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Abstract—A 36 mm2 graphics processor with fixed-point
programmable vertex shader is designed and implemented
for portable two-dimensional (2-D) and three-dimensional
(3-D) graphics applications. The graphics processor contains
an ARM-10 compatible 32-bit RISC processor, a 128-bit pro-
grammable fixed-point single-instruction-multiple-data (SIMD)
vertex shader, a low-power rendering engine, and a programmable
frequency synthesizer (PFS). Different from conventional graphics
hardware, the proposed graphics processor implements ARM-10
co-processor architecture with dual operations so that user-pro-
grammable vertex shading is possible for advanced graphics
algorithms and various streaming multimedia processing in mo-
bile applications. The circuits and architecture of the graphics
processor are optimized for fixed-point operations and achieve
the low power consumption with help of instruction-level power
management of the vertex shader and pixel-level clock gating of
the rendering engine. The PFS with a fully balanced voltage-con-
trolled oscillator (VCO) controls the clock frequency from 8 MHz
to 271 MHz continuously and adaptively for low-power modes by
software. The chip shows 50 Mvertices/s and 200 Mtexels/s peak
graphics performance, dissipating 155 mW in 0.18- m 6-metal
standard CMOS logic process.

Index Terms—ARM co-processor, fixed-point system, frequency
scaling, low-power electronics, mobile applications, programma-
bility, rendering engine, single-instruction-multiple-data (SIMD)
processing, three-dimensional graphics, vertex shader.

I. INTRODUCTION

RECENTLY, more multimedia functions are integrated into
the wireless terminals such as PDAs and third-generation

(3-G) smart cellular phones. Since most of these mobile ter-
minals have display devices, the rendering capabilities such as
various two-dimensional (2-D) graphics [1], [2] and even the
real-time three-dimensional (3-D) graphics [3]–[7] will be nec-
essary for more attractive applications.

For wireless applications, the low power consumption is the
most important issue because of limited battery lifetime. The
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low-power mobile processors that have the reduced instruc-
tion set computer (RISC) architecture are widely used as the
main platforms for wireless applications because of their high
MIPS/watt [8]. However, these low-power RISC platforms have
very limited system resources in terms of computation power
and memory bandwidth, so that the graphics processor should
consume as little energy as possible in the given platforms.
Moreover, since users are watching 3-D graphics images on a
small screen very closely to their eyes, the graphics processor
must generate high quality of graphics images with advanced
graphics algorithms [9].

In the previous works, the graphics processors did not
integrate vertex shader [3] and showed lack of processing paral-
lelism for streaming graphics data [4]. Also, they provided only
limited functionalities to meet the required performance while
consuming low power for mobile applications. In addition,
other conventional floating-point architectures intentionally
decreased the performance of their desktop PC graphics system
by lowering the operating frequency to satisfy the limited
budget of power consumption [5]–[7]. It is well known that the
programmability provides a single hardware with various mul-
timedia functions beyond 3-D graphics such as MPEG-4 video.
However, most of portable 3-D graphics do not contain the
programmability of the advanced 3-D graphics in the desktop
computers [10] in graphics hardware because it is against the
low-power architecture.

In this work [11], we designed and implemented a graphics
processor with programmable fixed-point single-instruc-
tion-multiple-data (SIMD) vertex shader for mobile applica-
tions. The hardware is designed with programmable shading
architecture using fixed-point arithmetic [12]. It is optimized
to ARM-10 co-processor architecture with dual operations for
high performance as well as flexibility in low power consump-
tion. The chip is fabricated in 0.18- m 6-metal standard CMOS
logic process. It achieves 50 Mvertices/s peak graphics perfor-
mance at the drawing speed of 200 Mtexels/s bilinear MIPMAP
textured pixels with less than 155 mW. This paper will explain
its designed and measured operations. The system architecture
will be discussed in Section II, and the system operations will
follow in Section III. Section IV will explain the details of
vertex shader, and low-power features employed in this chip
will be covered in Section V. The implementation results of the
graphics processor will be described in Section VI, and finally
the conclusion of our work will be made in Section VII.

0018-9200/$20.00 © 2006 IEEE
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Fig. 1. Block diagram of the graphics processor.

II. SYSTEM ARCHITECTURE

Fig. 1 shows the block diagram of the proposed graphics pro-
cessor. It consists of an ARM-10 compatible 32-bit RISC pro-
cessor with 16 kB I/D caches, a 128-bit programmable fixed-
point SIMD vertex shader, a low-power rendering engine and
a programmable frequency synthesizer (PFS). The RISC pro-
cessor controls the whole system, operating at 200 MHz. The
vertex shader is implemented as an ARM-10 co-processor and
processes all per-vertex operations such as geometry transfor-
mation and lighting calculation. The primitive assembly such
as clipping and culling is also performed by the vertex shader
in collaboration with the RISC processor. In ARM architecture,
the co-processor provides the extensions of the ARM instruction
set architecture. The single thread of a software context running
in the ARM-10 processor controls the vertex shader by the ex-
tended co-processor instructions. The vertex shader operates at
200 MHz in lock with the ARM-10 processor, and there is no
complex synchronization like bus arbitration. The rendering en-
gine employs a low-power 128-bit SlimShader graphics engine
[13] with 26 kB dedicated graphics cache system. The rendering
engine is responsible for the rasterization and the per-pixel op-
erations such as pixel blending and texture mapping. It is con-
nected to the vertex shader through internal vertex buffer that
can store 128-bit wide 8-entries encoded instructions. The ren-
dering engine instruction is composed of transformed vertex co-
ordinates, texture coordinates and lit vertex color. The operating
frequency of the rendering engine is as low as 50 MHz to reduce
power consumption. The PFS reduces the dynamic power con-
sumption of the chip by clock gating and frequency scaling. It

supports four clock domains and clock of each domain can be
controlled by software.

III. SYSTEM OPERATIONS

A. Data Transfer Flow

The whole system performance of graphics hardware is de-
pendent not only on the performance of the individual hard-
ware acceleration blocks but also on the communication cy-
cles for transferring the graphics data between external memory
and the graphics hardware. Fig. 2 shows the data transfer flow
of the implemented graphics processor. In this data flow, hard-
ware-instruction path and graphics-data path are separated from
each other to improve the streaming processing within allowed
memory bandwidth. The co-processor interface, which connects
the vertex shader to the ARM-10 processor, is used for vertex
shader instruction transfer. The rendering engine is connected to
the vertex shader through the vertex buffer, which is also used
for rendering engine instruction transfer. The system bus inter-
faces are used only for vertex and pixel data transfers. Since
the data cache of the ARM-10 processor can be shared with
the vertex shader to store the graphics primitives such as input-
vertex-model data, the vertex shader does not need additional
cache system. The vertex data stored in the data cache of the
ARM-10 processor are transferred by vertex-attribute-move in-
struction of the vertex shader, which is mapped into the co-pro-
cessor register transfer instruction of the ARM-10 processor.
The output pixel data are transferred between the graphics cache
of the rendering engine and the external memory through the
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Fig. 2. Data transfer flow.

Fig. 3. Dual operations: (a) tightly coupled co-processor; (b) parallel processor.

system bus interface. The separation of instruction and data
paths increases processing parallelism of the hardware blocks
and reduces the required bus bandwidth.

B. Dual Operations

Different from the conventional ARM co-processor archi-
tecture [14], the graphics processor has dual operating states
as shown in Fig. 3. The first state is tightly coupled co-pro-
cessor (TCC) state. In this state, the vertex shader in the graphics
processor operates as a normal ARM-10 co-processor. Its in-
structions are issued by the ARM-10 processor as the extended
co-processor instructions, and they are conditionally executed
to maximize their execution throughput. They do not affect the
memory and registers unless the arithmetic flags (negative, zero,
carry out and overflow) of the ARM-10 processor satisfy a con-
dition specified in the instructions. In the vertex shader, SIMD
control flags such as arithmetic flags, saturation, overflow and
underflow are updated after execution of every SIMD data pro-
cessing instructions and can be moved to program status register
(PSR) of the ARM-10 processor. The general SIMD instructions
such as arithmetic and movement operations are implemented in
the TCC state, performing clipping and back-face culling oper-
ations in 3-D graphics pipeline.

The second state is parallel processor (PP) state [15]. In this
state, the vertex shader behaves like an independent processor
and it does not need any control from the ARM-10 processor.
The PP state has a separate graphics instruction set different

from the general SIMD instructions of the TCC state. The vertex
shader executes the independent vertex program codes while the
ARM-10 processor performs its main application program or
enters even into cache miss. Various user-defined vertex pro-
cessing operations such as geometry transformation and lighting
calculations can be performed for the current vertex input while
next vertex data is fetched from the ARM-10 processor. To
maintain the communication protocol of the ARM-10 co-pro-
cessor interface, the vertex shader drives co-processor busy (CP-
busy) signal to the ARM-10 processor in the PP state, blocking
next co-processor instruction from the ARM-10 processor for
synchronization.

In the graphics processor, the two separate instruction
sets—the general SIMD instruction set for the TCC state and
the graphics instruction set for the PP state—are implemented.
The graphics instructions set is the subset of the general SIMD
instructions with graphics extensions such as source swizzling
and write-masks. In the PP state, there are more register file
sets that can be used as input operands of instructions in pro-
grammer’s model. The general SIMD instructions in the TCC
state can also accelerate various multimedia functions beyond
3-D graphics such as MPEG-4 video.

IV. PROGRAMMABLE SIMD VERTEX SHADER

A. Internal Architecture

Fig. 4 shows the user-programmable fixed-point vertex
shader implemented in the graphics processor [12]. The vertex
shader is a 128-bit 4-way SIMD ARM-10 co-processor, and
it consists of two parts—control and datapath. In the control
part, there is a 2 kB code memory that stores vertex program
codes of graphics instructions. Vertex program control unit
(VPCTRL) issues the graphics instructions without control of
the ARM-10 processor. The general SIMD instructions are
transferred through the co-processor interface and the contents
of control register determine its operating state. The two oper-
ating states—the TCC state and the PP state—share all of the
hardware blocks except instruction fetch units.

In the datapath part, there is a fixed-point vector unit that is
responsible for all SIMD arithmetic operations such as addition
and multiplication. Special function unit (SFU) is responsible
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Fig. 4. Programmable SIMD vertex shader.

Fig. 5. Pipeline structure of the vertex shader.

for reciprocal (RCP) and reciprocal square root (RSQ) opera-
tions. Most of the operations are performed as 32-bit fixed-point
numbers, and achieve a single cycle throughput. Display buffer,
implemented as a 32 kB synchronous SRAM, stores graphics
constants such as transformation matrix, lighting parameters
and lookup table entries. It can also store frequently drawn
graphics model data to reduce traffic on external memory I/O.
For streaming graphics processing, the vertex shader contains
multiple register files—input vertex registers (VIR), output
vertex registers (VOR) and general SIMD registers (VGR).
The input vertex register file, used to hold the vertex attributes
such as position and normal vector, is fed into the fixed-point
SIMD datapath. The general SIMD register file is used to store
temporary results during vertex program execution. The shaded

Fig. 6. Fixed-point number representation: (a) number format (example: Q4.4
format); (b) overflow and underflow.

vertex output is transformed into one of the output vertex
register files. There are three output vertex register files for
caching of vertex data in the primitive assembly and only one
of them is accessible in the vertex program.

B. Pipeline Structure

The eight-stage single-issue pipeline of the vertex shader is
illustrated in Fig. 5. The fetch stage transfers one of the gen-
eral SIMD instructions and the graphics instructions from the
co-processor interface and the code memory, respectively, to the
control unit. For programmable shading, operand of the SRAM
display buffer and the SIMD register files are accessed at the
same time in the decode stage. The SRAM address is gener-
ated in early stage of the pipeline, the issue stage. In the ex-
ecute stage, there are three separated pipelines—SIMD arith-
metic-and-logic (ALU) pipeline, SIMD multiply pipeline and
SFU pipeline. By using 4-way 32-bit integer multipliers with
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Fig. 7. SIMD ALU: (a) block diagram; (b) two instructions (CAS, CLS) for floating-point emulations.

integer shifter arrays for fixed-point conversion, single-cycle
throughput for fixed-point multiply-and-accumulate (MAC) op-
erations can be achieved. To reduce the design complexity, reg-
ister-forwarding logic between pipeline stages is used only in
the general SIMD register file.

C. Fixed-Point Graphics Processing

Most of multimedia data such as 3-D graphics require real
number representation to support various graphics algorithms.
In this work, fixed-point number representation shown in
Fig. 6(a) is used instead of floating-point number format [17].
Simple integer datapath of fixed-point unit can achieve higher
clock frequency while consuming less power than floating-point
unit, yielding total energy reduction. For typical 3-D matrix
transformation, gate level simulation of 4-stage pipelined 32-bit
fixed-point multiplier showed 30% higher maximum operating
frequency than 6-stage pipelined single-precision floating-point
multiplier. In addition, the fixed-point multiplier consumed
only 83% power of the floating-point multiplier at the same
operating frequency. Consequently, when the fixed-point arith-
metic is applied to graphics applications, 36% of total energy
consumption can be saved on average. Moreover, small screens
of mobile terminals allow that 32-bit fixed-point system can
generate final graphics images with unnoticeable accuracy

loss compared with conventional floating-point system [16].
For vertex-level accuracy in QVGA screen resolution, Q12.20
fixed-point format guarantees maximum transformed distance
to be as low as 0.000 025 [12].

To improve the usefulness of the fixed-point arithmetic op-
erations, it is designed such that hardware status registers au-
tomatically indicate the overflows and the underflows occurred
in the multiplications of two fixed-point numbers as shown in
Fig. 6(b). These status registers can be used to check errors in the
fixed-point arithmetic without extra cycle penalties and degra-
dation of SIMD parallelism.

Fig. 7(a) shows the SIMD ALU in the fixed-point vector unit.
It can calculate all of the fixed-point arithmetic and logic oper-
ations including byte shuffle, data packing and operand align-
ment using only the integer adder and shifter. In addition, the
SIMD ALU implements two special instructions—controlled
ADD/SUB (CAS) and controlled logical shift (CLS) for effi-
cient software floating-point emulations. Control flow instruc-
tions such as if-then-else are frequently used in the program-
ming of software floating-point arithmetic routines on conven-
tional integer RISC processors. However, these control flow in-
structions decrease processing parallelism in SIMD datapath
and require many operating cycles. The CAS and CLS instruc-
tions change the control flow instructions to single cycle SIMD
arithmetic operations as shown in Fig. 7(b). With the floating-
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Fig. 8. SIMD multiply engine: (a) matrix transformation (TRFM); (b) internal bypass network; (c) hardware architecture of single fixed-point multiplier unit in
the SIMD multiply engine.

point emulation, the graphics processor shows 80 Mflops peak
floating-point performance at 200 MHz operating frequency.

D. SIMD Multiply Engine

Since multiplication-equivalent instructions spend most of
time in graphics operations, the throughput of fixed-point MAC
operations is designed as a single cycle. In addition, fast 4-cycle
matrix transformation (TRFM) is implemented as shown in
Fig. 8. By broadcasting vector elements of input vertex [16],
TRFM can be calculated by the first multiply (MUL) and the
following three MAC operations. However, fixed-point MUL
and MAC operations require two cycle integer multiplications
and two cycle integer additions, leading to 4-cycle latency.
To resolve data dependency between theses MUL and MAC
operations, it is allowed that intermediate value of the integer
multipliers can be bypassed to accumulator input of the integer
adders in the SIMD multiply engine [Fig. 8(c)]. By this scheme,
the graphics processor shows 50 Mvertices/s peak graphics
performance for parallel projection at 200 MHz operating
frequency.

V. LOW-POWER FEATURES

A. Instruction-Level Power Management

The proposed graphics processor controls its dynamic power
consumption at both of micro-level and macro-level. For micro-
level power management of the vertex shader, it implements in-
struction-level power management as shown in Fig. 9. By the

definition of the ARM-10 co-processor interface, the ARM-10
processor must drive co-processor instruction valid (CPINSTV)
signal to the vertex shader only when the current instruction is-
sued from the ARM-10 processor is the valid vertex shader in-
struction. Using CPINSTV, the clock signals of the SIMD reg-
ister files can be gated off when the write operations of the reg-
ister files are not required. The read operations of the register
files are still possible in the clock-off state. The write opera-
tions of the register files are performed in the writeback stage,
and CPINSTV is valid in boundary between the issue and the de-
code stage of the vertex shader pipeline. Nevertheless, the vertex
shader can operate reliably because pipeline registers hold reg-
ister writeback values before writeback operations, and the reg-
ister forwarding logic bypasses these values to correct input
ports of arithmetic units. CPINSTV also reduces the power dis-
sipated in the datapath of SIMD arithmetic units by eliminating
the unnecessary signal transitions. Therefore, the co-processor
architecture shows fine-grained power management on an in-
struction-by-instruction basis. In the vertex shader, since the
SIMD register files and datapath consume about 80% of power,
about 47% activation ratio in calculating full 3-D geometry op-
erations achieves up to 43% power reduction.

B. Low-Power Rendering Engine

For micro-level power management of the rendering en-
gine, it implements pixel-level clock gating. Fig. 10 shows
internal architecture of the rendering engine. It consists of a
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Fig. 9. Instruction-level power management.

Fig. 10. Rendering engine and clock gating.

triangle setup engine (TSE), a pixel processor (PXP) and a
graphics cache system. The TSE accelerates setup operations
by sorting positions of the input triangles, and balances the
3-D graphics pipeline between the rendering engine and the
vertex shader. The PXP performs the main rendering oper-
ations such as shading, depth comparison, texture mapping

and pixel blending. The 26 kB graphics cache contains frame,
depth and texture caches, and stores frequently accessed pixel
data. The frame and depth caches are direct-mapped caches
in screen coordinates with two-dimensional array and show
94% average cache hit ratio. The texture caches are composed
of two 2-way set associative caches for bilinear MIPMAP
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Fig. 11. Programmable frequency synthesizer: (a) block diagram, (b) fully balanced VCO, (c) measurement results (RISCclk in NORMAL mode).

filtering and achieves average 20% power reduction compared
to direct-mapped texture caches.

To reduce power consumption, the PXP allows clock gating,
which uses depth-compare results generated in early stage of
rendering pipeline. If a new pixel to be drawn is already covered
by the pixels near from the viewpoint, the PXP does not need
to process further. To use this property, the depth-compare unit
is put into the earlier pipeline stage and the clock signals of the
texture and blending units are gated-off to prevent unnecessary
shading and texturing. It also reduces the power consumption
of the graphics cache system by eliminating the unnecessary
requests to each cache. For typical graphics applications that

have the depth complexity of two, the pixel-level clock gating of
the rendering engine shows average 25% power reduction [13].

C. Programmable Frequency Synthesizer

For macro-level power management, the graphics processor
contains the programmable frequency synthesizer (PFS) as
shown in Fig. 11. Revised from the previous implementa-
tion that supported the only abrupt frequency change (2 ,
1 , 0.5 ) [4], this PFS can continuously and adaptively
tune the target frequency with PLL-type frequency synthe-
sizer. Once the operation mode is selected by OP_MODE
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Fig. 12. Die photograph.

TABLE I
CHARACTERISTICS OF THE GRAPHICS PROCESSOR

(FAST/NORMAL/SLOW), FREQ_CTRL sets the target fre-
quency adaptively. The frequency in FAST mode can vary
from 32 to 271 MHz with 1 MHz step, NORMAL from
16 to 135.5 MHz with 500 kHz step, and SLOW from 8 to
67.75 MHz with 250 kHz step. The PFS is designed to cover
wide frequency scaling range from 8 to 271 MHz.

Since the 3-D graphics applications are executed at a given
frame rate, or frame per second (FPS), finite amount of pixels
should be drawn within the time slot of a single frame. Once the
vertex shader and the rendering engine finish drawing pixels,
their datapath do not need clocking for the rest of the time till

Fig. 13. System evaluation board.

restarting next frame. Therefore, the host software running on
the ARM-10 processor measures the average workload of the
current frame, and sets the target frequency of PFS adaptively
for the next frame. The power-management software counts the
clocks from Timer until pixels of the given frame are completely
drawn. Then, it compares the measured number of clocks with
pre-determined value that is the current frequency divided by
required frame rate. If the drawing pixels are completed earlier
than the preset threshold, then the software adjusts the clock
rate of next frame to be slower, and resets Timer before starting
the next frame. For the case that the next frame requires more
processing than the present, the software maintains 25% margin
in workload monitoring to avoid unwanted slowing-down.

To cover wide frequency scaling range with high toler-
ance against process variations, the PFS implements the fully
balanced voltage-controlled oscillator (VCO) as shown in
Fig. 11(b). The proposed VCO consists of a fully balanced
V-I converter and a current-controlled oscillator (CCO) with
five delay stages. Each stage is designed as fully balanced
differential configuration. The V-I converter converts the con-
trol voltage of VCO into complementary UP and DN control
bias voltages that drive two separated bias current sources.
The CCO minimizes the effects of power supply noise and
substrate noise. The tuning range of the VCO is 350 MHz and
ensures wide linearity range and nearly constant gain over the
rail-to-rail control voltage variation.

Adaptive variation of the clock frequency is advantageous
over the conventional clock gating, which pumps the clock tree
at the maximum frequency and pause the clocks to the datapaths
by gating off them abruptly after drawing the frame. Even if the
datapaths are prevented from transitioning, the spine of clock
tree is kept pumped thus wastes power in the conventional clock
gating.

Although the frequency of the clock output (CKout) is con-
tinuously changed until being locked to the desired value, the
chip can be reliably operated since all logics are designed with
fully static circuits and the chip communicates with off-chip de-
vices asynchronously. The PLL locking time is less than 50 s
and it consumes 2 mW. Fig. 11(c) shows the acquisition wave-
forms of the PFS during frequency change in NORMAL mode.
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Fig. 14. Power and performance comparisons of graphics processors.

As shown in this measurement results, the PFS can provide the
clock to each hardware block continuously without unwanted
transitions.

VI. IMPLEMENTATION RESULTS

The proposed graphics processor is fabricated in 0.18- m
6-metal standard CMOS logic process. The chip size is 36 mm
including 2M logic transistors and 96 kB SRAM. Fig. 12 shows
the die photograph and Table I summarizes its features. By
using this chip, various 3-D graphics algorithms and other
multimedia functions can be processed with 50 Mvertices/s
peak graphics performance, and 24-bit true colored and tex-
ture-mapped graphics images can be drawn at the speed of
50 Mpixels/s and 200 Mtexels/s. The real-time 3-D graphics
images with fixed-point graphics processing are demonstrated
by the fabricated chip on the system evaluation board as shown
in Fig. 13.

Fig. 14 shows the system power consumption and sustaining
full 3-D graphics performance for various configurations of the
graphics processors. The fixed-point graphics processing and
the micro-level (instruction-level and pixel-level) power man-
agement reduce the power consumption by 26% compared to
the previous implementation [4]. Moreover, parallel operations
of the ARM-10 processor and the vertex shader by dual oper-
ations increase the sustaining graphics performance about 50
times. The additional power dissipated by dual operations is as
low as 3 mW, because only simple instruction-fetch units are
required and remaining hardware blocks are shared by the two
operating states. The implemented graphics processor consumes
155 mW in continuous calculation of 3.6 Mpolygons/s full 3-D
graphics pipeline including geometry transformation, lighting,
clip check, shading and bilinear MIPMAP texture mapping at

FAST mode (200 MHz RISCclk, VSclk, and 50 MHz REclk).
For unlighted and nontextured graphics applications, the power
consumption is about 132 mW and the performance is increased
up to 10 Mpolygons/s for sustaining input of vertex data.

The graphics performance in the mobile multimedia applica-
tions cannot be compared directly in terms of processing speed
such as vertex calculation rate because the power consumption
must be taken into account as well [18]. For the comparison
of the implemented graphics processor with other previous ar-
chitectures, the vertex-processing rate per one-second (VXPS)
normalized by power consumption (mW) is used as the per-
formance index, which is used for portable 3-D graphics
[11]. Based on this index, the graphics processor shows 161.2
kVXPS/mW, which is about 30 times improvement over the
previous implementation [4].

VII. CONCLUSION

A low-power graphics processor is designed and im-
plemented for portable 2-D and 3-D graphics and mobile
multimedia applications. The graphics processor integrates
full 3-D graphics pipeline including an ARM-10 compatible
32-bit RISC processor, a 128-bit programmable fixed-point
SIMD vertex shader, a low-power rendering engine, and a pro-
grammable frequency synthesizer (PFS). It utilizes ARM-10
co-processor architecture with dual operations while achieving
the low power consumption with help of fixed-point graphics
processing, instruction-level power management of the vertex
shader, pixel-level clock gating of the rendering engine, and
programmable clocking of the PFS. The chip is fabricated
0.18- m 6-metal standard CMOS logic process, taking die size
of 36 mm . The graphics processor shows 50 Mvertices/s peak
graphics performance at the drawing speed of 200 Mtexels/s
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bilinear MIPMAP textured pixels with less than 155 mW.
Future research will focus on accelerating data streaming with
pixel-level programmability for low-power devices to balance
the 3-D pipeline and boost overall performance.
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