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Since the 1960s, engineers and electronics enthusiasts have

been building electronic versions of the Tic-tac-toe game.
This article details a recent iteration of one engineer’s
electronic system. It's a microcontroller-based design that

drives matrix LED displays.

By Mitch Matteau (US)

Photo 1

This design, built in the 1980’s, used
a 68HC705C8A microcontroller and
bipolar LEDs to directly interpret the
original game algorithm.

I’ve always been fascinated by the simplicity
of Tic-tac-toe (or “Noughts and Crosses”).
About 40 years ago, Popular Science published
the article, “Electronic Tick-Tack-Toe in a
Cigarette Box,” which detailed an interesting
electronic version of the classic game. Since
then, I've designed a few variations of that
electronic system. In this article, I'll present

b

my most recent version. I'll explain how
I brought the game to life with a modern
upgrade—a red-green-blue (RGB) 8 x 8 LED
matrix display.

My original interpretation of the Popular
Science game was based on a 40-pin DIP
Motorola 68HC705C8A microcontroller and
bipolar LEDs. The green wires shown in
Photo 1 go to off-board push-button switches.
The controller was atypically mounted on the
solder side of the PCB. And you'll probably
notice that the single-sided PCB was drawn
out freehand and manually etched. Ah, the
good old days! The software counter-move
algorithm used in that version was based
on the one described in the original Popular
Science article. That same algorithm was
ported to the newer microcontroller for the
current implementation, which saved a bit of
coding time. I'll explain that algorithm later on.

SYSTEM OVERVIEW

The latest incarnation of the game is
shown in Figure 1. The heart of the design
is a Freescale Semiconductor HC908IB16
(U1) microcontroller, which I chose for a few
reasons. One, I've been coding Freescale
processors in assembler for years, and I'm
comfortable with Freescale devices and
software tools. Two, this particular variant
includes a simple USB interface for in-circuit
programming (ICP). And three, there were
enough port pins available to connect to the
input/output peripherals, requiring only a
small number of outboard devices.



circuitcellar.com

RN 10k RGB 8+6
1
BV & 0 50 00 00
® % 5 0 00 000
® % 5 0 00 000
i $iffisis
2[afalslal7fafe |t 2 5 50 00 00
—Lsws [ BE BN BN BN B BN BN
SWE, — ® 000 00 0
~Lsw3 FOEEORE RO EOBEOREOBEDE
DQo g L swe uz elEl R &R ST RRE R R A NP
12 —L_swo 14 an M2
—¢ SER a8
—L_sw2 15 Qc
RST kel ap
—L_sws QE
L wﬂz RCK aF Z
—L_swa = SRCK QG
5 DS2408 an |
—L_swi 9 ssrelR  aH 2
o>
sV = ot 2 7405595 —
2 TTCH>—
. +5V  SMD Red LED _
o= 2 - CIR>
o
o RXD ps2 RST
o éxn .
e us
5 veD . | 100t 2] o oo 2| ffofefooflo
== — IRQI /RST {|
- = Lm0 WLW (I OO0 Ww @I
PAG 26 | PTAOKBAD VREG c1] 122 588666853 368666853
PAT 2 PTATKEAT osc1 |
PAZ o Praznen2 osc2 [ X1 -
PAG, T PTAsKEAS PTO0 [2— = 1 « Zle « Sle
PAL T Pradieas PTD1 H— 2MHz $ G112 ¥ 58 ¢ (8 i 50 213
PAS o PTASIKBAS pro2 o— ol B ¢ €5 94 | B ¢ 86 9|3
FAG, o Pasiess PTDS {75 W5 L = ~ = ~
PAT PTA7/KBAT PTDA |57 a0 = :'| el g e | o o] 2
" PTO5 L
+5V & PTCOmXD PTEOTCLK 2 — —
" PTCIRXD  PTETTICHO1 [T - -
' 2 PTE2T2CHO
VBUS [ 5 PTESID:
o-|5 PTE4/D- sV
D+ 15 vss
0
GND |2

Shield

USB Mini

HCS08JB16DW |1
R3 R2
470k 2470k

Piezo

Surrounding the microcontroller are the
interface components. Microcontroller Ul port
A directly drives the display rows. Ul port E
drives U2, U3, and U4, which are 74HC595’s
used as display column drivers. Port E also
serves as the USB interface, which is needed
for ICP. Ul port D provides the 1-Wire
interface to U5, which is the Maxim Integrated

* Parameter Equates

Products DS2408 used as the keyboard input.
Port D also directly interfaces to SW5, which
is used as the center switch of the Tic-tac-toe
game as well as the control mechanism for
ICP during reset. Ul Port C is used only for a
debugging serial interface; it isn't used in the
final product. U1 does not have a port B in the
package style that I selected.

; ICP flag
; Monitor USB ICP routines

Figure 1

This is the RGB Tic-tac-toe game's
circuitry. A Freescale 68HC908)B16
(U1) is the heart of the game.

ICP_FLAG EQU $F7FE
MON_USB_ICP EQU $FA19
*
* Main Program

ORG $F800

ICP_Reset_Init:
BCLR 3,DDRD
BRCLR 3,PTD,USB_ICP

jmp RESET

% USB ICP

USB_ICP:
sei
mov #%00000011,CONFIG g
mov #%00000100,UCR3
Jmp Mon_USB_ICP

LISTING 1

; hard-coded location for this routine

; set PTD,3 as input (i.e., use SW5 for this app)

; enter ICP if switch is pressed

; else jmp to the application program

; disable interrupts

enable STOP and disable COP
; enable USB pullup

; check for new flash program

This is the Power-On ICP check A simple check for SW5 being depressed (logic zero) is made at power-on time, and the result determines whether or not to enter ICP mode,

which is a call directly into the microcontroller’s factory ROM code
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Figure 2

As you'd expect, the main game
algorithm is straightforward. Wait
for @ move from the player, check
for a counter-move, see if the game
outcome has changed, and then do it
again.

Reset

vu

Was a key
pressed?

Display "LOSER"

Rotate the key

a standard map

press into

N
Did B win?

Get counter-move
from table and display it

Get counter-move
from logic tree 1
and display it

Get counter-move
from logic tree 2
and display it

squares left?

Was opening
move a corner?

Was opening
move an edge?

Display "WIN"

Any empty

Display "DRAW"

I chose the DS2408 as a keyboard interface
because it offers a very simple processor
connection, only one port pin, and I have a
very extensive software library that I have
developed over the years for interfacing to
1-Wire devices. The 74HC595’s were ideal
for driving each color of the display columns
with only a three-wire interface required to
communicate with all of them. A fourth pin
from port D is used to reset the 74HC595s and
the DS2408 during power-on.

Nine input switches are available, one
for each position of the Tic-tac-toe display.
The DS2408 decodes eight of them, and, as
I mentioned previously, the center switch is
connected directly to a microcontroller port
pin. The bootloader also uses the center
switch to determine if Normal mode or In-
Circuit Programming mode is required.

The ICP circuit comprises SW5, the USB
connector, J1, capacitor C4, and the two
470-kQ resistors, R2 and R3. Except for
a 12-MHz crystal, which is required for
proper timing of the USB interface, no other
components are required for ICP. A Windows
XP program, provided by Freescale, handles
the flash memory programming. (If anyone
can provide me with a working Windows 7
variant of this software, I will gladly donate
a working Tic-tac-toe game!) Power-on reset
capacitor C4 is an absolute necessity for ICP
as it handles the processor’s reset circuitry.
When first starting to use this controller, I left

out the reset capacitor, but soon found out
that the controller would not always boot into
ICP mode properly without it.

Listing 1 shows the simplicity of the ICP
software interface. As stated in the Freescale
application note AN2399: “Routines embedded
in the monitor ROM area ($FA00-$FDFF and
$FE10-$FFCF) are available to simplify the
ICP process. A USB communications handler
is already in the monitor ROM.”l1] The code
shown in Listing 1 makes use of those built-in
monitor ROM routines after checking for the
request for ICP. This check is done at power-
up by looking at switch SW5's state. If SW5 is
depressed during the power-up process, the
ICP monitor ROM code will be entered. If it
is not, normal program code is entered. By
chip design, if the program flash memory is
blank, the ICP monitor code will be entered
immediately at power-up, which is handy for
a surface-mounted device.

The last major component is, of course,
the RGB matrix display, DS1. I found mine
on the Internet. Others are readily available
from a variety of sources.

I added a piezo beeper SP1 to provide
some feedback on key entries and wins/
losses. The USB connector J1 is used as the
power interface to the circuit, as well as the
programming interface. Since 5-V USB power
adapters are so common and inexpensive
these days, I was able to simplify the power
circuit.
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The prototype originally included a header
J2 that brought out the TXD and RXD signals Move
from the microcontroller. This was tied to a
plug-in TTL-to-USB converter—which allowed 1
a serial connection from a PC—and was wired

Counter
Move

5

Table 1

Take a look at the original Popular
Science algorithm. This is a simple
look-up table with one constraint: the
first move must be in position 1.

Mandatory
starting move

on the PCB so it could be connected to a

3

serial-to-USB “friend.” I used this interface
extensively during the software debug

process, but it is not required in the finished

SANLY3Id

product.

FIRMWARE
At start-up, following the ICP check, a

N/A

Counter-move to
the mandatory
starting move

sequence is entered that resets the peripheral

devices, sets up all microcontroller registers,

and then displays a “Welcome” message that
scrolls across the LED matrix display. A simple

OO ||

flash pattern of Xs and Os is then shown. That

|||

was originally put in the code as a lamp test
feature. It could have been deleted, but I left
it in for the nice effect.

Figure 2 shows firmware’s main loop. The

code is extremely linear and simple since I 1

wanted to finish the project fairly quickly. In

Table 2

the flow diagram, the player is G (green) and
the software is B (Blue). 4

This is the way that the software

The software continuously scans for a

interprets the position of any move.
All moves made are mapped into

key press. Once any key has been pressed, a
check is made to see if the pattern indicates

8 9 this format before checking for
countermoves.
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PHOTO 2

a—Take a look at the final product in
its case, which is the bottom half of a
standard PacTec case. b=This is the
component side of the final product.

a win by the player. If not, a response is

calculated and, after an intentional 1-s
delay, the counter-move is presented. If a
win, loss, or draw occurs, a corresponding
“Win”, “Loser,” or “Draw” message is scrolled
across the display and the program resets all
registers, after which it returns to a known
starting point.

The counter-moves are calculated in two
different ways. The first is the simplest. If the
starting move is a corner square, a table look-
up is performed. This table is based on the
algorithm used in the original Popular Science
article. That algorithm requires a corner
starting move and was devised by the original
authors to permit a win by the player every
now and then, although not as often as the
player would like! A draw is by far the more
likely outcome.

The second method checks for counter-
moves to a starting move in either the center

(logic tree 1) or an edge (logic tree 2). This is
a simple state check of each move based on
the history of moves up to this point. Counter-
moves are designed to force a draw or loss
whenever possible. There are some moves
that cannot be countered easily. Those are left
to you to determine.

Each move, either by the player or by the
controller, is recorded in an array. That array
is used by the second method to check for
the next best move. The array is also kept by
the first method (table look-up); however, it
isn't used to calculate a counter move. The
table look-up method is stateless and does
not require the program to understand what
moves have already been made, except to
determine if a win, loss, or draw has occurred.
Table 1 shows the counter-moves for the
table look-up method. Note that there is no
counter-move for a center square. The original
authors did this intentionally since they
required the first move to be a predetermined
corner, position 1 in Table 1 and Table 2, and
the counter-move for that was the center.
Table 1 is quite ingenious. I commend the
original authors for the simplicity caused by
forcing the first move. I have only adapted
that algorithm to allow for any corner to be
equivalent to a move from position 1.

THE HARDWARE

I chose to implement this game on a
custom PCB, which let me use surface-mount
components for the most part. This kept the
game small enough to be hand-held.

The PCB was sized to fit into a standard
PacTec enclosure, which I happened to have
on hand. Only half of the enclosure is used for
simplicity.

The interesting aspect of the PCB design is
that the component side was used for all the
surface-mount and through-hole components;
however, the solder side was designed to
permit the mounting of the display and
switches. I did this to keep the visible portion
of the game as clean as possible. This made
for an interesting exercise in mirroring the
pinouts of the display matrix while designing
the PCB, but that didn't take too long.

Photo 2a shows the final product in its
case, which is the bottom half of a standard
PacTec case. In the time I had, coming up
with a clean way to have the display visible
while still allowing the switches to be pressed
prevented the use of a full case. Photo 2b
shows the component side of the final product.

THEORY OF OPERATION

My game’s operation is simple. A player
always begins with X and is represented
by green LEDs. The Player presses a switch
(any switch) and then chases the Os (blue
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Figure 3

There are only three possible starting
moves if you eliminate symmetrical
ones: the center, a corner, and an
edge.
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LEDs) around the game. There is nothing to
configure, and no options to pick.

How does this all work? Well, the game
theory is pretty straightforward. Let’s look at
some details.

First, you need to know the total number
of the game board’s possible variations.
According to Wikipedia, there are 255,168
total combinations of the game, 51% of
which are wins by starting player and 31%
of which are wins by the second player.[2] The
remainders are draws. However, this includes
all possible states. According to the same
post, if symmetrical moves are removed
(i.e., moves that are the same if the board is
rotated 90°, 180°, or 270°), then this leaves
only 26,830 possible combinations. Whew!
That still seems like a lot. However, these can

[2] Wikipedia, “Tic-Tac-Toe,” http://en.wikipe-
dia.org/wiki/Tic-tac-toe.
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be broken down even further if you eliminate
what I call “stupid moves.” Those would be
moves that lead to an easy win by either
player. Non-stupid moves are what I deemed
to be moves by both players playing to win.

There are only three possible starting
moves if you eliminate symmetrical ones: the
center, a corner, and an edge (see Figure 3).
Since I chose to use the original authors’
algorithm (see Tables 1 and 2) for a corner
starting move, this left me with the design
of an algorithm to counter center and edge
starting moves. According to the original
algorithm, only a starting move from a corner
was permissible, which was another reason
to develop algorithms for the other starting
moves. In Table 1, the only permissible
starting move is for position 1. (Refer to Table
2 for the numbering of each position in the
Tic-tac-toe matrix.) In software, however, we
can rotate the board so that starting moves
in position 3, 7, and 9 are all equivalent to a
starting move of 1.

After spending hours analyzing the many
possible game combinations, I determined
that numerous combinations could be
eliminated by removing “stupid moves”
and by trying to force the player (X) to
play where the computer (O) could either
win or draw. Empirically, this left me with
a small combination of moves to inspect
for center starts and to inspect for edge
starts. In software, I determined that these
combinations could easily be checked via a
simple look-up, check, and branch routine.
Counter-moves that would try and force a
loss or draw at each X player’s move were
devised for each combination and hard-coded
in to the routines. Since each successive move
determines the type of inspection to make for
the next move, a move history table is used
as part of the look-up, check, and branch
software. The hard-coded responses from my
study then become the counter-moves.

Moves that are not on my list of empirical
combinations are simply ignored and a sort
of random counter-move is provided in their
place. This is probably the best way for X to
win since these random counter-moves don't
account for any strategy. Of course, I won't
reveal those moves.

OTHER OPTIONS

When originally designing my electronic
game, I had aspirations to use 1-Wire devices
throughout for the interfaces to the display
and keys. However, after building the first
prototype, which used all 1-Wire devices, I
pretty quickly proved that the 1-Wire protocol
is just too slow for multiplexing 64 LEDs. If
I had spent more time analyzing the 1-Wire
timing, I would have known that and saved
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myself a redesign and PCB layout change.
Lesson learned: read the freaking manual
(RTFM). That oversight led to changing the
column drivers from DS2408s to 74HC595s.
The HC595s are driven with a 3-ms interrupt
to keep the flicker of the display to a minimum.
1-Wire timing is certainly fast enough to
detect switch presses, so I left a DS2408 in as
the keypad scanner.

What I did not think through ahead of time
was that the LEDs’ forward voltage varies
so much between the colors of the chosen
8 x 8 matrix display (from 1.9 to 3 V). This
difference leads to the dimming of green LEDs
in a row that also has red LEDs on. Use of
a constant current supply, such as provided
with a MY9221 or MY9268 from MY-Semi
might have been an option; however, the time
I had available and the space available on the
PCB did not permit the luxury of such a major
change to the circuit. Thus, I changed the
color scheme for the game from green and
red to green and blue, because the blue and
green LEDs have similar forward voltages.
The red LEDs are still used for text output
since there is only one color used for text.

I had originally planned on using a
standard USB-B connector for this design, but
it was so large (relatively) that it prevented

a proper fit in my available enclosure. That
resulted in changing the standard USB-B
connector to a mini-B type of connector.

The beeper that I had on hand was also a
physical problem. The PCB size did not leave
me with enough space to mount it on the
solder side, and the available vertical space
wasn’t enough to mount it on the component
side. So, I squeezed the connection into a
spot on the component side and extended the
connection via wires. Adding a bit of length
to the PCB would have left me the space I
needed to add the beeper below or beside the
switches. Of course, this would’ve resulted in
an enclosure change, but that would've been
easy enough if planned ahead.

Lastly, if I'd had more time, I could’ve
designed the software more elegantly—that
is, the look-up, check, and branch routines
could have been contained within a routine
accessing a look-up table or group of tables.

RESULTS

Modernizing my original microcontroller
design was a lot of fun and the resulting game
looks pretty nice. Hopefully, this article and
the accompanying software will help you
understand a bit about the game theory and
driving matrix LED displays.&=
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