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System Overview

« Image processing on FPGA: | f
OV7670 data capture, : OV7670 Cam B
pixel thresholding and IR beacon
centroid detection

« Uncalibrated stereo in software:
pre-calibrated camera intrinsics;
everything else found dynamically.

« Functionality: Realtime 30 FPS IR
beacon tracking with mm-scale
precision
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Hardware

« Two moment accumulation
pipelines and a debug
frame buffer for photo
capture
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DONE: Set by HW, cleared by SW.
Frame capture continues if DONE set,
but accumulator result registers only
update if DONE cleared

CONTROL[15:8] DONEJ0]
) Latched in Converted to
CLK domain on DONE_A toggle flag for
(50 MHz) toggle flag cDc
Y
Threshold A pending
Camera A moment pipeline
2FF
: 8b Latched in clear_seen Pulse on toggle with 3b synchronizer synchronized,
PCLK_A domain i
(25 MHz) threshold_active | ©on frame ¥ Ee;ltcnec; E}EJHNSI?Q
start edge o in
Accumulator bank ¢lk darmain
10'b u_coord 32'b u_result
\ » 32b u_accumulator »
8'b pixel foreground foreground
pclk 10'b u_coord 10'b u_coord
href 9'b v_coord 9'b v_coord
VSYNC T_start f _start
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Debug
frame
buffer

PCLK_A/PCLK_B
w/ clock MUX
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CONTROL[1:0]

Y

Latched in on
DONE_FB
clear

\
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href
vsync
[7:0] data

XM

DONE: Set by HW, cleared by SW.

DONE[Z] Frame capture only if DONE cleared

Converted to
toggle flag for
CcDC

clear_seen Pulse on toggle with 3b synchronizer

Y
17'b wr_addr 17'b rd_addr
> wr_addr rd_addr >
Frame Buffer RAM
> Pixel decoder 307,200 B
32'b wr_data Dual clock 32'b rd data
> wr_data rd_data >

FB_INDEX[16:0]

FB_DATA[7:0]




Pinout

GPIO 0 GPIO 1 PlOs:
CameraA:
GPIO_O[0] 1 2 GPIO_O[1] GPIO_1[0] 1 2 GPIO_1[1]
+  GPIO_O[7:0] : DATA GPIO_0f2] 3 4  GPIO_0[3] GPIO_1[2] 3 4 GPIO_1[3] OX1 O O
. GPIO.O[8]: HREF GPIO O[] 5 6 GPIO_O[5] GPIO_1[4] 5 6 GPIO_1[5]
GPIO_O[6] 7 8  GPIOO[] GPIO_1(6] 7 8 GPIO1[7]
. GPIO_0[9]: VSYNC GPIO.O@B 9 10  GPIO_0[9] GPIO_1[81 9 10 GPIO_1[9) O X1 2 O
VCC SV 11 12 GND vee sV 11 12 GND
* GPIO_O[10]: PCLK GPIO_0[10] 13 14  GPIO_O[11) GPIO_1[10] 13 14 GPIO_1[11)
. GPIO_0[26]: XCLK GPIO_0{12] 15 16 GPIO_0[13) GPIO_1[12] 15 16 GPIO_1[13] O X1 40
GPIO_O[14] 17 18 GPIO_0{15] GPIO_1[14] 17 18 GPIO_1[15]
+  GPIO_0[35:27]: Software PIO GPIO_0[16] 19 20 GPIO_O[17] GPIO_1[16] 19 20 GPIO_1[17]
. GPIO.0[22:25]: Software 12G GPIO_O[18] 21 22 GPIO_O[19] GPIO_1[18] 21 22 GPIO_1[19] OX1 60
GPIO_0{20] 23 24 GPIO_0{21] GPIO_1[20] 23 24 GPIO_1[21]
. 22=SCL GPIO_0[22] 25 26 GPIO_0[23] GPIO_1[22] 25 26 GPIO_1[23]
GPIO_0j24] 27 28 GPIO_0[25] GPIO_1[24] 27 28 GPIO_1[25]
* 23=SDA VCC 3.3V 29 30 GND VCC 3.3V 29 30  GND
Camera B: GPIO_0[26] 31 32 GPIO ORT7] GPIO_1[26] 31 32 GPIO_1127]
GPIO_0[28] 33 34 GPIO_0{29] GPIO_1[28] 33 34 GPIO_1[29)
*  Mirroredon GPIO_1 GPIO_0{30] 35 36 GPIO_0[31)] GPIO_1[30] 35 36 GPIO_1131]
LEDR: GPIO_0[32] 37 38 GPIO_0(33] GPIO_1[32] 37 38 GPIO_1[33]
GPIO_0[34] 39 40 GPIO_0{35) GPIO_1[34] 39 40 GPIO_1[35]

«  [9]:Unused

. [8]: Always on unless reset
. [7:6]: Frame capture select mode (00 = OFF, 01 =A,10 = B)
. [5:3]: STATUS (whether camera in capture state)

. [2:0]: DONE (frame_done, b_done, a_done)
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Camera Control

« Software bit-banged 12C
using HPS-controlled PIO

* Device address Ox21

« R/W to control registers
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Figure 6 VGA Frame Timing

VGA Timing : s -
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Hardware/Software Interface
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(1/2)

Use Connections Name Description Export Clock Base End
vl |@ gpiol_i2c |PI0 (Parallel I/0) Intel FPGA IP \
| clk |Clock Input |clk_0 ‘
3 reset |Reset Input [[clk]
r— sl |Avalon Memory Mapped Slave [[clk] 0x0000_0160 |0x0000_016f
<7 external_connec... |Conduit gpiol_i2c
[v] B gpiol_upper PIO (Parallel I/O) Intel FPGA IP
clk Clock Input ck_0
reset Reset Input [clk)
* sl Avalon Memory Mapped Slave [clk] 0x0000_0140 0x0000_014f
< external_connec... [Conduit gpiol_upper
[v] E gpio0_i2c PIO (Parallel I/O) Intel FPGA IP
[ clk |Clock Input |clk_0
reset |Reset Input [clk]
*~ sl |Avalon Memory Mapped Slave [[clk] 0x0000_0120 |0x0000_012f
< external_connec... |Conduit gpio0_i2c
[v] E gpio0_upper PIO (Parallel I/O) Intel FPGA IP
clk Clock Input ck_0
reset Reset Input [clk]
r— sl Avalon Memory Mapped Slave [[clk] 0x0000_0100 |0x0000_010f
< external_connec... [Conduit gpio0_upper
[v] |E ck 0 |Clock Source
=g clk_in |Clock Input clk lexported
g clk_in_reset |Reset Input reset
> [ clk |Clock Output clk_0
o o e clk_reset |Reset Output
[v] B8 hps_0 Arria V/Cyclone V Hard Proce...
h2f_userl_clock |Clock Output hps_0_h2...
< memory Conduit hps_ddr3
< hps_io Conduit hps
h2f reset Reset Output
h2f_axi_clock Clock Input clk_0
h2f_axi_master AXI Master [h2f_axi_...
f2h_axi_clock Clock Input clk_0
f2h_axi_slave |AXI Slave [f2h_axi_...
h2f_Iw_axi_clock |Clock Input ck_0
| h2f Iw_axi_master |AXI Master [h2f Iw_a...
[v] B imgproc_0 |Image Processor [
clock |Clock Input |clk_0
reset |Reset Input |[clock]
—— avalon_slave_0 }Avalon Memory Mapped Slave |[clock] 0x0000_0000 (0x0000_003f
1% camera_a |Conduit camera_a |[clock]
2% camera_b |Conduit camera_b |[clock]
< status |Conduit status |[clock]




Hardware/Software Interface (2/2)
Register Map
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Address Register Access Meaning
0 AREA_A R Camera A foreground area
1 U_A R Camera A foreground u/x moment sum
2 V_A R Camera A foreground v/y moment sum
3 AREA_B R Camera B foreground area
4 U_B R Camera B foreground u/x moment sum
5 V_B R Camera B foreground v/y moment sum
6 DONE R/W bit 0: A, bit 1: B, bit 2: frame buffer
y CONTROL | RW | e ol A [23:16) hreghold
8 FB_INDEX R/W Frame buffer word index, 0 .. 76799
9 FB_DATA R Four pixels packed as {p3, p2, p1, p0}
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Test captures:

* Frame buffer captures from select OV7670 camera via debug interface
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Algorithms
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Camera calibration

u—fx +ox v—fy +oy
Homogenous coordinates of (u,v):
xC
frXc + 2;04 x 0 o, y
(=B %
0 0 1 {

where: (u,v) = (#/4,%/5)

Image Camera
Coordinates Coordinates

Xc
u= [z] < M, X, = l;’c‘
(o

Perspective
Projection




Camera calibration

14/31 CAM_A/frame_camA_17784983212_1787.pgm threshold=121 blobs=19 target 19 exact

Click beacon, type ID, Enter saves. x clears. [/]: fit strength. m model. s saves grid. n/p image. q quits.
Selected: none Assigned: 19/19

Grid: homography, strength=1.00, missing=top—Ileft
Saving to: beacon_labels.json

3/31 CAM_A/frame_camA_1778487379.1705.pgm threshold=85 blobs=19 target 19 exact

Click beacon, type ID, Enter saves. x clears. [/]: fit strength. m model. s saves grid. n/p image. q quits
Selected: none Assigned: 19/19

Grid: homography, strength=1.00, missing=top—left
Soving to: beacon_labels.json

30/31 CAM_B/frame_camB_1778493524_1798.pgm threshold=140 blobs=19 target 19 exact

Click beacon, type ID, Enter saves. x clears. [/]: fit strength. m model. s saves grid. n/p image. q quits.
Selected: none  Assigned: 19/19

Grid: homography, strength=1.00, missing=top—left
Saving to: beacon_labels.json

4/31 CAM_A/frame_camA_1778487581_1711.pgm threshold=96 blobs=19 target 19 exact

Click beacon, type ID, Enter saves. x clears. [/]: fit strength. m model. s saves grid. n/p image. q quits.
Selected: none Assigned: 19/19

Grid: homography, strength=1.00, missing=top—Ileft
Saving to: beacon_labels.json



Camera calibration

0 900.939218 218.219419] .
0 0 1

879.693451 0 365.717241 900.939218 0 307.065820
Ky = 0 879.693451 241.590062|, Kp =

0 0 1




Epipolar geometry

Left _ Right
Camera *r Camera
2[ 2 T Z"T
0 -t ty |11 T2
X1 Y1 Zi]| | ¢, O =12l 1240 152
—ty, ty 0 [I731 T32

Left

Normal

vector
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e\
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Point
P

polar
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Xy

tR
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Vector normal to the epipolar plane: n = tXxx;

Dot product of n and X; (perpendicular vectors) is zero:
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Essential and Fundamental Matrices

[X1 Y1 Zi]|e21 €22 exs||W|=0

lw, v 1]|(f21 faz  fa3
fz1 fzz f33

Fundamental Matrix F

—f11 f12 f13ﬂ [ur]




Fundamental Matrix Estimation

f11]

E(E (1 1)..(1 1 1)..(1 1)..(1 1 1 1 |1 /21

I Sl M R R R Y
.: o : . :. .: . .: . :. : :. z f21 :
ul(l)uﬁl) ul(l)vr(t) ul(t) vl(l)u,?) vl(l)vrgl) vl(l) ul(t) uﬁl) 1 i =.
: : : : : : : ; I fos :
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mfin |Af]|? such that ||f]|? = 1




Code Control FlI

camera_configure()

I*C write via bit-banged PIO - camera_config.c

camera_set_thresholds()
writes CONTROL reg - discards first frame

camera_read_moment_pair()
polls DONE[0]+DONE[1] - reads area/u/v regs

area > min_area? — compute ¢, ¢,

accumulate point pair into ATA

fundamental_estimate()
normalise points - build A'A - Jacobi eigenvector — F

essential_from_fundamental() + recover_pose()
E = K*FK" - SVD - 4 candidates - chirality check

camera_read_moment_pair() projection_triangulate()

reads live c,c, from FPGA regs AX=0 - Jacobi 4x4 — 3D point

05/14/2026
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Jacobi Least-Squares Solver

Goal: Estimate the fundamental matrix F from stereo correspondences.

Epipolar constraint:

x}Fx; =0

Each matched point pair contributes one row:

[X2x1, X2y1, X2, Y2X1, ¥2)1, Y2, X1, Y1, 1]

All rows form the homogeneous system:

Af~0

Convert into eigenvalue problem:

ATAf=Af

The desired solution is the eigenvector corresponding to the smallest eigenvalue.
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Jacobi Least-Squares Solver

1. Construct symmetric matrix:

ATA
2. Find largest off-diagonal element:
Apq
3. Compute Jacobi rotation:
r— %9~ %pp
2a,4
sign(7)

|| +V1+ 72
4. Rotate rows and columns to eliminate a,q

5. Repeat until matrix becomes diagonal

6. Extract eigenvector with smallest eigenvalue

7. Reshape into the 3 x 3 fundamental matrix F

05/14/2026
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Jacobi SVD

The estimated fundamental matrix is converted into an essential matrix: Eigenvalues correspond to:

E =KIFK, 2

A valid essential matrix must satisfy: while eigenvectors form:

E=UxvT v

with constrained singular values: Singular values are recovered through:

L= djag(s,s,O) O; = \/A_.q

The algorithm computes: and left singular vectors are computed using:

E'E EV,

and applies Jacobi diagonalization again.
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Pose Recovery

1. Compute candidate rotations:

Ry =UWVT
R, =UWTvVT
2. Extract translation vector:
f—TI711- 921

3. Generate four possible camera poses:

(R1:+t): (Rla _E)i (RZ: +t)7 (RZJ _t)
4. Perform chirality check using triangulated 3D points

5. Select physically valid pose where:

z1>0

22>0

for both cameras

23



Credits:

* Prof. Stephen Edwards
 TA: Xiaoyang Liu

« Graphics and equations
from https://www.youtube.com/playlist?list=PL 2zRgk16wsdoCCL pou-

dGo7QQNks1Ppzo

05/14/2026
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https://www.youtube.com/playlist?list=PL2zRqk16wsdoCCLpou-dGo7QQNks1Ppzo
https://www.youtube.com/playlist?list=PL2zRqk16wsdoCCLpou-dGo7QQNks1Ppzo
https://www.youtube.com/playlist?list=PL2zRqk16wsdoCCLpou-dGo7QQNks1Ppzo
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