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This paper describes a method to evaluate image applications mapped to a focal plane 
, processing array with a single pixel per processing element. An application is specified 

and compiled to a common instruction set architecture. The application is then simulated 
to create a dynamic workload. A design space of possible execution machines is compiled 
using predicted pe$ormances and costs for computation, communication, and storage. 
operations. The application workload is evaluated against the design space of execution 
machines based on a weighted metric of cost and pe$onnance. 

1 INTRODUCTION 
Inexpensive imaging chips are being incorporated into a wide range of portable products 
such as video and still cameras, laptops, portable data assistants (PDAs), and even 
children’s toys. Other lower cost, higher volume applications include surveillance, user 
authentication, and variations of object recognition. Table 1 presents requirements for 
data bandwidth and processing throughput for selected image sensor arrays. The data 
bandwidth assumes 8 bits per pixel at 30 frames per second. The processing throughput 
assumes 100 operations per pixel for a given image application. Image processing 
workloads will soon exceed the computational and storage capabilities of current 
microprocessor and digital signal processor (DSP) architectures. This demand requires a 
different paradigm where image processing occurs near the sensor array. 

Table 1: Data bandwidth and processing throughput for selected sensor arrays 

Sensor Array 

CMOS Image Sensor 
(Photobit) - - _ _ _  [ 11 

VGA (Olympus c-8ooL) 121 
XGA (Olympus C- 1400Lj[21 _ _  - 

Advanced CMOS Image 
Sensor 131 
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Parallel processing in the 2-D focal plane can provide increased computational 
performance on image applications by utilizing the natural spatial locality of image data. 
Processing an image in the focal plane moves the computation closer to the data 
acquisition to reduce the storage requirements of the system. The functionality of data 
acquisition, analog-to-digital conversion, image processing, and memory is integrated 
into a single processing element (PE). This tile element is replicated in a monolithic 2-D 
array to form a focal plane processor. The granularity of pixel mapping affects the 
performance of a particular application. If a single pixel is assigned to each processing 
element, applications requiring only neighboring pixel values utilize the natural spatial 
locality effectively for computation. However, some application:; require significant 
communication and storage, and would not be effective with a single: pixel per processing 
element. Currently, there is no formal classification of early image algorithms that benefit 
from focal plane architectures with a single pixel per processing element. 

This paper discusses a method to evaluate early image processing applications mapped to 
a focal plane architecture with a 1:l pixel to processing element (PPE) ratio. Section 2 
provides the background for applications and architectures used by early image 
processing. Section 3 describes the research methodology for evaluating image 
applications and presents a brief case study. Finally, Section 4 concludes the discussion 
on image application evaluation and presents directions for future development. 

2 EARLY IMAGE PROCESSING 
An imaging system includes data acquisition and data processing. :[mage data enters the 
system where processing techniques convert the data into a useful fiormat. Two functions 
of image processing are enhancement and analysis. Image enhancement improves the 
quality of the image data. Image analysis provides interpretation of image data. Each 
algorithm within a category requires different computation, communication, and storage 
costs per pixel of data. 

2.1 Characterization of Applications 
Image processing applications are categorized into ( 1) point operations, (2) local 
operations, and (3) global operations [4]. A point operation such as ithresholding occurs at 
the individual pixel level. A local operation such as filtering requires knowledge of an 
individual pixel and its immediate neighbors. A global operation such as histogramming 
uses all pixel data from the image. These operations form the basis of applications found 
in imaging systems. Figure 1 illustrates the processing sequence required for a typical 
imaging system where (a) shows the processing tasks, (b) shows examples, and (c) shows 
the amount of data [5 ] .  The variable b represents the number of bits per pixel, and the 
variable N represents the image resolution on a side. The first three stages consist of local 
operations while the fourth stage is a global feature measuring operation [6]. Some 
processing algorithms exploit the similar data types found in the first three stages to both 
reduce the volume of data and provide image enhancement. Feature extraction 
implements algorithms to provide image analysis. Focal plane systems merge these tasks 
into an integrated component to utilize the spatial locality naturally found in image data. . 
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(a) 

Answering the 
question: 

“What is it?” 

(b) Light collecting Lowpass filtering, Edge Quantitative 
and sensing Median Filtering, etc. Detection measurements 

Classification + Segmentation -b Extraction + Feature Noise 
Acquisition Image Reduction -b 

A 

(C) b*N2 b*N2 N2 N 1 

Figure I :  Typical image processing sequence (a)  processing tasks 
(b) examples and (c) amount of data 

2.2 Implementation of Processing Architecture 
Most portable imaging systems use CCD or CMOS detector arrays to acquire an image. 
Then the pixel values are sequentially digitized and loaded into a frame buffer for 
processing, typically incorporating instruction level parallelism. Data parallel processing 
on the focal plane offers superior performance and efficiency [3]. A block diagram of an 
integrated smart pixel tile [7] is shown in Figure 2. This tile element is replicated to form 
a focal plane array imager with integrated analog-to-digital conversion and SIMD 
processing. The most significant issue is fill factor (the percentage of the tile that collects 
light) since in single-level VLSI, the detector, analog-to-digital converter (ADC), digital 
processing, and storage compete for silicon area. Area tradeoffs among components can 
influence system performance [ 81. 

pixel(.) 

Figure 2: Programmable digital pixel 

3 EXPERIMENT 
Early image processing includes common filtering applications as well as image 
transform applications. Current research is developing a quantitative cost model to 
compare algorithms mapped to a focal plane archtecture that uses a 1:l pixel to 
processing element (PPE) ratio. Selected image applications are evaluated for 
effectiveness in the single pixel per processing element domain. 
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3.1 Methodology 
Several steps are required to evaluate a selected algorithm for effectiveness with the 
granularity of a single pixel per processing element. An algorithm is implemented using 
an instruction set architecture (ISA) that corresponds to the available functional units 
within the digital pixel. An application is then simulated to provide a dynamic workload. 
The instructions are categorized into computation, communication, and storage as a 
percentage of the overall dynamic instruction count. Each category has an associated cost 
metric in terms of power, area, and performance. The category percentages are combined 
with category weights to provide a quantitative evaluation of an algorithm mapped into 
the single pixel per processing element domain. Table 2 summarizes potential 
applications for the single pixel per processing element domain. 

Table 2: Summary of potential early image processing applications 

Applications 
Image Transform 

Discrete Cosine Transform 

Image Rotation 

sage Enhancement 
- -  - 

Convolution 

Magnification 

Median Filtering 

~- - 
Image Analysis 

Morphological Processing 

Exploits the spatial redundancy inherent in 
image data, and it is a fundamental 
component of image conipression standards. 
Two-step rotation operator to rotate the image 
in the - -  focal plane . by _ _  any specified angle. ~- ~ 

Performs different filtering operations, such 
as shadowing, smoothing, and edge-detection. 
Performed in digital zooms for cameras and 
camcorders to enlarge by a given factor some 
portion of the image. 
Removes binary noise from an image while 
preserving spatial resolution. _ - _  

Performs feature extraction and segmentation 
of binary images. 

3.2 Example 
This section describes initial research towards evaluating selected image applications. 
Algorithms for convolution and median filtering, described by Srnith [9], were mapped 
into a 1:l PPE focal plane architecture. Table 3 provides the dynamic workload 
percentages for convolution and median filtering. Operations have: been categorized into 
computation, communication, and storage. Although both applications used a (3 x 3) 
filtering mask, the relative percentage of computation is greater in the median filtering 
application. 
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Table 3: Workload factors for image applications 

I I Application Computation I Communication I Storage I 
I Convolution I 7 1.70% . I 22.64% I 5.66% I 
1 Median filtering I 95.35% I 3.72% I 0.93% I 

Let us assume that the power consumed per cycle is normalized to a computation 
instruction. Let us also assume that a communication or storage operation requires 3x the 
power of a computation instruction. We could then calculate a normalized power 
consumption value for each application. The average power can be derived using the 
actual power consumed by a computation instruction. This information could be used to 
determine whether an application makes efficient use of battery life in a portable device. 

4 SUMMARY 
The demand for handling increasingly larger images at real-time frame rates will continue 
to saturate the available computation, communication, and storage capabilities of 
conventional imaging systems. Processing on the focal plane addresses the potential 
architectural constraints by exploiting data-parallel processing naturally found in image 
applications. A highly parallel focal plane system can be implemented by integrating data 
acquisition and data processing. A system-on-a-chip, created by a tiled monolithic array 
of integrated pixels, can utilize the anticipated technological improvements in fabrication. 
Applications can be mapped to a granularity of a single pixel per processing element. 
However, it cannot be assumed that all applications can be effectively translated into this 
fine-grain domain. Some applications may not be feasible because they require 
significant communication and storage costs. Others may not provide sufficient 
computational performance for the selected application. 

This paper presents ongoing research to quantitatively evaluate early image processing 
applications mapped to a 1: 1 pixel per processing element ratio. A methodology for 
investigation was described. Selected applications were simulated to provide dynamic 
workloads for computation, communication, and storage. Future work involves the 
development of categorical weights for power, area, and performance. Other applications, 
such as DCT and FFT image transformations, can be mapped and simulated using the 1: 1 
PPE instruction set architecture. With additional instructional histograms, a set of 
applications can be classified as efficient within the single pixel per processing element 
domain. 
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