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Abstract

We propose two design methodologies for synthesis of area-efficienl Data Format Converters
(DFCs) with high throughput rate. DFCs are grouped into various classes according to the specifica-
tion of design parameters. The first design methodology is suitable for design of many representative
classes of DI'Cs. The designs using this methodology are based on a two-dimensional architecture.
They have mazimum throughput rate and are arca-efficient. Various design examples are shown to
demonstrate improved performance, flexibility and usefulness of this design methodology. For several
representative problems, the area requirements of our designs are compared against those obtained
by earlier design methodologies. For all the problems considered, this methodology leads to compact
designs. 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 using this
methodology is simple and can reduce the design effort in many applications.

1: Introduction

Data format converter (DFC) is a hardware interface module employed to reorganize the format
of the transferred data between various processing modules with different /O format requirements
(1, 2, 3]. Data format conversion is required in many signal/image processing applications such
as two-dimensional Discrete Fourier Transform [4], low-level vision applications [5], and video cod-
ing/decoding (codec) [6, 7], video pre-/post-processing, image scaling etc.. For example, consider
the design of a VLSI system for an application based on a video compression standard such as H.263
[8, 9, 10]. The system consists of two parts, the video processing part and the video compression
part. In the video processing part, the format of the image grabbed from a video camera and the
format of the image required in the video compression system are different. For pre-processing
and post-processing of video, data format conversion is required during image scaling. Format
conversion to and from the standard image formats such as CIF and QCIF is essentially a data
format conversion 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.
Specifically, data format conversion is required during the computation of two-dimensional Discrete
Cosine Transform, and between the Quantizer and the Variable Length Coding module. Data for-
mat conversion is also required to perform different modes of the motion estimation module such as
half-pixel computation and multi-resolution search (when a fast search algorithm is used) [8, 9].

The design ol data formal converters is an important problem in the overall system design. In
High Level Synthesis [11], 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 converters
in High Level Synthesis. A methodology is needed for systematic design of various data format
converters.

There are two possible solutions for performing 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
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designing a general purpose system, 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, dedicated hardware is preferred.

Various algorithms for synthesis of DFCs have been studied [2, 3, 12]. In [2], the number of buffers
needed for DFCs interfacing systolic arrays 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. Various techniques and notations are also introduced including the register
allocation scheme and the register allocation table. This design methodology employs a pipeline-like
one-dimensional architecture. The feedback connections between the registers enable the registers
to be reused when they are idle. The number of registers employed is shown to be minimum among
all one-dimensional designs. However, one-dimensional DFCs are limited to applications with small
input 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 format
conversion problems are grouped into various 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 multiplexors 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 architecture leads
to area-efficiency and higher throughput compared with earlier design schemes. Area-efficiency
is obtained by [ewer number of registers employed in this scheme, and by fewer control states
and control lines. Higher throughput is achieved by parallel data movement on the two-dimensional
architecture. Also, our proposed design scheme can be used to develop interface 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 designs
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 parameters change.
It is particularly useful in rapid prototyping.

The rest of this paper is organized as follows. In Section 2, the structure and function of DFCs
and a classification of DFCs are discussed. 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 registers needed in this approach is also shown in Section 3. Five representative
design examples are shown in Section 4. In addition, the circuit layouts of some DFCs designed
by our scheme are compared with those produced by earlier techniques with respect to area, the
number of registers 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 remarks are made in Section 6.

2: Data Format Converters

DFC is a special kind of permutation architecture used in signal/image processing applications
in order to reorganize the transfered data between Processing Modules (PMs) to suit the input and
output format requirements. DFC consists 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 number of registers
to be used, the placement of registers and multiplexors, the connections and the controller are
specified by the design methodology.
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Figure 1. Operation of Data Format Converter

The DFC problems and the related terminology are introduced in [3]. For the sake of complete-
ness, we formally define the problem and introduce 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 partitioned 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 as shown in Figure 1-(b). Assume that each array 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 « 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/a clock cycles, and then the next M arrays are input during the next
w/x clock cycles. This is repeated until the entire group is processed.



The DFC stores the input sequences in its registers, 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 2 > y for the sake of illustration. Figure 1-(e)
denotes the relationship between the 1/0 sequences. The order of /0 sequences are only shown
here. The delays between the 1/O sequences are not specified. We will classify the DFCs by the
way we specify the delays between the 1/0 sequences.

The total delay d; is 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 throughpul rate)
1; 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} = 7),.

We consider various input parameters in designing DFCs. These parameters affect the resulting
designs with respect to the number of registers needed, the delay between the 1/0 sequences, the
number of control states, the number of control signals and the throughput. We consider three
parameters; the format of 1/0O sequences (s), the delay between consecutive sequences in a group
(d), and the delay between the last sequence of a group and the first sequence of the next group (g).
g is also called group delay. In general, the DFC is denoted DFC{s,d,g). The parameters can have
the following values:

e s: 5;/S,/wis used when the format of 1/O sequences is specified. S; can be denoted by M,
and S, can be denoted by N, where the input (output) sequence consists of M (N) arrays
with @ (y) elements for each array. w denotes the length of an array in a group.

e d: D;/D, is used when the delay between consecutive input sequences and delay between
output sequences in a group are specified.

e g: GD;/GD, is used when the group delays are specified. GD = D is used when GD; = D;
and GD, = D,.

We can classify DFCs into various classes according to the specification of the parameters. In the
lollowing, we have chosen those thal are uselul in practice.

. DFC(S;i/Sa/w, - -) + In this problem space, only s is specified. The delays d and g are
determined during the design procedure.

2. DFC(Si)Ss/w, Di/D,, ) + In this problem space, s and d are specified. We can vary g such
that T} = To.

3. DFC(Si/S,/w,-,GD = D) : In this problem space, delays d and g are not specified;
however, GD; = D; and GD, = D,.

4. DFC(5:/S,/w, D;i/D,,GD;/GD,) : 1In this problem space, all parameters are specified. 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 DI'Cs.
In this paper, we mainly focus on the design of the DFCs enumerated above. In general, 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 following factors; the number of registers, the number of multiplexors,
and the interconnection structure 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,z, N,y or w.

The time performance can be measured in terms of throughput. The throughput of a DIrC



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 hetween systolic arrays is shown. The skew distri-
butions of the I/O groups are defined using two directional vectors. A sequence of transformations
is obtained from these directional vectors of 1/O groups. Then, the DFC is obtained by mapping
those transformations into hardware. In [2], the number of registers needed for DFCs interfacing
systolic arrays is also studied. However, the design methodology does not consider the minimization
of number of registers needed as well as maximizing the throughput.

Recently, an algorithm for synthesis of DFCs has been proposed using forward backward register
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 is 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 [/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 throughput rate and number of registers employed under one-
dimensional environment. However, new design methodologies are required to design DFCs having
high throughput and area-efficiency for applications with parallel I/O. In this paper, we show two
design methodologies to obtain area-efficient DFCs with high throughput.

3: Design of Data Format Converters

The methodology for the design of DFCs specifies as output an architecture and an algorithm
describing the behavior of the architecture. This algorithm has been called register allocation scheme
[3]. The main steps in our methodology 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 design of the controller. In the following, we illustrate the two-dimensional
DFC by designing an example DFC. Figure 2 shows the design for DFC/(22/4,/4,1/1,1/1).

Given the 1/0O buffers and the registers, the register allocation scheme specifies the allocation of
data to the I/O buffers and registers as a function of time such that the operations of the DFC
are accomplished. In our design, parallel shifting and compaction are performed to malke room for
input data. We specify a heuristic for performing 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, 13]. Table
segment i is defined as the segment of the register allocation table corresponding to clock period
i, 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 architecture for the synthesis of DI'C.

A two-dimensional architecture for DFC has multiple data paths. A data path is a vertical
pipeline of registers. Registers are connected along the data path row-by-row for parallel shifting
(See Figure 2-(b)). The output pins of the input buffer are connected to the input pins of the
multiplexors placed under the first row of registers. The input pins of the multiplexors placed under
the output buffer are connected to the output lines of the registers having data to be output. Some
additional connection links between registers on different. data paths are employed for compaction.
Compaction refers to gathering 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 1/0
operations.
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3.1: A Lower-Bound on the Number of Registers

I' he number of registers needed can be minimized for the design of two-dimensional DFCs. The
minimum number of registers needed is calculated in the following. First, a special property of
DFCs is introduced in Theorem 1 before the calculation of the lower-bound. The lower-bound on
the number of array-level registers for DFC(My /Ny /w,_,_) is given in Theorem 2. The lower-
bound on the number of registers for DFC(M,/Ny/w, _,.) is shown in Theorem 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/(M, [Ny w,_, ) is same as that ne
eded by DFC(N, /M. /w,.,.).

Proof:
Assume that a design for DFC(M,/Ny/w, ., .) is given. A design [ v DFC(N, /M, /w,_,_) can be
obtained by reversing the design process of DFFC( M, /Ny/w,_, ) as follows. Figure 2-(d) is used to
illustrate this procedure. (1) Assume that the input (output) buffer of DFC(Mg/Nyfw,_, ) as an
output (input) buffer of DFC(N, /M, [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 ¢ = 6 in Figure
2-(d) and the design process goes back to the previous table segments until the segment at ¢ = 1
is reached. (4) The desired output is obtained from the new output buffer of DFC/(N, /M, /w, , ).
Now, we have showed that the register allocation table of DFC(M, /Ny /w, -, .) can be reversed to
obtain a design for DFC(Ny /M, [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(M, /N, /w, _, _)
only for M > N. Theorem 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, -, 2). In array-level design,
the basic unit of data is an array of length w. Therefore, 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 reqisters (Rpyin) needed for DFC(My [Ny fw, -, _) is

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

Proof : The DFC(My /Ny/w,-,.) is an array-level DFC. Also, the 1/O delays are not specified.
An input sequence consists of M arrays of length w. An output sequence consists of N arrays 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 processed 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 required for output.

When the DFC receives an input sequence consisting of M arrays during the first clock cycle, an
output sequence consisting of N arrays can be output from this input sequence immediately, 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 output sequences until 0 < M — kN < N, for some positive integer k.
Figure 3 shows the 1/O analysis.

Let R be the amount of data left in the registers 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. Let R = R'y. Note that, after
inputting the a-th input sequence, B = aM mod 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 maximum. Assume that R’ does not have N’ distinet values



during the first N inputs. Then, the values taken by R’ for two distinct input sequences during
!;he first N' inputs must be equal; i.e., for some a-th and b-th input sequences during the ﬁrst. Nr”
inputs, aM' mod N’ = bM’' mod N' = ¢, where a #b,1<a,b< N',and 0 <e¢< N’'—1. In other
words, aM’ = aN’ 4 ¢ and bM' = BN’ + ¢ for some positive im;:gers a and E, where a # [3. Then
(a=b)M" = (a - F)N'; ie, (a—b)M' mod N’ = 0. However, M’ and N are relatively primé anc;
0 < a—1b < N'. Therefore, @ must be equal to b. This contradicts our assumpt.ion‘that a#b
iI‘herel'ore. R must have N’ distinct values during the first N’ inputs. Hence, R’ reaches N/ — 1 a:,:
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 output 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 (Rpin) is M —g. The lower-bound on the numbér
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(M,/Ny/w, -, ), each element of an array can be handled individually.

Theorem 3 The minimum number of registers (Rpin ) needed for DFC(M, [N, /w, -, ) is

w—2x
" | — min[Mz, Ny],

Risin = (1"’1 + N — ,G')'w = Ar.UI_

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

Proof: Figure 4 shows the bit-level 1/O analysis. The basic unit of data is a bit instead of an
array. The direction of data movement is from right to left and from top to bottom. Figure 4-(a)
shows the R arrays defined in Theorem 2 and the input sequences S; (= Mwz). Output sequences
are not indicated yet. The maximum of R is shown to be M — g in Theorem 2. The unshaded
region in Figure 4-(b) indicates the number of data to be stored just before the last input sequence
at the bottom of the M input arrays is entered. R reaches its maximum value after the last input
sequence is input. The area of the entire rectangle in Figure 4-(b) is (M + N — g)w. The area of the
shaded region on the upper right corner is Ny|(w — x)/y], since the number of output sequences
in this shaded region is |(w — 2)/y|. The area of the shaded region on the lower right corner is
equal to the size of the last input sequence, M. Therefore, the area of the unshaded region is
(M 4+ N —g)w— Ny|(w—-=2)/y| = M.

After the last input sequence is entered in Figure 4-(b), an output sequence is output. The
resulting number of data to be stored is (M + N — g)w — Ny|(w — ¢)/y| — Ny. This is shown in
Figure 4-(c). Note that the minimum number of registers needed is the larger one of the number of
data to be stored in Figure 4-(b) and 4-(c), since R is maximized after the last input sequence is
input. Therefore, a lower-bound on the number of registers needed is (M — g)w + Nw — N y|(w —
z)/y] — min[Mz, Ny]. O

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 architecture
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;/Ss/w, -,-) before considering the design of DFC(5;:)So/w, Di/ D, ),
DFGC(Si/So/w, Di/D,, GD;/GD,) and DFC( Si/So, - GD = D). The design methodology for
DFC(S;i/S./w, -, -) is as follows.



1. Calculation of minimum number of registers:
Calculate the minimum number of registers by using Theorem 3.
2. Register allocation scheme:
Thf: 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 paragraph of Section 3).
Compose the register allocation table for DFC(S;/S, /w, -, -) according to the following rules.
e The number of registers in a row is equal to the size of imput sequence, S;; hence the

number of columns in each table segment is S;. The number of rows is [Rumin/S:]. The
number of registers in the top row may be less than S;.

e Place 1/O buffers and registers as follows. The input buffer is located at the bottom
of the table segment. Place the registers on top of the input buffer from left to right,

bottom to top. Number the registers from right to left starting from the lower rightmost
register. The output buffer is placed above the top row of registers.

e Input is performed whenever the input buffer is idle.

o Output is performed whenever all the data for the next output sequence becomes available
in the DFC. Circles are marked on the registers ol the current table segment having data
to be output in the next clock cycle.

e Parallel Shifting: Parallel shifting is performed whenever idle rows of registers are
created.

e Compaction: After an output operation, idle registers are created. If the number of
idle registers is greater than or equal to S;, compaction is performed. During compaction,
check the upper-most register of each data path. If the register is not idle, its data is
moved down to another register or to an input buffer that is idle. Compaction from
register i to register j at the beginning of clock period ¢ + 1, is denoted by an arrow
pointing from register i to j during clock period ¢+ 1.

3. Hardware connections:
o Connect the input buffer and rows of registers along the data path row-by-row for parallel
shifting.

e Place multiplexors under the registers pointed to by arrows in the register allocation
table. The number of inputs of a multiplexor is equal to the number of arrows pointing
to the register above the multiplexor. Connect the input pins of the multiplexor to the
registers linked by arrows in the table.

e The registers having data to be output during the next clock eycle are marked by circles
in the register allocation table. Connect the output lines from these registers to the input
pins of the multiplexors placed under the output buffer.

4. Controller design:

e The controller generates signals such that the multiplexors and the I/O buffers are con-
trolled as shown in the register allocation table.

e Each state of the controller corresponds to a clock period of the register allocation table.

e The number of control states is equal to d;.

D cr M ;
We can design DFC(S;/So/w, Di/D,,-), DFC(S;/S./w, Di/D,,GD;/GD,) and DFC(S;/S,/w,.,GD =
D) by modifying the register allocation table of DFC(Si/So/w, - -) as follows.
1. DFC(S;/Ss/w,Di/D,,_): . .
Modify the register allocation table of DFC(S;/S,/w, -, -) according to the following rules.

e If the delay before the next input sequence is less than D;, insert delays after the current
table segment until the delay is equal to D;.

9



e Il the delay before the next input sequence is greater than D;, advance the next input
sequence until the delay is equal to D;. If the input buffer is not available for the next
input sequence, create idle rows of registers at the top of the rows of registers by adding
more registers. Then, input the next input sequence. )

o If the output sequences shown in the register allocation table do not have fixed delay
Dy, ad'\r:mce or postpone the time of the output sequences in order to have fixed dela&r
D,: First, advance the time of generation of the output sequences. This may not be
possible if the data for the output sequences are not available at the time for output.
Then, postpone the output sequences until the output sequences have the same delay
D,. Because of the postponed output, the number of idle registers may not be enough
for the next input sequence. In this case, create idle rows of registers at the top of t?le
rows of registers by adding more registers.

o The first input of the next group can start as early as possible after the last input
sequence of the current group is entered. However, no overlap is allowed in using the 1/0
buffers and registers. The shortest time delay allowed between adjacent groups specify
the minimum group delays (D; and GD,.

2. DFC(5;/S./w,DifD,,GD;/GD,):
The entire procedure for the design of DFC(5;/S,/w, Di/D,,GD;/GD,) is identical to that
of DFC(S:/Ss/w, D;/D,,_) except for the specification of group delays. If 7; = T,, we can
design the DFC using GD; and GGD,. Otherwise, this design is not feasible.

3. DFC(S;/S5,/w,.,GD = D):
The following rules are applied before using the rules for DFC(S;/S., Di/D,, -).

e The delays of 1/O sequences are determined by D; = S;/T; and D, = S, /T,.
o The group delays are specified by GD; = D; and GD, = D,.

O

For DFC(S;/Ss/w, -, -), the new input sequences are input as soon as idle registers are compacted
and parallel shifting is available. Output is performed whenever output data becomes available in the
DFC. Parallel shifting and compaction are performed whenever possible. Consequently, the delays
between consecutive input(or output sequences) is minimized; i.e., the total delay d; is minimized.
For DFC(S;/Se/w, Di] D, ), the delays D; and D, are specified and the group delays are minimized
during the design procedure. Therefore d; is minimized. For DFC(S:i/S., Di/ Do, GD; /GD,), all
the delays are specified. For DFC(S;/S,,-,GD = D), all the delays are minimized during the
design procedure. Therefore, the DFCs designed by our methodology have maximum throughput.
The number of control states is also minimized since d; 1s minimized.

Figures 5 and G show the register allocation table and the architecture of DFC(42/23/6,-,.).
The number of registers needed is 12. For the sake of comparison, the resulting one-dimensional
DFC [3] is shown in Figures 7 and 8. From the formula shown in Section 8§ of [3], the number
of registers required is 16. Going from one-dimensional to two-dimensional design, the number of
registers and the number of control states are reduced from 16 and 24 to 12 and 4 respectively.
The throughput of the two-dimensional architecture is 6. This is six times higher than that of the
one-dimensional architecture. Consider the design of DFC(42/23/6,2/1,). The delays of input
sequences are modified from the register allocation table of DFC(42/235/6,-,-). The delay of one
clock period is inserted after the first two input sequences. The first output sequence at ¢ = 2 was
postponed to the next table segment to maintain the fixed delay D, = 1. Additional registers are
not required in this design. The resulting register allocation table and the DFC design are shown
in Figures 11 and 12. Also, DFC/(42/23/6, -, G D = D) is shown in Figures 9 and 10.

4: Design Examples and Comparisons

Our design methodology can be applied to many real-time signal and image processing applica-
tions requiring fast data format conversion. In this section, the area requirements of our designs are
compared with those designed by earlier methodologies. Five representative application examples

10
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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
# ol registers G4 18 25

# of control states 96 5 94.8

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

DFC(42/25/24,1/1,.) | Chip size (min~) 2.186 x 2.086 1.647 x 2.086 24.65
# of registers 52 48 77

4t of Control states 96 18 81.25

Table 1. Comparison of Example Layouts - |

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 approach and compared the designs with those de-
signed by earlier techniques in the literature. An expert designer may obtain smaller circuit layouts
than either a novice designer or that produced by an automatic design tool. For a fair compar-
ison, the layouts for both the schemes are produced using well known Cadence Partitioning and
Routing Tool in its automatic mode using standard MOSIS CMOSN cell libraries in 1.2 micron
technology. Consider the entry corresponding to DFC(84/4/12,1/1,.) 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 is 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(42/23/6, -, -) shown in Section 3. Note that the
delay ¢ is specified in DFC/(84/46/12.1/1,.). The number of states required by the two-dimensional
DFC does not change in spite of increased data size. However, 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 pins for the design of DFC(84/46/12,1/1,.) is 59. The number of pins for




DFC(42/23/24,1/1,_) is reduced to 17 because the number of pins for [/O sequences decreases. In
the designs for DFC(45/23/24,1/1,.), the reduction in core size is 48.96%. This is smaller than
that of the previous example (54.98%). However, the size of the complete chip is reduced by 24.65%.
This reduction is larger than the reduction in the previous example (14.07%). Since the numbd 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: Illustrative Designs

Five representative application examples related to video processing are also shown in this sub-
section. These are word-level converter, matrix transposer, image-sampler, and DFCs for discrete
wavelet transforms and for zig-zag scanning.

4.2.1: Word-Level Converters

time t=0) 1=1 =2 t=3
£
Output f e d
c b a
6 5 4 000
¥ 21 ¢ b a (l' Teld
Input ¢ b alf e d|i h (gj
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G0) )

i h (leI_j: o CrXaX p1
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Figure 13. Allocation Table for Word-Level DFC/(3,,/Tw /w, -, -)

In word-level converters, the basic data unit is a word. Word-level converters [3] can be used
for resizing data word format in many applications. Word-level converters can be represented as
DFC(My/Nuw/w, -, -). An example DFC(3y/Tw/w, - ) is shown in Figures 13 and 14. Each
register denotes a w-bit word-level register. In our design, the number of w-bit word-level registers
required is 6. If we use the forward-backward allocation scheme in [3] for this design, 8 registers
will be required.

The color format of an image depends on the number of bits assigned to an image pixel. A color
image having k bits per pixel allows 9% colors. The Color Format Converter is an application of
word-level converter to suit word-length changes in image processing applications. Assume we have
a buffer with w-bit data bus to store image data, and the size of the data word for each image
pixel is 2w for grey images and 4w for color images. If the input is a grey image, two input words
(2w bits) are grouped as a pixel data, and sent to the next processing module. 1f the input is a
color image, four words (4w bits) are grouped as a pixel data. It is a time-consuming operation
to control read/write operations on this buffer to change the color format. In this case, we can
design simple word-level converters, DFC(1,,/2y/w, -, -) for grey images and DFC(1y/4w/w, -, 2)
for color images. These two word-level converters can be merged into one architecture as shown in
Figure 15.

4.2.2: Matrix Transposer
The matrix transposer is used frequently in image processing applications. Many implementations
of matrix transposers are known. However, the matrix transposers designed by our scheme employ

16
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Figure 17. Matrix Transposer DFC/(41/1a/3, -, )

fewer registers especially when the rows of a matrix are much longer than the columns. A x B
matrix transposer is expressed as DFC(Ay/13/B, -, ). Figures 16 and 17 show DFC(4,/13/3, -, -)
as a matrix transposer. The number of registers used is 9.

4.2.3: Image Sampler
Hierarchical encoding is one of the requirements for JPEG to develop a method for continuous-tone
image compression. The image is encoded at multiple resolutions, so that lower-resolution versions
may be accessed without first having to decompress the image at its full resolution [21]. This image
sampling is an important operation in image processing applications and can be easily implemented
using our lwo-dimensional design methodology.

Three individual image samplers, (1/2)—,(1/4)— and (1/8)-samplers, are cascaded to form hi-
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Figure 18. Allocation Table for 8 x 8 Image Sampler
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Figure 20. A Block Diagram of Three-Level Wavelet Decomposition
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Figure 21. Register Allocation Table for DFC-2
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Figure 22. Design for DFC-2

erarchical 8 x 8 image sampler in our design. We first design 1/2 image sampler to generate 4 x 4
sampled image frame from an 8 x 8 image window. This image sampler can be represented as
DFC(4,/4,/8,-, ). The four 2 x | multiplexors at the input side is used to pick out the rows to
he sampled from the input. The number of registers required for DFC'(4,/41/8, _,_) is zero since
every input element is just bypassed and output. However, one row of registers is used as a buffer.
In the second stage, we design 1/4 sampler to obtain 2 x 2 sampled image frame from the output of
1/2 sampler. In the last stage, 1/8 sampler is cascaded to the output of 1/4 sampler. The register
allocation table and the circuits for 8 x 8 image sampler are shown in Fligures 18 and 19 respectively.

4.2.4: DFC for Discrete Wavelet Transforms
Multiscale representation and implementation of signals have been emphasized in many applications

including multigrid methods for solving partial differential equations, sensor fusion problems, and
image compression [18]. Wavelet transforms have been developed as useful tools for the multiscale
analysis due to their unique properties such as translation, dilation and orthogonality [17]. Discrete
wavelet transforms are suited for signal coding applications such as image compression.

Practical applications of the wavelet transforms are based on Mallat’s algorithms [19]. Many
computer architectures have been used to implement Mallat’s algorithms [18]. Recently, various
area-efficient VLSI architectures for discrete wavelet transforms have been propoesed in [6, 14, 15, 20].
In [20], DFCs are used to reorganize the data output from the low-pass filter and generate the input
data for the high-pass and low-pass filters of the upper resolution level as shown in Figure 20. Using
our methodology for the design of DF(C(S;/Se/w, Di/D,, GD;/GD,) in Section 3, an architecture
for the discrete wavelet transforms can be designed. This design reduces the number of circuit
components compared against that designed by an earlier technique [20].

Figure 22 shows DFC-2 in Figure 20 replaced by our DFC. DFC-2 is DFC(14/22/8,1/1,1/1).
The architecture of our DFC is based on the parallel connections between rows of registers and 1/0
buffers. Therefore, the 7 serial connections between registers shown in Figure 10-(c) in [20] are not
required. The connection wires between input buffers and the registers are reduced by 6 links. The
number of switches required for registers is decreased by more than half compared with that in [20]
and this leads to reduced number of multiplexors in our design. Thus, the number of control signals
is also reduced. The reduction in each circuit component makes our design area-efficient compared
with the earlier design [20].
4.2.5: Zig-zag Scanner
In JPEG and MPEG, the Discrete Cosine Transform (DCT) is used to achieve a transformed domain
in which image samples can be more efficiently encoded [7, 21, 22]. The quantized coeflicients
generated by DCT are ordered into a zig-zag sequence. This ordering facilitates entropy coding by
placing the low-frequency coefficients before the high-frequency coefficients [21].

Traditional designs implement the zig-zag scan operation in software. For high speed designs,
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Figure 24. Structure of Dual-Buffer DFC

hardware implementations are needed. The #ig-zag scan operation does not fit our classification of
DFCs. However, our technique can be modified to design a DI'C for this operation. The circuit
schematic is shown in Figure 23. Each row in the 8 x 8 image window is input every clock cycle and
the reordered data is output at the rate of 8 data items per clock cycle. Our 8 x 8 Zig-zag Scanner
requires 32 registers and the number of control states is 8.

5: A Simple Design Methodology employing a Dual Buffer

In the design of two-dimensional DFCs, we focussed on reducing the number of registers (as in the
carlier design methodologies) to achieve area-efficiency. However, two-dimensional DFCs may lead
to circuits with complex wire connections, which can be a dominant part of the entire circuit. Also,
the two-dimensional DFC requires specification of the register allocation table during its design
procedure. Heuristics are needed to schedule the register allocation. This also makes it difficult

o

AR 5

Figure 25. The Buffer Structure
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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 structure, and
the controller architecture. Minimizing the number of registers may not be the most important
consideration.

In this section, we propose an alternate design methodology for the design of DFCs that employs
a Dual Buffer. We use a simple and regular structure compared with the two-dimensional DFCs.
Even though it requires more number of registers, the area occupied by the wire connections 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; it 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 module, an output module and three data busses
connecting the 1/0 pins and these modules as shown in IMigure 24. The input module receives
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 (see Figure 25). If the format of 1/0 sequences is
M, /N, /w, the buffers in the input module, I; and I3, are M x w meshes. Similarly, the buffers in
the output module, O and O, 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 multiplexor is connected to the output of the register
below it.

Initially, the input sequences are stored in [y until it becomes full. The direction of the data
movement is South-to-North in f;. After /1 is full, we begin to transfer the data in I, to O;. The
direction of data movements is West-to-East in [} and Q. At the same time, we begin to store
the new input sequences in [y, If Oy 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 [ is
transferred 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(9,/62/10,.,.). The buffers I, and I are 9 x 10 meshes. The buffers
0O, and O, are 10 x 6 meshes. The schedule of data movements is specified by a data schedule graph
(See Figure 26). For example, during time ¢ = 10 and 16, the data movements for the data paths
“in — Ia" and “I; — O, " are shown active; the input data is stored in I, and the data in [ is
transferred to O;.

Note that in the two-dimensional DFC (as well as in the earlier designs), the connections between
the registers depends on the specification of the DFC. However, the proposed dual buffer DFCs have
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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(9,/64/10,_,_) [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 (mmm?) 3.728 x 3.715 3.726 x 3.718 [ 1.0

# ol registers 96 384 4
Throughput 22.5 7.5 0.3

Table 2. Comparison of Example Layouts - 11

the same architecture as shown in Figure 24. Hence, the number of control signals required for any
dual buffer DFC to control the 1/O buffers and the multiplexors is the same for any design based
on this methodology. The control 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 connections 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 compared in Table 2.

In the designs for DFC(91/62/10,_,_), the number of registers required for dual buffer DFC is
4.76 times that required in the two-dimensional DFC. However, the ratio of the core size is 2.96.
We can see the elfect of the dual buffer design on the area. The size of the 1/O sequences and the
arrays are increased in DFC'(105/64/12, -, -). The dual buffer DFCs in both examples require more
number of registers than the two-dimensional DFCs. The ratio of the number of registers used in
the designs is 4. However, the ratio of the core size is only 1.72. The chip size is almost identical.
In this larger example, the effect of the simple structure is magnified. In general, if compact design
is not a major consideration and a simple design procedure is 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 1/0 mod-
ules. However, we can change the wire connections 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 simple modification to the above design technique and
it 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 circuit was also reduced compared with the previous
techniques by reducing the number of control 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 I/O sequences, our designs achieve maximum
throughput by minimizing the total delay. Improved performance was obtained by extending the
dimension of the architecture from one to two; two-dimensional organization seems to be natural to
process two-dimensional data.

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,
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the area occupied by wire connections and control circuits was reduced. In addition, the simplicity
of our design methodology allows easy modification and expansion as the design parameters change.
This design procedure is well suited for rapid-prototyping.

To extend the functions of DFCs, we need to develop a new notation for 1/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 required in extending the function of DFCs.
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