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Abstract— The effective implementation of pattern recogni-
tion and learning, which are basic functions for building artifi-
cial systems with capabilities similar to the human brain [1], is
of great technical and practical importance. To realize the intel-
ligent information processing, a very high system performance,
which does not suffer from the memory bottolneck, can be re-
quired. In this paper, an efficient solution for satisfying the above
requirement by a unification of memory and processing unit.
Practical application results to picture segmentation and pattern
matching for the unification method as well as to system appli-
cations like real-time tracking of moving objects and character
recognition/learning are reported.

I. UNIFICATION OF PROCESSING AND MEMORY PART

The unification of processing and memory part is a promis-
ing development direction, which can combine high perfor-
mance of an integrated system with high integration density
and low power consumption. In the following sections, two
examples for the unification of memory and processing unit,
which have been proposed in our group.

A. Picture segmentation with a cell network

The extraction of the different objects contained in an in-
put picture is called picture segmentation, which is an indis-
pensable basic operation for the enabling intelligent process-
ing such as object recognition or object tracking. For this pur-
pose we have developed a reliable, hardware-oriented region-
growing algorithm [2] as well as two LSI architectures with
real-time processing capability [3, 4].

The cell-network approach, which exploits the unification of
memory and processing part, enables fully parallel processing
with a regular array of pixel-related processing elements (PEs)
and local memory. In this way, the segmentation of QVGA
size pictures with a frame rate of 300fps and a data exchange
of 36,000Gbps between memory and processing part becomes
possible. Figure 1 shows a cell-network design with 41x33
pixels in 350nm CMOS technology. From the measured per-
formance of this test chip we estimated that QVGA picture
segmentation in 300 sec is realistic at the 90nm CMOS tech-
nology node.

Above segmentation speed is much higher than the standard-
ized video frame rate of 30fps, so that a block-based processing
with a reduced number of PEs, as shown in Fig. 2, is sufficient.
For supporting this approach a large wordlength of the memory
is realized by dividing the memory into many banks, so that the
necessary data for all PEs can be accessed in parallel in each

(a) Test chip.

Fig. 1. Picture-segmentation network with 41x33 pixels in 350nm CMOS
technology.

processing step. 320 PEs and an access bandwidth of 80Gbps
are sufficient for real-time segmentation of QVGA size pic-
tures. This so-called image-scan architecture, for which we
have constructed an FPGA-based evaluation system, is suit-
able for FPGA as well as ASIC realization[5].

B. Pattern-matching operation with an associative memory

An associative memory has the capability of determining the
nearest match between input-data words and a stored basis of
reference-data words according to a distance measure. Espe-
cially for real-time recognition it will be necessary to imple-
ment fast matching up to large absolute minimum distances.

We have developed associative memory integrated-circuits
on the basis of mixed digital-analog circuitry (see Fig. 3),
which unifies the memory and the processing part in the form
of an associative memory [6, 7, 8, 9, 10, 11]. The comparators
for the reference patterns are integrated in digital form into
the memory. The distance-measure results are digitally deter-
mined and transformed into analog signals for each reference
pattern in parallel.



Fig. 2. Conceptual view of the image-scan segmentation architecture.

Fig. 3. Architecture diagram of the mixed digital-analog associative memory.

II. APPLICATION TO INFORMATION PROCESSING SYSTEMS

In the following 2 application examples are discussed,
which utilize several memory/processing-unified sub-systems
for e.g. segmentation, pattern matching, feature extraction and
pattern generation as well as recognition and learning

A. Real-time multi-object tracking with segmentation and pat-
tern matching

The tracking of moving objects is an important technology
essential for the realization of e.g. high quality traffic observa-
tion systems or intelligent robots. We have proposed an al-
gorithm for moving-object tracking, which is based on pic-
ture segmentation, pattern matching, and an efficient feature
extraction method for the objects of the segmented pictures
[12, 13, 14, 15]. As explained in Fig. 4(a), the segmented ob-
jects of each input frame are submitted to a feature-extraction
unit for determining data such as position, horizontal/vertical
dimensions, size and color. A matching unit is then used to
determine the most similar object in the previous frame and in
this way the tracking of the movement or non-movement of all
objects is made possible.

The resulting VLSI architecture consists of three main cir-
cuits, namely (1) a segmentation part which applies either
the cell-network or the image-scan architecture, (2) a circuit,
which uses the 2-dimensional frame-segmentation results for
determining height/width, area, position etc. of segmented ob-
jects in parallel, and (3) a circuit for the matching operation
with the objects of the previous frame (Fig. 4(b)). A real-time

(a) Tracking Algorithm. (b) A block diagram of multi-object tracking.

Fig. 4. Tracking algorithm and architecture of multiple objects based on
picture segmentation and pattern matching.
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Fig. 5. Prototype system for real-time object tracking based on an FPGA
implementation.

demonstration and evaluation system of the proposed object-
tracking architecture for 80x60-pixel images has been built on
the basis of an FPGA implementation of the proposed archi-
tecture and is shown in Fig. 5(a). Based on the evaluation re-
sults, real-time object tracking with up to 1000 objects is esti-
mated possible with QVGA motion pictures (30fps), even with
an FPGA implementation. Figure 5(b) shows an example of
object tracking result with developed FPGA-based prototype
system.

B. Character recognition and learning based on associative
memory

We investigate a learning OCR system which is based on
using a short/long-term memory for ranking the reference pat-
terns and updating the reference memory with new input sam-
ples, constantly [16, 17, 18]. The goal is to obtain an OCR
hardware design which is capable of recognition of new in-
put characters written in different fonts, in a speed level of 10
ms per word. Moreover, we plan to use the mixed analog-
digital fully-parallel associative memory for nearest Hamming/
Manhattan-distance search as the main classifier of the system
to enhance the pattern search speed.

Figure 6 shows an outlook of the whole prototype system.
The main steps considered for the OCR process are: data read-
ing, binarizing, noise removal, image labeling, segmentation,
classification, ranking, and optimization. In the data reading
step, the data of each text line are scanned continuously as a



Fig. 6. Block diagram of the system architecture.

Fig. 7. Flowchart of learning process including updating steps and reliability
evaluation.

sequence of thin frames by moving a reading device (scanner
sensor) on the text. In order to remove noise from the frame,
a median filter with neighborhood of 3 × 3 is applied. Next,
by employing a sequential labeling algorithm, different seg-
ments of the image frame are labeled and segments larger than
a threshold level are recognized as a single character. The last
and main step of the process is character classification which
is carried out by a nearest-distance search algorithm applying
the associative memory.

The core concept of learning in our model is based on a
short/long term memory and is very similar to memorizing
procedure in the human brain. For this, the memorized ref-
erence patterns are classified into two areas. One is a short-
term storage area where new information is temporarily mem-
orized, and the other is a long-term storage where a reference
pattern can be memorized for a longer time without receiving
the direct influence of incoming input patterns. The transition
of reference patterns between short-term and long-term stor-
ages is carried out by means of a ranking algorithm (Fig. 7).
Besides, an optimization method is applied to update the refer-
ence vectors magnitude and optimize their distribution as well
as the threshold values used for ranking.

The model was implemented in the FPGA platform of the
Altera Stratix family (EP1S80) shown in Fig. 8. As for read-

Fig. 8. A schematic of the connection between FPGA board and I/O device

Fig. 9. Changes in the misclassification rate during the learning process.

ing device, we used the line-scan sensor ELIS-1024 of Panav-
ision Co. with a resolution level of 1024 pixels per line. Using
Stratix DSP development kit EP1S80 and a clock frequency
of 15 MHz, a total number of 5,447 logic cells and 2.1 Mbits
of SRAM memory are used for placement and routing of the
whole system.

The learning performance of the system was evaluated with
a number of 35 datasets of English handwritten characters writ-
ten by four different writers were used for the experiments
(Fig. 9(a)). The classification results during and after the learn-
ing process are reported in Table I. It is worth-noting that the
system has started learning without any initial reference pat-
terns or a predefined dataset. The average misclassification
rate is around 5% which is reasonable for this type of applica-
tion.

Figure 9(b) depicts the misclassification rate during the
learning process. In the first approach, the new reference
pattern is initially given the highest unoccupied rank in the
long-term memory as long as unoccupied ranks are available,
whereas in the second approach it gets the top rank in the short-
term memory from the beginning.

III. CONCLUSION

In this paper two application examples were discussed,
which utilize several memory/processing-unified sub-systems
for example segmentation, pattern matching, feature extraction
and pattern generation as well as recognition and learning.

First, we have developed a real-time multi-object tracking
architecture based on image segmentation and object matching



TABLE I
CLASSIFICATION RESULTS FOR FOUR DATASETS FROM DIFFERENT

WRITERS DURING THE LEARNING PERIOD (TAKING NO INITIAL REF.
PATTERNS).

and a prototype system for FPGA/ASIC implementation. With
region-growing image segmentation, we detect all objects in
the image no matter whether they are moving or not. The struc-
ture of the image-scan processing element array is exploited
for simultaneous extraction of simple object features. Us-
ing image segmentation and object-feature-extraction results
of successive frames, we exploit object matching in the object-
feature space for tracking of the objects. The proposed archi-
tecture is realized with modern FPGA hardware and is verified
to enable real-time tracking of up to 230 objects for QVGA-
size video picture at 20MHz clock frequency.

Next, we have also proposed a learning model based on
a short/long-term memory and an optimization algorithm for
constantly adjusting the reference patterns. The major blocks
of the system were implemented in an FPGA platform and
tested with real data samples of handwritten and printed En-
glish characters. The simulation results showed an acceptable
performance of classification and learning. In order to enhance
the search speed in the classification block, we are planning to
use a fully parallel associative memory implemented in an LSI
architecture, as the main classifier of the system via an ASIC
design.

Consequently the unification approach can lead to high per-
formance, high density solutions and is demonstrated in the
picture segmentation and associative-memory applications. In
particular the efficient pattern-matching performance with an
associative memory leads to elegant solutions for the realiza-
tion of intelligent functions like object tracking, recognition
and learning in integrated systems.
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