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// Commutator.cpp (c) Sunday, October 20, 2024
// by James Pate Williams, Jr., BA, BS, MSWE, PhD
// Exercise 1.2 in "Modern Quantum Chemistry
// Intrduction to Advanced Electronic Structure Theory" (c)
// 1996 by Attila Szabo and Neil S. Ostlund

#include <complex.h>
#include <stdio.h>
#include <stdlib.h>
#include <fstream>
#include <iomanip>
#include <iostream>
using namespace std;

void SystemError(const char error_message[])
{
    cerr << error_message << endl;
    exit(-1);
}

long double** allocate_real_matrix(
    int lr, int ur, int lc, int uc)
{
    /*  Allocates a real matrix of range [lr..ur][lc..uc].  */

    int i;
    long double** p;

    p = (long double**)malloc((unsigned)(ur - lr + 1) * sizeof(long double*));
    if (!p) SystemError("Failure in allocate_real_matrix().");
    p -= lr;

    for (i = lr; i <= ur; i++) {
        p[i] = (long double*)malloc((unsigned)(uc - lc + 1) * sizeof(long 

double));
        if (!p[i]) SystemError("Failure in allocate_real_matrix().");
        p[i] -= lc;
    }
    return p;
}

long double* allocate_real_vector(int l, int u)
{
    /*  Allocates a real vector of range [l..u].  */

    long double* p;

    p = (long double*)malloc((unsigned)(u - l + 1) * sizeof(long double));
    if (!p) SystemError("Failure in allocate_real_vector().");
    return p - l;
}
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_Lcomplex** allocate_complex_matrix(
    int lr, int ur, int lc, int uc)
{
    /*  Allocates a complex matrix of range [lr..ur][lc..uc].  */

    int i;
    _Lcomplex** p;

    p = (_Lcomplex**)malloc((unsigned)(ur - lr + 1) * sizeof(_Lcomplex*));
    if (!p) SystemError("Failure in allocate_real_matrix().");
    p -= lr;

    for (i = lr; i <= ur; i++) {
        p[i] = (_Lcomplex*)malloc((unsigned)(uc - lc + 1) * sizeof(_Lcomplex));
        if (!p[i]) SystemError("Failure in allocate_real_matrix().");
        p[i] -= lc;
    }
    return p;
}

void free_real_matrix(long double** m, int lr, int ur, int lc)
{
    /*  Frees a real matrix of range [lr..ur][lc..uc].  */

    int i;

    for (i = ur; i >= lr; i--) free((char*)(m[i] + lc));
    free((char*)(m + lr));
}

void free_real_vector(long double* v, int l)
{
    /*  Frees a real vector of range [l..u].  */

    free((char*)(v + l));
}

void free_complex_matrix(_Lcomplex** m, int lr, int ur, int lc)
{
    /*  Frees a complex matrix of range [lr..ur][lc..uc].  */

    int i;

    for (i = ur; i >= lr; i--) free((char*)(m[i] + lc));
    free((char*)(m + lr));
}

void MatMul(
    long double** A,
    long double** B,
    long double** C,
    int m, int n, int p)
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{
    // (mxn)(nxp)=(mxp)

    for (int i = 1; i <= m; i++)
    {
        for (int j = 1; j <= n; j++)
        {
            double sum = 0.0;

            for (int k = 1; k <= n; k++)
                sum += A[i][k] * B[k][j];

            C[i][j] = sum;
        }
    }
}

void MatAdd(
    long double** A,
    long double** B,
    long double** C,
    int m, int n, int s)
{
    // (mxn)-(mxn)=(mxn)

    for (int i = 1; i <= m; i++)
    {
        for (int j = 1; j <= n; j++)
            C[i][j] = A[i][j] - s * B[i][j];
    }
}

void Commutator(
    long double** A,
    long double** B,
    long double** C,
    int n)
{
    // (mxn)(nxm) - (nxm)(mxn) = (mxm) - (nxn)
    // therefore the matrices must be square (m=n)
    long double** AB = allocate_real_matrix(1, n, 1, n);
    long double** BA = allocate_real_matrix(1, n, 1, n);
    MatMul(A, B, AB, n, n, n);
    MatMul(B, A, BA, n, n, n);
    MatAdd(AB, BA, C, n, n, -1);
}

void AntiCommutator(
    long double** A,
    long double** B,
    long double** C,
    int n)
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{
    // (mxn)(nxm) - (nxm)(mxn) = (mxm) - (nxn)
    // therefore the matrices must be square (m=n)
    long double** AB = allocate_real_matrix(1, n, 1, n);
    long double** BA = allocate_real_matrix(1, n, 1, n);
    MatMul(A, B, AB, n, n, n);
    MatMul(B, A, BA, n, n, n);
    MatAdd(AB, BA, C, n, n, 1);
}

void Adjoint(
    _Lcomplex** cA,
    _Lcomplex** cB,
    int n, int m)
{
    for (int i = 1; i <= n; i++)
    {
        for (int j = 1; j <= m; j++)
            cB[j][i] = conj(cA[i][j]);
    }
}

_Lcomplex cTrace(_Lcomplex** M, int n)
{
    _Lcomplex trace = _LCbuild(0, 0);

    for (int i = 1; i <= n; i++)
    {
        trace._Val[0] += M[i][i]._Val[0];
        trace._Val[1] += M[i][i]._Val[1];
    }

    return trace;
}

void cMatMul(
    _Lcomplex** cA,
    _Lcomplex** cB,
    _Lcomplex** cC,
    int n, int m, int p)
{
    // (nxm)(mxp)=(nxp)

    for (int i = 1; i <= n; i++)
    {
        for (int j = 1; j <= p; j++)
        {
            _Lcomplex csum = { };

            for (int k = 1; k <= m; k++)
            {
                _Lcomplex product = 
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                    _LCmulcc(cA[i][k], cB[k][j]);
                csum._Val[0] += product._Val[0];
                csum._Val[1] += product._Val[1];
            }

            cC[i][j]._Val[0] = csum._Val[0];
            cC[i][j]._Val[1] = csum._Val[1];
        }
    }
}

void PrintMatrix(
    const char title[], long double** M, int m, int n,
        ostream& ofile)
{
    char line[128] = { };
    int cchMax = 127;
    ofile << title << endl << endl;

    for (int i = 1; i <= m; i++)
    {
        for (int j = 1; j <= n; j++)
        {
            sprintf_s(line, "%+4.0Lf  ", M[i][j]);
            ofile << line;
        }

        ofile << endl;
    }

    ofile << endl;
}

void cPrintMatrix(
    const char title[], _Lcomplex ** M, int m, int n,
        ostream& ofile)
{
    char line[128] = { };
    int cchMax = 127;
    ofile << title << endl << endl;

    for (int i = 1; i <= m; i++)
    {
        for (int j = 1; j <= n; j++)
        {
            sprintf_s(line, "%+13.6Lf  ", M[i][j]._Val[0]);
            ofile << line;
            sprintf_s(line, "%+13.6Lf  ", M[i][j]._Val[1]);
            ofile << line << endl;
        }

        ofile << endl;
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    }

    ofile << endl;
}

_Lcomplex** CreateComplexMatrix(
    int n, int m)
{
    _Lcomplex** C = allocate_complex_matrix(1, n, 1, m);

    for (int i = 1; i <= n; i++)
    {
        for (int j = 1; j <= m; j++)
        {
            long double real = rand() % 10;
            long double imag = rand() % 10;
            C[i][j] = _LCbuild(real, imag);
        }
    }

    return C;
}

_Lcomplex** CreateUnitaryMatrix()
{
    long double pi = 4.0 * atanl(1.0);
    _Lcomplex** U = allocate_complex_matrix(1, 2, 1, 2);
    U[1][1] = _LCbuild(1.0 / sqrtl(2.0), 0.0);
    U[1][2] = _LCbuild(0.0, -1.0 / sqrtl(2.0));
    U[2][1] = _LCbuild(1.0 / sqrtl(2.0), 0.0);
    U[2][2] = _LCbuild(0.0, 1.0 / sqrtl(2.0));
    return U;
}

void Inverse2x2(long double** A, long double** AI)
{
    long double det = A[1][1] * A[2][2] - A[1][2] * A[2][1];

    AI[1][1] = +A[2][2];
    AI[2][2] = +A[1][1];
    AI[1][2] = -A[1][2];
    AI[2][1] = -A[2][1];

    for (int i = 1; i <= 2; i++)
        for (int j = 1; j <= 2; j++)
            AI[i][j] = A[i][j] / det;
}

int main()
{
    int m = 2, n = 3, p = 4;
    long double A33[4][4] = {
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        { 0, 0, 0, 0},
        { 0, 1, 1, 0 },
        { 0, 1, 2, 2 },
        { 0, 0, 2, -1 } };
    long double B33[4][4] = {
        { 0, 0, 0, 0 },
        { 0, 1, -1, 1 },
        { 0, -1, 0, 0 },
        { 0, 1, 0, 1} };
    long double D22[3][3] = {
        { 0, 0, 0 },
        { 0, 1, 2 },
        { 0, 3, 4 }
    };
    long double E22[3][3] = {
        { 0, 0, 0 },
        { 0, 5, 6 },
        { 0, 7, 8 }
    };
    long double** A = allocate_real_matrix(1, n, 1, n);
    long double** B = allocate_real_matrix(1, n, 1, n);
    long double** AB = allocate_real_matrix(1, n, 1, n);
    long double** BA = allocate_real_matrix(1, n, 1, n);
    long double** D = allocate_real_matrix(1, 2, 1, 2);
    long double** E = allocate_real_matrix(1, 2, 1, 2);
    long double** DE = allocate_real_matrix(1, 2, 1, 2);
    long double** ED = allocate_real_matrix(1, 2, 1, 2);
    long double** DI = allocate_real_matrix(1, 2, 1, 2);
    long double** EI = allocate_real_matrix(1, 2, 1, 2);
    long double** DEI = allocate_real_matrix(1, 2, 1, 2);
    long double** DIEI = allocate_real_matrix(1, 2, 1, 2);
    unsigned int s = rand() % 25 + 1;
    _Lcomplex** cA = CreateComplexMatrix(n, m);
    _Lcomplex** cB = CreateComplexMatrix(m, p);
    _Lcomplex** cU = CreateUnitaryMatrix();
    _Lcomplex** cOmega = CreateComplexMatrix(n, n);
    _Lcomplex** cAj = allocate_complex_matrix(1, m, 1, n);
    _Lcomplex** cBj = allocate_complex_matrix(1, p, 1, m);
    _Lcomplex** cUj = allocate_complex_matrix(1, 2, 1, 2);
    _Lcomplex** cAB = allocate_complex_matrix(1, n, 1, p);
    _Lcomplex** cABj = allocate_complex_matrix(1, p, 1, n);
    _Lcomplex** cBjAj = allocate_complex_matrix(1, p, 1, n);
    _Lcomplex** cUjOmega = allocate_complex_matrix(1, 2, 1, 2);
    _Lcomplex** cUjOmegaU = allocate_complex_matrix(1, 2, 1, 2);
    _Lcomplex** cUUj = allocate_complex_matrix(1, 2, 1, 2);

    ofstream ofile;

    ofile.open("CommumtatorResults.txt",
        ofstream::ate | ostream::trunc);
    
    srand(s);
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    for (int i = 1; i <= n; i++)
        for (int j = 1; j <= n; j++)
            A[i][j] = A33[i][j];

    for (int i = 1; i <= n; i++)
        for (int j = 1; j <= n; j++)
            B[i][j] = B33[i][j];

    PrintMatrix("Matrix A:", A, n, n, ofile);
    PrintMatrix("Matrix B:", B, n, n, ofile);
    Commutator(A, B, AB, n);
    PrintMatrix(
        "Commutator:", AB, n, n, ofile);
    AntiCommutator(A, B, AB, n);
    PrintMatrix(
        "Anti-commutator:", AB, n, n, ofile);
    cMatMul(cA, cB, cAB, n, m, p);
    Adjoint(cA, cAj, n, m);
    Adjoint(cB, cBj, m, p);
    Adjoint(cAB, cABj, n, p);
    cMatMul(cBj, cAj, cBjAj, p, m, n);
    cPrintMatrix("Matrix A:", cA, n, m, ofile);
    cPrintMatrix("Matrix B:", cB, m, p, ofile);
    cPrintMatrix("Matrix AB:", cAB, n, p, ofile);
    cPrintMatrix("Matrix A-Adjoint:", cAj, m, n, ofile);
    cPrintMatrix("Matrix B-Adjoint:", cBj, p, m, ofile);
    cPrintMatrix("Matrix AB-Adjoint:", cABj, p, n, ofile);
    cPrintMatrix("Matrix B-Adjoint A-Adjoint:", cBjAj, p, n, ofile);
    bool equal = true;

    for (int i = 1; equal && i <= n; i++)
    {
        for (int j = 1; equal && j <= m; j++)
        {
            bool ereal = fabsl(cABj[i][j]._Val[0] -
                cBjAj[i][j]._Val[0]) < 1.0e-10;
            bool eimag = fabsl(cABj[i][j]._Val[1] -
                cBjAj[i][j]._Val[1]) < 1.0e-10;
            equal = ereal && eimag;
        }
    }
    
    if (equal)
        ofile << "Complex adjoints are equal" << endl << endl;
    else
        ofile << "Complex adjoints are not equal" << endl << endl;
    
    ofile << "Example 1.8\n\n";
    cU = CreateUnitaryMatrix();
    Adjoint(cU, cUj, 2, 2);
    cMatMul(cUj, cOmega, cUjOmega, 2, 2, 2);
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    cMatMul(cU, cUj, cUUj, 2, 2, 2);
    cMatMul(cUjOmega, cU, cUjOmegaU, 2, 2, 2);
    cPrintMatrix("Matrix U:", cU, 2, 2, ofile);
    cPrintMatrix("Matrix U-Adjoint:", cUj, 2, 2, ofile);
    cPrintMatrix("Matrix U U-Adjoint:", cUUj, 2, 2, ofile);
    cPrintMatrix("Matrix Omega:", cOmega, 2, 2, ofile);
    cPrintMatrix("Matrix U-Adjoint Omega U:", cUjOmegaU, 2, 2, ofile);
    
    ofile << "Trace Omega.Real        = ";
    ofile << cTrace(cOmega, 2)._Val[0] << endl;
    ofile << "Trace Omega.Imag        = ";
    ofile << cTrace(cOmega, 2)._Val[1] << endl;
    ofile << "Trace U-a Omega U.Real  = ";
    ofile << cTrace(cUjOmegaU, 2)._Val[0] << endl;
    ofile << "Trace U-a Omega U.Imag  = ";
    ofile << cTrace(cUjOmegaU, 2)._Val[1] << endl;
    ofile << endl;

    for (int i = 1; i <= 2; i++)
        for (int j = 1; j <= 2; j++)
            D[i][j] = D22[i][j];

    for (int i = 1; i <= 2; i++)
        for (int j = 1; j <= 2; j++)
            E[i][j] = E22[i][j];

    Inverse2x2(D, DI);
    Inverse2x2(E, EI);
    MatMul(D, E, DE, 2, 2, 2);
    Inverse2x2(DE, DEI);
    MatMul(DI, EI, DIEI, 2, 2, 2);

    ofile << "Exercise 1.4 b.\n\n";
    PrintMatrix("Matrix D:", D, 2, 2, ofile);
    PrintMatrix("Matrix E:", E, 2, 2, ofile);
    PrintMatrix("Matrix D-Inverse:", DI, 2, 2, ofile);
    PrintMatrix("Matrix E-Inverse:", EI, 2, 2, ofile);
    PrintMatrix("Matrix D-Inverse Times E-Inverse:",
        DIEI, 2, 2, ofile);
    PrintMatrix("Matrix DE-Inverse:", DEI, 2, 2, ofile);

    ofile.close();

    free_real_matrix(A, 1, n, 1);
    free_real_matrix(B, 1, n, 1);
    free_real_matrix(AB, 1, n, 1);
    free_real_matrix(BA, 1, n, 1);
    free_real_matrix(D, 1, 2, 1);
    free_real_matrix(E, 1, 2, 1);
    free_real_matrix(DE, 1, 2, 1);
    free_real_matrix(ED, 1, 2, 1);
    free_real_matrix(DI, 1, 2, 1);
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    free_real_matrix(EI, 1, 2, 1);
    free_real_matrix(DEI, 1, 2, 1);
    free_real_matrix(DIEI, 1, 2, 1);
    free_complex_matrix(cA, 1, n, 1);
    free_complex_matrix(cB, 1, m, 1);
    free_complex_matrix(cAj, 1, m, 1);
    free_complex_matrix(cBj, 1, p, 1);
    free_complex_matrix(cUj, 1, 2, 1);
    free_complex_matrix(cAB, 1, n, 1);
    free_complex_matrix(cABj, 1, m, 1);
    free_complex_matrix(cBjAj, 1, m, 1);
    free_complex_matrix(cUUj, 1, 2, 1);
    free_complex_matrix(cOmega, 1, 2, 1);
    free_complex_matrix(cUjOmega, 1, 2, 1);
    free_complex_matrix(cUjOmegaU, 1, 2, 1);
}


