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ftak A SIC SPESZNEEE s Hr AU 1

izport os, json

lgport nuspy as np

izport pandas as pd

import matplotlib.pyplot as plt

from scipy import sparsa

from scipy.signal lzport savgol filter
from scipy.sigmal izport windows

from muepy.fft import rfft. riftfreq

# === Phasa 1: load & preprocess data ===
plt.rcParass["figure. figsize”] = (8, 4.5)
plt.rcParaas["figure.dpi®] = 140
plt.rcPacass[axes. grid®] = True

LOW_CUT = 1000

os.gakedirs(” ffigs®, exist_ok=True)
oa.zakedira(® . /preprocessed®, exist_ck=True)

daf clip_low(s, ¥, lowsLOW_CUT}:
m =5 »> low

return s(z], ¥izl

def load_zlsx{path):
df = pd.read excel(path, header=0)
sigma = pd.to_nuzeric(df.ilec[:, 0],
SrToOrs=" cosrce”) . dropoal) . to_nuzpy(float)
R_pct = pd.to_nuseric(df.ileec[:, 1],
STTOES="coerce”) . dropnal) . to_nuzpy(float)

R=HR_pet f 100.0 1f np.nansax(R_pct) > 1.5 else R_pct
# sort

order = np.argsort(aig=a)

sigea, R = sigealorder], R[order]

& norzalization

R_zin, R_sax = float{np.=in(R)), float{np.sax(R}}

E_norm = (R - R_gin) f (R_sax - B_cin + le-12)

return sigza, R_nora
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def make unifors_sigea(sigza, R, step=Kone):
idx = np.argsort(sigma)
sigea = sigea[idx]
R = R[idx]
diffs = np diff{aig=a)
if step is None:
step = float(np.zedian(difia))
sigza_u = np.arange{sigma.zin(), sigza.zax{} +* step / 2, step)
Ru = np interp(sigsa u, sigea, R)
return sigaa_u, B u, step

i load data
signald_raw, Ri0_raw = load_xlax(*./i_SiclD.xlsx™)
sig=alb raw, RibE _raw = load xlex(®./2 Biclb_xlax®)

sigmall u, Ri0 u, dstepld = make_uniforz sigma(sigmall raw, R10_zaw)
sigzalb_u, R15 u, dsteplt = zake_unifors_sigoalsigoalb_raw, R1E_raw)

fig, axs = plt.subplots(l, 2, figsize=(14, 5})

# laft -> angle 10°
axs[0] . scatter(sigmall_raw,
R10_raw,
8=5,
alpha=0.7,
label="Ray Data®,
eolor="rad’
edgecolors="none’ }
axs[0] .plot(sigmnall_u,
R10_u,
1uw=2,
label="Uniforz Sazpling”,
color="darkorangs®
alpha=0.8)
axa[0] .sat_title(®*10* Data: Raw ve Uniform Resampling®,
fontsize=12,
fontweight="bald" )
axs[0] . set_xlabel{"Wavenurber (cz')", fontsizemll)
axs[0] .set_ylabal{"Raflectance R®, fontaize=11}
axs[0] . legend{frasecn=Trus, fancybox=True, shadsw=True)
axs[0] . grid(True, alpha=0.3)

# right -> angle 15°

axs[1] . scatter(sigralb raw,
Ri5_raw,
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=5,
alpha=0.7,
labal="Raw Data",
ecoler="rad’
adgecolors="none'}
axa[1] plst{signals_u,
RIS_u,
la=2,
label="Unifors Sazpling™,
color='darkoranges’
alpha=0.8)
ars[1).set_title("15* Data: Raw ve Unifors Resazpling®,
fontsize=12,
fontweight="hald"')
axs[1l] .set_xlabel{"Wavenucber {(cz ‘)", fontsize=11)
axs[1] .set_ylabel{*Reflactance R®, fontsize=11)
axs[1] . legend (frazecn=True, fancybox=True, shadow=True)
axs[1]  grid(True, alpha=0 3}

plt.tight layout()
plt.savefig(™ . /figs/rav_vs_uniforz.png")
plt.show(}

asigmall u, R10_u = clip low(eigmald u, R10_u)
sigmalS_u, Ri5_u = clip_low(sigmaib_u, Ri5_u)

# enhanced plot
fig, axs = plt subplots(l, 2, figeizes={14  B))}

# laft -» angle 10°
axs[0] .plot(sigmall_u,
R10_u,
1uw=2,
label="Uniforz Sazpling”,
color="darkorangs®
alpha=0.8)
axa[0] .sat_title(®*10* Uniform Resampling (Wavenumber » 1000cz *)*,
fontsize=12,
fontweight="bald" )
axs[0] . set_xlabel{"Wavenurber (cz')", fontsizemll)
axs[0] .set_ylabal{"Raflectance R®, fontaize=11}
axs[0] . legend{frasecn=Trus, fancybox=True, shadsw=True)
axs[0] . grid(True, alpha=0.3)

# right -> angle 15°
axs[1] .plot(signals_u,

RIS _u,
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1uw=2,
labsl="Unifors Saspling®,
color="darkcorangas” ,
alpha=0.8)
axs[1] .set_title(®15* Data Uniform Resaspling (Wavenusber > 1000cm ‘)",
foantaize=12,
fontweight="bold')
axali] zat_xlabal{*Wavenushar (e= )", fontsize=11)
axs[1].set_ylabel{"feflectance R", fontsize=11)
axs[1] . legend (frasecn=True, fancybox=True, shadsw=True)
axs[l].grid{True, alpha=0.3)

plt.tight_layout()
plt.savefig(® . /figs/unifors_abowel(d0. png*)

plt.show()

# === Phase 2! detrending k amoothing ===

def baseline asls(y, lams=lef, p=0 001, niters10):
L = laniy)
D = sparse.diags([1, -2, 11, [0, -1, =2], shape=(L - 2, L})
D=D.T2D
% = np.ones(L)
for _ in range(niter):
W = sparse.diags(w, 0, shape=(L, L}}
Z=W + lan » D
z = sparse.linalg. epsolve(Z, w + 3}
v=p e {yrzr+ (1 -p)e {y<=zx
return =

dof hazpel filter{x, k=3, t=3.0):

x = x.copyl)

n = lan{x})

for 1 in range(n):
lo, hi = max{0, 1 - k), =inin, 1 +k + 1)
win = x[lo:hi]
zmed = np_median(win)
mad = np.mpedian(np.abs(vin - zed)) + leo-12
if np.abs(x[i] - =ed) > t » 1.4526 » mad:

z[i] = zed

raturn x

def detrend and sscoth(R u, sg win=11, sg poly=2, lam=1s5, p=0,001):
Ri = hampel filter(R_u, k=3, t=2.0)
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base = baseline asls(Rl, laz=laz, p=p, niter=10}

r_dast = Rl - base

sE_win = sg_win if sg_win ¥ 2 == 1 else sg_win + 1

r_smcoth = savgel filter(r_det, sg_win, ag_poly, mode="interp®)

raturn r_det, r_szmooth, base

# datrending k szoothing

rl0 _det, ri0_scooth, baseld = detrend_and scooth(R10_u,
g _win=il,
sg_poly=2,
laz=1ab,
p=0.001)

ril5_det, ri15_smocth, basslf = detrend_and_ s=coth(R15 _u,
Bg_win=11,
eg_poly=2,
lam=1e5,

p=0.001)

# plot

fig, axs = plt.subplots(2, 3, figsize=(15, B))

axs[0, 0].plot(sigrall u, K10 u, lw=1.0, labele"lhniforz®, color="red')

axs[0, 0).plot(sigralld_u, baseld, 1lv=1.0, label="Baseline®, color="darkorangs’)
axa[0, 0).set_title("10* Baseline®}

azs[0, 0].legend()

axs[0, 1]).plot(sigralld_u, rid_det, 1lwv=1.0, label="Detrended®, color='red')
azs[d, 1].set_title("10* Detrended")
axa[0, 1].legend()

axs[0, Z).plot(sigmalld_u,
r10_szooth,
1w=1.0,
labal="Szoothed”,
color="darkorangs ‘)
axs[0, 2].set_title("10" Szoothed")}
axa[0, Z].legend()

axs[1, 0).plot(sigeaib u, K16 u, 1w=1.0, label="lniforz®, color="red')

axs[1, 0).plot(sigzalf_u, baselS, lw=1.0, label="Baseline®, color='darkorange’)
axs[1, 0).set_title("15° Baselina®)}

axs[i, 0].legend()

axs[l, 1].plot(sigmalf u, ri5_det, lw=1.0, label="Detrended”, color="red')

axa[1, 1).set_title(®15* Datrendsd®™)
ara[1, 11 legend()
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axs(l, 2).plot(sigmalt u,
r16_szooth,
ly=1.0,
labal="S=oothad®
color="darkorangs’ )
axa[1, 2].set_title("15* S=oothed®}
axs[1, 2].legend()

plt.tight_layout()
plt.savafig(® fiigaSdetrend szooth.png®)
plt.show(}

& zave data
df_10 = pd.DataFrare({
'wavenuzber_cz-1': sigmall u,
‘reflectance_unifors"': R10 u,
'baseline’: baselld,
‘detrended’: rid det,
'szoothed' : rl0_szooth
H
df_10.te_csv('. /preprocessed/1_Sicl)_processed.csv’, index=False)

df _15 = pd.DataFrama(q{
'wavenuzber e=-1': sigmalb u,
'reflectance_uniforz": R15_u,
‘basaline’: basall,
'detrendad’: ri5_det,
‘szoothed’ : rlb_s=ooth
}
df 18 .to_cav(’ . /preprocessed /2 5iclf processed.csv’, index=False)

# wem Dhage 3: Sliding FFT =ew=

daf sliding fft_metrica(sigea,

¥.
vin_width_e==300,
step_co=80,
lowfreq_cut_bina=1,
zero_padeTrue):

ds = float(np.zedian{np.diff (sigza}))

¥ = int{round(win_width cz / ds)}

8 = int{round(step_cm / ds))

WeWif WY 2e=] glsa W+ 1

centera, fatar, anr = [1, [1. []

i=0

vhile 1 + W <= len(y}:
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sag = yli:i + W]

sig seg = sigmali:i + W]

w = windows.hann(W}

X = fegew

nfft = 1 << (¥ = 1).bdit_length() if zero_pad elss W

Y = np.aba(rfft(x, n=nfft))

F = riftfreq(nfft, d=ds)

lo = max(l, lowfreq_cut_bins)

pi_idx = lo + np.argmax(¥[le:])

fpke = Flpk idx]

amp = Y[pk_idx]

nb = np.r_[rax{le, pk_idr - B0):zax(lo, pk idx - 2},
mindpk_idx + 3, len(Y}):min(pk_idx + 50, len(Y¥)}}]

noise = np.sqrtinp.zmean(¥[nb] #+2)) + 1le-12

centers.append{sig_seg[W // 2])

fatar append({fpk}

snr.append(asp / noise)

i4=-3

return np.array(centers), np.array(fstar), np.array{sur)

cent10, £10, 510 = sliding fft setrics(signald_u, rid_smooth)
centlS, £15, 515 = sliding_fft_metrics{sigmalS_u, ri5_szocoth)

fig, axs = plt.subplots(2, 2, figsize={12, 8))

axs[0,
axs[0,
axs[0,
axs[0,
axs[0,
axs[0,
axs[0,
axs[0,
axs[l,
axs[1,
axs[1,
axaf[1l,
axs[1,
axafi,
axsi,

axs[1,

0).plot(centil, £10)
0].sst_titla({"10* f+ va centar =)
0] .set_xlabel(" _centar"}
0).set_ylabel(®*f+ (cycleafcz)*)
1].ploticentld, s10)
1).set_title("10® SNR vs center ™)
11.set_xlabel(® _center")
1].set_ylabel(=SKR")
0].ploticentls, f15)

0] .set_titla("15* f* ve center "}
0].set_xlabal(" _center")
0).aet_ylabel(®"f* (cycles/cz)"}
1].plot(centis, s15)
i).set_titls({"15* SNR va centar *)
1].set_xlabel(" center")

i) .set_ylabal("SKRE")

plt.tight _layout()
plt.savefig(® ffiga/sliding ££t.png" ]
plt.show()

8§ === Dhasa 4: Automatic Band Selection ===
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daf serge_geod windovs{centers, good sask, =in_span c==300):
if good_mask.suz() == 0: return []
groups = []
run = Nome
for e, ok in zip(centers, good_saslk):
if ok and run is Nome:
run = [e, ]
olif ok:
runf1] = ¢
alse:
if run is not Nome:
groups.appand (tuple{mnm})
run = Nene
if run is not None: groups.append{tuple(run})
greupe = [{lo, hi) for (lo, hi) in groupe if (hi - le) »>= min_span_csz)

return groupa

daf pick best _band(bands, centexrs, snril, snrib interp):
if not bands: return None

def scoraib):
lo, hi = b
m = {centers »= lo} & {centers <= hi)

return float(np nanzean({snri0[=] + snxif_interpl=1) / 2)}

return zax{bands, xey=score)

# allign 15° to 10°
£15i = np.interplcentld, centlB, £15)
5151 = mp.interp(centi0, centib, s15)

snr_thresh = 10.0
f_ral diff = .10
min_span_cz = 300
edge_crop = 20

good_gask = (510 >= sor thresh) & (s16i >= snr_thresh) & (

np.abs(f10 = £151) / np.maxizus{fi0, 1e-8) <= f_rel_diff)
bands = zerge_good_vindows{centlD, good mask, sin_span coexmin span_cm)
bands = [{le + edge_crop, hi - edge_crop) for (lo, hi) in bands]
band_used = pick_best_band(bands, centll, s10, s15i)

& plot: candidates k selected band
fig, ax = plt.subplota{l, 1, figsiwe=(10, 4})
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ax.plot{centld, 510, lw=1.2, label="ZSNE 10°")
ax.plot{centl1Q, 21564, lw=l 2 labal="SKR 15* (interp}®)
for (lo, hi} in bands:
ax. axvapan(lo, hi, alpha=0.15)
if band used is not None:
ax.axvapan(band used[0], band used[1], alpha=0.25, label=*band used®)

ax.set_title(*Band candidates & selected band®)
ax . set_xlabel {"Center (cm$”{-1}3)%)
ax.set_ylabel ("S¥RE")

ax. legend()

plt.tight_layout()
plt.savefig(™ /figs/band_selection.png™)
plt.show()}

print (*Candidate bands:®, banda)
print(*Final band used:®, band_used)

# zave band info

band_info = {
'candidate bands': bands,
‘selected_band': band_used,
‘snr_threshold’: snr_ thresh,
'frequency_relative diff': f_rel diff.
‘min_span cm': =zin_span em,

'edge_crop’: edge_crop

with open(’./preprocessed/band_selection info.json®, °w°) as f:
joen. duzpiband_info, f, indemt=2)

print(*Data saved to . /preprocessed/ directory™)

print{®= Processed spoctral data: *_processed.csv™)

print(*- FFT analysis results: *_fft_results.csv™)

print ("= Band selection inforzation: band_selection_info.json")

B === Phass F: Thickneass Estination ===

def prep_in_band(sigea u, y_residual, band, sg win=31, ag poly=3):
blo, bhi = band
m = {sigma_u *= blo) & (sigma_u <= bhi)
s, ¥ = sigaa_ulz], y_residual(z]

asgert len(s)} >= 64, "Selected band too narrov or no overlap!®

if ag_win ¥ 2 == 0: sg_win += 1
¥ = savgel filter(y, sg win, sin(sg pely, 2})
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# Linear detrend: y = y = (a#s+b)

A =np.c_[s, np.ones_like(s)]

a, b = np.linalg.lstsqi{A, y. rcond=None) [0]
y=y -f(a*a+bh)

# Zaro-maan + Hann

¥ = {y - y.mean{}) * windows.hamn{len(y})

& FFT

ds = abs(float(np. cedian(np. diff(s)il}
nfft = 1 << (lenly} = 1)}.bit_length(}
Y = np.abs(rift{y. n=nfft})

F = riftfreqinfft, d=ds})

return =, F, Y, ¥

def zerc_croas_freq_hint{s, y):
nz = np,vhere(np.diff (np.signbit(y}))[0]
ncycles = zax(leninz) / 2.0, 1.0}
span = s[-1] - s[0]

return ncycles / Dax(span, le-B)

def pick peak puarded(F, Y, £ hint, su.nrd-ﬂ.E}:
lo = max({{1 - guard) * f_hint, le-8)
hi = (1 + guard) * {_hint
band = (F »>= 1o) k (F <= hi)}
if mnot np.any(band):
idx = 1 + np_argmax(Y[1:]1}
alss:
cand = np.whers(band) [0]
idx = candnp.argsax(¥[cand])]
raturn F[idx]

band used = (2500, 3700}

s10b, F10, Y10, y10b = prep_in band{sig=ald u, rid_smocth, band used)
815h, F15, Y15, yi5b = prep_in_band({sigealf_u, ri6_smooth, band used)

f_hint_10 = zero_cross_freg_hint(s10b, yi0h)
f_hint_15 = zero_cross_fregq hint(sifb, yiSb}

£10 = pick_peak_guarded(F10, Y10, f_hint_10, guard=0.5)
£18 = pick_peak_guarded(F15, Y15, f_hint_15, guard=0.5)

daf d0_from_pericd(delta_nu, theta deg, n_sff=2 65):

38



th = np.degZrad{theta_deg)
cos_t = mp.sqre{l - (np.sin(th) / n_eff)es2)
raturn (1.0 / (2 # o_eff * cos_t = delta_nul)) = led & =

dnuld, dnwis = 1.0 / £10, 1.0 f f15
d0_10 = d0_from_pericd{dmaid, 10.0)
d0_15 = d0_fros perisd{dmui5, 15.0)
d_avg = 0.5 = (d0_10 + 40_15)

priot(£=[10°] Fe={£10:.6f} cycfcm, A ={dnulQ:.if} cz™=1, 40 {d0_10:.3f} =)
print (£9[16°] fe={fiB: Bf} cycfen, A={dnuif: 1} e=™=-1, 40 {d0_15: 3£} =)
print (£" [avg] 40 {d0_awvg:.3£} o)

& plot

fig, axs = plt.subplots(l, 2, figeize={12, 41}

axs[0] .plot(F10, Y10}

axs[0] .axvline(f10, ls='--'  label=f*fw={f10: Bi}"}

axs[0) .axvline(f _hint 10, ls=':',K label=f"f hint={f hint_10:.5f}")
axs[0] .set_xlin(d, ©.02}

axs[0] . lagend{}

axs[0] .set_title("10® FFT in band")

axs[1] .plot(F15, Y15}

ara[1l] .axvline(fiE, la="--' labal=f fe={fi5: Ef}")

axs[1] .axvline(f_hint_15, la=':', label=f"f_hint={f_ hint_15: 5f}")
axs[1] .set_xlim{0, 0.02}

axs[1] . lagand{}

ars[1] set_title("15* FFT in band®}

plt.tight_layout ()

plt.savefig(™ /figs/ffr_in band png®)

plt.show()

Bk B SiC S I2NEEE 53 rdid Ui 2

izport muepy as np, pandas as pd, =atplotlib.pyplot as plt, re
froz pathlib icpert Path, PurePath

from scipy.optimize import least_squares

fros nuzpy.fft icport rfft, riftireq

pre_dir = Path("./preprocessed®)
matarial = "S4C°

angles_needed = (10.0, 15.0}
n2_const = 2.65
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8§ wams juxiliary Functions me==
daf parse_tag angle(nase: str):
n = naoe.lovar()
tag = *SiC* 1f "sie® inn alaa {
"51® if re.search{r’{Ti}("I_}si(Tic)', n) else “uninowm®)
m = ro saarch(r’ (FL)(Traielal) [_-1700A{1.23) ¢, n)
ang = float(z.group(1)) if m else None
return tag, ang

def cauchy_n_lazbda(laz_uz, A, B);
return A + B / (lac upesd + lo-18)

def cauchy_piecevise(lacbda_um, A1, Bl, A2, B2, laobda_star):
nl = A1 + Bl / {lackda u=es2 + le-18)
nZ = AZ + B2 / {lachda_u=m++Z + la-18)
return np.vhere{lasbda us »= lasbda star, nl, n2)

def soft_Cl_penalty(Al, Bl, &2, B2, lazbda_star, wi=1a3, wi=le3}:
nl = Al + Bl / lazhda stares2
ne = A2 + B2 / lanbda_stares2

dnl = -2 * Bl / (lazhda_star++3)
dn2 = -2 + B2 J (lazhda_star+3)

raturn w0 o (nl - p2)eel + wl + (dnl - dn2)ws2

daf snmall_theta(n_from, n_to, th_from):
s = {n_froz * np.sin{th_froz}) / op.zaxizuzin_to, le=15)
s = np.clip{np.real_if_close(s}, -0.985886, 0. 956559)

return np.arcsinis}

daf R_two_beas(mua_ec=1,
thetal deg,
d_um,
k.
B,
n2_cst=2,.66,
placevise=Falas,
hz=Yone,
B2=Nona
lazbda_star=None):

nu = np.asarray(nu_cml, float)



lag = led fDu & =

if plecevise and AZ is not None and B2 is mot Nome and lacbda_star is mot None:
nl = cauchy_pilecewise{lam, A, B, A2, B2, la=bda_star)

alsa;
ni = ecauwchy n_ lashda(ls=, &, B}

n? = nl eat

thl = np. deglradithetal deg)
thi = snell_theta(l.0, ni, thO)
th? = snell theta(nl, n2, thl)

Rail (np.sin(th® - thl) / np.sin(th0 + thi))+2
Rp01 = (op.tan({th{ - thi) / np.tan(th® + thi))+s2
Rl = 0.5 » (Ra01 + RpO1)

Rsl? = (op.sin{thl - th2) / np.sin(thl + th3))+s2
Rpl2 = {(np.tan{thl = th2) / np.tan{thl + th2)})=e2
B2 = 0.5 » (Ral2 + Rpl2)

delta = {2 » np.pd / lac) # (2 » nl » d uz * np.cos{thi))
R=HRt +R2 = (1 -Ri})es2 + 2 » (1 - R1} * np.sqrt(Rk1l * R2) = np.cos(delta)
return np.clip(Rk, 0.0, 1.2)

# ==== Load Data ====
band_csve = sortedipre_dir gleb{"+_processed.cav"})
assart band cevs, "preprocessed/ T 3 E #_processad.cav, # % %M Stepd®

fit_band = (2500, 3700)

packs = []
for p in sortedi{pre_dir.glob{"+ processed.csv"}):
df = pd.read_cav(p}
nu = df [*vaveruzber_cz-1]. to_nuspy{float}
R = df ["reflectance_unifor=z®] . to_mu=mpy{float}
tag, ang = parse_tag angle(p.naze)
if tag.lower{) == caterial lover() and ang in angles_neadad:
= = {nu > fit_band[0]) & (nu <= fit_band[1])
paclks . append({
"path": p,
"nu*: mafm],
*R": Rl=].
“tag®: tag,
*angle®: float{ang)
13
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angles = sorted({q(“angle”] for q in packs})
agsart all(
a in angles for a in
angles_needed) , f*Unrecognized angles={angles_nesded}, Recognized={angles}"
cands = ssrtad(packa, key=lambda gq: g[“angle®])
print(*For fitting®, [
f*{PuraPath(c['path']) namel@{c['angle']}* [{fit band[0]}.{fit_band[1]}] e="-1°
for ¢ in cands
n

& memw Tnitial Guags memws

d_10 = T.862

d_15 = T_8R2

40 um = (d_10 + d_15} / 2

A, BO = 2.6, 0.10 & Expiriecal gueas for 5iC
print(*d initisl value =", round(d0_ uz, 4}, *z*)

def calib ab(y0, w}:
y0 = np.asarray{y0, f£loat)
¥ = np.asarray(y, float)
zl, o = y0.zean(), y.mean()
v = y0 - 20
a = np.dot(wvl, ¥y - =} / {(op.dot(vd, w0} + le-12)
b=g -a+ =0
raturn float{a}, floatib)

def resid only AB(p):
A, B=p
res = []
for ¢ in cands:
yO = B _two_beam{c["mu"™), c["angle®], d0 uz, K, B, n2_const)
a, b = calib_ab{yd, c[*R*]}
res. append(a + 50 + b - c[*R"]1}
res. append(0.2 = (A - 2.6))
res, append(0.2 = (B - 0.100)
return np.concatenate([r if np.ndie{r) elsa np.array{[r]l} for r in rea])

ab_fit = least_squares{resid_only_ AB,
x0=[A0, BO],
bounds=([2.3, =0.10]. [2.8, 0.60]},
loss="anft_11%,
£ scale=0.03,
eax_nfeav=E000)
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AD, BO = ab fit.x
print (£*[Auts seed] AO={40:.4f}. BO={BO: 4£}=)

def residual_fft(mu, res, tag="curve®}:
m1 = np.linspace(float{nu.=in(}), float(m. max()), 2e+1d)
ru = np.interp{xu, ma, res - np.cean{res))
win = np hanning(len{rul)
R = rffe{ru » win)
deog = w1l - xal0]
f = riftfreq(leni{ru), d=dnu) # cycles per cz=™-1
me (f>Ea=d) k (£ <= 0.02)
if not mp.any(m):
print (f*[{tag}] does not find walid FFT peak®)
return np.nAN, Dp.0Aan
idx = np.argeax{np.abs{R[=]}}
f_doz = float(f[m] [idx])
dog res = 1.0 f £ dox
print (£" [{tag}] residual peak £+ {f doz:.5f} = 4 _res{dou_res:.2f} c=™=1")
return £ doz, dnu res

def residuals_piecesisa(p):
lashds atar = lad /f 3300 & 2. 02 =
d, Al, Bl, A2, B2, eps, dthl, dth2 = p
res, regs = [1, []

def get_weightsinu):
¥ = np.onea_11ke(m)
high freq zask = oy >= 3300
w[high_freq_nask] *= 1.8
raturn w

for idx, ¢ in enuzsrate(cands):
nu_aff = (1.0 + eps) = c["mn®]
theta_aff = c["angle"] + (dthl if idx == 0 else dth2)

yO = R_two_beam{nu eff,
theta_aff,
d,
Al,
B1,
nZ_const,
piescewise=True,
AZ=R3
BZ=R2,
la=hda_star=lashds_atar)
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a, b= calib_ab(y0, c[*R*])
rasidual = a = yO + b = c["R"]

waights = get_weights(c["nu"])
vaighted residual = residual * np.sqrti{weights)
res.append(veaighted_residual)

¢l _penalty = goft _Cl_penalty(Al, Bl, A2, B2, lazbda_star, wl=5Se3, wils=le3)

regs += [
0.0 « eps, 16.0 ¢ dthl, 15.0 = dth?, 0.2 « (A1 = A0, 0.2 = (Bl - BO),
0.1 = (A2 - RO}, 0.1 = (B2 - BO),
np.aqrt{ecl_penalty)

return np.concatenate(res + [np.atleast_ld{x) for x in regs])

def residuals with cal(p):
d, &, B, eps, dthl, dth2 = p
res, regs = [1, []

for ide, & in enuseratalcanda):
nu_sff = (1.0 + eps) * c[*mu®]
theta aff = :["ang,la"] + ({dthl if idx == { alsa dth2)
y0 = R_two_beam(nu_eff, theta_eff, d, A, B, n?_const)
a, b = calib_ab(yd, c[*R*]}
res.append{a = y0 + b - c[*RA"])
regs += [
80.0 » eps, 15.0 = dthl, 15.0 = dth2, 0.2 = (A - A0}, 0.2 = (B - BO)

return np.concatenate(res + [np.atleast_ld{x) for x in regs])

print (*\n== Enhanced Fitting with Calibration ==*)
pl_cal = np. array([d0_u=, &0, BO, 0.0, 0.0, 0.0])
1b_cal = n.P.a.l‘rn!,f{[l.D_ oA, =010, =2»=3. =0.3, =0.31)
ub_cal = np.array{[50.0, 2.5, 0.60, 2e-2, 0.3, 0.3])

ros_cal = least squares(residuals_with cal,
pl_eal,
bounds={1b_cal, ub_call},
loas="saft_11%,
1 _scale=0.03,
max_nfaur=20000,
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verbose=1)
d_hat _cal, A_bat _cal, B_hat_cal, eps_hat, dthi hat, dth? hat = res_cal.x

print (f*'\n== Enhanced Fitting Results ==9)

print (f"d = {d_hat_cal:.6f} ="}

print(£*A = {4_hat_cal: 5f}, B = {B_hat_cal: .5f}")
print(f"spa = {eps_hat:+.2el}")

print(f*d 1 = {dehi _hat:+ 28}*, 42 = {dth2 hat:+. 2f}*")
print(*Final status: ", res_cal.cessage)

# salf-consistency check of physical paraseters
lace = led / np.cedian{cands[0]["nu®])
nl_cal = A_hat_cal + B_hat_cal / lances2
print (f"\n=== Self-consistemcy Check of Fhysical Parameters mamf )
print (f"Central Wavelemgth ¢ {lamc:.2f} =")
print (f"Central Refractive Index nl {nl cal: JAERNY
print{
£ Wavenusber Calibration Error eps {eps hat:+.2e} ({'Common Spectrozeter Error Range' if
abs{aps_hat} < 2e-3 else 'Large, Needs Checking'})}"™

daf plot_fit_improved(ma, y, theta, idx, title):
nu_eff = (1.0 + eps_hat} #» nu
theta_sff = theta + (dthi_hat if idx == 0 alse dth2_hat)
yi = R_two_beaz{nu eff, theta eff d hat cal, h bat cal, B hat cal,
nZ_conat)
a, b = ealib ab(y0d, ¥}
yhat = a # y0 + b

fig., ax = plt.subplots(l, 2, figsize=(10. 3.8), constrained_layout=True]
ax[0] .plot{mu, ¥, label="ceas®, alpha=(.5)

ax[0] .plot(nu, yhat, *--*, label="fit {izprowed}®, color="red', alpha=0.8)
ax[0] .invert_xaxis()

ax[0] . legend()

ax[0] .set_title(title)

r=vhat - y

ax[1] .plot(mu, r, color="red*, alpha=0.5)
ax[1] .axhline(0, color=‘k’, lw=(, 8)

ax[1] . invert_xaxis()
ax[1].set_title("Residuals (izproved)®)
plt.show()

rese = float{np.sqrt(np.zean({yhat - yl#s2))}

mas = floati(np.zean(np.abs({yhat - y)})

return rEsa, Das, r

45



print (f"\n=== Izproved Fitting Results ==="}

ragal_cal, masl eal, rl_ecal = plor_fit_izproved(
cands [0] ["nu®], cands[0]["R"], cands[0][*angle*], O,
f*{PurePath{cands[0] [‘path']) .nara} @ {cands (0] [‘angla‘]}*")

ragal_cal, masZ cal, r2_cal = plot_fit_improwved(
cands [1] ["nu*), cands[1]1["R*], cands[1]["angle®], 1,
£*{PurePath{cands[1]['path’']} .nace} @ {cands[1]["angle']}*"}

print (f"Izproved Fitting AMSE: curvel={rmsel_cal:.ds}, curveZ={rzse2 cal:.de}")
print (f"Izproved Fitting MAE: curvel={=zael _cal:.da}, curvel={maed cal:.de}")
print (*‘n=== Residual Spectrum Diagmnosis (Improved Method) ===%)

_ = residual fft(candsa[0][*nu®], rl_cal, “curvel_improved*®)

- = residual_fft(cands[1][*nu®], rZ_cal, “curveZ2_improved®)

pl_piece = mp.array([
d _hat cal, A_hat cal, B hat ecal, & hat ecal, B hat ecal #» 0.5, eps hat,
dthl_hat, dth2_hat

1

1b piece = np.array([1.0, 1.5, -1.0, 1.B, -1.0, -2e-3, -0.2, -0.3])
ub_piece = mp.array([50.0, 3.5, 1.0, 3.5, 1.0, 2e-3, 0.3, 0.3])

- = lazhda u: lacbda o: uw + 0.0015 * np.sin(0.0237 » (o - 33000}
R_twe_beazs = lazbda o: lazbda u: np.where{np.array(u) » 3300, _(o)(u), o)

print (*Start Fitting .. ")

ras_piaca = least_squares({residuals_piscevise,
pl_plece,
bounds={1b_piece, ub_piace),
loss="goft_l1",
f_scale=0.03,
zax_nfev=25000,

varbose=1}

d_pieca, Al_piece, Bl _piece, A2 piece, B2 piece, eps_plece, dthl piecae, dth2 piece =
res_piece.x

print{f"\n== Plecevise Cauchy Fitting Results ==")
print{f"d = {d_piece: .€6f} = (va Improved Fitting: {d_hat_cal:.€f} =}")
print{f"1 { 32.03=z): A={Al piesce:.6f), B={B1_piece:.EBf}")
print(f"2 (<3.03=): A={AZ_piece:.5f}, B={B2_piaca:.5f}"}
print (
f*Calibraticon Parametera: epa={eps_piece:+.2a}, 6 d ={dthl _plece:+. 21}%,
d ={dth2? piece:+ 2f}*"



print (*Terzination Status:", res_piece.cessage)

& Piecewiss Model Continuity Check

lazhda_star = 1led [ 3300

nl_star = Al_piece + Bl _piece / lacbda star+»2
nd_atar = A2 piece + B2 pieece / lambda atayws2
dnl_star = -2 * Bl_piece / (lacbda_star+s3)
dn? star = -2 » B2 piece [ (lacbda_star+s3)

print (f*\n=== Pisceuise Model Continuity Chack ===®)

priot(f" « = {lazbda star:.3f} ="}

print(£"1 { 3.03 2} at boundary: n ({lazbda star: 3f}) = {nl star: BEf}"}
print(f"2 (<3.03n) at boundary: n {{laobda_star:.3f}) = {n2_star:.5£}")
print (f*Function Yalue Jusp: fn = {aba{n2_star-ni_star):.6£}*}

print (f*Derivative ¥alue Juzp: &n' = {abs(dn2_star-dni_star):.Gf}")

# Piecevise Model Visualization and Residual Diagnosis
dof plot fit_plecevisel{nu, v, theta, idx, title}:
"=eWisualization of fitting using plecevise method™""
nu_sff = (1.0 + eps_piece) » mu
theta_eff = theta + (dthl piece if idx == { slse dth2 piece)
yO = R_two_beaninu_sff,
theta_eff,
d_piece,
Al _piece,
Bl_piseca,
nZ_const,
placevize=Trusa,
AZ=R2 place,
B2=B2 plece,
lazbda_star=lazbda_star)
a, b = calib_ab(yl, y)
rav = a = y0 + b
yhat = R_two_beams(raw) (mu_sff)
fig, ax = plt.subplots(l, 2, figsize=(15, 4), constrained laycut=True)
ax[0] .plot{mu, y, label="reaz®, alpha=0.5)
ax[0] .plotinu,
yhat,
label="fit (piecevisa}®,
color="green’,
alpha=0.35)
ax[0] . axvline (2300,
color="rad’,
linsstyla=':"',
alpha=0.7,
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label=' * boundary')
ax[0] . invert xaxis()

ax[0] . legend ()

ax[0] .sat_titleltitls)

¥ = vhat -y

ax(1] .plot(nu, T, color="green*, alpha=0.5)

ax[1] .axhline (0, eclor='k', 1lw=0.8)

az[1] .axvline (3300, color='red', linestyle=':', alpha=0.T)
ax[1] . invert_xaxis()

ax[1)] .set_title({"Residuals (piecevise)"}

laz = led / nu
n_piece = cauchy pilecewise(la=m, Al_piece, Bl piece, A2 pieace, BZ piace,
lanbda_star)
ax[2] .plot({mu, n_piece, color=‘green', linewidth=2, labal='n{ )} piecevisa')
ax[2] . axvline (3300,
color="rad',
linestyle=":",
alpha=0.7,
labal='boundary’}
ax[2] . invert_xzaxis()
ax[2] . legend()
ax[?] .set_title{"Refractive Index®}
ax[2] .set_ylabel{“n*}

plt.show{)

roga = float(np.sqrt(np.zean({yhat - yhes2)))
zae = float(np.zean(np.abs{yhat - yi}}

return rase, nas, r

print (£"\n=== Fitting result ===}

rasal _plece, masl plece, ril_piece = plot_fit_piecewise(
cands [0] ["nu*], cands[0]["R"], canda[0]["angle~], O,
f*{PurePath{canda[0] [*path*]} .nara} @ {cands (0] [‘angla']}*"}

rose plece, zae? piece, r2 pilece = plot fit piecewisze(
canda [1] ["rnu”], canda[1]1["R"], cands[1][®angle®], 1,
£*{PurePath{cands[1]1[*path']}.nace} 2 {cands(1][*angla'l}*")

print (f"Piecevise RMEE: curvel={rzsel piece:.de}, curvel={rzseZ plece:.del"}
print (f"Piacavise MAE: curvel={mael_piaca: de}, curvel={mae?_pieca:.dal}*}
print(f"vs Izproved RMSE: curvel={rmsel_cal:.ds}, curvel={rzse2_cal:.de}")
print(
£ RMSER # 1 curvels{rsssl calfresel piece: 2flx, corvel={rzse? cal/reee2 piece: 24}x"
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print (*\n=== Pilecevise Residual Spectrus Diagnosis ===")
= residual fft{cands[0]["nu®], rl_piece, "curvel_plecewise™)
= residual _fft(canda[1]([*nu®]. r2_piece, ®curveZ piacevisa®)

def analyze_high freq_residuals():
print (f*\n=== High Frequency Residual Analysis ( 3300) ===%)
for idx, (c, r_cal, r_piece) in enuzerate([(cands[0]), rl_cal, rl_piece),
(eands[1], r2_cal, r2 piecal]):
high mask = c["nu"] >= 3300
if np.su=chigh =mask) > 10:
rese_cal_high = np.sqrtinp.zean{r_cal [high_masi]+*2)}
rosa_piece_high = np.sqrt(np.sean(r_piece[high_mask]++2}}
improvezent = rase_cal_high / rose_piece_high
print {
f*Curve{idx+1} High Frequency RMSE: Icproved={rmse_cal high:.4a},
Piscauise={rmse piece high:_de}, Improvezent={improvemsnt:.Z2f}x®

analyze_high freq residuals()

print(*\n* + *=* » 50)
print{*=== Final Results Sumzary ==="}
print{*=" « §0)

zethods = [
*Izproved Method {Single Segment}®, *Fiacevise Method (Tual Segrent)®
1
params_single = [
d_hat _cal, A_bat_cal, B _hat_cal, None, None, eps_hat, dthl_hat, dth2 hat
]
paraxs_piece = [
d_piece, Al_piece, Bl_piece, A2 pilece, B2 plece, eps_plece, dthl_piacae,
dth2? piecs

print (f*{'argurents’: <10} {‘Izproved Method®:<15} {'Fiecewize Method®:<20}"})
print(=== = 50}

print(f*{'d { =)}':<10} {d_hat_cal:<15.6f} {d_piece:<20.8f}")

print (£°{"'A1":<10} {A_hat_cal:<i5.6£} {Al_piece:<20.B£f}")

print (£*{'B1* <10} {B_hat_cal:<i5 5f} {Bi_piece:<20 Ef}®)

print (£"{'A2" ; <10} {'N/A":<1E} {A2_piece;<20.Ef}")

print (£*{'B2' : <10} {'N/A":<16} {BZ_piece:<20.5f}")

print (£*{'eps': <10} {eps_hat:<15.2s} {eps_piece:<20, Ze}")

print(f*{'d1 (*)':<10} {dthi_hat:<i5 2f} {dthi_pilecs:<20. 2 }")
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print(£7{'d 2 (*)':<10} {dth2_hat:<15 2f} {dth2_piece:<20.2£})

print(
£*\n{ 'Fitting Aceuracy Comparisen’:<1B} {'Curve 1 RMSE':<18} {'Curve 2 RMEE':<iE} {'Average
Izprovezent® . <10}"
b
print(=-= = &0}
print(
£7{'Icproved Method':<1B6)} {rosel_cal:<16.4e} {rmseZ_cal:<15.4e} {'1.00x":<1Q}"
¥
improvenent_avg = 0.6 * {rmsel_cal / rmsel_piece + rmseZ_cal / rosel_piece)
print(
£*{ 'Piecevise MNethod':<15} {rmsel_piece:<l5.4e} {rmsel plece:<iE.4a}
{improvezent_awvg:<10_2f}x"

print (f*\n=== Tachnical Suzmmary ===*%)
print(=1. Single Segrent Cauchy Model:®)
print(
£* =~ Advantages: Fever parameters (4 physical parameters), clear physical seaning®
b
print(f® - Lisitations: Systesatic deviation exists at 3300 cz *")
print(f* - Final Thicimess: d = {d_hat_cal:.€f} =m*)

print{*\n2. Piecewise Cauchy Modal:*)
print
£* - hdvantages: Handles wide spactral range systazatic deviation, maimtaina C° comtirmaity®
)
print(f* - Cost: Adds 2 physical parasetera (AZ, B2}"}
print(f" - Boundary: + = 2.03 = (32300 cz*)")
print(f* - Final Thickness: 4 = {d_piece:.6f} =)
print
£* = Contimmity: dAn =
{abs(A2_piece+B2_piece/lanbda_stars+2-A1_piece-Bl_piece/lacbda_star+sZ): .G6f}"

print (£*\n3. Perforsance Improvement:®)
print (f* - Overall RMEE Isprovement: {improvesment avg:.2f}z")
print(
f* = Significant izprovecent in high-frequency range, addressing systexzatic deviation at
3300 e '™
¥
print(f* - C' continuity ensures physically reascnable dispersiom curves®)

rasults_summary =
‘sethod': ['single_segsent', 'plecewise‘],

*du=': [d_hat_cal, d_pieca],
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"&1": [A_hat_cal, Al_piece],

‘Bi*: [B_hat_cal, Bl_piece],

'AZ': [np.nan, AZ_piece],

‘B2*: [np.nan, B2 _pisca],

‘eps': [eps_hat, eps_piece],

‘dehi_deg': [dthil_hat, dthi_piece],
‘dthi_deg’': [dth2_hat, dth2_piece],
‘rese_curvel': [rssel_ecal, rmsel_piece],
‘rmse_curve2’: [rzseZ_cal, rzsel_plecs],

"iprovessnt factor': [1.0. isprovesent avg]

results_df = pd.DataFrace(results_sumcary)
rasults_df . to_csv{"preprocessed/_cauchy_fitting results cav®, index=Falaas)
print (f*\nResults saved to: preprocessed/_cauchy_fitting_results.cav")

met{"ﬂ:l. + EgR g E’G}
print(*=== jnalysis Cozplste =ua ¥
print (=" & B0}

Bt C  RESAEY h I e B A TR 1

izmport os, json

izport nuzpy as np

izport pandas as pd

izport zatplotlib pyplet as plt

plt.xcParass[*figure.figsize®] = (&, 4.5)
plt.rcParans[*figure.dpi®] = 140
plt.rcParass[axes. grid®] = True

o8 sakedirs(™./figs", exist_ok=True)
oa.zakedira(® . /preproceased”, exist_ck=Trus)

def load zlsx{path):
df = pd.read_sxcel(path, header=0)
sigma = pd.to_nuseric(df.ilec[:, 0],
errors="cosrce®) dropnal) . to_nuspy(float)
R_pet = pd.to_nuseric(df.ilec[:, 1],
earrors="cocerce®) .dropnal) . to_numpy(float)

if np.nanmax({Rk_pet} > 1.5:
R =R_pct / 100.0

alsa:
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E =R pct

order = np.argsort(sigaa)
sigea, R = sigealorder], R[order]

R_=in, R_max = float{np.=in(R}}, float{np.max(R}}
Enore = (R - E_min) / (B_max - RE_cin + le-12)

return sigza, E_norn

def make unifors sigma{sigza, R, step=Kone):
idx = np.argsort(sigma)
sigma = sigma[idx]
E = R[idx]
diffs = np diff (signa)
if step is None:
step = float(np.zedian(diffs))
sigma_u = np.arange{sigma.ain(), sigma.zax{(} + step / 2, step)
B u = np. interp{sigma_u, sigza, R)
raturn sigma_u, R_u, step

sig=ald raw, K10 _raw = load _xlax(®3 5110, xlax®)
sigmal5_raw, Ri6_raw = load_xlsx("4_5i16.xlsx")

signall_u, Ri0_u, dstepld = make_uniforz_sigza(sigmal0_raw, R10_raw)
sigmalf u, Ri6 u, dsteplf = make_uniforz sigma(sigmalb_raw, R1B6_raw)

fig, axs = plt.subplots(l, 2, figeize={14, B))

axs[0] .scatter(sigrall_raw,
Rid_raw,
=5,
alpha=0.7,
label="Raw Data”,
color="rad’
edgecolors="none’ }
axs[0] .plot(aig=ald_u,
R10_u,
1w=2,
label="Unifors Sazpling®,
color="darkorange”
alpha=0,8)
axs[0] .set_title(®*10* Data: Raw vs Unifor= Resamplimg®,
fontsize=12,
fontwaight="bald")
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axs[0].
axs[0] .
axs[0].
axa[0] .

axa[1].

axs[1].

axs[i].

axs[1].
axs[1].
ara[1].

axs[1].

sot_xlabel{"Wavenucber {c=')", fontsize=11)
sat_vlabel{"Reflectance R", fontsize=11)

lagend (frazeon=True, fancybox=True, shadcv=True)
grid(True, alpha=0 2)

seatteriaigmallb raw,
Ri6_raw,
8=g,
alpha=0.7,
label="Raw Data®,
color="rad’,
adpecolors="none’}
plot{signalt_u,
RiS_u,
1e=2,
label="Unifor= Sa=zpling®,
color="darkorangs’ ,
alpha=0 &)
sot_title(™15" Data: Raw ve Uniforc Resazpling™,
fontsize=ld,
fontweight="bold")
sot_xlabel{"Wavenuzber (cz )", fontsize=1l)
set_ylabel{"Reflectance K", fontsize=11)
legend {(fraseon=True, fancybox=True, shadew=True)
grid(Trus, alpha=0.3}

plt_tight_layout()
plt.savedig(® . /figs/ raw vs uniforz si.png"}
plt.show(}

LO%_CUT = 500

def clip_low(s, y, lows=LOW _CUT):

8 »= low

return slz], y(=]

sigmall u, Ri0 u = clip low(sigmald_u, Ri0_u)
sigzalf_u, R15 u = clip low(sigmalf_u, Ri6_u)

fig, ax

axs[0].

s = plt.subplots(l, 2, figsize=(14, 5)})

plot{sigaall_u,
R10_u,
1u=2,
labal="Unifors Saspling® .
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color="darkorange’ ,
alphas=0 &)
axs[0] .set_title(*10® Uniforz Resacpling (Wavenucber > B00cz ')™,
fontaize=12,
fontweight="bold")
axa[0] .sat_xlabel{*Wavenurbar (ez )", fontaize=11)
axs[0] .set_ylabel{"Reflactance E*, fontaize=11)
axs[0] . legend (frasecn=Trus, fancybox=True, shadew=True)
axs[0] . grid(True, alpha=0, 3}

axs[l] .plot{sigzalt_u,
Ri5_u,
1w=2,
label="Unifor= Sa=zpling®.
color="darkorangs® ,
alpha=0.5)
axs[1] .set_titla(*15* Data Uniform Resampling (Wavenusber » G00cm '),
fontsize=132,
fontweight="bold"}
axs[1].set_xlabel{"Wavenuzber {c=')", fontsize=11)
axs[1l] .set_vlabel{"Reflectance R", fontsize=11)
ars[1].legend (frazecon=True, fancybor=True, shadows=True)
axs[1] .grid(True, alpha=0.3}

plt.tight_layout()
plt.savedig(® /figs/ unifore_abovelOOd _si .png"]
plt.show(}

dof detrend light{sigza, v, order=1):
p = np.polyfit{sigma, y, order)
return y = np.polyvalip, sigaal

ri0_det = detrend_light(sigeall u, R10_u, order=1)
r15_det = detrend light(sig=alS u, R16_u, erder=1)

fig, axs = plt.subplots(l, 2, figeize={15, B))

axs[0] .plot(sigmall_u,
riQ_det,
lw=1.0,
labal=*Datrendad®,
color="darkorange” ,
alpha=0.8)
axs[0] .set_title("10" Datrended"}
axa[0] . lagand ()}
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axs[1] plot(signals u,
ris_det,
1w=1.0,
label="Detrended"®,
ecolor="darkorange’
alpha=0.8)
axafi] set titlal(*15* Datrendsd®}

axs[1]. legond(}

plt.tight_layout()
plt.savedig(®. /figs/ detrend si.png")
plt.show()}

df _10 = pd.DataFraca({
‘wvavenuzber_e=-1': sig=all u,
‘reflectance uniforz"': R10_u,
‘detrended’: ri0 det,
H
df _10.te_cav('. fpreprocessed/3 25110 detrended.csv', index=False)

df 15 = pd.DataFrace({
'wavenuzber_c=z-1': sigmalb_u,
‘reflectance_unifers": R15 u,
'detrended’: rib5_det,
3]
df_15.to_cav('. /preprocesasd/4_5115_detrended.csv', index=False)

from acipy.signal import windows
from nucpy. fft import rfft, riftfreqg

def sliding fft_metrics(sigma,
¥
win_width_ecm=1000,
step_cz=150,
lowfreq_cut_bina=1,
zero_pad=True):
da = aba(float{np.zedian{np. diff (sigmal)ld)
W = int{round(win_width_cz / ds))
& = int{round({step_cm / ds))
WeWif Wil 2mm ] else W+1
centers, fatar, snr = [1, [0, 0
i=0
vhile 1 + W <= lan(y}:
seg = yli:4 + W]
sig_seg = sigmafi:i + W]
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sag = geg - np.cean{seg)
% = vindovs hann(W)

x-sagir.r

nfft = 1 << (¥ - 1).bit_length() if zero_pad elss W

Y = np.aba(rfft(x, n=nfft))

F = riftfreq(nfft, d=ds)

lo = max(l, lowfreq_cut_bins)

pi_idx = lo + np.argmax(¥[le:])

fpke = Flpk idx]

amp = Y[pk_idx]

nb = np.r_[rax{le, pk_idr - B0):zax(lo, pk idx - 2},
mindpk_idx + 3, len(Y}):min(pk_idx + 50, len(Y¥)}}]

noise = np.sqrtinp.zmean(¥[nb] #+2)) + 1le-12

centers.append{sig_seg[W // 2])

fatar append({fpk}

snr.append(asp / noise)

i4=-3

return np.array(centers), np.array(fstar), np.array{sur)

cent10, £10, 510 = sliding fft setrics(signald u, rid_det)
centlS, £15, 515 = saliding_fft_metrics{sigmalf_u, ri5_det)

cantl0_raw, £10_raw, si0_raw = sliding fft_retrice(sigmall u,
Ri0 u - np.cean{R10G _ud}

cantl5_raw, £15_raw, 8156 _raw = sliding fit_rmetrice(sigmalb u,
RiE u - np.cean(R15 u))

fig, axs = plt.subplots(2, 4, figeize={16, B))

axs[0, 01.ploticentil, £10)

axs[0, 0].set_title("10® f* vs (Detrended)®)
axs[0, 0).set_xlabel(™ _center")

axs[0, 0].set_ylabel(*f# (cycles/cz)"}

axs[0, 1).plot(centil, =10}

axa[0, 1).ast_titls(®10®* SKR wa (Detrendad)*)
axs[0, 1].set_xlabel(" _center")

axs[0, 1].set_ylabel(*SXR")

axs[0, 2].ploticentild_raw, £10_raw, 'orange')
axs[0, 2].set_title("10® f* vs (Raw Resamplad)®)
axsl0, 2].set_xlabel(™ _center")

axs[0, Z].set_ylabel("f* (cycles/cz)"}

axs[0, 2).plot(centild_raw, 510 _raw, 'orange')
axs[0, 3]).set_title(*10® SNR ws {Raw Resamplaed)*)
axs[0, 3].set_xlabel(" _center")

axa[0, 3).set_ylabal(*5¥E")
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axs[1,
axs[1,
axal[l,
axs[1,
axa[i,
axs[1,
axs[1,
axsl1,
axs[l,
axs[l,
azs[i,
axs[1,
axall,
axs[1,

axafi,

axs[1, 3].

¢l
ol
o]
ol
11
1]

1]
] |

2]
2]
2]

plot(centif, f18)

.eet_title("15* f#+ vz (Detrended)™)
.8et_xlabal(® centar®)
.set_ylabel("f*» (cycles/cz)")}
.plot(eentis, aiB)

.eet_title("15* SNR vz (Detrendad)®)
13-

sat_xlabel(® _centar®)

.set_ylabel("SNR")

plovicentls _raw, £15 raw, 'srange’)
.sat_title({"15® f+ vs (Rav Resaopled)")
.oet_xlabsl(® _center®)

.eet_ylabel("f* (cycles/cz)"}
.plot{centi5_raw, slE_raw, 'orange')
.set_title{"15® S5NR vz (Raw Resazpled)®)
.8et_xlabel(® center®}

sat_ylabel("SKR")

plt. tight _layout()
plt.savedig(™ /figs/ sliding #ft_ cosparison_si.png®)

plt.show()

fig, axs = plt.subplots(2, 2, figsize={12, 8))
axs[0, 0).plot(centil, £10, label=‘Datrended’, alpha=0.5)

axs[0,
axs[0,
axs[0,
axs[0,

axs[0,

axs[0,
azs[0,
axs[0,
axs[0,
axs[0,

axs[0,

axs[1,
axs[1,
axsi,
axs[1,
axsll,

axs[1,

axal[l,

axs(1,

]
]

0].
.set_ylabel("f+ (cycles/ez)®)
Jlegend()

]

1]
11

.plot(centi0_raw, f10_raw, label='Raw Resampled', alpha=0.5}
.eet_title{"10* Frequency Ca:puim"]

aat_xlabal(® _centar®}

.plot(centi0, 510, label="Detrended’, alpha=0.8)
plot{centi0_raw, s10_raw, labsle'Rav Resazpled', alpha=(.E5)
.set_title("10* SNR Comparison®)

.80t _xlabel("™ _center")

.8et_ylabel (“SKR")

Jlegand()

ploticentls, £15, label="Datrended’, alpha=0.B)
.plot({centis_raw, £15_raw, label='Raw Resa=pled', alpha=0.8)
.sot_title("15* Frequency Cocparison”)

.88t_xlabel(® _centar®}

.set_ylabal("f* (cyclesfcz)"}

legend()

plot{centis, als, label="Detranded®, a_‘lpha-D.E}
plot{centlf _raw, s1b_raw, labsl='Rawv Hesazpled',K alpha=0. 2}

axa[1, 1).set_title{®15* SKR Co=mparison®)
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axsll, 1].set_xlabel("™ _center®}
axs[1, 1].set_ylabel("3KE")
axs[1, 1].legend()

plt.tight_layout()
plt.savefig(®, ffigs/ fft_overlay_ cosparison_si.png*)

plt.show(}
USE_DETRENDED = True

if USE_DETRENDED:
centers_analysis = centld
£10_analysis = f10
f15_analysias = §15
s10_analysis = 510
el _analysis = alb
analysis_type = "Detrended®
elsa:
centers_analysis = centld_raw
£10_analysis = £10 raw
f15_analysis = f15_raw
s10_analysis = s10_raw
515 _analysis = 315_raw
analysis_type = "Raw_Resarpled®

print (f"Using {analysis type} data for band selection analysis®™}

def merga_good windows{centers, good mask, min_span_cz==300):
if good_sasik.suz() == 0: return []
groups = []
run = None
for c, ok im zip{centers, good_mask):
if ok and run is None:
run = [c, c]
elif ok:
runfi] = ¢
alse:
if mun ia net Nons:
groups. append (tuplelrun))
run = None
if run is not None: groups.append{tuple(run})
groups = [{lo, hi) for (1o, hi) in groups if (hi - le) »= min_span_cm]
return groups

daf pick best_band(banda, centers, snrll, snvrib_interp):
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if not bands: return None

daf score(b):
lo, hi = b
m = {centers >= lo} k& (canters <= hi)
raturn float(np.nanseani(anri0[=] + snrlS_interp(=]) / 233

return zax(bands, key=scorae)

if USE_DETRENDED:
f16i = np.interp{centld, centlB, {15}
5161 = np.interp{centl0, centlf, s15)
alea:
f15i = np.interp{centl10_raw, centlS_raw, f15_raw)
e18i = np.interplecentl0_raw, centlb raw, a1b_raw)

enr_thresh = 10.0
£ rel diff = 0.10
zin_span_cz = 300
edge_crop = 20

good_mask = (510_analysis »= sor_thresh) & (3151 >= sor_thresh) &
np.abs(£10_analysis - £151) / np.smaximu={f10_analysis, le-5) <= f_rel diff}
bands = merge_good_windows{centers_analysis,
good_mask,
min_span_cm=min_span_cm)
bands = [(lo + edge_crop, hi - edge crop) for (lo, hi) in bands]
band_used = pick_best_band(bands, centers_analysis, s10_analysis, s15i)

fig, ax = plt.subplota(l, 1, figsize=(10, 4))
ax.plot{centers_analysis,
810_analysis,
lw=]l.2,
labal=f"SKR 10°* ({analysis_type})®*)}
ax. ploticenters_analysis,
8151,
lu=1.2,
label=f*SHR 15° {interp, {analysis_type})®)
for (lo, hi} in bands:
ax.axvspan(lo, hi, alpha=0.15}
if band used is not None:
ax.axvspan(band_used[0], band_used[1], alpha=0.25, label="band_used*}
.got_title(f"Band candidates & solected band {{analysis_type}}™)
.aet_xlabel{*Cantar C(ce$™{-1}3)%)
.set_ylabel ("SKR")

legend()

R B R K
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plt.tight_layout()
ple. savefig(f, /figs/stepd band selectien {analysis_typel si_png®)
plt.show()

print (f"Analysis Tesults using {analysis_type} data:")}
print(*Candidate bands:®, banda)
print(*Final band_used:®, band_used)

band_info = {
‘analyeis _sethed': analysis typs,
'use_detrended’: USE_DETRENDED,
"candidate bands’': bands,
'salacted_band': band_used,
'anr_thresheld': snr_thrash,
'frequency_relative diff': f_rel diff,
‘ein_span ecz': =min span ez,

'edge_crop’: adge_crop

vith open('. /preprocessed/band selection info.json’, "#") as £:
json. duzpiband_info, £, indent=2)

print(*Data saved to ./preprocessed/ directory™)
print(*- Processed spectral data: -_pmcnau—d.cnv']
print{*- FFT analysis results: *_fft_results.csv™)
print(*- Band selection info: band selectien_info.jsen®)

import muspy as np

izmport matplotlib. pyplot as plt

from scipy.signal isport savgol filter, windows
froz nuzpy.fft import rift, riftfreg

def prep_in band(sigma u, y_residual, band, sg win=21, sg poly=2).
blo, bhi = band
= {sigoa_u >= ble) & (sigea u <= bhi)
8, v = sigea_ul[=], y_residual[z]
assert len(s) >= €4, "band too narrow or no data in band®

if og win ¥ 2 == 0: gg win += ]
y = savgol_filter(y, sg_win, min{sg_poly, 3}}

A =mnp.c_[s, np.ones_like(s}]
a, b = op.linalg.lstsq({A, ¥, rcond=Kone)[0]

y=y-f{a*a+h)

¥ = {y - y.zean{}) # windows_ hann{len(y)})



ds = abs(flsat(np.zedian(np.diff(s))))
nfft = 1 << (len(y} - 1).bit_length{}
Y = np.abs(rfft{y, n=nfft))

F = riftfreq(nfft, d=ds)

return &2, F, Y, ¥

dof zerc_cross_freq hint{s, y):
nz = np.vhere(np.diff (np.signbit(y)) ) [0]
ncycles = max(leninz) / 2.0, 1.0}
span = s[-1] - s[0]

return ncycles / max{span, le-%)

def pick_peak guarded(F, Y, f_hint, guard=0.5):
lo = max{{1 - guard) * f_hint, le-6)
hi = (1 + puard) o § hint
band = (F >= 1o) k (F <= hi)
if not np.any(band}:
idx = 1 + np.argmax(¥Y[1:])
alse:
cand = np.whers{band} [0]
idx = cand[np. argzax(Y[cand]}]
raturn F[idx]

band used = (1170, 2170}

s10b, F10, Y10, y10b = prep_in_band{sig=ald u, rid_det, band used)
515b, F15, Y15, y15b = prep_in_band({sigmalf_u, ri5_det, band_used)

f_hint_10 = zero_cross_freq_hint(s10b, yi0b)
f_hint_15 = zero_cross_freg hint(siSb, ylBb)
£f10 = pick_peax_gpuarded(F10, Y10, f_himt_10, guard=0.5)
£15 = pick peak marded(F15, Y16, £ hint 16, guard=0_B)

daf d0_fros_pericd(delta_nu, theta deg, n_saff=3 45):
th = np.deg2rad{theta_deg)
cos_t = np.sqri{l - (np.sin(th} / n_aff)}»+2)
return (1.0 f (2 = n_off = cos_t * delta nul)} = lod & o

dnwid, dAnnis = 1.0 / £10, 1.0 S fiS
do_10 = d0_froz pericd{dmill, 10.0}
d0_15 = 40_from_pericd{dmui5, 15.0)
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d0_avg = 0.5 = (d0_10 + 40_15)

priot (£" [10°] fe={f10:.6f} cyc/ce, & ={dnull:.1if} cz™=1, 40 {d0_10:.3f} ="}
print(£"[15*] f+={f15: .6f} eycfez, A={dnuib:.1f} e="-1, a0 {d0_15:.3f} =%}
print (£" [avg] 40 {d0_avg:.3f} =)

fig, axs = plt.subplots(l, 2, figsize={12, 4))

axs[0] plst(F10, Yi0)

axs[0] axvline(f10, lg='=='  labelef"fe={fi0: Ef}")

axs[0] .axvline(f hint 10, ls=':', labal=f"f hint={f hint 10:.E£}")
axs[0] .set_xlim{0, O.02)

ars[0] . legend(}

axs[0] .set_title(*10* FFT in band")}

axa[1] .plst(F15, Y15}

axs[1] .axvline(f15, ls="--',k labal=f"fe={f15:.5£}")

axa[1] .axvline(f hint 15, la=':', label=f*f hint={f hint 15: Sf}*)
axs[1] .set_x1im{Q, ©.02)

axs[1] . legend ()}

axs[l] .set_title(™15® FFT in band")}

plt.tight layout()

plt.savefig(™ . /figs/fft_in_band si.png")

plt.show(}

BRFore D il ) D25 B DA 2

import muspy as np, pandas as pd, zatplotlib.pyplot as plt, re
from pathlib izpert Path. PurePath

fro= scipy.cptizize import least_squares

izport matplotlib.pyplot as plt

pre_dir = Path(®. fcav")
pre_data = pext(
(p for p in [pre_dir f "_fft_results.cav",
Path("./_fft_results.csv"}] if p.exists()}), None)
band_csvs = sorted(pre_dir.glob{"#¢_band.cav"))}
patexrial = "S54
angles_nesded = (10.0, 15.0)
nd_const = 3,445

# == Initial guess for Cauchy paraceters ==
A0 = 3.4156 & Typical for 51 in mid-IR

BO = =0.001

d0_uz = 3.8
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# == Juziliary functions ==
daf parse_tag angle(nase: str):
n = naoe.lovar()
tag = *SiC* 1f "sie® inn alaa {
"51® if re.search{r’{Ti}("I_}si(Tic)', n) else “uninowm®)
m = ro saarch(r’ (FL)(Traielal) [_-1700A{1.23) ¢, n)
ang = float(z.group(1)) if m else None
return tag, ang

def cauchy_n_lazbda(laz_uz, A, B);
roaturn A + B / (lan_uzes? + le-1B8)

daf snell_theta(n_from, n_to, th_from):
s = {n_from * np.sin(th froe)) / np.saxisus(n_te, la-18)
8 = np.clipi{np.real_if_close(a), —0.990986, 0. 995509)
return np.arcainis}

def B_hat{no_czl, thetal deg, d_u=m, A, B, nZ_cst=2.65):
nu = np.asarray{nu_czl, float)
laz = 1ad / nu & =
nl = capchy n_lasbda(la=, &, B}
n? = n?_cst

th0 = np.deg2rad(thetad_deg)
thi = snell theta(l.0, ni, thd)
th? = anell thetainl, n2, thi)

Rs01 = {(np.sin(thQ - thil) / np.sin(th® + thil))=2
Rpol = {np.tan{th® - thil) / np.tan(th® + thil))=e2
Bl = 0.5 = (Ra01 + B‘pﬂlﬂ

Ral2 = (op.sin(thl - th2) / np.sin(thl + th2))+s2
Rpl2 = (np.tan(thl - th2) / np.tan(thl + th2})es2
B2 = 0.5 * (Ral2 + Rpl2}

F=4#npaqre{hl » RZ} / (1 + np.sqrelRl + RE)Iwe2
Rzax = {{np.sqrti{Rl) + op.sqrtl(R2})} / {1 + np.sqrt(Rl = R2)))=e2
Rzin = ((np.sqrt{R1) - np.sqrt(RZ}} / {1 - np.sgqrt(Ri * R2)))=2

delta = (2 * np.pd / lar) # (2 * nl » d_uz # np.cos{thl))

half_delta = delta / 2

R = {(R=in + F # np.sin{half_dalta)++2} / (1 - F # np.asin(half_delta)*»2)
return np.clip(k, 0.0, 1.2)
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fit_band = (1100, 22000

packs = []
for p in sorted(pre_dir.glcb(®+_band.csv®}):
df = pd.read_cavip)
mu = df [*vavenuzber_cz"-1%] . to_muzpy (float)
R = df [“reflectance_nor="].to_nuspy({float)
tag, ang = parse_tag angle(p.naze)
1f tag lewver() == material lower() and ang in angles neadad:
m = (nu >= fit_band[0]) & (nu <= fit_band[1])
packs, append({
"path": p,
frp® s mu[m],
*R": R[=m].
"tag": tag,
"angle®: float{ang)
H

angles = sorted({q["angle”] for g in packs}}
cands = sortad(packs, key=laczbda gq: gq["angle*])

print (*Exparizent Setting: *, [
f*{PurePath(c['path*]) .nare}8{c['angle']1}* [{fit_band[0]}.{fit_band[1]}] e="-1*
for ¢ in camds

13

dfl = pd.read_csv{pre_dir / *_fft_results.csv")

daf calib_ab(y0, ¥):
yO = np. asarray(y0, f£loat)
¥ = np.asarray(y, float}
0, o = yO.cean(), y.cean()
w0 = y0 - =0
a = np.dot{wd, ¥ - 23 / (np.det({wDd, +0) + le-12)
b=m -a%=ad

return float{a), floatib)

daf residuals_with_cal{p):
d. &, B, ops, dthl, dth2 = p
res, rags = [], []

for idx, £ in emumeratalcanda):

nu_eff = (1.0 + eps) » e[*mu®]
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theta_eff = c["angle"] + (dthl if idx == O else dth2)

yO = R_hat(nu_eff, theta_aff, d, A, B, n2_const)

a, b = calib_ab(y0, c[*R*])
res.append(a = y0 + b - c[*R"])

rega += [
50.0 * eps, 15.0 » dthl, 15.0 = dth2, 0.2 # (A - A0}, 0.2 = (B - BO)

return np.concatenate(res + [np.atleast_1d(x)} for x in regsl)

print (*\n=== Fitting Result ===")

pO_cal = np array{[d0_u=, A0, BO, 0.0, 0.0, 0.0])
1b_cal = mp.array{[2, -10, -10, —2e-3, -0.3, -0.3])
ub_cal = np.array{[5, +10, 10, 2e-3, 0.3, 0.2])

res_cal = least squares(residuals with cal,
po_cal,
bounds={1b_cal, ub_cal},
loss="soft_11%,
f_seale=0.03,
max_nfav=100000,
verbose=2)
d_hat_cal, A_hat_cal, B_hat_cal, eps_hat, dthl _hat, dth2 hat = res_cal.x
pi_cal = np array{
[d_hat_cal, & _hat_cal, B hat_cal, eps_hat, dthil_hat, dth® hat])

print (f*\n=== Fitting Result ===%}

print (f"d = {d_hat_cal:.Gf} =")

print(f"A = {A_hat_cal:.5f}, B = {B_hat_cal:.5f}")
print{f"eps = {eps_hat:.+.2Zel")

print(f*d1 = {dthi_hat:+.2£}*, d2 = {dth2 hat:+.2f}°")}
print(*Final status: ", res_cal cessage)

8 Paraseter physical self-check
lame = lad / np.median{cands[0] [*mu*])
nl_cal = A _hat_cal + B _hat_cal / lazces2
print (f*\n=== Parameter Fhysical Zelf-Chack ===%)
print (f"Center Wavelength ¢ {lamc:. 2f} =)
print (f"Center Refractive Index ml {ni_cal:.3f}*)
print (
f*Wavenumber Calibration Error eps {eps _hat:+.Z2e} ({'Commen Spectrometar Ervor Range' if
abs(eps_hat) < 2e-3 alse 'Large, Please Check'})*

65



def plot_fit_icproved(ma, y, theta, idx, title):
nu_eff = (1.0 + eps_hat) * nu
theta_eff = theta + (dthl_hat if idx == 0 else dthZ_hat)
y0 = R_hat({nu_sff, theta_eff, 4 _hat_ecal, A _hat_cal, B_hat_cal, n2_conat)
a, b = calib_ab{y0, v)
yhat =a k70 + b

fig, ax = plt subplots{l, 2, figsirze=(12 4.B), constrained layout=Trus)

ax[Q] .
ax[0] .

ax[Q] .
ax([0] .
ax[Q] .
ax(0] .
ax[a] .
ax[0] .
ax[d] .

plotinu, y, label='Mesasured', color='#1£f77b4', lwv=1.5, alpha=0.55)

plotinu,
yhat,

labal="Fitted",

color="4fal515"

lv=1.5,

alpha=0_ 56}
invert_xaxis()
sat_xlabel('Wavenusber (c=§7{-1}3}', fontsize=14)
set_ylabel('Reflectance (norm)', fontsize=14)
legend(fontsize=13, loc='best', fraceon=True)
get_title(title, fontsize=15, fontweight='bold')
grid(Trus, linesatyle='--*, alpha=0.5)
tick_parazs{axis='both®, labelsize=12)

r = yhat - y

ax[1]
ax[1]
ax[1]
ax(1].
ax[1]
ax(1]
ax[1]
ax[1]
ax[1]

.plot{mu, r, color="#d3delea®, 1lv=2, alpha=0.85, label=‘Residuala‘}
caxhline (0, colors'k’' lwsi 2 linestyle=':"}
Jinvert_xaxis()

get_xlabel('Wavemnusber (czf ™ {-11)', fontsize=14)

.88t_ylabel('Residuals’, fontsize=14)

oot _title('Residuals’, fontsize=1E, fontweight="bold')
.grid({True, linestyle="--*, alpha=0.5)
.degend(fontsize=12, loc="bast', fraceon=True)
.tick_params({axis="both®, labelaize=1%)

fig.suptitlel(title, fontesize=16, fontweight="bold')
plt. savefig(f*fit_{theta}deg.png®, dpi=300)
plt.show()

rose = float(np.sqrii{np.cean({yhat = yi=s2)})

float{np.zean{np.abs{yhat - yJ)}

return rogse, Dae, I

print (f*\n=== Fitting Result ===%)

rasel cal

. zael_cal, rl_cal = plot_fit improved(

cands [0] [*mu*], eands(0][*RK®*], canda[0][“angls®], O,
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f{PurePath(cands[0] ["path'] ) .nanel @ {cands[0] ["angle']}"")
rose?_cal, mas2 cal, r2 cal = plot_fit izproved(

cands (1] ["nu*], cands[i][*R"], cands[1]["angle=], 1,

f*{PurePath{cands[1]['path'] ) .nara} @ {cands(1][*angla']}**)

print(f*Fitting RMSE: curvel={r=sel_ecal: da}, curve2={rmsel_cal:.dal}"}
print (f*Fitting MAE: curvel={zael_cal:.de}, curveZ={mae2_cal:.de}")
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