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Chapter 1

Thermodynamic Model

CpFit program is designed for approximation of experimental heat capacities and heat contents us-
ing third generation CALPHAD models. This class of models allows to approximate experimental
data in the entire temperature range including the low-temperature interval. It uses approach has
been developed by Voronin and Kutsenok [1] and extended by Bigdeli et al. [2] All thermodynamic
functions (e.g. heat capacity, entropy and enthalpy) are represented as sums of Einstein functions
terms with optional polynomial part:

H(T) — H(0) = Y a; {UE (%) - UO} +R§ %l (Z)m; UE(QT_ o _ eff - (13

=

where «a;, 0; and a; are adjustable model parameters, Ty = 298.15 K. The adjustable parameters
can be estimated from experimental data using least squares method. An exact universal gas
constant value R = 8.314462618 J - (mol - K)~! from CODATA 2018 is used in the CpFit program.
In eqgs. 1.1, 1.2 and 1.3 o; and a; values are dimensionless and 6; values are expressed in K.

The thermodynamic model of heat capacity based on Einstein functions allows to approximate
Co(T), S(T)—S(0) and H(T)—H(0) in a wide temperature range using a unified set of parameters.
Also unlike polynomial models it can give a physically correct extrapolation to a wider temperature
range.

Implementation of this model in CpFit hides all analytical expressions and technical details
and allow to use it as an ordinary statistical package for a nonlinear regression.



Chapter 2

Optimization Procedure

2.1 Theory

In CpFit program «; and 6; parameters are found by the least squares method using the next sum
of squares x?:

2

(B) = WP [V (s) - ] (2.1)
i1
where Y; = cfg(Ti) or Y; = H(Ty;) — H(T1;), W; = w; for the case of absolute deviation or
W; = w; (Y;P)7" for the case of relative deviation where w; are user-defined statistical weights
(default values are w; = 1) and [ is generalized notation for the «; and #; model parameters. To
minimize y? value Levenberg-Marquardt algorithm implementation from levmar library [3] are
used.

Standard deviations of the a; and #; parameters are calculated using the next formula:
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where J is Jacobian, n is number of experimental points, m is number of terms (and 2m

is number of parameters respectively), 62 is the model standard error. Parameters confidence

intervals can be estimated as:

AB=sg-t,r; f=n—2m (2.3)

where t,, ¢ is t-distribution two-sided quantile with probability p (CpFit uses p = 0.95 for 95 %
confidence intervals), f = n — 2m is number of freedom degrees. Usually ¢, ; ~ 2 + 3.

CpFit also can estimate standard deviations of thermodynamic functions that can be used to
estimate their confidence intervals (don’t mix with prediction intervals!) using the next formula:

sy(T) = /JICJ, = &\/Jg (JTI) T, (2.4)
where C' is covariance matrix, J, = J,(T) is column vector that has the next layout:
dY (T)
0B1
JL(T) =] : (2.5)
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Confidence intervals of Y (7") thermodynamic functions (i.e. ¢, and H(T') — H(Tj) at the point
(T") can be calculated using the next relationship similar to eq 2.3:

AY =sy -t,r; f=n—2m (2.6)

If heat capacity dependence has anomalies that cannot be described by Einstein-Planck func-
tions sum it is possible to add extra terms, i.e. use the next formula for C,(T):

Co(T,&,0,by,...,b) = CPY(T,a,0) + ZCeXTb (2.7)

where CP" is Einstein-Planck function sum (“baseline” terrn), Cpx is arbitrary terms (“extra”

terms) and l;l is vector with optimized model parameters for i-th extra term. A list of extra terms
supported by CpFit program is given in Chapter 4.2. The next algorithm is used to optimize
model parameters:

1. Optimize @ and ] parameters by minimizing eq. 2.1 using only data outside C, anomalies.

Note: in the current version of CpFit program experimental enthalpies are not excluded at
all.

2. Optimize b; values for each extra term separately using the next objective function:
ex (7 @\ 2 [+() (i),BL ex (7\12
e (B) =30 () [ vy (5)] (2)
J

2.2 Practical Tips

The goal of the optimization process is to minimize the model standard error 62. However during
increasing the number of parameters there is a risk to obtain an ill-conditioned task and not reliable
values set. To avoid it you can follow the next tips:

1. Begin the optimization for 2-3 terms (or 4-6 parameters) and gradually increase it using
previous results as initial approximations

2. Avoid statistically not significant coefficients (i.e. the conditions o; > A«; =~ 2s,, and
0; > Af; ~ 2sy, should be satisfied). CpFit program will automatically highlight in red
statistically not significant coefficients (see Figure 4.2).

3. Both «; and 6; must be positive numbers (automatically controlled by the CpFit optimization
engine).

You can also use evaluations procedures with automatic selection of terms number (see Chap-
ter 4.2). They use iterative addition of new terms and control of statistical significance of them
using t-criterion. However they sometimes can give number of terms less than can be obtained by
manual selection of initial approximations.

If you optimize heat capacity and enthalpy data together always remember that their orders
of magnitude are different, i.e. AH ~ 103. In this case either relative deviations or adequate
statistical weights must be used. In the case of w; = 1 for all data and absolute deviations c, data
will not be optimized correctly.



Chapter 3

File Formats

3.1 Experimental data file format

Input data can be supplied in human readable text files with .dat or .txt extension. A description
of the format is present in Table 3.1.
The main features of the format are:

e .dat file is an ordinary ASCII text file

e Dot (and only dot) is used as a decimal separator

Both DOS/Windows and UNIX line endings are supported
e Numbers are separated by either spaces or tabs (one or multiple)

e Empty lines and comments in the data set are ignored without warning

It currently supports two kind of data: heat capacities C,(7") and enthalpies/heat content
H(T3) — H(Th).

3.2 Model parameters file format

Files with model parameters can be either exported from the Results Window or imported to the
Main Window. That files have .csv format, semicolon ; is used as a separator and dot . is used
as a decimal point sign. An example of the .csv file with model parameters is given below:

alpha;dalpha;salpha;theta;dtheta;stheta
14.0168725905787;0.914895;0.457827;3583.8945135367;151.031;75.5782
6.26905917915019;0.401292;0.200813;1393.30718925711;88.5056;44.2895
7.3042223855265;0.350348;0.175319;688.948063566627;41.8236;20.9292
5.69813172425687;0.238324;0.119261;306.421049769356;20.2346;10.1257
2.86883301382133,;0.329537;0.164905;145.550553624711;12.1593;6.0847
0.289410000831521;0.171896;0.0860195;66.9793881821218;12.0881;6.04905

The first row contains columns description and can contain the next values:

e alpha — «; model parameter, dimensionless.
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Table 3.1: .dat file format used by CpFit

Line Example String content
num-
ber
1-3 Arbitrary text information
Heat capacity (ScF3)
Temperature
Cp
4 539 Number of dots
5 0 Reserved and should be equal to zero (in-
tended to be a number of dots to be ignored
at the end of file but it is not used now)
6-k Heat capacity experimental data. Either
303.35 82.806 T-C, lines or T-C,—r f-w-Data series lines
302.98 82.421 0 1 where w are statistical weights from eq 2.1
303'01 82.417 1 0.85 and rf is “use relative deviation” flag (can
303.01 82.417 1 0.85 Romis D¢ citherOord). ,
If wor rf are omitted their default values
will be used for this line (w =1 and rf = 0).
Data series name can be omitted.
6-k Enthalpy experimental data. Kept as T;—
H 298.15 940 46534 1 1 Aga03 To—AH—r f—w—Data series lines Whe.re AH =
H(Ty)— H(T)). rf, w and Data series names
can be omitted. Format is similar to C, data
format.
6k Comment (will be ignored by CpFit). Note:
4 Some comment comments won’t be saved by CpFit if “Save
as” option is used.
6-k Extra (excess) heat capacity term. Kept
X 265 310 DEFAULT 203.91 | & X TwinTmac—Term - mame-Constant
1 16-005 0.5 parameters— | —Optimized parameters
' (initial values).
6-k Initial approximation for o parameters.
AL 3.012 1.022
6k Initial approximation for # parameters.
TH 1023.2 3.02e2
6-k n values and initial approximation for a pa-

PO 0.079517 1 0.31421 4

rameters for the polynomial part.




e dalpha — Aq;, 95 % confidence interval (using two-sided ¢-distribution quantile) for the
model parameter «;.

e salpha — s(«q;) standard deviation for the model parameter ;.
e theta — 6, model parameter, K.

e dtheta — Af;, 95 % confidence interval (using two-sided ¢-distribution quantile) for the
model parameter 6;.

e stheta — s(6;), standard deviation for the model parameter 6;.

Export from the Results Window (see Figure 4.2) gives all six columns. Import to the Main
Window uses only two columns alpha and theta.
3.3 Examples

Several examples of .dat files with heat capacity and heat content are supplied with CpFit pro-
gram. They contain real experimental data:

e natrolite.dat — natrolite NayAl;SizOqg - 2H20 [4]. Contains no extra terms.

e K_natrolite.dat — potassium—substituted natrolite K1.86Na()‘01 Cao.04Mg0.01 [A11.96813‘04010] :
2.33H,0 [5]. Contains one extra term that describes one lambda-transition.

e Tl natrolte.dat — thallium-substituted natrolite TIj g7Nago5Mgo.03 [Aly98Si3.04010] -
2.72H,0 [6]. Contains one extra term that describes two partially overlapping phase transi-
tions.

e Th02.dat — thorium dioxide ThO, [7, 8, 9, 10, 11, 12, 13]. Contains one extra term that
describes one (pre-melting) lambda-transition.

e U02.dat — uranium dioxide UO5. Contains one extra term that describes two lambda-
transitions. [14, 15, 16, 17, 18, 19, 20, 21].

K_natrolite.dat and Tl_natrolite.dat contain only heat capacity data, other .dat files —
both heat capacity and heat content data.

3.4 Custom extra terms file format

Custom extra terms are written in Lua 5.3 language in text files with .1lua extension. Recompi-
lation of CpFit is not required for their usage. Each file is Lua script that can contain only one
extra term. The term is returned in the form of table (array) by return statement. An example
of the script:

—-- Custom excess heat capacity term for CpFit

-- Cp(T)/R = CpE(T)/R + a*T + b*T"2 model implementation

-- Chase M.W. et al. // Calphad Vol. 19, NO. 4, pp. 437-447, 1995
return {



type = ’EPPOLY’,
description = ’Einstein + poly’,
formula = ’C_p/R=3x"2e"x/(e"x-1) "2+aT+bT"2; x=TH/T’,
cpfunc = function(T, lsqparam, fixparam, Tmin, Tmax)
local theta = lsqparam[1]
local a, b = lsqparam[2], lsgparam[3]
local x = theta / T
local ex = math.exp(x)
local cp = 0
if x < 300 then

cp =R *x (3*x”2 x ex / (ex - 1) = 2 + axT + bxT"2);
else
cp = R * (3%x"2 / ex + axT + bxT"2);
end
return cp
end,
lsgparam = {100, 0, O},
lsgparam_names = {’theta’, ’a’, ’b’},
lsgparam_lb = {0, -1eb, -1eb},

lsqgparam_ub = {1e5, 1e5, 1eb},
fixparam = {},

fixparam_names = {}

Tmin = 0.0,

3000.0

Tmax

The next fields in the table are required:

e type — term type name. Must be a string. Will be used in .dat files as term type identifier.
e description — term short description (will be shown in CpFit GUI). Must be a string.

e formula — formula that will be shown in CpFit GUI. Must be a string. Simplified subset of
LaTeX formatting is supported (_ for subscripts and ~ for superscripts; no brackets support).
Greek letters and other mathematical symbols must be written in UTF-8, LaTeX formatting
is not supported for them.

e cpfunc — function that calculates heat capacity value. It has five inputs and one output, i.e.
function(T, lsgparam, fixparam, Tmin, Tmax). The function must return C), numeric
value in J - (mol - K)~".

— T — temperature, K (numeric value)

— lsqgparam, fixparam — tables with current values of model parameters that are filled
with numeric values. Their size is consistent to the default values given in the script
(see below).

— Tmin, Tmax — current values of T,,;, and T},., parameters. They are numeric values.

e lsgparam — default initial approximation for LSQ optimized parameters.



e lsgparam_lb, lsgparam_ub — lower and upper boundaries for LSQ optimized parameters.
e lsgparam_names — LSQ) optimized parameters names.
e fixparam — default values for fixed parameters.

e fixparam_names — fixed parameters names.

Tmin, Tmax — default value for minimal and maximal temperatures, K.
There are several predefined constants and functions:

e R — universal gas constant
e CAL — number of joules in calorie (4.184)
e CpDebye — CpDebye(T, theta) function, implementation of Debye heat capacity model:

CD (TD T) T 3 TTD x46x
RS A A = 4 3.1
R (TD> /0 (e —12 " (3:1)



Chapter 4

User interface

4.1 Installation

CpFit program has the next system requirements:

Microsoft Windows XP/Vista/7/8/8.1/10 (32-bit or 64-bit)
256 Mb of RAM
5 Mb of free disk space

SVGA with 1024x768 resolution or higher

The program doesn’t require any installation. You can just unpack an archive with the program
and begin the work.
If you want to make the program from the source code (that is not required) you will need:

CMake 3.0 or higher.

GCC C++ compiler 4.5.2 or higher and MinGW environment.
levmar 2.6 or higher.

Lua 5.3.x.

wxWidgets 3.0.2 or higher.

Doxygen and MathJax are not required but highly recommended (to generate documentation
about the source code).

More detailed information about compilation and linking is given in the source code.

4.2 Main window

Main window (see Figure 4.1) allows to load, save and edit experimental data and manage the
parameters optimization process.
A menu of the main window contains the next items:

10



[ CpFit: C\C_PROG\cpapprox\Examplesinatralite.dat - m} x
File Evaluate Data Help
File metadata

File description 1

Heat capacity of natrolite |

File description 2

Johnson G.K, Flotow H.E. et al. Amer. Mineral. 1983, V.68, P.1134-1145 |

File description 3 ‘ The file contains heat capacity and heat content data |

Initial approximation Input data
Einstein functions Polynornial part Data points  Extra terms
@ /K fad Type TI/K T2/K Y Rel.Dev. w Series "
1 [s5226 23617 1 |cp 6.02 0.09 1
2 g1z 92251 2 |p 6.13 0.004 !
3 [5032 w781 3 |Cp 838 0.236 1
4 [3002 49.27 4 |Cp 846 0.231 1
5 22012 13665 5 |Ce 1041 0.519 !
6 |029222 7265 6 |Cp 1045 0.512 1
7 000327 2118 v 7 _|Cp 124 1.019 !
8 |Cp 12.46 1.023 1
Mumber of terms 7 o~ 9 |cp 1442 1775 1
10 |cp 14.47 1.808 1
[JFied 7a 1 1 cp 16.45 2.89 1
12 |cp 16.48 2,015 1
13 |cp 18.47 4304 1 .
Evaluate parameters Reset parameters Add point Delete point Set abs.dev. Set rel.dev.

Figure 4.1: CpFit program main window

e File — Contains operations for loading and saving experimental data from and to files.

— New — Clear all data in the window.
— Open — Open .dat file with C, data.
— Save as — Save current data set into .dat file.

— Load parameters — Loads parameters (i.e. initial approximation) from .csv file and
puts them into an initial approximation table.

— Load custom extra term — Loads custom user-defined extra terms from .lua file
(must be written in Lua 5.3 language)

— Exit — Close the main window and exit from the program.
e Evaluate — Different variants of the model parameters evaluation.
— Parameters values — Evaluate only values, number of terms is fixed (similar to

“evaluate parameters” button).

— Parameters set (don’t use init.approx.) — Evaluation of both number of terms
and parameters values without using of an initial approximation given by a user.

— Parameters set: extra terms only — Evaluate only extra terms parameters , use
base line parameters @ and 6 from the initial approximation as constants.

— Parameters set (use init.approx.) — Evaluation of both number of terms and
parameters values with using of an initial approximation given by a user.
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— Evaluate without optimization — Creates results window with parameters given
as initial approximation by a user but doesn’t run any optimization process. Can be
used without any experimental data. If experimental data are given the program will
evaluate deviations and parameters confidence intervals.

e Data — Operations with experimental data
— Sort data — Sort data points by temperature and by data series identifier.
e Help — Contains information about the program.

— About — Show the window with a brief information about the program.

All evaluation methods that evaluate number of terms use the next algorithm:

1. Set initial approximation. CpFit can use either user-defined initial approximation (see Fig-
ure 4.1) or set it automatically. In the case of automatic selection one term with o = 0.1,
6, = 1 will be used.

2. Run optimization for a given initial approximation and test an obtained set of parameters
for statistical significance (using t-test with two-sided 95 % confidence intervals, see eq. 2.3).

3. If all parameters are statistically significant — add new term with o; = 1073 and 6 = 1 and
go to the Step 2. If some parameters are statistically not significant — take the previous
result of optimization and return it.

Such algorithm allows to obtain reasonable results in most cases. However in some cases it can
give less model terms than possible and manual setting of an initial approximation consisting from
several terms may be beneficial.

The main window contains three areas: file metadata area, initial approximation area and
input data area.

File metadata area contains three arbitrary text strings that are used to describe a content of
the data set. It is recommended to use the first line for data series description and leave default
values in the second and in the third line.

Initial approximation area contains tools for setting initial values of model parameters and
number of terms in eq 1.1, 1.2 and 1.3. It contains two tabs: “Einstein functions” for & and g
parameters and “Polynomial part” for @ and n parameters. Number of polynomial terms and n;
values should be set manually by a user and won’t be changed during the optimization procedure.

e “Kinstein functions” tab elements:

— Table — This table contains values for the weighted Einstein-Planck functions sum.
Each row corresponds to the model term, “a” and “f / K” columns correspond to «;
and 0; parameters respectively. Note that the content of this table can be modified by

results window by means of transferring results into initial approximation area.

— Number of terms combo box — Use this combo box to select a desired number of terms
(Einstein functions).

— Fized ) o check box and text field are used to enable or disable > .c; = Nutoms
constraints. The constraint is disabled (and check box is unchecked) by default.

12



e “Polynomial part” tab elements:

— Table — This table contains values for the model parameters. Each row correspond
to the model term, “a” and “n” columns correspond to a; and n; parameters in the
polynomial part respectively. Note that the content of this table can be modified by
results window (by means of transferring results into initial approximation area).

— Number of terms combo box — Use this combo box to select a desired number of terms
in the polynomial.

e Fvaluate parameters button — Runs a proces of the parameters optimization. Results win-
dow will be opened.

e Reset parameters button — Sets each «; and each 6; value in the table to 107% and 1
respectively.

Input data area contains the data set and extra terms that will be used for model parameters
optimization. It consists of two tabs: Data points tab and Extra terms tab.
Data points tab allows to view and edit all experimental points. It contains the next elements:

o Tuble — Contains the used data set and contains seven columns:

— Type — data type (either heat capacity Cp or enthalpy H). Selected by combo box.

— T1 / K — temperature in K. It is either T for C,(T") (heat capacity) or T for H(T5) —
H(Ty) (enthalpy) data.

— T2 / K — temperature in K. It is T for H(T,) — H(T}) (enthalpy) data. In the case of
heat capacity data it is ignored and uneditable.

— Yis for Cp in J-mol - K1
— Rel.dev. — absolute/relative deviation selection
— w — statistical weights w; from eq 2.1.

— Series — data series ID that is used for markers and legends at 2D plots.

e Add point button — Adds a new point into the table.
e Delete point button — Removes selected rows from the table.
e Set abs.dev. button — Sets all deviations for all points as absolute (i.e. unselects all check-

boxes in the third row)

Set rel.dev. button — Sets all deviations for all points as relative (i.e. selects all checkboxes
in the third row)

FExtra terms tab allows to modify extra terms in the heat capacity model that cannot be
described by Einstein-Planck functions sum. It contains the next controls:

e Terms combo box — allows to select the current term.

e Add button — adds a new term.
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Delete button — removes the current term.

Fiz.param. table — contains fixed parameters ¢; that are not changed during extra terms
parameters optimization.

LSQ param. table — contains varied parameters b; that are optimized by the least squares
method.

Term type combo box — select the type of the current term. The possible options are:

Default (named as DEFAULT in .dat files) — default term for description of lambda-
transition, i.e.:

ex

% = byexp [be (3AT — |AT))]; AT =T —Tyy; Ty = (4.1)
Two terms (named as TWOTERMS in .dat files) — sum of two terms for description of
two partially overlapping lambda-transitions.

o L L
= = Zl 4 exp [dgﬂ (dg)(AT)i . |(AT)Z»|)] C(AT) =T = Toss Tus=c (42)

d? = biyagio) (4.3)

Left exp. (named as LEFTEXP in .dat files) — exponential function for description of

the left side of a peak.
Oex
= brexp [ba (T = o) (4.4)

Right exp. (named as RIGHTEXP in .dat files) — exponential function for description
of the left side of a peak.

ex

% = bl exXp [—bg (T — Tmin)] (45)
Left exp.2 (named as LEFTEXP2 in .dat files) — exponential function for description
of the left side of a peak (sum of the two terms).

ex

% = by exp [bg (T — Trnax)] + b3 exp [by (T — Tnax)] (4.6)
Right exp.2 (named as RIGHTEXP2 in .dat files) — exponential function for description
of the left side of a peak (sum of the two terms).

Cex
Ti) = b1 exp [—bg (T — Tmin)] + b3 exp [—b4 (T — Tmin)] (47)

Skewed (named as SKEWED in .dat files) — function based on Gauss bell curve but with
possibility of asymmetry.

ex —x2
Cp _ ble = T-bg (48)
R 1+ e beo ’ b4

Empty (named as EMPTY in .dat files) — function that is always equal to 0. Useful for
just excluding heat capacity anomalies without their approximation.

Custom terms written in Lua. See Chapter 3.4 for details.

14



4.3 Results window

Results window (see Figure 4.2) contains an optimized set of parameters. It allows to create
reports, draw 2D plots and different tables using the optimized parameters.
A menu of the main window contains the next items:

e File — File input-output (exporting parameters to files)
— Save as CSV — Exports optimized baseline parameters into .csv file readable by MS
Excel and another programs.
— Save as HTML — Exports optimized parameters and model errors into .html file

that can be considered as a report suitable for printing.

e Plots — Creation of plots (thermodynamic functions, absolute deviations, relative devia-
tions). Every new plot will be opened in a separate window.

— Cp function — Plots for the C,(7") function.
— Cp/T function — Plots for the C,(T")/T function.

— H function — Plots for the H(T) — Hy function. The next graphs are supported:

H plot — Plots Hy — Hy function without experimental points.
Absolute residuals — Plots absolute residuals for all experimental points.

Relative residuals — Plots relative residuals for all experimental points.

H(T)-H(TO0) plot — Plots a figure with both theoretical Hr — Hp, func-
tion and experimental data. Two forms are possible: Hp — Hp, function and
(Hr — Hr,) / (T — Tp) function.

— S function — Plots for the S(T") function.

ECEEE CEE S

e Tables — Creation of tables with thermodynamic data in separate windows. All tables can
be exported into .csv files.

— Thermodynamic functions — Customizable table with tabulated thermodynamic
functions values (and their confidence intervals). C,(T), H(T)) — H(0) and S(T') func-
tions are supported.

— Residuals — Table with absolute and relative residuals for experimental points.

* Cp residuals — residuals for C,(T") experimental points.
* H residuals — residuals for H(7,) — H(T}) experimental points.

e Evaluate — Evaluates some extra properties and values useful for management of optimiza-
tion procedure.

— Low-T S correction — Allows to evaluate deviation of isobaric heat capacity C,(7T)
from Debye function at low temperatures. Such estimation can be used for correction
of entropy values.

Results window contains two areas: model parameters area and Cp model errors area.
Model parameters area contains the optimized parameters of the model. It contains two tabs:
base line tab and extra terms tab:

15



m CpFit results
File Plots Tables Evaluate

Model parameters

Base line (polynomial)  Extra terms

o Ala) sla) 8/K A /K sie) / K

1 (153733 0.2351 0,176 1127.33 34,353 17.18
2 [6.77528 1.481 0.7456 424,607 54.12 27.06
3 [3.49497 5,191 2,596 209.891 146.4 73.21
4 (21767 6.22 3111 133.399 110.9 55.45
5 (0891311 0.7536 0.3769 £5.7898 12.78 6.393

asum 28.714

Use as initial approximation
Model errors

Cp (heat capacity) H(T2)-H(T1) (enthalpy) Data series

Std.absolute dev.: ‘ 3606 | MAD | 0.2030 |

Std.relative dev.(38): | 4.308 | MAD | 0.5428 |

Max.absclute dev.: ‘ 18.12 | at |;:_|5.|_'; | K

Max.relative dev.(3): |;_|5.1',v | at |',v.41 | K

All absolute errors are in 1/ (molK)

Figure 4.2: CpFit results window
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e Base line (Einstein) tab contains «; and 6; parameters with their standard errors (s(«)
and s(f)) and 95 % confidence intervals (Aa and Af) calculated using eq 2.2 and eq 2.3
respectively. Statistically not significant terms are automatically highlighted in red colour.
Each row correspond to one model term.

e Base line (polynomial) tab contains a; and n parameters for the polynomial part. For a;
their standard errors and 95 % confidence intervals are given too.

e Extra terms tab contains results of extra terms optimization. They are presented in the
form of text report.

Model errors area contains information about accuracy of the optimized parameters data set
present in the window. There are three tabs:

e Cp (heat capacity) — heat capacity data approximation uncertainties for all data series
including points inside anomalies.

e H(T2)-H(T1) (enthalpy) — heat content data approximation uncertainties for all data
series including points inside anomalies.

e Data series — data series approximation uncertainties. It is possible to see these uncer-
tainties for each data series and for each data type separately. Separate consideration of data
inside and outside anomalies is also supported.

for heat capacities and for enthalpies respectively. Note that all deviations are calculated
without taking statistical weights w; from 2.1 into account (however they were used during the
optimization).

4.3.1 Debye function

Evaluate — Low-T S correction menu item of Results window uses Debye model. In Debye
model heat capacity is approximated by means of the next formula:
Co(T T 31
v Dy (T - (4.9)
SNRT T exp (?D) -1

where N is the number of atoms in the compound, Tp is Debye temperature, D(z) is Debye
function:

D(x):%/ox U (4.10)

ey —1

The next algorithm of entropy correction calculation is used:

e Get the lowest trusted point 7j and C,(7)) at the curve (i.e. Einstein-Plank model). Tj is
manually set by user and usually is 5-30 K. The user also must give N (number of atoms)
value.
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e (Calculate Debye model parameters. Two options are available. The first one is evaluate only
Tp value by solving CZ?(TO) = C,(Tp) equation and use N value given by a user. The second
one is evaluate both Tp and N (i.e. treat it as “effective” number of atoms) by solving the
next system of equations:

CY (To, To, N) = Cy(Tp)
9CP(T,Tp,N) _8C,(T) (4.11)

oT To or Ty

e Calculate SP(Ty) value using eq. 4.9. It is also possible to add virtual points to the input
data to improve Einstein-Planck function sum behaviour at low temperatures.

4.4 Plots

CpFit 2-dimensional plot is a resizable window that can show experimental data points, analytical
functions obtained by a nonlinear regression or both of them. They can also contain plots with
absolute or relative deviations. Use results window to build new plots.

A menu of any 2D plot window in the CpFit program contains the next items:

e File — Export of the plot into graphic files.
— Save as — Export into .png file with screen resolution.
e Edit — Figure customization and clipboard operations.

— Copy — Copy the plot into Clipboard (in a vector format similar to Windows Metafile)
— Legend — Enable/disable legend.

— Log scale for X — Enable/disable logarithmic scale for axis X (usually for tempera-
ture 7).

— Grid — Enable/disable grid.

In the case of the C,(T")/T function plot extra dashed lines of different color that correspond
to the function terms (see eq 1.1) are shown. A color of the line codes the term number (see
Table 4.1).

You can also zoom in/zoom out plots using mouse wheel scrolling and drag-n-drop technique
to navigate inside a zoomed plot.

Plots with experimental points can contain legend (it is enabled by default). It is formed by
the next steps:

1. Read all data series IDs from the input .dat file and find unique values. Sort these values
by alphabet.

2. Assign marker (i.e. color and form of dots) for each unique value obtained in the previous
step.

3. Draw legend for data series that are present at the plot.
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Table 4.1: Terms colors in the C,(T")/T function plots.

Term number Color
Black
Blue
Green
Cyan
Red
Magenta
Brown
Gray

O 3 O U Wi

4.5 Tables

Two kinds of tables can be constructed by CpFit: tables with tabulated thermodynamic values
and tables with comparison of calculated and experimental values. Both of them can be exported
into .csv file format (readable by Microsoft Excel).

4.5.1 Tabulated thermodynamic functions

This kind of table contains tabulated values for C,(T), H(T') — H(0) and S(7T") thermodynamic
functions. Every new table contains rows for default 7' values for 7' = 10 =+ 1000 K and always
contains a 298.15 K row. However a user can add or delete any rows with any step.

A menu of the tabulated thermodynamic functions table window contains the next items:

e File — File input-output (exporting table to files).
— Save as — Export into .csv file.
e Edit — A customization of the table.

— Reset the table — Removes all rows from the table.
— Add T range to the table — Adds new rows for requested temperature range with
requested step.

When a user adds a new T range a special dialog shown in Figure 4.3 is opened. The
user can set Tmin (minimal temperature), Tmax (maximal temperature) and Tstep
(a step between new points). After the addition a table of tabulated values will be
automatically sorted by the temperature.

— Errors estimation — Allows to select the mode used for estimation of errors for
tabulated S, H and C, values.

*+ Standard deviation — calculate standard deviations.

* 95 % confidence interval — calculate confidence intervals (95 % confidence
intervals using two-sided t-distribution quantiles).
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T range addition x
Trmin, K
Trmax, K 1000
Tstep, K 250
Ok Cancel

Figure 4.3: T range addition dialog

4.5.2 Calculated vs experimental

A menu of the residuals table window contains the next items:

e File — File input-output (exporting table to files).

— Save as — Export into .csv file.
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Chapter 5

Changelog

e 07 November 2020 — CpFit 0.9
— Automatic (and optional) exclusion of experimental points with w = 0, i.e. zero statis-
tical weights.
— Extra markers for data series.
— HTML reports were extended by reports about individual data series.

— Low-temperature C,~T, C,/T-T? and C,/T3-T? plots for analysis of asymptotic be-
haviour of models.

— New examples of input files including diamond.txt and graphite.txt with experimen-
tal data for diamond and graphite. These files also include the €, models by Bigdeli et
al. [2] that include polynomial parts.

— Scripts for CMake.
— Semi-logarithmic scale for plots. It is useful for visualization of low-temperature regions.

— Support of entropies as experimental points (may be applied if e.g. 5,98.15° was esti-
mated by other methods).

— Support of polynomial term in the baseline C}, model.
— Support of the ) . o; = Naoms condition (it is optional).

— The universal gas constant CODATA 2014 value was replaced to the CODATA 2018
exact value.

— Visualization of a—0 scatter plot as approximation of the phonon density state function.

— Bugfix: sorting of experimental data now doesn’t discard changes in data made by a
user.

e 31 December 2018 — CpFit 0.8

— Support of custom extra terms written in Lua. Examples of such scripts were added
(see eq_debpoly.lua, eq_eppoly.lua, natrolite_eppoly.dat).
— Editing of LSQ parameters lower and upper boundaries was added.

— New “empty” extra term with zero value (useful for exclusion of anomalies).

— Sorting of experimental points.
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Uncertainties for data series inside and outside anomalies.

Improved procedure of Debye function based extrapolation. Generation of virtual
points.

Improved source code documentation.
Bugfix: improved calculation of confidence intervals for C, and S values (around 5%).

Bugfix: fixed number of points field in K_natrolite.dat (has no influence on the results
of optimization).

e 25 December 2017 — CpFit 0.7

Four new extra terms were added
Now data files can have either .dat or .txt extension.

More informative message about exceeding the maximum number of iteration (the pro-
gram now recommends to use another initial approximation)

Support of a; and 6; storage (i.e. initial approximations for them) was added into data

files.

Some bugfixes

e 03 November 2017 — CpFit 0.6

Extra (excess) heat capacity terms support was added. Currently it is designed for
description of lambda-transitions.

U02.dat, K_natrolite.dat, Tl_natrolite.dat examples were added. They contain
experimental data for UO,, K-substituted natrolite and Tl-substituted natrolite respec-
tively.

Th02_shifted15.dat was added. It contains altered high-temperature C, data to im-
prove description of high-temperature heat content.

Heat content data were added to natrolite.dat data file.
Extra data were addded to data file Th02.dat.
Calories support in .dat files was added.

Heat content plots with experimental points were added. Two kind of plots are sup-
ported: Hy — Hr, plots and (Hy — Hr,) /(T — Ty) plots where Tj is set by a user.

Export of plots to .wmf and .m (MATLAB scripts) files was added.

Some bugfixes.

e 30 August 2017 — CpFit 0.5

Enthalpies (H(T>) — H(T}) heat content) experimental data approximation support was
added.

Support multiple data series with different markers was implemented.
Support of comments (ignored by CpFit) in .dat files was added.

Grid and legend management (possibility to enable or disable them) were added in 2D
plots.
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— Th02.dat example was added. It contains heat capacity and heat content (enthalpies
differences) data for ThO,. It also an example of data series names in the file.

— Some bugfixes
e 05 July 2017 — CpFit 0.4
— Errors in columns name (s (H-HO) and s(S-S0) names mismatch) in .csv files contain-
ing exported tables of thermodynamic functions was fixed.
— Some typos in the manual were fixed
— Bibliographic references were added to examples (natrolite.dat), (ScF3.dat).

— Low-temperature entropy correction (by means of Debye function) was added.
e 21 December 2016 — CpFit 0.3

— Automatic search of model terms number was added.
— t-test for model coefficients (for statistical significance) was added.
— Negative values of the model cannot be obtained during an optimization now.

— Confidence intervals for parameters and tabulated values (using two-sided 95 % quantile
of t-distribution).

— Improved export of tabulated values.
— Zooming for 2D plots.
— Loading of model parameters from .csv files.

— Estimation of confidence intervals for user-supplied parameters.

e 31 October 2016 — CpFit 0.2 — First public version
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Chapter 6

License

CpFit program is free software; you can redistribute it and/or modify it under the terms of the
GNU General Public License as published by the Free Software Foundation; either version 2 of the
License, or (at your option) any later version.

This program is distributed in the hope that it will be useful, but WITHOUT ANY WAR-
RANTY:; without even the implied warranty of MERCHANTABILITY or FITNESS FOR A PAR-
TICULAR PURPOSE. See the GNU General Public License for more details.

GNU GENERAL PUBLIC LICENSE
Version 2, June 1991

Copyright (©) 1989, 1991 Free Software Foundation, Inc.
51 Franklin Street, Fifth Floor, Boston, MA 02110-1301, USA

Everyone is permitted to copy and distribute verbatim copies of this license document, but
changing it is not allowed.

Preamble

The licenses for most software are designed to take away your freedom to share and change
it. By contrast, the GNU General Public License is intended to guarantee your freedom to share
and change free software—to make sure the software is free for all its users. This General Public
License applies to most of the Free Software Foundation’s software and to any other program
whose authors commit to using it. (Some other Free Software Foundation software is covered by
the GNU Library General Public License instead.) You can apply it to your programs, too.

When we speak of free software, we are referring to freedom, not price. Our General Public
Licenses are designed to make sure that you have the freedom to distribute copies of free software
(and charge for this service if you wish), that you receive source code or can get it if you want it,
that you can change the software or use pieces of it in new free programs; and that you know you
can do these things.

To protect your rights, we need to make restrictions that forbid anyone to deny you these rights
or to ask you to surrender the rights. These restrictions translate to certain responsibilities for
you if you distribute copies of the software, or if you modify it.
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For example, if you distribute copies of such a program, whether gratis or for a fee, you must
give the recipients all the rights that you have. You must make sure that they, too, receive or can
get the source code. And you must show them these terms so they know their rights.

We protect your rights with two steps: (1) copyright the software, and (2) offer you this license
which gives you legal permission to copy, distribute and/or modify the software.

Also, for each author’s protection and ours, we want to make certain that everyone understands
that there is no warranty for this free software. If the software is modified by someone else and
passed on, we want its recipients to know that what they have is not the original, so that any
problems introduced by others will not reflect on the original authors’ reputations.

Finally, any free program is threatened constantly by software patents. We wish to avoid
the danger that redistributors of a free program will individually obtain patent licenses, in effect
making the program proprietary. To prevent this, we have made it clear that any patent must be
licensed for everyone’s free use or not licensed at all.

The precise terms and conditions for copying, distribution and modification follow.

TERMS AND CONDITIONS FOR COPYING, DISTRIBUTION AND
MODIFICATION

0. This License applies to any program or other work which contains a notice placed by the
copyright holder saying it may be distributed under the terms of this General Public License.
The “Program”, below, refers to any such program or work, and a “work based on the Pro-
gram” means either the Program or any derivative work under copyright law: that is to say, a
work containing the Program or a portion of it, either verbatim or with modifications and /or
translated into another language. (Hereinafter, translation is included without limitation in
the term “modification”.) Each licensee is addressed as “you”.

Activities other than copying, distribution and modification are not covered by this License;
they are outside its scope. The act of running the Program is not restricted, and the output
from the Program is covered only if its contents constitute a work based on the Program
(independent of having been made by running the Program). Whether that is true depends
on what the Program does.

1. You may copy and distribute verbatim copies of the Program’s source code as you receive
it, in any medium, provided that you conspicuously and appropriately publish on each copy
an appropriate copyright notice and disclaimer of warranty; keep intact all the notices that
refer to this License and to the absence of any warranty; and give any other recipients of the
Program a copy of this License along with the Program.

You may charge a fee for the physical act of transferring a copy, and you may at your option
offer warranty protection in exchange for a fee.

2. You may modify your copy or copies of the Program or any portion of it, thus forming a
work based on the Program, and copy and distribute such modifications or work under the
terms of Section 1 above, provided that you also meet all of these conditions:

(a) You must cause the modified files to carry prominent notices stating that you changed
the files and the date of any change.

(b) You must cause any work that you distribute or publish, that in whole or in part
contains or is derived from the Program or any part thereof, to be licensed as a whole
at no charge to all third parties under the terms of this License.
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(c) If the modified program normally reads commands interactively when run, you must
cause it, when started running for such interactive use in the most ordinary way, to print
or display an announcement including an appropriate copyright notice and a notice that
there is no warranty (or else, saying that you provide a warranty) and that users may
redistribute the program under these conditions, and telling the user how to view a copy
of this License. (Exception: if the Program itself is interactive but does not normally
print such an announcement, your work based on the Program is not required to print
an announcement. )

These requirements apply to the modified work as a whole. If identifiable sections of that
work are not derived from the Program, and can be reasonably considered independent and
separate works in themselves, then this License, and its terms, do not apply to those sections
when you distribute them as separate works. But when you distribute the same sections as
part of a whole which is a work based on the Program, the distribution of the whole must
be on the terms of this License, whose permissions for other licensees extend to the entire
whole, and thus to each and every part regardless of who wrote it.

Thus, it is not the intent of this section to claim rights or contest your rights to work written
entirely by you; rather, the intent is to exercise the right to control the distribution of
derivative or collective works based on the Program.

In addition, mere aggregation of another work not based on the Program with the Program
(or with a work based on the Program) on a volume of a storage or distribution medium
does not bring the other work under the scope of this License.

. You may copy and distribute the Program (or a work based on it, under Section 2) in object
code or executable form under the terms of Sections 1 and 2 above provided that you also
do one of the following;:

(a) Accompany it with the complete corresponding machine-readable source code, which
must be distributed under the terms of Sections 1 and 2 above on a medium customarily
used for software interchange; or,

(b) Accompany it with a written offer, valid for at least three years, to give any third
party, for a charge no more than your cost of physically performing source distribution,
a complete machine-readable copy of the corresponding source code, to be distributed
under the terms of Sections 1 and 2 above on a medium customarily used for software
interchange; or,

(¢) Accompany it with the information you received as to the offer to distribute correspond-
ing source code. (This alternative is allowed only for noncommercial distribution and
only if you received the program in object code or executable form with such an offer,
in accord with Subsection b above.)

The source code for a work means the preferred form of the work for making modifications to
it. For an executable work, complete source code means all the source code for all modules
it contains, plus any associated interface definition files, plus the scripts used to control
compilation and installation of the executable. However, as a special exception, the source
code distributed need not include anything that is normally distributed (in either source or
binary form) with the major components (compiler, kernel, and so on) of the operating system
on which the executable runs, unless that component itself accompanies the executable.
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If distribution of executable or object code is made by offering access to copy from a des-
ignated place, then offering equivalent access to copy the source code from the same place
counts as distribution of the source code, even though third parties are not compelled to
copy the source along with the object code.

. You may not copy, modify, sublicense, or distribute the Program except as expressly provided
under this License. Any attempt otherwise to copy, modify, sublicense or distribute the
Program is void, and will automatically terminate your rights under this License. However,
parties who have received copies, or rights, from you under this License will not have their
licenses terminated so long as such parties remain in full compliance.

. You are not required to accept this License, since you have not signed it. However, nothing
else grants you permission to modify or distribute the Program or its derivative works. These
actions are prohibited by law if you do not accept this License. Therefore, by modifying or
distributing the Program (or any work based on the Program), you indicate your acceptance
of this License to do so, and all its terms and conditions for copying, distributing or modifying
the Program or works based on it.

. Each time you redistribute the Program (or any work based on the Program), the recipient
automatically receives a license from the original licensor to copy, distribute or modify the
Program subject to these terms and conditions. You may not impose any further restrictions
on the recipients’ exercise of the rights granted herein. You are not responsible for enforcing
compliance by third parties to this License.

. If, as a consequence of a court judgment or allegation of patent infringement or for any
other reason (not limited to patent issues), conditions are imposed on you (whether by court
order, agreement or otherwise) that contradict the conditions of this License, they do not
excuse you from the conditions of this License. If you cannot distribute so as to satisfy
simultaneously your obligations under this License and any other pertinent obligations, then
as a consequence you may not distribute the Program at all. For example, if a patent license
would not permit royalty-free redistribution of the Program by all those who receive copies
directly or indirectly through you, then the only way you could satisfy both it and this
License would be to refrain entirely from distribution of the Program.

If any portion of this section is held invalid or unenforceable under any particular circum-
stance, the balance of the section is intended to apply and the section as a whole is intended
to apply in other circumstances.

It is not the purpose of this section to induce you to infringe any patents or other property
right claims or to contest validity of any such claims; this section has the sole purpose of
protecting the integrity of the free software distribution system, which is implemented by
public license practices. Many people have made generous contributions to the wide range of
software distributed through that system in reliance on consistent application of that system;
it is up to the author/donor to decide if he or she is willing to distribute software through
any other system and a licensee cannot impose that choice.

This section is intended to make thoroughly clear what is believed to be a consequence of
the rest of this License.

. If the distribution and/or use of the Program is restricted in certain countries either by
patents or by copyrighted interfaces, the original copyright holder who places the Program
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10.

11.

12.

under this License may add an explicit geographical distribution limitation excluding those
countries, so that distribution is permitted only in or among countries not thus excluded. In
such case, this License incorporates the limitation as if written in the body of this License.

The Free Software Foundation may publish revised and/or new versions of the General Public
License from time to time. Such new versions will be similar in spirit to the present version,
but may differ in detail to address new problems or concerns.

Each version is given a distinguishing version number. If the Program specifies a version
number of this License which applies to it and “any later version”, you have the option of
following the terms and conditions either of that version or of any later version published
by the Free Software Foundation. If the Program does not specify a version number of this
License, you may choose any version ever published by the Free Software Foundation.

If you wish to incorporate parts of the Program into other free programs whose distribution
conditions are different, write to the author to ask for permission. For software which is
copyrighted by the Free Software Foundation, write to the Free Software Foundation; we
sometimes make exceptions for this. Our decision will be guided by the two goals of preserving
the free status of all derivatives of our free software and of promoting the sharing and reuse
of software generally.

NO WARRANTY

BECAUSE THE PROGRAM IS LICENSED FREE OF CHARGE, THERE IS NO WARRANTY FOR
THE PROGRAM, TO THE EXTENT PERMITTED BY APPLICABLE LAW. EXCEPT WHEN OTH-
ERWISE STATED IN WRITING THE COPYRIGHT HOLDERS AND/OR OTHER PARTIES PRO-
VIDE THE PROGRAM “AS IS” WITHOUT WARRANTY OF ANY KIND, EITHER EXPRESSED
OR IMPLIED, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MER-
CHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE. THE ENTIRE RISK AS TO THE
QUALITY AND PERFORMANCE OF THE PROGRAM IS WITH YOU. SHOULD THE PROGRAM
PROVE DEFECTIVE, YOU ASSUME THE COST OF ALL NECESSARY SERVICING, REPAIR OR
CORRECTION.

IN NO EVENT UNLESS REQUIRED BY APPLICABLE LAW OR AGREED TO IN WRITING WILL
ANY COPYRIGHT HOLDER, OR ANY OTHER PARTY WHO MAY MODIFY AND/OR REDIS-
TRIBUTE THE PROGRAM AS PERMITTED ABOVE, BE LIABLE TO YOU FOR DAMAGES, IN-
CLUDING ANY GENERAL, SPECIAL, INCIDENTAL OR CONSEQUENTIAL DAMAGES ARISING
OUT OF THE USE OR INABILITY TO USE THE PROGRAM (INCLUDING BUT NOT LIMITED
TO LOSS OF DATA OR DATA BEING RENDERED INACCURATE OR LOSSES SUSTAINED BY
YOU OR THIRD PARTIES OR A FAILURE OF THE PROGRAM TO OPERATE WITH ANY OTHER
PROGRAMS)7 EVEN IF SUCH HOLDER OR OTHER PARTY HAS BEEN ADVISED OF THE POS-
SIBILITY OF SUCH DAMAGES.

END OF TERMS AND CONDITIONS
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Appendix: How to Apply These Terms to Your New Pro-
grams

If you develop a new program, and you want it to be of the greatest possible use to the public, the
best way to achieve this is to make it free software which everyone can redistribute and change
under these terms.

To do so, attach the following notices to the program. It is safest to attach them to the start
of each source file to most effectively convey the exclusion of warranty; and each file should have
at least the “copyright” line and a pointer to where the full notice is found.

one line to give the program’s name and a brief idea of what it does.
Copyright (C) yyyy name of author

This program is free software; you can redistribute it and/or modify it under the terms
of the GNU General Public License as published by the Free Software Foundation;
either version 2 of the License, or (at your option) any later version.

This program is distributed in the hope that it will be useful, but WITHOUT ANY
WARRANTY; without even the implied warranty of MERCHANTABILITY or FIT-
NESS FOR A PARTICULAR PURPOSE. See the GNU General Public License for
more details.

You should have received a copy of the GNU General Public License along with this
program; if not, write to the Free Software Foundation, Inc., 51 Franklin Street, Fifth
Floor, Boston, MA 02110-1301, USA.

Also add information on how to contact you by electronic and paper mail.
If the program is interactive, make it output a short notice like this when it starts in an
interactive mode:

Gnomovision version 69, Copyright (C) yyyy name of author

Gnomovision comes with ABSOLUTELY NO WARRANTY; for details type ‘show w’.
This is free software, and you are welcome to redistribute it under certain conditions;
type ‘show ¢’ for details.

The hypothetical commands show w and show ¢ should show the appropriate parts of the
General Public License. Of course, the commands you use may be called something other than
show w and show c; they could even be mouse-clicks or menu items—whatever suits your program.

You should also get your employer (if you work as a programmer) or your school, if any, to sign
a “copyright disclaimer” for the program, if necessary. Here is a sample; alter the names:

Yoyodyne, Inc., hereby disclaims all copyright interest in the program
‘Gnomovision’ (which makes passes at compilers) written by James Hacker.

signature of Ty Coon, 1 April 1989
Ty Coon, President of Vice

This General Public License does not permit incorporating your program into proprietary
programs. If your program is a subroutine library, you may consider it more useful to permit
linking proprietary applications with the library. If this is what you want to do, use the GNU
Library General Public License instead of this License.
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