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328eForth.hex is a free copy of 328eForth system for you to try on your Arduino Uno,
or other compatible, board. For its AVR assembly source code and complete
documentation, purchase the 328eForth system from www.offete.com, Itemgt 2159, for
$25. The 328eForth systemisin the public domain, and you can use it without
restriction.

Since 1990, | have been promoting a simple FORTguage model called eForth.
This model consists of a kernel of 30 primitive FbRcommands which have to be
implemented in machine instructions of a host n@ordroller, and 190 compound
commands constructed from the primitive commandsather compound commands.
By isolating machine dependent commands from madhilependent commands,
the eForth model can be easily ported to any martoller. | ported this model to
ATmega328P, and the result is the 328eForth systdrich runs very nicely on
Arduino Uno.

328eForth is optimized for performance. The nundbgrimitive commands is
expanded to 68. Commands which are used to thelFORTH system but rarely
used by users are hidden so that you are not oedmveldl with unused commands.
Only 151 commands are exposed to you. The sowae is written in AVR
assembly. The code is available so that you cadifynib to suite your application.
The entire system takes up 5,156 bytes in flash omgrteaving lots of room for your
application. Hence, it is Tao of Arduino

Installing 328eForth
Get an Arduino Uno board for about $29.
Get an Atmel AVR ISP mkll programmer for about $34.

Download the AVR Studio 4 from Atmel web site:
http://www.atmel.com/dyn/products/tools card.aspltal=2725

Install AVR Studio 4. Do not connect the AVR ISRIhuntil the software
installation is complete. Studio 4 will instak idlriver, Jungo USB, for its AVR ISP
mkll. The USB cable must not be connected unti€Athe install in done.

Download the Arduino 0022 packagehéip://www.arduino.cc/en/Main/Software
Unzip and install.  This should load the USB to C®ishulator from FTDI. The
drivers are located in \Arduino-0022\drivers\FTDivers\.

To check on these USB drivers, go to



Start\Control-Panel\System\Hardware\Device-Manager you will see Jungo\AVR
ISP mkll. Under Ports (Com & LPT), you will seediino Uno (COM X).
Remember the COM port number X for use with Hypanieal or RealTerm.

Download and install RealTerm from SourceForge:Htealterm.sourceforge.net/).
HyperTerminal is standard in Windows under Startéssories\Communication\, and
it works similarly.

Connect the AVR ISP mkll ribbon cable to the six [P header on Arduino Uno.
Red wire is #1 matching a tiny dot below the heaaleshown in the picture below

Connect a USB cable from the AVR ISP mkll to the PConnect another USB
cable from Arduino Uno to the PC. The AVR ISP Médesn't power the target so
the Arduino USP is its power source. Check th@akeonnections as noted above.

With the cables connected, you should be ablevokia arduino.exe in the Arduino
0022 folder, and do all the wonderful things wittdaino sketches.

You need AVR Studio 4. | used the AVR assembledtudio 4 to assemble the
328eForth system, and then used AVR ISP mkll catbigoload 328eForth.hex to
ATmega328P on Arduino Uno.

Start Atmel AVR Tools \AVR Studio 4\. Dismiss tki¢éelcome window if it comes
up. Inthe second row of icons you can see twndsdbat look like integrated
circuits.  Click on the left one labeled CON, ahd Connection Dialog window
appears. Check AVRISP mkll on the left and USBHanright. Then click
Connect. You will then be taken to the AVRISP vand If not, click on the bug
icon to the right labeled AVR.



On the AVRISP window, select Main page. In the iDe\and Signature Bytes panel,
pick ATmega328P in the Device box. In the Prograngnand Target Settings panel,
you will see that the ISP Frequency is set to 1 MHElick the Erase Device and
Read Signature buttons to verify that you can etfasehip and read its signature
bytes. If AVRISP failed to erase ATmega328P odriee signature bytes, click the
Settings button, and lower the ISP frequency tdabty 125 kHz.

Select the Lock Bits page. ATmega328P also hasg'swalled lock bits and fuse
bytes, which are used to configure the chip to belmoperly according to your
requirements. The lock bits protect sectionsadtilmemory from inadvertent
reading and writing operations. Select OXFF ferlttk bits to allow writing to the
flash memory. Click Program button to programltok bits.

Select the Fuses page. The fuse bytes configute @Emory, and 1/0 devices and
select modes of operations for these componentslect)xFD for the Extended
Fuse byte, 0xD8 for the High Fuse byte, and OxFFRHe Low Fuse byte. Click
Program button to program the fuse bytes.

Your should now have the green power LED lit onAhduino Uno. The green
LED lit inside AVR ISP Mkll case (shows USB OK) atite green LED lit (shows
programmer cable OK) on the surface of the AVR N&.

Select the Program page. In the Device panel kctiecbox labeled "Erase device

before flash programming.” In the Flash panel,noped navigate to your 328eforth
hex filer. Click the Program button in the Flaginpl. You will see a dialog at the
lower left as the program is loaded.

You may now disconnect the AVR ISP mkll programmeatdowever | generally keep
it connected in case | have to reload 328eForth.

Running 328eForth

After 328eForth is loaded through the AVRISP progmeer, load HyperTerminal or
Realterm, and you can now talk to 328eForth on As@Wwno.

On the HyperTerminal console, pull down the Calhmand select Disconnect.
Then, pull down the File menu and select Propedp®n. In the Connect Using
dialog box, select the COM port you saw earliethie USB device assignment.
Click the Configuration button and a COMx Propertrgndow pops up. Select
19,200 baud, 8 data bits, no parity, 1 stop bid, @m flow control. Then click OK
button to dismiss the COMx Properties window.

In the main Properties window, click the Settingjs &nd then click the ASCII Setup
button, and an ASCII Setup window pops up. En@€ i@ the Line Delay dialog
box to insert 900 msec delay after sending eaehdfriext. Later when you
download source code files, you will need this ehtine delay.

Click OK button to dismiss the ASCII Setup windowClick OK button in the main
Properties window and dismiss this window also.



Now you are back to the HyperTerminal Console wimdoPull down Call menu and
select Call, and you will see the sign-on messagegted by 328eForth:
328eForth v2.20

Hitting Return key several times, and you shoukltbe two send/receive LEDs flash
on Arduino Uno, andk messages are displayed on the HyperTerminal censol
You can now type in FORTH commands to interact \82BeForth.

328eForth is case insensitive. You can type conaisianeither upper or lower case.
Note that 32eForth is in the hexadecimal base \itrstarts.

Type the following commands to test the 328eFoytitesn. Ignore the text after the
\ command, which starts a comment string until @niche. Terminate each line
with a Return key.

words

100 dump

200 idump

7000 idump

After bring up 328eForth, typeords and you will see a list of eForth commands on
the HyperTerminal console:

“& 57600 - HyperTarminal
File Edit Wiew Call Transfer Help

328eForth v2.20
ok
ok
words
VYARIABLE CONSTANT CREATE IMMEDIATE : 1 ; . $" ABORT™ WHILE ELSE AFT THEN RE
T IF AGAIN UNTIL MEKT FOR BEGIN LITERAL COMWPILE [COMPILE] , IALLOT ALLOT D- C
> > 2- 2+ 1- 1+ READ WRITE ERASE COLD WORDS .S IDUWMP DUMP ° QUIT [ QUERY EXPE
NAME> WORD CHAR » { .( ? . U. U.R .R CR ITYPE TYPE SPACES SPACE KEY NUMBER? [
MAL HEX #> SIGM #S5 # HOLD <# FILL CHMOYE GEXECUTE TIB PAD HERE ICOUNT COUNT +!
CK DEPTH =/ =/MOD M= = UM= / WMOD /MOD M/MOD UM/MOD WITHIN MIN MAK < U< = ABS
MEGATE MEGATE IWVERT + 2DUP 2DROP ROT 7DUP BL 2/ 2= LAST DP CP CONTEXT HLD °'E
‘TIB #TIB >IN SPAN TMP BASE 'BOOT UM+ HOR OR AND B< OVER SWAP DUP DROP >R Rk
E@ C! FLUSH It IC@ I@ @ * ERIT EHECUTE EMIT ?KEYok
o
ok
ok

il I -
Connected 00:57:22 YT100 19200 8-H-1 | i

HyperTerminal breaks up a word at the right magjithe window console. You

will have to read across lines to see whole wordshere are 151 FORTH commands
visible in 328eForth system. There are actualyual200 eForth commands, but
many of them are hidden, without link and namediel These hidden commands are
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needed to implement the 328eForth system, butatraseful in normal programming.
These 151 visible commands are documented in tpergix for your reference.

Warning:
After you defined a new FORTH command with themaomand, always type a
FLUSH

command before executing the new command. Whea&awacommand is defined, if
is stored in a RAM buffer. FLUSHwrites the new commands in the RAM buffer tp
the main flash memory, where they can be executdédhe RAM buffer is not
flushed, executing new commands in the RAM bufféf avash the FORTH system.
You will have to reboot or reload 328eForth systarugh the AVRISP programmer
cable.

More Exercises
What can eForth do over and above Arduino 00227

One quick answer | can give you is to ask you tgpmthe following command:
0 DUMP
80 DUMP

and you will see the following display in the Hyperminal console:

“& 57600 - HyperTarminal
File Edit Wiew Call Transfer Help

=
=
=
=
=
.
|
(k]

SOoOoOo@m
=
=
=
&
=
SoOOoOSMS
=
=

(=l en]

.
99 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 Tt
A0 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 R AN s

DB 60 60 686 60 60 60 60 60 60 60 60 60 60 60 60 60 "' T
FB 60 68 60 60 60 68 60 60 60 60 60 60 60 60 68 60 ""F Tt ok

il . -
Connected 01:03:44 YT100 19200 8-H-1

In this display, you see the RAM memory of ATmedga&®m location O to location
$FF. If you had read the ATmega MicrocontrolletdBook, you would know that
the first 32 bytes are 32 registers in ATmega Qe hext 64 bytes from $20 to $5F
are the 1/O registers, and the last 160 bytes 86thto $FF are Extended 1/O
registers. Many of these registers are not impigeteas physical devices, and they
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show up containing $60. Actual I/O registers shbeir actual contents.

Even better, you can change the contents of the &flU/O registers! As CPU
registers are used by the 328eForth system, | tteeommend your changing them
without knowing exactly what you are doing. Younaasily crash the system if you
advertently change some of the critical CPU registe However, the is no better way
to understand the 1/0O devices in ATmega328 thasiudy the register definitions and
functions of the bits in these registers, and nge these bits while observing the
signals coming out of the corresponding 1/O pins.

Once you understand the control, status, and dgtsters in an I/O device, you can
write a short FORTH command to exercise this detheeway you eventually will
use it. This command to test the device will gtovibe the basis of your application.

In the following sections, | will show you how tbange some of the 1/O registers
directly with C! commands, to operate these I/Oices:  You need that thick 566
page ATmega Microcontroller Data Book opened orrymmputer, and read the
register definitions to follow the discussions.will show you addresses of the 1/10
registers, but you will have to look up the defonis of bits in these registers to go
along. Itis difficult at first to read registed@esses and contents in hex, but | hope
you will get used to them. It will be very rewandiwhen you see what these bits
actually do and produce results you can observeihs

The best way to wade through this thick Data Baotoitest the devices interactively
with 328eForth.

USART

The first device | will discuss is the serial USARport, because it is the only I/0O
device used by 328eForth. It has the followinga$eegisters:

Address | Register| Name Function Initial
Value

$CO UCSROA| Control and status | Status of transmitter and --
register A receiver

$C1 UCSROB| Control and status | Interrupt, enabling, data $18
register B format

$C2 UCSROC| Control and status | Mode select, start, stop, parity$6
register C

$C4 UBRROL | Baud rate register | Baud rate divisor, low byte $33
low

$C5 UBRROH| Baud rate register | Baud rate divisor, high byte 0
high

$C6 UDRO Data register Transmitted or received ddt --

UCSROA reports the current status of the USARTOB@B&RO contains transmitted or
received data. These registers change dynamiatlydo not require initialization.
UCSROBI/C selects 1 start bit, 8 data bits, 1 sthmb parity and no flow control.

The UBRROL/H registers set USARTO up to run at @9,Baud. Do not change
these 4 registers unless you know what you aregdoiif you mess up these registers,
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Arduino Uno will not talk to the HyperTerminal agdu have to reach for the reset
button.

Read Atmega Data Book to learn what each bit in RAESC is doing. You can
understand these bits better when you are actigalkng at them on the
HyperTerminal console.

One easy experiment you can do is to change the fadel register UBBROL from
$33 to $66 by typing the following commands:
$66 $C4 C!

If you are in hexadecimal mode, you do not havigpe the $ prefix before numbers:
HEX 66 C4 C!

The baud rate is changed from 19,200 baud to $9808. Now, HyperTerminal
stops talking to Arduino. Pull down Call menu astect Disconnect option. Pull
down File menu and select Properties option. énRloperties window, change the
baud rate to 9,600 baud. Connect the phone limeAeduino will talk to
HyperTerminal at 9,600 baud.

Type ODUMP commands, and you will see that contents of UBRR@ister at C4 is
changed to 66.

Type the following commands to get back to 19,280d
33 C4 C!

Change the baud rate of HyperTerminal back to IB2ud so Arduino will talk
again.

Always return HyperTerminal to 19,200 baud. Otheeywhen Arduino Uno is
reset and reverts to 19,200 baud, you would spéodgatime wondering why
Arduino does not talk to the HyerTerminal. It aghuse a panic, if you forget that
they are using a different baud rate.

GPIO Port B

The Digital I/O Line 13 on Arduino Uno is connectedbit-5 of GP1O Port B, PB-5.
Port B as a general purpose I/O device has thewol registers:

Address | Register| Name Function Initial

Value
$23 PINB Input register Status of input pins -
$24 DDRB Direction register 1: output; O: input 0
$25 PORTB | Data register Output data, pull-up tesis | 0

Setting a bit in DDRB register makes the correspangin an output pin. Then,
writing this bit in PORTB register sends it to thaput pin. It is very easy to turn
the LED connected to Line 13 on and off by thedaihg commands:

HEX

20 24 C! \ make Line 13 an output pin



20 25 C! \ turn Line 13 LED on
0 25 CI! \ turn Line 13 LED off

If you read ATmega Data Book.. carefully, you viid that when a pin is set up as
an output pin, writing a 1 to that bit in PINB reggr will toggle this output pin.  Try
the following commands and you can verify this fiuma:

20 23 C!'  \toggle Line 13 LED

20 23 C! \ toggle Line 13 LED

Type 0 DUMP commands and you can see the current state s# tlegisters as
you turn the LED on and off.

Now, we can replicate what the BLINK sketch exangnes in Arduino 0022. Here
is the program in FORTH:

:MS (n--) FOR AFT $1CB FOR NEXT THEN NEXT ;

: BLINK 20 24 C! BEGIN 20 23 C! 400 MS AGAIN ;

FLUSH

BLINK

400 in hexadecimal equals to 1024 in decimal. $&0will cause a delay of about
1 second. Execute BLINK will cause the Line 13 Liiblink forever.

BLINK sketch is the first program every Arduino usens It gives the user a warm
and fuzzy feeling that he is making Arduino Unostanething significant. However,
the above FORTH BLINK program is the silliest pragra FORTH programmer can
ever write. It is an infinite loop you cannot geft, unless you push the reset button
or pull the power plug off. The ATmega328 micrototler is not made to run
BLINK. Itis much more powerful and much more itigeent than just turning a
stupid LED on and off.

A thoughtful FORTH programmer would write this pram instead:
:BLINK 20 24 C! BEGIN 20 23 C! 400 MS ?KEY UNTIL DROP;
FLUSH
BLINK

This program will blink the LED forever as the éarlone. But, when you are tired
of looking at this stupid LED, you can stop it nggsing any key on the keyboard.
You can exit the loop. Now, you can type in othemmands to the 328eForth system,
and do other useful things.

If a bit in DDRB is cleared to 0, the correspondjig becomes an input pin.

Initially this input pin is tri-stated. If you séte corresponding bit in PORTB
register to a 1, this input pin will be pulled t@d/by an internal pull-up resister.
This pull-up resister is very useful and it simiglsf the external circuitry of many
input devices. For example, you can connect tipsatipin to a push-button switch
with its other terminal grounded. If the switchopsen, you will read a high on the
input pin, because of the pull-up resister. Ifskétch is closed, you will read a low
on the input pin.

Try this on Digital 1/0 Line 8, which is connecteuBit-0 in Port B. Type the



following commands to test the switch:
024 C! \ make all Port B pins input

125C! \ turn on pull-up resistor for Line 8
23C@ . \ read PINB port and show its contents
23 C@ . \ repeat with switch on and off

Timer/Counter O and Tone Generator

ATmega328 has three very powerful, and hence caateld, timer/counters. They
can be used as timers, counters, pulse width mutajaand square wave generators.
Timer/Counter0 and Timer/Counter2 have an 8 binteuregisters, and
Timer/counterl has 16 bit counter register. TiGeunter0 had the following
registers:

Address | Register| Name Function Initial
Value
$44 TCCROA | Control register A Mode select 0
$45 TCCROB | Control register B Clock select 0
$46 TCNTO Count register Counter value 0
$47 OCROA | Output compare | Compare value. When equaDd
register A to TCNTO, generate output gn
OCOA
$48 OCROB | Output compare | Compare value. When equaDd
register B to TCNTO, generate output gn
OCO0B

The bits in Control Registers A and B are compédatind you have to read the
ATmega Data Book. to understand them. To run Ti@munter0O as a free run
counter, set it up in the CTC (Clear Timer on Corapdatch) mode. Store a value
in OCROA register to specify the period of the auine. Connect a speaker to
Digital I/O Line 6, which is on Bit 6 in Port D, PB, and is toggles by the output
compare signal of OCOA. Here are the commandshgwe to type:

HEX

40 2A C!'  \makeOCOA(l/OLine6,PD-6)anoutp utpin

42 44 C!  \toggle OCOA on compare match, select CTC
mode

FF 47 C!'  \ maximum count in OCROA to compare

3 45 C! \ select /64, prescaler=3, start count er

You will hear a tone from the speaker, if everythis set up correctly. To turn off
the speaker, type:
0 45 C! \ prescaler=0, no clock to timer/count er0

Storing a value from 1 to 5 into TCCROB changespitescaler between the master
clock and Timer/Counter0. Each step in the prescatreases the prescaler divisor
by a factor of 4 or 8, and you can hear the totehpihanges drastically. To make
smaller changes in the tone pitch, change the val@CROA register at location $47.

Arduino Uno has a master clock of 16 MHz. Witl64 prescaler, the clock to
Timer/Counter0 is 250 KHz. With a divisor of 2355@CROA register, the pitch we

9



get from OCROA is about 490 Hz. You can play with prescaler and the value in
OCROA to get different pitches.

Now, let us try to run Timer/Counter0 as a PMW @geulvidth Modulator) device.
Remove the speaker from Digital I/O Line 6, andrezzt an LED to it. The anode
pin (long leg) is connected to Line 6, and the cdéh(short leg) is connected to
ground. Type in the following commands:

HEX

40 2A C!'  \ /O Line 6 is set up as an output pi n

8344 C!' \TCCROA, select fast, non-inverting P WM
mode

80 47 C!  \set OCROA to mid-range
3 45 C! \ prescaler=3, start PWM

The LED will be turn on to medium brightness. Reaglthe brightness by typing:
10 47 C!'  \decrease LED brightness

Increase the brightness by typing:
FO 47 C!  \increase LED brightness

Now change to the fast, inverting PWM mode:
C3 44 C!'  \inverting PWM mode

PWM output is now inverted. Storing a bigger valu®©CROA reduces LED
brightness. Storing a smaller value in OCROA iases LED brightness.

If you have an oscilloscope, you can watch the PWéweforms. Then, you will
really appreciate the ease in using 328eForth méralyour hardware.

You can change the PWM to the phase correct modypyg:
81 44 C! \non-inverting phase correct PWM mode
or,
C1 44 C!' \inverting phase correct PWM mode

Changing the count value in OCROA and the pres@tal€CCROB, you can
experiment with Timer/CounterO to you heart's delig You need an oscilloscope to
see the waveforms, and preferably some servo mmoesally see the PWM output
doing real work.

The base frequency of the fast PWM oscillator is:

Prescaler Base Frequency

31.2 KHz

7.81 KHz

980 Hz

244 Hz

Q|IWIN|F-

61 Hz

Timer/Counterl

Timer/Counterl has a 16-bit counter which offerdewidynamic range and higher
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accuracy in timing/counting. It is also more coiogied than Timer/CounterO and 2.
Nevertheless, their operations are very similarhe flegisters and their functions in
Timer/Counterl are as follows:

Address | Register| Name Function Initial
Value
$80 TCCR1A/| Control register A Mode select 0
$81 TCCR1B | Control register B Mode and clock select 0
$84 TCNTI1L | Countregister Low| Counter value loweoyt 0
$85 TCNT1H | Count register High| Counter value high byte 0
$88 OCRI1AL | Output compare Compare low byte. When 0
register A Low equal to TCNT1, generate
output on OC1A
$89 OCR1AH| Output compare Compare high byte. 0
register A High

You first clear TCCR1A to set up Timer/Counterlhe normal counting mode. To
time an event, you clear the 16-bit counter TCNmd store a prescaler value into
TCCRI1B to start the counter. After the event, clBaCR1B to stop the counter.
Then, read the accumulated counts in TCNT1 counter.

Type in the following commands:

HEX
0 80 C! \clearTCCR1Atosetupnormalcountin gmode
084! \ clear 16-bit counter TCNT1

581 C! 100 MS 0 81 C!
\ time '100 MS' commands
84 ? \ read counts in TCNT1 counter

Let us stay in hexadecimal base, 400 MS delays for 256 milliseconds.400 MS
delays for 1.024 seconds. My experiments showaihas takes $220 count400
MStakes 1262 counts, ad@0 MS takes $4322 counts. They look right to me.

With a prescaler of 5, Timer/Counterl overflowslbut 4 seconds, while
Time/Counter0 would overflow at about 16 millisedsn To generate waves at 1 Hz
range, you have to use Timer/Counterl. We caklibED at 1 second periods
using Timer/Counterl, if we connect a LED to thenpare output pin OC1A, which

is the Digital I/0 Line 9, or PB-1 port.

HEX

2 24 C! \ set DDRB PB-1 (Line 9) as output pin

40 80 C!  \ set Timer/Counterl to CTC mode

8000 88! \init OCR1A compare register to a val ue
B 81 C! \ CTC mode, prescaler=3, start wave

Changing the prescaler/mode value in TCCR1B chatigeBequency of the output
wave. The frequency and value in TCCR1B are shasviollows:

TCCRI1B Value| Prescaler | Divisor Frequency

9 1 1 244 Hz
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A 2 8 30.5 Hz
B 3 64 3.75 Hz
C 4 256 0.96 Hz
D 5 1024 0.24 Hz

ADC

Analog to Digital Converter is the most interestingd probably the most
complicated device in a microcontroller. In ATm8gaP chip, we have 6 channels
of ADC to read analog signals from external cirguihaking it extremely useful for
real applications looking at real analog signalBrom a programmer's point of view,
its ADC is not very complicated, and we only havevorry about the following 5
registers:

Address | Register| Name Function Initial

Value
$78 ADCL Data register Low Data low byte 0
$79 ADCH Data register High Date high byte 0
$7A ADCSRA | Control register A Control, status, and prescaled

bits
$7B ADCSRB| Control register B Auto-triggering source 0
$7C ADMUX | Multiplexer \oltage reference and 0
selection register | multiplexer section

ATmega328P has an internal temperature sensorectathto Channel 8 of the ADC
device. In addition, the internal 1.1 V referenoiage is connected to Channel 14,
and a ground is connected to Channel 15. Theser@lsmare very useful in testing
the ADC.

Using 5 V power for reference and measuring thermal 1.1 V source, set up the
ADMUX register and start the conversion this way:

HEX

4E 7C C! \4selects5Vreference;EselectsC hannel
14

C37A C! \ C enables/starts ADC; 3 selects /8
prescaler

78 ? \ display results, nominally $E0

For reasons | do not understand, a prescaleriasswould not start ADC
conversion in this mode of operation. The follogdommands measures the
ground on Channel 15:

4F 7C C! \5Vreference; groundinputon Chann el15
C3 7A C!  \start conversion
78 ? \ display results, 0

The temperature sensor is connected to Channebl8t s recommended in ATmega
Data Book to read it with the internal 1.1 V soufaereference. Type the following
commands:
C8 7C C!'  \C selects 1.1 V reference; 8 selects
;temperature sensor
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C3 7A C!  \start conversion
78 ? \ display results, nominally $160

If you connect an external analog signal soura&diin, then type the following
commands to read its analog value:

127 C! \setupAOasinputpin,whichisonPC -Oport
1 28 C! \ turn on pull-up resister on A0 pin

40 7C C!'  \ setup reference and multiplexer inpu ts
C3 7A C!  \start conversion

78 ? \ display results

Build a Turnkey Application

In the FORTH parley, 'Turnkey' means the re-comfigjon of a FORTH system so
that when power is applied and the system boot# uptializes all the hardware
devices in the system and start to execute thecapiph it was designed to run. In
328eForth, you write lots of new commands. Thesermands are used to build
more power commands until the last command lodesthis:

- APPL SETUP BEGIN READ-INPUT SEND-OUTPUTS AGAIN ;

To turnkey this application so that it executes ARBEmmand on booting-up, type the
following commands:

"APPL 'BOOT ! \storeaddressofAPPLinvariable '‘BOOT
$100 ERASE \ erase flash
$100 $100 WRITE \ save RAM $100-17F to flash $100- 17F

Now, the Atmega328 has the 328eForth system wétlttimplete application saved to
the flash memory. When the Arduino Uno board set®r powered up, APPL will
run.

Actually, after APPL command is compiled, all FOR€bimmands are already stored
in the flash memory, but all the variables ard stiRAM. Assuming that necessary
data in RAM that have to be saved are between Réddtions from $100 to $17F,
the WRITE commands above save them all to the fiasimory from $100 to $17F.
When 328eForth boots up, it automatically copiés plage from flash to RAM, and
APPL will start with all the necessary data in RAM.

Conclusions

What | give you in 5156 bytes, is a programminglaage, an interactive operating
system, and all the debugging tools to developiegipdns on the Arduino Uno, for
the Arduino Uno. The complete source code of 3a8bFasm contains 54 Kbytes,
comparing to 232 MB hogged by Arduino 0022. laisorganic system, which can
grow to accommodate any application that the ATrB2§& microcontroller can host.
It allows you to read all its CPU and 1/O registensd all its data and program
memories. It also allows you to change the I/Qstegs and memories, and to add
new commands to the flash memory. By adding nawngands, you extend the
328eForth system and build a new system for yopliaaiion.

In 328eForth, I try to reduce the FORTH languagigstbare minimum, so that you
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can learn this programming language quickly, ands®it to do useful work.
ATmeage328, like all the newer microcontrollersik@de now, contains many
powerful and complicated I/O devices, and it takesATmega Data Book 566 pages
to explain them. With 328eForth, you can examihtha I/O registers and modify
them to make the 1/0 devices work the way you whein to work. There is no
better way to study the ATmega Data Book than &ol e book along with
328eForth, modifying the 1/O registers and obsevkiat the 1/0 devices do.
328eForth is a worthy companion to the ATmega [Batak.

Arduino Uno board is an excellent platform for FGHRT FORTH allows you to
develop substantial applications quickly and predligh quality code. You write
commands in small modules which can be (and mydebted exhaustively. Fully
tested commands can then be used to build morerpdwemmands at higher
conceptual levels, until the last command, whictolbees the application. This last
command can be used to configure a turnkey systernhat it will be executed when
the system boots up. You can do all these thints328eForth on Auduino Uno.
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Appendix 328eForth Commands

Stack Comments:

Stack inputs and outputs are shown in the fornpuiib input2 ... -- outputl output2 ...)
Stack Abbreviations of Number Types

flag Boolean flag, either O or -1
char ASCII character or a byte
n 16 bit number

addr 16 bit address

d 32 bit number

Sack Manipulation Commands

?DUP (n--nn|0) Duplicate top of stack ifstriot 0.
DUP (n1 -- n2) Duplicate top of stack.
DROP (n--) Discard top of stack.
SWAP (n1 n2 --n2 nl) Exchange top two stack items.
OVER (n1 n2 --nln2nl) Make copy of second itemstack.
ROT (n1 n2n3--n2n3 Rotate third item to top.
nl)
PICK (n--nl) Zero based, duplicate nth item to.{@.g. 0 PICK is DUP).
>R (n--) Move top item to return stack for temgugrstorage.
R> (--n) Retrieve top item from return stack.
R@ (--n) Copy top of return stack onto stack.
2DUP (d--dd) Duplicate double number on tojstatck.
2DROP (d1d2--) Discard two double numbers onabgtack
DEPTH (--n) Count number of items on stack.

Arithmetic Commands

+ (n1 n2 -- n3) Add nl1 and n2.

- (n1 n2 -- n3) Subtract n2 from nl (n1-n2=n3).

* (n1 n2 -- n3) Multiply. n3=n1*n2

/ (n1 n2 -- n3) Division, signed (n3= n1/n2).

1+ (n -- n+1) Increment n.

1- (n--n-1) Decrement n.

2+ (n -- n+2) Add two to n.

2- (n --n-2) Subtract two from n.

2* (n -- n*2) Logic left shift.

2/ (n --n/2) Logic right shift.

UM+ (n1 n2 -- nd) Unsigned addition, double premisresult.
UmM* (n1 n2 -- nd) Unsigned multiply, double precisiresult.
M* (nn--d) Signed multiply. Return double prad.

UM/MOD | (nd nl -- mod quot)

Unsigned division witbuble precision dividend.

M/MOD (dn--mod quot)

Signed floored divideaduble by single. Return mod and
guotient.

MOD (n1 n2 -- mod) Modulus, signed (remainder ofn2).
/MOD (n1 n2 -- mod quot) Division with both remaardand quotient.
*MOD (n1 n2 n3 -- n4 n5) Multiply and then divida1*n2/n3)

*/ (n1 n2 n3 -- n4) Like */MOD, but with quotienindy.

ABS (n1 -- n2) If n1 is negative, n2 is its twotsngplement.
NEGATE (n1 -- n2) Two's complement.

MAX (n1 n2 -- n3) n3 is the larger of n1 and n2.

MIN (n1 n2 -- n3) n3 is the smaller of n1 and n2.

WITHIN (n1 n2 n3 -- flag)

Return true if nl is withrange of n2 and n3. ( n2 <= nl < n3

DNEGATE | (d1 -- d2)

Negate double number. Two's complement.

D+ (d1 d2 -- d3) Add double numbers.
D- (d1 d2 -- d3) Subtract double numbers.
D- (d1 d2 --d3) Subtract double numbers.
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L ogic and Comparison Commands

AND (n1 n2 -- n3) Logical bit-wise AND.

OR (n1 n2 -- n3) Logical bit-wise OR.

XOR (n1 n2 -- n3) Logical bit-wise exclusive OR.

INVERT (n1 -- n2) Bit-wise one's complement.

0< (n -- flag) True if n is negative.

U< (n1 n2 -- flag) True if nl less than n2. Unsidm®mpare.

< (n1 n2 -- flag) True if nl less than n2.

= (n1 n2 -- flag) True if n1 equals n2.

> (n1 n2 -- flag) True if n1 greater than n2.

D> (d1 d2 -- flag) True if d1 greater than d2.

RAM Memory Commands

@ (addr -- n) Replace addr by number at addr.

C@ (addr -- char) Fetch least-significant byte only

! (n addr --) Store n at addr.

C! (char addr --) Store least-significant byteyonl

+! (n addr --) Add n to number at addr.

COUNT (addrl -- addr+1 Move string count from memory onto stack.
char)

ALLOT (n--) Add n bytes to the RAM pointer DP.

HERE (-- addr) Address of next available RAM meynlorcation.

PAD (-- addr) Address of a scratch area of attléddytes.

TIB (-- addr) Address of terminal input buffer.

CMOVE (addrl addr2 n --) Move n bytes startingnamory addrl to addr2.

FILL (addr n char --) Fill n bytes of memory atdadvith char.

Flash M emory Commands

@ (addr -- n) Replace addr by number at flash nrgraddr.

IC@ (addr -- char) Fetch a byte from flash mematgra

! (n addr --) Store n at flash memory addr.

ICOUNT (addrl -- addr+1 Move string count from flash memory onto stack.

char)

IALLOT (n--) Add n bytes to the flash memory pteEnCP.

ITYPE (addrn --) Display a string of n characterflash starting at address addr.

READ (addrl addr2 --) Read 128 bytes from flasimmey addrl to RAM memory
addr2.

WRITE (addrl addr2 --) Write 128 bytes from RAMmary addrl to flash memory
addr2.

ERASE (addr --) Erase an 128 byte page in flasimong at addr.

FLUSH (--) Write modified flash buffers back tagh memory.

System Variables

'BOOT (-- addr) Contain address of application owand to boot.

BASE (-- addr) Contain radix for number conversion

TMP ( -- addr) Temporary scratch pad

SPAN (-- addr) Contain actual number of charaateceived by EXPECT
>IN (-- addr) Contain character offset into thpuhstream buffer.

#TIB (-- addr) Contain current length of termiigbut buffer (TIB).

'TIB (-- addr) Contain current address of terminglut buffer (TIB)
'EVAL (-- addr) Contain interpreter or compilerdgaluate a command.
HLD (-- addr) Contain pointer to numeric stringden construction.
CONTEXT | (-- addr) Contain name field address of last comuhia dictionary
CP (-- addr) Contain first free address in flastnmory

DP (-- addr) Contain first free address in RAM nagyn

LAST (-- addr) Contain name field address of comchander compilation

Terminal Input-Output Commands
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EMIT (char --) Display char.

KEY (-- char) Get an ASCII character from the kegid.

?KEY (--char-1|0) Return an ASCII charactenfrthe keyboard and a true flag.
Return false flag if no character available..

. (n--) Display number n with a trailing blank.

U. (n--) Display an unsigned integer with a irajlblank.

R (n1n2--) Display signed number n1 right jfisti in n2 character field.

U.R (n1n2--) Display unsigned number n1 riglstified in n2 character
field.

? (addr --) Display contents at memory addr.

<# (--) Start numeric output string conversion.

# (n1 -- n2) Convert next digit of number and aoldtitput string

#S (n--) Convert all significant digits in n tatput string.

HOLD (char --) Add char to output string.

SIGN (n--) If n is negative, add a minus sigrHe output string.

#> (xd -- addr n) Terminate numeric string, leavatglr and count for TYPE.

CR (-) Display a new line.

SPACE (-) Display a space.

SPACES (n--) Display n spaces.

EXPECT (addrn --) Accept n characters into buéfeaddr.

CHAR (-- char) Parse next command and returnirgs ¢haracter.

TYPE (addr n --) Display a string of n characteterting at address addr.

BL (--32) Return ASCII Blank character.

DECIMAL | (--) Set number base to decimal.

HEX (--) Set number base to hexadecimal.

Compiler and Interpreter Commands

:<name> () Begin a colon definition of <name>.

; (--) Terminate execution of a colon definition.

CREATE (--) Dictionary entry with no parameter field spaeserved.

<name>

VARIABL (--) Defines a variable. At run-time, <name> legaits address.

E <name>

CONSTAN | (n--) Defines a constant. At run-time, n is left the stack.

T <name>

, (n--) Compile n to the dictionary in flash memo

IMMEDIA | (--) Cause last-defined command to execute evinaa colon

TE definition.

COMPILE | (--) <name> is compiled to dictionary.

<name>

[COMPILE | (--) Immediate command <name> is compiled toiginztry.

] <name>

LITERAL (n--) Compile literal number n. At runrtie, n is pushed on the stack.

[ (-) Switch from compilation to interpretation.

] (-) Switch from interpretation to compilation.

WORD«<tex | (char -- addr) Get the char delimited string <tefkom the input stream and

t> leave as a counted string at addr.

(comment) | (--) Ignore comment text.

\comment | (--) Ignore comment till end of line.

S <text>" (--) Compile <text> message. At rumé display text message.

.( <text>) (-) Display <text> from the input sam.

$" <text>" | (-- addr) Compile <text> message. Atdtime return its address.

ABORT" (flag --) Compile <test> message. At run-time tigpmessage and

<text>" abort if flag is true. Otherwise, ignore message @mtinue..

COLD () Start eForth system.

QUIT (--) Return to interpret mode, clear datd agturn stacks.

QUERY (-) Accept input stream to terminal infbuiffer.

NAME> (addrl -- addr2) Traverse name field at adaldl return code field address
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addr2.

NUMBER?

(addr--n-1|addr
0)

Convert a number string to integer. Push a flagpsn

EXECUTE | (addr --) Execute command definition at addr.

@EXECU | (addr --) Execute command definition whose executiddress is in
TE addr.

EXIT (--) Terminate execution of a colon defipiti.

Compiler Sructure Commands

IF (flag --) If flag is zero, branches forwardE& SE or THEN.

ELSE (--) Branch forward to THEN.

THEN (--) Terminate a IF-ELSE-THEN structure.

FOR (n--) Setup loop with n as index. Repeat Inof times.

NEXT (--) Decrement loop index by 1 and branchkom FOR. Terminate
FOR-NEXT loop when index is negative.

AFT (--) Branch forward to THEN in a loop to skipe first round

BEGIN (--) Start an indefinite loop.

AGAIN (--) Branch backward to BEGIN.

UNTIL (flag --) Branch backward to BEGIN if flag ifalse. If flag is true,
terminate BEGIN-UNTIL loop.

WHILE (flag --) If flag is false, branch forward terminate
BEGIN-WHILE-REPEAT loop. If flag is true, continue
execution till REPEAT.

REPEAT (--) Resolve WHILE clause. Branch backwar8EGIN.

Utility Commands

' <name> (-- addr) Look up <name> in the dictign&eturn execution address.
WORDS (--) Display all eForth commands

DUMP (addr --) Dump 128 bytes of RAM memory stagtirom addr.

IDUMP (addr --) Dump 128 bytes of flash memoryrtitgy from addr.

.S (-) Dump the parameter stack.
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