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3.0 Targeting

To detectandsignalhit targetswhenthenZapperis triggered,thegamedeviatesfrom its normal
video displaymodeandentersTargetingMode.The modulethathandlesvideo in this modeis
the TargetingMode Controller.This controllerproceedsby first blankingout the entirescreen
and then sequentiallydrawingwhite boxesin the placeswherethe targetswere in the normal
video mode. The inputs and drawing signals for this module can be seen in Figure 6.

Figure6. TargetingModeControllerInputsandDrawing.Whenthemodulehearsthe
shotsignal, it beginsby blankingthe screenfor 80 milliseconds.The ROM address
0xFFFF containsall black pixels. It then proceedsto draw each target in white
sequentiallyfor 80 millisecondseach.Whenit getsto a RAM addresswerea targetis
to be drawn, the ROM address changes to 0xFFFE which contains all white pixels. 

While thecontrolleris drawingeachwhite target-box,it is outputtingthecurrent_targetID to the
GameController.TheGameControlleris alsolisteningto theGunInterfacefor thehit signalall
the time. When it hearsthe hit signal during a non-zeroID, it removesthe target with the
current_targetID from thescreen.Thus,thesystemis ableto recognizewhich targetis beinghit
andwhen it is being hit. The timing analysisfor the Zapperand TargetingMode is shownin
Figure 7.

Figure 7. Real-TimeTargetingAnalysis. This is perhapsthe most important
analysisof the system.Lab1-0 is the Zapper trigger. Lab1-1 is the Zapper
sensor. Lab2 is the current_id bus from the Targeting Mode Controller. 

When the trigger is pressed,the Targeting Mode Controller blanks the screen for 80
milliseconds.During the first part of this time, the Gun Interfacefilters out any sensorsignals
thatmaybechargedfrom thepreviousvideoscreen.If theZapperdetectsCRT light during this
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period, it must be pointed at a separate video source, and the system will not register a target for
this cycle. It is also important to note that the IR preamplifier in the gun only triggers the sensor
signal when it detects light characteristic of a CRT. It will not trigger the sensor signal if the gun
is pointed at an ordinary light source.

After this period of blanking, the targeting controller sequentially displays white boxes for each
of the three possible targets. If and when the Zapper detects light from the CRT beginning in one
of these periods, the hit signal is sent to the Game Controller which then reads the current_target
ID number, thereby registering a hit for that target.

4.0 Video Controller

For video, we use the MC6847 chip to output a 128x96 pixel, four-color image to the monitor.
Target and background images are stored on a ROM. These images are then written to an
SRAM based on directions from the game module. Writing to the SRAM is controlled by a set
of major-minor FSMs, implemented in Verilog on a Flex10K70 FPGA (together with the gun
and game modules).

4.1 Hardware Description

Hardware Components

The hardware components used in the video display circuit are:

3.579545 MHz Crystal Oscillator
Monitor
MC6847 Video Display Generator
Two 74LS04 Inverter Chips
22v10 PAL Chip
74LS123 Chip
Two 26LS32 Chips
Am28F512  ROM
MCM6264 SRAM
Assorted resistors, potentiometers, and capacitors

Hardware Circuits

In order to make the MC6847 compatible with the monitors in the lab (it was designed
for use with standard TVs), we needed to run its outputs through several circuits: one to produce
a clock signal, one to center the display, and one to convert the output of the MC6847 from
analog signals into plain RGB signals.
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the hit count. When finished, it waits for the next low FS_bar to cycle through again. It passes
the signals of each FSM up to the top module during its period of control.

Bkgd_Draw_FSM. Upon receiving a signal of �start� from the Bkgd_Image_Controller, this
Minor FSM draws the background to the ROM, starting to read at a level-specific offset in the
ROM, and looping through the RAM write cycle (shown in Figure 10; both Draw FSMs have the
same timing for this write cycle) 3,072 times (width ÷ pixels per cell × length = 128/4*96).  

Image_Draw_FSM. Upon receiving a signal of �start� from the Bkgd_Image_Controller, this
Minor FSM takes inputs from the game module�the image id, the size, and the x and y
coordinates�and calculates the address in RAM at which it will begin writing and the offset in
ROM at which it will begin reading. It then loops through a row of the image in a similar
fashion to the Bkgd_Draw_FSM, but when it gets to the end of the rom, it skips ahead in the
RAM to the beginning location of the next row in the image. 

Both Drawing FSMs give the RAM two clock cycles (on a 10MHz clock) to write; the RAM
needs 100ns to write, so one clock cycle might barely be enough, but we err on the side of safety.

Figure 11. Draw FSMs Write Cycle Timing Diagram

bkgd_rom_addr_counter. This counter is used by the Bkgd_Draw_FSM to count from 0 to 3071
(the size of the background image).

size_counter. This counter is used by the Image_Draw_FSM to keep track of the row and line
numbers.

5.0 The Game Controller

The gaming system is designed to output the location and image used for each target on the
screen to the display system, as well as to generate important game information such as level and
stage. To do this, the gaming system uses several components, including sample timers, a
random number generator, an address selector, and several finite state machines, all of which can
be seen in Figure 12. Since the FSMs are relatively complicated, the other components will be
explained first.
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Figure 12. Game Controller Block Diagram.

5.1 Sample Timer

The sample timer uses a simple counter to make a pulse every time the targets on the screen
should move to a new location on the display. Therefore, the actual speed of the targets on the
screen is determined by the sample pulse rate. For the four different levels, there are four
different numbers that the sample timer module counts to, at which point it creates the pulse.
Based on the 10 MHz clock rate of the system, the rates of the sample timer for levels one
through four are set to 10, 15, 22, and 35 pulses per second.

5.2 Random Number Generator

The random number generator creates a two-bit random number, which determine both the initial
position of a target when it is created and the path it will travel across the screen. To create this
random number, two linear feedback shift registers, or LFSRs, are used. Every clock cycle the
bits in the flip flops shift over by one, with the new bit shifted in created from a function of bits
already in the LFSR.

The LFSR is stuck at zero forever unless a seed is fed into it when the system is powered on. The
same seed is always used since there is no way to calculate one using a system clock that can
keep track of the date and time. To ensure that the numbers are random and will not cause the
game to follow a single pattern every time, they are generated every clock cycle, making the
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There are five states in the FSM (Figure 15). The FSM is always in its initial state until it
receives a high start signal from the control FSM. In the gen x state, the x and y coordinates are
set, one a random number and the other a constant. The FSM then transitions to a third state so
that the random number generator can create a different random number for the path. In the gen
path state, one of four paths is randomly chosen for the target, which is stored in the two lowest
bits of the path signal. The highest bit determines whether the target travels left or right across
the screen, so it is chosen based on whether the x coordinate is in the right half or the left half of
the display respectively. Then, these signals are outputted from the FSM in the add and out
states, in order to ensure that the data bus has valid data. The FSM then transitions back to the
initial idle state.

Figure 15. Add FSM Transition Diagram.

It should be noted that the targets are not all added at the exact same time in a given stage.
However, the difference between the creations is only a few clock cycles, which is insignificant
in real time.

5.6 Move FSM

The move FSM outputs a series of coordinates for its target as well as its size. These signals are
based on the path that is chosen for a target in the add FSM as well as the coordinates that are fed
into it by the control FSM.

There are six states in the FSM (Figure 16). The FSM begins in its initial state, until it is given a
high start signal from the control FSM. Once this happens, it transitions to the wait sample state
after going through a single waiting cycle, and then waits for a sample pulse from the sample
timer. It then transitions to a get direction state, which determines which direction the target
should be traveling in at this point in the path, based on a counter that is set to zero when the
target is created. Then, the FSM transitions to the move state, where the x and y coordinates are
changed based on the direction chosen, and the size is updated according to how far along the
path the target has traveled. If the target has moved far enough, it is erased from the display and
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ROM andsendingthat datathroughthe AD558 Digital to Audio Converter(DAC). This extra
systemis implementedon a secondFPGA that parallelsthe main FPGA. It containedits own
GunInterfacemoduleandandAudio Controllerwrappinga DAC FSM.Whenthetriggeron the
Zapperwaspulled,a soundeffectwasplayedovertheamplifiedspeaker.Theblock diagramand
control timing is shown in Figures 18 and 19.

Figure18. Audio InterfaceExtension.Thetrigger from theZapperstarted
theAudio ControllerFSMsthatplayeda soundeffectfrom ROM through
the AD558 DAC.

Figure 19. Audio Controller Timing Diagram.When the trigger is pressedthe Audio
Controller controls the addressto the ROM as well as the CSbarsignal going to the
DAC.

7.0 Design and Debugging Issues

Difficulties with the MC6847

Our choiceof the MC6847asour video displaygeneratorwasbasedon the reportsof previous
video targetingprojects(Fall 2001 Duck Hunt, 1999 WirelessMarksmanshipTrainer). Our
projectis different from theseprojects,however,in that we usecolor images. In retrospect,the
decisionto usethe MC6847 limited someof our options(we might have found a chip more
suited to our color needs).  Unfortunately, having invested so much time into the circuitry needed
to run the MC6847,we were left with little time to redesignthe systemafter we realizedits
limitations. While theMC6847is very usefulfor generatingverticalandhorizontalsyncsignals
andcontrolling addressingto the RAM, it is a digital-to-analogconverter. Our monitor canbe
fed digital inputsfor Red,Green,andBlue. In fact, the circuitry we usedconvertedthe analog
outputof the MC6847backto digital. Thus,the actualRGB outputof the circuit is similar to
whatwe might havefed directly to themonitor from memory,if we hadencodedthree-bitcolor,
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minus four options (though this would have involved many tricky timing issues with the sync
signals, etc.). In our case, the mode we used only allowed us to select from four different
colors—not a very attractive combination of colors, either. The mode we selected, Color
Graphics Three, purports to allow for eight colors, but this promise requires that the user switch
between two modes using a control signal. The actual data read by the MC6847 in this mode
consists of 8-bit address locations on RAM, each representing a set of four pixels in a row.
Thus, there was no space in which to encode the extra mode selector bit. Additionally, when we
finally got the MC6847 working with the monitor, we found that it only wrote to the middle
section of the screen, leaving a large border in one of two colors: green for one mode and white
(called “buff” on the datasheet) in the other. For a project with a gun dependent upon white light
for targeting information (both green and white register as “hits” with the gun), this situation was
less than ideal.

Having resigned ourselves (due to time constraints) to four-bit color, we resolved to at least have
the colors of our choice. By adding additional logic to the prescribed “RGB Output” circuit, we
converted the colors of the mode we were using (CG3, CSS=0) as follows: Green (00) to Black
(to make the border of the screen black), Yellow (01) to Green, Blue (10) stayed Blue, and Red
(11) to White. This gave us the palette for traditional clay shooting and a screen compatible with
the light gun.

Inter-kit signals and optimization

We began with the idea that the video, game, gun, and sound modules would be able to operate
on separate kits. Initially, therefore, we were more concerned with accuracy than with
efficiency. When we began to address system integration and interfaces, we realized that the
game and video modules had to be on the same kit: they had far more communication channels
than there were physical nodes on the kits. We put both modules on the kit, and realized we had
another problem; when we ran wires to and from the gun module on another kit, the interaction
of the kits produced many glitches on the monitor output. It turned out that the trigger signal
was glitching badly in the transfer, in spite of several grounding wires between the kits. We then
moved the gun module onto the same kit as the others. We got a basic version of our project
working, and all was well.

Then, we decided to add the hit count to the screen. We began with the idea that we would add
two digits, side by side. This involved adding a counter to the game and two instantiations of the
Image_Draw_FSM to the Video module (as well as the images themselves, on the ROM). It
would not fit. When we finally managed to fit it all on the Flex 10K70, we had turned the
images into two-digit numbers (to reduce the number of additional FSMs to one), cut several
identification bits by up to half of their original length, reduced the size of counters, cut the
randomization factor in the game (for starting locations) by a factor of 2^29, and optimized all
the FSMs (i.e., rather than having specified offsets for all the numbers, as we had been able to do
for the limited number of scattered images, we calculated all of them off of one initial offset).
Having to fight for 800, then 300, then those last 20 logic cells forced us to look critically at the
efficiency of our code and drastically reduce excessive and inefficient methods. Occasionally, it
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forced us to sacrifice nice features, like the extensive randomization, but we found that the
difference was not noticeable in practice.

8.0 Conclusions

Overall we feel we succeeded in most of the goals we set out to achieve.  Had there been no time
constraints we would have enjoyed implementing additional features such as wireless for the
gun, extra sounds, a greater palette of colors, a more detailed game over screen, and more
complicated game play.  It would have helped to have had an FPGA that could hold more
features.

What our final project does include is: 
� Moving targets that appear at a random location and move away from the user on a

predetermined path, shrinking as they disappear into the distance.
� Working gun interface that recognizes specific targets
� Four color video output
� Four five-stage levels, each with different backgrounds, targets, and speeds\
� Running score count
� Sound module to make realistic gun noise
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