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1 Overview

For our nal project in 6.111, we created a game of Battleship that can be played between two FPGAs in
Multiplayer mode, or on a single FPGA in Solo mode. Players can modify the size of the board, the number
of obstacles they must place their ships around, the presence and volume of background music and sound
e ects, and the di culty of the gameplay in Solo mode. Our project allows both FPGAs to be programmed
with the same bitstream, with a simple handshaking process at the start of each game determining which

FPGA will be setting the game parameters.

- e ————— . Bl

Figure 1: A game of battleship being played over two FPGAs



2 Block Diagram and Project Structure

2.1 Overview

Our project is broken down into 3 major subsystems: Interfacing, Game Logic, and Graphics/Audio. The
block diagram below shows a high level overview of how these modules interact.
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Figure 2: High level module diagram

2.2 Implementation Details

The Game State FSM is able to interface with the audio and graphics modules by respectively passing pulses
(play_explosion, play_miss, play_bgm) and two 12x12 arrays of the actual game board (opponent_board and
player_board) to those modules. In order to avoid code repetition and to use some paradigms of object-
oriented programming, we used a package (fsm_state_pkg.sv) that contains the possible game states as well
as a Verilog struct representing the ships on the board. This allowed us to directly import the package in
the various Verilog les to avoid repetition of the game state enums and also allowed us to use ship and
ship_array classes as module arguments, rather than passing the individual details one-by-one, improving
code readability.



2.3 Utilization

As seen below, the utilization statistics show that we used roughly 16 percent of the available LUTs on the
FPGA, meaning we had considerable room for expansion if needed. The 80% utilization of BRAMs comes
primarily from our audio sources. The image sprites themselves only take up about 25 kB of BRAM storage.
The audio storage space could be trimmed down by instead storing Fourier coe cients and using them to
create synthetic audio, but we calculated that the entire audio le would t inside the BRAMs with a 6 kHz
sampling rate, meaning that we did not have to bother with this method.

Resource Utilization Available Utilization %
LUT 9893 63400 15.60
LUTRAM 13 19000 0.07
FF 2235 126800 1.76
BRAM 108 135 80.00
DSP 15 240 6.25
o] 62 210 29.52
MMCM 1 6 16.67
LuT 16%
LUTRAM{ 1%
FFi1 2%
BRAM 80%
DSP 6%
10 30%
MMCM 17%
0 25 50 75 100

Figure 3: Utilization stats for battleship

Summary

Power analysis from Implemented netlist. Activity On-Chip Power

derived from constraints files, simulation files or ) o

vectorless analysis. Dynamic: 0.210W  (67%)
i bk Clocks:  0.014W

Total On-Chip Power: 0313 W 10% OCKS: .

Design Power Budget: Not Specified 67% 7% Signals: 0.020 W

Power Budget Margin: N/A Logic: 0.015W

Junction Temperature: 26.4°C B BRAM: 0.019wW

Thermal Margin: 58.6°C (12.7 W) D5P: 0.011W

Effective 8JA: 4.6°C/W B MMCM: 0122w

Power supplied to off-chip devices: 0'W 33% 1/0: 0.009W  (4%)

Confidence level Low Device Static ~ 0.103W  (33%)

Launch Power Constraint Advisor to find and fix

invalid switching activity

Figure 4: Power stats for battleship



3 Interfacing

There are two forms of interfacing implemented in the project. These are interfacing between the FPGA
and the player, and interfacing between the two FPGAs in Multiplayer mode.

3.1 Button and Mouse Control - Edward

The user_input module interprets the external debounced directional input buttons (btnd, btnu, btnl, btnr)
and mouse position (mousex, mousey), and converts the inputs to (X;y) coordinates that correspond to map
locations.! The mouse coordinates were obtained from a PS/2 mouse connected via USB and using the
MouseCtl module.? Since the possible (x;y) positions depend on the game state, as well as the actual ship
number, ship rotation, and ship lengths when placing ships, these are also inputs into the module.

For button input, the module detects when buttons are pressed by looking for rising edge transitions. For
mouse input, the hv_to_xy.sv module is able to convert mouse position on the actual VGA monitor to (X;y)
game coordinate squares, and can do so for our own board and the opponent’s board.

The module checks the the actual game state to see what (x;y) are allowed:

< If we are in the start menu, then the only options available are the three options in the start menu. So,
the coordinates are bounded from (0, 0) to (0, 2), and only btnu and btnd inputs are processed. The
mouse positions are tracked and updated when the coordinates enter a bounding box equal to that of
the text (same as in start_menu.sv).

< If we are placing ships, then the bounds for ships are a bit complicated. If we have a ship of length |
and a grid of size n x n (numbered from 0 to n — 1), then the possible locations for the top left corner
of the ship are 0 to n — 1 in the short direction and 0 to n — I in the long direction. Finally, after each
ship is placed, we do not want to leave the (X;y) position in a disallowed position, so we reset it to
the maximum possible given the next ship length. Mouse inputs follow the same constraints, where we
check if the mouse cursor position is valid, and if so, we update the (X;y) coordinates.

< If we are attacking, then we can simply limit the (Xx;y) coordinates from 0 to n — 1 as those are the
available squares for attacking. Mouse position is translated to coordinates on the opponent’s board,
leading to the same (X;y).

On transition states between the start menu and the game starting, ship placement, and attacking, the
module resets the output (X;y) to 0, as it doesn’t make sense to keep the previous (X;y) coordinates.

3.2 UART RX and TX - Kade

We had two options in terms of communicating between the two FPGAs. The rst option involved sending
the entire opponent board state between the two devices, at which point the game could make hit and miss
decisions locally. We decided against this method in order to make the game more reliant on the commu-
nication modules between FPGAS, and to reduce the amount of data needed to be stored and transmitted
at start up. The method we decided on was to send packets of information containing single move data
between the FPGAs.

We determined that we would need 16 bits to communicate all of the information between the two FPGAsS,
and so we designed a module that uses an AXI-esque ready, valid handshaking to load a 16 bit bu er and
send the data using the UART serial communication protocol. When the TX module is not actively sending
across the TX line, it holds the ready signal high. The game logic fsm pulls the valid signal high for a single
clock cycle with the 16 bit move data on the data_in line as soon as it has a move to send. If the TX module
is ready, it transmits the 16 bytes in two 10 bit packets. These packets are comprised of 8 data bits, a start

1The debounced btnc/mouse buttons are instead processed by the game state FSM, as they control game ow rather than
the actual (z, y) position.
2found on the course website: https://web.mit.edu/6.111/volume2/www/f2020/ps2_mouse/



bit and an stop bit.
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Figure 5: Serial TX module inputs and outputs

The RX module performs the reverse operation. It also has ready, valid and data_in lines, and it holds valid
low until it receives two full UART packets. When the RX line goes low, indicating a start bit, the RX
module polls the value of the RX line at the pre-de ned baud rate (9600) and stores the incoming data in
the 16 bit register. When all 16 bits are received, it immediately raises the valid signal until one clock cycle
after the ready signal is asserted. The RX module, in order to reduce metastability, waits half of the baud
rate after receiving the start bit before sampling the RX wire, and also synchronizes the input through 2

registers to further protect the integrity of the message.
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Figure 6: Serial RX module inputs and outputs

Both of these modules were designed to be parameterized to adjust the size of the bu er register, and in
turn the messages sent. The UART protocol stays the same at 8 data bits per packet, however, so the bu er

must be a multiple of 8.

Serial RX

\

rx_width

—“—rx_data_out—»

——rx_data_valid—>»

€——rx_ready

/




4

The overall game logic is controlled by the Game State FSM, whose high-level structure is shown below:

From the start menu, a player can either choose to HOST, JOIN, or play singleplayer (SOLO). The HOST
and JOIN options are used in multiplayer mode and respectively set one device as the host and the other as
the guest, and the host’s game options (number of rocks and game size) are passed to the guest device. The
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Figure 7: High level Game State FSM

switches on the device were mapped to game options and functions as follows:

sw[0]: ship rotation (when placing ships)

sw[2:1]: game size - 9 (game sizes from 9 to 12 are possible)

sw[3]: hard mode enable (in singleplayer)
sw[6:4]: number of rocks

sw[9]: mouse enable

sw[10]: hit/miss sounds enable

sw[11]: background music enable
sw[14:12]: volume control

sw[15]: reset
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4.1 Multiplayer Mode - Edward

In multiplayer mode, the devices are connected through the ja[0] and jb[0] ports, which respectively act as
RX and TX ports. The devices’ ground ports are also connected in order to provide a common ground,
lessening the error of incorrect transmission.

When the host device moves to the Set Parameters state, it locks in the game state options that were set
with its switches, and waits for a device to join. The joining device joins by sending a 16’FFFF signal over
UART, which the host device interprets by sending back a packet {game_size, num_rocks, 9'b0} that the
guest device sets its game parameters with. Afterwards, both players use the RNG (see section 4.2.1) to ran-
domly generate the requisite number of rocks. This causes both FPGAs to now be in the SETUP_BOARD
state.

In this state, the players can place down their battleships, which is dynamically displayed on the VGA mon-
itor. By using the directional buttons or the mouse, as well as the sw[0] rotation switch or the right mouse
button, players can place down ships wherever they are valid. Players con rm the ship placement with the
center button or a left mouse click. Collision-detection modules make sure ships cannot be placed on rocks
or other ships. In order to incentivize players not to stall at this step, as well as break the symmetry between
the devices, we have the player that nishes setup rst play the rst move by going to the PLAY_MOVE
state while the player that nishes later goes to the MOVE _WAITING state. This ordering is enforced by
sending a 16’hFF00 signal, which indicates a player is done with their placement.

In the MOVE _WAITING state, the defending player simply has to wait for the opponent to make a move.
Once the opponent (who is in the PLAY_MOVE state) does, then we receive the (X;y) coordinate of the hit
through UART and update our own board to show the opponent’s hit location. Then, we check to see if the
location intersected any one of our ships or a rock, or if any one of our ships was sunk. Depending on this
collision check, we send back the following data over UART:

« If the attack missed, we send back 16’b0.
< If the attack hit, but did not sink a ship, we send back 16’b1000000000000000.

» If the attack hit and sunk ship i, we send back {2’b11, ships[i].orientation, i[2:0], 2’b00, ships[i].x,
ships[i].y}. The position and orientation, as well as the number of the ship are necessary so the
attacking player’s board can be updated to show a sunk ship in the correct position.

« If the attack hit a rock, then we send back 16’b0100000000000000.

The attacking player then receives this data back and updates their opponents’ game board properly. Finally,
after each attack, the number of hits that a player has received is counted, and if this number is equal to
17 (the total number of ship squares on the board), then we transition to respective winning and losing
states. Otherwise, the player that was previously defending in the MOVE_WAITING state transitions to
the PLAY_MOVE state, and similarly the attacking player transitions to the MOVE _WAITING state. This
continues until one player wins, which is guaranteed to happen as the game does not allow hitting the same
square twice. On game ending states, pressing the center button resets the entire device, bringing users back
to the start menu, and allows the users to play another game.

4.2 Solo Mode - Edward

The overall gameplay for solo mode is very similar for multiplayer mode, and much of the logic is the same.
However, a RNG (see section 4.2.1) is used for generating all CPU actions, placement, and rock positions.
The rock positions and CPU ship placement are all randomly generated in the the game is created, while
the CPU actions are generated (with a small %-second delay) after each player move. The game ow is the
same, though all the communication from before is done completely with logic on one device instead of using
UART communications. The necessity of checking all CPU ship intersections on the player move’s added
moderate complexity in hardware, using roughly two times as many LUTs as the multiplayer mode.



While we did not have su cient time to implement a smarter CPU,® we compensated lack of intelligence
with special powers. When hard mode is enabled, the CPU is able to re three shots after every player shot,
instead of one. This results in a win probability experimentally found to be around %; while the player
nearly always wins in easy mode.

4.2.1 CPU Randomness - Generation and Analysis

The randomness used to direct the CPU logic was generated with an zorshift linear feedback shift register,
which involves taking bitwise ORs of shifted versions of the initial seed. We did not need long random
numbers, and so we ended up using a simple 32-bit number xorshift register with a period of 232 — 1 that
updates on each clock cycle, making the RNG extremely di cult to exploit. The RNG is fast and cheap in
hardware, and it is random enough for our purposes.

From this RNG that produces 32-bit output, we needed to create bounded random numbers, as many pa-
rameters (ex. ship placement, where to hit on the board, etc) are dependent on the game size as an upper
bound. While the standard way to do this in software is to use modulo with the desired bound on the random
number, it is harder to implement in hardware as divisions are expensive. To get around this limitation, we
ran Markov-Chain Monte Carlo simulations of random walks, with randomness generated from that 32-bit
xorshift RNG. The walks themselves are cheap (in hardware) to simulate, and it is easy to create a walk
graph that has uniform stationary distribution, by allowing each humber to transition to any adjacent num-
ber (or not transition at 0 or the maximum number), each with probability % As each vertex has identical
indegree and outdegree, this graph has a uniform stationary distribution; further, due to aperiodicity it is
guaranteed to converge to the uniform distribution.

To ensure that the generated numbers are indeed random, we need to make sure we give enough time for
the random walk to be truly random. Exponentiation of the walk matrix (with numpy, see code appendix)
revealed that simulating 500 steps of the random walk would result in the uniform distribution starting from
any distribution, within 10 8 error. As a result, before the random numbers are sampled, we wait 500 clock
cycles, to ensure that our bounded random numbers are truly random.

In terms of CPU randomness, our bounded RNG allows us to generated uniformly bounded random num-
bers that control things such as ship placement and where to attack. The CPU generates bounded random
numbers as above, checks to see if they work, and if not, generates new ones. Even in the worst case, on
the 12 x 12 map, with all but one square lled up, there is still a > % = ﬁlé‘ chance of generating a valid
square. This means that after 144 iterations we would have a < % chance of failing to generate a good
random number, and after 10 - 122 < 2000 iterations our probability of failure is < e—}o 2000 clock cycles is
fast enough to be not noticeable by the player, so this method of ‘try it until it works’ for random generation
is su cient for our purposes.

One potential issue, which never popped up in our testing but is theoretically possible, is when there is no
place to place the actual CPU ships. This is only possible on a 9 x 9 board, as there are enough open spaces
in a 10 x 10 or bigger board to prevent this from ever happening.* However, this requires an extremely
unlikely con guration (7 rocks in the middle row, another ship blocking the other two un lled columns, and
the last 5-long ship being set to a vertical orientation). While this con guration can theoretically occur,
softlocking the game, it is extremely unlikely. One way to work around this issue would be to rerandomize
CPU ship orientation, generate CPU ship positions rst, and then place rocks afterwards, which guarantees
a feasible board. However, we did not prioritize this change, as this would lead to no change in gameplay
quality due to its extremely low probability of occurrence.

3This could have been done, for example, by having the CPU shoot squares close to previous hits instead of random squares
4Proof: there are at least 20 disjoint 5x1 areas to place the last ship, and 19 total items placed before this (12 ship squares
and 7 rocks), so one 5x1 area must be completely empty
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