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Abstract— Behavioral synthesis from C language is

now a key technology of system LSI design. Since large

streaming data are usually processed by nested loops

in behavioral description of system LSI, it is important

to synthesize a circuit which can process such data

efficiently. Nested loop pipelining is a useful imple-

mentation technique of the description to synthesize a

circuit such that both computational throughput and

hardware utilization are maximized. In this paper, we

propose an algorithm for nested loop pipelining, which

can produce pipeline stages with different processing

times. We show two practical experimental results in

order to demonstrate the performance of the proposed

algorithm.

I. Introduction

High level design methodologies are becoming more and
more important in the design of large system LSI devices,
and various tools for behavioral synthesis from C or other
high level language have been proposed [1]. Such a be-
havioral synthesis is a key to achieving the productivity
required in system LSI designs.
In system LSI applications, streaming data are pro-

cessed by circuits generated from loops described in a high
level language, and processing time of streaming data is
usually dominant in the total time. Therefore, loops are
the most critical portions of high level hardware descrip-
tion for synthesizing an efficient system LSI. The loop
pipelining is one of important techniques to accelerate
streaming data processing, but traditional loop pipelining
is applied only to the innermost loop, and large streaming
data are usually processed by nested loops.
Some researchers have proposed several methods such

as loop unrolling and loop transformations for nested
loops pipelining (for example, see [2, 3, 4]). But, they
cannot produce efficient solutions, if there are data de-
pendences that cross multiple iterations in nested loops.
Moreover, the number of cycles in a pipeline stage must
be constant.
In this paper, we propose an automatic pipelining al-

gorithm for nested loops with data dependence, and show

two applications in order to see how the performance can
be improved by the proposed algorithm. The algorithm
is implemented on Bach system [5] which is a C-based ar-
chitecture design tool. Namely, the proposed algorithm
accepts a hardware description written in Bach C lan-
guage, and analyzes the nested loops in the description,
then rewrites it so that Bach system can synthesize a cir-
cuit with appropriate pipelines.
In order to explain what is done by the proposed algo-

rithm, let us consider an example shown in Fig. 1 such
that an outer loop repeats three inner loops 100 times
and each innermost loop has 8 iterations. Moreover, let
us assume that the process of a single iteration of each
inner loop is executed in 10 cycles and there is no depen-
dence among data. Namely, no data is written at the k-th
cycle and is read at the h-th (h < k < 11) cycle in the
next iteration. Then, the total cycles of each inner loop
can be reduced from 80 to 17 by pipelining as shown in
Fig. 1. However, if pipelining cannot be applied to the
outer loop, the total processing time cannot be reduced
from 5,100 cycles.
If there is no data dependence between inner loops, we

can consider a pipelined process as shown in Fig. 2 where
each stage consists of a thread containing an inner loop.
Then, the total processing time can be reduced to 1,734
cycles.
In this paper, we propose an algorithm to rewrite a

given hardware description so as to synthesize a pipelined
circuit shown in Fig. 2. The algorithm can treat an inner
loop without destroying the loop description, and pro-
duces an efficient pipelined circuit with small additional
circuit for not only the inner loops but also the outer loop
by using BACH system.

II. Algorithm

Data dependence is important for loop pipelining.
There are two kinds of data dependences in a loop. One
data dependence is called flow dependence, which occurs
for write and read operations in the process executed in
a single iteration of a loop. In Fig. 3, variable A gets
a value in the beginning of the process of an iteration
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Fig. 1. pipelining for inner loop

and the value is read afterward in the same iteration, and
hence this is a flow dependence. On the other hand, vari-
able G gets a value at the end of the process in the loop
and it is read in the beginning of the next iteration. This
data dependence is called iteration dependence.

The data consistency for flow dependence cannot be
kept, if write and read operations are executed simulta-
neously. But, it can be kept by sending and receiving
consistent data between pipeline stages as shown in Fig. 2.

However, in the case of iteration dependence, the
read/write operation in the next loop must wait until fin-
ishing a previous loop, and hence data communication be-
tween stages is not suitable for keeping data consistency.
In such a case, we set two inner loops with iteration de-
pendence to single thread, and make a pipeline such that
pipeline stages have different processing times, as shown
in Fig. 4.

The outline of the proposed algorithm is shown in
Fig. 5, which consists of six steps. First, a given Bach C
description is synthesized, and the overall loop structure
is extracted from the control data flow graph (CDFG).
Next, loop pipelining called pipelining of innermost loops
is executed for every innermost loop, which is described
below. Then, pipelining called pipelining of outer loops is
executed from inner loop to outer loop repeatedly, which
is also described below. Finally, Bach C description is up-
dated, and a pipelined circuit at RT level is synthesized
by Bach system.
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Fig. 2. pipelining for outer loop
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Fig. 3. data dependences

A. Pipelining of innermost loops

In the pipelining of innermost loops, the following steps
are conducted for each innermost loop which has no exter-
nal memory access, and selects innermost loops to which
throughput pragma of Bach system is applied for generat-
ing a pipelined circuit. The throughput pragma of Bach
system can generate a pipelined circuit with a specified
throughput automatically.

1. With the use of Eq.(1), estimate the processing time
T ip of the pipelined circuit obtained from the loop
by loop pipelining, where Count is the number of
iterations in the loop, Nstage is the number of stages
in the pipeline, and Tp is the number of cycles in a
stage.

T ip = (Count+Nstage− 1)× Tp (1)

If there is no multi-cycle operation in the loop, then
Tp is set to 1, otherwise Tp is set to the maximum
number of cycles of a multi-cycle operation in the
loop. Nstage is calculated by Eq.(2), where TL is
the total number of cycles in a single iteration of the
loop. Namely, Nstage is set to the largest value,
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Fig. 4. Example of iteration dependence
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Fig. 5. Outline of the proposed algorithm

since the larger Nstage is, the faster the pipelined
circuit is.

Nstage = �TL/Tp� (2)

2. If T ip is less than Count×TL, then apply throughput
pragma of Bach system to this loop.

3. The processing time of this loop is updated to T ip
for use in pipelining of outer loop.

B. Pipelining of outer loops

The loop pipelining of outer loops is a functional level
pipelining (or thread based pipelining). Namely, each
pipeline stage executing a thread by a functional mod-
ule starts its process when control signal start is received,
and sends the control signal to the next stage when the
process is completed. The functional level pipelining per-
mits stages to have different processing times, while each
stage of the conventional pipeline must have the same pro-
cessing time. Moreover, the loop pipelining of outer loops
is hierarchical, that is, it conducts the following steps re-
peatedly from inner loop to the outermost loop level by

level. Therefore, when the following steps are applied to
an outer loop, each inner loop contained in the outer loop
is treated as a block whose processing time is known, and
the process of a single iteration of the loop is a sequence
of blocks.

1. Compute the total processing time (the number of
cycles) TL of the process in a single iteration of the
loop, and find the largest processing time Tp required
by a block in the loop.

2. Divide blocks in the loop into threads in such a way
that the processing time of a thread is not greater
than Tp.

3. Repeat the following process until no iteration de-
pendence is found among stages. For two stages A
and B between which an iteration dependence[6] is
found, set these stages together to a single stage AB,
and update Tp.

4. If a flow dependence[6] is found between stages, then
concatenate all flow-dependent data between these
stages in order to send it by one cycle.

5. With the use of Eq.(3), estimate the processing time
Top of the pipelined circuit obtained from the loop
by loop pipelining, where Cs is the number of stages
in the pipeline and calculated by an equation similar
to Eq.(2). Ts is the average time of one data commu-
nication between two stages and its synchronization.
In the equation, Ts is the average time required for
each data communication between two stages and for
its synchronization.

Top = (Count+ Cs− 1)× (Tp+ Ts) (3)

6. If Top is less than Count × TL, then mark the loop
so that loop pipelining is applied to the loop, and
update the processing time of this loop to Top. The
update of the description is conducted in the next
step (see Fig. 5).

III. Experimental Results

The proposed algorithm is applied to two hardware de-
scriptions; one is Discrete Cosine Transform (DCT) cir-
cuit for JPEG encoder and the other is Particle Mask
Correlation (PMC) circuit for particle tracking system.
The updated descriptions were transformed to gate level
logic by using Synopsys Design Compiler, and mapped to
Hitachi 0.18 μm CMOS library cells. The clock frequency
of the circuits was 100MHz, and the external memory ac-
cess time is assumed to be 50ns.
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TABLE I
Pipelining of innermost loops

circuit before after ratio
DCT time[μs] 19,209 16,941 0.88

area[gate] 254,450 387,057 1.52
PMC time[ms] 97,156 97,156 1.00

area[gate] 22,209 22,209 1.00

A. Results of pipelining of innermost loops

The DCT circuit has a two level nested loop structure,
that is, an outer loop with 300 iterations contains four-
teen innermost loops. Among these innermost loops, two
loops have external memory access, and hence the loop
pipelining is not applied to these loops. Each of remaining
twelve innermost loops has 8 iterations such that single
iteration is executed in 10 cycles, and has no multi-cycle
instruction. Therefore, the number Tp of cycles in a stage
becomes one, and each loop can be executed in 17 cycles
by loop pipelining. As shown in Table I, we can obtain
a circuit 12% faster than the original circuit, although
the area becomes 52% larger, since no resource sharing is
conducted. On the other hand, every innermost loop of
PMC circuit has external memory access, and hence the
loop pipelining is not applied to any innermost loops.

B. Results of pipelining of outer loops

The pipelining of the top level loop of DCT circuit
generated three stages, whose cycles were 2752, 204, and
2688, respectively. The total number of cycles of the
pipelined circuit estimated by Eq.(3) was 831,708, and
that of the DCT circuit obtained by the pipelining of in-
nermost loops only was 1,694,101. These values are al-
most same as those appeared in row “time”in Table II.
The differences of these values were produced, because
the number of cycles except for loops is not taken into
account in the estimation.
The pipelining of outer loops of PMC circuit generated

two stages in second level of hierarchy, whose cycles were
462 and 609, respectively. As the number of iterations of
the top level loop is 2010, the total number of cycles of the
pipelined circuit estimated by Eq.(3) was 7,803,229,187,
and that of the original PMC circuit was 9,715,649,557.
These values are almost same as those appeared in Ta-
ble II. The difference of the values come from the same
reason as in DCT circuit.

IV. Conclusion

In this paper, we proposed a loop pipelining algorithm
for nested loops, and demonstrated its effectiveness by
two examples. We could produce DCT circuit about 50%

TABLE II
Pipelining of outer loops

circuit before after ratio
DCT time[μs] 16,941 8,322 0.49

area[gate] 387,060 492,776 1.27
PMC time[ms] 97,156 81,325 0.84

area[gate] 22,209 30,080 1.35

faster than the pipelined circuit obtained only by pipelin-
ing of innermost loops, and the area increase was 27%.
In the case of PMC circuit, we could produce about 16%
faster circuit than the original, but since registers for keep-
ing data consistency was introduced and no resource shar-
ing was conducted, the area became 35% larger.
We continue the research to construct a useful high level

synthesis tool, and will support a nested pipelining with
memory access to get higher performance.
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