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Abstract 
 
 
 
 

 

Watercolor is one of the most appealing paint media enjoyed by artists 

around the world. Due to its complex nature, it is also one of hardest media 

to simulate on a computer for interactive painting applications. In this paper, 

we describe an extension of our previous work, MoXi, which is a system for 

simulating Chinese ink painting, to cover watercolor effects. These effects 

include backrun, granulation, and edge-darkening. A simple technique for 

quick post-simulation edge-darkening is also developed. We also discuss the 

use of the Kubulka-Munk Model for watercolor glazing composition. 
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1. Introduction  

We present an extension of our MoXi system [Chu & Tai 2005], which was designed for 

the simulation of interactive Chinese ink painting, to cover watercolor effects. The ink 

flow model in the MoXi system is based on the Lattice Boltzmann method [Succi 2001], 

which allows organic painting in real time. The added watercolor effects include backrun, 

granulation, and glazing. A simple technique for post-simulation edge-darkening is also 

presented. Finally, we discuss the use of the Kubulka-Munk (KM) model [Kubulka & 

Munk 1931] for watercolor glaze composition. 

 
There are basically two types of Western watercolor: transparent watercolor and 

gouache. Essentially, we can treat gouache as opaque watercolor with diffusion and flow 

effects muted. We refer the readers to the website Handprint [Handprint Watercolor 

2007] for a nice examination of various artistic effects in watercolor. In this paper, we 

focus on the simulation of effects that are obtainable with transparent watercolor. 

2. Related work on Watercolor Simulation  

Small [1991] was the first to specifically simulate watercolor paint on a computer. His 

technique was diffusion-based and was implemented on a parallel machine. Not much 

progress was made until Curtis et al. [1997] did some beautiful simulations six years later. 

Curtis et al.’s model simulates the flow of water in two parts: on the paper surface and 

through the paper fibers. They solve the Navier-Stokes (N-S) equations for the on-surface 

flow and use a cellular automata for the capillary flow through fibers. The latter is used 

only to produce the effect of backrun. A single 640 × 480 picture took 6 hours to render. 

Laerhoven et al. [2004] performed watercolor simulations similar to Curtis et al. 

[1997] on a grid of processing units. They employed a semi-Lagrangian method [Stam 

1999] for faster simulation. A frame rate of 25 frames per second (fps) for a canvas size 

of 2562 using 6 processors was reported. Laerhoven and Reeth [2005] later also presented 

a GPU implementation of the fluid solver. The performance reported was a frame rate of 

20 fps for a canvas size of 800 × 600 with a tiling size of 322 running on a Geforce 6800 

graphics card. 
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Recently, Xu et al. [2007] proposed a diffusion-based paint model for simulating 

paint movement on paper. However, without simulating the paint flow, many of the 

interesting watercolor effects, like feathery patterns and backruns, are not possible with 

their model. Even edge-darkening was omitted. 

Some researchers strive to produce watercolor-like rendering using 3D models or 

existing images or videos [Lei & Chang 2004; Luft & Deussen 2006; Bousseau et al. 

2006; Bousseau et al. 2007]. Many of them aimed at achieving real-time performance 

and therefore can not afford time-consuming simulations. Moreover, backruns and flow 

patterns are hard to be incorporated due to spatial and temporal coherence issues. 

Among all the commercial digital paint systems (e.g. [Artrage 2007; Artweaver 

2007]), only Corel Painter [Painter 2007] attempts to simulate watercolor effect. We can 

not be sure about their simulation techniques since no technical documentation is 

published. However, their watercolor simulation appears to be based on pigment particle 

diffusion. Flow effects and backrun are not simulated. 

3. Simulating Western Watercolor  

Our watercolor simulation is based on our previous work on Eastern ink simulation [Chu 

& Tai 2005]. The media of ink and watercolor are similar but yet different. We refer the 

readers to [Chu 2007] for a detailed discussion on the two media. Since watercolor papers 

are much less absorbent due to sizing [Handprint Sizing 2007], our first modification 

from ink simulation is to allow no expansion of mark boundary via water percolation, 

which is implemented by setting the pinning threshold σ [Chu 2007] to be infinity. More 

subtle effect can be implemented by varying σ to allow a little boundary expansion when 

the paper has been dampened for a period of time. The remaining modifications to the 

simulation are designed to produce artistic effects specific to the medium of watercolor. 

They are detailed below under the headings of the target effects.  

3.1 Granulation 
Granulation effect is resulted from the settling of pigments at the valleys of the paper 

grain, giving a grainy texture. In the MoXi system, we represent the paper as three layers: 

the surface layer, the flow layer, and the fixture layer. The surface layer acts as a supply 
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of ink to the flow layer, where we perform the fluid simulation of water and the advection 

of pigment particles by the water. As the ink dries, the pigments are transferred from the 

flow layer to the fixture layer. In the simulation of watercolor, we use the flow layer to 

simulate the flowing of water on the paper surface. Granulation is implemented by 

modulating the rate of pigment transfer from the flow layer to the fixture layer by the 

paper grain texture. The flow speed also controls this transfer rate to create more 

variations in the resulting patterns. Essentially, granulation is implemented by the 

following Cg code [Mark et al. 2003]: 

if (length(u) < SettlingSpeed) 
  FixBase += (1-smoothstep(0, GranulThres, grain)) × Granularity; 

 
where u is the water velocity, FixBase is a base fixture rate, and grain is the grain texture 

value. Smoothstep() is a built-in function provided by the shading languages nvidia Cg 

and OpenGL GLSL. Mathematically, smoothstep(min, max, x) is evaluated as -2*((x-

min)/(max-min)) 3 + 3*((x-min)/(max-min)) 2. User-specified parameters SettlingSpeed, 

Granularity, and GranulThres control the effects. Another way to get granulation effect 

is to simply modulate the pigment concentration with scanned-in textures of real 

granulations.  

Figure 1 shows some granulation effects. The left image shows the granulation 

produced with only texture modulation. The middle and the right images show the 

granulation effects with the grain texture increasingly influencing more the water flow. 

 

Figure 1: Sample granulation results. (left) with only grain texture modulation, (middle and right) with the 

grain texture increasingly influencing more the water flow. 
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3.2 Backrun 
Backrun appears when a puddle of water spreads back into a damp region. The water 

tends to push the pigments, creating a complex branching pattern, often resulting in 

clearly discernible darkened edges. Our implementation of the backrun effect is basically 

a combination of edge-darkening effect (Section 3.4) and desorptions of pigments already 

deposited back to the puddle of water. In the original MoXi system, we block the flow of 

water when there is not enough water pressure for a wet region to flow into a dry region. 

This blocking is referred to as pinning. The edge darkening effect is realized by lowering 

the water amount at pinned edges, which induces a flow of water, together with pigments, 

toward the edges. When we implement backrun for watercolor, the only difference is that 

we now have to check for two pinning situations instead of one: the interface between the 

dry and wet regions, and the interface between regions with water on the paper surface 

and those that are drying but still damp. Specifically, we now have three paper region 

types: dry, damp, and wet (Figure 2): 

• Dry: without any water  

• Damp: no water on paper surface, but there is some in the fibers of the paper 

• Wet: there is water on the paper surface 

 
Figure 2: Illustration of dry, damp, and wet regions. Blue strokes indicate water. Orange dots indicate 

pigment particles. 

We use the fact that real pigments in damp regions are almost settled to simplify the 

simulation. We simulate the flow of water on the surface in the flow layer. Water is 

removed from the flow layer due to evaporation until no water is left. When a lattice site 

just becomes dry, for simplicity, we set up a counter to mark that site as a damp site. This 

counter acts as a drying-time counter and is incremented each frame. When it reaches a 

predefined value, the site is reset to a dry site. With the help of this counter, we can 

Wet 

Damp Dry Dry 
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perform two pinning operations, one between the dry and wet/damp region, and the other 

between the dry and damp regions. In Cg code, the desorption of pigments mentioned 

above is implemented by moving the pigments in the fixture layer back to the flow layer 

as follows:  

 if (length(u) > SettlingSpeed)  
   SinkInk = - FixInk × UnFix × wf; 

 
where SinkInk is the amount of pigments to be transferred from the flow layer to the 

fixture layer (negative values mean desorption), FixInk is the amount of pigments already 

in the fixture layer, UnFix is a user-specified parameter for controlling the amount of 

desorption, and wf  is the amount of water in the flow layer. 

When a stroke is still wet, depositing water or paint on it would produce ‘backrun 

with soft edges’ (Figure 3 (a) and (b)). Strictly speaking, these are not backruns, but just a 

‘wet-in-wet’ effect in which pigments are washed outward by the added water. A real 

backrun occurs when paper is damp rather than wet. Notice that real backruns have hard 

edges as shown in Figure 3(c). It is also possible to obtain both wet-in-wet and backrun 

effects in a single stroke depending on the wetness on the paper (Figure 3(d)). In 

conclusion, we are able to produce a range of effects from diffusive flow (Section 3.5) to 

backruns with soft edges, to backruns with hard edges depending on the paper wetness 

just like in real watercolor. 

 

 

 

 

Figure 3: Simulated wet-in-wet and backruns effects. 

wet-in-wet 

backrun 

d c 

paint into  
paint

b 

water into  
paint 

a 

water into  
paint 
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3.3 Glazing 
Glazing is the process of adding very thin strokes of watercolor paint, one over another, 

to create a clear and even effect. Curtis et al. [1997] claimed that in glazing, pigments are 

blended optically rather than physically. Following Curtis, we implemented glazing using 

the Kubulka-Munk (KM) model [Curtis et al. 1997], which we review in this section. 

However, our further research leads to some doubts on the appropriateness of KM model 

for watercolor rendering; a discussion and alternatives are presented in Section 4. 

In the KM model, each color pigment is assigned a set of absorption coefficients K 

and scattering coefficients S. These coefficients are a function of wavelength, and they 

control the fraction of energy absorbed and scattered back, respectively, per unit distance 

in the layer of pigments. Similar to [Curtis et al. 1997], we use three coefficients each for 

K and S, representing the RGB components of each quantity. Assuming that the set of K 

and S parameters for each pigment layer is known, the KM model computes the 

reflectance R and the transmittance T through the layer as follows: 

R = sinh bSx / c     T = b / c  

where c = a sinh bSx + b cosh bSx, and x is the thickness of the layer. For blending 

multiple layers, one on top of another, the KM model uses the following optical 

compositing equations: 

21
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where the overall reflectance R and transmittance T of two abutting layers with 

reflectances R1, R2 and transmittances T1, T2, respectively, with R1 and T1 referring to the 

top layer. 

For specifying the coefficients K and S of various pigments, we implemented the 

inversion of the KM equation, as in [Curtis et al. 1997]. The user supplies the RGB 

appearance of a pigment layer over both a white and a black background, Rw and Rb 

respectively. Given these two user-specified colors, the values of K and S are derived by:  
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It is desirable to be able to represent all colors possible on a computer screen. Using 

the above formula, however, we found that it is not possible to specify all those colors, 

for example, pure red with RGB = (1, 0, 0), since the derived K and S could be undefined 

or infinity. Therefore, instead of using pigments derived from the inverse KM equation 

above with pure red, blue and green as input, we simply use three pigment colors close to 

yellow, magenta, and cyan (CMY) as our base pigments. Mixing these close-to-CMY 

colors allows a reasonably large gamut of color to be obtained. 

Figure 4 shows strokes that are optically blended using the KM model. There are two 

layers: the bottom one contains the horizontal strokes while the top one the vertical 

strokes. Notice that when the two layers are merged into one without any optical 

blending, the rendered result looks flatter (close-ups in Figure 4). 

 

 

Figure 4: Glazing results rendered using the KM model. 

as 2 layers as 1 layer 
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3.4 Edge-Darkening 
As a stroke dries, a small extra loss of water occurs at the pinned boundary [Curtis et al. 

1997]. This induces a migration of pigments towards the boundary resulting in a 

darkened edge. Since there is a similar mechanism in Eastern ink painting [Chu & Tai 

2005], we already have the edge-darkening effect implemented in the original MoXi 

system, which is also applicable to watercolor.  

However, the above physically-based method has a disadvantage: to adjust the effect, 

a complete simulation re-run is required. For artistic control, it is desirable to enable 

quick adjustment of this effect.  A post-simulation non-physical method can attain this 

goal. Such idea for fast rendering control is not new [Curtis 1999]. In fact, researchers 

working on watercolor rendering also use non-physical edge-darkening. Lei and Chang 

[2004] use Sobel filter to detect edges in an image to be watercolorized. The resultant 

edge map is then used to modulate the output. Luft and Deussen [2006] used Gaussian 

filter to give a smooth intensity transition following the border of the color layers.  

We devise a non-physical method that has a small overhead to be incorporated into 

MoXi. In the original MoXi system, the boundary is sharpened for better quality output. 

Specifically, the boundary was trimmed with an implicit curve defined by a scalar 

function φ [Chu 2007]. The function φ  is derived from a water density field. With anti-

aliasing, the trimming is done by modulating the ink concentration I′: 

I′ ← I′ × smoothstep( - a, a, φ - EdgeThres) 
 

where EdgeThres is the thresholding value, and a ∈ [0, 1] is a parameter for anti-aliasing. 

Now, edge-darkening is implemented with: 

float DarkenFactor ← 1 -  smoothstep( - DarkenWidth, DarkenWidth, φ - EdgeThres); 
I′ ← I′ × (1 + DarkenFactor × DarkenIntensity) 

 
where DarkenWidth controls the affected width of the edge and DarkenIntensity controls 

the intensity of darkening. Figure 5 shows some sample results. This simple post-

simulation method is performed near the end of the rendering pipeline and can be used in 

conjunction with the physically-based method in the original MoXi to provide quick 

adjustment to edge-darkening effect. 
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Figure 5: Adjustable post-simulation edge-darkening. (a) No darkening. (b) Edge width = 1, intensity = 10; 

(c) width = 5, intensity = 2.5; (d) width = 5, intensity = 10. 

3.5 Flow, Dry-Brush and Eraser Effects 
Other watercolor effects, like flow, dry-brush, or eraser, can be obtained by changing the 

input parameters. Figure 6 shows a few screenshots of MoXi running in watercolor mode. 

Figure 7 shows some close-ups of the flow effects. Since water can flow freely on the 

paper surface, we set our simulation to have almost zero hindrance for the on-surface 

flow. The paper height field can be used to modulate the flow to give interesting patterns 

(Figure 7). Dry-brush effect is basically the same as performed for Eastern ink painting. 

Finally, we obtain the eraser effect by taking away the pigment concentration on the flow 

layer at the area touched by the brush.  

 

a b 

c d 
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Figure 6: Screenshots of watercolor simulation. 

   
 

Figure 7: Sample watercolor flow effects. 
 

4. Paint Appearance Modeling 

The Kubulka-Munk (KM) model [Kubulka & Munk 1931] was designed for modeling 

optical blending of layers of translucent materials. It is widely used in the paint, printing, 

and textile industries to determine diffuse colors due to subsurface scattering [Judd & 

Wyszecki 1975]. The KM model was introduced to the computer graphics community by 

Haase and Meyer [1992] to render thick layers of paint consisting of several pigments. 

Since then, this model became popular in the graphics community for paint rendering for 

media like watercolor [Curtis et al. 1997; Lum & Ma 2001; Lei & Chang 2004; 

Laerhoven & Reeth 2005], oil or acrylic [Baxter 2004], and wax crayon [Rudolf et al. 

Dry brush effect 

Flow effect 

Eraser effect 
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2003]. With the popularity of programmable graphics hardware, the KM model has also 

been implemented on the GPU [Baxter 2004]. 

4.1 Our experience in using KM Model 

As mentioned in Section 3.3, we implemented the KM model on the GPU to render paint. 

We noticed that, when switching from ‘cyan, magenta and yellow’ (CMY) to KM 

rendering, the image sometimes appears more seasoned or interesting. We believe that it 

is the non-linearity of KM model that makes the paint looks more subtle. Another reason 

is that the palettes represented by the KM are not composed of standard RGB triples, 

which give a distinctive ‘digital’ appearance. Computer users might be bored by the 

common use of standard RGB triples in existing image editors. 

However, we also find that we do not always prefer the results of the KM model over 

the simpler CMY model. The KM model certainly models paint blending more 

realistically, however to us, the non-linear KM and linear CMY (or RGB) are just two 

different ways of mixing colors, without one necessarily looking better than the other 

(Figure 8). To a graphics designer, it is sometimes useful to have a linear interpolation 

since the resulting colors are more predictable. Whether the KM model is more ‘accurate’ 

does not really matter. 

    
 

Figure 8: Comparison of RGB (left) and KM (right) color model rendered by MoXi. 
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4.2 Real Watercolor Mixing 

Finally, although the KM is very popular in the computer graphics community, we would 

like to point out that real watercolor mixing differs from what the KM is designed for. In 

reality, watercolor paints do not form paint layers [Handprint Watercolor 2007]. When 

watercolor paint is deposited on paper, the paint vehicle dries, leaving pigment particles 

in between the tiny spaces between paper fibers (Figure 9). So, from a theoretically point 

of view, the KM is not a right model for watercolor since watercolor paint do not form 

layers of translucent materials. In fact, when they first introduced the KM model to 

computer graphics, Haase and Meyer [1992] pointed out that a subtractive color mixing is 

appropriate for watercolor since the paint is usually transparent enough to allow light to 

pass to the substrate (usually paper) and reflect back through the paint [Evans 1948]. The 

KM model is needed only for pigmented materials such as oil paints.  

 

Figure 9: Microscopic reality of watercolor paint pigments on paper. Left: paper fibers before painting. Right: 

after paint dried (image from www.handprint.com © 2007 Bruce MacEvoy). 

5. Discussion 
The current simulation of granulation is only an approximation and it does not always 

give a realistic or pleasing effect. A more realistic approach is to simulate the movement 

of pigment particles within the water. However, we believe that realistic granulation can 

be cost-effectively simulated using texture synthesis [Cohen et al. 2003; Lefebvre & 

Hoppe 2006] and/or clever image synthesis with detail textures. Curtis et al. [1997] 

mentioned that it would be a significant improvement if one can simulate backrun and 

wet-in-wet flow as two extremes of a continuum effect depending on the paper wetness. 

Although our current backrun simulation is an approximation, we could already achieve a 

full range of effects between flow and backrun as demonstrated in Figures 3 and 7. 
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