READ_ME: Flow chart code and line by line statistics

PURPOSE:
1. Part of this code follows the information and formulas on the flow chart that is located within this data repository. It produces what the theoretical sonar data might look like across a certain range. This code has adjustable inputs that are defined within the flow chart.
2. This file forms dataframes with statistics of the sonar data according to each ping of the sonar (ie the line from the middle of the image going outward). It cuts of the sonar dead zone in the image according to range. Multiple .smb files can be run through at once. The code was originally used to create plots from the dataframes, btu the dataframes can be used for whatever purpose is needed.

INPUT:
· file_path: location of the .smb file(s) and the outputs from SMB_procressing: the settings and sonar data
· fid: .smb file name(s) 
· Inputs on the Theory part of the code need to be adjusted manually within the code
· You can adjust what is pulled out of what is plotted and what lines you want to plot by adjusting the input on the plot functions
OUTPUT: 
· Data frames where each row is a ping of the sonar and each column is a statistical calculation of that ping line.

The code is printed on the following pages within this document.


CODE:
import math
import scipy.special as special
import scipy.integrate as integrate
import numpy as np
import pandas as pd
import cmath as c
import time
import os
import matplotlib.pyplot as plt
import matplotlib.patches as mpatches


# pull file
filepath = ['C:/Users/lizqs/Documents/Research Grad School/Field Data/New Hampshire/Adams_Pt_8_6','C:/Users/lizqs/Documents/Research Grad School/Field Data/New Hampshire/Adams_8_7','C:/Users/lizqs/Documents/Research Grad School/Field Data/New Hampshire/Woody_Adams_8_6','C:/Users/lizqs/Documents/Research Grad School/Field Data/New Hampshire/Eliot site']
fid = ['Adams_site1_90gain_75.smb','Adams_8_7_90gain_75.smb','Woody_Adams_90gain_75.smb','Elliot_90gain_75.smb']



hi = 0

for name in fid:

    file_location = filepath[hi]
    os.chdir(file_location)

    string = "".join(['sonar_data', name, '.csv'])
    sonar_data = pd.read_csv(string)
    string2 = "".join(['settings', name, '.csv'])
    settings = pd.read_csv(string2)
    print(name)

    # THIS WILL FOLLOW THE SIMPLIFIED FLOW CHART!
    # GET INITIAL ENERGY USED FROM SIDE SCAN SONAR

    ## SETTINGS ASSUMED
    # continuous wave (CW) rather than Linear FM
    # compression is off, if compression is on sonar amplitude(?) will be 1/8 of its maximum

    #### USING TO START LINE IN DF OF 1600 BC JUST PLAIN SAND


    ### INTITIALIZE NONCHANGING VARIABLES
    ## SONAR/WAVE PROPERTIES
    SL = 225  # [dB re 1 micropascal] ballpark estimate???
    height = 1.2  # [m]
    range = settings.loc[0,'Range']  # [m]
    print(f"range:{range}")
    frequency = 1000  # [kHz]
    # Angular frequency, omega
    omega = 2 * math.pi * frequency
    # reference quantity used for underwater acoustics
    p2 = 1  # [micropascal] also could use 6.67*10^-19 W/m^2

    # This will need to pull from a header data file- GAIN scale initial
    GainShiftFactor = settings.loc[0,'GainShiftFactor']
    if GainShiftFactor == 4:
        max_gain = 24 # [dB] high settings
    elif GainShiftFactor == 5:
        max_gain = 18 # [dB] medium setting
    elif GainShiftFactor == 6:
        max_gain = 12 # [dB] low setting
    else:
        print('WARNING: GainShiftFactor from Settings not within specified values, gain may not be calculated correctly')

    print(f"Max dB: {max_gain}")
    app_gain = settings.loc[0,'Gain'] # Gain applied to signal, 0 to 255
    p_Gain = app_gain/255  # [%] some percentage of max gain
    Gain = p_Gain * max_gain # [dB]
    Max_dB = Gain
    print(f"Percentage Gain:{p_Gain}")
    print(f"Max available dB:{Max_dB}")

    # Correct Sonar data so that it shows actual dB
    sonar_data = sonar_data.to_numpy()
    sonar_data = sonar_data * (Max_dB / 255)
    #max_df = np.max(sonar_data)
    sonar_data = pd.DataFrame(sonar_data)



    ## WATER PROPERTIES (using water at 20 degrees celcius) (FROM field was around 20, .25 psu (therefore fresh))
    # Density of water, pw
    pw = 998  # [kg/m^3]
    # dynamic viscosity of water, eta
    eta = .001  # [Ns/m^2]
    # speed of sound in water
    c_w = 1500  # [m/s]
    # wavelength of water
    wavelength = c_w / frequency
    # Attenuation estimated empirically as 10^-1 dB/m for Frequencies of 1000 kHz
    Attenuation = .1  # [dB/m]
    # Acoustic wavenumber in water:
    k_w = (2 * math.pi) / wavelength

    ## SOIL PROPERTIES
    # sediment particle mass density [kg/m^3] (est. from 2.65 = Gs)
    ps = 2650  # [kg/m^3]

    ## TVG SETTINGS [COULD USE THESE ON DATA OR ON MATHED DATA?]
    AutoTvg = settings.loc[0,'AutoTvg']
    if AutoTvg == 1:
        print('WARNING: Automatic Time Varying Gain Enabled, Tvg calculations may not be correct.')


    TvgFactorA = settings.loc[0,'TvgAFactor'] # [dB] represents spreading loss
    TvgFactorB = settings.loc[0,'TvgBFactor']   # [dB per kilometer] represents one way absorption loss
    TvgFactorC = settings.loc[0,'TvgCFactor']   # [dB] represents a base or starting gain level
    # TvgFactorK = 20 #[dB]
    TvgLimit = settings.loc[0,'TvgLimit']   # [Factor L in dB] limits the max gain to reasonable levels

    # The power control controls the transmit power output, typ. needs 500 W, so maybe high is close to 500 W?
    # use a voltage difference to measure the amount of power


    ### INITIAL VALUE OF DENSITY FROM EDFM (commented out section is simp. version)

    # ASSUME initial porosity (as loosest estimate) [Vv / V ] Range: 0 to 100%
    Beta = .44  ######################################################
    # shape factor, r = .5 for spherical particles, otherwise 0<r<1
    r = .5
    alpha2 = 1 - (r * (1 - (1 / Beta)))
    # Coefficient of permeability [m/s]
    K = .001 # estimate for coarse sands
    # tortuosity, a
    a = math.sqrt((8*alpha2*K)/Beta)
    e = a*math.sqrt((omega*pw)/eta)
    t_e = (-c.sqrt(complex(0,1))*special.jv(1,e*c.sqrt(complex(0,1))))/special.jv(0,e*c.sqrt(complex(0,1)))
    # Represents the deviation from Poiseuille flow as frequency increases, F
    F_e = ((e/4)*t_e)/(1-(((2*complex(0,1))/e)*t_e))

    # Total Mass density, p_t
    p_t = (Beta * pw) + ((1 - Beta) * ps)

    # Effective density according to the effective density fluid model
    p_eff1 = pw*(((alpha2*(1-Beta)*ps)+(Beta*(alpha2-1)*pw)+((complex(0,1)*Beta*p_t*F_e*eta)/(pw*omega*K)))/
                ((Beta*(1-Beta)*ps)+(alpha2-(2*Beta)+(Beta**2))*pw+(((complex(0,1)*Beta*F_e*eta)/(omega*K)))))

    # In the high frequency limit, this can be simplified to below.. I have commented out the parts that can be simplified. This is the effective density
    p_eff = pw * (((alpha2 * (1 - Beta) * ps) + (Beta * (alpha2 - 1) * pw)) /
                  ((Beta * (1 - Beta) * ps) + (alpha2 - (2 * Beta) + (Beta ** 2)) * pw))

    ### START LOOP!
    ## ANGLES
    Theo_Backscatter = []
    Tot_gain = []
    count = 0
    spaces = len(sonar_data.columns)  # this is the amount of iterations (take it from spaces from smb_open_edits)
    length = np.arange(0, range, (range / spaces))
    # incidence angle # EDIT FOR LOOP
    for n in length:
        if 0 <= n <= (.1 * range):
            tot_backscat = 0
            Theo_Backscatter = np.append(Theo_Backscatter, tot_backscat)
            Gain = 0
            Tot_gain = np.append(Gain,Tot_gain)
            continue


        theta_i = math.atan(height / n)
        # scattered angle - equal because of monoscattering cross section
        theta_s = theta_i
        # azimuth of the scatter
        phi_s = math.pi
        # Geometry parameters
        delta_t = .5 * (((math.cos(theta_i) ** 2) - (2 * math.cos(theta_i) * math.cos(theta_s) * math.cos(phi_s)) + (
                    math.cos(theta_s) ** 2)) ** .5)
        delta_z = .5 * (math.sin(theta_i) + math.sin(theta_s))
        delta = math.sqrt((delta_t ** 2) + (delta_z ** 2))

        ### LOSS IN THE WATER COLUMN
        Beam_len = math.sqrt((height ** 2) + (n ** 2))
        Loss = Beam_len * Attenuation  # [dB]

        ### ITERATED/GUESSED VALUES: REFLECTION COEFFICIENT, IMPEDANCE
        # Beta = .4
        # Total Mass density, p_t
        p_soil = (Beta * pw) + ((1 - Beta) * ps)
        if n == 0:
            p_soil = p_eff
        # Speed of sound in sediment, c_s, assumed (ITERATE!) [loose sand]; make sure to correct for sea water
        c_s = 1700  # [m/s]
        # refraction angle in the soil

        if c_s * math.sin((math.pi / 2) - theta_i) > c_w:
            reflec_coeff = 1
        else:
            theta_r = math.asin((c_s * math.sin((math.pi / 2) - theta_i)) / c_w)
            # impedance of soil
            z_s = (p_soil * c_s) / (math.cos(theta_r))
            # impedance of water
            z_w = (pw * c_w) / math.cos((math.pi / 2) - theta_i)
            # Reflection coefficient
            reflec_coeff = (z_s - z_w) / (z_s + z_w)

        ### SCATTERING DUE TO ROUGHNESS- KIRCHOFF APPROXIMATION

        # Exponent of the bottom relief spectrum- field value
        gamma_2 = 3.25  # should be between 2 and 4 ##################################
        # alpha: roughness structure parameter
        alpha = ((gamma_2) / 2) - 1
        # Reference length parameter, h0:
        ho = 1
        # Strength of spectrum - field value
        w2 = .003  # 3.5*(10^-11) # [m^4] #########################################

        # Ch^2 is a roughness function parameter (CHECK is alpha of () of alpha *()
        C_h = (2 * math.pi * w2 * special.gamma(2 - alpha) * (2 ** (-2 * alpha))) / (
                    (ho ** gamma_2) * alpha * (1 - alpha) * special.gamma(1 + alpha))

        # this is for the backscatter cross section for the kirchoff approximation (backscat_kr)
        q = 2 * (k_w ** 2) * (delta_z ** 2) * C_h * ((2 * k_w * delta_t) ** (-2 * alpha))
        # print(q)
        first = ((abs(reflec_coeff) ** 2) / (8 * math.pi)) * (((delta ** 2) / (delta_t * delta_z)) ** 2)
        integration = integrate.quad(lambda u: math.exp(-q * u ** (2 * alpha)) * u * special.jv(0, u), 0, np.inf,
                                     limit=100000)
        # print(n)
        # print(integration)
        # print(first)

        backscat_kr = first * integration[0]  # if do 10log in dB
        # print(backscat_kr)
        #     if backscat_kr<0:
        #         break
        # calculating total backscatter comparisons
        BL = -20 * math.log(reflec_coeff, 10)  # bottom los in [dB]
        reflected_wave = 10 * math.log(backscat_kr, 10)
        incident_wave = SL - Loss

        Gain = p_Gain * max_gain

        # # TVG Settings for Gain
        # time = (math.sqrt((height**2) + (n**2)))/c_w
        # R = (c_w*time)/2
        # Gain = (TvgFactorA * math.log(R, 10)) + (2 * TvgFactorB * R) + TvgFactorC
        # if Gain > TvgLimit:
        #     Gain = TvgLimit
        Tot_gain = np.append(Gain, Tot_gain)

        # could use the gain on the original data instead of adding it to this data- could be more accurate
        tot_backscat = reflected_wave - Loss  # + Gain
        Theo_Backscatter = np.append(Theo_Backscatter, tot_backscat)

        # #CHECKS for first run through
        # print(reflec_coeff)
        # check_reflec_coeff = reflected_wave/incident_wave
        # print(check_reflec_coeff)
        # time.sleep(10)

    Theo_Backscatter = Theo_Backscatter*-1
    ######################
    # add loop through fid, add in corresponding numbers at the end, so include entire set.
    # change plots to plot each fid on one line


    ## THIS SECTION WILL BUILD A DATAFRAME WITH STATISTICS OF EACH FID
    # Initialize variables
    lines = np.arange(5, 2750, 1).tolist()
    num = 0
    line_statistics_1 = pd.DataFrame()
    for line in lines:

        if len(sonar_data)-4 == line:
            break

        # Gets a single line from the sonar data
        line_data = sonar_data.iloc[line, 1:]
        Meas_Backscatter = sonar_data.iloc[line, 1:]
        # Meas_Backscatter = (Meas_Backscatter/255)*(Max_dB)
        Meas_Backscatter = Meas_Backscatter.tolist()
        line_statistics_1['Line Number'] = [line]


        # Cutoff value set at estimated value where the tripod has no more influence over the signal except in the leg
        # ie the value is found from the image set at a certain dip value
        if range == 7:  # this is really 7.5
            start = 230
        elif range == 10:
            start = 200
        elif range == 5:
            start = 230
        elif range == 20: # needs to be fixed
            start = 90
        elif range == 15:
            start = 150
        elif range == 25:
            start = 90
        else:
            print('WARNING: Range not in if statement, no cutoff value used.')

        Meas_Backscatter = Meas_Backscatter[start:]
        # x_points = length[start:len(Theo_Backscatter)]
        # Theo_Backscatter = Theo_Backscatter[start:]

        # Begins to form dataframe "line_Statistics" with statistical data of that line
        m, b = np.polyfit(length[(start + 1):(len(length))], Meas_Backscatter, 1)
        line_statistics_1['Applied % Gain'] = [round(p_Gain,2)*100]
        line_statistics_1['Output Gain [dB]'] = [round(Max_dB,2)]
        line_statistics_1['length of data'] = [len(Meas_Backscatter)]
        line_statistics_1['Slope of Trendline'] = [m]
        line_statistics_1['y-int of Trendline'] = [b]
        line_statistics_1['Mean'] = [round(np.mean(Meas_Backscatter), 2)]
        line_statistics_1['Standard Deviation'] = [round(np.std(Meas_Backscatter), 2)]
        line_statistics_1['Range'] = [round(np.ptp(Meas_Backscatter), 2)]

        # # add in TVG settings to Empirical backscatter
        # Tot_gain = Tot_gain[1:]
        # Tot_gain = np.flip(Tot_gain)
        # Meas_Backscatter_g = Meas_Backscatter - Tot_gain

        # Average Empirical Data across multiple lines (rolling average accross lines)
        emp_subset = sonar_data.iloc[[line-4,line-3,line-2,line-1,line,line+1,line+2,line+3,line+4],1:]
        avg_backscatter = emp_subset.mean(axis=0)
        avg_backscatter = avg_backscatter[start:]

        m, b = np.polyfit(length[(start + 1):(len(length))], avg_backscatter, 1)
        line_statistics_1['Mult. Line Slope of Trendline'] = [m]
        line_statistics_1['Mult. Line y-int of Trendline'] = [b]
        line_statistics_1['Mult. Line Mean'] = [round(np.mean(avg_backscatter), 2)]
        line_statistics_1['Mult. Line Standard Deviation'] = [round(np.std(avg_backscatter), 2)]
        line_statistics_1['Mult. Line Range'] = [round(np.ptp(avg_backscatter), 2)]

        # average across the range
        line_data = line_data.rolling(5,axis=0).mean()
        rol_avg_data = line_data.tolist()
        rol_avg_data = rol_avg_data[start:]
        line_statistics_1['Rolling Avg. Mean'] = [round(np.mean(rol_avg_data), 2)]
        line_statistics_1['Rolling Avg. Standard Deviation'] = [round(np.std(rol_avg_data), 2)]
        line_statistics_1['Rolling Avg. Range'] = [round(np.ptp(rol_avg_data), 2)]

        if num == 0:
            line_statistics = line_statistics_1
        else:
            line_statistics = pd.concat([line_statistics_1, line_statistics], ignore_index=True)



        # if num == 0:
        #     Theo_Backscatter_1 = Theo_Backscatter
        # else:
        #     Theo_Backscatter_1 = pd.concat([Theo_Backscatter, Theo_Backscatter_1], ignore_index=True)

        num = num + 1

    # Corrects index to the right range of numbers
    line_statistics.set_index('Line Number', inplace=True)

    # forms sepereate dataframes for each of the fids
    if hi == 0:
        line_statistics_2 = line_statistics
        line_statistics_2 = line_statistics_2.sort_index(axis=1, ascending=True)
        line_statistics_2 = line_statistics_2.iloc[::-1]
        #Theo_Backscatter_2 = Theo_Backscatter_1
        name_2 = name
    elif hi == 1:
        line_statistics_3 = line_statistics
        line_statistics_3 = line_statistics_3.sort_index(axis=1, ascending=True)
        line_statistics_3 = line_statistics_3.iloc[::-1]
        #Theo_Backscatter_3 = Theo_Backscatter_1
        name_3 = name
    elif hi == 2:
        line_statistics_4 = line_statistics
        line_statistics_4 = line_statistics_4.sort_index(axis=1, ascending=True)
        line_statistics_4 = line_statistics_4.iloc[::-1]
        #Theo_Backscatter_4 = Theo_Backscatter_1
        name_4 = name
    elif hi == 3:
        line_statistics_5 = line_statistics
        line_statistics_5 = line_statistics_5.sort_index(axis=1, ascending=True)
        line_statistics_5 = line_statistics_5.iloc[::-1]
        #Theo_Backscatter_5 = Theo_Backscatter_1
        name_5 = name
    else:
        line_statistics_6 = line_statistics
        line_statistics_6 = line_statistics_6.sort_index(axis=1, ascending=True)
        line_statistics_6 = line_statistics_6.iloc[::-1]
        #Theo_Backscatter_5 = Theo_Backscatter_1
        name_6 = name
    hi = hi + 1
# with pd.option_context('display.max_rows', None, 'display.max_columns', None):
#     print(line_statistics_4)

# Example plot
## NH Gain comparison set #3 # ELIOT
plot = plt.figure(1)
mean_1 = plt.plot(np.arange(0, 501, 1).tolist(), line_statistics_2.loc[250:750,'Mult. Line Mean'].tolist(),'b-')
mean_2 = plt.plot(np.arange(0, 501, 1).tolist(), line_statistics_3.loc[785:1285,'Mult. Line Mean'].tolist(),'r-')
mean_3 = plt.plot(np.arange(0, 501, 1).tolist(), line_statistics_4.loc[795:1295,'Mult. Line Mean'].tolist(),'g-')
mean_4 = plt.plot(np.arange(0, 501, 1).tolist(), line_statistics_5.loc[1515:2015,'Mult. Line Mean'].tolist(),'k-')
mean_5 = plt.plot(np.arange(0, 201, 1).tolist(), line_statistics_6.loc[540:740,'Mult. Line Mean'].tolist(),'y-')
# NH plot gain vs. mean dB
plot2 = plt.figure(2)
gain_1 = plt.plot(line_statistics_2.loc[240:245,'Applied % Gain'].tolist(), line_statistics_2.loc[240:245,'Mult. Line Mean'].tolist(),'b.')
gain_2 = plt.plot(line_statistics_3.loc[545:550,'Applied % Gain'].tolist(), line_statistics_3.loc[545:550,'Mult. Line Mean'].tolist(),'r.')
gain_3 = plt.plot(line_statistics_4.loc[1204:1209,'Applied % Gain'].tolist(), line_statistics_4.loc[1204:1209,'Mult. Line Mean'].tolist(),'g.')
gain_4 = plt.plot(line_statistics_5.loc[560:565,'Applied % Gain'].tolist(), line_statistics_5.loc[560:565,'Mult. Line Mean'].tolist(),'k.')

# Plot labels
blue_patch = mpatches.Patch(color='blue', label=f'Mult. line mean of {name_2} R 7.5')
red_patch = mpatches.Patch(color='red', label=f'Mult. line mean of {name_3} R 10')
green_patch = mpatches.Patch(color='green', label=f'Mult. line mean of {name_4} R 15')
black_patch = mpatches.Patch(color='black', label=f'Mult. line mean of {name_5} R 25')
plt.ylabel('Mean Backsca
plt.xlabel('Pings', font
plt.xticks(fontsize=20)
plt.yticks(fontsize=20)
plt.legend(handles=[blue_patch, red_patch, green_patch, black_patch]) #, yellow_patch])
plt.show()




### EXPORT DATAFRAMES
# string = "".join([file_location ,'\stats_2.csv'])
# line_statistics_2.to_csv(string)
# string = "".join([file_location ,'\stats_3.csv'])
# line_statistics_3.to_csv(string)
# string = "".join([file_location ,'\stats_4.csv'])
# line_statistics_4.to_csv(string)

