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Interactive Game System

System Overview

1. D5M CAMERA
/ System Architecture of Hand-Controlled Snake Game on FPGA g
\‘.\_\ s . 3 . . A : . - (DSM PIXLCLK Domain) DSM_P'XLCLK IN 1 Pixel clock (~24 MHZ)
— " Real-time pipeline from D5M camera capture to VGA display with color-based hand tracking and game rendering | g DSM_FVAL N : Frarne.valid
Ve N - S p ~ - D5SM_LVAL IN 1 Line valid
1. CAMERA INPUT DOMAIN 2. MEMORY SUBSYSTEM 3. DISPLAY DOMAIN 4. GAME / APPLICATION LAYER DSM_STROBE IN ! Exposure strobe
(D5M_PIXLCLK Domain) (sdram_ctrl_clk Domain) (VGA_CTRL_CLK Domain) (VGA_CTRL_CLK Domain) DSM_XCLKIN out 1 Sensor input clock
i ) 2 DSM_SCLK ouT 1 SCCB/12C clock \
CCD_Capture fi 0 ( 0 :
: - SDRAM Controller VGA Controller - Game Engines (Hardware Accelerators) D5M_SDATA INOUT 1 SCCB/I2C data
P'xe! streany capium (Avalon-MM) (640 x 480 @ 60 Hz) ¥ N DSM_RESET_N ouT 1 Camera reset (active low)
& line/frame sync Snake Wrapper DSM_TRIGGER T [ f
» 16-bit data bus * Generates VGA timing (SW[7] = 1) ‘ L ou 1 ~ Trigger / frame start
12-bit RAW *» Generates X_Cont[9:0] . =
* Burst transfers e VGA_CLK: 25.175 MHz 3 s ,.
P!« Generates Y_Cont[9:0] Updaates snake position T
: 5 * Frame buffer storage * Produces vga_x[9:0] « Grid-based logic (20x15 2. VGA OUTPUT m-m Description
D[11:0] « Generates DVAL ¢ ogic ( ) VGA R 5 S
FVAL . J p * Produces vga_y[9:0] _ * Outputs RGB overlay INTERFACE ed video output
LVAL l ~ | | l ) . | » Read_Address generation ) 2 = = QP (VGA_CTRL_CLK Domain) VGA_G out 8 Green video output
g STROBE -‘ '; I raw Game ' Mode | VGA_B ouT 8 Blue video output |
| . < Dual-Port Frame Buffer (16-bit) l (SW6] = 1) ' Priority | #4038 @ 00 iz VGA_HS out 1 Horizontal sync |
D5M Camera RAW2RGB 640 x 480 @ 25 fps | v % \ » Hand draws on canvas . (Highest ‘ * 25.175 MHz Pixel Clock VGA_VS ouT 1 Vertical sync |
Bayer — RGB Conversion | 1 | | (T R ) R 0w RGB Reconstructor « White trail on black 80 Lowest) | + 10-bit per color (internal), | VGA_CLK ouT 1 VGA pixel clock (25.175 MHz)
* 12-bit RAW Bayer * 12-bit — 12-bit RGB - > (from RAW2RGB) | Read(tF;O\:t G1A()RD1) ' (10-bit per color) _ ¢ Clear with KEY[3] J ' 1. Draw ] 8-bit DAC output VGA_BLANK_N ouT 1 Blanking (active low)
* 640 x 480 @ 25 fps » sCCD_R/G/B[11:0] R/G/B[11:0] —> 16-bit (x2) * RD1 + RD2 — R/G/B[9:0] \ l 2. Catch | VGA_SYNC_N ouT 1 Composite sync (active low)
kL Bank 1 — G[11:7], B[11:2] Bank 1 « Pixel data aligned to Catch Game | . - .
* PIXLCLK: ~24 MHz i LSRR ) « Data: {1'b0, G[11:7], B[11:2]} | | 16-bit Hom VGA coordinates W4l =1) bl o o
— — J } Address _ _ - ) « Paddle controlled by hand ! 4. Camera ! 3. USER SWITCHES Switch 11 unction '} escC
] 2 | « Catch falling food . (Default) | (TG0 SWI[0] Exposure Direction 0 = Increase exposure on KEY[1] + 1= Decrease exposure on KEY[1]
~ Write Port 2 (WR2) ' Read Port 2 (RD2) o | ) (SW|2:01) SWI1 4 SO E
I —»|  (fomRAW2RGB) L3  (10VGA) _* Maintain game state. | - | | U (Reserved) eserved for future use
/ | ; ~ 4 _ . SWI(2] (Reserved) Reserved for future use
k2 - :2], R[11: % i ‘
Parallel Fast Path - color_detect . ‘ ’ sal: f1'bOG£56[62]2]R|[?[: 12]2] 2 Bank.2 <)(:::E:ﬁé|?:;|b?n?t‘g:;;r ‘ ! l I I l . ‘ ‘ SW(3] 2-Player Pong Game 0 = Disabled (normal modes) + 1= Enable Pong game
O DRINC i 0 coord_x[9:0] b ' i 2l ) | ks Video MUX (Priority Select) SWI[4] Catch Game Mode 0 = Disabled + 1= Enable Catch game (hand controls paddle)
Low-latency hand « RGB thresholdin coord_y[9:0] = i . ] * Inputs: vga_x, vga_y, base RGB 12345678910
tracking that b g ¢ _’I 2 z - » Select final RGB overlay SW[5] Draw Game Pen Down (Used in Draw Game) 0 = Pen up (no drawing) * 1= Pen down (draw)
g that bypasses > « Region identification data_valid (1/frame) » Draws crosshairs / visual aids « Based on mode priority
SDRAM for minimal e Centro'd COmputation — - ‘ : . ' N Provides Coordinate-based \ 7 SW[6] Draw Game Mode 0= Normalmodes + 1= Enable Draw game
control delay. (per frame) CDC Synchronizer | frame Buffer Organization ? | interface to game engines & SW(7] Snake Game Mode (ignored when SW[6] =1) 0 = Disabled + 1= Enable Snake game
I . (2-FF Sync) |« Two 16-bit banks operate in parallel to reconstruct RG8 | ~ P SN\ R . e
— ; ; sSwi(s] Calibration Mode 0 = Normal tracking + 1= Enable calibration mode
e | |« Full frame stored and resd back for VGA display | 5. VGA OUTPUT
q I‘ g | : amera Loom Mviode = Norma ® = Loom cropped sensor window
VGA dock domain |« Zero frame buffering delay P SW[9] C Z Mod 0=N | FOV 1=2 ed / d ind
| |
* Prevents metastability - VGA DAC / Output
' f - B~ sbtprcr T T T
* Generates VGA Signals ISERL DL ' KEY[0] System Reset Global system reset (active low)
(HS, VS, BLANK, SYNC) (KEY[3:0]) | = |
: Normal: Adjust exposure step (direction by SW(0])
» 640 x 480 @ 60 Hz KEY[1] Action / Capture N
, Calibration: Capture RGB of center 32x32 block \
\ S = .‘
' < . KEY[2] Stop Camera Stop camera capture
CLOCK DOMAINS & DATA FLOWS KEY FEATURES I/0O & USER INTERFACE (From Top-Level) HARDWARE PLATFORM | | Start canara capte 1
: KEY[3] Start / Clear s
——p DSM_PIXLCLK Domain (~24 MHz) e 3 g | Clear draw game canvas (when SW[6] = 1)
Camera capture & preprocessing v Real-time 640x480 video pipeline Switches (SW[9:0]) Keys (KEY[3:0])
RAM CLK in (~100 MH v Zero frame buffering delay A
_ SD _CL Dor.nam ( 00 z) SW[O] Exposure direction KEY(0] System reset 5 HEX DISPLAYS Normal Mode (sw[8] = 0) Calibration Mode (SW[8] o 1)
Memory transactions v Parallel hand tracking for low latency SW[4] Catch game mode KEY[1] Exposure adjust / .
VGA_CTRL_CLK Domain (25.175 MHz) . . | - Sine | D o mad Calib, capture (H EX[SO]) HEX5 HEX4 HEX3 HEX2 HEX1 HEXO HEX5 HEX4 HEX3 HEX2 HEX1 HEXO
Display, rendering & game logic v’ Clock domain crossing with synchronization ekl = - hand{158) handx{70] handy{158) hendy70] | | R[15:8] R[7:0] G[15:8] G[7:0] B[15:8] B[7:0]
Control / Data Path (CDC Crossing) v/ Hardware game engines with priority MUX WL Snels game rmods B e Displays hand f | k
— = W | I 1011 i iti i 1
i Synchronized hand coordinates : . it SWI[8] Caliibration mode REY[3] Start camera / " a();s6-;it Xp::(til?c;oo’:‘dciz:tre:)ac . SR AEREE IR oles S o
—p Read Data Path (SDRAM — VGA) v Fully configurable via SW[9:0] and KEY[3:0] SW[9] Camera zoom S D5M C dul ——
Lol o -soc o S 6. LeoR (Leorio:0)) I ™ S
(Cyclone V SoC)
LEDR[9 0] 10 Debug output (e.g., Y_Cont[9:0], status flags, etc.)
l
Core Algorithms cexreenal I N T N
PERIPHERALS SDRAM (16-bit) INOUT Frame buffer memory (640 x 480 @ 25 fps)
FPGA_I2C (SCLK, SDAT) OUT /INOUT FPGA-side 12C for peripherals
T— = eSS ADC /AUD /GPIO /PS2/IRDA/TD Varies Unused in this design (available on board)
1. COLOR-BASED HAND DETECTION [ ——
Detects the user's hand in each frame using | SYSTEM SUMMARY
calibrated RGB thresholds and computes the centroid. RGB Pixel Stream Thresholding Region Mask Centroid Output * The center 32x32 block is averaged i Camera Input Frame Buffer A Display Output ; & User Control
S e to obtain (R, G, B) values. DSM RAW Bayer = = SDRAM (16-bit) =P VGA 640 x 480 @ 60 Hz = = Modes, Games,
0 RGB Thresholding (RAW2RGB output) (Within RGB Bounds) (Valid Pixels) (coord_x, coord_y) ( ) o Ee e b @ ~24 MHz 640 x 480 @ 25 fps ‘ 10-bit internal / 8-bit DAC _. Calibration & Debug
Each incoming pixel (R, G, B) is compared HE | (0 ) 10 10 | | , A0 aack 1 » KEY[1] captures these values i i
to calibrated min/max bounds. | i T T T = V= e T %—' as new thresholds. : 32x32 :
. | = : —— e et e |
. . : : | Iﬂ-\
g Region Mask Generation i « HEX displays the averaged i Center Block i
A binary mask is produced where pixels ! RGB during calibration. | |
St p Lo me menbkEE s menBdEE e s Rid P Y 2 | I 1. PIXEL-BASED RENDERING 2. PARALLEL GAME RENDERERS
within the bounds are marked valid. X e
I = . . : < -
9 Accumulate & Count E z::;d)z(r;]islisnrg)e::(:::::d S':::'e;d Ir:jputs to l Draw Renderer] . Catch Renderer ( Pong Renderer Camera Renderer
For every valid pixel at position (x, y): v scan coordinates snaerers (Swiel 1 (Swi4l) | (SWI3D) (Dstuin
sum_X += X (vga_x, vga_y). < 3 ) ~ ~ = — »
ga_x[9:0]
sum_y +=Y Y J OUtPUt Update Rate + Esch gamemiodule [/ J Pixel Logic ( Pixel Logic Pixel Logic Pixel Logic
= . h, : I , object, ; ;
cour.\t i . Centroid updates once per frame (25 fps) and computes RGB output \ vga_y[9:0] (bn:s Cinv; 2 (':)ayerdo > e‘;t (padéles ba:)' L ;amer:)
0 Centroid Computation (per frame) : : . combinationally based on : SRSt S OuRsssae= SCOREID. B9 pESSEEIReSS
When the frame is complete (FVAL falling edge): is synchronized to the VGA clock domain i alirraT St game state &
: - : \ (signals) l l l l
centroid_x = sum_x / count before belng used by the control lOQlC. e All renderers operate in | i "
centroid_y =.5um_)' / COU'?t parallel every pixel clock. mode enables R,G.,B R,.G.B R.G.B R,G.B
If count = 0, centroid outputs previous value. .« 640x480 @ 60 Hz (Swg:é]]- SW[[4]]): (8-bit each) (8-bit each) (8-bit each) (8-bit each)
\ / SWI[7], SWI[3 ‘
N\ (25.175 MHz pixel clock) : i ! l - l i
2. CENTROID OUTPUT & DEAD ZONE (SNAKE HEAD) ; 4y J
. o : - 3 ( R
The centroid represents the hand position. The snake head defines a moving dead zone. 3. VGA OUTPUT 4. EXAMPLE PIXEL DECISION LOGIC (PER GAME)
Direction commands are generated based on the centroid’s position relative to the head. N
RGB[23:0] | Draw Game ‘ Catch Game 1 Pong Game (MULTIPLAYER)
Inputs Centroid & Bounding Boxes Dead Zone Relative to Snake Head Dead Zone Concept Direction Decision Logic Region Mapping (to VGA D AC) « If pen_down and pixel e If pixel in player paddle — e If pixel in left paddle —
within brush area — left lor
player_color eft_colo
e coord_x, coord : 10-bit centroid ~antroide : Compute deltas betw troid and head: m draw_color . s : .-t _ | = Else if pixel in right paddle —
= LY | / Centroids 4 The dead zone is a square centered on SR Lemas CETHCRULNR SO I Along with: e Else if canvas has color — Els_e W pheed i falling cbject ri;:t_CZ; n et pacele
from color_detect \ Ay ! . : object_color g
A{:(/ ) | the Snake head- Whlle the hand (Centm'd) Ay < _DZ SlZE Up f that color e Else if p|xe| in ball —»
. % k— ' =T . ¢ . Ax = coord-x - head_x . HSynC VSynC ‘ e Flse —> background_color e Else if pixel in walls — ball_color
® head_x, head_y : current snake head '-.‘ ’?""1 remains isicie thes square; no direction | ‘ wall_color e Else if pixel in net — net_color
pOSitiOl’l (gl'ld units) 3 : _i Change occurs. When the hand exits Ay = Coord—y = head—y Ay 2 +DZ‘S|ZE DOWN ‘ —_—> Analog VGA Signal . Features: * Else — background_color e Else — background coI;r
ID #1 ® .""""‘"A o) through one of the four regions, a | —» Display * Pen control (SW[5])
* Dead zone size : DZ_SIZE (grid units, & /r:f X dvection command & Heded. If |Ax| < DZ_SIZE and | Ay| < DZ_SIZE Ax < -DZ_SIZE LEFT < * Brush size select (KEY[1]) Muiltiplayer Control
configurable) '// ID #2 " Stay in dead zone-(no change) 640x480 @ 60 Hz e Clear canvas (KEY[3]) - L?ft player controlled by Le\ft hand centroid :
/ Ax > +DZ_SIZE RIGHT = « Right player controlled by Right hand centroid
e Hand must exit the dead zone to Bonsdiie Bioves B Snake Head (Current Position) Blss datasining direction basad onwhich « Independent paddle movement & real-time gameplay
change direction (ID #1 ”S #9) e D Dead Zone (Size = DZ_SIZE) boundary was crossed first (with tie-breaker). Notes - J
Ba sy ; « Direction only changes when 1 1
@ Hand Centroid odtiide the Head rora. P é._l\-/l—U_L'Ell_’LAYER PONG HIGHLIGHTS
* Prevents jitter when the hand ah - 2 : : e Two independent players control paddles using
h he head = - :
overs near the head. Player 1 e ! ! their respective hand centroids.
+ Direction updates are (Left Hand) : : :
synchronized to the game I — = . | e Real-time updates with no turn-taking.
update rate (frame divider). : T :
1 1 I e Ball physics, scoring, and collision handled in
DATA PATH SUMMARX — — , « color_detect operates in the camera clock domain. a ¥ : : hardware.
. 1 1 ' H ‘ - 1 1 1
Camera CDC Control Loaic » Centroid and valid signals cross to the VGA/game clock domain Player 2 _
(RAW) i nhlreRcR S | edorgetect! | JEW | mane | T | (shakey Gagmes) using a 2-FF synchronizer. | (Right Hand) e ot il s e e Rl . = Smooth, responsive gameplay at 60 FPS.
» Control logic runs in VGA clock domain. |

Challenges Future Considerations

* Clock Domain Crossing (Camera —» VGA): Safe synchronization was required to » Al/ML-Based Hand Tracking: Replacing RGB thresholding with ML techniques
transfer hand tracking data between different clock domains without instability. could improve robustness to lighting changes and enable gesture recognition.

 Latency vs. Responsiveness Tradeoff: Frame-based centroid updates improved * Enhanced Hardware Platform: Upgrading to a more powerful FPGA or
stability but introduced slight delay in control response. camera would allow for better performance and graphics

 Designing an Intuitive Control Scheme: A moving dead zone around the snake head | * Expanded Gameplay: Adding more advanced game mechanics, scoring
was needed to reduce jitter and enable natural gameplay. systems, Al opponents, and modes would enhance overall user experience.
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