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Abstract - A novel chip implementing real-time image convolution is
presented. The chip features a pure bit-serial architecture and systolic
array structure. It consists of a 3X3 array of modular units that can be
easily enlarged. The basic unit heart is a very efficient bidirectional
multiplier, which can perform two different multiplications simultane-
ously. The chip overall size is 5.78mm X 3.18mm (in CMOS 2y tech-
nology). It is full-precision and has a throughput of one 20 bit convo-
lution every 10 clock cycles, with a latency of 24 clock cycles.

1. Introduction

In this paper we present a VLSI chip for real-time image pro-
cessing, namely convolution of a TV picture. Originally, the con-
volver was designed for installation in a specific image processing
system of intelligent scan type, but it can be used generally wherever
convolution is desired, provided the I/O format is adequate.

Real-time convolution is a computationally intensive operation.
A standard (non interlaced) TV picture has 512X512 pixels, and a rate
of 30 frames per second. This means that real-time operation requires
that each pixel will be fully processed in 125 ns at most. In the case of
a convolution with a 3X3 kernel, for instance, multiplication of 9 pix-
els by 9 weights and summation of the products should be done during
this period. In order to cope with this massivity of information the
choice of algorithm and implementation is critical. We have chosen
the convolver to feature a pure bit-serial architecture and a systolic
array structure.

In a pure bit-serial architecture data is fed in, processed, and
taken out serially, bit by bit, and the basic computational unit works
on the bit level - thus being naturally pipelined to the single bit level
{1,2]. By using such an architecture the area occupied by communica-
tion paths is greatly reduced (in comparison to word-parallel architec-
tures) and the long carry propagation delays of parallel processors are
avoided. Wires are fully utilized and data is circulated in small loops
- hence the highest bit rate feasible within technological limitations
can be achieved.

Systolic arrays work in a pipelined fashion, very much like the
classic industrial mass production line. Each bit is processed by many
different units at different time slots and many bits are processed
simultaneously. Among their advantages is the ability to speed up
compute-bound computations (such as convolution) without increas-
ing the I/O bandwidth - owing to their fully concurrent operation [3].
Systolic structures and bit-serial architecture fit excellently one to
another and form an array pipelined to the single bit level.

Another feature that improves the throughput is the use of very
efficient multipliers. The multipliers are the heart of the convolver and
have dominant influence on its performance. Therefore, special atten-
tion was paid to their design. The multipliers are bit-serial and full-
precision. Each of them consists of eight simple and similar basic
modules. Every multiplier performs two multiplications simultane-
ously and thus its modules can be utilized 100% of the time.

The result is a full-precision convolver (no approximations or
truncations performed), with a high throughput (one 20 bit convolu-
tion every 10 clock cycles) and a latency of 24 clock cycles.
Nevertheless, the chip is relatively small and compact, thanks to an
efficient utilization of the area and a high fill factor. For a 3X3 con-
volver, implemented in CMOS 21 technology, the chip size (including
pads) is 5.78 mm X 3.18 mm. Communication with the outside world
is via three input, two output and two control pins only - owing to the
bit-serial methodology.

Because of the convolver small size, small number of pins and
fully-modular and regular design, it can easily be enlarged, both in the
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array size (kemel size) and the words length (number of bits used to
represent the pixels and weights). Altematively, a few similar con-
volvers can be implemented on the same chip and process different
parts of the picture in parallel, in order to speed up the operation.

Section 2 presents the general concepts of the convolver struc-
ture and operation. Section 3 describes the main component of the
convolver basic cell - the multiplier. Section 4 discusses the rest of the
components composing the convolver - namely the memory, addition
and representation conversion, delay and control units. Section 5
regards implementation, and Section 6 summarizes the paper.

2. The Convolver Design Concepts

The convolver consists of 9 similar basic cells, arranged in a
3X3 array, and a general control unit. The convolver array is com-
posed of three linear systolic arrays, placed and operating in parallel,
as shown in Fig. 1. Data flows "horizontally" from cell to cell, while
the outputs of each of the basic cells flow "vertically”. While flowing,
the partial results are summed-up and fanned-in towards the convolver
output.
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Fig. 1: The convolver array structure.

In every computation cycle the convolver should multiply 9 pix-
els values by 9 weights and sum the products. As the system scans the
picture the pixels change, while the kemnel of weights remains con-
stant throughout the computation. Each of the convolver basic cells is
responsible for the multiplication of one pixel with one weight in a
given convolution cycle. For that purpose a multiplier is included in
each basic cell. Since the kemnel of weights is constant it is advanta-
geous to preload this kemnel to the convolver, one weight per cell, and
store it there for the entire computation (untill a different kernel is
desired). Therefore, a memory unit is also included in every basic cell.
The 1/O format is determined by the system which the convolver
serves. The pixels are represented by an 8-bit positive binary number,
the kernel weights - by an 8-bit binary number in "sign and magni-
tude” format, and the convolution result should be represented in "2’s
complement” format. A representation conversion unit takes care of
this issue. A block diagram of the convolver basic cell is shown in
Fig. 2. The function of each block is discussed below.



data ___________4‘
input
| | memory
; multiplier ]
! adder jw— r add%

represemation converters

Fig. 2: Convolver basic cell - block diagram.

3. The Multiplier

The multiplier is the core of the convolver basic cell. It is also
the most complicated unit in the basic cell and occupies most of its
area. Therefore, it is especially important to choose an appropriate
algorithm and implementation for the multiplier, in order to reduce its
area and accelerate its operation as much as possible.

Most of the bit-serial multiplier implementations found in litera-
ture are based on one (5,3) FA (full-adder) in each of the multiplier
basic cells. Exceptional is Buric and Mead’s [4], which is based on
two (3,2) FAs in each cell, working in parallel (A (m,n) FA is one
which adds m equally weighted inputs and produces an n-bit output -
one sum bit and n-1 carry-out bits of different orders (m>n of
course)). We found it advantageous to use (3,2) FAs instead of (5,3)
ones for several reasons. To begin with, using two (3,2) FAs enables
us to divide the multiplier basic cell into two identical and simpler
cells - what contributes to a more modular, regular, and simple design.
Since the two (3,2) adders work in parallel, their propagation delay
time is that of one regular (3,2) FA, which is shorter than that of a
(5,3) one. Two (3,2) bit-serial adders also consume less area than a
(5,3) one.

We have adopted Buric and Mead's approach for implementing
the multiplier, with slight modifications. Yet we have improved it by
making it operate bidirectionally [5], thus increasing its efficiency.
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The operation can be achieved by a linear pipelined array of n sec-
tions, in which the j-th section computes the following:
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where b1 denotes a delay of one clock cycle.

The multiplier is composed of eight similar sections, each of
which is constructed of two parts - one for performing z' and the other
for z'*. Thus, the multiplier array is actually two linear arrays, work-
ing in parallel. A bit-serial FA, extemal to the array, adds the outputs

of the two arrays ejected from the O-th section, and generates the total
product. The logical scheme of the two parts composing the muiti-
plier basic cells is shown in Fig. 3. Each of the two parts consists of a
latch, an AND gate and a bit-serial (3,2) FA (parts 3,5 and 6 in Fig. 3,
respectively).
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Fig. 3 The two parts of the multiplier basic cell.

The operands X and Y are applied bit-by-bit on two single-bit
buses, one bit per clock cycle, LSB first. In the j-th clock cycle of the
multiplication x; and y; appear on the buses. Therefore, all the single-
bit multiplications x;-y; and x;-y; , in which i </, are performed in
this cycle, and z; is accomplished one clock cycle later. Also in the
j-th cycle, x; and y; are latched by the latches of the j-th section for
future use. For this purpose a control bit propagates along the array
from section O to n-1, one section per clock cycle, starting simultane-
ously with the LSB of the operands (xo and yo). This control bit sup-
plies an enable signal to the j-th section latches in the j-th cycle. The
highest order single-bit product, X,_1Va-1, i$ accomplished in the
(n-1)-st cycle in the (n-1)-st section. After this, no more single-bit
multiplications need to be done. But all the multiplier sections still
hold partial results which should propagate out through section zero
within the next n cycles. For this reason we have included a single-bit
reset bus and the two AND gates in each section (part 1 in Fig. 3).
During the n-th cycle of the multiplication a reset signal is applied and
all the latches in all the sections are reset. This causes the outputs of
all the AND gates to be zeroed, regardless of the values on the X and
Y buses. From now on (untill a new multiplication starts) the multi-
plier basic cells continue to perform:

z/=2/4b7! ; =z b7 &)
Thus the partial results continue to propagate and are ejected from the
0-th section.

The total result of the convolution can be, in the worst case, a
20-bit binary number. Since the convolver is bit-serial and full-
precision, 20 clock cycles are needed for each convolution. However,
the O-th section is busy only 75% of this time, while the other sections
are busy less and less time. The (n-1)-st section is busy only 5% of the
time. This is a waste of multiplication capability which can be
prevented.

As from the 9-th clock cycle of the multiplication the multiplier
sections start to become free, one section per cycle, starting from the
last (7-th in this case) section towards the first (0-th) section. Hence it
is possible to start a new multiplication in the 9-th (or a later) cycle,
from the last section towards the first. In this suggested multiplication
the direction of propagation is opposite the previous one. Again, in the
9-th cycle of this multiplication it is possible to start a new multiplica-
tion with the carry bits propagating in the original direction. In this
way all the multiplier sections can be utilized 100% of the time.
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The control of the propagation direction is achieved by placing
2—1 multiplexors on the carry lines connecting the multiplier sections
(part 9 in Fig. 3). Each of the sections outputs is split into the two
nearest neighbours in the array, and drives their multiplexors inputs.
The multiplexors determine which of the neighbours outputs will be
connected to each of the sections inputs. As we pointed out above, the
multipliers sections become free gradually, one section per cycle. This
necessitates that the change in the state of the direction multiplexors
will also be done gradually, one per clock cycle. The direction control
signal which drives the "select” inputs of the direction multiplexors
should be of the form shown in Fig. 4a.
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Fig. 4:

The direction control signal (a) and
its generator imple mentation (b).

For the implementation of this signal we built the control signals
generator shown in Fig. 4b. This generator is an 8-bit bidirectional
shift register. The shift direction is determined by the state of the mul-
tiplexors. The "select" lines of all the multiplexors are driven together
by the counter of the general control unit, and thus the direction con-
trol signal will be synchronized with the multiplication cycles.

As we mentioned above, the latches in the j-th section demand a
latching signal in the j-th clock cycle of the multiplication. For this
purpose a control bus must be added, along which the latching signal
propagates. The latching signal should be applied to the multiplier
sections successively, one section at a time. For the bidirectional mul-
tiplier its form should be as described in Fig. Sa.

The logical scheme of the control bus we built is shown in Fig.
5b. The system is actually a dual 7-bit shift register with its outputs
"OR"ed together. The latching control signals come from the outputs
of the OR gates. A signal applied to the left input will propagate to the
right, and vice-versa. In the complete convolver the left and right
inputs of the control bus are driven by the counter of the general con-
trol unit, and thus will be synchronized with the multiplication cycles.

This suggested improvement yields an increase of 100% in the
convolver throughput, with no effect on the latency. Our estimation
for the cost of the bidirectionality is an increase of about 50% in the
chip area - i.e., if we would have built a convolver based on unidirec-
tional multipliers in the same configuration, its area would have been
about 2/3 of the bidirectional one.
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Fig. 5: The latching signal (2) and its control bus (b).

4. Peripherial Components

The Memory Unit

The function of the memory unit is to store the value of one of
the kernel weights and feed the multiplier with it bit-serially. Our
memory unit is basically a shift register, with several additions.
Firstly, the kernel values arrive to the convolver as an 8-bit binary
number, represented in "sign and magnitude” format. For the multipli-
cation, however, we treat it as an 8-bit positive binary number with a
zero as the MSB. The memory unit separates the sign bit from the
magnitude bits and puts the zero instead. The sign bit is used as a sig-
nal for the representation conversion unit, for the correct
representation of the total product. Secondly, as no computation is
performed while a kemnel is loaded, and vice versa, the same pin and
(single-bit) bus that brings the pixels values can be used to bring the
weights values. It only requires the addition of a 2—1 multiplexor.
Since a new multiplication starts every 10 clock cycles, the memory
unit should feed the multiplier with the weight stored in it at that fre-
quency. The way we accomplished this is by concatenating two more
MS bits (actually zeros) to the magnitude bits of the weight, to get a
10-bit positive binary number. These two bits do not affect the multi-
plication since in the ninth clock cycle of a multiplication the contents
of the multiplier latches are reset. Our implementation for the
memory unit is shown in Fig. 6.
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Fig. 6: The memory unit.
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The Addition and Representation Conversion Unit

Our approach for the implementation of the multiplier is to mul-
tiply positive operands only. Hence, the product is also a positive
number. The total result, however, should be represented in "2’s com-
plement” format. For that purpose a representation conversion unit is
added. The multiplier output is split into two channels. In one chan-
nel it flows through an inverter and reaches an adder which adds one
to the inverted product. The output of the adder is then the negative of
the product coming from the multiplier, represented in "2’s comple-
ment" format. The other channel is merely a by-pass of the first chan-
nel. The two channels are recombined via a 2—1 multiplexor of
which the "select” signal is the sign bit of the kernel value. As
recalled, this sign bit was stored in the memory unit apart from the
magnitude bits.

For reasons of area efficiency we found it advantageous to incor-
porate the representation conversion unit with the multiplier external
adder and the adder of the convolver basic cell into one unit. Since
the multiplier performs two multiplications simultaneously, in oppo-
site directions, two units of this kind are needed for each convolver
basic cell.

The Delay Unit

The proper timing of the convolver basic cells requires the delay
of input bits between neighbour cells of each of its linear arrays.
Since a new convolution starts every 10 clock cycles this must be the
period of the delay. This function is easily achieved by placing a sim-
ple 10-bit shift register on the input bus of each basic cell (see Fig. 2).

The Control Unit

The convolver is governed by a central control unit. This control
unit is responsible for supplying all the control signals to all the con-
volver basic cells and synchronizing their operation.

The heart of the control unit is a circular counter of 20 bits. The
counter forms the periodicity of 20 clock cycles. The control signals
are produced from the outputs of the counter with the aid of some
combinational logic. In addition, the control unit also includes the
direction control signals generator and the latching control bus - both
of which have been described earlier.

5. Implementation

The convolver was designed using a standard-cell method, with
the aid of the PPL software which is a VLSI CAD tool of the
standard-cell family [6]. The PPL software provided us with the tools
for logic simulation as well. Fig. 7 shows the complete convolver
design in PPL representation. The regularity of the design, as well as
the high area fill factor are apparent.

The PPL software automatically converts the PPL representation of
the circuit into layout, from which a mask set can be prepared. For
implementation in a CMOS 2i N-well technology the size of the 3X3
convolver chip that we have presented here is 5.78 mm X 3.18 mm.

A chip of the convolver is now being fabricated at MOSIS.

6. Summary

In this paper we have presented a novel chip design for image
convolution. It was originally designed for a 3X3 kernel but can be
easily enlarged to any desired kernel size, as it consists of modular
units arranged in a systolic array architecture. Its operation mode is
bit-serial, therefore only a few I/O pins are required for the environ-
ment interface. The chip has a high throughput due to efficient
bidirectional multipliers and can be easily incorporated in any image
processing system.
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Fig. 7: PPL representation of the convolver chip.
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