
ДОДАТОК А  

Код численного моделювання відстеження об’єктів 

 

 

# FPV Computer Vision System Numerical Simulation 

# ------------------------------------------------ 

# This script simulates the core mathematical models from Section 2.1: 

# - Video discretization (time steps) 

# - Stochastic detector outputs (classes, boxes, scores) 

# - IoU and IoU-cost based association 

# - Kalman filter tracking (constant-velocity model in image plane) 

# - Inference latency compensation 

# - Homography (ground plane <-> image plane) mapping 

# - PID-based pointing control from pixel errors 

# 

# It produces figures that you can compare against experimental data: 

# - Trajectories (GT vs. detections vs. Kalman tracks) 

# - IoU over time 

# - Effect of latency compensation on position error 

# - PID command signals over time 

# 

# NOTE: To keep the runtime small and reproducible, we use a 2-object scene 

and 

#       lightweight models (no neural net is run here — detections are synthesized 

#       by adding noise, misses, and false positives to ground truth). 

 

import numpy as np 

import matplotlib.pyplot as plt 

from dataclasses import dataclass 

from typing import List, Tuple, Optional 

import os 



import random 

import pandas as pd 

 

# --------------- Helper structures --------------- 

 

@dataclass 

class Box: 

    # Bounding box in image pixel coordinates: [x1,y1,x2,y2] 

    x1: float 

    y1: float 

    x2: float 

    y2: float 

 

    @property 

    def cx(self): 

        return 0.5 * (self.x1 + self.x2) 

 

    @property 

    def cy(self): 

        return 0.5 * (self.y1 + self.y2) 

 

    @property 

    def w(self): 

        return max(self.x2 - self.x1, 1e-6) 

 

    @property 

    def h(self): 

        return max(self.y2 - self.y1, 1e-6) 

 

def iou(b1: Box, b2: Box) -> float: 

    ix1 = max(b1.x1, b2.x1) 



    iy1 = max(b1.y1, b2.y1) 

    ix2 = min(b1.x2, b2.x2) 

    iy2 = min(b1.y2, b2.y2) 

    iw = max(ix2 - ix1, 0.0) 

    ih = max(iy2 - iy1, 0.0) 

    inter = iw * ih 

    area1 = b1.w * b1.h 

    area2 = b2.w * b2.h 

    union = area1 + area2 - inter 

    if union <= 0: 

        return 0.0 

    return inter / union 

 

def iou_cost(b_pred: Box, b_det: Box) -> float: 

    return 1.0 - iou(b_pred, b_det) 

 

# --------------- Kalman Filter (constant velocity on cx, cy, w, h) --------------- 

 

class KalmanTrack: 

    def __init__(self, init_box: Box, dt: float): 

        # State: [cx, cy, vx, vy, w, h] 

        self.dt = dt 

        self.x = np.array([init_box.cx, init_box.cy, 0.0, 0.0, init_box.w, init_box.h], 

dtype=float) 

 

        # Transition matrix F 

        self.F = np.eye(6) 

        self.F[0,2] = dt 

        self.F[1,3] = dt 

 

        # Observation matrix H (measures cx, cy, w, h) 



        self.H = np.zeros((4,6)) 

        self.H[0,0] = 1.0 

        self.H[1,1] = 1.0 

        self.H[2,4] = 1.0 

        self.H[3,5] = 1.0 

 

        # Process noise covariance Q 

        q_pos = 2.0 

        q_vel = 10.0 

        q_size = 1.0 

        self.Q = np.diag([q_pos, q_pos, q_vel, q_vel, q_size, q_size]) 

 

        # Measurement noise covariance R 

        r_pos = 4.0 

        r_size = 3.0 

        self.R = np.diag([r_pos, r_pos, r_size, r_size]) 

 

        # State covariance P 

        self.P = np.diag([10, 10, 10, 10, 10, 10]).astype(float) 

 

        self.age = 0 

        self.time_since_update = 0 

 

    def predict(self): 

        # x = F x 

        self.x = self.F.dot(self.x) 

        # P = F P F^T + Q 

        self.P = self.F.dot(self.P).dot(self.F.T) + self.Q 

        self.age += 1 

        self.time_since_update += 1 

 



    def update(self, z: np.ndarray): 

        # z = [cx, cy, w, h] 

        y = z - self.H.dot(self.x)  # innovation 

        S = self.H.dot(self.P).dot(self.H.T) + self.R 

        K = self.P.dot(self.H.T).dot(np.linalg.inv(S)) 

        self.x = self.x + K.dot(y) 

        I = np.eye(6) 

        self.P = (I - K.dot(self.H)).dot(self.P) 

        self.time_since_update = 0 

 

    def to_box(self) -> Box: 

        cx, cy, vx, vy, w, h = self.x 

        return Box(cx - 0.5*w, cy - 0.5*h, cx + 0.5*w, cy + 0.5*h) 

 

    def velocity(self) -> Tuple[float, float]: 

        return float(self.x[2]), float(self.x[3]) 

 

# --------------- Simulation parameters --------------- 

 

H, W = 720, 1280        # original frame size 

h_in, w_in = 320, 320   # detector input (after resizing) 

alpha = H / h_in 

beta = W / w_in 

 

FPS = 30.0 

dt = 1.0 / FPS 

T = 12.0     # seconds 

N = int(T / dt) 

 

frame_skip = 3          # emulate running inference every m-th frame 



tau = 0.5               # detection confidence threshold (not used explicitly in synthetic 

gen) 

dt_inf = 0.06           # 60 ms inference latency compensation 

 

rng = np.random.default_rng(42) 

random.seed(42) 

 

# --------------- Ground Truth trajectories (two moving objects) --------------- 

 

def gt_trajectory(t: float, obj_id: int) -> Box: 

    # Object 0: moves left->right with slight vertical oscillation 

    if obj_id == 0: 

        cx = 150 + 700 * (t / T) + 40*np.sin(0.8*t) 

        cy = 300 + 30*np.sin(0.6*t) 

        w = 140 + 10*np.sin(0.2*t) 

        h = 120 + 5*np.cos(0.3*t) 

    else: 

        # Object 1: moves right->left and downwards slowly 

        cx = 1100 - 600 * (t / T) + 30*np.cos(0.7*t) 

        cy = 200 + 220 * (t / T) + 25*np.sin(0.9*t) 

        w = 100 + 8*np.sin(0.25*t) 

        h = 100 + 8*np.cos(0.35*t) 

 

    return Box(cx - 0.5*w, cy - 0.5*h, cx + 0.5*w, cy + 0.5*h) 

 

# --------------- Detection generator (noisy, with misses & FPs) --------------- 

 

def noisy_detection_from_gt(gt_box: Box, miss_prob=0.12, pos_noise=8.0, 

size_noise=6.0) -> Optional[Tuple[Box, float]]: 

    # miss 

    if rng.random() < miss_prob: 



        return None 

 

    # add noise to corners via cx,cy,w,h 

    cx = gt_box.cx + rng.normal(0, pos_noise) 

    cy = gt_box.cy + rng.normal(0, pos_noise) 

    w = max(10.0, gt_box.w + rng.normal(0, size_noise)) 

    h = max(10.0, gt_box.h + rng.normal(0, size_noise)) 

 

    det = Box(cx - 0.5*w, cy - 0.5*h, cx + 0.5*w, cy + 0.5*h) 

 

    # synthetic score correlated with IoU to GT (clipped to [0,1]) 

    scr = max(0.0, min(1.0, 0.4 + 0.6*iou(det, gt_box) + rng.normal(0, 0.05))) 

    return det, scr 

 

def random_false_positive(fp_prob=0.08) -> Optional[Tuple[Box, float]]: 

    if rng.random() < fp_prob: 

        cx = rng.uniform(100, W-100) 

        cy = rng.uniform(100, H-100) 

        w = rng.uniform(40, 140) 

        h = rng.uniform(40, 140) 

        det = Box(cx - 0.5*w, cy - 0.5*h, cx + 0.5*w, cy + 0.5*h) 

        scr = rng.uniform(0.3, 0.7) 

        return det, scr 

    return None 

 

# --------------- Homography (ground plane -> image plane) --------------- 

 

H_hmg = np.array([[ 1.2,   0.05,   50.0], 

                  [ 0.02,  1.15,   40.0], 

                  [ 0.0008, 0.0006, 1.0]]) 

 



H_inv = np.linalg.inv(H_hmg) 

 

def image_to_ground(u, v): 

    p = np.array([u, v, 1.0]) 

    pg = H_inv.dot(p) 

    if abs(pg[2]) < 1e-9: 

        return 0.0, 0.0 

    X = pg[0]/pg[2] 

    Y = pg[1]/pg[2] 

    return X, Y 

 

# --------------- PID controller (for pointing to object 0) --------------- 

 

class PID: 

    def __init__(self, kp, ki, kd, umin=None, umax=None): 

        self.kp, self.ki, self.kd = kp, ki, kd 

        self.umin, self.umax = umin, umax 

        self.I = 0.0 

        self.e_prev = 0.0 

 

    def step(self, e, dt): 

        self.I += e * dt 

        D = (e - self.e_prev)/dt if dt > 0 else 0.0 

        u = self.kp*e + self.ki*self.I + self.kd*D 

        self.e_prev = e 

        if self.umin is not None: u = max(u, self.umin) 

        if self.umax is not None: u = min(u, self.umax) 

        return u 

 

pid_yaw = PID(2.0, 0.2, 0.35, umin=-2.5, umax=2.5) 

pid_pitch = PID(2.2, 0.25, 0.4, umin=-2.0, umax=2.0) 



# --------------- Simulation loop --------------- 

 

gt_boxes = [] 

det_boxes = []         # per-frame list of detections (list of Box) 

det_scores = [] 

trk_boxes = []         # best track for each GT (simple two-track scenario) 

trk_boxes_latency_comp = [] 

ious_to_gt0 = [] 

ious_to_gt1 = [] 

lat_err_px = []        # |predicted cx - gt cx| for latency vs no-latency 

yaw_cmds = [] 

pitch_cmds = [] 

frames_used_for_inference = [] 

 

# Initialize two tracks with first available detections at t=0 

t0 = 0.0 

gt0 = gt_trajectory(t0, 0) 

gt1 = gt_trajectory(t0, 1) 

# create initial detections (ensure not missed) 

det0, _ = noisy_detection_from_gt(gt0, miss_prob=0.0) 

det1, _ = noisy_detection_from_gt(gt1, miss_prob=0.0) 

 

kf0 = KalmanTrack(det0, dt) 

kf1 = KalmanTrack(det1, dt) 

 

N_int = int(N)  # ensure integer loop bound 

 

for k in range(N_int): 

    t = k * dt 

 

    # Ground truth 



    gt0 = gt_trajectory(t, 0) 

    gt1 = gt_trajectory(t, 1) 

    gt_boxes.append([gt0, gt1]) 

 

    # Synthesize detections 

    det_list = [] 

    scores = [] 

 

    if k % frame_skip == 0: 

        # detections for object 0 and 1, possibly missed 

        d0 = noisy_detection_from_gt(gt0) 

        if d0 is not None and d0[1] >= tau: 

            det_list.append(d0[0]); scores.append(d0[1]) 

 

        d1 = noisy_detection_from_gt(gt1) 

        if d1 is not None and d1[1] >= tau: 

            det_list.append(d1[0]); scores.append(d1[1]) 

 

        # random false positive 

        fp = random_false_positive() 

        if fp is not None and fp[1] >= tau: 

            det_list.append(fp[0]); scores.append(fp[1]) 

 

        frames_used_for_inference.append(True) 

    else: 

        frames_used_for_inference.append(False) 

 

    det_boxes.append(det_list) 

    det_scores.append(scores) 

 

    # Predict tracks every frame 



    kf0.predict() 

    kf1.predict() 

 

    # Associate when we have detections 

    if len(det_list) > 0: 

        # Compute IoU-costs to both tracks 

        pred0 = kf0.to_box() 

        pred1 = kf1.to_box() 

        costs0 = [iou_cost(pred0, d) for d in det_list] 

        costs1 = [iou_cost(pred1, d) for d in det_list] 

 

        # Greedy association: choose best for each track if cost<th 

        th_cost = 0.6 

        if len(costs0) > 0: 

            i0 = int(np.argmin(costs0)) 

            if costs0[i0] < th_cost: 

                d = det_list[i0] 

                z = np.array([d.cx, d.cy, d.w, d.h]) 

                kf0.update(z) 

        if len(costs1) > 0: 

            i1 = int(np.argmin(costs1)) 

            # Avoid using the same detection twice if possible 

            if len(det_list) > 1 and i1 == int(np.argmin(costs0)): 

                # choose alternative if available 

                sorted_idx = np.argsort(costs1) 

                for idx in sorted_idx: 

                    if idx != i0: 

                        i1 = int(idx) 

                        break 

            if costs1[i1] < th_cost: 

                d = det_list[i1] 



                z = np.array([d.cx, d.cy, d.w, d.h]) 

                kf1.update(z) 

 

    # Convert tracks to boxes 

    trk0 = kf0.to_box() 

    trk1 = kf1.to_box() 

 

    # Latency compensation: adjust predicted centers by dt_inf * velocity 

    vx0, vy0 = kf0.velocity() 

    vx1, vy1 = kf1.velocity() 

    trk0_comp = Box(trk0.x1 + dt_inf*vx0, trk0.y1 + dt_inf*vy0, 

                    trk0.x2 + dt_inf*vx0, trk0.y2 + dt_inf*vy0) 

    trk1_comp = Box(trk1.x1 + dt_inf*vx1, trk1.y1 + dt_inf*vy1, 

                    trk1.x2 + dt_inf*vx1, trk1.y2 + dt_inf*vy1) 

 

    trk_boxes.append([trk0, trk1]) 

    trk_boxes_latency_comp.append([trk0_comp, trk1_comp]) 

 

    # IoU to GT (for diagnostics) 

    ious_to_gt0.append((iou(trk0, gt0), iou(trk0_comp, gt0))) 

    ious_to_gt1.append((iou(trk1, gt1), iou(trk1_comp, gt1))) 

 

    # Latency compensation error (absolute cx error, uncompensated vs 

compensated) for object 0 

    err_uncomp = abs(trk0.cx - gt0.cx) 

    err_comp = abs(trk0_comp.cx - gt0.cx) 

    lat_err_px.append((err_uncomp, err_comp)) 

 

    # PID pointing control to object 0 using compensated track 

    # Compute pixel error relative to image center 

    u0 = trk0_comp.cx 



    v0 = trk0_comp.cy 

    u_center = W/2.0 

    v_center = H/2.0 

    e_u = (u0 - u_center) / W 

    e_v = (v0 - v_center) / H 

 

    yaw = pid_yaw.step(e_u, dt) 

    pitch = pid_pitch.step(e_v, dt) 

    yaw_cmds.append(yaw) 

    pitch_cmds.append(pitch) 

 

# --------------- Metrics and Visualization --------------- 

 

time = np.arange(N_int) * dt 

 

# 1) Trajectories: cx, cy over time for GT0 vs det vs track 

gt0_cx = np.array([gb[0].cx for gb in gt_boxes]) 

gt0_cy = np.array([gb[0].cy for gb in gt_boxes]) 

trk0_cx = np.array([tb[0].cx for tb in trk_boxes]) 

trk0_cy = np.array([tb[0].cy for tb in trk_boxes]) 

trk0c_cx = np.array([tb[0].cx for tb in trk_boxes_latency_comp]) 

trk0c_cy = np.array([tb[0].cy for tb in trk_boxes_latency_comp]) 

 

# Condense detections to closest-to-gt per frame for visualization 

det0_cx = np.full(N_int, np.nan) 

det0_cy = np.full(N_int, np.nan) 

for k in range(N_int): 

    if len(det_boxes[k]) > 0: 

        # pick detection with highest IoU to GT0 

        ious = [iou(d, gt_boxes[k][0]) for d in det_boxes[k]] 

        idx = int(np.argmax(ious)) 



        det0_cx[k] = det_boxes[k][idx].cx 

        det0_cy[k] = det_boxes[k][idx].cy 

 

# 2) IoU time series 

iou0_uncomp = np.array([p[0] for p in ious_to_gt0]) 

iou0_comp   = np.array([p[1] for p in ious_to_gt0]) 

 

# 3) Latency compensation absolute error (pixels) 

err_uncomp = np.array([e[0] for e in lat_err_px]) 

err_comp   = np.array([e[1] for e in lat_err_px]) 

 

# 4) Commands 

yaw_cmds = np.array(yaw_cmds) 

pitch_cmds = np.array(pitch_cmds) 

 

# Ensure output directory 

os.makedirs("fpv_sim_outputs", exist_ok=True) 

 

# ---------- Figure 1: Trajectory (cx over time) ---------- 

plt.figure() 

plt.plot(time, gt0_cx, label="GT cx") 

plt.plot(time, det0_cx, label="Det cx (noisy)", linestyle="--") 

plt.plot(time, trk0_cx, label="KF cx (uncomp)", linestyle=":") 

plt.plot(time, trk0c_cx, label="KF cx (latency-comp)", linestyle="-") 

plt.xlabel("Time [s]"); plt.ylabel("Center x [px]"); plt.title("Object 0 trajectory: 

cx(t)") 

plt.legend() 

plt.tight_layout() 

plt.savefig("fpv_sim_outputs/fig1_cx.png", dpi=150) 

 

# ---------- Figure 2: Trajectory (cy over time) ---------- 



plt.figure() 

plt.plot(time, gt0_cy, label="GT cy") 

plt.plot(time, det0_cy, label="Det cy (noisy)", linestyle="--") 

plt.plot(time, trk0_cy, label="KF cy (uncomp)", linestyle=":") 

plt.plot(time, trk0c_cy, label="KF cy (latency-comp)", linestyle="-") 

plt.xlabel("Time [s]"); plt.ylabel("Center y [px]"); plt.title("Object 0 trajectory: 

cy(t)") 

plt.legend() 

plt.tight_layout() 

plt.savefig("fpv_sim_outputs/fig2_cy.png", dpi=150) 

 

# ---------- Figure 3: IoU to GT (uncomp vs compens) ---------- 

plt.figure() 

plt.plot(time, iou0_uncomp, label="IoU (KF vs GT)") 

plt.plot(time, iou0_comp, label="IoU (KF latency-comp vs GT)", linestyle="--

") 

plt.xlabel("Time [s]"); plt.ylabel("IoU [-]"); plt.title("Effect of latency 

compensation on IoU") 

plt.legend() 

plt.tight_layout() 

plt.savefig("fpv_sim_outputs/fig3_iou.png", dpi=150) 

 

# ---------- Figure 4: Absolute cx error (pixels) ---------- 

plt.figure() 

plt.plot(time, err_uncomp, label="|cx_err| uncomp") 

plt.plot(time, err_comp, label="|cx_err| latency-comp", linestyle="--") 

plt.xlabel("Time [s]"); plt.ylabel("|cx error| [px]"); plt.title("Latency 

compensation error comparison") 

plt.legend() 

plt.tight_layout() 

plt.savefig("fpv_sim_outputs/fig4_lat_err.png", dpi=150) 



# ---------- Figure 5: PID commands (yaw & pitch) ---------- 

plt.figure() 

plt.plot(time, yaw_cmds, label="yaw cmd") 

plt.plot(time, pitch_cmds, label="pitch cmd", linestyle="--") 

plt.xlabel("Time [s]"); plt.ylabel("Command [arb]"); plt.title("PID pointing 

commands over time") 

plt.legend() 

plt.tight_layout() 

plt.savefig("fpv_sim_outputs/fig5_pid_cmds.png", dpi=150) 

 

# ---------- Figure 6: Ground-plane projection of tracked object (sample points) -

--------- 

# Take a subset of frames to visualize image->ground mapping for the 

compensated track 

idxs = np.linspace(0, N_int-1, 40, dtype=int) 

u = trk0c_cx[idxs] 

v = trk0c_cy[idxs] 

XY = np.array([image_to_ground(ui, vi) for ui,vi in zip(u,v)]) 

plt.figure() 

plt.plot(XY[:,0], XY[:,1], marker="o", linestyle="-", label="Tracked path on 

ground plane (proj)") 

plt.xlabel("X_ground [arb]"); plt.ylabel("Y_ground [arb]"); 

plt.title("Homography-based ground-plane path (Object 0)") 

plt.legend() 

plt.tight_layout() 

plt.savefig("fpv_sim_outputs/fig6_ground.png", dpi=150) 

 

# Optional: show plots when running interactively 

# plt.show() 

 



# ---------- Save key metrics to CSV for later comparison with experiments -----

----- 

df = pd.DataFrame({ 

    "time_s": time, 

    "gt0_cx": gt0_cx, "gt0_cy": gt0_cy, 

    "det0_cx": det0_cx, "det0_cy": det0_cy, 

    "kf0_cx": trk0_cx, "kf0_cy": trk0_cy, 

    "kf0c_cx": trk0c_cx, "kf0c_cy": trk0c_cy, 

    "iou0_uncomp": iou0_uncomp, "iou0_comp": iou0_comp, 

    "abs_err_cx_uncomp_px": err_uncomp, "abs_err_cx_comp_px": err_comp, 

    "yaw_cmd": yaw_cmds, "pitch_cmd": pitch_cmds 

}) 

df.to_csv("fpv_sim_outputs/sim_metrics.csv", index=False) 

 

print("Saved figures and CSV to ./fpv_sim_outputs") 

 

 

 

 

 

 

  



ДОДАТОК Б  

Апробація результатів кваліфікаційної роботи 

 

 

 



 



 



 



 



 



 



 



 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

ДОДАТОК В  
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