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Compact FPU Design and Embedding in a
Ubiquitous Processor for Multimedia
Performance Enhancement
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ABSTRACT

The key to protect huge amount of multimedia
data in ubiquitous networks is to introduce safety
aware high-performed single VLSI processor sys-
tems embedded with cipher process. Thus, we ex-
ploited the architecture of a hardware cryptography-
embedded multimedia mobile processor named HC-
gorilla by sophisticatedly unifying up-to-date proces-
sor techniques. Although it was provided with care-
fully selected Java bytecodes and cipher codes, FP
(floating point) expression was omitted due to the
restriction of hardware resource. Considering recent
trend of embedded applications like voice recognition,
3D graphics, and image/vision processing, FP hard-
ware is crucial for further enhancing HCgorillafs Java
functions. We focus in this article the development
of a compact FPU (Floating point number Processing
Unit). A compact FP format specific for HCgorilla is
IEEE 754 compatible except the bit width represen-
tation of FP data. Prioritizing the latency of FPU,
it has only 5 stages. The compact FPU is built in
HCgorilla by adding 16 FP arithmetic codes and im-
proving the decode stage of the previous HCgorilla.
By using a 0.18-um standard cell CMOS technology
supported by VDEC, we have so far accomplished the
logic synthesis and behavior simulation. The 400MHz
of clock frequency is justified from delay analysis.

Keywords: Processor, ubiquitous, multimedia,
floating point, performance

1. INTRODUCTION

Ever growing ubiquitous environment makes over-
all demands for user friendly functions, mobility,
power consciousness, real time response, and secure-
ness. Although sophisticated functions have been
achieved by embedded software, such approach will
surely contradict power conscious design. The mas-
sive quantity of multimedia information is very diffi-
cult for regular techniques to satisfy the overall de-
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mands. Thus, drastic improvement is required for
embedded system to achieve really promising ubig-
uitous devices. With respect to this view point, it
is expedient to develop a single chip VLSI processor
[1-3].

We have so far developed multimedia mobile pro-
cessor named gorilla [4], hardware cryptography-
embedded processor named RAP (random addressing-
accelerated processor) [5-6], and a hardware
cryptography-embedded multimedia mobile proces-
sor named HCgorilla [7]. HCgorilla has potential to
cover almost issues described above. It has the par-
allelism of multicore and multiple pipes to achieve
power conscious high-speed performance. Java com-
patible media pipes are user friendly and cipher pipes
execute SIMD (single instruction stream multiple
data stream) mode cipher coeds to do streaming ci-
pher.

The stream cipher by HCgorilla is a common
key process called RAC (random number-addressing
cryptography) [8]. RAC is neither almighty nor uni-
versal, and as such, is neither one and only nor ex-
clusive computer security technique. However, RAC
is a practical cipher that has ability to keep the tem-
porary security of ubiquitous devices without perma-
nent network infrastructure. One of the most charac-
teristic aspects of RAC is the ad-hoc cipher of ubiq-
uitous devices. The benefit of RAC is due to the
direct connection of a built-in random number gener-
ator’s output and the access line of a data cache. This
makes the transfer between a register file and the data
cache at random. Thus, HCgorilla encrypts a plain-
text block without any execution. This is quite differ-
ent from other usual ciphers. For example, AES (Ad-
vanced Encryption Standard) uses arithmetic, logic,
and functional operations.

We applied HCgorilla to image cryptography [9].
The cryptographic streaming of multimedia data was
further described in detail [10]. Then, the crypto-
graphic streaming or ubiquitous cryptography, RAC
was exploited in cooperation with the continuous im-
provement of HCgorilla and the development of its
software support [8].

As for the Java capability, HCgorilla has been so
far provided with carefully selected 61 Java byte-
codes. These types are memory and stack access,
data type conversion, integer arithmetic and logic op-
eration, branch and jump. Although JVM (Java vir-



Compact FPU Design and Embedding in a Ubiquitous Processor for Multimedia Performance Enhancement 171

tual machine) is provided with FP (floating point)
expression, it was omitted in developing HCgorilla.
This is mainly due to the restriction of chip area and
available circuit scale. Generally, FP hardware occu-
pies large area and consumes much power.

However, FP expressions are crucial for multime-
dia applications such as voice recognition, 3D graph-
ics, and image/vision processing. Considering an in-
creasing number of embedded applications like cellar
phone and PDA, the hardware implementation of FP
operations is a matter of urgent subject and crucial.
Designing consideration of FPU (floating point num-
ber processing unit) for the ubiquitous processor is
contemporary to the inherent Java media specifica-
tion. The lack of FP arithmetic functions deteriorates
the utilization of HCgorilla.

We have planed to join HCgorilla with our several
works on FPU for multimedia mobile computing [11].
In this article, we describe firstly a FP format specific
for HCgorilla. It is IEEE 754 compatible except the
bit width representation of FP data [12]. The dom-
inant factor of power and precision is the bit width
representation of FP data. Examining the necessary
resolution and range of FP arithmetic used for em-
bedded applications, it was pointed out that 9 man-
tissa bits and 6 to 7 exponent bits are sufficient [13].
Thus, the bit width is fixed to 16 according to the
design principle of power conscious high speed with
sufficient precision and universality.

We synthesize a compact FPU by using a 0.18-pm
standard cell CMOS technology file and CAD tools.
The FPU prioritizes latency, and is made as short
as possible by optimizing the structure of FP arith-
metic pipeline. The resultant 5-stage FPU works at
400MHz according to delay analysis. Then, the FPU
is built in HCgorilla by adding 16 FP arithmetic codes
and improving the decode stage of the previous HCgo-
rilla. We have so far accomplished the logic synthesis
and behavior simulation of HCgorilla.

2. FLOATING POINT NUMBER PRO-
CESSING UNIT

Since our attention is ubiquitous or mobile com-
puting, PC level performance is not always required.
Thus, the design principle of the FPU specific for
HCgorilla is low power with sufficient precision and
universality. The universality is inevitable for ubig-
uitous environment.

2.1 FP Format

A compact FP format with sufficient precision is
exploited so that it may be really useful for ubig-
uitous devices, especially for HCgorilla. FP repre-
sentation and computation are inevitable for many
mobile/portable electronics devices because they of-
ten manipulate human-sensory data such as speech
or video imagery digitized by FP formats. Then,

human-sensory data is acquired at relatively low bit
resolutions, e.g., 4-10 bits of precision. Neverthe-
less, processing FP programs are easily coded by us-
ing popular high resolution FP formats with more
bitwidth. Since FP hardwares are very power hungry,
it is not always reasonable for low-power electronics
devices to use FP standards like IEEE 754 that most
desktop microprocessors support by using more than
32bits. Yet, the universality of FP expression is filled
with IEEE standard. The IEEE standard governs bi-
nary FP arithmetic. It is adopted by JVM. Fig. 1
shows the most universal IEEE 754 standard 32-bit
floating point number format.
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Fig.1: IFEEFE 754 Standard 32-bitFfloating Point
Number Format.
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Fig.2: HCgorilla 16-bit Floating Point Number For-
mat.

Reducing FP power consumption was explored by
minimizing the bitwidth representation [13]. This
was justified by the analysis of several signal process-
ing programs such as Alvinn, Bench22, Fast DCT,
PCASYS, Sphinx in running multimedia FP data.
The relation of program accuracy vs. bitwidth shows
9 mantissa bits and 6 or 7 exponent bits maintain
90% recognition accuracy. This is sufficient preci-
sion to keep the reliability of human life. The energy
vs. bitwidth plots show that power consumption in-
creases linearly with the operand bitwidth. Thus,
up to 66% reduction in power consumption can be
achieved in a FP hardware unit by the bitwidth re-
duction scheme.

With respect to the viewpoint that 16-bitwidth FP
expression is sufficient, it is reasonable that HCgorilla
has been provided with 16 bits of word width. Thus,
a FPU for HCgorilla is also designed to have 16-bit
resolution. Fig. 2 shows the FP format of HCgorilla.
The mantissa is assigned 11 bits of precision in order
to achieve sufficient precision, while the exponent is
assigned 4 bits with tolerance for the dynamic range.
Table 1 summarizes the interpretation of the format
shown in Fig. 2.

2.2 Hardware Structure

In view of mobility and power, the hardware struc-
ture of the HCgorillafs FPU is designed as compact
as possible. In order to detect invalid computing such
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Table 1: The Set of Interpretation for the HCgorilla
Format

EX FR Mumerical value Corrments
O<EX <15 (-1F X (HFE) ® ZEE7 | Norrralized mumber
EX=0FR #0 (-13 X FR x JE&-8 Dencrrralized rumber
EX=0FR =0 C1F X0 *0 (signed 0)
EX=15FR=0 (-1F % o0 *infinity
EX=15FR #0 Mar Mt anurrber

as 0 x 0o, 0o — 00, the compatibility with IEEE 754
is important. Thus, following units are used for the
FPU.

a. A unit for checking exceptional conditions that
are the cases where an exponent is 0000, 1111,
and a mantissa is all clear. These cases corre-
spond to over flow and under flow as shown in
Table 1.

b. A unit providing the function of gradual under-
flow shown in Fig. 3.

These units prevent interruption to be caused by in-
valid computing. Reliable features due to these units
are indispensable for the normal function of mobile
devices.
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Fig.3: Gradual Underflow.

In the hardware implementation of the FP format
shown in Fig. 2, we prioritize latency. Since it is a
fundamental issue imposed on the FPU, the pipeline
structure s optimized. This is achieved by decreasing
the pipeline degree and maximum delays.

Fig. 4 shows the pipelined structure of FPU. EXP
stage calculates exponents. SHIFT stage has the unit
for exceptional process and alignment. EXE stage
calculates mantissa. NORMAL stage normalizes the
result of EXE and rounded at RND stage. In order
to relieve the inherent issue of FPU or to tune the
long latency as short as possible, we make following
devices.

a. Speculative execution of mantissa calculation:

If we did serial execution for comparison, add-
ition, or subtraction in calculating mantissa,
EXE stage might take several clocks. Thus, it

is parallelized. Since the parallelized EXE stage
does redundant calculations, the justice of them
is judged and one of them is selected. Thus, the
parallel execution is speculative. The paralleli-

zation saves the distance of logic depth, but ob-
viously wastes the longitudinal direction. Thus,
the tradeoff between delay and area or power is
important.

b. Optimizing multiply: By decomposing into par-
tial products, the 12-bitx 12-bit multiply takes
only 2 clocks at SHIFT and EXE stages.

c. Integration of adjacent units with smaller delays
into one stage: Actually, the ROUND unit and
the NORMALIZE2 unit are joined at RND stage.
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Fig.4: Organization of the FPU.

2.3 Logic synthesis

The FPU structure shown in Fig. 4 is synthesized
by using a 0.18-um standard cell CMOS technology
file supported by VDEC. Design environments are ba-
sically Synopsys and Cadence tools. The designed
FPU works at 400MHz as is justified from Table 2 and
Fig. 5. Table 2 summarizes the delay analysis of the
FPU. The critical path exists in the NORMALIZE1
unit. From this, we derive Fig. 5 that overviews the
timing condition of the FPU and the previous HC-
gorilla. The condition allows normal operation. It
is clear from this that the FPU covers the operation
possible region of HCgorilla. Thus, we fix the clock
frequency at 400MHz.

Fig. 6 shows the simulation of the FPU working at
400MHz. The simulation result exactly verifies that
5-stage pipelining, multiplication, exceptional condi-
tions, and gradual underflow are regularly treated.
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Table 2: Delay analysis of the FPU

Stages Units Max Delay [ns]
ADD_GRE!1 0.91
ADD_GRE2 0.91
EX EX FLG 0.54
EX_ADD SUB 1.8%
EX MUL 1.28
EXCEFTION 2.15
COMP_EX1 1.45
SHIFT SHIFT FIGL 2.30
SHIFT FIG2 227
MUL1 231
CONMP_FR 189
ADD 23
EXE SUB_12 2.29
SUB 21 232
MUL2 2.32
NORM AL CONP_SIGH 1.58
NOFMALIFE]L 2.37
ROUMD 0,80
RND NORMALIZE2 0.19
COMP_EX2 078
FINAL _CHECK 0.48
2.0 25 3;0 Time (ns)

Waved-EX

of HCgorilla

FPU

>

Fig.5: Clock Cycle of the FPU.
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Fig.6: Simulation of the the FPU.

3. HCGORILLA

The new version of HCgorilla that builds in the
5-stage FPU is named HCgorilla.4.

3.1 Opcode Set

We have carefully selected 16 FP arithmetic codes
from 26 float type Java bytecodes in order to achieve
a compact opcode set. The remaining 10 codes will
be unfolded by a software support like API (applica-
tion program interface). Although sophisticated de-
mands for multimedia processing tend to complicate

the opcode set and increase its size, compactness is
also important in order to lighten the burden on mo-
bile hardware. This is solved by simplifying the code
format and reducing the size or the number of op-
codes.

Table 3 shows the code set of HCgorilla.4 com-
posed of 79 codes. 16 FP arithmetic codes are added
to previous opcode set composed of 63 codes. The
decode unit of HCgorilla.4 has been improved so that
it covers the control signals of the FPU too.

The reason why we do not say instruction set but
code set is because the concept of the machine in-
struction is vague as shown in Table 4. While a
so-called instruction is formed by an opcode and an
operand, they are grammatically independent in case
of HCgorilla and JVM.

Table 3: Code set of HCgorilla.4
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Table 4: Code of HCgorilla VS. JVM

Architecture Assembler code Executable code
Iediacode
) Opcode {Javabyte code)

HCgonlla Cipher code

Operand

Java byte code
W

Operand

3.2 Architecture

Fig. 7 shows the structure of HCgorilla.4. It has
double cores, each of which has 5 pipes. Java compat-
ible media pipes are 2 integer pipes and 2 FP number
pipes. The remaining is a cipher pipe. The integer
pipe has 2-waved execute stage, while FPU takes 5-
clock latency. Thus, the scheduling is necessary for
opcodes corresponding to these media pipes.

The parallelism of multiple pipes is LIW (long in-
struction word). LIW is not so broad like VLIW (very
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Fig.7: Structure of HCgorilla.4.

long instruction word). Yet, LIW is effective to prac-
tically enhance multimedia communication. In order
to cover LIW in conjunction with Java native codes,
microprogramming technique is useful. Then, the key
technique of the hardware parallelism is superscalar-
like IFU (instruction fetch unit). This is a wired logic
detecting the length of each instruction and distribut-
ing it to appropriate pipes. TLP (thread level par-
allelism) and ILP (instruction level parallelism) are
on the back of instruction folding by API and LIW
compiler. Table 5 summarizes architectures and pro-
cessor derivatives related to HCgorilla.

Table 5: Processors Related to HCgorilla
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3.3 Simulation of HCgorilla.4

A test bench is prepared for the behavioral ver-

ification of HCgorilla.4. The test bench simulates
parallel execution in full of media pipes and cipher
pipes as is illustrated in Fig. 8. Here, we show the
behavior of the one of double cores for the sake of il-
lustration. Core 1 simultaneously executes the SIMD
mode random store code rsw and the two FP arith-
metic operations (fmal, fadd). The encryption within
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core 1 works for 32 1-byte graduation elements stored
in the register file. On the other hand, the arithmetic
operations by using Java instructions work for stacks.

Uhper Lower
e
03 nop00) | nop(00)
xg| nop(00) ¥ nop(00)
7|l | fd(62)
(020065 cd if
(15 all éf 7B
e it 4 0:03] E2 84 S, Ll
t T I { § DogoonesosnoomEg
L dS £l L2 s g |/ EHEEHIN y
£ 01| spu(1D) § s(1D) T I et
=00) s | rsw(fl) o Ez 8 F
Instruction cache Register file
Media strearn 1-1 (Upper)

xa0c® x  OxdSlf - Ox3ed® Encryption
Media streamn 1-2 (Lower)

Ox6fff +  0x50ff

== 0x708f
Fig.8: Test program.

Fig. 9 shows a result of HCgorilla.4 simulation
in running the test bench. The pipelined structure
attached in the above corresponds to 400-MHz clock.
At t < 0, FP data are already pushed in the stacks of
media pipes. Similarly, pixel data are buffered in the
register file. The simulation result exactly verifies the
parallel execution of the SIMD mode encryption for
the FP data by the cipher code rsw and the floating
point arithmetic for the pixel data by fmul and fadd.

e KR S ——

Tine
[

Fig.9: Simulation of HCgorilla.4.

Fig. 10 shows one of most typical applications of
HCgorilla that simultaneously handle audio, text, im-
age, moving picture, etc. The secret of these data
is guaranteed by RAC. The HCgorilla-embedded cel-
lar phone makes the most of HCgorillafs ad-hoc abil-
ity. The bidirectional capability provided by the dou-
ble cores is preferable to many of ubiquitous applica-
tions, especially communication applications. In the
bidirectional real time communication, each of two
cores is dedicated to unidirectional data flow. High
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efficiency due to utmost parallelism achieved by the
double core and six pipelines is very suited to time-
consuming ubiquitous applications.
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Fig.10: Application of HCgorilla.

4. CONCLUDING REMARKS

We have exploited a 16-bit FP format specific for
HCgorilla. It is IEEE 754 compatible except the bit
width representation of FP data. This is fixed to
achieve a compact FPU with sufficient precision. The
compact FPU has been designed so that the latency
is as short as possible by optimizing the FP arith-
metic pipeline structure. According to delay analysis
by using a 0.18-ym CMOS standard cell technology
file supported by VDEC, the resultant 5-stage FPU
works at 400MHz. Then, the FPU is built in HC-
gorilla.4 by adding 16 arithmetic codes carefully se-
lected from Java bytecodes, and improving the de-
code stage of the previous HCgorilla. We have so far
accomplished the logic synthesis and behavior simu-
lation of HCgorilla.4.

The next step of our study is as follows.

a. The optimization of chip design. It is vital for
the ubiquitous performance of HCgorilla, beca-
use FP multipliers are generally expensive com-
ponents in a processorfs power budget.

b. Chip implementation.

c. Chip evaluation like the tradeoff between delay,
area, and power of the speculative FPU.

d. Development of software supports in running
HCgorilla: Scheduling for integer and FP num-
ber operations may be covered by a LIW comp-
iler [7] or multifunctional pipelining. Since multi-
functional wave-pipelines are released from awk-
ward instruction scheduling without the slow-
down of clock speed, the arrangement makes it
possible to realize wide-range dynamic ILP at a
rate higher than regular superscalar architecture
[14].
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