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Abstract

In this paper, a low-power GPU architecture is described for the handheld systems with limited power
and area budgets. The GPU is designed using logarithmic arithmetic for power- and area-efficient design.
For this GPU, a multifunction unit is proposed based on the hybrid number system of floating-point and
logarithmic numbers and the matrix, vector, and elementary functions are unified into a single arithmetic
unit. It achieves the single-cycle throughput for all these functions, except for the matrix-vector multipli-
cation with 2-cycle throughput. The vertex shader using this function unit as its main datapath shows
49.3% cycle count reduction compared with the latest work for OpenGL transformation and lighting
(TnL) kernel. The rendering engine uses also the logarithmic arithmetic for implementing the divisions in
pipeline stages. The GPU is divided into triple dynamic voltage and frequency scaling power domains to
minimize the power consumption at a given performance level. It shows a performance of 5.26Mvertices/s
at 200MHz for the OpenGL TnL and 52.4mW power consumption at 60fps. It achieves 2.47 times per-
formance improvement while reducing 50.5% power and 38.4% area consumption compared with the lat-

est work.
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1. Introduction

As the mobile electronics advances rapidly, the
handsets like cell phones and PDAs are adopting the
realtime 3D computer graphics with high performance
processors consuming only limited power and area. Re-
cently, the embedded 3D graphics API like OpenGL-ES
[Khr05] is defined and it adopts the programmability
into the 3D graphics pipeline to support various graphics
effects. Thus, the vector processors called shaders are
included into the GPU for the programmability and it is
required to support matrix, vector, and elementary func-
tions to process various geometry transformation and
lighting kernels.

There have been several studies on the programma-
ble graphics processors. The conventional shader archi-
tecture incorporates the 4-way vector SIMD unit for the
vector multiply, multiply-add, and dot-product and spe-
cial function unit (SFU) for reciprocal, reciprocal-squre-

root, logarithm (log, x ), and exponential (2") functions

[LKMO1]. A graphics processor for the cell phones is
proposed in [KKF*03] and it incorporates 2-way SIMD
unit for multiply-add and special function unit for recip-
rocal, reciprocal-square-root, and power functions.
However, it showed limited performance of
185Kpolygons/s, which is far below the performance
level supported by modern handheld GPUs [SWY04,
AYH*04, KCY*06, YCK*06]. The vertex shader based
on the fixed-point arithmetic is proposed in [SWY04]
for the power- and area-efficient design. It shows rela-
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tive high graphics performance of 7.2Mvertices/s for
OpenGL transformation and lighting (TnL). However,
its dynamic range was limited by the fixed-point arith-
metic.

In this paper, a power- and area-efficient GPU based
on the logarithmic arithmetic is proposed. Although the
logarithmic arithmetic carries a little computation error,
it can significantly reduce the arithmetic complexity
[Mit62, CCS*00]. Therefore, the logarithmic arithmetic
is adopted for our GPU, which is targeted for the hand-
held systems with small size screens. In addition, the
proposed GPU is divided into triple power domains with
dynamic voltage and frequency scaling (DVFS) for the
minimum power consumption at a given performance
level. The concept of using separate power domains for
the geometry and rendering stages was proposed in
[SLSO04]. It is extended into triple power domains and
implemented in our GPU.

The paper is organized as follows. First, the GPU ar-
chitecture is proposed. The number system using the
logarithmic arithmetic is described for our GPU design.
Then, the multifunction unit based on this number sys-
tem is presented and followed by the vertex shader in-
cluding this unit. The rendering engine using the loga-
rithmic arithmetic is also presented. After that, the
power management scheme is described and the evalua-
tion results will be shown. Finally, conclusions are made.
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Figure 1: Overall architecture of the proposed GPU

2.  Handheld GPU Architecture

Figure 1 shows the architecture of the proposed
handheld GPU. It mainly consists of three major mod-
ules i.e. an ARM10-compatible RISC processor, a vertex
shader, and a rendering engine. The RISC processor is
included for simulation of the artificial intelligence and
collision detections required for 3D gaming applications.
The vertex shader (VS) and the rendering engine (RE)
are designed based on the benefits of the logarithmic
arithmetic, from which the complexities of arithmetic
operations are reduced.

The GPU is divided into triple power domains to
manage the power consumption of each module inde-
pendently to get the lowest power consumption at a
given performance level. Three power management
units (PMUs) are included to manage the clock fre-
quency and supply voltage of each domain. The FIFOs
are used across the power domains for buffering the
transferred data between each domain in spite of the
long response delay of the power management units.

3.  Hybrid Number System

It is known that the logarithmic number system
(LNS) can simplify the arithmetic operations like multi-
plication, division, and square-root into addition, sub-
traction, and right shift, respectively. However, the addi-
tion and subtraction in the LNS become more complex
and requires nonlinear function evaluations. Therefore, a
hybrid number system (HNS) of the LNS and floating-
point number system (FLP) was introduced to solve this
problem in [LW91], where the addition and subtraction
are carried out in the FLP while the other operations are
performed in the LNS. For the number conversion be-
tween floating-point and logarithmic numbers in the
HNS, the logarithmic and antilogarithmic converters are
proposed. These are based on the piecewise linear ap-
proximation scheme to reduce area and power consump-
tion [AS03, AbS03].

3.1.  Logarithmic converter
When x is 32-bit FLP input, x and its logarithm can
be represented by (1) and (2), respectively.

x=2°(1+m) )

log, x=e+log,(1+m) (2

The e is the integer part and log, (1+ m) is the fractional

part of the logarithmic number. The nonlinear term
log, (1+m) is approximated by piecewise linear expres-

sions as (3).

log,(+m)~a-m+b  (3)

where a and b are the approximation coefficients defined

for each approximation region. It achieves maximum
0.41% conversion error with 15 approximation regions.

3.2.  Antilogarithmic converter
When X is the LNS, its FLP number can be repre-
sented by (4).

2X — 2g+/ _ Ze .2f (4)
The integer part e directly becomes the exponent of the

FLP number and the nonlinear term 2/ is approximated
by piecewise linear expressions like (5).

2 ~a-f+b (5
where a and b are the approximation coefficients for
each approximation region. It achieves maximum 0.08%

conversion error with 8 approximation regions.

4. Multifunction Unit

(©) Association for Computing Machinery, Inc. 2007
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The proposed functional unit operates on the HNS to
reduce the arithmetic complexities. It unifies the matrix
(MAT), vector (VEC), and elementary (ELM) functions
into a single arithmetic unit and its operation set
includes the matrix-vector multiplication, vector
multiply, divide, divide-by-square, multiply-add, lerp,
dot-product, cross-product, power, logarithm, and
trigonometric (TRG) functions like sine, cosine, and
arctangent, etc.. It achieves single-cycle throughput with
maximum 5-cycle latency for all the operations except
for the matrix-vector multiplication which takes 2-cycle
throughput and 6-cycle latency.
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Figure 2: Multifunction unit

4.1.  Overall architecture

The arithmetic unit is organized with 4-channels and
S5 pipeline stages as shown in Figure 2. The 4 of input
32-bit FLP operands are converted into the logarithmic
number with 8-bit integer, 24-bit fraction, 1-bit sign, and
1-bit zero through the 4 logarithmic converters (LOGCs)
in the E1. The E2 includes the programmable multiplier
(PMUL) as shown in Figure 3, which can be used for the
Booth multiplier for ELM, 4 LOGCs for VEC or 4
antilogarithmic converters (ALOGCs) for MAT by just
adding 15-entry 64B LOG and 8-entry 56B ALOG
lookup-tables to the Booth multiplier and sharing the
carry-save-adder (CSA) tree and a carry-propagate-
adder (CPA). In this way, the number of LOGCs in E1 is
reduced to 4, which were 8 in [NKYO06]. In E3, 4 adders
in logarithmic domain are provided for the VECs and
the resulting values are converted into the FLP numbers
through the 4 ALOGCs. In E4, the programmable adder
(PADD) shown in Figure 4 can be programmed into a
single 5-input FLP adder tree or 4-way 2-input SIMD
FLP adders for target operations as proposed in
[NKYO06]. The ES provides a SIMD FLP accumulator
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for the final accumulation required for the MAT. It is
also used as a rounding logic for other operations.
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Figure 3: Programmable multiplier (PMUL)
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Figure 4: Programmable adder (PADD)

4.2.  Matrix-vector multiplication

The geometry transformation in 3D graphics can be
computed by the multiplication of 4x4-matrix with 4-
element vector, which requires 16 multiplications and 12
additions. This can be converted into the HNS as (6)
requiring 20 LOGCs, 16 adders, 16 ALOGCs, and 12
FLP adders. Since the coefficients of a geometry
transformation matrix are fixed during processing of 3D
object, these can be pre-converted into the logarithmic
domain and used as constants during the processing.
Thus, the MAT only requires 4 LOGCs for vector
element conversion, 16 adders in logarithmic domain, 16
ALOGC:s and 12 FLP adders. This can be implemented
in 2 phases on this 4-way arithmetic unit as illustrated in
Figure 5. In this scheme, 8 adders in logarithmic domain
and 8 ALOGCs are required per phase and the 8
ALOGCs in the first phase are obtained from 4
ALOGCs in E2 by programming the PMUL into 4
ALOGC:s together with the 4 ALOGCs in E3. The CPAs
in El and E3 are used for the 8 adders in logarithmic
domain. The 4 multiplication results from the ALOGCs
in E2 and the other 4 from the E3 are added in the E4 by
programming the PADD into 4-way SIMD FLP adder to
get the first phase result. With the same process repeated,
the accumulation with the first phase result in ES
completes the MAT. Thus, the MAT is implemented
with 2-cycle throughput on this 4-way arithmetic unit,
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where it was implemented with 4-cycle throughput in
conventional way [NKY06, SWY04].

€00 Co1 o2 o3 || Xo oo Co1 €02 Co3 (6)
Co €11 €y € X, ¢ ¢ c c
10 ~11 *12 *13 1 10 11 12 13
= X, + X+ X, + X, =
CZO cz] CZZ cz] x2 czﬂ CZ\ 022 cz]
C30 G31 32 G331 N3 C30 G 3

log, ¢5;
log, ey,

%ﬂgzlnu

082 €10 [, 1og

log, ey logz %

2\ log; ¢z +2

log; cgo log, ¢y
}ggzgm +log, % }gg:;n +log, %,
2 €20 2621
log, ¢ log, ¢
AR +20 +2

phase1

log; ¢y
log, ¢,

log; ¢y

+log, :ngi’f, +log, x,
logy c3).
+ 20

T+2

log
log ¢33

=0§z o
085 C1p N
log; 3y +log, x,
logy ¢,

log, ey
log; ¢33

log, o3
loga¢i3 |1 10g, x,

+2

phase2

Figure 5: 2-phase implementation of MAT

4.3.  Vector operations

The vector multiplication, division, square root, and
multiply-add (MAD) can be represented by a single
generic operation and is converted into HNS like (7).
For example, operations like x X y, x + \/y, XXy+z
can be represented with this generic operation.

L®V @ Z.) 7logs x) @ (sxlogs 37) Z.)
( i Vi i i€{0,1,2,3} (7

(01,230 ( i

where ® € {x,+},® e {+,-},s€{0.51}

Since the equation (7) require 2 LOGCs for 2
operands per channel, the PMUL is programmed into 4
LOGCs to make the 8 LOGCs for 4 channels together
with the 4 LOGCs in E1. This operation implements the
square root in conjunction with division like x -+ \/y
without any additional cycle. This is useful for the
vector normalization widely used in 3D graphics.

The dot product (DOT) in the HNS is defined as (8).

XoX Vot X XYy +X, XYy + X3 Xy = ®)
Dlog; g Hlogy yy | Hlogawi+logyy y Hlogy vy +logy yy y Hlog, xy+log, y

It is implemented with the vector multiplication and the
final summation of the product terms. For the final
summation, the PADD is programmed into a single 5-
input FLP adder tree. The bias port is used for TRGs.

4.4. Elementary functions

Since the power is converted into the multiplication
in logarithmic domain, it requires a 32bx24b multiplier
and it is implemented by programming the PMUL into a
single 32bx24b BMUL.

¥ = 2y><log2x (9)

The TRGs are unified with others using the Taylor
series as proposed in [NKYO06]. For the first five terms
of the Taylor series computation, a new generic
operation is defined and converter into the HNS as (10).

k k k ks k
X @cx” Do, x” Deyx” eyxt =

CO)CA” @ 2oz a+hixlogs x @y logacythyxlogs x qy log ey thixlog, v gy ploga g thyxog, ¥

where ® € {+, -}, ¢, log, c,, k; are coefficients

(10)

Since the k; is small integer, this power series is
implemented by a 4-way 32bx6b multiplier in
logarithmic domain and final summation of these terms.
The first term doesn't need to be converted into
logarithmic domain since the first term of the Taylor
series usually a constant or the input x and it can be
directly fed into the bias port. Thus this can be
implemented by programming the PMUL into 4-way
32bx6b BMUL and the PADD into a single S5-input
summation tree.
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Figure 6: Vertex shader

5. Vertex Shader

This section describes the proposed vertex shader, as
graphically shown in Figure 6. It is based on the multi-
function unit proposed in section 4. It has 4-way 32-bit
FLP vector register files including 512-byte 32-entry
vertex input register (VIR), general purpose register file
(GPR), 4KB 256-entry constant memory (CMEM), and
256-byte 16-entry vertex output register (VOR). The
FLP operands are fetched from the GPR, VIR or CMEM
and the result is written back to the GPR or VOR. The
FLP instruction set of the vertex shader is shown in
Table 1.

(©) Association for Computing Machinery, Inc. 2007
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Mnemonic Description Type Trl;raotﬁgﬁmt Ma?%e)rror
ADD Vector multiply (VV)->V 11 -
MUL Vector multiply (V,\V)->V 31 3.09
MAD Vector multiply-add (V.VV)->V 5/1 0.21

DIV Vector divide (V,\V)->V 3/1 0.207
DSQ Vector divide-by-sqrt (V\V)->V 3/1 0.199
DOT Vector dot-product (V.V)->V 5/1 2.434
MAT Matrix-vector multiply (MV) >V 6/2 0.0825
POW Power S->(S,S,S,S) 31 2.096
LOG Logarithm S->(8,8,8,8) 31 0.403
SIN Sine S->(8,8,8,8) 5/1 0.1175
COSs Cosine S->(S,S,S,S) 51 1.14

ATAN Arctangent S->(S,8,8,9) 5/1 71

M: Matrix, V: Vector, S: Scalar

Table 1: Floating-point instruction set of vertex shader

The operand forwarding improves the throughput of
the processor pipeline. In this processor, the operand
forwarding in the logarithmic domain is also supported.
As shown in Figure 7, in the case of consecutive FLP
operations, the antilogarithmic and logarithmic
conversions cancel each other and the intermediate
logarithmic value of the previous FLP operation is
forwarded directly into the logarithmic domain of the
next FLP operation bypassing the antilogarithmic and
logarithmic converters of two operations. This reduces
the pipeline latency and the computation error by
bypassing the repeated antilogarithmic and logarithmic
conversions, which are the sources of the computation
errors.

Conventional forwarding

‘E1‘E2 E? E4|E5

1| E2 53154‘55‘

Logarithmic-domain forwarding

‘E1 E2 E'3 E4|E5

E1 El) E3|E4 ES‘

Figure 7: Logarithmic-domain forwarding

6. Rendering Engine

Figure 8 shows the block diagram of the rendering
engine. It consists of a triangle setup engine (TSE), a
rasterizer, and a pixel pipeline. All divisions required in
these stages are implemented in the logarithmic domain
for the power- and area-efficient design. The TSE and
rasterizer ~ computes SIMD  interpolation  i.e.

Do +(Ap / Ay) xy to setup triangle parameters. The
sequence of division and multiplication required for the

interpolation are implemented as a sequence of
subtraction and addition in the logarithmic domain as in

(11).

log, Ap—log, Ay~+log, y) (11)

Po+(Ap/Ay) %y = p,+2'

(©) Association for Computing Machinery, Inc. 2007

77

Vertex Shader
b

voB

{}128b
Triangle Setup Engine
"

<L

Rasterizer

"

4 Depth &
(=) cache Depth Test
1 |2
3 = Texture Texture Unit
=3 — —
z cache ‘ '
5 <>
3
Pixel i
i;:““ cache Blending

Figure 8: Rendering engine

t u v w

32 32 32 32
LOG LOG || LOG

Conv Conv || Conv

32

32

tw

Figure 9: SIMD logarithmic divider

For the perspective correct texture address
calculation, the texture unit requires a 4-way SIMD

divider, (s,t,u,v)/w. This is also implemented as

subtractions in the logarithmic domain according to (12),
reducing total area and power consumption.

(S tu V) Jw= 2(log2 s,log, t,log, u,log, v)-log, w (12)
2%y b

The implementation of the division in logarithmic
domain is shown in Figure 9.

7.  Multiple-domain Power Management

In this GPU, triple power domains with separate
frequencies and voltages are tuned by tracking the
workloads. This GPU uses two levels of hierarchical
power management scheme i.e. inter-frame and intra-
frame level. Since 3D graphics scenes are displayed at a
given frame rate, the RE should draw only finite amount
of pixels within the time slot of a single frame.
Therefore, at the inter-frame level, the target frequency
and supply voltage for the RE is determined. In every
completion of drawing a scene, the software library
running on the RISC measures the time elapsed for the
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drawing and sets a new target frequency and supply
voltage adaptively for the processing of next scene.

Since the objects in a scene are composed of a
number of triangles and these triangles are again
composed of a number of pixels, the workloads of the
RISC, VS and RE, which operate per object, per triangle,
and per pixel, respectively, can be completely different.
Therefore, at the intra-frame level of power management,
the RISC, VS and RE are divided into different power
domains and their frequencies and voltages are
separately controlled according to their workloads.
Figure 10 illustrates the proposed power management
scheme.

- E

Minnnim
Vertices Pixels
v v
VS RE

Figure 10: Triple-domain DVFS

The workloads of the RISC and the VS are obtained
from measuring the occupation levels of the 16-entry
matrix FIFO and 32-entry index FIFO, respectively.
Each occupation level is compared with its reference
level to give the error value, thus new target frequency.

8.  Evaluation Results
8.1.  Accuracy

The proposed GPU based on the logarithmic arith-
metic scheme has been verified using 3D graphics soft-
ware environment with FLP and HNS libraries. A test
3D graphics scene is shown in Figure 12 to show the
reliability of the proposed GPU. The test model consists
of 5,878 triangles and the screen size is QVGA i.e.
320x240. The test model was rendered with OpenGL
TnL operation to show the effects of the mixture of vari-
ous operations. The average TnL error between two
scenes is 0.035%. The in-box shows a zoomed image for
the accuracy comparison. The result shows that the
computation error from the HNS is tolerable for the
small screen of handheld systems.

“_E‘16‘J-|.|_|J'U_L|'|J_U_UU—III‘I.U_ULTLI1FP]ULI UHUHHHHLIIHUIH
IS}
* G

Triangle size

FIFO entry level

Figure 12: Scene comparison

8.2. Implementation

The proposed GPU was implemented with
1.57Mtransistors using TSMC 0.18um CMOS
technology. The maximum operating frequency is
200MHz for the RISC processor and the vertex shader
and 50MHz for the rendering engine while comsuming
153mW in total.

For a given performance level, each module doesn’t
have to operate at its full speed and its operating fre-
quency and supply voltage can be lowered. The power
consumption is measured to be 52.4mW at 60fps for the
test model used in section 8.1. As shown in Figure 11,
the droop of the FIFO entry level, i.e. high workload due
to small triangle, increases the frequency and supply
voltage of the vertex shader to speed up until the FIFO
entry level returns to the reference point.

8.3.  Performance

The performance is evaluated for the following full
OpenGL TnL routine implemented using our instruction
set. It includes the model-view, normal, and perspective
transformations, normalizations of light, view, normal,
and Blinn half vectors, and intensity calculations of
diffuse and specular lightings for a single light source.
After rescheduling of the code to avoid the dependencies,
the required execution cycle for it on the proposed
processor is 38 cycles. With the same process, the cycle
counts for this routine are estimated for other works
based on their reported cycle counts of the instruction
set. Figure 13 shows the comparison of cycle counts and
our work shows 19.1% cycle count reduction from the
latest work [YCK*06]. Table 2 shows the comparison
with other implementations and our work shows 2.47
times performance improvement, while reducing 50.5%
power and 38.4% area overheads from the latest work
[YCK*06].

(4
L2
]

RESE
o Clock of VS \
89, \
5 171
3 Voltage of VS
1.0

Figure 11: DVFS operation diagram
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Geometry Transformation and OpenGL Lighting

[-mmmmm e e constant memory --------------------

/I c[0-3] = modelview transformation matrix preconverted into

LNS

/I c[4-7] = modelview inverse transpose preconverted into LNS
/I c[8-11] = modelview projection matrix preconverted into LNS

/I c[20] = light position

/I c[21] = precomputed amb_mat * amb_lit
/I c[22] = precomputed diff_mat * diff_lit

/I c[23] = precomputed spec_mat * spec_lit
/I c[33] = zero: (0.0,0.0,0.0,0.0)

11 input register

/Ii0 = vertex coordinate

/11 = vertex normal

/li2 = vertex specular exponent

/I output register

/I 00 = vertex coordinate in screen space

/lo1 = vertex color

e ModelView Transformation -------------------------- /1

/I vertex transformation to eye space
MAT t0, i0, c[0]
/I normal transformation to eye space
MAT t1, i1, c[4]

e Perspective Transformation -------------

/I vertex transformation to clip space
MAT t2, i0, c[8]

/I 1/w for screen space mapping
DIV 00.xyz, t2, t2.w

11 Lighting

/I convert vertex coordinate into Euclidian space
DIV t0.xyz, t0, tO.w

/I compute normalized light direction
ADD t3.xyz, -0, c[20]

DP3 t4.xyz, t3, t3

DSQ t3.xyz, t3, t4

/I normalize normal vector
DP3 t5.xyz, t1, t1
DSQ t1.xyz, t1, t5
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/I normalize view vector
DP3 t6.xyz, -t0, -t0
DSQ t0.xyz, -t0, t6

/I compute normalized Blinn half vector
ADD t7.xyz, t3, tO
DP3 t8.xyz, 17, t7
DSQ t7.xyz, t7, t8

/IN.L
DP3 t9.x, t1, t3
MAX 19.rgb, t9.x, c[33].x

IINH
DP3 t10.x, t1, t7
MAX t10.x, t10.x, c[33].x

/I diffuse lighting
MAD t13.rgb, 9, c[22], c[21]

/I specular lighting

MOV t14.x, i2.x

POW t15.rgb, t10.x, t14.x
MAD o1.rgb, t15, c[23], t13

Our programmable vertex shader can process
various vertex shading kernels other than the OpenGL
TnL. When processing other TnL kernels with the Oren-
Nayar (O-N) [ON94] and the Cook-Torrance (C-T)
[CT81] lighting models, our vertrex shader takes 73 and
54 cycles for the O-N and the C-T, respectively. The O-
N model enhances the diffuse lighting model for rough
faces and reveals the outstanding performance
improvement from our vertex shader because the kernel
includes several trigonometric function evaluations
which are not directly supported in others [SWYO04,
AYH*04, KCY*06, YCK*06]. The C-T model
improves the specular lighting used for metals and
plastics and it also requires several power function
evaluations. As shown in Figure 13, our processor shows
49.3% and 23.9% cycle count reduction for the O-N and
the C-T kernels, respectively, from the latest work
[YCK*06].

9.  Conclusion
A handheld GPU using the logarithmic arithmetic

Performance | mW @ mW @ Frequency | Process . .
(Mvertices/s) | full speed | 60fps Area (Kgates) (MHz) (um) Functions | Kvertices/s/MHz
[KKF*03] 0.185 38 - 360 30 0.18 GE+RE 6.17
[SWY04] 7.2 115 - 230 400 0.13 GE 18
[YCK*06] 213 157 106 375 100 0.18 GE 213
This work 5.26 153 52.4 393 200 0.18 GE+RE 26.3
' ’ (242 for GE) ’ ’

Table 2: Performance comparison of handheld GPUs
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and triple DVFS power domains is proposed. The float-
ing-point vertex shader is implemented using the hybrid
approach of floating-point and logarithmic number sys-
tems. It operates on the floating-point operands and uses
the logarithmic arithmetic internally to reduce the arith-
metic complexity. In this way, the proposed multifunc-
tion unit unifies the matrix, vector, and elementary func-
tions into a single 4-way arithmetic unit. It implements
all these functions by programming the proposed pro-
grammable multiplier and the programmable adder. The
vertex shader with this arithmetic unit achieves single-
cycle throughput with maximum 5-cycle latency for all
the operations, except for the matrix-vector multiplica-
tion with 2-cycle throughput and 6-cycle latency. The
rendering engine is also implemented with logarithmic
dividers for power- and area-efficient design. The scene
comparison result shows that the error from the loga-
rithmic arithmetic is tolerable for the handheld systems
with small screens. In addition, the GPU is divided into
triple power domains with dynamic voltage and fre-
quency scaling to minimize power consumption at a
given performance level. Our GPU shows maximum
49.3% cycle count reduction and 2.47 times
performance improvement while reducing 50.5% power
and 38.4% area overheads from the latest work.

[AYH*04]
180 ~ [SWY04]
EEEE [KCY*06]
[ [YCK*06]
E== This work

160 -

140 4

120 4

Cycle counts
8 83 8 8

N
S

o
J

OpenGL Oren-Nayar Cook-Torrance
Figure 13: Comparison of cycle counts for each kernel
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