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Abstract

We propose two design methodologies for syn-
thesis of area-efficient Data Format Convert-
ers (DFCs) with high throughput rate. DFCs
are grouped into various classes according to
the specification of design parameters.  The
first design methodology is suitable for design of
many representative classes of DFCs. The de-
signs using this methodology are based on a two-
dimensional architecture. They have mazrimum
throughput rate and are area-efficient. Various
design examples are shown to demonstrate im-
proved performance, flexibility and usefulness of
this design methodology. For several represen-
tative problems, the area requirements of our de-
signs are compared against those obtained by ear-
lier design methodologies. For all the problems
considered, this methodology leads to compact de-
signs. The second design methodology employs
an architecture using dual buffers. The simple
and reqular architecture using dual buffers leads
to area-efficient DFCs. The design procedure us-
ing this methodology is stmple and can reduce the
design effort in many applications.

1: Introduction

Data format converter (DFC) is a hardware
interface module employed to reorganize the for-
mat of the transferred data between various pro-
cessing modules with different 1/O format re-
quirements [1, 2, 3]. Data format conversion is
required in many signal/image processing appli-
cations such as two-dimensional Discrete Fourier
Transform [4], low-level vision applications, and
video coding/decoding (codec) [5, 6], video pre-
/post-processing, image scaling etc.. For exam-
ple, consider the design of a VLSI system for an
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application based on a video compression stan-
dard such as H.263 [7, 8, 9]. The system consists
of two parts, the video processing part and the
video compression part. In the video process-
ing part, the format of the image grabbed from
a video camera and the format of the image re-
quired in the video compression system are dif-
ferent. For pre-processing and post-processing of
video, data format conversion is required dur-
ing image scaling. Format conversion to and
from the standard image formats such as CIF
and QCIF is essentially a data format conver-
sion problem. In the video compression part,
there are various processing modules, and data
format conversion is required within the modules
as well as between successive modules. Specifi-
cally, data format conversion is required during
the computation of two-dimensional Discrete Co-
sine Transform, and between the Quantizer and
the Variable Length Coding module. Data for-
mat conversion is also required to perform differ-
ent modes of the motion estimation module such
as half-pixel computation and multi-resolution
search (when a fast search algorithm is used)
[7, 8].

The design of data format converters is an im-
portant problem in the overall system design. In
High Level Synthesis, it is an essential design
step, and it is desirable to automate this step.
As far as we know, no formal framework has been
proposed for the design of data format convert-
ers in High Level Synthesis. A methodology is
needed for systematic design of various data for-
mat converters.

There are two possible solutions for perform-
ing data format conversion: (1) conventional
software method employing memory buffers and
(2) use of dedicated hardware (such as DFC).
The software approach employs a buffer which
is shared by the processing modules. This is
appropriate for designing a general purpose sys-
tem, and also permits independent operation of
processing modules. However, in designing very
large special-purpose real-time systems, shared
read/write buffers result in low throughput and
also require more memory compared with using a
dedicated hardware. In many applications, ded-
icated hardware is preferred.

Various algorithms for synthesis of DFCs have
been studied [2, 3, 10]. In [2], the number of
buffers needed for DFCs interfacing systolic ar-
rays is studied. In that paper, a framework for
the synthesis of DFCs to generate outputs with



the desired clock skews between systolic arrays is
shown. However, the DFC problems defined in
[2] are different from ours. Recently, a forward-
backward register allocation scheme has been
proposed in [3]. The DFC problems are defined
and classified according to the I/O patterns. Var-
ious techniques and notations are also introduced
including the register allocation scheme and the
register allocation table. This design methodol-
ogy employs a pipeline-like one-dimensional ar-
chitecture. The feedback connections between
the registers enable the registers to be reused
when they are idle. The number of registers em-
ployed is shown to be minimum among all one-
dimensional designs. However, one-dimensional
DFCs are limited to applications with small in-
put size and they result in slow execution speed
because the amount of data movement is limited
by the bandwidth of serial connections.

In this paper, two design methodologies for
synthesis of DFCs are shown. First, the for-
mat conversion problems are grouped into var-
ious classes according to the specification of the
design parameters. To evaluate the performance
of the designs, area and time are considered. The
factors that contribute to the area of DFCs are
the number of registers, the number of multiplex-
ors and the number of connection wires, and the
size of the control circuit. The time performance
is measured by throughput.

Our design scheme is based on a two-
dimensional architecture, in which the registers
are placed along multiple data paths to form a
two-dimensional array of registers. This architec-
ture leads to area-efficiency and higher through-
put compared with earlier design schemes. Area-
efficiency is obtained by fewer number of regis-
ters employed in this scheme, and by fewer con-
trol states and control lines. Higher through-
put is achieved by parallel data movement on
the two-dimensional architecture. Also, our pro-
posed design scheme can be used to develop in-
terface modules to perform certain useful format
conversion operations not supported by earlier
dedicated hardware designs.

We also propose another design methodology
using dual buffers. The dual buffer DFCs require
more registers than the two-dimensional DFCs.
However, the dual buffer DFCs employ a simple
and regular architecture to avoid complex wire
connections between registers. This leads to de-
signs with area-efficiency and high throughput
rate. Another advantage of dual buffer DFCs is

simplicity of the design procedure. They are also
easy to modify and expand as the design param-
eters change. It is particularly useful in rapid
prototyping.

The rest of this paper is organized as fol-
lows. In Section 2, the structure and function
of DFCs and a classification of DFCs are dis-
cussed. Also, various performance measures are
discussed. Our methodology for synthesizing
two-dimensional DFCs is shown in Section 3. A
lower-bound on the minimum number of regis-
ters needed in this approach is also shown in Sec-
tion 3. Five representative design examples are
shown in Section 4. In addition, the circuit lay-
outs of some DFCs designed by our scheme are
compared with those produced by earlier tech-
niques with respect to area, the number of regis-
ters needed and the number of control states. In
Section 5, a design methodology for dual buffer
DFCs is proposed. Also, the circuit layouts of the
resulting dual buffer DFCs are compared with
those of two-dimensional DFCs. Concluding re-
marks are made in Section 6.

2: Data Format Converters

DFC is a special kind of permutation architec-
ture used in signal /image processing applications
in order to reorganize the transfered data be-
tween Processing Modules (PMs) to suit the in-
put and output format requirements. DFC con-
sists of the following: registers, connection wires,
multiplexors, and a control circuit. Input data is
stored in registers, relocated through connection
wires and multiplexors; and then output at the
desired time. The hardware including the num-
ber of registers to be used, the placement of reg-
isters and multiplexors, the connections and the
controller are specified by the design methodol-
ogy.

The DFC problems and the related terminol-
ogy are introduced in [3]. For the sake of com-
pleteness, we formally define the problem and in-
troduce important design parameters that were
not included in the earlier classification of DFCs.
We begin with a classification of the problems.

2.1: A Class of DFCs

Input/output streams to the DFC are parti-
tioned into Groups. A group is a minimum size
of input data, such that after processing an input
group of data, the DFC goes back to its initial
state to process the next group. Thus, the same
operations are repeated on consecutive groups as
shown in Figure 1-(a). A group consists of arrays
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Figure 1. Operation of Data Format Converter

as shown in Figure 1-(b). Assume that each ar-
ray is w bits long. According to the input/output
specification of the DFC, a group is partitioned
into input and output sequences.

An input (output) sequence is a set of data to
be input (output) during a clock cycle. Assume
that the input sequence consists of M arrays with
x elements from each array and that the output
sequence consists of N arrays with y elements
each (See Figure 1-(c) and (d)). The first M
arrays are input during the first w/z clock cycles,
and then the next M arrays are input during the
next w/z clock cycles. This is repeated until the
entire group is processed.

The DFC stores the input sequences in its reg-

isters, and constructs the output sequence from
them. If all the data for an output sequence has
not arrived, the rest of the data should wait in
the registers. In Figure 1, it is assumed that
M > N and z > y for the sake of illustration.
Figure 1-(e) denotes the relationship between the
T/O sequences. The order of T/O sequences are
only shown here. The delays between the I/0
sequences are not specified. We will classify the
DFCs by the way we specify the delays between
the T/O sequences.

The total delay d; 1s defined as the elapsed
time between the first input sequence of a group
and the first input sequence of the next group.
We define input throughput (or input throughput



rate) T; as the ratio of the number of data in a
group (= kw in Figure 1) to d;. Similarly, the
output throughput rate T, is defined. Note that,
to obtain a feasible design, T; = T,,.

We consider various input parameters in de-
signing DFCs. These parameters affect the re-
sulting designs with respect to the number of
registers needed, the delay between the T/O se-
quences, the number of control states, the num-
ber of control signals and the throughput. We
consider three parameters; the format of I/O se-
quences (s), the delay between consecutive se-
quences in a group (d), and the delay between the
last sequence of a group and the first sequence of
the next group (g). ¢ is also called group delay.
In general, the DFC is denoted DFC{(s,d,g). The

parameters can have the following values:

es: S;/S,/wis used when the format of
I/0O sequences is specified. S; can be de-
noted by M, and S, can be denoted by N,
where the input (output) sequence consists
of M (N) arrays with z (y) elements for
each array. w denotes the length of an ar-
ray in a group.

ed: D;/D, is used when the delay be-
tween consecutive input sequences and de-
lay between output sequences in a group
are specified.

eg: GD;/GD, is used when the group
delays are specified. GD = D is used when
GDZ' = Di and GDO = Do.

We can classify DFCs into various classes ac-
cording to the specification of the parameters.
In the following, we have chosen those that are
useful in practice.

1. DFC(S;/S,/w,_, -) In this problem
space, only s is specified. The delays d and
g are determined during the design proce-
dure.

2. DFC(S;/S,/w,D;/D,,_) : 1In this prob-
lem space, s and d are specified. We can
vary g such that T; = T,.

3. DFC(S;/S,/w,_,GD = D) In this
problem space, delays d and ¢ are not spec-
ified; however, GD; = D; and GD, = D,.

4. DFC(S;/S,/w,D;/D,,GD;/GD,) : In
this problem space, all parameters are spec-
ified. If T; = T,, we can design this class
of DFCs by the methodology discussed in
this paper. If T; # T,, the design is not
feasible.

Clearly, many variations are possible and we
have introduced some representative classes of
DFCs. In this paper, we mainly focus on the
design of the DFCs enumerated above. In gen-
eral, the design of DFCs becomes harder as the
number of specified parameters increases.

2.2: Performance Measures

Most earlier design methodologies considered
designs with minimum number of registers [3].
However, we believe that many other factors
must be considered to evaluate the designs. Area
and time are generally considered to be the most
important factors in evaluating VLSI designs.
The area of a DFC is determined by the follow-
ing factors; the number of registers, the number
of multiplexors, and the interconnection struc-
ture among the registers, multiplexors and the
controller. Even though the number of registers,
the number of multiplexors and the number of
connection wires affect the area of the design,
the total area of the circuit layout depends on
the interconnection structure.

The controller also affects the overall area of
the design. Controllers having small number of
control states and few control signals in each
state are desirable. It is also desirable to design
a controller such that its area is not influenced
by the size of M, 2z, N,y or w.

The time performance can be measured in
terms of throughput. The throughput of a DFC
is a significant factor since the throughput of the
PMs is limited by the throughput of the DFC
connecting them.

2.3: Previous Work

Various design schemes have been developed
for the synthesis of DFCs. In [2], a framework for
synthesis of DFCs performing skew operations
between systolic arrays is shown. The skew dis-
tributions of the I/O groups are defined using two
directional vectors. A sequence of transforma-
tions is obtained from these directional vectors of
I/0 groups. Then, the DFC is obtained by map-
ping those transformations into hardware. In [2],
the number of registers needed for DFCs interfac-
ing systolic arrays is also studied. However, the
design methodology does not consider the mini-
mization of number of registers needed as well as
maximizing the throughput.

Recently, an algorithm for synthesis of DFCs
has been proposed using forward backward reg-
ister allocation scheme [3]. In this scheme, the
registers are connected serially like in a linear



array with some additional feedback connections.
Clearly, the throughput of the DFC is limited by
the bandwidth of the serial data movements over
these connections. In [3], a life time analysis is
performed to calculate the minimum number of
registers needed. The life time 1s defined as the
time the data stays in the DFC before it is sent
out [3]. This analysis assumes that the life times
of data are available. However, the life time is
not solely determined by the I/O specification of
the DFC and can change depending on the design
methodology. This methodology has been shown
to lead to optimal designs in terms of through-
put rate and number of registers employed under
one-dimenstonal environment. However, new de-
sign methodologies are required to design DFCs
having high throughput and area-efficiency for
applications with parallel 1/O. In this paper, we
show two design methodologies to obtain area-
efficient DFCs with high throughput.

3: Design of Data Format Con-
verters

The methodology for the design of DFCs spec-
ifies as output an architecture and an algo-
rithm describing the behavior of the architecture.
This algorithm has been called register alloca-
tion scheme [3]. The main steps in our method-
ology are: calculation of the minimum number
of registers needed, specification of the register
allocation scheme, specification of the hardware
connections between the registers and the de-
sign of the controller. In the following, we il-
lustrate the two-dimensional DFC by designing
an example DFC. Figure 2 shows the design for
DFC(22/41/4,1/1,1/1).

Given the T/O buffers and the registers, the
register allocation scheme specifies the allocation
of data to the T/O buffers and registers as a func-
tion of time such that the operations of the DFC
are accomplished. In our design, parallel shifting
and compaction are performed to make room for
input data. We specify a heuristic for perform-
ing compaction. The register allocation table is
used to represent the register allocation scheme.
The register allocation table shows the snapshots
of the contents of the input buffer, the registers,
and the output buffer as a function of time [1, 11].
Table segment 7 is defined as the segment of the
register allocation table corresponding to clock
period . The register allocation table for the
example design is shown in Figure 2-(d). The
architecture and the control logic are obtained

directly from the register allocation table. The
above example illustrates a two-dimensional ar-
chitecture for the synthesis of DFC.

A two-dimensional architecture for DFC has
multiple data paths. A data path is a verti-
cal pipeline of registers. Registers are connected
along the data path row-by-row for parallel shift-
ing (See Figure 2-(b)). The output pins of the in-
put buffer are connected to the input pins of the
multiplexors placed under the first row of regis-
ters. The input pins of the multiplexors placed
under the output buffer are connected to the out-
put lines of the registers having data to be out-
put. Some additional connection links between
registers on different data paths are employed
for compaction. Compaction refers to gather-
ing of idle registers into the same rows so as
to make more room for parallel shifting. Idle
registers are defined as registers having no data
or registers available for reuse after their data
has been moved to other registers or the output
buffer. Idle buffers or idle rows of registers can
be defined similarly. Such an architecture is also
suitable to perform parallel I/O operations.

3.1: A Lower-Bound on the Number of
Registers

The number of registers needed can be min-
imized for the design of two-dimensional DFCs.
The minimum number of registers needed is cal-
culated in the following. First, a special prop-
erty of DFCs is introduced in Theorem 1 be-
fore the calculation of the lower-bound. The
lower-bound on the number of array-level reg-
isters for DFC'(My /Ny /w, -, _) is given in Theo-
rem 2. The lower-bound on the number of regis-
ters for DFC(Mz/Ny/w, _, ) is shown in Theo-
rem 3. The number of registers in the 1/O buffers
are not considered in these analyses.

Theorem 1 The minimum number of registers
needed for DFC(My/Ny/w,_, _) is same as that
ne eded by DFC(Ny /My /w, _,_).

Proof: Assume
that a design for DFC (M, /Ny/w,_, ) is given.
A design for DFC(Ny/Mz/w,_, ) can be ob-
tained by reversing the design process of DFC(
Mg /Ny/w,_, ) as follows. Figure 2-(d) is used
to illustrate this procedure. (1) Assume that the
input (output) buffer of DFC(My/Ny/w,_, ) as
an output (input) buffer of DFC(Ny /My /w, _, ).
(2) Assume that the direction of the parallel
shifting and compaction are reversed. (3) The
new input starts from the last table segment at



Figure 2. An Example Design of DFC'(22/41/4,1/1,1/1)

t = 6 in Figure 2-(d) and the design process
goes back to the previous table segments un-
til the segment at ¢ = 1 is reached. (4) The
desired output is obtained from the new out-
put buffer of DFC(N,/M;/w,_,_). Now, we
have showed that the register allocation table of
DFC(Mz/Ny/w, _, _) can be reversed to obtain a
design for DFC(Ny/Mz/w,_, ). Therefore, the
numbers of registers used in the two DFCs are
the same. O

In the following theorems, we will show a
lower-bound on the number of registers for
DFC(My/Ny/w,_,_) only for M > N. The-
orem 1 can be used to obtain the bound for
the case of M < N. Consider the lower-
bound on the number of registers for array-level
DFC(My/Ny/w, -, -). In array-level design, the
basic unit of data is an array of length w. There-
fore, the size of each register and the buffer, and
the width of the bus are assumed to be w.

Theorem 2
The minimum number of array-level registers

(Rmin ) needed for DFC(My [Ny /w, _, ) is
Rpmin = M—g, where M > N and g = ged(M, N).

Proof: The DFC(My/Ny/w,_,-) is an array-
level DFC. Also, the I/O delays are not speci-
fied. An input sequence consists of M arrays of
length w. An output sequence consists of N ar-
rays of length w. To minimize the number of
registers needed, after a new input sequence is
input, data must be output until the number of
remaining data in the DFC is less than N. If
another input sequence is received before all the
available data is output, the new input sequence
is stored in the registers of length M and not pro-
cessed until the number of remaining data from
the previous sequence is less than N. Therefore,
a design with minimum number of registers will
not input a new input sequence before it is re-
quired for output.



When the DFC receives an input sequence
consisting of M arrays during the first clock cy-
cle, an output sequence consisting of N arrays
can be output from this input sequence immedi-
ately, without storing the data. The remaining
M — N arrays need to be stored in the registers.
If M — N > N, we can produce k — 1 more out-
put sequences until 0 < M — kN < N, for some
positive integer k.

Let R be the amount of data left in the regis-
ters just before a new input sequence is entered.
Then, R = M mod N. Consider the maximum
value taken by R. Note that, R = M mod N =
(M' mod N')g, where g = ged(M,N), M =
M'g and N = N'g. TLet R = R'g. Note
that, after inputting the a-th input sequence,
R = aMmod N = (aM’'mod N')g. After
the N’-th input sequence, R = N’M mod N
= (N'M’'mod N')g = 0. The values taken by
R repeats itself after the N’-th input sequence.
Therefore, we only have to consider the values
taken by R during the first N/ inputs.

Note that, 0 < R' < N’ — 1. We will show
that R’ takes N’ distinct values during the first
N’ inputs. Then, R’ reaches N’ — 1 as its maxi-
mum. Assume that R’ does not have N’ distinct
values during the first N’ inputs. Then, the val-
ues taken by R’ for two distinct input sequences
during the first N’ inputs must be equal; i.e., for
some a-th and b-th input sequences during the
first N/ inputs, aM’ mod N’ = bM’' mod N’ = c,
where a # b, 1 < a,b < N, and 0 < ¢ <
N’ — 1. In other words, aM’ = aN' + ¢ and
bM’ = BN’ + ¢ for some positive integers a and
B3, where a # 3. Then, (a — b)M' = (a — B)N’;
ie., (@ —b)M' mod N' = 0. However, M’ and
N’ are relatively prime and 0 < a — b < N'.
Therefore, @ must be equal to b. This contra-
dicts our assumption that a # b. Therefore, R’
must have N’ distinct values during the first N’
inputs. Hence, R’ reaches N’ —1 as its maximum.
The maximumof R=R'g = (N'—1)g=N —g.

Assume that R reaches the maximum value
and a new input sequence is entered. Before the
new input sequence of M arrays is stored, an out-
put sequence of N arrays can be output. At this
moment, the number of registers needed reaches
its maximum, R+ M — N =(N—g)+ M- N =
M — g. Thus, the lower-bound on the array-level
registers (Rpmin) is M — g. The lower-bound on
the number of registers is (M — g)w. O

Now consider the lower-bound on the number
of registers needed for the bit-level design. For

DFC(Mz/Ny/w,_, ), each element of an array
can be handled individually.

Theorem 3 The minimum number of registers

(Rmin ) needed for DFC (Mg /Ny/w,_, ) is
w—z )
Ryin = (M-I-N—g)w—Ny[TJ—mm[M:c,Ny],

where M > N and g = ged(M, N).

Proof: The proof has been omitted due to space
limitations. Tt can be found in [13].

3.2: A Design Methodology

Our design methodology is based on a two-
dimensional architecture, in which the registers
are placed along multiple data paths to form
a two-dimensional array of registers. This ar-
chitecture leads to area-efficiency and higher
throughput rate compared with earlier design
schemes. Area-efficiency is obtained by fewer
number of registers employed in this scheme.
Higher throughput is achieved by parallel data
movement on a two-dimensional architecture.

We show a methodology for synthesis of area-
efficient DFCs when the parameters s,d, and g
are specified. The total delay d; is defined as
the elapsed time between the arrival of the first
input sequence of a group and the departure of
the first input sequence of the next group. The
throughput is defined as the ratio of the number
of data in a group to d; (see Section 2.1). Our
methodology results in designs having maximum
throughput(i.e., d; is minimized).

We explain the
methodology for DFC(S;/S,/w, -, ) before con-
sidering the design of DFC(S;/S,/w, D;/D,, ),
DFC(S;/S,/w,D;/D,,GD;/GD,) and DFC(
Si/S,,., GD = D). The design methodology for
DFC(S;/S,/w,-, ) is as follows.

1. Calculation of minimum number of
registers:
Calculate the minimumnumber of registers
by using Theorem 3.

2. Register allocation scheme:
The register allocation table shows the
snapshots of the contents of the input
buffer, the registers, and the output buffer
as a function of time (See the second para-
graph of Section 3). Compose the register
allocation table for DFC(S;/S,/w, -, ) ac-

cording to the following rules.

e The number of registers in a row is
equal to the size of input sequence,



Figure 4. DFC(42/25/6, , )



Figure 6. One-Dimensional DFC(45/23/6, _, )

4: Design Examples and Com-
parisons

Our design methodology can be applied to
many real-time signal and image processing ap-
plications requiring fast data format conversion.
In this section, the area requirements of our de-
signs are compared with those designed by ear-
lier methodologies. Five representative applica-
tion examples related to video processing are also
shown: word-level converter, matrix transposer,
image-sampler, and DFCs for discrete wavelet
transforms and for zig-zag scanning.

4.1: Comparisons with Earlier Designs

We have designed several DFCs using our ap-
proach and compared the designs with those de-
signed by earlier techniques in the literature. An
expert designer may obtain smaller circuit lay-
outs than either a novice designer or that pro-
duced by an automatic design tool. For a fair
comparison, the layouts for both the schemes
are produced using well known Cadence Parti-
tioning and Routing Tool in its automatic mode
using standard MOSIS CMOSN cell libraries in
1.2 micron technology. Consider the entry cor-
responding to DFC'(84/46/12,1/1,_) in Table 1.
We designed the one-dimensional DFCs shown
in Table 1 using the forward-backward allocation
scheme in [3]. As can be expected, the number
of registers i1s not the main factor contributing
to the overall area. Since fewer control states are
needed in our design, the area of DFC decreases
considerably. This example can be regarded as
an extension of DFC(45/23/6, -, -) shown in Sec-
tion 3. Note that the delay g 1s specified in



Example Performance One-dimensional | Two-dimensional | Reduction

DFC [3] DFC (%)

Core size (mm?) 1.389 x 1.324 0.895 x 0.925 54.98

DFC(84/46/12,1/1,.) Chip size (mm?) 4.344 x 3.916 3.732 x 3.917 14.07
# of registers 64 48 25

# of control states 96 5 94.8

Core size (mm?) 1.439 x 1.368 1.124 x 0.894 48.96

DFC(42/25/24,1/1,.) Chip size (mm?) 2.186 x 2.086 1.647 x 2.086 24.65
# of registers 52 48 7.7

# of Control states 96 18 81.25

Table 1. Comparison of Example Layouts - 1

DFC(84/46/12,1/1,.).
required by the two-dimensional DFC does not
change in spite of increased data size. How-
ever, the number of control states needed in the
forward-backward allocation scheme [3] is four
times as much as that of DFC(42/23/6,_,_), in
proportion to the increased data size.

The number of states

The number of pins for the design of
DFC(84/46/12,1/1,) is 59.  The number
of pins for DFC(45/23/24,1/1,.) is reduced
to 17 because the number of pins for T/0
sequences decreases. In the designs for
DFC(42/25/24,1/1,_), the reduction in core size
is 48.96%. This is smaller than that of the previ-
ous example (54.98%). However, the size of the
complete chip is reduced by 24.65%. This reduc-
tion is larger than the reduction in the previous
example (14.07%). Since the number of pins and
pads are reduced considerably compared with the
previous example, the core of the design occupies
significant area of the complete chip.

In conclusion, our design methodology leads
to reduced circuit area due to fewer number of
registers and fewer control states, and results in
increased throughput rate compared with one-
dimensional DFCs designed by the technique in

3.

4.2: Tllustrative Designs

Five representative application examples re-
lated to video processing are also shown in this
subsection. These are word-level converter, ma-
trix transposer, image-sampler, and DFCs for
discrete wavelet transforms and for zig-zag scan-
ning. See [13] for details.
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5: A Simple Design Methodology
employing a Dual Buffer

In the design of two-dimensional DFCs, we fo-
cussed on reducing the number of registers (as
in the earlier design methodologies) to achieve
area-efficiency. However, two-dimensional DFCs
may lead to circuits with complex wire connec-
tions, which can be a dominant part of the entire
circuit. Also, the two-dimensional DFC requires
specification of the register allocation table dur-
ing its design procedure. Heuristics are needed to
schedule the register allocation. This also makes
it difficult to automate the design procedure. To
realize a simple and automated design procedure
required for rapid-prototyping, it is important to
simplify the wire connections, the overall struc-
ture, and the controller architecture. Minimizing
the number of registers may not be the most im-
portant consideration.

In this section, we propose an alternate design
methodology for the design of DFCs that em-
ploys a Dual Buffer. We use a simple and regu-
lar structure compared with the two-dimensional
DFCs. Even though it requires more number of
registers, the area occupied by the wire connec-
tions and the control circuit is reduced due to
the simple and regular structure of the design.
This architecture also leads to a simple design
procedure; 1t is easy to modify and expand as
the design parameters change.

5.1: Design of Dual Buffer DFCs

The dual buffer DFC consists of an input mod-
ule, an output module and three data busses
connecting the T/O pins and these modules as
shown in Figure 7. The input module receives




Figure 7. Structure of Dual-Buffer DFC

and stores the input data, and transfers it to the
output module. The output module outputs the
received data. The input and output operations
can be overlapped by separating the input and
output modules.

Each module consists of a dual buffer. A dual
buffer consists of two identical buffers sharing the
input and output data busses of a module. Each
buffer has connections for data movement in two
directions: South-to-North and West-to-East. If
the format of I/O sequences is M,/N,/w, the
buffers in the input module, I; and I, are M xw
meshes. Similarly, the buffers in the output mod-
ule, O; and O3, are w x N meshes. The basic
element of each mesh is a register with a 2 x 1
multiplexor placed on its input. One input of
the multiplexor is connected to the output of the
register on the left. The other input of the multi-
plexor is connected to the output of the register
below it.

Initially, the input sequences are stored in Iy
until it becomes full. The direction of the data
movement is South-to-North in 7;. After I is
full, we begin to transfer the data in 77 to Oj.
The direction of data movements is West-to-East
in I; and O;. At the same time, we begin to store
the new input sequences in I5. If O becomes full,
we begin to send out the output sequences. The
direction of data movement is South-to-North in
O,. If M > N, the remaining data in I; is trans-
ferred to Os.

By using the dual buffers, while the data is
transferred from the input module to the output
module, the I/O operations can be performed on
the other buffer of each module. The three busses
are switched to the appropriate buffer of each
module to maximize the use of each buffer.

Consider the design of DFC(91/64/10,_, ).
The buffers I; and I, are 9 x 10 meshes. The
buffers O; and O are 10 x 6 meshes. The sched-

ule of data movements is specified by a data

11

Data path

in->1;

in->1,
1,->0,
1,->0,
1->04 |
I,->0,
Oy ->out
0O, ->out

Time

Schedule

Figure 8. Data for

DFC(9,/65/10,_, )

Graph

schedule graph (See Figure 8). For example, dur-
ing time ¢ = 10 and 16, the data movements for
the data paths “mn — I;” and “I} — O1” are
shown active; the input data is stored in I, and
the data in I; is transferred to O;.

Note that in the two-dimensional DFC (as well
as in the earlier designs), the connections be-
tween the registers depends on the specification
of the DFC. However, the proposed dual buffer
DFCs have the same architecture as shown in
Figure 7. Hence, the number of control signals
required for any dual buffer DFC to control the
I/0O buffers and the multiplexors is the same for
any design based on this methodology. The con-
trol signals can be derived from the data schedule
graph.

5.2: Comparison with Two-Dimensional
DFCs

In general, the dual buffer DFCs require more
number of registers than the two-dimensional
DFCs. However, it has simpler wire connec-
tions and has simple control compared with the
two-dimensional DFC. To illustrate the effects
of these circuit components on the total circuit
area, the layouts of two example DFCs are com-
pared in Table 2.

In the designs for DF(C(91/62/10,_, ), the
number of registers required for dual buffer DFC
15 4.76 times that required in the two-dimensional
DFC. However, the ratio of the core size 1s 2.96.
We can see the effect of the dual buffer design
on the area. The size of the I/O sequences and
the arrays are increased in DFC'(103/64/12, _, ).
The dual buffer DFCs in both examples re-
quire more number of registers than the two-
dimensional DFCs. The ratio of the number of
registers used in the designs 1s 4. However, the
ratio of the core size is only 1.72. The chip size is



Example Performance Two-dimensional | Dual-Buffer | Ratio
DFC DFC
Core size (mm?) 1.512 x 0.918 2.502 x 1.644 | 2.96
DFC(91/62/10,_,_) | Chip size (mm?) 2.250 x 1.992 3.234 x 2.364 | 1.7
# of registers 63 300 4.76
Throughput 7.5 5.8 0.77
Core size (mm?) 1.743 x 1.813 2.262 x 2.399 | 1.72
DFC(103/64/12,_,_) | Chip size (mm?) 3.728 x 3.715 3.726 x 3.718 | 1.0
# of registers 96 384 4
Throughput 22.5 7.5 0.3

Table 2. Comparison of Example Layouts - 11

almost identical. In this larger example, the ef-
fect of the simple structure is magnified. In gen-
eral, if compact design is not a major considera-
tion and a simple design procedure 1is preferred,
then the dual buffer DFCs are attractive.

The throughput of the dual-buffer DFC is
lower than that of the two-dimensional DFC. The
throughput is limited by the smallest bandwidth
among the three busses connecting the 1/0O mod-
ules. However, we can change the wire connec-
tions of the buffers such that the data in multiple
rows or columns can be transferred during a clock
cycle. Then, we can increase the throughput of
the dual buffer DFC. This can be done by a sim-
ple modification to the above design technique
and 1t will not significantly increase the circuit
area.

6: Conclusion

We have proposed two design methodologies
for the synthesis of a class of DFCs. The first
design methodology employed a two-dimensional
structure. It resulted in area-efficient designs by
reducing the number of circuit components such
as registers and multiplexors compared with the
previous techniques. The size of the control cir-
cuit was also reduced compared with the previ-
ous techniques by reducing the number of con-
trol states. The area efficiency of our design was
shown by comparing the circuit layouts of DFCs
designed by our scheme with the earlier ones. For
a given number of registers and a specification
of the T/O sequences, our designs achieve maxi-
mum throughput by minimizing the total delay.
Improved performance was obtained by extend-
ing the dimension of the architecture from one
to two; two-dimensional organization seems to
be natural to process two-dimensional data.
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Our second approach employing dual buffers
has a simple and regular architecture. Any dual
buffer DFC designed using our approach has the
same number of control signals. In our approach,
the area occupied by wire connections and con-
trol circuits was reduced. In addition, the sim-
plicity of our design methodology allows easy
modification and expansion as the design param-
eters change. This design procedure is well suited
for rapid-prototyping.

To extend the functions of DFCs, we need to
develop a new notation for I/O relationship. If
we attempt to implement a DFC for a large class
of permutations, the resulting DFC will be very
complex. Therefore, careful consideration is re-
quired in extending the function of DFCs.
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