corresponding ASM
chart condition box

2.
3.
4.
5.
6.

|

|

|

|

R#Ies 1-6 provide the mapping between the ASM chart and the detailed ASM
chart

Pay special attention to the state box and conditional box mappings!

Control logic is the heart of the digital circuit, and is often the most complex and
detailed block of the entire system, and thus must be designed very carefully!

The detailed ASM chart should easily be converted to a control path, as Iong,ﬁs

the aforementioned rules are followed

ASM #2 :

Flowchart AR — DB-A

uOttawa

mputer Architecture |

ASM_#4

B

BR -~ DB-B

ARG

LdAB |1 I_ﬁ— 1 D E
Control | ASM #3 1 e @@ @

e
s
Unit ; Data Path [@1

Sel | {Execution Uni) i
LdC

CR l E
CIrCR ; 1 i16 Done

16
E Compare 1‘160 1l AR | DBjA CIFCR 1 ARG 0
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There are three major methods for implementing;
the State Register of sequential circuits which are|
used as control logic ASM-based circuits:

1. The one-FF-per-state method

O Also called One-hot, we will see thls_ e N
method during this lecture ' i i

| |
O Most popular design technique, as jt : : Clk
is simple and easy to model b Next State |g .| State :
2. The Binary Encoded State methoq : 'S-OQLCS(S ) Reg_lster J
O Uses state encoding to reduce the | | S, et s - T
number of D flip-flops required in % | Combinational gque{we S, !
the state register ni Y| Circuits i, OFlfn er .
. . | 0ps
QO Control logic is spread out over R 1D Fops J
1

| Output Logic
! Control !
O Matches the cyclical nature of : Unit Z,=MS,.X,) SEQUENTIAL :
instruction execution on a computef e C_ I_RQEJlT_;
O Control is simplified because of the! e
cyclical state transition pattern
i Data Path

The PLD-based method' o | | (Execution Unit)
O Amalgamates all logic devices into! L}
one single VLSI chip

O Could contain both the datapath

1
1
_____ i !
i Data IN ﬁ @ Data OUT _:
and the controllogic! ~ TTTTTTTTTTTI IO ITTTTITIRN T

3. The sequence-counter method

1
1
|
1
several different digital devices '
1
1
1
1

uOttawa

ymputer Architecture |

RTL 5 A
_ MEEEENEEERE
Z___A §n;1_6 8 g g D,D;D, § (é % $ 8
A Start: SC<B |1
B: AR« DB-A, 1
BR«DB-B
B ARZ: SC—C |1
B-ARZ’-ARG: SC—D 1 100
B-ARZ'ARG”: SC—E 1 101
C: CR—0 SC—F |1 1
D: CR—BR*2 SC—F 1 011 1 1
E: CR—AR/2 SC—F 1 011 1
F: SC—A 1 1
NextSmte LogicS =0 X === = ] :’rﬁ o
SCi+ = Arstart + B-ARZ+C | uicontrol Unit i 8
CIrSC=F | | 1o o
LdSC=B-ARZ*ARG+ [ oA sc+ | i€ v
B-ARZARG+D+E || 1B cisc | -t
Dy=B-ARZARG+D+E || E 2 [Cd Lasc |5 g ||I[1 12 7
D,=D+E : Q3L D, ] J : |§
D, =B'ARZARG + (1942 D, ] e
B-ARZ’ARG EsEl b, s L
Output Logic Z,=1(S,) || 6 WAB| —— i
1dAB =B R | 7 1,8 I—
F 4011 1dCR = D+E i ChCRY———— 13 ARZ
Done CIrCR=C \ SE I ——
Sel=D ! Done MA_._ARG
40 Done =F e CIRCUIT | i_start_

20
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Rules for a Safe Design

1. Keep the design simple and modular

uOttawa

B Use an iterative procedure, if necessary, to build through refinement
B Implement one module at a time, while unit testing each one
2. Develop good documentation during the design

3. Beware of clock skew
B Use similar path lengths to all flip-flops
B Do not use gated clocks!

B Use all positive-edge-triggered or all negative-edge-triggered flip-flops
4. Be wary of asynchronous inputs to the circuit

B Avoid them whenever possible!

B Synchronize any ones that cannot be avoided
B Use debounced switches to provide clean input signals
5. Beware of noise on power and signal lines

o

Avoid dependencies on minimum logic gate delays

7. Initialize all flip-flops to known values at the beginning

41
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Basic Instruction Cycle

uOttawa

Fetch Cycle Execute Cycle
| ¥ | Fetchnext Execute
‘ RTARL | " instruction instruction

B Computer performs the instruction cycle forever! (or at
least until it is turned off, faces an error or is instructed to

do so)

42
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Instruction Cycle

B A program residing in the memory of the computer
consists of a sequence of instructions.
B Each instruction is executed in several steps:
1. Fetch an instruction from memory.
2. Decode the instruction.

3. Read the effective address from memory if the instruction
has an indirect address.

4. Execute the instruction.
B Upon the completion of step 4, the control goes back to
step 1 to start over the cycle for the next instruction.

B The process is repeated indefinitely unless a HALT
instruction is encountered.

43
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Detalled Instruction Cycle

Ts/ f“‘“.; T, - Instruction address calculation
\_ ™ /O Determines the address of the next
instruction to be executed (PC)
W . 7 Instruction fetch
R“@ Reads the instruction from its memory
) location into the processor -IR
/ i 12 7 Instruction operation decoding
\ @i, ) O Analyzes the instruction to determine
7 the type of operation to be performed
and the operand(s) to be used

\-\. aturn for string or vector,
Ul 'I“ Operand address calculation

\ Tnstr. eormplete, fetch et instr

I:I Determines the address of the operand (if

CPU -
. M needed)
(Registers, emory | m T, - Instruction execution Operand fetch
ALU & CU) O Fetches the operand from memory or

read it from I/O -> AC, e.g.
B T; — Instruction execution Data operation

O Performs the operation indicated in the
instruction (ALU)

B Tg - Instruction execution Operand store
[0 Write the results into memory or out to 1/0

44
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1. Fetch instruction ]
To: AR <- [PC] - Transfer contents of AR I
PC to Memory Address Register - 12 .
T,: IR <- [M(AR)] - Fetch instruction = |
contents of addressed memory S P .
location [M(AR)] is transferred to _ PC 12 I
the Instruction Register IR o)
PC<-PC+1 - PC incremented to 4 _4@ o] .
point to the next instruction - é I ’ |
T, Instruction decoded by CU Z S [ .
2. Execute instruction (o) = I
T3 ... ) . (&) DR 18] S
Process repeated for next instruction T o .
0 : |
Te / !' AC I
- EXECUTION *
e ust DATA [[1npR |
- “*| PATH ) |
TR L3 / Sel .
OUTR I
45
i Wi OF ¥ I
Memory I
0 Addr D,
= | [nstruction
y — AR 2 C
3 Flowchart—
E 1 PC 12 P
LL —
— R M3 < l '
)
- e mmom e E —
(%)
L (Register oND) =1 o =0 Nemm;p-refin:nue:- = :I_>1G 8
o l i B T
'5 {1 =1 : =0 (registen ({indirect) =il l =0 (direct) C‘““J F I J | ;i' J urL
\ : e
x .
w 1o, RRT, MRi T, MRH T,
Execute  Execute AR MIAR]|1 Nothing ™
ination T tion : .
sceq SCe0 . "l -
_.\L._._._ ALY PSS I NS - ! Execute " ’
m:u_mr_\—rc[_c_:\‘.-nm: o
| L P -1 |
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hen a program is executed, the program
counter gets initially loaded with the address
of the first instruction of the program, and SC
is cleared making T,=1

| After each clock pulse, SC is automatically
incremented, so that the timing signals go

puter Architecture |

Fetch&Decode

uOttawa

through Ty, T4, T, ... % St B
[ The micro-operations of the fetch and decode 5
phases can be specified by the following RTL
statements: Memory it ’
TO : AR — PC "Address
T, : IR—M[AR], PC—PC+1 i: Read
T, : DO, ..., D7 — Decode IR (12 - 14), e
AR — IR (0 - 11), o — 1
I — IR (15) sCeo _:,:>_j'——tT
__l l ASM#3 ®
£\ Tc
AR « PC PC 2
Flowchart Epimaundl
T
| IR%—A{[!\RW.PC&PC+1—| L—m_TJ[ B
I
'I T LD
Decode operation code in /R (12 - 14) ot
AR(—@—]I). .':IRLIF)i Common bus a7

ASM#2

Stant
SC«0

FETCH

EXECUTION

Flowchart
(=) ] n

1
Execute
i{\pul-uutpul
instruction
SC <0

—_—

(AR — M[ARD Nothing
" instruction
SC 0 vl

]

[ IR & M[AR), PC—PC+1 |

Decode operation code in IR (12 - 14)
AR « IR (0-11), I « IR (15)

=0 (register)

Instructior :

— e N L T TR — = | = s
(Registeror [/0) =1 A =0 (Memory-reference) %

(indirect) =1 l =0 (direct)

‘operand addr,
if indirect
addressing

) 'E‘xelcule \

0

SZLD SR Ottawa
AR

AARA

ot

251"Sg, LD g

)/ADD,

“ADp
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|
I

ot [rcrement (INR

—l Clear (CLR)

CONTROL UNITi
(Sequential Circuit) :

|_zn = MT,X,)

T+ = §(XT) |

Next state :

! C P U : (Data Path) E

— .

CONTROL UNIT Sequential Circui

Execution Unit

(S ——

— _T? . Tt —
Data IN ﬂ 50

D, Write Read LD,g I
D INR ( :
l14 D; BN CLRiz AR 12 1 .
li3 Dy || I
li2 D, || \X =FSM Inputs = LDpe
3108 Ds| ™ =D, Otherinput INR :
Instruction D: {D; Other inps} CLREE PC 2l 5 I
Decoder D,
OtheT 16 -
- Pl oo b LD — IR —~
&pEtS)NTROL ICombinational Circuits | 5§ I
Control Logic Gates | 0 S | .
UNIT _(CU) .thanmplement: ! INRE: DR n I
s = I'S(X,T) next state | IR ¥l 3D .
| i |! function ! Ao f |
i J_. r?»(X,T) output function | o\tput COV s+ ALU > 4
! LN 0 AC .
! 1) INRac |
| State 1 . ClRuc :
| . 17| (T = present state
| Register ; Data | |NPR |
i —I_':: l'[\-‘gm path J I
| 1 TR 16
! I INR CLR TR "}/ Sel .
! ;I: CLRS:C e S(X,T) LDoyrr I
! Clock Next state OUTR R
e 1i_ S,-Sy L — 49 I
( e 1 F1L 1 F1 1 _F1 FL
I
|
i
|
; L
Ly 3
| |
! . Next State .IT*1 State |
i Logic Register 1l
| 1t lr.=am.x) = !
[ e — N N: Combinational SEICRTE | Clk
| | State Register Ciouts v | COUNTER p—
o S SC) i
! j Output ( !
: WL.E_,. ! § i ® function ! (ASM#5-3) : Zn
|
|
|
|
|
|
|
|
|
|
|
|
|
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(State Register + o)

Tnstruction register (/R

oulputs

CONTROL UNIT:

(Sequential Circuit) !

4 Increment (INR

T+ = §(X,T)

Next state !

and T -

3108 Ds
Instruction Dg
Decoder D,

Other

X =FSM Inputs =
={D,, Other inputs}

inputs

CONTROL

| " State Reglster I

To J..
T, >
Fetcl T, |
41016 Ta [H
State T,
Decoder 4 N
|
>
1,

ExecT14

®Z—000Zm —HOT -~

TTIT
4-bit B
Sequence 1_

Counter (SC)

Control Logic Gates ;
that implement: l

Write Read LDpg

INRag

CLRy

LDpc

INRrg

CLRre

LD

LDpr

INRpg

CLRyz
AND,ADD

DR,INPR,

LDpc

INRpc

CIIRAS

AR
PC
E— IR
DR

ALU
AC

LDe
INRg

DATA i

PATH

CLRg

I-DOUTR

TR

S2-So

OUTR

uOttawa

The control unit (CU) is a programmable
sequential circuit, whose transition (3) and
output (1) functions changes in accord with
the current instruction /,4-/,.

CU consists of a State Register (sequence
counter SC + 4x16 decoder) & Combinational
Circuits that compute the output function (. -
control signals for the multiplexers and
registers in the system) & the transition
function (5 - CLR clears SC at the end of the
execution of every instruction to return SC to
conmolthe jnitial state T, for the next instruction).
f—==The current instruction is read from memory
and it is stored in the instruction register IR
during its execution.
The 3-bit opcode IR4IR5IR,, is decoded
using a 3 x 8 decoder (Instruction Decoder);
the outputs of the Instruction Decoder are D,
- D;, each corresponding to one operation.
IR,5is transferred to a flip-flop /.

SC can count in binary from 0 to 15. The
outputs of SC are decoded into 16 timing
signals Ty-Tys

The 12 least significant bits of IR, I, Dy-D,
T,s, are all passed as inputs to the
Control Logic Gates

[9)]
BUS (MUX)

w

'




VL Ul \ivie
}\‘) Read D, Addr D_.
e—
' 46n|y AR is connected to LDar S
SHbe INRy& AR
dress inputs of the CLRug =
ransfer the =
R, i.e., LDpc
1. Place the content of PC onto C'TRPC PC
the bus by making the bus e
selection bits S,5,S,= 010. od—
2. Transfer the content of the I
bus to AR by enab i‘né%’é‘ﬂD“
control input of AR (L ‘m) LDpr
\VUIILIUI IUth |NRDR DR
F = ates) CLRox
Fetem 1 [ | output 2% Doty
5 | NPR,
E sos \To [ | present COMLH ALU
decoder | state LDac AC
T Exectr., DiRac T
— AC
15 |—
T Deta R
4bit €= INRy LDre path
Sequence f IcLr. 9 INRrg
Counter next |CLRx TR
(State Register) f«—]C'ock S
DOU!R
T, control OUTR
0 unit .
7N 1=r=
LJ "; >cture Memory putl AS\M#4
ea l D;, Addr D,
LD Clock
AR
O The read instruction is HRpg AR " T
transferred to register IR in T;: R °
1. Enable the read input of memory. \
2. Place thecontent of memory onto the EDec o T
bus by making S,S,Sg= 111. pRre »1 PC 12
3. Transfer the content of the bus to IR by~ "¢ T,
enabling the LD input of IR (LDyg). LD, _:IE 16 mlo | | 3
Q PC isincremented by 1 so thatit ' T IR <\MIAR
holds the address of the next %) 1+ [AR]
instruction in the program-(INRpc) ). ) PC<{PC+1
= %rcutltsI - INRpg DR m
S (a?ens;o ° a8 > o
R T1 _:> ¥ S I —- Signal
E 4-t0-16 Ti present A COM,SHR] ALU NN T "’7’5}5’50&.;)@
state state OULPUL 5 AC INRZq
decoder| | || | e} A ) | LT
T|*l R S
wl ) LR o, e
cl &5
Data | |NPR
abit  |€={INRy LDr path
sequence CLR INR
Counter | ¢ CLRIg TR
(State Register) [<—{Clock
LDOUTR
T Control o5 OUTR
1 Unit -
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P
write [SCture Memory ASM#4
Read D, Addr_D_, 7
> Clock
LD g »>
INRug AR 12)4 T
CLRg X 0
LDpc T
INR
CLREE PC 12|, I
Now that IR contains the instruction e
code, the opcode is decoded, bit 15 of IR 5 Mmjo J1 2 |3
IR is transferred to flip-flop I, and the T,: D.<- Decoq ? IR(14-12
address part of the instruction (bits 0 to 1) 20 =i
11) is transferred to AR by LD pg. 3 1 AR<-IR(04(11)
- o ) NRy DR m | <-IR(15
o = g, T .
Fetchs ' [ outpu e b mr—— repe
E 41016 |12 > " e N 7! , | (Control
sae 10 [\ presen AL Signal
T decoder | state LDac AC
INRxc
Bxecry, | CLRuo
Clrri-
Data | |\NPR
4bit  Je={INRg LDre path
sequence | lcLr INR
Counter 9 next CLR:; TR —f6
(State Register) f<—]Clock S 1
DOUTR
T, Control s OUTR
Unit 2=l

ymputer Architecture | uOttawa

Determine the Type of Instruction

B The instruction fetching and decoding take place at times T,to T,.
W During T;, CU determines the type of instruction just read from the memory.

B The following segment of the ASM flowchart for instruction cycle presents
an initial configuration of the instruction cycle.

m D, =0 (opcode is 000 to 110) refers to a memory-rfence instruction.

(Registeror 11U} =1 =0 {Memory-reference) RTL
O If 1 =1, then the instruction carries an indirect Dy SME
address and the operand's effective address l

is read by transferring it to AR. (I =1 =0 (register) (indirect) =1 A~ =0 (direct)
1 I
B All four operations taking place
at time T, can be symbolized by: 3 . z i
O D71T; : AR— MI[AR] I Erecue : r.kcn.ll_lc |-\R4— .\r|,m|| | Nothing ]
7 7 . 1 mput-output register-reference
0 D7 I'T; @ Nothing i.E‘r.m..-.nEn  instruction
O D, I'T, : Execute a register- Le=3st o
Execute
reference instruction menlmr:f:cuf;mm‘t
instruction
O D, 1T, :Execute an input-output sceo
instruction Ir 56
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L]
-
Basic Computer Instruction List (Binary)
Dy |dnste [l | b (Mo Ly [ Lo [ L | I [ L | L | L | L] | L [L]] I,s=0 Is=1
Decod] op code + ML RVIRT
Direct Addr. | Indirect Addr.
D, | 0] 0] 0 ]AR | ARy | AR | ARy | AR, | ARy [ ARs [ AR, | AR, | AR, | AR, [ AR, | AND=$0adr [AND, =$8(adr)
D, 0 | O [ 1 |ARy | ARy | ARy | ARy | AR, | ARy | ARy | AR, | AR, | AR, |AR;| AR, | ADD=$1adr |[ADD,=$9(adr)
D, 0 | 1 | O | ARy | ARy | ARy | ARy | AR, | AR; | ARy | AR, | AR, | AR, |AR,| AR, | LDA =$2adr [LDA,=$A (adr)
D=0 | D, 0 ] 1] 1 |ARy|ARy | AR | ARy | AR, | ARy | AR | AR, | AR, | AR, | AR, [ AR, | STA =$3adr [STA,=$B(adr)
mem | D, 1 | 0 [ 0 |ARy [ ARy | ARy | ARy | AR, [ ARy | ARs | AR, | AR | AR, | AR, | AR, | BUN =$4adr [BUN,=$C(adr)
D 1[0 [ 1 JAR, | ARy [ AR [ ARy | AR, | ARs | ARs | AR, | ARy | AR, [AR,| AR, | BSA =$5adr |BSA,=$D(adr)
D 1] 1[0 |AR, [ AR, | ARy | ARy | AR, | AR, | AR | AR, | AR, | AR, | AR, | AR, | ISZ =S$6adr | ISZ.=$E(adr)
RRI 101
D, 1(1([1]1 00 [O0]JO]J]O[O]O]O]O|O|O]CLA=$7800| INP=$F800
D, 1(1([1]0 1 0]0]JO[O]O|[O]O]|O][O]O|CLE=$7400 | OUT=$F400
D, 1(1([1]0 0]1[0]JO]0O[O]O]O]|O|O|O]|CMA=$7200 SKI=$F200
D, 1(1([1]0 0]J]OoO[1T]JO]J]O[O]O]O]|O|O|O]|CME=$7100 SKO=$F100
D, 1(1([1]0 0[O0 [O0O]J1]O0O[O[O]O|O|O|]O]|CIR=$7080| ION=8$F080
D= D, 1(1([1]0 0]O0[O0]JO]1][0]O0O]O]O]|O]|O]CIL=$7040 | IOF=$F040
reg D, 1(1([1]0 0[O0 [O0]JO|JO|1[O]O|[O|[O]|O |INC=$7020 n/a
D, 1(1([1]0 0[O0 [O0]JO|]O|]O[1]O/|[O|O]|O]|SPA=87010 n/a
D, 1(1([1]0 0]J]O0O[O0]JO]J]O[O]O]1]O]|0O]|O]SNA=$7008 n/a
D, 1(1([1]0 0 [0 [O0]JO|]O|]O[O]O|[1/|O0]|O]|SZA=87004 n/a
D, 1(1([1]0 0 [0 [O0]JO|]O|]O[O]O|[O/|[1]|O|SZE=$7002 n/a
D, 1{1f1]o0 0lo0foJolojolo]Jo]olo]l1]|HLT=$7001 n/a
Binary One-hot (bit-per-state) encoding adr = 12 bit address 57
encoding (adr) = address of the op address|

ymputer Architecture |
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Instruction Cycle (EXEC)
Register-Reference Instructions (RRI)

From the Instruction List:  /,,/,5/,,=111=>D, =1
s Lis=1=0

D;I'T; = r (common to all register-reference instructions)
IR(i) = B, [bit in IR(0-11) that specifies the operation]

r: SC«0 Clear SC
CLA rBy;: AC<0 Clear AC
CLE rBy. E<«0 Clear E
(CMA rBy: AC«AC Complement AC

CME By E<E Complement E

CIR 7B;: AC«shr AC, AC(15)«+E, E«AC(0) Circulate right

CIL By AC«shl AC, AC(0)«E, E «—AC(15) - Circulate left

INC #B;: AC<AC+1 Increment AC

SPA 7By I (AC(15) = 0) then (PC«PC +1)  Skip if positive

SNA By If (AC(15) = 1) then (PC«PC + 1)  Skip if negative
\ SZA rB;: If (AC = 0) then PC—PC + 1) Skip if AC zero

SZE rB;: If(E = 0) then (PC—PC + 1) Skip if E zero

HLT rBy: S0 (S is a start—stop flip-flop) Halt computer
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D, li1 11 lg.-14 1o /Write
D B11B10Bg--B1Bo[ Read
l14 Dl
l13 DY | LDar
Iy oy | 57 INRg
3108 D4 f\ CLRax
Instruction D (*"Put
Decoder DA—] LDpg
INRpc
CLRpc
Other -
inputs "~ [Combinationa| | p|
Control |Circuits
(Control logic
gates) 5 | LDpg
INRpg
] outpul/ CLRy%
] AND,ADD
Fetcl . DR|INPR,
:t-;(t;éle T, [==pp| | present |COM
decader [ T4 |— (state LDac
. INR,c
CLRxc
——»
[«—1INRgc LD
] CLR,, INRrg
next |CLRrr
Ny le| Clock
(State Register) state
DOUTR
S2-So

STT=T T oo TR ey ]
. | RO =B G=0,1,2,., 11)
lteciure T SC <-0
CLA |[rBu: AC <-0 ( RTL
D, Addr_D_, CLE [rBu: E<0 — ASM#2
— CMA [1Bs: AC<-AC'
CME |rBs: E<-E'
CIR [1B7: AC < shr AC, AC(T5) < E. E < AC(0)
AR N CEED AC < SIAC, AC(0) < E, E < AC(15)
INC | rBs: AC<-AC+1
SPA_[rBsACTI9: | If (AC(15) = 0) then (PC <- PC + T)
SNA_[rBsACU®): | IF (AC(15) = 1) then (PC <- PC + 1)
SZA | rB2AC': If (AC = 0) then (PC <- PC + 1)
PC 12|[SZE [rBiE:  [If(E=0) then (PC < PC+ D)
HLT |rBo: S<-0
5 . 5
IR 16 5 D,I'T;B4: AC <-AC
ASM#3 SC<-0
w |
\ D
\ DR 16]
|
A 4
4
ALU >
AC
Data | |NPR
path
TR 1$ 6/
q
OUTR

From the Instruction

mputer Architecture |

Instruction Cycle (EXEC)
Memory-Reference Instructions (MRI)

List:

l14hialiy = [000—110] => D, = 1, i ={0 .. 6}

uOttawa

l15 = 1= 0 => direct addressing

15 =1 =1 => indirect addressing

Operation

Symbol decoder Symbolic description
AND Dy AC<«AC /\ M[AR]

ADD D, AC+AC + M[AR], E<«Coy
LDA D, AC<—MI[AR]

STA D; M[AR] < AC

BUN Dy PC<=AR

BSA Ds M[AR]«-PC, PC+«AR +1
ISZ Dg M[AR]«<M[AR] + 1,

If M[AR] + 1 = 0 then PC—PC + 1

60
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11110 lg-. write | 3cture | Memor
B,;B1gBo..B B/Read B o [Xm s
LDpg Clock
INRug
X CLRar alis g2 T,
input
LDpc T,
INRpq
M CLR:E; PC 12|, .
e ——
INputs ~ fCombinational | p,| 16| 5 m|2 |3 |4
R | Circuits T
Control |control iogc D | If Direct Addressing
Unit [oates) 5 | LDn a U o )
= ulp CITSDR DR ull | | ie, D,I', CPU
Fetchd T 1 AND,ADD " does NOTHING
T, | DR/NPR, ¥ 4
E ‘S‘I';‘:;le T, [yl | present  |COMSHR ALU 2
et » (State Il'\]gAC AC
e
X Bxecry, ——> CLRxc
E-mr |

‘|“|“H Data

4-bit  [€=INRg, LDrg gl

quence || INRyg

Counter CLRsc (axt | CLRg

TR

(State Register) [*—Clock |tate

T et oUTR]

3 S,-So

Erccute
memory-reference,
insiruction.
SC0

omputer Architecture |

nstruction Cycle (EXEC)M”““WM
Memory-Reference

ﬂ uOttawa

5

LDA STA

DoTy DTy D,T,

Dy,

Instructions (I\/IRI)l

DR « M[AR] | IJRq—MIARI—l I DR(—M[AR]—I MMS‘E‘:(?C

Operation
Symbol  decoder Symbolic description AT, o 1 o
s 5
AND Dy AC—AC N\ M[AR] AC«ACADR AC < AC+DR AC «DR
ADD Dy AC «—AC + M[AR], E < Coy oo £ G
LDA D, AC—M[AR] <0 Sceo
STA D, M[AR}<AC
BUN D, PC<AR . .
BSA D MUAR)PC, Pcar+1 < Fromthe Instruction List:
IZ Ds M[AR]«<M[AR] + 1, BUN BSA 15z
If M[AR] + 1 =0 then PC«PC +1
AND DoT4: DR <- M[AR] l DT, l DsT, l DT,
DoTs: AC <-AC~DR, SC<-0 PC AR MIAR] < PC DR M AR
ADD DiT4: DR <- M[AR] sceo \ AR[4—,1R+ . L—Lj
Da1Ts: AC <-AC + DR, E <- Cout, SC<-0
LDA D2T4: DR <- M[AR]
D2Ts: AC<-DR,SC<-0
STA. DaTa: MIAR] <- AC, SC <- 0 Dl Dy
BUN  |DiTs: PC <- AR, SC<-0 FC AR DR DR+1
BSA DsTa: MIAR] <- PC, AR <- AR Fixe_ SC0
DsTs: PC<-AR,SC<-0 DeTs
ISZ DsTa: DR <- M[AR] M{AR] « DR
DeTs: DR< DR+1 T heten ey
DsTe: MI[AR] <- DR, SCe0
DsTDR': [if (DR =0 thenTPC <-PC+ 1) SC<-0 |
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Note on RTL

load) takes place on the rising edge of the clock.

For example:

D,Ts: DR<-

reads:

AC, AC<-

AC +

D,Ts: DR(n+1)<- AC(n)
AC(n+1)<- AC(n) + DR(n)

Even the second RTL makes sense since AC(n)+DR(n) is the ALU’s output which is
to be loaded into AC on the rising edge of the clock. After loading the newer value
into AC, there will be a delay until the ALU output will change, since ALU needs some
time to “figure out” what is the newer result. As such, by the time ALU output will
change, the rising edge will be gone and nothing will be allowed into AC until the next

rising edge!

B The RTL statements should be read as having the present values on the right side of
, while the left side refers to the next state of that register; the transfer (register

DR

DR

uOttawa

ALU

AC

BUS

S —x=.,

Control
Unit

Fetc

decoder | ...
Execyr,,

111

A
E
X
E
C

440-16 \Ty |—
state (s juefpp| (State

15 |—»

input

Combin
Circuits
(Control
gates)

To |—f (o]

4-bit < INRsc
Sequence | guml CLRq.

Counter

(State Register) [«

T,

ational

| logic

A
utp!

present

Clock [Mext

state

Clock
T,
Ts RTL
Ta
m |2 3 4 o
If STA addr
__ D,T,: M[AR]<-AC
SC<-0
S,S:’Sy’
Write|
CLR

| n code
[ ,“".”f,é‘:s,“fContro

Write fterre=t > Memory
Read | D;, _Addr D,
LDpr
INRAg .
CLRos AR operand 124
LDpc
INRpg
LRT PC 12|,
=11
LDig | IR- opcode | 5
%
LDpg
INRpg DR o o
CLRpg N K]
/AND,ADD
DR,INPR, k2
COMSHR ALU 4
16
LDyc AC
INR g
CLRxo
Data | |NPR
LD path
INRrg
CLR TR
LDourr
OUTR
S-S,
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ISZ — Increment & Skip if Zero,>° [
implements DO-WHILE | ‘roemerar!

777777777777777777777777777777777

'MACHINE CODE ~ ASSEMBLY |

BUN

%P ( addr memory M
; fLOOP ... i

DO : . R

| 003 |6080 ISZ  CTR || I
1 0042000 | =< BUN LOOP| |
_______________________ 1 005 7001 | asHLT |

080 FFFB | CTR equ-5

\DT: DR « MIAR . DR <= M[080] = FFFB

== e 'DTs DR«<DR+1  ;DR<=FFFB+1=FFFC
< D¢ MIAR] « DR, if (DR =0) then (PC « PC+1), SC « 0

uOttawa

puter Architecture |

How ...

1. ...DOES A SUBROUTINE woORK?

2. ... TODEFINE IT?

3. ... TOUSE IT?




803
804
805
806
807
808
809
80A
80B
80C
80D
80E
80F
810
811
812
813
814
815
816 | 3D

puter Architecture |

B A subroutine is a program

module that is 803
independent of the main 284
program 802
B To use it, the main 807
program transfers control 808
to the subroutine 809

B The subroutine performs oA

its function and then
returns control to the
main program

HOW DOES IT WORK?

~

uOttawa

mZ~—3COoOm”WC®

puter Architecture |

CALLS SUBROUTIN

E

uOttawa

1. m(addr op ) < (PC) m(808) = 0805

RAM 2. P€« addrop + 1 PC = 0809
MAIN
R RAM RAM
‘¢ 803 |[MAIN
0804 |BSA 808 o v zgi 812218138
0805|.... 205 o
2 806 | 806
/ 807 % /1/’—1)‘?\ _
8 iy
ac | 809
] /so)j . 7
AR =808
PC=0%05 sB | B B
80C W v

Registers after
BSA fetched

34
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SUBROUTINE RETURNS TO

RAM
Subroutine 3.PC < [m(m(808))]  PC=0805
080B |...
080C | BUN, ;808 RAM RAM
080D [ ... 803 [ MAIN 803 [ MAIN
804 |BSA808 804 |BSAB808
805 A | s 05
AC 806 X 806
DR 1 807 v //;07
TR 80§ g5 sp=0a08 / 808 | 505
PC = 080D 809 pC=0805 7 809 | 5
80A 80A | 1
soB | R | 80B
80C [puti 2] 80C

puter Architecture | uOttawa

BSA: Branch and Save Return Address

The BSA instruction

1. stores the return address (i.e., the address of the instruction to be run after the
subroutine is executed, 21 in our example; this address is already prepared in PC)
into the memory location specified by its effective address (135).

2. branches to the first instruction of the subroutine which is stored in the
memory at the next address (136) after the stored return address.

3. The subroutine has to end with an

indirect BUN to the return addr. . Bsm Moy
20 BSA135 T g .
PC =21 Next instruchon 21 Next imstruction

21 next instruction

2 . e N

135 stored ret. addr (21

\\
12? ???routine 1stinstruc —— Pﬁ-l: s“:w.
159 | Subroutine last instr 3
160  BUN; gireet 135
"1 BUN 138 I BUN s
DeTy: MJAR) — PC, AR —AR+1
DcTs: PC— AR, SC—0 ‘) Memory, PC, and AR at time T (b) Memory and PC afier execution
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CPU & I/0O Interface

B Hardware provides an interface to the 1/O device. Contains:
Odata register (for data transfer, here: INPR and OUTR)
Ostatus register (flags=peripheral ready, here: FGI & FGO)
Ocontrol register (here: R, IEN)
B SW Polling (Programmed Control)
[0 CPU monitors the status register
[0 When data is ready, CPU reads or writes from/to the data register
Hinterrupts

1/O interface can interrupt the CPU when data can
be read or written (will study later)

Data Bus

CPU

il

BDMA (direct-memory access):
U the IF takes over the control of the
system’s Data, Address & Control

uOttawa

pc Data
Control signal o
on _ro signalg iETEes hingsha}ke?
(RAW, WAIT. IF strobe signal
or intL/&

Buses and transfers
/0 sequences of data
direct to the
memory.

Device

71

mputer Architecture |

Software Polling

Address

Bus

READ

INFO_ADR_OK
@

INPUT DEVICE

Dialea Resady Logic

Data  Remgister

Slatus Ragislar

h”

L.}

| STATUS_ADR_OK

Dacoder

B4

-

Dzl Bus

uOttawa

.

Read

SKI

Status
Register

WHILE
Device !
not Ready

Read
Dat
““INP

72
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D-ITs = p (common to all input-output instructions)
IR(i) = B; [bit in IR(6-11) that specifies the instruction]

pi SCed Glear SC Basic Computer
INP  pBu: AC(0-7)«INPR, FGI<0 Input character

OUT pBiw: OUTR<AC(0-7), FGO<«0 Output character .
SKI  pBy I (FGI = 1) then (PCPC +1)  Skip on input flag I / O I t t
SKO pBs: If (FGO = 1) then (PC«+PC + 1)  Skip on output flag n S ru C I O n S
ION pBy: IEN<1 Interrupt enable on
IOF pBs:  IEN <0 Interrupt enable off ( I O I )
Input — output Serial Computer
terminal communication registers and
interface flip-flops
Printer Receiver
interface OUTR

. b .
Keyboard interface { INPR I———

Initialize
system

Input data
from
sensors

Interrupt

\

Interrupt
Fundamental ot

to control

Concepts B

Interrupt
Service
Routine

Output

data to

control
mechanisms

N




uOttawa

ymputer Architecture |

Internal Asynchronous CPU Timing

M Interrupts can occur at any time during an
instruction cycle

Interrupt

Instruction
Fetch

————

-
Instruction
Execution
Cycle

Time

Interrupt Service Routine
j— J— —

75

ymputer Architecture | uOttawa

Internal CPU Interrupt Hardware
m Use a flip-flop (R) to catch IRQ

[IMultiple device interrupt lines can be wire-ORed together
[1CPU must wait until CPU can interrupt the process
B Can enable/disable interrupt using enable-disable
flip-flop (IEN)
LIWhen interrupt is acknowledged, interrupts are disabled
B The source of interrupt is signalized by FGI (input
flag) or by FGO (output flag)
-> the Interrupt Service Routine (ISR) has to check
which 1/O device generated the IRQ
B At the end of ISR, BUN,,,0 is executed to return to
the interrupted program

76
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Interrupt System Specification

B Allow for asynchronous events to occur and be
recognized.

B Wait for the current instruction to finish before
servicing an interrupt.

uOttawa

M Service interrupt with a sub-routine and return to

interrupted code.
B Enabling and disabling interrupts

B Multiple (here 2) sources of interrupts
[ISimultaneous interrupts.

77

omputer Architecture |

Interrupt Service Cycle (INT)

uOttawa

1. Save the PC Memory Nemon
(address of the ne 0 0 256
instruction) at the v
address 0 1|0 BUN 1120 /Bc/—/ 0 BUN,1120

2. BUN directly to the
ISR addregs 1120h
corresponding to the ss i 255 .
interrupt PC= 22& Main 256 prl‘:;mm

3. Disable interrupts program
(IEN<-0, R<-0)

4. Execute the Interrupt
Service Routine 1120 1120
(ISR) 10 Vo

5. Resume the program program
intehr%latﬁd %rogre?m ‘/
wit indirectly 1 BUN 0
to address 0 ! BUN O

(a) Before interrupt (b) After interrupt cycle

39



Instruction cycle =0 R =1 Interrupt cycle
Fetch and decod
¢ insactif): © Stm:e retum address
in location 0
M [0] « PC

Execute
instruction

Branch to location 1
PCe1

#

IEN«0
R0

uOttawa

Interrupt
Cycle

Start
SC«0,IEN «O0,R<0

(instruction cycle) =0 Jk =1 (interrupt cycle)
R

R'To

AR « PC
R'T,

IR — MIAR), PC—PC+1 ]

R'T

AR IR (0—11), I IR (15)
Dy Dy ¢ Decode IR (12~ 14)

(Registeror /0) =1 :\
gister or 1/0) Dy

RTy

ARC0,R<PC_|
RT,

m[AR]c—TR, Pceu

RT,

R« 0,5C«0

I

=0 (Memory —reference)

l PC—PC+1, IEN«O

a0 =1 f =0 (register)

DA T3 Dil'T3
Execute Execute
input-output register-reference
instruction instruction
(Table 5-5) (Table 5-3)

(indirect) HJIL =0 (direct)

D4 Ts DI'T3

Cocmm ] [Crome ]
| |

Execute

‘memory — reference
instruction
(Fig 5-11)

]

Computer
Operation

uOttawa

Basic

Fetch

40



. Tetch Rl AR<-PC
BaS I C Start RT;: IR <- M[AR],PC <- PC+1
SC«0,EN «0,Re0 RTL. Decode  R'T,: Dy, ..., D; <- Decode IR(12-14),
. T <\ AR <-IR(0-11), | <- IR(15)
Indirect DIy AR <-M[AR]
—OIT1 p u [e I Interrupt: T, T, T,(IEN)(FGI + FGO): R <- 1
(instruction cycle) =0 =1 (interrupt cycle) RT,: AR <-0, TR <- PC
. R RT: M[AR] <- TR, PC <-0
Dpe ratl n RT,: PC <- PC+1, IEN <- 0, R <- 0, SC <- 0
, RT, Memory-reference:
R'To AND DR <- M[AR]
AR «0,TR « PC AC <-AC*DR, SC <-0
ADD DR <- M[AR]
AC <-AC + DR, E <- Cy, SC <- 0
RT, LDA DR <- M[AR]
AC <-DR, SC<-0
STA. MIAR] <-AC, SC <-0
BUN PC <- AR, SC<-0
R, RT, BSA MIAR] <-PC,AR<-AR+1
- PC <-AR,SC<-0
AR IR (0-11), [ « IR (15) PCPC+L, N0 1SZ DR <- M[AR]
Dy Dy ¢ Decode IR (12~ 14) Re0,5C0 Dy DR <-DR+1
Bylla MIAR] <- DR,
‘ D,T;DR": if (DR = 0) then (PC <- PC + 1), SC <- 0
Reg-ref D;I'T;=r (common to all reg.-ref. instr.)
(Regiserorl) =1 /7 =0_(Memory —reference) . = b s T
y CLA By AC <-0
CLE Byg: E<-0
- " CMA 1B, AC <-AC'
) =1 =0 (register) (indirect) =1 =0 Wit p s E<-E'
1 CIR 1B, AC <-shr AC, AC(15) <- E, E <- AC(0)
cIL 1Bg AC <-shIAC, AC(0) <- E, E <- AC(15)
INC By AC<-AC+1
; . o 17, SPA BAC(15): I (AC(15) = 0) then (PC <- PC + 1)
Dl T3 Did'Ty DTy LAE SNA B,AC(15):  If (AC(15) = 1) then (PC <- PC + 1)
Execute Execute AR « MIAR) Nothing SZA rB,AC": If (AC =0) then (PC <-PC + 1)
input-output register-reference SZE rB,E" If (E =0) then (PC <- PC +1)
instruction instruction HLT By: S<-0
(Table 5-5) (Table 5-3) In-out D;IT;=p (common to all input-output instructions)
IR(i) = B, (i=6,7,8,9,10,11)
mmnolr‘:;ic:ewmenu 2 SC<-0
nstruction INP PBy: AC(0-7) <- INPR, FGI <- 0
(Fig 5-11) OUT  pBy;: OUTR <-AC(0-7), FGO <-0
SKI PBFGI: If (FGI = 1) then (PC <- PC +1)
J SKO PBgFGO: If (FGO = 1) then (PC <- PC + 1)
10N pB;: IEN <-1
IOF DB IEN <-0

Basic

Start
SC «0,IEN «0,R<0

RT

[Fetch PC
M[AR].PC <- PC+1
Decode [RT2: __|Do, ., D7 <- Decode IR(12-14).

AR <- IR(0-11), I <~ IR(15)

{

~ P
-4 ' l I p u te(inrsm,ction cycle) = J\

=1 (interrupt cycle)

Dperation

R'To

R'Ty
iR —~M AR}, PC— PC+1

R'T,

AR — IR (0—11), I IR (15)
Do Dy ¢ Decode IR (12 - 14)

(Register or 1/0)

ndirect_|D7ITs: AR < M[AR]

MerruPiIT,TT, IEN (FGI+FGO):R <-1

RTo: PR <-0, TR <-PC

RT™: F[AR] < TR.PC<0

=0 (register)
DATs Dl'T;
Execute Execute
input-output ister-ref
p P i 5
instruction instruction
(Table 5-5) (Table 5-3)

(common to all input-output instructions)

RTz: C<-PC+L IEN<-0,R < 0,5C <0
RT, ExccuteMemory-reference Instructions (MRD)
AND _Jpore: DR <- M[AR]
DoTs: AC<-AC"DR,SC <-0
ADD__[prT: DR <- M[AR]
DiTs: AC <-AC + DR, E <- Cot, SC <-0
DA [pzte: R AR
DzTs: C<-DR,SC<-0
BTA. _|pote: AR] <- AC,SC <-0
UN__[Dete: C < AR,SC<-0
SA__ |pste: AR] <-PC, AR <- AR+ 1
RT, DsTs: C<-AR,5C<-0
SZ DeT::_|DR<- M[AR]
PC«PC+1, IEN<O DeTs: [DPR<-DR+1
Re0,5C«0 DsTs: [AR] <- DR,
DSTsDR': | (DR = 0) then (PC <~ PC + 1), SC <-0
E ister-reference Instructions (RRD)
PriTa=r I(i)mmon to all Register-ref. instructions)
RM)=B(=0.1.2....11)
=0 (Memory —reference) T C <0
Dy CL TBiL AC <-0
0 TBin: E<0
3 B3 AC <-AC'
- = =0 (direct B E<E
(indirect) =1 7 ¢ ) IR T8 AC <- shr AC, AC(15) <-E, E <- AC(0)
“IC TBe: JAC <-ShIAC, AC(0) <- E, E <- AC(15)
INC = AC<-AC+1
S +AC'(15)|If (AC(15) = 0) then (PC <- PC + 1)
DT, D'Ts SAC(15): I (AC(I5) = 1) then (PC <- PC + 1)
2 TB2AC AC = 0) then (PC <-PC + 1)
AR « MIAR) I Nothing —] 7 TBIE": E=0)then (PC <- PC+1)
rBo: <-0
t l U 10D

Execute

instruction
(Fig 5-11)

memory - reference

\C(0-7) <- INPR, FGI <-0

JOUTR <-AC(0-7). FGO <-0
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o |
Fetch instruction
| (opcode + op addr)

T [ reudln, pCepeaN]

il

Decode operation code in IR (12 — 14}——|
AR < IR (0-11), I « IR (15)

——

Execute
input-output
instruction
SC 0

=0 (register)

operand addr,
if indirect
addressing

uOttawa

D, Addr D,
={D,, Other inputs] The outputs of the
308 D.| 1 D puts} LDeg . control logic circuit in
instruction Do | INReg PC 2 the control unit are:
== — CLRgg] 2 .

Decoder D e -— 1.Signals to control
oth 7 |—>Combinational Circuits the inputs (LD, INR,
= »Control Logic Gates = LB T IR | s | andCLR)of the nine
Inputs that implement: LR | § registers.

CONTROL S(X,T) next state ] S [, 2:Signals to control
UNIT function | == =2 the I?ea? and Write
- NR wn inputs of memory.
——— e _}ﬁ'T)ﬂp'{'fﬁt'(i"_pLRzi LI %1 32 I3.Signals to set,
i State Register | A AND,ADD o * clear or complement
-1 ! DR,INPR, 4 4 individual flip-flops.
[ T, |LJ Output  COMSHR ALU e 4.Signals to control
I T LD = common bus
! FI_) Fetchs . ] INR AC selection bits: S2,
2
I' g | 2016 [T5 Hoo CLR $1, and SO.
i N | state T, ] - = 5.Signals to control
I € | oecoder( “ [T7] DATA the AC adder and
| O S e INPR logic circuit.
Exe = present state L
- D 4= PATH . The specifications for
I r!l 15 [ ||'\]ng . the various control
N 1 18 16 signals can be
| G 1 T il | CLR% TR }/ Sel |, obtained directly
| 4-bit |'NRse from the list of
-| Sequence CLRe\T" = S(X,T) LDoys register transfer
[| Counter (SC) N Next state OUTR statements in Table
i ok $,-So * 5-6 of the textbook
— === ] (page 159). 84
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Control Unit Design

CLRyg, LD,c, INRyc,
!

States : {T,, T,, T,, T3, ... . Ty5}

T+ = §(Xn,T") next state function

; )
Zn = (X", T) output functon ~  ----===------ ﬁ ------- @ --------------

85

____________________________ Ck________

Inputs: X = {D,, Other inputs} ' i b
1 i n+ i 1

IR => D, Instruction Decoder - : | Next State Logic Sequence L
AND, ADD, LDA, STA, BUN, D TN o) | Counter S| i) |
BSA, ISZ, {RRI, IOI} b o _ ggte I

i . : o

Outputs: Z = {LD,g, INRg, Xy C°“g‘a)t|e|-s°9'° Register | T"1
CLR,, LDPC' INRec, : i (Combinational Flip Flops Z, E

CLRPC’ Write, Read, | i Circuits) i 1

LDr, LDpg, INRpg, ! : Output Logic 1

CLRpg, LD1g, INRg, ! ! 2= x») [ CONTROL UNIT 1 ]

! e P | !

1 1

| |

1 1

1 1

1 1

1 1

1 1

| |

> LD AR
Memory s
RT,: IR <- M[AR],PC <- PC+1 111 [Read, LD_IR, INC_PC A6 18
Decode RT,: D, ..,D,<-Decode IR(12-14), | |
AR <-IR(0-11), | <- IR(15) 101 [LD_AR, LD_I & IR(15) bidesd Rond
ndirect DT  AR<-M[AR] 111 Read, LD_AR {1
Interrupt:
D BR 1R
[T, TLIENGGI + FGO): | <-1 N
RT,: AR <-0, TR<-PC 010 [CL_AR,LD_TR,
RT,: MIAR] <- TR, PC <-0 110 [Write, CL_PC
RT,: PC <-PC+1, IEN <-0,R <-0,SC <- 0 NC_PC, Ry, Ry, Ripys
Memory-reference:
IAND D,T;  DR<-M[AR]
D,T;  AC<-ACADR,SC<-0
DD P.T;  DR<-M[AR]
D,T,;  AC<-AC+DR,E<-C,,SC<-0
LDA P,T;  DR<-M[AR]
D,T,;  AC<-DR,SC<-0
STA. D,T,  MIAR] <-AC,SC<-0
BUN D,T,, PC<-AR,SC<-0
BSA DT, MIAR] <-PC,AR<-AR+1
DT, PC<-AR,SC<-0 @
4 DT DR<-M[AR] /\/-\b WVIHO g v
D;T; DR<-DR+1 /%—,/ ST
PT;  MIARI<-DR_——— 1/ |
D,T,DR= =0) then (PC <- PC + 1), SC<-0 \/ 4.—5 Clock
LD_AR=R'Ty+R'T,+D’;IT; ; CLR_AR=RT,; INRiAR =DsT, - -—




RTL A%D 15,8,y ILDsp[LDy LD ¢ [CLR . LD
[Fetch RT,: Y AR<-PC
RT,: IR <- M[AR],PC <- PC+1
Decode RT; D, ..,D,<-Decode IR(12-14),
AR <-IR(0-11), I <- IR(15)
ndirect DT, AR<-M[AR]
Interrupt:
15T, TIENCGI + FGO): | <-1
RT,: AR <-0,TR<-PC
RT.: M[AR] <- TR, PC <- 0
RT,: PC <-PC+1,IEN<-0,R<-0,SC <-0
Memory-reference:
JAND D;T;  DR<-MIAR]
D,T;;  AC<-AC/DR,SC<-0
lADD DR <- M[AR]
DTy AC<-AC+DR,E<-C,,SC<-0
LDA D,T;  DR<-MIAR]
D,T,  AC<-DR,SC<-0
STA. D,T:  MIAR] <-AC,SC<-0
BUN DT, PC<-AR,SC<-0
BSA DsT,: M[AR] <-PC,AR<-AR+1
D,T;,  PC<-AR,SC<-0
sz D;T;  DR<-MIAR]
DT,  DR<-DR+1
DT MIAR] <-DR,
ID;T,DR": if (DR = 0) then (PC <- PC + 1), SC<-0
mputer Archi Control Signals ASM#
RTL ASM# From B R s [ (2 s I e N E L |n ]
B o | sss, HRAERHHRERBRREERE
R e v [“fc]c]e [T " e ]r|["r]=x]|c]
Fetch | RT,; | AR<-PC LD, 010 1
RT,: IR <- M[AR],PC <- PC+1 LD, 111 Read INRye 1 1|1
Decode | R'T,: Dy, ..., D; <- Decode IR(12-14),
AR <-IR(0-11), | <- IR(15) LD, 101 | LD, 1
Indirect | D'IT, | AR <-M[AR] LD, 111 | Read 1 1
Interrupt | ToT,T,  IEN(FGI + FGO): R <- 1 S
RT,: AR <-0,TR<-PC LDy, 010 | CLRy 1
RT,: MIAR] <- TR, PC <- 0 Write 110 | CLR,. 1
RT,: PC<-PC+1 IEN<-0,R<-0,5C<-0 | INRy. [ Ry LR 1
Memory-reference:
AND T | DR<-M[AR] LDpy 111 | Read 1 1
DoTs: | AC <-ACADR,SC<-0 LD, AND | CLRy. 1
ADD DR <- M[AR] LDy 111 | Read 1 1
AC <-AC +DR,E<-C,,, SC<-0 | LD, ADD | CLRy 1
LDA DR <- M[AR] LDpg 111 Read 1 1
,T.. | AC<-DR,SC<-0 LD, DR | CLRy 1
STA. D,T,: | MIAR]<-AC,SC<-0 Write 100 | CLRg.
BUN D,T; | PC<-AR,SC<-0 LD, 001 | CLRg. 1 1
BSA DT, | MIAR] <- PC, AR <-AR + 1 Write 010 | INRy, 1
DTy | PC<-AR,SC<-0 LD, 001 | CLRy. 1 1
1Sz DR <- M[AR] LDy 111 Read 1 1
DeTst | DR<-DR+1 INR 1
DeTy: | MIAR]<-DR, Write 011
DTOR | if (DR = 0) then(PC <- PC +1), 5C<-0 | INR, CLRg. 1
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- RT,: AR<-PC
-« RT, : AR < IR(0-11)
- DT, AR <- MIAR]
- RT, : AR<-0

« DT, AR<-AR+1

A

I
LD(AR) = RT,V R'T,V D%IT, T P P P

CLR(AR) = RT, T
INR(AR) = D, T,

puter Architecture |

AR Control Logic

Table 5-6 & find all the RTL statements in which AR is modified.

uOttawa

B The first three statements are performed by
enabling the LD bit of AR (i.e., LD(AR)).

B The 4-th is done by activating the CLR

B The 5-fth statement is performed by enabling
the INR bit of AR (i.e., INR(AR)).

12 12
From bus AR To bus
A

o L ok

R —
To
Ds
Ty JL_/
=l o

Register-reference:

DT, =1 (common to all RRI)
IR(i) =B, (i=0,1,2,...,11)
r SC <0
CLA | 1By AC <-0
CLE | 1By E<0
CMA | By AC <-AC'
CME | By E<E
CIR | B, AC <-shr AC, AC(15) <- E, E <-
AC(0)
cL | g AC <- ShIAC, AC(0) <- E, E <- AC(15)
INC | rBg AC<-AC+1

SPA | rBAC(IS) | If (AC(15) = 0) then (PC <- PC + 1)

SNA | rB,AC(IS): | If (AC(15) = 1) then (PC <- PC + 1)
SZA | rBAC: If (AC = 0) then (PC <- PC + 1)
SZE | IBE" If (E = 0) then (PC <- PC +1)
HLT | 1By $<-0

Input-output:

D,IT,=p | (common toall IO instructions)

|

IR() =B, | (1=6.7,8.9.10,11) QETL ASM#

p: sC<-0 J/ ol
INP | pBy: AC(0-7) <- INPR, FGI <-0
OUT | pByy: OUTR <-AC(0-7), FGO <-0
SKI | pByFGI: 1f (FGI = 1) then (PC < 227 1) T
SKO | pByFGO: If (FGO = 1) thﬂ%/({ <- PC+1) _ |
ION | pB;: IEN<-1 1 Lom,]
10F | pBy IEN <-0 1 :
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IEN FF Control Logic

B The control logic circuit for the individual flip-flops of the control unit
can be determined in a similar manner.

B For example, Table 5-6 (of the textbook) shows that flip-flop IEN is
RTL M\loaded in the following statements:

M oB; . IEN — 1 Sey=1
: IEN — 0 Rient =1 —

pBs -
RTZ : ;EN — D R/ENZ = 1 Wherp = D7|'T3, B;.' = fR{?} and BG = !R(EIJ

=g
T L/ g — s  gl—IEN

Should a JK flip-flop being used:

- B
Jien = Z(Sien) =pB, = D,ITB, ™
Kien = Z(Rien) =pBs +RT, TR

2

91
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Bus Control

Xy | Xo | X3 | Xa | X5 | Xg | X7 1S5 [S1] S,
AR]|1|(0|0|0O|0|O|O0OJO]|O]1
PC|O0|1|0|0]|0O|0|0O]JO|1]0
DR]{O|O|1]|0|0O|O|OJO |1 ]|1]"—™
Xy i}
Aclofofo|1]|ofofo]1]ofo0] 5 patiplexer
IRITO[O0O]|O[O|1|O0O[O] 1[0 ]| 1] x—d Encoder =15, bt“m:r'
TR]{o]o]ofofo|1]of1]1]0]|®—" %o
Xy ——i
MfofoJoJofofolaf1T1 1]
Source Register (from Table 5-6):
AR:  Xpagr =X, =D,T,V DsT5
PC:  Xpc =x,= Si =X+ X5 X5 X
DR:  Xpr =X3= Si =X, + X5 X X7
AC:  Xpc =X = S, = X4 + X5 +Xg X7
IR:  Xg =X5=

TR:  Xr =X =

M:  xy =X=RT, VDT,V (D,V D,V D,V DT,
92
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ALU Block Diagram

16

16
From DR~
8
From INPR —r|

G5 |

Adder and 16
logic

Accumulator

circuit

register

(19)]

To bus

LD INR CLR

Control

gates

Clock

uOttawa
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G

FA

i

(Output of OR gate in Fig, 5-20)

LD

Civ1

[INPR
From
INPR —
bit (i)

L

AC(i+1)

ICOM

AC(G-1)

1
T
i

;

|

D-FF

Xc=s

Clock
AC«AC A DR
AC<AC + DR
AC«DR
AC(0-7) < INPR
AC «AC

AC «<shr AC, AC(15)«E
AC «<shl AC, AC(0)<«E

AC <0
AC<AC +1

el 1T

AND with DR
Add with DR

uOttawa

AC+ALU

Transfer from DR

Transfer from INPR

Complement
Shift right
Shift left
Clear
Increment

94
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uOttawa
AC Control

.
16
= _je- LOGIC

L ok
p—{ e o [ o (ASM#5)

To design the logic associated with

) AC, it is necessary to scan Table 5-6
] = (of the textbook) and extract all the

K D PR statements in which AC is loaded:

B:: COM AC('—AC/\DR @ A[\|)W1thDR
AC <« AC + DR Add with DR

AC<«DR Transfer from DR
" AC(0-7) < INPR Transfer from INPR
:I )-SHL AC«AC Complement
Bg 1l

AC «<shr AC, AC(15)«<E  Shift right

INC AC «shl AC, AC(0)«E Shift left
_E 4C 0 Clear
AC«AC +1 Increment
CLR
By
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Data Exchange with ISRs

uOttawa

M Use global data

M May need to disable interrupts for critical
regions of code using this data

Input-Output and Interrupt

. Interrupt
I:>M:a|n E:Data . Service
rogram emen Routine

96
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ASM Example

IKEY_OFF OFF
BELT ON if (KEY_ON)
END_TIMER_& START_TIMER
?jfil\ETc END_TIMER_10 COLFTII\THEFOL else (go%gtgg:?”
ALARM_OM WAIT
ALARM_OFF if (KEY_OFF or BELT ON)
if (END_TIMER_5)
ALARM_ON
else goto WAIT
else goto ALARM
ALARM
if BELT ON or END TIMER 10 or KEY OFF)
ALARM_OFF
goto OFF

else goto ALARM

k.
WAIT

END_TIMER_10 or
KEY_OFF

EY_OFF or
BELT_CMN

ALARM_OM

ALARM_OFF
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