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System Flow

HlO|E HEIX]|

pEbbbl Y

T i B A lLocal Server
~ Filter M2] :

A Camera A Basys3

A VGA to HDMI




02 System Architecture

Button
Switch
Rx

HREF
VSYNC
Data

Tx
Button
UART . Filter Top h sync
v sync
Gaussian Filter | | Graduation Filter VGA x pixel
Decoder P
Sobel Filter Cartoon Filter VGA R
- Mem G
PopArt Filter wAddr : " Controller 5
rame roata
Cool Filter Buffer
Mem | wData SCL
Controller Sharpen Filter SDA




Filter

Filter Setting

4 A
: op :
Comic Art mirror

Warm Cool |Phantom
Soft Retro Edge
Glow Frame Pop

S
Original Sticker
- Y,




Simple Filters (Cool Warm, Ghost Filter)

always_comb begin always_comb begin always_comb begin
r_in wData_in[15: : r_in wData_in[15: : r.in = wData_in[15:
g_1in wData_in[10:5]; g_1r wData_in[10:5]; g_in wData_in[10:5];
b_1in wData_in[4:0]; b_1r wData_in[4:0]; b_1in wData_in[4:0];

rwarm = (r_in + = ? : (r_inm - b_cool (b_in +
b warm = (b_in = 2) ? (b_in - : : r cool (r in =
g_warm = g_1in; g_cool g_1in;

end

A Warm, Cool, Ghost Filter Code Snipet

Enhance needed colors (e.g. blue for cool, red for warm) while softening unnecessary tones
Ghost filter inverts colors to create a distinctive ghost-like effect.
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| Advanced Filter Design (Gaussian Filter)

) R 222,
R e T

A Time Domain and Frequency Domain of Gaussian Filter

A 1D Gaussian curve witho =1

Gaussian Function is an infinite function on each end.
This feature gives us an advantage when designing the filter.
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| Advanced Filter Design (Gaussian Filter)

1 _ a2 2
g(z) = mgﬂ e H g(f)=e ™1

A General expression of Gaussian Function(mean = 0 and deviation = 0)

g(x) = \/g e~ (1) 1

g(z) = NP (3)

A Relation between a and o using 1and 3

Using 1 and 3 equations we can get an relation between a and o.
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| Advanced Filter Design (Gaussian Filter)

: (5)

Vv 2a a 1
t‘T!’Tf— ﬂ

- 22202 _9.2.2 r2
§(f) = TN = g2 (6)

TJ =

A Relation between time domain ¢ and frequency domain ¢ using 5 and 6

This means that the deviation relation between time
and
frequency domain are inversely proportional to each other.
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| Advanced Filter Design (Gaussian Filter)

1 2 4+ yz

A 2 - D equation for the Gaussian Funciton

This relation could be also expanded to a 2 Dimensional equation.
Therefore in general, N dimensional equation.

A 2 - D Gaussian Funciton Graph
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| Advanced Filter Design (Gaussian Filter)

g(f) _ ﬂ_ﬂl‘fﬂ(:zﬂ_ﬂ) _ 8_2?1_252!2 (6)
A Frequency domain of Gaussian Function

Using equation 6, let us define f as the cutoff frequency and derive ¢ as a function of f, we can get a
relation of o and cutoff fregeuncy.

Vv in 2 1
g = _
271—.[{: 7o 27

In conclusion, we can make a low pass filter using a realtion of o and f.
Leading us to make various applications like the "Gaussian Blur Filter".
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| Advanced Filter Design (Gaussian Filter)

g(f) _ Q_WEIE(QUE) _ 3_211-252!2

(6)

A Frequency domain of Gaussian Function

Using a "mask" on filters.

1
1 - 1 4 16 26 16 4
1/16 x 2 4 2 1/273 x 7 26 41 26 7
1 2 1 4 16 26 16 4
3x3 1 4 7 4 1
5x5
0 0 1 2 1 0 0
0 3 13 22 13 3 0
1 13 59 97 59 13 1
1/1003 x 2 22 97 159 97 22 2
1 13 59 97 59 13 1
0 3 13 22 13 3 0
0 0 1 2 1 0 0 Tx7

Larger filters use more resources when operating.

T

4

7

4




|[ Advanced Filter Design (Gaussian Filter)

|
— |2
|

N = N
b

1121
— x|/ 2114 2
1121

A Example of a Filter Mask 3x3 Used on our projects

The mask value is divided by the sum of the matrix elements due to consider the density of the color
features when multiplied.

Mask multiplication will be used with line buffers and frame buffers. This will be described further
when explaining Gaussian Blur Filter.




Advanced Filter Design (Gaussian Filter)

always_comb begin

end

end else beguin

A Input first line to line buffer (x = 0, even) A Calculating the average for each color and down scaling |

|
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| Advanced Filter Design (Gaussian Filter)

0

always_ff @(posedge K or posedge reset) begun
1f (reset) begun

I
{ .':
IR,

fUJada L a |
end else begun

end else beguin

end

A end
Calculate output pixel position (x -1, y - 1)
based on window center

This process is when the filter starts at (x = 0, y = 0).
Please note that this is when we are at the edge of the window.

A A Buffering each pixel

‘ A |In frame line \



Advanced Filter Design (Gaussian Filter)

[ ‘Ne_ln
% wAddr_in[16:0]

¥ wData_in[15:0]

W line_even[0:31]15:0}

W [0)(15:0]
W [1)(15:0)

¥ [2)(15:0)

W [3)[15:0]
W [4][15:0]

0,2049,0,2049029!

0

2049

2049

line_even|0]

line_even|1]

line_even|2|

line_even[0:IMG_WIDTH-1] (HUG WIDTH = 320)

line_even|318]

line_even[319]

line_odd[0:IMG WIDTH-l] (I MG-WIDTH = 320)

line_odd|0]

line_odd|[1]

line_odd|2]

line_odd|[318]

line_odd[319]

A Line Buffer Configuration

A Line Buffer Input
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Advanced Filter Design (Gaussian Filter)

+ Win_valid

W top_tap O[15:0
W top_tap_1[15:0
W top_tap 21130
W mid_tap_0[15:0]
W mid_tap_1[15:0]
W mid_tap_2[15:0]

W cur_tap_0[15:0

W cur_tap_1[15:0

W cur tap 2{15:0

W top_rd[15:0]

W mid_rd[15:0]

top_tap_.O | top_tap_.1 | top_tap_2
mid_tap-O | mid_tap-1 | mid_tap_2
cur_tap-O | cur_tap_-1 | cur_tap_2

A Window configuration simulation

The pixel is valid only when the coordinateis (x >Tand y > 1)

A Window configuration
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| Advanced Filter Design (Gaussian Filter)

W sumR[9:0]

W sumG[10:0]
W sumB[9:0]
N outR[4:0]

W outGG[5:0]

W outB[4.0]

A Sum and Output Value

W waddr_out_nxt[16:0] 5C [ 333435 /36Y37/38Y39Y/ 40 4142\ 43 44 45/ 46 ¥ 47 /48" 495051 52)/53Y/ 5455 SE Y57 S8 S9YBOYB1YE2Y 0

1 1 1 L | 1 1 1 1 1
i i i i i i i i i i
—_— S— — T | SS— —_— S— = S | S —_— — — T | S S—  M— — | S —_— — = T | S— —_— S— = T | S —_— | M
J v
3§ J -
A
is —
1

W wdata out nxt{15:0]

A Output Address and Data

output address = (y coordinate * horizontal length) + x coordinate

run all

Checks : BODY
Mismatch : 0
STATUS @ PASS

A Simulation Result




Advanced Filter Design (Sharpen Filter)

s Line Buffer

Input Image Input window Line Buffer
buffer Column Pointer

L2iL3! L4 L1|L2|L3|L4| 0
L6 L9 |L10 7 L (we
| 115 L7 L L6)L7 LB‘ L9 L5 01 <= roz;

e
L16|L17|L18|L19|L20 L12|L13|L14 uluz@jl.g L10
LZi L] Les LN LS L17—>L16—>L15j
- f-Column Pointer
: 3lalL L1 L3|(L4| L5
L11 L12 L8 | L9 |L10 L64&l7 | L8| L9(L10
L16|L17|L18|L19|L20 L13|L14|L15 L1T L13/L14|L15
— ! Al rl7 2k 71
L21|L22|L23|L24|L25 tL164—L174—L18 EAI |_|' x'I EI, ﬂ'llEEl A|'<:> o O




Advanced Filter Design (Sharpen Filter)

:

Filter Result

b OO
8| 3 6
o | 3 F, always_ff @(posedge clk) begin
' conv_r <= ($signed(
5 | 2
s|e|s|a|7]8] Lgnhec
6*1+ 20 +4°(-1) +
518|853 )|8] 4 4*1 +5%°0 + 4°(-1)

n,xn,= OXxX0O

h(xy)=5-f(xy)
— (f(x— Ly)+f(x+Ly)+f(xy-1)

+f(x,y+ 1))




|[ Advanced Filter Design (Sharpen Filter)




|[ Advanced Filter Design (Sobel Filter)

:
Gx, Gy Mask

always_ff @(posedge clk) begin

if (reset) begin
1| o =
2 H 0 onelval < 0

ekl |__| - Ll L 3
end else 1f (we_in) begin

i H 0 il e o L

Al

Magnitude & Threshold

255,|G| > T

6l 16 +16:),  Edge(xy)= 1700




|[ Advanced Filter Design (Sobel Filter)

i

1
|
|
I




Sticker Filter E—

logic [4:0) in_r, in_g, in_b:
logic is_red:

assign in_r = wha
assign 1n_g = wba
wh:

assign in_b

Mt 12| g

Lf (reset) begin
15 red <

ta_in
ita_1n
ta_1in

o Ld

end else 1if {ht'hr} begin




Sticker Filter

lLogic |
logic cent
logic |
logic |

always_ff @(posedge clk) begin
if (reset) dout_reg <= .
else 1f (we_d4) begin
if ( ker_act d4) begin
1f (rom_data ! ) begin

1' NAaTA
1y

end elserbegin

end
end else begin
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Cartoon Filter

Coordinate/Window

\4

Gaussian Blur

\4

Posterize

\ 4
Sobel Edge

v

Overlay

Overview

Line Buffer 27 A2 2 3x3 =L

AH AT
oo

Blur2 O0|= &4

Posterize= MAFEHH =4




Cartoon Filter

e 3x3 Gaussian blur e Posterization

wire [4:

logic |
1001( [4: wire |
|
[

loglc wire [4:

logic 10}
always_ff @(posedge clk) beguin

assign po:
L\t (reset) beguin

assign pos
ir_g6
end else begin }Dglc { :
<= (ré0 + (rol<< ro2) Logic :
' ' lo gLc [ .

always_ffT @(posedge
LT (reset) begun

end else begun

sume = (00 + 2¢01 + ¢02) + (2¢10 + 4ell + 2¢12) + (20 + 2¢21 + ¢22) post_r5 = { blur_r5[4:3], 000 }

blury — sat ({511111(~ > 4), hith’r-)




Cartoon Filter

e Sobel edge on G e Edge overlay

logic signed |
logic |
loglc |

logic [
logic [
logic [

always_ff @(posedge clk) begin
1f (reset) begin

always_fT @(posedge clk]
1f (reset) beguin

™ "~ ap— -
- B > 3 3 3

.
¥

eaae m

end else”begtn

end else 1f (

1Y
9

n

end
end

assign

7. — (902 + 2912 + g2: L9 2 7 = (920 + 2g° 29 2601 + g02 i
G, — (902 + 2912 + g22) — (g00 + 210 + g20), G, = (g20 + 2921 + g22) — (g00 + 2g01 + g02) (orig border
edge_mag — |G| + |G, out — ¢ (0,0,0) edge_mag > T
| post otherwise
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Cartoon Filter
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|[ Pop-Art Filter

wire [4:
wire [5:
Posterization wire [4:
RGB *'2 &4¢| HEQ |fX| > AMA HA ::tgg -
re) assign post |
Chaof

logic [5:0] b
logic [4:0] b

Color Boost

always_comb begun

N boost_r5 = (post_r5
AN ZE (M= Jrish




Pop-Art Filter

logic [4:
logic [5:
logic [4:

logic signed [/:0] gx, gy;
logic [7:0] abs_gx, abs_gy;
logic [8:0] edge_mag;

always_ff @(posedge clk) beguin
if (reset) begin
ut rt ol (| §-
OUT Qt
out DS
end else 1if
it (edge_mag

always_ff @(posedge clk) begun
\f (reset) begun

I " ' M.
ab)s 1y ’

end elsemtf (we_1n) begun
' $si1aned(

end elsé begin

all B = - e Tl = = - :
) i - (‘l S uo
100 g (fru_‘_.t_."_ :.‘

end
end

assign wData_out

Edge Detection(Sobel edge on

G)
Sobel-like HAOE R2M HE




SCCB

$I10_C

SI0 D
IN

SI0O_D
ouT

b tuon —>| |1,
+'I.D'ﬂ+
— t = e o]

2 7
toue

s : 5
5%

A SCCB Protocol Timing Diagram

SCL, SDA
HREF, VSYNC

PCLK

+3.3V, GND

A SCCB Block Diagram
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| SCCB Transaction Level

reset

@ ((SCL == H) && (SDA == Z, Relased)) @

&& (Start_sig == 1)
((SCL == H) ((SCL == H)
&& &&
(SDA_L 2 H)) (SDA_H2L))

DATA ADDRESS
REG REG
ACK 9th Bit == ACK 9th Bit == ACK 9th Bit ==

A SCCB Protocol Byte-level FSM




{ SCCB SCL FSM

reset
clk_en ==

SCL_IDLE SCL_START SCL_H2L
SCL_L2L SCL_L2H SCL_H2H

SCL_STOP

A SCCB Protocol Bit-level SCL FSM




{ SCCB SDA FSM

reset

startsig ==
SDA_START

ADDRESS_REG DATA_REG SDA_STOP

done ==

A SCCB Protocol Byte-level SDA FSM




|[ SCCB SDA Bit Level FSM

if (data == 1) sda_oe =1 (Pull) if (bit_count) == if_(bit_cou nt < 8)
else ACK Sampling bitCount ++ &&
sda_oe = 0 (Release) dataBit --

A SCCB Protocol Bit-level SDA FSM




SCCB Verification (Device Address 0x42)

¥ 12C_clk_400khz 0 HERERE IHIIIIIIIIIIIIIIIIIIHI'IIIIH
4 SCL 1 1 B - BN B B | | i
— , Ox42

4 SDA X | | 9
W sda_state_next{31:0] DEVICE_ID ; 0 | | O O oswceolo 0 0 (DEViCE Add I‘ESS)
W bitCount(5:0] 9 l g - : 2 6 X .

¥ 12C_clk_400khz 0 | ] Illllllllllllllllillll

4 sCL 1 N B _ = ] 1 L

J SDA X | O O ] | 0X12

W sda_state_nexti31:0] DEVICE_ID Yo ADDRESS_REG

I — | (Register Address)

. W bitCount(5:0] 9 V1 5 5V 3 5 7

° ||mmmH|||1|’||‘||;|||1'|1||u|\m
1 ] nEaln nlaln
s ; 110 0 0 0 [0 0 o 0x80

, W sda_state_next{31:0] DEVICE_ID - DATA_REG - (Register Data)

. I
» W DitCount{5:0] 9 : 2 3 VY 4 Y 5 Y 6 Y 7 g

OV7670_config_rom=> 0: dout <= 16'h12_80:

A SCCB Protocol Transaction Level Timing




SCCB Verification (Device Address 0x42)

g 12C_clk_400khz
SCL

¥ scl_state(31:0)
SDA

¥ sda_state(31.0]

w 12C_clk_400knz " | \

g SCL

:

¥ sal_state(31.0) SCL_HZH UL _HELYSCL_L2L Y SCL_L2H Y SCL_HZHY SCL_HZL Y SCL _L2L Y SCL_LZH Y SCL_HZH Y SCL L Y SCL_L2L Y SCL L2 SCL_MZH Y SCL_HZL VS L2L Y SCL_LZH Y SCL_H2H Y SCL_HZL Y SCL_LZL Y SCL _L2HYSCL M2 SCL_H2L y SCL_LZL Y SCL_L2n Y SCL_H2H

|
’

SDA 0 | |

W sda_statel31.0) DEVICE ID | T ORVICELD | | | | KOORESS_PEd

A SCCB Protocol Bit Level Timing (9th Bit Release)
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UART Signal

4 N
Left

. J
4 N

Original

)

7

)
4]
.

. J

~
Comic |[|IPhantom
Warm || Cool

mirror

\_____/
)

Retro
Frame

_____/

4 )
Edge
Pop

_____/

\

f )
C?I?)VE/ Clarity
4 )

Original

J

4 )
Sticker

—/




Flow Chart

Initial Screen

START

Select 1 Version

Select 1 Frame

l SPACE

Select 6 Filters

Enter

Select 6 Stickers

Enter

Take a picture

Select 4 of 6 photos

SPACE ;

YA A"

Keyboard

Al Evaluation

Quality enhancement
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Generator Network

Discriminator Network

Real-ESRGAN

PRACTICAL RESTORATION
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| SystemVerilog 45 11X

Environment

Generator :> mailbox mailbox :> Scoreboard

| i

Z\
Driver Monitor
/\
N/
Interface
Coverage
DUT :> Calcuation

l Block Diagram
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SystemVerilog (Cartoon Filter ?:%)

Name Value

¥ g
¥
W 3
W 3
W e
.
W 0
W0

=========================| (JYERAGE | =========================
Simulation finished at 4000230000

Border 100,003

Fdge Magnitude: 83.33% < Edge & T (EDGE_THR = 50)
Orientation : 100.003 |




Trouble shooting : SCCB

74
(=

[£68815000 ns] TAD DEV=0xd2 REG=Ux1Z DAT=0x00

[B36075000 ns] Tx2 DEV=0x42 REG=0x12 DAT=0xf0

[ 1119706000 ns] TA3 DEY=0x42 REG=0x11 DAT=0:x14
[ 1403535000 ns] TAd4 DEY=UwdZ REG=UxUc DAT=Uxgl
[ 1686965000 ns] TX5 DEV=0x42 REG=0x3e DAT=0x04
[ 1970595000 ns] TX6 DEY=0w42 REG=0:04 DAT=0x19
[ 2254225000 ns] TX? DEV=042 REG=0:40 DAT=0:x00
[2537655000 ns] THG DEY=0x42 REG=0x3a DAT=0:xd0
[£821485000 ns] TS DEV=0x4Z REG=0x14 DAT=0x04
[3105115000 ns] TX10 DEV=DxdZ REG=0x4f DAT=0x18
[3386745000 ns] TX11 DEVY=0xd4? REG=(t<50 DAT=0xb3
[3672375000 ns] TX12 DEY=0x42 REG=0x51 DAT=0xb3
[3956006000 ns] TA13 DEY=UxdZ REG=0x5Z DAT=0x00
[4239635000 ns] TX14 DEY=0x42 REG=0x53 DAT=0x3d
[4523265000 ns] TX15 DEY=0x42 REG=0:54 DAT=0xa?
[4806895000 ns] TX16 DEY=0x4Z REG=(1:58 DAT=0xed
[6000000000 ns] TIMEOUT. tx_count=17

[836075000 ns] TH3 DEV=0:42 REG=0x12 DAT=0x14

[ 1119705000 ns]
[ 1403335000 ns]
[ 1bEbEE5000 ns]
1970535000 ns]
[2254225000 ns]
[ 537855000 ns]
[2821485000 ns]
[3105115000 ns)
[ 3388745000 ns)
[Gb7Z3VR000 ns)
(3956005000 nis)
[4Z39635000 ns)
[4523265000 ns)
[ 45UbaS5000 ns|
(5000000000 ng)

724 DEV=0x42 REG=0x11 DAT=0xB0

725 DEV=0(x4Z REG=0xDc DAT=0x=0D4

Tab DEV=Uxdy REG=(kde DAT=[x13

T2 DEV=0x42 REG=0=D4 DAT=0x=D0

728 DEV=(x4? REG=0x40 DAT=0xd0

129 DEV=(xd2 REG=(k3a DAT=0x=D4

TX10 DEY=0x42 REG=0x14 DAT=0x18
TX11 DEV=0x42 REG=0x4f DAT=0:b3
TX12 DEV=0x42 REG=0:<50 DAT=0:xb3
TX13 DEVY=Uxd2 REG=0x51 DAT=0x00
TX14 DEY=0242 REG=0<52 DAT=0:3d
TX15 DEV=0x42 REG=0:53 DAT=0xa?
TX16 DEV=0x42 REG=0xb4 DAT=0xed
1217 DEV=Ux42 REG=0x58 DAT=0:x3e
TIMEOUT, tx_count=17
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PRACTICAL RESTORATION

24l wave_form_ai RealESRGAN
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