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Abstract: We investigated different parallel SIMD (single instruction multiple 
data) architectures based on pure programmable and reconfigurable approaches for 
their appropriateness for integration in an one chip high speed CMOS (comp-
lementary metal-oxide semiconductor) camera. Our goal is to combine parallel 
signal detection and parallel signal processing in one chip. By a logic synthesis we 
show that a reconfigurable combinatorial circuit based on morphological oper-
ations is superior for our purpose. Further we describe briefly how a such system 
can be expanded towards a self-organizing system. 

1   Introduction 

Due to technological advancement of integrated circuit technology in the last decade 
CMOS sensor chips became the dominating standard for intelligent or smart sensor and 
camera systems [WOL02]. In this context smart means that image capturing and image 
processing is carried out on one chip. High-frame rate cameras, e.g. necessary for 
ambitious tracking analysis tasks or motion detection, require many specialized 
processing elements (PEs) that are fast and area efficient. To reach a fast processing rate 
it is advantageous to process the captured image with a parallel processing architecture. 
Since the image is already captured in parallel it is self-evident in our view to process the 
image in parallel, too. This holds particularly if each pixel is at least virtually attached to 
a PE. A parallel-serial conversion of the image data to process them with a signal 
processor causes unnecessary computing time even if the signal processor is integrated 
on the same chip as the detectors. 

Moreover, it is worthwhile to investigate reconfiguring architectures for sensor chips to 
achieve both area efficiency for the PEs and functional diversity. Reconfigurable 
architectures can save area because their hardware is temporally adapted for a specific 
operation which is only required for a certain time [VM97]. If afterwards another 
operation is to carry out the hardware will be adapted or configured for that operation. 
Neither it is necessary to realize area-consuming programmable hardware nor to realize 
all possible operations in hardware and to select the desired one with a multiplexor.  
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To use smart sensor in future automation systems, e.g. in autonomic production cells, 
qualitative new requirements are made on such sensor systems. In future autonomic pro-
duction cells [Ev02] robots and humans will be no more separated but cooperate in order 
to manage the occurring complexity. The task of the human is to issue commands and to 
observe carried out work, the task of the robot is to assist and to carry out commands as 
far as possible autonomously. To achieve this goal it is helpful to equip the robot with a 
fast and area-efficient smart sensor which is working autonomously. To fulfill these 
requirements we propose a parallel architecture to get a fast detector. Furthermore we 
aspire a reconfigurable architecture to get an area-efficient solution. Finally the archi-
tecture shall allow for a future dynamic reconfiguration carried out by the detector for its 
own. This supports the design of a self-configuring architecture which realizes partially 
autonomous processing. 

In the following we present the results of an investigation and evaluation of different 
architectures which we considered as appropriate candidates for a parallel sensor chip to 
process binary images [Sc04]. First we explain in chapter 2 the basic operations the 
parallel sensor has to carry out. Chapter 3 describes the different architecture types and 
evaluates them according to their area requirements. Finally we conclude with a sum-
mary and an outlook how to expand our solution towards an self-organizing system. 

2   Required macro operations for the detector 

The functional requirements, which our CMOS camera chip should fulfill, can be summ-
arized with the acronym COM. COM is the abbreviation for the following macro 
operations: contour following, e.g. edge detection, object recognition and determination 
of moments. The latter concerns the calculation of the first or higher derivatives in the 
pixel values of gray shaped or binary images. The solution we present in this paper is an 
initial step to realize COM. In this first step we focused on edge detection on binary 
images. Edge detection is an essential operation for a camera chip to allow a robot the 
autonomous identification of objects as well as mutual communication with an human. 

2.1  Macro operations reduced to morphological operations 

To carry out the mentioned macro operations in a parallel hardware it is necessary to 
reduce these operations to a sequence of more simple micro operations. We decided to 
select the morphological operations of erosion and dilatation within a four or eight pixel 
neighborhood as base for our hardware micro operations. Figure 1 illustrates the 
difference of a four and eight pixel neighborhood. For a binary image the erosion of a 
certain image point A(x, y) on a four pixel neighborhood, denoted as ferosion

(4), is defined 
as the logical AND of the current pixel value A(x, y) and the pixel value of its direct 
neighbor pixels in the orthogonal direction (1). 
 

( 4 )
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Figure 1: Four and eight pixel neighborhood of a pixel 
 
For an eight pixel neighborhood the values of the four intermediate directions in north 
west, in south west, in north east, and in south east are considered, too. For a dilatation 
operation the logical AND in (1) is simply replaced by a logical OR. Erosion and dila-
tation can be utilized for an edge detection. This requires a pixel-by-pixel AND oper-
ation of the original image with the eroded or dilated image, respectively. The difference 
between an erosion-based and a dilatation-based edge detection is that an erosion-based 
edge detection recognizes the inner edge of an object whereas a dilatation-based edge 
detection recognizes the outer edge. In both cases noise, e.g. caused by reflections, can 
occur. This can be eliminated with help of the so-called open and close function. The 
open function is defined as an erosion followed by a dilatation, whereas the close 
function is defined as a dilatation followed by an erosion. Open allows to eliminate 
single points within an image, e.g. occurred by noise, close can be used to fill gaps in the 
contour of an object. Figure 2 shows a corresponding example for an eight pixel 
neighborhood. An original gray shaped image of three coins is digitized by a threshold 
value. This will be performed in our sensor chip within the analogue part which contains 
of a comparator circuit attached to a photo detector. Details about the realization of this 
analogue part can be found in [Fey04] and are not scope of this paper.  

                    

         
Figure 2: Edge detection based on erosion (left), dilatation (middle) and close function (right) 
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The last image in the lower right corner of Figure 2 displays the results for an edge 
detection realized with a dilatation applied to the digitized image and a subsequent close 
function. As shown in Figure 2 only the contour lines of the coins will remain. 

2.2  Definition of the minimum required micro operation 

As the example of Figure 2 demonstrates macro operations like an edge detection can be 
reduced to a certain order of simpler operations like erosions, dilatations and NOT oper-
ations. A NOT operation corresponds to a pixel-by-pixel inverting of a digitized image. 
However, the reduction to simpler operations can be expanded further on. First by 
applying the rules of DeMorgan a dilatation can be expressed as an erosion and NOT 
operations. This holds for both a four and an eight pixel neighborhood (2). 

(4) (8) (4) (8) (4) (8)( , ) ( , ) ( , )or or or
dilatation dilatation erosionf x y f x y f x y= =  (2) 

This means that also the open and close function can be expressed as a sequence of 
erosions and NOT operations in the following way. Open is equivalent to erosion 
followed by dilatation, this can be expressed as follows: open = erosion (not erosion 
not). Close is equivalent to dilatation followed by erosion, this can be expressed as close 
= (not erosion not) erosion. Furthermore we remind that an erosion operation is in case 
of processing binary images nothing else than an AND operation. Hence, we can specify 
that it is sufficient in each PE of our hardware to implement a NOT and an AND 
operation.  

In addition our hardware shall assist four pixel neighborhood as well as eight pixel 
neighborhood for the erosion operation. Implementing an eight pixel neighborhood in 
hardware would require that each PE has a direct connection to its eight neighbors with a 
so-called X-network. This would increase the complexity of wiring and increase the 
required chip area for one PE compared to a NEWS network, in which each PE is only 
attached to its four orthogonal neighbors. More worse, the advantage of a direct access to 
eight neighbors in a X-network is not at all usable if an operation has to be carried out 
anyway in two steps. In this case the same operation can be executed without any loss of 
time on a much simpler realizable NEWS network. Exactly such a situation is given for 
the erosion on an eight pixel neighborhood which is identical with a logical AND of 
eight inputs. A gate with eight inputs is normally not available in technology libraries 
due to the high capacities such a circuit would cause. Using a three-input AND gate is 
more efficient and allows to calculate an eight-input AND gate in two steps on a NEWS-
network (see Figure 3). In the first step three neighbored pixels in a row are operated 
with a 3-input AND in each pixel PE. Afterwards in the second step the results of three 
neighbored pixels in a column are operated with a 3-input AND in each pixel PE.  

Therefore we implemented in our design for a parallel sensor chip a NEWS network as 
connection scheme for PEs in the parallel processor array. The functionality each PE has 
to fulfill is specified by the data flow graph shown in Figure 4. Depending on the 
configuring of the data path, which is controlled by so-called configuring bits, it is 
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possible to carry out erosion, dilatation and edge detection in one pass and close and 
open function in iterative passes. 

 
Figure 3: Erosion operation for binary images with logical AND on a NEWS network 

The node denoted as pixel in Figure 4 corresponds to the digitized pixel value which is 
attached to a PE. The nodes left, right, top, and bottom correspond to digitized pixel 
values of the four neighbors. The necessary micro operations are EXOR, AND, OR and 
a 2-to-1 MUX operation. At the end of the data path the result is stored in a D-flip-flop. 
The configuring bit feedback controls the calculation of open and close function. 

Figure 4: Data flow graph specifying the functionality in one PE 

3   Evaluation of appropriate architectures for the processor array 

Either a hardwired or a programmable solution is possible for a PE to implement the 
basic operation as specified in Figure 4. We implemented for both solutions correspon-
ding architectures in SystemC and carried out a logic synthesis for a 0.6 µm standard 
CMOS process from XFab to compare and evaluate the received area values.  

AND AND AND 

AND AND AND 

AND AND AND 

AND

AND

AND

AND

AND

AND

AND 

AND 

AND 

Pixel MUX 
2-to-1 

config  bit 
feedback 

EXOR

config  bit 
not (0 ≡ id; 1 ≡ not)

AND

to left 
neighbor 

to right 
neighbor 

MUX
2-to-1

config  bit 
4 or 8 pixel neighborhood 

Left

Right

Top 

Bottom 

AND

to top 
neighbor 

to bottom 
neighbor 

OR 

config  bit
edge detect

ANDDFF 
result 

CLK 

301



3.1  Architecture solution based on programmable PEs 

The PE of the programmable version corresponds to a traditional von-Neumann 
architecture. The PE consists of a control unit, a register file and an ALU (see Figure 5). 
The memory which contains the program is a global memory for all PEs. This global 
memory can be implemented either as internal memory, i.e. together with the PE array 
on one chip, or as external memory, i.e. as a separate chip. The ALU has to execute a 
NOT operation and an AND operation as it is specified in the data flow graph. The other 
operators shown in Figure 4 (EXOR, OR and the 2-to-1 MUX) are not necessary in a 
programmable PE because these operators serve to configure the data paths. Configura-
tion of data paths is not required in a programmable PE because the necessary operands 
are explicitly fetched from the local memory. Besides NOT and AND we need a simple 
move as third ALU operation to transfer the value of a register, specified by its address, 
to the output of the ALU. Further registers are necessary to store intermediate results of 
the ALU output and the digitized pixel values of the current PE and the four orthogonal 
neighbor PEs. The execution of an instruction proceeds in three steps: first we read out a 
register value, i.e. the value is valid on the output lines in the next clock cycle; then this 
value is processed with an ALU command; and finally the result is stored in the register 
in the last step. Since we have only three ALU commands and six entries in the register, 
three bits are enough either to specify a register value or to code an ALU command. The 
advantage of that stepwise execution of an instruction is the saving of global lines and 
chip area. We need only three global lines instead of eight ones (three bits for source and 
destination register each plus two bits for ALU command) which are running from the 
global memory to all PEs on the chip. To control this stepwise execution the control unit 
generates periodically control signals for register and ALU in the following way: read 
register, ALU active, write register.  

 

 

 

 

 

 

 

 

 

Figure 5: Data flow graph specifying the functionality in one PE  
(the ALU is either hardwired or realized as reconfigurable look-up-table) 
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3.2  Architecture solutions based on reconfigurable approaches 

In order to save area we specified an additional architecture which is identical with that 
of Figure 5 with the difference that the ALU works not as a combinatorial circuit but as a 
reconfigurable look-up-table (LUT). The LUT is realized as a memory of size 4×1 bit. 
At the beginning of each clock cycle four configuration bits are read out of the memory 
and are written in the LUT. These configuration bits correspond to the result bits of a 
Boolean function on two inputs and define therefore the operation which is to execute in 
the next cycle.  

The PEs of the last architecture we investigated do not use programmability. Rather they 
are realized as a direct combinatorial network of the data flow graph of Figure 4. The 
data paths of the PEs are reconfigured in each clock cycle depending on the function the 
PEs have to execute. Four bits are sufficient for the configuration. They are stored in the 
global memory. In difference to the programmable PE with reconfigurable ALU no in-
struction code but configuration bits for the data paths are stored in the memory. Strictly 
speaking these configuration bits are the instruction of a reconfigurable architecture. 

3.3  Evaluation of the architecture approaches 

All three architectures were specified in SystemC and the functional correctness was ver-
ified by simulation. Afterwards the necessary area for each PE of the three architectures 
was determined by a logic synthesis with SYNOPSYS. Table 1 shows the results. 

 Programmable PE 
(3.1; Figure 5) 

Programmable PE with recon-
figurable ALU (3.2; Figure 5) 

Reconfigurable combi-
natorial PE (3.2; Figure 4) 

PE 43 008 µm² 39 518 µm² 1 722 µm² 

ALU   3 841 µm² 1 396 µm² PE equals to ALU 

Table 1: Synthesis results for different parallel sensor architecture approaches 

The values for the area for the ALU and the combinatorial PE show the superiority of 
reconfigurable approaches. For the programmable architectures a reconfigurable ALU 
diminishes the area requirement versus the pure programmable approach about more 
than 50% (3841 µm² versus 1396 µm²). In both cases the necessary area for the control 
unit, for the registers and the wiring outside the ALU is quite high (39167 µm² and 
38122 µm², respectively). The reason for this high values compared to the ALU area 
arises from the area-intensive flip-flops for the realization of the registers. Furthermore 
this holds also for the global memory. Its size was determined with 630 688 µm² for 504 
bits to store a program for a sequence of close and open functions. Therefore the global 
memory should be realized externally. A chip internal realization is suitable only with 
SRAM or DRAM cells. Since we need only one flip-flop at the end of the circuit a re-
configurable combinatorial PE is much smaller (1722 µm²) than the programmable PEs. 
Of course, a programmable approach offers more flexibility particularly with regard to a 
necessary expansion of our PEs to gain more functional broadness. Nevertheless we fa-
vor the reconfigurable combinatorial circuit for our future work. We receive sufficient 
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flexibility by the configuration bits in this approach, too. A functional expansion with 
moderate area increase is feasible by the integration of a full adder to carry out addition 
and multiplication. This allows to carry out important preprocessing tasks, e.g. for a 
JPEG2K coding. An appropriate architecture study in this direction was already prepared 
by us [Kr04]. However, the most important argument for this architecture concept is the 
perspective to achieve much higher pixel resolutions compared to the programmable 
PEs. A size of 1722 µm² allows e.g. the integration of 240×240 PEs on 1 cm² chip area. 

4   Summary and outlook towards self-organizing systems 

We investigated different architectures approaches for the integration of a parallel SIMD 
processor array in future one-chip high speed CMOS cameras. Due to the results of a 
carried out logic synthesis we favor a 2-D array of reconfigurable PEs based on a combi-
natorial circuit for the calculation of morphological base operations. With a standard two 
metal-layer 0.6 µm CMOS process we can achieve a resolution of 240×240 pixels. We 
are confident to realize VGA resolution (640×480) in the future due to technological ad-
vancements and an architecture improvement by a pixel-to-PE multiplexing technique. 
Recently the realization of one-chip CMOS chips with VGA resolution is reported 
[Kl01] but with linear arranged PEs whereas we pursue a fully-parallel 2-D architecture. 
Furthermore our reconfigurable architecture approach has the potential for a partially 
self-organizing system. This requires the exploitation of an additional control processor. 
Control processor and parallel pre-processing array cooperate to detect regions, objects 
or defined gestures of a human very rapidly. As a result of such a detection process the 
control processor reconfigures its parallel coprocessor to carry out another task. Conse-
quently, control processor and parallel processor array are both serving as heart of an 
intelligent robot. They are able to plan by self-configuring autonomously e.g. the 
execution of a whole assembling task, either in or without cooperation of an human.  
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