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Bump mapping is a technique that represents the detailed parts of an object surface, 

such as the skin of a peanut, using the geometry mapping without complex modeling. 
However, the hardware implementation for bump mapping is very expensive, because a 
large amount of per pixel computations, including the normal vector shading, is required. 
In this paper, we propose an effective bump mapping algorithm that utilizes the refer-
ence space with the polar coordinate system and also propose a new hardware architec-
ture associated with the proposed bump mapping algorithm. The proposed architecture 
reduces the computations to transform the vectors from the object space into the refer-
ence space by using a new vector rotation method. It also reduces the computations for 
the illumination calculation by using the law of cosine. Compared with the previous ap-
proaches, the proposed architecture reduces multiplication operations up to 78%. 
 
Keywords: bump mapping, polar coordinate system, angular rotation, transformation, il-
lumination calculation 
 
 

1. INTRODUCTION 
 

Bump mapping, developed by Blinn [1], can represent effectively the bumpy parts 
of the object surface, such as a protuberance of the skin of a peanut, in detail using ge-
ometry mapping without complex modeling [2-6]. The following three steps are required 
for each pixel to perform the conventional bump mapping [1-3, 7]. In the first step, the 
displacement values or height values are fetched from a 2D bump map. In the second 
step, both the partial differentiations and the cross products are calculated to perturb the 
normal vector N. In the last step, the illumination is calculated with the perturbed normal 
vector N', the light vector L, and the halfway vector H after the normalization of these 
three vectors. To accomplish the above steps, a large amount of per-pixel computations is 
required.  

The normal vector perturbation can be preprocessed by defining the surface-inde-     
pendent space, called the reference space [8-12]. Instead, the transformations of the light 
and the halfway vectors from the object space into the reference space should be pro-
vided for each pixel (or each small polygon). For these transformations, the definition of 
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a 3 × 3 matrix and a 3 × 3 matrix multiplication are required for each pixel. 
In Kim et al. [9] and Kugler [13], the polar coordinate system is used to represent 

vectors N, L, and H for bump mapping. Compared with the Cartesian coordinate system, 
the polar coordinate system is an effective approach from the viewpoint of hardware re-
quirements. Contrary to three components in the Cartesian coordinate system, only two 
angles are sufficient to represent a vector. The normalization of the vectors for the illu-
mination calculation can also be eliminated. However, the matrix multiplication for the 
transformation or the large map for the normal vector perturbation are still required. 

In this paper, we propose a new transformation method for both the light vector L 
and the halfway vector H represented by the polar coordinate system and present its 
hardware architecture. The proposed method directly transforms the vectors L and H in 
the object space into the vectors L' and H' in the reference space only by vector rotations. 
Thus the proposed method does not need any hardware for matrix transformation but 
requires only a few hardware logics for the vector rotations. It also reduces the illumina-
tion calculation hardware by applying the law of cosine to the previous illumination cal-
culation equations. 

The rest of this paper is organized as follows. The related work to bump mapping 
hardware architecture is described in section 2. The processing flow of the proposed 
bump mapping is briefly introduced in section 3. In section 4 we explain the proposed 
algorithms for the vector rotations and the illumination calculation in detail. We illustrate 
the proposed bump mapping hardware architecture in section 5 and compare its hardware 
complexity with those of other approaches in section 6. Experimental environments and 
results are discussed in section 7. Conclusions are given in section 8. 

2. BACKGROUND AND RELATED WORK 

In the normal vector perturbation step of the conventional bump mapping, as shown 
in Eq. (1), a perturbed normal vector N' is calculated by deviating a normal vector N by 
the displacement value B stored in the bump map. 

N' = N + Bu(N × Pv) − Bv(N × Pu),                                      (1) 

where Bu and Bv are the partial derivatives of the bump displacement value B with respect 
to the bump-map parameters, u and v. Pu and Pv are the partial derivatives of the surface 
at point P lying in the tangent plane. Then the illumination of the perturbed normal vec-
tor N' is calculated with N', L, and H using the Phong illumination model, as shown in Eq. 
(2). 

I = Iaka + Ii(kd(L ⋅ N') + ks(N' ⋅ H)n),                                    (2) 

where Ia is the intensity of ambient light, Ii is the intensity of incident light, and ka, kd and 
ks are ambient, diffuse and specular reflection coefficients, respectively. 

Visa+ bump mapping, proposed in Bennebroek et al. [14] and Ernst et al. [15], pro-
jects the displacement vector, which is stored in the texture map and is represented by the 
local polygon coordinates, into texture coordinates using the transformation matrix A. 
Then it calculates the perturbed normal vector by adding the normal vector of the surface 
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to the projected displacement vector. It requires a matrix multiplication for each pixel 
with the transformation matrix A, which should be defined at each pixel for the current 
normal vector. Also, it uses the large size cube maps whose addresses are calculated by 
division operations.  

Schilling et al. [10, 11] present a dedicated bump mapping unit with the merged 
memory logic (MML) architecture. Their architecture adopts the orthonormal local coor-
dinate system, which is built from the interpolated normal vector N and a constant main 
direction h, such as the polar axis. By using this coordinate system, the overhead to com-
pute both N × Pv and N × Pu can be eliminated. But the vector normalizations and the 
cross products are required to build a new local coordinate system. 

Peercy et al. [8] propose an efficient method to support bump mapping by adding 
minimal hardware into the Phong shading hardware. By introducing the local tangent 
space (the reference space) defined by a normal vector N, a tangent vector T, and a bi-
normal vector B, the computation of the perturbed normal is pushed into a preprocessor. 
Ernst et al. [12] simplify the construction of the bump map by fixing the value k into − 1, 
where k is a constant of the equation in Peercy et al. [8] for the normal vector perturba-
tion. In Peercy et al. [8] and Ernst et al. [12], a 3 × 3 matrix transformation and a nor-
malization for the light and the halfway vectors should be completed before the illumina-
tion calculation. 

The bump mapping methods using the polar coordinate system are discussed in Kim 
et al. [9], Kugler [13], and Ikedo et al. [16-18]. Kim et al. reduces only a few hardware 
for the illumination calculation by using Eqs. (3) and (4) which compute the inner prod-
ucts in Eq. (2) with the perturbed angles (ϕn′, θn′) obtained from the bump map [9]. 

cos cos sin sin cos( )L L l n l n l nn l θ θ θ θ ϕ ϕ′ ′ ′′ ⋅ = + −                           (3) 

cos cos sin sin cos( )L L h n h n h nn h θ θ θ θ ϕ ϕ′ ′ ′′ ⋅ = + −                          (4) 

Ikedo et al. present a high performance Phong shading hardware supporting bump, 
reflection, refraction, and texture mapping in a single LSI chip [16-18]. As mentioned in 
Kugler [13], it requires a large amount of logics for matrix operations because it has been 
implemented with the classical straightforward method. Moreover, it may not produce 
the correct reflection angle to calculate the intensity of specular light, especially in large-   
sized polygons. 

Kugler [13] integrates arithmetic units and reference tables into one dedicated mem-
ory chip, called the intelligent memory (IMEM), which supports texture-, bump-, and 
reflection-mapping. In this architecture, each normal vector is transformed from the Car-
tesian coordinates into the spherical coordinates. Then the transformed normal vector is 
perturbed by using three rotations, which are executed by two additions and one look-up 
table (LUT) access. After the normal vector perturbation, the illumination is calculated 
by referring to the diffuse and specular light maps. IMEM reduces the amount of compu-
tations by using the pre-computed LUTs and maps. However, it requires a map of large 
size, over 3 Mbytes.  

As a result, to perform bump mapping in a new local coordinate system, such as the 
tangent space and the texture coordinate system, the transformation matrix must be de-
fined for each pixel and matrix multiplications are required for each pixel. 
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3. THE PROCESSING FLOW OF THE PROPOSED BUMP MAPPING 
METHOD 
 
The processing flow of the proposed bump mapping is shown in Fig. 1. In the pro-

posed method, all vectors are represented into the polar coordinate system. In the Vector 
Rotation Stage, vectors in the 3D object space are transformed into the 3D reference 
space by the angular rotation operation. This operation generates both the light and the 
halfway vectors L', H' in the reference space by transforming the vectors L, H in the ob-
ject space. A normal vector N = (ϕN, θN) is used as a rotation factor. The two angles of the 
transformed vectors can be calculated by utilizing the projection onto the plane and by 
the proportion onto the sphere. The detailed explanation of this method and its hardware 
architecture will be given in sections 4.1 and 5.1, respectively. 

 
Fig. 1. The processing flow of the proposed bump mapping method. 

 
The Bump Vector Fetch Stage plays a role in fetching the perturbed normal vectors 

N′ from the bump vector map, which is constructed in the reference (the tangent) space 
and is computed in the preprocess stage by the calculation method in Peercy [8] or by the 
filtering of the bump height map generated by [19, 20]. A vector in the bump vector map 
can be represented as (ϕN′, θN′) using the polar coordinate system. 

In the Illumination Calculation Stage, after the inner products, N' ⋅ L' and N' ⋅ H', are 
computed, the illumination is calculated by referring to the diffuse and specular tables 
with the values of the inner products. The algorithm for the illumination calculation and 
its hardware architecture are detailedly discussed in sections 4.2 and 5.2, respectively. 

4. THE PROPOSED BUMP MAPPING ALGORITHM 

In this section, methods for minimizing the amount of computations required to per-
form bump mapping are discussed in detail. First, in section 4.1, a new vector rotation 
method using the projection onto the plane and the proportion onto a sphere is presented. 



AN EFFECTIVE BUMP MAPPING HARDWARE ARCHITECTURE 

 

573

 

4.1 The Vector Rotation 
 
4.1.1 The proposed vector rotation method 

 
The perturbed normal vector N' exists in the tangent space. To calculate properly the 

illumination, it is necessary to transform L and H in the object space into the tangent 
space. In the proposed method, these two vectors are transformed directly into the tan-
gent space by the rotation operations, where the polar coordinates, ϕN and θN, of the nor-
mal vector N at a point on the object’s surface are used as the rotation factors (angles) of 
the vector. 

Figs. 2 and 3 show these rotation operations; a vector A is transformed into a vector 
Aref. The polar coordinates ϕAref, θAref can be found by the projection onto the xy-plane and 
the proportion of the angular variation on a sphere, respectively. A = (ϕA, θA) is an arbi-
trary vector on the world space, which corresponds to a light vector L = (ϕL, θL) and a 
halfway vector H = (ϕH, θH) in case of performing bump mapping. 

 
Fig. 2. The first rotation: It rotates − ϕN around the z-axis. 

 
Fig. 3. The second rotation: It rotates − θN around the y-axis. 
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Fig. 2 shows the first rotation that rotates two vectors, N and A, by − ϕN around the 
z-axis. Through this rotation, N and A are converted into Nz and Az, respectively. This 
makes it possible to rotate accurately around the y-axis by moving N into Nz on the 
xz-plane. 

Next, as shown in Fig. 3, the second rotation is performed by rotating the transferred 
vectors, Nz and Az, by − θN around the y-axis. As a result, Nz is identical to the unit vector 
with the z-axis direction in the world space and is in parallel with the normal vector Nref 
in the reference space. Similarly, A is also moved into Aref = (ϕAref, θAref), which is same to 
vector A' in the reference space. 
 
4.1.2 The information for finding angles of the vector after the rotation operation 

 
Fig. 4 shows the geometric information of vectors that are required to find the polar 

coordinates, ϕA′ and θA′, of the final transformed vector A'. More detailed descriptions to 
the newly defined vectors in Fig. 4 are given below. 
 

 Azxz: It is a unit vector that begins with the origin and ends with a point intersecting 
both the xz-plane and a circle which passes the end point of Az and which is in parallel 
with the yz-plane. Let an angle between Azxz and the z-axis be θx which is required to 
find an angle θA′ of A′.  

 Azxy: It is a vector that is generated by projecting Az onto the xy-plane. The x and y co-
ordinates of the end point of Azxy are sinθAcos(ϕA − ϕN) and sinθAsin(ϕA − ϕN), respec-
tively. 

 Arefxz: It is a unit vector that begins with the origin and ends with a point intersecting 
both the xz-plane and a circle which passes the end point of A′ and which is in parallel 
with the yz-plane. An angle between Arefxz and the z-axis is (θx − θN) and the x and z co-
ordinates of the end point of Arefxz are sin(θx − θN) and cos(θx − θN), respectively. 

 Arefxy: It is a vector that is generated by projecting A' onto the xy-plane. The x and y 
coordinates of the end point of Arefxy are sin(θx − θN) and sinθAsin(ϕA − ϕN), respec-
tively. 

 
Fig. 4. The geometric information of vectors that is required to find the components of the trans-

formed vector Aref (= A').   
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By applying the law of cosine to the x coordinate of Azxz, we can find θx as defined 
above, which is expressed as Eq. (5). 

1 ( ) ( )1sin sin sin
2 2 2

A A N A A N
x

θ ϕ ϕ θ ϕ ϕ
θ − ⎡ + − − − ⎤⎛ ⎞ ⎛ ⎞= +⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎣ ⎦
                 (5) 

Let X and Y be 

( ) ( )
,  .

2 2
A A N A A NX Y

θ ϕ ϕ θ ϕ ϕ+ − − −
= =                               (6) 

Then θx can be rewritten as 

1 sin sinsin .
2x

X Yθ − +⎡ ⎤= ⎢ ⎥⎣ ⎦
                                           (7) 

4.1.3 The calculation of ϕA′ 
 
To find an angle ϕA′ of A′, the projection of A′ onto the xy-plane is required as 

shown in Fig. 5. In the figure, ϕA′ can be calculated with 

1 sin sin( )
tan .

sin( )
A A N

A
x N

θ ϕ ϕ
ϕ

θ θ
−

′
⎡ ⎤−

= ⎢ ⎥−⎣ ⎦
                                     (8) 

 
Fig. 5. The calculation of ϕA′: This method calculates an angle ϕA′ between a projected vector and 

the x-axis by projecting A' onto the xy-plane. 

 
Let Z = θx − θN. Then ϕA′ can be rewritten as in Eq. (9) by applying the law of cosine 

to sinθAsin(ϕA − ϕN).  

1 cos costan
2sinA
Y X

Z
ϕ −

′
−⎡ ⎤= ⎢ ⎥⎣ ⎦

                                          (9) 
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4.1.4 The derivation of an angular equation using the geometric relationship of the 
vectors on a sphere 

 
Compared with the method for finding ϕA′, it is relatively complex to find the angle 

θA′ between A' and the z-axis. We will explain how to calculate the angle θA′ from this 
section through section 4.1.6. First, specifying the geometric relationship of the vectors 
on a sphere is required to find the angle θA′. In this section, the relationship of the vectors 
on a sphere is specified and the calculation method for finding θAmn of an arbitrary vector 
Amn is described. 

Fig. 6 shows the geometric relationship among a vector Amn, the xz-plane, and the 
yz-plane. Detailed descriptions for the circles and the vectors defined in Fig. 6 are given 
below. 

 
Fig. 6. The geometric relationship of the vectors on a sphere. 

 
 Cm: It is a circle that is in parallel with the yz-plane and passes a point (ϕAmn, θAmn). Let 
the radius of this circle be rm. 

 Cmyz: It is a circle that is generated by projecting the circle Cm onto the yz-plane. 
 Cn: It is a circle that is in parallel with the xz-plane and passes a point (ϕAmn, θAmn). 
 Amnxz: It is a vector that begins with the origin and ends with a point (0, θAmnxz

) at which 
the circle Cm intersects the xz-plane. 

 A0: It is a vector that begins with the origin and ends with a point (ϕA0, θA0) at which 
the circle Cn intersects the yz-plane. Let the y coordinate of the point (ϕA0, θA0) be y0. 

 Amnyz: It is a vector that is generated by projecting Amn onto the yz-plane. The end point, 
(ϕAmnyz

, θAmnyz
), of Amnyz is on the circle Cmyz. 

 
In Fig. 6, we suppose two arbitrary vectors that begin with the origin and end with 

points at which the plane in parallel with the xz-plane intersects two circles, Cm and Cmyz. 
Then, for Cm the variation range of an angle between Amn and the z-axis is from 0 to 90  
− θAmnxz

. Similarly, for Cmyz the variation range is from 0 to 90. When these vectors move 
according to the circles, Cm and Cmyz, under the above assumption, the ratio of the angular 
variation to the variation range of each vector for Cm is equal to that of Cmyz. Therefore, 
the following expression holds. 
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90 90
mnmn mn yzxz

mnxz

AA A

A

θθ θ

θ

−
=

−
                                              (10) 

Hence, θAmn can be written as 

( )90 .
90

mnyz

mn mn mnxz xz

A
A A A

θ
θ θ θ= + −                                     (11) 

We will define the extent to the angular variation, θprop(= θAmnyz
/90) whose calcula-

tion method will be described in detail in section 4.1.5. Finally, θAmn can be rewritten as 
Eq. (12). 

( )90
mn mn mnxz xzA A prop Aθ θ θ θ= + −                                      (12) 

4.1.5 The calculation of θprop depending on the location of vectors 
 
θprop can be calculated by using an angle θAmnyz

 of Amnyz as shown in Fig. 6. Fig. 7 
shows the projection of Amn and its related components onto the yz-plane. 

 
Fig. 7. The projection of Amn and its related components onto the yz-plane. 

 
As shown in Fig. 7, the y coordinate of a point at which the extension line of Amnyz 

intersects a unit circle C0 in the yz-plane is y0/rm. The cosine of an angle between Amnyz 
and the y-axis is calculated as in Eq. (13). 

( )0 cos 90
mnyzA

m

y
r

θ= −                                               (13) 

As a result, θprop is calculated by Eq. (14), where both y0 and rm are already calcu-
lated and θprop ranges from 0 to 1. 
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1 011 cos
90prop

m

y
r

θ −= −                                              (14) 

4.1.6 The calculation of θA′   
 
The angle θA′ of the transformed vector A′ is calculated by using the methods de-

rived from sections 4.1.4 and 4.1.5. From Eq. (12), θA′ can be calculated as follows. 
 
θA′ = θA′xz + (90 − θA′xy) × θprop                                        (15) 
 
θA′xz (= θArefxz

) of A′ is Z (= θx − θN), thus Eq. (15) is rewritten into Eq. (16). 
 
θA′ = Z + (90 − Z) × θprop                                            (16) 
 
θprop that can be calculated by the method presented in section 4.1.4 is represented 

as Eq. (17). 

1 sin sin( )11 cos
90 cos( )

A A N
prop

x N

θ ϕ ϕ
θ

θ θ
− −

= −
−

                                (17) 

Through the use of the law of cosine along with X, Y, and Z, Eq. (17) can be rewrit-
ten into Eq. (18). Finally, θA′ can be determined by using Eqs. (16) and (18). 

11 cos cos1 cos
90 2cosprop

Y X
Z

θ − −
= −                                     (18) 

4.2 The Illumination Calculation 
 
In the Illumination Calculation Stage, the intensity of a pixel is computed with the 

light and the halfway vectors, L' = (ϕL′, θL′) and H′ = (ϕH′, θH′), and the perturbed normal 
vector N′ = (ϕN′, θN′). In order to calculate the inner products of the vectors in Eq. (2), the 
appropriate vectors represented by the polar coordinates should be transformed into the 
vectors in the Cartesian coordinates, respectively, as follows. 

 
N′ = (sinθN′ cosϕN′, sinθN′ sinϕN′, cosθN′)                                (19) 
L′ = (sinθL′ cosϕL′, sinθL′ sinϕL′, cosθL′)                                 (20) 
H′ = (sinθH′ cosϕH′, sinθH′ sinϕH′, cosθH′)                                (21) 
 
The inner products of the transformed vectors, N′ ⋅ L′ and N′ ⋅ H′, are calculated as 

follows. 
 
N′ ⋅ L′ = cosθL′ cosθN′ + sinθL′ sinθN′ cos(ϕL′ − ϕN′)                        (22) 
N′ ⋅ H′ = cosθH′ cosθN′ + sinθH′ sinθN′ cos(ϕH′ − ϕN′)                       (23) 
 
Eqs. (22) and (23) are identical to Eqs. (3) and (4) in Kim et al. [9], respectively. 

However, applying the law of cosine to these equations makes it possible to reduce the 
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amount of computations for the inner products. Eqs. (24) and (25) are the final equations 
of the inner products, in which multiplications and cosines, required in the inner products 
of the vectors represented in the polar coordinates, are reduced from 6 and 10 to 2 and 6, 
respectively. 

( ) ( )

( ) ( ) ( )

1 cos cos
2
1             cos cos cos
2

L N L N

L N L N L N

N L θ θ θ θ

θ θ θ θ ϕ ϕ

′ ′ ′ ′

′ ′ ′ ′ ′ ′

′ ′ ⎡ ⎤⋅ = + + − +⎣ ⎦

⎡ ⎤+ − − −⎣ ⎦

                 (24) 

( ) ( )

( ) ( ) ( )

1 cos cos
2
1              cos cos cos
2

H N H N

H N H N H N

N H θ θ θ θ

θ θ θ θ ϕ ϕ

′ ′ ′ ′

′ ′ ′ ′ ′ ′

′ ′ ⎡ ⎤⋅ = + + − +⎣ ⎦

⎡ ⎤+ − − −⎣ ⎦

               (25) 

The intensities of the diffuse and the specular lights are computed by multiplying 
these inner products by the light parameters. Then the final color of a bump-mapped 
pixel is determined by adding these intensities together.     

5. THE HARDWARE ARCHITECTURE FOR THE PROPOSED BUMP 
MAPPING ALGORITHM 
 

5.1 The Vector Rotation Unit 
 
The hardware architecture for the proposed vector rotation method is shown in Fig. 

8. It requires six tables, three multipliers, and eight adders/subtractors to implement Eqs. 
(9) and (16). For the sine and cosine calculation, we use sin & cos LUTs to reduce the 
computation time for per-pixel operations. The reciprocals of the sine and cosine are cal-
culated by unifying the sine and cosine calculation step and the reciprocal calculation 
step, not by two separate steps. 

 
Fig. 8. The hardware architecture for the proposed vector rotation method. 

 
For the arbitrary values yk’s, θprop’s are precomputed by Eq. (26) and are stored in 

the proportion table Tprop. 
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1cos
1

90
k

prop
y

θ
−

= −                                                (26) 

Note that yk’s in the above equation are calculated by Eq. (27), which is obtained 
from Eq. (18). Therefore, θprop’s are fetched from the proportion table Tprop with indexes 
yk’s. 

cos cos
2cosk
Y Xy

Z
−

=                                                 (27) 

5.2 The Illumination Calculation Unit 
 
Using the outputs, L' and H', of the vector rotation unit and N' fetched from the 

bump vector map, the illumination calculation unit calculates the value of a bump-  
mapped pixel. Fig. 9 shows the whole bump mapping hardware architecture including 
both the vector rotation unit and the illumination calculation unit. The illumination cal-
culation unit consists of two parts that calculate the intensities of the diffuse and the 
specular light. The intensities of lights are obtained from the light tables referred to by 
the values of the inner products.   

 
Fig. 9. The proposed bump mapping hardware. 
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The proposed illumination calculation unit can be implemented with six cosine ta-
bles, one diffuse table, one specular table, two multipliers, and thirteen adders/subtractors. 
Compared with Kim’s architecture [9] requiring twelve tables, six multipliers, and five 
adders/subtractors, the proposed architecture is a more efficient architecture in terms of 
hardware complexity. More detailed comparisons of the proposed architecture with other 
architectures are made in section 6.  

The light table method for the illumination calculation, used in Kim [9], finds the 
intensities of a pixel by referring to the diffuse and the specular light tables, which are 
precomputed. 

6. THE COMPARISON OF OTHER APPROACHES 

Table 1 shows the comparison of the proposed architecture with other architectures 
based on the hardware complexity. For the comparison, we split the process of bump 
mapping into two parts, the illumination environment setup and the illumination calcula-
tion. The front-end is the part that prepares the environment for the illumination calcula-
tion and includes transformation into the reference space, normal vector perturbation, and 
normalization. 

Table 1. The comparison of the architectures based on the hardware complexity. 

Architecture Peercy [8] Kugler [13] Kim [9] Ernst [12] Ours 
Coordinate System Cartesian Polar Polar Cartesian Polar 

Illumination 
Environment 

Setup 

27 
Multipliers
18 Adders
9 Division 

Units 
3 SQRTs

5 
Multipliers
2 Adders 
3 LUTs 
1 Map 

31 
Multipliers
18 Adders

6 LUTs 

27 
Multipliers
18 Adders
9 Division 

Units 
3 SQRTs 

6 
Multipliers 
16 Adders 
12 LUTs 

Processing 
Steps 

Illumination 
Calculation 

Not 
Available

8 
Multipliers
4 Adders 
5 LUTs 
2 Maps 

6 
Multipliers
5 Adders
12 LUTs

 

7 
Multipliers
5 Adders 
1 LUT 

 

2 
Multipliers 
11 Adders 

8 LUTs 
 

 
First, we will observe the hardware complexity of the illumination environment 

setup. Twenty multiplications and eight additions are required to perform the normal 
vector perturbation by the Blinn’s method [1]. To simplify this computation, Kugler [13] 
uses LUTs and a large map. Five multipliers, two adders, three LUTs, and one map im-
plement his architecture; but the size of the map reaches 32 Kbytes. For Peercy [8] and 
Ernst [12] that use the reference space, the transformation of two vectors, L and H, into 
the reference space, which requires two 3 × 3 matrix operations, is implemented by 
eighteen multipliers and twelve adders, and the normalization of the transformed vectors 
is organized into nine multipliers, three SQRTs, nine division units, and six adders. In 
Kim [9], the transformation computations in the polar coordinate system are performed 
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by thirty-one multipliers, six LUTs, and eighteen adders. However, the above-mentioned 
methods [8, 9, 12] have to reconstruct a matrix for transformation of each pixel or poly-
gon, hence larger amount of computations should be required than those shown in Table 
1. The proposed architecture reduces the hardware requirements for transformation into 
the reference space to six multipliers, twelve LUTs, and sixteen adders by using only 
rotations and table references without any matrix operations. Compared to the size of the 
map used in Kugler’s method, the total size of LUT used in the proposed architecture is 8 
Kbytes and very small. 

In the illumination calculation stage, Kugler’s approach calculates the illumination 
through the address generation of the light map, the access to the light map, and the color 
blending without the inner product operation. His method uses eight multipliers, four 
adders, and five LUTs to generate the address of the light map and exploits two 1-MB 
light maps to calculate the intensity of the light. Ernst uses a straightforward method for 
the Phong illumination model, which requires seven multipliers, five adders, and one 
power table. Kim’s architecture performs the illumination calculation by computing the 
inner product of the vectors with angles and referring to the diffuse/specular light table 
with the computed inner-product value. His illumination calculation unit is composed of 
six multipliers, twelve LUTs, and five adders. We use the same method as the one used in 
Kim but two multipliers, eight LUTs, and eleven adders are needed for our architecture. 
The table entries are indexed by scalar values, i.e., inner product values. Therefore, the 
size of the table is 28 × 16 ~ 210 × 16 bits, which is quite small. However, in the light map 
methods as Kugler’s method [13-15], the map’s entries are indexed by vector values with 
two or three coordinates. Thus the size of the map is greater than or equal to 220 × 8 bits, 
which is quite a larger size than that of the light table method.  

In comparisons with other approaches using the Cartesian coordinate system, the 
amount of hardware for the illumination calculation is increased a little, but that of hard-
ware for the illumination environment setup is decreased relatively a lot. Observe that 
our hardware architecture reduces the hardware requirement considerably, compared with 
other polar-coordinate approaches. Especially in case of multiplication operation, the 
proposed architecture reduces up to maximum 78% compared with the previous ap-
proaches. 

7. EXPERIMENTAL RESULTS 

The algorithm and hardware architecture presented in this paper have been simu-
lated in C to validate their feasibility. This simulation is based on Mesa 3.0 that is a 3-D 
graphics library with an API, which is very similar to that of OpenGL [21]. For our simu-
lation, we modified Mesa 3.0 to implement the conventional bump mapping method and 
the proposed bump mapping method.   

To investigate the quality differences between ours and the conventional approach, 
we performed texture- and bump-mapping using various objects and various texture- and 
bump-maps. In our experiments, the bump map is interpolated by the same filtering 
method used in texture mapping.   

Fig. 10 is the results generated by mapping a wooden wall texture- and bump-map 
onto a plane. Figs. 10 (a-c) are made by the conventional method using the Cartesian  
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(a) The conventional method.  (b) Kim’s polar coordinate method.  (c) The proposed method. 

Fig. 10. Images generated by mapping a wooden wall onto a plane. 

 
(a) The conventional method.  (b) Kim’s polar coordinate method.  (c) The proposed method. 

Fig. 11. Images generated by mapping a brick wall onto a cube. 

 
coordinate system and the object space, by Kim’s polar coordinate method [9], and by 
the proposed method using the polar coordinate system and the reference space, respec-
tively. When comparing these images, there is little difference in quality between these 
three images, to the extent of being not differentiated by the naked eyes. Figs. 11 (a-c) 
show the results of mapping a brick wall texture- and bump-map onto a cube by the con-
ventional method, by Kim’s polar coordinate method [9], and by the proposed method, 
respectively. There is also little difference in image quality as in the case of a plane in Fig. 
10.   

Fig. 12 is generated by mapping a map of the world onto a sphere. The images of 
this figure are obtained by mapping a texture- and bump-map with 512 × 256 resolution 
onto a sphere object with 512 × 512 resolution. In Fig. 12, the overall images don’t look 
vivid because these mapping methods wear the maps converted from 512 × 256 resolu-
tion into 512 × 512 resolution on the surface of the object. However, we can hardly dif-
ferentiate the image quality between these images generated by three methods. The 
above experiments show that our proposed bump mapping method is properly performed 
in the generation of the images.    

Table 2 demonstrates the MSE-based measures of images generated by the proposed 
method and other methods. This comparison makes use of the MSE-based measures de-
scribed in Al-Otum’s paper [22]. The equations are as follows. 
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(a) The conventional method.  (b) Kim’s polar coordinate method.  (c) The proposed method. 

Fig. 12. Images generated by mapping a map of the world onto a sphere. 

Table 2. The comparison of image quality by MSE-based measures. 

MSE-based Measures NMSE RNMSE 
Color Channels R G B R G B 

plane 0.0126 0.0072 0.0068 0.1124 0.0848  0.0827  
cube 0.0122 0.0106 0.0080 0.1105 0.1029  0.0894  Conventional 

Method 
sphere 0.0168 0.0137 0.0170 0.1295 0.1169 0.1305  
plane 0.0111 0.0064 0.0065 0.1055 0.0800  0.0808  
cube 0.0112 0.0101 0.0073 0.1059 0.1007  0.0854  

Polar Coord. 
Method 
(Kim) sphere 0.0147 0.0111 0.0157 0.1212 0.1052  0.1253  

MSE-based Measures PMSE RPMSE 
Color Channels R G B R G B 

plane 0.0001 0.0004 0.0013 0.0110 0.0204  0.0361  
cube 0.0004 0.0001 0.0003 0.0210 0.0117  0.0184  Conventional 

Method 
sphere 0.0021 0.0008 0.0008 0.0456 0.0285 0.0277  
plane 0.0001 0.0003 0.0011 0.0110 0.0185 0.0336  
cube 0.0002 0.0001 0.0003 0.0156 0.0117  0.0165  

Polar Coord. 
Method 
(Kim) sphere 0.0019 0.0011 0.0007 0.0438 0.0329  0.0273  
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MSE-based evaluation is broadly implemented to measure the gray-scale image 
quality. When applied to the RGB channels of a color image and measure the error ratio, 
the degree of differences between the images can be recognized. According to the test 
results, one can notice that NSME and PMSE values are less than 0.01 which means that 
there is very little difference. On the other hand, the measured values for the Sphere is 
quite large compared to other measurements. This signifies that there is a greater possi-
bility of getting an erroneous result when the surface is curved than in the case of the 
surface being flat. The proposed architecture using the referenced space methodology can 
be slightly inaccurate when processing curved surfaces, but such faults can be overcome 
knowing that the human eye cannot easily tell the difference between the images, none-
theless. 

8. CONCLUSIONS AND FUTURE WORKS 

In this paper, we have proposed a bump mapping method with an effective vector 
rotation and illumination calculation algorithm. The proposed method represents vectors 
in the polar coordinate system and performs bump mapping in the reference space, into 
where the vectors are transformed. The vector rotation method induces the vectors in the 
reference space from the geometric relationship between the vectors and a sphere. This 
method reduces a large amount of computation hardware, compared with the existing 
methods using the transformation matrix. Furthermore, we have presented an effective 
method for the illumination calculation by decreasing the computational amount of the 
inner product used in the previous methods. By applying the law of cosine, we reduce the 
amount of multiplications and cosine operations required for the inner product of vectors. 
In conclusion, our proposed architecture reduces a large amount of computations and 
hardwares required for the transformation and the illumination calculation in bump map-
ping. Furthermore, it could also generate nearly the same quality of images as that of the 
conventional method.     

Finally, the investigations in this work deal with the specific bump mapping hard-
ware and nothing is said about more advanced techniques such as displacement mapping 
[23, 24] and GPU-based implementation [25]. However, the presented method in this 
paper can be applied to displacement mapping because bump mapping and displacement 
mapping are based on the same algorithm. Also, as the proposed vector rotation method 
can be easily implemented on current GPUs which are able to access memory, it is ex-
pected that it can be applied effectively to various application techniques requiring some 
vector operations. These may be included in a forthcoming works. 
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