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Fig. 2. Compile flow.

nique, the same kind of multi-cycled functions are aggre
gated into single functions, and arithmetic algorithms whose
behavior is steady on operand values are utilized. The ef
fects are evaluated with applications using fixed-point arith
metic functions and polynomial arithmetic functions over a
finite field.

2. DRP OVERVIEW
NEC's DRP is a coarse-grained multi-context dynamically
reconfigurable processor architecture [1]. The structure of
prototype chip DRP-l is shown in Fig. 1. It contains 4 x 2 re
configurable units called Tiles and eight 16-bit multipliers.
Within each Tile, there are 8x8 processing elements (PEs),
a State Transition Controller (STe), eight 2-port memory
blocks (VMEM), and four I-port memory blocks (HMEM).
The capacity of VMEM is 8x 256 bits, and that of HMEM is
8x 8K bits. DRP-I has 512 PEs, 80 VMEM (VMEM blocks
are placed between Tiles and at both ends of the chip) and
32 HMEM in all. A PE has an 8-bit computing unit, a regis
ter file, and an instruction memory. The instruction memory
contains 16 instruction (context) sets, and hardware struc
ture can be changed by fetching a new instruction according
to a pointer issued by an STC. This context switch can be
done in I clock cycle, and the next context can be chosen
from up to 5 candidate contexts.

ABSTRACT

Dynamically Reconfigurable Processor (DRP) released by
NEC Electronics is expected to have potential for high de
gree of parallel processing. Applications for DRP are de
scribed in C language, and parallelism in the source code is
automatically extracted by a compiler. On the other hand,
it is also important to optimize descriptions so that the po
tential performance of the device is effectively brought out.
In this paper, arithmetic algorithms and an optimized coding
technique to efficiently implement applications with multi
cycled arithmetic functions on DRP are discussed, focus
ing on the required number of the states. In this technique,
the same kind of multi-cycled functions are aggregated into
single functions, and arithmetic algorithms whose behav
ior is steady on operand values are utilized. The effects of
the technique are evaluated with fixed-point arithmetic func
tions and polynomial arithmetic functions over a finite field,
showing 2.68",,3.09 times performance improvement with
out large increase in the number of states nor severe degra
dation of the frequency.

1. INTRODUCTION
Recently, technologies of coarse-grained dynamically recon
figurable processors such as Dynamically Reconfigurable
Processor (DRP) by NEC Electronics have been rapidly de
veloped [1, 2, 3, 4]. They are strong in executing applica
tions that process stream data including image, voice, and
encryption processing [5, 6, 7]. Applications for DRP are
described in C language, and parallelism in the source code
is extracted by a compiler. On the other hand, it is also im
portant to optimize descriptions so that the potential perfor
mance of the device is effectively brought out. In addition,
the number of states of a finite state machine (FSM) for ap
plication control, which is also derived from the source code
by the compiler, must be considered, since the number of
states is limited in DRP. Therefore, parallel processing of
multi-cycled arithmetic functions should be carried out as
simply and regularly as possible to save the states.

In this paper, arithmetic algorithms and an optimized
coding technique to efficiently implement applications with
multi-cycled arithmetic functions on DRP are discussed, fo
cusing on the required number of the states. In this tech-
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Fig. 4. State transition diagram.

simple and regular loop sentences like for software pipelin
ing, thus increase in the number of stat~s can be restricted.
Fig.4(b) illustrates the state transition diagram correspond
ing to Fig. 3(b). Synthesizing the aggregated function with
goto conversion, the same sequences of the same arithmetic
functions appeared in other portions of the source code can
also share the states.

By contraries, when different kind of arithmetic func
tions were aggregated, state transition of parallel processing
would be complex and irregular. This would not contribute
to saving of the states. Similarly, arithmetic functions whose
behavior is widely varied depending on their operand values
are ditlicult to be efficiently aggregated. This means choice
of arithmetic algorithms influences the effect of theaggre
gation. In order to aggregate as many functions as possible,
restructure of source code is also important such as a swap
of sentences keeping data and control dependency.

4. FIXED-POINT ARITHMETIC FUNCTIONS
In this section, we evaluate the effect ofaggregation of fixed
point arithmetic functions taking ray tracing as an example.
Through implementation of various kinds of arithmetic, we
discuss how arithmetic influences effects of aggregation.

4.1. Fixed-Point Arithmetic
Ourpreliminary evaluation has revealed at least 30-bit fixed
point arithmetic is required for a ray tracing algorithm to
keep 40-dB PSNR, which is a standard threshold used in
irreversible image compression processing. Based on this
result, we chose 32-bit fixed-point arithmetic with 12-bit in
teger part and 20-bit fraction part. We have designed a mul
tiplication function, a square root function, and three types

A compile flow for DRP is shown in Fig. 2. The DRP
. compiler extracts an FSM and data paths from source code.

Then the FSM is translated to be executed on an STC and the
data paths are compiled into PElMemory array code mapped
on Tiles. While a context is basically build up by data paths
of the corresponding state, up to 4 states can be allocated to
the same context. That is, applications with up to 64 states
can be implemented using all of 16 contexts.

3. AN AGGREGATION DESCRIPTION FOR
ARITHMETIC FUNCTIONS

For efficient parallel processing on DRP, e.achcontext must
be implemented within a limited number of PEs, as in the

.case of conventional FPGAs. In addition, we must consider
a capacity of states, which is a peculiar property of DRP.
3.1. Synthesis Methods of Functions on DRP
Operators in source code such as addition are realized as
combinational circuits, andoperator level parallelism is au
tomatically extracted by the DRP compiler. Meanwhile, it
is natural that complicated multi-cycled operations are de
scribed as functions whose arguments and return value are
operands and the result of the operation, respectively.

There ;ire two ways of synthesizing functions for DRP;
inline expansion which repetitively generates individual cir
cuits for each function call, and goto conversion which gen
erates a single circuit for each function and a function call
is carried out by state transition. With.inline expansion, the
DRP compiler can exploit extensive parallelism beyond the
function boundaries since the structure of functions is de
structed. However, generation of multi.pIe circuits for mul
tiple function calls results in a large number of states. With
goto conversion, the required number of states is constant
regardless of the number of function calls. However, since
function calls are carried out by state transition, inter-function
parallelism cannotbe extracted. For example, synthesizing
three consecutive arithmetic functions in Fig. 3(a) with goto
conversion produces the state transition like in Fig. 4(a). When
ever. the function is called, the state moves to the function's
states, and the three functions are executed sequentially. Thus,
goto conversion produces less parallelism than inline expan
sion.
3.2. An Aggregation Technique
When frequently called functions are synthesized with inline
expansion, expensive parallelism can be extracted but many
states are required. To alleviate increase in the states while
exploiting a certain:degree of function level parallelism, a
coding technique in which the same kind of consecutive
functions aredggregated into a goto-converted function can
be devised. For example, the three functions in Fig.3(a) are
joined up into a new single function whose arguments and a
return value are extended to handle multiple operand sets as
shown in Fig. 3(b). Inside the function, statements for mul
tiple operations are described to be executed in parallel or
inapipelined manner. When the same arithmetic functions
are aggregated, pipelined processing can be described with
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critical execution states PEs
path[nsl time [msl ave max

AgO.R 43,1 15.81 36 80 224
Agl.R 39.7 8.23 39 97 213
Ag2.R 46.6 5.11 43 160 257
AgO.C 48.3 9.74 41 68 165
Agl.C 50.3 6.56 42 101 250
Ag2.C 46.8 3.64 49 185 323
AgO.K 43.9 10.28 39 101 246

AgO... AgU\ Ag:U. ""O.C ",t.e Agl.C Ago.1t

Fig. 6. Execution time of ray tracing.

Table 3. Implementation of ray tracing.

aggregation; no aggregation (AgO), aggregation of the same
arithmetic functions that appeared consecutively (Agl), and
aggregation with loop unrolling (Ag2). There are three al
gorithms for division; Restoring (R), Convergence (C) and
Kantabutra (K). Table 2 also illustrates the maximum degree
of aggregation for each arithmetic function. While up to 8
multiplication functions are aggregated in AgI, the maxi
mum degree of aggregation for Ag2 is improved to 12. Sim
ilarly, for division and square root functions, the degree of
aggregation is increased by loop unrolling.

Table 3 shows implementation results for the evaluated
patterns. Critical paths for all patters are approximately 40[ns]
to 50[ns], which means the aggregation does not seriously
affect the critical path. Increase in the states is also rela
tively conservative. Table 3 shows the average and maxi
mum number of required PEs as the PE utilization is differ
ent for each context. The highest usage ratio is achieved for
Ag2.C, where 323 of 512 PEs are utilized.

Fig. 6 illustrates the overall execution time. For the im
plementation patterns using restoring division, Agl.R out
performs AgO.R by 1.92 times. Furthermore, Ag2.R achieves
3.09 times performance improvement by aggregating more
functions using loop unrolling technique. Similarly, for the
patters of convergence division, Agl.C and Ag2.C improve
the performance by 1.48 times and 2.68 times compared to
AgO.C, respectively.

Focusing on the division algorithms, Ag2.C outperforms
Ag2.R by 1.40 times. The convergence division efficiently
uses DRP-multipliers and the clock cycles are considerably
reduced. Although the effect of aggregation for restoring
division is higher than that of convergence division, aggre
gated convergence division shows the best performance of
all. The performance of Kantabutra division algorithm could
be further improved [8]. However, it is not suited to aggre
gation because of irregularity of the state transition.

aggregation division max degree of ago
algorithm Mul Div Sq

AgO,R not used restoring I I I
AgO.C not used convergence I I I
AgO.K used kantabutra I I I
Agl.R used restoring 8 3 I
Agl.C used convergence 8 3 I
Ag2.R used(unrolling) restoring 12 6 2
Ag2.C used(unrolling) convergence 12 6 2

arithmetic aggregated in states cycles
Mul pipeline 2 n/2+2
Div (Restore) parallel 2 54
Div (Convergence) pipeline 5 n+ 15(n:S 3)

4n + 7(n > 3)
Square root parallel 2 28

(1) ",,/#,;..:;--=
(2) '// , '/
(3)

~(4~)1'---...1::::::::::::::::::~~,.time

Fig. 5. Aggregation of multiplication.
Table 1. Design of aggregated functions.

of division functions using different algorithms; restoring
divider, convergence divider, and Kantabutra divider [8].

For 32-bit fixed-point multiplication, four 16-bit embed
ded DRP-multipliers are required. Arithmetic results can be
generated in 3 clock cycles. Here, the process for each clock
cycle is represented as A, Band C; signs of operands are
recognized and the operands are input to four DRP-multipliers
(A), results from pipelined DRP-multipliers are waited for
(B), and obtained data from DRP-multipliers are added and
shifted (C). Since four of eight DRP-multipliers are used
to multiply 32-bit operands, up to two multiplication can be
executed in parallel. When more than two multiplication are
aggregated, the corresponding operations are executed in a
pipelined manner as shown in Fig. 5.

Table I shows aggregation type, the number of states,
and clock cycles for each aggregated function, where n rep
resents the number of functions aggregated. Multiplication
and convergence division functions use DRP-multipliers, thus
they are processed in a pipeline on aggregation. Restoring
division and square root functions do not use severely lim
ited resources, thus they are executed completely in parallel.
The number of states is constant regardless of the degree of
aggregation. The required clock cycles are constant for the
functions whose operations are processed in parallel. For
functions with pipelined processing, the clock cycles are in
fluenced by the degree of aggregation n.

An aggregated version of the Kantabutra division func
tion has not been implemented since aggregation is difficult
due to its irregular state transition. This is because that the
Kantabutra division algorithm produces I or 2 quotient bits
per iteration, and the number of iterations to generate a re
sult varies depending on operand values.
4.2. Effects of Aggregation
To evaluate effects of aggregation, the 7 patterns of ray trac
ing in Table 2 are implemented. We evaluate three degrees of

Table 2 Evaluated patterns.
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Table 4. Implementation of multiplication over GF(24m ).

critical' execution states PEs. VMEM
.path[nsl time[usl ave max

NAg 17.5 39.6 15 51 115 32
Ag 23.4 18.9 14 144 376 32

Ag

O. . 10 execution tf'::e[us!

Fig. 7. Execution time of multiplication over GF(24m ).

5~POLYNOMIALARITliMETIC FUNCTIONS
In this section, the.ltggregation method is applied to polyno
mial arIthmetic functions over a finite field~. which are used
for the Tate pairing. The Tate pairing is a mapping on ellip

'tic curves and provides good functionality for constructing
cryptographic protocols such as Identity Based Encryption
(lBE) [9]. In this wor~, we implement multiplication over
GF(24m ), which is the dominant calculation for the Tate
pairing, using x241 x 7 1 for the irreducible polynomial
(m 241). .

5.1. PolynomialArithmetic in a Finite Field
In the fixed-point arithmetrc functions described in the pre
vious section, operands and a result of an operation are passed
by value through arguments and a return value of a function.
However, in polynomial arithmetic, this style requires a lot
ofregisters shared arnongcontextssince long operand words
are used, and tends to provide tight constraints on place and
route processing. Therefore, we adopt apass-by~reference

.style in which actual operand values are stored in VMEM
blocks. By interleaving an operand into multiple VMEM
blocks, a largebandwidth is provided and a 242-bit operand
value can be read out with a single access, In addition, since
VMEM is a 2-port memory, two operands for an arithmetic
operator can be fetched at the same time. While a VMEM
access contains I-cycle latency, pipelined accesses can hide
it to a certain degree.

Multiplication over G F{24m ) contains addition and mul
tiplication operations over GF(2m ), and multiplication over
GF(2ni ) is dominant in GF(24m ) multiplication. There
fore only multiplication functions are aggregated in this im
plementation. We compare two types of implementation;
"NAg" in which the aggregation method. is. not used and
"Ag" in which up to three G F(2m )multipHcation functions
are aggregated. A non-aggregated GF(2m ) multiplication
function consumes 3 states and requires 244 clock cycles to
ge'nerate a result. On the other hand, an aggregated function
consumes 5 states and generates 3 sets of results in 246 clock
cycles. Since the aggregated G F(2in ) multiplication func
tion does not use DRPcmultipliers, processes for.individual
arithmetic can be executed in paral.lel. However,pipelined
read accesses to VMEM increase tbe required clock cycles
slightly compared to the non-aggregated function.

5.2. Effects of Aggregation
Implementation results of multiplication over GF(24m ) with
and without aggregation are summarized in Table 4. Al
though the impact of aggregation on the critical path is rel
atively larger than that for the ray tracing, the higher oper
ation frequency is still achieved. The number of states for
NAg and Ag a.re almost equal, but the maximum PE usage
is improved by 3.3 times.

Fig. 7 illustrates the execution time and its breakdown.
Almost 95% of the overall execution time for the G F(24m

)

multiplication is accounted by GF(2m ) multiplications. Ag
gregating these arithmetic functions; 2.09 times performance
improvement is achieved at the cost of the one extra state.

Compared with the ray tracing, critical paths are sig
nificantly reduced despite higher utilization of PEs. Mul
tiplication over GF(24m ) is executed with VMEM blocks,
and interconnection between PEs. seems not to be so com
plicated. These implementation results suggest that efficient
use of rich embedded resources like distributed memories is
another key to high speed design for DRP.

6. CONCLUSION
In this paper, an optimized coding technique to efficiently
implement applications with multi-cycled arithmetic func
tions on DRP is discussed, focusing on the required number
of the states. As a result, the aggregation technique achieves
2.68"-'3.09 times performance improvement without large
increase in the number of states nor severe degradation of
the frequency.
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