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6502 microprocessor, 1MHz
4kB ROM

4kB RAM

Monochrome output (composite)

o 280x192 or 40x24 text

https://www.youtube.com/watch?v=4I8i_xOBTPg
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The microcomputer without microprocessor
» Made from simple 7400=series TTL chips
8 bits RISC architecture

32 Kbyte static RAM, 66 Kword EPROM
60 Hz video In 64 colors

& bits sudio, 4 software channels

snd 4 blinkenlights!

Retro game coniroller included
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A computer

Internal memory

Central Processing Unit (CPU)

Arithmetic Logic

Control Unit Unit (ALU)

Registers

External memory (e.g. disk)




A computer

Internal memory

Central Processing Unit (CPU)

_ Arithmetic Logic
Control Unit Unit (ALU)

Registers
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Central Processing Unit (CPU)

Arithmetic Logic

Control Unit Unit (ALU)
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A computer

Central Processino Unit (CPU)

Arithmetic Logic

Control Unit Unit (ALU)

Registers




Von Neumann

Internal memory

Central Processing Unit (CPU)

_ Arithmetic Logic
Control Unit Unit (ALU)
“ *

Registers




Harvard

Program memory Data memory

Central Processing Unit (CPU)

_ Arithmetic Logic
Control Unit Unit (ALU)

Registers




Von Neumann vs Harvard

e The first of many choices...
e Adding hardware complexity for added functionality?

e Goal: keep the hardware as simple as we can,
at the cost of more complex software



Harvard

Program memory Data memory

Control Unit

Arithmetic Logic Unit
(ALU)




Control Unit

Arithmetic Logic Unit

(ALU)



Harvard

Data memory

instructions Control Unit

Arithmetic Logic Unit

(ALU)

program counter
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8 bits RISC architecture

32 Kbyte static RAM, 66 Kword EPROM
60 Hz video In 64 colors

& bits sudio, 4 software channels
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B R B O .

Program Counter




B R B O .

Program Counter




Instructions and operands

Program Counter (PC) ——» m

oi1fo]1fof1]ofo

Instruction



RISC

Execution

Microcode
conversion

Micro-
Instructions

4.I<.I<_ I I<_ I

Microinstruction

execution
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TABLE 10-2:

PIC12F629/675 INSTRUCTION SET

Mnemonic, - 14-Bit Opcode Status
0 ds Description Cycles Affected
poian MSb LSb
BYTE-ORIENTED FILE REGISTER OPERATIONS
ADDWF f,d Add Wand f 1 C,DCZ
ANDWF f,d AND W with f 1 Z
CLRF f Clearf 1 Z
CLRW - Clear W 1 Z
COMF f,d Complement f 1 Z
DECF f,d Decrement f 1 Z
DECFSZ f,d Decrement f, Skipif 0 1(2)
INCF f,d Increment f 1 Z
INCFSZ f,d Increment f, Skip if 0 1(2)
IORWF f,d Indusive OR W with f 1 Z
MOVF f,d Move f 1 Z
MOVWF f Move W to f 1
NOP - No Operation 1
RLF f, d Rotate Left f through Carry 1 C
RRF f, d Rotate Right f through Camy 1 C
SUBWF f,d Subtract W from f 1 C,DCZ
SWAPF f,d Swap nibbles inf 1
XORWF f,d Exclusive OR W with f 1 Z
BIT-ORIENTED FILE REGISTER OPERATIONS
BCF f,b Bit Clear f 1
BSF f,b Bit Setf 1
BTFSC f,b Bit Test f, Skip if Clear 1(2)
BTFSS f,b Bit Test f, Skip if Set 1(2)
LITERAL AND CONTROL OPERATI(

ADDLW K Add literal and W 1 C,DCZ
ANDLW k AND literal with W 1 Z
CALL Kk Call subroutine 2 L
CLRWDT - Clear Watchdog Timer 1 TO,PD
GOTO K Go to address 2
IORLW k Indusive OR literal with W 1 Z
MOVLW K Move literal to W 1
RETFIE - Return from interrupt 2
RETLW K Return with literal in W 2
RETURN - Return from Subroutine 2 L
SLEEP - Go into Standby mode 1 TO,PD
SUBLW k Subtract W from literal 1 C,DCZ
XORLW k Exclusive OR literal with W 1 Z




LOC

0012
0013
0015
0018
0018
001D
001F

0021
0023
0025

OBJ CODE STMT SOURCE STATMENT

222600
CBs4

41

05
DD2A2600
DD7EQO
57
DD5EO
93

3008
DD7300
DD7201
CBC4
DD23
10EA

SORT:
LOOP:

NEXT:

NOEX:

FLAG:
DATA:

LD (DATA), HL
RES FLAG, H
LD B,C

DEC B

LD IX, (DATA)
LD A, (IX+0)
LD D, A

LD E, (IX+1)
SUB E

JR NC, NOEX-$
LD (I1X), E

LD (1IX+1), D
SET FLAG H
INC X

DIJNZ NEXT-$
BIT FLAG, H
JR NZ, LOOP-$
RET

EQU 0O

DEFS 2

END

SAVE DATA ADDRESS

JANITIALIZE EXCHANGE FLAG
ANITIALIZE LENGTH COUNTER
ADJUST FOR TESTING

JANITIALIZE ARRAY POINTER
JFIRST ELEMENT IN COMPARISON
;TEMPORARY STORAGE FOR ELEMEN
SECOND ELEMENT IN COMPARISON
‘COMPARISON FIRST TO SECOND

JAF FIRST> SECOND, NO JUMP
;EXCHANGE ARRAY ELEMENTS

;RECORD EXCHANGE OCCURRED
JPOINT TO NEXT DATA ELEMENT
JCOUNT NUMBER OF COMPARISONS
;REPEAT IF MORE DATA PAIRS
'DETERMINE IF EXCHANGE OCCURREI
CONTINUE IF DATA UNSORTED
OTHERWISE, EXIT

JOESIGNATION OF FLAG BIT
STORAGE FOR DATA ADDRESS
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Instructions and operands

Program Counter (PC)
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Instructions and operands

Program Counter (PC) ——» m

o]t1]oji1]oji]ojojojojtjoj1]r]oj1r
of1]oji]ofi]ojo ojoftjoji]t]of1
Instruction one operand

fixed length fixed length



Pipelining

e Each instruction is one byte with one byte of data
e Even if data is not used
e No microcode: one opcode, one cycle, one action

e When instruction is working on the opcode and data, the
next instruction will already be fetched (pipelining)



Pipelining

e Step one: fetch instruction and operand from the EPROM
and store them in an instruction register and data register

e Step two: execute the instruction

e [hese steps are done simultaneously



gigstErom
prototype ROM
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Branch delay slot

e \When a branch instruction is done, the next instruction was
already fetched from memory, even if the branch is made!

0000 0000 1d $00

[«.]
000e £fc00 bra SsO00
000f 0200 nop

e (Can be turned into:

0000 0000 1d S00

[«.]

000e fc0l bra SO01 # was: bra S00

000f 0000 1d SO0 # instruction on address 0



Instructions and operands

Program Counter (PC) ——» m

/

oj1foft]of1fo]o

iInstruction
fixed length



Instructions and operands

oj1foft]of1fo]o

instruction
fixed length
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bus access

ALU operation

program counter registers



Instructions and operands

» Bus access » 00 Operand (D) to bus

.. 01 RAM value to bus
» Address mode/Branch condition 10 AC value to bus
» Instruction

11 Input to bus

o1fo]1foft]ofo

instruction
fixed length
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Bus Access Decoder
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Registers

Program counter (PC): can be set using branch instruction, incremented via the clock en set
to 0 at boot time

IR, D buffer: buffer between EPROM and bus
Accumulator (AC): contains ALU result, R/W

X register: can be used for the low bits of the RAM address, counter, write only

Y register: can be used for the high bits of the RAM address, buffer, write only

OUT reqister: buffer, write only

IN register: buffer, read only
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Instructions and operands

» Bus access » 00 Operand (D) to bus
01 RAM value to bus

> Address mode 10 AC value to bus
> Instruction 11 Input to bus
l v AC bus
000 LD 000 [0D], AC i
001 AND 001 [0X], AC |
010 OR 010 [YD], AC S
011 XOR 011 [YX], AC OPCODEX_ ALU - canm
100 ADD 100 [0D], X
101 SUB 101 [0D], Y |
nnnnnn 110 [OD], OUT Besult

111 [Y, X++], OUT

instruction
fixed length

RAM address ALU destination



>

>

ofifo]ifoft]ofo

instruction
fixed length

>

vivlvlviviv]vivioJoft1]o]t]|1fo]1

» 00 Operand (D) to bus

01 RAM value to bus
10 AC value to bus \

Bus access
Address mod

Instruction 11 Input to bus w
T TTYYY Ve
l | ac T
000 LD 0 [0D], AC {
001 AND 004, [0X], AC
010 OR 010 [YD], AC \/
011 XOR 011 ALU > Carry
100 ADD 100 [0D], X
101 SUB 101 [OD], Y
110 [OD], OUT AC

111 [Y, X++], OUT

/N

RAM address ALU destination
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Instructions and operands

>

>

o1fo]1foft]ofo

instruction
fixed length

>

Bus access
Address mode
Instruction

l

110 ST

» 00 Operand (D) to bus
01 RAM value to bus
10 AC value to bus
11 Input to bus

v AC bus
000 [0D], AC {

001 [0X], AC | \/ |
OPCO DEW Carry

010 [YD], AC
011 [YX], AC
100 [0D], X
101 [OD], Y

110 [OD], OUT Result

N

111 [Y, X++], OUT




Instructions and operands

» Bus access » 00 Operand (D) to bus
> Branch condition 01 RAM value to bus
10 AC value to bus
» Instruction 11 Input to bus
l v AC bus
000 Never (*) i
001 AC>0 J
010 AC <0 S
O11AC#0 OPCODE > ALU > Carry
100AC =0
of1fof1]o]1fofo 110 AC <0
111 Branch 111 Always

instruction
fixed length



Conditional branches

000 Never (*)
001 AC>0
010 AC <O
011 AC %0
100 AC =0
101 AC=0
110AC <0
111 Always

AC[7]=0 &&

Carry(-AC)=1  AC[7]=1  Carry(-AC)=0

AC=0 = AC<0  AC=08&&ACz0| COMBINED
_____________________________ K XX never
_____________________________ X i XAl AG>0
_____________________________ X oA Xl AG<O
_____________________________ bl AG20Q
_____________________________ A e K Xl ACG=0
_____________________________ o XAl ACG=20
_____________________________ N T A R S N« X4

J J J Always



ST is used to write data to RAM.
But, in the same cycle, the AC
can now be copied to X, Y by

using the correct address mode

Instruction Mnemonic What the ALU calculates
.0 b . Bus
.66t AND ACANDBus
o v, .00 o ACORBus
e ONMO XoR AC XORBus
_______________________________________ io0o. ~~=~=..nB.hAb  AG+Bus
_______________________________________ ¢ B . AC-Bus
_______________________________________ "o sr . AC

111 Branch

U

The carry bit of the ALU can
now be used to determine
the branch condition
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Address mode

000 [0D] : |

001 [0X] Mode Address high Address low Use

otofyop -~ oo 00000000  DDDDDDDD  zero page direct
ot1[yx -~ OX | 00000000 XXXXXXXX . zero page indirect via X _
ie0foob] YD | YYYYYYYY  DDDDDDDD =~ page Y direct
101 [0D] YX YYYYYYYY | XXXXXXXX | page Y indirect via X
110 [0D]

111 [Y, X++]
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Y Branch addressing

FF

00
00 FF




Branch addressing

FF

\

00
00




000 Far jump

Far jump

e One branch is on the condition of “never”
e Added some hardware to make it useful: far jump

e Use Y register contents as high bits



Input and Output

e |n principle, fairly simple
e Qutput: copy ALU result to output using addressing mode

e |nput: copy input to the bus
(and from there to AC, X, Y, RAM or OUT)



Output

» Bus access » 00 Operand (D) to bus
01 RAM value to bus

> Address mode 10 AC value to bus
> Instruction 11 Input to bus
l v AC bus
000 LD 000 [0D], AC {
001 AND 001 [0X], AC |
010 OR 010 [YD], AC S
011 XOR 011 [YX], AC OPCODEX_ ALU - canm
100 ADD 100 [0D], X
101 SUB 101 [0D], Y d
of1[o[1]o]1 o]0 110 ST 110 [0D], OUT OUT

111 [Y, X++], OUT

instruction
fixed length

RAM address ALU destination



Input

» Bus access » 00 Operand (D) to bus
01 RAM value to bus

> Address mode 10 AC value to bus
> Instruction 11 Input to bus
l v AC bus
000 LD 000 [0D], AC {
001 AND 001 [0X], AC |
010 OR 010 [YD], AC S
011 XOR 011 [YX], AC OPCODEX_ ALU - canm
100 ADD 100 [0D], X
101 SUB 101 [0D], Y d
ol1|o]1]of1]0]0 110 ST 110 [0D], OUT Resul

111 [Y, X++], OUT

instruction
fixed length

RAM address ALU destination






VGA

Not as difficult as you might think..

640x480 EGA with 64 colours (6-bit RGB)

VGA output needs HSYNC and VSYNC

Since we use RISC, it should be fairly easy to bitbang the signal to the VGA output

Hence the 6.25MHz clock and the fact that the X register is a counter



D 0.00000000ps T#

Freq =
| e T — Prok
Horizontal Timing - 3
(h_sync signal) ‘ 1 OX
Invert

OFF

Volts/Di
Coarse
Display Timz o @1 s - -, bl d s
Unit
g [\']
wWidith=b8J3 Khuus

All Inputs 1M Q//13p}

—



V G A —
Di Front I BaLk
rcn Palse Forch

al)

e A lot of time goes into doing the VGA
signal, but the system still is fast enough

Vertical Timing

(v_sync sign

e Timing is critical |

e Solved by using an interpreter that runs a few opcodes at
a time and checks if VGA output needs to be done before
running the next few opcodes
including all the VGA output and timing
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AT VSYNC |
 Because of the speed of the RAM, we use SR 4
160 pixels in each scanline instead of 640 | [
e Because of the amount of memory needed roomesiens) -

for a full image, we repeat each scanline 4 times

e Or 3, followed by a blank line, for retro effect

al)

o Effective resolution 160x120

Vertical Timing
(v_sync sign
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RAM Memory map and [Y, X++]




RAM Memory map and [Y, X++]

T FF
Y In 32kB version:

32kB

00 |
00 FF - X

mirror the lower



Can we do more output?

e During SYNC, no RGB screen output is needed
e Reroute output from VGA to something else during SYNC!

e Use the 8 data bits during HSYNC to drive 4 LEDs and a 4-
bit audio DAC

DAC AC coupling _ine out
{3 E High pass
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e Famicom (NES) controller
e Uses simple DB-9 connector
e Contains some electronics...
e A bit per button needs to be read

e Piggyback onto SYNC signals, too

e VSYNC starts Famicom polling

e HSYNC polls one bit into a shift
register

e Software needs to read this shift
register after 8 HSYNCs have
passed
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What have we got?

CPU without a microprocessor chip

RISC, running at 6.25MHz

32kB RAM

VGA output, sound, blinkenlights, controller input

Interpreter takes away the burden of getting timing right






Programming

e Approach 3: compile software written in a (somewhat)
higher language to an intermediate format and burn it to
EPROM, use an interpreter to interpret and run the code



Programming

e somewnat NIgh-level language: Gigatron Control Language (GCL)

gcll {GCL version}

{Function to draw binary value as pixels}

[def {10 GOTO 80}

$4448 D= {Middle of screen} {20 D=$4448: REM MIDDLE OF SCREEN}
|do

C [1f<0 15 else 5] D. {30 IF C<0 POKE D,15 ELSE POKE D)5}
CC+C= {40 C=C+C}
D 1+ D= {50 D=D+1}
-$4458 D+ if<0 loop] {60 IF D<$4458 THEN 30}
ret {70 RETURN}

| Plot=



Programming

{Compute largest 16-bit Fibonacci number and plot it on screen}

[do
0 A= {80 A=0}
1 B= {90 B=1}
[do
A B+ C= {100 C=A+B}

BA=CB= {110A=B: B=C}

1>0 loop] {120 IF B>0 THEN 100}
Plot! {130 GOSUB 20}
loop] {140 GOTO 80}



RAM Memory map and [Y, X++]

T FF
Y In 32kB version:

32kB

00 |
00 FF - X

mirror the lower



7F

08
07

00

RAM Memory map

00

shift table for sound (256)

vCPU code / data (256)

vCPU code / data (256)

vCPU code / data (248)

vCPU code / data (248)

vCPU code / data (248)

video frame indirection table (240)

*
vSP

| Channel 4 @top (8)
| Channel 3 @top (8)
| Channel 2 @top (8)
| (8) | Channel 1 @top (8)

FF




RAM Memory map

7F

120 lines,
160 pixels each

extra video/code/
data at top

—

~—__

\

R

1

08 <

00

| vig_e_o_ frame _in_di_req;ip‘r] table (240)

0

0

FF




Interpreter

e Emulates a virtual PC
e Runs vCPU instructions from RAM (using a vPC)

e Emulates a 16-bit architecture (with a 16-bit VAC, vSP)

e Each instruction is emulated, track is kept of the amount of
clock cycles

e A bit like SWEET16 on Apple



Result

16 bit CPU

Von Neumann architecture

On an 8 bit CPU

With Harvard Architecture
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+ 32 Kbyte static RAM, 54 Kword EPROM
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e Mailing list:
https://mm.gigatron.io/lijsten/listinfo/announce

e Source code:
https://github.com/kervinck/gigatron-rom

e Visualizer by Martin Sedlak:
https://www.crabaware.com/Test/gigatron_emu.zip

e Assembly walk-through videos:
https://goo.gl/TtqgQR


https://github.com/kervinck/gigatron-rom
http://www.crabaware.com/Test/gigatron_emu.zip
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