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Figure 1: Our acquisition pipeline: first, we place a material sample on our acquisition platform, and acquire photographs with varying
incoming light direction. In a second step, we extract anisotropic direction, shading normal, albedo and reflectance parameters from these
photographs and store them in texture maps. We later use these texture maps to render new views of the material.

ABSTRACT

Reflectance parameters condition the appearance of objects in pho-
torealistic rendering. Practical acquisition of reflectance parame-
ters is still a difficult problem. Even more so for spatially varying
or anisotropic materials, which increase the number of samples re-
quired. In this paper, we present an algorithm for acquisition of
spatially varying anisotropic materials, sampling only a small num-
ber of directions. Our algorithm uses Fourier analysis to extract
the material parameters from a sub-sampled signal. We are able to
extract diffuse and specular reflectance, direction of anisotropy, sur-
face normal and reflectance parameters from as little as 20 sample
directions. Our system makes no assumption about the stationarity
or regularity of the materials, and can recover anisotropic effects at
the pixel level.

Index Terms: I.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Color, shading, shadowing, and texture;
I.4.1 [Image Processing and Computer Vision]: Digitization and
Image Capture—Reflectance;

1 INTRODUCTION

Material reflectance properties encode how an object interact with
incoming light; they are responsible for its aspect in virtual pictures.
Having a good representation of an object material properties is
essential for photorealistic rendering.

Acquiring material properties from real objects is one of the best
way to ensure photorealism. It requires sampling and storing mate-
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rial reactions as a function of incoming light and viewing direction,
a time-consuming process. Accurately sampling and storing a sin-
gle material can take several hours with current acquisition devices.

Anisotropic materials show interesting reflection patterns, vary-
ing with the orientation of the material. Because the amount of
light reflected depends on both the incoming light and observer
orientation, the acquisition process is even more time-consuming
for anisotropic materials. Similarly for spatially varying materials,
where material properties change with the position on the object.

Measured materials require large memory storage, related to the
number of sampled dimensions (up to 6 dimensions for spatially-
varying anisotropic materials). For this reason, people often use
analytic material models for rendering. Analytic BRDFs can also
be authored and importance sampled more efficiently. Fitting pa-
rameters for these analytic materials to measured data is difficult; it
is still an ongoing research project.

In this paper, we present a new method for acquisition of spa-
tially varying anisotropic materials. We extract material parame-
ters from a small set of pictures (about 20), with different lighting
conditions but the same viewing condition. We use Fourier anal-
ysis to reconstruct material properties from the sub-sampled sig-
nal. We are able to extract diffuse and specular reflectance, direc-
tion of anisotropy, shading normal and reflectance parameters in a
multi-step process. Our algorithm works with the anisotropic Cook-
Torrance BRDF model, with several micro-facet distributions. The
choice of the micro-facet distribution is left to the user, our al-
gorithm automatically extracts the corresponding parameters. We
make no assumptions about stationarity or regularity of the mate-
rial, and recover parameters for each pixel independently. The spa-
tial resolution of our algorithm is equal to the spatial resolution of
the input pictures.

Our algorithm is described in Figure 1: we place a material sam-
ple on a rotating gantry, acquire a set of photographs for varying
incoming light directions. From these photographs, we extract a set



of maps depicting reflectance parameters such as albedo, shading
normal or anisotropic direction. These parameters are then used to
generate new pictures of the material.

The remainder of this paper is organized as follows: in the next
section, we briefly review previous work on material acquisition,
focusing on acquisition of spatially varying or anisotropic materi-
als. In section 3, we present our acquisition apparatus. In section 4,
we describe our method for extracting reflectance parameters from
the acquisition data. In section 5 we present acquisition results and
evaluate the accuracy of our method. We discuss the limitations of
our algorithm in section 6 and conclude in section 7.

2 RELATED WORK

Acquiring material properties is time consuming, as it requires sam-
pling over all incoming and outgoing directions. For spatially uni-
form materials, researchers speed up the acquisition process by ex-
ploiting this uniformity: a single photograph samples several di-
rections, assuming the underlying geometry is known. Matusik et
al. [16] used a sphere for isotropic materials. Ngan et al. [17] ex-
tended this approach to anisotropic materials using strips of mate-
rials on a cylinder. In these two approaches, the camera is placed
far from the material samples so we can neglect parallax effects.
Filip et al. [9] reverted the approach for anisotropic materials: they
used a flat material sample, placed the camera close and exploited
parallax effects for dense direction sampling.

These approaches do not work for spatially varying materials. A
common technique is to precompute material response to illumina-
tion, then identify materials on their response to varying incoming
light. Gardner et al. [10] a moving linear light source, combined
with precomputed material response to identify spatially varying
materials and normal maps. Wang et al. [23] identifies similar ma-
terials in the different pictures acquired and combines their infor-
mation for a full BRDF measure. Dong et al. [6] extend the ap-
proach in a two-pass method: they first acquire the full BRDF data
at few sample points, then use this data to evaluate the BRDF over
the entire material using high-resolution spatial pictures. Compared
to these methods, we do not make any assumptions about the ho-
mogeneity of the material, and recover material response indepen-
dently at each pixel. Thus, we can acquire reflectance properties
even for materials with high-frequency spatial variations (see Fig-
ure 1).

Ren et al. [18] begin by acquiring full BRDF information for
some base materials. Samples of these materials are placed next
to the material to measure, and captured together. By comparing
the appearance of the known and unknown materials, they get a
fast approximation of spatially varying reflectance. Their method
is limited to isotropic reflectance.

Another promising area of research is to record material response
to varying incoming light. Holroyd et al. [11] used spatially mod-
ulated sinusoidal light sources for simultaneous acquisition of the
object geometry and isotropic material. Tunwattanapong et al. [21]
used a rotating arm with LEDs to illuminate the object with spher-
ical harmonics basis functions, allowing simultaneous recovery of
geometry and reflectance properties. Aittala et al. [1] combined
two different pictures of the same material (one with flash, the other
without), then exploited the material local similarity to recover the
full BRDF and normal map at each pixel. Their algorithm is limited
to isotropic materials.

Empirical reflectance models represent the response by a mate-
rial in a compact way. The most common models for anisotropic
materials are anisotropic Ward BRDF [24] and the anisotropic
Cook-Torrance BRDF [4]. The latter has a functional parameter, the
distribution of normal micro-facets. Early implementations used
a Gaussian distribution; in that case the Ward and Cook-Torrance
models are very close. Recent implementations use different prob-
ability distributions. Brady et al. [3] used genetic programming

Figure 2: Our acquisition platform: the sample and camera are
static and aligned with each other, the light arm rotates around
them. Arm position and picture acquisition are controlled by a com-
puter.

to identify the best micro-facet distribution; they found that many
measured materials are better approximated with a distribution in
e−xp

instead of a Gaussian.

3 ACQUISITION APPARATUS

We have set up our own acquisition apparatus (see Figure 2): a flat
material sample is placed on a console. The camera is vertically
aligned with the sample normal, at a large distance. A rotating arm
carrying lights provides varying lighting conditions.

The axis of rotation for the arm is equal to the view axis for the
camera. A computer controls the arm position, which light sources
are lit and the camera shooting, so the acquisition process is done
automatically and can be conducted by a novice user.

For each acquisition we sample the incoming light direction reg-
ularly, with N samples, separated by 2π/N.

We used a Nikon D7100 camera with a AF-S Nikkor 18-105 mm
1:3.5-5.6G ED lens. Shots were done in NEF format at 14 bits
in no compression mode. We took 20 pictures for each material,
corresponding to 20 samples in the incoming light direction.

Even though the camera and sample are fixed with respect to
each other, the rotating arm movements induce small displacements
in the pictures, of a few pixels between each frame. We align all the
pictures before processing, using Enhanced Correlation Coefficient
Maximization [7, 8], as implemented in OpenCV [2].

After this image registration and alignment, a given pixel in all
the pictures corresponds to the same point on the material. We have
for each pixel 20 samples corresponding to regularly sampled in-
coming light directions. We then extract material parameters at
each pixel independently, using these samples.

4 PARAMETER EXTRACTION

4.1 Reflectance Model

We make the hypothesis that the object surface is flat at the macro-
scopic level, but with small variations that can be encoded using a
shading normal nnns = (θn,ϕn). At every point on the surface, we
define the main anisotropic direction. Angles in the tangent plane,
such as ϕn, are measured with respect to this direction.
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Figure 3: Our algorithm: first, we estimate the azimutal angle ϕn of the shading normal and the anisotropy direction ϕa using the phase shifts
of the first and second harmonics. Then we estimate BRDF parameters by minimization: specular reflectance with even harmonics, diffuse
reflectance and normal elevation with c0 and c1. In a final step, we perform minimization on the measured signal for minor adjustments on
the parameters. For added accuracy, we can loop over the minimization process using computed parameters as input values.

Figure 4: Notations for BRDFs: iii is the incoming direction, ooo is the
outgoing direction, hhh is the half-vector. θh is the angle between hhh
and the shading normal, nnns. ϕh is the angle between the half-vector
and the main anisotropic direction on the tangent plane.

We assume that our material can be modelled using the
anisotropic Cook-Torrance model [4], with a diffuse component:
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Where:

• D is the micro-facet normal probability distribution. It is an
open parameter. The original paper used a Gaussian: D(x) =
e−x. In this paper, we use two different distributions: GGX,
introduced by Walter et al. [22] and D(x) = e−xp

, introduced
by Brady et al. [3].

• θh is the angle between the shading normal nnns and the half-
vector hhh = (iii+ ooo)/||iii+ ooo||. θd is the angle between hhh and
iii (see Figure 4). ϕh is measured with respect to the main
anisotropic direction.

• F is the Fresnel term, G is the shadowing and masking term,
• kd and ks are the diffuse and specular response, respectively.

• αx and αy are the main BRDF parameters and control the
shape of the specular lobe. Isotropic BRDF correspond to
αx = αy.

4.2 Main idea
We use a Fourier analysis of the signal for each pixel to extract the
reflectance parameters: the phase of the Fourier coefficients gives
us the direction of anisotropy, while their amplitude gives us the
reflectance parameters. The Fourier analysis provides noise reduc-
tion to the signal; it is very efficient at identifying the direction of
anisotropy.

More precisely, the phase of the second harmonics gives us the
direction of anisotropy for the specular lobe, while the phase of the
first harmonic gives the direction of anisotropy for the diffuse lobe,
and thus for the normal.

We conduct the analysis independently for each pixel of the im-
ages, resulting in spatially varying information.

4.3 Fourier analysis for each pixel
For each pixel in the pictures from the acquisition setup, the con-
tributions for all directions define a periodic signal of ϕh, s(ϕh),
which has been sampled N times. We use the Fourier transform of
this signal, defined as the set of complex numbers cn:

cn =
∫ 2π

0
s(ϕh)e

niϕh dϕh (2)

We compute the (cn) using Fast Fourier Transform (FFT) [5].
If the shading normal is equal to the geometric normal, with our

acquisition setting θh is a constant. Luminance information for a
single pixel is only a function of ϕh, and more precisely a function
of cos2ϕh. In that case, coefficients cn for odd n are null. When
the shading normal is different from the geometric normal, this as-
sumption does not hold. We use this observation to separate the
effects of the anisotropic BRDF and those of the shading normal:
we fit the specular BRDF parameters using Fourier coefficients with
even rank c2k, and separately estimate the shading normal angle and
diffuse BRDF parameters using the first two Fourier coefficients,
(c0,c1).

In a final step, we fit all BRDF parameters together, using the en-
tire model, and with the values computed using Fourier coefficients
as starting points for parameters.


////////////////////////////////////////////////////////////////////////////////
//
// (C) 2012--today, Alexander Grahn
//
// 3Dmenu.js
//
// version 20140923
//
////////////////////////////////////////////////////////////////////////////////
//
// 3D JavaScript used by media9.sty
//
// Extended functionality of the (right click) context menu of 3D annotations.
//
//  1.) Adds the following items to the 3D context menu:
//
//   * `Generate Default View'
//
//      Finds good default camera settings, returned as options for use with
//      the \includemedia command.
//
//   * `Get Current View'
//
//      Determines camera, cross section and part settings of the current view,
//      returned as `VIEW' section that can be copied into a views file of
//      additional views. The views file is inserted using the `3Dviews' option
//      of \includemedia.
//
//   * `Cross Section'
//
//      Toggle switch to add or remove a cross section into or from the current
//      view. The cross section can be moved in the x, y, z directions using x,
//      y, z and X, Y, Z keys on the keyboard, be tilted against and spun
//      around the upright Z axis using the Up/Down and Left/Right arrow keys
//      and caled using the s and S keys.
//
//  2.) Enables manipulation of position and orientation of indiviual parts and
//      groups of parts in the 3D scene. Parts which have been selected with the
//      mouse can be scaled moved around and rotated like the cross section as
//      described above. To spin the parts around their local up-axis, keep
//      Control key pressed while using the Up/Down and Left/Right arrow keys.
//
// This work may be distributed and/or modified under the
// conditions of the LaTeX Project Public License, either version 1.3
// of this license or (at your option) any later version.
// The latest version of this license is in
//   http://www.latex-project.org/lppl.txt
// and version 1.3 or later is part of all distributions of LaTeX
// version 2005/12/01 or later.
//
// This work has the LPPL maintenance status `maintained'.
//
// The Current Maintainer of this work is A. Grahn.
//
// The code borrows heavily from Bernd Gaertners `Miniball' software,
// originally written in C++, for computing the smallest enclosing ball of a
// set of points; see: http://www.inf.ethz.ch/personal/gaertner/miniball.html
//
////////////////////////////////////////////////////////////////////////////////
//host.console.show();

//constructor for doubly linked list
function List(){
  this.first_node=null;
  this.last_node=new Node(undefined);
}
List.prototype.push_back=function(x){
  var new_node=new Node(x);
  if(this.first_node==null){
    this.first_node=new_node;
    new_node.prev=null;
  }else{
    new_node.prev=this.last_node.prev;
    new_node.prev.next=new_node;
  }
  new_node.next=this.last_node;
  this.last_node.prev=new_node;
};
List.prototype.move_to_front=function(it){
  var node=it.get();
  if(node.next!=null && node.prev!=null){
    node.next.prev=node.prev;
    node.prev.next=node.next;
    node.prev=null;
    node.next=this.first_node;
    this.first_node.prev=node;
    this.first_node=node;
  }
};
List.prototype.begin=function(){
  var i=new Iterator();
  i.target=this.first_node;
  return(i);
};
List.prototype.end=function(){
  var i=new Iterator();
  i.target=this.last_node;
  return(i);
};
function Iterator(it){
  if( it!=undefined ){
    this.target=it.target;
  }else {
    this.target=null;
  }
}
Iterator.prototype.set=function(it){this.target=it.target;};
Iterator.prototype.get=function(){return(this.target);};
Iterator.prototype.deref=function(){return(this.target.data);};
Iterator.prototype.incr=function(){
  if(this.target.next!=null) this.target=this.target.next;
};
//constructor for node objects that populate the linked list
function Node(x){
  this.prev=null;
  this.next=null;
  this.data=x;
}
function sqr(r){return(r*r);}//helper function

//Miniball algorithm by B. Gaertner
function Basis(){
  this.m=0;
  this.q0=new Array(3);
  this.z=new Array(4);
  this.f=new Array(4);
  this.v=new Array(new Array(3), new Array(3), new Array(3), new Array(3));
  this.a=new Array(new Array(3), new Array(3), new Array(3), new Array(3));
  this.c=new Array(new Array(3), new Array(3), new Array(3), new Array(3));
  this.sqr_r=new Array(4);
  this.current_c=this.c[0];
  this.current_sqr_r=0;
  this.reset();
}
Basis.prototype.center=function(){return(this.current_c);};
Basis.prototype.size=function(){return(this.m);};
Basis.prototype.pop=function(){--this.m;};
Basis.prototype.excess=function(p){
  var e=-this.current_sqr_r;
  for(var k=0;k<3;++k){
    e+=sqr(p[k]-this.current_c[k]);
  }
  return(e);
};
Basis.prototype.reset=function(){
  this.m=0;
  for(var j=0;j<3;++j){
    this.c[0][j]=0;
  }
  this.current_c=this.c[0];
  this.current_sqr_r=-1;
};
Basis.prototype.push=function(p){
  var i, j;
  var eps=1e-32;
  if(this.m==0){
    for(i=0;i<3;++i){
      this.q0[i]=p[i];
    }
    for(i=0;i<3;++i){
      this.c[0][i]=this.q0[i];
    }
    this.sqr_r[0]=0;
  }else {
    for(i=0;i<3;++i){
      this.v[this.m][i]=p[i]-this.q0[i];
    }
    for(i=1;i<this.m;++i){
      this.a[this.m][i]=0;
      for(j=0;j<3;++j){
        this.a[this.m][i]+=this.v[i][j]*this.v[this.m][j];
      }
      this.a[this.m][i]*=(2/this.z[i]);
    }
    for(i=1;i<this.m;++i){
      for(j=0;j<3;++j){
        this.v[this.m][j]-=this.a[this.m][i]*this.v[i][j];
      }
    }
    this.z[this.m]=0;
    for(j=0;j<3;++j){
      this.z[this.m]+=sqr(this.v[this.m][j]);
    }
    this.z[this.m]*=2;
    if(this.z[this.m]<eps*this.current_sqr_r) return(false);
    var e=-this.sqr_r[this.m-1];
    for(i=0;i<3;++i){
      e+=sqr(p[i]-this.c[this.m-1][i]);
    }
    this.f[this.m]=e/this.z[this.m];
    for(i=0;i<3;++i){
      this.c[this.m][i]=this.c[this.m-1][i]+this.f[this.m]*this.v[this.m][i];
    }
    this.sqr_r[this.m]=this.sqr_r[this.m-1]+e*this.f[this.m]/2;
  }
  this.current_c=this.c[this.m];
  this.current_sqr_r=this.sqr_r[this.m];
  ++this.m;
  return(true);
};
function Miniball(){
  this.L=new List();
  this.B=new Basis();
  this.support_end=new Iterator();
}
Miniball.prototype.mtf_mb=function(it){
  var i=new Iterator(it);
  this.support_end.set(this.L.begin());
  if((this.B.size())==4) return;
  for(var k=new Iterator(this.L.begin());k.get()!=i.get();){
    var j=new Iterator(k);
    k.incr();
    if(this.B.excess(j.deref()) > 0){
      if(this.B.push(j.deref())){
        this.mtf_mb(j);
        this.B.pop();
        if(this.support_end.get()==j.get())
          this.support_end.incr();
        this.L.move_to_front(j);
      }
    }
  }
};
Miniball.prototype.check_in=function(b){
  this.L.push_back(b);
};
Miniball.prototype.build=function(){
  this.B.reset();
  this.support_end.set(this.L.begin());
  this.mtf_mb(this.L.end());
};
Miniball.prototype.center=function(){
  return(this.B.center());
};
Miniball.prototype.radius=function(){
  return(Math.sqrt(this.B.current_sqr_r));
};

//functions called by menu items
function calc3Dopts () {
  //create Miniball object
  var mb=new Miniball();
  //auxiliary vector
  var corner=new Vector3();
  //iterate over all visible mesh nodes in the scene
  for(i=0;i<scene.meshes.count;i++){
    var mesh=scene.meshes.getByIndex(i);
    if(!mesh.visible) continue;
    //local to parent transformation matrix
    var trans=mesh.transform;
    //build local to world transformation matrix by recursively
    //multiplying the parent's transf. matrix on the right
    var parent=mesh.parent;
    while(parent.transform){
      trans=trans.multiply(parent.transform);
      parent=parent.parent;
    }
    //get the bbox of the mesh (local coordinates)
    var bbox=mesh.computeBoundingBox();
    //transform the local bounding box corner coordinates to
    //world coordinates for bounding sphere determination
    //BBox.min
    corner.set(bbox.min);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    //BBox.max
    corner.set(bbox.max);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    //remaining six BBox corners
    corner.set(bbox.min.x, bbox.max.y, bbox.max.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.min.x, bbox.min.y, bbox.max.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.min.x, bbox.max.y, bbox.min.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.max.x, bbox.min.y, bbox.min.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.max.x, bbox.min.y, bbox.max.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.max.x, bbox.max.y, bbox.min.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
  }
  //compute the smallest enclosing bounding sphere
  mb.build();
  //
  //current camera settings
  //
  var camera=scene.cameras.getByIndex(0);
  var res=''; //initialize result string
  //aperture angle of the virtual camera (perspective projection) *or*
  //orthographic scale (orthographic projection)
  if(camera.projectionType==camera.TYPE_PERSPECTIVE){
    var aac=camera.fov*180/Math.PI;
    if(host.util.printf('%.4f', aac)!=30)
      res+=host.util.printf('\n3Daac=%s,', aac);
  }else{
      camera.viewPlaneSize=2.*mb.radius();
      res+=host.util.printf('\n3Dortho=%s,', 1./camera.viewPlaneSize);
  }
  //camera roll
  var roll = camera.roll*180/Math.PI;
  if(host.util.printf('%.4f', roll)!=0)
    res+=host.util.printf('\n3Droll=%s,',roll);
  //target to camera vector
  var c2c=new Vector3();
  c2c.set(camera.position);
  c2c.subtractInPlace(camera.targetPosition);
  c2c.normalize();
  if(!(c2c.x==0 && c2c.y==-1 && c2c.z==0))
    res+=host.util.printf('\n3Dc2c=%s %s %s,', c2c.x, c2c.y, c2c.z);
  //
  //new camera settings
  //
  //bounding sphere centre --> new camera target
  var coo=new Vector3();
  coo.set((mb.center())[0], (mb.center())[1], (mb.center())[2]);
  if(coo.length)
    res+=host.util.printf('\n3Dcoo=%s %s %s,', coo.x, coo.y, coo.z);
  //radius of orbit
  if(camera.projectionType==camera.TYPE_PERSPECTIVE){
    var roo=mb.radius()/ Math.sin(aac * Math.PI/ 360.);
  }else{
    //orthographic projection
    var roo=mb.radius();
  }
  res+=host.util.printf('\n3Droo=%s,', roo);
  //update camera settings in the viewer
  var currol=camera.roll;
  camera.targetPosition.set(coo);
  camera.position.set(coo.add(c2c.scale(roo)));
  camera.roll=currol;
  //determine background colour
  rgb=scene.background.getColor();
  if(!(rgb.r==1 && rgb.g==1 && rgb.b==1))
    res+=host.util.printf('\n3Dbg=%s %s %s,', rgb.r, rgb.g, rgb.b);
  //determine lighting scheme
  switch(scene.lightScheme){
    case scene.LIGHT_MODE_FILE:
      curlights='Artwork';break;
    case scene.LIGHT_MODE_NONE:
      curlights='None';break;
    case scene.LIGHT_MODE_WHITE:
      curlights='White';break;
    case scene.LIGHT_MODE_DAY:
      curlights='Day';break;
    case scene.LIGHT_MODE_NIGHT:
      curlights='Night';break;
    case scene.LIGHT_MODE_BRIGHT:
      curlights='Hard';break;
    case scene.LIGHT_MODE_RGB:
      curlights='Primary';break;
    case scene.LIGHT_MODE_BLUE:
      curlights='Blue';break;
    case scene.LIGHT_MODE_RED:
      curlights='Red';break;
    case scene.LIGHT_MODE_CUBE:
      curlights='Cube';break;
    case scene.LIGHT_MODE_CAD:
      curlights='CAD';break;
    case scene.LIGHT_MODE_HEADLAMP:
      curlights='Headlamp';break;
  }
  if(curlights!='Artwork')
    res+=host.util.printf('\n3Dlights=%s,', curlights);
  //determine global render mode
  switch(scene.renderMode){
    case scene.RENDER_MODE_BOUNDING_BOX:
      currender='BoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX:
      currender='TransparentBoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX_OUTLINE:
      currender='TransparentBoundingBoxOutline';break;
    case scene.RENDER_MODE_VERTICES:
      currender='Vertices';break;
    case scene.RENDER_MODE_SHADED_VERTICES:
      currender='ShadedVertices';break;
    case scene.RENDER_MODE_WIREFRAME:
      currender='Wireframe';break;
    case scene.RENDER_MODE_SHADED_WIREFRAME:
      currender='ShadedWireframe';break;
    case scene.RENDER_MODE_SOLID:
      currender='Solid';break;
    case scene.RENDER_MODE_TRANSPARENT:
      currender='Transparent';break;
    case scene.RENDER_MODE_SOLID_WIREFRAME:
      currender='SolidWireframe';break;
    case scene.RENDER_MODE_TRANSPARENT_WIREFRAME:
      currender='TransparentWireframe';break;
    case scene.RENDER_MODE_ILLUSTRATION:
      currender='Illustration';break;
    case scene.RENDER_MODE_SOLID_OUTLINE:
      currender='SolidOutline';break;
    case scene.RENDER_MODE_SHADED_ILLUSTRATION:
      currender='ShadedIllustration';break;
    case scene.RENDER_MODE_HIDDEN_WIREFRAME:
      currender='HiddenWireframe';break;
  }
  if(currender!='Solid')
    res+=host.util.printf('\n3Drender=%s,', currender);
  //write result string to the console
  host.console.show();
//  host.console.clear();
  host.console.println('%%\n%% Copy and paste the following text to the\n'+
    '%% option list of \\includemedia!\n%%' + res + '\n');
}

function get3Dview () {
  var camera=scene.cameras.getByIndex(0);
  var coo=camera.targetPosition;
  var c2c=camera.position.subtract(coo);
  var roo=c2c.length;
  c2c.normalize();
  var res='VIEW%=insert optional name here\n';
  if(!(coo.x==0 && coo.y==0 && coo.z==0))
    res+=host.util.printf('  COO=%s %s %s\n', coo.x, coo.y, coo.z);
  if(!(c2c.x==0 && c2c.y==-1 && c2c.z==0))
    res+=host.util.printf('  C2C=%s %s %s\n', c2c.x, c2c.y, c2c.z);
  if(roo > 1e-9)
    res+=host.util.printf('  ROO=%s\n', roo);
  var roll = camera.roll*180/Math.PI;
  if(host.util.printf('%.4f', roll)!=0)
    res+=host.util.printf('  ROLL=%s\n', roll);
  if(camera.projectionType==camera.TYPE_PERSPECTIVE){
    var aac=camera.fov * 180/Math.PI;
    if(host.util.printf('%.4f', aac)!=30)
      res+=host.util.printf('  AAC=%s\n', aac);
  }else{
    if(host.util.printf('%.4f', camera.viewPlaneSize)!=1)
      res+=host.util.printf('  ORTHO=%s\n', 1./camera.viewPlaneSize);
  }
  rgb=scene.background.getColor();
  if(!(rgb.r==1 && rgb.g==1 && rgb.b==1))
    res+=host.util.printf('  BGCOLOR=%s %s %s\n', rgb.r, rgb.g, rgb.b);
  switch(scene.lightScheme){
    case scene.LIGHT_MODE_FILE:
      curlights='Artwork';break;
    case scene.LIGHT_MODE_NONE:
      curlights='None';break;
    case scene.LIGHT_MODE_WHITE:
      curlights='White';break;
    case scene.LIGHT_MODE_DAY:
      curlights='Day';break;
    case scene.LIGHT_MODE_NIGHT:
      curlights='Night';break;
    case scene.LIGHT_MODE_BRIGHT:
      curlights='Hard';break;
    case scene.LIGHT_MODE_RGB:
      curlights='Primary';break;
    case scene.LIGHT_MODE_BLUE:
      curlights='Blue';break;
    case scene.LIGHT_MODE_RED:
      curlights='Red';break;
    case scene.LIGHT_MODE_CUBE:
      curlights='Cube';break;
    case scene.LIGHT_MODE_CAD:
      curlights='CAD';break;
    case scene.LIGHT_MODE_HEADLAMP:
      curlights='Headlamp';break;
  }
  if(curlights!='Artwork')
    res+='  LIGHTS='+curlights+'\n';
  switch(scene.renderMode){
    case scene.RENDER_MODE_BOUNDING_BOX:
      defaultrender='BoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX:
      defaultrender='TransparentBoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX_OUTLINE:
      defaultrender='TransparentBoundingBoxOutline';break;
    case scene.RENDER_MODE_VERTICES:
      defaultrender='Vertices';break;
    case scene.RENDER_MODE_SHADED_VERTICES:
      defaultrender='ShadedVertices';break;
    case scene.RENDER_MODE_WIREFRAME:
      defaultrender='Wireframe';break;
    case scene.RENDER_MODE_SHADED_WIREFRAME:
      defaultrender='ShadedWireframe';break;
    case scene.RENDER_MODE_SOLID:
      defaultrender='Solid';break;
    case scene.RENDER_MODE_TRANSPARENT:
      defaultrender='Transparent';break;
    case scene.RENDER_MODE_SOLID_WIREFRAME:
      defaultrender='SolidWireframe';break;
    case scene.RENDER_MODE_TRANSPARENT_WIREFRAME:
      defaultrender='TransparentWireframe';break;
    case scene.RENDER_MODE_ILLUSTRATION:
      defaultrender='Illustration';break;
    case scene.RENDER_MODE_SOLID_OUTLINE:
      defaultrender='SolidOutline';break;
    case scene.RENDER_MODE_SHADED_ILLUSTRATION:
      defaultrender='ShadedIllustration';break;
    case scene.RENDER_MODE_HIDDEN_WIREFRAME:
      defaultrender='HiddenWireframe';break;
  }
  if(defaultrender!='Solid')
    res+='  RENDERMODE='+defaultrender+'\n';

  //detect existing Clipping Plane (3D Cross Section)
  var clip=null;
  if(
    clip=scene.nodes.getByName('$$$$$$')||
    clip=scene.nodes.getByName('Clipping Plane')
  );
  for(var i=0;i<scene.nodes.count;i++){
    var nd=scene.nodes.getByIndex(i);
    if(nd==clip||nd.name=='') continue;
    var ndUTFName='';
    for (var j=0; j<nd.name.length; j++) {
      var theUnicode = nd.name.charCodeAt(j).toString(16);
      while (theUnicode.length<4) theUnicode = '0' + theUnicode;
      ndUTFName += theUnicode;
    }
    var end=nd.name.lastIndexOf('.');
    if(end>0) var ndUserName=nd.name.substr(0,end);
    else var ndUserName=nd.name;
    respart='  PART='+ndUserName+'\n';
    respart+='    UTF16NAME='+ndUTFName+'\n';
    defaultvals=true;
    if(!nd.visible){
      respart+='    VISIBLE=false\n';
      defaultvals=false;
    }
    if(nd.opacity<1.0){
      respart+='    OPACITY='+nd.opacity+'\n';
      defaultvals=false;
    }
    if(nd.constructor.name=='Mesh'){
      currender=defaultrender;
      switch(nd.renderMode){
        case scene.RENDER_MODE_BOUNDING_BOX:
          currender='BoundingBox';break;
        case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX:
          currender='TransparentBoundingBox';break;
        case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX_OUTLINE:
          currender='TransparentBoundingBoxOutline';break;
        case scene.RENDER_MODE_VERTICES:
          currender='Vertices';break;
        case scene.RENDER_MODE_SHADED_VERTICES:
          currender='ShadedVertices';break;
        case scene.RENDER_MODE_WIREFRAME:
          currender='Wireframe';break;
        case scene.RENDER_MODE_SHADED_WIREFRAME:
          currender='ShadedWireframe';break;
        case scene.RENDER_MODE_SOLID:
          currender='Solid';break;
        case scene.RENDER_MODE_TRANSPARENT:
          currender='Transparent';break;
        case scene.RENDER_MODE_SOLID_WIREFRAME:
          currender='SolidWireframe';break;
        case scene.RENDER_MODE_TRANSPARENT_WIREFRAME:
          currender='TransparentWireframe';break;
        case scene.RENDER_MODE_ILLUSTRATION:
          currender='Illustration';break;
        case scene.RENDER_MODE_SOLID_OUTLINE:
          currender='SolidOutline';break;
        case scene.RENDER_MODE_SHADED_ILLUSTRATION:
          currender='ShadedIllustration';break;
        case scene.RENDER_MODE_HIDDEN_WIREFRAME:
          currender='HiddenWireframe';break;
        //case scene.RENDER_MODE_DEFAULT:
        //  currender='Default';break;
      }
      if(currender!=defaultrender){
        respart+='    RENDERMODE='+currender+'\n';
        defaultvals=false;
      }
    }
    if(origtrans[nd.name]&&!nd.transform.isEqual(origtrans[nd.name])){
      var lvec=nd.transform.transformDirection(new Vector3(1,0,0));
      var uvec=nd.transform.transformDirection(new Vector3(0,1,0));
      var vvec=nd.transform.transformDirection(new Vector3(0,0,1));
      respart+='    TRANSFORM='
               +lvec.x+' '+lvec.y+' '+lvec.z+' '
               +uvec.x+' '+uvec.y+' '+uvec.z+' '
               +vvec.x+' '+vvec.y+' '+vvec.z+' '
               +nd.transform.translation.x+' '
               +nd.transform.translation.y+' '
               +nd.transform.translation.z+'\n';
      defaultvals=false;
    }
    respart+='  END\n';
    if(!defaultvals) res+=respart;
  }
  if(clip){
    var centre=clip.transform.translation;
    var normal=clip.transform.transformDirection(new Vector3(0,0,1));
    res+='  CROSSSECT\n';
    if(!(centre.x==0 && centre.y==0 && centre.z==0))
      res+=host.util.printf(
        '    CENTER=%s %s %s\n', centre.x, centre.y, centre.z);
    if(!(normal.x==1 && normal.y==0 && normal.z==0))
      res+=host.util.printf(
        '    NORMAL=%s %s %s\n', normal.x, normal.y, normal.z);
    res+=host.util.printf(
      '    VISIBLE=%s\n', clip.visible);
    res+=host.util.printf(
      '    PLANECOLOR=%s %s %s\n', clip.material.emissiveColor.r,
             clip.material.emissiveColor.g, clip.material.emissiveColor.b);
    res+=host.util.printf(
      '    OPACITY=%s\n', clip.opacity);
    res+=host.util.printf(
      '    INTERSECTIONCOLOR=%s %s %s\n',
        clip.wireframeColor.r, clip.wireframeColor.g, clip.wireframeColor.b);
    res+='  END\n';
//    for(var propt in clip){
//      console.println(propt+':'+clip[propt]);
//    }
  }
  res+='END\n';
  host.console.show();
//  host.console.clear();
  host.console.println('%%\n%% Add the following VIEW section to a file of\n'+
    '%% predefined views (See option "3Dviews"!).\n%%\n' +
    '%% The view may be given a name after VIEW=...\n' +
    '%% (Remove \'%\' in front of \'=\'.)\n%%');
  host.console.println(res + '\n');
}

//add items to 3D context menu
runtime.addCustomMenuItem("dfltview", "Generate Default View", "default", 0);
runtime.addCustomMenuItem("currview", "Get Current View", "default", 0);
runtime.addCustomMenuItem("csection", "Cross Section", "checked", 0);

//menu event handlers
menuEventHandler = new MenuEventHandler();
menuEventHandler.onEvent = function(e) {
  switch(e.menuItemName){
    case "dfltview": calc3Dopts(); break;
    case "currview": get3Dview(); break;
    case "csection":
      addremoveClipPlane(e.menuItemChecked);
      break;
  }
};
runtime.addEventHandler(menuEventHandler);

//global variable taking reference to currently selected node;
var target=null;
selectionEventHandler=new SelectionEventHandler();
selectionEventHandler.onEvent=function(e){
  if(e.selected&&e.node.name!=''){
    target=e.node;
  }else{
    target=null;
  }
}
runtime.addEventHandler(selectionEventHandler);

cameraEventHandler=new CameraEventHandler();
cameraEventHandler.onEvent=function(e){
  var clip=null;
  runtime.removeCustomMenuItem("csection");
  runtime.addCustomMenuItem("csection", "Cross Section", "checked", 0);
  if(clip=scene.nodes.getByName('$$$$$$')|| //predefined
    scene.nodes.getByName('Clipping Plane')){ //added via context menu
    runtime.removeCustomMenuItem("csection");
    runtime.addCustomMenuItem("csection", "Cross Section", "checked", 1);
  }
  if(clip){//plane in predefined views must be rotated by 90 deg around normal
    clip.transform.rotateAboutLineInPlace(
      Math.PI/2,clip.transform.translation,
      clip.transform.transformDirection(new Vector3(0,0,1))
    );
  }
  for(var i=0; i<rot4x4.length; i++){rot4x4[i].setIdentity()}
  target=null;
}
runtime.addEventHandler(cameraEventHandler);

var rot4x4=new Array(); //keeps track of spin and tilt axes transformations
//key event handler for scaling moving, spinning and tilting objects
keyEventHandler=new KeyEventHandler();
keyEventHandler.onEvent=function(e){
  var backtrans=new Matrix4x4();
  var trgt=null;
  if(target) {
    trgt=target;
    var backtrans=new Matrix4x4();
    var trans=trgt.transform;
    var parent=trgt.parent;
    while(parent.transform){
      //build local to world transformation matrix
      trans.multiplyInPlace(parent.transform);
      //also build world to local back-transformation matrix
      backtrans.multiplyInPlace(parent.transform.inverse.transpose);
      parent=parent.parent;
    }
    backtrans.transposeInPlace();
  }else{
    if(
      trgt=scene.nodes.getByName('$$$$$$')||
      trgt=scene.nodes.getByName('Clipping Plane')
    ) var trans=trgt.transform;
  }
  if(!trgt) return;

  var tname=trgt.name;
  if(typeof(rot4x4[tname])=='undefined') rot4x4[tname]=new Matrix4x4();
  if(target)
    var tiltAxis=rot4x4[tname].transformDirection(new Vector3(0,1,0));
  else  
    var tiltAxis=trans.transformDirection(new Vector3(0,1,0));
  var spinAxis=rot4x4[tname].transformDirection(new Vector3(0,0,1));

  //get the centre of the mesh
  if(target&&trgt.constructor.name=='Mesh'){
    var centre=trans.transformPosition(trgt.computeBoundingBox().center);
  }else{ //part group (Node3 parent node, clipping plane)
    var centre=new Vector3(trans.translation);
  }
  switch(e.characterCode){
    case 30://tilt up
      rot4x4[tname].rotateAboutLineInPlace(
          -Math.PI/900,rot4x4[tname].translation,tiltAxis);
      trans.rotateAboutLineInPlace(-Math.PI/900,centre,tiltAxis);
      break;
    case 31://tilt down
      rot4x4[tname].rotateAboutLineInPlace(
          Math.PI/900,rot4x4[tname].translation,tiltAxis);
      trans.rotateAboutLineInPlace(Math.PI/900,centre,tiltAxis);
      break;
    case 28://spin right
      if(e.ctrlKeyDown&&target){
        trans.rotateAboutLineInPlace(-Math.PI/900,centre,spinAxis);
      }else{
        rot4x4[tname].rotateAboutLineInPlace(
            -Math.PI/900,rot4x4[tname].translation,new Vector3(0,0,1));
        trans.rotateAboutLineInPlace(-Math.PI/900,centre,new Vector3(0,0,1));
      }
      break;
    case 29://spin left
      if(e.ctrlKeyDown&&target){
        trans.rotateAboutLineInPlace(Math.PI/900,centre,spinAxis);
      }else{
        rot4x4[tname].rotateAboutLineInPlace(
            Math.PI/900,rot4x4[tname].translation,new Vector3(0,0,1));
        trans.rotateAboutLineInPlace(Math.PI/900,centre,new Vector3(0,0,1));
      }
      break;
    case 120: //x
      translateTarget(trans, new Vector3(1,0,0), e);
      break;
    case 121: //y
      translateTarget(trans, new Vector3(0,1,0), e);
      break;
    case 122: //z
      translateTarget(trans, new Vector3(0,0,1), e);
      break;
    case 88: //shift + x
      translateTarget(trans, new Vector3(-1,0,0), e);
      break;
    case 89: //shift + y
      translateTarget(trans, new Vector3(0,-1,0), e);
      break;
    case 90: //shift + z
      translateTarget(trans, new Vector3(0,0,-1), e);
      break;
    case 115: //s
      trans.translateInPlace(centre.scale(-1));
      trans.scaleInPlace(1.01);
      trans.translateInPlace(centre.scale(1));
      break;
    case 83: //shift + s
      trans.translateInPlace(centre.scale(-1));
      trans.scaleInPlace(1/1.01);
      trans.translateInPlace(centre.scale(1));
      break;
  }
  trans.multiplyInPlace(backtrans);
}
runtime.addEventHandler(keyEventHandler);

//translates object by amount calculated from Canvas size
function translateTarget(t, d, e){
  var cam=scene.cameras.getByIndex(0);
  if(cam.projectionType==cam.TYPE_PERSPECTIVE){
    var scale=Math.tan(cam.fov/2)
              *cam.targetPosition.subtract(cam.position).length
              /Math.min(e.canvasPixelWidth,e.canvasPixelHeight);
  }else{
    var scale=cam.viewPlaneSize/2
              /Math.min(e.canvasPixelWidth,e.canvasPixelHeight);
  }
  t.translateInPlace(d.scale(scale));
}

function addremoveClipPlane(chk) {
  var curTrans=getCurTrans();
  var clip=scene.createClippingPlane();
  if(chk){
    //add Clipping Plane and place its center either into the camera target
    //position or into the centre of the currently selected mesh node
    var centre=new Vector3();
    if(target){
      var trans=target.transform;
      var parent=target.parent;
      while(parent.transform){
        trans=trans.multiply(parent.transform);
        parent=parent.parent;
      }
      if(target.constructor.name=='Mesh'){
        var centre=trans.transformPosition(target.computeBoundingBox().center);
      }else{
        var centre=new Vector3(trans.translation);
      }
      target=null;
    }else{
      centre.set(scene.cameras.getByIndex(0).targetPosition);
    }
    clip.transform.setView(
      new Vector3(0,0,0), new Vector3(1,0,0), new Vector3(0,1,0));
    clip.transform.translateInPlace(centre);
  }else{
    if(
      scene.nodes.getByName('$$$$$$')||
      scene.nodes.getByName('Clipping Plane')
    ){
      clip.remove();clip=null;
    }
  }
  restoreTrans(curTrans);
  return clip;
}

//function to store current transformation matrix of all nodes in the scene
function getCurTrans() {
  var tA=new Array();
  for(var i=0; i<scene.nodes.count; i++){
    var nd=scene.nodes.getByIndex(i);
    if(nd.name=='') continue;
    tA[nd.name]=new Matrix4x4(nd.transform);
  }
  return tA;
}

//function to restore transformation matrices given as arg
function restoreTrans(tA) {
  for(var i=0; i<scene.nodes.count; i++){
    var nd=scene.nodes.getByIndex(i);
    if(tA[nd.name]) nd.transform.set(tA[nd.name]);
  }
}

//store original transformation matrix of all mesh nodes in the scene
var origtrans=getCurTrans();

//set initial state of "Cross Section" menu entry
cameraEventHandler.onEvent(1);

//host.console.clear();



////////////////////////////////////////////////////////////////////////////////
//
// (C) 2012, Michail Vidiassov, John C. Bowman, Alexander Grahn
//
// asylabels.js
//
// version 20120912
//
////////////////////////////////////////////////////////////////////////////////
//
// 3D JavaScript to be used with media9.sty (option `add3Djscript') for
// Asymptote generated PRC files
//
// adds billboard behaviour to text labels in Asymptote PRC files so that
// they always face the camera under 3D rotation.
//
//
// This work may be distributed and/or modified under the
// conditions of the LaTeX Project Public License, either version 1.3
// of this license or (at your option) any later version.
// The latest version of this license is in
//   http://www.latex-project.org/lppl.txt
// and version 1.3 or later is part of all distributions of LaTeX
// version 2005/12/01 or later.
//
// This work has the LPPL maintenance status `maintained'.
// 
// The Current Maintainer of this work is A. Grahn.
//
////////////////////////////////////////////////////////////////////////////////

var bbnodes=new Array(); // billboard meshes
var bbtrans=new Array(); // billboard transforms

function fulltransform(mesh) 
{ 
  var t=new Matrix4x4(mesh.transform); 
  if(mesh.parent.name != "") { 
    var parentTransform=fulltransform(mesh.parent); 
    t.multiplyInPlace(parentTransform); 
    return t; 
  } else
    return t; 
} 

// find all text labels in the scene and determine pivoting points
var nodes=scene.nodes;
var nodescount=nodes.count;
var third=1.0/3.0;
for(var i=0; i < nodescount; i++) {
  var node=nodes.getByIndex(i); 
  var name=node.name;
  var end=name.lastIndexOf(".")-1;
  if(end > 0) {
    if(name.charAt(end) == "\001") {
      var start=name.lastIndexOf("-")+1;
      if(end > start) {
        node.name=name.substr(0,start-1);
        var nodeMatrix=fulltransform(node.parent);
        var c=nodeMatrix.translation; // position
        var d=Math.pow(Math.abs(nodeMatrix.determinant),third); // scale
        bbnodes.push(node);
        bbtrans.push(Matrix4x4().scale(d,d,d).translate(c).multiply(nodeMatrix.inverse));
      }
    }
  }
}

var camera=scene.cameras.getByIndex(0); 
var zero=new Vector3(0,0,0);
var bbcount=bbnodes.length;

// event handler to maintain camera-facing text labels
billboardHandler=new RenderEventHandler();
billboardHandler.onEvent=function(event)
{
  var T=new Matrix4x4();
  T.setView(zero,camera.position.subtract(camera.targetPosition),
            camera.up.subtract(camera.position));

  for(var j=0; j < bbcount; j++)
    bbnodes[j].transform.set(T.multiply(bbtrans[j]));
  runtime.refresh(); 
}
runtime.addEventHandler(billboardHandler);

runtime.refresh();
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Figure 5: Extracting the anisotropic direction from the sampled sig-
nal, example for one pixel. Fourier analysis provides a robust an-
swer even with a small number of samples and measurement noise.

4.4 BRDF Anisotropic Direction

To estimate the anisotropic direction for the BRDF, we only con-
sider the cn for even numbers n, expressed as c2k. All these Fourier
coefficients are complex numbers, having a modulus d2k and a
phase β2k:

c2k = d2keiβ2k (3)

The angle ϕh in Equation 2 is expressed with respect to this local
anisotropic direction. In the local frame, the anisotropic direction
is expressed as an angle, ϕa. We compute the angle directly from
the phase of the c2k coefficients:

ϕa ≡
β2k

2k
mod π/k (4)

For example, with k = 1:

ϕa ≡ β2 mod π (5)

Since ϕa is defined modulo π , Equation 5 defines it uniquely.
This extraction proves to be extremely robust, even with a small

number of sampled directions (see Figure 5 and Figure 10).

4.5 Shading normal azimuthal direction

We use the c1 Fourier coefficient to estimate the shading normal
azimuthal direction: the reflected intensity is maximum when the
incoming light is aligned with the shading normal. This has a 2π

period; the phase of c1 gives us the direction of this maximum.

4.6 Specular reflectance parameters

Once we have the anisotropic direction, we extract the remain-
der of the specular reflectance parameters from the even-numbered
Fourier coefficients. In this step, we neglect the diffuse component.

We have one RGB color parameter ks, two microfacet distribu-
tion parameters, αx and αy and potentially the exponent p if we
use the D(x) = e−xp

distribution. We find the optimal set of pa-
rameters using a Levenberg-Marquadt optimisation on the Fourier
spectrum [13, 15], as implemented by Lourakis [14].

For each set of parameter values (ks,αx,αy,(p)), we compute the
corresponding signal for all incoming light directions, then the Fast
Fourier Transform of this signal, c′n. On this estimated signal, all
Fourier coefficients with odd rank are null by construction. We
define the minimization error E in the optimisation process as the
L2 distance between the Fourier spectrum of the measured signal
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Figure 6: Extracting BRDF parameters from the sampled signal:
we minimize the distance in Fourier space between the measured
signal and the signal predicted by the BRDF models.

and the Fourier spectrum of the estimated signal over coefficients
with even rank:

E = ∑
k

∣∣c2k− c′2k
∣∣2 (6)

For the fitting process, we observe that we have nnn = ooo, from our
acquisition setup. Therefore cosθo = 1. cosθi is also constant, and
is known from the acquisition parameters. θh is also a constant,
equal to θi/2. This reduces the number of unknowns.

This optimisation converges quickly (less than 50 iterations for
most of the pixels), and gives us the reflectance parameters for each
pixel (see Figure 6).

For the Cook-Torrance BRDF model, the optimisation process
gives us the value of the product ksF(θd)G(iii,ooo). For our measur-
ing angle, we can assume G(iii,ooo)≈ 1. We will reconstruct the value
of G at other angles from αx and αy using Smith’s shadowing func-
tion [20]. With a single sample on θi, we do not have enough in-
formation to separate the Fresnel term from the specular reflectance
and approximate it with a constant.

4.7 Diffuse component and shading normal
In a separate step, we fit the diffuse component of the BRDF kd and
shading normal angle θs using only the first two Fourier coefficients
c0 and c1. As specular effects are functions of cos2ϕh, their influ-
ence on these Fourier coefficients is theoretically null, leaving only
diffuse lighting. This step converges very quickly, because there is
a small number of variables.

4.8 Control: fitting over the entire model and feedback
loop

Our previous two fitting steps made several strong hypothesis, by
separating shading normal and specular reflectance coefficients es-
timation. In practice, the shading normal and diffuse coefficients
influence the specular BRDF coefficients. In a third step, we fit
the entire BRDF model, with shading normal, diffuse and specular
component with the full signal, using the values computed in the
previous two steps as starting points.

Because the starting points are close to the actual position of
the minimum, this step also converges quickly. At the end of this
step, we have the full set of material parameters: BRDF values with
diffuse component and shading normal.

For added accuracy, we loop over the whole fitting process, using
the values we just computed: recompute parameters for the specular
and diffuse part of the BRDF using the shading normal, fit the en-
tire signal with the new specular and diffuse parameters. After two
loops, our fitting process has converged to acceptable solutions.
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Figure 7: After extraction, we store BRDF parameters in textures: anisotropy direction (second row), shading normal (third row), diffuse and
specular coefficients (kd ,ks) and BRDF parameters (αx,αy, p). We visualise here the anisotropy of the material, αx/αy and its specularity,
(αx +αy)/2. Our algorithm identifies the direction and amplitude of each material features. For a detailed view, see the zoomed-in insets in
Figure 8.
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Figure 8: Details of the extracted maps shown on Figure 7. For each sample, on the top left the anisotropic direction, on the top right, αx/αy,
on the bottom left, the normal map and on the bottom right, the specular parameter ks.

4.9 Storage and retrieval

After the full fitting process, we have for each pixel: the anisotropic
direction, the shading normal and the BRDF parameters. We store
these into several textures (see Figure 7 and 8), to be accessed at run
time: anisotropic direction, shading normal, diffuse albedo, specu-
lar reflectance color and specular reflectance parameters (αx, αy,
(p)). At run time, we retrieve these parameters and compute the
reflectance value.

5 RESULTS AND COMPARISON

We have tested our extraction algorithm with different material
samples and BRDF models. We captured reflectance data on four
different materials:

• The amulet shows sharp variations in anisotropic directions,
combined with smooth variations in diffuse reflectance, and
is a difficult case for material acquisition.

• The Carbon fiber combines high frequency and low frequency
material variations. It is an example of a woven material, with
two principal anisotropic directions.

• The Powerbank is made of brushed aluminium, and exhibits
strong anisotropy in a single direction.

• The Phone case has a repetitive pattern with three different
anisotropic directions.

Our experiments show that the algorithm is extremely robust for
parameter extraction, and works with a small amount of input pho-
tographs. Figure 7 shows the extracted parameters for our test ma-
terials; high-resolution pictures of the phone case material are avail-
able in the supplemental.

5.1 Numerical validation: anisotropic direction

Figure 5 shows the angular shift along with reflectance values for a
single pixel of measured data. A strong advantage of Fourier anal-
ysis is its ability to identify the correct angular shift, even though it
does not correspond to one of the sampled directions.

We also conducted tests on synthetic data: we generated data
sets with known angular shift, sampled with 5 to 20 samples, and
extracted the shift from the Fourier coefficients. Figure 10 shows
the average difference between the actual shift and the retrieved
value, as a function of the number of samples. The error falls below
1 degree for as little as 10 samples.

5.2 Numerical validation: analytic BRDFs

We tested our algorithm on analytic BRDFs, where the parameter
values are known. Figure 11 shows an example. As you can see,
the reconstructed signal provides a very good fit with the sample
points.

5.3 BRDF parameters

Our algorithm also identifies BRDF parameters in a robust man-
ner. Figure 7 shows the parameters retrieved from all our data sets:
the shading normal, diffuse and specular coefficients, anisotropy
direction and BRDF parameters. Instead of displaying directly the
BRDF parameters αx and αy, we display the anisotropy and spec-
ularity of the BRDF. The former corresponds to the ratio αx/αy.
It is equal to 1 for isotropic materials; the larger it is, the more
prononced the anisotropy of the material. The latter corresponds to
the average (αx +αy)/2. The smaller it is, the more specular the
material.

Looking at the values for a single pixel (Figure 6), we see that
the Fourier transform has filtered measure noise. The reconstructed
reflectance values are not equal to the measured values, while keep-
ing the main features of the signal.

We have tried our algorithm with two different micro-facet dis-
tributions: the GGX distribution [22] and the e−xp

distribution [3].
Figure 6 shows a comparison between the BRDF values with these
two distributions and the measured signal for a given pixel. Both
are providing a good fit.

5.4 Computation time

Table 1 shows the overall computation time for each step in the
algorithm, along with the average computation time per pixel. Al-
though the average time per pixel is relatively low (6 ms to 9 ms,
depending on the material), the high resolution of the pictures make
the computation time several hours per material sample. Almost
all this computation time is due to the parameter extraction using
Levenberg-Marquadt. This fitting step is required, due to the non-
linear nature of the BRDF and the small number of samples per
pixel.

To reduce the computation time, we cropped the pictures to fo-
cus on the sampled material, removing as much as possible of the
background material.

All these timings were recorded on a 2 processors 8-core Intel
Xeon E5-2630 v3 at 2.40GHz, with 32Gb of RAM running Ubuntu
14.04 64bit with the kernel 3.19.0-25-generic. The Levenberg-
Marquadt fitting library runs on 32 threads.



Table 1: Computation time for the different steps of our algorithm

Material Alignment Parameter Extraction Resolution Average per pixel
Amulet 12.8 s 36599 s 2299×1724 px 9.2 ms

Carbon fiber 3 s 2137 s 561×421 px 9.0 ms
Power bank 13 s 6177 s 1249×937 px 5.3 ms
Phone case 6 s 3870 s 949×712 px 5.7 ms
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Figure 9: Influence of the shading normal and the anisotropy on a theoretical signal. Red axis shows the anisotropic direction, blue line,
the ϕn angle. The parametrization is reflectance on the radius as a function of ϕi. (a) theoretical anisotropic BRDF with the shading normal
aligned with view and normal. (b) theoretical isotropic BRDF with a tilted shading normal. (c) combination of the tilted normal and the
theoretical anisotropic BRDF. (d) signal extracted from a pixel on the phone case sample.
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Figure 10: Difference between anisotropy direction and the value
retrieved using the phase shift of c2, as a function of the num-
ber of samples. Our algorithm retrieves an accurate value for the
anisotropy direction even for small number of samples.

5.5 Rendering

Figure 14 shows a side-by-side comparison between one of the pic-
tures from the original dataset and a picture generated using the
retrieved BRDF parameters. Of course, we can also generate pic-
tures with different viewing directions and lighting conditions (see
Figure 12 and the accompanying video). All these pictures show
only local illumination and are rendered in real-time.

Once we have extracted BRDF parameters, we can also transfer
the material to other objects and use them in global illumination
settings. Figure 13 shows a virtual scene with materials extracted
from the powerbank and phone case datasets, rendered using the
Mitsuba renderer [12].
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Figure 11: An example of fitted parameters using our algorithm on
analytic BRDFs, with known parameters. The reconstructed ver-
sion (blue curve) fits with the sampled data (bars).

6 DISCUSSION AND LIMITATIONS

6.1 Shading normal

Our acquisition process is currently limited to planar objects. Iden-
tifying the shading normal enables use to acquire small variations
in the local planarity of the object.

If the object is perfectly flat, with its normal aligned with the
point of view (ooo = nnn), then the reflectance should be symmetric
along the direction of anisotropy (see Equation 2 and Figure 9a). In
practice, most of our measurements show a variation of amplitude
between the two peaks of the signal (see Figures 1.2 and 6). Varia-
tions of the shading normal explain this difference of amplitude, but
introduce a bias in our retrieval of the direction of anisotropy from
the phase shift of the second harmonics, hence the need to conduct



Figure 12: Picture of our four datasets under different viewing conditions, rendered in real-time.

Figure 13: We can transfer extracted material parameters to other objects and use them with global illumination. Left teapot with the carbon
material, center one with the powerbank material and left one with the phone material.

(a) Original picture (b) Reconstructed picture with identi-
cal viewing and lighting direction

Figure 14: Comparison between original picture and picture recon-
structed from the extracted BRDF. See also Figure 7.

a final fitting step on the entire signal.
Figure 9 illustrates the influence of the different sources of

anisotropy. We represent the BRDF intensity in polar coordi-
nates, as a function of ϕh, with ooo = nnn. With a flat surface and
anisotropic BRDF, the signal is symmetric along both the direction
of anisotropy and the orthogonal direction (Figure 9a). With a shad-
ing normal and isotropic BRDF, the signal is symmetric along the
shading normal (Figure 9b). With a combination of shading normal
and anisotropic BRDF, there is no symmetry (Figure 9c). Signal
measured on our test scenes exhibit the same behaviour (Figure 9d).

In our analysis, we constrained the angle between shading nor-

mal and geometric normal θn to remain below a certain threshold
(20◦). As θn increases, it becomes harder for our method to re-
trieve anisotropy. An extension to curved objects would require a
different method to identify the direction of the normal, and more
samples over the incoming light elevation.

6.2 Limitations
The main advantage of our acquisition process is the robustness
and spatial accuracy. We treat each pixel independently, with only
a small number of sampled pictures, and still retrieve enough in-
formation to reproduce the aspect of the material. We can handle
pixel-size features in the measured data: the spatial resolution of the
output is equal to the spatial resolution of the input photographs.

The drawbacks are related to the limited amount of information:
we cannot retrieve the Fresnel term with only one set of measure-
ments, with constant angle for incoming light. This reduces the
accuracy of our reflectance model near grazing angles. This limited
amount of samples also limits the ability to deal with highly specu-
lar materials. As matter of fact, due to Nyquist-Shannon sampling
theorem, highly specular material will have higher frequencies in
the Fourier domain which are going to be represented as lower fre-
quency contributions with a limited amount of samples. This ex-
plains the error observed in the amulet sample. Although we have
limited our capture with twenty samples in this paper, our algorithm
can work with higher number of samples.

Finally, our entire acquisition process assumes anisotropic re-
flectance with a single anisotropic lobe. Reflectance with two
anisotropic lobes, as exhibited by Filip et al. [9] would require a



different approach.

7 CONCLUSION AND FUTURE WORK

We have presented a complete system for rapid acquisition of spa-
tially varying anisotropic materials. Our system works by taking
several pictures of the material sample, then extracting anisotropic
direction and material properties at each pixel using Fourier analy-
sis.

Our system is stable and robust, and produces noise-free param-
eter maps, even with a small number of sampled directions. We
extract material properties at a high resolution, at the pixel level.
Our system lets designers reuse the sampled material on virtual ob-
jects.

In future work, we would like to improve the accuracy of our
system by merging together data sampled from neighbouring points
with similar material, after shifting it in the angular direction to take
into account their anisotropy. We also plan to extend the approach
to non-planar material samples, retrieving simultaneously normal
directions and reflectance parameters.
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