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Welcome to Nutils’s documentation!

Nutils: open source numerical utilities for Python, is a collaborative
programming effort aimed at the creation of a modern, general purpose
programming library for Finite Element [https://en.wikipedia.org/wiki/Finite_element_method] applications and
related computational methods. Identifying features are a heavily object
oriented design, strict separation of topology and geometry, and CAS-like
function arithmetic such as found in Maple and Mathematica. Primary design
goals are:



	Readability. Finite element scripts built on top of Nutils should focus
on work flow and maths, unobscured by Finite Element infrastructure.

	Flexibility. The Nutils are tools; they do not enforce a strict work
flow. Missing components can be added locally without loosing
interoperability.

	Compatibility. Exposed objects are of native python type or allow for
easy conversion to leverage third party tools.

	Speed. Nutils are self-optimizing and support parallel computation.
Typical scripting inefficiencies are discouraged by design.






For latest project news and developments visit the project website at
nutils.org.
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Introduction

To get one thing out of the way first, note that Nutils is not your classical
Finite Element program. It does not have menus, no buttons to click, nothing to
make a screenshot of. To get it to do anything some programming is going to
be required.

That said, let’s see what Nutils can be instead.


Design

Nutils is a programming library, providing components that are rich enough to
handle a wide range of problems by simply linking them together. This blurs the
line between classical graphical user interfaces and a programming environment,
both of which serve to offer some degree of mixing and matching of available
components. The former has a lower entry bar, whereas the latter offers more
flexibility, the possibility to extend the toolkit with custom algorithms, and
the possibility to pull in third party modules. It is our strong belief that on
the edge of science where Nutils strives to be a great degree of extensibility
is adamant.

For those so inclined, one of the lesser interesting possibilities this gives
is to write a dedicated, Nutils powered GUI application.

What Nutils specifically does not offer are problem specific components, such
as, conceivably, a “crack growth” module or “solve navier stokes” function. As
a primary design principle we aim for a Nutils application to be closely
readable as a high level mathematical problem description; i.e. the weak
form, domain, boundary conditions, time stepping of Newton iterations, etc. It
is the supporting operations like integrating over a domain or taking gradients
of compound functions that are being kept out of sight as much as possible.




Quick demo

As a small but representative demonstration of what is involved in setting up a
problem in Nutils we solve the Laplace problem [https://en.wikipedia.org/wiki/Laplace%27s_equation] on a unit square, with
zero Dirichlet conditions on the left and bottom boundaries, unit flux at the
top and a natural boundary condition at the right. We begin by creating a
structured nelems ⅹ nelems Finite Element mesh using the built-in
generator:

verts = numpy.linspace( 0, 1, nelems+1 )
domain, geom = mesh.rectilinear( [verts,verts] )





Here domain is topology representing an interconnected set of elements, and
geometry is a mapping from the topology onto ℝ², representing it placement
in physical space. This strict separation of topological and geometric
information is key design choice in Nutils.

Proceeding to specifying the problem, we create a second order spline basis
funcsp which doubles as trial and test space (u resp. v). We build a
matrix by integrating laplace = ∇v · ∇u over the domain, and a rhs
vector by integrating v over the top boundary. The Dirichlet constraints are
projected over the left and bottom boundaries to find constrained coefficients
cons. Remaining coefficients are found by solving the system in lhs.
Finally these are contracted with the basis to form our solution function:

funcsp = domain.splinefunc( degree=2 )
laplace = function.outer( funcsp.grad(geom) ).sum()
matrix = domain.integrate( laplace, geometry=geom, ischeme='gauss2' )
rhs = domain.boundary['top'].integrate( funcsp, geometry=geom, ischeme='gauss1' )
cons = domain.boundary['left,bottom'].project( 0, ischeme='gauss1', geometry=geom, onto=funcsp )
lhs = matrix.solve( rhs, constrain=cons, tol=1e-8, symmetric=True )
solution = funcsp.dot(lhs)





The solution function is a mapping from the topology onto ℝ. Sampling this
together with the geometry generates arrays that we can use for plotting:

points, colors = domain.elem_eval( [ geom, solution ], ischeme='bezier4', separate=True )
with plot.PyPlot( 'solution', index=index ) as plt:
  plt.mesh( points, colors, triangulate='bezier' )
  plt.colorbar()
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Library

The Nutils are separated in modules focussing on topics such as mesh generation,
function manipulation, debugging, plotting, etc. They are designed to form
relatively independent units, though some components such as output logging run
through all. Others, such as topology and element, operate in tight connection,
but are divided for reasons of scope and scale. A typical Nutils application
uses methods from all modules, although, as seen above, very few modules require
direct access for standard computations.

What follows is an automatically generated API reference.



	Topology

	Function

	Core

	Debug

	Element

	Library

	Log

	Matrix

	Mesh

	Numeric

	Parallel

	Util

	Plot
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Topology

The topology module defines the topology objects, notably the
StructuredTopology and UnstructuredTopology. Maintaining
strict separation of topological and geometrical information, the topology
represents a set of elements and their interconnectivity, boundaries,
refinements, subtopologies etc, but not their positioning in physical space. The
dimension of the topology represents the dimension of its elements, not that of
the the space they are embedded in.

The primary role of topologies is to form a domain for nutils.function
objects, like the geometry function and function bases for analysis, as well as
provide tools for their construction. It also offers methods for integration and
sampling, thus providing a high level interface to operations otherwise written
out in element loops. For lower level operations topologies can be used as
nutils.element iterators.


	
class nutils.topology.Topology(ndims)[source]

	topology base class


	
refined_by(refine)[source]

	create refined space by refining dofs in existing one






	
elem_eval(funcs, ischeme, separate=False, title='evaluating')[source]

	element-wise evaluation






	
elem_mean(funcs, geometry, ischeme, title='computing mean values')[source]

	element-wise integration






	
grid_eval(funcs, geometry, C, title='grid-evaluating')[source]

	evaluate grid points






	
build_graph(func)[source]

	get matrix sparsity






	
integrate(funcs, ischeme, geometry=None, iweights=None, force_dense=False, title='integrating')[source]

	




	
integrate_symm(funcs, ischeme, geometry=None, iweights=None, force_dense=False, title='integrating')[source]

	integrate a symmetric integrand on a product domain






	
projection(fun, onto, geometry, **kwargs)[source]

	project and return as function






	
project(fun, onto, geometry, tol=0, ischeme=None, title='projecting', droptol=1e-08, exact_boundaries=False, constrain=None, verify=None, maxiter=0, ptype='lsqr')[source]

	L2 projection of function onto function space






	
refinedfunc(dofaxis, refine, degree, title='refining')[source]

	create refined space by refining dofs in existing one






	
refine(n)[source]

	refine entire topology n times






	
get_simplices(maxrefine, title='getting simplices')[source]

	Getting simplices






	
get_trimmededges(maxrefine, title='getting trimmededges')[source]

	Getting trimmed edges










	
class nutils.topology.StructuredTopology(structure, periodic=())[source]

	structured topology


	
make_periodic(periodic)[source]

	add periodicity






	
linearfunc()[source]

	linears






	
rectilinearfunc(gridvertices)[source]

	rectilinear func






	
refined[source]

	refine entire topology






	
trim(levelset, maxrefine, lscheme='bezier3', finestscheme='uniform2', evalrefine=0, title='trimming', log=<module 'nutils.log' from '/var/build/user_builds/nutils/checkouts/v1.0/nutils/log.pyc'>)[source]

	trim element along levelset






	
neighbor(elem0, elem1)[source]

	Neighbor detection, returns codimension of interface, -1 for non-neighboring elements.










	
class nutils.topology.IndexedTopology(topo, elements)[source]

	trimmed topology


	
splinefunc(degree)[source]

	create spline function space










	
class nutils.topology.UnstructuredTopology(elements, ndims, namedfuncs={})[source]

	externally defined topology


	
splinefunc(degree)[source]

	spline func






	
linearfunc()[source]

	linear func






	
bubblefunc()[source]

	linear func + bubble










	
class nutils.topology.HierarchicalTopology(basetopo, elements)[source]

	collection of nested topology elments






	
class nutils.topology.ElemMap(mapping, ndims)[source]

	dictionary-like element mapping






	
nutils.topology.glue(master, slave, geometry, tol=1e-10, verbose=False)[source]

	Glue topologies along boundary group __glue__.
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Function

The function module defines the Evaluable class and derived objects,
commonly referred to as nutils functions. They represent mappings from a
nutils.topology onto Python space. The notabe class of ArrayFunc
objects map onto the space of Numpy arrays of predefined dimension and shape.
Most functions used in nutils applicatons are of this latter type, including the
geometry and function bases for analysis.

Nutils functions are essentially postponed python functions, stored in a tree
structure of input/output dependencies. Many ArrayFunc objects have
directly recognizable numpy equivalents, such as Sin or
Inverse. By not evaluating directly but merely stacking operations,
coplex operations can be defined prior to entering a quadrature loop, allowing
for a higher lever style programming. It also allows for automatic
differentiation and code optimization.

It is important to realize that nutils functions do not map for a physical
xy-domain but from a topology, where a point is characterized by the combination
of an element and its local coordinate. This is a natural fit for typical finite
element operations such as quadrature. Evaluation from physical coordinates is
possible only via inverting of the geometry function, which is a fundamentally
expensive and currently unsupported operation.


	
class nutils.function.Evaluable(args, evalf)[source]

	Base class


	
recurse_index(data, operations, cbuild)[source]

	compile






	
compile()[source]

	




	
graphviz(title='graphviz')[source]

	create function graph






	
stackstr(values=None)[source]

	print stack






	
asciitree()[source]

	string representation










	
exception nutils.function.EvaluationError(etype, evalue, evaluable, values)[source]

	evaluation error






	
class nutils.function.Tuple(items)[source]

	combine


	
static vartuple(*f)[source]

	evaluate










	
class nutils.function.PointShape[source]

	shape of integration points


	
static pointshape(points)[source]

	evaluate










	
class nutils.function.Cascade(ndims, side=0)[source]

	point cascade: list of (elem,points) tuples


	
static cascade(elem, points, ndims, side)[source]

	evaluate










	
class nutils.function.ArrayFunc(evalf, args, shape, dtype=<type 'float'>)[source]

	array function


	
vector(ndims)[source]

	vectorize






	
dot(weights, axis=0)[source]

	array contraction






	
find(elem, C)[source]

	iteratively find x for f(x) = target, starting at x=start






	
normalized()[source]

	normalize last axis






	
normal(ndims=-1)[source]

	




	
curvature(ndims=-1)[source]

	




	
swapaxes(n1, n2)[source]

	swap axes






	
transpose(trans=None)[source]

	




	
grad(coords, ndims=0)[source]

	gradient






	
laplace(coords, ndims=0)[source]

	laplacian






	
add_T(axes=(-2, -1))[source]

	add transposed






	
symgrad(coords, ndims=0)[source]

	gradient






	
div(coords, ndims=0)[source]

	gradient






	
dotnorm(coords, ndims=0)[source]

	normal component






	
ngrad(coords, ndims=0)[source]

	normal gradient






	
nsymgrad(coords, ndims=0)[source]

	normal gradient






	
T[source]

	transpose










	
class nutils.function.ElemArea(weights)[source]

	element area


	
static elemarea(weights)[source]

	evaluate










	
class nutils.function.ElemInt(func, weights)[source]

	elementwise integration


	
static elemint(w, f, ndim)[source]

	evaluate










	
class nutils.function.Align(func, axes, ndim)[source]

	align axes


	
static align(arr, trans, ndim)[source]

	








	
class nutils.function.Get(func, axis, item)[source]

	get






	
class nutils.function.Product(func, axis)[source]

	product






	
class nutils.function.IWeights[source]

	integration weights


	
static iweights(elem, weights)[source]

	evaluate










	
class nutils.function.OrientationHack(side=0)[source]

	orientation hack for 1d elements; VERY dirty


	
static orientation(elem, side)[source]

	evaluate










	
class nutils.function.Transform(fromcascade, tocascade, side=0)[source]

	transform


	
static transform(fromcascade, tocascade, side)[source]

	








	
class nutils.function.Function(cascade, stdmap, igrad, axis)[source]

	function


	
static function(cascade, stdmap, igrad)[source]

	evaluate










	
class nutils.function.Choose(level, choices)[source]

	piecewise function


	
static choose(level, *choices)[source]

	








	
class nutils.function.Choose2D(coords, contour, fin, fout)[source]

	piecewise function


	
static choose2d(xy, contour, fin, fout)[source]

	evaluate










	
class nutils.function.Inverse(func)[source]

	inverse






	
class nutils.function.DofMap(cascade, dofmap, axis)[source]

	dof axis


	
static evalmap(cascade, dofmap)[source]

	evaluate










	
class nutils.function.Concatenate(funcs, axis=0)[source]

	concatenate


	
static concatenate(iax, *arrays)[source]

	evaluate










	
class nutils.function.Interpolate(x, xp, fp, left=None, right=None)[source]

	interpolate uniformly spaced data; stepwise for now






	
class nutils.function.Cross(func1, func2, axis)[source]

	cross product






	
class nutils.function.Determinant(func)[source]

	normal






	
class nutils.function.DofIndex(array, iax, index)[source]

	element-based indexing


	
static dofindex(arr, *item)[source]

	evaluate










	
class nutils.function.Multiply(func1, func2)[source]

	multiply


	
cdef()[source]

	generate C code










	
class nutils.function.Negative(func)[source]

	negate






	
class nutils.function.Add(func1, func2)[source]

	add


	
cdef()[source]

	generate C code










	
class nutils.function.BlockAdd(func1, func2)[source]

	block addition (used for DG)






	
class nutils.function.Dot(func1, func2, naxes)[source]

	dot


	
cdef()[source]

	generate C code










	
class nutils.function.Sum(func, axis)[source]

	sum






	
class nutils.function.Debug(func)[source]

	debug


	
static debug(arr)[source]

	








	
class nutils.function.TakeDiag(func)[source]

	extract diagonal






	
class nutils.function.Take(func, indices, axis)[source]

	generalization of numpy.take(), to accept lists, slices, arrays






	
class nutils.function.Power(func, power)[source]

	power






	
class nutils.function.ElemFunc(domainelem, side=0)[source]

	trivial func


	
static elemfunc(cascade, domainelem)[source]

	evaluate






	
find(elem, C)[source]

	find coordinates










	
class nutils.function.Pointwise(args, evalf, deriv)[source]

	pointwise transformation






	
class nutils.function.Sign(func)[source]

	sign






	
class nutils.function.Eig(func, symmetric=False, sort=False)[source]

	Eig






	
class nutils.function.Zeros(shape)[source]

	zero


	
static zeros(points, shape)[source]

	prepend point axes










	
class nutils.function.Inflate(func, dofmap, length, axis)[source]

	inflate


	
static inflate(array, indices, length, axis)[source]

	








	
class nutils.function.Diagonalize(func)[source]

	diagonal matrix






	
class nutils.function.Repeat(func, length, axis)[source]

	repeat singleton axis






	
class nutils.function.Const(func)[source]

	pointwise transformation


	
static const(points, arr)[source]

	prepend point axes










	
nutils.function.asarray(arg)[source]

	convert to ArrayFunc or numpy.ndarray






	
nutils.function.insert(arg, n)[source]

	insert axis






	
nutils.function.stack(args, axis=0)[source]

	stack functions along new axis






	
nutils.function.chain(funcs)[source]

	




	
nutils.function.merge(funcs)[source]

	Combines unchained funcs into one function object.






	
nutils.function.vectorize(args)[source]

	




	
nutils.function.expand(arg, shape)[source]

	




	
nutils.function.repeat(arg, length, axis)[source]

	




	
nutils.function.get(arg, iax, item)[source]

	get item






	
nutils.function.align(arg, axes, ndim)[source]

	




	
nutils.function.bringforward(arg, axis)[source]

	bring axis forward






	
nutils.function.elemint(arg, weights)[source]

	elementwise integration






	
nutils.function.grad(arg, coords, ndims=0)[source]

	local derivative






	
nutils.function.symgrad(arg, coords, ndims=0)[source]

	symmetric gradient






	
nutils.function.div(arg, coords, ndims=0)[source]

	gradient






	
nutils.function.sum(arg, axes=-1)[source]

	sum over multiply axes






	
nutils.function.dot(arg1, arg2, axes)[source]

	dot product






	
nutils.function.determinant(arg, axes=(-2, -1))[source]

	




	
nutils.function.inverse(arg, axes=(-2, -1))[source]

	




	
nutils.function.takediag(arg, ax1=-2, ax2=-1)[source]

	




	
nutils.function.localgradient(arg, ndims)[source]

	local derivative






	
nutils.function.dotnorm(arg, coords, ndims=0)[source]

	normal component






	
nutils.function.kronecker(arg, axis, length, pos)[source]

	




	
nutils.function.diagonalize(arg)[source]

	




	
nutils.function.concatenate(args, axis=0)[source]

	




	
nutils.function.transpose(arg, trans=None)[source]

	




	
nutils.function.product(arg, axis)[source]

	




	
nutils.function.choose(level, choices)[source]

	




	
nutils.function.cross(arg1, arg2, axis)[source]

	cross product






	
nutils.function.outer(arg1, arg2=None, axis=0)[source]

	outer product






	
nutils.function.pointwise(args, evalf, deriv)[source]

	general pointwise operation






	
nutils.function.multiply(arg1, arg2)[source]

	




	
nutils.function.add(arg1, arg2)[source]

	




	
nutils.function.negative(arg)[source]

	make negative






	
nutils.function.power(arg, n)[source]

	




	
nutils.function.sign(arg)[source]

	




	
nutils.function.eig( arg, axes [ symmetric ] )[source]

	Compute the eigenvalues and vectors of a matrix. The eigenvalues and vectors
are positioned on the last axes.


	tuple axes       The axis on which the eigenvalues and vectors are calculated

	bool  symmetric  Is the matrix symmetric

	int   sort       Sort the eigenvalues and vectors (-1=descending, 0=unsorted, 1=ascending)








	
nutils.function.swapaxes(arg, axes=(-2, -1))[source]

	swap axes






	
nutils.function.opposite(arg)[source]

	evaluate jump over interface






	
nutils.function.function(fmap, nmap, ndofs, ndims)[source]

	create function on ndims-element






	
nutils.function.take(arg, index, axis)[source]

	take index






	
nutils.function.inflate(arg, dofmap, length, axis)[source]

	




	
nutils.function.pointdata(topo, ischeme, func=None, shape=None, value=None)[source]

	point data






	
nutils.function.fdapprox(func, w, dofs, delta=1e-05)[source]

	Finite difference approximation of the variation of func in directions w
around dofs. Input arguments:
* func,  the functional to differentiate
* dofs,  DOF vector of linearization point
* w,     the function space or a tuple of chained spaces
* delta, finite difference step scaling of ||dofs||_inf






	
nutils.function.iwscale(coords, ndims)[source]

	integration weights scale






	
nutils.function.supp(funcsp, indices)[source]

	find support of selection of basis functions






	
class nutils.function.CBuilder(cachedir='/tmp/nutils')[source]

	cbuilder
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Core

The core module provides a collection of low level constructs that have no
dependencies on other nutils modules. Primarily for internal use.
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Debug

The debug module provides code inspection tools and the “traceback explorer”
interactive shell environment. Access to these components is primarily via
breakpoint() and an exception handler in nutils.util.run().


	
class nutils.debug.Frame(frame, lineno=None)[source]

	frame info






	
class nutils.debug.Explorer(exc, frames, intro)[source]

	traceback explorer


	
show_context()[source]

	show traceback up to index






	
do_s(arg)[source]

	Show source code of the currently focussed frame.






	
do_l(arg)[source]

	List the stack and exception type






	
do_q(arg)[source]

	Quit traceback exploror.






	
do_u(arg)[source]

	Shift focus to the frame above the current one.






	
do_d(arg)[source]

	Shift focus to the frame below the current one.






	
do_w(arg)[source]

	Show overview of local variables.






	
do_p(arg)[source]

	Print local of global variable, or function evaluation.






	
onecmd(text)[source]

	wrap command handling to avoid a second death






	
do_pp(arg)[source]

	Pretty-print local of global variable, or function evaluation.






	
completedefault(text, line, begidx, endidx)[source]

	complete object names










	
nutils.debug.exception()[source]

	constructor






	
nutils.debug.write_html(out, exc, frames)[source]

	write exception info to html file






	
nutils.debug.breakpoint()[source]
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Element

The element module defines reference elements such as the QuadElement
and TriangularElement, but also more exotic objects like the
TrimmedElement. A set of (interconnected) elements together form a
nutils.topology. Elements have edges and children (for refinement), which
are in turn elements and map onto self by an affine transformation. They also
have a well defined reference coordinate system, and provide pointsets for
purposes of integration and sampling.


	
class nutils.element.TrimmedIScheme(levelset, ischeme, maxrefine, finestscheme='uniform1', degree=3, retain=None)[source]

	integration scheme for truncated elements


	
generate_ischeme(elem, maxrefine)[source]

	generate integration scheme










	
class nutils.element.Transformation(fromdim, todim)[source]

	transform points


	
eval(points)[source]

	evaluate










	
class nutils.element.SliceTransformation(fromdim, start=None, stop=None, step=None)[source]

	take slice






	
class nutils.element.AffineTransformation(offset, transform)[source]

	affine transformation


	
invtrans[source]

	inverse transformation






	
det[source]

	determinant






	
nest(other)[source]

	merge transformations






	
get_transform()[source]

	get transformation copy






	
invapply(coords)[source]

	apply inverse transformation










	
class nutils.element.Element(ndims, vertices, index=None, parent=None, context=None, interface=None)[source]

	Element base class.

Represents the topological shape.


	
neighbor(other)[source]

	level of neighborhood; 0=self






	
eval(where)[source]

	get points






	
zoom(elemset, points)[source]

	zoom points






	
intersected(levelset, lscheme, evalrefine=0)[source]

	check levelset intersection:

+1 for levelset > 0 everywhere
-1 for levelset < 0 everywhere
=0 for intersected element






	
trim(levelset, maxrefine, lscheme, finestscheme, evalrefine)[source]

	trim element along levelset






	
get_simplices(maxrefine)[source]

	divide in simple elements










	
class nutils.element.ProductElement(elem1, elem2)[source]

	element product


	
orientation[source]

	Neighborhood of elem1 and elem2 and transformations to get mutual
overlap in right location. Returns 3-element tuple:
* neighborhood, as given by Element.neighbor(),
* transf1, required rotation of elem1 map: {0:0, 1:pi/2, 2:pi, 3:3*pi/2},
* transf2, required rotation of elem2 map (is indep of transf1 in UnstructuredTopology.






	
eval(where)[source]

	get integration scheme










	
class nutils.element.TrimmedElement(elem, levelset, maxrefine, lscheme, finestscheme, evalrefine, parent, vertices)[source]

	trimmed element


	
children[source]

	all 1x refined elements






	
edge(iedge)[source]

	




	
get_simplices(maxrefine)[source]

	divide in simple elements










	
class nutils.element.QuadElement(ndims, vertices, index=None, parent=None, context=None, interface=None)[source]

	quadrilateral element


	
children_by(N)[source]

	divide element by n






	
children[source]

	all 1x refined elements






	
ribbons[source]

	ribbons






	
edge(iedge)[source]

	




	
refine(n)[source]

	refine n times






	
select_contained(points, eps=0)[source]

	select points contained in element










	
class nutils.element.TriangularElement(vertices, index=None, parent=None, context=None)[source]

	Triangular element.
Conventions:
* reference elem: unit simplex {(x,y) | x>0, y>0, x+y<1}
* vertex numbering: {(1,0):0, (0,1):1, (0,0):2}
* edge numbering: {bottom:0, slanted:1, left:2}
* edge local coords run counter-clockwise.


	
children[source]

	all 1x refined elements






	
edge(iedge)[source]

	




	
refined(n)[source]

	refine






	
select_contained(points, eps=0)[source]

	select points contained in element










	
class nutils.element.TetrahedronElement(vertices, index=None, parent=None, context=None)[source]

	tetrahedron element


	
children[source]

	all 1x refined elements






	
edge(iedge)[source]

	




	
refined(n)[source]

	refine






	
select_contained(points, eps=0)[source]

	select points contained in element










	
class nutils.element.StdElem[source]

	stdelem base class


	
extract(extraction)[source]

	apply extraction matrix










	
class nutils.element.PolyProduct[source]

	multiply standard elements






	
class nutils.element.PolyLine(poly)[source]

	polynomial on a line


	
classmethod bernstein_poly(degree)[source]

	bernstein polynomial coefficients






	
classmethod spline_poly(p, n)[source]

	spline polynomial coefficients






	
classmethod spline(degree, nelems, periodic=False, neumann=0, curvature=False)[source]

	spline elements, any amount






	
extract(extraction)[source]

	apply extraction










	
class nutils.element.PolyTriangle[source]

	poly triangle (linear for now)
conventions: dof numbering as vertices, see TriangularElement docstring.






	
class nutils.element.BubbleTriangle[source]

	linear triangle + bubble function
conventions: dof numbering as vertices (see TriangularElement docstring), then barycenter.






	
class nutils.element.ExtractionWrapper(stdelem, extraction)[source]

	extraction wrapper
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Library

The library module provides a collection of application specific functions, that
nevertheless have a wide enough range of applicability to be useful as generic
building blocks.
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Log

The log module provides print methods debug, info, user,
warning, and error, in increasing order of priority. Output is sent to
stdout as well as to an html formatted log file if so configured.


	
class nutils.log.ContextLog(depth=1)[source]

	base class


	
disable()[source]

	disable this logger










	
class nutils.log.HtmlLog(fileobj, title, depth=1)[source]

	html log






	
class nutils.log.HtmlStream(chunks, attr, html)[source]

	html line stream


	
write(text)[source]

	write to out and buffer for html










	
class nutils.log.ProgressContextLog(text, iterable=None, target=None, showpct=True, depth=1)[source]

	progress bar


	
text[source]

	get text






	
update(current)[source]

	update progress










	
nutils.log.SimpleLog(chunks=('', ), attr=None)[source]

	just write to stdout






	
class nutils.log.StaticContextLog(text, depth=1)[source]

	simple text logger






	
nutils.log.context

	alias of StaticContextLog






	
nutils.log.iterate

	alias of ProgressContextLog






	
nutils.log.progress

	alias of ProgressContextLog






	
nutils.log.setup_html

	alias of HtmlLog






	
nutils.log.stack(msg, frames=None)[source]

	print stack trace
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Matrix

The matrix module defines a number of 2D matrix objects, notably the
SparseMatrix() and DenseMatrix(). Matrix objects support indexed
addition, basic addition and subtraction operations, and provide a consistent
insterface for solving linear systems. Matrices can be converted to numpy arrays
via asarray.


	
nutils.matrix.krylov(matvec, b, x0=None, tol=1e-05, restart=None, maxiter=0, precon=None, callback=None)[source]

	solve linear system iteratively

restart=None: CG
restart=integer: GMRES






	
nutils.matrix.parsecons(constrain, lconstrain, rconstrain, shape)[source]

	parse constraints






	
class nutils.matrix.Matrix((nrows, ncols))[source]

	matrix base class


	
cond(constrain=None, lconstrain=None, rconstrain=None)[source]

	condition number






	
res(x, b=0, constrain=None, lconstrain=None, rconstrain=None)[source]

	residual










	
class nutils.matrix.DenseSubMatrix(data, indices)[source]

	dense but non-contiguous data






	
class nutils.matrix.SparseMatrix(graph, ncols=None)[source]

	sparse matrix


	
reshape((nrows, ncols))[source]

	reshape matrix






	
clone()[source]

	clone matrix






	
matvec(other)[source]

	matrix-vector multiplication






	
T[source]

	transpose






	
toarray()[source]

	convert to numpy array






	
todense()[source]

	convert to dense matrix






	
rowsupp(tol=0)[source]

	return row indices with nonzero/non-small entries






	
solve(b=0, constrain=None, lconstrain=None, rconstrain=None, tol=0, x0=None, symmetric=False, maxiter=0, restart=999, title='solving system', callback=None, precon=None)[source]

	








	
class nutils.matrix.DenseMatrix(shape)[source]

	matrix wrapper class


	
clone()[source]

	clone matrix






	
addblock(rows, cols, vals)[source]

	add matrix data






	
toarray()[source]

	convert to numpy array






	
matvec(other)[source]

	matrix-vector multiplication






	
T[source]

	transpose






	
solve(b=0, constrain=None, lconstrain=None, rconstrain=None, title='solving system', **dummy)[source]
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Mesh

The mesh module provides mesh generators: methods that return a topology and an
accompanying geometry function. Meshes can either be generated on the fly, e.g.
rectilinear(), or read from external an externally prepared file,
gmesh(), igatool(), and converted to nutils format. Note that no
mesh writers are provided at this point; output is handled by the
nutils.plot module.


	
nutils.mesh.rectilinear(vertices, periodic=(), name='rect')[source]

	rectilinear mesh






	
nutils.mesh.revolve(topo, coords, nelems, degree=3, axis=0)[source]

	revolve coordinates






	
nutils.mesh.gmesh(path, btags={}, name=None)[source]

	




	
nutils.mesh.triangulation(vertices, nvertices)[source]

	




	
nutils.mesh.igatool(path, name=None)[source]

	igatool mesh






	
nutils.mesh.fromfunc(func, nelems, ndims, degree=1)[source]

	piecewise






	
nutils.mesh.demo(xmin=0, xmax=1, ymin=0, ymax=1)[source]

	demo triangulation of a rectangle
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Numeric

The numeric module provides methods that are lacking from the numpy module. An
accompanying extension module _numeric.c should be compiled to benefit from
extra performance, although a Python-only implementation is provided as
fallback. A warning message is printed if the extension module is not found.


	
nutils.numeric.normdim(ndim, n)[source]

	check bounds and make positive






	
nutils.numeric.align(arr, trans, ndim)[source]

	create new array of ndim from arr with axes moved accordin
to trans






	
nutils.numeric.get(arr, axis, item)[source]

	take single item from array axis






	
nutils.numeric.expand(arr, *shape)[source]

	




	
nutils.numeric.linspace2d(start, stop, steps)[source]

	linspace & meshgrid combined






	
nutils.numeric.contract(A, B, axis=-1)[source]

	




	
nutils.numeric.contract_fast(A, B, naxes)[source]

	contract last n axes






	
nutils.numeric.dot(A, B, axis=-1)[source]

	Transform axis of A by contraction with first axis of B and inserting
remaining axes. Note: with default axis=-1 this leads to multiplication of
vectors and matrices following linear algebra conventions.






	
nutils.numeric.fastrepeat(A, nrepeat, axis=-1)[source]

	repeat axis by 0stride






	
nutils.numeric.fastmeshgrid(X, Y)[source]

	mesh grid based on fastrepeat






	
nutils.numeric.meshgrid(*args)[source]

	multi-dimensional meshgrid generalisation






	
nutils.numeric.appendaxes(A, shape)[source]

	append axes by 0stride






	
nutils.numeric.inverse(A)[source]

	linearized inverse






	
nutils.numeric.determinant(A)[source]

	




	
nutils.numeric.eig(A, sort=False)[source]

	Compute the eigenvalues and vectors of a hermitian matrix
sort   -1/0/1 -> descending / unsorted / ascending






	
nutils.numeric.eigh(A, sort=False)[source]

	Compute the eigenvalues and vectors of a hermitian matrix
sort   -1/0/1 -> descending / unsorted / ascending






	
nutils.numeric.reshape(A, *shape)[source]

	more useful reshape






	
nutils.numeric.mean(A, weights=None, axis=-1)[source]

	generalized mean






	
nutils.numeric.norm2(A, axis=-1)[source]

	L2 norm over specified axis






	
nutils.numeric.normalize(A, axis=-1)[source]

	devide by normal






	
nutils.numeric.cross(v1, v2, axis)[source]

	cross product






	
nutils.numeric.stack(arrays, axis=0)[source]

	powerful array stacker with singleton expansion






	
nutils.numeric.bringforward(arg, axis)[source]

	bring axis forward






	
nutils.numeric.diagonalize(arg)[source]

	append axis, place last axis on diagonal of self and new
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Parallel

The parallel module provides tools aimed at parallel computing. At this point
all parallel solutions use the fork system call and are supported on limited
platforms, notably excluding Windows. On unsupported platforms parallel features
will disable and a warning is printed.


	
class nutils.parallel.Fork(nprocs)[source]

	nested fork context, unwinds at exit






	
class nutils.parallel.AlternativeFork(nprocs)[source]

	single master, multiple slave fork context, unwinds at exit






	
nutils.parallel.fork(func, nice=19)[source]

	fork and run (return value is lost)






	
nutils.parallel.shzeros(shape, dtype=<type 'float'>)[source]

	create zero-initialized array in shared memory






	
nutils.parallel.pariter(iterable)[source]

	iterate parallel
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Util

The util module provides a collection of general purpose methods. Most
importantly it provides the run() method which is the preferred entry
point of a nutils application, taking care of command line parsing, output dir
creation and initiation of a log file.


	
class nutils.util.ImmutableArray[source]

	immutable array






	
nutils.util.delaunay(points)[source]

	delaunay triangulation






	
nutils.util.withrepr(f)[source]

	add string representation to generated function






	
class nutils.util.Cache(*args)[source]

	cache






	
nutils.util.getpath(pattern)[source]

	create file in dumpdir






	
nutils.util.sum(seq)[source]

	a better sum






	
nutils.util.product(seq)[source]

	multiply items in sequence






	
nutils.util.clone(obj)[source]

	clone object






	
nutils.util.iterate(context='iter', nmax=-1)[source]

	iterate forever






	
class nutils.util.NanVec[source]

	nan-initialized vector


	
where[source]

	find non-nan items










	
class nutils.util.Clock(interval)[source]

	simple interval timer






	
nutils.util.tensorial(args)[source]

	create n-dimensional array containing tensorial combinations of n args






	
nutils.util.arraymap(f, dtype, *args)[source]

	call f for sequence of arguments and cast to dtype






	
nutils.util.objmap(func, *arrays)[source]

	map numpy arrays






	
nutils.util.fail(msg, *args)[source]

	generate exception






	
class nutils.util.Locals[source]

	local namespace as object






	
nutils.util.getkwargdefaults(func)[source]

	helper for run






	
class nutils.util.Statm(rusage=None)[source]

	memory statistics on systems that support it






	
nutils.util.run(*functions)[source]

	call function specified on command line
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Plot

The plot module aims to provide a consistent interface to various plotting
backends. At this point matplotlib [http://matplotlib.org/] and vtk [http://vtk.org] are supported.


	
class nutils.plot.BasePlot(name, ndigits=0, index=None)[source]

	base class for plotting objects






	
class nutils.plot.PyPlot(name, imgtype=None, ndigits=3, index=None, **kwargs)[source]

	matplotlib figure


	
save(name)[source]

	save images






	
mesh(points, colors=None, edgecolors='k', edgewidth=None, triangulate='delaunay', setxylim=True, **kwargs)[source]

	plot elemtwise mesh






	
polycol(verts, facecolors='none', **kwargs)[source]

	add polycollection






	
slope_triangle(x, y, fillcolor='0.9', edgecolor='k', xoffset=0, yoffset=0.1, slopefmt='{0:.1f}')[source]

	Draw slope triangle for supplied y(x)
- x, y: coordinates
- xoffset, yoffset: distance graph & triangle (points)
- fillcolor, edgecolor: triangle style
- slopefmt: format string for slope number






	
slope_trend(x, y, lt='k-', xoffset=0.1, slopefmt='{0:.1f}')[source]

	Draw slope triangle for supplied y(x)
- x, y: coordinates
- slopefmt: format string for slope number






	
rectangle(x0, w, h, fc='none', ec='none', **kwargs)[source]

	




	
griddata(xlim, ylim, data)[source]

	plot griddata






	
cspy(A, **kwargs)[source]

	Like pyplot.spy, but coloring acc to 10^log of absolute values, where [0, inf, nan] show up in blue.










	
class nutils.plot.DataFile(name, index=None, ndigits=0, mode='w')[source]

	data file






	
class nutils.plot.VTKFile(name, index=None, ndigits=0, ascii=False)[source]

	vtk file


	
unstructuredgrid(points, npars=None)[source]

	add unstructured grid






	
celldataarray(name, data)[source]

	add cell array






	
pointdataarray(name, data)[source]

	add cell array










	
nutils.plot.writevtu(name, topo, coords, pointdata={}, celldata={}, ascii=False, superelements=False, maxrefine=3, ndigits=0, ischeme='gauss1', **kwargs)[source]

	write vtu from coords function






	
class nutils.plot.Pylab(title, name='graph{0:03x}')[source]

	matplotlib figure






	
class nutils.plot.PylabAxis(ax, title)[source]

	matplotlib axis augmented with nutils-specific functions


	
add_mesh(coords, topology, deform=0, color=None, edgecolors='none', linewidth=1, xmargin=0, ymargin=0, aspect='equal', cbar='vertical', title=None, ischeme='gauss2', cscheme='contour3', clim=None, frame=True, colormap=None)[source]

	plot mesh






	
add_quiver(coords, topology, quiver, sample='uniform3', scale=None)[source]

	quiver builder






	
add_graph(xfun, yfun, topology, sample='contour10', logx=False, logy=False, **kwargs)[source]

	plot graph of function on 1d topology






	
add_convplot(x, y, drop=0.8, shift=1.1, slope=True, **kwargs)[source]

	Convergence plot including slope triangle (below graph) for supplied y(x),
drop  = distance graph & triangle,
shift = distance triangle & text.










	
nutils.plot.preview(coords, topology, cscheme='contour8')[source]

	preview function
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# -*- coding: utf8 -*-
#
# Module PLOT
#
# Part of Nutils: open source numerical utilities for Python. Jointly developed
# by HvZ Computational Engineering, TU/e Multiscale Engineering Fluid Dynamics,
# and others. More info at http://nutils.org <info@nutils.org>. (c) 2014

"""
The plot module aims to provide a consistent interface to various plotting
backends. At this point `matplotlib <http://matplotlib.org/>`_ and `vtk
<http://vtk.org>`_ are supported.
"""

from . import topology, util, numpy, function, element, log, prop, numeric, debug, _
from scipy import spatial # for def mesh; import cannot be postponed apparently
import os, warnings

def _nansplit( data ):
  n, = numpy.where( numpy.isnan( data.reshape( data.shape[0], -1 ) ).any( axis=1 ) )
  N = numpy.concatenate( [ [-1], n, [data.shape[0]] ] )
  return [ data[a:b] for a, b in zip( N[:-1]+1, N[1:] ) ]

[docs]class BasePlot( object ):
  'base class for plotting objects'

  def __init__ ( self, name, ndigits=0, index=None ):

    self.path = prop.dumpdir

    assert isinstance(ndigits,int) and ndigits >= 0, 'nonnegative integer required'
    if ndigits:
      if index is None:
        index = 1
        for filename in os.listdir( self.path ):
          if filename.startswith( name ):
            num = filename[len(name):].split('.')[0]
            if num.isdigit():
              index = max( index, int(num)+1 )
      name += str(index).rjust(ndigits,'0')

    self.name  = name
    self.names = None

  def __enter__( self ):
    'enter with block'

    self.logger = log.context( 'plotting', depth=2 )
    return self

  def __exit__( self, *exc_info ):
    'exit with block'

    exc_type, exc_value, exc_tb = exc_info
    try:
      if exc_type == KeyboardInterrupt:
        pass
      elif exc_type:
        log.stack( repr(exc_value), debug.exception() )
      else:
        if self.names:
          for name in self.names:
            self.save( name )
          log.path( ', '.join( self.names ) )
        return True
    finally:
      self.logger.disable()
    return False

  def save ( self, name ):
    return


[docs]class PyPlot( BasePlot ):
  'matplotlib figure'

  def __init__( self, name, imgtype=None, ndigits=3, index=None, **kwargs ):
    'constructor'

    BasePlot.__init__( self, name, ndigits=ndigits, index=index )

    import matplotlib

    matplotlib.use( 'Agg', warn=False )

    from matplotlib import pyplot

    imgtype = getattr( prop, 'imagetype', 'png' ) if imgtype is None else imgtype
    self.names = [ self.name + '.' + ext for ext in imgtype.split(',') ]

    self.__dict__.update( pyplot.__dict__ )

    self._fig = self.figure( **kwargs )
    #self._fig.patch.set_alpha( 0 )

  def __exit__( self, *exc_info ):
    'exit with block'

    BasePlot.__exit__( self, *exc_info )
    try:
      self.close( self._fig )
    except:
      log.warning( 'failed to close figure' )

[docs]  def save( self, name ):
    'save images'

    self.savefig( os.path.join( self.path, name ) )
    #self.close()


  @staticmethod
  def _trimesh_class():
    'backport of TriMesh (function prevents unneccecary loading)'

    from matplotlib.collections import Collection
    from matplotlib.artist import allow_rasterization
    
    class TriMesh( Collection ):

      def __init__(self, xy, tri, **kwargs):
        Collection.__init__(self, **kwargs)
        self.xy = xy
        self.tri = tri
        self._facecolors = numpy.zeros([numpy.max(tri)+1,4]) # fully transparent
    
      @allow_rasterization
      def draw(self, renderer):
        if not self.get_visible():
          return
        renderer.open_group(self.__class__.__name__)
        transform = self.get_transform()
        verts = self.xy.T[self.tri]
        self.update_scalarmappable()
        colors = self._facecolors[self.tri]
        gc = renderer.new_gc()
        self._set_gc_clip(gc)
        gc.set_linewidth(self.get_linewidth()[0])
        renderer.draw_gouraud_triangles(gc, verts, colors, transform.frozen())
        gc.restore()
        renderer.close_group(self.__class__.__name__)

    return TriMesh

[docs]  def mesh( self, points, colors=None, edgecolors='k', edgewidth=None, triangulate='delaunay', setxylim=True, **kwargs ):
    'plot elemtwise mesh'

    assert isinstance( points, numpy.ndarray ) and points.dtype == float
    assert points.shape[-1] == 2
    if colors is not  None:
      assert isinstance( colors, numpy.ndarray ) and colors.dtype == float
      assert points.shape[:-1] == colors.shape

    if points.ndim == 3: # gridded data: nxpoints x nypoints x ndims

      assert colors is not None
      data = colors.ravel()
      xy = points.reshape( -1, 2 ).T
      ind = numpy.arange( xy.shape[1] ).reshape( points.shape[:-1] )
      vert1 = numpy.array([ ind[:-1,:-1].ravel(), ind[1:,:-1].ravel(), ind[:-1,1:].ravel() ]).T
      vert2 = numpy.array([ ind[1:,1:].ravel(), ind[1:,:-1].ravel(), ind[:-1,1:].ravel() ]).T
      triangles = numpy.concatenate( [vert1,vert2], axis=0 )
      edges = None

    elif points.ndim == 2: # mesh: npoints x ndims

      nans = numpy.isnan( points ).all( axis=1 )
      split, = numpy.where( nans )
      if colors is not None:
        assert numpy.isnan( colors[split] ).all()
  
      P = []
      N = []
      C = []
      E = []
      npoints = 0
  
      for a, b in zip( numpy.concatenate([[0],split+1]), numpy.concatenate([split,[nans.size]]) ):
        np = b - a
        if np == 0:
          continue
        epoints = points[a:b]
        if colors is not None:
          ecolors = colors[a:b]
        if triangulate == 'delaunay':
          tri = spatial.Delaunay( epoints )
          vertices = tri.vertices
          e0 = [ edge[0] for edge in tri.convex_hull ]
          e1 = [ edge[1] for edge in tri.convex_hull ]
          last = e1.pop()
          hull = [ e0.pop(), last ]
          while e0:
            try:
              index = e0.index( last )
              last = e1[index]
            except ValueError:
              index = e1.index( last )
              last = e0[index]
            e0.pop( index )
            e1.pop( index )
            hull.append( last )
          assert hull[0] == hull[-1]
        elif triangulate == 'bezier':
          nquad = int( numpy.sqrt(np) + .5 )
          ntri = int( numpy.sqrt((2*np)+.25) )
          if nquad**2 == np:
            ind = numpy.arange(np).reshape(nquad,nquad)
            vert1 = numpy.array([ ind[:-1,:-1].ravel(), ind[1:,:-1].ravel(), ind[:-1,1:].ravel() ]).T
            vert2 = numpy.array([ ind[1:,1:].ravel(), ind[1:,:-1].ravel(), ind[:-1,1:].ravel() ]).T
            vertices = numpy.concatenate( [vert1,vert2], axis=0 )
            hull = numpy.concatenate([ ind[:,0], ind[-1,1:], ind[-2::-1,-1], ind[0,-2::-1] ])
          elif ntri * (ntri+1) == 2 * np:
            vert1 = [ ((2*ntri-i+1)*i)//2+numpy.array([j,j+1,j+ntri-i]) for i in range(ntri-1) for j in range(ntri-i-1) ]
            vert2 = [ ((2*ntri-i+1)*i)//2+numpy.array([j+1,j+ntri-i+1,j+ntri-i]) for i in range(ntri-1) for j in range(ntri-i-2) ]
            vertices = numpy.concatenate( [vert1,vert2], axis=0 )
            hull = numpy.concatenate([ numpy.arange(ntri), numpy.arange(ntri-1,0,-1).cumsum()+ntri-1, numpy.arange(ntri+1,2,-1).cumsum()[::-1]-ntri-1 ])
          else:
            raise Exception, 'cannot match points to a bezier scheme'
        else:
          raise Exception, 'unknown triangulation method %r' % triangulate
        P.append( epoints.T )
        N.append( vertices + npoints )
        if colors is not None:
          C.append( ecolors )
        E.append( epoints[hull] )
        npoints += np
  
      xy = numpy.concatenate( P, axis=1 )
      triangles = numpy.concatenate( N, axis=0 )
      if colors is not None:
        data = numpy.concatenate( C )
      edges = E

    else:

      raise Exception, 'invalid points shape %r' % ( points.shape, )
  
    TriMesh = self._trimesh_class()
    polycol = TriMesh( xy, triangles, rasterized=True, **kwargs )
    if colors is not None:
      polycol.set_array( data )

    if edges and edgecolors != 'none':
      from matplotlib.collections import LineCollection
      linecol = LineCollection( edges, linewidths=(edgewidth,) if edgewidth is not None else None )
      linecol.set_color( edgecolors )
      self.gca().add_collection( linecol )

    self.gca().add_collection( polycol )
    self.sci( polycol )
    
    if setxylim:
      xmin, ymin = numpy.min( xy, axis=1 )
      xmax, ymax = numpy.max( xy, axis=1 )
      self.xlim( xmin, xmax )
      self.ylim( ymin, ymax )
    
    if edgecolors != 'none':
      return polycol, linecol

    return polycol


[docs]  def polycol( self, verts, facecolors='none', **kwargs ):
    'add polycollection'
  
    from matplotlib import collections
    assert verts.ndim == 2 and verts.shape[1] == 2
    verts = _nansplit( verts )
    if facecolors != 'none':
      assert isinstance(facecolors,numpy.ndarray) and facecolors.shape == (len(verts),)
      array = facecolors
      facecolors = None
    polycol = collections.PolyCollection( verts, facecolors=facecolors, **kwargs )
    if facecolors is None:
      polycol.set_array( array )
    self.gca().add_collection( polycol )
    self.sci( polycol )
    return polycol


[docs]  def slope_triangle( self, x, y, fillcolor='0.9', edgecolor='k', xoffset=0, yoffset=0.1, slopefmt='{0:.1f}' ):
    '''Draw slope triangle for supplied y(x)
       - x, y: coordinates
       - xoffset, yoffset: distance graph & triangle (points)
       - fillcolor, edgecolor: triangle style
       - slopefmt: format string for slope number'''

    i, j = (-2,-1) if x[-1] < x[-2] else (-1,-2) # x[i] > x[j]
    if not all(numpy.isfinite(x[-2:])) or not all(numpy.isfinite(y[-2:])):
      log.warning( 'Not plotting slope triangle for +/-inf or nan values' )
      return

    from matplotlib import transforms
    shifttrans = self.gca().transData \
               + transforms.ScaledTranslation( xoffset, -yoffset, self.gcf().dpi_scale_trans )
    xscale, yscale = self.gca().get_xscale(), self.gca().get_yscale()

    # delta() checks if either axis is log or lin scaled
    delta = lambda a, b, scale: numpy.log10(float(a)/b) if scale=='log' else float(a-b) if scale=='linear' else None
    slope = delta( y[-2], y[-1], yscale ) / delta( x[-2], x[-1], xscale )
    if slope in (numpy.nan, numpy.inf, -numpy.inf):
      warnings.warn( 'Cannot draw slope triangle with slope: %s, drawing nothing' % str( slope ) )
      return slope

    # handle positive and negative slopes correctly
    xtup, ytup = ((x[i],x[j],x[i]), (y[j],y[j],y[i])) if slope > 0 else ((x[j],x[j],x[i]), (y[i],y[j],y[i]))
    a, b = (2/3., 1/3.) if slope > 0 else (1/3., 2/3.)
    xval = a*x[i]+b*x[j] if xscale=='linear' else x[i]**a * x[j]**b
    yval = b*y[i]+a*y[j] if yscale=='linear' else y[i]**b * y[j]**a

    self.fill( xtup, ytup,
      color=fillcolor,
      edgecolor=edgecolor,
      transform=shifttrans )

    self.text( xval, yval,
      slopefmt.format(slope),
      horizontalalignment='center',
      verticalalignment='center',
      transform=shifttrans )

    return slope


[docs]  def slope_trend( self, x, y, lt='k-', xoffset=.1, slopefmt='{0:.1f}' ):
    '''Draw slope triangle for supplied y(x)
       - x, y: coordinates
       - slopefmt: format string for slope number'''

    # TODO check for gca() loglog scale

    slope = numpy.log( y[-2]/y[-1] ) / numpy.log( x[-2]/x[-1] )
    C = y[-1] / x[-1]**slope

    self.loglog( x, C * x**slope, 'k-' )

    from matplotlib import transforms
    shifttrans = self.gca().transData \
               + transforms.ScaledTranslation( -xoffset if x[-1] < x[0] else xoffset, 0, self.gcf().dpi_scale_trans )

    self.text( x[-1], y[-1], slopefmt.format(slope),
      horizontalalignment='right' if x[-1] < x[0] else 'left',
      verticalalignment='center',
      transform=shifttrans )

    return slope


[docs]  def rectangle( self, x0, w, h, fc='none', ec='none', **kwargs ):
    'rectangle'

    from matplotlib import patches
    patch = patches.Rectangle( x0, w, h, fc=fc, ec=ec, **kwargs )
    self.gca().add_patch( patch )
    return patch


[docs]  def griddata( self, xlim, ylim, data ):
    'plot griddata'

    assert data.ndim == 2
    self.imshow( data.T, extent=(xlim[0],xlim[-1],ylim[0],ylim[-1]), origin='lower' )


[docs]  def cspy( self, A, **kwargs ): 
    'Like pyplot.spy, but coloring acc to 10^log of absolute values, where [0, inf, nan] show up in blue.'
    if not isinstance( A, numpy.ndarray ):
      A = A.toarray()
    if A.size < 2: # trivial case of 1x1 matrix
      A = A.reshape( 1, 1 )
    else:
      A = numpy.log10( numpy.abs( A ) )
      B = numpy.isinf( A ) | numpy.isnan( A ) # what needs replacement
      A[B] = ~B if numpy.all( B ) else numpy.amin( A[~B] ) - 1.
    self.pcolormesh( A, **kwargs )
    self.colorbar()
    self.ylim( self.ylim()[-1::-1] ) # invert y axis: equiv to MATLAB axis ij
    self.xlabel( r'$j$' )
    self.ylabel( r'$i$' )
    self.title( r'$^{10}\log a_{ij}$' )
    self.axis( 'tight' )


  def image( self, image, location=[0,0], scale=1, alpha=1.0 ):
    image = image.resize( [int( scale*size ) for size in image.size ])
    dpi   = self._fig.get_dpi()
    self._fig.figimage( numpy.array( image ).astype(float)/255, location[0]*dpi, location[1]*dpi, zorder=10 ).set_alpha(alpha)
    

[docs]class DataFile( BasePlot ):
  """data file"""

  def __init__( self, name, index=None, ndigits=0, mode='w' ):
    'constructor'

    BasePlot.__init__( self, name, ndigits=ndigits, index=index )

    self.names = [name]
    self.fout  = open( os.path.join(self.path,name), mode )

  def save( self, name ):
    self.fout.close()

  def printline( self, line ):
    print >> self.fout, line 

  def printlist( self, lst, delim=' ', start='', stop='' ):
    print >> self.fout, start + delim.join(str(s) for s in lst)  + stop


[docs]class VTKFile( BasePlot ):
  'vtk file'

  def __init__( self, name, index=None, ndigits=0, ascii=False ):
    'constructor'

    BasePlot.__init__( self, name, ndigits=ndigits, index=index )

    import vtk 

    if self.name.lower().endswith('.vtu'):
      self.names = [self.name]
    else:  
      self.names = [self.name+'.vtu']

    self.ascii   = ascii
    self.vtkMesh = vtk.vtkUnstructuredGrid()

  def save( self, name ):
    import vtk
    vtkWriter = vtk.vtkXMLUnstructuredGridWriter()
    vtkWriter.SetInput   ( self.vtkMesh )
    vtkWriter.SetFileName( os.path.join( self.path, name ) )
    if self.ascii:
      vtkWriter.SetDataModeToAscii()
    vtkWriter.Write()

  def vertices( self, points ):

    assert isinstance( points, (list,tuple,numpy.ndarray) ), 'Expected list of point arrays'

    import vtk

    vtkPoints = vtk.vtkPoints()
    vtkPoints.SetNumberOfPoints( sum(pts.shape[0] for pts in points) )

    cnt = 0
    for pts in points:
      if pts.shape[1] < 3:
        pts = numpy.concatenate([pts,numpy.zeros(shape=(pts.shape[0],3-pts.shape[1]))],axis=1)

      for point in pts:
        vtkPoints .SetPoint( cnt, point )
        cellpoints = vtk.vtkVertex().GetPointIds()
        cellpoints.SetId( 0, cnt )
        self.vtkMesh.InsertNextCell( vtk.vtkVertex().GetCellType(), cellpoints )
        cnt +=1

    self.vtkMesh.SetPoints( vtkPoints )

[docs]  def unstructuredgrid( self, points, npars=None ):
    """add unstructured grid"""

    points = _nansplit( points )
    #assert isinstance( points, (list,tuple,numpy.ndarray) ), 'Expected list of point arrays'

    import vtk

    vtkPoints = vtk.vtkPoints()
    vtkPoints.SetNumberOfPoints( sum(pts.shape[0] for pts in points) )

    cnt = 0
    for pts in points:

      np, ndims = pts.shape
      if not npars:
        npars = ndims

      vtkelem   = None

      if np == 2:
        vtkelem = vtk.vtkLine()
      elif np == 3:
        vtkelem = vtk.vtkTriangle()
      elif np == 4:  
        if npars == 2:
          vtkelem = vtk.vtkQuad()
        elif npars == 3:
          vtkelem = vtk.vtkTetra()
      elif np == 8:
        vtkelem = vtk.vtkVoxel() # TODO hexahedron for not rectilinear NOTE ordering changes!

      if not vtkelem:
        raise Exception('not sure what to do with cells with ndims=%d and npoints=%d' % (ndims,np))

      if ndims < 3:
        pts = numpy.concatenate([pts,numpy.zeros(shape=(pts.shape[0],3-ndims))],axis=1)

      cellpoints = vtkelem.GetPointIds()

      for i,point in enumerate(pts):
        vtkPoints .SetPoint( cnt, point )
        cellpoints.SetId( i, cnt )
        cnt +=1
    
      self.vtkMesh.InsertNextCell( vtkelem.GetCellType(), cellpoints )

    self.vtkMesh.SetPoints( vtkPoints )


[docs]  def celldataarray( self, name, data ):
    'add cell array'
    ncells = self.vtkMesh.GetNumberOfCells()
    assert ncells == data.shape[0], 'Cell data array should have %d entries' % ncells
    self.vtkMesh.GetCellData().AddArray( self.__vtkarray(name,data) )


[docs]  def pointdataarray( self, name, data ):
    'add cell array'
    npoints = self.vtkMesh.GetNumberOfPoints()
    assert npoints == data.shape[0], 'Point data array should have %d entries' % npoints
    self.vtkMesh.GetPointData().AddArray( self.__vtkarray(name,data) )


  def __vtkarray( self, name, data ):
    import vtk
    if data.ndim == 1:
      data = data[:,_]
    array = vtk.vtkFloatArray()
    array.SetName( name )
    array.SetNumberOfComponents( data.shape[1] )
    array.SetNumberOfTuples( data.shape[0] )
    for i,d in enumerate(data):
      array.SetTuple( i, d )
    return array


[docs]def writevtu( name, topo, coords, pointdata={}, celldata={}, ascii=False, superelements=False, maxrefine=3, ndigits=0, ischeme='gauss1', **kwargs ):
  'write vtu from coords function'

  with VTKFile( name, ascii=ascii, ndigits=ndigits ) as vtkfile:

    if not superelements:
      topo = topology.UnstructuredTopology( topo.get_simplices( maxrefine=maxrefine ), topo.ndims )
    else:
      topo = topology.UnstructuredTopology( filter(None,[elem if not isinstance(elem,element.TrimmedElement) else elem.elem for elem in topo]), topo.ndims )

    points = topo.elem_eval( coords, ischeme='vtk', separate=True )
    vtkfile.unstructuredgrid( points, npars=topo.ndims )

    if pointdata:  
      keys, values = zip( *pointdata.items() )
      arrays = topo.elem_eval( values, ischeme='vtk', separate=False )
      for key, array in zip( keys, arrays ):
        vtkfile.pointdataarray( key, array )

    if celldata:  
      keys, values = zip( *celldata.items() )
      arrays = topo.elem_mean( values, coords=coords, ischeme=ischeme )
      for key, array in zip( keys, arrays ):
        vtkfile.celldataarray( key, array )

######## OLD PLOTTING INTERFACE ############


[docs]class Pylab( object ):
  'matplotlib figure'

  def __init__( self, title, name='graph{0:03x}' ):
    'constructor'

    import matplotlib
    matplotlib.use( 'Agg', warn=False )

    if '.' not in name.format(0):
      imgtype = getattr( prop, 'imagetype', 'png' )
      name += '.' + imgtype

    if isinstance( title, (list,tuple) ):
      self.title = numpy.array( title, dtype=object )
      self.shape = self.title.shape
      if self.title.ndim == 1:
        self.title = self.title[:,_]
      assert self.title.ndim == 2
    else:
      self.title = numpy.array( [[ title ]] )
      self.shape = ()
    self.name = name

  def __enter__( self ):
    'enter with block'

    from matplotlib import pyplot
    pyplot.figure()
    n, m = self.title.shape
    axes = [ PylabAxis( pyplot.subplot(n,m,iax+1), title ) for iax, title in enumerate( self.title.ravel() ) ]
    return numpy.array( axes, dtype=object ).reshape( self.shape ) if self.shape else axes[0]

  def __exit__( self, exc, msg, tb ):
    'exit with block'

    if exc:
      log.error( 'ERROR: plot failed:', msg or exc )
      return #True

    from matplotlib import pyplot
    dumpdir = prop.dumpdir
    n = len( os.listdir( dumpdir ) )
    imgpath = util.getpath( self.name )
    pyplot.savefig( imgpath, format=imgpath.split('.')[-1] )
    os.chmod( imgpath, 0644 )
    pyplot.close()
    log.path( os.path.basename(imgpath) )


[docs]class PylabAxis( object ):
  'matplotlib axis augmented with nutils-specific functions'

  def __init__( self, ax, title ):
    'constructor'

    if title:
      ax.set_title( title )
    self._ax = ax

  def __getattr__( self, attr ):
    'forward getattr to axis'

    return getattr( self._ax, attr )

[docs]  def add_mesh( self, coords, topology, deform=0, color=None, edgecolors='none', linewidth=1, xmargin=0, ymargin=0, aspect='equal', cbar='vertical', title=None, ischeme='gauss2', cscheme='contour3', clim=None, frame=True, colormap=None ):
    'plot mesh'
  
    log.context( 'plotting mesh' )

    assert topology.ndims == 2
    from matplotlib import pyplot, collections
    poly = []
    values = []
    ndims, = coords.shape
    assert ndims in (2,3)
    if color:
      assert color.ndim == 0
      color = function.Tuple([ color, coords.iweights(ndims=2) ])
    plotcoords = coords + deform
    for elem in topology:
      C = plotcoords( elem, cscheme )
      if ndims == 3:
        C = project3d( C )
        cx, cy = numpy.hstack( [ C, C[:,:1] ] )
        if ( (cx[1:]-cx[:-1]) * (cy[1:]+cy[:-1]) ).sum() > 0:
          continue
      if color:
        c, w = color( elem, ischeme )
        values.append( numeric.mean( c, weights=w, axis=0 ) if c.ndim > 0 else c )
      poly.append( C )
  
    if values:
      elements = collections.PolyCollection( poly, edgecolors=edgecolors, linewidth=linewidth, rasterized=True )
      elements.set_array( numpy.asarray(values) )
      if colormap is not None:
        elements.set_cmap( pyplot.cm.gray if colormap is False else colormap )
      if cbar:
        pyplot.colorbar( elements, ax=self._ax, orientation=cbar )
    else:
      elements = collections.PolyCollection( poly, edgecolors='black', facecolors='none', linewidth=linewidth, rasterized=True )

    if clim:
      elements.set_clim( *clim )

    if ndims == 3:
      self.get_xaxis().set_visible( False )
      self.get_yaxis().set_visible( False )
      self.box( 'off' )

    self.add_collection( elements )
    vertices = numpy.concatenate( poly )
    xmin, ymin = vertices.min(0)
    xmax, ymax = vertices.max(0)

    if xmargin is not None:
      if not isinstance( xmargin, tuple ):
        xmargin = xmargin, xmargin
      self.set_xlim( xmin - xmargin[0], xmax + xmargin[1] )

    if ymargin is not None:
      if not isinstance( ymargin, tuple ):
        ymargin = ymargin, ymargin
      self.set_ylim( ymin - ymargin[0], ymax + ymargin[1] )

    if aspect:
      self.set_aspect( aspect )
      self.set_autoscale_on( False )

    if title:
      self.title( title )

    self.set_frame_on( frame )
    return elements
  

[docs]  def add_quiver( self, coords, topology, quiver, sample='uniform3', scale=None ):
    'quiver builder'
  
    xyuv = function.Concatenate( [ coords, quiver ] )
    XYUV = [ xyuv(elem,sample) for elem in log.ProgressBar( topology, title='plotting quiver' ) ]
    self.quiver( *numpy.concatenate( XYUV, 0 ).T, scale=scale )


[docs]  def add_graph( self, xfun, yfun, topology, sample='contour10', logx=False, logy=False, **kwargs ):
    'plot graph of function on 1d topology'

    try:
      xfun = [ xf for xf in xfun ]
    except TypeError:
      xfun = [ xfun ]

    try:
      yfun = [ yf for yf in yfun ]
    except TypeError:
      yfun = [ yfun ]

    if len(xfun) == 1:
      xfun *= len(yfun)

    if len(yfun) == 1:
      yfun *= len(xfun)

    nfun = len(xfun)
    assert len(yfun) == nfun

    special_args = zip( *[ zip( [key]*nfun, val ) for (key,val) in kwargs.iteritems() if isinstance(val,list) and len(val) == nfun ] )
    XYD = [ ([],[],dict(d)) for d in special_args or [[]] * nfun ]
    xypairs = function.Tuple( [ function.Tuple(v) for v in zip( xfun, yfun, XYD ) ] )

    for elem in topology:
      for x, y, xyd in xypairs( elem, sample ):

        if y.ndim == 1 and y.shape[0] == 1:
          y = y[0]

        xyd[0].extend( x if x.ndim else [x] * y.size )
        xyd[0].append( numpy.nan )
        xyd[1].extend( y if y.ndim else [y] * x.size )
        xyd[1].append( numpy.nan )

    plotfun = self.loglog if logx and logy \
         else self.semilogx if logx \
         else self.semilogy if logy \
         else self.plot
    for x, y, d in XYD:
      kwargs.update(d)
      plotfun( x, y, **kwargs )


[docs]  def add_convplot( self, x, y, drop=0.8, shift=1.1, slope=True, **kwargs ): 
    """Convergence plot including slope triangle (below graph) for supplied y(x),
       drop  = distance graph & triangle,
       shift = distance triangle & text."""
    self.loglog( x, y, 'k.-', **kwargs )
    self.grid( True )
    if slope:
      if x[-1] < x[0]: # inverted order
        slx   = numpy.array( [x[-2], x[-2], x[-1], x[-2]] )
        sly   = numpy.array( [y[-2], y[-1], y[-1], y[-2]] )*drop
      if x[-1] > x[0]:
        slx   = numpy.array( [x[-1], x[-1], x[-2], x[-1]] )
        sly   = numpy.array( [y[-1], y[-2], y[-2], y[-1]] )/drop
      # slope = r'$%2.1f$' % (y[-2]*x[-1]/(x[-2]*y[-1]))
      slope = r'$%2.1f$' % (numpy.diff( numpy.log10( y[-2:] ) )/numpy.diff( numpy.log10( x[-2:] ) ))
      self.loglog( slx, sly, color='k', label='_nolegend_' )
      self.text( slx[-1]*shift, numpy.mean( sly[:2] )*drop, slope )



def project3d( C ):
  sqrt2 = numpy.sqrt( 2 )
  sqrt3 = numpy.sqrt( 3 )
  sqrt6 = numpy.sqrt( 6 )
  R = numpy.array( [[ sqrt3, 0, -sqrt3 ], [ 1, 2, 1 ], [ sqrt2, -sqrt2, sqrt2 ]] ) / sqrt6
  return numeric.transform( C, R[:,::2], axis=0 )

[docs]def preview( coords, topology, cscheme='contour8' ):
  'preview function'

  if topology.ndims == 3:
    topology = topology.boundary

  from matplotlib import pyplot, collections
  if coords.shape[0] == 2:
    mesh( coords, topology, cscheme=cscheme )
  elif coords.shape[0] == 3:
    polys = [ [] for i in range(4) ]
    for elem in topology:
      contour = coords( elem, cscheme )
      polys[0].append( project3d( contour ).T )
      polys[1].append( contour[:2].T )
      polys[2].append( contour[1:].T )
      polys[3].append( contour[::2].T )
    for iplt, poly in enumerate( polys ):
      elements = collections.PolyCollection( poly, edgecolors='black', facecolors='none', linewidth=1, rasterized=True )
      ax = pyplot.subplot( 2, 2, iplt+1 )
      ax.add_collection( elements )
      xmin, ymin = numpy.min( [ numpy.min(p,axis=0) for p in poly ], axis=0 )
      xmax, ymax = numpy.max( [ numpy.max(p,axis=0) for p in poly ], axis=0 )
      d = .02 * (xmax-xmin+ymax-ymin)
      pyplot.axis([ xmin-d, xmax+d, ymin-d, ymax+d ])
      if iplt == 0:
        ax.get_xaxis().set_visible( False )
        ax.get_yaxis().set_visible( False )
        pyplot.box( 'off' )
      else:
        pyplot.title( '?ZXY'[iplt] )
  else:
    raise Exception, 'need 2D or 3D coordinates'
  pyplot.show()

# vim:shiftwidth=2:foldmethod=indent:foldnestmax=2
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  Source code for nutils.parallel

# -*- coding: utf8 -*-
#
# Module PARALLEL
#
# Part of Nutils: open source numerical utilities for Python. Jointly developed
# by HvZ Computational Engineering, TU/e Multiscale Engineering Fluid Dynamics,
# and others. More info at http://nutils.org <info@nutils.org>. (c) 2014

"""
The parallel module provides tools aimed at parallel computing. At this point
all parallel solutions use the ``fork`` system call and are supported on limited
platforms, notably excluding Windows. On unsupported platforms parallel features
will disable and a warning is printed.
"""

from . import prop, log, numpy, debug
import os, sys, multiprocessing, thread

Lock = multiprocessing.Lock
cpu_count = multiprocessing.cpu_count

[docs]class Fork( object ):
  'nested fork context, unwinds at exit'

  def __init__( self, nprocs ):
    'constructor'

    self.nprocs = nprocs

  def __enter__( self ):
    'fork and return iproc'

    for self.iproc in range( self.nprocs-1 ):
      self.child_pid = os.fork()
      if self.child_pid:
        break
    else:
      self.child_pid = None
      self.iproc = self.nprocs-1
    self.logger = log.context( 'proc %d' % ( self.iproc+1 ), depth=2 )
    return self.iproc

  def __exit__( self, exctype, excvalue, tb ):
    'kill all processes but first one'

    status = 0
    try:
      if exctype == KeyboardInterrupt:
        status = 1
      elif exctype == GeneratorExit:
        if self.iproc:
          log.stack( 'generator failed with unknown exception', debug.callstack( depth=2 ) )
        status = 1
      elif exctype:
        if self.iproc:
          log.stack( repr(excvalue), debug.exception() )
        status = 1
      if self.child_pid:
        child_pid, child_status = os.waitpid( self.child_pid, 0 )
        if child_pid != self.child_pid:
          log.error( 'pid failure! got %s, was waiting for %s' % (child_pid,self.child_pid) )
          status = 1
        elif child_status:
          status = 1
      self.logger.disable()
    except: # should not happen.. but just to be sure
      status = 1
    if self.iproc:
      os._exit( status )
    if not exctype:
      assert status == 0, 'one or more subprocesses failed'


[docs]class AlternativeFork( object ):
  'single master, multiple slave fork context, unwinds at exit'

  def __init__( self, nprocs ):
    'constructor'

    self.nprocs = nprocs
    self.children = None

  def __enter__( self ):
    'fork and return iproc'

    children = []
    for self.iproc in range( 1, self.nprocs ):
      child_pid = os.fork()
      if not child_pid:
        break
      children.append( child_pid )
    else:
      self.children = children
      self.iproc = 0
    self.logger = log.context( 'proc %d' % ( self.iproc+1 ), depth=2 )
    return self.iproc

  def __exit__( self, exctype, excvalue, tb ):
    'kill all processes but first one'

    status = 0
    try:
      if exctype:
        log.stack( repr(excvalue), debug.exception() )
        status = 1
      while self.children:
        child_pid, child_status = os.wait()
        self.children.remove( child_pid )
        if child_status:
          status = 1
      self.logger.disable()
    except: # should not happen.. but just to be sure
      status = 1
    if self.iproc:
      os._exit( status )
    if not exctype:
      assert status == 0, 'one or more subprocesses failed'


def waitpid_noerr( pid ):
  try:
    os.waitpid( pid, 0 )
  except:
    pass

[docs]def fork( func, nice=19 ):
  'fork and run (return value is lost)'

  if not hasattr( os, 'fork' ):
    log.warning( 'fork does not exist on this platform; running %s in serial' % func.__name__ )
    return func

  def wrapped( *args, **kwargs ):
    pid = os.fork()
    if pid:
      thread.start_new_thread( waitpid_noerr, (pid,) ) # kill the zombies
      # see: http://stackoverflow.com/a/13331632/445031
      # this didn't work: http://stackoverflow.com/a/6718735/445031
      return pid
    try:
      os.nice( nice )
      func( *args, **kwargs )
    except KeyboardInterrupt:
      pass
    except:
      log.stack( repr(sys.exc_value), debug.exception() )
    finally:
      os._exit( 0 )

  return wrapped


[docs]def shzeros( shape, dtype=float ):
  'create zero-initialized array in shared memory'

  # return numpy.zeros( shape, dtype=dtype ) # TODO: toggle to numpy for debugging
  if isinstance( shape, int ):
    shape = shape,
  else:
    assert all( isinstance(sh,int) for sh in shape )
  size = numpy.product( shape ) if shape else 1
  if dtype == float:
    typecode = 'd'
  elif dtype == int:
    typecode = 'i'
  else:
    raise Exception, 'invalid dtype: %r' % dtype
  buf = multiprocessing.RawArray( typecode, size )
  return numpy.frombuffer( buf, dtype ).reshape( shape )


[docs]def pariter( iterable ):
  'iterate parallel'

  nprocs = getattr( prop, 'nprocs', 1 )
  return iterable if nprocs <= 1 else _pariter( iterable, nprocs )


def _pariter( iterable, nprocs ):
  'iterate parallel, helper generator'

  shared_iter = multiprocessing.RawValue( 'i', nprocs )
  lock = Lock()
  with Fork( nprocs ) as iproc:
    iiter = iproc
    for n, it in enumerate( iterable ):
      if n < iiter:
        continue
      assert n == iiter
      yield it
      with lock:
        iiter = shared_iter.value
        shared_iter.value = iiter + 1

def parmap( func, iterable, shape=(), dtype=float ):
  n = len(iterable)
  out = shzeros( (n,)+shape, dtype=dtype )
  for i, item in pariter( enumerate(iterable) ):
    out[i] = func( item )
  return out

# vim:shiftwidth=2:foldmethod=indent:foldnestmax=1
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  Source code for nutils.function

# -*- coding: utf8 -*-
#
# Module FUNCTION
#
# Part of Nutils: open source numerical utilities for Python. Jointly developed
# by HvZ Computational Engineering, TU/e Multiscale Engineering Fluid Dynamics,
# and others. More info at http://nutils.org <info@nutils.org>. (c) 2014

"""
The function module defines the :class:`Evaluable` class and derived objects,
commonly referred to as nutils functions. They represent mappings from a
:mod:`nutils.topology` onto Python space. The notabe class of :class:`ArrayFunc`
objects map onto the space of Numpy arrays of predefined dimension and shape.
Most functions used in nutils applicatons are of this latter type, including the
geometry and function bases for analysis.

Nutils functions are essentially postponed python functions, stored in a tree
structure of input/output dependencies. Many :class:`ArrayFunc` objects have
directly recognizable numpy equivalents, such as :class:`Sin` or
:class:`Inverse`. By not evaluating directly but merely stacking operations,
coplex operations can be defined prior to entering a quadrature loop, allowing
for a higher lever style programming. It also allows for automatic
differentiation and code optimization.

It is important to realize that nutils functions do not map for a physical
xy-domain but from a topology, where a point is characterized by the combination
of an element and its local coordinate. This is a natural fit for typical finite
element operations such as quadrature. Evaluation from physical coordinates is
possible only via inverting of the geometry function, which is a fundamentally
expensive and currently unsupported operation.
"""

from . import util, numpy, numeric, log, prop, core, _
import sys, warnings

ELEM    = object()
POINTS  = object()
WEIGHTS = object()

[docs]class Evaluable( object ):
  'Base class'

  __slots__ = 'operations', 'data', '__args', '__evalf'

  def __init__( self, args, evalf ):
    'constructor'

    self.__args = tuple(args)
    self.__evalf = evalf
    self.operations = None

[docs]  def recurse_index( self, data, operations, cbuild ):
    'compile'

    indices = numpy.empty( len(self.__args), dtype=int )
    for iarg, arg in enumerate( self.__args ):
      if isinstance(arg,Evaluable):
        for idx, (op,evalf,idcs) in enumerate( operations ):
          if op == arg:
            break
        else:
          idx = arg.recurse_index(data,operations,cbuild)
      elif arg is ELEM:
        idx = -3
      elif arg is POINTS:
        idx = -2
      elif arg is WEIGHTS:
        idx = -1
      else:
        data.insert( 0, arg )
        idx = -len(data)-3
      indices[iarg] = idx
    if cbuild and self.__cdef:
      evalf = cbuild[ self.__cdef() ]
      if prop.use_c_funcs == 'debug':
        evalf = numeric.check_equal_wrapper( evalf, self.__evalf )
    else:
      evalf = self.__evalf
    operations.append( (self,evalf,indices) )
    return len(operations)-1


[docs]  def compile( self ):
    'compile'

    log.context( 'compiling' )

    if self.operations is None:
      cbuild = getattr( prop, 'use_c_funcs', False ) and CBuilder()
      self.data = []
      operations = []
      self.recurse_index( self.data, operations, cbuild ) # compile expressions
      self.operations = [ (evalf,idcs) for (op,evalf,idcs) in operations ] # break cycles!
      if getattr( prop, 'dot', False ):
        self.graphviz()
      if cbuild:
        cbuild.compile()


  def __call__( self, elem, ischeme ):
    'evaluate'

    if isinstance( ischeme, dict ):
      ischeme = ischeme[elem]

    if isinstance( ischeme, str ):
      points, weights = elem.eval( ischeme )
    elif isinstance( ischeme, tuple ):
      points, weights = ischeme
      assert points.shape[-1] == elem.ndims
      assert points.shape[:-1] == weights.shape, 'non matching shapes: points.shape=%s, weights.shape=%s' % ( points.shape, weights.shape )
    elif isinstance( ischeme, numpy.ndarray ):
      points = ischeme
      weights = None
      assert points.shape[-1] == elem.ndims
    elif ischeme is None:
      points = weights = None
    else:
      raise Exception, 'invalid integration scheme of type %r' % type(ischeme)

    self.compile()
    N = len(self.data) + 3
    values = self.data + [ elem, points, weights ]
    for evalf, indices in self.operations:
      args = [ values[N+i] for i in indices ]
      try:
        retval = evalf( *args )
      except KeyboardInterrupt:
        raise
      except:
        etype, evalue, traceback = sys.exc_info()
        raise EvaluationError, ( etype, evalue, self, values ), traceback
      values.append( retval )
    return values[-1]

[docs]  def graphviz( self, title='graphviz' ):
    'create function graph'

    log.context( title )
    self.compile()

    import os, subprocess

    dotpath = getattr( prop, 'dot', True )
    if not isinstance( dotpath, str ):
      dotpath = 'dot'

    imgtype = getattr( prop, 'imagetype', 'png' )
    imgpath = util.getpath( 'dot{0:03x}.' + imgtype )

    try:
      dot = subprocess.Popen( [dotpath,'-Tjpg'], stdin=subprocess.PIPE, stdout=open(imgpath,'w') )
    except OSError:
      log.error( 'error: failed to execute', dotpath )
      return False

    print >> dot.stdin, 'digraph {'
    print >> dot.stdin, 'graph [ dpi=72 ];'

    data = self.data + [ '<elem>', '<points>', '<weights>' ]
    for i, (evalf,indices) in enumerate( self.operations ):
      args = [ '%%%d=%s' % ( iarg, _obj2str( data[idx] ) ) for iarg, idx in enumerate( indices ) if idx < 0 ]
      vertex = 'label="%s"' % r'\n'.join( [ '%d. %s' % ( i, evalf.__name__ ) ] + args )
      #if evalf == Inflate.inflate:
      #  vertex += ', style=filled, fillcolor=black, fontcolor=white'
      print >> dot.stdin, '%d [%s]' % ( i, vertex )
      for iarg, idx in enumerate( indices ):
        if idx >= 0:
          print >> dot.stdin, '%d -> %d [label="%%%d"];' % ( idx, i, iarg );

    print >> dot.stdin, '}'
    dot.stdin.close()

    log.path( os.path.basename(imgpath) )


[docs]  def stackstr( self, values=None ):
    'print stack'

    self.compile()
    if values is None:
      values = self.data + [ '<elem>', '<points>', '<weights>' ]

    N = len(self.data) + 3

    lines = []
    for i, (evalf,indices) in enumerate( self.operations ):
      line = '  %%%d =' % i
      args = [ '%%%d' % idx if idx >= 0 else _obj2str(values[N+idx]) for idx in indices ]
      try:
        code = evalf.func_code
        names = code.co_varnames[ :code.co_argcount ]
        names += tuple( '%s[%d]' % ( code.co_varnames[ code.co_argcount ], n ) for n in range( len(indices) - len(names) ) )
        args = [ '%s=%s' % item for item in zip( names, args ) ]
      except:
        pass
      line += ' %s( %s )' % ( evalf.__name__, ', '.join( args ) )
      lines.append( line )
      if N+i == len(values):
        break
    return '\n'.join( lines )


  def __eq__( self, other ):
    'compare'

    return self is other or (
          self.__class__ == other.__class__
      and self.__evalf == other.__evalf
      and len( self.__args ) == len( other.__args )
      and all( _equal(arg1,arg2) for arg1, arg2 in zip( self.__args, other.__args ) ) )

  def __ne__( self, other ):
    'not equal'

    return not self == other

[docs]  def asciitree( self ):
    'string representation'

    key = self.__evalf.__name__
    lines = []
    indent = '\n' + ' ' + ' ' * len(key)
    for it in reversed( self.__args ):
      s = it.asciitree() if isinstance(it,Evaluable) else _obj2str(it)
      lines.append( indent.join( s.splitlines() ) )
      indent = '\n' + '|' + ' ' * len(key)
    indent = '\n' + '+' + '-' * (len(key)-1) + ' '
    return key + ' ' + indent.join( reversed( lines ) )



[docs]class EvaluationError( Exception ):
  'evaluation error'

  def __init__( self, etype, evalue, evaluable, values ):
    'constructor'

    self.etype = etype
    self.evalue = evalue
    self.evaluable = evaluable
    self.values = values

  def __repr__( self ):
    return 'EvaluationError%s' % self

  def __str__( self ):
    'string representation'

    return '\n%s --> %s: %s' % ( self.evaluable.stackstr( self.values ), self.etype.__name__, self.evalue )


[docs]class Tuple( Evaluable ):
  'combine'

  __slots__ = 'items',

  def __init__( self, items ):
    'constructor'

    self.items = tuple( items )
    Evaluable.__init__( self, args=self.items, evalf=self.vartuple )

  def __iter__( self ):
    'iterate'

    return iter(self.items)

  def __len__( self ):
    'length'

    return len(self.items)

  def __getitem__( self, item ):
    'get item'

    return self.items[item]

  def __add__( self, other ):
    'add'

    return Tuple( self.items + tuple(other) )

  def __radd__( self, other ):
    'add'

    return Tuple( tuple(other) + self.items )

  @staticmethod
[docs]  def vartuple( *f ):
    'evaluate'

    return f



[docs]class PointShape( Evaluable ):
  'shape of integration points'

  __slots__ = ()

  def __init__( self ):
    'constructor'

    return Evaluable.__init__( self, args=[POINTS], evalf=self.pointshape )

  @staticmethod
[docs]  def pointshape( points ):
    'evaluate'

    return points.shape[:-1]



[docs]class Cascade( Evaluable ):
  'point cascade: list of (elem,points) tuples'

  __slots__ = 'ndims', 'side'

  def __init__( self, ndims, side=0 ):
    'constructor'

    self.ndims = ndims
    self.side = side
    Evaluable.__init__( self, args=[ELEM,POINTS,ndims,side], evalf=self.cascade )

  def transform( self, ndims ):
    if ndims == self.ndims:
      return eye( ndims )
    assert self.ndims > ndims
    return Transform( self, Cascade(ndims,self.side) )

  @staticmethod
[docs]  def cascade( elem, points, ndims, side ):
    'evaluate'

    while elem.ndims != ndims \
        or elem.interface and elem.interface[side][0].ndims < elem.ndims: # TODO make less dirty
      elem, transform = elem.interface[side] if elem.interface \
                   else elem.context or elem.parent
      points = transform.eval( points )

    cascade = [ (elem,points) ]
    while elem.parent:
      elem, transform = elem.parent
      points = transform.eval( points )
      cascade.append( (elem,points) )

    return cascade


  @property
  def inv( self ):
    return Cascade( self.ndims, 1-self.side )

# ARRAYFUNC
#
# The main evaluable. Closely mimics a numpy array.


[docs]class ArrayFunc( Evaluable ):
  'array function'

  __array_priority__ = 1. # http://stackoverflow.com/questions/7042496/numpy-coercion-problem-for-left-sided-binary-operator/7057530#7057530
  __slots__ = 'shape', 'ndim', 'dtype'

  def __init__( self, evalf, args, shape, dtype=float ):
    'constructor'

    self.shape = tuple(shape)
    self.ndim = len(self.shape)
    assert dtype is int or dtype is float
    self.dtype = dtype
    Evaluable.__init__( self, evalf=evalf, args=args )

  # mathematical operators

  def __mul__( self, other ): return multiply( self, other )
  def __rmul__( self, other ): return multiply( other, self )
  def __div__( self, other ): return divide( self, other )
  def __rdiv__( self, other ): return divide( other, self )
  def __add__( self, other ): return add( self, other )
  def __radd__( self, other ): return add( other, self )
  def __sub__( self, other ): return subtract( self, other )
  def __rsub__( self, other ): return subtract( other, self )
  def __neg__( self ): return negative( self )
  def __pow__( self, n ): return power( self, n )
  def sum( self, axes=-1 ): return sum( self, axes )

  # standalone methods

[docs]  def vector( self, ndims ):
    'vectorize'

    return vectorize( [self] * ndims )


[docs]  def dot( self, weights, axis=0 ):
    'array contraction'

    weights = numpy.asarray( weights, dtype=float )
    assert weights.ndim == 1
    s = [ numpy.newaxis ] * self.ndim
    s[axis] = slice(None)
    return dot( self, weights[tuple(s)], axes=axis )


  def __getitem__( self, item ):
    'get item, general function which can eliminate, add or modify axes.'

    myitem = list( item if isinstance( item, tuple ) else [item] )
    n = 0
    arr = self
    while myitem:
      it = myitem.pop(0)
      if isinstance(it,int): # retrieve one item from axis
        arr = get( arr, n, it )
      elif it == _: # insert a singleton axis
        arr = insert( arr, n )
        n += 1
      elif it == slice(None): # select entire axis
        n += 1
      elif it == Ellipsis: # skip to end
        remaining_items = len(myitem) - myitem.count(_)
        skip = arr.ndim - n - remaining_items
        assert skip >= 0, 'shape=%s, item=%s' % ( self.shape, _obj2str(item) )
        n += skip
      elif isinstance(it,slice) and it.step in (1,None) and it.stop == ( it.start or 0 ) + 1: # special case: unit length slice
        arr = insert( get( arr, n, it.start or 0 ), n )
        n += 1
      elif isinstance(it,(slice,list,tuple,numpy.ndarray)): # modify axis (shorten, extend or renumber one axis)
        arr = take( arr, it, n )
        n += 1
      else:
        raise NotImplementedError
      assert n <= arr.ndim
    return arr

  def __iter__( self ):
    'split first axis'

    if not self.shape:
      raise TypeError, 'scalar function is not iterable'

    return ( self[i,...] for i in range(self.shape[0]) )

[docs]  def find( self, elem, C ):#target, start, tol=1e-10, maxiter=999 ):
    'iteratively find x for f(x) = target, starting at x=start'

    raise NotImplementedError
    assert self.ndim == 1
    points = start
    Jinv = inverse( localgradient( self, elem.ndims ) )
    r = target - self( elem, points )
    niter = 0
    while numpy.any( numeric.contract( r, r, axis=-1 ) > tol ):
      niter += 1
      if niter >= maxiter:
        raise Exception, 'failed to converge in %d iterations' % maxiter
      points = points.offset( numeric.contract( Jinv( elem, points ), r[:,_,:], axis=-1 ) )
      r = target - self( elem, points )
    return points


[docs]  def normalized( self ):
    'normalize last axis'

    return self / norm2( self, axis=-1 )


[docs]  def normal( self, ndims=-1 ):
    'normal'

    assert len(self.shape) == 1
    if ndims <= 0:
      ndims += self.shape[0]

    grad = localgradient( self, ndims )
    if grad.shape == (2,1):
      normal = concatenate([ grad[1,:], -grad[0,:] ]).normalized()
    elif grad.shape == (3,2):
      normal = cross( grad[:,0], grad[:,1], axis=0 ).normalized()
    elif grad.shape == (3,1):
      normal = cross( grad[:,0], self.normal(), axis=0 ).normalized()
    elif grad.shape == (1,0):
      normal = OrientationHack()[_]
    else:
      raise NotImplementedError, 'cannot compute normal for %dx%d jacobian' % ( self.shape[0], ndims )
    return normal


[docs]  def curvature( self, ndims=-1 ):
    'curvature'

    return self.normal().div( self, ndims=ndims )

    #if ndims <= 0:
    #  ndims += self.shape[0]
    #assert ndims == 1 and self.shape == (2,)
    #J = localgradient( self, ndims )
    #H = localgradient( J, ndims )
    #dx, dy = J[:,0]
    #ddx, ddy = H[:,0,0]
    #return ( dx * ddy - dy * ddx ) / norm2( J[:,0], axis=0 )**3


[docs]  def swapaxes( self, n1, n2 ):
    'swap axes'

    return swapaxes( self, (n1,n2) )


[docs]  def transpose( self, trans=None ):
    'transpose'

    return transpose( self, trans )


[docs]  def grad( self, coords, ndims=0 ):
    'gradient'

    assert coords.ndim == 1
    if ndims <= 0:
      ndims += coords.shape[0]
    J = localgradient( coords, ndims )
    if J.shape[0] == J.shape[1]:
      Jinv = inverse( J )
    elif J.shape[0] == J.shape[1] + 1: # gamma gradient
      G = ( J[:,:,_] * J[:,_,:] ).sum( 0 )
      Ginv = inverse( G )
      Jinv = ( J[_,:,:] * Ginv[:,_,:] ).sum()
    else:
      raise Exception, 'cannot invert %sx%s jacobian' % J.shape
    return sum( localgradient( self, ndims )[...,_] * Jinv, axes=-2 )


[docs]  def laplace( self, coords, ndims=0 ):
    'laplacian'

    return self.grad(coords,ndims).div(coords,ndims)


[docs]  def add_T( self, axes=(-2,-1) ):
    'add transposed'

    return add_T( self, axes )


[docs]  def symgrad( self, coords, ndims=0 ):
    'gradient'

    return .5 * add_T( self.grad( coords, ndims ) )


[docs]  def div( self, coords, ndims=0 ):
    'gradient'

    return trace( self.grad( coords, ndims ), -1, -2 )


[docs]  def dotnorm( self, coords, ndims=0 ):
    'normal component'

    return sum( self * coords.normal( ndims-1 ) )


[docs]  def ngrad( self, coords, ndims=0 ):
    'normal gradient'

    return dotnorm( self.grad( coords, ndims ), coords, ndims )


[docs]  def nsymgrad( self, coords, ndims=0 ):
    'normal gradient'

    return dotnorm( self.symgrad( coords, ndims ), coords, ndims )


  @property
[docs]  def T( self ):
    'transpose'

    return transpose( self )


  def __str__( self ):
    'string representation'

    return '%s<%s>' % ( self.__class__.__name__, ','.join(map(str,self.shape)) )

  __repr__ = __str__


[docs]class ElemArea( ArrayFunc ):
  'element area'

  __slots__ = ()

  def __init__( self, weights ):
    'constructor'

    assert weights.ndim == 0
    ArrayFunc.__init__( self, args=[weights], evalf=self.elemarea, shape=weights.shape )

  @staticmethod
[docs]  def elemarea( weights ):
    'evaluate'

    return numpy.sum( weights )



[docs]class ElemInt( ArrayFunc ):
  'elementwise integration'

  __slots__ = ()

  def __init__( self, func, weights ):
    'constructor'

    assert _isfunc( func ) and _isfunc( weights )
    assert weights.ndim == 0
    ArrayFunc.__init__( self, args=[weights,func,func.ndim], evalf=self.elemint, shape=func.shape )

  @staticmethod
[docs]  def elemint( w, f, ndim ):
    'evaluate'

    if f.ndim == ndim: # the missing point axis problem
      return f * w.sum()
    return numeric.dot( w, f ) if w.size else numpy.zeros( f.shape[1:] )



[docs]class Align( ArrayFunc ):
  'align axes'

  __slots__ = 'func', 'axes'

  def __init__( self, func, axes, ndim ):
    'constructor'

    assert func.ndim == len(axes)
    self.func = func
    assert all( 0 <= ax < ndim for ax in axes )
    self.axes = tuple(axes)
    shape = [ 1 ] * ndim
    for ax, sh in zip( self.axes, func.shape ):
      shape[ax] = sh
    negaxes = [ ax-ndim for ax in self.axes ]
    ArrayFunc.__init__( self, args=[func,negaxes,ndim], evalf=self.align, shape=shape )

  @staticmethod
[docs]  def align( arr, trans, ndim ):
    'align'

    extra = arr.ndim - len(trans)
    return numeric.align( arr, range(extra)+trans, ndim+extra )


  def _elemint( self, weights ):
    return align( elemint( self.func, weights ), self.axes, self.ndim )

  def _align( self, axes, ndim ):
    newaxes = [ axes[i] for i in self.axes ]
    return align( self.func, newaxes, ndim )

  def _takediag( self ):
    if self.ndim-1 not in self.axes:
      return align( self.func, self.axes, self.ndim-1 )
    if self.ndim-2 not in self.axes:
      axes = [ ax if ax != self.ndim-1 else self.ndim-2 for ax in self.axes ]
      return align( self.func, axes, self.ndim-1 )
    if self.axes[-2:] in [ (self.ndim-2,self.ndim-1), (self.ndim-1,self.ndim-2) ]:
      axes = self.axes[:-2] + (self.ndim-2,)
      return align( takediag( self.func ), axes, self.ndim-1 )

  def _get( self, i, item ):
    axes = [ ax - (ax>i) for ax in self.axes if ax != i ]
    if len(axes) == len(self.axes):
      return align( self.func, axes, self.ndim-1 )
    n = self.axes.index( i )
    return align( get( self.func, n, item ), axes, self.ndim-1 )

  def _sum( self, axis ):
    if axis in self.axes:
      idx = self.axes.index( axis )
      func = sum( self.func, idx )
    else:
      func = self.func
    trans = [ ax - (ax>axis) for ax in self.axes if ax != axis ]
    return align( func, trans, self.ndim-1 )

  def _localgradient( self, ndims ):
    return align( localgradient( self.func, ndims ), self.axes+(self.ndim,), self.ndim+1 )

  def _multiply( self, other ):
    if not _isfunc(other) and len(self.axes) == other.ndim:
      return align( self.func * transpose( other, self.axes ), self.axes, self.ndim )
    if isinstance( other, Align ) and self.axes == other.axes:
      return align( self.func * other.func, self.axes, self.ndim )

  def _add( self, other ):
    if not _isfunc(other) and len(self.axes) == self.ndim:
      return align( self.func + transpose( other, self.axes ), self.axes, self.ndim )
    if isinstance( other, Align ) and self.axes == other.axes:
      return align( self.func + other.func, self.axes, self.ndim )

  def _take( self, indices, axis ):
    n = self.axes.index( axis )
    return align( take( self.func, indices, n ), self.axes, self.ndim )

  def _opposite( self ):
    return align( opposite(self.func), self.axes, self.ndim )


[docs]class Get( ArrayFunc ):
  'get'

  __slots__ = 'func', 'axis', 'item'

  def __init__( self, func, axis, item ):
    'constructor'

    self.func = func
    self.axis = axis
    self.item = item
    assert 0 <= axis < func.ndim, 'axis is out of bounds'
    assert 0 <= item < func.shape[axis], 'item is out of bounds'
    s = (Ellipsis,item) + (slice(None),)*(func.ndim-axis-1)
    shape = func.shape[:axis] + func.shape[axis+1:]
    ArrayFunc.__init__( self, args=(func,s), evalf=numpy.ndarray.__getitem__, shape=shape )

  def _localgradient( self, ndims ):
    f = localgradient( self.func, ndims )
    return get( f, self.axis, self.item )

  def _get( self, i, item ):
    tryget = get( self.func, i+(i>=self.axis), item )
    if not isinstance( tryget, Get ): # avoid inf recursion
      return get( tryget, self.axis, self.item )

  def _take( self, indices, axis ):
    return get( take( self.func, indices, axis+(axis>=self.axis) ), self.axis, self.item )

  def _opposite( self ):
    return get( opposite(self.func), self.axis, self.item )


[docs]class Product( ArrayFunc ):
  'product'

  __slots__ = 'func', 'axis'

  def __init__( self, func, axis ):
    'constructor'

    self.func = func
    self.axis = axis
    assert 0 <= axis < func.ndim
    shape = func.shape[:axis] + func.shape[axis+1:]
    ArrayFunc.__init__( self, args=[func,axis-func.ndim], evalf=numpy.product, shape=shape )

  def _localgradient( self, ndims ):
    return self[...,_] * ( localgradient(self.func,ndims) / self.func[...,_] ).sum( self.axis )

  def _get( self, i, item ):
    func = get( self.func, i+(i>=self.axis), item )
    return product( func, self.axis-(i<self.axis) )

  def _opposite( self ):
    return product( opposite(self.func), self.axis )


[docs]class IWeights( ArrayFunc ):
  'integration weights'

  __slots__ = ()

  def __init__( self ):
    'constructor'

    ArrayFunc.__init__( self, args=[ELEM,WEIGHTS], evalf=self.iweights, shape=() )

  @staticmethod
[docs]  def iweights( elem, weights ):
    'evaluate'

    return elem.root_det * weights



[docs]class OrientationHack( ArrayFunc ):
  'orientation hack for 1d elements; VERY dirty'

  __slots__ = 'side',

  def __init__( self, side=0 ):
    'constructor'

    self.side = side
    ArrayFunc.__init__( self, args=[ELEM,side], evalf=self.orientation, shape=[] )

  @staticmethod
[docs]  def orientation( elem, side ):
    'evaluate'

    pelem, trans = elem.interface[side] if elem.interface else elem.context
    offset, = trans.offset
    return numpy.sign( offset - .5 )


  def _opposite( self ):
    return OrientationHack( 1-self.side )


[docs]class Transform( ArrayFunc ):
  'transform'

  __slots__ = 'fromcascade', 'tocascade', 'side'

  def __init__( self, fromcascade, tocascade, side=0 ):
    'constructor'

    assert fromcascade.ndims > tocascade.ndims
    self.fromcascade = fromcascade
    self.tocascade = tocascade
    self.side = side
    ArrayFunc.__init__( self, args=[fromcascade,tocascade,side], evalf=self.transform, shape=(fromcascade.ndims,tocascade.ndims) )

  @staticmethod
[docs]  def transform( fromcascade, tocascade, side ):
    'transform'

    fromelem = fromcascade[0][0]
    toelem = tocascade[0][0]

    elem = toelem
    T = elem.inv_root_transform
    while elem is not fromelem:
      elem, transform = elem.interface[side] if elem.interface \
                   else elem.context or elem.parent
      T = numpy.dot( transform.transform, T )
    T = numpy.dot( elem.root_transform, T )

    return T


  def _localgradient( self, ndims ):
    return _zeros( self.shape + (ndims,) )

  def _opposite( self ):
    return Transform( self.fromcascade, self.tocascade, 1-self.side )


[docs]class Function( ArrayFunc ):
  'function'

  __slots__ = 'cascade', 'stdmap', 'igrad'

  def __init__( self, cascade, stdmap, igrad, axis ):
    'constructor'

    self.cascade = cascade
    self.stdmap = stdmap
    self.igrad = igrad
    ArrayFunc.__init__( self, args=(cascade,stdmap,igrad), evalf=self.function, shape=(axis,)+(cascade.ndims,)*igrad )

  @staticmethod
[docs]  def function( cascade, stdmap, igrad ):
    'evaluate'

    fvals = []
    for elem, points in cascade:
      std = stdmap.get(elem)
      if not std:
        continue
      if isinstance( std, tuple ):
        std, keep = std
        F = std.eval(points,grad=igrad)[(Ellipsis,keep)+(slice(None),)*igrad]
      else:
        F = std.eval(points,grad=igrad)
      for axis in range(-igrad,0):
        F = numeric.dot( F, elem.inv_root_transform, axis )
      fvals.append( F )
    assert fvals, 'no function values encountered'
    return fvals[0] if len(fvals) == 1 else numpy.concatenate( fvals, axis=-1-igrad )


  def _opposite( self ):
    return Function( self.cascade.inv, self.stdmap, self.igrad, self.shape[0] )

  def _localgradient( self, ndims ):
    assert ndims <= self.cascade.ndims
    grad = Function( self.cascade, self.stdmap, self.igrad+1, self.shape[0] )
    return grad if ndims == self.cascade.ndims \
      else dot( grad[...,_], self.cascade.transform( ndims ), axes=-2 )


[docs]class Choose( ArrayFunc ):
  'piecewise function'

  __slots__ = 'level', 'choices'

  def __init__( self, level, choices ):
    'constructor'

    self.level = level
    self.choices = tuple(choices)
    shape = _jointshape( *[ choice.shape for choice in choices ] )
    level = level[ (_,)*(len(shape)-level.ndim) ]
    assert level.ndim == len( shape )
    ArrayFunc.__init__( self, args=(level,)+self.choices, evalf=self.choose, shape=shape )

  @staticmethod
[docs]  def choose( level, *choices ):
    'choose'

    return numpy.choose( level, choices )


  def _localgradient( self, ndims ):
    grads = [ localgradient( choice, ndims ) for choice in self.choices ]
    if not any( grads ): # all-zero special case; better would be allow merging of intervals
      return _zeros( self.shape + (ndims,) )
    return Choose( self.level[...,_], grads )

  def _opposite( self ):
    return choose( opposite(self.level), tuple(opposite(c) for c in self.choices) )


[docs]class Choose2D( ArrayFunc ):
  'piecewise function'

  __slots__ = ()

  def __init__( self, coords, contour, fin, fout ):
    'constructor'

    shape = _jointshape( fin.shape, fout.shape )
    ArrayFunc.__init__( self, args=(coords,contour,fin,fout), evalf=self.choose2d, shape=shape )

  @staticmethod
[docs]  def choose2d( xy, contour, fin, fout ):
    'evaluate'

    from matplotlib import nxutils
    mask = nxutils.points_inside_poly( xy.T, contour )
    out = numpy.empty( fin.shape or fout.shape )
    out[...,mask] = fin[...,mask] if fin.shape else fin
    out[...,~mask] = fout[...,~mask] if fout.shape else fout
    return out



[docs]class Inverse( ArrayFunc ):
  'inverse'

  __slots__ = 'func',

  def __init__( self, func ):
    'constructor'

    assert func.shape[-1] == func.shape[-2]
    self.func = func
    ArrayFunc.__init__( self, args=[func], evalf=numeric.inverse, shape=func.shape )

  def _localgradient( self, ndims ):
    G = localgradient( self.func, ndims )
    H = sum( self[...,_,:,:,_]
              * G[...,:,:,_,:], -3 )
    I = sum( self[...,:,:,_,_]
              * H[...,_,:,:,:], -3 )
    return -I

  def _opposite( self ):
    return Inverse( opposite(self.func) )


[docs]class DofMap( ArrayFunc ):
  'dof axis'

  __slots__ = 'cascade', 'dofmap'

  def __init__( self, cascade, dofmap, axis ):
    'new'

    self.cascade = cascade
    self.dofmap = dofmap
    ArrayFunc.__init__( self, args=(cascade,dofmap), evalf=self.evalmap, shape=[axis], dtype=int )

  @staticmethod
[docs]  def evalmap( cascade, dofmap ):
    'evaluate'

    alldofs = []
    for elem, points in cascade:
      dofs = dofmap.get( elem )
      if dofs is not None:
        alldofs.append( dofs )
    assert alldofs, 'no dofs encountered'
    return alldofs[0] if len(alldofs) == 1 else numpy.concatenate( alldofs )


  def _opposite( self ):
    return DofMap( self.cascade.inv, self.dofmap, self.shape[0] )


[docs]class Concatenate( ArrayFunc ):
  'concatenate'

  __slots__ = 'funcs', 'axis'

  def __init__( self, funcs, axis=0 ):
    'constructor'

    funcs = [ asarray(func) for func in funcs ]
    ndim = funcs[0].ndim
    assert all( func.ndim == ndim for func in funcs )
    axis = numeric.normdim( ndim, axis )
    lengths = [ func.shape[axis] for func in funcs ]
    if any( n == None for n in lengths ):
      assert all( n == None for n in lengths )
      sh = None
    else:
      sh = sum( lengths )
    shape = _jointshape( *[ func.shape[:axis] + (sh,) + func.shape[axis+1:] for func in funcs ] )
    self.funcs = tuple(funcs)
    self.axis = axis
    ArrayFunc.__init__( self, args=(axis-ndim,)+self.funcs, evalf=self.concatenate, shape=shape )

  @staticmethod
[docs]  def concatenate( iax, *arrays ):
    'evaluate'

    ndim = numpy.max([ array.ndim for array in arrays ])
    axlen = util.sum( array.shape[iax] for array in arrays )
    shape = _jointshape( *[ (1,)*(ndim-array.ndim) + array.shape[:iax] + (axlen,) + ( array.shape[iax+1:] if iax != -1 else () ) for array in arrays ] )
    dtype = float if any( array.dtype == float for array in arrays ) else int
    retval = numpy.empty( shape, dtype=dtype )
    n0 = 0
    for array in arrays:
      n1 = n0 + array.shape[iax]
      retval[(slice(None),)*( iax if iax >= 0 else iax + ndim )+(slice(n0,n1),)] = array
      n0 = n1
    assert n0 == axlen
    return retval


  @property
  def blocks( self ):
    n = 0
    for func in self.funcs:
      for f, ind in blocks( func ):
        yield f, ind[:self.axis] + (ind[self.axis]+n,) + ind[self.axis+1:]
      n += func.shape[self.axis]

  def _get( self, i, item ):
    if i == self.axis:
      for f in self.funcs:
        if item < f.shape[i]:
          fexp = expand( f, self.shape[:self.axis] + (f.shape[self.axis],) + self.shape[self.axis+1:] )
          return get( fexp, i, item )
        item -= f.shape[i]
    axis = self.axis - (self.axis > i)
    return concatenate( [ get( f, i, item ) for f in self.funcs ], axis=axis )

  def _localgradient( self, ndims ):
    funcs = [ localgradient( func, ndims ) for func in self.funcs ]
    return concatenate( funcs, axis=self.axis )

  def _multiply( self, other ):
    funcs = []
    n0 = 0
    for func in self.funcs:
      n1 = n0 + func.shape[ self.axis ]
      funcs.append( func * take( other, slice(n0,n1), self.axis ) )
      n0 = n1
    assert n0 == self.shape[ self.axis ]
    return concatenate( funcs, self.axis )

  def _cross( self, other, axis ):
    if axis == self.axis:
      n = 1, 2, 0
      m = 2, 0, 1
      return take(self,n,axis) * take(other,m,axis) - take(self,m,axis) * take(other,n,axis)
    funcs = []
    n0 = 0
    for func in self.funcs:
      n1 = n0 + func.shape[ self.axis ]
      funcs.append( cross( func, take( other, slice(n0,n1), self.axis ), axis ) )
      n0 = n1
    assert n0 == self.shape[ self.axis ]
    return concatenate( funcs, self.axis )

  def _add( self, other ):
    if isinstance( other, Concatenate ) and self.axis == other.axis:
      i = 0
      N1 = numpy.cumsum( [0] + [f1.shape[self.axis] for f1 in self.funcs] )
      N2 = numpy.cumsum( [0] + [f2.shape[self.axis] for f2 in other.funcs] )
      ifun1 = ifun2 = 0
      funcs = []
      while i < self.shape[self.axis]:
        j = min( N1[ifun1+1], N2[ifun2+1] )
        funcs.append( take( self.funcs[ifun1], slice(i-N1[ifun1],j-N1[ifun1]), self.axis )
                    + take( other.funcs[ifun2], slice(i-N2[ifun2],j-N2[ifun2]), self.axis ))
        i = j
        ifun1 += i >= N1[ifun1+1]
        ifun2 += i >= N2[ifun2+1]
      assert ifun1 == len(self.funcs)
      assert ifun2 == len(other.funcs)
      return concatenate( funcs, axis=self.axis )
    funcs = []
    n0 = 0
    for func in self.funcs:
      n1 = n0 + func.shape[ self.axis ]
      funcs.append( func + take( other, slice(n0,n1), self.axis ) )
      n0 = n1
    assert n0 == self.shape[ self.axis ]
    return concatenate( funcs, self.axis )

  def _sum( self, axis ):
    if axis == self.axis:
      return util.sum( sum( func, axis ) for func in self.funcs )
    funcs = [ sum( func, axis ) for func in self.funcs ]
    axis = self.axis - (axis<self.axis)
    return concatenate( funcs, axis )

  def _align( self, axes, ndim ):
    funcs = [ align( func, axes, ndim ) for func in self.funcs ]
    axis = axes[ self.axis ]
    return concatenate( funcs, axis )

  def _takediag( self ):
    if self.axis < self.ndim-2:
      return concatenate( [ takediag(f) for f in self.funcs ], axis=self.axis )
    axis = self.ndim-self.axis-3 # -1=>-2, -2=>-1
    n0 = 0
    funcs = []
    for func in self.funcs:
      n1 = n0 + func.shape[self.axis]
      funcs.append( takediag( take( func, slice(n0,n1), axis ) ) )
      n0 = n1
    assert n0 == self.shape[self.axis]
    return concatenate( funcs, axis=-1 )

  def _inflate( self, dofmap, length, axis ):
    assert not isinstance( self.shape[axis], int )
    return concatenate( [ inflate(func,dofmap,length,axis) for func in self.funcs ], self.axis )

  def _take( self, indices, axis ):
    if axis != self.axis:
      return concatenate( [ take(func,indices,axis) for func in self.funcs ], self.axis )
    funcs = []
    while len(indices):
      n = 0
      for func in self.funcs:
        if n <= indices[0] < n + func.shape[axis]:
          break
        n += func.shape[axis]
      else:
        raise Exception, 'index out of bounds'
      length = 1
      while length < len(indices) and n <= indices[length] < n + func.shape[axis]:
        length += 1
      funcs.append( take( func, indices[:length]-n, axis ) )
      indices = indices[length:]
    assert funcs, 'empty slice'
    if len( funcs ) == 1:
      return funcs[0]
    return concatenate( funcs, axis=axis )

  def _dot( self, other, naxes ):
    axes = range( self.ndim-naxes, self.ndim )
    n0 = 0
    funcs = []
    for f in self.funcs:
      n1 = n0 + f.shape[self.axis]
      funcs.append( dot( f, take( other, slice(n0,n1), self.axis ), axes ) )
      n0 = n1
    if self.axis >= self.ndim - naxes:
      return util.sum( funcs )
    return concatenate( funcs, self.axis )

  def _negative( self ):
    return concatenate( [ -func for func in self.funcs ], self.axis )

  def _opposite( self ):
    return concatenate( [ opposite(func) for func in self.funcs ], self.axis )

  def _power( self, n ):
    return concatenate( [ power( func, n ) for func in self.funcs ], self.axis )


[docs]class Interpolate( ArrayFunc ):
  'interpolate uniformly spaced data; stepwise for now'

  __slots__ = ()

  def __init__( self, x, xp, fp, left=None, right=None ):
    'constructor'

    xp = numpy.array( xp )
    fp = numpy.array( fp )
    assert xp.ndim == fp.ndim == 1
    if not numpy.all( numpy.diff(xp) > 0 ):
      warnings.warn( 'supplied x-values are non-increasing' )

    assert x.ndim == 0
    ArrayFunc.__init__( self, args=[x,xp,fp,left,right], evalf=numpy.interp, shape=() )


[docs]class Cross( ArrayFunc ):
  'cross product'

  __slots__ = 'func1', 'func2', 'axis'

  def __init__( self, func1, func2, axis ):
    'contructor'

    self.func1 = func1
    self.func2 = func2
    self.axis = axis
    shape = _jointshape( func1.shape, func2.shape )
    assert 0 <= axis < len(shape), 'axis out of bounds: axis={0}, len(shape)={1}'.format( axis, len(shape) )
    ArrayFunc.__init__( self, args=(func1,func2,axis-len(shape)), evalf=numeric.cross, shape=shape )

  def _localgradient( self, ndims ):
    return cross( self.func1[...,_], localgradient(self.func2,ndims), axis=self.axis ) \
         - cross( self.func2[...,_], localgradient(self.func1,ndims), axis=self.axis )

  def _take( self, index, axis ):
    if axis != self.axis:
      return cross( take(self.func1,index,axis), take(self.func2,index,axis), self.axis )

  def _opposite( self ):
    return cross( opposite(self.func1), opposite(self.func2), self.axis )


[docs]class Determinant( ArrayFunc ):
  'normal'

  __slots__ = 'func',

  def __init__( self, func ):
    'contructor'

    self.func = func
    ArrayFunc.__init__( self, args=[func], evalf=numeric.determinant, shape=func.shape[:-2] )

  def _localgradient( self, ndims ):
    Finv = swapaxes( inverse( self.func ) )
    G = localgradient( self.func, ndims )
    return self[...,_] * sum( Finv[...,_] * G, axes=[-3,-2] )

  def _opposite( self ):
    return determinant( opposite(self.func) )


[docs]class DofIndex( ArrayFunc ):
  'element-based indexing'

  __slots__ = 'array', 'iax', 'index'

  def __init__( self, array, iax, index ):
    'constructor'

    assert index.ndim >= 1
    assert isinstance( array, numpy.ndarray )
    self.array = array
    assert 0 <= iax < self.array.ndim
    self.iax = iax
    self.index = index
    shape = self.array.shape[:iax] + index.shape + self.array.shape[iax+1:]
    item = [ slice(None) ] * self.array.ndim
    item[iax] = index
    ArrayFunc.__init__( self, args=[self.array]+item, evalf=self.dofindex, shape=shape )

  @staticmethod
[docs]  def dofindex( arr, *item ):
    'evaluate'

    return arr[item]


  def _get( self, i, item ):
    if self.iax <= i < self.iax + self.index.ndim:
      index = get( self.index, i - self.iax, item )
      return take( self.array, index, self.iax )
    return take( get( self.array, i, item ), self.index, self.iax if i > self.iax else self.iax-1 )

  def _add( self, other ):
    if isinstance( other, DofIndex ) and self.iax == other.iax and self.index == other.index:
      return take( self.array + other.array, self.index, self.iax )

  def _multiply( self, other ):
    if not _isfunc(other) and other.ndim == 0:
      return take( self.array * other, self.index, self.iax )

  def _localgradient( self, ndims ):
    return _zeros( self.shape + (ndims,) )

  def _concatenate( self, other, axis ):
    if isinstance( other, DofIndex ) and self.iax == other.iax and self.index == other.index:
      array = numpy.concatenate( [ self.array, other.array ], axis )
      return take( array, self.index, self.iax )

  def _opposite( self ):
    return take( self.array, opposite(self.index), self.iax )

  def _negative( self ):
    return take( -self.array, self.index, self.iax )


[docs]class Multiply( ArrayFunc ):
  'multiply'

  __slots__ = 'funcs',

  def __init__( self, func1, func2 ):
    'constructor'

    shape = _jointshape( func1.shape, func2.shape )
    self.funcs = func1, func2
    ArrayFunc.__init__( self, args=self.funcs, evalf=numpy.multiply, shape=shape )

[docs]  def cdef( self ):
    'generate C code'

    arg1 = 'arg1[%s]' % _cindex( self.funcs[0].shape, self.shape )
    arg2 = 'arg2[%s]' % _cindex( self.funcs[1].shape, self.shape )
    body = 'retval[0] = %s * %s;\nretval++;' % ( arg1, arg2 )
    shape = _cshape( self.shape )
    for i in reversed( range(self.ndim) ):
      body = _cfor( varname='i%d'%i, count=shape[i], do=body )
    if self.ndim:
      body = 'int %s;\n' % ', '.join( 'i%d' % idim for idim in range(self.ndim) ) + body
    args = [ '%s* retval' % _dtypestr(self),
             '%s* arg1' % _dtypestr(self.funcs[0]),
             '%s* arg2' % _dtypestr(self.funcs[1]) ] \
         + [ 'int %s' % s for s in shape if isinstance(s,str) ]
    return _cfunc( args, body ), init_args_for( self, *self.funcs )


  def __eq__( self, other ):
    'compare'

    return self is other or (
          isinstance( other, Multiply )
      and _matchpairs( self.funcs, other.funcs ) )

  def _sum( self, axis ):
    func1, func2 = self.funcs
    return dot( func1, func2, [axis] )

  def _get( self, i, item ):
    func1, func2 = self.funcs
    return get( func1, i, item ) * get( func2, i, item )

  def _add( self, other ):
    func1, func2 = self.funcs
    if _equal( other, func1 ):
      return func1 * (func2+1)
    if _equal( other, func2 ):
      return func2 * (func1+1)
    if isinstance( other, Multiply ):
      common = _findcommon( self.funcs, other.funcs )
      if common:
        f, (g1,g2) = common
        return f * add( g1, g2 )

  def _determinant( self ):
    if self.funcs[0].shape[-2:] == (1,1):
      return determinant( self.funcs[1] ) * self.funcs[0][...,0,0]
    if self.funcs[1].shape[-2:] == (1,1):
      return determinant( self.funcs[0] ) * self.funcs[1][...,0,0]

  def _product( self, axis ):
    func1, func2 = self.funcs
    return product( func1, axis ) * product( func2, axis )

  def _multiply( self, other ):
    func1, func2 = self.funcs
    func1_other = multiply( func1, other )
    if Multiply( func1, other ) != func1_other:
      return multiply( func1_other, func2 )
    func2_other = multiply( func2, other )
    if Multiply( func2, other ) != func2_other:
      return multiply( func1, func2_other )

  def _localgradient( self, ndims ):
    func1, func2 = self.funcs
    return func1[...,_] * localgradient( func2, ndims ) \
         + func2[...,_] * localgradient( func1, ndims )

  def _takediag( self ):
    func1, func2 = self.funcs
    return takediag( func1 ) * takediag( func2 )

  def _take( self, index, axis ):
    func1, func2 = self.funcs
    return take( func1, index, axis ) * take( func2, index, axis )

  def _opposite( self ):
    func1, func2 = self.funcs
    return opposite(func1) * opposite(func2)

  def _negative( self ):
    func1, func2 = self.funcs
    negfunc1 = -func1
    if not isinstance( negfunc1, Negative ):
      return multiply( negfunc1, func2 )
    negfunc2 = -func2
    if not isinstance( negfunc2, Negative ):
      return multiply( func1, negfunc2 )


[docs]class Negative( ArrayFunc ):
  'negate'

  __slots__ = 'func',

  def __init__( self, func ):
    'constructor'

    self.func = func
    ArrayFunc.__init__( self, args=[func], evalf=numpy.negative, shape=func.shape )

  @property
  def blocks( self ):
    for f, ind in blocks( self.func ):
      yield negative(f), ind

  def _add( self, other ):
    if isinstance( other, Negative ):
      return negative( self.func + other.func )

  def _multiply( self, other ):
    if isinstance( other, Negative ):
      return self.func * other.func
    return negative( self.func * other )

  def _negative( self ):
    return self.func

  def _elemint( self, weights ):
    return -elemint( self.func, weights )

  def _align( self, axes, ndim ):
    return -align( self.func, axes, ndim )

  def _get( self, i, item ):
    return -get( self.func, i, item )

  def _sum( self, axis ):
    return -sum( self.func, axis )

  def _localgradient( self, ndims ):
    return -localgradient( self.func, ndims )

  def _takediag( self ):
    return -takediag( self.func )

  def _take( self, index, axis ):
    return -take( self.func, index, axis )

  def _opposite( self ):
    return -opposite(self.func)

  def _power( self, n ):
    if n%2 == 0:
      return power( self.func, n )


[docs]class Add( ArrayFunc ):
  'add'

  __slots__ = 'funcs',

  def __init__( self, func1, func2 ):
    'constructor'

    self.funcs = func1, func2
    shape = _jointshape( func1.shape, func2.shape )
    dtype = _jointdtype(func1,func2)
    ArrayFunc.__init__( self, args=self.funcs, evalf=numpy.add, shape=shape, dtype=dtype )

[docs]  def cdef( self ):
    'generate C code'

    arg1 = 'arg1[%s]' % _cindex( self.funcs[0].shape, self.shape )
    arg2 = 'arg2[%s]' % _cindex( self.funcs[1].shape, self.shape )
    body = 'retval[0] = %s + %s;\nretval++;' % ( arg1, arg2 )
    shape = _cshape( self.shape )
    for i in reversed( range(self.ndim) ):
      body = _cfor( varname='i%d'%i, count=shape[i], do=body )
    if self.ndim:
      body = 'int %s;\n' % ', '.join( 'i%d' % idim for idim in range(self.ndim) ) + body
    args = [ '%s* retval' % _dtypestr(self),
             '%s* arg1' % _dtypestr(self.funcs[0]),
             '%s* arg2' % _dtypestr(self.funcs[1]) ] \
         + [ 'int %s' % s for s in shape if isinstance(s,str) ]
    return _cfunc( args, body ), init_args_for( self, *self.funcs )


  def __eq__( self, other ):
    'compare'

    return self is other or (
          isinstance( other, Add )
      and _matchpairs( self.funcs, other.funcs ) )

  def _sum( self, axis ):
    return sum( self.funcs[0], axis ) + sum( self.funcs[1], axis )

  def _localgradient( self, ndims ):
    func1, func2 = self.funcs
    return localgradient( func1, ndims ) + localgradient( func2, ndims )

  def _get( self, i, item ):
    func1, func2 = self.funcs
    return get( func1, i, item ) + get( func2, i, item )

  def _takediag( self ):
    func1, func2 = self.funcs
    return takediag( func1 ) + takediag( func2 )

  def _take( self, index, axis ):
    func1, func2 = self.funcs
    return take( func1, index, axis ) + take( func2, index, axis )

  def _opposite( self ):
    func1, func2 = self.funcs
    return opposite(func1) + opposite(func2)

  def _add( self, other ):
    func1, func2 = self.funcs
    func1_other = add( func1, other )
    if Add( func1, other ) != func1_other:
      return add( func1_other, func2 )
    func2_other = add( func2, other )
    if Add( func2, other ) != func2_other:
      return add( func1, func2_other )


[docs]class BlockAdd( Add ):
  'block addition (used for DG)'

  __slots__ = ()

  def _multiply( self, other ):
    func1, func2 = self.funcs
    return BlockAdd( func1 * other, func2 * other )

  def _inflate( self, dofmap, length, axis ):
    func1, func2 = self.funcs
    return BlockAdd( inflate( func1, dofmap, length, axis ),
                     inflate( func2, dofmap, length, axis ) )

  def _align( self, axes, ndim ):
    func1, func2 = self.funcs
    return BlockAdd( align(func1,axes,ndim), align(func2,axes,ndim) )

  def _negative( self ):
    func1, func2 = self.funcs
    return BlockAdd( negative(func1), negative(func2) )

  def _add( self, other ):
    func1, func2 = self.funcs
    try1 = func1 + other
    if try1 != BlockAdd( func1, other ):
      return try1 + func2
    try2 = func2 + other
    if try2 != BlockAdd( func2, other ):
      return try2 + func1
    return BlockAdd( self, other )

  @property
  def blocks( self ):
    func1, func2 = self.funcs
    for f, ind in blocks( func1 ):
      yield f, ind
    for f, ind in blocks( func2 ):
      yield f, ind


[docs]class Dot( ArrayFunc ):
  'dot'

  __slots__ = 'func1', 'func2', 'naxes'

  def __init__( self, func1, func2, naxes ):
    'constructor'

    assert naxes > 0
    self.func1 = func1
    self.func2 = func2
    self.naxes = naxes
    shape = _jointshape( func1.shape, func2.shape )[:-naxes]
    ArrayFunc.__init__( self, args=(func1,func2,naxes), evalf=numeric.contract_fast, shape=shape )

[docs]  def cdef( self ):
    'generate C code'

    shape = _jointshape( self.func1.shape, self.func2.shape )
    arg1 = 'arg1[%s]' % _cindex( self.func1.shape, shape )
    arg2 = 'arg2[%s]' % _cindex( self.func2.shape, shape )
    body = 'sum += %s * %s;\n' % ( arg1, arg2 )
    cshape = _cshape( shape )
    for i in reversed( range(self.ndim+self.naxes) ):
      body = _cfor( varname='i%d'%i, count=cshape[i], do=body )
      if i == self.ndim:
        body = 'sum = 0;\n%s\nretval[0] = sum;\nretval++;\n' % body
    body = '%s sum;\n' % _dtypestr(self) + body
    body = 'int %s;\n' % ', '.join( 'i%d' % idim for idim in range(self.ndim+self.naxes) ) + body
    args = [ '%s* retval' % _dtypestr(self),
             '%s* arg1' % _dtypestr(self.func1),
             '%s* arg2' % _dtypestr(self.func2) ] \
         + [ 'int %s' % s for s in cshape if isinstance(s,str) ]
    return _cfunc( args, body ), init_args_for( self, self.func1, self.func2, None )


  @property
  def axes( self ):
    return range( self.ndim, self.ndim + self.naxes )

  def _get( self, i, item ):
    return dot( get( self.func1, i, item ), get( self.func2, i, item ), [ ax-1 for ax in self.axes ] )

  def _localgradient( self, ndims ):
    return dot( localgradient( self.func1, ndims ), self.func2[...,_], self.axes ) \
         + dot( self.func1[...,_], localgradient( self.func2, ndims ), self.axes )

  def _multiply( self, other ):
    for ax in self.axes:
      other = insert( other, ax )
    assert other.ndim == self.func1.ndim == self.func2.ndim
    func1_other = multiply( self.func1, other )
    if Multiply( self.func1, other ) != func1_other:
      return dot( func1_other, self.func2, self.axes )
    func2_other = multiply( self.func2, other )
    if Multiply( self.func2, other ) != func2_other:
      return dot( self.func1, func2_other, self.axes )

  def _add( self, other ):
    if isinstance( other, Dot ) and self.axes == other.axes:
      common = _findcommon( (self.func1,self.func2), (other.func1,other.func2) )
      if common:
        f, (g1,g2) = common
        return dot( f, g1 + g2, self.axes )

  def _takediag( self ):
    n1, n2 = self.ndim-2, self.ndim-1
    return dot( takediag( self.func1, n1, n2 ), takediag( self.func2, n1, n2 ), [ ax-2 for ax in self.axes ] )

  def _sum( self, axis ):
    return dot( self.func1, self.func2, self.axes + [axis] )

  def _take( self, index, axis ):
    return dot( take(self.func1,index,axis), take(self.func2,index,axis), self.axes )

  def _concatenate( self, other, axis ):
    if isinstance( other, Dot ) and other.axes == self.axes:
      common = _findcommon( (self.func1,self.func2), (other.func1,other.func2) )
      if common:
        f, g12 = common
        tryconcat = concatenate( g12, axis )
        if not isinstance( tryconcat, Concatenate ): # avoid inf recursion
          return dot( f, tryconcat, self.axes )

  def _opposite( self ):
    return dot( opposite(self.func1), opposite(self.func2), self.axes )

  def _negative( self ):
    negfunc1 = -self.func1
    if not isinstance( negfunc1, Negative ):
      return dot( negfunc1, self.func2, self.axes )
    negfunc2 = -self.func2
    if not isinstance( negfunc2, Negative ):
      return dot( self.func1, negfunc2, self.axes )


[docs]class Sum( ArrayFunc ):
  'sum'

  __slots__ = 'axis', 'func'

  def __init__( self, func, axis ):
    'constructor'

    self.axis = axis
    self.func = func
    assert 0 <= axis < func.ndim, 'axis out of bounds'
    shape = func.shape[:axis] + func.shape[axis+1:]
    ArrayFunc.__init__( self, args=[func,axis-func.ndim], evalf=numpy.sum, shape=shape )

  def _sum( self, axis ):
    trysum = sum( self.func, axis+(axis>=self.axis) )
    if not isinstance( trysum, Sum ): # avoid inf recursion
      return sum( trysum, self.axis )

  def _localgradient( self, ndims ):
    return sum( localgradient( self.func, ndims ), self.axis )

  def _opposite( self ):
    return sum( opposite(self.func), axes=self.axis )


[docs]class Debug( ArrayFunc ):
  'debug'

  __slots__ = 'func',

  def __init__( self, func ):
    'constructor'

    self.func = func
    ArrayFunc.__init__( self, args=[func], evalf=self.debug, shape=func.shape )

  @staticmethod
[docs]  def debug( arr ):
    'debug'

    print arr
    return arr


  def __str__( self ):
    'string representation'

    return '{DEBUG}'

  def _localgradient( self, ndims ):
    return Debug( localgradient( self.func, ndims ) )


[docs]class TakeDiag( ArrayFunc ):
  'extract diagonal'

  __slots__ = 'func',

  def __init__( self, func ):
    'constructor'

    assert func.shape[-1] == func.shape[-2]
    self.func = func
    ArrayFunc.__init__( self, args=[func], evalf=numeric.takediag, shape=func.shape[:-1] )

  def _localgradient( self, ndims ):
    return swapaxes( takediag( localgradient( self.func, ndims ), -3, -2 ) )

  def _sum( self, axis ):
    if axis != self.ndim-1:
      return takediag( sum( self.func, axis ) )

  def _opposite( self ):
    return takediag( opposite(self.func) )


[docs]class Take( ArrayFunc ):
  'generalization of numpy.take(), to accept lists, slices, arrays'

  __slots__ = 'func', 'axis', 'indices'

  def __init__( self, func, indices, axis ):
    'constructor'

    assert func.shape[axis] != 1
    self.func = func
    self.axis = axis
    self.indices = indices

    # try for regular slice
    start = indices[0]
    step = indices[1] - start
    stop = start + step * len(indices)

    s = [ slice(None) ] * func.ndim
    s[axis] = slice( start, stop, step ) if numpy.all( numpy.diff(indices) == step ) \
         else indices

    newlen, = numpy.empty( func.shape[axis] )[ indices ].shape
    assert newlen > 0
    shape = func.shape[:axis] + (newlen,) + func.shape[axis+1:]
    ArrayFunc.__init__( self, args=(func,(Ellipsis,)+tuple(s)), evalf=numpy.ndarray.__getitem__, shape=shape )

  def _localgradient( self, ndims ):
    return take( localgradient( self.func, ndims ), self.indices, self.axis )

  def _take( self, index, axis ):
    if axis == self.axis:
      if numpy.all( numpy.diff( self.indices ) == 1 ):
        indices = index + self.indices[0]
      else:
        indices = self.indices[index]
      return take( self.func, indices, axis )
    trytake = take( self.func, index, axis )
    if not isinstance( trytake, Take ): # avoid inf recursion
      return take( trytake, self.indices, self.axis )


[docs]class Power( ArrayFunc ):
  'power'

  __slots__ = 'func', 'power'

  def __init__( self, func, power ):
    'constructor'

    assert _isfunc( func )
    assert _isscalar( power )
    self.func = func
    self.power = power
    ArrayFunc.__init__( self, args=[func,power], evalf=numpy.power, shape=func.shape )

  def _localgradient( self, ndims ):
    return self.power * ( self.func**(self.power-1) )[...,_] * localgradient( self.func, ndims )

  def _power( self, n ):
    func = self.func
    newpower = n * self.power
    if self.power % 2 == 0 and newpower % 2 != 0:
      func = abs( func )
    return power( func, newpower )

  def _get( self, i, item ):
    return get( self.func, i, item )**self.power

  def _sum( self, axis ):
    if self.power == 2:
      return dot( self.func, self.func, axis )

  def _takediag( self ):
    return takediag( self.func )**self.power

  def _take( self, index, axis ):
    return power( take( self.func, index, axis ), self.power )

  def _opposite( self ):
    return power( opposite(self.func), self.power )

  def _multiply( self, other ):
    if isinstance( other, Power ) and self.func == other.func:
      return power( self.func, self.power + other.power )
    if other == self.func:
      return power( self.func, self.power + 1 )

  def _sign( self ):
    if self.power % 2 == 0:
      return expand( 1., self.shape )


[docs]class ElemFunc( ArrayFunc ):
  'trivial func'

  __slots__ = 'domainelem', 'side', 'cascade'

  def __init__( self, domainelem, side=0 ):
    'constructor'

    self.domainelem = domainelem
    self.side = side
    self.cascade = Cascade( domainelem.ndims, side )
    ArrayFunc.__init__( self, args=[self.cascade,domainelem], evalf=self.elemfunc, shape=[domainelem.ndims] )

  @staticmethod
[docs]  def elemfunc( cascade, domainelem ):
    'evaluate'

    for elem, points in cascade:
      if elem is domainelem:
        return points
    raise Exception, '%r not found' % domainelem


  def _localgradient( self, ndims ):
    return self.cascade.transform( ndims )

  def _opposite( self ):
    return ElemFunc( self.domainelem, 1-self.side )

[docs]  def find( self, elem, C ):
    'find coordinates'

    assert C.ndim == 2 and C.shape[1] == self.domainelem.ndims
    assert elem.ndims == self.domainelem.ndims # for now
    pelem, transform = elem.parent
    offset = transform.offset
    Tinv = transform.invtrans
    while pelem is not self.domainelem:
      pelem, newtransform = pelem.parent
      transform = transform.nest( newtransform )
    return elem.select_contained( transform.invapply( C ), eps=1e-10 )



[docs]class Pointwise( ArrayFunc ):
  'pointwise transformation'

  __slots__ = 'args', 'evalf', 'deriv'

  def __init__( self, args, evalf, deriv ):
    'constructor'

    assert _isfunc( args )
    shape = args.shape[1:]
    self.args = args
    self.evalf = evalf
    self.deriv = deriv
    ArrayFunc.__init__( self, args=tuple(args), evalf=evalf, shape=shape )

  def _localgradient( self, ndims ):
    return ( self.deriv( self.args )[...,_] * localgradient( self.args, ndims ) ).sum( 0 )

  def _takediag( self ):
    return pointwise( takediag(self.args), self.evalf, self.deriv )

  def _get( self, axis, item ):
    return pointwise( get( self.args, axis+1, item ), self.evalf, self.deriv )

  def _take( self, index, axis ):
    return pointwise( take( self.args, index, axis+1 ), self.evalf, self.deriv )

  def _opposite( self ):
    # args = [ opposite(arg,side) for arg in self.args ] # @TO
    args = [ opposite(arg) for arg in self.args ]
    return pointwise( args, self.evalf, self.deriv )


[docs]class Sign( ArrayFunc ):
  'sign'

  __slots__ = 'func',

  def __init__( self, func ):
    'constructor'

    assert _isfunc( func )
    self.func = func
    ArrayFunc.__init__( self, args=[func], evalf=numpy.sign, shape=func.shape )

  def _localgradient( self, ndims ):
    return _zeros( self.shape + (ndims,) )

  def _takediag( self ):
    return sign( takediag(self.func) )

  def _get( self, axis, item ):
    return sign( get( self.func, axis, item ) )

  def _take( self, index, axis ):
    return sign( take( self.func, index, axis ) )

  def _opposite( self ):
    return sign( opposite( self.func ) )

  def _sign( self ):
    return self

  def _power( self, n ):
    if n % 2 == 0:
      return expand( 1., self.shape )


class Pointdata( ArrayFunc ):

  __slots__ = 'data',

  def __init__ ( self, data, shape ):
    'constructor'

    assert isinstance(data,dict)
    self.data = data
    ArrayFunc.__init__( self, args=[ELEM,POINTS,self.data], evalf=self.pointdata, shape=shape )

  @staticmethod
  def pointdata( elem, points, data ):
    myvals,mypoint = data[elem]
    assert mypoint is points, 'Illegal point set'
    return myvals

  def update_max( self, func ):
    func = asarray(func)
    assert func.shape == self.shape
    data = dict( (elem,(numpy.maximum(func(elem,points),values),points)) for elem,(values,points) in self.data.iteritems() )

    return Pointdata( data, self.shape )


[docs]class Eig( Evaluable ):
  'Eig'

  __slots__ = 'func', 'shape', 'symmetric', 'sort'

  def __init__( self, func, symmetric=False, sort=False ):
    'contructor'

    Evaluable.__init__( self, args=[func, sort], evalf=numeric.eigh if symmetric else numeric.eig )
    self.symmetric = symmetric
    self.sort = sort
    self.func = func
    self.shape = func.shape

  def _opposite( self ):
    return Eig( opposite(self.func), self.symmetric, self.sort )


class ArrayFromTuple( ArrayFunc ):

  def __init__( self, arrays, index, shape ):
    self.arrays = arrays
    self.index = index
    ArrayFunc.__init__( self, args=[arrays,index], evalf=self.arrayfromtuple, shape=shape )

  @staticmethod
  def arrayfromtuple( arrays, index ):
    return arrays[ index ]

  def _opposite( self ):
    return ArrayFromTuple( opposite(self.arrays), self.index, self.shape )

# PRIORITY OBJECTS
#
# Prority objects get priority in situations like A + B, which can be evaluated
# as A.__add__(B) and B.__radd__(A), such that they get to decide on how the
# operation is performed. The reason is that these objects are wasteful,
# generally introducing a lot of zeros, and we would like to see them disappear
# by the act of subsequent operations. For this annihilation to work well
# priority objects keep themselves at the surface where magic happens.
#
# Update: "priority objects" as such do not exist anymore, might be
# reintroduced later on.

[docs]class Zeros( ArrayFunc ):
  'zero'

  __slots__ = ()

  def __init__( self, shape ):
    'constructor'

    shape = tuple( shape )
    ArrayFunc.__init__( self, args=[POINTS,shape], evalf=self.zeros, shape=shape )

  @property
  def blocks( self ):
    return ()

  @staticmethod
[docs]  def zeros( points, shape ):
    'prepend point axes'

    assert not any( sh is None for sh in shape ), 'cannot evaluate zeros for shape %s' % (shape,)
    shape = points.shape[:-1] + shape
    strides = [0] * len(shape)
    return numpy.lib.stride_tricks.as_strided( numpy.array(0.), shape, strides )


  def _repeat( self, length, axis ):
    assert self.shape[axis] == 1
    return _zeros( self.shape[:axis] + (length,) + self.shape[axis+1:] )

  def _localgradient( self, ndims ):
    return _zeros( self.shape+(ndims,) )

  def _add( self, other ):
    shape = _jointshape( self.shape, other.shape )
    return expand( other, shape )

  def _multiply( self, other ):
    shape = _jointshape( self.shape, other.shape )
    return _zeros( shape )

  def _dot( self, other, naxes ):
    shape = _jointshape( self.shape, other.shape )
    return _zeros( shape[:-naxes] )

  def _cross( self, other, axis ):
    shape = _jointshape( self.shape, other.shape )
    return _zeros( shape )

  def _negative( self ):
    return self

  def _diagonalize( self ):
    return _zeros( self.shape + (self.shape[-1],) )

  def _sum( self, axis ):
    return _zeros( self.shape[:axis] + self.shape[axis+1:] )

  def _align( self, axes, ndim ):
    shape = [1] * ndim
    for ax, sh in zip( axes, self.shape ):
      shape[ax] = sh
    return _zeros( shape )

  def _get( self, i, item ):
    return _zeros( self.shape[:i] + self.shape[i+1:] )

  def _takediag( self ):
    sh = max( self.shape[-2], self.shape[-1] )
    return _zeros( self.shape[:-2] + (sh,) )

  def _take( self, index, axis ):
    return _zeros( self.shape[:axis] + index.shape + self.shape[axis+1:] )

  def _inflate( self, dofmap, length, axis ):
    assert not isinstance( self.shape[axis], int )
    return _zeros( self.shape[:axis] + (length,) + self.shape[axis+1:] )

  def _elemint( self, weights ):
    return numpy.zeros( [1]*self.ndim )

  def _power( self, n ):
    return self

  def _opposite( self ):
    return self


[docs]class Inflate( ArrayFunc ):
  'inflate'

  __slots__ = 'func', 'dofmap', 'length', 'axis'

  def __init__( self, func, dofmap, length, axis ):
    'constructor'

    self.func = func
    self.dofmap = dofmap
    self.length = length
    self.axis = axis
    shape = func.shape[:axis] + (length,) + func.shape[axis+1:]
    ArrayFunc.__init__( self, args=[func,dofmap,length,axis-func.ndim], evalf=self.inflate, shape=shape )

  @property
  def blocks( self ):
    for f, ind in blocks( self.func ):
      assert ind[self.axis] == None
      yield f, ind[:self.axis] + (self.dofmap,) + ind[self.axis+1:]

  @staticmethod
[docs]  def inflate( array, indices, length, axis ):
    'inflate'

    warnings.warn( 'using explicit inflation; this is usually a bug.' )
    shape = list( array.shape )
    shape[axis] = length
    inflated = numpy.zeros( shape )
    inflated[(Ellipsis,indices)+(slice(None),)*(-axis-1)] = array
    return inflated


  def _inflate( self, dofmap, length, axis ):
    assert axis != self.axis
    if axis > self.axis:
      return
    return inflate( inflate( self.func, dofmap, length, axis ), self.dofmap, self.length, self.axis )

  def _localgradient( self, ndims ):
    return inflate( localgradient(self.func,ndims), self.dofmap, self.length, self.axis )

  def _align( self, shuffle, ndims ):
    return inflate( align(self.func,shuffle,ndims), self.dofmap, self.length, shuffle[self.axis] )

  def _get( self, axis, item ):
    assert axis != self.axis
    return inflate( get(self.func,axis,item), self.dofmap, self.length, self.axis-(axis<self.axis) )

  def _dot( self, other, naxes ):
    axes = range( self.ndim-naxes, self.ndim )
    if isinstance( other, Inflate ) and other.axis == self.axis:
      assert self.dofmap == other.dofmap
      other = other.func
    elif other.shape[self.axis] != 1:
      other = take( other, self.dofmap, self.axis )
    arr = dot( self.func, other, axes )
    if self.axis >= self.ndim - naxes:
      return arr
    return inflate( arr, self.dofmap, self.length, self.axis )

  def _multiply( self, other ):
    if isinstance( other, Inflate ) and self.axis == other.axis:
      assert self.dofmap == other.dofmap
      other = other.func
    elif other.shape[self.axis] != 1:
      other = take( other, self.dofmap, self.axis )
    return inflate( multiply(self.func,other), self.dofmap, self.length, self.axis )

  def _add( self, other ):
    if isinstance( other, Inflate ) and self.axis == other.axis and self.dofmap == other.dofmap:
      return inflate( add(self.func,other.func), self.dofmap, self.length, self.axis )
    return BlockAdd( self, other )

  def _cross( self, other, axis ):
    if isinstance( other, Inflate ) and self.axis == other.axis:
      assert self.dofmap == other.dofmap
      other = other.func
    elif other.shape[self.axis] != 1:
      other = take( other, self.dofmap, self.axis )
    return inflate( cross(self.func,other,axis), self.dofmap, self.length, self.axis )

  def _negative( self ):
    return inflate( negative(self.func), self.dofmap, self.length, self.axis )

  def _power( self, n ):
    return inflate( power(self.func,n), self.dofmap, self.length, self.axis )

  def _takediag( self ):
    assert self.axis < self.ndim-2
    return inflate( takediag(self.func), self.dofmap, self.length, self.axis )

  def _take( self, index, axis ):
    if axis == self.axis:
      assert index == self.dofmap
      return self.func
    return inflate( take( self.func, index, axis ), self.dofmap, self.length, self.axis )

  def _diagonalize( self ):
    assert self.axis < self.ndim-1
    return inflate( diagonalize(self.func), self.dofmap, self.length, self.axis )

  def _sum( self, axis ):
    arr = sum( self.func, axis )
    if axis == self.axis:
      return arr
    return inflate( arr, self.dofmap, self.length, self.axis-(axis<self.axis) )

  def _opposite( self ):
    return inflate( opposite(self.func), opposite(self.dofmap), self.length, self.axis )


[docs]class Diagonalize( ArrayFunc ):
  'diagonal matrix'

  __slots__ = 'func',

  def __init__( self, func ):
    'constructor'

    n = func.shape[-1]
    assert n != 1
    shape = func.shape + (n,)
    self.func = func
    ArrayFunc.__init__( self, args=[func], evalf=numeric.diagonalize, shape=shape )

  def _localgradient( self, ndims ):
    return swapaxes( diagonalize( swapaxes( localgradient( self.func, ndims ), (-2,-1) ) ), (-3,-1) )

  def _get( self, i, item ):
    if i >= self.ndim-2:
      return kronecker( get( self.func, -1, item ), axis=-1, pos=item, length=self.func.shape[-1] )
    return diagonalize( get( self.func, i, item ) )

  def _inverse( self ):
    return diagonalize( reciprocal( self.func ) )

  def _determinant( self ):
    return product( self.func, -1 )

  def _multiply( self, other ):
    return diagonalize( self.func * takediag( other ) )

  def _add( self, other ):
    if isinstance( other, Diagonalize ):
      return diagonalize( self.func + other.func )

  def _negative( self ):
    return diagonalize( -self.func )

  def _sum( self, axis ):
    if axis >= self.ndim-2:
      return self.func
    return diagonalize( sum( self.func, axis ) )

  def _align( self, axes, ndim ):
    if axes[-2:] in [ (ndim-2,ndim-1), (ndim-1,ndim-2) ]:
      return diagonalize( align( self.func, axes[:-2] + (ndim-2,), ndim-1 ) )

  def _opposite( self ):
    return diagonalize( opposite(self.func) )


[docs]class Repeat( ArrayFunc ):
  'repeat singleton axis'

  __slots__ = 'func', 'axis', 'length'

  def __init__( self, func, length, axis ):
    'constructor'

    assert func.shape[axis] == 1
    self.func = func
    self.axis = axis
    self.length = length
    shape = func.shape[:axis] + (length,) + func.shape[axis+1:]
    ArrayFunc.__init__( self, args=[func,length,axis-func.ndim], evalf=numeric.fastrepeat, shape=shape )

  def _negative( self ):
    return repeat( -self.func, self.length, self.axis )

  def _localgradient( self, ndims ):
    return repeat( localgradient( self.func, ndims ), self.length, self.axis )

  def _get( self, axis, item ):
    if axis == self.axis:
      assert 0 <= item < self.length
      return get( self.func, axis, 0 )
    return repeat( get( self.func, axis, item ), self.length, self.axis-(axis<self.axis) )

  def _sum( self, axis ):
    if axis == self.axis:
      return get( self.func, axis, 0 ) * self.length
    return repeat( sum( self.func, axis ), self.length, self.axis-(axis<self.axis) )

  def _product( self, axis ):
    if axis == self.axis:
      return get( self.func, axis, 0 )**self.length
    return repeat( product( self.func, axis ), self.length, self.axis-(axis<self.axis) )

  def _power( self, n ):
    return repeat( power( self.func, n ), self.length, self.axis )

  def _add( self, other ):
    return repeat( self.func + other, self.length, self.axis )

  def _multiply( self, other ):
    return repeat( self.func * other, self.length, self.axis )

  def _align( self, shuffle, ndim ):
    return repeat( align(self.func,shuffle,ndim), self.length, shuffle[self.axis] )

  def _take( self, index, axis ):
    if axis == self.axis:
      return repeat( self.func, index.shape[0], self.axis )
    return repeat( take(self.func,index,axis), self.length, self.axis )

  def _takediag( self ):
    assert self.axis < self.ndim-2
    return repeat( takediag( self.func ), self.length, self.axis )

  def _cross( self, other, axis ):
    if axis != self.axis:
      return repeat( cross( self.func, other, axis ), self.length, self.axis )

  def _dot( self, other, naxes ):
    axes = range( self.ndim-naxes, self.ndim )
    func = dot( self.func, other, axes )
    if other.shape[self.axis] != 1:
      assert other.shape[self.axis] == self.length
      return func
    if self.axis >= self.ndim - naxes:
      return func * self.length
    return repeat( func, self.length, self.axis )

  def _opposite( self ):
    return repeat( opposite(self.func), self.length, self.axis )


[docs]class Const( ArrayFunc ):
  'pointwise transformation'

  __slots__ = ()

  def __init__( self, func ):
    'constructor'

    func = numpy.asarray( func )
    ArrayFunc.__init__( self, args=(POINTS,func), evalf=self.const, shape=func.shape )

  @staticmethod
[docs]  def const( points, arr ):
    'prepend point axes'

    shape = points.shape[:-1] + arr.shape
    strides = (0,) * (points.ndim-1) + arr.strides
    return numpy.lib.stride_tricks.as_strided( arr, shape, strides )


  def _localgradient( self, ndims ):
    return _zeros( self.shape+(ndims,) )

# AUXILIARY FUNCTIONS


def _jointshape( *shapes ):
  'determine shape after singleton expansion'

  ndim = len(shapes[0])
  combshape = [1] * ndim
  for shape in shapes:
    assert len(shape) == ndim
    for i, sh in enumerate(shape):
      if combshape[i] == 1:
        combshape[i] = sh
      else:
        assert sh in ( combshape[i], 1 ), 'incompatible shapes: %s' % ', '.join( str(sh) for sh in shapes )
  return tuple(combshape)

def _matchndim( *arrays ):
  'introduce singleton dimensions to match ndims'

  arrays = [ asarray(array) for array in arrays ]
  ndim = _max( array.ndim for array in arrays )
  return [ array[(_,)*(ndim-array.ndim)] for array in arrays ]

def _isiterable( obj ):
  'check for iterability'

  try:
    iter(obj)
  except TypeError:
    return False
  return True

def _obj2str( obj ):
  'convert object to string'

  if isinstance( obj, numpy.ndarray ):
    if obj.size < 6:
      return _obj2str(obj.tolist())
    return 'array<%s>' % 'x'.join( map( str, obj.shape ) )
  if isinstance( obj, list ):
    if len(obj) < 6:
      return '[%s]' % ','.join( _obj2str(o) for o in obj )
    return '[#%d]' % len(obj)
  if isinstance( obj, (tuple,set) ):
    if len(obj) < 6:
      return '(%s)' % ','.join( _obj2str(o) for o in obj )
    return '(#%d)' % len(obj)
  if isinstance( obj, dict ):
    return '{#%d}' % len(obj)
  if isinstance( obj, slice ):
    I = ''
    if obj.start is not None:
      I += str(obj.start)
    if obj.step is not None:
      I += ':' + str(obj.step)
    I += ':'
    if obj.stop is not None:
      I += str(obj.stop)
    return I
  if obj is Ellipsis:
    return '...'
  if obj is POINTS:
    return '<points>'
  if obj is WEIGHTS:
    return '<weights>'
  if obj is ELEM:
    return '<elem>'
  return str(obj)

def _findcommon( (a1,a2), (b1,b2) ):
  'find common item in 2x2 data'

  if _equal( a1, b1 ):
    return a1, (a2,b2)
  if _equal( a1, b2 ):
    return a1, (a2,b1)
  if _equal( a2, b1 ):
    return a2, (a1,b2)
  if _equal( a2, b2 ):
    return a2, (a1,b1)

_matchpairs = lambda (a1,a2), (b1,b2): _equal(a1,b1) and _equal(a2,b2) or _equal(a1,b2) and _equal(a2,b1)
_max = max
_min = min
_sum = sum
_isfunc = lambda arg: isinstance( arg, ArrayFunc )
_isscalar = lambda arg: asarray(arg).ndim == 0
_isint = lambda arg: numpy.asarray( arg ).dtype == int
_ascending = lambda arg: ( numpy.diff(arg) > 0 ).all()
_iszero = lambda arg: isinstance( arg, Zeros ) or isinstance( arg, numpy.ndarray ) and numpy.all( arg == 0 )
_isunit = lambda arg: not _isfunc(arg) and ( numpy.asarray(arg) == 1 ).all()
_subsnonesh = lambda shape: tuple( 1 if sh is None else sh for sh in shape )
_normdims = lambda ndim, shapes: tuple( numeric.normdim(ndim,sh) for sh in shapes )
_zeros = lambda shape: Zeros( shape )
_zeros_like = lambda arr: _zeros( arr.shape )

def _call( obj, attr, *args ):
  'call method if it exists, return None otherwise'

  f = getattr( obj, attr, None )
  return f and f( *args )

def _norm_and_sort( ndim, args ):
  'norm axes, sort, and assert unique'

  normargs = tuple( sorted( numeric.normdim( ndim, arg ) for arg in args ) )
  assert _ascending( normargs ) # strict
  return normargs

def _jointdtype( *args ):
  'determine joint dtype'

  if any( asarray(arg).dtype == float for arg in args ):
    return float
  return int

def _dtypestr( arg ):
  if arg.dtype == int:
    return 'int'
  if arg.dtype == float:
    return 'double'
  raise Exception, 'unknown dtype %s' % arg.dtype

def _equal( arg1, arg2 ):
  'compare two objects'

  if arg1 is arg2:
    return True
  if isinstance( arg1, dict ) or isinstance( arg2, dict ):
    return False
  if isinstance( arg1, (list,tuple) ):
    if not isinstance( arg2, (list,tuple) ) or len(arg1) != len(arg2):
      return False
    return all( _equal(v1,v2) for v1, v2 in zip( arg1, arg2 ) )
  if not isinstance( arg1, numpy.ndarray ) and not isinstance( arg2, numpy.ndarray ):
    return arg1 == arg2
  elif isinstance( arg1, numpy.ndarray ) and isinstance( arg2, numpy.ndarray ):
    return arg1.shape == arg2.shape and numpy.all( arg1 == arg2 )
  else:
    return False

[docs]def asarray( arg ):
  'convert to ArrayFunc or numpy.ndarray'

  if isinstance( arg, numpy.ndarray ) and arg.ndim == 0:
    arg = arg[...]
  if _isfunc(arg):
    return arg
  arg = numpy.asarray( arg )
  if arg.dtype == object:
    return stack( arg, axis=0 )
  elif numpy.all( arg == 0 ):
    return _zeros( arg.shape )
  else:
    return arg


def _asarray( arg ):
  warnings.warn( '_asarray is deprecated, use asarray instead', DeprecationWarning )
  return asarray( arg )

# FUNCTIONS

[docs]def insert( arg, n ):
  'insert axis'

  arg = asarray( arg )
  n = numeric.normdim( arg.ndim+1, n )
  I = numpy.arange( arg.ndim )
  return align( arg, I + (I>=n), arg.ndim+1 )


[docs]def stack( args, axis=0 ):
  'stack functions along new axis'

  args = [ insert( arg, axis ) for arg in args ]
  ndim = args[0].ndim
  assert all( arg.ndim == ndim for arg in args[1:] ), 'arguments have non-matching shapes'
  return concatenate( args, axis )


[docs]def chain( funcs ):
  'chain'

  funcs = map( asarray, funcs )
  shapes = [ func.shape[0] for func in funcs ]
  return [ concatenate( [ func if i==j else _zeros( (sh,) + func.shape[1:] )
             for j, sh in enumerate(shapes) ], axis=0 )
               for i, func in enumerate(funcs) ]


[docs]def merge( funcs ):
  'Combines unchained funcs into one function object.'

  cascade = fmap = nmap = None
  offset = 0 # ndofs = _sum( f.shape[0] for f in funcs )

  for inflated_func in funcs:
    (func, (dofmap,)), = inflated_func.blocks # Returns one scalar function.

    if fmap is None:
      fmap = func.stdmap.copy()
    else:
      targetlen = len( fmap ) + len( func.stdmap )
      fmap.update( func.stdmap )
      assert len( fmap ) == targetlen, 'Don`t allow overlap.'

    if nmap is None:
      nmap = dofmap.dofmap.copy()
    else:
      targetlen = len( nmap ) + len( dofmap.dofmap )
      nmap.update( dict( (key, val+offset) for key, val in dofmap.dofmap.iteritems() ) )
      assert len( nmap ) == targetlen, 'Don`t allow overlap.'

    if cascade is None:
      cascade = func.cascade
    else:
      assert func.cascade == cascade, 'Functions have to be defined on domains of same dimension.'

    offset += inflated_func.shape[0]

  return function( fmap, nmap, offset, cascade.ndims )


[docs]def vectorize( args ):
  'vectorize'

  return util.sum( kronecker( func, axis=1, length=len(args), pos=ifun ) for ifun, func in enumerate( chain( args ) ) )


[docs]def expand( arg, shape ):
  'expand'

  arg = asarray( arg )
  shape = tuple(shape)
  assert len(shape) == arg.ndim

  for i, sh in enumerate( shape ):
    arg = repeat( arg, sh, i )
  assert arg.shape == shape

  return arg


[docs]def repeat( arg, length, axis ):
  'repeat'

  arg = asarray( arg )
  axis = numeric.normdim( arg.ndim, axis )

  if arg.shape[axis] == length:
    return arg

  assert arg.shape[axis] == 1

  retval = _call( arg, '_repeat', length, axis )
  if retval is not None:
    shape = arg.shape[:axis] + (length,) + arg.shape[axis+1:]
    assert retval.shape == shape, 'bug in %s._repeat' % arg
    return retval

  return Repeat( arg, length, axis )


[docs]def get( arg, iax, item ):
  'get item'

  assert _isint( item ) and _isscalar( item )

  arg = asarray( arg )
  iax = numeric.normdim( arg.ndim, iax )
  sh = arg.shape[iax]
  assert isinstance(sh,int), 'cannot get item %r from axis %r' % ( item, sh )

  item = 0 if sh == 1 \
    else numeric.normdim( sh, item )

  if not _isfunc( arg ):
    return numeric.get( arg, iax, item )

  retval = _call( arg, '_get', iax, item )
  if retval is not None:
    assert retval.shape == arg.shape[:iax] + arg.shape[iax+1:], 'bug in %s._get' % arg
    return retval

  return Get( arg, iax, item )


[docs]def align( arg, axes, ndim ):
  'align'

  arg = asarray( arg )

  assert ndim >= len(axes)
  assert len(axes) == arg.ndim
  axes = _normdims( ndim, axes )
  assert len(set(axes)) == len(axes), 'duplicate axes in align'

  if list(axes) == range(ndim):
    return arg

  if not _isfunc( arg ):
    return numeric.align( arg, axes, ndim )

  retval = _call( arg, '_align', axes, ndim )
  if retval is not None:
    shape = [1] * ndim
    for i, axis in enumerate( axes ):
      shape[axis] = arg.shape[i]
    assert retval.shape == tuple(shape), 'bug in %s._align' % arg
    return retval

  return Align( arg, axes, ndim )


[docs]def bringforward( arg, axis ):
  'bring axis forward'

  arg = asarray(arg)
  axis = numeric.normdim(arg.ndim,axis)
  if axis == 0:
    return arg
  return transpose( args, [axis] + range(axis) + range(axis+1,args.ndim) )


[docs]def elemint( arg, weights ):
  'elementwise integration'

  arg = asarray( arg )

  if not _isfunc( arg ):
    return arg * ElemArea( weights )

  retval = _call( arg, '_elemint', weights )
  if retval is not None:
    return retval

  return ElemInt( arg, weights )


[docs]def grad( arg, coords, ndims=0 ):
  'local derivative'

  arg = asarray( arg )
  if _isfunc( arg ):
    return arg.grad( coords, ndims )
  return _zeros( arg.shape + coords.shape )


[docs]def symgrad( arg, coords, ndims=0 ):
  'symmetric gradient'

  if _isfunc( arg ):
    return arg.symgrad( coords, ndims )
  return _zeros( arg.shape + coords.shape )


[docs]def div( arg, coords, ndims=0 ):
  'gradient'

  if _isfunc( arg ):
    return arg.div( coords, ndims )
  assert arg.shape[-1:] == coords.shape
  return _zeros( arg.shape[:-1] )


[docs]def sum( arg, axes=-1 ):
  'sum over multiply axes'

  arg = asarray( arg )

  if _isiterable(axes):
    if len(axes) == 0:
      return arg
    axes = _norm_and_sort( arg.ndim, axes )
    assert numpy.all( numpy.diff(axes) > 0 ), 'duplicate axes in sum'
    arg = sum( arg, axes[1:] )
    axis = axes[0]
  else:
    axis = numeric.normdim( arg.ndim, axes )

  if arg.shape[axis] == 1:
    return get( arg, axis, 0 )

  if not _isfunc( arg ):
    return arg.sum( axis )

  retval = _call( arg, '_sum', axis )
  if retval is not None:
    assert retval.shape == arg.shape[:axis] + arg.shape[axis+1:], 'bug in %s._sum' % arg
    return retval

  return Sum( arg, axis )


[docs]def dot( arg1, arg2, axes ):
  'dot product'

  arg1, arg2 = _matchndim( arg1, arg2 )
  shape = _jointshape( arg1.shape, arg2.shape )

  if _isiterable(axes):
    if len(axes) == 0:
      return arg1 * arg2
    axes = _norm_and_sort( len(shape), axes )
    assert numpy.all( numpy.diff(axes) > 0 ), 'duplicate axes in sum'
  else:
    axes = numeric.normdim( len(shape), axes ),

  for i, axis in enumerate( axes ):
    if arg1.shape[axis] == 1 or arg2.shape[axis] == 1:
      arg1 = sum( arg1, axis )
      arg2 = sum( arg2, axis )
      axes = axes[:i] + tuple( axis-1 for axis in axes[i+1:] )
      return dot( arg1, arg2, axes )

  if _isunit( arg1 ):
    return sum( expand( arg2, shape ), axes )

  if _isunit( arg2 ):
    return sum( expand( arg1, shape ), axes )

  if not _isfunc(arg1) and not _isfunc(arg2):
    return numeric.contract( arg1, arg2, axes )

  shuffle = range( len(shape) )
  for ax in reversed( axes ):
    shuffle.append( shuffle.pop(ax) )

  arg1 = transpose( arg1, shuffle )
  arg2 = transpose( arg2, shuffle )

  naxes = len( axes )
  shape = tuple( shape[i] for i in shuffle[:-naxes] )

  retval = _call( arg1, '_dot', arg2, naxes )
  if retval is not None:
    assert retval.shape == shape, 'bug in %s._dot' % arg1
    return retval

  retval = _call( arg2, '_dot', arg1, naxes )
  if retval is not None:
    assert retval.shape == shape, 'bug in %s._dot' % arg2
    return retval

  return Dot( arg1, arg2, naxes )


[docs]def determinant( arg, axes=(-2,-1) ):
  'determinant'

  arg = asarray( arg )
  ax1, ax2 = _norm_and_sort( arg.ndim, axes )
  assert ax2 > ax1 # strict

  n = arg.shape[ax1]
  assert n == arg.shape[ax2]
  if n == 1:
    return get( get( arg, ax2, 0 ), ax1, 0 )

  trans = range(ax1) + [-2] + range(ax1,ax2-1) + [-1] + range(ax2-1,arg.ndim-2)
  arg = align( arg, trans, arg.ndim )
  shape = arg.shape[:-2]

  if not _isfunc( arg ):
    return numeric.determinant( arg )

  retval = _call( arg, '_determinant' )
  if retval is not None:
    assert retval.shape == shape, 'bug in %s._determinant' % arg
    return retval

  return Determinant( arg )


[docs]def inverse( arg, axes=(-2,-1) ):
  'inverse'

  arg = asarray( arg )
  ax1, ax2 = _norm_and_sort( arg.ndim, axes )
  assert ax2 > ax1 # strict

  n = arg.shape[ax1]
  assert arg.shape[ax2] == n
  if n == 1:
    return reciprocal( arg )

  trans = range(ax1) + [-2] + range(ax1,ax2-1) + [-1] + range(ax2-1,arg.ndim-2)
  arg = align( arg, trans, arg.ndim )

  if not _isfunc( arg ):
    return numeric.inverse( arg ).transpose( trans )

  retval = _call( arg, '_inverse' )
  if retval is not None:
    assert retval.shape == arg.shape, 'bug in %s._inverse' % arg
    return transpose( retval, trans )

  return transpose( Inverse(arg), trans )


[docs]def takediag( arg, ax1=-2, ax2=-1 ):
  'takediag'

  arg = asarray( arg )
  ax1, ax2 = _norm_and_sort( arg.ndim, (ax1,ax2) )
  assert ax2 > ax1 # strict

  axes = range(ax1) + [-2] + range(ax1,ax2-1) + [-1] + range(ax2-1,arg.ndim-2)
  arg = align( arg, axes, arg.ndim )

  if arg.shape[-1] == 1:
    return get( arg, -1, 0 )

  if arg.shape[-2] == 1:
    return get( arg, -2, 0 )

  assert arg.shape[-1] == arg.shape[-2]
  shape = arg.shape[:-1]

  if not _isfunc( arg ):
    return numeric.takediag( arg )

  retval = _call( arg, '_takediag' )
  if retval is not None:
    assert retval.shape == shape, 'bug in %s._takediag' % arg
    return retval

  return TakeDiag( arg )


[docs]def localgradient( arg, ndims ):
  'local derivative'

  arg = asarray( arg )
  shape = arg.shape + (ndims,)

  if not _isfunc( arg ):
    return _zeros( shape )

  lgrad = arg._localgradient( ndims )
  assert lgrad.shape == shape, 'bug in %s._localgradient' % arg

  return lgrad


[docs]def dotnorm( arg, coords, ndims=0 ):
  'normal component'

  return sum( arg * coords.normal( ndims-1 ) )


[docs]def kronecker( arg, axis, length, pos ):
  'kronecker'

  axis = numeric.normdim( arg.ndim+1, axis )
  arg = insert( arg, axis )
  args = [ _zeros_like(arg) ] * length
  args[pos] = arg
  return concatenate( args, axis=axis )


[docs]def diagonalize( arg ):
  'diagonalize'

  arg = asarray( arg )
  shape = arg.shape + (arg.shape[-1],)

  if arg.shape[-1] == 1:
    return arg[...,_]

  retval = _call( arg, '_diagonalize' )
  if retval is not None:
    assert retval.shape == shape, 'bug in %s._diagonalize' % arg
    return retval

  return Diagonalize( arg )


[docs]def concatenate( args, axis=0 ):
  'concatenate'

  args = _matchndim( *args )
  axis = numeric.normdim( args[0].ndim, axis )
  i = 0

  if all( _iszero(arg) for arg in args ):
    shape = list( args[0].shape )
    axis = numeric.normdim( len(shape), axis )
    for arg in args[1:]:
      for i in range( len(shape) ):
        if i == axis:
          shape[i] += arg.shape[i]
        elif shape[i] == 1:
          shape[i] = arg.shape[i]
        else:
          assert arg.shape[i] in (shape[i],1)
    return _zeros( shape )

  while i+1 < len(args):
    arg1, arg2 = args[i:i+2]
    if not _isfunc(arg1) and not _isfunc(arg2):
      arg12 = numpy.concatenate( [ arg1, arg2 ], axis )
    else:
      arg12 = _call( arg1, '_concatenate', arg2, axis )
      if arg12 is None:
        i += 1
        continue
    args = args[:i] + [arg12] + args[i+2:]

  if len(args) == 1:
    return args[0]

  return Concatenate( args, axis )


[docs]def transpose( arg, trans=None ):
  'transpose'

  arg = asarray( arg )
  if trans is None:
    invtrans = range( arg.ndim-1, -1, -1 )
  else:
    trans = _normdims( arg.ndim, trans )
    assert sorted(trans) == range(arg.ndim)
    invtrans = numpy.empty( arg.ndim, dtype=int )
    invtrans[ numpy.asarray(trans) ] = numpy.arange( arg.ndim )
  return align( arg, invtrans, arg.ndim )


[docs]def product( arg, axis ):
  'product'

  arg = asarray( arg )
  axis = numeric.normdim( arg.ndim, axis )
  shape = arg.shape[:axis] + arg.shape[axis+1:]

  if arg.shape[axis] == 1:
    return get( arg, axis, 0 )

  if not _isfunc( arg ):
    return numpy.product( arg, axis )

  retval = _call( arg, '_product', axis )
  if retval is not None:
    assert retval.shape == shape, 'bug in %s._product' % arg
    return retval

  return Product( arg, axis )


[docs]def choose( level, choices ):
  'choose'

  choices = _matchndim( *choices )
  if _isfunc(level) or any( _isfunc(choice) for choice in choices ):
    return Choose( level, choices )
  return numpy.choose( level, choices )


[docs]def cross( arg1, arg2, axis ):
  'cross product'

  arg1, arg2 = _matchndim( arg1, arg2 )
  shape = _jointshape( arg1.shape, arg2.shape )
  axis = numeric.normdim( len(shape), axis )

  if not _isfunc(arg1) and not _isfunc(arg2):
    return numeric.cross(arg1,arg2,axis)

  retval = _call( arg1, '_cross', arg2, axis )
  if retval is not None:
    assert retval.shape == shape, 'bug in %s._cross' % arg1
    return retval

  retval = _call( arg2, '_cross', arg1, axis )
  if retval is not None:
    assert retval.shape == shape, 'bug in %s._cross' % arg2
    return -retval

  return Cross( arg1, arg2, axis )


[docs]def outer( arg1, arg2=None, axis=0 ):
  'outer product'

  arg1, arg2 = _matchndim( arg1, arg2 if arg2 is not None else arg1 )
  axis = numeric.normdim( arg1.ndim, axis )
  return insert(arg1,axis+1) * insert(arg2,axis)


[docs]def pointwise( args, evalf, deriv ):
  'general pointwise operation'

  args = asarray( _matchndim(*args) )
  if _isfunc(args):
    return Pointwise( args, evalf, deriv )
  return evalf( *args )


[docs]def multiply( arg1, arg2 ):
  'multiply'

  arg1, arg2 = _matchndim( arg1, arg2 )
  shape = _jointshape( arg1.shape, arg2.shape )

  if _isunit( arg1 ):
    return expand( arg2, shape )

  if _isunit( arg2 ):
    return expand( arg1, shape )

  if not _isfunc(arg1) and not _isfunc(arg2):
    return numpy.multiply( arg1, arg2 )

  if _equal( arg1, arg2 ):
    return power( arg1, 2 )

  for idim, sh in enumerate( shape ):
    if sh == 1:
      return insert( multiply( get(arg1,idim,0), get(arg2,idim,0) ), idim )

  retval = _call( arg1, '_multiply', arg2 )
  if retval is not None:
    assert retval.shape == shape, 'bug in %s._multiply' % arg1
    return retval

  retval = _call( arg2, '_multiply', arg1 )
  if retval is not None:
    assert retval.shape == shape, 'bug in %s._multiply' % arg2
    return retval

  return Multiply( arg1, arg2 )


[docs]def add( arg1, arg2 ):
  'add'

  arg1, arg2 = _matchndim( arg1, arg2 )
  shape = _jointshape( arg1.shape, arg2.shape )

  if _iszero( arg1 ):
    return expand( arg2, shape )

  if _iszero( arg2 ):
    return expand( arg1, shape )

  if not _isfunc(arg1) and not _isfunc(arg2):
    return numpy.add( arg1, arg2 )

  if _equal( arg1, arg2 ):
    return arg1 * 2

  for idim, sh in enumerate( shape ):
    if sh == 1:
      return insert( add( get(arg1,idim,0), get(arg2,idim,0) ), idim )

  retval = _call( arg1, '_add', arg2 )
  if retval is not None:
    assert retval.shape == shape, 'bug in %s._add' % arg1
    return retval

  retval = _call( arg2, '_add', arg1 )
  if retval is not None:
    assert retval.shape == shape, 'bug in %s._add' % arg2
    return retval

  return Add( arg1, arg2 )


[docs]def negative( arg ):
  'make negative'

  arg = asarray(arg)

  if not _isfunc( arg ):
    return numpy.negative( arg )

  retval = _call( arg, '_negative' )
  if retval is not None:
    assert retval.shape == arg.shape, 'bug in %s._negative' % arg
    return retval

  return Negative( arg )


[docs]def power( arg, n ):
  'power'

  arg = asarray( arg )
  assert _isscalar( n )

  if n == 1:
    return arg

  if n == 0:
    return numpy.ones( arg.shape )

  if isinstance( arg, numpy.ndarray ):
    return numpy.power( arg, n )

  retval = _call( arg, '_power', n )
  if retval is not None:
    assert retval.shape == arg.shape, 'bug in %s._power' % arg
    return retval

  return Power( arg, n )


[docs]def sign( arg ):
  'sign'

  arg = asarray( arg )

  if isinstance( arg, numpy.ndarray ):
    return numpy.sign( arg )

  retval = _call( arg, '_sign' )
  if retval is not None:
    assert retval.shape == arg.shape, 'bug in %s._sign' % arg
    return retval

  return Sign( arg )


[docs]def eig( arg, axes=(-2,-1), symmetric=False, sort=False ):
  '''eig( arg, axes [ symmetric ] )
  Compute the eigenvalues and vectors of a matrix. The eigenvalues and vectors
  are positioned on the last axes.

  * tuple axes       The axis on which the eigenvalues and vectors are calculated
  * bool  symmetric  Is the matrix symmetric
  * int   sort       Sort the eigenvalues and vectors (-1=descending, 0=unsorted, 1=ascending)'''

  # Sort axis
  arg = asarray( arg )
  ax1, ax2 = _norm_and_sort( arg.ndim, axes )
  assert ax2 > ax1 # strict

  # Check if the matrix is square
  assert arg.shape[ax1] == arg.shape[ax2]

  # Move the axis with matrices
  trans = range(ax1) + [-2] + range(ax1,ax2-1) + [-1] + range(ax2-1,arg.ndim-2)
  arg = align( arg, trans, arg.ndim )

  shapeval = arg.shape[:-1]
  shapevec = arg.shape

  # When it's an array calculate directly
  if not _isfunc(arg):
    eigval, eigvec = numeric.eigh( arg, sort ) if symmetric else numeric.eig( arg, sort )
    return eigval, eigvec

  # Use _call to see if the object has its own _eig function
  ret = _call( arg, '_eig' )

  if ret is not None:
    # Check the shapes
    eigval, eigvec = ret
    assert eigval.shape == shapeval, 'bug in %s._eig' % arg
    assert eigvec.shape == shapevec, 'bug in %s._eig' % arg
  else:
    eig = Eig( arg, symmetric=symmetric, sort=sort )
    eigval = ArrayFromTuple( eig, index=0, shape=arg.shape[:-1] )
    eigvec = ArrayFromTuple( eig, index=1, shape=arg.shape )

  # Return the evaluable function objects in a tuple like numpy
  return eigval, eigvec


nsymgrad = lambda arg, coords: ( symgrad(arg,coords) * coords.normal() ).sum()
ngrad = lambda arg, coords: ( grad(arg,coords) * coords.normal() ).sum()
sin = lambda arg: pointwise( [arg], numpy.sin, cos )
cos = lambda arg: pointwise( [arg], numpy.cos, lambda x: -sin(x) )
tan = lambda arg: pointwise( [arg], numpy.tan, lambda x: cos(x)**-2 )
arcsin = lambda arg: pointwise( [arg], numpy.arcsin, lambda x: reciprocal(sqrt(1-x**2)) )
arccos = lambda arg: pointwise( [arg], numpy.arccos, lambda x: -reciprocal(sqrt(1-x**2)) )
exp = lambda arg: pointwise( [arg], numpy.exp, exp )
ln = lambda arg: pointwise( [arg], numpy.log, reciprocal )
log2 = lambda arg: ln(arg) / ln(2)
log10 = lambda arg: ln(arg) / ln(10)
sqrt = lambda arg: power( arg, .5 )
reciprocal = lambda arg: power( arg, -1 )
argmin = lambda arg, axis: pointwise( bringforward(arg,axis), lambda *x: numpy.argmin(numeric.stack(x),axis=0), _zeros_like )
argmax = lambda arg, axis: pointwise( bringforward(arg,axis), lambda *x: numpy.argmax(numeric.stack(x),axis=0), _zeros_like )
arctan2 = lambda arg1, arg2=None: pointwise( arg1 if arg2 is None else [arg1,arg2], numpy.arctan2, lambda x: stack([x[1],-x[0]]) / sum(power(x,2),0) )
greater = lambda arg1, arg2=None: pointwise( arg1 if arg2 is None else [arg1,arg2], numpy.greater, _zeros_like )
less = lambda arg1, arg2=None: pointwise( arg1 if arg2 is None else [arg1,arg2], numpy.less, _zeros_like )
min = lambda arg1, *args: choose( argmin( arg1 if not args else (arg1,)+args, axis=0 ), arg1 if not args else (arg1,)+args )
max = lambda arg1, *args: choose( argmax( arg1 if not args else (arg1,)+args, axis=0 ), arg1 if not args else (arg1,)+args )
abs = lambda arg: arg * sign(arg)
sinh = lambda arg: .5 * ( exp(arg) - exp(-arg) )
cosh = lambda arg: .5 * ( exp(arg) + exp(-arg) )
tanh = lambda arg: 1 - 2. / ( exp(2*arg) + 1 )
arctanh = lambda arg: .5 * ( ln(1+arg) - ln(1-arg) )
piecewise = lambda level, intervals, *funcs: choose( sum( greater( insert(level,-1), intervals ) ), funcs )
trace = lambda arg, n1=-2, n2=-1: sum( takediag( arg, n1, n2 ) )
eye = lambda n: diagonalize( expand( [1.], (n,) ) )
norm2 = lambda arg, axis=-1: sqrt( sum( arg * arg, axis ) )
heaviside = lambda arg: choose( greater( arg, 0 ), [0.,1.] )
divide = lambda arg1, arg2: multiply( arg1, reciprocal(arg2) )
subtract = lambda arg1, arg2: add( arg1, negative(arg2) )
mean = lambda arg: .5 * ( arg + opposite(arg) )
jump = lambda arg: arg - opposite(arg)
add_T = lambda arg, axes=(-2,-1): swapaxes( arg, axes ) + arg

[docs]def swapaxes( arg, axes=(-2,-1) ):
  'swap axes'

  arg = asarray( arg )
  n1, n2 = axes
  trans = numpy.arange( arg.ndim )
  trans[n1] = numeric.normdim( arg.ndim, n2 )
  trans[n2] = numeric.normdim( arg.ndim, n1 )
  return align( arg, trans, arg.ndim )


[docs]def opposite( arg ):
  'evaluate jump over interface'

  if not isinstance( arg, Evaluable ):
    return arg

  return arg._opposite()


[docs]def function( fmap, nmap, ndofs, ndims ):
  'create function on ndims-element'

  axis = '~%d' % ndofs
  cascade = Cascade(ndims)
  func = Function( cascade, fmap, igrad=0, axis=axis )
  dofmap = DofMap( cascade, nmap, axis=axis )
  return Inflate( func, dofmap, length=ndofs, axis=0 )


[docs]def take( arg, index, axis ):
  'take index'

  arg = asarray( arg )
  axis = numeric.normdim( arg.ndim, axis )

  if isinstance( index, slice ):
    assert index.start == None or index.start >= 0
    assert index.stop != None and index.stop > 0
    index = numpy.arange( index.start or 0, index.stop, index.step )
    assert index.size > 0
  elif not _isfunc( index ):
    index = numpy.asarray( index, dtype=int )
    assert numpy.all( index >= 0 )
    assert index.size > 0
  assert index.ndim == 1

  if arg.shape[axis] == 1:
    return repeat( arg, index.shape[0], axis )

  if not _isfunc( index ):
    allindices = numpy.arange( arg.shape[axis] )
    index = allindices[index]
    if numpy.all( index == allindices ):
      return arg

  if index.shape[0] == 1:
    return insert( get( arg, axis, index[0] ), axis )

  retval = _call( arg, '_take', index, axis )
  if retval is not None:
    return retval

  if _isfunc( index ):
    return DofIndex( arg, axis, index )

  if not _isfunc( arg ):
    return numpy.take( arg, index, axis )

  return Take( arg, index, axis )


[docs]def inflate( arg, dofmap, length, axis ):
  'inflate'

  arg = asarray( arg )
  axis = numeric.normdim( arg.ndim, axis )
  assert not isinstance( arg.shape[axis], int )

  retval = _call( arg, '_inflate', dofmap, length, axis )
  if retval is not None:
    return retval

  return Inflate( arg, dofmap, length, axis )


def blocks( arg ):
  arg = asarray( arg )
  try:
    blocks = arg.blocks
  except AttributeError:
    blocks = [( arg, tuple( numpy.arange(n) if isinstance(n,int) else None for n in arg.shape ) )]
  return blocks

[docs]def pointdata ( topo, ischeme, func=None, shape=None, value=None ):
  'point data'

  from . import topology
  assert isinstance(topo,topology.Topology)

  if func is not None:
    assert value is None
    assert shape is None
    shape = func.shape
  else: # func is None
    if value is not None:
      assert shape is None
      value = numpy.asarray( value )
    else: # value is None
      assert shape is not None
      value = numpy.zeros( shape )
    shape = value.shape

  data = {}
  for elem in topo:
    ipoints, iweights = elem.eval( ischeme )
    values = numpy.empty( ipoints.shape[:-1]+shape, dtype=float )
    values[:] = func(elem,ischeme) if func is not None else value
    data[ elem ] = values, ipoints

  return Pointdata( data, shape )


[docs]def fdapprox( func, w, dofs, delta=1.e-5 ):
  '''Finite difference approximation of the variation of func in directions w
  around dofs. Input arguments:
  * func,  the functional to differentiate
  * dofs,  DOF vector of linearization point
  * w,     the function space or a tuple of chained spaces
  * delta, finite difference step scaling of ||dofs||_inf'''
  log.context( 'FD approx' )
  if not isinstance( w, tuple ): w = w,
  x0 = tuple( wi.dot( dofs ) for wi in w )
  step = numpy.linalg.norm( dofs, numpy.inf )*delta
  ndofs = len( dofs )
  dfunc_fd = []
  for i in log.iterate( 'dof', range(ndofs) ):
    pert = dofs.copy()
    pert[i] += step
    x1 = tuple( wi.dot( pert ) for wi in w )
    dfunc_fd.append( (func( *x1 ) - func( *x0 ))/step )
  return dfunc_fd


[docs]def iwscale( coords, ndims ):
  'integration weights scale'

  assert coords.ndim == 1
  J = localgradient( coords, ndims )
  cndims, = coords.shape
  assert J.shape == (cndims,ndims), 'wrong jacobian shape: got %s, expected %s' % ( J.shape, (cndims, ndims) )
  if cndims == ndims:
    detJ = determinant( J )
  elif ndims == 1:
    detJ = norm2( J[:,0], axis=0 )
  elif cndims == 3 and ndims == 2:
    detJ = norm2( cross( J[:,0], J[:,1], axis=0 ), axis=0 )
  elif ndims == 0:
    detJ = 1.
  else:
    raise NotImplementedError, 'cannot compute determinant for %dx%d jacobian' % J.shape[:2]
  return detJ


[docs]def supp( funcsp, indices ):
  'find support of selection of basis functions'

  # FRAGILE! makes lots of assumptions on the nature of funcsp
  supp = []
  for func, axes in funcsp.blocks:
    dofmap = axes[0].dofmap
    stdmap = func.stdmap
    for elem, dofs in dofmap.items():
      while True:
        std = stdmap.get( elem )
        nshapes = 0 if not std \
           else std[1].sum() if isinstance( std, tuple ) \
           else std.nshapes
        if numpy.intersect1d( dofs[:nshapes], indices, assume_unique=True ).size:
          supp.append( elem )
        dofs = dofs[nshapes:]
        if not elem.parent:
          break
        elem, trans = elem.parent
      assert not dofs.size
  return supp

# CBUILDER
#
# Set of tools for just-in-time compilation of evaluables. Prototyping stage.


def _cshape( shape ):
  return [ sh if isinstance(sh,int) else 'n%d' % i for i, sh in enumerate(shape) ]

def _cstrides( shape ):
  if not shape:
    return []
  strides = [1]
  for sh in _cshape(shape)[:0:-1]:
    strides.append( '%s*%s' % ( strides[-1], sh ) )
  return strides[::-1]

def _cindex( myshape, shape ):
  assert len(shape) == len(myshape)
  index = []
  for i, stride in enumerate( _cstrides(myshape) ):
    if myshape[i] == shape[i]:
      index.append( '%s*i%d' % (stride,i) )
    else:
      assert myshape[i] == 1
  return '+'.join( index ) or '0'

def _cfor( varname, count, do ):
  return 'for ( %s=0; %s<%s; %s++ ) { %s }' % ( varname, varname, count, varname, do )

def _cfunc( args, body ):
  return '( %s )\n{ %s }\n' % ( ', '.join( args ), body )

[docs]class CBuilder( object ):
  'cbuilder'

  def __init__( self, cachedir='/tmp/nutils' ):
    from cffi import FFI
    self.ffi = FFI()
    self.codebase = {}
    self.allcode = []
    self.cachedir = cachedir

  def compile( self ):
    log.context( 'c-builder' )
    if not self.codebase:
      return
    import os, hashlib
    code = '\n'.join( self.allcode )
    fname = os.path.join( self.cachedir, hashlib.md5( code ).hexdigest() )
    if os.path.isfile( fname+'.so' ):
      log.info( 'in cache' )
    else:
      log.info( 'compiling %d c-functions' % len(self.codebase) )
      if not os.path.isdir( self.cachedir ):
        os.mkdir( self.cachedir )
      open( fname+'.c', 'w' ).write( code )
      assert os.system( 'gcc -fpic -g -c -o %s.o -O3 -march=native -mtune=native %s.c' % ((fname,)*2) ) == 0
      assert os.system( 'gcc -shared -Wl,-soname,%s.so -o %s.so %s.o -lc' % ((fname,)*3) ) == 0
      os.unlink( fname+'.c' )
      os.unlink( fname+'.o' )
    self.so = self.ffi.dlopen( fname+'.so' )

  def cast( self, args, ctypes ):
    assert len(args) == len(ctypes)
    for arg, ctype in zip( args, ctypes ):
      if ctype[-1] == '*':
        assert isinstance( arg, numpy.ndarray )
        # assert arg.flags.c_contiguous
        # TODO check dtype
        arg = arg.ctypes.data
      yield self.ffi.cast( ctype, arg )

  def __getitem__( self, (code,init) ):
    evalf = self.codebase.get(code)
    if evalf:
      return evalf
    arglist, body = code.split( '\n', 1 )
    assert arglist[0] == '(' and arglist[-1] == ')'
    ctypes = [ item.strip().rsplit(' ',1)[0] for item in arglist[1:-1].split( ',' ) ]
    handle = 'func%d' % len(self.codebase)
    head = 'void ' + handle
    self.ffi.cdef( head + arglist + ';' )
    def evalf( *args ):
      cfunc = getattr( self.so, handle )
      retval, iterargs = init( args )
      for args in iterargs:
        cfunc( *self.cast( args, ctypes ) )
      return retval
    self.codebase[code] = evalf
    self.allcode.append( head + code )
    return evalf


def init_args_for( RETVAL, *ARGS ):
  shape = RETVAL.shape
  ndim = _max( ARG.ndim for ARG in ARGS if ARG is not None )
  jointshape = _jointshape( *[ ARG.shape for ARG in ARGS if ARG is not None ] )
  def init( args ):
    assert len(args) == len(ARGS)
    # 'None' ARGS are filtered out; values are built into the c code
    args = [ numpy.ascontiguousarray( arg, dtype=ARG.dtype ) if arg.ndim else arg for arg, ARG in zip( args, ARGS ) if ARG is not None ]
    haspoints = _max( [ arg.ndim for arg in args ] ) - ndim
    assert haspoints in (0,1)
    if haspoints:
      neval = _max( [ arg.shape[0] for arg in args if arg.ndim > ndim ] )
      retshape = [ neval ]
    else:
      neval = 1
      retshape = []
    assert all( arg.shape[0] == neval for arg in args if arg.ndim > ndim )
    varsizes = []
    for idim, sh in enumerate( jointshape ):
      if not isinstance(sh,int):
        for arg in args:
          sh = arg.shape[idim-len(jointshape)]
          if sh != 1:
            break
        varsizes.append( sh )
      if idim < len(shape):
        retshape.append( sh )
    retval = numpy.empty( retshape, dtype=RETVAL.dtype )
    args = [ retval[...,_] if haspoints else [retval[...,_]] * neval ] \
         + [ [arg[...,_]] * neval if arg.ndim == ndim else arg[...,_] for arg in args ]
    args = [ arg + tuple(varsizes) for arg in zip( *args ) ]
    return retval, args
  return init

# vim:shiftwidth=2:foldmethod=indent:foldnestmax=2
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  Source code for nutils.debug

# -*- coding: utf8 -*-
#
# Module DEBUG
#
# Part of Nutils: open source numerical utilities for Python. Jointly developed
# by HvZ Computational Engineering, TU/e Multiscale Engineering Fluid Dynamics,
# and others. More info at http://nutils.org <info@nutils.org>. (c) 2014

"""
The debug module provides code inspection tools and the "traceback explorer"
interactive shell environment. Access to these components is primarily via
:func:`breakpoint` and an exception handler in :func:`nutils.util.run`.
"""

from . import core
import sys, cmd, re, os, linecache

[docs]class Frame( object ):
  'frame info'

  def __init__( self, frame, lineno=None ):
    'constructor'

    self.frame = frame
    self.lineno = lineno or self.frame.f_lineno

  @staticmethod
  def _name( frame ):
    # If frame is a class method try to add the class name
    # http://stackoverflow.com/questions/2203424/python-how-to-retrieve-class-information-from-a-frame-object/15704609#15704609
    name = frame.f_code.co_name
    for classname, obj in frame.f_globals.iteritems():
      try:
        assert obj.__dict__[name].func_code is frame.f_code
      except:
        pass
      else:
        return '%s.%s' % ( classname, name )
    return name

  def getline( self, lineno ):
    return linecache.getline( self.frame.f_code.co_filename, lineno )

  @property
  @core.cache
  def where( self ):
    relpath = os.path.relpath( self.frame.f_code.co_filename )
    name = self._name( self.frame )
    return 'File "%s", line %d, in %s' % ( relpath, self.lineno, name )

  @property
  @core.cache
  def context( self ):
    return '  %s\n    %s' % ( self.where,self.getline( self.lineno ).strip() )

  @property
  @core.cache
  def source( self ):
    path = self.frame.f_code.co_filename
    lineno = self.frame.f_code.co_firstlineno
    line = self.getline( lineno )
    if not line:
      return '<not avaliable>'
    indent = len(line) - len(line.lstrip())
    source = line[indent:]
    while line[indent] == '@':
      lineno += 1
      line = self.getline( lineno )
      source += line[indent:]
    linebreak = False
    while True:
      lineno += 1
      line = linecache.getline( path, lineno )
      if line[:indent+1].lstrip().startswith('#'):
        line = ' ' * indent + line.lstrip()
      elif not line or line[:indent+1].strip() and not linebreak:
        break
      source += '>' + line[indent+1:] if lineno == self.lineno else line[indent:]
      linebreak = line.rstrip().endswith( '\\' )
    return source.rstrip() # strip trailing empty lines

  def __str__( self ):
    'string representation'

    return self.context


[docs]class Explorer( cmd.Cmd ):
  'traceback explorer'

  def __init__( self, exc, frames, intro ):
    'constructor'

    cmd.Cmd.__init__( self, completekey='tab' )

    lines = [ 'WELCOME TO TRACEBACK EXPLORER.' ]
    maxlen = 44
    nextline = ''
    for word in intro.split():
      if not nextline or len(nextline) + 1 + len(word) > maxlen:
        lines.append( nextline )
        nextline = word
      else:
        nextline += ' ' + word
    lines.append( nextline )
    rule = '+-' + '-' * maxlen + '-+'
    self.intro = '\n'.join( [ rule ] + [ '| %s |' % line.ljust(maxlen) for line in lines ] + [ rule ] )

    self.exc = exc
    self.frames = frames
    self.index = len(frames) - 1
    self.prompt = '\n>>> '

[docs]  def show_context( self ):
    'show traceback up to index'

    for i, f in enumerate(self.frames):
      print ' *'[i == self.index] + f.context[1:]
    print ' ', self.exc


[docs]  def do_s( self, arg ):
    '''Show source code of the currently focussed frame.'''

    for f in self.frames[:self.index+1]:
      print f.where
    print f.source


[docs]  def do_l( self, arg ):
    '''List the stack and exception type'''

    self.show_context()


[docs]  def do_q( self, arg ):
    '''Quit traceback exploror.'''

    print 'quit.'
    return True


[docs]  def do_u( self, arg ):
    '''Shift focus to the frame above the current one.'''

    if self.index > 0:
      self.index -= 1
      self.show_context()


[docs]  def do_d( self, arg ):
    '''Shift focus to the frame below the current one.'''

    if self.index < len(self.frames)-1:
      self.index += 1
      self.show_context()


[docs]  def do_w( self, arg ):
    '''Show overview of local variables.'''

    frame = self.frames[self.index].frame
    maxlen = max( len(name) for name in frame.f_locals )
    fmt = '  %' + str(maxlen) + 's : %s'
    for item in frame.f_locals.iteritems():
      print fmt % item


[docs]  def do_p( self, arg ):
    '''Print local of global variable, or function evaluation.'''

    frame = self.frames[self.index].frame
    print eval(arg,frame.f_globals,frame.f_locals)


[docs]  def onecmd( self, text ):
    'wrap command handling to avoid a second death'

    try:
      return cmd.Cmd.onecmd( self, text )
    except Exception, e:
      print '%s in %r:' % ( e.__class__.__name__, text ), e


[docs]  def do_pp( self, arg ):
    '''Pretty-print local of global variable, or function evaluation.'''

    import pprint
    frame = self.frames[self.index].frame
    pprint.pprint( eval(arg,frame.f_globals,frame.f_locals) )


[docs]  def completedefault( self, text, line, begidx, endidx ):
    'complete object names'

    frame = self.frames[self.index].frame

    objs = {}
    objs.update( frame.f_globals )
    objs.update( frame.f_locals )

    base = ''
    while '.' in text:
      objname, attr = text.split( '.', 1 )
      try:
        obj = objs[ objname ]
      except KeyError:
        return []
      objs = {}
      for attrname in dir(obj):
        try:
          objs[attrname] = getattr(obj,attrname)
        except:
          pass
      base += objname + '.'
      text = attr

    return [ base+name for name in objs if name.startswith(text) ]



[docs]def exception():
  'constructor'

  tb = sys.exc_traceback
  frames = []
  while tb:
    frames.append( Frame( tb.tb_frame, tb.tb_lineno ) )
    tb = tb.tb_next
  return frames


def format_exc():
  return '\n'.join( [ repr(sys.exc_value) ] + [ str(f) for f in exception() ] )

def callstack( depth=1 ):
  frames = []
  try:
    frame = sys._getframe( depth )
  except ValueError:
    frame = None
  while frame:
    frames.append( Frame( frame ) )
    frame = frame.f_back
  return frames[::-1]

[docs]def write_html( out, exc, frames ):
  'write exception info to html file'

  out.write( '<span class="info">' )
  out.write( '\n<hr/>' )
  out.write( '<b>EXHAUSTIVE POST-MORTEM DUMP FOLLOWS</b>\n' )
  out.write( '\n'.join( [ repr(exc) ] + [ str(f) for f in frames ] ) )
  out.write( '<hr/>\n' )
  for f in reversed(frames):
    out.write( f.context.splitlines()[0] + '\n' )
    for line in f.source.splitlines():
      if line.startswith( '>' ):
        fmt = '<span class="error"> %s</span>\n'
        line = line[1:]
      else:
        fmt = '%s\n'
      line = re.sub( r'\b(def|if|elif|else|for|while|with|in|return)\b', r'<b>\1</b>', line.replace('<','&lt;').replace('>','&gt;') )
      out.write( fmt % line )
    out.write( '\n\n' )
    out.write( '<table border="1" style="border:none; margin:0px; padding:0px;">\n' )
    for key, val in f.frame.f_locals.iteritems():
      try:
        val = str(val).replace('<','&lt;').replace('>','&gt;')
      except:
        val = 'ERROR'
      out.write( '<tr><td>%s</td><td>%s</td></tr>\n' % ( key, val ) )
    out.write( '</table>\n' )
    out.write( '<hr/>\n' )
  out.write( '</span>' )
  out.flush()


[docs]def breakpoint():
  'breakpoint'

  Explorer( 'Suspended.', callstack(2), intro='''\
    Your program is suspended. The traceback explorer allows you to examine
    its current state and even alter it. Closing the explorer will resume
    program execution.''' ).cmdloop()

# vim:shiftwidth=2:foldmethod=indent:foldnestmax=2
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# -*- coding: utf8 -*-
#
# Module NUMERIC
#
# Part of Nutils: open source numerical utilities for Python. Jointly developed
# by HvZ Computational Engineering, TU/e Multiscale Engineering Fluid Dynamics,
# and others. More info at http://nutils.org <info@nutils.org>. (c) 2014

"""
The numeric module provides methods that are lacking from the numpy module. An
accompanying extension module _numeric.c should be compiled to benefit from
extra performance, although a Python-only implementation is provided as
fallback. A warning message is printed if the extension module is not found.
"""

import numpy, warnings

try:
  from _numeric import _contract, SaneArray
except:
  warnings.warn( '''Failed to load _numeric module.
  Falling back on equivalent python implementation. THIS
  MAY SEVERELY IMPACT PERFORMANCE! Pleace compile the C
  extensions by running 'make' in the nutils directory.''', stacklevel=2 )
  def _contract( A, B, axes ):
    assert A.shape == B.shape and axes > 0
    return ((A*B).reshape(A.shape[:-axes]+(-1,))).sum(-1)

[docs]def normdim( ndim, n ):
  'check bounds and make positive'

  assert isinstance(ndim,int) and ndim >= 0, 'ndim must be positive integer, got %s' % ndim
  if n < 0:
    n += ndim
  assert 0 <= n < ndim, 'argument out of bounds: %s not in [0,%s)' % (n,ndim)
  return n


[docs]def align( arr, trans, ndim ):
  '''create new array of ndim from arr with axes moved accordin
  to trans'''

  # as_strided will check validity of trans
  arr = numpy.asarray( arr )
  trans = numpy.asarray( trans, dtype=int )
  assert len(trans) == arr.ndim
  strides = numpy.zeros( ndim, dtype=int )
  strides[trans] = arr.strides
  shape = numpy.ones( ndim, dtype=int )
  shape[trans] = arr.shape
  return numpy.lib.stride_tricks.as_strided( arr, shape, strides )


[docs]def get( arr, axis, item ):
  'take single item from array axis'

  arr = numpy.asarray( arr )
  axis = normdim( arr.ndim, axis )
  return arr[ (slice(None),) * axis + (item,) ]


[docs]def expand( arr, *shape ):
  'expand'

  newshape = list( arr.shape )
  for i, sh in enumerate( shape ):
    if sh != None:
      if newshape[i-len(shape)] == 1:
        newshape[i-len(shape)] = sh
      else:
        assert newshape[i-len(shape)] == sh
  expanded = numpy.empty( newshape )
  expanded[:] = arr
  return expanded


[docs]def linspace2d( start, stop, steps ):
  'linspace & meshgrid combined'

  start = tuple(start) if isinstance(start,(list,tuple)) else (start,start)
  stop  = tuple(stop ) if isinstance(stop, (list,tuple)) else (stop, stop )
  steps = tuple(steps) if isinstance(steps,(list,tuple)) else (steps,steps)
  assert len(start) == len(stop) == len(steps) == 2
  values = numpy.empty( (2,)+steps )
  values[0] = numpy.linspace( start[0], stop[0], steps[0] )[:,numpy.newaxis]
  values[1] = numpy.linspace( start[1], stop[1], steps[1] )[numpy.newaxis,:]
  return values


[docs]def contract( A, B, axis=-1 ):
  'contract'

  A = numpy.asarray( A, dtype=float )
  B = numpy.asarray( B, dtype=float )

  n = B.ndim - A.ndim
  if n > 0:
    Ashape = list(B.shape[:n]) + list(A.shape)
    Astrides = [0]*n + list(A.strides)
    Bshape = list(B.shape)
    Bstrides = list(B.strides)
  elif n < 0:
    n = -n
    Ashape = list(A.shape)
    Astrides = list(A.strides)
    Bshape = list(A.shape[:n]) + list(B.shape)
    Bstrides = [0]*n + list(B.strides)
  else:
    Ashape = list(A.shape)
    Astrides = list(A.strides)
    Bshape = list(B.shape)
    Bstrides = list(B.strides)

  shape = Ashape
  nd = len(Ashape)
  for i in range( n, nd ):
    if Ashape[i] == 1:
      shape[i] = Bshape[i]
      Astrides[i] = 0
    elif Bshape[i] == 1:
      Bstrides[i] = 0
    else:
      assert Ashape[i] == Bshape[i]

  if isinstance( axis, int ):
    axis = axis,
  axis = sorted( [ ax+nd if ax < 0 else ax for ax in axis ], reverse=True )
  for ax in axis:
    assert 0 <= ax < nd, 'invalid contraction axis'
    shape.append( shape.pop(ax) )
    Astrides.append( Astrides.pop(ax) )
    Bstrides.append( Bstrides.pop(ax) )

  A = numpy.lib.stride_tricks.as_strided( A, shape, Astrides )
  B = numpy.lib.stride_tricks.as_strided( B, shape, Bstrides )

  if not A.size:
    return numpy.zeros( A.shape[:-len(axis)] )

  return _contract( A, B, len(axis) )


[docs]def contract_fast( A, B, naxes ):
  'contract last n axes'

  A = numpy.asarray( A, dtype=float )
  B = numpy.asarray( B, dtype=float )

  n = B.ndim - A.ndim
  if n > 0:
    Ashape = list(B.shape[:n]) + list(A.shape)
    Astrides = [0]*n + list(A.strides)
    Bshape = list(B.shape)
    Bstrides = list(B.strides)
  elif n < 0:
    n = -n
    Ashape = list(A.shape)
    Astrides = list(A.strides)
    Bshape = list(A.shape[:n]) + list(B.shape)
    Bstrides = [0]*n + list(B.strides)
  else:
    Ashape = list(A.shape)
    Astrides = list(A.strides)
    Bshape = list(B.shape)
    Bstrides = list(B.strides)

  shape = list(Ashape)
  for i in range( len(Ashape) ):
    if Ashape[i] == 1:
      shape[i] = Bshape[i]
      Astrides[i] = 0
    elif Bshape[i] == 1:
      Bstrides[i] = 0
    else:
      assert Ashape[i] == Bshape[i]

  A = numpy.lib.stride_tricks.as_strided( A, shape, Astrides )
  B = numpy.lib.stride_tricks.as_strided( B, shape, Bstrides )

  if not A.size:
    return numpy.zeros( shape[:-naxes] )

  return _contract( A, B, naxes )


[docs]def dot( A, B, axis=-1 ):
  '''Transform axis of A by contraction with first axis of B and inserting
     remaining axes. Note: with default axis=-1 this leads to multiplication of
     vectors and matrices following linear algebra conventions.'''

  A = numpy.asarray( A, dtype=float )
  B = numpy.asarray( B, dtype=float )

  if axis < 0:
    axis += A.ndim
  assert 0 <= axis < A.ndim

  if A.shape[axis] == 1 or B.shape[0] == 1:
    return A.sum(axis)[(slice(None),)*axis+(numpy.newaxis,)*(B.ndim-1)] \
         * B.sum(0)[(Ellipsis,)+(numpy.newaxis,)*(A.ndim-1-axis)]

  assert A.shape[axis] == B.shape[0]

  if B.ndim != 1 or axis != A.ndim-1:
    shape = A.shape[:axis] + B.shape[1:] + A.shape[axis+1:] + A.shape[axis:axis+1]
    Astrides = A.strides[:axis] + (0,) * (B.ndim-1) + A.strides[axis+1:] + A.strides[axis:axis+1]
    A = numpy.lib.stride_tricks.as_strided( A, shape, Astrides )

  if A.ndim > 1:
    Bstrides = (0,) * axis + B.strides[1:] + (0,) * (A.ndim-B.ndim-axis) + B.strides[:1]
    B = numpy.lib.stride_tricks.as_strided( B, A.shape, Bstrides )

  if not A.size:
    return numpy.zeros( A.shape[:-1] )

  return _contract( A, B, 1 )


[docs]def fastrepeat( A, nrepeat, axis=-1 ):
  'repeat axis by 0stride'

  A = numpy.asarray( A )
  assert A.shape[axis] == 1
  shape = list( A.shape )
  shape[axis] = nrepeat
  strides = list( A.strides )
  strides[axis] = 0
  return numpy.lib.stride_tricks.as_strided( A, shape, strides )


[docs]def fastmeshgrid( X, Y ):
  'mesh grid based on fastrepeat'

  return fastrepeat(X[numpy.newaxis,:],len(Y),axis=0), fastrepeat(Y[:,numpy.newaxis],len(X),axis=1)


[docs]def meshgrid( *args ):
  'multi-dimensional meshgrid generalisation'

  args = map( numpy.asarray, args )
  shape = [ len(args) ] + [ arg.size for arg in args if arg.ndim ]
  grid = numpy.empty( shape )
  n = len(shape)-1
  for i, arg in enumerate( args ):
    if arg.ndim:
      n -= 1
      grid[i] = arg[(slice(None),)+(numpy.newaxis,)*n]
    else:
      grid[i] = arg
  assert n == 0
  return grid


[docs]def appendaxes( A, shape ):
  'append axes by 0stride'

  shape = (shape,) if isinstance(shape,int) else tuple(shape)
  A = numpy.asarray( A )
  return numpy.lib.stride_tricks.as_strided( A, A.shape + shape, A.strides + (0,)*len(shape) )


def takediag( A ):
  if A.shape[-1] == 1:
    shape = A.shape[:-1]
    strides = A.strides[:-1]
  elif A.shape[-2] == 1:
    shape = A.shape[:-2] + A.shape[-1:]
    strides = A.strides[:-2] + A.strides[-1:]
  else:
    assert A.shape[-1] == A.shape[-2]
    shape = A.shape[:-1]
    strides = A.strides[:-2] + (A.strides[-2]+A.strides[-1],)
  return numpy.lib.stride_tricks.as_strided( A, shape, strides )

[docs]def inverse( A ):
  'linearized inverse'

  assert isinstance( A, numpy.ndarray )
  assert A.shape[-2] == A.shape[-1]
  if A.shape[-1] == 1:
    Ainv = numpy.reciprocal( A )
  elif A.shape[-1] == 2:
    det = A[...,0,0] * A[...,1,1] - A[...,0,1] * A[...,1,0]
    Ainv = numpy.empty( A.shape )
    numpy.divide( A[...,1,1],  det, Ainv[...,0,0] )
    numpy.divide( A[...,0,0],  det, Ainv[...,1,1] )
    numpy.divide( A[...,1,0], -det, Ainv[...,1,0] )
    numpy.divide( A[...,0,1], -det, Ainv[...,0,1] )
  else:
    Ainv = numpy.empty( A.shape )
    for I in numpy.lib.index_tricks.ndindex( A.shape[:-2] ):
      Ainv[I] = numpy.linalg.inv( A[I] )
  return Ainv


[docs]def determinant( A ):
  'determinant'

  assert isinstance( A, numpy.ndarray )
  assert A.shape[-2] == A.shape[-1]
  if A.shape[-1] == 1:
    det = A[...,0,0]
  elif A.shape[-1] == 2:
    det = A[...,0,0] * A[...,1,1] - A[...,0,1] * A[...,1,0]
  else:
    det = numpy.empty( A.shape[:-2] )
    for I in numpy.lib.index_tricks.ndindex( A.shape[:-2] ):
      det[I] = numpy.linalg.det( A[I] )
  return det


[docs]def eig( A, sort=False ):
  ''' eig
  Compute the eigenvalues and vectors of a hermitian matrix
  sort   -1/0/1 -> descending / unsorted / ascending
  '''
  assert isinstance( A, numpy.ndarray )
  assert A.shape[-2] == A.shape[-1]

  sort = int(sort)

  eigval = numpy.empty( A.shape[:-1] )
  eigvec = numpy.empty( A.shape )

  for I in numpy.lib.index_tricks.ndindex( A.shape[:-2] ):
    val, vec = numpy.linalg.eig( A[I] )
    if sort != 0:
      idx = val.argsort()
      val = val[idx[::sort]]
      vec = vec[:,idx[::sort]]
    eigval[I] = val
    eigvec[I] = vec

  return (eigval, eigvec)


[docs]def eigh( A, sort=False ):
  ''' eigh
  Compute the eigenvalues and vectors of a hermitian matrix
  sort   -1/0/1 -> descending / unsorted / ascending
  '''
  assert isinstance( A, numpy.ndarray )
  assert A.shape[-2] == A.shape[-1]

  sort = int(sort)

  eigval = numpy.empty( A.shape[:-1] )
  eigvec = numpy.empty( A.shape )

  for I in numpy.lib.index_tricks.ndindex( A.shape[:-2] ):
    val, vec = numpy.linalg.eigh( A[I] )
    if sort != 0:
      idx = val.argsort()
      val = val[idx[::sort]]
      vec = vec[:,idx[::sort]]
    eigval[I] = val
    eigvec[I] = vec

  return (eigval, eigvec)


[docs]def reshape( A, *shape ):
  'more useful reshape'

  newshape = []
  i = 0
  for s in shape:
    if isinstance( s, (tuple,list) ):
      assert numpy.product( s ) == A.shape[i]
      newshape.extend( s )
      i += 1
    elif s == 1:
      newshape.append( A.shape[i] )
      i += 1
    else:
      assert s > 1
      newshape.append( numpy.product( A.shape[i:i+s] ) )
      i += s
  assert i <= A.ndim
  newshape.extend( A.shape[i:] )
  return A.reshape( newshape )


[docs]def mean( A, weights=None, axis=-1 ):
  'generalized mean'

  return A.mean( axis ) if weights is None else dot( A, weights / weights.sum(), axis )


[docs]def norm2( A, axis=-1 ):
  'L2 norm over specified axis'

  return numpy.asarray( numpy.sqrt( contract( A, A, axis ) ) )


[docs]def normalize( A, axis=-1 ):
  'devide by normal'

  s = [ slice(None) ] * A.ndim
  s[axis] = numpy.newaxis
  return A / norm2( A, axis )[ tuple(s) ]


[docs]def cross( v1, v2, axis ):
  'cross product'

  if v1.ndim < v2.ndim:
    v1 = v1[ (numpy.newaxis,)*(v2.ndim-v1.ndim) ]
  elif v2.ndim < v1.ndim:
    v2 = v2[ (numpy.newaxis,)*(v1.ndim-v2.ndim) ]
  return numpy.cross( v1, v2, axis=axis )


[docs]def stack( arrays, axis=0 ):
  'powerful array stacker with singleton expansion'

  arrays = [ numpy.asarray(array,dtype=float) for array in arrays ]
  shape = [1] * max( array.ndim for array in arrays )
  axis = normdim( len(shape)+1, axis )
  for array in arrays:
    for i in range(-array.ndim,0):
      if shape[i] == 1:
        shape[i] = array.shape[i]
      else:
        assert array.shape[i] in ( shape[i], 1 )
  stacked = numpy.empty( shape[:axis]+[len(arrays)]+shape[axis:], dtype=float )
  for i, arr in enumerate( arrays ):
    stacked[(slice(None),)*axis+(i,)] = arr
  return stacked


[docs]def bringforward( arg, axis ):
  'bring axis forward'

  arg = numpy.asarray(arg)
  axis = normdim(arg.ndim,axis)
  if axis == 0:
    return arg
  return arg.transpose( [axis] + range(axis) + range(axis+1,arg.ndim) )


[docs]def diagonalize( arg ):
  'append axis, place last axis on diagonal of self and new'

  diagonalized = numpy.zeros( arg.shape + (arg.shape[-1],) )
  takediag( diagonalized )[:] = arg
  return diagonalized


def check_equal_wrapper( f1, f2 ):
  def f12( *args ):
    v1 = f1( *args )
    v2 = f2( *args )
    numpy.testing.assert_array_almost_equal( v1, v2 )
    return v1
  return f12

# vim:shiftwidth=2:foldmethod=indent:foldnestmax=2
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  Source code for nutils.log

# -*- coding: utf8 -*-
#
# Module LOG
#
# Part of Nutils: open source numerical utilities for Python. Jointly developed
# by HvZ Computational Engineering, TU/e Multiscale Engineering Fluid Dynamics,
# and others. More info at http://nutils.org <info@nutils.org>. (c) 2014

"""
The log module provides print methods ``debug``, ``info``, ``user``,
``warning``, and ``error``, in increasing order of priority. Output is sent to
stdout as well as to an html formatted log file if so configured.
"""

from __future__ import print_function
from . import prop, debug
import sys, time, os, warnings, numpy, re

_KEY = '__logger__'


def _findlogger( frame=None ):
  'find logger in call stack'

  if frame is None:
    frame = sys._getframe(1)
  while frame:
    logger = frame.f_locals.get(_KEY)
    if logger:
      return logger
    frame = frame.f_back
  return SimpleLog


warnings.showwarning = lambda message, category, filename, lineno, *args: warning( '%s: %s\n  In %s:%d' % ( category.__name__, message, filename, lineno ) )


[docs]def stack( msg, frames=None ):
  'print stack trace'

  if frames is None:
    frames = debug.callstack( depth=2 )
  stream = getstream( attr='error', frame=frames[-1].frame )
  print( msg, *reversed(frames), sep='\n', file=stream )



[docs]def SimpleLog( chunks=('',), attr=None ):
  'just write to stdout'
  
  sys.stdout.write( ' > '.join( chunks ) )
  return sys.stdout



def _path2href( match ):
  whitelist = ['.jpg','.png','.svg','.txt'] + getattr( prop, 'plot_extensions', [] )
  filename = match.group(0)
  ext = match.group(1)
  return '<a href="%s">%s</a>' % (filename,filename) if ext not in whitelist \
    else '<a href="%s" name="%s" class="plot">%s</a>' % (filename,filename,filename)


[docs]class HtmlStream( object ):
  'html line stream'

  def __init__( self, chunks, attr, html ):
    'constructor'

    self.out = SimpleLog( chunks, attr=attr )
    self.attr = attr
    self.head = ' &middot; '.join( chunks )
    self.body = ''
    self.html = html

[docs]  def write( self, text ):
    'write to out and buffer for html'

    self.out.write( text )
    self.body += text.replace( '<', '&lt;' ).replace( '>', '&gt;' )


  def __del__( self ):
    'postprocess buffer and write to html'

    body = self.body
    if self.attr == 'path':
      body = re.sub( r'\b\w+([.]\w+)\b', _path2href, body )
    if self.attr:
      body = '<span class="%s">%s</span>' % ( self.attr, body )
    line = '<span class="line">%s</span>' % ( self.head + body )

    self.html.write( line )
    self.html.flush()



[docs]class HtmlLog( object ):
  'html log'

  def __init__( self, fileobj, title, depth=1 ):
    'constructor'

    self.html = fileobj
    self.html.write( '<!DOCTYPE html PUBLIC "-//W3C//DTD XHTML 1.0 Strict//EN" "DTD/xhtml1-strict.dtd">\n' )
    self.html.write( '<html><head>\n' )
    self.html.write( '<title>%s</title>\n' % title )
    self.html.write( '<script type="text/javascript" src="../../../../../viewer.js" ></script>\n' )
    self.html.write( '<link rel="stylesheet" type="text/css" href="../../../../../style.css">\n' )
    self.html.write( '<link rel="stylesheet" type="text/css" href="../../../../../custom.css">\n' )
    self.html.write( '</head><body><pre>\n' )
    self.html.write( '<span id="navbar">goto: <a class="nav_latest" href="../../../../log.html">latest %s</a> | <a class="nav_latestall" href="../../../../../log.html">latest overall</a> | <a class="nav_index" href="../../../../../">index</a></span>\n\n' % title.split()[0] )
    self.html.flush()

    sys._getframe(depth).f_locals[_KEY] = self

  def __call__( self, chunks=('',), attr=None ):
    return HtmlStream( chunks, attr, self.html )

  def __del__( self ):
    'destructor'

    self.html.write( '</pre></body></html>\n' )
    self.html.close()
    


[docs]class ContextLog( object ):
  'base class'

  def __init__( self, depth=1 ):
    'constructor'

    frame = sys._getframe(depth)

    parent = _findlogger( frame )
    while isinstance( parent, ContextLog ) and not parent.__enabled:
      parent = parent.parent

    self.parent = parent
    self.__enabled = True

    frame.f_locals[_KEY] = self

  def __call__( self, chunks=('',), attr=None ):
    if self.__enabled:
      chunks = (self.text,) + chunks
    return self.parent( chunks, attr=attr )

[docs]  def disable( self ):
    'disable this logger'

    self.__enabled = False


  def __repr__( self ):
    return '%s(%s)' % ( self.__class__.__name__, self )

  def __str__( self ):
    return '%s > %s' % ( self.parent, self.text ) if self.__enabled else str(self.parent)



[docs]class StaticContextLog( ContextLog ):
  'simple text logger'

  def __init__( self, text, depth=1 ):
    'constructor'

    self.text = text
    ContextLog.__init__( self, depth=depth+1 )



[docs]class ProgressContextLog( ContextLog ):
  'progress bar'

  def __init__( self, text, iterable=None, target=None, showpct=True, depth=1 ):
    'constructor'

    self.msg = text
    self.showpct = showpct
    self.tint = getattr(prop,'progress_interval',1.)
    self.tmax = getattr(prop,'progress_interval_max',numpy.inf)
    self.texp = getattr(prop,'progress_interval_scale',2.)
    self.t0 = time.time()
    self.tnext = self.t0 + min( self.tint, self.tmax )
    self.iterable = iterable
    self.target = len(iterable) if target is None else target
    self.current = 0
    ContextLog.__init__( self, depth=depth+1 )

  def __iter__( self ):
    try:
      for i, item in enumerate( self.iterable ):
        self.update( i )
        yield item
    finally:
      self.disable()

[docs]  def update( self, current ):
    'update progress'

    self.current = current
    if time.time() > self.tnext:
      print( file=self(()) )


  @property
[docs]  def text( self ):
    'get text'

    self.tint = min( self.tint*self.texp, self.tmax )
    self.tnext = time.time() + self.tint
    pbar = self.msg + ' %.0f/%.0f' % ( self.current, self.target )
    if self.showpct:
      pct = 100 * self.current / float(self.target)
      pbar += ' (%.0f%%)' % pct
    return pbar


# historically grown


context = StaticContextLog
progress = iterate = ProgressContextLog
setup_html = HtmlLog


def getstream( attr=None, frame=None ):
  logger = _findlogger(frame)
  return logger( attr=attr )

def _mklog( attr, frame=None ):
  return lambda *args: print( *args, file=getstream(attr,frame) )

path    = _mklog( 'path'    )
error   = _mklog( 'error'   )
warning = _mklog( 'warning' )
user    = _mklog( 'user'    )
info    = _mklog( 'info'    )
debug   = _mklog( 'debug'   )

# vim:shiftwidth=2:foldmethod=indent:foldnestmax=2
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  Source code for nutils.element

# -*- coding: utf8 -*-
#
# Module ELEMENT
#
# Part of Nutils: open source numerical utilities for Python. Jointly developed
# by HvZ Computational Engineering, TU/e Multiscale Engineering Fluid Dynamics,
# and others. More info at http://nutils.org <info@nutils.org>. (c) 2014

"""
The element module defines reference elements such as the :class:`QuadElement`
and :class:`TriangularElement`, but also more exotic objects like the
:class:`TrimmedElement`. A set of (interconnected) elements together form a
:mod:`nutils.topology`. Elements have edges and children (for refinement), which
are in turn elements and map onto self by an affine transformation. They also
have a well defined reference coordinate system, and provide pointsets for
purposes of integration and sampling.
"""

from . import log, util, numpy, core, numeric, function, _
import warnings

[docs]class TrimmedIScheme( object ):
  'integration scheme for truncated elements'

  __slots__ = 'levelset', 'ischeme', 'maxrefine', 'finestscheme', 'bezierscheme', 'retain'

  def __init__( self, levelset, ischeme, maxrefine, finestscheme='uniform1', degree=3, retain=None ):
    'constructor'

    self.levelset = levelset
    self.ischeme = ischeme
    self.maxrefine = maxrefine
    self.finestscheme = finestscheme
    self.bezierscheme = 'bezier%d' % degree
    self.retain = retain

  @core.cache
  def __getitem__( self, elem ):
    'get ischeme for elem'

    ischeme = self.generate_ischeme( elem, self.maxrefine )
    if ischeme is True:
      ischeme = elem.eval( self.ischeme )
    return ischeme

[docs]  def generate_ischeme( self, elem, maxrefine ):
    'generate integration scheme'

    if self.retain:
      parents = [elem]
      for i in range(maxrefine):
        allchildren = []
        while parents:
          allchildren += parents.pop().children
        parents = allchildren

      if not any(self.retain[child] for child in parents):
        return None

    if maxrefine <= 0:
      ipoints, iweights = elem.eval( self.finestscheme )
      inside = self.levelset( elem, ipoints ) > 0
      if inside.all():
        return True
      if not inside.any():
        return None
      return ipoints[inside], iweights[inside]

    try:
      inside = self.levelset( elem, self.bezierscheme ) > 0
    except function.EvaluationError:
      pass
    else:
      if inside.all():
        return True
      if not inside.any():
        return None

    ischemes = [ self.generate_ischeme( child, maxrefine-1 ) for child in elem.children ]
    if all( ischeme is True for ischeme in ischemes ):
      return True
    if all( ischeme is None for ischeme in ischemes ):
      return None

    points = []
    weights = []
    for child, ischeme in zip( elem.children, ischemes ):
      if ischeme is None:
        continue
      if ischeme is True:
        ischeme = child.eval( self.ischeme )
      pelem, transform = child.parent
      assert pelem is elem
      ipoints, iweights = ischeme
      points.append( transform.eval(ipoints) )
      weights.append( iweights * transform.det )

    coords = numpy.concatenate( coords, axis=0 )
    weights = numpy.concatenate( weights, axis=0 )
    return coords, weights



[docs]class Transformation( object ):
  'transform points'

  __slots__ = 'fromdim', 'todim'

  def __init__( self, fromdim, todim ):
    'constructor'

    self.fromdim = fromdim
    self.todim = todim

  def __str__( self ):
    'string representation'

    return '%s(%d->%d)' % ( self.__class__.__name__, self.fromdim, self.todim )

[docs]  def eval( self, points ):
    'evaluate'

    if points is None:
      return None

    return self._eval( points )



[docs]class SliceTransformation( Transformation ):
  'take slice'

  __slots__ = 'slice',

  def __init__( self, fromdim, start=None, stop=None, step=None ):
    'constructor'

    self.slice = slice( start, stop, step )
    Transformation.__init__( self, fromdim, todim=len(range(fromdim)[self.slice]) )
  
  @core.weakcache
  def _eval( self, points ):
    'apply transformation'

    assert points.shape[1] == self.fromdim
    return util.ImmutableArray( points[:,self.slice] )


[docs]class AffineTransformation( Transformation ):
  'affine transformation'

  __slots__ = 'offset', 'transform'

  def __init__( self, offset, transform ):
    'constructor'

    self.offset = numpy.asarray( offset )
    assert self.offset.ndim == 1
    self.transform = numpy.asarray( transform )
    assert self.transform.ndim == 2
    assert self.transform.shape[0] == self.offset.shape[0]
    Transformation.__init__( self, fromdim=self.transform.shape[1], todim=self.transform.shape[0] )

  @property
[docs]  def invtrans( self ):
    'inverse transformation'

    assert self.todim == self.fromdim
    return numpy.linalg.inv( self.transform )


  @property
[docs]  def det( self ):
    'determinant'

    assert self.todim == self.fromdim
    return numpy.linalg.det( self.transform )


[docs]  def nest( self, other ):
    'merge transformations'

    offset = other.offset + numeric.dot( other.transform, self.offset )
    transform = numeric.dot( other.transform, self.transform )
    return AffineTransformation( offset, transform )


[docs]  def get_transform( self ):
    'get transformation copy'

    return self.transform.copy()


[docs]  def invapply( self, coords ):
    'apply inverse transformation'

    return numeric.dot( coords - self.offset, self.invtrans.T )


  @core.weakcache
  def _eval( self, points ):
    'apply transformation'

    assert isinstance( points, numpy.ndarray )
    return util.ImmutableArray( self.offset + numeric.dot( points, self.transform.T ) )


def IdentityTransformation( ndims ):
  return AffineTransformation( numpy.zeros(ndims), numpy.eye(ndims) )

PrimaryVertex = str
HalfVertex = lambda vertex1, vertex2, xi=.5: '%s<%.3f>%s' % ( (vertex1,xi,vertex2) if vertex1 < vertex2 else (vertex2,1-xi,vertex1) )
ProductVertex = lambda *vertices: ','.join( vertices )

[docs]class Element( object ):
  '''Element base class.

  Represents the topological shape.'''

  __slots__ = 'vertices', 'ndims', 'index', 'parent', 'context', 'interface', 'root_transform', 'inv_root_transform', 'root_det'

  def __init__( self, ndims, vertices, index=None, parent=None, context=None, interface=None ):
    'constructor'

    #assert all( isinstance(vertex,Vertex) for vertex in vertices )
    self.vertices = tuple(vertices)
    self.ndims = ndims
    assert index is None or parent is None
    self.index = index
    self.parent = parent
    self.context = context
    self.interface = interface

    if parent:
      pelem, trans = parent
      self.root_transform = numpy.dot( pelem.root_transform, trans.transform )
      self.inv_root_transform = numpy.dot( trans.invtrans, pelem.inv_root_transform )
      self.root_det = pelem.root_det * trans.det
    else:
      self.inv_root_transform = self.root_transform = numpy.eye( self.ndims )
      self.root_det = 1.

  def __mul__( self, other ):
    'multiply elements'

    return ProductElement( self, other )

[docs]  def neighbor( self, other ):
    'level of neighborhood; 0=self'

    if self == other:
      return 0
    ncommon = len( set(self.vertices) & set(other.vertices) )
    return self.neighbormap[ ncommon ]


[docs]  def eval( self, where ):
    'get points'

    if isinstance( where, str ):
      points, weights = self.getischeme( self.ndims, where )
    else:
      points = util.ImmutableArray( where )
      weights = None
    return points, weights


[docs]  def zoom( self, elemset, points ):
    'zoom points'

    elem = self
    totaltransform = 1
    while elem not in elemset:
      elem, transform = self.parent
      points = transform( points )
      totaltransform = numpy.dot( transform.transform, totaltransform )
    return elem, points, totaltransform


  def __str__( self ):
    'string representation'

    return '%s(%s)' % ( self.__class__.__name__, self.vertices )

  def __hash__( self ):
    'hash'

    return hash(str(self))

  def __eq__( self, other ):
    'hash'

    return self is other or ( self.__class__ == other.__class__
                          and self.vertices == other.vertices
                          and self.parent == other.parent
                          and self.context == other.context
                          and self.interface == other.interface )

[docs]  def intersected( self, levelset, lscheme, evalrefine=0 ):
    '''check levelset intersection:

    +1 for levelset > 0 everywhere
    -1 for levelset < 0 everywhere
    =0 for intersected element'''

    elems = iter( [self] )
    for irefine in range(evalrefine):
      elems = ( child for elem in elems for child in elem.children )

    inside = levelset( elems.next(), lscheme ) > 0
    if inside.all():
      for elem in elems:
        inside = levelset( elem, lscheme ) > 0
        if not inside.all():
          return 0
      return 1
    elif not inside.any():
      for elem in elems:
        inside = levelset( elem, lscheme ) > 0
        if inside.any():
          return 0
      return -1
    return 0


[docs]  def trim( self, levelset, maxrefine, lscheme, finestscheme, evalrefine ):
    'trim element along levelset'

    intersected = self.intersected( levelset, lscheme, evalrefine )

    if intersected > 0:
      return self

    if intersected < 0:
      return None

    parent = self, AffineTransformation( numpy.zeros(self.ndims), numpy.eye(self.ndims) )
    return TrimmedElement( elem=self, vertices=self.vertices, levelset=levelset, maxrefine=maxrefine, lscheme=lscheme, finestscheme=finestscheme, evalrefine=evalrefine, parent=parent )


[docs]  def get_simplices ( self, maxrefine ):
    'divide in simple elements'

    return self,


  def get_trimmededges ( self, maxrefine ):
    return []


[docs]class ProductElement( Element ):
  'element product'

  __slots__ = 'elem1', 'elem2', 'root_det'

  @staticmethod
  @core.cache
  def getslicetransforms( ndims1, ndims2 ):
    ndims = ndims1 + ndims2
    slice1 = SliceTransformation( fromdim=ndims, stop=ndims1 )
    slice2 = SliceTransformation( fromdim=ndims, start=ndims1 )
    return slice1, slice2

  def __init__( self, elem1, elem2 ):
    'constructor'

    self.elem1 = elem1
    self.elem2 = elem2
    slice1, slice2 = self.getslicetransforms( elem1.ndims, elem2.ndims )
    iface1 = elem1, slice1
    iface2 = elem2, slice2
    vertices = [] # TODO [ ProductVertex(vertex1,vertex2) for vertex1 in elem1.vertices for vertex2 in elem2.vertices ]
    Element.__init__( self, ndims=elem1.ndims+elem2.ndims, vertices=vertices, interface=(iface1,iface2) )

    self.root_det = elem1.root_det * elem2.root_det # HACK. TODO via constructor

  @staticmethod
  @core.cache
  def get_tri_bem_ischeme( ischeme, neighborhood ):
    'Some cached quantities for the singularity quadrature scheme.'
    points, weights = QuadElement.getischeme( ndims=4, where=ischeme )
    eta1, eta2, eta3, xi = points.T
    if neighborhood == 0:
      temp = xi*eta1*eta2*eta3
      pts0 = xi*eta1*(1 - eta2)
      pts1 = xi - pts0
      pts2 = xi - temp
      pts3 = xi*(1 - eta1)
      pts4 = pts0 + temp
      pts5 = xi*(1 - eta1*eta2)
      pts6 = xi*eta1 - temp
      points = util.ImmutableArray(
        [[1-xi,   1-pts2, 1-xi,   1-pts5, 1-pts2, 1-xi  ],
         [pts1, pts3, pts4, pts0, pts6, pts0],
         [1-pts2, 1-xi,   1-pts5, 1-xi,   1-xi,   1-pts2],
         [pts3, pts1, pts0, pts4, pts0, pts6]]).reshape( 4, -1 ).T
      points = util.ImmutableArray( points * [-1,1,-1,1] + [1,0,1,0] ) # flipping in x -GJ
      weights = numpy.concatenate( 6*[xi**3*eta1**2*eta2*weights] )
    elif neighborhood == 1:
      A = xi*eta1
      B = A*eta2
      C = A*eta3
      D = B*eta3
      E = xi - B
      F = A - B
      G = xi - D
      H = B - D
      I = A - D
      points = util.ImmutableArray(
        [[1-xi, 1-xi, 1-E,  1-G,  1-G ],
         [C,  G,  F,  H,  I ],
         [1-E,  1-G,  1-xi, 1-xi, 1-xi],
         [F,  H,  D,  A,  B ]] ).reshape( 4, -1 ).T
      temp = xi*A
      weights = numpy.concatenate( [A*temp*weights] + 4*[B*temp*weights] )
    elif neighborhood == 2:
      A = xi*eta2
      B = A*eta3
      C = xi*eta1
      points = util.ImmutableArray(
        [[1-xi, 1-A ],
         [C,  B ],
         [1-A,  1-xi],
         [B,  C ]] ).reshape( 4, -1 ).T
      weights = numpy.concatenate( 2*[xi**2*A*weights] )
    else:
      assert neighborhood == -1, 'invalid neighborhood %r' % neighborhood
      points = util.ImmutableArray([ eta1*eta2, 1-eta2, eta3*xi, 1-xi ]).T
      weights = eta2*xi*weights
    return points, weights
  
  @staticmethod
  @core.cache
  def get_quad_bem_ischeme( ischeme, neighborhood ):
    'Some cached quantities for the singularity quadrature scheme.'
    points, weights = QuadElement.getischeme( ndims=4, where=ischeme )
    eta1, eta2, eta3, xi = points.T
    if neighborhood == 0:
      xe = xi*eta1
      A = (1 - xi)*eta3
      B = (1 - xe)*eta2
      C = xi + A
      D = xe + B
      points = util.ImmutableArray(
        [[A, B, A, D, B, C, C, D],
         [B, A, D, A, C, B, D, C],
         [C, D, C, B, D, A, A, B],
         [D, C, B, C, A, D, B, A]]).reshape( 4, -1 ).T
      weights = numpy.concatenate( 8*[xi*(1-xi)*(1-xe)*weights] )
    elif neighborhood == 1:
      ox = 1 - xi
      A = xi*eta1
      B = xi*eta2
      C = ox*eta3
      D = C + xi
      E = 1 - A
      F = E*eta3
      G = A + F
      points = util.ImmutableArray(
        [[D,  C,  G,  G,  F,  F ],
         [B,  B,  B,  xi, B,  xi],
         [C,  D,  F,  F,  G,  G ],
         [A,  A,  xi, B,  xi, B ]]).reshape( 4, -1 ).T
      weights = numpy.concatenate( 2*[xi**2*ox*weights] + 4*[xi**2*E*weights] )
    elif neighborhood == 2:
      A = xi*eta1
      B = xi*eta2
      C = xi*eta3
      points = util.ImmutableArray(
        [[xi, A,  A,  A ], 
         [A,  xi, B,  B ],
         [B,  B,  xi, C ], 
         [C,  C,  C,  xi]]).reshape( 4, -1 ).T
      weights = numpy.concatenate( 4*[xi**3*weights] )
    else:
      assert neighborhood == -1, 'invalid neighborhood %r' % neighborhood
    return points, weights

  @staticmethod
  @core.cache
  def concat( ischeme1, ischeme2 ):
    coords1, weights1 = ischeme1
    coords2, weights2 = ischeme2
    if weights1 is not None:
      assert weights2 is not None
      weights = util.ImmutableArray( ( weights1[:,_] * weights2[_,:] ).ravel() )
    else:
      assert weights2 is None
      weights = None
    npoints1,ndims1 = coords1.shape  
    npoints2,ndims2 = coords2.shape 
    coords = numpy.empty( [ coords1.shape[0], coords2.shape[0], ndims1+ndims2 ] )
    coords[:,:,:ndims1] = coords1[:,_,:]
    coords[:,:,ndims1:] = coords2[_,:,:]
    coords = util.ImmutableArray( coords.reshape(-1,ndims1+ndims2) )
    return coords, weights
  
  @property
[docs]  def orientation( self ):
    '''Neighborhood of elem1 and elem2 and transformations to get mutual
    overlap in right location. Returns 3-element tuple:
    * neighborhood, as given by Element.neighbor(),
    * transf1, required rotation of elem1 map: {0:0, 1:pi/2, 2:pi, 3:3*pi/2},
    * transf2, required rotation of elem2 map (is indep of transf1 in UnstructuredTopology.'''

    neighborhood = self.elem1.neighbor( self.elem2 )
    common_vertices = list( set(self.elem1.vertices) & set(self.elem2.vertices) )
    vertices1 = [self.elem1.vertices.index( ni ) for ni in common_vertices]
    vertices2 = [self.elem2.vertices.index( ni ) for ni in common_vertices]
    if neighborhood == 0:
      # test for strange topological features
      assert self.elem1 == self.elem2, 'Topological feature not supported: try refining here, possibly periodicity causes elems to touch on both sides.'
      transf1 = transf2 = 0
    elif neighborhood == -1:
      transf1 = transf2 = 0
    elif isinstance( self.elem1, QuadElement ):
      # define local map rotations
      if neighborhood==1:
        transform = [0,2], [2,3], [3,1], [1,0], [2,0], [3,2], [1,3], [0,1]
      elif neighborhood==2:
        transform = [0], [2], [3], [1]
      else:
        raise ValueError( 'Unknown neighbor type %i' % neighborhood )
      transf1 = transform.index( vertices1 )
      transf2 = transform.index( vertices2 )
    elif isinstance( self.elem1, TriangularElement ):
      raise NotImplementedError( 'Pending completed implementation and verification.' )
      # define local map rotations
      if neighborhood==1:
        transform = [0,1], [1,2], [0,2]
      elif neighborhood==2:
        transform = [0], [1], [2]
      else:
        raise ValueError( 'Unknown neighbor type %i' % neighborhood )
      transf1 = transform.index( vertices1 )
      transf2 = transform.index( vertices2 )
    else:
      raise NotImplementedError( 'Reorientation not implemented for element of class %s' % type(self.elem1) )
    return neighborhood, transf1, transf2


  @staticmethod
  @core.cache
  def singular_ischeme_tri( orientation, ischeme ):
    neighborhood, transf1, transf2 = orientation
    points, weights = ProductElement.get_tri_bem_ischeme( ischeme, neighborhood )
    transfpoints = points#numpy.empty( points.shape )
    #   transfpoints[:,0] = points[:,0] if transf1 == 0 else \
    #                       points[:,1] if transf1 == 1 else \
    #                     1-points[:,0] if transf1 == 2 else \
    #                     1-points[:,1]
    #   transfpoints[:,1] = points[:,1] if transf1 == 0 else \
    #                     1-points[:,0] if transf1 == 1 else \
    #                     1-points[:,1] if transf1 == 2 else \
    #                       points[:,0]
    #   transfpoints[:,2] = points[:,2] if transf2 == 0 else \
    #                       points[:,3] if transf2 == 1 else \
    #                     1-points[:,2] if transf2 == 2 else \
    #                     1-points[:,3]
    #   transfpoints[:,3] = points[:,3] if transf2 == 0 else \
    #                     1-points[:,2] if transf2 == 1 else \
    #                     1-points[:,3] if transf2 == 2 else \
    #                       points[:,2]
    return util.ImmutableArray( transfpoints ), util.ImmutableArray( weights )
    
  @staticmethod
  @core.cache
  def singular_ischeme_quad( orientation, ischeme ):
    neighborhood, transf1, transf2 = orientation
    points, weights = ProductElement.get_quad_bem_ischeme( ischeme, neighborhood )
    transfpoints = numpy.empty( points.shape )
    def transform( points, orientation ):
      x, y = points[:,0], points[:,1]
      tx = x if orientation in (0,1,6,7) else 1-x
      ty = y if orientation in (0,3,4,7) else 1-y
      return function.stack( (ty, tx) if orientation%2 else (tx, ty), axis=1 )
    transfpoints[:,:2] = transform( points[:,:2], transf1 )
    transfpoints[:,2:] = transform( points[:,2:], transf2 )
    return util.ImmutableArray( transfpoints ), util.ImmutableArray( weights )
    
[docs]  def eval( self, where ):
    'get integration scheme'
    
    if where.startswith( 'singular' ):
      assert type(self.elem1) == type(self.elem2), 'mixed element-types case not implemented'
      assert self.elem1.ndims == 2 and self.elem2.ndims == 2, 'singular quadrature only for bivariate surfaces'
      gauss = 'gauss%d'% (int(where[8:])*2-2)
      if isinstance( self.elem1, QuadElement ):
        xw = ProductElement.singular_ischeme_quad( self.orientation, gauss )
      elif isinstance( self.elem1, TriangularElement ):
        if self.elem1 == self.elem2:
          xw = self.get_tri_bem_ischeme( gauss, neighborhood=0 )
        else:
          xw = self.concat( self.elem1.eval(gauss), self.elem2.eval(gauss) )
      else:
        raise Exception, 'invalid element type %r' % type(self.elem1)
    else:
      where1, where2 = where.split( '*' ) if '*' in where else ( where, where )
      xw = self.concat( self.elem1.eval(where1), self.elem2.eval(where2) )
    return xw



[docs]class TrimmedElement( Element ):
  'trimmed element'

  __slots__ = 'elem', 'levelset', 'maxrefine', 'lscheme', 'finestscheme', 'evalrefine'

  def __init__( self, elem, levelset, maxrefine, lscheme, finestscheme, evalrefine, parent, vertices ):
    'constructor'

    assert not isinstance( elem, TrimmedElement )
    self.elem = elem
    self.levelset = levelset
    self.maxrefine = maxrefine
    self.lscheme = lscheme
    self.finestscheme = finestscheme if finestscheme != None else 'simplex1'
    self.evalrefine = evalrefine

    Element.__init__( self, ndims=elem.ndims, vertices=vertices, parent=parent )

  @core.cache
  def eval( self, ischeme ):
    'get integration scheme'

    assert isinstance( ischeme, str )

    if ischeme[:7] == 'contour':
      n = int(ischeme[7:] or 0)
      points, weights = self.elem.eval( 'contour{}'.format(n) )
      inside = self.levelset( self.elem, points ) >= 0
      return points[inside], None

    if self.maxrefine <= 0:
      if self.finestscheme.startswith('simplex'):

        points  = []
        weights = []

        for simplex in self.get_simplices( 0 ):

          spoints, sweights = simplex.eval( ischeme )
          pelem, transform = simplex.parent

          assert pelem is self 

          points.append( transform.eval( spoints ) )
          weights.append( sweights * transform.det )

        if len(points) == 0:
          return numpy.zeros((0,self.ndims)), numpy.zeros((0,))

        points  = util.ImmutableArray(numpy.concatenate(points,axis=0))
        weights = util.ImmutableArray(numpy.concatenate(weights))

        return points, weights

      else:
        
        if self.finestscheme.endswith( '.all' ):
          points, weights = self.elem.eval( self.finestscheme[:-4] )
        elif self.finestscheme.endswith( '.none' ):
          points, weights = self.elem.eval( self.finestscheme[:-5] )
          return points[numpy.zeros_like(weights,dtype=bool)], weights[numpy.zeros_like(weights,dtype=bool)] if weights is not None else None
        else:  
          points, weights = self.elem.eval( self.finestscheme )
          inside = self.levelset( self.elem, points ) > 0
          return points[inside], weights[inside] if weights is not None else None
        

    allcoords = []
    allweights = []
    for child in self.children:
      if child is None:
        continue
      points, weights = child.eval( ischeme )
      pelem, transform = child.parent
      assert pelem == self
      allcoords.append( transform.eval(points) )
      allweights.append( weights * transform.det )

    coords = util.ImmutableArray( numpy.concatenate( allcoords, axis=0 ) )
    weights = util.ImmutableArray( numpy.concatenate( allweights, axis=0 ) )
    return coords, weights

  @property
[docs]  def children( self ):
    'all 1x refined elements'

    children = []
    for ielem, child in enumerate( self.elem.children ):
      isect = child.intersected( self.levelset, self.lscheme, self.evalrefine-1 )
      pelem, transform = child.parent
      parent = self, transform
      if isect < 0:
        child = None
      elif isect > 0:
        child = QuadElement( vertices=child.vertices, ndims=self.ndims, parent=parent )
      else:
        child = TrimmedElement( vertices=child.vertices, elem=child, levelset=self.levelset, maxrefine=self.maxrefine-1, lscheme=self.lscheme, finestscheme=self.finestscheme, evalrefine=self.evalrefine-1, parent=parent )
      children.append( child )
    return tuple( children )


[docs]  def edge( self, iedge ):
    'edge'

    # TODO fix trimming of edges once refine/edge operations commute
    edge = self.elem.edge( iedge )
    pelem, transform = edge.context

    # transform = self.elem.edgetransform( self.ndims )[ iedge ]
    return QuadElement( vertices=edge.vertices, ndims=self.ndims-1, context=(self,transform) )


[docs]  def get_simplices ( self, maxrefine ):
    'divide in simple elements'

    if maxrefine > 0 or self.evalrefine > 0:
      return [ simplex for child in filter(None,self.children) for simplex in child.get_simplices( maxrefine=maxrefine-1 ) ]

    simplices, trimmededges = self.triangulate()

    return simplices


  def get_trimmededges ( self, maxrefine ):

    if maxrefine > 0 or self.evalrefine > 0:
      return [ trimmededge for child in filter(None,self.children) for trimmededge in child.get_trimmededges( maxrefine=maxrefine-1 ) ]

    simplices, trimmededges = self.triangulate()

    return trimmededges

  #@core.cache
  def triangulate ( self ):

    assert self.finestscheme.startswith('simplex'), 'Expected simplex scheme'
    order = int(self.finestscheme[7:])

    lvltol  = numpy.spacing(100)
    xistol  = numpy.spacing(100)
    ischeme = self.elem.getischeme( self.elem.ndims, 'bezier2' )
    where   = self.levelset( self.elem, ischeme ) > -lvltol
    points  = ischeme[0][where]
    vertices   = numpy.array(self.vertices)[where].tolist()
    norig   = sum(where)

    if not where.any():
      return []

    if where.all():
	    lines = []
    else:		
    	lines = self.elem.ribbons

    for line in lines:
      
      ischeme = line.getischeme( line.ndims, 'bezier'+str(order+1) )
      vals    = self.levelset( line, ischeme )
      pts     = ischeme[0]
      where   = vals > -lvltol
      zeros   = (vals < lvltol) & where

      if order == 1:

        if where[0] == where[1] or any(zeros):
          continue
        xi = vals[0]/(vals[0]-vals[1])

      elif order == 2:

        #Check whether the levelset is linear
        if abs(2*vals[1]-vals[0]-vals[2]) < lvltol:

          if where[0] == where[2] or zeros[0] or zeros[2]:
            continue
          xi = vals[0]/(vals[0]-vals[2])
          
        else:

          disc = vals[0]**2+(-4*vals[1]+vals[2])**2-2*vals[0]*(4*vals[1]+vals[2])

          if disc < -lvltol or abs(disc) < lvltol:
            #No intersections or minimum at zero
            continue
          else:
            #Two intersections
            num2 = numpy.sqrt( disc )
            num1 = 3*vals[0]-4*vals[1]+vals[2]
            denr = 1./(4*(vals[0]-2*vals[1]+vals[2]))

            xis = [(num1-num2)*denr,\
                   (num1+num2)*denr ]

            intersects = [(xi > xistol and xi < 1-xistol) for xi in xis]

            if sum(intersects) == 0:
              continue
            elif sum(intersects) == 1:
              xi = xis[intersects[0] == False]
            else:
              raise Exception('Found multiple ribbon intersections. MAXREFINE should be increased.')

      else:
        #TODO General order scheme based on bisection
        raise NotImplementedError('Simplex generation only implemented for order 1 and 2')

      assert ( xi > xistol and xi < 1.-xistol ), 'Illegal local coordinate'
 
      elem, transform = line.context

      pts = transform.eval( pts )

      newpoint = pts[0] + xi * ( pts[-1] - pts[0] )

      points   = numpy.append( points, newpoint[_], axis=0 ) 
      v1, v2 = line.vertices
      vertices.append( HalfVertex( v1, v2, xi=xi ) )

    try:
      submesh = util.delaunay( points )
    except RuntimeError:
      return [], []

    Simplex = TriangularElement if self.ndims == 2 else TetrahedronElement

    convex_hull = [[vertices[iv] for iv in tri] for tri in submesh.convex_hull if all(tri>=norig)]

    ##########################################
    # Extract the simplices from the submesh #
    ##########################################

    simplices = []
    degensim  = []
    for tri in submesh.vertices:

      for j in range(2): #Flip two points in case of negative determinant
        if self.ndims == 3:
          # TODO renumber tetrahedron vertices to match triangle, removes the following:
          offset = points[ tri[0] ]
          affine = numpy.array( [ points[ tri[ii+1] ] - offset for ii in range(self.ndims) ] ).T
        else:
          offset = points[ tri[-1] ]
          affine = numpy.array( [ points[ tri[ii] ] - offset for ii in range(self.ndims) ] ).T

        transform = AffineTransformation( offset, affine )

        if transform.det > numpy.spacing(100):
          break

        tri[-2:] = tri[:-3:-1]

      else:
        if abs(transform.det) < numpy.spacing(100):
          degensim.append( [ vertices[ii] for ii in tri ] )
          continue

        raise Exception('Negative determinant with value %12.10e could not be resolved by flipping two vertices' % transform.det )

      simplices.append( Simplex( vertices=[ vertices[ii] for ii in tri ], parent=(self,transform) ) )

    assert len(simplices)+len(degensim)==submesh.vertices.shape[0], 'Simplices should be stored in either of the two containers'

    #############################################################
    # Loop over the edges of the simplex and check whether they #
    # reside in the part of the convex hull on the levelset     #
    #############################################################
      
    trimmededges = []  
              
    import itertools          
    for simplex in simplices:
      for iedge in range(self.ndims+1):

        #The edge potentially to be added to the trimmededges
        sedge = simplex.edge(iedge) 

        #Create lists to store edges which are to be checked on residence in the
        #convex hull, or which have been checked
        checkedges = [ sedge.vertices ]
        visitedges = []

        while checkedges:
          #Edge to be check on residence in the convex hull
          checkedge = checkedges.pop(0)
          visitedges.append( checkedge )

          #Check whether this edge is in the convex hull
          for hull_edge in convex_hull:
            #The checkedge is found in the convex hull. Append trimmededge and
            #terminate loop
            if all(checkvertex in hull_edge for checkvertex in checkedge):
              trimmededges.append( sedge )
              checkedges = []
              break
          else:
            #Check whether the checkedge is in a degenerate simplex
            for sim in degensim:
              if all(checkvertex in sim for checkvertex in checkedge):
                #Append all the edges to the checkedges pool
                for jedge in itertools.combinations(sim,self.ndims):
                  dedge = list(jedge)
                  for cedge in visitedges:
                    #The dedge is already in visitedges
                    if all(dvertex in cedge for dvertex in dedge):
                      break
                  else:
                    #The dedge is appended to to pool
                    checkedges.append( dedge )


    return simplices, trimmededges
  

[docs]class QuadElement( Element ):
  'quadrilateral element'

  __slots__ = ()

  def __init__( self, ndims, vertices, index=None, parent=None, context=None, interface=None ):
    'constructor'

    assert len(vertices) == 2**ndims
    Element.__init__( self, ndims, vertices, index=index, parent=parent, context=context, interface=interface )

  @property
  @core.cache
  def neighbormap( self ):
    'maps # matching vertices --> codim of interface: {0: -1, 1: 2, 2: 1, 4: 0}'
    return dict( [ (0,-1) ] + [ (2**(self.ndims-i),i) for i in range(self.ndims+1) ] )

[docs]  def children_by( self, N ):
    'divide element by n'

    assert len(N) == self.ndims
    vertices = numpy.empty( [ ni+1 for ni in N ], dtype=object )
    vertices[ tuple( slice(None,None,ni) for ni in N ) ] = numpy.reshape( self.vertices, [2]*self.ndims )
    for idim in range(self.ndims):
      s1 = tuple( slice(None) for ni in N[:idim] )
      s2 = tuple( slice(None,None,ni) for ni in N[idim+1:] )
      for i in range( 1, N[idim] ):
        vertices[s1+(i,)+s2] = util.objmap( HalfVertex, vertices[s1+(0,)+s2], vertices[s1+(2,)+s2], float(i)/N[idim] )

    elemvertices = [ vertices[ tuple( slice(i,i+2) for i in index ) ].ravel() for index in numpy.ndindex(*N) ]
    return tuple( QuadElement( vertices=elemvertices[ielem], ndims=self.ndims, parent=(self,transform) )
      for ielem, transform in enumerate( self.refinedtransform(N) ) )


  @property
[docs]  def children( self ):
    'all 1x refined elements'

    return self.children_by( (2,)*self.ndims )


  @staticmethod
  @core.cache
  def edgetransform( ndims ):
    'edge transforms'

    transforms = []
    for idim in range( ndims ):
#     for iside in range( 2 ):
#       offset = numpy.zeros( ndims )
#       offset[idim:] = 1-iside
#       offset[:idim+1] = iside
#       transform = numpy.zeros(( ndims, ndims-1 ))
#       transform.flat[ :(ndims-1)*idim :ndims] = 1 - 2 * iside
#       transform.flat[ndims*(idim+1)-1::ndims] = 2 * iside - 1
#       transforms.append( AffineTransformation( offset=offset, transform=transform ) )
      offset = numpy.zeros( ndims )
      offset[:idim] = 1
      transform = numpy.zeros(( ndims, ndims-1 ))
      transform.flat[ :(ndims-1)*idim :ndims] = -1
      transform.flat[ndims*(idim+1)-1::ndims] = 1
      # flip normal:
      offset[idim-1] = 1 - offset[idim-1]
      transform[idim-1] *= -1
      transforms.append( AffineTransformation( offset=offset.copy(), transform=transform.copy() ) )
      # other side:
      offset[idim] = 1
      # flip normal back:
      offset[idim-1] = 1 - offset[idim-1]
      transform[idim-1] *= -1
      transforms.append( AffineTransformation( offset=offset, transform=transform ) )
    return transforms

  @property
[docs]  def ribbons( self ):
    'ribbons'

    if self.ndims == 2:
      return [ self.edge(iedge) for iedge in range(4) ]

    if self.ndims != 3:
      raise NotImplementedError('Ribbons not implemented for ndims=%d'%self.ndims)

    ndvertices = numpy.reshape( self.vertices, [2]*self.ndims )
    ribbons = []
    for i1, i2 in numpy.array([[[0,0,0],[1,0,0]],
                               [[0,0,0],[0,1,0]],
                               [[0,0,0],[0,0,1]],
                               [[1,1,1],[0,1,1]],
                               [[1,1,1],[1,0,1]],
                               [[1,1,1],[1,1,0]],
                               [[1,0,0],[1,1,0]],
                               [[1,0,0],[1,0,1]],
                               [[0,1,0],[1,1,0]],
                               [[0,1,0],[0,1,1]],
                               [[0,0,1],[1,0,1]],
                               [[0,0,1],[0,1,1]]] ):
      transform = AffineTransformation( offset=i1, transform=(i2-i1)[:,_] )
      vertices = ndvertices[tuple(i1)], ndvertices[tuple(i2)]
      ribbons.append( QuadElement( vertices=vertices, ndims=1, context=(self,transform) ) )

    return ribbons


  @property
  def edges( self ):
    return [ self.edge(iedge) for iedge in range(2**self.ndims) ]

[docs]  def edge( self, iedge ):
    'edge'
    transform = self.edgetransform( self.ndims )[ iedge ]
    idim = iedge // 2
    iside = iedge % 2
    s = (slice(None,None, 1 if iside else -1),) * idim + (iside,) \
      + (slice(None,None,-1 if iside else  1),) * (self.ndims-idim-1)
    vertices = numpy.asarray( numpy.reshape( self.vertices, (2,)*self.ndims )[s] ).ravel() # TODO check
    return QuadElement( vertices=vertices, ndims=self.ndims-1, context=(self,transform) )


  @staticmethod
  @core.cache
  def refinedtransform( N ):
    'refined transform'

    Nf = numpy.asarray( N, dtype=float )
    assert Nf.ndim == 1
    return [ AffineTransformation( offset=I/Nf, transform=numpy.diag(1/Nf) ) for I in numpy.ndindex(*N) ]

[docs]  def refine( self, n ):
    'refine n times'

    elems = [ self ]
    for i in range(n):
      elems = [ child for elem in elems for child in elem.children ]
    return elems


  @staticmethod
  @core.cache
  def getgauss( degree ):
    'compute gauss points and weights'

    assert isinstance( degree, int ) and degree >= 0
    k = numpy.arange( 1, degree // 2 + 1 )
    d = k / numpy.sqrt( 4*k**2-1 )
    x, w = numpy.linalg.eigh( numpy.diagflat(d,-1) ) # eigh operates (by default) on lower triangle
    return (x+1) * .5, w[0]**2

  @classmethod
  @core.cache
  def getischeme( cls, ndims, where ):
    'get integration scheme'

    if ndims == 0:
      return util.ImmutableArray( numpy.zeros([1,0]) ), util.ImmutableArray( numpy.array([1.]) )

    x = w = None
    if where.startswith( 'gauss' ):
      N = eval( where[5:] )
      if isinstance( N, tuple ):
        assert len(N) == ndims
      else:
        N = [N]*ndims
      x, w = zip( *map( cls.getgauss, N ) )
    elif where.startswith( 'uniform' ):
      N = eval( where[7:] )
      if isinstance( N, tuple ):
        assert len(N) == ndims
      else:
        N = [N]*ndims
      x = [ numpy.arange( .5, n ) / n for n in N ]
      w = [ numeric.appendaxes( 1./n, n ) for n in N ]
    elif where.startswith( 'bezier' ):
      N = int( where[6:] )
      x = [ numpy.linspace( 0, 1, N ) ] * ndims
      w = [ numeric.appendaxes( 1./N, N ) ] * ndims
    elif where.startswith( 'subdivision' ):
      N = int( where[11:] ) + 1
      x = [ numpy.linspace( 0, 1, N ) ] * ndims
      w = None
    elif where.startswith( 'vtk' ):
      if ndims == 1:
        coords = numpy.array([[0,1]]).T
      elif ndims == 2:
        eps = 0 if not len(where[3:]) else float(where[3:]) # subdivision fix (avoid extraordinary point)
        coords = numpy.array([[eps,eps],[1-eps,eps],[1-eps,1-eps],[eps,1-eps]])
      elif ndims == 3:
        coords = numpy.array([ [0,0,0], [1,0,0], [0,1,0], [1,1,0], [0,0,1], [1,0,1], [0,1,1], [1,1,1] ])
      else:
        raise Exception, 'contour not supported for ndims=%d' % ndims
    elif where.startswith( 'contour' ):
      N = int( where[7:] )
      p = numpy.linspace( 0, 1, N )
      if ndims == 1:
        coords = p[_].T
      elif ndims == 2:
        coords = numpy.array([ p[ range(N) + [N-1]*(N-2) + range(N)[::-1] + [0]*(N-1) ],
                               p[ [0]*(N-1) + range(N) + [N-1]*(N-2) + range(0,N)[::-1] ] ]).T
      elif ndims == 3:
        assert N == 0
        coords = numpy.array([ [0,0,0], [1,0,0], [0,1,0], [1,1,0], [0,0,1], [1,0,1], [0,1,1], [1,1,1] ])
      else:
        raise Exception, 'contour not supported for ndims=%d' % ndims
    else:
      raise Exception, 'invalid element evaluation %r' % where
    if x is not None:
      coords = numpy.empty( map( len, x ) + [ ndims ] )
      for i, xi in enumerate( x ):
        coords[...,i] = xi[ (slice(None),) + (_,)*(ndims-i-1) ]
      coords = coords.reshape( -1, ndims )
    if w is not None:
      weights = reduce( lambda weights, wi: ( weights * wi[:,_] ).ravel(), w )
    else:
      weights = None
    return util.ImmutableArray( coords ), util.ImmutableArray( weights )

[docs]  def select_contained( self, points, eps=0 ):
    'select points contained in element'

    selection = numpy.ones( points.shape[0], dtype=bool )
    for idim in range( self.ndims ):
      newsel = ( points[:,idim] >= -eps ) & ( points[:,idim] <= 1+eps )
      selection[selection] &= newsel
      points = points[newsel]
      if not points.size:
        return None, None
    return points, selection



[docs]class TriangularElement( Element ):
  '''Triangular element.
  Conventions:
  * reference elem: unit simplex {(x,y) | x>0, y>0, x+y<1}
  * vertex numbering: {(1,0):0, (0,1):1, (0,0):2}
  * edge numbering: {bottom:0, slanted:1, left:2}
  * edge local coords run counter-clockwise.'''

  __slots__ = 'edgetransform',

  neighbormap = -1, 2, 1, 0

  def __init__( self, vertices, index=None, parent=None, context=None ):
    'constructor'

    assert len(vertices) == 3
    self.edgetransform = (
      AffineTransformation( offset=[0,0], transform=[[ 1],[ 0]] ),
      AffineTransformation( offset=[1,0], transform=[[-1],[ 1]] ),
      AffineTransformation( offset=[0,1], transform=[[ 0],[-1]] ) )
    Element.__init__( self, ndims=2, vertices=vertices, index=index, parent=parent, context=context )

  @property
[docs]  def children( self ):
    'all 1x refined elements'

    t1, t2, t3, t4 = self.refinedtransform( 2 )
    v1, v2, v3 = self.vertices
    h1, h2, h3 = HalfVertex(v1,v2), HalfVertex(v2,v3), HalfVertex(v3,v1)
    return tuple([ # TODO check!
      TriangularElement( vertices=[v1,h1,h3], parent=(self,t1) ),
      TriangularElement( vertices=[h1,v2,h2], parent=(self,t2) ),
      TriangularElement( vertices=[h3,h2,v3], parent=(self,t3) ),
      TriangularElement( vertices=[h2,h3,h1], parent=(self,t4) ) ])
      

  @property
  def edges( self ):
    return [ self.edge(iedge) for iedge in range(3) ]

[docs]  def edge( self, iedge ):
    'edge'

    transform = self.edgetransform[ iedge ]
    vertices = [ self.vertices[::-2], self.vertices[:2], self.vertices[1:] ][iedge]
    return QuadElement( vertices=vertices, ndims=1, context=(self,transform) )


  @staticmethod
  @core.cache
  def refinedtransform( n ):
    'refined transform'

    transforms = []
    trans = numpy.diag( [1./n]*2 )
    for i in range( n ):
      transforms.extend( AffineTransformation( offset=numpy.array( [i,j], dtype=float ) / n, transform=trans ) for j in range(0,n-i) )
      transforms.extend( AffineTransformation( offset=numpy.array( [n-j,n-i], dtype=float ) / n, transform=-trans ) for j in range(n-i,n) )
    return transforms

[docs]  def refined( self, n ):
    'refine'

    assert n == 2
    if n == 1:
      return self
    return [ TriangularElement( id=self.id+'.child({})'.format(ichild), parent=(self,transform) ) for ichild, transform in enumerate( self.refinedtransform( n ) ) ]


  @staticmethod
  @core.cache
  def getischeme( ndims, where ):
    '''get integration scheme
    gaussian quadrature: http://www.cs.rpi.edu/~flaherje/pdf/fea6.pdf
    '''

    assert ndims == 2
    if where.startswith( 'contour' ):
      n = int( where[7:] or 0 )
      p = numpy.arange( n+1, dtype=float ) / (n+1)
      z = numpy.zeros_like( p )
      coords = numpy.hstack(( [1-p,p], [z,1-p], [p,z] ))
      weights = None
    elif where.startswith( 'vtk' ):
      coords = numpy.array([[0,0],[1,0],[0,1]]).T
      weights = None
    elif where == 'gauss1':
      coords = numpy.array( [[1],[1]] ) / 3.
      weights = numpy.array( [1] ) / 2.
    elif where in 'gauss2':
      coords = numpy.array( [[4,1,1],[1,4,1]] ) / 6.
      weights = numpy.array( [1,1,1] ) / 6.
    elif where == 'gauss3':
      coords = numpy.array( [[5,9,3,3],[5,3,9,3]] ) / 15.
      weights = numpy.array( [-27,25,25,25] ) / 96.
    elif where == 'gauss4':
      A = 0.091576213509771; B = 0.445948490915965; W = 0.109951743655322
      coords = numpy.array( [[1-2*A,A,A,1-2*B,B,B],[A,1-2*A,A,B,1-2*B,B]] )
      weights = numpy.array( [W,W,W,1/3.-W,1/3.-W,1/3.-W] ) / 2.
    elif where == 'gauss5':
      A = 0.101286507323456; B = 0.470142064105115; V = 0.125939180544827; W = 0.132394152788506
      coords = numpy.array( [[1./3,1-2*A,A,A,1-2*B,B,B],[1./3,A,1-2*A,A,B,1-2*B,B]] )
      weights = numpy.array( [1-3*V-3*W,V,V,V,W,W,W] ) / 2.
    elif where == 'gauss6':
      A = 0.063089014491502; B = 0.249286745170910; C = 0.310352451033785; D = 0.053145049844816; V = 0.050844906370207; W = 0.116786275726379
      VW = 1/6. - (V+W) / 2.
      coords = numpy.array( [[1-2*A,A,A,1-2*B,B,B,1-C-D,1-C-D,C,C,D,D],[A,1-2*A,A,B,1-2*B,B,C,D,1-C-D,D,1-C-D,C]] )
      weights = numpy.array( [V,V,V,W,W,W,VW,VW,VW,VW,VW,VW] ) / 2.
    elif where == 'gauss7':
      A = 0.260345966079038; B = 0.065130102902216; C = 0.312865496004875; D = 0.048690315425316; U = 0.175615257433204; V = 0.053347235608839; W = 0.077113760890257
      coords = numpy.array( [[1./3,1-2*A,A,A,1-2*B,B,B,1-C-D,1-C-D,C,C,D,D],[1./3,A,1-2*A,A,B,1-2*B,B,C,D,1-C-D,D,1-C-D,C]] )
      weights = numpy.array( [1-3*U-3*V-6*W,U,U,U,V,V,V,W,W,W,W,W,W] ) / 2.
    elif where[:7] == 'uniform':
      N = int( where[7:] )
      points = ( numpy.arange( N ) + 1./3 ) / N
      NN = N**2
      C = numpy.empty( [2,N,N] )
      C[0] = points[:,_]
      C[1] = points[_,:]
      coords = C.reshape( 2, NN )
      flip = coords[0] + coords[1] > 1
      coords[:,flip] = 1 - coords[::-1,flip]
      weights = numeric.appendaxes( .5/NN, NN )
    elif where[:6] == 'bezier':
      N = int( where[6:] )
      points = numpy.linspace( 0, 1, N )
      coords = numpy.array([ [x,y] for i, y in enumerate(points) for x in points[:N-i] ]).T
      weights = None
    else:
      raise Exception, 'invalid element evaluation: %r' % where
    return util.ImmutableArray( coords.T ), util.ImmutableArray( weights )

[docs]  def select_contained( self, points, eps=0 ):
    'select points contained in element'

    selection = numpy.ones( points.shape[0], dtype=bool )
    for idim in 0, 1, 2:
      points_i = points[:,idim] if idim < 2 else 1-points.sum(1)
      newsel = ( points_i >= -eps )
      selection[selection] &= newsel
      points = points[newsel]
      if not points.size:
        return None, None

    return points, selection



[docs]class TetrahedronElement( Element ):
  'tetrahedron element'

  __slots__ = 'edgetransform',

  neighbormap = -1, 3, 2, 1, 0
  #Defined to create outward pointing normal vectors for all edges (i.c. triangular faces)

  def __init__( self, vertices, index=None, parent=None, context=None ):
    'constructor'

    assert len(vertices) == 4
    self.edgetransform = (
      AffineTransformation( offset=[0,0,0], transform=[[ 0, 1],[1,0],[0,0]] ),
      AffineTransformation( offset=[0,0,0], transform=[[ 1, 0],[0,0],[0,1]] ),
      AffineTransformation( offset=[0,0,0], transform=[[ 0, 0],[0,1],[1,0]] ),
      AffineTransformation( offset=[1,0,0], transform=[[-1,-1],[1,0],[0,1]] ) )
    Element.__init__( self, ndims=3, vertices=vertices, index=index, parent=parent, context=context )

  @property
[docs]  def children( self ):
    'all 1x refined elements'
    raise NotImplementedError( 'Children of tetrahedron' )  
      

  @property
  def edges( self ):
    return [ self.edge(iedge) for iedge in range(4) ]

[docs]  def edge( self, iedge ):
    'edge'

    transform = self.edgetransform[ iedge ]
    v1, v2, v3, v4 = self.vertices
    vertices = [ [v1,v3,v2], [v1,v2,v4], [v1,v4,v3], [v2,v3,v4] ][ iedge ] # TODO check!
    return TriangularElement( vertices=vertices, context=(self,transform) )


  @staticmethod
  @core.cache
  def refinedtransform( n ):
    'refined transform'
    raise NotImplementedError( 'Transformations for refined tetrahedrons' )  

[docs]  def refined( self, n ):
    'refine'
    raise NotImplementedError( 'Refinement tetrahedrons' )  


  @staticmethod
  @core.cache
  def getischeme( ndims, where ):
    '''get integration scheme
       http://people.sc.fsu.edu/~jburkardt/datasets/quadrature_rules_tet/quadrature_rules_tet.html'''

    assert ndims == 3
    if where.startswith( 'vtk' ):
      coords = numpy.array([[0,0,0],[1,0,0],[0,1,0],[0,0,1]]).T
      weights = None
    elif where == 'gauss1':
      coords = numpy.array( [[1],[1],[1]] ) / 4.
      weights = numpy.array( [1] ) / 6.
    elif where == 'gauss2':
      coords = numpy.array([[0.5854101966249685,0.1381966011250105,0.1381966011250105],
                            [0.1381966011250105,0.1381966011250105,0.1381966011250105],
                            [0.1381966011250105,0.1381966011250105,0.5854101966249685],
                            [0.1381966011250105,0.5854101966249685,0.1381966011250105]]).T
      weights = numpy.array([1,1,1,1]) / 24.
    elif where == 'gauss3':
      coords = numpy.array([[0.2500000000000000,0.2500000000000000,0.2500000000000000],
                            [0.5000000000000000,0.1666666666666667,0.1666666666666667],
                            [0.1666666666666667,0.1666666666666667,0.1666666666666667],
                            [0.1666666666666667,0.1666666666666667,0.5000000000000000],
                            [0.1666666666666667,0.5000000000000000,0.1666666666666667]]).T
      weights = numpy.array([-0.8000000000000000,0.4500000000000000,0.4500000000000000,0.4500000000000000,0.4500000000000000]) / 6.
    elif where == 'gauss4':
      coords = numpy.array([[0.2500000000000000,0.2500000000000000,0.2500000000000000],
                            [0.7857142857142857,0.0714285714285714,0.0714285714285714],
                            [0.0714285714285714,0.0714285714285714,0.0714285714285714],
                            [0.0714285714285714,0.0714285714285714,0.7857142857142857],
                            [0.0714285714285714,0.7857142857142857,0.0714285714285714],
                            [0.1005964238332008,0.3994035761667992,0.3994035761667992],
                            [0.3994035761667992,0.1005964238332008,0.3994035761667992],
                            [0.3994035761667992,0.3994035761667992,0.1005964238332008],
                            [0.3994035761667992,0.1005964238332008,0.1005964238332008],
                            [0.1005964238332008,0.3994035761667992,0.1005964238332008],
                            [0.1005964238332008,0.1005964238332008,0.3994035761667992]]).T
      weights = numpy.array([-0.0789333333333333,0.0457333333333333,0.0457333333333333,0.0457333333333333,0.0457333333333333,0.1493333333333333,0.1493333333333333,0.1493333333333333,0.1493333333333333,0.1493333333333333,0.1493333333333333]) / 6.
    elif where == 'gauss5':
      coords = numpy.array([[0.2500000000000000,0.2500000000000000,0.2500000000000000],
                            [0.0000000000000000,0.3333333333333333,0.3333333333333333],
                            [0.3333333333333333,0.3333333333333333,0.3333333333333333],
                            [0.3333333333333333,0.3333333333333333,0.0000000000000000],
                            [0.3333333333333333,0.0000000000000000,0.3333333333333333],
                            [0.7272727272727273,0.0909090909090909,0.0909090909090909],
                            [0.0909090909090909,0.0909090909090909,0.0909090909090909],
                            [0.0909090909090909,0.0909090909090909,0.7272727272727273],
                            [0.0909090909090909,0.7272727272727273,0.0909090909090909],
                            [0.4334498464263357,0.0665501535736643,0.0665501535736643],
                            [0.0665501535736643,0.4334498464263357,0.0665501535736643],
                            [0.0665501535736643,0.0665501535736643,0.4334498464263357],
                            [0.0665501535736643,0.4334498464263357,0.4334498464263357],
                            [0.4334498464263357,0.0665501535736643,0.4334498464263357],
                            [0.4334498464263357,0.4334498464263357,0.0665501535736643]]).T
      weights = numpy.array([0.1817020685825351,0.0361607142857143,0.0361607142857143,0.0361607142857143,0.0361607142857143,0.0698714945161738,0.0698714945161738,0.0698714945161738,0.0698714945161738,0.0656948493683187,0.0656948493683187,0.0656948493683187,0.0656948493683187,0.0656948493683187,0.0656948493683187]) / 6.
    elif where == 'gauss6':
      coords = numpy.array([[0.3561913862225449,0.2146028712591517,0.2146028712591517],
                            [0.2146028712591517,0.2146028712591517,0.2146028712591517],
                            [0.2146028712591517,0.2146028712591517,0.3561913862225449],
                            [0.2146028712591517,0.3561913862225449,0.2146028712591517],
                            [0.8779781243961660,0.0406739585346113,0.0406739585346113],
                            [0.0406739585346113,0.0406739585346113,0.0406739585346113],
                            [0.0406739585346113,0.0406739585346113,0.8779781243961660],
                            [0.0406739585346113,0.8779781243961660,0.0406739585346113],
                            [0.0329863295731731,0.3223378901422757,0.3223378901422757],
                            [0.3223378901422757,0.3223378901422757,0.3223378901422757],
                            [0.3223378901422757,0.3223378901422757,0.0329863295731731],
                            [0.3223378901422757,0.0329863295731731,0.3223378901422757],
                            [0.2696723314583159,0.0636610018750175,0.0636610018750175],
                            [0.0636610018750175,0.2696723314583159,0.0636610018750175],
                            [0.0636610018750175,0.0636610018750175,0.2696723314583159],
                            [0.6030056647916491,0.0636610018750175,0.0636610018750175],
                            [0.0636610018750175,0.6030056647916491,0.0636610018750175],
                            [0.0636610018750175,0.0636610018750175,0.6030056647916491],
                            [0.0636610018750175,0.2696723314583159,0.6030056647916491],
                            [0.2696723314583159,0.6030056647916491,0.0636610018750175],
                            [0.6030056647916491,0.0636610018750175,0.2696723314583159],
                            [0.0636610018750175,0.6030056647916491,0.2696723314583159],
                            [0.2696723314583159,0.0636610018750175,0.6030056647916491],
                            [0.6030056647916491,0.2696723314583159,0.0636610018750175]]).T
      weights = numpy.array([0.0399227502581679,0.0399227502581679,0.0399227502581679,0.0399227502581679,0.0100772110553207,0.0100772110553207,0.0100772110553207,0.0100772110553207,0.0553571815436544,0.0553571815436544,0.0553571815436544,0.0553571815436544,0.0482142857142857,0.0482142857142857,0.0482142857142857,0.0482142857142857,0.0482142857142857,0.0482142857142857,0.0482142857142857,0.0482142857142857,0.0482142857142857,0.0482142857142857,0.0482142857142857,0.0482142857142857]) / 6.
    elif where == 'gauss7':
      coords = numpy.array([[0.2500000000000000,0.2500000000000000,0.2500000000000000],
                            [0.7653604230090441,0.0782131923303186,0.0782131923303186],
                            [0.0782131923303186,0.0782131923303186,0.0782131923303186],
                            [0.0782131923303186,0.0782131923303186,0.7653604230090441],
                            [0.0782131923303186,0.7653604230090441,0.0782131923303186],
                            [0.6344703500082868,0.1218432166639044,0.1218432166639044],
                            [0.1218432166639044,0.1218432166639044,0.1218432166639044],
                            [0.1218432166639044,0.1218432166639044,0.6344703500082868],
                            [0.1218432166639044,0.6344703500082868,0.1218432166639044],
                            [0.0023825066607383,0.3325391644464206,0.3325391644464206],
                            [0.3325391644464206,0.3325391644464206,0.3325391644464206],
                            [0.3325391644464206,0.3325391644464206,0.0023825066607383],
                            [0.3325391644464206,0.0023825066607383,0.3325391644464206],
                            [0.0000000000000000,0.5000000000000000,0.5000000000000000],
                            [0.5000000000000000,0.0000000000000000,0.5000000000000000],
                            [0.5000000000000000,0.5000000000000000,0.0000000000000000],
                            [0.5000000000000000,0.0000000000000000,0.0000000000000000],
                            [0.0000000000000000,0.5000000000000000,0.0000000000000000],
                            [0.0000000000000000,0.0000000000000000,0.5000000000000000],
                            [0.2000000000000000,0.1000000000000000,0.1000000000000000],
                            [0.1000000000000000,0.2000000000000000,0.1000000000000000],
                            [0.1000000000000000,0.1000000000000000,0.2000000000000000],
                            [0.6000000000000000,0.1000000000000000,0.1000000000000000],
                            [0.1000000000000000,0.6000000000000000,0.1000000000000000],
                            [0.1000000000000000,0.1000000000000000,0.6000000000000000],
                            [0.1000000000000000,0.2000000000000000,0.6000000000000000],
                            [0.2000000000000000,0.6000000000000000,0.1000000000000000],
                            [0.6000000000000000,0.1000000000000000,0.2000000000000000],
                            [0.1000000000000000,0.6000000000000000,0.2000000000000000],
                            [0.2000000000000000,0.1000000000000000,0.6000000000000000],
                            [0.6000000000000000,0.2000000000000000,0.1000000000000000]]).T
      weights = numpy.array([0.1095853407966528,0.0635996491464850,0.0635996491464850,0.0635996491464850,0.0635996491464850,-0.3751064406859797,-0.3751064406859797,-0.3751064406859797,-0.3751064406859797,0.0293485515784412,0.0293485515784412,0.0293485515784412,0.0293485515784412,0.0058201058201058,0.0058201058201058,0.0058201058201058,0.0058201058201058,0.0058201058201058,0.0058201058201058,0.1653439153439105,0.1653439153439105,0.1653439153439105,0.1653439153439105,0.1653439153439105,0.1653439153439105,0.1653439153439105,0.1653439153439105,0.1653439153439105,0.1653439153439105,0.1653439153439105,0.1653439153439105]) / 6.
    elif where == 'gauss8':
      coords = numpy.array([[0.2500000000000000,0.2500000000000000,0.2500000000000000],
                            [0.6175871903000830,0.1274709365666390,0.1274709365666390],
                            [0.1274709365666390,0.1274709365666390,0.1274709365666390],
                            [0.1274709365666390,0.1274709365666390,0.6175871903000830],
                            [0.1274709365666390,0.6175871903000830,0.1274709365666390],
                            [0.9037635088221031,0.0320788303926323,0.0320788303926323],
                            [0.0320788303926323,0.0320788303926323,0.0320788303926323],
                            [0.0320788303926323,0.0320788303926323,0.9037635088221031],
                            [0.0320788303926323,0.9037635088221031,0.0320788303926323],
                            [0.4502229043567190,0.0497770956432810,0.0497770956432810],
                            [0.0497770956432810,0.4502229043567190,0.0497770956432810],
                            [0.0497770956432810,0.0497770956432810,0.4502229043567190],
                            [0.0497770956432810,0.4502229043567190,0.4502229043567190],
                            [0.4502229043567190,0.0497770956432810,0.4502229043567190],
                            [0.4502229043567190,0.4502229043567190,0.0497770956432810],
                            [0.3162695526014501,0.1837304473985499,0.1837304473985499],
                            [0.1837304473985499,0.3162695526014501,0.1837304473985499],
                            [0.1837304473985499,0.1837304473985499,0.3162695526014501],
                            [0.1837304473985499,0.3162695526014501,0.3162695526014501],
                            [0.3162695526014501,0.1837304473985499,0.3162695526014501],
                            [0.3162695526014501,0.3162695526014501,0.1837304473985499],
                            [0.0229177878448171,0.2319010893971509,0.2319010893971509],
                            [0.2319010893971509,0.0229177878448171,0.2319010893971509],
                            [0.2319010893971509,0.2319010893971509,0.0229177878448171],
                            [0.5132800333608811,0.2319010893971509,0.2319010893971509],
                            [0.2319010893971509,0.5132800333608811,0.2319010893971509],
                            [0.2319010893971509,0.2319010893971509,0.5132800333608811],
                            [0.2319010893971509,0.0229177878448171,0.5132800333608811],
                            [0.0229177878448171,0.5132800333608811,0.2319010893971509],
                            [0.5132800333608811,0.2319010893971509,0.0229177878448171],
                            [0.2319010893971509,0.5132800333608811,0.0229177878448171],
                            [0.0229177878448171,0.2319010893971509,0.5132800333608811],
                            [0.5132800333608811,0.0229177878448171,0.2319010893971509],
                            [0.7303134278075384,0.0379700484718286,0.0379700484718286],
                            [0.0379700484718286,0.7303134278075384,0.0379700484718286],
                            [0.0379700484718286,0.0379700484718286,0.7303134278075384],
                            [0.1937464752488044,0.0379700484718286,0.0379700484718286],
                            [0.0379700484718286,0.1937464752488044,0.0379700484718286],
                            [0.0379700484718286,0.0379700484718286,0.1937464752488044],
                            [0.0379700484718286,0.7303134278075384,0.1937464752488044],
                            [0.7303134278075384,0.1937464752488044,0.0379700484718286],
                            [0.1937464752488044,0.0379700484718286,0.7303134278075384],
                            [0.0379700484718286,0.1937464752488044,0.7303134278075384],
                            [0.7303134278075384,0.0379700484718286,0.1937464752488044],
                            [0.1937464752488044,0.7303134278075384,0.0379700484718286]]).T
      weights = numpy.array([-0.2359620398477557,0.0244878963560562,0.0244878963560562,0.0244878963560562,0.0244878963560562,0.0039485206398261,0.0039485206398261,0.0039485206398261,0.0039485206398261,0.0263055529507371,0.0263055529507371,0.0263055529507371,0.0263055529507371,0.0263055529507371,0.0263055529507371,0.0829803830550589,0.0829803830550589,0.0829803830550589,0.0829803830550589,0.0829803830550589,0.0829803830550589,0.0254426245481023,0.0254426245481023,0.0254426245481023,0.0254426245481023,0.0254426245481023,0.0254426245481023,0.0254426245481023,0.0254426245481023,0.0254426245481023,0.0254426245481023,0.0254426245481023,0.0254426245481023,0.0134324384376852,0.0134324384376852,0.0134324384376852,0.0134324384376852,0.0134324384376852,0.0134324384376852,0.0134324384376852,0.0134324384376852,0.0134324384376852,0.0134324384376852,0.0134324384376852,0.0134324384376852]) / 6.
    else:
      raise Exception, 'invalid element evaluation: %r' % where
    return util.ImmutableArray( coords.T ), util.ImmutableArray( weights )

[docs]  def select_contained( self, points, eps=0 ):
    'select points contained in element'
    raise NotImplementedError( 'Determine whether a point resides in the tetrahedron' )  



[docs]class StdElem( object ):
  'stdelem base class'

  __slots__ = 'ndims', 'nshapes'

  def __mul__( self, other ):
    'multiply elements'

    return PolyProduct( self, other )

  def __pow__( self, n ):
    'repeated multiplication'

    assert n >= 1
    return self if n == 1 else self * self**(n-1)

[docs]  def extract( self, extraction ):
    'apply extraction matrix'

    return ExtractionWrapper( self, extraction )



[docs]class PolyProduct( StdElem ):
  'multiply standard elements'

  __slots__ = 'std1', 'std2'

  @core.cache
  def __new__( cls, std1, std2 ):
    'constructor'

    self = object.__new__( cls )
    self.std1 = std1
    self.std2 = std2
    self.ndims = std1.ndims + std2.ndims
    self.nshapes = std1.nshapes * std2.nshapes
    return self

  @core.cache
  def eval( self, points, grad=0 ):
    'evaluate'
    # log.debug( '@ PolyProduct.eval: ', id(self), id(points), id(grad) )

    assert isinstance( grad, int ) and grad >= 0

    assert points.shape[-1] == self.ndims

    s1 = slice(0,self.std1.ndims)
    p1 = points[...,s1]
    s2 = slice(self.std1.ndims,None)
    p2 = points[...,s2]

    E = Ellipsis,
    S = slice(None),
    N = numpy.newaxis,

    shape = points.shape[:-1] + (self.std1.nshapes * self.std2.nshapes,)
    G12 = [ ( self.std1.eval( p1, grad=i )[E+S+N+S*i+N*j]
            * self.std2.eval( p2, grad=j )[E+N+S+N*i+S*j] ).reshape( shape + (self.std1.ndims,) * i + (self.std2.ndims,) * j )
            for i,j in zip( range(grad,-1,-1), range(grad+1) ) ]

    data = numpy.empty( shape + (self.ndims,) * grad )

    s = (s1,)*grad + (s2,)*grad
    R = numpy.arange(grad)
    for n in range(2**grad):
      index = n>>R&1
      n = index.argsort() # index[s] = [0,...,1]
      shuffle = range(points.ndim) + list( points.ndim + n )
      iprod = index.sum()
      data.transpose(shuffle)[E+s[iprod:iprod+grad]] = G12[iprod]

    return data

  def __str__( self ):
    'string representation'

    return '%s*%s' % ( self.std1, self.std2 )


[docs]class PolyLine( StdElem ):
  'polynomial on a line'

  __slots__ = 'degree', 'poly'

  @classmethod
[docs]  def bernstein_poly( cls, degree ):
    'bernstein polynomial coefficients'

    # magic bernstein triangle
    revpoly = numpy.zeros( [degree+1,degree+1], dtype=int )
    for k in range(degree//2+1):
      revpoly[k,k] = root = (-1)**degree if k == 0 else ( revpoly[k-1,k] * (k*2-1-degree) ) / k
      for i in range(k+1,degree+1-k):
        revpoly[i,k] = revpoly[k,i] = root = ( root * (k+i-degree-1) ) / i
    return revpoly[::-1]


  @classmethod
[docs]  def spline_poly( cls, p, n ):
    'spline polynomial coefficients'

    assert p >= 0, 'invalid polynomial degree %d' % p
    if p == 0:
      assert n == -1
      return numpy.array( [[[1.]]] )

    assert 1 <= n < 2*p
    extractions = numpy.empty(( n, p+1, p+1 ))
    extractions[0] = numpy.eye( p+1 )
    for i in range( 1, n ):
      extractions[i] = numpy.eye( p+1 )
      for j in range( 2, p+1 ):
        for k in reversed( range( j, p+1 ) ):
          alpha = 1. / min( 2+k-j, n-i+1 )
          extractions[i-1,:,k] = alpha * extractions[i-1,:,k] + (1-alpha) * extractions[i-1,:,k-1]
        extractions[i,-j-1:-1,-j-1] = extractions[i-1,-j:,-1]

    poly = cls.bernstein_poly( p )
    return numeric.contract( extractions[:,_,:,:], poly[_,:,_,:], axis=-1 )


  @classmethod
  @core.cache
  def spline_elems( cls, p, n ):
    'spline elements, minimum amount (just for caching)'

    return map( cls, cls.spline_poly(p,n) )

  @classmethod
  @core.cache
  def spline_elems_neumann( cls, p, n ):
    'spline elements, neumann endings (just for caching)'

    polys = cls.spline_poly(p,n)
    poly_0 = polys[0].copy()
    poly_0[:,1] += poly_0[:,0]
    poly_e = polys[-1].copy()
    poly_e[:,-2] += poly_e[:,-1]
    return cls(poly_0), cls(poly_e)

  @classmethod
  @core.cache
  def spline_elems_curvature( cls ):
    'spline elements, curve free endings (just for caching)'

    polys = cls.spline_poly(1,1)
    poly_0 = polys[0].copy()
    poly_0[:,0] += 0.5*(polys[0][:,0]+polys[0][:,1])
    poly_0[:,1] -= 0.5*(polys[0][:,0]+polys[0][:,1])

    poly_e = polys[-1].copy()
    poly_e[:,-2] -= 0.5*(polys[-1][:,-1]+polys[-1][:,-2])
    poly_e[:,-1] += 0.5*(polys[-1][:,-1]+polys[-1][:,-2])

    return cls(poly_0), cls(poly_e)

  @classmethod
[docs]  def spline( cls, degree, nelems, periodic=False, neumann=0, curvature=False ):
    'spline elements, any amount'

    p = degree
    n = 2*p-1
    if periodic:
      assert not neumann, 'periodic domains have no boundary'
      assert not curvature, 'curvature free option not possible for periodic domains'
      if nelems == 1: # periodicity on one element can only mean a constant
        elems = cls.spline_elems( 0, n )
      else:
        elems = cls.spline_elems( p, n )[p-1:p] * nelems
    else:
      elems = cls.spline_elems( p, min(nelems,n) )
      if len(elems) < nelems:
        elems = elems[:p-1] + elems[p-1:p] * (nelems-2*(p-1)) + elems[p:]
      if neumann:
        elem_0, elem_e = cls.spline_elems_neumann( p, min(nelems,n) )
        if neumann & 1:
          elems[0] = elem_0
        if neumann & 2:
          elems[-1] = elem_e
      if curvature:
        assert neumann==0, 'Curvature free not allowed in combindation with Neumann'
        assert degree==2, 'Curvature free only allowed for quadratic splines'  
        elem_0, elem_e = cls.spline_elems_curvature()
        elems[0] = elem_0
        elems[-1] = elem_e

    return numpy.array( elems )


  def __init__( self, poly ):
    '''Create polynomial from order x nfuncs array of coefficients 'poly'.
       Evaluates to sum_i poly[i,:] x**i.'''

    self.ndims = 1
    self.poly = numpy.asarray( poly, dtype=float )
    order, self.nshapes = self.poly.shape
    self.degree = order - 1

  @core.cache
  def eval( self, points, grad=0 ):
    'evaluate'

    assert points.shape[-1] == 1
    x = points[...,0]

    if grad > self.degree:
      return numeric.appendaxes( 0., x.shape+(self.nshapes,)+(1,)*grad )

    poly = self.poly
    for n in range(grad):
      poly = poly[1:] * numpy.arange( 1, poly.shape[0] )[:,_]

    polyval = numpy.empty( x.shape+(self.nshapes,) )
    polyval[:] = poly[-1]
    for p in poly[-2::-1]:
      polyval *= x[...,_]
      polyval += p

    return polyval[(Ellipsis,)+(_,)*grad]

[docs]  def extract( self, extraction ):
    'apply extraction'

    return PolyLine( numpy.dot( self.poly, extraction ) )


  def __repr__( self ):
    'string representation'

    return 'PolyLine#%x' % id(self)


[docs]class PolyTriangle( StdElem ):
  '''poly triangle (linear for now)
     conventions: dof numbering as vertices, see TriangularElement docstring.'''

  __slots__ = ()

  @core.cache
  def __new__( cls, order ):
    'constructor'

    assert order == 1
    self = object.__new__( cls )
    return self

  @core.cache
  def eval( self, points, grad=0 ):
    'eval'

    npoints, ndim = points.shape
    if grad == 0:
      x, y = points.T
      data = numpy.array( [ x, y, 1-x-y ] ).T
    elif grad == 1:
      data = numpy.array( [[1,0],[0,1],[-1,-1]], dtype=float )
    else:
      data = numpy.array( 0 ).reshape( (1,) * (grad+ndim) )
    return data

  def __repr__( self ):
    'string representation'

    return '%s#%x' % ( self.__class__.__name__, id(self) )


[docs]class BubbleTriangle( StdElem ):
  '''linear triangle + bubble function
     conventions: dof numbering as vertices (see TriangularElement docstring), then barycenter.'''

  __slots__ = ()

  @core.cache
  def __new__( cls, order ):
    'constructor'

    assert order == 1
    self = object.__new__( cls )
    return self

  @core.cache
  def eval( self, points, grad=0 ):
    'eval'

    npoints, ndim = points.shape
    if grad == 0:
      x, y = points.T
      data = numpy.array( [ x, y, 1-x-y, 27*x*y*(1-x-y) ] ).T
    elif grad == 1:
      x, y = points.T
      const_block = numpy.array( [1,0,0,1,-1,-1]*npoints, dtype=float ).reshape( npoints,3,2 )
      grad1_bubble = 27*numpy.array( [y*(1-2*x-y),x*(1-x-2*y)] ).T.reshape( npoints,1,2 )
      data = numpy.concatenate( [const_block, grad1_bubble], axis=1 )
    elif grad == 2:
      x, y = points.T
      zero_block = numpy.zeros( (npoints,3,2,2) )
      grad2_bubble = 27*numpy.array( [-2*y,1-2*x-2*y, 1-2*x-2*y,-2*x] ).T.reshape( npoints,1,2,2 )
      data = numpy.concatenate( [zero_block, grad2_bubble], axis=1 )
    elif grad == 3:
      zero_block = numpy.zeros( (3,2,2,2) )
      grad3_bubble = 27*numpy.array( [0,-2,-2,-2,-2,-2,-2,0], dtype=float ).reshape( 1,2,2,2 )
      data = numpy.concatenate( [zero_block, grad3_bubble], axis=0 )
    else:
      assert ndim==2, 'Triangle takes 2D coordinates' # otherwise tested by unpacking points.T
      data = numpy.array( 0 ).reshape( (1,) * (grad+2) )
    return data

  def __repr__( self ):
    'string representation'

    return '%s#%x' % ( self.__class__.__name__, id(self) )


[docs]class ExtractionWrapper( object ):
  'extraction wrapper'

  __slots__ = 'stdelem', 'extraction'

  def __init__( self, stdelem, extraction ):
    'constructor'

    self.stdelem = stdelem
    self.extraction = extraction

  @core.cache
  def eval( self, points, grad=0 ):
    'call'

    return numeric.dot( self.stdelem.eval( points, grad ), self.extraction, axis=1 )

  def __repr__( self ):
    'string representation'

    return '%s#%x:%s' % ( self.__class__.__name__, id(self), self.stdelem )

# vim:shiftwidth=2:foldmethod=indent:foldnestmax=2
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  Source code for nutils.mesh

# -*- coding: utf8 -*-
#
# Module MESH
#
# Part of Nutils: open source numerical utilities for Python. Jointly developed
# by HvZ Computational Engineering, TU/e Multiscale Engineering Fluid Dynamics,
# and others. More info at http://nutils.org <info@nutils.org>. (c) 2014

"""
The mesh module provides mesh generators: methods that return a topology and an
accompanying geometry function. Meshes can either be generated on the fly, e.g.
:func:`rectilinear`, or read from external an externally prepared file,
:func:`gmesh`, :func:`igatool`, and converted to nutils format. Note that no
mesh writers are provided at this point; output is handled by the
:mod:`nutils.plot` module.
"""

from . import topology, function, util, element, numpy, numeric, _
import os

# MESH GENERATORS

class GridFunc( function.ElemFunc ):
  __slots__ = 'structure', 'grid'
  def __init__( self, domainelem, structure, grid ):
    self.structure = structure
    self.grid = grid
    function.ElemFunc.__init__( self, domainelem )
  def finditer( self, x ):
    assert x.ndim == 2
    assert x.shape[1] == len(self.grid)
    N = numpy.array([ numpy.searchsorted(gi,xi)-1 for gi, xi in zip(self.grid,x.T) ]).T
    I = numpy.arange( x.shape[0] )
    while N.size:
      n = N[0]
      GN = zip(self.grid,n)
      assert all( 0 <= ni < len(gi)-1 for gi, ni in GN )
      w = numpy.all( N == n, axis=1 )
      x0 = numpy.array([ gi[ni] for gi, ni in GN ])
      dx = numpy.array([ gi[ni+1]-gi[ni] for gi, ni in GN ])
      yield self.structure[tuple(n)], (x[w]-x0)/dx, I[w]
      N = N[~w]
      I = I[~w]
      x = x[~w]

[docs]def rectilinear( vertices, periodic=(), name='rect' ):
  'rectilinear mesh'

  ndims = len(vertices)
  indices = numpy.ogrid[ tuple( slice(len(n)-1) for n in vertices ) ]
  domainelem = element.Element( ndims=ndims, vertices=[] )

  vertexfmt = name + '(' + ','.join( '%%%dd' % len(str(len(n)-1)) for n in vertices ) + ')'
  vertexobjs = util.objmap( lambda *index: element.PrimaryVertex(vertexfmt%index), *numpy.ogrid[ tuple( slice(len(n)) for n in vertices ) ] )
  for idim in periodic:
    tmp = numeric.bringforward( vertexobjs, idim )
    tmp[-1] = tmp[0]

  structure = util.objmap( lambda *index: element.QuadElement(
    ndims=ndims,
    parent=( domainelem, element.AffineTransformation(
      offset=[ n[i] for n,i in zip(vertices,index) ],
      transform=numpy.diag([ n[i+1]-n[i] for n,i in zip(vertices,index) ]) ) ),
    vertices=vertexobjs[tuple(slice(i,i+2) for i in index)].ravel() ), *indices )
  topo = topology.StructuredTopology( structure )
  coords = GridFunc( domainelem, structure, vertices )
  if periodic:
    topo = topo.make_periodic( periodic )
  return topo, coords


[docs]def revolve( topo, coords, nelems, degree=3, axis=0 ):
  'revolve coordinates'

  # This is a hack. We need to be able to properly multiply topologies.
  DEGREE = (2,) # Degree of coords element

  structure = numpy.array([ [ element.QuadElement( ndims=topo.ndims+1 ) for elem in topo ] for ielem in range(nelems) ])
  revolved_topo = topology.StructuredTopology( structure.reshape( nelems, *topo.structure.shape ), periodic=0 )
  if nelems % 2 == 0:
    revolved_topo.groups[ 'top' ] = revolved_topo[:nelems//2]
    revolved_topo.groups[ 'bottom' ] = revolved_topo[nelems//2:]

  print 'topo:', revolved_topo.structure.shape
  revolved_func = revolved_topo.splinefunc( degree=(degree,)+DEGREE )

  assert isinstance( coords, function.StaticDot )
  assert coords.array.ndim == 2
  nvertices, ndims = coords.array.shape

  phi = ( .5 + numpy.arange(nelems) - .5*degree ) * ( 2 * numpy.pi / nelems )
  weights = numpy.empty(( nelems, nvertices, ndims+1 ))
  weights[...,:axis] = coords.array[:,:axis]
  weights[...,axis] = numpy.cos(phi)[:,_] * coords.array[:,axis]
  weights[...,axis+1] = numpy.sin(phi)[:,_] * coords.array[:,axis]
  weights[...,axis+2:] = coords.array[:,axis+1:]
  weights = numeric.reshape( weights, 2, 1 )

  return revolved_topo, revolved_func.dot( weights )


[docs]def gmesh( path, btags={}, name=None ):
  'gmesh'

  if name is None:
    name = os.path.basename(path)

  if isinstance( btags, str ):
    btags = { i+1: btag for i, btag in enumerate( btags.split(',') ) }

  lines = iter( open( path, 'r' ) )

  assert lines.next() == '$MeshFormat\n'
  version, filetype, datasize = lines.next().split()
  assert lines.next() == '$EndMeshFormat\n'

  assert lines.next() == '$Nodes\n'
  nvertices = int( lines.next() )
  coords = numpy.empty(( nvertices, 3 ))
  for iNode in range( nvertices ):
    items = lines.next().split()
    assert int( items[0] ) == iNode + 1
    coords[ iNode ] = map( float, items[1:] )
  assert lines.next() == '$EndNodes\n'

  assert numpy.all( abs( coords[:,2] ) < 1e-5 ), 'ndims=3 case not yet implemented.'
  coords = coords[:,:2]

  boundary = []
  elements = []
  connected = [ set() for i in range( nvertices ) ]
  nmap = {}
  fmap = {}

  assert lines.next() == '$Elements\n'
  domainelem = element.Element( ndims=2, vertices=[] )
  vertexobjs = numpy.array( [ element.PrimaryVertex( '%s(%d)' % (name,ivertex) ) for ivertex in range(nvertices) ], dtype=object )
  for ielem in range( int( lines.next() ) ):
    items = lines.next().split()
    assert int( items[0] ) == ielem + 1
    elemtype = int( items[1] )
    ntags = int( items[2] )
    tags = [ int(tag) for tag in set( items[3:3+ntags] ) ]
    elemvertices = numpy.asarray( items[3+ntags:], dtype=int ) - 1
    elemcoords = coords[ elemvertices ]
    if elemtype == 1: # boundary edge
      boundary.append(( elemvertices, tags ))
    elif elemtype in (2,4):
      if elemtype == 2: # interior element, triangle
        offset = elemcoords[2]
        if numpy.linalg.det( elemcoords[:2] - offset ) < 0:
          elemvertices[:2] = elemvertices[1], elemvertices[0]
          elemcoords = coords[ elemvertices ]
        parent = domainelem, element.AffineTransformation( offset=offset, transform=(elemcoords[:2]-offset).T )
        elem = element.TriangularElement( vertices=vertexobjs[ elemvertices ], parent=parent )
        stdelem = element.PolyTriangle( 1 )
      else: # interior element, quadrilateral
        raise NotImplementedError
        elem = element.QuadElement( ndims=2 )
        stdelem = element.PolyQuad( (2,2) )
      elements.append( elem )
      fmap[ elem ] = stdelem
      nmap[ elem ] = elemvertices
      for n in elemvertices:
        connected[ n ].add( elem )
    elif elemtype == 15: # boundary vertex
      pass
    else:
      raise Exception, 'element type #%d not supported' % elemtype
  assert lines.next() == '$EndElements\n'

  belements = []
  bgroups = {}
  for vertices, tags in boundary:
    n1, n2 = vertices
    elem, = connected[n1] & connected[n2]
    loc_vert_indices = [elem.vertices.index(vertexobjs[v]) for v in vertices] # in [0,1,2]
    match = numpy.array( loc_vert_indices ).sum()-1
    iedge = [1, 0, 2][match]
    belem = elem.edge( iedge )
    belements.append( belem )
    for tag in tags:
      bgroups.setdefault( tag, [] ).append( belem )

  structured = True
  for i, el in enumerate( belements ):
    if not set(belements[i-1].vertices) & set(el.vertices):
      structured = False
      numpy.warnings.warn( 'Boundary elements are not sorted: boundary group will be an UnstructuredTopology.' )
      break

  linearfunc = function.function( fmap, nmap, nvertices, 2 )
  # Extend linearfunc by bubble functions for the P^1+bubble basis
  fmap_b, nmap_b = {}, {}
  for i, (key,val) in enumerate( nmap.iteritems() ): # enumerate bubble functions
    fmap_b[key] = element.BubbleTriangle( 1 )
    nmap_b[key] = numpy.concatenate( [val, [nvertices+i]] )
  bubblefunc = function.function( fmap_b, nmap_b, nvertices+len(nmap), 2 )

  namedfuncs = { 'spline1': linearfunc, 'bubble1': bubblefunc }
  topo = topology.UnstructuredTopology( elements, ndims=2, namedfuncs=namedfuncs )
  topo.boundary = topology.StructuredTopology( belements, periodic=(0,) ) if structured else \
                  topology.UnstructuredTopology( belements, ndims=1 )
  topo.boundary.groups = {}
  for tag, group in bgroups.items():
    try:
      tag = btags[tag]
    except:
      pass
    topo.boundary.groups[tag] = topology.UnstructuredTopology( group, ndims=1 )

  return topo, function.ElemFunc( domainelem )


[docs]def triangulation( vertices, nvertices ):
  'triangulation'

  bedges = {}
  nmap = {}
  I = numpy.array( [[2,0],[0,1],[1,2]] )
  for n123 in vertices:
    elem = element.TriangularElement()
    nmap[ elem ] = n123
    for iedge, (n1,n2) in enumerate( n123[I] ):
      try:
        del bedges[ (n2,n1) ]
      except KeyError:
        bedges[ (n1,n2) ] = elem, iedge

  dofaxis = function.DofAxis( nvertices, nmap )
  stdelem = element.PolyTriangle( 1 )
  linearfunc = function.Function( dofaxis=dofaxis, stdmap=dict.fromkeys(nmap,stdelem) )
  namedfuncs = { 'spline1': linearfunc }

  connectivity = dict( bedges.iterkeys() )
  N = list( connectivity.popitem() )
  while connectivity:
    N.append( connectivity.pop( N[-1] ) )
  assert N[0] == N[-1]

  structure = []
  for n12 in zip( N[:-1], N[1:] ):
    elem, iedge = bedges[ n12 ]
    structure.append( elem.edge( iedge ) )
    
  topo = topology.UnstructuredTopology( list(nmap), ndims=2, namedfuncs=namedfuncs )
  topo.boundary = topology.StructuredTopology( structure, periodic=(1,) )
  return topo


[docs]def igatool( path, name=None ):
  'igatool mesh'

  if name is None:
    name = os.path.basename(path)

  import vtk

  reader = vtk.vtkXMLUnstructuredGridReader()
  reader.SetFileName( path )
  reader.Update()

  mesh = reader.GetOutput()

  FieldData = mesh.GetFieldData()
  CellData = mesh.GetCellData()

  NumberOfPoints = int( mesh.GetNumberOfPoints() )
  NumberOfElements = mesh.GetNumberOfCells()
  NumberOfArrays = FieldData.GetNumberOfArrays()

  points = util.arraymap( mesh.GetPoint, float, range(NumberOfPoints) )
  Cij = FieldData.GetArray( 'Cij' )
  Cv = FieldData.GetArray( 'Cv' )
  Cindi = CellData.GetArray( 'Elem_extr_indi')

  elements = []
  degree = 3
  ndims = 2
  nmap = {}
  fmap = {}

  poly = element.PolyLine( element.PolyLine.bernstein_poly( degree ) )**ndims

  for ielem in range(NumberOfElements):

    cellpoints = vtk.vtkIdList()
    mesh.GetCellPoints( ielem, cellpoints )
    nids = util.arraymap( cellpoints.GetId, int, range(cellpoints.GetNumberOfIds()) )

    assert mesh.GetCellType(ielem) == vtk.VTK_HIGHER_ORDER_QUAD
    nb = (degree+1)**2
    assert len(nids) == nb

    n = range( *util.arraymap( Cindi.GetComponent, int, ielem, [0,1] ) )
    I = util.arraymap( Cij.GetComponent, int, n, 0 )
    J = util.arraymap( Cij.GetComponent, int, n, 1 )
    Ce = numpy.zeros(( nb, nb ))
    Ce[I,J] = util.arraymap( Cv.GetComponent, float, n, 0 )

    vertices = [ element.PrimaryVertex( '%s(%d:%d)' % (name,ielem,ivertex) ) for ivertex in range(2**ndims) ]
    elem = element.QuadElement( vertices=vertices, ndims=ndims )
    elements.append( elem )

    fmap[ elem ] = element.ExtractionWrapper( poly, Ce.T )
    nmap[ elem ] = nids

  splinefunc = function.function( fmap, nmap, NumberOfPoints, ndims )
  namedfuncs = { 'spline%d' % degree: splinefunc }

  boundaries = {}
  elemgroups = {}
  vertexgroups = {}
  renumber   = (0,3,1,2)
  for iarray in range( NumberOfArrays ):
    name = FieldData.GetArrayName( iarray )
    index = name.find( '_group_' )
    if index == -1:
      continue
    grouptype = name[:index]
    groupname = name[index+7:]
    A = FieldData.GetArray( iarray )
    I = util.arraymap( A.GetComponent, int, range(A.GetSize()), 0 )
    if grouptype == 'edge':
      belements = [ elements[i//4].edge( renumber[i%4] ) for i in I ]
      boundaries[ groupname ] = topology.UnstructuredTopology( belements, ndims=ndims-1 )
    elif grouptype == 'vertex':
      vertexgroups[ groupname ] = I
    elif grouptype == 'element':
      elemgroups[ groupname ] = topology.UnstructuredTopology( [ elements[i] for i in I ], namedfuncs=namedfuncs, ndims=2 )
    else:
      raise Exception, 'unknown group type: %r' % grouptype

  topo = topology.UnstructuredTopology( elements, namedfuncs=namedfuncs, ndims=ndims )
  topo.groups = elemgroups
  topo.boundary = topology.UnstructuredTopology( elements=[], ndims=ndims-1 )
  topo.boundary.groups = boundaries

  for group in elemgroups.values():
    myboundaries = {}
    for name, boundary in boundaries.iteritems():
      belems = [ belem for belem in boundary.elements if belem.parent[0] in group ]
      if belems:
        myboundaries[ name ] = topology.UnstructuredTopology( belems, ndims=ndims-1 )
    group.boundary = topology.UnstructuredTopology( elements=[], ndims=ndims-1 )
    group.boundary.groups = myboundaries

  funcsp = topo.splinefunc( degree=degree )
  coords = ( funcsp[:,_] * points ).sum( 0 )
  return topo, coords #, vertexgroups


[docs]def fromfunc( func, nelems, ndims, degree=1 ):
  'piecewise'

  if isinstance( nelems, int ):
    nelems = [ nelems ]
  assert len( nelems ) == func.func_code.co_argcount
  topo, ref = rectilinear( [ numpy.linspace(0,1,n+1) for n in nelems ] )
  funcsp = topo.splinefunc( degree=degree ).vector( ndims )
  coords = topo.projection( func, onto=funcsp, coords=ref, exact_boundaries=True )
  return topo, coords


[docs]def demo( xmin=0, xmax=1, ymin=0, ymax=1 ):
  'demo triangulation of a rectangle'

  phi = numpy.arange( 1.5, 13 ) * (2*numpy.pi) / 12
  P = numpy.array([ numpy.cos(phi), numpy.sin(phi) ])
  P /= abs(P).max(axis=0)
  phi = numpy.arange( 1, 9 ) * (2*numpy.pi) / 8
  Q = numpy.array([ numpy.cos(phi), numpy.sin(phi) ])
  Q /= 2 * numpy.sqrt( abs(Q).max(axis=0) / numpy.sqrt(2) )
  R = numpy.zeros([2,1])

  coords = [.5*(xmin+xmax),.5*(ymin+ymax)] \
         + [.5*(xmax-xmin),.5*(ymax-ymin)] * numpy.hstack( [P,Q,R] ).T
  vertices = numpy.array(
    [ ( i, (i+1)%12, 12+(i-i//3)%8 )   for i in range(12) ]
  + [ ( 12+(i+1)%8, 12+i, i+1+(i//2) ) for i in range( 8) ]
  + [ ( 12+i, 12+(i+1)%8, 20 )         for i in range( 8) ] )
  
  domainelem = element.Element( ndims=2, vertices=[] )
  elements = []
  vertices = numpy.array([ element.PrimaryVertex( 'demo.%d' % ivertex ) for ivertex in range(len(vertices)) ])
  for ielem, elemvertices in enumerate( vertices ):
    elemcoords = coords[ numpy.array(elemvertices) ]
    parent = domainelem, element.AffineTransformation( offset=elemcoords[2], transform=(elemcoords[:2]-elemcoords[2]).T )
    elem = element.TriangularElement( vertices=vertices[elemvertices], parent=parent )
    elements.append( elem )

  fmap = dict.fromkeys( elements, element.PolyTriangle(1) )
  nmap = dict( zip( elements, vertices ) )
  belems = [ elem.edge(1) for elem in elements[:12] ]
  bgroups = { 'top': belems[0:3], 'left': belems[3:6], 'bottom': belems[6:9], 'right': belems[9:12] }

  linearfunc = function.function( fmap, nmap, ndofs=21, ndims=2 )
  namedfuncs = { 'spline2': linearfunc }
  topo = topology.UnstructuredTopology( elements, ndims=2, namedfuncs=namedfuncs )
  topo.boundary = topology.UnstructuredTopology( belems, ndims=1 )
  topo.boundary.groups = dict( ( tag, topology.UnstructuredTopology( group, ndims=1 ) ) for tag, group in bgroups.items() )

  return topo, function.ElemFunc( domainelem )

# vim:shiftwidth=2:foldmethod=indent:foldnestmax=1
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  Source code for nutils.matrix

# -*- coding: utf8 -*-
#
# Module MATRIX
#
# Part of Nutils: open source numerical utilities for Python. Jointly developed
# by HvZ Computational Engineering, TU/e Multiscale Engineering Fluid Dynamics,
# and others. More info at http://nutils.org <info@nutils.org>. (c) 2014

"""
The matrix module defines a number of 2D matrix objects, notably the
:func:`SparseMatrix` and :func:`DenseMatrix`. Matrix objects support indexed
addition, basic addition and subtraction operations, and provide a consistent
insterface for solving linear systems. Matrices can be converted to numpy arrays
via ``asarray``.
"""

from . import util, numpy, log, numeric, parallel, _
import scipy.sparse
# Import fix
try:
  from scipy.sparse.sparsetools.csr import _csr
except:
  from scipy.sparse import sparsetools as _csr
from scipy.sparse.linalg.isolve import _iterative
import time

[docs]def krylov( matvec, b, x0=None, tol=1e-5, restart=None, maxiter=0, precon=None, callback=None ):
  '''solve linear system iteratively

  restart=None: CG
  restart=integer: GMRES'''

  assert isinstance( b, numpy.ndarray ) and b.dtype == numpy.float64 and b.ndim == 1
  n = b.size
  if x0 is None:
    x0 = numpy.zeros( n, dtype=numpy.float64 )
  else:
    assert isinstance( x0, numpy.ndarray ) and x0.dtype == numpy.float64 and x0.ndim == 1 and x0.size == n
  assert isinstance( tol, float ) and tol > 0
  res = tol
  ndx1 = 1
  ndx2 = -1
  ijob = 1
  info = 0
  firsttime = True
  bnrm2 = -1.0
  assert isinstance( maxiter, int ) and maxiter >= 0
  iiter = maxiter

  if restart is None:
    log.context( 'CG' )
    work = numpy.zeros( 4*n, dtype=numpy.float64 )
    ijob_matvecx = 3
    revcom = lambda x, iiter, res, info, ndx1, ndx2, ijob: \
      _iterative.dcgrevcom( b, x, work, iiter, res, info, ndx1, ndx2, ijob )
  else:
    if restart > n:
      restart = n
    log.context( 'GMRES%d' % restart )
    work = numpy.zeros( (6+restart)*n, dtype=numpy.float64 )
    work2 = numpy.zeros( (restart+1)*(2*restart+2), dtype=numpy.float64 )
    ijob_matvecx = 1
    revcom = lambda x, iiter, res, info, ndx1, ndx2, ijob: \
      _iterative.dgmresrevcom( b, x, restart, work, work2, iiter, res, info, ndx1, ndx2, ijob )
  stoptest = lambda vec1, bnrm2, info: \
    _iterative.dstoptest2( vec1, b, bnrm2, tol, info )

  x = x0
  progress = log.progress( 'residual', target=numpy.log(tol) )
  t0 = time.clock()
  while True:
    x, iiter, res, info, ndx1, ndx2, sclr1, sclr2, ijob = \
      revcom( x, iiter, res, info, ndx1, ndx2, ijob )
    vec1 = work[ndx1-1:ndx1-1+n]
    vec2 = work[ndx2-1:ndx2-1+n]
    if ijob == 1 or ijob == 3:
      vec2 *= sclr2
      vec2 += sclr1 * matvec( x if ijob == ijob_matvecx else vec1 )
    elif ijob == 2:
      vec1[:] = precon(vec2) if precon else vec2
    elif ijob == 4:
      if firsttime:
        info = -1
        firsttime = False
      bnrm2, res, info = stoptest( vec1, bnrm2, info )
      if callback:
        callback( (iiter,res) )
    else:
      assert ijob == -1
      break
    ijob = 2
    progress.update( numpy.log(res) )
  dt = time.clock() - t0
  progress.disable()

  assert info == 0
  log.info( 'converged in %.1f seconds, %d iterations' % ( dt, iiter ) )
  return x


[docs]def parsecons( constrain, lconstrain, rconstrain, shape ):
  'parse constraints'

  I = numpy.ones( shape[0], dtype=bool )
  x = numpy.empty( shape[1] )
  x[:] = numpy.nan
  if constrain is not None:
    assert lconstrain is None
    assert rconstrain is None
    assert isinstance( constrain, numpy.ndarray )
    I[:] = numpy.isnan( constrain )
    x[:] = constrain
  if lconstrain is not None:
    assert isinstance( lconstrain, numpy.ndarray )
    x[:] = lconstrain
  if rconstrain is not None:
    assert isinstance( rconstrain, numpy.ndarray )
    I[:] = rconstrain
  J = numpy.isnan(x)
  assert numpy.sum(I) == numpy.sum(J), 'constrained matrix is not square: %dx%d' % ( numpy.sum(I), numpy.sum(J) )
  x[J] = 0
  return x, I, J


[docs]class Matrix( object ):
  'matrix base class'

  def __init__( self, (nrows,ncols) ):
    'constructor'

    self.shape = int(nrows), int(ncols) # need exact type because of _csr funcs
    self.size = nrows * ncols

  def __sub__( self, other ):
    'add'

    if other == 0:
      return self

    A = self.clone()
    A -= other
    return A

  def __add__( self, other ):
    'add'

    if other == 0:
      return self

    A = self.clone()
    A += other
    return A

  def __mul__( self, other ):
    'multiply'

    A = self.clone()
    A *= other
    return A

  __rmul__ = __mul__

[docs]  def cond( self, constrain=None, lconstrain=None, rconstrain=None ):
    'condition number'

    x, I, J = parsecons( constrain, lconstrain, rconstrain, self.shape )
    matrix = self.toarray()[numpy.ix_(I,J)]
    return numpy.linalg.cond( matrix )


[docs]  def res( self, x, b=0, constrain=None, lconstrain=None, rconstrain=None ):
    'residual'

    x0, I, J = parsecons( constrain, lconstrain, rconstrain, self.shape )
    return numeric.norm2( (self.matvec(x)-b)[I] ) / numeric.norm2( (self.matvec(x0)-b)[I] )



[docs]class DenseSubMatrix( Matrix ):
  'dense but non-contiguous data'

  def __init__( self, data, indices ):
    'constructor'

    self.data = data
    self.indices = indices
    if isinstance( indices, numpy.ndarray ):
      nrows, ncols = indices.shape
    else:
      I, J = indices
      nrows = I.stop - I.start if isinstance(I,slice) else I.size
      ncols = J.stop - J.start if isinstance(J,slice) else J.size
    Matrix.__init__( self, (nrows,ncols) )

  def __iadd__( self, other ):
    'in place addition'

    assert self.shape == other.shape
    self.data[ self.indices ] += other
    return self


[docs]class SparseMatrix( Matrix ):
  'sparse matrix'

  def __init__( self, graph, ncols=None ):
    'constructor'

    if isinstance( graph, tuple ):
      self.data, self.indices, self.indptr = graph
      assert self.indices.dtype == numpy.intc
      assert self.indptr.dtype == numpy.intc
      assert len(self.indices) == len(self.data) == self.indptr[-1]
      nrows = len(self.indptr) - 1
    else:
      nrows = len(graph)
      nzrow = map(len,graph)
      count = sum( nzrow )
      assert numpy.sum( nzrow ) <= numpy.iinfo( numpy.intc ).max, 'matrix overflow: length %d > max intc %d' % ( numpy.sum( nzrow ), numpy.iinfo( numpy.intc ).max )
      self.data = parallel.shzeros( count, dtype=float )
      self.indptr = numpy.cumsum( [0] + nzrow, dtype=numpy.intc )
      self.indices = numpy.empty( count, dtype=numpy.intc )
      for irow, icols in enumerate( graph ):
        a, b = self.indptr[irow:irow+2]
        self.indices[a:b] = icols
    self.precon_cache = {}
    Matrix.__init__( self, (nrows, ncols or nrows) )

[docs]  def reshape( self, (nrows,ncols) ):
    'reshape matrix'

    assert nrows >= self.shape[0] and ncols >= self.shape[1]
    indptr = self.indptr
    if nrows > self.shape[1]:
      indptr = numpy.concatenate([ indptr, numeric.fastrepeat( indptr[-1:], nrows-self.shape[1] ) ])
    return self.__class__( (self.data,self.indices,indptr), ncols )


[docs]  def clone( self ):
    'clone matrix'

    return self.__class__( (self.data.copy(),self.indices,self.indptr), self.shape[1] )


[docs]  def matvec( self, other ):
    'matrix-vector multiplication'

    assert other.shape == self.shape[1:]
    result = numpy.zeros( self.shape[0] )
    _csr.csr_matvec( self.shape[0], self.shape[1], self.indptr, self.indices, self.data, other, result )
    return result


  def __getitem__( self, (rows,cols) ):
    'get submatrix'

    if isinstance(cols,numpy.ndarray) and cols.dtype == bool:
      assert len(cols) == self.shape[1]
      cols, = cols.nonzero()
    elif isinstance(cols,numpy.ndarray) and cols.dtype == int:
      pass
    else:
      raise Exception, 'invalid column argument'
    ncols = len(cols)

    if isinstance(rows,numpy.ndarray) and rows.dtype == bool:
      assert len(rows) == self.shape[0]
      rows, = rows.nonzero()
    elif isinstance(rows,numpy.ndarray) and rows.dtype == int:
      pass
    else:
      raise Exception, 'invalid row argument'
    nrows = len(rows)

    indptr = numpy.empty( nrows+1, dtype=int )
    I = numpy.empty( numpy.minimum( self.indptr[rows+1] - self.indptr[rows], ncols ).sum(), dtype=int ) # allocate for worst case
    indptr[0] = 0
    for n, irow in enumerate( rows ):
      a, b = self.indptr[irow:irow+2]
      where = a + numpy.searchsorted( self.indices[a:b], cols )
      assert ( self.indices[where] == cols ).all()
      c = indptr[n]
      d = c + where.size
      I[c:d] = where
      indptr[n+1] = d

    return DenseSubMatrix( self.data, I.reshape(nrows,ncols) ) if d == nrows * ncols \
      else SparseMatrix( (self.data[I],self.indices[I],indptr), ncols )

  def __setitem__( self, item, value ):
    'set submatrix'

    assert self.data is value.data # apparently we are assigning ourselves

  def _binary( self, other, op ):
    'binary operation'

    assert isinstance( other, SparseMatrix )
    assert self.shape == other.shape
    maxcount = len(self.data) + len(other.data)
    indptr = numpy.empty( self.shape[0]+1, dtype=numpy.intc )
    indices = numpy.empty( maxcount, dtype=numpy.intc )
    data = numpy.empty( maxcount, dtype=float )
    op( self.shape[0], self.shape[1], self.indptr, self.indices, self.data, other.indptr, other.indices, other.data, indptr, indices, data )
    nz = indptr[-1]
    return SparseMatrix( (data[:nz],indices[:nz],indptr), ncols=self.shape[1] )

  def __add__( self, other ):
    'add'

    if other == 0:
      return self

    return self._binary( other, _csr.csr_plus_csr )

  def __sub__( self, other ):
    'subtract'

    if other == 0:
      return self

    return self._binary( other, _csr.csr_minus_csr )

  def _indices_into( self, other ):
    'locate indices of other into self'

    assert isinstance( other, self.__class__ ) and self.shape == other.shape
    if numpy.all( self.indptr == other.indptr ) and numpy.all( self.indices == other.indices ):
      return slice(None)
    I = numpy.empty( other.data.shape, dtype=int )
    for irow in range( self.shape[0] ):
      s = slice( other.indptr[irow], other.indptr[irow+1] )
      I[s] = self.indptr[irow] \
           + numpy.searchsorted( self.indices[self.indptr[irow]:self.indptr[irow+1]], other.indices[s] )
    assert all( self.indices[I] == other.indices )
    return I

  def __iadd__( self, other ):
    'in place addition'

    if other:
      self.data[self._indices_into(other)] += other.data
    return self

  def __isub__( self, other ):
    'in place addition'

    if other:
      self.data[self._indices_into(other)] -= other.data
    return self

  def __imul__( self, other ):
    'scalar multiplication'

    assert isinstance( other, (int,float) )
    self.data *= other
    return self

  def __idiv__( self, other ):
    'scalar multiplication'

    assert isinstance( other, (int,float) )
    self.data /= other
    return self

  @property
[docs]  def T( self ):
    'transpose'

    data = numpy.empty_like( self.data )
    indices = numpy.empty_like( self.indices )
    indptr = numpy.empty_like( self.indptr )
    _csr.csr_tocsc( self.shape[0], self.shape[1], self.indptr, self.indices, self.data, indptr, indices, data )
    return SparseMatrix( (data,indices,indptr), self.shape[0] )


[docs]  def toarray( self ):
    'convert to numpy array'

    array = numpy.zeros( self.shape )
    for irow in range( self.shape[0] ):
      a, b = self.indptr[irow:irow+2]
      array[irow,self.indices[a:b]] = self.data[a:b]
    return array


[docs]  def todense( self ):
    'convert to dense matrix'

    return DenseMatrix( self.toarray() )


[docs]  def rowsupp( self, tol=0 ):
    'return row indices with nonzero/non-small entries'

    supp = numpy.empty( self.shape[0], dtype=bool )
    for irow in range( self.shape[0] ):
      a, b = self.indptr[irow:irow+2]
      supp[irow] = a != b and ( tol == 0 or numpy.any( numpy.abs( self.data[a:b] ) > tol ) )
    return supp


[docs]  def solve( self, b=0, constrain=None, lconstrain=None, rconstrain=None, tol=0, x0=None, symmetric=False, maxiter=0, restart=999, title='solving system', callback=None, precon=None ):
    'solve'

    if tol == 0:
      return self.todense().solve( b=b, constrain=constrain, lconstrain=lconstrain, rconstrain=rconstrain, title=title, log=log )

    log.context( title )

    b = numpy.asarray( b, dtype=float )
    if b.ndim == 0:
      b = numeric.fastrepeat( b[_], self.shape[0] )
    else:
      assert b.ndim == 1, 'right-hand-side has shape %s, expected a vector' % (b.shape,)
      assert b.shape == self.shape[:1]

    if symmetric:
      restart = None

    x, I, J = parsecons( constrain, lconstrain, rconstrain, self.shape )
    if x0 is not None:
      x0 = x0[J]

    tmpvec = numpy.zeros( self.shape[1] )
    def matvec( v ):
      tmpvec[J] = v
      return self.matvec(tmpvec)[I]

    b = ( b - self.matvec(x) )[I]

    if isinstance( precon, str ):
      precon = self.getprecon( precon, constrain, lconstrain, rconstrain )
  
    x[J] = krylov( matvec, b, x0=x0, tol=tol, maxiter=maxiter, restart=restart, callback=callback, precon=precon )
    return x


  def getprecon( self, name='SPLU', constrain=None, lconstrain=None, rconstrain=None ):
    name = name.upper()
    x, I, J = parsecons( constrain, lconstrain, rconstrain, self.shape )
    cij = tuple(numpy.where(~I)[0]), tuple(numpy.where(~J)[0]), name
    precon = self.precon_cache.get( cij )
    if precon is None:
      log.info( 'building %s preconditioner' % name )
      A = scipy.sparse.csr_matrix( (self.data,self.indices,self.indptr), shape=self.shape )[numpy.where(I)[0],:][:,numpy.where(J)[0]].tocsc()
      if name == 'SPLU':
        precon = scipy.sparse.linalg.splu( A )
      elif name == 'SPILU':
        precon = scipy.sparse.linalg.spilu( A, drop_tol=1e-5, fill_factor=None, drop_rule=None, permc_spec=None, diag_pivot_thresh=None, relax=None, panel_size=None, options=None )
      else:
        raise Exception, 'invalid preconditioner %r' % name
      self.precon_cache[ cij ] = precon
    return precon.solve



[docs]class DenseMatrix( Matrix ):
  'matrix wrapper class'

  def __init__( self, shape ):
    'constructor'

    if isinstance( shape, numpy.ndarray ):
      self.data = shape
    else:
      if isinstance( shape, int ):
        shape = shape, shape
      self.data = parallel.shzeros( shape )
    Matrix.__init__( self, self.data.shape )

  def __getitem__( self, (rows,cols) ):
    'get submatrix'

    if isinstance(rows,numpy.ndarray) and isinstance(cols,numpy.ndarray):
      rows = rows[:,_]
      cols = cols[_,:]
    return DenseSubMatrix( self.data, (rows,cols) )

  def __setitem__( self, item, value ):
    'set submatrix'

    assert self.data is value.data # apparently we are assigning ourselves

  def __iadd__( self, other ):
    'in place addition'

    assert self.shape == other.shape
    self.data += other.toarray()
    return self

  def __isub__( self, other ):
    'in place addition'

    assert isinstance( other, DenseMatrix )
    assert self.shape == other.shape
    self.data -= other.data
    return self

[docs]  def clone( self ):
    'clone matrix'

    return DenseMatrix( self.data.copy() )


[docs]  def addblock( self, rows, cols, vals ):
    'add matrix data'

    self.data[ rows[:,_], cols[:,_] ] += vals


[docs]  def toarray( self ):
    'convert to numpy array'

    return self.data


[docs]  def matvec( self, other ):
    'matrix-vector multiplication'

    assert other.shape == self.shape[1:]
    return numpy.dot( self.data, other )


  @property
[docs]  def T( self ):
    'transpose'

    return DenseMatrix( self.data.T )


[docs]  def solve( self, b=0, constrain=None, lconstrain=None, rconstrain=None, title='solving system', **dummy ):
    'solve'

    log.context( title + ' [direct]' )

    b = numpy.asarray( b, dtype=float )
    if b.ndim == 0:
      b = numeric.fastrepeat( b[_], self.shape[0] )
    else:
      assert b.ndim == 1, 'right-hand-side has shape %s, expected a vector' % (b.shape,)
      assert b.shape == self.shape[:1]

    if constrain is lconstrain is rconstrain is None:
      return numpy.linalg.solve( self.data, b )

    x, I, J = parsecons( constrain, lconstrain, rconstrain, self.shape )
    data = self.data[I]

    x[J] = numpy.linalg.solve( data[:,J], b[I] - numpy.dot( data[:,~J], x[~J] ) )
    log.info( 'done' )

    return x

# vim:shiftwidth=2:foldmethod=indent:foldnestmax=2
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  Source code for nutils.util

# -*- coding: utf8 -*-
#
# Module UTIL
#
# Part of Nutils: open source numerical utilities for Python. Jointly developed
# by HvZ Computational Engineering, TU/e Multiscale Engineering Fluid Dynamics,
# and others. More info at http://nutils.org <info@nutils.org>. (c) 2014

"""
The util module provides a collection of general purpose methods. Most
importantly it provides the :func:`run` method which is the preferred entry
point of a nutils application, taking care of command line parsing, output dir
creation and initiation of a log file.
"""

from . import log, prop, debug, core
import sys, os, time, numpy, cPickle, hashlib, weakref, warnings, itertools

def unreachable_items():
  # see http://stackoverflow.com/questions/16911559/trouble-understanding-pythons-gc-garbage-for-tracing-memory-leaks
  # first time setup
  import gc
  gc.set_threshold( 0 ) # only manual sweeps
  gc.set_debug( gc.DEBUG_SAVEALL ) # keep unreachable items as garbage
  gc.enable() # start gc if not yet running (is this necessary?)
  # operation
  if gc.collect() == 0:
    log.info( 'no unreachable items' )
  else:
    fmt = '[%%0%dd] %%s' % len(str(len(gc.garbage)-1))
    log.info( 'unreachable items:\n '
            + '\n '.join( fmt % item for item in enumerate( gc.garbage ) ) )
    _deep_purge_list( gc.garbage ) # remove unreachable items

def _deep_purge_list( garbage ):
  for item in garbage:
    if isinstance( item, dict ):
      item.clear()
    if isinstance( item, list ):
      del item[:]
    try:
      item.__dict__.clear()
    except:
      pass
  del garbage[:]

class _SuppressedOutput( object ):
  'suppress all output by redirection to /dev/null'

  def __enter__( self ):
    sys.stdout.flush()
    sys.stderr.flush()
    self.stdout = os.dup( 1 )#sys.stdout.fileno() )
    self.stderr = os.dup( 2 )#sys.stderr.fileno() )
    devnull = os.open( os.devnull, os.O_WRONLY )
    os.dup2( devnull, 1 )#sys.stdout.fileno() )
    os.dup2( devnull, 2 )#sys.stderr.fileno() )
    os.close( devnull )

  def __exit__( self, exc_type, exc_value, traceback ):
    os.dup2( self.stdout, 1 )#sys.stdout.fileno() )
    os.dup2( self.stderr, 2 )#sys.stderr.fileno() )
    os.close( self.stdout )
    os.close( self.stderr )

suppressed_output = _SuppressedOutput()

[docs]class ImmutableArray( numpy.ndarray ):
  'immutable array'

  flags = None

  def __new__( self, arr ):
    'constructor'

    arr = numpy.asarray( arr )
    arr.flags.writeable = False
    arr = arr.view( ImmutableArray )
    return arr

  def __eq__( self, other ):
    'equals'

    return self is other

  def __hash__( self ):
    'hash'

    return hash( id(self) )


class Product( object ):
  def __init__( self, iter1, iter2 ):
    self.iter1 = iter1
    self.iter2 = iter2
  def __len__( self ):
    return len( self.iter1 ) * len( self.iter2 )
  def __iter__( self ):
    return iter( item1 * item2 for item1 in self.iter1 for item2 in self.iter2 )

class _Unit( object ):
  def __mul__( self, other ): return other
  def __rmul__( self, other ): return other

unit = _Unit()

[docs]def delaunay( points ):
  'delaunay triangulation'

  from scipy import spatial
  with suppressed_output:
    return spatial.Delaunay( points )


[docs]def withrepr( f ):
  'add string representation to generated function'

  code = f.func_code
  argnames = code.co_varnames[:code.co_argcount]
  class function_wrapper( object ):
    def __init__( self, *args, **kwargs ):
      self.fun = f( *args, **kwargs )
      self.items = zip( argnames, args ) + [ (name,kwargs[name]) for name in argnames[len(args):] ]
    def __getattr__( self, attr ):
      for key, value in self.items:
        if key == attr:
          return value
      raise AttributeError, attr
    def __call__( self, *args, **kwargs ):
      return self.fun( *args, **kwargs )
    def __str__( self ):
      args = ','.join( '%s=%s' % item for item in self.items )
      return '%s(%s)' % ( f.__name__, args )
  return function_wrapper


def profile( func ):
  import cProfile, pstats
  frame = sys._getframe(1)
  frame.f_locals['__profile_func__'] = func
  prof = cProfile.Profile()
  stats = prof.runctx( '__profile_retval__ = __profile_func__()', frame.f_globals, frame.f_locals )
  pstats.Stats( prof, stream=sys.stdout ).strip_dirs().sort_stats( 'time' ).print_stats()
  retval = frame.f_locals['__profile_retval__']
  del frame.f_locals['__profile_func__']
  del frame.f_locals['__profile_retval__']
  raw_input( 'press enter to continue' )
  return retval

[docs]class Cache( object ):
  'cache'

  def __init__( self, *args ):
    'constructor'

    import hashlib
    strhash = ','.join( str(arg) for arg in args )
    md5hash = hashlib.md5( strhash ).hexdigest()
    log.info( 'using cache:', md5hash )
    cachedir = getattr( prop, 'cachedir', 'cache' )
    if not os.path.exists( cachedir ):
      os.makedirs( cachedir )
    path = os.path.join( cachedir, md5hash )
    self.data = file( path, 'ab+' if not getattr( prop, 'recache', False ) else 'wb+' )

  def __call__( self, func, *args, **kwargs ):
    'call'

    name = func.__name__ + ''.join( ' %s' % arg for arg in args ) + ''.join( ' %s=%s' % item for item in kwargs.iteritems() )
    pos = self.data.tell()
    try:
      data = cPickle.load( self.data )
    except EOFError:
      data = func( *args, **kwargs)
      self.data.seek( pos )
      cPickle.dump( data, self.data, -1 )
      msg = 'written to'
    else:
      msg = 'loaded from'
    log.info( msg, 'cache:', name, '[%db]' % (self.data.tell()-pos) )
    return data


[docs]def getpath( pattern ):
  'create file in dumpdir'

  dumpdir = prop.dumpdir
  if pattern == pattern.format( 0 ):
    return dumpdir + pattern
  prefix = pattern.split( '{' )[0]
  names = [ name for name in os.listdir( dumpdir ) if name.startswith(prefix) ]
  n = len(names)
  while True:
    n += 1
    newname = dumpdir + pattern.format( n )
    if not os.path.isfile( newname ):
      return newname


_sum = sum
[docs]def sum( seq ):
  'a better sum'

  seq = iter(seq)
  return _sum( seq, seq.next() )


[docs]def product( seq ):
  'multiply items in sequence'

  seq = iter(seq)
  prod = seq.next()
  for item in seq:
    prod = prod * item
  return prod


[docs]def clone( obj ):
  'clone object'

  clone = object.__new__( obj.__class__ )
  clone.__dict__.update( obj.__dict__ )
  return clone


[docs]def iterate( context='iter', nmax=-1 ):
  'iterate forever'

  assert isinstance( nmax, int ), 'invalid value for nmax %r' % nmax
  i = 0
  while True:
    if i == nmax:
      break
    i += 1
    logger = log.context( '%s %d' % (context,i), depth=2 )
    try:
      yield i
    finally:
      logger.disable()


[docs]class NanVec( numpy.ndarray ):
  'nan-initialized vector'

  def __new__( cls, length ):
    'new'

    vec = numpy.empty( length ).view( cls )
    vec[:] = numpy.nan
    return vec

  @property
[docs]  def where( self ):
    'find non-nan items'

    return ~numpy.isnan( self.view(numpy.ndarray) )


  def __iand__( self, other ):
    'combine'

    where = self.where
    if numpy.isscalar( other ):
      self[ where ] = other
    else:
      where &= other.where
      self[ where ] = other[ where ]
    return self

  def __and__( self, other ):
    'combine'

    return self.copy().__iand__( other )

  def __ior__( self, other ):
    'combine'

    wherenot = ~self.where
    self[ wherenot ] = other if numpy.isscalar( other ) else other[ wherenot ]
    return self

  def __or__( self, other ):
    'combine'

    return self.copy().__ior__( other )


[docs]class Clock( object ):
  'simple interval timer'

  def __init__( self, interval ):
    'constructor'

    self.t = time.time()
    self.dt = interval

  def __nonzero__( self ):
    'check time'

    t = time.time()
    if t > self.t + self.dt:
      self.t = t
      return True
    return False


[docs]def tensorial( args ):
  'create n-dimensional array containing tensorial combinations of n args'

  shape = map( len, args )
  array = numpy.empty( shape, dtype=object )
  for index in numpy.lib.index_tricks.ndindex( *shape ):
    array[index] = tuple([ arg[i] for arg, i in zip(args,index) ])
  return array


[docs]def arraymap( f, dtype, *args ):
  'call f for sequence of arguments and cast to dtype'

  return numpy.array( map( f, args[0] ) if len( args ) == 1
                 else [ f( *arg ) for arg in numpy.broadcast( *args ) ], dtype=dtype )


[docs]def objmap( func, *arrays ):
  'map numpy arrays'

  #arrays = map( numpy.asarray, arrays )
  arrays = [ numpy.asarray( array, dtype=object ) for array in arrays ]
  return numpy.frompyfunc( func, len(arrays), 1 )( *arrays )


[docs]def fail( msg, *args ):
  'generate exception'

  raise Exception, msg % args


[docs]class Locals( object ):
  'local namespace as object'

  def __init__( self ):
    'constructors'

    frame = sys._getframe( 1 )
    self.__dict__.update( frame.f_locals )


[docs]def getkwargdefaults( func ):
  'helper for run'

  defaults = func.func_defaults or []
  N = func.func_code.co_argcount - len( defaults )
  return zip( func.func_code.co_varnames[N:], defaults )


[docs]class Statm( object ):
  'memory statistics on systems that support it'

  __slots__ = 'size', 'resident', 'share', 'text', 'data'

  def __init__( self, rusage=None ):
    'constructor'

    if rusage is None:
      pid = os.getpid()
      self.size, self.resident, self.share, self.text, lib, self.data, dt = map( int, open( '/proc/%d/statm' % pid ).read().split() )
    else:
      self.size, self.resident, self.share, self.text, self.data = rusage

  def __sub__( self, other ):
    'subtract'

    diff = [ getattr(self,attr) - getattr(other,attr) for attr in self.__slots__ ]
    return Statm( diff )

  def __str__( self ):
    'string representation'

    return '\n'.join( [ 'STATM:     G  M  k  b' ]
      + [ attr + ' ' + (' %s'%getattr(self,attr)).rjust(20-len(attr),'-') for attr in self.__slots__ ] )


[docs]def run( *functions ):
  'call function specified on command line'

  assert functions

  properties = {
    'nprocs': 1,
    'outdir': '~/public_html',
    'verbose': 5,
    'imagetype': 'png',
    'symlink': False,
    'recache': False,
    'dot': False,
    'profile': False,
  }
  try:
    execfile( os.path.expanduser( '~/.nutilsrc' ), {}, properties )
  except IOError:
    pass # file does not exist
  except:
    print 'Skipping .nutilsrc: ' + debug.format_exc()

  if '-h' in sys.argv[1:] or '--help' in sys.argv[1:]:
    print 'Usage: %s [FUNC] [ARGS]' % sys.argv[0]
    print '''
  --help                  Display this help
  --nprocs=%(nprocs)-14s Select number of processors
  --outdir=%(outdir)-14s Define directory for output
  --verbose=%(verbose)-13s Set verbosity level, 9=all
  --imagetype=%(imagetype)-11s Set image type
  --symlink=%(symlink)-13s Create symlink to latest results
  --recache=%(recache)-13s Overwrite existing cache
  --dot=%(dot)-17s Set graphviz executable
  --profile=%(profile)-13s Show profile summary at exit''' % properties
    for i, func in enumerate( functions ):
      print
      print 'Arguments for %s%s' % ( func.func_name, '' if i else ' (default)' )
      print
      for kwarg, default in getkwargdefaults( func ):
        print '  --%s=%s' % ( kwarg, default )
    return

  if sys.argv[1:] and not sys.argv[1].startswith( '-' ):
    argv = sys.argv[2:]
    funcname = sys.argv[1]
    for func in functions:
      if func.func_name == funcname:
        break
    else:
      print 'error: invalid function name: %s' % funcname
      return
  else:
    func = functions[0]
    funcname = func.func_name
    argv = sys.argv[1:]
  kwargs = dict( getkwargdefaults( func ) )
  for arg in argv:
    assert arg.startswith('--'), 'invalid argument %r' % arg
    arg = arg[2:]
    try:
      arg, val = arg.split( '=', 1 )
      val = eval( val, sys._getframe(1).f_globals )
    except ValueError: # split failed
      val = True
    except (SyntaxError,NameError): # eval failed
      pass
    if arg in kwargs:
      kwargs[ arg ] = val
    else:
      assert arg in properties, 'invalid argument %r' % arg
      properties[arg] = val

  for name, value in properties.iteritems():
    setattr( prop, name, value )

  scriptname = os.path.basename(sys.argv[0])
  outdir = os.path.expanduser( prop.outdir ).rstrip( os.sep ) + os.sep
  basedir = outdir + scriptname + os.sep
  localtime = time.localtime()
  timepath = time.strftime( '%Y/%m/%d/%H-%M-%S/', localtime )

  dumpdir = basedir + timepath
  os.makedirs( dumpdir ) # asserts nonexistence

  if prop.symlink:
    for i in range(2): # make two links
      target = outdir
      dest = ''
      if i: # global link
        target += scriptname + os.sep
      else: # script-local link
        dest += scriptname + os.sep
      target += prop.symlink
      dest += timepath
      if os.path.islink( target ):
        os.remove( target )
      os.symlink( dest, target )

  logpath = os.path.join( os.path.dirname( log.__file__ ), '_log' ) + os.sep
  for filename in os.listdir( logpath ):
    if filename[0] != '.' and ( not os.path.isfile( outdir + filename ) or os.path.getmtime( outdir + filename ) < os.path.getmtime( logpath + filename ) ):
      print 'updating', filename
      open( outdir + filename, 'w' ).write( open( logpath + filename, 'r' ).read() )

  htmlfile = open( dumpdir+'log.html', 'w' )
  log.setup_html( fileobj=htmlfile, title=scriptname + time.strftime( ' %Y/%m/%d %H:%M:%S', localtime ) )

  prop.dumpdir = dumpdir

  redirect = '<html>\n<head>\n<meta http-equiv="cache-control" content="max-age=0" />\n' \
           + '<meta http-equiv="cache-control" content="no-cache" />\n' \
           + '<meta http-equiv="expires" content="0" />\n' \
           + '<meta http-equiv="expires" content="Tue, 01 Jan 1980 1:00:00 GMT" />\n' \
           + '<meta http-equiv="pragma" content="no-cache" />\n' \
           + '<meta http-equiv="refresh" content="0;URL=%slog.html" />\n</head>\n</html>\n'

  print >> open( outdir+'log.html', 'w' ), redirect % ( scriptname + '/' + timepath )
  print >> open( basedir+'log.html', 'w' ), redirect % ( timepath )

  prop.cachedir = basedir + 'cache'

  commandline = [ ' '.join([ scriptname, funcname ]) ] + [ '  --%s=%s' % item for item in kwargs.items() ]

  log.info( 'nutils v0.1+dev' )
  log.info()
  log.info( ' \\\n'.join( commandline ) + '\n' )
  log.info( 'start %s\n' % time.ctime() )

  warnings.resetwarnings()

  t0 = time.time()

  if prop.profile:
    import cProfile
    prof = cProfile.Profile()
    prof.enable()

  failed = 1
  exc_info = None
  tb = False
  try:
    func( **kwargs )
  except KeyboardInterrupt:
    log.error( 'killed by user' )
  except Terminate, exc:
    log.error( 'terminated:', exc )
  except:
    exc_info = sys.exc_info()
    tb = debug.exception()
    log.stack( repr(sys.exc_value), tb )
  else:
    failed = 0

  if prop.profile:
    prof.disable()

  if hasattr( os, 'wait' ):
    try: # wait for child processes to die
      while True:
        pid, status = os.wait()
    except OSError: # no more children
      pass

  dt = time.time() - t0
  hours = dt // 3600
  minutes = dt // 60 - 60 * hours
  seconds = dt // 1 - 60 * minutes - 3600 * hours

  log.info()
  log.info( 'finish %s\n' % time.ctime() )
  log.info( 'elapsed %02.0f:%02.0f:%02.0f' % ( hours, minutes, seconds ) )

  cacheinfo = core.cache_info( brief=True )
  if cacheinfo:
    log.warning( '\n  '.join( ['some caches were saturated:'] + cacheinfo ) )

  if prop.profile:
    import pstats
    stream = log.getstream( 'warning' )
    stream.write( 'profile results:\n' )
    pstats.Stats( prof, stream=stream ).strip_dirs().sort_stats( 'time' ).print_stats()

  if tb:
    debug.write_html( htmlfile, exc_info[1], tb )
    htmlfile.write( '<span class="info">Cache usage:<ul>%s</ul></span>' % '\n'.join( '<li>%s</li>' % line for line in core.cache_info( brief=False ) ) )
    htmlfile.flush()
    debug.Explorer( repr(sys.exc_value), tb, intro='''\
      Your program has died. The traceback exporer allows you to examine its
      post-mortem state to figure out why this happened. Type 'help' for an
      overview of commands to get going.''' ).cmdloop()

  sys.exit( failed )


class Terminate( Exception ):
  pass

# vim:shiftwidth=2:foldmethod=indent:foldnestmax=2
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  Source code for nutils.topology

"""
The topology module defines the topology objects, notably the
:class:`StructuredTopology` and :class:`UnstructuredTopology`. Maintaining
strict separation of topological and geometrical information, the topology
represents a set of elements and their interconnectivity, boundaries,
refinements, subtopologies etc, but not their positioning in physical space. The
dimension of the topology represents the dimension of its elements, not that of
the the space they are embedded in.

The primary role of topologies is to form a domain for :mod:`nutils.function`
objects, like the geometry function and function bases for analysis, as well as
provide tools for their construction. It also offers methods for integration and
sampling, thus providing a high level interface to operations otherwise written
out in element loops. For lower level operations topologies can be used as
:mod:`nutils.element` iterators.
"""

from . import element, function, util, numpy, parallel, matrix, log, core, numeric, prop, _
import warnings, itertools

[docs]class Topology( object ):
  'topology base class'

  def __init__( self, ndims ):
    'constructor'

    self.ndims = ndims

[docs]  def refined_by( self, refine ):
    'create refined space by refining dofs in existing one'

    refine = set( refine )
    refined = []
    for elem in self:
      if elem in refine:
        refine.remove( elem )
        refined.extend( elem.children )
      else:
        refined.append( elem )
      while elem.parent: # only for argument checking:
        elem, trans = elem.parent
        refine.discard( elem )

    assert not refine, 'not all refinement elements were found: %s' % '\n '.join( str(e) for e in refine )
    return HierarchicalTopology( self, refined )


  @core.cache
  def stdfunc( self, degree ):
    'spline from vertices'

    if isinstance( degree, int ):
      degree = ( degree, ) * self.ndims

    assert all( n == 1 for n in degree ) # for now!

    dofmap = { n: i for i, n in enumerate( sorted( set( n for elem in self for n in elem.vertices ) ) ) }
    fmap = dict.fromkeys( self, element.PolyTriangle(1) )
    nmap = { elem: numpy.array([ dofmap[n] for n in elem.vertices ]) for elem in self }
    return function.function( fmap=fmap, nmap=nmap, ndofs=len(dofmap), ndims=2 )

  def __add__( self, other ):
    'add topologies'

    if self is other:
      return self
    assert self.ndims == other.ndims
    return UnstructuredTopology( set(self) | set(other), ndims=self.ndims )

  def __sub__( self, other ):
    'add topologies'

    if self is other:
      return self
    assert self.ndims == other.ndims
    return UnstructuredTopology( set(self) - set(other), ndims=self.ndims )

  def __mul__( self, other ):
    'element products'

    elems = util.Product( self, other )
    return UnstructuredTopology( elems, ndims=self.ndims+other.ndims )

  def __getitem__( self, item ):
    'subtopology'

    items = ( self.groups[it] for it in item.split( ',' ) )
    return sum( items, items.next() )

[docs]  def elem_eval( self, funcs, ischeme, separate=False, title='evaluating' ):
    'element-wise evaluation'

    log.context( title )

    single_arg = not isinstance(funcs,(tuple,list))
    if single_arg:
      funcs = funcs,

    slices = []
    pointshape = function.PointShape()
    npoints = 0
    separators = []
    for elem in log.iterate('elem',self):
      np, = pointshape( elem, ischeme )
      slices.append( slice(npoints,npoints+np) )
      npoints += np
      if separate:
        separators.append( npoints )
        npoints += 1
    if separate:
      separators = numpy.array( separators[:-1], dtype=int )
      npoints -= 1

    retvals = []
    idata = []
    for ifunc, func in enumerate( funcs ):
      func = function.asarray( func )
      retval = parallel.shzeros( (npoints,)+func.shape, dtype=func.dtype )
      if separate:
        retval[separators] = numpy.nan
      if function._isfunc( func ):
        for f, ind in function.blocks( func ):
          idata.append( function.Tuple( [ ifunc, function.Tuple(ind), f ] ) )
      else:
        idata.append( function.Tuple( [ ifunc, (), func ] ) )
      retvals.append( retval )
    idata = function.Tuple( idata )

    for ielem, elem in parallel.pariter( enumerate( self ) ):
      s = slices[ielem],
      for ifunc, index, data in idata( elem, ischeme ):
        retvals[ifunc][s+index] = data

    log.info( 'created', ', '.join( '%s(%s)' % ( retval.__class__.__name__, ','.join(map(str,retval.shape)) ) for retval in retvals ) )
    if single_arg:
      retvals, = retvals

    return retvals


[docs]  def elem_mean( self, funcs, geometry, ischeme, title='computing mean values' ):
    'element-wise integration'

    log.context( title )

    single_arg = not isinstance(funcs,(tuple,list))
    if single_arg:
      funcs = funcs,

    retvals = []
    #iweights = geometry.iweights( self.ndims )
    iweights = function.iwscale( geometry, self.ndims ) * function.IWeights()
    idata = [ iweights ]
    for func in funcs:
      func = function.asarray( func )
      if not function._isfunc( func ):
        func = function.Const( func )
      assert all( isinstance(sh,int) for sh in func.shape )
      idata.append( function.elemint( func, iweights ) )
      retvals.append( numpy.empty( (len(self),)+func.shape ) )
    idata = function.Tuple( idata )

    for ielem, elem in enumerate( self ):
      area_data = idata( elem, ischeme )
      area = area_data[0].sum()
      for retval, data in zip( retvals, area_data[1:] ):
        retval[ielem] = data / area

    log.info( 'created', ', '.join( '%s(%s)' % ( retval.__class__.__name__, ','.join(map(str,retval.shape)) ) for retval in retvals ) )
    if single_arg:
      retvals, = retvals

    return retvals


[docs]  def grid_eval( self, funcs, geometry, C, title='grid-evaluating' ):
    'evaluate grid points'

    log.context( title )

    single_arg = not isinstance(funcs,(tuple,list))
    if single_arg:
      funcs = funcs,

    C = numpy.asarray( C )
    assert C.shape[0] == self.ndims
    shape = C.shape
    C = C.reshape( self.ndims, -1 )

    funcs = [ function.asarray(func) for func in funcs ]
    retvals = [ numpy.empty( C.shape[1:] + func.shape ) for func in funcs ]
    for retval in retvals:
      retval[:] = numpy.nan

    data = function.Tuple([ function.Tuple([ func, retval ]) for func, retval in zip( funcs, retvals ) ])

    for elem in log.iterate('elem',self):
      points, selection = geometry.find( elem, C.T )
      if selection is not None:
        for func, retval in data( elem, points ):
          retval[selection] = func

    retvals = [ retval.reshape( shape[1:] + func.shape ) for func, retval in zip( funcs, retvals ) ]
    log.info( 'created', ', '.join( '%s(%s)' % ( retval.__class__.__name__, ','.join(map(str,retval.shape)) ) for retval in retvals ) )
    if single_arg:
      retvals, = retvals

    return retvals


[docs]  def build_graph( self, func ):
    'get matrix sparsity'

    log.context( 'graph' )

    nrows, ncols = func.shape
    graph = [ [] for irow in range(nrows) ]
    IJ = function.Tuple([ function.Tuple(ind) for f, ind in function.blocks( func ) ])

    for elem in log.iterate('elem',self):
      for I, J in IJ( elem, None ):
        for i in I:
          graph[i].append(J)

    for irow, g in log.iterate( 'dof', enumerate(graph), nrows ):
      # release memory as we go
      if g: graph[irow] = numpy.unique( numpy.concatenate( g ) )

    return graph


[docs]  def integrate( self, funcs, ischeme, geometry=None, iweights=None, force_dense=False, title='integrating' ):
    'integrate'

    log.context( title )

    single_arg = not isinstance(funcs,(list,tuple))
    if single_arg:
      funcs = funcs,

    if iweights is None:
      assert geometry is not None, 'conflicting arguments geometry and iweights'
      iweights = function.iwscale( geometry, self.ndims ) * function.IWeights()
    else:
      assert geometry is None, 'conflicting arguments geometry and iweights'
    assert iweights.ndim == 0

    integrands = []
    retvals = []
    for ifunc, func in enumerate( funcs ):
      func = function.asarray( func )
      lock = parallel.Lock()
      if function._isfunc( func ):
        array = parallel.shzeros( func.shape, dtype=float ) if func.ndim != 2 \
           else matrix.DenseMatrix( func.shape ) if force_dense \
           else matrix.SparseMatrix( self.build_graph(func), func.shape[1] )
        for f, ind in function.blocks( func ):
          integrands.append( function.Tuple([ ifunc, lock, function.Tuple(ind), function.elemint( f, iweights ) ]) )
      else:
        array = parallel.shzeros( func.shape, dtype=float )
        if not function._iszero( func ):
          integrands.append( function.Tuple([ ifunc, lock, (), function.elemint( func, iweights ) ]) )
      retvals.append( array )
    idata = function.Tuple( integrands )

    idata.compile()
    for elem in parallel.pariter( log.iterate('elem',self) ):
      for ifunc, lock, index, data in idata( elem, ischeme ):
        with lock:
          retvals[ifunc][index] += data

    log.info( 'created', ', '.join( '%s(%s)' % ( retval.__class__.__name__, ','.join(map(str,retval.shape)) ) for retval in retvals ) )
    if single_arg:
      retvals, = retvals

    return retvals


[docs]  def integrate_symm( self, funcs, ischeme, geometry=None, iweights=None, force_dense=False, title='integrating' ):
    'integrate a symmetric integrand on a product domain' # TODO: find a proper home for this

    log.context( title )

    single_arg = not isinstance(funcs,list)
    if single_arg:
      funcs = funcs,

    if iweights is None:
      assert geometry is not None, 'conflicting arguments geometry and iweights'
      iweights = function.iwscale( geometry, self.ndims ) * function.IWeights()
    else:
      assert geometry is None, 'conflicting arguments geometry and iweights'
    assert iweights.ndim == 0

    integrands = []
    retvals = []
    for ifunc, func in enumerate( funcs ):
      func = function.asarray( func )
      lock = parallel.Lock()
      if function._isfunc( func ):
        array = parallel.shzeros( func.shape, dtype=float ) if func.ndim != 2 \
           else matrix.DenseMatrix( func.shape ) if force_dense \
           else matrix.SparseMatrix( self.build_graph(func), func.shape[1] )
        for f, ind in function.blocks( func ):
          integrands.append( function.Tuple([ ifunc, lock, function.Tuple(ind), function.elemint( f, iweights ) ]) )
      else:
        array = parallel.shzeros( func.shape, dtype=float )
        if not function._iszero( func ):
          integrands.append( function.Tuple([ ifunc, lock, (), function.elemint( func, iweights ) ]) )
      retvals.append( array )
    idata = function.Tuple( integrands )

    for elem in parallel.pariter( log.iterate('elem',self) ):
      assert isinstance( elem, element.ProductElement )
      compare_elem = cmp( elem.elem1, elem.elem2 )
      if compare_elem < 0:
        continue
      for ifunc, lock, index, data in idata( elem, ischeme ):
        with lock:
          retvals[ifunc][index] += data
          if compare_elem > 0:
            retvals[ifunc][index[::-1]] += data.T

    log.info( 'created', ', '.join( '%s(%s)' % ( retval.__class__.__name__, ','.join(map(str,retval.shape)) ) for retval in retvals ) )
    if single_arg:
      retvals, = retvals

    return retvals


[docs]  def projection( self, fun, onto, geometry, **kwargs ):
    'project and return as function'

    weights = self.project( fun, onto, geometry, **kwargs )
    return onto.dot( weights )


[docs]  def project( self, fun, onto, geometry, tol=0, ischeme=None, title='projecting', droptol=1e-8, exact_boundaries=False, constrain=None, verify=None, maxiter=0, ptype='lsqr' ):
    'L2 projection of function onto function space'

    log.context( title + ' [%s]' % ptype )

    if exact_boundaries:
      assert constrain is None
      constrain = self.boundary.project( fun, onto, geometry, title='boundaries', ischeme=ischeme, tol=tol, droptol=droptol, ptype=ptype )
    elif constrain is None:
      constrain = util.NanVec( onto.shape[0] )
    else:
      assert isinstance( constrain, util.NanVec )
      assert constrain.shape == onto.shape[:1]

    if ptype == 'lsqr':
      assert ischeme is not None, 'please specify an integration scheme for lsqr-projection'
      if len( onto.shape ) == 1:
        Afun = function.outer( onto )
        bfun = onto * fun
      elif len( onto.shape ) == 2:
        Afun = function.outer( onto ).sum( 2 )
        bfun = function.sum( onto * fun )
      else:
        raise Exception
      A, b = self.integrate( [Afun,bfun], geometry=geometry, ischeme=ischeme, title='building system' )
      N = A.rowsupp(droptol)
      if numpy.all( b == 0 ):
        constrain[~constrain.where&N] = 0
      else:
        solvecons = constrain.copy()
        solvecons[~(constrain.where|N)] = 0
        u = A.solve( b, solvecons, tol=tol, symmetric=True, maxiter=maxiter )
        constrain[N] = u[N]

    elif ptype == 'convolute':
      assert ischeme is not None, 'please specify an integration scheme for convolute-projection'
      if len( onto.shape ) == 1:
        ufun = onto * fun
        afun = onto
      elif len( onto.shape ) == 2:
        ufun = function.sum( onto * fun )
        afun = function.norm2( onto )
      else:
        raise Exception
      u, scale = self.integrate( [ ufun, afun ], geometry=geometry, ischeme=ischeme )
      N = ~constrain.where & ( scale > droptol )
      constrain[N] = u[N] / scale[N]

    elif ptype == 'nodal':

      ## data = function.Tuple([ fun, onto ])
      ## F = W = 0
      ## for elem in self:
      ##   f, w = data( elem, 'bezier2' )
      ##   W += w.sum( axis=-1 ).sum( axis=0 )
      ##   F += numeric.contract( f[:,_,:], w, axis=[0,2] )
      ## I = (W!=0)

      F = numpy.zeros( onto.shape[0] )
      W = numpy.zeros( onto.shape[0] )
      I = numpy.zeros( onto.shape[0], dtype=bool )
      fun = function.asarray( fun )
      data = function.Tuple( function.Tuple([ fun, f, function.Tuple(ind) ]) for f, ind in function.blocks( onto ) )
      for elem in self:
        for f, w, ind in data( elem, 'bezier2' ):
          w = w.swapaxes(0,1) # -> dof axis, point axis, ...
          wf = w * f[ (slice(None),)+numpy.ix_(*ind[1:]) ]
          W[ind[0]] += w.reshape(w.shape[0],-1).sum(1)
          F[ind[0]] += wf.reshape(w.shape[0],-1).sum(1)
          I[ind[0]] = True

      I[constrain.where] = False
      constrain[I] = F[I] / W[I]

    else:
      raise Exception, 'invalid projection %r' % ptype

    errfun2 = ( onto.dot( constrain | 0 ) - fun )**2
    if errfun2.ndim == 1:
      errfun2 = errfun2.sum()
    error2, area = self.integrate( [ errfun2, 1 ], geometry=geometry, ischeme=ischeme or 'gauss2' )
    avg_error = numpy.sqrt(error2) / area

    numcons = constrain.where.sum()
    if verify is not None:
      assert numcons == verify, 'number of constraints does not meet expectation: %d != %d' % ( numcons, verify )

    log.info( 'constrained %d/%d dofs, error %.2e/area' % ( numcons, constrain.size, avg_error ) )

    return constrain


[docs]  def refinedfunc( self, dofaxis, refine, degree, title='refining' ):
    'create refined space by refining dofs in existing one'

    warnings.warn( 'refinedfunc is replaced by refined_by + splinefunc; this function will be removed in future' % ischeme, DeprecationWarning )
    log.context( title )

    refine = set(refine) # make unique and equip with set operations
  
    # initialize
    topoelems = [] # non-overlapping 'top-level' elements, will make up the new domain
    parentelems = [] # all parents, grandparents etc of topoelems
    nrefine = 0 # number of nested topologies after refinement

    dofmap = dofaxis.dofmap
    topo = self
    while topo: # elements to examine in next level refinement
      nexttopo = []
      refined = set() # refined dofs in current refinement level
      for elem in log.iterate('elem',topo): # loop over remaining elements in refinement level 'nrefine'
        dofs = dofmap.get( elem ) # dof numbers for current funcsp object
        if dofs is not None: # elem is a top-level element
          supp = refine.intersection(dofs) # supported dofs that are tagged for refinement
          if supp: # elem supports dofs for refinement
            parentelems.append( elem ) # elem will become a parent
            topoelems.extend( filter(None,elem.children) ) # children will become top-level elements
            refined.update( supp ) # dofs will not be considered in following refinement levels
          else: # elem does not support dofs for refinement
            topoelems.append( elem ) # elem remains a top-level elemnt
        else: # elem is not a top-level element
          parentelems.append( elem ) # elem is a parent
          nexttopo.extend( filter(None,elem.children) ) # examine children in next iteration
      refine -= refined # discard dofs to prevent further consideration
      topo = nexttopo # prepare for next iteration
      nrefine += 1 # update refinement level
    assert not refine, 'unrefined leftover: %s' % refine
    if refined: # last considered level contained refinements
      nrefine += 1 # this raises the total level to nrefine + 1

    # initialize
    dofmap = {} # IEN mapping of new function object
    stdmap = {} # shape function mapping of new function object, plus boolean vector indicating which shapes to retain
    ndofs = 0 # total number of dofs of new function object
  
    topo = self # topology to examine in next level refinement
    for irefine in log.iterate( 'level', range(nrefine), showpct=False ):
  
      funcsp = topo.splinefunc( degree ) # shape functions for level irefine
      (func,(dofaxis,)), = function.blocks( funcsp ) # separate elem-local funcs and global placement index
  
      supported = numpy.ones( funcsp.shape[0], dtype=bool ) # True if dof is contained in topoelems or parentelems
      touchtopo = numpy.zeros( funcsp.shape[0], dtype=bool ) # True if dof touches at least one topoelem
      myelems = [] # all top-level or parent elements in level irefine
      for elem, idofs in log.iterate( 'element', dofaxis.dofmap.items() ):
        if elem in topoelems:
          touchtopo[idofs] = True
          myelems.append( elem )
        elif elem in parentelems:
          myelems.append( elem )
        else:
          supported[idofs] = False
  
      keep = numpy.logical_and( supported, touchtopo ) # THE refinement law
      if keep.all() and irefine == nrefine - 1:
        return topo, funcsp
  
      for elem in myelems: # loop over all top-level or parent elements in level irefine
        idofs = dofaxis.dofmap[elem] # local dof numbers
        mykeep = keep[idofs]
        std = func.stdmap[elem]
        assert isinstance(std,element.StdElem)
        if mykeep.all():
          stdmap[elem] = std # use all shapes from this level
        elif mykeep.any():
          stdmap[elem] = std, mykeep # use some shapes from this level
        newdofs = [ ndofs + keep[:idof].sum() for idof in idofs if keep[idof] ] # new dof numbers
        if elem not in self: # at lowest level
          pelem, transform = elem.parent
          newdofs.extend( dofmap[pelem] ) # add dofs of all underlying 'broader' shapes
        dofmap[elem] = numpy.array(newdofs) # add result to IEN mapping of new function object
  
      ndofs += keep.sum() # update total number of dofs
      topo = topo.refined # proceed to next level
  
    for elem in parentelems:
      del dofmap[elem] # remove auxiliary elements

    funcsp = function.function( stdmap, dofmap, ndofs, self.ndims )
    domain = UnstructuredTopology( topoelems, ndims=self.ndims )

    if hasattr( topo, 'boundary' ):
      allbelems = []
      bgroups = {}
      topo = self # topology to examine in next level refinement
      for irefine in range( nrefine ):
        belemset = set()
        for belem in topo.boundary:
          celem, transform = belem.context
          if celem in topoelems:
            belemset.add( belem )
        allbelems.extend( belemset )
        for btag, belems in topo.boundary.groups.iteritems():
          bgroups.setdefault( btag, [] ).extend( belemset.intersection(belems) )
        topo = topo.refined # proceed to next level
      domain.boundary = UnstructuredTopology( allbelems, ndims=self.ndims-1 )
      domain.boundary.groups = dict( ( tag, UnstructuredTopology( group, ndims=self.ndims-1 ) ) for tag, group in bgroups.items() )

    if hasattr( topo, 'interfaces' ):
      allinterfaces = []
      topo = self # topology to examine in next level refinement
      for irefine in range( nrefine ):
        for ielem in topo.interfaces:
          (celem1,transform1), (celem2,transform2) = ielem.interface
          if celem1 in topoelems:
            while True:
              if celem2 in topoelems:
                allinterfaces.append( ielem )
                break
              if not celem2.parent:
                break
              celem2, transform2 = celem2.parent
          elif celem2 in topoelems:
            while True:
              if celem1 in topoelems:
                allinterfaces.append( ielem )
                break
              if not celem1.parent:
                break
              celem1, transform1 = celem1.parent
        topo = topo.refined # proceed to next level
      domain.interfaces = UnstructuredTopology( allinterfaces, ndims=self.ndims-1 )
  
    return domain, funcsp


[docs]  def refine( self, n ):
    'refine entire topology n times'

    return self if n <= 0 else self.refined.refine( n-1 )


[docs]  def get_simplices( self, maxrefine, title='getting simplices' ):
    'Getting simplices'

    log.context( title )

    return [ simplex for elem in self for simplex in elem.get_simplices( maxrefine ) ]


[docs]  def get_trimmededges( self, maxrefine, title='getting trimmededges' ):
    'Getting trimmed edges'

    log.context( title )

    return [ trimmededge for elem in self for trimmededge in elem.get_trimmededges( maxrefine ) ]



[docs]class StructuredTopology( Topology ):
  'structured topology'

  def __init__( self, structure, periodic=() ):
    'constructor'

    structure = numpy.asarray(structure)
    self.structure = structure
    self.periodic = tuple(periodic)
    self.groups = {}
    Topology.__init__( self, structure.ndim )

[docs]  def make_periodic( self, periodic ):
    'add periodicity'

    return StructuredTopology( self.structure, periodic=periodic )


  def __len__( self ):
    'number of elements'

    return sum( elem is not None for elem in self.structure.flat )

  def __iter__( self ):
    'iterate over elements'

    return itertools.ifilter( None, self.structure.flat )

  def __getitem__( self, item ):
    'subtopology'

    if isinstance( item, str ):
      return Topology.__getitem__( self, item )
    if not isinstance( item, tuple ):
      item = item,
    periodic = [ idim for idim in self.periodic if idim < len(item) and item[idim] == slice(None) ]
    return StructuredTopology( self.structure[item], periodic=periodic )

  @property
  @core.cache
  def boundary( self ):
    'boundary'

    shape = numpy.asarray( self.structure.shape ) + 1
    vertices = numpy.arange( numpy.product(shape) ).reshape( shape )

    boundaries = []
    for iedge in range( 2 * self.ndims ):
      idim = iedge // 2
      iside = iedge % 2
      if self.ndims > 1:
        s = [ slice(None,None,-1) ] * idim \
          + [ -iside, ] \
          + [ slice(None,None,1) ] * (self.ndims-idim-1)
        if not iside: # TODO: check that this is correct for all dimensions; should match conventions in elem.edge
          s[idim-1] = slice(None,None,1 if idim else -1)
        s = tuple(s)
        belems = numpy.frompyfunc( lambda elem: elem.edge( iedge ) if elem is not None else None, 1, 1 )( self.structure[s] )
      else:
        belems = numpy.array( self.structure[-iside].edge( 1-iedge ) )
      periodic = [ d - (d>idim) for d in self.periodic if d != idim ] # TODO check that dimensions are correct for ndim > 2
      boundaries.append( StructuredTopology( belems, periodic=periodic ) )

    if self.ndims == 2:
      structure = numpy.concatenate([ boundaries[i].structure for i in [0,2,1,3] ])
      topo = StructuredTopology( structure, periodic=[0] )
    else:
      allbelems = [ belem for boundary in boundaries for belem in boundary.structure.flat if belem is not None ]
      topo = UnstructuredTopology( allbelems, ndims=self.ndims-1 )

    topo.groups = dict( zip( ( 'left', 'right', 'bottom', 'top', 'front', 'back' ), boundaries ) )
    return topo

  @property
  @core.cache
  def interfaces( self ):
    'interfaces'

    interfaces = []
    eye = numpy.eye(self.ndims-1)
    for idim in range(self.ndims):
      s1 = (slice(None),)*idim + (slice(-1),)
      s2 = (slice(None),)*idim + (slice(1,None),)
      for elem1, elem2 in numpy.broadcast( self.structure[s1], self.structure[s2] ):
        A = numpy.zeros((self.ndims,self.ndims-1))
        A[:idim] = eye[:idim]
        A[idim+1:] = -eye[idim:]
        b = numpy.hstack( [ numpy.zeros(idim+1), numpy.ones(self.ndims-idim) ] )
        context1 = elem1, element.AffineTransformation( b[1:], A )
        context2 = elem2, element.AffineTransformation( b[:-1], A )
        vertices = numpy.reshape( elem1.vertices, [2]*elem1.ndims )[s2].ravel()
        assert numpy.all( vertices == numpy.reshape( elem2.vertices, [2]*elem1.ndims )[s1].ravel() )
        ielem = element.QuadElement( ndims=self.ndims-1, vertices=vertices, interface=(context1,context2) )
        interfaces.append( ielem )
    return UnstructuredTopology( interfaces, ndims=self.ndims-1 )

  @core.cache
  def splinefunc( self, degree, neumann=(), knots=None, periodic=None, closed=False, removedofs=None ):
    'spline from vertices'

    if periodic is None:
      periodic = self.periodic

    if isinstance( degree, int ):
      degree = ( degree, ) * self.ndims

    if removedofs == None:
      removedofs = [None] * self.ndims
    else:
      assert len(removedofs) == self.ndims

    vertex_structure = numpy.array( 0 )
    dofcount = 1
    slices = []

    for idim in range( self.ndims ):
      periodic_i = idim in periodic
      n = self.structure.shape[idim]
      p = degree[idim]
      #k = knots[idim]

      if closed == False:
        neumann_i = (idim*2 in neumann and 1) | (idim*2+1 in neumann and 2)
        stdelems_i = element.PolyLine.spline( degree=p, nelems=n, periodic=periodic_i, neumann=neumann_i )
      elif closed == True:
        assert periodic==(), 'Periodic option not allowed for closed spline'
        assert neumann ==(), 'Neumann option not allowed for closed spline'
        stdelems_i = element.PolyLine.spline( degree=p, nelems=n, periodic=True )

      stdelems = stdelems[...,_] * stdelems_i if idim else stdelems_i

      nd = n + p
      numbers = numpy.arange( nd )
      if periodic_i and p > 0:
        overlap = p
        numbers[ -overlap: ] = numbers[ :overlap ]
        nd -= overlap
      remove = removedofs[idim]
      if remove is None:
        vertex_structure = vertex_structure[...,_] * nd + numbers
      else:
        mask = numpy.zeros( nd, dtype=bool )
        mask[numpy.array(remove)] = True
        nd -= mask.sum()
        numbers -= mask.cumsum()
        vertex_structure = vertex_structure[...,_] * nd + numbers
        vertex_structure[...,mask] = -1
      dofcount *= nd
      slices.append( [ slice(i,i+p+1) for i in range(n) ] )

    dofmap = {}
    funcmap = {}
    hasnone = False
    for item in numpy.broadcast( self.structure, stdelems, *numpy.ix_(*slices) ):
      elem = item[0]
      std = item[1]
      if elem is None:
        hasnone = True
      else:
        S = item[2:]
        dofs = vertex_structure[S].ravel()
        mask = dofs >= 0
        if mask.all():
          dofmap[ elem ] = dofs
          funcmap[elem] = std
        elif mask.any():
          dofmap[ elem ] = dofs[mask]
          funcmap[elem] = std, mask

    if hasnone:
      touched = numpy.zeros( dofcount, dtype=bool )
      for dofs in dofmap.itervalues():
        touched[ dofs ] = True
      renumber = touched.cumsum()
      dofcount = int(renumber[-1])
      dofmap = dict( ( elem, renumber[dofs]-1 ) for elem, dofs in dofmap.iteritems() )

    return function.function( funcmap, dofmap, dofcount, self.ndims )

  @core.cache
  def discontfunc( self, degree ):
    'discontinuous shape functions'

    if isinstance( degree, int ):
      degree = ( degree, ) * self.ndims

    dofs = numpy.arange( numpy.product(numpy.array(degree)+1) * len(self) ).reshape( len(self), -1 )
    dofmap = dict( zip( self, dofs ) )

    stdelem = util.product( element.PolyLine( element.PolyLine.bernstein_poly( d ) ) for d in degree )
    funcmap = dict( numpy.broadcast( self.structure, stdelem ) )

    return function.function( funcmap, dofmap, dofs.size, self.ndims )

  @core.cache
  def curvefreesplinefunc( self ):
    'spline from vertices'

    p = 2
    periodic = self.periodic

    vertex_structure = numpy.array( 0 )
    dofcount = 1
    slices = []

    for idim in range( self.ndims ):
      periodic_i = idim in periodic
      n = self.structure.shape[idim]

      stdelems_i = element.PolyLine.spline( degree=p, nelems=n, curvature=True )

      stdelems = stdelems[...,_] * stdelems_i if idim else stdelems_i

      nd = n + p - 2
      numbers = numpy.arange( nd )

      vertex_structure = vertex_structure[...,_] * nd + numbers

      dofcount *= nd

      myslice = [ slice(0,2) ]
      for i in range(n-2):
        myslice.append( slice(i,i+p+1) )
      myslice.append( slice(n-2,n) )

      slices.append( myslice )

    dofmap = {}
    for item in numpy.broadcast( self.structure, *numpy.ix_(*slices) ):
      elem = item[0]
      S = item[1:]
      dofmap[ elem ] = vertex_structure[S].ravel()

    dofaxis = function.DofMap( ElemMap(dofmap,self.ndims) )
    funcmap = dict( numpy.broadcast( self.structure, stdelems ) )

    return function.Function( dofaxis=dofaxis, stdmap=ElemMap(funcmap,self.ndims), igrad=0 )

[docs]  def linearfunc( self ):
    'linears'

    return self.splinefunc( degree=1 )


  @core.cache
  def stdfunc( self, degree ):
    'spline from vertices'

    if isinstance( degree, int ):
      degree = ( degree, ) * self.ndims

    vertex_structure = numpy.array( 0 )
    dofcount = 1
    slices = []

    stdelem = util.product( element.PolyLine( element.PolyLine.bernstein_poly( d ) ) for d in degree )

    for idim in range( self.ndims ):
      n = self.structure.shape[idim]
      p = degree[idim]

      nd = n * p + 1
      numbers = numpy.arange( nd )
      if idim in self.periodic:
        numbers[-1] = numbers[0]
        nd -= 1
      vertex_structure = vertex_structure[...,_] * nd + numbers
      dofcount *= nd
      slices.append( [ slice(p*i,p*i+p+1) for i in range(n) ] )

    dofmap = {}
    hasnone = False
    for item in numpy.broadcast( self.structure, *numpy.ix_(*slices) ):
      elem = item[0]
      if elem is None:
        hasnone = True
      else:
        S = item[1:]
        dofmap[ elem ] = vertex_structure[S].ravel()

    if hasnone:
      touched = numpy.zeros( dofcount, dtype=bool )
      for dofs in dofmap.itervalues():
        touched[ dofs ] = True
      renumber = touched.cumsum()
      dofcount = int(renumber[-1])
      dofmap = dict( ( elem, renumber[dofs]-1 ) for elem, dofs in dofmap.iteritems() )

    funcmap = dict( numpy.broadcast( self.structure, stdelem ) )
    return function.function( funcmap, dofmap, dofcount, self.ndims )

[docs]  def rectilinearfunc( self, gridvertices ):
    'rectilinear func'

    assert len( gridvertices ) == self.ndims
    vertex_structure = numpy.empty( map( len, gridvertices ) + [self.ndims] )
    for idim, ivertices in enumerate( gridvertices ):
      shape = [1,] * self.ndims
      shape[idim] = -1
      vertex_structure[...,idim] = numpy.asarray( ivertices ).reshape( shape )
    return self.linearfunc().dot( vertex_structure.reshape( -1, self.ndims ) )


  @core.weakcache
  def refine_nu( self, N ):
    'refine non-uniformly'

    N = tuple(N)
    assert len(N) == self.ndims
    structure = numpy.array( [ elem.children_by(N) if elem is not None else [None]*numpy.product(N) for elem in self.structure.flat ] )
    structure = structure.reshape( self.structure.shape + tuple(N) )
    structure = structure.transpose( sum( [ ( i, self.ndims+i ) for i in range(self.ndims) ], () ) )
    structure = structure.reshape( self.structure.shape * numpy.asarray(N) )
    refined = StructuredTopology( structure )
    refined.groups = { key: group.refine_nu( N ) for key, group in self.groups.items() }
    return refined

  @property
[docs]  def refined( self ):
    'refine entire topology'

    return self.refine_nu( (2,)*self.ndims )


[docs]  def trim( self, levelset, maxrefine, lscheme='bezier3', finestscheme='uniform2', evalrefine=0, title='trimming', log=log ):
    'trim element along levelset'

    trimmedelems = [ elem.trim( levelset=levelset, maxrefine=maxrefine, lscheme=lscheme, finestscheme=finestscheme, evalrefine=evalrefine ) for elem in log.iterate( title, self.structure.ravel() ) ]
    trimmedstructure = numpy.array( trimmedelems ).reshape( self.structure.shape )
    return StructuredTopology( trimmedstructure, periodic=self.periodic )


  def __str__( self ):
    'string representation'

    return '%s(%s)' % ( self.__class__.__name__, 'x'.join(map(str,self.structure.shape)) )

  @property
  @core.cache
  def multiindex( self ):
    'Inverse map of self.structure: given an element find its location in the structure.'
    return dict( (self.structure[alpha], alpha) for alpha in numpy.ndindex( self.structure.shape ) )

[docs]  def neighbor( self, elem0, elem1 ):
    'Neighbor detection, returns codimension of interface, -1 for non-neighboring elements.'

    return elem0.neighbor( elem1 )

    # REPLACES:
    alpha0 = self.multiindex[elem0]
    alpha1 = self.multiindex[elem1]
    diff = numpy.array(alpha0) - numpy.array(alpha1)
    for i, shi in enumerate( self.structure.shape ):
      if diff[i] in (shi-1, 1-shi) and i in self.periodic:
        diff[i] = -numpy.sign( shi )
    if set(diff).issubset( (-1,0,1) ):
      return numpy.sum(numpy.abs(diff))
    return -1
    


[docs]class IndexedTopology( Topology ):
  'trimmed topology'
  
  def __init__( self, topo, elements ):
    'constructor'

    self.topo = topo
    self.elements = elements
    Topology.__init__( self, topo.ndims )

  def __iter__( self ):
    'iterate over elements'

    return iter( self.elements )

  def __len__( self ):
    'number of elements'

    return len(self.elements)

[docs]  def splinefunc( self, degree ):
    'create spline function space'

    raise NotImplementedError
    funcsp = self.topo.splinefunc( degree )
    func, (dofaxis,) = funcsp.get_func_ind()
    touched = numpy.zeros( funcsp.shape[0], dtype=bool )
    for elem in self:
      dofs = dofaxis(elem,None)
      touched[ dofs ] = True
    renumber = touched.cumsum()
    ndofs = int(renumber[-1])
    dofmap = dict( ( elem, renumber[ dofaxis(elem,None) ]-1 ) for elem in self )
    ind = function.DofMap( ElemMap(dofmap,self.ndims) ),
    return function.Inflate( (ndofs,), [(func,ind)] )


  @property
  @core.weakcache
  def refined( self ):
    'refine all elements 2x'

    elements = [ child for elem in self.elements for child in elem.children if child is not None ]
    return IndexedTopology( self.topo.refined, elements )

  @property
  @core.cache
  def boundary( self ):
    'boundary'

    return self.topo.boundary


[docs]class UnstructuredTopology( Topology ):
  'externally defined topology'

  def __init__( self, elements, ndims, namedfuncs={} ):
    'constructor'

    self.namedfuncs = namedfuncs
    self.elements = elements
    self.groups = {}
    Topology.__init__( self, ndims )

  def __iter__( self ):
    'iterate over elements'

    return iter( self.elements )

  def __len__( self ):
    'number of elements'

    return len(self.elements)

[docs]  def splinefunc( self, degree ):
    'spline func'

    return self.namedfuncs[ 'spline%d' % degree ]


[docs]  def linearfunc( self ):
    'linear func'

    return self.splinefunc( degree=1 )


[docs]  def bubblefunc( self ):
    'linear func + bubble'

    return self.namedfuncs[ 'bubble1' ]


  @property
  @core.weakcache
  def refined( self ):
    'refined (=refine(2))'

    try:
      linearfunc = self.linearfunc()
      (func,(dofaxis,)), = function.blocks( linearfunc )
      ndofs = linearfunc.shape[0]
      edges = {}
      nmap = {}
    except:
      dofaxis = None

    elements = []
    for elem in self:
      children = list( elem.children )
      elements.extend( children )
      if not dofaxis:
        continue

      vertexdofs = dofaxis(elem,None)
      edgedofs = []
      if isinstance( elem, element.TriangularElement ):
        for i in range(3):
          j = (i+1)%3
          try:
            edgedof = edges.pop(( vertexdofs[i], vertexdofs[j] ))
          except KeyError:
            edgedof = edges[( vertexdofs[j], vertexdofs[i] )] = ndofs
            ndofs += 1
          edgedofs.append( edgedof )
        nmap[ children[0] ] = numpy.array([ edgedofs[2], edgedofs[1], vertexdofs[2] ])
        nmap[ children[1] ] = numpy.array([ edgedofs[0], vertexdofs[1], edgedofs[1] ])
        nmap[ children[2] ] = numpy.array([ vertexdofs[0], edgedofs[0], edgedofs[2] ])
        nmap[ children[3] ] = numpy.array([ edgedofs[1], edgedofs[2], edgedofs[0] ])
      else:
        dofaxis = None

    #print 'boundary:', edges

    if dofaxis:
      fmap = dict.fromkeys( elements, element.PolyTriangle(1) )
      linearfunc = function.function( fmap, nmap, ndofs, self.ndims )
      namedfuncs = { 'spline2': linearfunc }
    else:
      namedfuncs = {}

    return UnstructuredTopology( elements, ndims=2, namedfuncs=namedfuncs )


[docs]class HierarchicalTopology( Topology ):
  'collection of nested topology elments'

  def __init__( self, basetopo, elements ):
    'constructor'

    if isinstance( basetopo, HierarchicalTopology ):
      basetopo = basetopo.basetopo
    self.basetopo = basetopo
    self.elements = tuple(elements)
    Topology.__init__( self, basetopo.ndims )

  def __iter__( self ):
    'iterate over elements'

    return iter(self.elements)

  def __len__( self ):
    'number of elements'

    return len(self.elements)

  @property
  @core.cache
  def boundary( self ):
    'boundary elements & groups'

    assert hasattr( self.basetopo, 'boundary' )
    allbelems = []
    bgroups = {}
    topo = self.basetopo # topology to examine in next level refinement
    elems = set( self )
    while elems:
      belemset = set()
      myelems = elems.intersection( topo )
      for belem in topo.boundary:
        celem, transform = belem.context
        if celem in myelems:
          belemset.add( belem )
      allbelems.extend( belemset )
      for btag, belems in topo.boundary.groups.iteritems():
        bgroups.setdefault( btag, [] ).extend( belemset.intersection(belems) )
      topo = topo.refined # proceed to next level
      elems -= myelems
    boundary = UnstructuredTopology( allbelems, ndims=self.ndims-1 )
    boundary.groups = dict( ( tag, UnstructuredTopology( group, ndims=self.ndims-1 ) ) for tag, group in bgroups.items() )
    return boundary

  @property
  @core.cache
  def interfaces( self ):
    'interface elements & groups'

    assert hasattr( self.basetopo, 'interfaces' )
    allinterfaces = []
    topo = self.basetopo # topology to examine in next level refinement
    elems = set( self )
    while elems:
      myelems = elems.intersection( topo )
      for ielem in topo.interfaces:
        (celem1,transform1), (celem2,transform2) = ielem.interface
        if celem1 in myelems:
          while True:
            if celem2 in self.elements:
              allinterfaces.append( ielem )
              break
            if not celem2.parent:
              break
            celem2, transform2 = celem2.parent
        elif celem2 in myelems:
          while True:
            if celem1 in self.elements:
              allinterfaces.append( ielem )
              break
            if not celem1.parent:
              break
            celem1, transform1 = celem1.parent
      topo = topo.refined # proceed to next level
      elems -= myelems
    return UnstructuredTopology( allinterfaces, ndims=self.ndims-1 )

  def _funcspace( self, mkspace ):

    log.context( 'generating refined space' )

    dofmap = {} # IEN mapping of new function object
    stdmap = {} # shape function mapping of new function object, plus boolean vector indicating which shapes to retain
    ndofs = 0 # total number of dofs of new function object
    remaining = len(self) # element count down (know when to stop)
  
    topo = self.basetopo # topology to examine in next level refinement
    newdiscard = []
    parentelems = []
    maxrefine = 9
    for irefine in range( maxrefine ):
  
      funcsp = mkspace( topo ) # shape functions for level irefine
      (func,(dofaxis,)), = function.blocks( funcsp ) # separate elem-local funcs and global placement index
  
      discard = set(newdiscard)
      newdiscard = []
      supported = numpy.ones( funcsp.shape[0], dtype=bool ) # True if dof is contained in topoelems or parentelems
      touchtopo = numpy.zeros( funcsp.shape[0], dtype=bool ) # True if dof touches at least one topoelem
      myelems = [] # all top-level or parent elements in level irefine
      for elem, idofs in dofaxis.dofmap.items():
        if elem in self.elements:
          remaining -= 1
          touchtopo[idofs] = True
          myelems.append( elem )
          newdiscard.append( elem )
        else:
          pelem, trans = elem.parent
          if pelem in discard:
            newdiscard.append( elem )
            supported[idofs] = False
          else:
            parentelems.append( elem )
            myelems.append( elem )
  
      keep = numpy.logical_and( supported, touchtopo ) # THE refinement law

      for elem in myelems: # loop over all top-level or parent elements in level irefine
        idofs = dofaxis.dofmap[elem] # local dof numbers
        mykeep = keep[idofs]
        std = func.stdmap[elem]
        assert isinstance(std,element.StdElem)
        if mykeep.all():
          stdmap[elem] = std # use all shapes from this level
        elif mykeep.any():
          stdmap[elem] = std, mykeep # use some shapes from this level
        newdofs = [ ndofs + keep[:idof].sum() for idof in idofs if keep[idof] ] # new dof numbers
        if irefine: # not at lowest level
          pelem, transform = elem.parent
          newdofs.extend( dofmap[pelem] ) # add dofs of all underlying 'broader' shapes
        dofmap[elem] = numpy.array(newdofs) # add result to IEN mapping of new function object
  
      ndofs += keep.sum() # update total number of dofs
      if not remaining:
        break
      topo = topo.refined # proceed to next level
  
    else:

      raise Exception, 'elements remaining after %d iterations' % maxrefine

    for elem in parentelems:
      del dofmap[elem] # remove auxiliary elements

    return function.function( stdmap, dofmap, ndofs, self.ndims )

  def stdfunc( self, *args, **kwargs ):
    return self._funcspace( lambda topo: topo.stdfunc( *args, **kwargs ) )

  def linearfunc( self, *args, **kwargs ):
    return self._funcspace( lambda topo: topo.linearfunc( *args, **kwargs ) )

  def splinefunc( self, *args, **kwargs ):
    return self._funcspace( lambda topo: topo.splinefunc( *args, **kwargs ) )


[docs]class ElemMap( dict ):
  'dictionary-like element mapping'

  def __init__( self, mapping, ndims ):
    'constructor'

    self.ndims = ndims
    dict.__init__( self, mapping )

  def __eq__( self, other ):
    'test equal'

    return self is other

  def __str__( self ):
    'string representation'

    return 'ElemMap(#%d,%dD)' % ( len(self), self.ndims )


[docs]def glue( master, slave, geometry, tol=1.e-10, verbose=False ):
  'Glue topologies along boundary group __glue__.'
  log.context('glue')

  gluekey = '__glue__'

  # Checks on input
  assert gluekey in master.boundary.groups and \
         gluekey in slave.boundary.groups, 'Must identify glue boundary first.'
  assert len(master.boundary[gluekey]) == \
          len(slave.boundary[gluekey]), 'Minimum requirement is that cardinality is equal.'
  assert master.ndims == 2 and slave.ndims == 2, '1D boundaries for now.' # see dists computation and update_vertices

  if isinstance( geometry, tuple ):
    master_geom, slave_geom = geometry
  else:
    master_geom = slave_geom = geometry

  vtxmap = {} # THE old vertex -> nex vertex mapping

  log.info( 'pairing elements [%i]' % len(master.boundary[gluekey]) )
  slave_vertex_locations = { slave_elem:
    slave_geom( slave_elem, 'bezier2' ) for slave_elem in slave.boundary[gluekey] }
  for master_elem in master.boundary[gluekey]:
    master_locs = master_geom( master_elem, 'bezier2' )
    meshwidth = numpy.linalg.norm( numpy.diff( master_locs, axis=0 ) )
    assert meshwidth > tol, 'tol. (%.2e) > element size (%.2e)' % (tol, meshwidth)
    for slave_elem, slave_locs in slave_vertex_locations.iteritems():
      dists = (numpy.linalg.norm( master_locs-slave_locs ),
               numpy.linalg.norm( master_locs-slave_locs[::-1] ))
      if min(*dists) < tol:
        break # don't check if a second element can be paired.
    else:
      if verbose:
        from matplotlib import pyplot
        pyplot.clf()
        pyplot.plot( master_locs[:,0], master_locs[:,1], '.-', label='master' )
        mindist = numpy.inf
        for slave_elem, slave_locs in slave_vertex_locations.iteritems():
          verts = slave_locs[:,:2].T.flatten()
          pyplot.plot( verts[:2], verts[2:], label='%.3f'%dist )
          mindist = min( mindist,
            numpy.linalg.norm( master_locs-slave_locs ),
            numpy.linalg.norm( master_locs-slave_locs[::-1] ) )
        pyplot.legend()
        pyplot.axis('equal')
        pyplot.title('min dist: %.3e'%mindist)
        it = locals().get('it',-1) + 1
        name = 'glue%i.jpg'%it
        pyplot.savefig(prop.dumpdir+name)
        log.path(name)
      raise AssertionError( 'Could not pair master element: %s (maybe tol is set too low?)' % master_elem )
    slave_vertex_locations.pop( slave_elem )
    new_vertices = master_elem.vertices if dists[0] < tol \
              else reversed( master_elem.vertices )

    for oldvtx, newvtx in zip( slave_elem.vertices, new_vertices ):
      assert vtxmap.setdefault( oldvtx, newvtx ) == newvtx, 'conflicting vertex info'

  assert not slave_vertex_locations, 'Could not pair slave elements: %s' % slave_vertex_locations.keys()

  # we can forget everything now and continue with the vtxmap

  emap = {} # elem->newelem map
  for belem in slave.boundary:
    if not any( vtx in vtxmap for vtx in belem.vertices ):
      continue
    emap[belem] = element.QuadElement( belem.ndims,
      vertices=[ vtxmap.get(vtx,vtx) for vtx in belem.vertices ],
      parent=(belem,element.IdentityTransformation(belem.ndims)) )
    elem, trans = belem.context
    emap[elem] = element.QuadElement( elem.ndims,
      vertices=[ vtxmap.get(vtx,vtx) for vtx in elem.vertices ],
      parent=(elem,element.IdentityTransformation(elem.ndims)) )

  _wrapelem = lambda elem: emap.get(elem,elem)
  def _wraptopo( topo ):
    elems = map( _wrapelem, topo )
    return UnstructuredTopology( elems, ndims=topo.ndims ) if not isinstance( topo, UnstructuredTopology ) \
      else StructuredTopology( numpy.asarray(elems).reshape(slave.structure.shape) )

  # generate glued topology
  elems = list( master ) + map( _wrapelem, slave )
  union = UnstructuredTopology( elems, master.ndims )
  union.groups['master'] = master
  union.groups['slave'] = _wraptopo(slave)
  union.groups.update({ 'master_'+key: topo for key, topo in master.groups.iteritems() })
  union.groups.update({ 'slave_' +key: _wraptopo(topo) for key, topo in slave.groups.iteritems() })

  # generate topology boundary
  belems = [ belem for belem in master.boundary if belem not in master.boundary[gluekey] ] \
    + [ _wrapelem(belem) for belem in slave.boundary if belem not in slave.boundary[gluekey] ]
  union.boundary = UnstructuredTopology( belems, master.ndims-1 )
  union.boundary.groups['master'] = master.boundary
  union.boundary.groups['slave'] = _wraptopo(slave.boundary)
  union.boundary.groups.update({ 'master_'+key: topo for key, topo in master.boundary.groups.iteritems() if key != gluekey })
  union.boundary.groups.update({ 'slave_' +key: _wraptopo(topo) for key, topo in slave.boundary.groups.iteritems() if key != gluekey })

  log.info( 'created glued topology [%i]' % len(union) )
  return union
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