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Project Overview & Gameplay

7 GENERATE & STAGGER || DETECT & CUT N
Core Mechanic . o I s

e Wave hand over the sensor to trigger a
cut along the dashed horizontal screen
line. 0.5s
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Rules & Scoring
e +1 Point for Cut Fruit P
e -1 Life for Cut Bomb ym W

e -1 Life for Missed Fruit &
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The Full-Stack Architecture

i ;
Hardware Fabric
| Sensor driver, ROMs, and VGA renderer
’ running synchronously at 50 MHz.
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FPGA Fabric (top_module.sv)
50 MHz single clock domain
{ ) 4
ultra_sensor_csr Sprite ROMs
(~ G ] HC-SR04 driver (.v) 24x M10K (64x64 RGBA4444) 4 )
HC-SR04 1 # VGA Monitor
It ' trig/echo " % ;
Ultrasonic Sensor " Game Registers VGA Renderer VGA RGB " 640 x 480 @ 60 Hz
trig (GPIO_1[0]) 3 slots x {x.,y,r,vis,st.at.e} | Pixel mux: heart, score, level, R[7:0] G[7:0] B[7:0]
echo (GPIO_0[0]) [l A lives + obj_idx A ! combo, sprite, line, tile BG HS VS BLANK_N CLK
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" rot_lut (x3) / - )
sin/cos Q1.10 LUT
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HPS (ARM Cortex-A9 / Linux)
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Hardware Layer: Ultrasonic Sensor Driver

(C) HC-SR04 Ultrasonic Sensor Driver (ultra_sensor_csr.v)

\

r
; ¢ ] . Avalon Read Registers
FPGA Logic Trigger Generator Result Latch 0x00 ULTRA_STATUS
(ultra_sensor_csr.v) | trig out S On echo_fall: —b bit0=new_sample (W1C),
Trigger Source ot o e SO last_echo_cnt = count bit1=echo, bit2=trig
Generates measurement ”?g s t@ 50 }’W Hz) HEW_SEWR"E =1 :
r L | vewertnng M el ] 5| ox04LAST_ECHO_CNT
Latched echo width,
HC-SR04 Sensor [€—— Techo_fa” edge i cm = val / 2900
5V logic, voltage divider trig_out y N\ =3 -
2 : > 0x08 CURR_ECHO_CNT
\ y. s > Echo Synchronizer echo_sync WIdﬂ:‘ Gountey Live counter value (debug)
2-FF metastability filter —> 32-bit £ouEr :
echo_s1 — echo 2 Cou.nts 50 MHz ticks 0x0C SAMPLE ID
while echo = HIGH =
4 ) 4 Measurement counter
(edge detect)
&
fi ™ 4
Measurement Timing Software Consumption (game.c)

Period = 100 ms (10 Hz) | Echo pulse: 150 ps - 25 ms | Distance: cm = ticks / 2900

\,

1. MOTION_READ ioctl reads all 4 regs
2. cm = changed_pixel_count / ULTRA_TICKS_PER_CM
3. Edge detect: Iprev_near && (cm < 20) — swipe




Hardware Layer: Zero-Framebuffer VGA Pipeline

(A) VGA Pixel Rendering Pipeline — per-pixel combinational + 1-cycle registered output 1 -Cycle pipe"ne
vga_counter 1 pixel_x / pixel_y N.O frf:-lme buffer SDRAM. Every
peount, veount | > pixel is calculated on the fly

based on current (pixel_x,
pixel_y) coordinates.

Sprite Pixels Dashed Line BG Tile Pixels " .
3 slots x 8 ROMs y=320, ~pixel_x[4] 12 tile ROMs Pr|0r|ty Multlplexer
: : : Strict drawing order enforced
combinationally: Hearts >
Combo > Score > Sprite >

( an
Heart Shapes } Score/Level Text 1 Combo Text

[Algebraic circle+triangle 5x7 bitmap font x3 xN display per slot
' /N2 o

1-Cycle Pipeline Register (always_ff) } Dashed Line > Background

*_d signals: blank_d, in_heart_d, sprite_in_box_d, bg_tile_id_d, ... Tile.
l DAC Output
Priority Mux (registered output) 7 RGB VGA_R/G/B Registered 8-b|t per Channel
heart > combo > score/level > sprite > dashed line > BG tile J 8-bit per channel RGB fed directly to the

ADV7123 DAC at 60Hz.



Hardware Layer: Sprite Rotation Engine

(B) Sprite Rotation Engine — inverse rotation sampling (x3 instances, combinational)

|

dx = pixel_x - fruit_x[i]

|

dy = pixel_y - fruit_y[i]

}/’

Bounding Box?w
|dx],|dy] < 46

I

|

rot_lut
angle[12:5] = cos, sin Q1.10

|

Cos, Sin

Inverse Rotation
rx = cos-dx + sin-dy

ry = cos-dy - sin-dx
J

f

-

Translate to Source
src x=32+rx>>10

src.y=32+ry>>10

ﬁ

addr[11:0]

Valid? [0,64)

src_valid

J

i

/

Sprite ROMs (x8 per slot)

addr = {src_y, src_x}
4096 x 16b RGBA4444

\

J

l8 pixels

(

-

Sprite Select Mux

game_state[0] - bomb/fruit

game_state[3:1] - type

game_state[4] — blow

7

ipixel[15:0]

All wires are combinational. ROM output is synchronous (1 clock latency).

Alpha Test

{A[&O] I= 0 - sprite_opaquei]

|

Non-ROM classification signals delayed by 1 cycle (pipeline register) to align.

Mathematical
Operations

Inverse Rotation
Sampling

Maps screen pixels back to
the source texture rather

than pushing texture pixels to
the screen to avoid holes.

Fixed-Point Math

An 8-bit angle queries a Q1.10
signed sin/cos quarter-wave
Lookup Table (65 entries),
avoiding floating point.

Parallel Execution

3 independent hardware
iInstances compute matrix
rotation for 3 game slots
simultaneously at 50 MHz.



ROM Storage Strategy: Maximizing M10K Efficiency

Dynamic Sprites Background Tiles

- 64x64 RGBA4444 format - 32x32 RGB888 format

- 24 total ROMs (3 slots x 8 textures) - 12 ROMs arranged in 4x3 grid,
- Hardware transparency (A=0 is repeating to fill 640x480

transparent)




Architectural Efficiency & Resource Utilization

.y .{f'
\\;_
o || 0
51% | < 1%
M10K Memory Blocks Logic Registers
~204 out of 397 blocks used. 168 ~400 FFs out of ~85,000 LEs

blocks dedicated to 24 Sprite utilized.
ROMs; 36 blocks for 12 Tile ROMs.

| By eliminating the SDRAM frame buffer and computing pixels
synchronously at 50 MHz, the system outputs rich 640x480 VGA
graphics at 60Hz with virtually zero bus bandwidth latency.



VGA HUD Composition

Score & Level Overlay Life Hearts

(5x7 bitmap font) o P (Red = active,
LEVEL 1 it Gray = lost)

Dashed Cut Line —

\\\\\ Repeating

Background Tiles



The Hardware/Software Interface:
Avalon-MM Redgister Map

Figure 2 — Avalon-MM Register Map

Base = 0xFF200000 | addressUnits = WORDS | readWaitTime = 1, writeWaitTime = 0

Word Byte
Addr Offset

Description

0 6x080 ULTRA_STATUS R/W1C 32 pit0O=new_sample(W1C), bitl=echo, bit2=trig, [31:3]=
1 0x04 LAST _ECHO_CNT R 32 Last echo pulse width in 50 MHz ticks; cm = val/2900
2 0x08 CURR_ECHO_CNT R 32 Current (In-progress) echo count; debug only

3 8xecC SAMPLE_ID R 32 ncrements on each measurement; used for edge detect
4 Ox106 FRUIT_X W 10 X position of selected slot (0-639)

5 0x14 FRUIT_ Y W 10 Y position of salacted slot (0-479)

6 0x18B FRUIT_RADIUS W 10 Radius of selected slot (typ. 22-34)

7 0x1C FRUIT CTRL W 1 bit0 = visible for salected slot

8 0x20 SCORE W 32 Current score; RTL derives LEVEL X display fram this

9 0x24 GAME STATE 0 CaihpleJ bit-field: bomb/sprite/blow/angle/siot/combo (see del%%l below)
10 0x28 LIVES w 2 Lives remaining (0-3); drives heart display
11 Bx2C OBJECT_INDEX W 2 Select target slot (0-2) for regs 4-7

Read-only (from ultra_sensor csr)

Write-anly (HPS = FPGA)

R/W (WI1C clear)




Deconstructing GAME_STATE (Offset 0x24)

GAME STATE Register (0x24) — Bit-Field Detail

Written per-slot; bits[17:16] select the target game state reg[] (not OBJECT INDEX)

3l 10 &9 20 27 Fii 25 24 il | 22 71 20 11 18 17 16 15 14 13 17 11 1M 7 i} T 5 i 4 3 7 1 0

£

combo_dy idx combo_dx_idx combo_count slot (reserved) angle 3 fruit_id 2

B

!1

[31:28] [27:24] [23:18] [17:16] [15:13] [12:5] [4] [3:1] (0]
4-blt y-offsal Indox 4-hit x-offset indox 6-hit combn count 2-hit slot salect 3-hit a-hit ratatinn anqle hlow 3-hit sprite 1D bamb
0~15 -+ 48, 188 px 0-15 -+ 48,488 px O=hiddan, Z-c3=xN 0-2 (RTL torguot) roserved 0-255 = 360" -+ rat_luk flag O=ppple 1=banann  Tiag

Z=wntormalan




The Software Stack: Kernel to User Space

User Space (game.c)
Executes physics and swipe logic, abstracting raw hardware entirely.

i

Character Device (/dev/top_module)
Exposes 5 specific ioctl commands (e.g., MOTION_READ, GAME_ST_WRITE).

Platform Driver (top_module.ko)
Device tree binding. Maps the 64-byte window via of _iomap().

Memory-Mapped I/0
Avalon-MM registers mapping the physical OxFF200000 addresses.




Real-Time Game Logic: The 30 FPS Loop

1. Read Sensor

ioctl reads distance |
and sample_id. W1C
clears flag.

|
5. Write to FPGA | 2. Swipe Detection
Pushes updated states | Evaluates !prev_near
back via ioctl across | & curr_near (< 20 cm)
the Avalon bus. for Rising Edge.
] - M
| 4. Resolve Collisions 3. Update Physics
Calculates boundary Applies drop speed, drift,|
bounces, score updates, and randomized hardware |
bomb penalties. (——-i rotation per slot. |
I




Spawning & Physics Engine

Zone: Upper-Left Zone: Top-Center Zone: Upper-Right

.‘ Metrics Generator:

Slot @ Object Slot 1 Object Slot 2 Object - = 70% Fruit/ 30% Bomb
probability

- 3 random rotation speeds
(Fast, Med, Slow)

- Variable horizontal drift
(VX_MAX_Q)

Staggered Arrival Time at Cut Line



System Demonstration

DEMO PART

Watch For:

Level Scaling: 1
to 3 concurrent
objects.

- Hardware Rotation:

Smooth sub-pixel
rotation.

Combo System:
Real-time HUD
overlays.

Edge Detection:
Rejection of
static hands.



Questions?

Team 3. Peiheng Li, Chengrui LI, Yitong Bai
CSEE 4840 Embedded Systems Design



