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Rancang Bangun Sistem Klasifikasi Kelayakan Sayuran Pasca-Pasar Berdasarkan Visual 

dan Kadar Gas Menggunakan Metode Machine Learning Berbasis IoT 

ABSTRAK 

Kehilangan pangan (food loss and waste) pada komoditas sayuran pasca-pasar sering kali 

terjadi karena belum tersedianya alat objektif bagi para pedagang untuk menilai kelayakan 

konsumsi sayuran setelah jam operasional pasar berakhir. Penelitian ini bertujuan untuk 

merancang sebuah sistem klasifikasi kelayakan dan kesegaran sawi hijau (Brassica juncea 

L.) secara non-destruktif berbasis fusi sensor multimodal dengan menggunakan algoritma 

Random Forest Classifier. Sistem ini mengintegrasikan fitur visual warna berupa nilai 

rata-rata Hue pada ruang warna HSV yang diekstraksi dari citra daun, serta data kimiawi 

berupa kadar gas volatil emisi tanaman melalui sensor MQ136 (deteksi hidrogen sulfida) 

dan MQ137 (deteksi amonia). Implementasi sistem dibangun pada platform embedded 

Raspberry Pi 5 dan Arduino Uno yang diintegrasikan dalam sebuah smart chamber 

bervolume 5 liter. Pada tahap pra-pemrosesan, fluktuasi data sensor dihaluskan 

menggunakan metode Exponential Moving Average (EMA) dan distandarisasi 

menggunakan Z-Score Scaling sebelum dimasukkan ke dalam model klasifikasi. Pengujian 

sistem dilakukan secara real-time terhadap 30 sampel data yang terdiri atas 15 sampel 

segar dan 15 sampel layu. Hasil pengujian membuktikan bahwa model Random Forest 

Classifier memberikan performa yang optimal dengan capaian akurasi sebesar 93,33%, 

presisi mutlak sebesar 100%, recall sebesar 86,67%, spesifisitas sebesar 100%, dan F1-

Score sebesar 92,86%. Dibandingkan dengan algoritma Support Vector Machine (SVM), 

Random Forest dipilih karena terbukti lebih tahan terhadap gejala overfitting serta lebih 

interpretatif melalui analisis parameter internalnya. Berdasarkan analisis tingkat 

kepentingan fitur (Feature Importance), parameter sensor gas memberikan kontribusi yang 

lebih dominan sebesar 63,14% dibandingkan fitur visual yang berkontribusi sebesar 

36,84%, dengan nilai EMA MQ136 bertindak sebagai indikator tunggal terkuat mencapai 

47,36%. Hasil penelitian ini menunjukkan potensi besar dari sistem fusi visual-gas sebagai 

solusi teknologi yang objektif ilmiah dalam menekan angka kehilangan pangan pada rantai 

pasok sayuran. 

Kata Kunci: Fusi Multimodal, Hue, Random Forest, Sawi Hijau, Sensor Gas, Z-Score 

Scaling. 
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Design and Development of an IoT-Based Post-Market Vegetable Quality Classification 

System Using Visual and Gas Features via Machine Learning 

ABSTRACT 

Post-market food loss and waste in vegetable commodities often occur because traders lack 

an objective tool to assess the consumption feasibility of vegetables after market operating 

hours end. This study aims to design a non-destructive feasibility and freshness 

classification system for mustard greens (Brassica juncea L.) based on multimodal sensor 

fusion using the Random Forest Classifier algorithm. The system integrates visual color 

features in the form of Mean Hue values in the HSV color space extracted from leaf images, 

along with chemical data comprising volatile plant gas emissions via MQ136 (hydrogen 

sulfide detection) and MQ137 (ammonia detection) sensors. The system implementation is 

built on the embedded platforms of Raspberry Pi 5 and Arduino Uno, integrated within a 

5-liter smart chamber. During the pre-processing stage, sensor data fluctuations are 

smoothed using the Exponential Moving Average (EMA) method and standardized using Z-

Score Scaling before being fed into the classification model. Real-time system testing was 

conducted on 30 data samples consisting of 15 fresh samples and 15 wilted samples. The 

evaluation results prove that the Random Forest Classifier model provides optimal 

performance, achieving an accuracy of 93.33%, absolute precision of 100%, recall of 

86.67%, specificity of 100%, and an F1-Score of 92.86%. Compared to the Support Vector 

Machine (SVM) algorithm, Random Forest was selected because it is proven to be more 

resistant to overfitting and more interpretative through its internal parameter analysis. 

Based on the Feature Importance analysis, the gas sensor parameters contributed more 

dominantly at 63.14% compared to the visual features which contributed 36.84%, with the 

EMA value of MQ136 acting as the strongest single indicator reaching 47.36%. The results 

of this study demonstrate the immense potential of the visual-gas fusion system as a 

scientifically objective technological solution to reduce food loss and waste in the vegetable 

supply chain. 

Keywords: Gas Sensors, Hue, Mustard Greens, Multimodal Fusion, Random Forest, Z-

Score Scaling. 
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BAB I 

  Pendahuluan  

 

1.1 Latar Belakang 

Sektor pertanian sayuran merupakan salah satu pilar utama dalam sistem 

pangan nasional Indonesia, mengingat perannya yang tidak tergantikan dalam 

memenuhi kebutuhan gizi masyarakat sehari-hari. Sayuran menyediakan berbagai 

mikronutrien esensial, serat pangan, serta vitamin yang tidak dapat diperoleh 

secara optimal dari kelompok pangan lainnya. Namun di balik kontribusi 

strategisnya, komoditas sayuran menghadapi permasalahan struktural yang serius 

dalam rantai pasoknya, yakni tingginya angka kehilangan dan pemborosan pangan 

atau yang dikenal dengan istilah food loss and waste (FLW). Permasalahan ini 

tidak hanya berdampak pada aspek ekonomi bagi para petani dan pedagang, tetapi 

juga memiliki implikasi ekologis yang signifikan akibat timbulan sampah organik 

yang terus meningkat. Berdasarkan hasil kajian Bappenas yang dikutip dalam 

Badan Gizi Nasional, pada tahun 2021, Indonesia tercatat mengalami susut pangan 

yang mencapai 23 juta ton hingga 48 juta ton makanan setiap tahunnya, sebuah 

angka yang setara dengan 115–184 kg per kapita per tahun. Lebih jauh lagi, 

laporan dari Badan Pangan Nasional memproyeksikan bahwa pada tahun 2025, 

timbulan sampah makanan di Indonesia dapat mencapai angka yang 

mengkhawatirkan apabila tidak segera ditangani secara efisien dan sistematis. 

Kehilangan pangan tidak terjadi secara merata di seluruh rantai pasok, 

melainkan terkonsentrasi pada titik-titik tertentu yang memerlukan intervensi 

lebih serius. Salah satu titik kritis yang kerap luput dari perhatian adalah fase 

pasca-pasar, yaitu kondisi saat sayuran yang tidak terjual harus diputuskan 

nasibnya oleh pedagang setelah jam operasional pasar berakhir. Pada fase ini, 

sayuran sisa pasar seringkali berakhir menjadi limbah bukan semata karena 

kondisinya sudah tidak layak konsumsi, melainkan karena penurunan kualitas 

visual yang membuat konsumen enggan membeli. Tanpa adanya alat ukur yang 

objektif untuk menentukan kelayakan konsumsi, banyak pedagang terpaksa 

membuang seluruh stok sisa mereka tanpa mampu memilah mana yang 
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 BAB V 

Kesimpulan dan Saran 

5.1 Kesimpulan 

Berdasarkan hasil perancangan, implementasi, pengujian, dan analisis yang 

telah dilakukan terhadap sistem multimodal klasifikasi kelayakan sawi hijau 

(Brassica juncea L.) berbasis fusi fitur visual dan gas menggunakan algoritma 

Random Forest Classifier pada ruang uji kotak dengan volume 5L, maka dapat 

ditarik beberapa kesimpulan akademis sebagai berikut: 

1. Sistem multimodal yang mengintegrasikan pemrosesan citra digital roda 

warna Mean Hue 𝐻 dari kamera dengan respon multi-sensor kimiawi 

(Exponential Moving Average dari sensor MQ136 dan MQ137) berhasil 

dibangun dan diimplementasikan pada platform edge computing Raspberry 

Pi 5 dan Arduino Uno. 

2. Algoritma Random Forest Classifier, pada fase pengujian Real-Time 30 

sampel (15 sawi segar dan 15 sawi layu) terbukti menunjukkan akurasi 

sistem sebesar 93,33%, dengan nilai presisi 100%, recall 86,67%, 

spesifisitas 100%, dan F1-Score 92,86%. 

3. Berdasarkan analisis Feature Importance dengan metode Mean Decrease in 

Impurity (MDI), parameter kimiawi EMA_MQ136 (Gas Sulfida) bertindak 

sebagai indikator keputusan primer dengan bobot kontribusi dominan 

sebesar 47,36%. Tingginya signifikansi sensor gas ini membuktikan bahwa 

deteksi dini senyawa volatil sulfida yang dilepaskan akibat degradasi 

biokimia internal tanaman jauh lebih sensitif bagi algoritma dalam 

memisahkan kelas segar dan layu. Sementara itu, sektor domain visual yang 

diwakili oleh Mean Hue (H) menempati posisi kedua dengan bobot 

pengaruh sebesar 36,84%, diikuti oleh Sensor EMA_MQ137 (Gas Amonia) 

sebesar 15,78%. Secara akumulatif, fusi multi-sensor kimiawi menyumbang 

bobot mayoritas sebesar 63,14% (47,36% + 15,78%). Kombinasi ini 

membuktikan pola fusi multimodal yang sangat ideal, di mana pembusukan 

jaringan awal sayur (early rotting stage) yang dicatat secara responsif oleh 
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sensor gas, divalidasi dan diperkuat sebagai fitur komplementer (back-up 

feature) oleh pergeseran nilai derajat Hue pada visual daun sawi. 

4. Analisis fitur menunjukkan bahwa sensor MQ136 dan nilai Mean_H citra 

merupakan fitur yang paling membedakan antara kondisi segar dan layu. 

Sawi layu memiliki nilai MQ136 rata-rata hampir dua kali lipat 

dibandingkan sawi segar, serta nilai Mean_H yang lebih rendah yang 

mencerminkan perubahan warna daun. 

5. Berdasarkan hasil uji komparasi dengan model alternatif, Random Forest 

(RF) dipilih sebagai model arsitektur terbaik dibandingkan Support Vector 

Machine (SVM). Meskipun model SVM mencatatkan metrik angka yang 

sedikit lebih tinggi pada data uji (Akurasi 99,17%), nilai tersebut 

mengindikasikan adanya kerentanan overfitting pada dataset yang terbatas. 

Selain itu, SVM bersifat black-box (tidak menyediakan analisis kepentingan 

fitur), sedangkan Random Forest memberikan penyediaan data Feature 

Importance yang krusial untuk membedah kontribusi fisis tiap sensor. 

5.2 Saran 

Berdasarkan hasil perancangan, implementasi, pengujian, dan analisis yang 

telah dilakukan terhadap sistem multimodal klasifikasi kelayakan sawi hijau 

(Brassica juncea L.) berbasis fusi fitur visual dan gas menggunakan algoritma 

Random Forest Classifier, maka dapat ditarik beberapa maka dapat diajukan 

beberapa saran sebagai berikut: 

1. Pengendalian Lingkungan Pengujian dan Kamar Uji (Environmental 

Control): Karakteristik fisis dari sensor gas semikonduktor oksida logam 

seperti MQ136 dan MQ137 memiliki kerentanan alami terhadap sifat 

sensitivitas silang (cross-sensitivity). Sensor-sensor ini sangat peka terhadap 

keberadaan senyawa volatil non-target di udara bebas, seperti uap alkohol, 

cairan pembersih (cleaning agents), parfum, atau asap eksternal, yang dapat 

memicu fluktuasi nilai tegangan keluaran secara semu. Oleh karena itu, 

disarankan agar proses pengujian dan akuisisi data di masa depan dilakukan 

di dalam ruang tertutup (isolated testing chamber) yang bener-bener steril, 

memiliki sirkulasi udara terkontrol (proper venting system), serta jauh dari 

paparan gas kontaminan lain guna menjamin kemurnian data pembusukan 
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objek, serta kondisi pencahayaan saat pengambilan citra perlu distandarisasi 

lebih ketat, karena fluktuasi cahaya dapat mempengaruhi nilai Mean_H dan 

berkontribusi pada kesalahan klasifikasi.. 

2. Peningkatan Variasi dan Skala Dataset: Penelitian selanjutnya dapat 

memperluas cakupan dataset dengan menambahkan variasi jenis sayuran 

hijau komersial lainnya, pengujian pada skenario suhu penyimpanan yang 

berbeda (misalnya suhu ruang versus suhu lemari pendingin), serta 

memperbanyak jumlah objek fisik yang direkam guna meningkatkan 

kemampuan generalisasi model terhadap variansi anomali hayati sayuran. 

3. Optimasi Algoritma dan Komparasi Model: Perlu dilakukan eksplorasi 

lanjutan terhadap proses pencarian parameter terbaik (hyperparameter 

tuning) seperti menggunakan metode Grid Search atau Randomized Search 

pada Random Forest, serta melakukan studi komparatif dengan algoritma 

klasifikasi atau machine learning lain (seperti Gradient Boosting) guna 

menganalisis efisiensi komputasi dan meminimalkan galat False Negative 

yang masih tersisa pada sistem. 

4. Untuk meningkatkan nilai recall dari 86,67% menjadi lebih tinggi, 

disarankan agar data pelatihan diperbanyak dengan variasi kondisi sawi 

segar yang lebih beragam, terutama sampel dengan karakteristik sensor 

yang mendekati batas keputusan antara segar dan layu 
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Lampiran 2. Gambar Pengambilan Data 

 

Lampiran 3. Kode Program Arduino  

#include <DHT.h> 
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#include <Adafruit_NeoPixel.h> 

#include <math.h> 

 

// ===== DHT ===== 

#define DHTPIN 2 

#define DHTTYPE DHT11 

DHT dht(DHTPIN, DHTTYPE); 

 

// ===== LED ===== 

#define PIN_LED 4 

#define JUMLAH_LED 8 

Adafruit_NeoPixel strip(JUMLAH_LED, PIN_LED, NEO_GRB + 

NEO_KHZ800); 

 

// ===== MQ-136 (H2S) ===== 

#define MQ136_PIN A1 

#define RL_136 1.0 

#define Ro_136 4.793 

#define m_136 -0.271 

#define b_136 0.402 

 

// ===== MQ-137 (NH3) ===== 

#define MQ137_PIN A0 

#define RL_137 10.0 

#define Ro_137 9.102 

#define m_137 -0.243 

#define b_137 0.323 
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// ===== SMOOTHING ===== 

const int numReadings = 10; 

float readings136[numReadings]; 

float readings137[numReadings]; 

int readIndex = 0; 

float total136 = 0, total137 = 0; 

 

void setup() { 

  Serial.begin(115200); 

 

  dht.begin(); 

 

  strip.begin(); 

  strip.show(); 

 

  // ===== LED PUTIH SELALU NYALA ===== 

  for (int i = 0; i < JUMLAH_LED; i++) { 

    strip.setPixelColor(i, strip.Color(255, 255, 255)); 

  } 

  strip.show(); 

 

  // init buffer smoothing 

  for (int i = 0; i < numReadings; i++) { 

    readings136[i] = 0; 

    readings137[i] = 0; 

  } 

 

  Serial.println("System Ready (AUTO STREAM MODE)"); 
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} 

 

void loop() { 

 

  // ===== MQ136 ===== 

  float vrl136 = analogRead(MQ136_PIN) * (5.0 / 1023.0); 

  if (vrl136 <= 0) vrl136 = 0.01; 

  if (vrl136 >= 4.95) vrl136 = 4.95; // PENGAMAN 1: Batasi agar VRL tidak murni 

5V (mencegah RS = 0) 

   

  float rs136 = ((5.0 / vrl136) - 1.0) * RL_136; 

  float ratio136 = rs136 / Ro_136; 

  if (ratio136 <= 0) ratio136 = 0.001; // PENGAMAN 2: Cegah nilai <= 0 sebelum 

di-log10 

   

  float ppm136 = pow(10, ((log10(ratio136) - b_136) / m_136)); 

   

  // PENGAMAN 3: Jika hasilnya nan atau inf karena error hardware, paksa jadi 0 

atau nilai aman 

  if (isnan(ppm136) || isinf(ppm136)) { 

    ppm136 = 0.0;  

  } 

 

  // ===== MQ137 ===== 

  float vrl137 = analogRead(MQ137_PIN) * (5.0 / 1023.0); 

  if (vrl137 <= 0) vrl137 = 0.01; 

  if (vrl137 >= 4.95) vrl137 = 4.95; // PENGAMAN 1 

   

  float rs137 = ((5.0 / vrl137) - 1.0) * RL_137; 
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  float ratio137 = rs137 / Ro_137; 

  if (ratio137 <= 0) ratio137 = 0.001; // PENGAMAN 2 

   

  float ppm137 = pow(10, ((log10(ratio137) - b_137) / m_137)); 

   

  // PENGAMAN 3 

  if (isnan(ppm137) || isinf(ppm137)) { 

    ppm137 = 0.0; 

  } 

 

  // ===== SMOOTHING ===== 

  total136 -= readings136[readIndex]; 

  total137 -= readings137[readIndex]; 

 

  readings136[readIndex] = ppm136; 

  readings137[readIndex] = ppm137; 

 

  total136 += readings136[readIndex]; 

  total137 += readings137[readIndex]; 

 

  readIndex = (readIndex + 1) % numReadings; 

 

  float avg136 = total136 / numReadings; 

  float avg137 = total137 / numReadings; 

 

  // ===== DHT ===== 

  float temperature = dht.readTemperature(); 

  float humidity = dht.readHumidity(); 
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  if (isnan(temperature)) temperature = -1; 

  if (isnan(humidity)) humidity = -1; 

 

  unsigned long ts = millis(); 

 

  // ===== AUTO STREAM OUTPUT ===== 

  Serial.print(ts); 

  Serial.print(","); 

  Serial.print(avg136, 2); 

  Serial.print(","); 

  Serial.print(avg137, 2); 

  Serial.print(","); 

  Serial.print(temperature, 1); 

  Serial.print(","); 

  Serial.println(humidity, 1); 

 

  delay(1000); // 1 detik sampling 

} 

 

Lampiran 4. Kode Program Ambil Data di Python  

import cv2 

import numpy as np 

import serial 

import time 

import os 

import warnings 

import threading 
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import csv 

from datetime import datetime 

 

warnings.filterwarnings("ignore", category=UserWarning) 

# ===================================================== 

# INITIAL CONFIGURATION 

# ===================================================== 

SERIAL_PORT = "/dev/ttyUSB0" 

BAUDRATE = 115200 

EMA_ALPHA = 0.3 

IMAGE_FOLDER = "saved_images" 

LOG_CSV_PATH = "data_log_sawi.csv" 

if not os.path.exists(IMAGE_FOLDER): 

    os.makedirs(IMAGE_FOLDER) 

TEMP_IMAGE_PATH = "temp_frame.jpg" 

latest_sensor_data = None 

ema = {"136": 0.0, "137": 0.0} 

is_first_run = True 

running = True 

# ===================================================== 

# SERIAL INITIALIZATION 

# ===================================================== 

def init_serial(port, baud): 

    print(f"Connecting to serial port ({port})...") 

    try: 

        ser = serial.Serial(port, baud, timeout=0.1) 

        time.sleep(2) 

        ser.flushInput() 
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        print("âœ… Serial connected successfully!") 

        return ser 

    except Exception as e: 

        print(f"Œ Failed serial connection: {e}") 

        exit() 

# ===================================================== 

# CSV LOG INITIALIZATION 

# ===================================================== 

def init_csv_log(file_path): 

    if not os.path.exists(file_path): 

        with open(file_path, mode='w', newline='', encoding='utf-8') as f: 

            writer = csv.writer(f, delimiter=';') 

            writer.writerow([ 

                "Realtime", 

                "Arduino Timestamp", 

                "MQ136 Raw", 

                "MQ136 EMA", 

                "MQ137 Raw", 

                "MQ137 EMA", 

                "Mean H", 

                "Mean S", 

                "Mean V", 

                "Image Filename" 

            ]) 

        print(f" CSV created: {file_path}") 

# ===================================================== 

# SERIAL THREAD 

# ===================================================== 
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def serial_reader_thread(ser): 

    global latest_sensor_data, ema, is_first_run, running 

    while running: 

        try: 

            if ser.in_waiting > 0: 

                line = ser.readline().decode(errors='ignore').strip() 

                if not line: 

                    continue 

 

                parts = line.split(",") 

                if len(parts) == 5: 

                    try: 

                        latest_sensor_data = { 

                            "timestamp": int(parts[0]), 

                            "mq136": float(parts[1]), 

                            "mq137": float(parts[2]), 

                            "temperature": float(parts[3]), 

                            "humidity": float(parts[4]) 

                        } 

                        # EMA 

                        if is_first_run: 

                            ema["136"] = latest_sensor_data["mq136"] 

                            ema["137"] = latest_sensor_data["mq137"] 

                            is_first_run = False 

                        else: 

                            ema["136"] = ( 

                                EMA_ALPHA * latest_sensor_data["mq136"] 

                            ) + ((1 - EMA_ALPHA) * ema["136"]) 
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                            ema["137"] = ( 

                                EMA_ALPHA * latest_sensor_data["mq137"] 

                            ) + ((1 - EMA_ALPHA) * ema["137"]) 

                    except: 

                        pass 

            time.sleep(0.01) 

        except Exception as e: 

            print(f"âš ï¸� Serial Thread Error: {e}") 

            time.sleep(1) 

# ===================================================== 

# CAMERA PROCESS 

# ===================================================== 

def capture_and_process_frame(save_image=True): 

    cmd = ( 

        f"LIBCAMERA_LOG_LEVELS=3 rpicam-still -o {TEMP_IMAGE_PATH} 

" 

        f"--width 2592 --height 1944 -t 50 --nopreview > /dev/null 2>&1" 

    ) 

    ret_code = os.system(cmd) 

    if ret_code != 0 or not os.path.exists(TEMP_IMAGE_PATH): 

        print(" Camera error") 

        return 0, 0, 0, None 

    full_frame = cv2.imread(TEMP_IMAGE_PATH) 

    if os.path.exists(TEMP_IMAGE_PATH): 

        os.remove(TEMP_IMAGE_PATH) 

    if full_frame is None: 

        return 0, 0, 0, None 
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    frame = cv2.resize(full_frame, (640, 480)) 

    timestamp_str = datetime.now().strftime("%Y%m%d_%H%M%S") 

    filename = f"sawi_{timestamp_str}.jpg" 

    # Simpan foto hanya jika save_image=True 

    if save_image: 

        save_path = os.path.join(IMAGE_FOLDER, filename) 

        cv2.imwrite(save_path, frame) 

    else: 

        filename = None 

    # ROI 

    h_img, w_img = frame.shape[:2] 

    x1, x2 = int(w_img * 0.1), int(w_img * 0.9) 

    y1, y2 = int(h_img * 0.1), int(h_img * 0.9) 

 

    roi = frame[y1:y2, x1:x2] 

    hsv = cv2.cvtColor(roi, cv2.COLOR_BGR2HSV) 

    lower_green = np.array([35, 50, 50]) 

    upper_green = np.array([85, 255, 255]) 

    mask = cv2.inRange(hsv, lower_green, upper_green) 

    green_pixels = hsv[mask > 0] 

    if green_pixels.size > 0: 

        mean_h = float(np.mean(green_pixels[:, 0])) 

        mean_s = float(np.mean(green_pixels[:, 1])) 

        mean_v = float(np.mean(green_pixels[:, 2])) 

    else: 

        mean_h, mean_s, mean_v = 0, 0, 0 

    return mean_h, mean_s, mean_v, filename 

# ===================================================== 
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# SAVE CSV 

# ===================================================== 

def save_to_csv(data, ema_val, m_h, m_s, m_v, filename): 

    now_str = datetime.now().strftime("%Y-%m-%d %H:%M:%S") 

 

    with open(LOG_CSV_PATH, mode='a', newline='', encoding='utf-8') as f: 

        writer = csv.writer(f, delimiter=';') 

        writer.writerow([ 

            now_str, 

            data['timestamp'], 

            data['mq136'], 

            ema_val['136'], 

            data['mq137'], 

            ema_val['137'], 

            data['temperature'], 

            data['humidity'], 

            f"{m_h:.2f}", 

            f"{m_s:.2f}", 

            f"{m_v:.2f}", 

            filename 

        ]) 

# ===================================================== 

# TERMINAL LOG 

# ===================================================== 

def log_to_terminal(data, ema_val, m_h, m_s, m_v, filename=None): 

    print("\n====================================") 

    print(f"Timestamp : {data['timestamp']} ms") 

    if filename: 
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        print(f"Image     : {filename}") 

    print("\n=== GAS SENSOR ===") 

    print(f"MQ136 : {data['mq136']:.2f} -> EMA {ema_val['136']:.2f}") 

    print(f"MQ137 : {data['mq137']:.2f} -> EMA {ema_val['137']:.2f}") 

    print("\n=== ENVIRONMENT ===") 

    print(f"Temperature : {data['temperature']:.1f} Â°C") 

    print(f"Humidity    : {data['humidity']:.1f} %") 

    print("\n=== HSV FEATURES ===") 

    print(f"H : {m_h:.2f}") 

    print(f"S : {m_s:.2f}") 

    print(f"V : {m_v:.2f}") 

    print("====================================") 

# ===================================================== 

# MAIN 

# ===================================================== 

def main(): 

    global latest_sensor_data, ema, running 

    ser = init_serial(SERIAL_PORT, BAUDRATE) 

 

    init_csv_log(LOG_CSV_PATH) 

    t = threading.Thread( 

        target=serial_reader_thread, 

        args=(ser,), 

        daemon=True 

    ) 

    t.start() 

    print("System Ready") 

    print("Ketik '/' untuk capture & simpan, 'o' untuk cek saja ('exit' untuk keluar)") 
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    while True: 

        try: 

            user_input = input( 

                "\nKetik '/' untuk capture & simpan, 'o' untuk cek saja ('exit' untuk 

keluar): " 

            ).strip() 

            if user_input.lower() == 'exit': 

                break 

            # === CEK PARAMETER TANPA RECORD MAUPUN FOTO === 

            if user_input == 'o': 

 

                if latest_sensor_data is None: 

                    print("Data sensor belum tersedia") 

                    continue 

                print("Cek parameter saja (tanpa simpan CSV)...") 

                snap_sensor = latest_sensor_data.copy() 

                snap_ema = ema.copy() 

                mean_h, mean_s, mean_v, _ = capture_and_process_frame( 

                    save_image=False 

                ) 

                log_to_terminal( 

                    snap_sensor, 

                    snap_ema, 

                    mean_h, 

                    mean_s, 

                    mean_v, 

                    None 

                ) 
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                print("HSV + GAS dicek (tidak disimpan)") 

            '''if user_input == 'o': 

                if latest_sensor_data is None: 

                    print("Data sensor belum tersedia") 

                    continue 

 

                print("Cek parameter saja (tanpa foto, tanpa CSV)...") 

                snap_sensor = latest_sensor_data.copy() 

                snap_ema = ema.copy() 

                # TIDAK ambil foto 

                mean_h, mean_s, mean_v = 0, 0, 0 

                filename = None 

                # Hanya log di terminal 

                log_to_terminal( 

                    snap_sensor, 

                    snap_ema, 

                    mean_h, 

                    mean_s, 

                    mean_v, 

                    filename 

                ) 

                print("Parameter ditampilkan (tidak disimpan ke CSV maupun foto)")''' 

            # === CAPTURE & RECORD === 

            if user_input == '/': 

                if latest_sensor_data is None: 

                    print(" Data sensor belum tersedia") 

                    continue 

                print(" Processing & saving...") 
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                snap_sensor = latest_sensor_data.copy() 

                snap_ema = ema.copy() 

                m_h, m_s, m_v, filename = capture_and_process_frame() 

                if filename is None: 

                    print("â�Œ Gagal capture gambar") 

                    continue 

                save_to_csv( 

                    snap_sensor, 

                    snap_ema, 

                    m_h, 

                    m_s, 

                    m_v, 

                    filename 

                ) 

                log_to_terminal( 

                    snap_sensor, 

                    snap_ema, 

                    m_h, 

                    m_s, 

                    m_v, 

                    filename 

                ) 

                print("âœ… Data tersimpan ke CSV") 

        except KeyboardInterrupt: 

            break 

        except Exception as e: 

            print(f" Error: {e}") 

    running = False 
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    time.sleep(0.2) 

    ser.close() 

    print(" Program terminated") 

if __name__ == "__main__": 

    main() 

 

Lampiran 5. Kode Program Training Dataset di Python  

import os 

import joblib 

import csv 

import numpy as np 

import pandas as pd 

import seaborn as sns 

import matplotlib.pyplot as plt 

from sklearn.model_selection import train_test_split 

from sklearn.preprocessing import StandardScaler 

from sklearn.ensemble import RandomForestClassifier 

from sklearn.metrics import ( 

    accuracy_score, 

    precision_score, 

    recall_score, 

    f1_score, 

    roc_auc_score, 

    confusion_matrix, 

    roc_curve, 

) 

import sys 
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sys.stdout.reconfigure(encoding='utf-8') 

# ========================================== 

# 1. LOAD, CLEAN, & MERGE DATASET REVISI 

# ========================================== 

FILE_SEGAR = "segar_data_log_sawi_REVISI.csv" 

FILE_LAYU = "layu_data_log_sawi_REVISI.csv" 

 

print(" Memuat dan menyatukan dataset...") 

 

if not os.path.exists(FILE_SEGAR) or not os.path.exists(FILE_LAYU): 

    print(" Error: Pastikan file 'segar_data_log_sawi_REVISI.csv' dan 

'layu_data_log_sawi_REVISI.csv' ada di folder ini!") 

    exit() 

 

df_segar = pd.read_csv(FILE_SEGAR, delimiter=";") 

df_layu = pd.read_csv(FILE_LAYU, delimiter=";") 

 

df_segar.columns = [c.strip() for c in df_segar.columns] 

df_layu.columns = [c.strip() for c in df_layu.columns] 

 

df_segar = df_segar[df_segar["Mean_H"] > 0] 

df_layu = df_layu[df_layu["Mean_H"] > 0] 

 

df_segar["kesegaran"] = 1 

df_layu["kesegaran"] = 0 

 

df_all = pd.concat([df_segar, df_layu], ignore_index=True) 
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X = df_all[["MQ136 EMA", "MQ137 EMA", "Mean_H"]].copy() 

X.columns = ["EMA_MQ136", "EMA_MQ137", "H"] 

y = df_all["kesegaran"] 

 

print(f" Dataset Berhasil Disatukan & Dibersihkan!") 

print(f"   - Total Sawi Segar (Label 1): {len(df_segar)} sampel") 

print(f"   - Total Sawi Layu  (Label 0): {len(df_layu)} sampel") 

print(f"   - Total Keseluruhan Data  : {len(df_all)} sampel") 

 

# ========================================== 

# 2. SPLITTING DATA (TRAIN=60%, VAL=20%, TEST=20%) 

# ========================================== 

X_temp, X_test, y_temp, y_test = train_test_split( 

    X, y, test_size=0.20, random_state=42, stratify=y 

) 

 

X_train, X_val, y_train, y_val = train_test_split( 

    X_temp, y_temp, test_size=0.25, random_state=42, stratify=y_temp 

) 

 

print(f"\n Distribusi Pembagian Data:") 

print(f"   - Data Train     : {len(X_train)} sampel (60%)") 

print(f"   - Data Validation: {len(X_val)} sampel (20%)") 

print(f"   - Data Test      : {len(X_test)} sampel (20%)") 

 

# ========================================== 

# 3. SCALING DATA 

# ========================================== 
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scaler = StandardScaler() 

X_train_scaled = scaler.fit_transform(X_train) 

X_val_scaled = scaler.transform(X_val) 

X_test_scaled = scaler.transform(X_test) 

 

joblib.dump(scaler, "scaler_gas.pkl") 

print("\n Scaler standardisasi berhasil disimpan sebagai 'scaler_gas.pkl'") 

 

# ========================================== 

# 4. FUNGSI EVALUASI & PLOTTING METRIK GANDA 

# ========================================== 

def evaluasi_lengkap(model, X_data, y_data, nama_model, tipe_data): 

    y_pred = model.predict(X_data) 

     

    if hasattr(model, "predict_proba"): 

        y_prob = model.predict_proba(X_data)[:, 1] 

    else: 

        y_prob = model.decision_function(X_data) 

 

    acc = accuracy_score(y_data, y_pred) 

    prec = precision_score(y_data, y_pred, zero_division=0) 

    rec = recall_score(y_data, y_pred, zero_division=0) 

    f1 = f1_score(y_data, y_pred, zero_division=0) 

    roc_auc = roc_auc_score(y_data, y_prob) 

 

    print(f"\n[{tipe_data} DATA PERFORMANCE - {nama_model}]") 

    print(f"   Accuracy  : {acc:.4f}  | Precision : {prec:.4f}") 

    print(f"   Recall    : {rec:.4f}  | F1-Score  : {f1:.4f}") 
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    print(f"   ROC AUC   : {roc_auc:.4f}") 

 

    cm = confusion_matrix(y_data, y_pred) 

    return cm, y_prob 

 

def plot_metrik(cm_val, y_prob_val, cm_test, y_prob_test, y_val_gt, y_test_gt, 

nama_model): 

    fig, ax = plt.subplots(2, 2, figsize=(12, 10)) 

 

    sns.heatmap(cm_val, annot=True, fmt="d", cmap="Blues", ax=ax[0, 0], 

                xticklabels=["Layu (0)", "Segar (1)"], yticklabels=["Layu (0)", "Segar 

(1)"]) 

    ax[0, 0].set_title(f"CM Validation - {nama_model}") 

    ax[0, 0].set_ylabel("Aktual") 

    ax[0, 0].set_xlabel("Prediksi") 

 

    sns.heatmap(cm_test, annot=True, fmt="d", cmap="Greens", ax=ax[0, 1], 

                xticklabels=["Layu (0)", "Segar (1)"], yticklabels=["Layu (0)", "Segar 

(1)"]) 

    ax[0, 1].set_title(f"CM Test - {nama_model}") 

    ax[0, 1].set_ylabel("Aktual") 

    ax[0, 1].set_xlabel("Prediksi") 

 

    fpr_v, tpr_v, _ = roc_curve(y_val_gt, y_prob_val) 

    ax[1, 0].plot(fpr_v, tpr_v, color="orange", label=f"Val AUC = 

{roc_auc_score(y_val_gt, y_prob_val):.4f}") 

    ax[1, 0].plot([0, 1], [0, 1], "k--") 

    ax[1, 0].set_title(f"ROC Validation - {nama_model}") 

    ax[1, 0].set_xlabel("False Positive Rate") 
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    ax[1, 0].set_ylabel("True Positive Rate") 

    ax[1, 0].legend(loc="lower right") 

 

    fpr_t, tpr_t, _ = roc_curve(y_test_gt, y_prob_test) 

    ax[1, 1].plot(fpr_t, tpr_t, color="red", label=f"Test AUC = 

{roc_auc_score(y_test_gt, y_prob_test):.4f}") 

    ax[1, 1].plot([0, 1], [0, 1], "k--") 

    ax[1, 1].set_title(f"ROC Test - {nama_model}") 

    ax[1, 1].set_xlabel("False Positive Rate") 

    ax[1, 1].set_ylabel("True Positive Rate") 

    ax[1, 1].legend(loc="lower right") 

 

    plt.suptitle(f"EVALUASI AKHIR MODEL: {nama_model.upper()}", 

fontsize=16, fontweight='bold') 

    plt.tight_layout() 

    plt.show() 

 

 

# ========================================== 

# 5. RANDOM FOREST TRAINING & EVALUATION 

# ========================================== 

print("\n" + "="*25 + " RANDOM FOREST TRAINING " + "="*25) 

rf_model = RandomForestClassifier(n_estimators=100, random_state=42) 

rf_model.fit(X_train_scaled, y_train) 

 

cm_rf_val, prob_rf_val = evaluasi_lengkap(rf_model, X_val_scaled, y_val, 

"Random Forest", "VALIDATION") 

cm_rf_test, prob_rf_test = evaluasi_lengkap(rf_model, X_test_scaled, y_test, 

"Random Forest", "TEST") 
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plot_metrik(cm_rf_val, prob_rf_val, cm_rf_test, prob_rf_test, y_val, y_test, 

"Random Forest") 

 

importances = rf_model.feature_importances_ 

df_importance = pd.DataFrame({"Fitur": X.columns, "Importance Coefficient": 

importances}) 

df_importance = df_importance.sort_values(by="Importance Coefficient", 

ascending=False).reset_index(drop=True) 

print("\n--- Feature Importance (Kontribusi Sensor ke Random Forest) ---") 

print(df_importance) 

 

joblib.dump(rf_model, "model_rf_gas.pkl") 

print(" File Model 'model_rf_gas.pkl' sukses disimpan.") 

 

print("\n Seluruh rangkaian pelatihan model selesai dengan sukses!") 

 

Lampiran 6. Kode Program Uji Model di Python  

import cv2 

import numpy as np 

import serial 

import time 

import os 

import warnings 

import threading 

import csv 

import joblib  # Tambahan untuk load model Machine Learning 

from datetime import datetime 
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warnings.filterwarnings("ignore", category=UserWarning) 

 

# ===================================================== 

# INITIAL CONFIGURATION 

# ===================================================== 

SERIAL_PORT = "/dev/ttyUSB0" 

BAUDRATE = 115200 

EMA_ALPHA = 0.3 

 

IMAGE_FOLDER = "saved_images" 

LOG_CSV_PATH = "data_log_sawi.csv" 

 

if not os.path.exists(IMAGE_FOLDER): 

    os.makedirs(IMAGE_FOLDER) 

 

TEMP_IMAGE_PATH = "temp_frame.jpg" 

 

latest_sensor_data = None 

ema = {"136": 0.0, "137": 0.0} 

is_first_run = True 

running = True 

 

# ===================================================== 

# LOAD MACHINE LEARNING MODEL 

# ===================================================== 

print(" Memuat Model AI...") 

try: 

    scaler = joblib.load("scaler_gas.pkl") 



 

129 
Politeknik Negeri Jakarta  

 

    rf_model = joblib.load("model_rf_gas.pkl") 

    print(" Model Random Forest dan Scaler berhasil dimuat!") 

except Exception as e: 

    print(f" Gagal memuat model AI: {e}") 

    print("Pastikan file 'scaler_gas.pkl' dan 'model_rf_gas.pkl' ada di folder ini!") 

    exit() 

 

# ===================================================== 

# SERIAL INITIALIZATION 

# ===================================================== 

def init_serial(port, baud): 

    print(f" Connecting to serial port ({port})...") 

    try: 

        ser = serial.Serial(port, baud, timeout=0.1) 

        time.sleep(2) 

        ser.flushInput() 

        print(" Serial connected successfully!") 

        return ser 

    except Exception as e: 

        print(f" Failed serial connection: {e}") 

        exit() 

 

# ===================================================== 

# CSV LOG INITIALIZATION (Sudah Ditambah Kolom Prediksi) 

# ===================================================== 

def init_csv_log(file_path): 

    if not os.path.exists(file_path): 

        with open(file_path, mode='w', newline='') as f: 
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            writer = csv.writer(f, delimiter=';') 

            writer.writerow([ 

                "Realtime", "Arduino Timestamp", 

                "MQ136 Raw", "MQ136 EMA", 

                "MQ137 Raw", "MQ137 EMA", 

                "Temp", "Hum", 

                "Mean_H", "Mean_S", "Mean_V", 

                "Image_File", "Prediksi_Label", "Status"  # <-- REVISI: Tambah kolom 

            ]) 

        print(f" Created new log file: {file_path}") 

 

# ===================================================== 

#  

# ===================================================== 

def capture_and_process_frame(): 

    os.system(f"rpicam-still -o {TEMP_IMAGE_PATH} -t 1 --nopreview --width 

1080 --height 900") 

     

    frame = cv2.imread(TEMP_IMAGE_PATH) 

    if frame is None: 

        print(" Gagal membaca gambar dari kamera") 

        return None, None, None, None 

 

    frame = cv2.resize(frame, (1080, 900)) 

    frame_blur = cv2.GaussianBlur(frame, (5, 5), 0) 

    hsv = cv2.cvtColor(frame_blur, cv2.COLOR_BGR2HSV) 

    h, s, v = cv2.split(hsv) 
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    # Rentang warna HSV untuk daun hijau (Sesuai eksperimenmu) 

    lower_green = np.array([35, 50, 50]) 

    upper_green = np.array([85, 255, 255]) 

     

    mask = cv2.inRange(hsv, lower_green, upper_green) 

 

    pixel_daun = cv2.countNonZero(mask) 

    if pixel_daun == 0: 

        print("Tidak ada area daun terdeteksi (Masking gagal)") 

        mean_h, mean_s, mean_v = 0.0, 0.0, 0.0 

    else: 

        mean_h = cv2.mean(h, mask=mask)[0] 

        mean_s = cv2.mean(s, mask=mask)[0] 

        mean_v = cv2.mean(v, mask=mask)[0] 

 

    timestamp = datetime.now().strftime("%Y%m%d_%H%M%S") 

    filename = f"sawi_{timestamp}.jpg" 

    filepath = os.path.join(IMAGE_FOLDER, filename) 

    cv2.imwrite(filepath, frame) 

 

    return round(mean_h, 2), round(mean_s, 2), round(mean_v, 2), filename 

 

# ===================================================== 

# THREAD: BACA SERIAL ARDUINO TERUS MENERUS 

# ===================================================== 

def read_serial_data(ser): 

    global latest_sensor_data, ema, is_first_run, running 
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    while running: 

        if ser.in_waiting > 0: 

            try: 

                line = ser.readline().decode('utf-8').strip() 

                if not line or "System Ready" in line: 

                    continue 

 

                parts = line.split(';') 

                if len(parts) == 7: 

                    ard_ts = parts[0] 

                    raw_136 = float(parts[1]) 

                    raw_137 = float(parts[3]) 

                    temp = float(parts[5]) 

                    hum = float(parts[6]) 

 

                    if is_first_run: 

                        ema["136"] = raw_136 

                        ema["137"] = raw_137 

                        is_first_run = False 

                    else: 

                        ema["136"] = (EMA_ALPHA * raw_136) + ((1 - EMA_ALPHA) * 

ema["136"]) 

                        ema["137"] = (EMA_ALPHA * raw_137) + ((1 - EMA_ALPHA) * 

ema["137"]) 

 

                    latest_sensor_data = { 

                        "ts": ard_ts, 

                        "raw136": raw_136, 

                        "raw137": raw_137, 
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                        "temp": temp, 

                        "hum": hum 

                    } 

            except Exception as e: 

                pass 

        time.sleep(0.05) 

 

# ===================================================== 

# SAVE TO CSV (Sudah Direvisi Untuk Menyimpan Hasil AI) 

# ===================================================== 

def save_to_csv(sensor, snap_ema, m_h, m_s, m_v, filename, prediksi, status): 

    now_str = datetime.now().strftime("%Y-%m-%d %H:%M:%S") 

    row = [ 

        now_str, sensor["ts"], 

        sensor["raw136"], snap_ema["136"], 

        sensor["raw137"], snap_ema["137"], 

        sensor["temp"], sensor["hum"], 

        m_h, m_s, m_v, filename, 

        prediksi, status  # <-- REVISI: Masukkan hasil prediksi ke row CSV 

    ] 

    with open(LOG_CSV_PATH, mode='a', newline='') as f: 

        writer = csv.writer(f, delimiter=';') 

        writer.writerow(row) 

 

# ===================================================== 

# MAIN PROGRAM 

# ===================================================== 

def main(): 
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    global running, latest_sensor_data, ema 

 

    init_csv_log(LOG_CSV_PATH) 

    ser = init_serial(SERIAL_PORT, BAUDRATE) 

 

    t = threading.Thread(target=read_serial_data, args=(ser,), daemon=True) 

    t.start() 

 

    print("\n System Ready - AI Engine Active") 

     

    while True: 

        try: 

            user_input = input("\n Ketik 'R' untuk uji sawi ('exit' untuk keluar): 

").strip().upper() 

 

            if user_input == 'EXIT': 

                break 

 

            if user_input == 'R': 

                if latest_sensor_data is None: 

                    print(" Data sensor gas dari Arduino belum tersedia, tunggu sebentar...") 

                    continue 

 

                print(" Mengambil gambar dan menganalisis...") 

 

                snap_sensor = latest_sensor_data.copy() 

                snap_ema = ema.copy() 
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                m_h, m_s, m_v, filename = capture_and_process_frame() 

 

                if filename is None or m_h == 0.0: 

                    print(" Analisis dibatalkan karena gambar gagal diproses atau daun 

tidak terdeteksi.") 

                    continue 

 

                # ========================================== 

                # INFERENSI MACHINE LEARNING (URUTAN SUDAH 

DIPERBAIKI SIKRON TRAINING) 

                # ========================================== 

                # REVISI URUTAN: H, EMA_MQ136, EMA_MQ137 (Sesuai model 

akurasi 98.33%) 

                # ========================================== 

                # INFERENSI MACHINE LEARNING (URUTAN SUDAH 

DISINKRONKAN DENGAN TRAINING) 

                # ========================================== 

                # FIX: Harus urutan MQ136, MQ137, baru m_h (Sesuai dengan bentukan 

data di Train.py) 

                fitur_multimodal = np.array([[snap_ema["136"], snap_ema["137"], 

m_h]]) 

 

                # 1. Standardisasi data pakai Scaler 

                fitur_scaled = scaler.transform(fitur_multimodal) 

 

                # 2. Prediksi pakai Random Forest 

                prediksi = rf_model.predict(fitur_scaled)[0] 

                status = "Segar" if prediksi == 1 else "Layu" 

                 

                # 3. Tampilkan Hasil Super Keren ke Terminal 
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                print("\n" + "="*45) 

                print("  HASIL ANALISIS SENSOR & AI") 

                print("="*45) 

                print(f"  H2S (MQ136) : {snap_ema['136']:.4f} PPM") 

                print(f"  NH3 (MQ137) : {snap_ema['137']:.4f} PPM") 

                print(f"  Visual (Hue): {m_h:.2f}") 

                print("-" * 45) 

                print(f"  KESIMPULAN  : [ SAWI {status.upper()} ]") 

                print("="*45 + "\n") 

 

                # REVISI: Sekarang save_to_csv ikut mengirim data prediksi dan status 

                save_to_csv(snap_sensor, snap_ema, m_h, m_s, m_v, filename, prediksi, 

status) 

                print(f" Data tersimpan ke {LOG_CSV_PATH} dan gambar 

{filename}\n") 

 

        except KeyboardInterrupt: 

            break 

        except Exception as e: 

            print(f" Error: {e}") 

 

    running = False 

    time.sleep(0.2) 

    ser.close() 

    print(" Program dihentikan.") 

 

if __name__ == "__main__": 

    main() 
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