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Modeling Color Properties of Tiled Displays

Aditi Majumder†, M. Gopi‡

Abstract

The concept of tiled displays can be successful only if such displays are made to look like a single display
perceptually. The two issues that need to be solved to achieve this goal are geometric correction and
color seamlessness of images spanning across tiles. Geometric correction algorithms borrow pin-hole
camera models to model projector display geometry. In this paper, we introduce an abstract modeling
function that describes the color seen by a viewer when displayed by a display device.
Though this function can be used to model color displayed by any common display device, in this paper,
we use it to model color in multi-projector display systems. We use the model to explain the reasons
for different types of color variations in a multi-projector display, to compare different color correction
algorithms, and to derive such algorithms directly from the model.

Categories and Subject Descriptors (according to ACM CCS): I.3.3 [Computer Graphics]: Picture/Image
Generation[display algorithms] I.4.0 [Image Processing and Computer Vision]: General[image displays]
I.4.8 [Image Processing and Computer Vision]: Scene Analysis[color and photometry] H.1.2 [Models
and Principles]: User/Machine Systems[human factors]

Keywords: Projection-Based Displays, Tiled Displays, Color Model

1. Introduction

Traditional 21-inch desktop monitors have resolution
of 60 pixels per inch and 20− 30 degree field-of-view.
But life-size displays used in scientific visualization re-
quire display area in the order of hundreds of square
feet, high resolution of hundreds of pixels per inch,
and wide field-of-view of more than 120 degrees. Such
large displays can be used in defense training applica-
tions, in life-size teleconferencing, and also to create
high quality immersive virtual reality (VR) environ-
ments.

A scalable approach to build large displays is to
tile multiple projectors to create a single large dis-
play. There are three primary issues that need to be
addressed in building multi-projector display systems.

(a) Data management, data distribution and driving
architecture: This deals with handling large 2D or
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3D data content, distributing them to individual
machines that drive the projectors, and the config-
uration of the connectivity of these machines.

(b) Geometric seamlessness: The image displayed on a
multi-projector display comes from several differ-
ent physical devices and hence may not be aligned
geometrically along the projector boundaries. Fur-
ther, the image within the same projector may be
radially distorted.

(c) Color seamlessness: Multi-projector displays can
be arranged in abutting or overlapping configura-
tions. In both these cases, colors and/or bright-
ness varies within and across multiple projectors.
In the overlapping configuration, higher brightness
in the overlap regions are also introduced. Thus,
even with the same input value at every pixel of a
multi-projector display, the output colors are not
the same for all pixels.

Solutions to the data management and driv-
ing architecture problems in multi-projector sys-
tems ([70, 33, 8, 34, 32]) use existing parallel and
streaming data models ([55, 57, 58, 60, 56]). Solu-
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tions to correct the geometric misalignment prob-
lem ([79, 67, 65, 64, 78, 31, 66, 14, 11, 68, 28]) use
the pin-hole camera model ([22]) to model individual
projectors. However, there exists no model that de-
scribes the color variation in multi-projector displays
that can be used to address the color seamlessness
problem. Hence, the solutions presented for this prob-
lem in [45, 72, 73, 77, 59, 47, 65, 10, 37, 46, 79] pro-
vide only partial solutions under restricting assump-
tions and with varying degrees of success.

Solutions for other issues related to multi-projector
systems were borrowed from existing models for other
systems and devices. For the color variation problem,
we cannot borrow models developed for other dis-
play devices due to many reasons. For example, there
exist models for colorimetry of single CRT monitors
[6, 5, 7]. But these models assume that for a given in-
put, color remains spatially constant over the entire
display. This assumption is not valid for projectors.
Unlike CRTs, the physical space of a projector is de-
coupled from its display space. This introduces several
physical phenomena like distance attenuation of light,
lens magnification and non-Lambertian reflection of
the display screen that cause severe spatial variation.
For the same reason, projectors are different from LCD
panels also. Further, there exists no model that de-
scribes color variations in multi-device displays with
either CRT or LCD panels. Hence, to fill this gap, we
need a color model for multi-projector displays.

A color model for multi-projector displays can be
useful in many ways. First, this can help us repre-
sent the color variation in such displays in a compact
manner using just a few parameters. Second, it will
provide us with a tool to compare and evaluate dif-
ferent algorithms to solve the color variation. Finally,
we can use the modeling function to systematically
develop new methods that address the problem in an
organized manner.

1.1. Main Contributions

In this paper, we introduce a function that models the
color variation in multi-projector displays comprehen-
sively, compactly, and accurately. The color proper-
ties of such displays have been studied thoroughly in
[42, 49] to identify a small set of parameters that cause
color variation and the relationships between them.
With these parameters, we develop a function to rep-
resent the color property of the display compactly. We
verify this function by comparing the color response
predicted by it with the actual response of the display,
for an image projected on the display.

We also show that this modeling function is more
general and can be used to model other image display

or capturing devices. Next, we demonstrate the differ-
ent uses of this modeling function in explaining the
different color variations in multi-projector displays.
In addition to its use in modeling, this function also
provides us with a framework to compare different
color correction algorithms by formally defining the
common goals that these algorithms try to achieve.

Further, we demonstrate that this model can be
used to design color correction algorithms by directly
deriving one of the existing solutions from it. Finally,
we use this model to provide a few insights into the
color correction problem to help us design new algo-
rithms in the future.

1.2. Outline of the paper

In Section 2 we develop the function that models the
color variation in multi-projector displays. In Section
3, we demonstrate the generality of the model by
showing that existing models for other display devices
is a special case of the proposed function. In Section 4,
we explain the various color varations using different
parameters of the model. In Section 5, we present the
several ways in which this model can be used for analy-
sis of various color correction methods, reconstruction
of the different model parameters, and in derivation
of an existing algorithms from this model. Finally we
conclude by mentioning a few insights we get from this
work that would help us design future color correction
algorithms.

2. Modeling Color Variation

In this section, we first present some basic definitions
and then derive the function modeling the color vari-
ation is a multi-projector display.

2.1. Color Operators

We define a color K at a point on the display by the tu-
ple (L,C) where L is the total tristumulus value (TTV)
defined by the sum of CIE tristimulus values of the
color, X + Y + Z, and C is the chrominance defined
by the chromaticity coordinates (x, y):

x =
X

X + Y + Z
; y =

Y

X + Y + Z
.

The TTV L is the indicator of power/intensity and
chrominance C, the hue and saturation of the color.
We use the notation L = ttv(K) and C = chr(K).
Note that L is different from the luminance Y of the
CIE tristimulus values of the color.

We introduce two operators for colors: the addition
operator and the intensity scaling operator. The addi-
tion operator is used when light from multiple sources
superimpose in the overlap region.
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Addition Operator: The addition of two colors K1 =
(L1, C1) and K2 = (L2, C2) is defined as

K = (L, C) = K1 ⊕K2,

where

L =

2∑
i=1

Li,

C =

∑2
i=1 LiCi

L
.

So, by adding two colors, the TTV of all the constitut-
ing colors add up, and the chrominance of the different
colors are weighted by the TTV proportion of each of
them (given by Li/L). Note that ⊕ is both commuta-
tive and associative.

We make an important observation here. If K1 =
(L1, C1), K2 = (L2, C2), and C1 = C2 then the
chrominance C of K = K1 ⊕K2 is C = C1 = C2.

Intensity Scaling: The intensity scaling of a color K1 =
(L1, C1) by a scalar k is defined as

K = (L, C) = k ⊗K1,

where

L = kL1,

C = C1.

Note that ⊗ does not change the chrominance of a
color and distributes over ⊕.

2.2. Definitions

A multi-projector display is a display made of N pro-
jectors, projecting on a planar or non-planar display
screen. Each projector is denoted by Pj , 1 ≤ j ≤ N .
The coordinates of the 2D display screen (not nec-
essarily planar) are denoted by (u, v) and individual
projector’s display region within this display screen
is parameterized by (s, t). The geometry of the dis-
play screen S, and the positions of the projectors
(px, py, pz) and the viewer e = (ex, ey, ez) are de-
scribed in a 3D world coordinate system.

The display and projector coordinate pairs can be
related by a geometric warp, G,

(u, v) = G(s, t, p), (1)

where p = (px, py, pz, θ, φ, f, S). The parameters f and
(θ, φ) are the focal length and orientation of P respec-
tively, expressed in the world coordinate space. For all
practical systems, p does not change because projec-
tors and screen do not move relative to each other.
Hence,

(u, v) = G(s, t). (2)

Figure 1: Projector and display coordinate space.

Figure 1 shows a two-projector display wall. The
blue and red quadrilaterals show the areas of projec-
tion of projectors P1 and P2 on the display screen.

A projector has three channels, {r, g, b}. A channel
is denoted by l ∈ {r, g, b} and the corresponding input
by il ∈ {ir, ig, ib}, 0.0 ≤ il ≤ 1.0.

The Bidirectional Reflectance Distribution Function
(for the front projection display) or the Bidirectional
Transfer Distribution Function (for the back projec-
tion display) of the screen is dependent on the display
coordinates (u, v) and the viewer location e, and is de-
noted by Λ(u, v, e). We assume that the BRDF/BTDF
is independent of chrominance.

2.3. The Model

In this section we introduce the function to model dis-
play devices in general, and multi-projector display
system in particular.

Definition: The function E(u, v, i, e) that models the
color characteristics of a display is defined as the
color reaching the viewer e from the display coordi-
nate (u, v) when the input to the device coordinates of
all the display devices that contributes directly to the
color at the display coordinate (u, v) is i = (ir, ig, ib).

Note that more than one projector can contribute to
the display coordinate (u, v) in the overlap region. Fur-
ther, the function is defined only for devices with three
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Figure 2: Reconstructing the model parameters for a single projector. Left: The input transfer function for green
channel. Middle: The TTV function for green channel and the black TTV function. Right: The chrominance
function (x, y) for the green channel.

primaries†. It is also clear from the definition that the
function considers only the direct lighting and ignores
the indirect lighting due to reflections and secondary
scattering at the display coordinate.

In this section we will derive E(u, v, i, e) for a single
projector display followed by the same for a multi-
projector display.

2.3.1. Single Projector Display

Let us consider one projector coordinate (s, t). Let
Ql(s, t) be the maximum intensity that can be pro-
jected at that coordinate from channel l. For any input
il, the intensity projected is a fraction of Ql(s, t) and
is given by hl(s, t, il), where 0.0 ≤ hl(s, t, il) ≤ 1.0.
Let the chrominance projected at that coordinate for
input il be cl(s, t, il). Thus, the color projected at this
coordinate (s, t) for input il in channel l is given by

Dl(s, t, il) = ( hl(s, t, il)Ql(s, t) , cl(s, t, il) ) (3)

= hl(s, t, il)⊗ ( Ql(s, t) , cl(s, t, il) ).(4)

We call cl as the chrominance function and Ql as the
intensity function of the channel l.

An ideal projector satisfies the property of channel
constancy which says that the colors projected by all
inputs il of channel l have a constant chrominance and
differ only in intensity. Thus, cl(s, t, il), which depends
on the projector color filters and lamp characteristics,
is independent of the channel input il. Hence,

Dl(s, t, il) = hl(s, t, il)⊗ ( Ql(s, t) , cl(s, t) ). (5)

In [42, 62], hl is shown to be independent of (s, t).

† The DLP projectors that use a clear filter for projecting
the grays behave like a four primary system.

Hence, it is denoted by just hl(il) and is called the
transfer function for channel l. Hence, we have

Dl(s, t, il) = hl(il)⊗ ( Ql(s, t) , cl(s, t) ). (6)

Thus, Dl is now expressed as a multiplication of two
independent functions: hl depends only on the input
il, and (Ql, cl) depend only on the spatial coordinates
(s, t). Note that hl is similar to the gamma function
in other displays. It has been shown in [42, 62] that
in projectors, this function can be non-monotonic and
often cannot be expressed by a power (γ) function.
Hence, for generality, we call it transfer function for
channel l. Figure 2 illustrates the parameters Ql, hl

and cl.

An ideal projector satisfies the property of channel
independency by which the color projected from dif-
ferent channels of a projector are independent of each
other and the total color T (s, t, i) projected at (s, t)
for input i = (ir, ig, ib) is the superposition of colors
from individual channels. That is,

T (s, t, i) = Dr(s, t, ir)⊕Dg(s, t, ig)⊕Db(s, t, ib) (7)

In practice, however, some extra leakage light is pro-
jected at all times, in addition to the light projected
from input i. This leakage light is called the black
offset and is represented by (B(s, t), cB(s, t)), where
B(s, t) is the spatially varying TTV component called
the black intensity function and cB(s, t) is the black
chrominance function. Thus, the light projected by a
projector is

T (s, t, i) = Dr ⊕Dg ⊕Db ⊕ (B(s, t), cB(s, t)). (8)

Finally, for a viewer at e, the function E(u, v, i, e)
for a single projector is given by

E(u, v, i, e) = Λ(u, v, e)⊗ T (s, t, i), (9)
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Figure 3: This shows the the function E at input (1, 1, 0) for an tiled display made of 2×2 array of four-projectors.
The ttv(E), (left) and y component of chrominance, chr(E) (right) is reconstructed from a camera image. The
details of the reconstruction process is presented in Section 5.3.

where (u, v) = G(s, t).‡

2.3.2. Multi-projector Display

Using the function derived for a single projector dis-
play, we now derive the function for a multi-projector
display. Let NP denote the set of projectors overlap-
ping at (u, v). The function E(u, v, i, e) for a tiled dis-
play is then given by the superposition of colors pro-
jected for the same input i from all the projectors
overlapping at the display coordinate (u, v).

E(u, v, i, e) = ⊕j∈NP Ej(u, v, i, e). (10)

For Lambertian screen, Equation 9 and hence 10
become independent of e, and E is reduced to

E(u, v, i) = ⊕j∈NP Tj(sj , tj , i). (11)

Figure 3 shows the E for a four projector display for
input (1, 1, 0).

3. Modeling Other Devices

The function E, though designed for multi-projector
displays, can be used to model any image-display de-
vice (single or tiled) or any image-capture sensor (sin-
gle). The parameters of the function, hl,Ql,cl, can be
different for different devices. In this section we show
that the existing models of different color devices are
a special case of our general model.

‡ When p used in Equation 1 is not assumed to be static,
G, Ql, B, cl and cB are dependent on p also.

3.1. Non-Linear Device

Let us first consider single non-projection displays like
CRT monitors that do not involve screens. Existing
models of such displays [6, 5, 7] make the following
assumptions.

1. There is no black offset, i.e. B(s, t) = 0.
2. There is no spatial variation of intensity or chromi-

nance, i.e. Ql(s, t) and cl(s, t) are spatially con-
stant. Let these constant values which are indepen-
dent of (s, t) be Ml and Cl respectively.

3. hl(il) can be expressed by a power function, i.e
hl(il) = (A il)

γ , where A and γ are constants.

When using our model for such displays, since we
are dealing with a single display, we use Equation
8. When the above assumptions are imposed on our
model, we find that the color generated for input
i = (ir, ig, ib) by a CRT monitor is

E(i) = ⊕l∈r,g,b ((A il)
γl ⊗ (Ml, Cl)) (12)

= ⊕l∈r,g,b((A il)
γlMl, Cl) (13)

This model of the CRT monitor arrived at from E
matches with the model presented in [6, 5, 7] and is
achieved by substituting device-specific functions and
assumptions for the parameters to our model.

3.2. Linear Device

Another popular model that has been used exten-
sively in color matching and color profiling applica-
tions for modeling various devices, like cameras, scan-
ners, printers and monitors, assume linear devices (i.e.
hl(il) = il) and hence use a matrix that relates the
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RGB space of a device with the standard CIE XYZ
space [23, 24, 74]. Further, such models assume spatial
constancy in color properties and hence only one ma-
trix is used to characterize the device. Thus, the XYZ
response of a color generated by input i = (ir, ig, ib)
is given by Xi

Yi

Zi

 =

 Xr Xg Xb

Yr Yg Yb

Zr Zg Zb

 ir
ig
ib

 (14)

where (Xl, Yl, Zl) denotes the CIE XYZ response of
the maximum intensity input of channel l. Hence, L
and C for input i is given by

(Li, Ci) =

(
Xi + Yi + Zi,

(
Xi

Li
,
Yi

Li

))
(15)

Now, we predict the color of the input i for such lin-
ear devices using our model. We use Equation 7 since
black offset is non-existent for such devices. Replacing
h(il) = il to account for linearity, the color predicted
by our model for input i is given by

(Li, Ci) =

(∑
l

ilQl,

∑
l ilQlcl∑
l ilQl

)
(16)

Ql and cl, being the TTV and chrominance of the
maximum intensity color for channel l defined by
(Xl, Yl, Zl), are given by

Ql = Xl + Yl + Zl; cl =

(
Xl

Ql
,

Yl

Ql

)
(17)

Replacing Equation 17 in Equation 16 which predicts
the color of input i from our model gives us Equation
15 which predicts the color from the color transforma-
tion matrix.

This shows that our general model can accommo-
date existing models, which becomes a special case of
our model. In essence, our model should be thought of
as an abstract color model for imaging devices whose
parameters should be evaluated using device-specific
methods.

4. Deriving Color Variation Properties

Our model defines the color seen by a viewer from
a display coordinate for a particular input. However,
this color varies across the display. In this section, we
show that this model can be used to explain all these
color variations and artifacts that are visible on the
display in practice.

In [49, 42] the color variation in multi-projector dis-
plays is classified in three different categories: the
intra-projector variation (variation within a single pro-
jector), the inter-projector variation (variation across

different projectors), and the overlap variation (vari-
ation in the overlap region). Here we explain these
different kinds of variations using our model.

4.1. Intra-projector Variation

The intra-projector variation defines the color varia-
tion within a single projector. [49, 42] show that the
spatial variation in intensity within a single projector
(commonly referred to as the hot-spot effect) is much
more significant than the spatial variation in chromi-
nance. However, some regions within a single projector
can have chrominance variations in the form of visible
color blotches, as shown in Figure 4.

The intra-projector intensity variation is modeled
by the spatially varying intensity function, Ql, for each
channel l, as illustrated in Figure 2.

The intra-projector chrominance variation (the
color blotches in Figure 4) are due to following reasons.
The first obvious reason is the small spatial variations
in the chrominance function, cl, as shown in Figure
2. However, sometimes these color blotches are visible
even if there is no spatial variation of the chrominance
function. We found that this is due to difference in
the shape of the channel intensity functions Ql across
different channels (Figure 3). (Note that the absolute
values of the intensity functions, Qr, Qg and Qb, can
be different from each other, and this will not lead to
chrominance variation.) This can be proved as follows.

Let the maximum intensity for each channel of a
projector be defined by Ml as

Ml = max
∀s,t

(Ql(s, t)). (18)

Note that the parameter Ml is a constant and is not
dependent on the spatial coordinates or input val-
ues. Hence, the normalized intensity function for each
channel, Q̄l, is such that

Ql(s, t) = MlQ̄l(s, t).

Clearly, Q̄l has the same shape of Ql. From the def-
inition of color operators in Section 2.1, the chromi-
nance ci for an input i = (ir, ig, ib), can be derived
from Equation 7 as,

ci(s, t) =

∑
l∈{r,g,b} clMlQ̄l(s, t)hl(il)∑
l∈{r,g,b} MlQ̄l(s, t)hl(il)

. (19)

Note that, even if cl is assumed to be spatially con-
stant, ci can vary spatially due to the variation in Q̄l.
But, if Q̄l is same for all the three channels, not nec-
essarily spatially constant, then the above equation
reduces to,

ci =

∑
l∈{r,g,b} clMlhl(il)∑
l∈{r,g,b} Mlhl(il)

. (20)
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Figure 4: Left: Color blotches on a single projector. Right: Corresponding percentage deviation in the shape of the
blue and green channel intensity functions. Empirically, the maximum deviation in Q̄l across different channels
was 20% and the visible color blotches corresponded with the regions of large deviation.

This equation is independent of spatial coordinates
and hence ci is a spatially constant function. This il-
lustrates that the difference in shape of the intensity
functions across different channels also contributes to
intra-projector chrominance variations.

We verified the above result derived from our model,
in projectors that had spatially constant channel
chrominance but different Q̄l across different channels
(Figure 4).

4.2. Inter-projector Variation

Difference in the intra-projector color variations across
different projectors is called the inter-projector color
variation. Let us analyze the possible reasons for such
variations.

The inter-projector intensity variation is due to two
factors: the input transfer function hl that is not same
for all projectors; and the intensity function Ql that
is different for different projectors.

The inter-projector chrominance variation is due to
differences in cl (Equation 20) across different projec-
tors. If two projectors differ in any of the parameters
on the right hand side of the Equation 20, namely cl,
Ml and hl, we will have inter-projector chrominance
variation. It may seem from this equation that if cl

and hl are identical, variation in absolute values of Ml

cause the chrominance variation. However, note that
since Equation 20 is a rational polynomial, even with
variation in absolute values of Ml, the chrominance

will not vary if there is no variation in the normal-
ized values of Ml across different projectors. To show
this, we divide the numerator and the denominator of
Equation 20 by

∑
l∈{r,g,b} Ml and normalize the values

of Ml to

M̄l =
Ml∑

l∈{r,g,b} Ml
.

Note that these M̄ls describe the proportions of red,
green and blue primaries used to generate colors in
different projectors.

4.3. Overlap Region Variation

The overlap region variation defines the color differ-
ence between the overlap and non-overlap regions. The
color in the overlap region is the superposition of the
color from the individual projectors and is explicitly
modeled by the addition operator in Equation 10. The
cardinality of NP (|NP |) being different at every dis-
play coordinate causes this variation.

All the different kinds of color variations discussed
in this section and the parameters causing them are
summarized in Table 2. In addition, a quick reference
to all parameters and their descriptions are also pro-
vided in Table 1.

5. Using the Model for Color Correction

We define a three step framework to design a color
correction method.
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Notation Parameter Description

l l ∈ {r, g, b} and denotes the red, green and blue channels.
il Input for channel l.
hl Spatially constant input transfer function of channel l, function of il.
cl Spatially varying chrominance of channel l, function of (s, t).
B Spatially varying black offset, function of (s, t).
Ql Spatially varying maximum intensity function of channel l, function of (s, t).
Ml max∀(s,t) Ql(s, t).

Q̄l Spatially varying normalized maximum intensity function of channel l, i.e. Ql(s,t)
Ml

.

M̄l Ml normalized over all the three channels, i.e. Ml∑
l∈{r,g,b} Ml

.

Np Number of projectors overlapping at any pixel, function of (u, v).

Table 1: Legend of the notations and their descriptions of the model parameters.

Type of Variation TTV/Chrominance Parameters Responsible

Intra Projector TTV 1) Spatial Variation in Ql

Chrominance 1) Spatial variation in cl

2) Difference in shapes of Q̄l across different channels

Inter Projector TTV 1) Difference in hl across projectors
2) Difference in Ql across projectors

Chrominance 1) Difference in cl across projectors
2) Difference in M̄l across projectors

Overlap TTV and 1) Difference in |Np| at different spatial locations.
Chrominance

Table 2: Summary of the parameters responsible for different kinds of color variation in a multi-projector display.

1. Reconstruction: Our model defines the color that
is actually seen by a viewer from the display. So,
the first step of any color correction algorithm
should be to reconstruct the function, E(u, v, i),
accurately. The accuracy and speed of the recon-
struction depend on the sensors being used.

2. Defining the Desired Function: The reconstructed
function shows perceivable color variation. Hence,
the next step is to define the desired response of the
display that the algorithm wants to achieve. We call
this response as the desired function, E′(u, v, i). E′

can be formally defined by a set of conditions it
should satisfy, called the goals of the color correc-
tion method.

3. Modification: Finally, a method should be devised
that takes these goals as input and modifies a few
parameters of E to generate the desired E′. The
interactivity and the performance of the correction
depend on the parameters that are chosen to be
modified to achieve E′.

In this section, we analyze different existing color
correction methods for multi-projector displays using
the above framework. Finally, we demonstrate that a
successful color correction algorithm can be designed
and derived directly from our model by deriving an
existing method [49, 47] from our model.

5.1. Common Goals

Several methods have been proposed to correct the
color variation problem. We define a few common goals
these algorithms implicitly or explicitly try to achieve.

Strict Color Uniformity: The goal here is to make the
response of two different projectors look alike. The de-
sired function, E′, satisfies the property of strict color
uniformity if the color (intensity and chrominance) of
the light reaching the viewer from any two display
coordinates, for the same input is the same. Hence,
∀i, (u1, v1), (u2, v2),

|E′(u1, v1, i)− E′(u2, v2, i)| = 0. (21)
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From Table 2, we note that the goal of strict color uni-
formity makes the parameters cl, Ql and hl identical
at every display coordinate.

Strict Photometric Uniformity: The goal here is to
achieve identical intensity at every display pixel. In
other words, E′ satisfies the property of strict photo-
metric uniformity if the intensity of light reaching the
viewer from any two display coordinates for the same
input is the same. That is ttv(E′) is spatially constant.
Hence, ∀i, (u1, v1), (u2, v2),

|ttv(E′(u1, v1, i))− ttv(E′(u2, v2, i))| = 0 (22)

From Table 2, we note that the goal of strict photomet-
ric uniformity ignores the inter- and intra-projector
chrominance variation and makes Ql and hl identical
at every display coordinate.

Perceptual Color Uniformity: The goal here is to
achieve a color variation that is imperceptible to the
human eye. In other words, E′ satisfies the property
of perceptual color uniformity if the color (intensity
and chrominance) of light reaching the viewer from
any two display coordinates is within a threshold δ.
Hence, ∀i, (u1, v1), (u2, v2),

|E′(u1, v1, i)− E′(u2, v2, i)| ≤ δ (23)

From Table 2, we note that the goal of perceptual color
uniformity makes the spatial variations in cl and Ql

imperceptible in order to remove the intra-projector
variation. Since hl does not vary spatially within a
single projector [49] it can be ignored for this pur-
pose. However, the variation in all three parameters,
cl, Ql and hl, across different projectors must be im-
perceptible to address the inter-projector variation.

Perceptual Photometric Uniformity: The goal here is
to achieve an intensity variation that is impercepti-
ble to the human eye, without addressing the chromi-
nance. In other words, E′ satisfies the property of per-
ceptual photometric uniformity if the intensity of light
reaching the viewer from any two display coordinates
is within a threshold δ. Hence, ∀i, (u1, v1), (u2, v2),

|ttv(E′(u1, v1, i))− ttv(E′(u2, v2, i))| ≤ δ (24)

From Table 2, we note that the goal of perceptual pho-
tometric uniformity makes the spatial variations in Ql

imperceptible in order to remove the intra-projector
intensity variation. Also, as in the case of perceptual
color uniformity, hl can be ignored, but the variation
in the parameters, Ql and hl, across different pro-
jectors must be imperceptible to address the inter-
projector variation.

5.2. Explaining and Comparing Algorithms

In this section, we present an analysis of all the ex-
isting methods using the framework provided by our
model.

5.2.1. Manual Manipulation of Controls

The most common method to correct the color varia-
tion in multi-projector displays is to manually change
the projector control settings (like contrast, intensity,
and white balance) and lessen the inter-projector mis-
match. This method assumes that there is no intra-
projector variation and overlap region.

This method does not make any effort to recon-
struct the function E(u, v, i). The goal of this method
is to generate an E′ that satisfies the constraints of
perceptual color uniformity. In the modification step,
changes in projector controls introduce changes in pro-
jector parameters hl and Ml [49]. Since these projector
parameters are not the only reasons for color variation
(Section 4), especially across the spatial domain, the
desired color correction is not successfully achieved.

5.2.2. Gamut Matching

The colors that a device can reproduce is repre-
sented by a three dimensional volume (one dimen-
sion for intensity and two dimensions for chrominance)
called the color gamut. Gamut matching methods
([72, 73, 77]) try to address only the inter-projector
variation. They assume that the intra-projector vari-
ation is negligible and there is no overlap region. The
correction is achieved in three steps.

1. An accurate light measuring sensor, like a photome-
ter, is used to find the precise color gamut of each
projector at one spatial location. This is equivalent
to reconstructing the function E, but only at very
few display coordinates (u, v), usually at the center
of each projector. The parameters cl, Ql and hl are
estimated only at those sampled spatial locations.

2. Since the color gamuts are different for different
projectors, there are colors that can be produced by
one projector and not by another. Hence, a common
color gamut, defined by the intersection of the 3D
color gamuts of all the projectors, is found. This is
the gamut that can be reproduced by all projectors.
Thus, the goal is to achieve a strict color uniformity
by making the Ql and cl same for all projectors,
but only at the display coordinates where E was
sampled.

3. Finally, in the modification step, a linear transfor-
mation is derived for each projector that maps the
colors from the original gamut to this common color
gamut. This linear transformation is applied to the
input i to achieve the correction.
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In Table 2, we found that Ql is responsible for intra-
projector variation. Since Ql is not sampled accurately
in the spatial domain, the goal of strict color unifor-
mity cannot be achieved successfully by this method.

Further, the algorithm to find a common color
gamut for n projectors is a computational geometry
problem of complexity O(n6) [4], which makes this
method unscalable for displays made of large number
of projectors. So, heuristics are often used to match
the color gamuts which cannot guarantee an optimal
solution. To avoid this, another method [45] makes the
assumption that chrominance across a display made
of same model projectors does not vary significantly.
Thus, this method tries to match just the intensity re-
sponse of the different projectors instead of the color
gamuts. The problem of identifying the common in-
tensity response is simpler than identifying the com-
mon gamut response. Formally, it tries to achieve strict
photometric uniformity, but only at the display coor-
dinates where E was sampled.

5.2.3. Using the Same Bulb for All Projectors

Some other methods [59] explore a novel engineering
option of using the same bulb for all projectors. This
method does not reconstruct E. The goal is strict color
uniformity, under the assumption that the bulb is the
sole cause of all variations and hence having a common
bulb would achieve this goal. The modification of using
a common bulb, in effect, makes the parameters Ml

and cl identical for all projectors. However, since Ql is
not changed, the color uniformity cannot be achieved
successfully. Further, this method assumes that there
is no overlap region.

5.2.4. Blending

Blending, or feathering techniques, attempt to blend
the higher intensity in the overlap regions by weigh-
ing the contribution from each pixel of each projector
in the overlap region by a spatially dependent factor.
Thus, blending methods address only the overlap re-
gion color variation assuming negligible intra and inter
projector variation.

This method again does not reconstuct E. Each
overlap region defines a zone of transition from one
projector to another, and this method aims at making
this transition perceptually smooth. Thus, the formal
goal is to generate perceptual color uniformity, but
only in the overlap region. However, since E is not
estimated accurately, blending leads to softening of
the seams due to overlaps, rather than removing them
completely.

Blending can be achieved in three different ways
– software, aperture mask, and optical mask. When

done in software [65], the blending function can be
carefully designed to be a linear or cosine ramp. The
second method uses physical masks [37] on the optical
path near the projector’s aperture boundaries. The
third method modifies the optical and analog signals
to the projectors [10] near the boundaries to create a
virtual mask for blending. Figure 5 shows some results.

In the modification step of software blending, the
input i is changed to i′ to achieve the desired response.
i is modified to i′ such that

i′ = αj(u, v, sj , tj)× i,

where αj is a function of the relative positions of pro-
jector and display coordinates such that

∑n
j=1 αj =

1.0 and 0.0 ≤ αj ≤ 1.0. So, E′ is given by

E′(u, v, i) = ⊕j∈NP Tj(sj , tj , αj × i). (25)

In the modification step of aperture or optical mask
blending, the correction is achieved by changing the
function Tj at (u, v) itself and is given by

E′(u, v, i) = ⊕j∈NP αj × Tj(sj , tj , i). (26)

Ideally, αj ≤ 1.0 and
∑n

j=1 αj = 1.0, though this can-
not be guaranteed in aperture or optical blending due
to imprecise control of light.

5.2.5. Intensity Manipulation

A few recent methods [47, 49, 50, 44] tries to manipu-
late the spatial intensity response of every pixel of the
display. These methods addresses the inter, intra, and
overlap intensity (not chrominance) variations by first
reconstructing the intensity of E in a rigorous manner
using a digital camera.

The intensity matching method [47, 49] tries to
match the intensity response of every pixel of the dis-
play. Formally, the goal of this method is strict photo-
metric uniformity. To achieve the desired function, a
constant maximum per channel intensity is assigned at
every display coordinate. This desired E′ is achieved
in the modification step by manipulating the input i
at every pixel (s, t) of every projector using a per-pixel
attenuation factor. However, since the intensity at ev-
ery pixel is matched to the pixel with the most limited
dynamic range, a shortcoming of this method is severe
compression in the dynamic range of the display, as il-
lustrated in Figure 6.

To overcome this shortcoming, the intensity smooth-
ing method [50, 44] smooths the spatial intensity re-
sponse in a manner so that it is imperceptible to the
human eye. The desired E′ is seamless and also main-
tains a high average dynamic range. This desired E′ is
achieved by solving an optimization problem using dy-
namic programming techniques. Thus, formally, this
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Figure 5: Fifteen projector tiled display at Argonne National Laboratory: before blending (left), after software
blending (middle), and after optical blending using physical mask (right).

Figure 6: Digital photograph of a 5 × 3 array of 15 projectors. Left: Before correction. Middle: After intensity
matching. Right: After intensity smoothing.

method aims for perceptual photometric uniformity,
instead of a strict photometric uniformity. The modi-
fication step is still achieved by manipulating the input
i at every pixel by an attenuation factor. The results
of these methods are shown in Figure 6.

5.3. Deriving Algorithms from the Model

A convincing way to assure the effectiveness of the
model lies in the success achieved by algorithms that
are derived from this model In this section, we show
how existing color correction methods, like the inten-
sity matching methods [49, 47], can be derived from
our model. This demonstrates that our model can be
used directly to design solutions for correcting the
color variation problem.

However, to use our model to design methods of
color correction, we need to reconstruct the vari-
ous model parameters. Reconstruction of the color
variation of a multi-projector display requires recon-
structing the color projected by individual projectors
T (s, t, i) (Equation 8). Reconstructing T for each pro-
jector involves reconstructing the transfer (hl), the in-
tensity (Ql), and the chrominance(cl) function for ev-
ery channel and the black intensity (B) and chromi-
nance (cB).

The parameter hl is spatially constant and a pho-
tometer can be used to measure this parameter at the
center of every projector. To reconstruct the spatially
varying components like Ql, cl, B and cB , one can use
a digital camera. The required geometric correspon-
dences between projector, display, and camera coordi-
nates are available from any standard geometric cali-

bration method ([65, 64, 11, 31]). Readers are referred
to [49, 48] for a more detailed discussion of this recon-
struction process.

For a Lambertian screen, the parameters thus re-
constructed are view-independent since Λ(u, v, e) =
1 for all view points. For non-Lambertian screens,
the channel and black chrominance, cl and cB re-
spectively, being independent of the BRDF/BTDF
and hl being a normalized function, can still be
reconstructed using the above method. However,
Ql and B are view dependent and are given
by Λ(s, t, e)Ql(s, t) and Λ(s, t, e)B(s, t) respectively
(Equation 9). In such cases, BRTF/BTDF informa-
tion can be generated using different existing meth-
ods [2, 54, 13, 53, 17, 16, 26, 39, 80]. This informa-
tion along with the geometric calibration information
providing the position and orientation of the cam-
era with respect to the screen [31] should be used
to take into account the effect of the view dependent
BRDF/BTDF to generate the view-independent Ql

and B.

Figure 2 shows the different reconstructed parame-
ters of the model for a single projector. Figure 3 shows
the reconstructed function for a 2×2 array of four pro-
jectors when the input (1, 1, 0) is projected at every
display coordinate as seen from a single fixed posi-
tion..

To verify the validity of this model, we compare two
responses: the first is called the actual response and
is the response of a ‘real’ camera capturing a multi-
projector display when it projects a particular input
image I. The second is called the ‘predicted response’,
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Figure 7: A 2× 2 array of four projectors. Left Column: Predicted response generated using our color variation
model. Right Column: Actual response generated from a digital photograph.

where the projected image for the input image I is pre-
dicted using the parameters of the multi-projector dis-
play reconstructed using the methods given above. Fi-
nally, the response of a ‘hypothetical camera that cap-
tures this predicted image is generated. This is called
the predicted response. If the ‘hypothetical’ camera is
designed to have similar color properties as the ‘real’
camera, then the actual and the predicted response
will be similar.

We note here that the framework of the same func-
tion, E, can be used to model an image capturing
device, a camera, also and we use it to design our
‘hypothetical’ camera. However, to make this camera
similar to the ‘real’ camera, we make some simplifying
assumptions like spatially invariant channel intensity,
chrominance and the transfer functions and no black
offset. These lead to the difference between the actual
and predicted responses in the results shown in Figure
7. Nevertheless, the similarity between the responses
is the important feature to be noted. For example,
the bottom left projector has more radial fall-off than
other projectors and this can be noticed in both the
actual and predicted responses.

Now that we know how to reconstruct the differ-
ent model parameters, next we show the derivation of
the intensity matching algorithm from our model. The
intensity matching algorithm [47] makes four assump-
tions that simplify Equation 10 as follows.

1. The screen is Lambertian.
So, we can use Equation 11 instead of Equation 10.

2. The channel chrominance function is spatially con-
stant and identical for all projectors.
With this assumption, the chrominance part of
Equation 11 can be ignored and only the intensity
given by ttv(E(u, v, i) is considered.

3. There is no black offset.
This means that B(s, t) = 0.

4. The intensity response for each channel of each pro-
jector is linear and monotonic.
This means hl for all channels of every projector
is linear and monotonic. This, along with the fact
that there is no black offset, indicates the h(l) is
identity function, i.e. hl(il) = il and hence same
for all projectors.

Using all the above assumptions, ttv(E(u, v, i) is de-
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Figure 8: The display intensity response surface 2 × 2 array of four projectors. Left: Before correction. Middle:
After intensity matching. Right: After intensity smoothing.

rived from Equation 10 as

ttv(E(u, v, i)) =
∑

l∈{r,g,b}

il
∑

j∈NP

Qlj (sj , tj)

(27)

=
∑

l∈{r,g,b}

(il Qdl(u, v)) (28)

where Qdl(u, v) =
∑

j∈NP
Qlj (sj , tj) is the spatial

sum of intensity functions from all projectors for a
channel and is called the display intensity surface in
[49].

The algorithm consists of two steps: calibration
step and the correction step. In the offline calibra-
tion step, the display intensity surface is captured us-
ing a digital camera. Since the goal of this method
is to achieve strict photometric uniformity, the de-
sired function, E′ should have constant display in-
tensity surface. This constant value is given by the
min∀(u,v) Qdl(u, v). Thus, the intensity of the desired
function can be derived from Equation 28 as,

ttv(E′(u, v, i)) =
∑

l∈{r,g,b}

(
il

(
min
∀(u,v)

Qdl(u, v)

))
(29)

Note that the intensity smoothing method achieves a
smooth display intensity surface instead of a constant
display intensity surface by solving an optimization
problem. The difference between the desired display
intensity surface for these methods are illustrated in
Figure 8.

The online image correction step achieves the above
desired function by modifying the input i to i′ as fol-
lows:

i′l(u, v) = il(u, v)×
min∀(u,v) Qdl(u, v)

Qdl(u, v)
(30)

Projectors can realize only the original function
(Equation 28). Since we have changed the input, we
have to substitute the value of new input given by

Equation 30 in Equation 28 to find the actual re-
sponse. We can see that it is same as the desired func-
tion given by Equation 29.

The scale factors to modify the given input in Equa-
tion 30 define the per-pixel attenuation map in [49].
To achieve an hl that is an identity function, a color
look-up-table is used to linearize the response of every
projector. Thus, the intensity correction is achieved.

Note that, this method would work for non-
Lambertian screen with no modification. When con-
sidering a non-Lambertian screen, the RHS of Equa-
tion 28 and 29 will be scaled by the BRDF/BTDF
Λ(u, v, e). And since the attenuation map is gener-
ated by dividing the RHS of these two equations, the
BRDF/BTDF would cancel out generating the same
correct attenuation map. However, this attenuation
map will be view-dependent. Note that such insights
are realized with the aid of our model.

This is just an instance of how a method can be
derived from our model of color variation in multi-
projector displays. We believe that better algorithms
can be designed that can produce high quality color
correction, using our model and the insights presented
in the following Section 6.

6. Conclusion

Our model involves a five dimensional function (two
dimensions for space and three for color). Thus,
matching color gamuts at every display coordinate can
be practically impossible. This is the reason we have
only seen algorithms that deal with three of the five di-
mensions. Methods in Sections 5.2.1, 5.2.2 and 5.2.3,
match the three dimensional color ignoring the spa-
tial variation. On the other hand, methods in Sections
5.2.4 and 5.2.5 address intensity and two spatial di-
mensions, ignoring chrominance. However, we noted
in Section 4 that a significant amount of the chromi-
nance variation problem can be addressed by making
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the shape of the intensity functions similar across dif-
ferent channels. This insight may help us to address
considerable part of the chrominance variation prob-
lem, by staying within the three-dimensional domain
and ignoring chrominance.

It is difficult to precisely and automatically control
parameters like cl, Ql, hl and Ml outside the projec-
tor manufacturing pipeline. Hence solutions which try
to manipulate these parameters are not precise and
are not scalable. On the other hand, methods that
change the input i, are precise and scalable. Further
such methods have the potential to be implemented
using commodity graphics hardware and can be used
for interactive rendering.

In conclusion, the color model presented in this pa-
per provides a tool to study the color variation prob-
lem in multi projector displays. Further, this function
can be used directly to design sophisticated algorithms
that would yield truly seamless high quality displays.
It is general and hence need not be restricted only
to projectors. In fact, this can be used to model other
display devices like CRTs, LCD panels, and image sen-
sors like camera. In essence, this function provides an
abstract framework to model all color properties of
an image display/capture device. We believe that this
model will be immensely useful in characterizing and
designing color correction algorithms for small or large
area displays.
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