Text S1: This code utilizes RISC-GA-KF approach for inverting InSAR time series of volcanic deformation field to determine time dependent parameters of a spherical pressurized source. For more information see; Shirzaei and Walter (2010), Time-dependent volcano source monitoring using InSAR time series: A combined Genetic Algorithm and Kalman Filter approach, Journal of Geophysical Research.
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In this script partly the codes develop by Haupt and Haupt, [2004], Murphy, [1998, 2004], Sang-Ho Yun, [2005] are modified and used.
%%-------------------------------------- main core of RISC-GA-KF
function oppar = RISC-GA-KF(bound_org,bound_kf,obs)
% input
% 1) bound [2 x npar]
%    lower bound and upper bound for parameters
% 2) obs [n x 3]
% X(km) Y(km) los(km) (Line-Of-Sight of a descending orbit ENVISAT satellite (23°,193°))
% out put
% oppar [npar x 3]
% I RISC-GA-KF parameter initialization
varlo_org = bound_org(1,:);
varhi_org = bound_org(2,:);
varlo_kf = bound_kf(1,:);
varhi_kf = bound_kf(2,:);
npar = length(varlo_org);% number of optimization variables
% II RISC-GA Stopping criteria
maxit=200; % max number of iterations
mincost=-9999999; % minimum cost
% III RISC-GA parameters
popsize=80; % set population size
mutrate=.7; % set mutation rate
selection=0.5; % fraction of population kept
Nt=npar; % continuous parameter GA Nt=#variables
keep=floor(selection*popsize); % #population
pop_kf = fix(rand*popsize/2);  % Posterior population 
pop_org = popsize-pop_kf;      % Priori population
% members that survive
nmut=ceil((popsize-1)*Nt*mutrate); % total number of mutations
M=ceil((popsize-keep)/2);          % number of mating
ci = fix(0.1*popsize*rand);        % number of elite memebers
if ci<5
    ci = 5;
end
% Create the initial population
iga=0; % generation counter initialized
for npi=1:npar
    par_org(:,npi)=(varhi_org(npi)-varlo_org(npi))*rand(pop_org,1)+varlo_org(npi); % random
end
for npi=1:npar
    par_kf(:,npi)=(varhi_kf(npi)-varlo_kf(npi))*rand(pop_kf,1)+varlo_kf(npi); % random
end
par = [par_org ; par_kf];
for i=1:popsize
    opt_par{1} = par(i,:);
    opt_par{2} = obs(:,1:2);
    opt_par{3} = obs(:,3);
    [cost(i) vz] = cost_fun(opt_par);% calculates population cost
     vzv(i,1)=sum(vz.^2);
end
[cost,ind]=sort(cost); % min cost in element 1
par=par(ind,:);        % sort continuous
vzv=vzv(ind,:);
cole=[mean(par(1:ci,:)) mean(vzv(1:ci)) std(vzv(1:ci))];  % elite members  
minc(1)=min(cost);    % minc contains min of
meanc(1)=mean(cost); % meanc contains mean of population
% Iterate through generations
while iga<maxit
      iga=iga+1; % increments generation counter
% Pair and mate
      M=ceil((popsize-keep)/2); % number of matings
      prob=flipud([1:keep]'/sum([1:keep])); % weights chromosomes
      odds=[0 cumsum(prob(1:keep))'];       % probability distribution function
      pick1=rand(1,M);                      % mate #1
      pick2=rand(1,M);                      % mate #2
      ic=1;
      while ic<=M
            for id=2:keep+1
                if pick1(ic)<=odds(id) & pick1(ic)>odds(id-1)
                   ma(ic)=id-1;
                end
                if pick2(ic)<=odds(id) & pick2(ic)>odds(id-1)
                   pa(ic)=id-1;
                end
            end
            ic=ic+1;
      end %ic
% Performs mating using single point crossover
      ix=1:2:keep; % index of mate #1
      xp=ceil(rand(1,M)*Nt); % crossover point
      r=rand(1,M); % mixing parameter
      for ic=1:M
          xy=par(ma(ic),xp(ic))-par(pa(ic),xp(ic)); % ma and pa % mate
          par(keep+ix(ic),:)=par(ma(ic),:); % 1st offspring
          par(keep+ix(ic)+1,:)=par(pa(ic),:); % 2nd offspring
          par(keep+ix(ic),xp(ic))=par(ma(ic),xp(ic))-r(ic).*xy; % 1st
          par(keep+ix(ic)+1,xp(ic))=par(pa(ic),xp(ic))+r(ic).*xy; % 2nd
          if xp(ic)<npar % crossover when last variable not selected
             par(keep+ix(ic),:)=[par(keep+ix(ic),1:xp(ic)) par(keep+ix(ic)+1,xp(ic)+1:npar)];
             par(keep+ix(ic)+1,:)=[par(keep+ix(ic)+1,1:xp(ic)) par(keep+ix(ic),xp(ic)+1:npar)];
          end % if
      end
% Mutate the population
      mrow=sort(ceil(rand(1,nmut)*(popsize-1))+1);
      mcol=ceil(rand(1,nmut)*Nt);
      for ii=1:nmut
          par(mrow(ii),mcol(ii))=(varhi_org(mcol(ii))-          varlo_org(mcol(ii)))*rand+varlo_org(mcol(ii)); % mutation
      end % ii
% The new offspring and mutated chromosomes are evaluated
      for i=1:popsize
          opt_par{1} = par(i,:);
          opt_par{2} = obs(:,1:2);
          opt_par{3} = obs(:,3);
          [cost(i) vz] = cost_fun(opt_par);% calculates population cost
          vzv(i,1)=sum(vz.^2);
      end
% Sort the costs and associated parameters
      [cost,ind]=sort(cost);
      par=par(ind,:);
      vzv=vzv(ind);
      cole=[cole; mean(par(1:ci,:)) mean(vzv(1:ci)) std(vzv(1:ci))];    
% Do statistics for a single nonaveraging run
      minc(iga+1)=min(cost);
      meanc(iga+1)=mean(cost);
% Stopping criteria
      if iga>maxit | cost(1)<mincost
         break
      end
      [iga cost(1)];
end %iga
% confidence interval
opt_par{1} = par(1,:);
opt_par{2} = obs(:,1:2);
opt_par{3} = obs(:,3);
[cost vz] =cost_fun(opt_par);% calculates population cost
vov=sum(vz.^2);
alfa=0.99;
tre = tinv(alfa+(1-alfa)/2,ci-1);
kk=1;
leng=length(cole);
for ll=1:leng
    if cole(ll,npar+1)<=vov+cole(ll,npar+2)/ci^0.5*tre &  cole(ll,npar+1)>=vov-cole(ll,npar+2)/ci^0.5*tre
        keepcl(kk,:)=cole(ll,:);
        kk=kk+1;
    end
end
for i=1:npar
    oppar(i,1) = par(1,i);
    oppar(i,2) = min([keepcl(:,i); par(1,i)]);
    oppar(i,3) = max([keepcl(:,i); par(1,i)]);
end
%%----------------------------------------------------------------------------

function [cst vz]=cost_fun(opt_par);
nu=0.25; %poisson ratio
mu=10; %shear modulus
[Su,Sn,Se]=unit_vector(23,190);
spar = opt_par{1};
Xobs = opt_par{2}(:,1);
Yobs = opt_par{2}(:,2);
U = mctigue(spar,[Xobs Yobs]',mu,nu);
U=U';
los= (U(:,1)*Se + U(:,2)*Sn + U(:,3)*Su); % convert km to cm
vz=opt_par{3}-los;
cst = norm(vz,2);
%%----------------------------------------------------------------------------

function U = mctigue(m,obs,mu,nu)
%MCTIGUE Calculate surface deformation due to a pressurized finite 
%sphere.
%
%   U = mctigue(m,obs,mu,nu) calculate surface displacement field at
%   observation points due to a pressurized finite sphere.  The result 
%is
%   similar to Mogi source, but this function include higher order 
%terms.
%
%INPUT:
%   m(1)    east
%   m(2)    north
%   m(3)    depth(+)
%   m(4)    radius
%   m(5)    excess pressure, same unit as mu
%
%   obs     2 x number of observation points
%   mu      shear modulus
%   nu      Poisson's ratio
%
%OUTPUT:
%   U       surface displacement, 3 x size(obs,2)
%
%
% 
%
% For information on the basis for this code see:
%
% MCTIGUE, D. F., 1987. Elastic stress and deformation near a finite
% spherical magma body: resolution of the point source paradox. JGR
% 92(B12), p.12931-40.
%
% Williams, C. A., Wadge, G., 1998. The effects of topography on magma
% chamber deformation models: Application to Mt. Etna and radar
% interferometry. GRL, 25(10), p.1549-52.
if (nargin == 0)
     help mctigue;
     return;
end
if size(obs,1)~=2
     error('The dimension of obs should be 2 x n');
end
east = m(1);
north = m(2);
d = m(3);
a = m(4);
p = m(5);
x = obs(1,:) - east;
y = obs(2,:) - north;
[th,r] = cart2pol(x,y);
rho = r/d;
aod = a/d;
aod3 = aod^3;
aod6 = aod^6;
denom1 = rho.^2 + 1;
denom2 = 7-5*nu;
common1 = p*(1-nu)./(mu*denom1.^1.5);
common2 = aod3 - 0.5*aod6*(1+nu)/denom2 +... 
3.75*aod6*(2-nu)/denom2./denom1;
Uz = d*common1.*common2;
Ur = r.*common1.*common2;
[Ux,Uy] = pol2cart(th,Ur);
U = [Ux; Uy; Uz];
%%----------------------------------------------------------------------------

function [Su,Sn,Se]=unit_vector(theta,alpha)
Su=cosd(theta);
Sn=-sind(theta)*cosd(alpha-270);
Se=-sind(theta)*sind(alpha-270);
%%----------------------------------------------------------------------------

function kfpar = kalman(tstime,rga_pr,rga_prl,rga_pru)
% x(t+1) = F*x(t) + w(t),  w ~ N(0, Q),  x(0) ~ N(X(0), V(0))
% y(t)   = H*x(t) + v(t),  v ~ N(0, R)
% [ x1(t)  ] =  [1 0 1 0] [ x1(t-1)  ] + [ wx1  ]
% [ x2(t)  ]    [0 1 0 1] [ x2(t-1)  ]   [ wx2  ]
% [ dx1(t) ]    [0 0 1 0] [ dx1(t-1) ]   [ wdx1 ]
% [ dx2(t) ]    [0 0 0 1] [ dx2(t-1) ]   [ wdx2 ]
% [ y1(t) ] =  [1 0 0 0] [ x1(t)  ] + [ vx1 ]
% [ y2(t) ]    [0 1 0 0] [ x2(t)  ]   [ vx2 ]
%                        [ dx1(t) ] 
%                        [ dx2(t) ]
F = [1 0 1 0
     0 1 0 1
     0 0 1 0
     0 0 0 1];
H = [1 0 0 0
     0 1 0 0];
DM = tstime;
dx1 = mean(diff(DM));
Qdx1 = var(diff(DM));
if Qdx1 == 0
    Qdx1 = 0.0001;
end
dx2 = mean(diff(rga_pr)); 
Qdx2 = var(diff(rga_pr));
Qx1=Qdx1;
unc = [rga_pr - rga_prl; rga_pru - rga_pr];
Qx2 = mean(mean(unc));
rx2 = Qx2;
rx1 = Qdx1; 
R = diag([rx1 rx2]);   % 
y = [DM
     rga_pr];
Q =diag([Qx1 Qx2 Qdx1 Qdx2]); 
initV = Q;
initx = [DM(1) 
         rga_pr(1)
         dx1
         dx2];
[xfilt, Vfilt, VVfilt, loglik] = kalman_filter(y, F, H, Q, R, initx, initV);
[xsmooth, Vsmooth] = kalman_smoother(y, F, H, Q, R, initx, initV);
 for k=1:length(rga_pr) 
     final_kalman(1,k) = xfilt(2,k);
     final_kalman_smooth(1,k) = xsmooth(2,k);
     final_kalman_unc(1,k) = Vfilt(2,2,k);
     final_kalman_smooth_unc(1,k) = Vsmooth(2,2,k);
 end
 kfpar = [final_kalman_smooth ; final_kalman_smooth_unc];
%%----------------------------------------------------------------------------

function [x, V, VV, loglik] = kalman_filter(y, A, C, Q, R, init_x, init_V, varargin)
% Kalman filter.
% [x, V, VV, loglik] = kalman_filter(y, A, C, Q, R, init_x, init_V, ...)
%
% INPUTS:
% y(:,t)   - the observation at time t
% A - the system matrix
% C - the observation matrix 
% Q - the system covariance 
% R - the observation covariance
% init_x - the initial state (column) vector 
% init_V - the initial state covariance 
%
% OPTIONAL INPUTS (string/value pairs [default in brackets])
% 'model' - model(t)=m means use params from model m at time t [ones(1,T) ]
%     In this case, all the above matrices take an additional final dimension,
%     i.e., A(:,:,m), C(:,:,m), Q(:,:,m), R(:,:,m).
%     However, init_x and init_V are independent of model(1).
% 'u'     - u(:,t) the control signal at time t [ [] ]
% 'B'     - B(:,:,m) the input regression matrix for model m
%
% OUTPUTS (where X is the hidden state being estimated)
% x(:,t) = E[X(:,t) | y(:,1:t)]
% V(:,:,t) = Cov[X(:,t) | y(:,1:t)]
% VV(:,:,t) = Cov[X(:,t), X(:,t-1) | y(:,1:t)] t >= 2
% loglik = sum{t=1}^T log P(y(:,t))
%
% If an input signal is specified, we also condition on it:
% e.g., x(:,t) = E[X(:,t) | y(:,1:t), u(:, 1:t)]
% If a model sequence is specified, we also condition on it:
% e.g., x(:,t) = E[X(:,t) | y(:,1:t), u(:, 1:t), m(1:t)]
[os T] = size(y);
ss = size(A,1); % size of state space
% set default params
model = ones(1,T);
u = [];
B = [];
ndx = [];
args = varargin;
nargs = length(args);
for i=1:2:nargs
  switch args{i}
   case 'model', model = args{i+1};
   case 'u', u = args{i+1};
   case 'B', B = args{i+1};
   case 'ndx', ndx = args{i+1};
   otherwise, error(['unrecognized argument ' args{i}])
  end
end
x = zeros(ss, T);
V = zeros(ss, ss, T);
VV = zeros(ss, ss, T);
loglik = 0;
for t=1:T
  m = model(t);
  if t==1
    %prevx = init_x(:,m);
    %prevV = init_V(:,:,m);
    prevx = init_x;
    prevV = init_V;
    initial = 1;
  else
    prevx = x(:,t-1);
    prevV = V(:,:,t-1);
    initial = 0;
  end
  if isempty(u)
    [x(:,t), V(:,:,t), LL, VV(:,:,t)] = ...
    kalman_update(A(:,:,m), C(:,:,m), Q(:,:,m), R(:,:,m), y(:,t), prevx, prevV, 'initial', initial);
  else
    if isempty(ndx)
      [x(:,t), V(:,:,t), LL, VV(:,:,t)] = ...
      kalman_update(A(:,:,m), C(:,:,m), Q(:,:,m), R(:,:,m), y(:,t), prevx, prevV, ... 
            'initial', initial, 'u', u(:,t), 'B', B(:,:,m));
    else
      i = ndx{t};
      % copy over all elements; only some will get updated
      x(:,t) = prevx;
      prevP = inv(prevV);
      prevPsmall = prevP(i,i);
      prevVsmall = inv(prevPsmall);
      [x(i,t), smallV, LL, VV(i,i,t)] = ...
      kalman_update(A(i,i,m), C(:,i,m), Q(i,i,m), R(:,:,m), y(:,t), prevx(i), prevVsmall, ...
            'initial', initial, 'u', u(:,t), 'B', B(i,:,m));
      smallP = inv(smallV);
      prevP(i,i) = smallP;
      V(:,:,t) = inv(prevP);
    end    
  end
  loglik = loglik + LL;
end
%%----------------------------------------------------------------------------

function [xsmooth, Vsmooth, VVsmooth, loglik] = kalman_smoother(y, A, C, Q, R, init_x, init_V, varargin)
% Kalman/RTS smoother.
% [xsmooth, Vsmooth, VVsmooth, loglik] = kalman_smoother(y, A, C, Q, R, init_x, init_V, ...)
%
% The inputs are the same as for kalman_filter.
% The outputs are almost the same, except we condition on y(:, 1:T) (and u(:, 1:T) if specified),
% instead of on y(:, 1:t).
[os T] = size(y);
ss = length(A);
% set default params
model = ones(1,T);
u = [];
B = [];
args = varargin;
nargs = length(args);
for i=1:2:nargs
  switch args{i}
   case 'model', model = args{i+1};
   case 'u', u = args{i+1};
   case 'B', B = args{i+1};
   otherwise, error(['unrecognized argument ' args{i}])
  end
end
xsmooth = zeros(ss, T);
Vsmooth = zeros(ss, ss, T);
VVsmooth = zeros(ss, ss, T);
% Forward pass
[xfilt, Vfilt, VVfilt, loglik] = kalman_filter(y, A, C, Q, R, init_x, init_V, ...
                           'model', model, 'u', u, 'B', B);
% Backward pass
xsmooth(:,T) = xfilt(:,T);
Vsmooth(:,:,T) = Vfilt(:,:,T);
%VVsmooth(:,:,T) = VVfilt(:,:,T);
for t=T-1:-1:1
  m = model(t+1);
  if isempty(B)
    [xsmooth(:,t), Vsmooth(:,:,t), VVsmooth(:,:,t+1)] = ...
    smooth_update(xsmooth(:,t+1), Vsmooth(:,:,t+1), xfilt(:,t), Vfilt(:,:,t), ...
              Vfilt(:,:,t+1), VVfilt(:,:,t+1), A(:,:,m), Q(:,:,m), [], []);
  else
    [xsmooth(:,t), Vsmooth(:,:,t), VVsmooth(:,:,t+1)] = ...
    smooth_update(xsmooth(:,t+1), Vsmooth(:,:,t+1), xfilt(:,t), Vfilt(:,:,t), ...
              Vfilt(:,:,t+1), VVfilt(:,:,t+1), A(:,:,m), Q(:,:,m), B(:,:,m), u(:,t+1));
  end
end
VVsmooth(:,:,1) = zeros(ss,ss);
%%----------------------------------------------------------------------------

function [xnew, Vnew, loglik, VVnew] = kalman_update(A, C, Q, R, y, x, V, varargin)
% KALMAN_UPDATE Do a one step update of the Kalman filter
% [xnew, Vnew, loglik] = kalman_update(A, C, Q, R, y, x, V, ...)
%
% INPUTS:
% A - the system matrix
% C - the observation matrix 
% Q - the system covariance 
% R - the observation covariance
% y(:)   - the observation at time t
% x(:) - E[X | y(:, 1:t-1)] prior mean
% V(:,:) - Cov[X | y(:, 1:t-1)] prior covariance
%
% OPTIONAL INPUTS (string/value pairs [default in brackets])
% 'initial' - 1 means x and V are taken as initial conditions (so A and Q are ignored) [0]
% 'u'     - u(:) the control signal at time t [ [] ]
% 'B'     - the input regression matrix
%
% OUTPUTS (where X is the hidden state being estimated)
%  xnew(:) =   E[ X | y(:, 1:t) ] 
%  Vnew(:,:) = Var[ X(t) | y(:, 1:t) ]
%  VVnew(:,:) = Cov[ X(t), X(t-1) | y(:, 1:t) ]
%  loglik = log P(y(:,t) | y(:,1:t-1)) log-likelihood of innovatio
% set default params
u = [];
B = [];
initial = 0;
args = varargin;
for i=1:2:length(args)
  switch args{i}
   case 'u', u = args{i+1};
   case 'B', B = args{i+1};
   case 'initial', initial = args{i+1};
   otherwise, error(['unrecognized argument ' args{i}])
  end
end
%  xpred(:) = E[X_t+1 | y(:, 1:t)]
%  Vpred(:,:) = Cov[X_t+1 | y(:, 1:t)]
if initial
  if isempty(u)
    xpred = x;
  else
    xpred = x + B*u;
  end
  Vpred = V;
else
  if isempty(u)
    xpred = A*x;
  else
    xpred = A*x + B*u;
  end
  Vpred = A*V*A' + Q;
end
e = y - C*xpred; % error (innovation)
n = length(e);
ss = length(A);
S = C*Vpred*C' + R;
Sinv = inv(S);
ss = length(V);
loglik = gaussian_prob(e, zeros(1,length(e)), S, 1);
K = Vpred*C'*Sinv; % Kalman gain matrix
% If there is no observation vector, set K = zeros(ss).
xnew = xpred + K*e;
Vnew = (eye(ss) - K*C)*Vpred;
VVnew = (eye(ss) - K*C)*A*V;
%%----------------------------------------------------------------------------

function [xsmooth, Vsmooth, VVsmooth_future] = smooth_update(xsmooth_future, Vsmooth_future, ...
    xfilt, Vfilt,  Vfilt_future, VVfilt_future, A, Q, B, u)
% One step of the backwards RTS smoothing equations.
% function [xsmooth, Vsmooth, VVsmooth_future] = smooth_update(xsmooth_future, Vsmooth_future, ...
%    xfilt, Vfilt,  Vfilt_future, VVfilt_future, A, B, u)
%
% INPUTS:
% xsmooth_future = E[X_t+1|T]
% Vsmooth_future = Cov[X_t+1|T]
% xfilt = E[X_t|t]
% Vfilt = Cov[X_t|t]
% Vfilt_future = Cov[X_t+1|t+1]
% VVfilt_future = Cov[X_t+1,X_t|t+1]
% A = system matrix for time t+1
% Q = system covariance for time t+1
% B = input matrix for time t+1 (or [] if none)
% u = input vector for time t+1 (or [] if none)
%
% OUTPUTS:
% xsmooth = E[X_t|T]
% Vsmooth = Cov[X_t|T]
% VVsmooth_future = Cov[X_t+1,X_t|T]
%xpred = E[X(t+1) | t]
if isempty(B)
  xpred = A*xfilt;
else
  xpred = A*xfilt + B*u;
end
Vpred = A*Vfilt*A' + Q; % Vpred = Cov[X(t+1) | t]
J = Vfilt * A' * inv(Vpred); % smoother gain matrix
xsmooth = xfilt + J*(xsmooth_future - xpred);
Vsmooth = Vfilt + J*(Vsmooth_future - Vpred)*J';
VVsmooth_future = VVfilt_future + (Vsmooth_future - Vfilt_future)*inv(Vfilt_future)*VVfilt_future;
%%----------------------------------------------------------------------------

function p = gaussian_prob(x, m, C, use_log)
% GAUSSIAN_PROB Evaluate a multivariate Gaussian density.
% p = gaussian_prob(X, m, C)
% p(i) = N(X(:,i), m, C) where C = covariance matrix and each COLUMN of x is a datavector
% p = gaussian_prob(X, m, C, 1) returns log N(X(:,i), m, C) (to prevents underflow).
%
% If X has size dxN, then p has size Nx1, where N = number of examples
if nargin < 4, use_log = 0; end
if length(m)==1 % scalar
  x = x(:)';
end
[d N] = size(x);
%assert(length(m)==d); % slow
m = m(:);
M = m*ones(1,N); % replicate the mean across columns
denom = (2*pi)^(d/2)*sqrt(abs(det(C)));
mahal = sum(((x-M)'*inv(C)).*(x-M)',2);   % Chris Bregler's trick
if any(mahal<0)
  warning('mahal < 0 => C is not psd')
end
if use_log
  p = -0.5*mahal - log(denom);
else
  p = exp(-0.5*mahal) / (denom+eps);
end
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