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Hair modeling is a fundamental part of creating virtual humans in computer 

graphics. Due to the complexity of human hair, realistically representing hair in 

structure, motion and visual appearance offers one of the most challenging 

physics and rendering problems, especially in real-time. 

With recent advancements in both graphics hardware and software 

methods, real-time hair rendering and simulation are now possible with 

reasonable performance and quality. In this thesis, we presented a complete 

framework of real-time hair modeling. The framework encompasses hairstyling, 

hair simulation, and hair rendering. 
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CHAPTER 1 
INTRODUCTION 

Hair modeling is an extremely important component for visual characters. However, 

in real-time applications, it is usually avoided or extremely simplified. A person can have 

over hundred thousand hair strands and each individual hair strand is a thin fiber and 

can form complicated shapes. Because of the complexity of hair and lack of 

comprehensive physic model, hair modeling offers one of the most challenging 

simulation and rendering problems for professional computer graphics.  

According to Magnenat-Thalmann et al. [32], hair modeling can be divided into 

three general categories: hairstyling, hair simulation, and hair rendering. Hairstyling, 

viewed as modeling the shape of the hair, incorporates the geometry of the hair and 

specifies the density, distribution, and orientation of hair strands. Hair simulation 

involves the dynamic motion of hair, including collision detection between the hair and 

objects, such as the head or body, as well as hair mutual interactions. Finally, hair 

rendering entails color, shadows, light scattering effects, transparency, and anti-aliasing 

issues related to the visual depiction of hair on the screen. 

Utilizing the massive parallel computing power of the computer graphics hardware, 

we demonstrate the possibility of real-time hair modeling by contributing a complete 

framework integrating hairstyling, hair simulation, and hair rendering. 

The goal of this thesis work is to add hair modeling to the existing iPASS 

(interactive pixel-accurate shading of surfaces [54]) project. This project aims to render 

the open source movie “Elephant's Dream” in real-time. 
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CHAPTER 2 
BACKGROUND 

2.1 Hairstyling 

The high geometric complexity of hair and the wide variety of real world hair styles 

make hair modeling a challenging task. Therefore, most hair modeling techniques are 

based on controlling collections of hair strands at once.  

A common approach to represent groups of strands is using two-dimensional 

parametric surfaces (e.g. NURBS) called strips [25] [28] [33]. These surfaces look like a 

flat group of hair strands by using texture mapping with alpha channels.  

Different physically-based techniques also have been used to shape hair strands. 

Anjyo et al. [24] simulated the effect of gravity to find the rest poses of hair strands. 

Hadap and Magnenat-Thalmann [4] modeled hairs as streamlines from a fluid dynamics 

simulation around the head. While various hair types can be modeled with these 

approaches, just like other simulation methods, they can be difficult to control in a 

precise manner.  

Capturing a hair model from images [6] [26] [15] [36] is another alternative used to 

automate the virtual hair modeling process. Shortage of these approaches is the lack of 

any artistic control. 

Sketch based interfaces are also used for modeling hair by Malik [37], both for 

cartoon hairstyles by Mao et al. [29] and more realistic models by Wither et al. [30]. 

Recently, Fu et al. [49] proposed a sketch based interface to build a vector field, which 

is then used to generate individual hair strands. While these techniques are practical for 

quickly generating a hairstyle, they are very difficult to control for achieving a desired 

outcome precisely. 
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Yuksel et al. [23] presents hair meshes that aim to bring hair modeling as close as 

possible to modeling polygonal surfaces. This new approach provides artists with direct 

control of the overall shape of the hair, giving them the ability to model the exact hair 

shape they desire. They use the hair mesh structure for modeling the hair volume with 

topological constraints that allow automatically and uniquely trace the path of individual 

hair strands.  

2.2 Hair Simulation 

Unlike solids or fluids, hair modeling lacks a comprehensive physical model for 

accurate simulation of hair motion. Animation of a full head of hair raises obvious 

problems in terms of computational costs due to the complexity of hair. As a 

consequence, existing hair animation methods propose a tradeoff between realism and 

efficiency, depending on the intended application. 

2.2.1 Dynamics of Individual Hair Strands 

Within the last 20 years, three families of computational models have been 

proposed and used for simulating the dynamics of one individual hair strand: mass-

spring systems, projective dynamics, and rigid multi-body serial chains. Very recently, 

some existing work on static Kirchhoff rods [10] [35] has been extended to hair 

dynamics, leading to a new model called dynamic Super-Helices.  

First attempt to animate individual hair strands is the Mass-spring systems 

presented by Rosenblum et al. [39] in 1991. A single hair strand is treated as a set of 

particles connected with stiff springs and hinges. Other approaches [8], [12] used a 

constrained mass-spring model, well-suited for animating extensible wisps such as 

wavy or curly wisps. 
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In 1992, Anjyo et al. [23] proposed a simple method based on one-dimensional 

projective differential equations for simulating the dynamics of individual hair strands. It 

easily simulates tens of thousands of hair strands efficiently. However, this method 

cannot properly handle fully 3D hair motions because of the lack of torsional hair 

stiffness. Furthermore, as motion is processed from top to bottom, it is difficult to handle 

external punctual forces properly. 

In order to compute the motion of individual hair strands, forward kinematics have 

been used [40], [22]. Such techniques are well known in the field of robotics, and 

efficient multi-body dynamics algorithms have been proposed for decades [38]. Each 

hair strand can be represented as a serial, rigid, multi-body open chain using the 

reduced or spatial coordinates formulation [38]. Results for these methods have 

typically been limited to straight hair as possible issues related to curly hair simulation 

are not explained. 

Bertails et al. [11] exploited the Kirchhoff’s theory for elastic rods to predict the 

motion of individual hair strand. The resulting mechanical model for one individual hair 

strand, called a Super-Helix, corresponds to a spatial discretization of the original 

continuous Kirchhoff model, where the curvatures and the twist of the rod are assumed 

to remain constant over each predefined piece of the rod. As a result, the hair strand is 

constructed as a piecewise helix, with a finite number of degrees of freedom. This 

model is then animated using the principles of Lagrangian mechanics. The super-Helix 

model naturally accounts for the typical nonlinear behavior of hair, as well as for its 

bending and twisting deformation modes. Finally, unlike all previous models, hair natural 
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curliness is properly handled through this model, making it possible to accurately 

simulate the dynamics of curls. 

2.2.2 Simulating the Dynamics of a Full Hairstyle 

The realism of the collective dynamic behavior and the efficiency of the simulation 

are two major challenges in the simulation of a full hairstyle. Hair is essentially either 

globally considered as a continuous medium, or as a set of disjoint groups of hair 

strands. 

Hadap and Magnenat-Thalmann [40] simulated the complex interactions of hair 

using fluid dynamics by considering hair as a continuum. Bando et al. [51] have 

modeled hair using a set of SPH particles that interact in an adaptive way. Chang et al. 

[22] created a system to capture the complex interactions that occur among hair strands. 

In this work, a sparse hair model of guide strands, which were first introduced in [1], [43], 

is simulated. A dense hair model is created by interpolating the position of the remaining 

strands from the sparse set of guide strands.  

In order to reduce the complexity of hair, an alternative approach consists of 

grouping nearby hair strands and simulating these disjoint groups as independent, 

interacting entities. The complexity of hair simulation has been simplified by modeling 

groups of strands using a thin flat patch, referred to as a strip [34][44][5][52][45][9][18]. 

A simple dynamics model for simulating strips presented in [5] that is adapted from the 

projective angular dynamics method introduced by Anjyo et al. [23]. Dynamics is applied 

to the control point mesh of the NURBS surface. One of the first methods to take 

advantage of grouping hair was presented by Watanabe and Suenaga in [53]. They 

animate a set of trigonal prism-based wisps. 
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2.3 Hair Rendering 

Realistic rendering of human hair requires the handling of both local and global 

hair properties. To render a full hairstyle, it is necessary to choose an appropriate global 

representation for hair. Global hair properties also include the way in how hair fibers 

cast shadows on each other.  

2.3.1 Hair Representation 

Hair can be represented either explicitly or implicitly. The possible choices for a 

hair rendering algorithm depends largely on the underlying representation used for 

modelling the geometry of the hair. Explicit representation for the hair, for example, 

represents an individual hair by a curved cylinder. The early work by Watanabe and 

Suenaga [53] adopted a trigonal prism representation. Other approaches to represent 

the hair use a continuous strip of triangles, where each triangle is always oriented to 

face the camera. When rendering an explicit representation, aliasing problems may 

occur because of the thinness of hair strands. Implicitly representation, for example, 

Kajiya, et al. [21] used volumetric textures (or texels) to avoid the problem of aliasing by 

using pre-filtered shading features. The cost of ray traversal is relatively low for short 

hairs, but can be high for long hairs. Such volumes should be updated for every frame 

when hair animates, making pre-filtering inefficient. 

2.3.2 Hair Illumination 

To make a human hair look realistic, it is necessary to take into account both the 

optical properties of each hair fiber, which belong to the local properties of illumination, 

and the light interactions occurring between the hairs, which belong to the global 

properties. Local hair properties define the way in which individual hair fibers are 

illuminated, while global hair properties also include the way in how the fibers cast 
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shadows on each other. Self-shadowing is particularly important for creating a 

volumetric appearance of hair.  

The two most popular local illumination models used in hair rendering are Kajiya & 

Kay [21], and Marschner [41]. Kajiya and Kay’s model includes a diffuse component and 

a specular component. Kajiya and Kay derived the diffuse component by integrating 

reflected radiance across the width of an opaque, diffuse cylinder. Their specular 

component is simply motivated by the argument from the preceding section that the 

ideal specular reflection from the surface will be confined to a cone and therefore the 

reflection from a non-ideal fiber should be a lobe concentrated near that cone. 

Marschner proposed the most complete physically-based hair scattering model to date. 

Their model makes two improvements to Kajiya and Kay’s model: it predicts the 

azimuthal variation in scattered light based on the ray optics of a cylinder, and it 

accounts for the longitudinal separation of the highlight into surface-reflection, 

transmission, and internal-reflection components that emerge at different angles. 

Hair fibers cast shadows onto each other, as well as receiving and casting 

shadows from and to other objects in the scene. Self-shadowing creates crucial visual 

patterns that distinguish one hairstyle from another. Two main techniques are generally 

used to cast self-shadows into volumetric objects: ray casting through volumetric 

densities and shadow maps.  

Ray casting: with implicit hair representations, one can directly ray trace volume 

density [50], or use two-pass shadowing schemes for volume density [21]; the first pass 

fills volume density with shadow. 
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Shadow Maps: LeBlanc [2] introduced the use of the shadow map, a depth image 

of hair rendered from the light’s point of view. In this technique, hair and other objects 

are rendered from the light’s point of view and the depth values are stored. Each point 

to be shadowed is projected onto the light’s camera and the point’s depth is checked 

against the depth in the shadow map. 

Global Illumination Models can roughly be divided into two broad categories. 

These are Path Tracing and Photon Mapping. The most accurate global illumination 

model for hair would be to use brute-force Monte Carlo Path Tracing. However, the rate 

of convergence of this algorithm makes it a prohibited slow method. Kajiya, et al. [21], 

Gupta, et al. [50], and Yuksel, et al. [57] are three examples of papers that use Path 

Tracing for illuminating the hair. Photon mapping methods have proven successful for 

hair rendering. Photon mapping can smoothly approximate multiple scattering in 

volumes by estimating densities of traced particles. However, those approaches are 

memory intensive and still require several hours of computation to generate high quality 

still images. Moon, et al. [31] and Zinke, et al [59] are two examples of papers that use 

Photon Mapping for illuminating the hair. 

2.4 DirectX 11 

DirectX 11, which is the latest Microsoft’s graphics API, introduces the Tessellation 

stage: the hull shader, the tessellation engine, and the domain shader. 

These new tessellation stages enable programmable hardware tessellation on the 

modern graphics hardware. Tessellation uses the GPU to calculate a more detailed 

surface from a low-detail surface constructed from quad patches, triangle patches or 

isolines. To approximate the higher-order surfaces, each patch is subdivided into 

triangles, points, or lines based on tessellation factors.  
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The hull shader is a programmable shader that produces output control points 

directly to the domain shader from input control points passed by the vertex shader. In 

this stage we can compute any per patch attributes, transform the input control points to 

a different basis, and compute tessellation factors. Tessellation factors are floating point 

values which tell the hardware how many new vertices you would like to create for each 

patch, and are necessary outputs of the Hull Shader. 

The next stage is the Tessellator, which is fixed function. It tessellates a domain 

(quadrilateral, triangle, or line) into many smaller objects (triangles, points or lines). Note 

that the Tessellator does not actually create any vertex data – this data has to be 

calculated by the programmer in the Domain Shader. 

The domain shader is a programmable shader that evaluates the vertex position in 

the output patch. The Domain Shader is run once for each final vertex. In this stage we 

get as input the parametric uvw coordinates of the surface, along with any control point 

data passed from the Hull shader. Using these inputs we can calculate the attributes of 

the final vertex. After the domain shader completes, tessellation is finished and pipeline 

data continues to the next pipeline stage. 

In addition to these new tessellation stages, DirectX 11 introduces the compute 

Shader as a way to utilize the computational resources on GPU without so many 

constraints. As a programmable stage, it enables more general algorithms far beyond 

shading by providing high-speed general purpose computing and taking advantage of 

the large number of parallel processors on the GPU. The compute shader supports 

more effective parallel programming methods with memory sharing and thread 

synchronization features similar with other general purpose GPU techniques. 
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Figure 2-1. The DirectX 11 pipeline [14] 
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CHAPTER 3 
IMPLEMENTATION DETAILS 

We use the approach of [58] to create hair strands from the polygon mesh created 

using modeling software such as 3ds Max or Maya. Then we simulate a certain number 

of guide strands to guide motion of the full hair. A dense hair model is created by 

interpolating the position of the remaining strands from the sparse set of guide strands 

[22]. The final result is rendered by using the model of Kajiya & Kay [21]. 

 
 

Figure 3-1. Overview of our framework implementation 
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3.1 Hairstyling 

The hair meshes [58] allow the users or artists to easily build the shape of hair by 

creating polygon models. First we build the hair model using modeling software like 

3dmax or Maya. Then the hair mesh is exported to our program to generate guide 

strands for later simulation stage. 

 
 

Figure 3-2. Left is a single volume of hair mesh; right has four volume hair meshes 

A hair mesh model is a 3D mesh describing the volume of space enclosing the 

hair. It consists of a certain number of single volume hair meshes. Each volume of hair 

meshes is consisted of a number of layers. Each layer is represented by one polygonal 

face. Let    be the face for layer  . Then    will be the root layer of the hair mesh. The 

root layer could simply be the polygonal face of the scalp model. We then create a 

newer layer    by extruding the face from the root layer. By extruding the layers one by 

one, we create a single strand of hair mesh. The last layer is called the tip layer. Each 

face      at layer   has a one-to-one correspondence to a face        at the next layer. 

Connecting the two corresponding faces      and        , we form a prism such that 

these faces are the two base faces of the prism. The single hair mesh is a collection of 
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such prisms starting at root face and connecting all the faces until tip face. This 

collection of such prisms is called a volume of hair meshes. The users or artists could 

create any shape of hairstyle by creating different hair meshes and manipulating the 

position of vertices.  

The hair mesh model is then exported to our program to generate the guide hair 

strands for our simulation stage. Given this correspondence between layers, we can 

create a path for each hair from the root layer. As a reminder, our single guide strand for 

simulation model is consisted of a list of vertices. For each polygonal face on the root 

layer, we compute the barycentric coordinates of the four face vertices to get the 

position of our hair strand vertex. After we trace the path of hair mesh from the root 

layer to the tip layer, we calculate all the positions of our guide strand vertices. By 

tracing all the hair meshes, we have all the guide strands for later simulation usage. We 

can always subdivide the layers by creating more hair strand vertices using tools inside 

modeling software before mesh is exported. We can also subdivide the polygonal faces 

to generate more hair meshes resulting in more guide strands for our hair model. 

3.2 Hair Simulation 

Because of the huge number of human hair, it’s impossible to simulate all 

individual hair in real-time. An appropriate approach is to simulate a certain number of 

guide strands. These guide strands define the motion of full head of hair. A dense hair 

model is created by interpolating the position of the remaining strands from the sparse 

set of guide strands [22]. 
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3.2.1 Guide Strands Simulation 

We simulate a number of guide strands created in last hairstyling stages to guide 

the motion of full hair using compute shader. Then we take advantage of tessellation 

stage to interpolate sparse set of guide strands to create a dense model of hair. 

We simulate the guide strands using the Mass-Spring Systems model. Each single 

guide strand is represented as a chain of particles connected by stiff longitudinal springs 

and angular springs called hinges. And every particle has a mass and three degrees of 

freedom, one in translation and two in rotation. Angular springs model the stiffness of 

the hair bending. 

We explore the multi-tasking power of the GPU by assigning each guide strand to 

a group of threads. Then we can have every vertex on guide strand simulated on one 

single thread. Hence we could simulate all the hair vertices in parallel. All the hair 

vertices are simulated as particles. Links between hair vertices are treated as distance 

constraints which maintain the length of the hair, preventing it from stretching or 

compressing. A distance constraint between two particles is enforced by moving them 

away or towards each other so that they are at exactly a pre-specified distances apart 

(Figure 3-3). Angular constraints and stiffness of hair strand help maintain the shape of 

the hair by restricting the angle between two bending segments within a certain value 

(Figure 3-4). Collision constraints keep the hair outside of collision obstacles. A simple 

sphere collision is implemented to prevent hair strands penetrate through the head 

model (Figure 3-5). The penalty collision energy can be calculated with the following 

equation: 
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where k is the stiffness parameter of the collision geometry. 

 
 
Figure 3-3. Distance constraints 

 
 
Figure 3-4. Angular constraints and stiffness 

 
 
Figure 3-5. Collision constraints 

The algorithm for one time step of guide strand simulation: 

 Add external forces  

 Integrate using Verlet integration 

 Repeat for number of iterations 
o Apply distance constraints 
o Apply angular constraints 
o Apply collision constraints  
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Since a given vertex can be constrained by the vertex before it and the one after it. We 

cannot apply all constraints in parallel. Instead we split the hair particles into two groups 

and alternate the constraints Figure 3-6 (left, right). 

 
 
Figure 3-6. Constraints are applied in two steps 

3.2.2 Hair Interpolation 

After the simulation of guide strands, we pass our data from the compute pipeline 

to rendering pipeline. Then we utilize the Tessellation stage to interpolate the guide 

strands to create new hair strands for our dense hair model. 

3.2.2.1 Interpolation methods 

We use the Single strand based interpolation to create more hair strands. Using 

this interpolation each interpolated strand is created by offsetting it from a single guide 

strand along that strand’s local coordinate frame. Each interpolated strand is assigned a 

random vector to offset it along the x and z coordinate axes. 

 
 
Figure 3-7. Single strand based interpolation 
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3.2.2.2 Hair tessellation 

Tessellated hair strands are generated using Tessellation stage in the graphics 

rendering pipeline. As we know, there are three components in Tessellation stage: Hull 

Shader, Tessellator and Domain Shader. We are going to use the isoline tessellation 

domain to create new hair strands. In this mode the hardware Tessellator creates a 

number of isolines (connected line segments) with multiple line segments per line. We 

can specify the number of isolines and the number of segments per isoline in the Hull 

Shader. The actual positions and attributes of each tessellated vertex are evaluated 

using the Domain Shader. The output from the Tessellation stage is a set of line 

segments which can be rendered directly as lines, or they can be rendered as triangles 

by expanding them to camera facing quads using the geometry shader. 

 
 
Figure 3-8. An overview of a pass to interpolate guide strands to create more hair 

strands using the Tessellation stage 

Our input is a patch of vertices on one single guide strand. We compute two 

tessellation factors which are the number of isolines and the number of line segments 

per isoline in the Hull Shader. The number of isolines is the number of new hair strands 

we want to create. The number of line segments will define how smooth our strands are 
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going to be. These two factors are passed to the Tessellator. The Hull Shader also 

calculates any per patch data which might be needed by the Domain Shader. The 

Tessellator generates the topology requested by the Hull shader. Finally the strands are 

tessellated and interpolated in the Domain Shader. 

The Hull Shader is consisted of two parts, the main shader and the patch constant 

function. The main shader operates once on each input control point, and the patch 

constant function which is invoked once per patch. In our implementation we are loading 

control point data for a patch from a buffer, so the input to the hull shader is a dummy 

patch consisting of a single control point. Since we have only one input control point, we 

use the patch constant function for all of the computation and our main shader is null. 

The patch constant function calculates the tessellation factors and other data for each 

patch. 

The Domain Shader is invoked for each final vertex that is created. The input to 

the Domain Shader is what we have output from the Hull Shader, the patch constant 

data and the per patch control point data. We also get the id of the patch that we are 

operating on. Using these values we can figure out which vertex and which strand we 

are operating on. Then we can get our positions of control points from the buffer using 

this information. We also get a number of system generated input, including the 

parametric    coordinates of the current vertex in the tessellated patch.   is 

corresponding to number of isolines we are creating.   is corresponding to the number 

of line segments per isoline. We can use   for parametric value together with our control 

points to generate a C1 continuous Catmull-Rom Spline to connect the vertices along 

one single strand. By defining consecutive four control vertices, we can get smoother 
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spline instead of the separated chains. The larger the number of line segments per 

isoline was defined in Hull Shader, the smoother the spline will be.  Given the control 

points   ,   ,    and    and the value  , the position of the desired segment can be 

calculated as:  

                        [

    
     
      
      

]  [

  

  

  

  

] 

 
 
Figure 3-9. C1 continuous Catmull-Rom Spline 

3.2.3 Hair Rendering 

Our outputs are isolines which are not good enough for the rendering process. 

Due to the thinness of lines, rendering hair strands directly using lines could cause 

aliasing problem. Our solution is to expand the lines into camera facing quads using the 

Geometry Shader.  

Then our hair strands are rendered using a commonly used hair shading model by 

by Kajiya and Kay [21]. The Kajiya and Kay model is the anisotropic strand lighting 

model which the hair strand is modeled as an infinitely thin cylinder. And the standard 

Phong lighting computations are adapted to use the hair tangent instead of a surface 

normal. We compute the final color of using the parameters including the hair tangent 



 

27 
 

(T), the view vector (V), the light vector (L), the half-angle vector (H), and the exponent 

  which specifies the sharpness of the highlight.  

 

Figure 3-10. Kajiya and Kay model [21] 

The diffuse and specular terms are computed as follows: 

                 √             √          

                     √        
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CHAPTER 4 
IMPLEMENTATION RESULTS 

We created the hair mesh model using modeling software 3ds Max. Then the hair 

mesh is exported and converted into guide strands. We simulate these guide strands to 

guide the motion of the full hair model. A dense hair model is created by interpolating 

the position of the remaining strands from the sparse set of guide strands. The final 

result is rendered by using the Kajiya & Kay model. 

 
 
Figure 4-1. Hair mesh created in 3ds Max 

 
 
Figure 4-2. Hair mesh converted into guide hair strands 
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Figure 4-3. Real-time hair simulation with gravity; Green, red and blue axes represent 

local coordinates for each vertex 

 
 
Figure 4-4. A simpler result shows the simulation with sphere collision 
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Figure 4-5. Strands interpolation and final results 

The running speed of simulating 240 guide strands with more than 10 vertices per 

strand is close to 120 frames per second. Tested with GeForce GTX 660M. 
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Figure 4-6. Final results after integrating hair modeling to the iPASS[54] project to 

render the open source movie “Elephant's Dream” in real-time 

The running speed is close to 60 frames per second. Tested with GeForce GTX 660M. 
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CHAPTER 5 
CONCLUSION 

We presented a real-time hair modeling framework. The framework encompasses 

hairstyling, hair simulation, and hair rendering. The flexibility of our framework gives the 

users or artists fully control from designing the hairstyle to the final rendering of full hair 

model. Any kind of hair shape can be created in modeling software in the same way as 

any polygon mesh is created.  

The usage of shader technology makes it very convenient for us to replace any 

component of our program in the future. For example, the simulation of Super-Helices 

could be exploited using GPU parallel computing. Then we can replace our Mass-

Spring systems on the Compute Shader with the more accurate Super-Helices 

simulation model. More rendering techniques, for instance, self-shadowing can be 

implemented for our hair strands to generate more realistic results. 
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