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APPENDIX A 

CODING 

 This Appendix details the programs used for analysis during simulation and the star identification 

algorithm codes themselves. First, it is important to mention that the Hipparcos star catalog used in the 

analysis was downloaded from ESA [55] in its original format as a text document. This text document was 

converted to a MATLAB structured variable for ease of use in programming and extraction of information. 

The feature lists were constructed into *.MAT files as structured arrays that contain information of the stars 

used in each pattern and the features between them.  

I. Simulation Codes 

 This section contains the codes for the main simulation run program. It outlines the various sub-

functions used to generate star fields and spot list inputs to the identification algorithm programs. These 

programs were all developed in MATLAB. 

A. Simulation Main 

Star Identification Simulation Module 

 

%Simulation program to test computation speed and accuracy of star 

%identification algorithms. This program creates a simulated star image 

%from ECI coordinates given by the 1991 Hipparcos Catalog. The positions of 

%these stars have been updated to correspond to current star positions as 

%of 2012. Based on a field of view (FOV) and a visual magnitude threshold 

%(Mag_Cut) given by the USER, the Catalog is broken into Featurelists, and 

%based on a given initial attitude vector (ViewVec) provided by the USER, 

%the simulation gives a sampled sky image for processing. 

% 

%After an image has been created, 6 identification methods process the 

%image and attempt to identify all spots found to what their corresponding 

%Hipparcos number ought to be. 

% 

%The simulation program will output a SimAnsM#.mat file into the Current 

%Folder of MatLab which contains 6 structured arrays holding all statistics 

%of each algorithm. The statistics are ordered in the following: 

% 

% Catalog Estimate - Centroid Error - # fake spots - Ave. RCValue - Ave. 

% Quality - Ave. % of failed solutions - Ave. % false identifications - 

% Profiler Statistics 

% 

%This Simulation Module requires the following *.m files and *.mat files to 

%exist in the Current Folder: 

% 
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% HIP_ALL.mat, CompDual_Feature_Extract.m, Triad_Feature_Extrac.m, 

% CompTriad_Feature_Extract.m, Pyramid_Feature_Extract.m, View_to_Quat.m, 

% FOV_star_generator.m, Camera_Ref_Frame.m, getTwoStar_ID.m, 

% getThreeStar_ID.m, getThreeStarVote_ID.m, getCompThreeStar_ID.m, 

% getPyramid_ID.m, getCompPyramid_ID.m, Voting_Algorithm.m, IDAccuracy.m, 

% rotateVector.m 

% 

%Created by: Steven Bratt 

% 

%User Inputs: 

% 

% Mag_Cut: The visual magnitude threshold to truncate the Hipparcos Catalog 

% FOV:     The full field of view of the desired simulated camera image 

%          (circular camera view) 

% ViewVec: Initial attitude (given in Deg) based on right ascension and 

%          declination 

% rot:     Number of degrees to rotate image 

% IA:      (Optional) Will truncate the Featurelists to 1 FOV of an 

%          initial attitude 

% ecen:    Centroiding error constraint (rad). Determines amount of 

%          physical error to input in creating the image. For an Aptina 

%          camera, 1 mrad = 3.438 arcmins, or 3.3E-4 rad per pixel 

% ecat:    Catalog estimate (rad). Determines tolerance on searching the 

%          Catalog and Featurelists for identification. 

% Nfake:   Number of false spots, or false stars, to include in the image. 

%          Allocation of these spots will be randomized. 

% MRSS:    The minimum required number of stars for a desired solution. 

% n_iter:  The number of iterations to make per run. A run will be 1 ecen, 

%          1 ecat, and 1 Nfake. (i.e. If ecen = [1:2]*(3.3*10.^[-4,-3], 

%          ecat = 15*10^-3, Nfake = 0, and n_iter = 2, the simulation will 

%          run 2 times per ecen, and a total of 6 runs. 

% 

%Input Example: 

% 

% Mag_Cut = 4;        %Star brightness value cutoff 

% FOV     = 50;       %Radius of FOV [DEG] 

% ViewVec = [187 54]; %Initial Attitude Vector [Deg] (Big Dipper) 

% rot     = 90;       %Rotational image angle [Deg] 

% IA      = [180 57]; %Estimated Initial Attitude Vector 

% 

% ecen  = [1]*(3.3*10.^[-4]);  %Error boundary in Centroid position [Rad] 

%                               (1 pixel error) 

% ecat  = [15]*10.^[-3];       %Error boundary in Catalog search [Rad] 

% Nfake = 2;                   %Number of False Spots to place in Camera Frame 

% MRSS  = 4;                   %Minimum required stars for a solution 

% 

% n_iter = 10;    %Number of iterations to run for Probability of Error 

 

Initialize 

 

close all; clear all; clc; 

profile off 

 

USER INPUTS 

 

Mag_Cut = 3.5;      %Star brightness value cutoff 
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FOV     = 50;       %Radius of FOV [DEG] 

 

ViewVec = [187 54]; %Initial Attitude Vector [Deg] (Big Dipper) 

rot     = 90;       %Rotational image angle [Deg] 

IA      = [];       %Estimated Initial Attitude Vector 

 

ecen  = [1:3]*(3.3*10.^[-4]); %Error boundary in Centroid position [Rad] 

ecat  = [1:5]*10.^[-3];       %Error boundary in Catalog search [Rad] 

Nfake = [0:3];                %Number of False Spots to place in Camera Frame 

MRSS  = 4;                    %Minimum required stars for a solution 

 

n_iter = 1;         %Number of iterations to run for Probability of Error 

 

INPUT CHECK 

 

% Date Folder to save output 

dirDate = datestr(now(),'mmmdd-yy-HH_MM'); 

if ~exist(dirDate,'dir') 

    mkdir(dirDate); 

end 

 

%Initial Parameters 

n1 = length(ecat); 

n2 = length(ecen); 

n3 = length(Nfake); 

 

%Randomized Line of Sight of camera (If no View Vector is inputted) 

if isempty(ViewVec) && isempty(IA) 

 

    NumViews = 100; 

 

    RA      = 0+(360-0).*rand(NumViews,1); 

    Dec     = -90+(180).*rand(NumViews,1); 

    ViewVec = [RA Dec]; 

    rot     = 0+(360).*rand(NumViews,1); 

    n4      = NumViews; 

 

else 

     n4 = 1; 

end 

 

%Parameters for waitbar 

I  = 0;                    %Counter for waitbar 

II = n1*n2*n3*n_iter*n4;   %Waitbar limit 

 

DATA PROCESSING 

GET Catalogs and Feature Lists 

 

if exist(['HIP_',num2str(Mag_Cut),'.mat'],'file') == 2 

 

    catalog = load(['HIP_',num2str(Mag_Cut),'.mat']); 

 

elseif Mag_Cut <= 6 && Mag_Cut >= 1 

 

    fprintf('\nCreating new tables for mag. %g stars\n',Mag_Cut) 
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    mc   = ceil(Mag_Cut); 

    cata = load(['HIP_',num2str(mc),'.mat']); 

    ii   = [cata.cat.Mag] <= 3.5; 

    cat  = cata.cat(ii); 

 

    save(['HIP_',num2str(Mag_Cut),'.mat'],'cat') 

    catalog = load(['HIP_',num2str(Mag_Cut),'.mat']); 

 

else 

    error('Mag_Cut outside permisible range.') 

end 

 

%Develop/Create Feature List Database 

CompDual_Feature_Extract(Mag_Cut,FOV) 

Triad_Feature_Extract(Mag_Cut,FOV) 

CompTriad_Feature_Extract(Mag_Cut,FOV) 

Pyramid_Feature_Extract(Mag_Cut,FOV) 

 

%Load in Feature Lists 

featurelist1      = load(['CompDuelStar_M',num2str(Mag_Cut),'_F',num2str(FOV),'.mat']); 

featurelist2      = load(['TriadStar_M',num2str(Mag_Cut),'_F',num2str(FOV),'.mat']); 

featurelist3      = load(['CompTriadStar_M',num2str(Mag_Cut),'_F',num2str(FOV),'.mat']); 

featurelist4.feat = featurelist3.feat; 

featurelist5      = load(['PyramidStar_M',num2str(Mag_Cut),'_F',num2str(FOV),'.mat']); 

featurelist6.feat = featurelist5.feat; 

featurelist7.feat = featurelist5.feat; 

featurelist8.feat = featurelist5.feat; 

 

If Given An Initial Attitude ------------------------------------------- 

 

if ~isempty(IA) 

 

    k = 0; 

    IA = [cosd(IA(1))*cosd(IA(2))... X [rad] 

          sind(IA(1))*cosd(IA(2))... Y [rad] 

          sind(IA(2))];             %Z [rad] 

 

    fov   = FOV*pi/180; 

    [~,n] = size(catalog.cat); 

 

    for i = 1:n 

 

        angle = acos(dot(catalog.cat(i).XYZ,IA)); 

 

        if angle <= fov 

 

            k        = k+1; 

            index(k) = catalog.cat(i).HipID; 

 

        end 

    end 

 

    %Two Star w/ Voting 

    featurelist1.feat = featurelist1.feat(ismember([featurelist1.feat.HipID1],index)); 

    featurelist1.feat = featurelist1.feat(ismember([featurelist1.feat.HipID2],index)); 
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    %Three Star 

    featurelist2.feat = featurelist2.feat(ismember([featurelist2.feat.HipID1],index)); 

    featurelist2.feat = featurelist2.feat(ismember([featurelist2.feat.HipID2],index)); 

    featurelist2.feat = featurelist2.feat(ismember([featurelist2.feat.HipID3],index)); 

 

    %Three Star w/ Voting 

    featurelist3.feat = featurelist3.feat(ismember([featurelist3.feat.HipID1],index)); 

    featurelist3.feat = featurelist3.feat(ismember([featurelist3.feat.HipID2],index)); 

    featurelist3.feat = featurelist3.feat(ismember([featurelist3.feat.HipID3],index)); 

 

    featurelist4.feat = featurelist3.feat; 

 

    %Pyramid 

    featurelist5.feat = featurelist5.feat(ismember([featurelist5.feat.HipID1],index)); 

    featurelist5.feat = featurelist5.feat(ismember([featurelist5.feat.HipID2],index)); 

    featurelist5.feat = featurelist5.feat(ismember([featurelist5.feat.HipID3],index)); 

 

    featurelist6.feat = featurelist5.feat; 

 

    featurelist7.feat = featurelist5.feat; 

 

    featurelist8.feat = featurelist5.feat; 

end 

 

%-------------------------------------------------------------------------- 

 

fprintf('Tables created\n\n') 

 

Star Selection Based on FOV and Attitude (ViewVec) 

 

fprintf('** Probability of Error in Progress...\n') 

handle = waitbar(0,'Testing in progress...','Name','Simulation Testing'); 

ProfStats(n4,1) = struct('data',[],'View',[],'Method',[]); 

 

for m = 1:n4 

 

    profile on 

    [q,R] = View_to_Quat(ViewVec(m,:),rot(m));        %Finds quaternion and rotation matrix 

    [Sky] = FOV_star_generator(ViewVec,Mag_Cut,FOV);  %Selects stars w/in view 

 

ID Methods, Probability of Error, and Statistics 

 

    index = 0; 

    Prob1 = zeros(n1*n2*n3,7); 

    Prob2 = Prob1; 

    Prob3 = Prob1; 

    Prob4 = Prob1; 

    Prob5 = Prob1; 

    Prob6 = Prob1; 

    Prob7 = Prob1; 

    Prob8 = Prob1; 

 

    for i = 1:n1                        %Run to last entry of ecat 

        for j = 1:n2                    %Run to last entry of ecen 

            for k = 1:n3                %Run to last entry of Nfake 
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                ProbE1 = zeros(n_iter,5); 

                ProbE2 = ProbE1; 

                ProbE3 = ProbE1; 

                ProbE4 = ProbE1; 

                ProbE5 = ProbE1; 

                ProbE6 = ProbE1; 

                ProbE7 = ProbE1; 

                ProbE8 = ProbE1; 

 

                for iterate = 1:n_iter  %Run for # of desired iterations 

 

                    %Body Frame 

                    [spotlist]        = Camera_Ref_Frame(Sky,R,Nfake(k),ecen(j)); 

 

                    %Two Star Method with Voting 

                    [starID,~]        = getTwoStar_ID(catalog,featurelist1,spotlist,ecat(i)); 

                    [stats,~]         = IDAccuracy(starID,Sky,MRSS); 

                    ProbE1(iterate,:) = [stats.RCvalue stats.quality stats.NoSol stats.PercFalse stats.EmptySol]; 

 

                    %Liebe Three Star Method 

                    [starID,~]        = getThreeStar_ID(catalog,featurelist2,spotlist,ecat(i)); 

                    [stats,~]         = IDAccuracy(starID,Sky,MRSS); 

                    ProbE2(iterate,:) = [stats.RCvalue stats.quality stats.NoSol stats.PercFalse stats.EmptySol]; 

 

                    %Liebe Three Star Method with Voting 

                    [starID,~]        = getThreeStarVote_ID(catalog,featurelist3,spotlist,ecat(i)); 

                    [stats,~]         = IDAccuracy(starID,Sky,MRSS); 

                    ProbE3(iterate,:) = [stats.RCvalue stats.quality stats.NoSol stats.PercFalse stats.EmptySol]; 

 

                    %Comprehensive Three Star Method with Voting (Bratt's Method) 

                    [starID,~]        = getCompThreeStar_ID(catalog,featurelist4,spotlist,ecat(i)); 

                    [stats,~]         = IDAccuracy(starID,Sky,MRSS); 

                    ProbE4(iterate,:) = [stats.RCvalue stats.quality stats.NoSol stats.PercFalse stats.EmptySol]; 

 

                    %Mortari's Pyramid Method 

                    [starID,~]        = getPyramid_ID(catalog,featurelist5,spotlist,ecat(i)); 

                    [stats,~]         = IDAccuracy(starID,Sky,MRSS); 

                    ProbE5(iterate,:) = [stats.RCvalue stats.quality stats.NoSol stats.PercFalse stats.EmptySol]; 

 

                    %Comprehensive Pyramid Method 

                    [starID,~]        = getCompPyramid_ID(catalog,featurelist6,spotlist,ecat(i)); 

                    [stats,~]         = IDAccuracy(starID,Sky,MRSS); 

                    ProbE6(iterate,:) = [stats.RCvalue stats.quality stats.NoSol stats.PercFalse stats.EmptySol]; 

 

                    %Comp. Mod. Pyramid Method 

                    [starID,~]        = getPyramid_ID_mod(catalog,featurelist7,spotlist,ecat(i)); 

                    [stats,~]         = IDAccuracy(starID,Sky,MRSS); 

                    ProbE7(iterate,:) = [stats.RCvalue stats.quality stats.NoSol stats.PercFalse stats.EmptySol]; 

 

                    %Pyramid with Voting 

                    [starID,~]        = getPyramidVote_ID(catalog,featurelist8,spotlist,ecat(i)); 

                    [stats,~]         = IDAccuracy(starID,Sky,MRSS); 

                    ProbE8(iterate,:) = [stats.RCvalue stats.quality stats.NoSol stats.PercFalse stats.EmptySol]; 

 

                    %Wait bar counter and window 

                    I = I + 1; 
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                    waitbar(I/II,handle,sprintf('Testing in progress...%2.2f %%',I/II*100)) 

 

                end 

 

                %Update Probability of Error for Nfake and ecen 

                index = index + 1; 

                ProfStats(m).Method(1).Prob(index,:) = [ecat(i) ecen(j) Nfake(k) sum(ProbE1,1)/n_iter]; 

                ProfStats(m).Method(2).Prob(index,:) = [ecat(i) ecen(j) Nfake(k) sum(ProbE2,1)/n_iter]; 

                ProfStats(m).Method(3).Prob(index,:) = [ecat(i) ecen(j) Nfake(k) sum(ProbE3,1)/n_iter]; 

                ProfStats(m).Method(4).Prob(index,:) = [ecat(i) ecen(j) Nfake(k) sum(ProbE4,1)/n_iter]; 

                ProfStats(m).Method(5).Prob(index,:) = [ecat(i) ecen(j) Nfake(k) sum(ProbE5,1)/n_iter]; 

                ProfStats(m).Method(6).Prob(index,:) = [ecat(i) ecen(j) Nfake(k) sum(ProbE6,1)/n_iter]; 

                ProfStats(m).Method(7).Prob(index,:) = [ecat(i) ecen(j) Nfake(k) sum(ProbE7,1)/n_iter]; 

                ProfStats(m).Method(8).Prob(index,:) = [ecat(i) ecen(j) Nfake(k) sum(ProbE8,1)/n_iter]; 

 

                ProfStats(m).data = profile('info'); 

                ProfStats(m).View = ViewVec(m,:); 

 

            end 

        end 

    end 

    profile off 

 

end 

 

save([dirDate filesep 'SimAnsM',num2str(Mag_Cut),'run.mat'],'ProfStats') 

delete(handle) 

 

Post Processing 

 

close all;clc 

[SimTime,Table] = SimPostProcess(3.5,ecat,ecen,Nfake); 

 

End of Program. 

 

B. Feature List Creation 

1. Two Star Features List 

function [] = CompDual_Feature_Extract(magcut,FOV) 

 

% S.Bratt Function to create a catalog of dual star features based on an 

% inputed star magnitude cut-off. Creates a list of dot-product angles 

% between two stars. The list is constructed of the HIP numbers of the two 

% stars and the angle between them in radians. 

 

Hiparcos Catalog Parameters 

 

if exist(['CompDuelStar_M',num2str(magcut),'_F',num2str(FOV),'.mat'],'file') == 2 

 

else 

 

     catalog = load(['HIP_',num2str(magcut),'.mat']); 

     N = size(catalog.cat,2); 

 

     if FOV > 10 
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          if magcut > 5 

               fovr = (FOV/4)*pi/180; 

          elseif magcut <= 5 && magcut >= 4 

               fovr = (FOV/3)*pi/180; 

          elseif magcut < 4 && magcut > 3 

               fovr = (FOV/2)*pi/180; 

          elseif magcut <= 3 

               fovr = (FOV)*pi/180; 

          end 

 

     else 

          fovr = FOV*pi/180; 

     end 

 

Feature Extraction 

 

     %Initial parameters 

     feat(10000000,1) = struct('HipID1',[],'HipID2',[],'theta1',[]); 

     L    = 0; 

 

     handle = waitbar(0,'Initializing...'); 

 

     %Feature creation 

     for j = 1:N-1 

 

          Hip1   = catalog.cat(j).HipID; %Cooresponding HIP# to vector A 

          A      = catalog.cat(j).XYZ;   %Desired vector for comparison 

 

          for i = j+1:N 

 

               %Retrieve 2nd vector 

               B = catalog.cat(i).XYZ; 

 

               %Find angle between desired vector and 2nd vector 

               theta1 = acos(dot(A,B)); %[rad] 

 

               if theta1 <= fovr 

                    Hip2  = catalog.cat(i).HipID; 

 

                    %Update counter 

                    L   = L + 1; 

 

                    %Incremented Feature Table 

                    feat(L).HipID1 = Hip1; 

                    feat(L).HipID2 = Hip2; 

                    feat(L).theta1 = theta1; 

 

               end 

          end 

 

          waitbar(j/(N-1),handle,sprintf('Building Two Star Feature Table...%2.1f %%',j/(N-1)*100)) 

 

     end 

 

     feat = feat(1:L); 
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     delete(handle) 

 

     %Exporting Feature Table to *.MAT file 

     save(['CompDuelStar_M',num2str(magcut),'_F',num2str(FOV),'.mat'],'feat','-v6') 

 

end 

 

End of Program. 

 

End 

 

2. Liebe Feature List 

function [] = Triad_Feature_Extract(magcut,FOV) 

 

% S.Bratt Function to create a catalog of triad feature based on an 

% inputed star magnitude cut-off. Creates a list dot-product angles between 

% a star and the next two CLOSEST stars. Also finds the interior 

% dot-product angle between those three stars. 

 

Hiparcos Catalog Parameters 

 

if exist(['TriadStar_M',num2str(magcut),'_F',num2str(FOV),'.mat'],'file') == 2 

 

else 

 

    catalog = load(['HIP_',num2str(magcut),'.mat']); 

    N = size(catalog.cat,2); 

 

Feature Extraction 

 

    %Initial parameters 

    handle = waitbar(0,'Initializing...'); 

    feat(10000000,1) = struct('HipID1',[],'HipID2',[],'HipID3',[],'theta1',[],'theta2',[],'phi',[]); 

 

    %Feature creation 

    for j = 1:N 

 

        A      = catalog.cat(j).XYZ;    %Desired vector for comparison 

        B      = 0;             %Initialize 2nd vector 

        C      = 0;             %Initialize 3rd vector 

        Hip1   = catalog.cat(j).HipID;      %Cooresponding HIP# to vector A 

        Hip2   = 0;             %Initialize 2nd HIP# 

        Hip3   = 0;             %Initialize 3rd HIP# 

        theta1 = 360;           %Initialize 1st angle 

        theta2 = 360;           %Initialize 2nd angle 

 

        for i = 1:N 

            %Retrieve 2nd vector 

            NewXYZ = catalog.cat(i).XYZ; 

 

            if NewXYZ ~= A; 

                %Find angle between desired vector and 2nd vector 

                theta = acos(dot(A,NewXYZ)); 
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                %Compare and update angles 

                if theta1 < theta && theta < theta2 

 

                    theta2 = theta; 

                    Hip3   = catalog.cat(i).HipID; 

                    C      = NewXYZ; 

 

                elseif theta < theta1 

 

                    theta2 = theta1; 

                    theta1 = theta; 

                    Hip3   = Hip2; 

                    Hip2   = catalog.cat(i).HipID; 

                    C      = B; 

                    B      = NewXYZ; 

 

                end 

            end 

        end 

 

        %Interior vectors and magnitudes 

        Vec1 = B-A; 

        Vec2 = C-A; 

        v1   = sqrt(Vec1(1)^2+Vec1(2)^2+Vec1(3)^2); 

        v2   = sqrt(Vec2(1)^2+Vec2(2)^2+Vec2(3)^2); 

 

        %Find interior angle 

        phi = acos(dot(Vec1,Vec2)/(v1*v2)); 

 

        if theta1 > theta2 

             ang1 = theta2; 

             ang2 = theta1; 

             Hiparc2 = Hip3; 

             Hiparc3 = Hip2; 

        else 

             ang1 = theta1; 

             ang2 = theta2; 

             Hiparc2 = Hip2; 

             Hiparc3 = Hip3; 

        end 

 

        %Incremented Feature Table 

        feat(j).HipID1 = Hip1; 

        feat(j).HipID2 = Hiparc2; 

        feat(j).HipID3 = Hiparc3; 

        feat(j).theta1 = ang1; 

        feat(j).theta2 = ang2; 

        feat(j).phi    = phi; 

 

        waitbar(j/N,handle,sprintf('Building Three Star Feature Table...%2.1f %%',j/N*100)) 

 

    end 

 

    feat = feat(1:j); 

 

    delete(handle) 
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    %Exporting Feature Table to Data file 

    save(['TriadStar_M',num2str(magcut),'_F',num2str(FOV),'.mat'],'feat','-v6') 

 

end 

 

End of Program. 

 

End 

 

3. Liebe with Voting and Brätt Feature List 

function [] = CompTriad_Feature_Extract(magcut,FOV) 

 

% Comprehensive Tried Feature Extraction based on a magnitude threshold and 

% radius of FOV (field of view). 

 

Hiparcos Catalog Parameters 

 

if exist(['CompTriadStar_M',num2str(magcut),'_F',num2str(FOV),'.mat'],'file') == 2 

 

else 

 

    catalog = load(['HIP_',num2str(magcut),'.mat']); 

    N = size(catalog.cat,2); 

 

     if FOV > 10 

 

          if magcut > 5 

               fovr = (FOV/4)*pi/180; 

          elseif magcut <= 5 && magcut >= 4 

               fovr = (FOV/3)*pi/180; 

          elseif magcut < 4 && magcut > 3 

               fovr = (FOV/2)*pi/180; 

          elseif magcut <= 3 

               fovr = (FOV)*pi/180; 

          end 

 

     else 

          fovr = FOV*pi/180; 

     end 

 

Feature Extraction 

 

    %Initial Parameters 

    feat(10000000,1) = struct('HipID1',[],'HipID2',[],'HipID3',[],... 

                              'theta1',[],'theta2',[],'phi',[]); 

 

    handle = waitbar(0,'Initializing...'); 

    L      = 0; 

 

    for i = 1:N 

 

        Hip1 = catalog.cat(i).HipID; 

        A    = catalog.cat(i).XYZ; 
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        for j = 1:N 

 

            if j ~= i 

 

                Hip2   = catalog.cat(j).HipID; 

                B      = catalog.cat(j).XYZ; 

                theta1 = acos(dot(A,B)); 

 

                if theta1 <= fovr 

 

                    for k = 1:N 

 

                        if k ~= i && k > j 

 

                            Hip3   = catalog.cat(k).HipID; 

                            C      = catalog.cat(k).XYZ; 

                            theta2 = acos(dot(A,C)); 

 

                            if theta2 <= fovr 

 

                                Vec1   = B-A; 

                                Vec2   = C-A; 

                                v1     = sqrt(Vec1(1)^2+Vec1(2)^2+Vec1(3)^2); 

                                v2     = sqrt(Vec2(1)^2+Vec2(2)^2+Vec2(3)^2); 

 

                                phi    = acos(dot(Vec1,Vec2)/(v1*v2)); 

 

                                if theta1 > theta2 

                                     ang1 = theta2; 

                                     ang2 = theta1; 

                                     Hiparc2 = Hip3; 

                                     Hiparc3 = Hip2; 

                                else 

                                     ang1 = theta1; 

                                     ang2 = theta2; 

                                     Hiparc2 = Hip2; 

                                     Hiparc3 = Hip3; 

                                end 

 

                                %Incremented Feature Table 

                                L = L + 1; 

                                feat(L).HipID1 = Hip1; 

                                feat(L).HipID2 = Hiparc2; 

                                feat(L).HipID3 = Hiparc3; 

                                feat(L).theta1 = ang1; 

                                feat(L).theta2 = ang2; 

                                feat(L).phi    = phi; 

 

                            end 

                        end 

                    end 

                end 

            end 

        end 

 

        waitbar(i/N,handle,sprintf('Building Comp. Three Star Table...%2.1f %%',i/N*100)) 
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    end 

 

    feat = feat(1:L); 

 

    delete(handle) 

 

    %Exporting Feature Table to Data file 

    save(['CompTriadStar_M',num2str(magcut),'_F',num2str(FOV),'.mat'],'feat','-v6') 

 

end 

 

End of Program. 

 

end 

4. All Pyramid Feature Lists 

function [] = Pyramid_Feature_Extract(magcut,FOV) 

 

if exist(['PyramidStar_M',num2str(magcut),'_F',num2str(FOV),'.mat'],'file') == 2 

 

else 

 

     catalog = load(['HIP_',num2str(magcut),'.mat']); 

     N = size(catalog.cat,2); 

 

     if FOV > 10 

 

          if magcut > 5 

               fovr = (FOV/4)*pi/180; 

          elseif magcut <= 5 && magcut >= 4 

               fovr = (FOV/3)*pi/180; 

          elseif magcut < 4 && magcut > 3 

               fovr = (FOV/2)*pi/180; 

          elseif magcut <= 3 

               fovr = (FOV)*pi/180; 

          end 

 

     else 

          fovr = FOV*pi/180; 

     end 

 

Feature Extraction 

 

     feat(1000000,1) = struct('HipID1',[],'HipID2',[],'HipID3',[],... 

                               'theta1',[],'theta2',[],'theta3',[],... 

                               'phi1',[],'phi2',[],'phi3',[]); 

 

     handle = waitbar(0,'Initializing...'); 

     L      = 0; 

 

     for i = 1:N-2 

 

          Hip1 = catalog.cat(i).HipID; 

          A    = catalog.cat(i).XYZ; 
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          for j = i+1:N-1 

 

               Hip2   = catalog.cat(j).HipID; 

               B      = catalog.cat(j).XYZ; 

               theta1 = acos(dot(A,B)); 

 

               if theta1 <= fovr 

 

                    for k = j+1:N 

 

                         Hip3   = catalog.cat(k).HipID; 

                         C      = catalog.cat(k).XYZ; 

                         theta2 = acos(dot(A,C)); 

                         theta3 = acos(dot(B,C)); 

 

                         if theta2 <= fovr 

 

                              V12 = B-A; 

                              V13 = C-A; 

                              V23 = C-B; 

 

                              v12 = sqrt(V12(1)^2+V12(2)^2+V12(3)^2); 

                              v13 = sqrt(V13(1)^2+V13(2)^2+V13(3)^2); 

                              v23 = sqrt(V23(1)^2+V23(2)^2+V23(3)^2); 

 

                              phi1 = acos(dot(V12,V13)/(v12*v13)); 

                              phi2 = acos(dot(V12,V23)/(v12*v23)); 

                              phi3 = acos(dot(V13,V23)/(v13*v23)); 

 

                              if theta1 < theta2 && theta1 < theta3 

                                   if theta2 < theta3 

                                        H1 = Hip1;   H2 = Hip2;   H3 = Hip3; 

                                        T1 = theta1; T2 = theta2; T3 = theta3; 

                                        P1 = phi1;   P2 = phi2;   P3 = phi3; 

                                   else 

                                        H1 = Hip2;   H2 = Hip1;   H3 = Hip3; 

                                        T1 = theta1; T2 = theta3; T3 = theta2; 

                                        P1 = phi1;   P2 = phi3;   P3 = phi2; 

                                   end 

                              elseif theta2 < theta1 && theta2 < theta3 

                                   if theta1 < theta3 

                                        H1 = Hip1;   H2 = Hip3;   H3 = Hip2; 

                                        T1 = theta2; T2 = theta1; T3 = theta3; 

                                        P1 = phi2;   P2 = phi1;   P3 = phi3; 

                                   else 

                                        H1 = Hip3;   H2 = Hip1;   H3 = Hip2; 

                                        T1 = theta2; T2 = theta3; T3 = theta1; 

                                        P1 = phi2;   P2 = phi3;   P3 = phi1; 

                                   end 

                              elseif theta3 < theta1 && theta3 < theta2 

                                   if theta1 < theta2 

                                        H1 = Hip2;   H2 = Hip3;   H3 = Hip1; 

                                        T1 = theta3; T2 = theta1; T3 = theta2; 

                                        P1 = phi3;   P2 = phi1;   P3 = phi2; 

                                   else 
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                                        H1 = Hip3;   H2 = Hip2;   H3 = Hip1; 

                                        T1 = theta3; T2 = theta2; T3 = theta1; 

                                        P1 = phi3;   P2 = phi2;   P3 = phi1; 

                                   end 

                              end 

 

                              L = L + 1; 

 

                              feat(L).HipID1 = H1; 

                              feat(L).HipID2 = H2; 

                              feat(L).HipID3 = H3; 

                              feat(L).theta1 = T1; 

                              feat(L).theta2 = T2; 

                              feat(L).theta3 = T3; 

                              feat(L).phi1   = P1; 

                              feat(L).phi2   = P2; 

                              feat(L).phi3   = P3; 

 

                         end 

                    end 

               end 

          end 

          waitbar(i/N,handle,sprintf('Building Comp. Pyramid Star Table...%2.1f %%',i/N*100)) 

     end 

 

     feat = feat(1:L); 

 

     delete(handle) 

 

     %Exporting Feature Table to Data file 

     save(['PyramidStar_M',num2str(magcut),'_F',num2str(FOV),'.mat'],'feat','-v6') 

 

end 

 

End of Program. 

 

end 

 

C. Body to ECI Rotation 

function [q,R] = View_to_Quat_mod(ViewVec,rot) 

 

%Function for obtaining a rotation matrix and rotation quaternion based on 

%a given camera viewing vector. The Z-axis is in line with the bore-sight 

%of the camera. This function to be used in conjunction with Parent 

%Function: StarSimProgram.m 

% 

%Created by: Steven Bratt 

% 

% Input: 

%       ViewVec - Vector of Right Ascension [Deg], and Declination [Deg] 

%                 from horizon 

%       rot     - Angle by which to rotate vectors (right hand rotation 

%                 viewed from XY-plane) [Deg] 

% 

% Outputs: 
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%       q       - Quaternion Rotation for coordinate transformation. The 

%                 quaternion is [q0 q1 q2 q3] with q0 being the angle of 

%                 rotation about the quaternion axis. 

% 

%       R       - Rotation matrix from ECI to the Body Coordinate System. 

%                 Rotation is a ZXZ rotation. 

% 

% Example: 

% 

%       ViewVec = [188 54]; %[Deg] 

%       rot     = [90];     %[Deg] 

%       [q,R]   = View_to_Quat(ViewVec,rot); 

% 

 

Calculations 

 

%Input Check 

if length(ViewVec) ~= 2 

    error('Incorrect [ViewVec] variable length. Must be length 2.') 

elseif isnumeric(ViewVec) ~= 1 

    error('[ViewVec] must be a rational numeric vector variable.') 

elseif isnumeric(rot) ~= 1 || length(rot) ~= 1 

     error('[rot] must be a rational numeric variable of length 1') 

end 

 

%Convert to XYZ 

xyz = [cosd(ViewVec(1))*cosd(ViewVec(2))... X [rad] 

       sind(ViewVec(1))*cosd(ViewVec(2))... Y [rad] 

       sind(ViewVec(2))];                  %Z [rad] 

 

%Obtain Euler Angles 

theta = atan2(xyz(1),-xyz(2)); 

phi   = acos(xyz(3)); 

psi   = -rot*pi/180; 

 

%Construct Rotation Matrix 

c1 = cos(theta); c2 = cos(phi); c3 = cos(psi); 

s1 = sin(theta); s2 = sin(phi); s3 = sin(psi); 

 

R = [c1*c3-c2*s1*s3  -c1*s3-c2*c3*s1   s1*s2 

     c3*s1+c1*c2*s3   c1*c2*c3-s1*s3  -c1*s2 

     s2*s3            c3*s2            c2]; 

 

%Construct Rotation Quaternion 

q = [cos(theta/2)*cos(phi/2)*cos(psi/2)+sin(theta/2)*sin(phi/2)*sin(psi/2) 

     sin(theta/2)*cos(phi/2)*cos(psi/2)-cos(theta/2)*sin(phi/2)*sin(psi/2) 

     cos(theta/2)*sin(phi/2)*cos(psi/2)+sin(theta/2)*cos(phi/2)*sin(psi/2) 

     cos(theta/2)*cos(phi/2)*sin(psi/2)-sin(theta/2)*sin(phi/2)*cos(psi/2)]; 

 

End of Program. 

 

end 

D. Star Field Generator 

function [Sky] = FOV_star_generator(ViewVec,magcut,FOV) 
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% 

% Function for generating a truncated star table based on an 

% initial pointing vector, a magnitude threshold, and a desired field of 

% view. Data is obtained from a modified HIPPARCOS Catalog. Use in 

% conjunction with Parent Function: StarSimProgram.m 

% 

% Created by: Steven Bratt 

% 

%   Input: 

%       ViewVec - Pointing vector in ECI [Deg] 

%       magcut  - Magnitude threshold (Any numeric value between -2 and 13) 

%       FOV     - Desired field of view [Deg] 

% 

%   Output: 

%       Sky - Field of View (FOV) limited star table outputed as 

%             a structured variable 

% 

%   Example: 

%           [Sky] = FOV_star_generator([184 54],4,50) 

%   Result: 

%            Sky 

%               HipID: 

%               XYZ: 

% 

 

INPUTS 

User Inputs 

 

%Boundary Error Check 

if FOV < 10; 

    error('Field of View (FOV) must be at least 10 deg') 

end 

 

%Boundary Error Check 

if -2 > magcut || magcut > 13 

    error('The Magnitude Cutoff value is beyond the bounds of the Database. Input a new Magnitude Cutoff 

value between -2 and 13.') 

end 

 

CALCULATIONS 

 

%Convert to XYZ 

IA = [cosd(ViewVec(1))*cosd(ViewVec(2))... X [rad] 

      sind(ViewVec(1))*cosd(ViewVec(2))... Y [rad] 

      sind(ViewVec(2))];                  %Z [rad] 

 

%Magnitude Thresholding Cutoff 

load(['HIP_',num2str(magcut),'.mat'],'cat'); 

N = size(cat,2); %Number of stars in truncated catalog 

 

Windowing Truncation 

 

%Initial zero matrix for looping speed 

Sky(100,1) = struct('HipID',[],'XYZ',[]); 
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%Dummy counting variable 

L   = 0; 

%Angle of allowance 

ANG = (FOV/2)*(pi/180); 

 

%Loop for duration of Catalog size 

for i = 1:N 

 

    %Calculate dot product angle from a star to IA 

    theta = acos(dot(cat(i).XYZ,IA)); 

 

    %Acceptance criteria 

    if theta <= ANG 

 

        L = L + 1;                      %Update counter 

        Sky(L).HipID = cat(i).HipID;    %Hip # of stars 

        Sky(L).XYZ   = cat(i).XYZ;      %XYZ position of stars 

 

    end 

end 

 

%Selected stars within FOV of ViewVec 

Sky = Sky(1:L); 

 

End of Function. 

 

End 

 

function V = rotateVector(phi,theta,psi,V,direction) 

% Function to rotate coordinate systems given a state vector and euler 

% angles.  (ZXZ Euler Sequence) 

% 

% Created by: David Fowler 

% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%% 

%   input: 

%       phi       - (radians) 

%       theta     - Inclination (radians) 

%       psi       - Argument of Perigee (radians) 

%       V         - Vector (X,Y,Z components) 

%       direction - If equal to 1 it transforms from local to global else 

%                   visa-versa 

%   return: 

%       V         - Rotated Vector (X,Y,Z components) 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%% 

 

cPhi = cos(phi);    cTheta = cos(theta);    cPsi = cos(psi); 

sPhi = sin(phi);    sTheta = sin(theta);    sPsi = sin(psi); 

 

Q_12 = [[cPhi*cPsi-sPhi*cTheta*sPsi, sPhi*cPsi+cPhi*cTheta*sPsi, sTheta*sPsi];... 

    [-cPhi*sPsi-sPhi*cTheta*cPsi, -sPhi*sPsi+cPhi*cTheta*cPsi, sTheta*cPsi];... 

    [sPhi*sTheta, -cPhi*sTheta, cTheta]]; 

 

if direction == 1 
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    V = Q_12' * V; 

else 

    V = Q_12 * V; 

end 

 

end 

 

 

E. Camera and Error Distortion Program 

function [spotlist] = Camera_Ref_Frame(Sky,R,Nfake,ecen) 

 

% Function code for constructing ECI sky images and rotating them into the 

% Camera Body reference frame. Receives 3D vectors and returns 3D vectors 

% that have been rotated and introduces error based on Nfake and ecen. 

% 

% Created by: Steven Bratt 

% 

%   Inputs: 

%       Sky      - Output from FOV_star_generator.m function 

%       R        - Rotation matrix 

%       Nfake    - Number of false spots to be added to image 

%       ecen     - Error tolerance in star/spot Centroiding [rad] 

% 

%   Outputs: 

%       spotlist - Structured array containing 3D vectors of 'spots' 

%                  obtained from 'Sky' that have been randomly shifted 

% 

 

CALCULATIONS 

Data Retrieval and Initial Parameters 

 

%Initial Parameters 

N = size(Sky,1); 

 

Rotation Transform from ECI to Camera Frame 

 

%Initial zero matrix for looping speed 

Spots = zeros(N,4); 

 

%Rotate and index spots 

for i = 1:N 

 

    Spots(i,:)= [i (R*Sky(i).XYZ')']; %Camera Reference Frame [rad] 

 

end 

 

Uniform Random Centroiding Error 

 

%Computer precision limit 

if ecen == 0 

    ecen = 10^-15; 

end 

 

%Input random errors into Spots vectors 

for i = 1:N 
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    a = -ecen; b = ecen; 

 

    phi = a + (b-a).*rand(1); 

    the = a + (b-a).*rand(1); 

    psi = a + (b-a).*rand(1); 

 

    V = rotateVector(phi,the,psi,Spots(i,2:4)',1); 

 

    Spots(i,:) = [Spots(i,1) V']; 

 

end 

 

Guassian Random False Spots 

 

%Randomized location based on given number of false spots 

if Nfake == 0 

else 

 

    %Mean Value of Spots        %Standard Deviation of Spots 

    mu_x = mean(Spots(:,2));    st_x = std(Spots(:,2)); 

    mu_y = mean(Spots(:,3));    st_y = std(Spots(:,3)); 

    mu_z = mean(Spots(:,4));    st_z = std(Spots(:,4)); 

 

    randspots(:,1) = mu_x+st_x*randn(Nfake,1);   %Random x position 

    randspots(:,2) = mu_y+st_y*randn(Nfake,1);   %Random y postion 

    randspots(:,3) = mu_z+st_z*randn(Nfake,1);   %Random z position 

 

    %Indexing of random spots and placement in spotlist 

    randspots = [(N+1:N+Nfake)' randspots]; 

    Spots     = [Spots;randspots]; 

 

end 

 

OUTPUTS/RESULTS 

 

%Initialize structured array 

spotlist(N+Nfake,1) = struct('spot',[],'XYZ',[]); 

 

%Create structured array 

for i = 1:N+Nfake 

    spotlist(i).spot = Spots(i,1); 

    spotlist(i).XYZ  = Spots(i,2:end); 

end 

 

End of Function. 

 

end 

F. ID Accuracy Check 

function [stats,Matrix] = IDAccuracy(starID,Sky,MRSS) 

 

%MRSS: minimum required stars for solution 

 

%Show what?: A full matrix of the spots, votes, Hips, XYZ 
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%            The number of false matches (ID with a neg vote) 

%            Whether or not there was a false ID (ID with a pos vote) 

%            Reliability/Confidence value and Quality of answer 

 

n = length(Sky); 

N = length(starID); 

 

if N > n 

     PAD = zeros(1,N-n); 

else 

     PAD = []; 

end 

 

for i = 1:n 

     if isempty(Sky(i).HipID) 

          Sky(i).HipID = 0; 

     end 

end 

 

Skyz = [Sky.HipID PAD]; 

 

stats = struct('trueID',0,'falseID',0,'neutralID',0,'RCvalue',0,... 

     'quality',0,'PercFalse',0,'NoSol',0,'EmptySol',0); 

 

if sum([starID.votes]>0) == 0 

     stats.trueID    = 0; 

     stats.falseID   = 0; 

     stats.neutralID = 0; 

     stats.PercFalse = 0; 

     stats.NoSol     = 0; 

     stats.EmptySol  = 100; 

elseif sum([starID.HipID]) ~= 0 

 

     for i = 1:N 

 

          %Compare HIP ID from starID to what is in the SKY 

          if isequal( starID(i).HipID , Skyz(i) ) == 1 

 

               stats.trueID  = stats.trueID + 1; 

 

          else 

 

               if starID(i).votes > 0 

 

                    stats.falseID = stats.falseID + 1; 

 

               elseif starID(i).votes <= 0 

 

                    stats.neutralID = stats.neutralID + 1; 

 

               end 

          end 

 

          if i == n 

 

               if stats.trueID < MRSS || sum([stats.falseID]) > 0 
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                    stats.NoSol = 100; 

               else 

                    stats.NoSol = 0; 

               end 

 

          end 

     end 

 

     divider = sum([starID.HipID]~=0); 

     stats.PercFalse = stats.falseID/divider*100; 

 

else 

     stats.trueID    = 0; 

     stats.falseID   = 0; 

     stats.neutralID = 0; 

     stats.PercFalse = 0; 

     stats.NoSol     = 0; 

     stats.EmptySol  = 100; 

end 

 

Reliability/Confidence and Quality of votes 

 

%sum of votes / max abs vote / n true stars = Reliability/Confidence 

 

maxabs = max(abs([starID(1:n).votes])); 

if  maxabs == 0 

     stats.RCvalue = -1; 

else 

     stats.RCvalue = sum([starID(1:n).votes])/(maxabs*n); 

end 

 

stats.quality = sum([starID.votes]); 

 

Matrix.text = ['Votes ','Spot# ','HipID ','TrueH ','X ','Y ','Z ']; 

 

data = [[starID.votes]' [starID.spot]' [starID.HipID]' Skyz'... 

     vertcat(starID.XYZ)]; 

 

Matrix.data = data; 

 

End of Program. 

 

end 

G. Post Processing and Probability of Error 

function [SimTime,Table] = SimPostProcess(Mag_Cut,ecat,ecen,Nfake) 

 

%SimTime [total # days] 

%Table.Time [average time in sec] 

 

load(['SimAnsM',num2str(Mag_Cut),'run.mat']); 

 

L  = length(ProfStats); 

x  = ecat; 

n1 = length(ecat); 
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n2 = length(ecen); 

n3 = length(Nfake); 

 

M = 0; 

figure 

for i = 1:L 

     H = sum([ProfStats(i).data.FunctionTable.TotalTime]); 

     M = H+M; 

     X = ProfStats(i).View(1); 

     Y = ProfStats(i).View(2); 

 

     plot(X,Y,'ko','MarkerSize',40) 

     hold on 

     plot(X,Y,'k') 

 

end 

axis([0 360 -90 90]) 

set(gca,'XTick',0:30:360) 

set(gca,'YTick',-90:15:90) 

 

title(['Simulation Camera View Points in Sky - Mag. ',num2str(Mag_Cut)]) 

xlabel('Right Ascension, [Deg]') 

ylabel('Declination, [Deg]') 

 

fprintf('** Probability of Error Complete **\n') 

 

SimTime = M/3600/24; 

 

stop = 0; 

 

for i = 1:8 

     k = 0; 

 

     while stop == 0 

 

          k = k + 1; 

          if k > L 

               break 

          end 

          t1 = ProfStats(k).Method(i).Prob(:,6); 

          t2 = ProfStats(k).Method(i).Prob(:,7); 

 

          s1 = sum(t1); 

          s2 = sum(t2); 

 

          if s2 > 0 && s1 == 0 %|| s2 == 0 && s1 > 0 %1st half: True when error is present, 2nd half: True 

when fewer than MRSS are ID'd 

               disp(['Method ' num2str(i) ' Verification Failed']) 

               disp(' ') 

               index = find(t2~=0); 

               location.ProfStats = k; 

               location.Method    = i; 

               location.ProbRow   = index ; 

               location 

               return 

          end 
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     end 

end 

 

for i = 1:8 

     s = zeros(n1*n2*n3,5); 

     for j = 1:L 

 

          t = ProfStats(j).Method(i).Prob(:,[1:2 6:8]); 

 

          if j == 1 

               s = t; 

          else 

               s(:,3:5) = s(:,3:5)+t(:,3:5); 

          end 

 

     end 

 

     s(:,3:5) = s(:,3:5)/L; 

     for k = 1:n1 

 

          a = s(s(:,1)==x(k),:); 

          y1(k,1) = sum(a(:,3))/size(a,1); %sol error % 

          y2(k,1) = sum(a(:,4))/size(a,1); %False % 

          y3(k,1) = sum(a(:,5))/size(a,1); %empty sol % 

 

     end 

 

     if i == 1 

          Y1 = y1; 

          Y2 = y2; 

          Y3 = y3; 

     else 

          Y1 = [Y1 y1]; 

          Y2 = [Y2 y2]; 

          Y3 = [Y3 y3]; 

     end 

end 

 

% 

% 

strLine = {'-','-.','-','-.',':',':',':',':'}; 

strShape = {'o','*','s','<','.','*','s','v'}; 

 

% Plots based on ECAT ***************************************************** 

figure 

for j = 4:8 

 

     p=plot(x*10^3,Y1(:,j)); 

     set(p,'LineStyle',strLine{j},'Marker',strShape{j},'MarkerSize',8) 

     hold on 

 

end 

 

set(findobj('Type','line'),'Color','k') 

set(gca,'XGrid','off','YGrid','on') 

set(gca,'XTick',ecat*10^3) 
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title(['Averaged Solutions of Sim. vs. Tolerance Data - Mag. ',num2str(Mag_Cut)]) 

% xlabel('Catalog Tolerance [mrad]') 

ylabel('No Solution [%]') 

% legend('Two','Liebe','LiebeVote','Bratt','Pyramid','CompPyr','ModPyr','PyrVote','Location','Best') 

legend('Bratt','Pyramid','CompPyr','ModPyr','PyrVote','Location','Best') 

 

figure 

for j = 1:8 

 

     p=plot(x*10^3,Y2(:,j)); 

     set(p,'LineStyle',strLine{j},'Marker',strShape{j},'MarkerSize',8) 

     hold on 

 

end 

 

set(findobj('Type','line'),'Color','k') 

set(gca,'XGrid','off','YGrid','on') 

set(gca,'XTick',ecat*10^3) 

title(['Avg. False Matches of Sim. Data - Mag. ',num2str(Mag_Cut)]) 

xlabel('Catalog Tolerance [mrad]') 

ylabel('Failed Matches [%]') 

legend('Two','Liebe','LiebeVote','Bratt','Pyramid','CompPyr','ModPyr','PyrVote','Location','Best') 

 

figure 

for j = 1:8 

 

     p=plot(x*10^3,Y3(:,j)); 

     set(p,'LineStyle',strLine{j},'Marker',strShape{j},'MarkerSize',8) 

     hold on 

 

end 

 

set(findobj('Type','line'),'Color','k') 

set(gca,'XGrid','off','YGrid','on') 

set(gca,'XTick',ecat*10^3) 

title(['Avg. Empty Sol. of Sim. Data - Mag. ',num2str(Mag_Cut)]) 

xlabel('Catalog Tolerance [mrad]') 

ylabel('Empty Sets [%]') 

legend('Two','Liebe','LiebeVote','Bratt','Pyramid','CompPyr','ModPyr','PyrVote','Location','Best') 

 

barY1 = sum(Y1,1)/length(ecat); 

barY2 = sum(Y2,1)/length(ecat); 

barY3 = sum(Y3,1)/length(ecat); 

 

barY = [barY1;barY2;barY3]; 

bLegend = {'No Solution';'False Match';'Empty'}; 

figure 

colormap(gray) 

bar(1:8,barY') 

 

set(gca,'XTickLabel',{'TwoStar','Liebe','LiebeVote','Bratt','Pyr','CompPyr','ModPyr','PyrVote'}) 

 

title(['Overall solution probability of Sim. data - Mag. ' num2str(Mag_Cut)]) 

xlabel('Identification Algorithm') 

ylabel('Probability [%]') 

legend(bLegend{:},'Location','Best') 
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Based on ECEN 

 

clear y1 y2 y3 Y1 Y2 Y3 t a 

x = ecen; 

 

for i = 1:8 

     s = zeros(n1*n2*n3,5); 

     for j = 1:L 

 

          t = ProfStats(j).Method(i).Prob(:,[1:2 6:8]); 

 

          if j == 1 

               s = t; 

          else 

               s(:,3:5) = s(:,3:5)+t(:,3:5); 

          end 

 

     end 

 

     s(:,3:5) = s(:,3:5)/L; 

     for k = 1:n2 

 

          a = s(s(:,2)==x(k),:); 

          y1(k,1) = sum(a(:,3))/size(a,1); %sol error % 

          y2(k,1) = sum(a(:,4))/size(a,1); %False % 

          y3(k,1) = sum(a(:,5))/size(a,1); %empty sol % 

 

     end 

 

     if i == 1 

          Y1 = y1; 

          Y2 = y2; 

          Y3 = y3; 

     else 

          Y1 = [Y1 y1]; 

          Y2 = [Y2 y2]; 

          Y3 = [Y3 y3]; 

     end 

end 

 

% Plots based on ECEN ***************************************************** 

 

figure 

subplot(3,1,1) 

for j = 4:8 

 

     p=plot(x*10^3,Y1(:,j)); 

     set(p,'LineStyle',strLine{j},'Marker',strShape{j},'MarkerSize',8) 

     hold on 

 

end 

 

% xlabel('Centroid Tolerance [mrad]') 

 

set(findobj('Type','line'),'Color','k') 
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set(gca,'XGrid','off','YGrid','on') 

set(gca,'XTick',x*10^3) 

ylabel('No Solution [%]') 

% legend('Two','Liebe','LiebeVote','Bratt','Pyramid','CompPyr','ModPyr','PyrVote','Location','Best') 

legend('Bratt','Pyramid','CompPyr','ModPyr','PyrVote','Location','Best') 

title(['Averaged Failed Solutions of Sim. vs. Centroid Data - Mag. ',num2str(Mag_Cut)]) 

 

% figure 

subplot(3,1,2) 

for j = 4:8 

 

     p=plot(x*10^3,Y2(:,j)); 

     set(p,'LineStyle',strLine{j},'Marker',strShape{j},'MarkerSize',8) 

     hold on 

 

end 

 

% xlabel('Centroid Tolerance [mrad]') 

 

set(findobj('Type','line'),'Color','k') 

set(gca,'XGrid','off','YGrid','on') 

set(gca,'XTick',x*10^3) 

ylabel('Failed Matches [%]') 

% legend('Two','Liebe','LiebeVote','Bratt','Pyramid','CompPyr','ModPyr','PyrVote','Location','Best') 

% title(['Avg. % Failed ID''s of Sim. Data - Mag. ',num2str(Mag_Cut)]) 

 

figure 

 

for j = 1:8 

 

     p=plot(x*10^3,Y3(:,j)); 

     set(p,'LineStyle',strLine{j},'Marker',strShape{j},'MarkerSize',8) 

     hold on 

 

end 

 

xlabel('Centroid Tolerance [mrad]') 

 

set(findobj('Type','line'),'Color','k') 

set(gca,'XGrid','off','YGrid','on') 

set(gca,'XTick',x*10^3) 

ylabel('Emtpy Solutions [%]') 

legend('Two','Liebe','LiebeVote','Bratt','Pyramid','CompPyr','ModPyr','PyrVote','Location','Best') 

title(['Avg. Empty Sol. of Sim. Data - Mag. ',num2str(Mag_Cut)]) 

 

clear j i k x y a b pot 

L = 100; 

strName = {'Two Star','Liebe','Liebe w/ Voting','Bratt','Pyramid',... 

     'Comp. Pyramid','Mod. Pyramid','Pyramid w/ Voting'}; 

 

for j = 1:8 

 

     b = 0; 

     for i = 1:n3 

          a = 0; 

          for k = 1:L 
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               index = ProfStats(k).Method(j).Prob(:,3)==Nfake(i); 

               pot   = ProfStats(k).Method(j).Prob(index,:); 

               a     = pot(:,6:8)+a; 

          end 

          b = b + a/L; 

     end 

     b = b/n3; 

 

     x     = unique(pot(:,1)); 

     y     = unique(pot(:,2)); 

     [X,Y] = meshgrid(x,y); 

     Z1    = reshape(b(:,1),size(X)); 

 

     figure 

     surf(X,Y,Z1) 

     set(gca,'XTick',ecat,'YTick',ecen) 

     xlabel('Catalog Tolerance [mrad]') 

     ylabel('Centroid Tolerance [mrad]') 

     zlabel('Percent [%] Error') 

     title(['Solution Probability of Error of ' strName{j} ' method (Mag ' num2str(Mag_Cut) ')']) 

     colormap(gray) 

 

     Z2    = reshape(b(:,2),size(X)); 

 

     figure 

     surf(X,Y,Z2) 

     set(gca,'XTick',ecat,'YTick',ecen) 

     xlabel('Catalog Tolerance [mrad]') 

     ylabel('Centroid Tolerance [mrad]') 

     zlabel('Percent [%] Error') 

     title(['False ID Probability of Error of ' strName{j} ' method (Mag ' num2str(Mag_Cut) ')']) 

     colormap(gray) 

 

     Z3    = reshape(b(:,3),size(X)); 

 

     figure 

     surf(X,Y,Z3) 

     set(gca,'XTick',ecat,'YTick',ecen) 

     xlabel('Catalog Tolerance [mrad]') 

     ylabel('Centroid Tolerance [mrad]') 

     zlabel('Percent [%] Error') 

     title(['Empty Solution Probability of Error of ' strName{j} ' method (Mag ' num2str(Mag_Cut) ')']) 

     colormap(gray) 

 

end 

 

%7 TwoStar 

%8 Voting 

%9 ThreeStar 

%10 ThreeVote 

%11 CompThree 

%12 Pyramid 

%13 Comp Pyr 

%14 Pyr mod 

%15 Pyr vote 

q = 0; 
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for i = 7:15 

     t = 0; 

     for j = 1:L 

          timing = ProfStats(j).data.FunctionTable(i).TotalTime/60; 

          t = t+timing; 

     end 

     q = q + 1; 

     t = sum(t)/L; 

 

     Table(q,1).Time = t; 

     Table(q,1).Name = ProfStats(j).data.FunctionTable(i).FunctionName; 

end 

 

II. Star Identification Program Codes 

 The complete star identification algorithms are given here. Variable names, function calls, 

mathematical usage, and formatting can all be seen. 

A. Two Star with Voting Method 

function [starID,starIDMod] = getTwoStar_ID(catalog,featurelist,spotlist,ecat) 

 

% 2-star Voting Identification Algorithm 

% 

% Obtaines the dot-product angles of two stars and catalogs them with a 

% vote if the angle is found to match within the field of the 'distlist' 

% catalog. The assumption used is if the number of votes for a star is >= 

% 75% of the length of 'spotlist' then it is a 'true' star. 

% 

%   Inputs: 

% 

%       featurelist - Sub-catalog created by the 'Dual_Feature_Extract.m' 

%                  function 

% 

%       spotlist - Sub-catalog created by the 'Camera_Ref_Frame.m' function 

% 

%       ecat     - Displacement error tolerance in 'distlist' search 

% 

%       plots    - 'On'/'Off' command. 'On' will show all plots and 

%                  intermediate comments 

% 

%   Outputs: 

% 

%       starID   - An N x 5 matrix, where N is the length of spotlist. 

%                  Column 1: Entry number 

%                  Column 2: HIP number found if catalog match is found 

%                  Column 3-5: XYZ of spot 

% 

%       Outputs starID as a structured array. 

 

Feature Extraction 
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N = length(spotlist); 

L = 0; 

S = N*(N-1)/2; %S = N! / ( 2 * (N-num_star_in_pattern)! ) 

 

pattern(S,1) = struct('spot1',[],'spot2',[],'theta1',[]); 

 

for j = 1:N-1 

 

    %Primary spot in rotation 

    A      = spotlist(j).XYZ; 

    spot1  = spotlist(j).spot; 

 

    for i = j+1:N 

 

        %Secondary spot in rotation 

        B     = spotlist(i).XYZ; 

        spot2 = spotlist(i).spot; 

 

        %Dot-product angle between spots 

        theta = acos(dot(A,B)/(norm(A)*norm(B))); 

 

        %Incremented Feature Table 

        L        = L + 1; 

 

        pattern(L).spot1  = spot1; 

        pattern(L).spot2  = spot2; 

        pattern(L).theta1 = theta; 

 

    end 

end 

 

Voting Sequence 

 

[starID,starIDMod] = Voting_Algorithm(catalog,featurelist,spotlist,pattern,ecat,2); 

 

End of Program. 

 

end 

B. Liebe’s Three Star Method 

function [starID,starIDMod] = getThreeStar_ID(~,featurelist,spotlist,ecat) 

 

% Leibe's 3 star Triad Star Identification Algorithm 

% 

% Obtaines the dot-products and interior angles of the two closest stars to 

% a particular star. This is limited to only the two closest stars 

% adjacent to a the star in question. 

% 

%   Inputs: 

% 

%       featurelist - Sub-catalog created by the 'Triad_Feature_Extract.m' 

%                  function 

% 

%       spotlist - Sub-catalog created by the 'Camera_Ref_Frame.m' function 
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% 

%       ecat     - Displacement error tolerance in 'featurelist' search 

% 

%       Plot     - 'On'/'Off' command. 'On' will show all plots and 

%                  intermediate comments 

% 

%   Outputs: 

% 

%       starID   - An N x 5 matrix, where N is the length of spotlist. 

%                  Column 1: Entry number 

%                  Column 2: HIP number found if catalog match is found 

%                  Column 3-5: XYZ of spot 

% 

%       Outputs starID as a structured array. 

 

Feature Extraction into 'pattern' 

 

N = length(spotlist); 

 

pattern(N,1) = struct('spot1',[],'spot2',[],'spot3',[],'theta1',[],... 

    'theta2',[],'phi',[]); 

 

for j = 1:N 

 

    A      = spotlist(j).XYZ; 

    B      = 0; 

    C      = 0; 

    spot1  = spotlist(j).spot; 

    spot2  = 0; 

    spot3  = 0; 

    theta1 = 360; 

    theta2 = 360; 

 

    for i = 1:N 

 

        New = spotlist(i).XYZ; 

 

        if New ~= A; 

 

            theta = acos(dot(A,New)/(norm(A)*norm(New))); 

 

            if theta < theta2 && theta > theta1 

 

                theta2 = theta; 

                spot3  = spotlist(i).spot; 

                C      = New; 

 

            elseif theta < theta1 

 

                theta2 = theta1; 

                theta1 = theta; 

                spot3  = spot2; 

                spot2  = spotlist(i).spot; 

                C      = B; 

                B      = New; 
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            end 

        end 

    end 

 

    %GET interior angle (phi) 

    Vec1 = B-A; 

    Vec2 = C-A; 

    v1   = sqrt(Vec1(1)^2+Vec1(2)^2+Vec1(3)^2); 

    v2   = sqrt(Vec2(1)^2+Vec2(2)^2+Vec2(3)^2); 

    phi  = acos(dot(Vec1,Vec2)/(v1*v2)); 

 

    if theta1 > theta2 

         ang1 = theta2; 

         ang2 = theta1; 

         Spot2 = spot3; 

         Spot3 = spot2; 

    else 

         ang1 = theta1; 

         ang2 = theta2; 

         Spot2 = spot2; 

         Spot3 = spot3; 

    end 

 

    %Incremented pattern structure 

    pattern(j).spot1  = spot1; 

    pattern(j).spot2  = Spot2; 

    pattern(j).spot3  = Spot3; 

    pattern(j).theta1 = ang1; 

    pattern(j).theta2 = ang2; 

    pattern(j).phi    = phi; 

 

end 

 

Search Featurelist GET matches 

 

match(N,1) = struct('spot1',[],'spot2',[],'spot3',[],'theta1',[],... 

    'theta2',[],'phi',[]); 

 

fAng1 = [featurelist.feat.theta1]; 

fAng2 = [featurelist.feat.theta2]; 

fAng3 = [featurelist.feat.phi]; 

 

for i = 1:N 

 

    high1 = pattern(i).theta1+ecat; 

    low1  = pattern(i).theta1-ecat; 

    high2 = pattern(i).theta2+ecat; 

    low2  = pattern(i).theta2-ecat; 

    high3 = pattern(i).phi+ecat; 

    low3  = pattern(i).phi-ecat; 

 

    ind1  = fAng1<=high1; 

    ind2  = fAng1>=low1 ; 

    ind3  = fAng2<=high2; 

    ind4  = fAng2>=low2 ; 

    ind5  = fAng3<=high3; 
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    ind6  = fAng3>=low3 ; 

    index = (ind1 & ind2 & ind3 & ind4 & ind5 & ind6); 

 

    if sum(index) == 0 

 

        match(i).spot1  = 0; 

        match(i).spot2  = 0; 

        match(i).spot3  = 0; 

        match(i).theta1 = 0; 

        match(i).theta2 = 0; 

        match(i).phi    = 0; 

 

    else 

 

        match(i).spot1  = featurelist.feat(index).HipID1; 

        match(i).spot2  = featurelist.feat(index).HipID2; 

        match(i).spot3  = featurelist.feat(index).HipID3; 

        match(i).theta1 = featurelist.feat(index).theta1; 

        match(i).theta2 = featurelist.feat(index).theta2; 

        match(i).phi    = featurelist.feat(index).phi; 

 

    end 

end 

 

Pairing of Spots to Stars (mini voting) 

 

starID(N,1) = struct('votes',[],'spot',[],'HipID',[],'XYZ',[]); 

 

ps1 = [pattern.spot1]; 

ps2 = [pattern.spot2]; 

ps3 = [pattern.spot3]; 

ms1 = [match.spot1]; 

ms2 = [match.spot2]; 

ms3 = [match.spot3]; 

 

for i = 1:N 

 

    hip1 = ms1(ps1==i); 

    hip2 = ms2(ps2==i); 

    hip3 = ms3(ps3==i); 

 

    hip = [hip1 hip2 hip3]; 

    hip = hip(hip ~= 0); 

 

    uhip  = unique(hip); %Unique set of HIP# found from quick list 'hip' 

    s     = size(uhip,2); 

    votes = zeros(s,1); 

 

    if ~isempty(uhip); 

 

        for j = 1:s 

 

            votes(j) = sum(hip == uhip(j)); 

 

        end 
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        [vote,index] = max(votes); 

        starID(i).votes = vote; 

        starID(i).HipID = uhip(index); 

 

    else 

 

        starID(i).votes = 0; 

        starID(i).HipID = 0; 

 

    end 

 

    starID(i).spot  = i; 

    starID(i).XYZ   = spotlist(i).XYZ; 

 

end 

 

starIDMod = starID; 

 

End of Program. 

 

end 

C. Liebe’s Method with Voting 

function [starID,starIDMod] = getThreeStarVote_ID(catalog,featurelist,spotlist,ecat) 

 

% Leibe's 3 star Triad Star Identification Algorithm w/ Voting 

% 

% Obtaines the dot-products and interior angles of the two closest stars to 

% a particular star. This is limited to only the two closest stars 

% adjacent to a the star in question. 

% 

%   Inputs: 

% 

%       featurelist - Sub-catalog created by the 'Triad_Feature_Extract.m' 

%                  function 

% 

%       spotlist - Sub-catalog created by the 'Camera_Ref_Frame.m' function 

% 

%       ecat     - Displacement error tolerance in 'featurelist' search 

% 

%       Plot     - 'On'/'Off' command. 'On' will show all plots and 

%                  intermediate comments 

% 

%   Outputs: 

% 

%       starID   - An N x 5 matrix, where N is the length of spotlist. 

%                  Column 1: Entry number 

%                  Column 2: HIP number found if catalog match is found 

%                  Column 3-5: XYZ of spot 

% 

%       Outputs starID as a structured array. 

 

Feature Extraction 

 

N = length(spotlist); 
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pattern(N,1) = struct('spot1',[],'spot2',[],'spot3',[],'theta1',[],... 

    'theta2',[],'phi',[]); 

 

for j = 1:N 

 

    A      = spotlist(j).XYZ; 

    B      = 0; 

    C      = 0; 

    spot1  = spotlist(j).spot; 

    spot2  = 0; 

    spot3  = 0; 

    theta1 = 360; 

    theta2 = 360; 

 

    for i = 1:N 

 

        New = spotlist(i).XYZ; 

 

        if New ~= A; 

 

            theta = acos(dot(A,New)/(norm(A)*norm(New))); 

 

            if theta < theta2 && theta > theta1 

 

                theta2 = theta; 

                spot3  = spotlist(i).spot; 

                C      = New; 

 

            elseif theta < theta1 

 

                theta2 = theta1; 

                theta1 = theta; 

                spot3  = spot2; 

                spot2  = spotlist(i).spot; 

                C      = B; 

                B      = New; 

 

            end 

        end 

    end 

 

    %GET interior angle (phi) 

    Vec1 = B-A; 

    Vec2 = C-A; 

    v1   = sqrt(Vec1(1)^2+Vec1(2)^2+Vec1(3)^2); 

    v2   = sqrt(Vec2(1)^2+Vec2(2)^2+Vec2(3)^2); 

    phi  = acos(dot(Vec1,Vec2)/(v1*v2)); 

 

    if theta1 > theta2 

         ang1 = theta2; 

         ang2 = theta1; 

         Spot2 = spot3; 

         Spot3 = spot2; 

    else 

         ang1 = theta1; 
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         ang2 = theta2; 

         Spot2 = spot2; 

         Spot3 = spot3; 

    end 

 

    %Incremented pattern structure 

    pattern(j).spot1  = spot1; 

    pattern(j).spot2  = Spot2; 

    pattern(j).spot3  = Spot3; 

    pattern(j).theta1 = ang1; 

    pattern(j).theta2 = ang2; 

    pattern(j).phi    = phi; 

 

end 

 

Voting Algorithm 

 

[starID,starIDMod] = Voting_Algorithm(catalog,featurelist,spotlist,pattern,ecat,3); 

 

End of Program. 

 

end 

D. Brätt’s Three Star Comprehensive with Voting 

function [starID,starIDMod] = getCompThreeStar_ID(catalog,featurelist,spotlist,ecat) 

 

% Leibe's 3 star Triad Star Identification Algorithm with Voting Method 

% 

% Obtaines the dot-products and interior angles of the two closest stars to 

% a particular star. This is limited to only the two closest stars 

% adjacent to a the star in question. 

% 

%   Inputs: 

% 

%       featurelist - Sub-catalog created by the 'Triad_Feature_Extract.m' 

%                  function 

% 

%       spotlist - Sub-catalog created by the 'Camera_Ref_Frame.m' function 

% 

%       ecat     - Displacement error tolerance in 'featurelist' search 

% 

%       plots    - 'On'/'Off' command. 'On' will show all plots and 

%                  intermediate comments 

% 

%   Outputs: 

% 

%       starID   - An N x 5 matrix, where N is the length of spotlist. 

%                  Column 1: Entry number 

%                  Column 2: HIP number found if catalog match is found 

%                  Column 3-5: XYZ of spot 

% 

%       Outputs starID as a structured array. 

 

Feature Extraction 
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N = length(spotlist); 

L = 0; 

S = N*(N-1)*(N-2)/2; %S = N! / ( 2 * (N-num_star_in_pattern)! ) 

 

pattern(S,1) = struct('spot1',[],'spot2',[],'spot3',[],'theta1',[],... 

    'theta2',[],'phi',[]); 

 

for i = 1:N 

 

    spot1 = spotlist(i).spot; 

    A     = spotlist(i).XYZ; 

 

 

    for j = 1:N 

 

        if i ~= j 

 

            spot2 = spotlist(j).spot; 

            B     = spotlist(j).XYZ; 

            ang1  = acos(dot(A,B)/(norm(A)*norm(B))); 

 

            for k = 1:N 

 

                if k ~= i && k > j 

 

                    spot3 = spotlist(k).spot; 

                    C     = spotlist(k).XYZ; 

                    ang2  = acos(dot(A,C)/(norm(A)*norm(C))); 

 

                    Vec1   = B-A; 

                    Vec2   = C-A; 

                    v1     = sqrt(Vec1(1)^2+Vec1(2)^2+Vec1(3)^2); 

                    v2     = sqrt(Vec2(1)^2+Vec2(2)^2+Vec2(3)^2); 

 

                    phi    = acos(dot(Vec1,Vec2)/(v1*v2)); 

 

                    if ang1 > ang2 

                         theta1 = ang2; 

                         theta2 = ang1; 

                         Spot2  = spot3; 

                         Spot3  = spot2; 

                    else 

                         theta1 = ang1; 

                         theta2 = ang2; 

                         Spot2  = spot2; 

                         Spot3  = spot3; 

                    end 

 

                    %Incremented Feature Table 

                    L = L + 1; 

 

                    pattern(L).spot1  = spot1; 

                    pattern(L).spot2  = Spot2; 

                    pattern(L).spot3  = Spot3; 

                    pattern(L).theta1 = theta1; 

                    pattern(L).theta2 = theta2; 
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                    pattern(L).phi    = phi; 

                end 

            end 

        end 

    end 

end 

 

Voting Sequence 

 

[starID,starIDMod] = Voting_Algorithm(catalog,featurelist,spotlist,pattern,ecat,3); 

 

End of Program. 

 

end 

E. Constrained Pyramid Method 

function [starID,starIDMod] = getPyramid_ID(~,featurelist,spotlist,ecat) 

 

%Mortari's Pyramid Algorithm. Creates a list of patterns described by 6 

%features each using 3 stars. These patterns are checked against a feature 

%list, one pattern at a time, using a 4th star as a verification tool. If 

%all 4 spots match to stars in the feature list, then the spots are marked, 

%their HIP# recorded, and the output is a table of all spots in the image, 

%their location, and only the 4 spots that were recognized will have a HIP 

%ID. 

 

 

%Length of spotlist 

N = length(spotlist); 

 

%Initialize structure 

starID(N,1) = struct('votes',[],'spot',[],'HipID',[],'XYZ',[]); 

 

%Pad with zeros and with known info 

[starID.votes] = deal(0); 

[starID.spot]  = spotlist.spot; 

[starID.HipID] = deal(0); 

[starID.XYZ]   = spotlist.XYZ; 

 

%Preallocated variable 

starIDMod = starID; 

 

Algorithm Model 

 

if N < 4 % Early Failure Detection, requires min. 4 spots in image to proc. 

 

else %Process Image and Analyze 

 

Pattern Creation 

 

     %Pattern size: N! / ( 6 * [N-3]! ) 

     S = N*(N-1)*(N-2)/6; 

 

     %Initialize structured array 

     pattern(S,1) = struct('spot1',[],'spot2',[],'spot3',[],... 
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                           'theta1',[],'theta2',[],'theta3',[],... 

                           'phi1',[],'phi2',[],'phi3',[]); 

     %Pattern Counter 

     L = 0; 

 

     %Create Patterns 

     for i = 1:N-2 

 

          %Find 1st spot and vector 

          spot1 = spotlist(i).spot; 

          A     = spotlist(i).XYZ; 

 

          for j = i+1:N-1 

 

               %Find 2nd spot and vector 

               spot2  = spotlist(j).spot; 

               B      = spotlist(j).XYZ; 

 

               %Find 1st Feature 

               theta1 = acos(dot(A,B)); 

 

               for k = j+1:N 

 

                    %Find 3rd spot and vector 

                    spot3  = spotlist(k).spot; 

                    C      = spotlist(k).XYZ; 

 

                    %Find 2nd and 3rd Features 

                    theta2 = acos(dot(A,C)/(norm(A)*norm(C))); 

                    theta3 = acos(dot(B,C)/(norm(B)*norm(C))); 

 

                    %Calculate Interior Angles 

                    V12 = B-A; 

                    V13 = C-A; 

                    V23 = C-B; 

                    v12 = sqrt(V12(1)^2+V12(2)^2+V12(3)^2); 

                    v13 = sqrt(V13(1)^2+V13(2)^2+V13(3)^2); 

                    v23 = sqrt(V23(1)^2+V23(2)^2+V23(3)^2); 

 

                    %Interior angles: Features 4->6 

                    phi1 = acos(dot(V12,V13)/(v12*v13)); 

                    phi2 = acos(dot(V12,V23)/(v12*v23)); 

                    phi3 = acos(dot(V13,V23)/(v13*v23)); 

 

                    %Sort Features based on smallest theta angle 

                    if theta1 < theta2 && theta1 < theta3 

                         if theta2 < theta3 

                              S1 = spot1;  S2 = spot2;  S3 = spot3; 

                              T1 = theta1; T2 = theta2; T3 = theta3; 

                              P1 = phi1;   P2 = phi2;   P3 = phi3; 

                         else 

                              S1 = spot2;  S2 = spot1;  S3 = spot3; 

                              T1 = theta1; T2 = theta3; T3 = theta2; 

                              P1 = phi1;   P2 = phi3;   P3 = phi2; 

                         end 

                    elseif theta2 < theta1 && theta2 < theta3 
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                         if theta1 < theta3 

                              S1 = spot1;  S2 = spot3;  S3 = spot2; 

                              T1 = theta2; T2 = theta1; T3 = theta3; 

                              P1 = phi2;   P2 = phi1;   P3 = phi3; 

                         else 

 

                              S1 = spot3;  S2 = spot1;  S3 = spot2; 

                              T1 = theta2; T2 = theta3; T3 = theta1; 

                              P1 = phi2;   P2 = phi3;   P3 = phi1; 

                         end 

                    elseif theta3 < theta1 && theta3 < theta2 

                         if theta1 < theta2 

                              S1 = spot2;  S2 = spot3;  S3 = spot1; 

                              T1 = theta3; T2 = theta1; T3 = theta2; 

                              P1 = phi3;   P2 = phi1;   P3 = phi2; 

                         else 

                              S1 = spot3;  S2 = spot2;  S3 = spot1; 

                              T1 = theta3; T2 = theta2; T3 = theta1; 

                              P1 = phi3;   P2 = phi2;   P3 = phi1; 

                         end 

                    end 

 

                    %Update Pattern Counter 

                    L = L + 1; 

 

                    %Input Pattern 

                    pattern(L).spot1 = S1; 

                    pattern(L).spot2 = S2; 

                    pattern(L).spot3 = S3; 

 

                    pattern(L).theta1 = T1; 

                    pattern(L).theta2 = T2; 

                    pattern(L).theta3 = T3; 

 

                    pattern(L).phi1 = P1; 

                    pattern(L).phi2 = P2; 

                    pattern(L).phi3 = P3; 

 

               end 

          end 

     end 

 

Pattern Identification 

 

     %Pre-allocate for increased index search speed 

     fAng1 = [featurelist.feat.theta1]; 

     fAng2 = [featurelist.feat.theta2]; 

     fAng3 = [featurelist.feat.theta3]; 

 

     fPhi1 = [featurelist.feat.phi1]; 

     fPhi2 = [featurelist.feat.phi2]; 

     fPhi3 = [featurelist.feat.phi3]; 

 

     patsp1 = [pattern.spot1]; 

     patsp2 = [pattern.spot2]; 

     patsp3 = [pattern.spot3]; 
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     %Array of spots 

     ns = 1:N; 

 

     % 

     for i = 1:S 

 

          %New variables for ease in coding 

          starnum(1) = pattern(i).spot1; 

          starnum(2) = pattern(i).spot2; 

          starnum(3) = pattern(i).spot3; 

 

          %Search for next 'spots' to build future triads 

          index    = ( ns>starnum(1) & ns>starnum(2) & ns>starnum(3) ); 

          star4set = ns( index ~= 0 ); 

 

          % 

          for j = 1:length(star4set) 

 

               %New 4th spot chosen 

               starnum(4) = star4set(j); 

 

               %Search for new triads using all 4 spots using indexing 

               i1 = (patsp1 == starnum(1) |... 

                     patsp1 == starnum(2) |... 

                     patsp1 == starnum(3) |... 

                     patsp1 == starnum(4)); 

               i2 = (patsp2 == starnum(1) |... 

                     patsp2 == starnum(2) |... 

                     patsp2 == starnum(3) |... 

                     patsp2 == starnum(4)); 

               i3 = (patsp3 == starnum(1) |... 

                     patsp3 == starnum(2) |... 

                     patsp3 == starnum(3) |... 

                     patsp3 == starnum(4)); 

 

               %Create new Image Pyramid 

               Pyramid  = pattern(i1&i2&i3); 

 

               %Initialize Featurelist Pyramid 

               FPyramid = cell(4,1); 

 

               %Add tolerances and search Featurelist 

               for k = 1:4 

 

                    %Search tolerance added to image 

                    H1 = Pyramid(k).theta1+ecat; L1 = Pyramid(k).theta1-ecat; 

                    H2 = Pyramid(k).theta2+ecat; L2 = Pyramid(k).theta2-ecat; 

                    H3 = Pyramid(k).theta3+ecat; L3 = Pyramid(k).theta3-ecat; 

 

                    H4 = Pyramid(k).phi1+ecat;   L4 = Pyramid(k).phi1-ecat; 

                    H5 = Pyramid(k).phi2+ecat;   L5 = Pyramid(k).phi2-ecat; 

                    H6 = Pyramid(k).phi3+ecat;   L6 = Pyramid(k).phi3-ecat; 

 

                    %Indexing of tolerances 

                    ind1  = fAng1 <= H1; ind2  = fAng1 >= L1; 
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                    ind3  = fAng2 <= H2; ind4  = fAng2 >= L2; 

                    ind5  = fAng3 <= H3; ind6  = fAng3 >= L3; 

                    ind7  = fPhi1 <= H4; ind8  = fPhi1 >= L4; 

                    ind9  = fPhi2 <= H5; ind10 = fPhi2 >= L5; 

                    ind11 = fPhi3 <= H6; ind12 = fPhi3 >= L6; 

 

                    %Location in Featurelist for match 

                    Findex = (ind1 & ind2 & ind3 & ind4  & ind5  & ind6 &... 

                              ind7 & ind8 & ind9 & ind10 & ind11 & ind12); 

 

                    %New Featurelist Pyramid 

                    FPyramid(k) = {featurelist.feat(Findex)}; 

 

               end 

 

               %Check if F.Pyramid is empty 

               L1 = length(FPyramid{1}); L2 = length(FPyramid{2}); 

               L3 = length(FPyramid{3}); L4 = length(FPyramid{4}); 

 

               %Verify if F.Pyramid is valid for use, else use new 4th spot 

               if L1 == 0 || L2 == 0 || L3 == 0 || L4 == 0 

 

               else 

 

                    list = zeros(12,2); 

                    n    = 0; 

 

                    %First Identification Process 

                    for k = 1:4 

 

                         h1  = [FPyramid{k}.HipID1];   %HIP's found 

                         u   = unique(h1);             %Unique values of HIP 

                         lu  = length(u);              %Number of unique values 

                         tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 

 

                         for m = 1:lu 

                              index1 = h1 == u(m);     %index: all locations of value u(m) in HIP 

                              tag(m) = sum(index1);    %TAG: number of times value u(m) is found in HIP 

                         end 

                         [~,index1] = max(tag);        %Location in TAG for max similar entries of u 

 

                         h2  = [FPyramid{k}.HipID2];   %HIP's found 

                         u   = unique(h2);             %Unique values of HIP 

                         lu  = length(u);              %Number of unique values 

                         tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 

 

                         for m = 1:lu 

                              index2 = h2 == u(m);     %index: all locations of value u(m) in HIP 

                              tag(m) = sum(index2);    %TAG: number of times value u(m) is found in HIP 

                         end 

                         [~,index2] = max(tag);        %Location in TAG for max similar entries of u 

 

                         h3  = [FPyramid{k}.HipID3];   %HIP's found 

                         u   = unique(h3);             %Unique values of HIP 

                         lu  = length(u);              %Number of unique values 

                         tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 
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                         for m = 1:lu 

                              index3 = h3 == u(m);     %index: all locations of value u(m) in HIP 

                              tag(m) = sum(index3);    %TAG: number of times value u(m) is found in HIP 

                         end 

                         [~,index3] = max(tag);        %Location in TAG for max similar entries of u 

 

                         %Update LIST entry and counter 

                         n = n(end)+1:n(end)+3; 

 

                         list(n,:) = [Pyramid(k).spot1 h1(index1) 

                                      Pyramid(k).spot2 h2(index2) 

                                      Pyramid(k).spot3 h3(index3)]; 

 

                    end 

 

                    %Final Identification and Output 

                    for k = 1:N 

 

                         %Find all HIP's for spot 'k' 

                         H   = list( list(:,1) == k ,2); 

 

                         if ~isempty(H) 

 

                              u   = unique(H);              %Unique values of HIP 

                              lu  = length(u);              %Number of unique values 

                              tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 

 

                              for m = 1:lu 

                                   index = H == u(m);       %index: all locations of value u(m) in HIP 

                                   tag(m) = sum(index);     %TAG: number of times value u(m) is found in HIP 

                              end 

 

                              [ntags,index] = max(tag);     %Location in TAG for max similar entries of u 

 

                              %Input results to Structured output 

                              starID(k).votes = ntags; 

                              starID(k).spot  = k; 

                              starID(k).HipID = u(index); 

                              starID(k).XYZ   = spotlist(k).XYZ; 

 

                              %[Variable for use in DAVID FOWLER codes] 

                              starIDMod = starID; 

 

                         else 

                         end 

                    end 

 

                    %Identification has completed and results recorded, 

                    %terminate further need to identify image 

                    return 

 

               end 

          end 

     end 
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end 

 

End of Program. 

 

end 

F. Comprehensive Pyramid Method 

function [starID,starIDMod] = getCompPyramid_ID(~,featurelist,spotlist,ecat) 

 

%Mortari's Pyramid Algorithm. Creates a list of patterns described by 6 

%features each using 3 stars. These patterns are checked against a feature 

%list, one pattern at a time, using a 4th star as a verification tool. If 

%all 4 spots match to stars in the feature list, then the spots are marked, 

%their HIP# recorded, and the output is a table of all spots in the image, 

%their location, and only the 4 spots that were recognized will have a HIP 

%ID. 

 

 

%Length of spotlist 

N = length(spotlist); 

 

%Initialize structure 

starID(N,1) = struct('votes',[],'spot',[],'HipID',[],'XYZ',[]); 

 

%Pad with zeros and with known info 

[starID.votes] = deal(0); 

[starID.spot]  = spotlist.spot; 

[starID.HipID] = deal(0); 

[starID.XYZ]   = spotlist.XYZ; 

 

%Preallocated variable 

starIDMod = starID; 

 

Algorithm Model 

 

if N < 4 % Early Failure Detection, requires min. 4 spots in image to proc. 

 

else %Process Image and Analyze 

 

Pattern Creation 

 

     %Pattern size: N! / ( 6 * [N-3]! ) 

     S = N*(N-1)*(N-2)/6; 

 

     %Initialize structured array 

     pattern(S,1) = struct('spot1',[],'spot2',[],'spot3',[],... 

                           'theta1',[],'theta2',[],'theta3',[],... 

                           'phi1',[],'phi2',[],'phi3',[]); 

     %Pattern Counter 

     L = 0; 

 

     %Create Patterns 

     for i = 1:N-2 

 

          %Find 1st spot and vector 
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          spot1 = spotlist(i).spot; 

          A     = spotlist(i).XYZ; 

 

          for j = i+1:N-1 

 

               %Find 2nd spot and vector 

               spot2  = spotlist(j).spot; 

               B      = spotlist(j).XYZ; 

 

               %Find 1st Feature 

               theta1 = acos(dot(A,B)); 

 

               for k = j+1:N 

 

                    %Find 3rd spot and vector 

                    spot3  = spotlist(k).spot; 

                    C      = spotlist(k).XYZ; 

 

                    %Find 2nd and 3rd Features 

                    theta2 = acos(dot(A,C)/(norm(A)*norm(C))); 

                    theta3 = acos(dot(B,C)/(norm(B)*norm(C))); 

 

                    %Calculate Interior Angles 

                    V12 = B-A; 

                    V13 = C-A; 

                    V23 = C-B; 

                    v12 = sqrt(V12(1)^2+V12(2)^2+V12(3)^2); 

                    v13 = sqrt(V13(1)^2+V13(2)^2+V13(3)^2); 

                    v23 = sqrt(V23(1)^2+V23(2)^2+V23(3)^2); 

 

                    %Interior angles: Features 4->6 

                    phi1 = acos(dot(V12,V13)/(v12*v13)); 

                    phi2 = acos(dot(V12,V23)/(v12*v23)); 

                    phi3 = acos(dot(V13,V23)/(v13*v23)); 

 

                    %Sort Features based on smallest theta angle 

                    if theta1 < theta2 && theta1 < theta3 

                         if theta2 < theta3 

                              S1 = spot1;  S2 = spot2;  S3 = spot3; 

                              T1 = theta1; T2 = theta2; T3 = theta3; 

                              P1 = phi1;   P2 = phi2;   P3 = phi3; 

                         else 

                              S1 = spot2;  S2 = spot1;  S3 = spot3; 

                              T1 = theta1; T2 = theta3; T3 = theta2; 

                              P1 = phi1;   P2 = phi3;   P3 = phi2; 

                         end 

                    elseif theta2 < theta1 && theta2 < theta3 

                         if theta1 < theta3 

                              S1 = spot1;  S2 = spot3;  S3 = spot2; 

                              T1 = theta2; T2 = theta1; T3 = theta3; 

                              P1 = phi2;   P2 = phi1;   P3 = phi3; 

                         else 

 

                              S1 = spot3;  S2 = spot1;  S3 = spot2; 

                              T1 = theta2; T2 = theta3; T3 = theta1; 

                              P1 = phi2;   P2 = phi3;   P3 = phi1; 
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                         end 

                    elseif theta3 < theta1 && theta3 < theta2 

                         if theta1 < theta2 

                              S1 = spot2;  S2 = spot3;  S3 = spot1; 

                              T1 = theta3; T2 = theta1; T3 = theta2; 

                              P1 = phi3;   P2 = phi1;   P3 = phi2; 

                         else 

                              S1 = spot3;  S2 = spot2;  S3 = spot1; 

                              T1 = theta3; T2 = theta2; T3 = theta1; 

                              P1 = phi3;   P2 = phi2;   P3 = phi1; 

                         end 

                    end 

 

                    %Update Pattern Counter 

                    L = L + 1; 

 

                    %Input Pattern 

                    pattern(L).spot1 = S1; 

                    pattern(L).spot2 = S2; 

                    pattern(L).spot3 = S3; 

 

                    pattern(L).theta1 = T1; 

                    pattern(L).theta2 = T2; 

                    pattern(L).theta3 = T3; 

 

                    pattern(L).phi1 = P1; 

                    pattern(L).phi2 = P2; 

                    pattern(L).phi3 = P3; 

 

               end 

          end 

     end 

 

Pattern Identification 

 

     %Pre-allocate for increased index search speed 

     fAng1 = [featurelist.feat.theta1]; 

     fAng2 = [featurelist.feat.theta2]; 

     fAng3 = [featurelist.feat.theta3]; 

 

     fPhi1 = [featurelist.feat.phi1]; 

     fPhi2 = [featurelist.feat.phi2]; 

     fPhi3 = [featurelist.feat.phi3]; 

 

     patsp1 = [pattern.spot1]; 

     patsp2 = [pattern.spot2]; 

     patsp3 = [pattern.spot3]; 

 

     %Array of spots 

     ns = 1:N; 

 

     % 

     for i = 1:S 

 

          %New variables for ease in coding 

          starnum(1) = pattern(i).spot1; 
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          starnum(2) = pattern(i).spot2; 

          starnum(3) = pattern(i).spot3; 

 

          %Search for next 'spots' to build future triads 

          index    = ( ns>starnum(1) & ns>starnum(2) & ns>starnum(3) ); 

          star4set = ns( index ~= 0 ); 

 

          % 

          for j = 1:length(star4set) 

 

               %New 4th spot chosen 

               starnum(4) = star4set(j); 

 

               %Search for new triads using all 4 spots using indexing 

               i1 = (patsp1 == starnum(1) |... 

                     patsp1 == starnum(2) |... 

                     patsp1 == starnum(3) |... 

                     patsp1 == starnum(4)); 

               i2 = (patsp2 == starnum(1) |... 

                     patsp2 == starnum(2) |... 

                     patsp2 == starnum(3) |... 

                     patsp2 == starnum(4)); 

               i3 = (patsp3 == starnum(1) |... 

                     patsp3 == starnum(2) |... 

                     patsp3 == starnum(3) |... 

                     patsp3 == starnum(4)); 

 

               %Create new Image Pyramid 

               Pyramid  = pattern(i1&i2&i3); 

 

               %Initialize Featurelist Pyramid 

               FPyramid = cell(4,1); 

 

               if length(Pyramid) < 4 

                    dbstop getCompPyramid_ID.m at 201 

               end 

 

               %Add tolerances and search Featurelist 

               for k = 1:4 

 

                    %Search tolerance added to image 

                    H1 = Pyramid(k).theta1+ecat; L1 = Pyramid(k).theta1-ecat; 

                    H2 = Pyramid(k).theta2+ecat; L2 = Pyramid(k).theta2-ecat; 

                    H3 = Pyramid(k).theta3+ecat; L3 = Pyramid(k).theta3-ecat; 

 

                    H4 = Pyramid(k).phi1+ecat;   L4 = Pyramid(k).phi1-ecat; 

                    H5 = Pyramid(k).phi2+ecat;   L5 = Pyramid(k).phi2-ecat; 

                    H6 = Pyramid(k).phi3+ecat;   L6 = Pyramid(k).phi3-ecat; 

 

                    %Indexing of tolerances 

                    ind1  = fAng1 <= H1; ind2  = fAng1 >= L1; 

                    ind3  = fAng2 <= H2; ind4  = fAng2 >= L2; 

                    ind5  = fAng3 <= H3; ind6  = fAng3 >= L3; 

                    ind7  = fPhi1 <= H4; ind8  = fPhi1 >= L4; 

                    ind9  = fPhi2 <= H5; ind10 = fPhi2 >= L5; 

                    ind11 = fPhi3 <= H6; ind12 = fPhi3 >= L6; 
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                    %Location in Featurelist for match 

                    Findex = (ind1 & ind2 & ind3 & ind4  & ind5  & ind6 &... 

                              ind7 & ind8 & ind9 & ind10 & ind11 & ind12); 

 

                    %New Featurelist Pyramid 

                    FPyramid(k) = {featurelist.feat(Findex)}; 

 

               end 

 

               %Check if F.Pyramid is empty 

               L1 = length(FPyramid{1}); L2 = length(FPyramid{2}); 

               L3 = length(FPyramid{3}); L4 = length(FPyramid{4}); 

 

               %Verify if F.Pyramid is valid for use, else use new 4th spot 

               if L1 == 0 || L2 == 0 || L3 == 0 || L4 == 0 

 

               else 

 

                    list = zeros(12,2); 

                    n    = 0; 

 

                    %First Identification Process 

                    for k = 1:4 

 

                         h1  = [FPyramid{k}.HipID1];   %HIP's found 

                         u   = unique(h1);             %Unique values of HIP 

                         lu  = length(u);              %Number of unique values 

                         tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 

 

                         for m = 1:lu 

                              index1 = h1 == u(m);     %index: all locations of value u(m) in HIP 

                              tag(m) = sum(index1);    %TAG: number of times value u(m) is found in HIP 

                         end 

                         [~,index1] = max(tag);        %Location in TAG for max similar entries of u 

 

                         h2  = [FPyramid{k}.HipID2];   %HIP's found 

                         u   = unique(h2);             %Unique values of HIP 

                         lu  = length(u);              %Number of unique values 

                         tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 

 

                         for m = 1:lu 

                              index2 = h2 == u(m);     %index: all locations of value u(m) in HIP 

                              tag(m) = sum(index2);    %TAG: number of times value u(m) is found in HIP 

                         end 

                         [~,index2] = max(tag);        %Location in TAG for max similar entries of u 

 

                         h3  = [FPyramid{k}.HipID3];   %HIP's found 

                         u   = unique(h3);             %Unique values of HIP 

                         lu  = length(u);              %Number of unique values 

                         tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 

 

                         for m = 1:lu 

                              index3 = h3 == u(m);     %index: all locations of value u(m) in HIP 

                              tag(m) = sum(index3);    %TAG: number of times value u(m) is found in HIP 

                         end 
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                         [~,index3] = max(tag);        %Location in TAG for max similar entries of u 

 

                         %Update LIST entry and counter 

                         n = n(end)+1:n(end)+3; 

 

                         list(n,:) = [Pyramid(k).spot1 h1(index1) 

                                      Pyramid(k).spot2 h2(index2) 

                                      Pyramid(k).spot3 h3(index3)]; 

 

                    end 

 

                    %Final Identification and Output 

                    for k = 1:N 

 

                         %Find all HIP's for spot 'k' 

                         H   = list( list(:,1) == k ,2); 

 

                         if ~isempty(H) 

 

                              u   = unique(H);              %Unique values of HIP 

                              lu  = length(u);              %Number of unique values 

                              tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 

 

                              for m = 1:lu 

                                   index = H == u(m);       %index: all locations of value u(m) in HIP 

                                   tag(m) = sum(index);     %TAG: number of times value u(m) is found in HIP 

                              end 

 

                              [ntags,index] = max(tag);     %Location in TAG for max similar entries of u 

 

                              %Input results to Structured output 

                              starID(k).votes = ntags; 

                              starID(k).spot  = k; 

                              starID(k).HipID = u(index); 

                              starID(k).XYZ   = spotlist(k).XYZ; 

 

                              %[Variable for use in DAVID FOWLER codes] 

                              starIDMod = starID; 

 

                         else 

                         end 

                    end 

 

                    %Identification has completed and results recorded, 

                    %terminate further need to identify image 

%                     return 

 

               end 

          end 

     end 

 

end 

 

End of Program. 

 

end 
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G. Modified Pyramid Method 

function [starID,starIDMod] = getPyramid_ID_mod(~,featurelist,spotlist,ecat) 

 

%Mortari's Pyramid Algorithm. Creates a list of patterns described by 6 

%features each using 3 stars. These patterns are checked against a feature 

%list, one pattern at a time, using a 4th star as a verification tool. If 

%all 4 spots match to stars in the feature list, then the spots are marked, 

%their HIP# recorded, and the output is a table of all spots in the image, 

%their location, and only the 4 spots that were recognized will have a HIP 

%ID. 

 

%Length of spotlist 

N = length(spotlist); 

 

%Initialize structure 

starID(N,1) = struct('votes',[],'spot',[],'HipID',[],'XYZ',[]); 

 

%Pad with zeros and with known info 

[starID.votes] = deal(0); 

[starID.spot]  = spotlist.spot; 

[starID.HipID] = deal(0); 

[starID.XYZ]   = spotlist.XYZ; 

 

%Preallocated variable 

starIDMod = starID; 

 

Algorithm Model 

 

if N < 4 % Early Failure Detection, requires min. 4 spots in image to proc. 

 

else %Process Image and Analyze 

 

Pattern Creation 

 

     %Pattern size: N! / ( 6 * [N-3]! ) 

     S = N*(N-1)*(N-2)/6; 

 

     %Initialize structured array 

     pattern(S,1) = struct('spot1',[],'spot2',[],'spot3',[],... 

                           'theta1',[],'theta2',[],'theta3',[],... 

                           'phi1',[],'phi2',[],'phi3',[]); 

     %Pattern Counter 

     L = 0; 

 

     %Create Patterns 

     for i = 1:N-2 

 

          %Find 1st spot and vector 

          spot1 = spotlist(i).spot; 

          A     = spotlist(i).XYZ; 

 

          for j = i+1:N-1 

 

               %Find 2nd spot and vector 

               spot2  = spotlist(j).spot; 



143 

 

 

               B      = spotlist(j).XYZ; 

 

               %Find 1st Feature 

               theta1 = acos(dot(A,B)); 

 

               for k = j+1:N 

 

                    %Find 3rd spot and vector 

                    spot3  = spotlist(k).spot; 

                    C      = spotlist(k).XYZ; 

 

                    %Find 2nd and 3rd Features 

                    theta2 = acos(dot(A,C)/(norm(A)*norm(C))); 

                    theta3 = acos(dot(B,C)/(norm(B)*norm(C))); 

 

                    if ~isreal(theta2) 

                         theta2 = 0; 

                    elseif ~isreal(theta3) 

                         theta3 = 0; 

                    end 

 

                    %Calculate Interior Angles 

                    V12 = B-A; 

                    V13 = C-A; 

                    V23 = C-B; 

                    v12 = sqrt(V12(1)^2+V12(2)^2+V12(3)^2); 

                    v13 = sqrt(V13(1)^2+V13(2)^2+V13(3)^2); 

                    v23 = sqrt(V23(1)^2+V23(2)^2+V23(3)^2); 

 

                    %Interior angles: Features 4->6 

                    phi1 = acos(dot(V12,V13)/(v12*v13)); 

                    phi2 = acos(dot(V12,V23)/(v12*v23)); 

                    phi3 = acos(dot(V13,V23)/(v13*v23)); 

 

                    %Sort Features based on smallest theta angle 

                    if theta1 < theta2 && theta1 < theta3 

                         if theta2 < theta3 

                              S1 = spot1;  S2 = spot2;  S3 = spot3; 

                              T1 = theta1; T2 = theta2; T3 = theta3; 

                              P1 = phi1;   P2 = phi2;   P3 = phi3; 

                         else 

                              S1 = spot2;  S2 = spot1;  S3 = spot3; 

                              T1 = theta1; T2 = theta3; T3 = theta2; 

                              P1 = phi1;   P2 = phi3;   P3 = phi2; 

                         end 

                    elseif theta2 < theta1 && theta2 < theta3 

                         if theta1 < theta3 

                              S1 = spot1;  S2 = spot3;  S3 = spot2; 

                              T1 = theta2; T2 = theta1; T3 = theta3; 

                              P1 = phi2;   P2 = phi1;   P3 = phi3; 

                         else 

 

                              S1 = spot3;  S2 = spot1;  S3 = spot2; 

                              T1 = theta2; T2 = theta3; T3 = theta1; 

                              P1 = phi2;   P2 = phi3;   P3 = phi1; 

                         end 
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                    elseif theta3 < theta1 && theta3 < theta2 

                         if theta1 < theta2 

                              S1 = spot2;  S2 = spot3;  S3 = spot1; 

                              T1 = theta3; T2 = theta1; T3 = theta2; 

                              P1 = phi3;   P2 = phi1;   P3 = phi2; 

                         else 

                              S1 = spot3;  S2 = spot2;  S3 = spot1; 

                              T1 = theta3; T2 = theta2; T3 = theta1; 

                              P1 = phi3;   P2 = phi2;   P3 = phi1; 

                         end 

                    end 

 

                    %Update Pattern Counter 

                    L = L + 1; 

 

                    %Input Pattern 

                    pattern(L).spot1 = S1; 

                    pattern(L).spot2 = S2; 

                    pattern(L).spot3 = S3; 

 

                    pattern(L).theta1 = T1; 

                    pattern(L).theta2 = T2; 

                    pattern(L).theta3 = T3; 

 

                    pattern(L).phi1 = P1; 

                    pattern(L).phi2 = P2; 

                    pattern(L).phi3 = P3; 

 

               end 

          end 

     end 

 

Pattern Identification 

 

     %Pre-allocate for increased index search speed 

     fAng1 = [featurelist.feat.theta1]; 

     fAng2 = [featurelist.feat.theta2]; 

     fAng3 = [featurelist.feat.theta3]; 

 

     fPhi1 = [featurelist.feat.phi1]; 

     fPhi2 = [featurelist.feat.phi2]; 

     fPhi3 = [featurelist.feat.phi3]; 

 

     patsp1 = [pattern.spot1]; 

     patsp2 = [pattern.spot2]; 

     patsp3 = [pattern.spot3]; 

 

     %Array of spots 

     ns = 1:N; 

 

     % 

     for i = 1:S 

 

          %New variables for ease in coding 

          starnum(1) = pattern(i).spot1; 

          starnum(2) = pattern(i).spot2; 
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          starnum(3) = pattern(i).spot3; 

 

          %Search for next 'spots' to build future triads 

          index    = ( ns>starnum(1) & ns>starnum(2) & ns>starnum(3) ); 

          star4set = ns( index ~= 0 ); 

 

          % 

          for j = 1:length(star4set) 

 

               %New 4th spot chosen 

               starnum(4) = star4set(j); 

 

               %Search for new triads using all 4 spots using indexing 

               i1 = (patsp1 == starnum(1) |... 

                     patsp1 == starnum(2) |... 

                     patsp1 == starnum(3) |... 

                     patsp1 == starnum(4)); 

               i2 = (patsp2 == starnum(1) |... 

                     patsp2 == starnum(2) |... 

                     patsp2 == starnum(3) |... 

                     patsp2 == starnum(4)); 

               i3 = (patsp3 == starnum(1) |... 

                     patsp3 == starnum(2) |... 

                     patsp3 == starnum(3) |... 

                     patsp3 == starnum(4)); 

 

               %Create new Image Pyramid 

               Pyramid  = pattern(i1&i2&i3); 

 

               %Initialize Featurelist Pyramid 

               FPyramid = cell(4,1); 

 

               %Add tolerances and search Featurelist 

               for k = 1:4 

 

                    %Search tolerance added to image 

                    H1 = Pyramid(k).theta1+ecat; L1 = Pyramid(k).theta1-ecat; 

                    H2 = Pyramid(k).theta2+ecat; L2 = Pyramid(k).theta2-ecat; 

                    H3 = Pyramid(k).theta3+ecat; L3 = Pyramid(k).theta3-ecat; 

 

                    H4 = Pyramid(k).phi1+ecat;   L4 = Pyramid(k).phi1-ecat; 

                    H5 = Pyramid(k).phi2+ecat;   L5 = Pyramid(k).phi2-ecat; 

                    H6 = Pyramid(k).phi3+ecat;   L6 = Pyramid(k).phi3-ecat; 

 

                    %Indexing of tolerances 

                    ind1  = fAng1 <= H1; ind2  = fAng1 >= L1; 

                    ind3  = fAng2 <= H2; ind4  = fAng2 >= L2; 

                    ind5  = fAng3 <= H3; ind6  = fAng3 >= L3; 

                    ind7  = fPhi1 <= H4; ind8  = fPhi1 >= L4; 

                    ind9  = fPhi2 <= H5; ind10 = fPhi2 >= L5; 

                    ind11 = fPhi3 <= H6; ind12 = fPhi3 >= L6; 

 

                    %Location in Featurelist for match 

                    Findex = (ind1 & ind2 & ind3 & ind4  & ind5  & ind6 &... 

                              ind7 & ind8 & ind9 & ind10 & ind11 & ind12); 
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                    %New Featurelist Pyramid 

                    FPyramid(k) = {featurelist.feat(Findex)}; 

 

               end 

 

               %Check if F.Pyramid is empty 

               L1 = length(FPyramid{1}); L2 = length(FPyramid{2}); 

               L3 = length(FPyramid{3}); L4 = length(FPyramid{4}); 

 

               %Verify if F.Pyramid is valid for use, else use new 4th spot 

               if L1 == 0 || L2 == 0 || L3 == 0 || L4 == 0 

 

               else 

 

                    list = zeros(12,2); 

                    n    = 0; 

 

                    %First Identification Process 

                    for k = 1:4 

 

                         h1  = [FPyramid{k}.HipID1];   %HIP's found 

                         u   = unique(h1);             %Unique values of HIP 

                         lu  = length(u);              %Number of unique values 

                         tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 

 

                         for m = 1:lu 

                              index1 = h1 == u(m);     %index: all locations of value u(m) in HIP 

                              tag(m) = sum(index1);    %TAG: number of times value u(m) is found in HIP 

                         end 

                         [~,index1] = max(tag);        %Location in TAG for max similar entries of u 

 

                         h2  = [FPyramid{k}.HipID2];   %HIP's found 

                         u   = unique(h2);             %Unique values of HIP 

                         lu  = length(u);              %Number of unique values 

                         tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 

 

                         for m = 1:lu 

                              index2 = h2 == u(m);     %index: all locations of value u(m) in HIP 

                              tag(m) = sum(index2);    %TAG: number of times value u(m) is found in HIP 

                         end 

                         [~,index2] = max(tag);        %Location in TAG for max similar entries of u 

 

                         h3  = [FPyramid{k}.HipID3];   %HIP's found 

                         u   = unique(h3);             %Unique values of HIP 

                         lu  = length(u);              %Number of unique values 

                         tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 

 

                         for m = 1:lu 

                              index3 = h3 == u(m);     %index: all locations of value u(m) in HIP 

                              tag(m) = sum(index3);    %TAG: number of times value u(m) is found in HIP 

                         end 

                         [~,index3] = max(tag);        %Location in TAG for max similar entries of u 

 

                         %Update LIST entry and counter 

                         n = n(end)+1:n(end)+3; 
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                         list(n,:) = [Pyramid(k).spot1 h1(index1) 

                                      Pyramid(k).spot2 h2(index2) 

                                      Pyramid(k).spot3 h3(index3)]; 

 

                    end 

 

                    %Final Identification and Output 

                    for k = 1:N 

 

                         %Find all HIP's for spot 'k' 

                         H   = list( list(:,1) == k ,2); 

 

                         if ~isempty(H) 

 

                              u   = unique(H);              %Unique values of HIP 

                              lu  = length(u);              %Number of unique values 

                              tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 

 

                              for m = 1:lu 

                                   index = H == u(m);       %index: all locations of value u(m) in HIP 

                                   tag(m) = sum(index);     %TAG: number of times value u(m) is found in HIP 

                              end 

 

                              [ntags,index] = max(tag);     %Location in TAG for max similar entries of u 

 

                              %Input results to Structured output 

                              starID(k).votes = ntags; 

                              starID(k).spot  = k; 

                              starID(k).HipID = u(index); 

                              starID(k).XYZ   = spotlist(k).XYZ; 

 

                              %[Variable for use in DAVID FOWLER codes] 

                              starIDMod = starID; 

 

                         else 

                         end 

                    end 

 

                    newPyramid; 

 

                    %Identification has completed and results recorded, 

                    %terminate further need to identify image 

                    return 

               end 

          end 

     end 

 

end 

 

     function newPyramid 

 

          newspot = (~ismember(ns,starnum)); 

          newspot = ns(newspot~=0); 

 

%           h1 = starID(starnum(1)).HipID; h2 = starID(starnum(2)).HipID; 

%           h3 = starID(starnum(3)).HipID; h4 = starID(starnum(4)).HipID; 
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          for i = 1:length(newspot) 

 

               I1 = (patsp1 == starnum(1) |... 

                    patsp1 == starnum(2) |... 

                    patsp1 == starnum(3) |... 

                    patsp1 == starnum(4) |... 

                    patsp1 == newspot(i)); 

               I2 = (patsp2 == starnum(1) |... 

                    patsp2 == starnum(2) |... 

                    patsp2 == starnum(3) |... 

                    patsp2 == starnum(4) |... 

                    patsp2 == newspot(i)); 

               I3 = (patsp3 == starnum(1) |... 

                    patsp3 == starnum(2) |... 

                    patsp3 == starnum(3) |... 

                    patsp3 == starnum(4) |... 

                    patsp3 == newspot(i)); 

 

               newPyr = pattern(I1 & I2 & I3); 

 

               S1 = [newPyr.spot1] == newspot(i); 

               S2 = [newPyr.spot2] == newspot(i); 

               S3 = [newPyr.spot3] == newspot(i); 

 

               newPyr = newPyr(S1 | S2 | S3); 

 

               for j = 1:6 

 

                    H1 = newPyr(j).theta1+ecat; L1 = newPyr(j).theta1-ecat; 

                    H2 = newPyr(j).theta2+ecat; L2 = newPyr(j).theta2-ecat; 

                    H3 = newPyr(j).theta3+ecat; L3 = newPyr(j).theta3-ecat; 

 

                    H4 = newPyr(j).phi1+ecat;   L4 = newPyr(j).phi1-ecat; 

                    H5 = newPyr(j).phi2+ecat;   L5 = newPyr(j).phi2-ecat; 

                    H6 = newPyr(j).phi3+ecat;   L6 = newPyr(j).phi3-ecat; 

 

                    %Indexing of tolerances 

                    ind1  = fAng1 <= H1; ind2  = fAng1 >= L1; 

                    ind3  = fAng2 <= H2; ind4  = fAng2 >= L2; 

                    ind5  = fAng3 <= H3; ind6  = fAng3 >= L3; 

                    ind7  = fPhi1 <= H4; ind8  = fPhi1 >= L4; 

                    ind9  = fPhi2 <= H5; ind10 = fPhi2 >= L5; 

                    ind11 = fPhi3 <= H6; ind12 = fPhi3 >= L6; 

 

                    %Location in Featurelist for match 

                    Findex = (ind1 & ind2 & ind3 & ind4  & ind5  & ind6 &... 

                         ind7 & ind8 & ind9 & ind10 & ind11 & ind12); 

 

                    %New Featurelist Pyramid 

                    FPyramid(j) = {featurelist.feat(Findex)}; 

 

               end 

 

               %Check if F.Pyramid is empty 

               L1 = length(FPyramid{1}); L2 = length(FPyramid{2}); 
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               L3 = length(FPyramid{3}); L4 = length(FPyramid{4}); 

               L5 = length(FPyramid{5}); L6 = length(FPyramid{6}); 

               Ltable = [L1 L2 L3 L4 L5 L6]; 

 

               %Verify if F.Pyramid is valid for use, else use new 4th spot 

               if sum(Ltable) == 0 

 

               else 

 

                    h = 0; 

                    for j = 1:6 

                         for k = 1:Ltable(j) 

                              if newPyr(j).spot1 == newspot(i) 

 

                                   s2 = newPyr(j).spot2; 

                                   s3 = newPyr(j).spot3; 

 

                                   is1 = FPyramid{j}(k).HipID2 == starID(s2).HipID; 

                                   is2 = FPyramid{j}(k).HipID3 == starID(s3).HipID; 

 

                                   if sum([is1 is2]) == 2 

                                        h(k) = FPyramid{j}(k).HipID1; 

                                   end 

 

                              elseif newPyr(j).spot2 == newspot(i) 

 

                                   s1 = newPyr(j).spot1; 

                                   s3 = newPyr(j).spot3; 

 

                                   is1 = FPyramid{j}(k).HipID1 == starID(s1).HipID; 

                                   is2 = FPyramid{j}(k).HipID3 == starID(s3).HipID; 

 

                                   if sum([is1 is2]) == 2 

                                        h(k) = FPyramid{j}(k).HipID2; 

                                   end 

 

                              elseif newPyr(j).spot3 == newspot(i) 

 

                                   s1 = newPyr(j).spot1; 

                                   s2 = newPyr(j).spot2; 

 

                                   is1 = FPyramid{j}(k).HipID1 == starID(s1).HipID; 

                                   is2 = FPyramid{j}(k).HipID2 == starID(s2).HipID; 

 

                                   if sum([is1 is2]) == 2 

                                        h(k) = FPyramid{j}(k).HipID3; 

                                   end 

 

                              end 

                         end 

                    end 

 

                    u = unique(h); 

                    lu = length(u); 

                    tag = zeros(lu,1); 
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                    for k = 1:lu 

                         indexnew = h == u(k);     %index: all locations of value u(m) in HIP 

                         tag(k) = sum(indexnew);    %TAG: number of times value u(m) is found in HIP 

                    end 

                    [ntags,index] = max(tag);        %Location in TAG for max similar entries of u 

 

                    if u(index) == 0 

                         ntags = 0; 

                    end 

 

                    %Input results to Structured output 

                    starID(newspot(i)).votes = ntags; 

                    starID(newspot(i)).spot  = newspot(i); 

                    starID(newspot(i)).HipID = u(index); 

                    starID(newspot(i)).XYZ   = spotlist([spotlist.spot]==newspot(i)).XYZ; 

 

                    %[Variable for use in DAVID FOWLER codes] 

                    starIDMod = starID; 

               end 

          end 

     end 

 

End of Program. 

 

end 

H. Pyramid with Voting Method 

function [starID,starIDMod] = getPyramidVote_ID(catalog,featurelist,spotlist,ecat) 

 

%Mortari's Pyramid Algorithm. Creates a list of patterns described by 6 

%features each using 3 stars. These patterns are checked against a feature 

%list, one pattern at a time, using a 4th star as a verification tool. If 

%all 4 spots match to stars in the feature list, then the spots are marked, 

%their HIP# recorded, and the output is a table of all spots in the image, 

%their location, and only the 4 spots that were recognized will have a HIP 

%ID. 

 

%Length of spotlist 

N = length(spotlist); 

 

%Initialize structure 

starID(N,1) = struct('votes',[],'spot',[],'HipID',[],'XYZ',[]); 

 

%Pad with zeros and with known info 

[starID.votes] = deal(0); 

[starID.spot]  = spotlist.spot; 

[starID.HipID] = deal(0); 

[starID.XYZ]   = spotlist.XYZ; 

 

%Preallocated variable 

starIDMod = starID; 

 

Algorithm Model 

 

if N < 4 % Early Failure Detection, requires min. 4 spots in image to proc. 
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else %Process Image and Analyze 

 

Pattern Creation 

 

     %Pattern size: N! / ( 6 * [N-3]! ) 

     S = N*(N-1)*(N-2)/6; 

 

     %Initialize structured array 

     pattern(S,1) = struct('spot1',[],'spot2',[],'spot3',[],... 

          'theta1',[],'theta2',[],'theta3',[],... 

          'phi1',[],'phi2',[],'phi3',[]); 

     %Pattern Counter 

     L = 0; 

 

     %Create Patterns 

     for i = 1:N-2 

 

          %Find 1st spot and vector 

          spot1 = spotlist(i).spot; 

          A     = spotlist(i).XYZ; 

 

          for j = i+1:N-1 

 

               %Find 2nd spot and vector 

               spot2  = spotlist(j).spot; 

               B      = spotlist(j).XYZ; 

 

               %Find 1st Feature 

               theta1 = acos(dot(A,B)); 

 

               for k = j+1:N 

 

                    %Find 3rd spot and vector 

                    spot3  = spotlist(k).spot; 

                    C      = spotlist(k).XYZ; 

 

                    %Find 2nd and 3rd Features 

                    theta2 = acos(dot(A,C)/(norm(A)*norm(C))); 

                    theta3 = acos(dot(B,C)/(norm(B)*norm(C))); 

 

                    %Calculate Interior Angles 

                    V12 = B-A; 

                    V13 = C-A; 

                    V23 = C-B; 

                    v12 = sqrt(V12(1)^2+V12(2)^2+V12(3)^2); 

                    v13 = sqrt(V13(1)^2+V13(2)^2+V13(3)^2); 

                    v23 = sqrt(V23(1)^2+V23(2)^2+V23(3)^2); 

 

                    %Interior angles: Features 4->6 

                    phi1 = acos(dot(V12,V13)/(v12*v13)); 

                    phi2 = acos(dot(V12,V23)/(v12*v23)); 

                    phi3 = acos(dot(V13,V23)/(v13*v23)); 

 

                    %Sort Features based on smallest theta angle 

                    if theta1 < theta2 && theta1 < theta3 
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                         if theta2 < theta3 

                              S1 = spot1;  S2 = spot2;  S3 = spot3; 

                              T1 = theta1; T2 = theta2; T3 = theta3; 

                              P1 = phi1;   P2 = phi2;   P3 = phi3; 

                         else 

                              S1 = spot2;  S2 = spot1;  S3 = spot3; 

                              T1 = theta1; T2 = theta3; T3 = theta2; 

                              P1 = phi1;   P2 = phi3;   P3 = phi2; 

                         end 

                    elseif theta2 < theta1 && theta2 < theta3 

                         if theta1 < theta3 

                              S1 = spot1;  S2 = spot3;  S3 = spot2; 

                              T1 = theta2; T2 = theta1; T3 = theta3; 

                              P1 = phi2;   P2 = phi1;   P3 = phi3; 

                         else 

 

                              S1 = spot3;  S2 = spot1;  S3 = spot2; 

                              T1 = theta2; T2 = theta3; T3 = theta1; 

                              P1 = phi2;   P2 = phi3;   P3 = phi1; 

                         end 

                    elseif theta3 < theta1 && theta3 < theta2 

                         if theta1 < theta2 

                              S1 = spot2;  S2 = spot3;  S3 = spot1; 

                              T1 = theta3; T2 = theta1; T3 = theta2; 

                              P1 = phi3;   P2 = phi1;   P3 = phi2; 

                         else 

                              S1 = spot3;  S2 = spot2;  S3 = spot1; 

                              T1 = theta3; T2 = theta2; T3 = theta1; 

                              P1 = phi3;   P2 = phi2;   P3 = phi1; 

                         end 

                    end 

 

                    %Update Pattern Counter 

                    L = L + 1; 

 

                    %Input Pattern 

                    pattern(L).spot1 = S1; 

                    pattern(L).spot2 = S2; 

                    pattern(L).spot3 = S3; 

 

                    pattern(L).theta1 = T1; 

                    pattern(L).theta2 = T2; 

                    pattern(L).theta3 = T3; 

 

                    pattern(L).phi1 = P1; 

                    pattern(L).phi2 = P2; 

                    pattern(L).phi3 = P3; 

 

               end 

          end 

     end 

 

Pattern Identification 

 

     %Pre-allocate for increased index search speed 

     fAng1 = [featurelist.feat.theta1]; 
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     fAng2 = [featurelist.feat.theta2]; 

     fAng3 = [featurelist.feat.theta3]; 

 

     fPhi1 = [featurelist.feat.phi1]; 

     fPhi2 = [featurelist.feat.phi2]; 

     fPhi3 = [featurelist.feat.phi3]; 

 

     patsp1 = [pattern.spot1]; 

     patsp2 = [pattern.spot2]; 

     patsp3 = [pattern.spot3]; 

 

     %Array of spots 

     ns = 1:N; 

 

     % 

     for i = 1:S 

 

          %New variables for ease in coding 

          starnum(1) = pattern(i).spot1; 

          starnum(2) = pattern(i).spot2; 

          starnum(3) = pattern(i).spot3; 

 

          %Search for next 'spots' to build future triads 

          index    = ( ns>starnum(1) & ns>starnum(2) & ns>starnum(3) ); 

          star4set = ns( index ~= 0 ); 

 

          % 

          for j = 1:length(star4set) 

 

               %New 4th spot chosen 

               starnum(4) = star4set(j); 

 

               %Search for new triads using all 4 spots using indexing 

               i1 = (patsp1 == starnum(1) |... 

                    patsp1 == starnum(2) |... 

                    patsp1 == starnum(3) |... 

                    patsp1 == starnum(4)); 

               i2 = (patsp2 == starnum(1) |... 

                    patsp2 == starnum(2) |... 

                    patsp2 == starnum(3) |... 

                    patsp2 == starnum(4)); 

               i3 = (patsp3 == starnum(1) |... 

                    patsp3 == starnum(2) |... 

                    patsp3 == starnum(3) |... 

                    patsp3 == starnum(4)); 

 

               %Create new Image Pyramid 

               Pyramid  = pattern(i1&i2&i3); 

 

               %Initialize Featurelist Pyramid 

               FPyramid = cell(4,1); 

 

               %Add tolerances and search Featurelist 

               for k = 1:4 

 

                    %Search tolerance added to image 



154 

 

 

                    H1 = Pyramid(k).theta1+ecat; L1 = Pyramid(k).theta1-ecat; 

                    H2 = Pyramid(k).theta2+ecat; L2 = Pyramid(k).theta2-ecat; 

                    H3 = Pyramid(k).theta3+ecat; L3 = Pyramid(k).theta3-ecat; 

 

                    H4 = Pyramid(k).phi1+ecat;   L4 = Pyramid(k).phi1-ecat; 

                    H5 = Pyramid(k).phi2+ecat;   L5 = Pyramid(k).phi2-ecat; 

                    H6 = Pyramid(k).phi3+ecat;   L6 = Pyramid(k).phi3-ecat; 

 

                    %Indexing of tolerances 

                    ind1  = fAng1 <= H1; ind2  = fAng1 >= L1; 

                    ind3  = fAng2 <= H2; ind4  = fAng2 >= L2; 

                    ind5  = fAng3 <= H3; ind6  = fAng3 >= L3; 

                    ind7  = fPhi1 <= H4; ind8  = fPhi1 >= L4; 

                    ind9  = fPhi2 <= H5; ind10 = fPhi2 >= L5; 

                    ind11 = fPhi3 <= H6; ind12 = fPhi3 >= L6; 

 

                    %Location in Featurelist for match 

                    Findex = (ind1 & ind2 & ind3 & ind4  & ind5  & ind6 &... 

                         ind7 & ind8 & ind9 & ind10 & ind11 & ind12); 

 

                    %New Featurelist Pyramid 

                    FPyramid(k) = {featurelist.feat(Findex)}; 

 

               end 

 

               %Check if F.Pyramid is empty 

               L1 = length(FPyramid{1}); L2 = length(FPyramid{2}); 

               L3 = length(FPyramid{3}); L4 = length(FPyramid{4}); 

 

               %Verify if F.Pyramid is valid for use, else use new 4th spot 

               if L1 == 0 || L2 == 0 || L3 == 0 || L4 == 0 

 

               else 

 

                    list = zeros(12,2); 

                    n    = 0; 

 

                    %First Identification Process 

                    for k = 1:4 

 

                         h1  = [FPyramid{k}.HipID1];   %HIP's found 

                         u   = unique(h1);             %Unique values of HIP 

                         lu  = length(u);              %Number of unique values 

                         tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 

 

                         for m = 1:lu 

                              index1 = h1 == u(m);     %index: all locations of value u(m) in HIP 

                              tag(m) = sum(index1);    %TAG: number of times value u(m) is found in HIP 

                         end 

                         [~,index1] = max(tag);        %Location in TAG for max similar entries of u 

 

                         h2  = [FPyramid{k}.HipID2];   %HIP's found 

                         u   = unique(h2);             %Unique values of HIP 

                         lu  = length(u);              %Number of unique values 

                         tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 
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                         for m = 1:lu 

                              index2 = h2 == u(m);     %index: all locations of value u(m) in HIP 

                              tag(m) = sum(index2);    %TAG: number of times value u(m) is found in HIP 

                         end 

                         [~,index2] = max(tag);        %Location in TAG for max similar entries of u 

 

                         h3  = [FPyramid{k}.HipID3];   %HIP's found 

                         u   = unique(h3);             %Unique values of HIP 

                         lu  = length(u);              %Number of unique values 

                         tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 

 

                         for m = 1:lu 

                              index3 = h3 == u(m);     %index: all locations of value u(m) in HIP 

                              tag(m) = sum(index3);    %TAG: number of times value u(m) is found in HIP 

                         end 

                         [~,index3] = max(tag);        %Location in TAG for max similar entries of u 

 

                         %Update LIST entry and counter 

                         n = n(end)+1:n(end)+3; 

 

                         list(n,:) = [Pyramid(k).spot1 h1(index1) 

                              Pyramid(k).spot2 h2(index2) 

                              Pyramid(k).spot3 h3(index3)]; 

 

                    end 

 

                    %Final Identification and Output 

                    for k = 1:N 

 

                         %Find all HIP's for spot 'k' 

                         H   = list( list(:,1) == k ,2); 

 

                         if ~isempty(H) 

 

                              u   = unique(H);              %Unique values of HIP 

                              lu  = length(u);              %Number of unique values 

                              tag = zeros(lu,1);            %Pre-allocated matrix for loop speed 

 

                              for m = 1:lu 

                                   index = H == u(m);       %index: all locations of value u(m) in HIP 

                                   tag(m) = sum(index);     %TAG: number of times value u(m) is found in HIP 

                              end 

 

                              [ntags,index] = max(tag);     %Location in TAG for max similar entries of u 

 

                              %Input results to Structured output 

                              starID(k).votes = ntags; 

                              starID(k).spot  = k; 

                              starID(k).HipID = u(index); 

                              starID(k).XYZ   = spotlist(k).XYZ; 

 

                              %[Variable for use in DAVID FOWLER codes] 

                              starIDMod = starID; 

 

                         else 

                         end 
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                    end 

 

                    SVT = starID; 

                    Validation 

 

                    %Identification has completed and results recorded, 

                    %terminate further need to identify image 

                    return 

 

               end 

          end 

     end 

 

end 

 

     function Validation 

 

Validation Procedure 

 

          starID(N,1) = struct('votes',[],'spot',[],'HipID',[],'XYZ',[]); 

 

          catHip = [catalog.cat.HipID]; 

          pos = 2; 

          neg = 1; 

 

          multID = unique([SVT.HipID]); 

          LM = length(multID); 

 

          for i = 1:LM 

               index = [SVT.HipID]==multID(i); 

               marks = sum(index); 

               if marks > 1 

                    [SVT(index).HipID] = deal(0); 

               end 

          end 

 

          for i = 1:N 

 

               if SVT(i).HipID ~= 0 

 

                    index1 = catHip == SVT(i).HipID; 

                    XYZ1   = catalog.cat(index1).XYZ; 

                    xyz1   = spotlist(i).XYZ; 

 

                    if isempty(starID(i).votes) 

                         starID(i).votes = 0; 

                    end 

 

                    for j = 1:N 

 

                         if j ~= i 

 

                              if SVT(j).HipID ~= 0 

 

                                   if isempty(starID(j).votes) 

                                        starID(j).votes = 0; 
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                                   end 

 

                                   index2 = catHip == SVT(j).HipID; 

                                   XYZ2   = catalog.cat(index2).XYZ; 

                                   xyz2   = spotlist(j).XYZ; 

 

                                   angle = acos(dot(XYZ1,XYZ2)); 

                                   theta = acos(dot(xyz1,xyz2)); 

 

                                   if ~isreal(theta) || theta <= 0 

                                        Lower = 0; 

                                        Upper = ecat; 

                                   else 

                                        Upper = theta+ecat; 

                                        Lower = theta-ecat; 

                                   end 

 

                                   if Upper >= angle && angle >= Lower 

 

                                        starID(i).votes = starID(i).votes+pos; 

                                        starID(j).votes = starID(j).votes+pos; 

 

                                   else 

 

                                        %starID(i).votes = starID(i).votes-neg; 

                                        starID(j).votes = starID(j).votes-neg; 

 

                                   end 

 

                              else 

 

                                   %starID(i).votes = starID(i).votes-neg; 

                                   starID(j).votes = starID(j).votes-neg; 

 

                              end 

                         end 

                    end 

 

               elseif SVT(i).HipID == 0 

 

                    if isempty([starID(i).votes]) 

                         starID(i).votes = 0; 

                    end 

 

                    starID(i).votes = starID(i).votes-neg; 

                    starID(j).votes = starID(j).votes-neg; 

 

               end 

 

               starID(i).spot = i; 

               starID(i).HipID = SVT(i).HipID; 

               starID(i).XYZ = spotlist(i).XYZ; 

 

          end 

 

          starIDMod = starID; 
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          index = [starID.votes] <= 0; 

          [starIDMod(index).HipID] = deal(0); 

 

     end 

 

End of Program. 

 

end 

I. Voting Algorithm 

function [starID,starIDMod] = Voting_Algorithm(catalog,featurelist,spotlist,pattern,ecat,ns) 

 

Voting Code for 2 stars and 3 stars 

Initial Pass Voting - First Stage 

 

IVT(1000000,1) = struct('votes',[],'HipID',[],'spot',[]); %Initial Voting Table 

n = length(pattern); 

N = length(spotlist); 

L = 0; 

% dbstop Voting_Algorithm.m at 11 

% Strip Angles from feature list only once outside loop 

fAng1 = [featurelist.feat.theta1]; 

 

if ns == 3 

     fAng2 = [featurelist.feat.theta2]; 

     fAng3 = [featurelist.feat.phi]; 

end 

 

for i = 1:n %Run based on number of features in 'pattern' 

 

     %featurelist being truncated based on pattern angles and catalog search 

     %error tolerance 

     high1 = pattern(i).theta1 + ecat; %high and low based on first angle 

     low1  = pattern(i).theta1 - ecat; 

 

     if ns == 3 %3-star only truncation 

 

          high2 = pattern(i).theta2 + ecat; %high and low based on second angle 

          low2  = pattern(i).theta2 - ecat; 

 

          high3 = pattern(i).phi + ecat; %high and low based on interior angle 

          low3  = pattern(i).phi - ecat; 

 

          %Indices that are found to match 

          ind1  = fAng1 <= high1; 

          ind2  = fAng1 >= low1 ; 

          ind3  = fAng2 <= high2; 

          ind4  = fAng2 >= low2 ; 

          ind5  = fAng3 <= high3; 

          ind6  = fAng3 >= low3 ; 

          index = (ind1 & ind2 & ind3 & ind4 & ind5 & ind6); 

 

     else %2-star only truncation 

 

          ind1  = fAng1 <= high1; 
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          ind2  = fAng1 >= low1 ; 

          index = (ind1 & ind2); 

 

     end 

 

     %featurelist truncated and size recorded 

     FLcheck  = featurelist.feat(index); 

     numMatch = length(FLcheck); %Number of matches between pattern and featurelist 

     L        = L + 1; 

 

     if numMatch ~= 0 %Found a possible match 

 

          nFound = L - 1 + numMatch; 

          iFill  = (L:nFound); 

 

          [IVT(iFill).votes] = deal( 1 ); 

          [IVT(iFill).HipID] = FLcheck(:).HipID1; 

          [IVT(iFill).spot]  = deal( pattern(i).spot1 ); 

 

          if ns ~= 2 

 

               iFill = iFill + numMatch; 

 

               [IVT(iFill).votes] = deal( 1 ); 

               [IVT(iFill).HipID] = FLcheck(:).HipID2; 

               [IVT(iFill).spot]  = deal( pattern(i).spot2 ); 

 

               iFill = iFill + numMatch; 

               [IVT(iFill).votes] = deal( 1 ); 

               [IVT(iFill).HipID] = FLcheck(:).HipID3; 

               [IVT(iFill).spot]  = deal( pattern(i).spot3 ); 

 

          end 

 

          L = nFound+2*(ns-2)*numMatch; 

 

     else %If no feature match is found 

 

          IVT(L).votes   = 0; 

          IVT(L).HipID   = 0; 

          IVT(L).spot    = pattern(i).spot1; 

 

          if ns ~= 2 

               IVT(L+1).votes = 0; 

               IVT(L+1).HipID = 0; 

               IVT(L+1).spot  = pattern(i).spot2; 

               IVT(L+2).votes = 0; 

               IVT(L+2).HipID = 0; 

               IVT(L+2).spot  = pattern(i).spot3; 

          end 

 

          L = L + ns-1; 

 

     end 

end 
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IVT = IVT(1:L); 

 

Second Pass Voting - Second Stage 

 

SVT(N,1) = struct('votes',[],'spot',[],'HipID',[]); 

ivtSpot  = [IVT.spot]; 

ivtHip   = [IVT.HipID]; 

 

for j = 1:N 

 

     %Index and cut IVT based on 'j' 

     iS    = ivtSpot == j; 

     iH    = ivtHip ~= 0; 

     index = (iS & iH); 

 

     hip   = ivtHip(index); 

 

     if ~isempty(hip) 

 

          uhip  = unique(hip); 

          s     = size(uhip,2); 

          votes = zeros(s,1); 

 

          for i = 1:s 

 

               votes(i) = sum(hip == uhip(i)); 

 

          end 

 

          if sum(votes==max(votes)) > 1 

 

               SVT(j).votes = 0; 

               SVT(j).spot  = j; 

               SVT(j).HipID = 0; 

 

          else 

 

               [vote,index] = max(votes); 

               %Secondary Voting matrix 

               SVT(j).votes = vote; 

               SVT(j).spot  = j; 

               SVT(j).HipID = uhip(index); 

 

          end 

 

     else 

 

          SVT(j).votes = 0; 

          SVT(j).spot  = j; 

          SVT(j).HipID = 0; 

 

     end 

end 

 

Validation Procedure - Third Stage 
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starID(N,1) = struct('votes',[],'spot',[],'HipID',[],'XYZ',[]); 

 

catHip = [catalog.cat.HipID]; 

pos = 1; 

neg = 1; 

 

multID = unique([SVT.HipID]); 

LM = length(multID); 

 

for i = 1:LM 

     index = [SVT.HipID]==multID(i); 

     marks = sum(index); 

     if marks > 1 

          [SVT(index).HipID] = deal(0); 

     end 

end 

 

for i = 1:N 

 

     if SVT(i).HipID ~= 0 

 

          index1 = catHip == SVT(i).HipID; 

          XYZ1   = catalog.cat(index1).XYZ; 

          xyz1   = spotlist(i).XYZ; 

 

          if isempty(starID(i).votes) 

               starID(i).votes = 0; 

          end 

 

          for j = 1:N 

 

               if j ~= i 

 

                    if SVT(j).HipID ~= 0 

 

                         if isempty(starID(j).votes) 

                              starID(j).votes = 0; 

                         end 

 

                         index2 = catHip == SVT(j).HipID; 

                         XYZ2   = catalog.cat(index2).XYZ; 

                         xyz2   = spotlist(j).XYZ; 

 

                         angle = acos(dot(XYZ1,XYZ2)); 

                         theta = acos(dot(xyz1,xyz2)); 

 

                         if ~isreal(theta) || theta <= 0 

                              Lower = 0; 

                              Upper = ecat; 

                         else 

                              Upper = theta+ecat; 

                              Lower = theta-ecat; 

                         end 

 

                         if Upper >= angle && angle >= Lower 
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                              starID(i).votes = starID(i).votes+pos; 

                              starID(j).votes = starID(j).votes+pos; 

 

                         else 

 

                              %starID(i).votes = starID(i).votes-neg; 

                              starID(j).votes = starID(j).votes-neg; 

 

                         end 

 

                    else 

 

                         %starID(i).votes = starID(i).votes-neg; 

                         starID(j).votes = starID(j).votes-neg; 

 

                    end 

               end 

          end 

 

     elseif SVT(i).HipID == 0 

 

          if isempty([starID(i).votes]) 

               starID(i).votes = 0; 

          end 

 

          starID(i).votes = starID(i).votes-neg; 

          starID(j).votes = starID(j).votes-neg; 

 

     end 

 

     starID(i).spot = i; 

     starID(i).HipID = SVT(i).HipID; 

     starID(i).XYZ = spotlist(i).XYZ; 

 

end 

starIDMod = starID; 

index = [starID.votes] <= 0; 

[starIDMod(index).HipID] = deal(0); 

 

end 
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APPENDIX B 

ADDITIONAL FIGURES 

 Additional figures that were not shown in the main body of the text are provided here to further 

illustrate the results obtained from simulation and experimental testing.  

I. Simulations 

1. Magnitude 3 Threshold 

 

 

Figure B.1 Location of camera view point for 100 simulated images with approximate FOV area for 

magnitude 3 star fields in Miller cylindrical projection 
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Figure B.2 Solution failures for 3 unacceptable simulated ID algorithms at magnitude 3 as a function 

of catalog tolerance 
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Figure B.3 Solution failures for 5 acceptable simulated algorithms at magnitude 3 as a function of 

catalog tolerance 
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Figure B.4 Image solution failures of all simulated algorithms at magnitude 3 as a function of catalog 

tolerance 

 

Figure B.5 Spot to star matching failures of all simulated algorithms at magnitude 3 as a function of 

catalog tolerance 



167 

 

 

 

Figure B.6 Average empty sets of all simulated algorithms at magnitude 3 as a function of catalog 

tolerance 

 

 



168 

 

 

 

Figure B.7 Solution failures of 3 unacceptable simulated algorithms at magnitude 3 as a function of 

centroiding 
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Figure B.8 Solution failures of 5 acceptable simulated algorithms at magnitude 3 as a function of 

centroiding 
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Figure B.9 Image solution failure of all simulated algorithms at magnitude 3 as a function of 

centroiding 

 

Figure B.10 Average failed matches of all simulated algorithms at magnitude 3 as a function of 

centroiding 
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Figure B.11 Average empty sets of all simulated algorithms at magnitude 3 as a function of 

centroiding 

 

Figure B.12 3-D image solution failure of simulated Two Star method as functions of catalog 

tolerance and centroiding 
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Figure B.13 3-D image match failure of simulated Two Star method as functions of catalog tolerance 

and centroiding 

 

Figure B.14 3-D image empty sets of simulated Two Star method as functions of catalog tolerance 

and centroiding 
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Figure B.15 3-D image solution failure of simulated Liebe method as functions of catalog tolerance 

and centroiding 

 

Figure B.16 3-D image match failure of simulated Liebe method as functions of catalog tolerance and 

centroiding 
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Figure B.17 3-D image empty set of simulated Liebe method as functions of catalog tolerance and 

centroiding 

 

Figure B.18 3-D image solution failure of simulated Liebe with Voting method as functions of catalog 

tolerance and centroiding 
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Figure B.19 3-D image match failure of simulated Liebe with Voting method as functions of catalog 

tolerance and centroiding 

 

Figure B.20 3-D image empty set of simulated Liebe with Voting method as functions of catalog 

tolerance and centroiding 
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Figure B.21 3-D image solution failure of simulated Brätt method as functions of catalog tolerance 

and centroiding 

 

Figure B.22 3-D image match failure of simulated Brätt method as functions of catalog tolerance and 

centroiding 
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Figure B.23 3-D image empty set of simulated Brätt method as functions of catalog tolerance and 

centroiding 

 

Figure B.24 3-D image solution failure of simulated Constrained Pyramid method as functions of 

catalog tolerance and centroiding 
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Figure B.25 3-D image match failure of simulated Constrained Pyarmid method as functions of 

catalog tolerance and centroiding 

 

Figure B.26 3-D image empty set of simulated Constrained Pyarmid method as functions of catalog 

tolerance and centroiding 



179 

 

 

 

Figure B.27 3-D image solution failure of simulated Comprehensive Pyramid method as functions of 

catalog tolerance and centroiding 

 

Figure B.28 3-D image match failure of simulated Comprehensive Pyramid method as functions of 

catalog tolerance and centroiding 
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Figure B.29 3-D image empty set of simulated Comprehensive Pyramid method as functions of 

catalog tolerance and centroiding 

 

Figure B.30 3-D image solution failure of simulated Modified Pyramid method as functions of catalog 

tolerance and centroiding 
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Figure B.31 3-D image match failure of simulated Modified Pyramid method as functions of catalog 

tolerance and centroiding 

 

Figure B.32 3-D image empty set of simulated Modified Pyramid method as functions of catalog 

tolerance and centroiding 
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Figure B.33 3-D image solution failure of simulated Pyramid with Voting method as functions of 

catalog tolerance and centroiding 

 

Figure B.34 3-D image match failure of simulated Pyramid with Voting method as functions of 

catalog tolerance and centroiding 
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Figure B.35 3-D image empty set of simulated Pyramid with Voting method as functions of catalog 

tolerance and centroiding 

2. Magnitude 3.5 Threshold 

 

 

Figure B.36 3-D image solution failure of simulated Two Star method as functions of catalog 

tolerance and centroiding 
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Figure B.37 3-D image match failure of simulated Two Star method as functions of catalog tolerance 

and centroiding 

 

Figure B.38 3-D image empty set of simulated Two Star method as functions of catalog tolerance and 

centroiding 
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Figure B.39 3-D image solution failure of simulated Liebe method as functions of catalog tolerance 

and centroiding 

 

Figure B.40 3-D image match failure of simulated Liebe method as functions of catalog tolerance and 

centroiding 
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Figure B.41 3-D image empty set of simulated Liebe method as functions of catalog tolerance and 

centroiding 

 

Figure B.42 3-D image solution failure of simulated Liebe with Voting method as functions of catalog 

tolerance and centroiding 
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Figure B.43 3-D image match failure of simulated Liebe with Voting method as functions of catalog 

tolerance and centroiding 

 

Figure B.44 3-D image empty set of simulated Liebe with Voting method as functions of catalog 

tolerance and centroiding 
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Figure B.45 3-D image solution failure of simulated Brätt method as functions of catalog tolerance 

and centroiding 

 

Figure B.46 3-D image match failure of simulated Brätt method as functions of catalog tolerance and 

centroiding 



189 

 

 

 

Figure B.47 3-D image empty set of simulated Brätt method as functions of catalog tolerance and 

centroiding 

 

Figure B.48 3-D image solution failure of simulated Constrained Pyramid method as functions of 

catalog tolerance and centroiding 
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Figure B.49 3-D image match failure of simulated Constrained Pyramid method as functions of 

catalog tolerance and centroiding 

 

Figure B.50 3-D image empty set of simulated Constrained Pyramid method as functions of catalog 

tolerance and centroiding 
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Figure B.51 3-D image solution failure of simulated Comprehensive Pyramid method as functions of 

catalog tolerance and centroiding 

 

Figure B.52 3-D image match failure of simulated Comprehensive Pyramid method as functions of 

catalog tolerance and centroiding 
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Figure B.53 3-D image empty set of simulated Comprehensive Pyramid method as functions of 

catalog tolerance and centroiding 

 

Figure B.54 3-D image solution failure of simulated Modified Pyramid method as functions of catalog 

tolerance and centroiding 
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Figure B.55 3-D image match failure of simulated Modified Pyramid method as functions of catalog 

tolerance and centroiding 

 

Figure B.56 3-D image empty set of simulated Modified Pyramid method as functions of catalog 

tolerance and centroiding 
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Figure B.57 3-D image solution failure of simulated Pyramid with Voting method as functions of 

catalog tolerance and centroiding 

 

Figure B.58 3-D image match failure of simulated Pyramid with Voting method as functions of 

catalog tolerance and centroiding 
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Figure B.59 3-D image empty set of simulated Pyramid with Voting method as functions of catalog 

tolerance and centroiding 

II. Additional Experimental Data Figures 

1. Magnitude 3 Threshold – OCT 

 

 
 

Figure B.60 Oct data at mag. 3 showing average false matches for all algorithms 
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Figure B.61 Oct data at mag. 3 showing average solution failures for all algorithms 

 

 
 

Figure B.62 Oct data at mag. 3 showing average empty set for all algorithms 
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2. Magnitude 3.5 Threshold - OCT 

 

 
 

Figure B.63 Oct data at mag. 3.5 showing average false matches for all algorithms 

 

 
 

Figure B.64 Oct data at mag. 3.5 showing average false solutions for all algorithms 
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Figure B.65 Oct data at mag. 3.5 showing average empty set for all algorithms 

3. Magnitude 4 Threshold - OCT 

 

 
 

Figure B.66 Oct data at mag. 4 showing average false matches for all algorithms 
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Figure B.67 Oct data at mag. 4 showing average false solutions for all algorithms 

 

 
 

Figure B.68 Oct data at mag. 4 showing average empty set for all algorithms 
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4. Magnitude 3 Threshold - NOV 

 

 
 

Figure B.69 Nov data at mag. 3 showing average false matches for all algorithms 

 

 
 

Figure B.70 Nov data at mag. 3 showing average false solutions for all algorithms 
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Figure B.71 Nov data at mag. 3 showing average empty set for all algorithms 

5. Magnitude 3.5 Threshold - NOV 

 

 
 

Figure B.72 Nov data at mag. 3.5 showing average false matches for all algorithms 
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Figure B.73 Nov data at mag. 3.5 showing average false solutions for all algorithms 

 

 
 

Figure B.74 Nov data at mag. 3.5 showing average empty set for all algorithms 
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6. Magnitude 4 Threshold - NOV 

 

 
 

Figure B.75 Nov data at mag. 4 showing average false matches for all algorithms 

 

 
 

Figure B.76 Nov data at mag. 4 showing average false solutions for all algorithms 
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Figure B.77 Nov data at mag. 4 showing average empty set for all algorithms 

 


